Atmos. Chem. Phys., 15, 13633-13646, 2015
www.atmos-chem-phys.net/15/13633/2015/
doi:10.5194/acp-15-13633-2015

© Author(s) 2015. CC Attribution 3.0 License.

Atmospheric
Chemistry
and Physics

Absorption coefficient of urban aerosol in Nanjing, west Yangtze

River Delta, China

B. L. Zhuang®?, T. J. Wang'?, J. Liu'®, Y. Ma*, C. Q. Yin!, S. Lit?, M. Xie'2, Y. Han'?, J. L. Zhu?, X. Q. Yang'?,

and C. B. Ful?2

1school of Atmospheric Sciences, Nanjing University, Xianlin Ave. 163, Nanjing 210023, China

2Collaborative Innovation Center of Climate Change, Jiangsu, China

3Department of Geography and Planning, University of Toronto, Toronto, M5S 3G3, Canada

4School of Environmental Science and Engineering, Nanjing University of Information Science and Technology,

Ningliu Rd. 219, Nanjing 210044, China

Correspondence to: B. L. Zhuang (blzhuang@nju.edu.cn)

Received: 29 April 2015 — Published in Atmos. Chem. Phys. Discuss.: 16 June 2015
Revised: 4 November 2015 — Accepted: 24 November 2015 — Published: 10 December 2015

Abstract. Absorbing aerosols can significantly modulate
short-wave solar radiation in the atmosphere, affecting re-
gional and global climate. The aerosol absorption coefficient
(AAC) is an indicator that assesses the impact of absorbing
aerosols on radiative forcing. In this study, the near-surface
AAC and absorption Angstrém exponent (AAE) in the ur-
ban area of Nanjing, China, are characterized on the basis
of measurements in 2012 and 2013 using the seven-channel
Aethalometer (model AE-31, Magee Scientific, USA). The
AAC is estimated with direct and indirect corrections, which
result in consistent temporal variations and magnitudes of
AAC at 532 nm. The mean AAC at 532 nm is about 43.23 +
28.13Mm~1 in the urban area of Nanjing, which is much
lower than that in Pearl River Delta and the same as in rural
areas (Lin’an) in Yangtze River Delta. The AAC in the ur-
ban area of Nanjing shows strong seasonality (diurnal vari-
ations); it is high in cold seasons (at rush hour) and low
in summer (in the afternoon). It also shows synoptic and
quasi-2-week cycles in response to weather systems. Its fre-
quency distribution follows a typical log-normal pattern. The
532nm AAC ranging from 15 to 65 Mm~1 dominates, ac-
counting for more than 72 % of the total data samples in the
entire study period. Frequent high pollution episodes, such
as those observed in June 2012 and in winter 2013, greatly
enhanced AAC and altered its temporal variations and fre-
quency distributions. These episodes are mostly due to local
emissions and regional pollution. Air masses flowing from
northern China to Nanjing can sometimes be highly pol-

luted and lead to high AAC at the site. AAE at 660/470 nm
from the Schmid correction (Schmid et al., 2006) is about
1.56, which might be more reasonable than from the Wein-
gartner correction (Weingartner et al., 2003). Low AAEs
mainly occur in summer, likely due to high relative humidity
(RH) in the season. AAC increases with increasing AAE at
a fixed aerosol loading. The RH-AAC relationship is more
complex. Overall, AAC peaks at RH values of around 40 %
(1.3 < AAE < 1.6), 65% (AAE < 1.3 and AAE > 1.6), and
80% (1.3 < AAE < 1.6).

1 Introduction

Atmospheric aerosols, their loadings having increased in re-
cent years, can significantly influence regional or global cli-
mate because of their direct and indirect interactions with
short-wave solar radiation in the atmosphere (Forster et al.,
2007). Absorbing aerosols, which are mostly composed of
dust in desert areas and of black carbon (BC) in regions
with frequent human activities, can strongly absorb solar ra-
diation, resulting in changes in atmospheric circulations and
the hydrological cycle. Although the warming effect of CO»
could be greatly offset by the scattering aerosol direct ef-
fect in the regions with high aerosol concentrations (Kiehl
and Briegleb, 1993), it might be further strengthened by BC
aerosols because the warming effect of BC aerosols on the
global scale is significant, only surpassed by CO, (Jacobson,
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2002). Menon et al. (2002) suggested that the trend of precip-
itation in China over the past decades, with increased rainfall
in the south and drought in the north, might be related to the
variation of BC in the region.

Previous studies have focused on the aerosol optical prop-
erties, radiative forcing, and climate effects on both global
and regional scales, using model simulations (Penner et al.,
2001; Liao and Seinfeld, 2005; Zhuang et al., 2013a, b) and
satellite/ground-based observations (Bellouin et al., 2003;
Yan et al., 2008; Wu et al., 2012; Zhuang et al., 2014a;
etc.) in the past 20 years. Forster et al. (2007) simulated
the global mean direct radiative forcing of total aerosols and
BC, which ranges between +0.04 and —0.63 W m~—2 and be-
tween +0.1 and +0.3Wm~2, respectively. Over east Asia,
the simulated BC direct radiative forcing varies from +0.32
to +0.81Wm~2 (Zhuang et al., 2013a). All of the above
showed significant uncertainties in estimating the aerosol di-
rect radiative forcing in numerical models. These uncertain-
ties are mostly due to the uncertainties in the aerosol op-
tical properties (Holler et al., 2003) which are related to
the aerosol emissions, profiles, compositions, and mixing
states. Forster et al. (2007) stated that the uncertainties could
be reduced if observed aerosol optical properties were em-
ployed when estimating the forcing. China has experienced
rapid population and economic growth during the past 3
decades, resulting in enhanced aerosol and trace gas emis-
sions. Streets et al. (2001) suggested that the BC emissions
in China roughly account for one-quarter of the global an-
thropogenic emissions, although the uncertainty of this esti-
mate is large. The BC aerosols are mostly emitted in south-
west and north China, in the regions of Yangtze River Delta
(YRD) and Pearl River Delta (PRD)(Zhang et al., 2009). Re-
cently, many observation-based studies have been conducted
on the aerosol optical properties and direct radiative forcing
over China (Xu et al., 2004; Yan, 2006; Xia et al., 2007; Yan
et al., 2008; He et al., 2009; Wang et al., 2009; Wu et al.,
2009; Li et al., 2010; Cai et al., 2011; Bai et al., 2011; Xiao
et al., 2011; Zhou et al., 2011; Wu et al., 2012; etc.). Some
of them focused on the total extinction or optical depth of
the aerosols. Xia et al. (2007) reported that the annual mean
aerosol optical depth (AOD) at 500 nm and the Angstrém ex-
ponent (AE) of total aerosols in YRD were 0.77 and 1.17, re-
spectively. Xiao et al. (2011) analyzed the temporal and spa-
tial variations of the total aerosol optical depth and Angstrém
exponent using CE-318 in Hangzhou. Zhuang et al. (2014a)
suggested that column AOD and absorption AE (AAE) of ab-
sorbing aerosols were 0.04+0.02 and 1.4440.50 in the urban
area of Nanjing. The aerosol absorption coefficients (AACS)
were also studied for several urban and rural areas of China.
The AAC at 565 nm in the Gobi Desert was found to be as
low as 6+11Mm~1 (Yulin) (Xu et al., 2004). The annual
532 nm AAC was about 17.54 +13.44 Mm~1 at a rural site,
while it was about 45439 Mm~1 at an urban site, in Beijing
(Yan et al., 2008; He et al., 2009). The AAC at 532 nm was
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as large as 82+23Mm~1 in the urban area of Pearl River
Delta (PRD) in south China (Wu et al., 2009).

Although considerable research on this issue has been con-
ducted, there are still insufficient studies on a regional scale
in China, especially on the AAC in YRD, one of the fastest-
growing regions in China. To fill the gaps in research, this
study characterizes the AAC in YRD using the near-surface
absorption coefficient and Angstrém exponent of absorbing
aerosols in the urban area of Nanjing, a typical developing
city in west Yangtze River Delta, China. In the following, the
method is described in Sect. 2, results and discussions are
presented in Sect. 3, followed by conclusions in Sect. 4.

2 Methodologies
2.1 Sampling station and instruments

The sampling site is located in the Gulou campus of Nanjing
University, the urban area of Nanjing (32.05° N, 118.78° E).
It is built on the roof of a 79.3 m tall building, around which
there are no industrial pollution sources within a 30 km ra-
dius but there are several main roads with evident traf-
fic pollution. The sketch map of the site (not shown) is
the same as Fig. 1 of zZhu et al. (2012). The black car-
bon aerosol mass concentration and aerosol absorption co-
efficient were derived from the measurements using the
7-channel Aethalometer (model AE-31, Magee Scientific,
USA). The AE-31 model measures light attenuation at seven
wavelengths (370, 470, 520, 590, 660, 880, and 950 nm, re-
spectively). The aerosol inlet is located ~ 1 m above the roof.
Routine flow calibration and blank tests were performed be-
fore sampling. Details on the AE-31 and its sampling princi-
ples can be referred to Hansen et al. (1984), Weingartner et
al. (2003) and Arnott et al. (2005). Near-real-time continuous
measurements were made at the site since 1 January 2012,
using the AE-31, with a desired flow rate of 5.0 Lmin~* and
a sampling interval of 5min. Two years of data, from 2012
and 2013, are used in this study. Meteorological data are from
the National Meteorological Station of Nanjing (no. 58238).

2.2 Calculation of AE-31 absorption coefficient

The absorption coefficient is defined by Beer—Lambert’s law
as shown in Eqg. (1) in Weingartner et al. (2003) and Arnott
et al. (2005), which is associated with the intensities of the
incoming light and remaining light after passing through a
medium. A variable attenuation (ATN), which is given as
a percentage value, is defined to represent filter attenuation
through the sample spot in the tape (Eq. 2 in Weingartner
et al., 2003, and Arnott et al., 2005) inside the instrument.
Aerosol light absorption coefficient and BC mass concentra-
tion can be calculated directly based on the measured light
attenuation through a quartz filter matrix. There are two ways
of calculating aerosol light absorption coefficient. The indi-
rect calculation (IDC for short), which is much simpler than
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the direct ones, is expressed in Eq. (1):
oabs,: (M) =[BC] x y, 1)

where [BC] is the mass concentration of Aethalometer BC
(in pgm3) without any correction and y is the conversion
factor determined empirically from linear regression of the
Aethalometer BC concentration versus the aerosol absorp-
tion measurement (Yan et al., 2008). Wu et al. (2009) indi-
cated that the conversion factor y from the linear regression
of the Aethalometer BC concentrations (ngm~2) at 880 nm
against the light absorption coefficient (Mm~1) at 532 nm in
south China was about 8.28m?g~1. y =11.05m?g ! in the
suburb of Nanjing.

In addition to the indirect way, the wavelength-dependent
aerosol absorption coefficient can be calculated directly
based on the measured light attenuation (ATN) at seven
wavelengths (370, 440, 520, 590, 660, 880, and 950 nm) as
shown in Eq. (2):

(ATN; () —ATN,—1(4)) A

At Vv’ )

OATN,:(A) =

where A (in m?) is the area of the aerosol-laden filter spot,
V is the volumetric sampling flow rate (in Lmin~!), and
At is the time interval (i.e., 5min) between r and ¢—1. It
is well known that oarn is generally larger than the actual
aerosol absorption coefficient o4, because of the optical in-
teractions of the filter substrate with the deposited aerosol
(Petzold et al., 1997; Weingartner et al., 2003; Arnott et al.,
2005; Schmid et al., 2006). The key factors leading to the
bias include (1) multiple-scattering of light at the filter fibers
(multiple-scattering effect), which may result in the overes-
timation of the o, and (2) the instrumental response with
increased particle loading on the filter (shadowing effect),
which may lead to underestimation of the o. Therefore, the
calibration factors C and R (shown in Eq. 3) are introduced
to address the scattering effect and shadowing effect, respec-
tively:

OATN, (A)

CxR @)

Uabs,t()\) =
To address the uncertainties, several correction algorithms,
including Weingartner (Weingartner et al., 2003), Arnott
(Arnott et al., 2005), Schmid (Schmid et al., 2006), Virkkula
(Virkkula et al., 2007) corrections, have been developed. Col-
laud Coen et al. (2010) suggested that both Weingartner-
corrected (WC2003 for short, hereinafter) and Schmid-
corrected (SC2006 for short, hereinafter) absorptions show
good agreements with the one from the Multi-Angle Ab-
sorption Photometer. Therefore, these two corrections, which
have a similar formula, shown in Eq. (4), are applied in this
study to investigate the absorption coefficient:

OATN, (A)
Oabs,r (M) = 1 In’ . (4)
: (ATN, (1))—In10
Cx(($ =D x om0 +D
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Both of them have the same R(A):
1 IN(ATN¢{(1A)) —In10
RV =—--1 1
t&) (f )X In50—In10 | ®)

where R = 1when ATN < 10. f can be calculated according
to Weingartner et al. (2003):

fR)=nxl-w@)+1, (6)

where o is the wavelength-dependent single-scattering
albedo (SSA) and n is a constant (= 0.86 - 0.01). Note that
the reliability of the n value (0.86) is limited because this
value is mostly estimated under the condition of w < 0.6,
which may result in a large bias. Therefore, an empirical
f =12 (when w~>~0.9), which is independent of wave-
length as suggested by Schmid et al. (2006), is used for both
WC2003 and SC2006 in this study.

The multiple-scattering correction in WC2003 is also dif-
ferent from that in SC2006. Weingartner (Weingartner et al.,
2003) indicated that the two-waveband (450 and 660 nm) av-
eraged C was about 3.6 for non-fresh soot. In this study,
C in WC2003 is independent of wavelength and is set to
3.48 for China according to Wu et al. (2013). In contrast,
Schmid (Schmid et al., 2006) pointed out that C, which is
wavelength-dependent, is initially expressed as follows:
CO)=C"0) +me) x 722

1—w®)
where mg represents the fraction of the aerosol-scattering co-
efficient and w is SSA. Optical properties from CE-318 were
used in this study because there were no concomitant scatter-
ing measurements at the site during the whole sampling pe-
riod. Thus, we assumed that the SSA and AAE at the low lay-
ers of atmosphere were equated to the column ones. Accord-
ing to Zhuang et al. (2014a), annual mean w(440) = 0.922,
w(675) = 0.924, and «a 675/440nm = 1.44 at the site. Based
0N «a,675/440nm and according to the definition:

0Oy = T
os(A) +C7a()v)’

: )

®)

«s,675/440nm Can be calculated as follows (Angstrém, 1929):

05(675)
109( 5 z0))

~ 10g(675/440)

1-0(440) . _w(675)
_ 09T am X e

log(675/440)

s 675/440nm =

+ ¢a,675,/440 nm-
)

Thus, as 675/440nm = 1.51.
All wavelength-dependent SSAs could be calculated based
on the following formula (Schmid et al., 2006):

CL)()\-) = @0 * (%)_as

. 10
@0 X (F5) 7% + (L — wp) x ({5)™% (0
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Figure 1. Double logarithmic plot of C versus A for g =1 (or-
ange), 1.5 (green), 2 (blue), and 2.5 (violet), respectively.

Here, wo, Ao, and as g75/440 Were set to 0.922, 440 nm, and
1.51, respectively. Based on the given C*(1) and ms(A) in
Table 1 of Arnott et al. (2005), C (1) of pure candle light soot
was estimated. To parameterize the dependence among C (1),
A and ag, In(C) versus In(A) for ag =1, 1.5, 2, and 2.5 were
plotted in Fig. 1, and a quadratic fit (universal formula as
shown in Eq. 11) for each a5 value was established following
Schmid (Schmid et al., 2006) who suggested that the fits in
Fig. 1 were applicable to other kind of soot, based on given
w and as.

IN(C(A) = A xIn(W)2+ B x In(L) + D (11)

Equation (11) can be transformed into

AxIn(\)+B

C(}) = Cref X (12)

AxIn()+B
)‘re:
ag-dependent A and B are shown in the quadratic equations
of Fig. 1. A and B versus «, are shown in Fig. 2 and a
quadratic fit is made based on the given w and «os at our site
for A and B individually shown as Egs. (13) and (14).

A=0.123 x o —0.128 x otz — 0.195 (13)

B=—1512 x a2 +1.774 x 0 + 2.637 (14)

Based on Egs. (12), (13), and (14), C (1) at our site could be
estimated for a given o, and Crer. Schmid et al. (2006) indi-
cated that Cyer at 532 nm is about 2.1 and 4.0 for pure or ex-
ternal mixtures of soot and internal mixtures of soot, respec-
tively. For the urban aerosols, the mean value 3.6 (Schmid et
al., 2006) was suggested and used in this study. Thus C was
2.95, 3.37, 3.56, 3.79, 3.99, 4.51, and 4.64 at 370, 470, 520,
590, 660, 880, and 950 nm, respectively.
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Figure 2. Variations of the coefficients A and B with «j3.

As indicated in Collaud Coen et al. (2010), it is not rec-
ommended to use Virkkula correction and Arnott correction
to correct the absorption coefficient because the Virkkula
correction does not consider all the known artifacts and the
Arnott correction has technical limits due to the generation
of new negative absorption coefficient values. Although the
determination of the f constant used in the WC2003 is not
clearly defined, it still shows a very good agreement with the
Multi-Angle Absorption Photometer. Similar to Arnott cor-
rection, SC2006 also introduces artifacts in the absorption
wavelength dependence, but to a lesser extent. And it also
shows a very good agreement with the Multi-Angle Absorp-
tion Photometer (Collaud Coen et al., 2010). Therefore, to
estimate the absorption coefficient of the aerosol in the ur-
ban area of Nanjing, both direct and indirect ways introduced
above were employed in this study although the indirect way
could only address oapns at 532 nm. To make the comparison,
532 nm oaps from WC2003 and SC2006 was derived using
the 520 and 590 nm ops according to the following equations
(Angstrém, 1929):

10g(0abs,590 nm/ Tabs,520 nm)

s 590 520mm = e B30 (15)
532 —Q®abs,590/520 nm
Oabs,532nm = Oabs,520nm X (ﬁ) . (16)
nm

3 Results and discussion

3.1 Temporal variations of the aerosol absorption
coefficient

We corrected the AAC in the urban area of Nanjing during
the period from 2012 to 2013, using three methods: IDC,

www.atmos-chem-phys.net/15/13633/2015/
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Figure 3. Monthly variations of the aerosol absorption coefficients
M m—l) at 532nm in the urban area of Nanjing in 2012 (a) and
2013 (b). The 10th, 25th, median, 75th, and 90th percentile val-
ues of the coefficient corrected by SC2006 are presented as box
plots. The monthly means of the coefficients corrected by IDC (red),
WC2003 (blue), and SC2006 (light green), are presented as line
markers.

WC2003, and SC2006. It is worth noting that the indirect
correction could only estimate a single-wavelength AAC (at
532 nm). To make the corrections comparable, 532 nm AACs
from WC2003 and SC2006 were calculated by Egs. (15)
and (16). Temporal variations of AACs for the rest of wave-
lengths from WC2003 and SC2006 corrections are similar to
those of 532 nm AAC (not shown).

Figure 3 presents the monthly variations of 532 nm AAC
in the urban area of Nanjing in 2012 (Fig. 3a) and 2013
(Fig. 3b) corrected by IDC, WC2003, and SC2006. The sea-
sonal variations and the magnitude of the AAC at 532nm
agree closely between the direct and indirect corrections.
The relatively large difference in AACs between the direct
and indirect corrections was in spring and summer (wet sea-
sons) both in 2012 and 2013. The difference is mostly caused
by the shadowing effect R because [BC] directly from AE-
31 in Eqg. (1) has not been corrected. The bias of the ac-
tual BC concentration from [BC] is from the R as sug-
gested by Eq. (7) in Schmid et al. (2006) and Eq. (7) in
Weingartner et al. (2003). Thus, the results imply the im-
portance of the shadowing effect in estimating AACs. The

www.atmos-chem-phys.net/15/13633/2015/
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2-year mean AAC at 532nm averaged from the three cor-
rections is about 43.23 +28.13 Mm~1, with a maximum and
a minimum of 273 and 1.28 Mm~1, respectively. The AAC
at 532nm corrected by IDC is the largest (44.38 Mm™1),
followed by that corrected by WC2003 (43.38 Mm~1) and
SC2006 (41.93Mm~1). AACs in 2012 were a little smaller
than those in 2013. The AAC in the urban area of Nanjing
had an evident seasonal variation in both 2012 and 2013; it
was generally high in cold seasons and mostly low in warm
seasons. Both precipitation and BC emissions may somewhat
influence the seasonal variations in the AAC. In summer,
high frequent precipitation and low BC emissions (Zhang et
al., 2009) result in low BC concentrations, which is oppo-
site to those in winter as suggested by Zhuang et al. (2014b).
Additionally, serious pollution episodes would lead to high
levels of BC loadings, thus considerably enhancing AACs.
Although AACs are generally expected to be small in sum-
mer due to low BC concentrations, the AAC was substan-
tially large in June 2012 (Fig. 3a). The monthly mean AAC
in this month from SC2006 is 51.89 Mm~1, which is about
1.5, 1.4, and 1.8 times that in June 2012, in the summer of
2012 and the summer of 2013, respectively. Such high AAC
values mainly result from a seriously polluted BC event dur-
ing the period from 1 to 15 June 2012. High BC loadings
during this period were due to a high intensity of biomass
burning in the northwestern region of Nanjing (Zhuang et
al., 2014b). Figure 3 shows that the monthly variation of the
AAC in 2012 was different from that in 2013. The highest
AACs were in June and October 2012 while in 2013, the
AAC was at a maximum in winter (January, November, and
December). The large differences between the 2 years may
be due to the difference in pollution episodes, which eventu-
ally results in different seasonal variations of AACs in Fig. 3.

The AAC also shows substantial diurnal variation (Fig. 4).
It was high at rush hour (around 07:00-09:00 and 19:00-
21:00) but low in the afternoon (around 13:00-15:00) al-
most in all seasons in the urban area of Nanjing in 2012 and
2013. At 07:00, mean 532nm AAC was as large as about
50 Mm~1, while at 14:00, it was about 33 Mm~1. The large
AACs during the periods of a day might be caused by the
vehicle emissions (because the site is surround by several
main roads with apparent traffic pollution, as mentioned in
Sect. 2) while the small AAC in the afternoon is induced
by a well-developed boundary layer (Zhuang et al., 2014b).
Because the diurnal variations of the AAC at 532nm from
IDC, WC2003, and SC2006 are similar (Fig. 4a), one of
them (SC2006) was selected to characterize the diurnal vari-
ation of the AAC in detail (Fig. 4b). The diurnal variation
of AAC shows much stronger seasonality in 2013 than that
in 2012 (Fig. 4b), which might be caused by the substantial
pollution episodes discussed above. In 2012, highly intensi-
fied biomass burning in early June near Nanjing resulted in
higher BC concentrations (Zhuang et al., 2014b) and thus a
larger AAC than those in 2013. An extremely high AAC in
the winter of 2013 might also result from the poor air quality

Atmos. Chem. Phys., 15, 13633-13646, 2015
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Figure 4. Diurnal variations of the aerosol absorption coefficients
at 532 nm in the urban area of Nanjing. Panel (a) shows the 2-year
(2012-2013) coefficients corrected by IDC (red), WC2003 (blue),
and SC2006 (light green); and (b) shows the coefficients corrected
by SC2006 in separate seasons of 2012 and 2013. March, April,
and May represent the spring; June, July, and August represent the
summer; September, October, and November represent the fall; and
January, February, and December in 2012 (2013) represent the win-
ter in 2012 (2013).

during the period. The diurnal cycle could also deviate from
its normal pattern (peak at rush hours and trough in after-
noon). Figure 4b also shows that the standard deviations of
the AAC in 2012 (25.12Mm~1) are smaller than those in
2013 (28.58 Mm~1) although their means in 2012 and 2013
are close to each other.

3.2 Frequencies of the aerosol absorption coefficient
Similar to the seasonal variation, the frequency patterns of

AAC:s for the rest of wavelengths are consistent with those of
532nm AAC, so the following discussion is focused on the
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Figure 5. Frequency distributions of the aerosol absorption coeffi-
cients at 532 nm in the urban area of Nanjing. (a) the 2-year (2012—
2013) coefficients corrected by IDC (red), WC2003 (blue), and
SC2006 (light green). Panel (b) shows the coefficients corrected by
SC2006 in the separate years of 2012 (solid bar) and 2013 (blank
bar), and panel (c) shows the coefficients corrected by SC2006 in
separate seasons of separate years.

frequency of 532nm AAC only to avoid duplication. Fig-
ure 5a shows the frequency distributions of 532 nm AAC
corrected by IDC, WC2003, and SC2006 during the study
period, following a typical log-normal pattern. The range
from 15 to 65Mm~! dominated, accounting for more than
72 % of the total data samples during the period. The max-
imum frequencies of 10.07% (IDC), 10.57% (WC2003),
and 10.89% (SC2006) occurred in the ranges from 25 to
30 Mm~1. The absolute differences between the directly and
indirectly corrected AACs were relatively larger in the range
from 20 to 25Mm~1 than those in other ranges, possibly
due to the influence of the shadowing effect in warming sea-
sons as analyzed in Sect. 3.1. Because of the consistencies
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Figure 6. The local wavelet power spectrum (a) and wavelet real part spectrum (b) of the aerosol absorption coefficient at 532 nm using the
Morlet wavelet. The left axis is the wavelet scale (in day) corresponding to the Fourier period on the right axis. The bottom axis is local time
(month). The filled parts in panel (a) indicate passing the 95 % confidence level test, and the parts below the dashed line signify unlikelihood.

in the frequency patterns and magnitudes among the three
AACs, only the frequency of SC2006 AAC at 532 nm is pre-
sented in detail to illustrate the interannual and seasonal vari-
ations of the frequency (Fig. 5b and c). Similar to the diur-
nal cycle, frequency distributions of the AAC in 2012 are
more consistent with each other and more concentrated than
those in 2013. Frequencies in the ranges below 25 Mm~1
(28.57 %) and above 70 Mm~1 (10.62 %) are smaller in 2012
compared to 2013 (31.09 and 15.47 %, respectively). The
peak frequency mostly occurs in the smaller AAC range
in summer while in the larger ones in other seasons. Ad-
ditionally, pollution episodes might alter the shape of the
frequencies especially on seasonal or monthly scales. High
aerosol loadings and their AACs would be observed during
the episodes, which lead to relatively higher frequency at the
larger AACs. As shown in Fig. 5c¢, frequencies of values ex-
ceeding 65 Mm~1 were larger in fall compared to those in
other seasons in 2012. Frequencies of the values larger than
55 Mm~1 were higher in winter compared to those in other
seasons in 2013. In 2012, the frequency of the AAC rang-
ing from 120 to 140 Mm~1 in summer was larger (0.94 %)
than that in spring (0.65 %) and winter (0.58 %) due to the
biomass burning in northwestern regions of Nanjing (Zhuang
et al., 2014b). Over all, frequencies of the AAC in 2013 show
much more seasonality compared to 2012. Large differences
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in the frequency distribution between 2012 and 2013 are
mainly found in summer and winter.

3.3 Periodic variation of the aerosol absorption
coefficient

In addition to diurnal cycles, the AAC might have other pe-
riodicities during the study period in Nanjing. Thus, Mor-
let wavelet is employed based on daily mean AAC values at
532 nm corrected by SC2006. Figure 6 shows the wavelet
power spectrum (Fig. 6a) and wavelet real part spectrum
(Fig. 6b) of 532 nm AAC. Cycles of 4-8 days and 9-17 days
which are mostly statistically significant at the confidence
level of 95% dominate the local power spectrum, implying
that variations of the AAC in the urban area of Nanjing could
also be affected by synoptic-scale (weekly) weather systems
and quasi-2-week-scale systems to some extent. The oscilla-
tions of the AAC on the synoptic scale are found in the period
from late fall to early winter due to the quick and vigorous
weather change; and quasi-2-week-scale oscillations of the
AAC are mainly in winter. Similar to the AAC, visibility in
Nanjing also has synoptic scale and quasi-2-week-scale pe-
riodic variations as indicated in Deng et al. (2011), who sug-
gested that the quasi-2-week oscillation might be a regional
rather than local phenomenon in China, even in east Asia.
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Figure 7. Dependence of the aerosol absorption coefficient cor-
rected by WC2003 (blue) and SC2006 (green) on the wavelength in
the urban area of Nanjing during the period from 2012 to 2013 (a).
Annual (dash lines) and seasonal (bars with error bar) absorption
Angstrém exponents at 660/470 nm from WC2003 (light blue) and
SC2006 (green) both in 2012 (b) and 2013 (c).

3.4 Varied with wavelength of the aerosol absorption
coefficient

In the previous sections, single-wavelength AAC (at 532 nm)
is discussed as the AAC distribution and seasonal varia-
tion are similar among different wavelengths. In this section,
we further examine wavelength-dependent AACs as well as
AAEs at 660/470 nm corrected by WC2003 and SC2006
(Fig. 7). AACs from both WC2003 and SC2006 decrease
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with increasing wavelength (Fig. 7a). Although the AAC at
532 nm from WC2003 is close to that from SC2006, substan-
tial differences exist at other wavelengths. WC2003-AACs
are smaller than SC2006-AACs at shorter wavelengths (370
and 470nm) but are larger than SC2006-ACCs in longer
wavelengths (from 590 to 950nm). The averaged AACs
range from 23.40 (at 950 nm) to 68.89 Mm~1 (at 370 nm),
based on WC2003 and range from 17.56 (at 950nm) to
82.07Mm~1 (at 370 nm) based on SC2006. Different cor-
rection methods on scattering-effect C between WC2003 and
SC2006 result in different variations of AAC with wave-
lengths because C in WC2003 is independent of wavelength,
and subsequently might lead to considerably different AAEs
between these corrections (Fig. 7b and c). Both Fig. 7b and ¢
show that AAE at 660/470 nm from SC2006 is much larger
than that from WC2003, although they have similar season-
ality. Annual mean 660/470nm AAEs in 2012 and 2013
are 1.58 and 1.54 from SC2006, and 1.09 and 1.07 from
WC2003. AAE from SC2006 is about 1.5 times that from
WC2003. Furthermore, AAE has strong seasonality; it is
high in winter and low in summer, implying that absorbing
aerosols in summer have larger sizes possibly caused by large
relative humidity (RH). Seasonal variations of AAE from
AE-31 are similar to those from CE-318 compared with those
in Zhuang et al. (2014a), who reported annual mean AAE of
the column aerosols from CE-318 of 1.44 at the site, thus
suggesting that the scattering correction method by Schmid
et al. (2006) was more reasonable than that by Weingartner
et al. (2003).

Table 1 summarizes the optical properties of absorb-
ing aerosols from AE-31 based on IDC, WC2003, and
SC2006. Two-year averaged values of AAC at 532nm
corrected by these three methods are 44.38, 43.38, and
41.93Mm™1, respectively, in the urban area of Nanjing.
660/470nm AAE corrected by WC2003 and SC2006 are
1.08+0.20 and 1.5640.23, respectively. Annual mean AAC
averaged from all wavelengths is 40.78 Mm~1 (SC2006) and
41.41Mm~1 (WC2003), while it is 41.47 Mm~1 (SC2006)
and ~ 42.97 Mm~1 (WC2006), averaged from visible wave-
lengths. The interannual difference suggests that the AAC
is smaller in 2012 than in 2013, while AAE is larger in
2012 than in 2013. The scattering correction of Weingartner
et al. (2003) is different from that of Schmid et al. (2006),
which would result in large variances of the AAC at shorter
(< 520nm) or longer (> 590nm) wavelengths, causing a
large difference of AAE between the two methods. How-
ever, AACs at 532nm or averaged from all wavelengths
from WC2003 and SC2006 are close to each other. Many
studies on aerosol optical properties have been carried out
by model simulations and observations. Most of them fo-
cused on the optical depth and single-scattering albedo of
column (from surface to the top of the atmosphere) aerosols
(Zhuang et al., 2014a), few focused on the aerosol absorp-
tion coefficient, and even fewer focused on the AAC in ur-
ban areas of YRD. Annual AAE at 660/470nm corrected
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Table 1. Statistical values of annual aerosol absorption coefficient (M m—1) and absorption Angstrém exponent in the urban area of Nanjing.

Year Schemes  All-wave AAC Visible-wave AAC 532nm AAC AAE (660/470 nm)
Average SD Average SD Average SD Average SD
2012 IDC / / / / 4299  26.55 / /
SC2006 39.70 35.26 40.34 27.10 41.02 25.70 1.58 0.20
WC2003  40.48 31.26 41.97 27.29 4244  26.59 1.09 0.20
2013 IDC / / / / 45.81 30.22 / /
SC2006 4191  38.64 42.66 30.61 42.87 29.14 1.54 0.25
WC2003  42.39 34.41 43.99 30.79 4434  30.15 1.07 0.21
2-year period IDC / / / / 4438  28.45 / /
SC2006 40.78 36.97 41.47 28.89 4193 2747 1.56 0.23
WC2003 4141  32.86 42.97 29.08 4338 2841 1.08 0.20

IDC: the coefficients from the indirect correction. SC2006: the coefficients corrected by Schmid et al. (2006). WC2003: the coefficients corrected by
Weingartner et al. (2003). AAC: aerosol absorption coefficient. AAE: absorption Angstrom exponent. SD: standard deviation.

by SC2006 agrees well with that observed by CE-318 at the
site. Xu et al. (2004) pointed out that the AAC at 565nm
was 6+ 11Mm~1 in the Gobi Desert (Yulin) in China in
1999. In Beijing, the capital of China, annual AAC at 532 nm
was about 17.54 + 13.44 Mm~1 at a rural site (Shangdianzi:
SDZ) in 2003 and 2004 (Yan et al., 2008), while it was
about 45+£39Mm~! at an urban site from 2005 to 2006
(He et al., 2009). The AAC at 532 nm at a rural site of YRD
(Lin’an) was about 44.3+19.7 Mm~1 in 2004 (Yan, 2006).
In the semiarid area of northeast China (Tongyu), the AAC at
520 nm was only about 7.28+5.87 Mm~1 from 2010 to 2011
(Wu et al., 2012). In Pearl River Delta (PRD) of China, an-
nual AAC at 532 nm was as large as 82 +23Mm~1 at urban
areas from 2004 to 2007 (Wu et al., 2009). The magnitude of
the annual AAC in the urban area of Nanjing, to some extent,
is comparable to that in other Chinese urban or rural sites. It
is much lower than in PRD but higher than in non-urban sites
of north China (Shangdianzi, Tongyu, and Yulin). In YRD,
annual AAC in the urban area of Nanjing is as large as in ru-
ral areas (Lin’an), which is similar to the BC concentrations
there (Zhuang et al., 2014b).

3.5 Aerosol absorption coefficient in different wind
directions

In addition to local emissions, the meteorological factors
such as the prevailing wind could also affect the AAC and
AAE in the urban area of Nanjing. Backward trajectory anal-
ysis shown in Fig. 8a and b indicates that Nanjing could
be affected by local air flow and long-distance air flows
mostly from northwestern, northern, eastern, southeastern,
and southern directions both in 2012 and 2013, implying that
the prevailing winds might have weaker interannual varia-
tions than the aerosols. Air flows from a northern direction
account for about half of the totals while the local air flow
and the flows from the oceans account for about 13, ~ 19,
and 15 %, respectively. Frequencies of air flows from south
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and northwest China are relatively smaller. The rose plot
of near-surface wind around the site (32°N, 118.76°E; 8m
tall) during the entire study period (Fig. 8c) suggests that the
distributions of the near-surface wind directions somewhat
agree with those from the backward trajectory analysis. How-
ever, the winds near the surface flow from the southeast to the
east more frequently, accounting for more than 35% of the
totals. The wind from south to west occurs the least (Fig. 8c).
The wind speed is mostly concentrated in the values from 2
to 6ms~! in Nanjing during the period.

As mentioned, wind direction shifting over different sea-
sons might be another important factor in determining the
aerosol AAC and AAE. Zhuang et al. (2014b) indicated that
high BC loadings in fall and summer of 2012 were observed
at the site when winds were from northeastern and northwest-
ern directions, in which air masses might be highly polluted,
thus leading to considerably large AAC. Figure 9 presents
the AAC at 532nm and AAE at 660/470 nm corrected by
SC2006 associated with different clusters (shown in Fig. 8)
in the urban area of Nanjing both in 2012 and 2013. Consid-
erable air pollutants are derived from local and subregional
emissions as presented in cluster 6 (Figs. 9a and 8a) in 2012
and in cluster 3 (Figs. 9b and 8b) in 2013, with averaged val-
ues of 56.13 and 65.38 Mm~1, respectively. Air masses from
the oceans and south China (or South China Sea) (cluster 7,
8, and 9 in Fig. 8a and b) were relatively clean, leading to
smaller AACs in Nanjing (Fig. 9a and b), with averaged val-
ues of 33.28 Mm~1 in 2012 and 30.1 Mm~1 in 2013. The air
masses from the remote sites (cluster 2, 3, and 4 in 2012 in
Fig. 8a and cluster 1, 4, and 5 in 2013 in Fig. 8b) could also
bring the clean air and then might result in relatively low lev-
els of AACs in Nanjing. Previous analysis indicates that pre-
vailing winds have weak interannual variations. Therefore,
substantial differences (about 15 Mm~1) between the AAC
from cluster 3 (or cluster 5) in 2012 and cluster 2 (or clus-
ter 6) in 2013 might mostly result from the regional pollution
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Figure 8. Clusters of 96 h back trajectories arriving at the study
site at 100 m in 2012 (a) and 2013 (b) simulated by the HYSPLIT
model and the probability distributions of 6 h interval near-surface
wind speed in different wind directions in Nanjing (c).
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Figure 9. The 10, 25, 50, 75, and 90% percentile values of the
aerosol absorption coefficient (a, b) and absorption Angstrém ex-
ponent (c, d) in each cluster of back trajectories in 2012 (Fig. 8a)
and 2013 (Fig. 8b).

episodes in north China in 2013. In addition to the AAC, the
AAE is also somewhat affected by different air flows. Fig-
ure 9c and d suggest that AAE in the urban area of Nanjing
is relatively small when the air masses come from the oceans
(cluster 7 and 9) possibly due to the effects of moisture, while
it is larger when the flows are from the areas of higher lati-
tudes. Local AAEs are 1.52 (in cluster 6 in Fig. 9c) in 2012
and 1.62 (in cluster 3 in Fig. 9d) in 2013, which are close to
the annual mean value of 1.56.
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Figure 10. Relationships between the aerosol mass (or specific) ab-
sorption coefficient (m2 g_l) and its Angstrém exponent (a, scatter
plots) and the effects of relative humidity on the aerosol absorption
coefficient (a, in color) and (b) in different absorption Angstrém
exponent levels.

3.6 Relationship between aerosol absorption coefficient
and its absorption Angstrém exponent

Aerosol absorption coefficient is directly determined by the
loadings of absorbing aerosols. Additionally, both the aerosol
size distribution and relative humidity (RH), especially the
former, are closely related to the variation in the AAC val-
ues. Figure 10 shows the relationships among the AAC at
532 nm corrected by SC2006, AAE at 660/470 nm corrected
by SC2006, and RH. It suggests that changes in aerosol mass
(or specific) absorption coefficients (MAC for short, defined
as ratios of AAC to BC loading, in m?g~1) at 532nm are
closely relative to the variations of AAE. High levels of MAC
mostly occur in the ranges with large AAE, implying that ab-
sorbing aerosols with smaller sizes might absorb more solar
radiation because the fine particles have much larger specific
surface areas compared to coarse ones. The linear correla-
tion coefficient between MAC and AAE exceeded 0.92 in
the urban area of Nanjing during the study period (Fig. 10a).
Changes in AAE are somewhat influenced by the variations
of RH. Fig. 10a also indicates that large AAEs are mostly
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found when the RH is low and vice versa. Generally, moist
air is in favor of hygroscopic growth of the aerosols, thus re-
sulting in smaller AAE (corresponding to large size of the
aerosols). These results could further explain why AAE in
the urban area of Nanjing is relatively small when the air
masses come from the oceans as discussed in the previous
section (Figs. 8 and 9). In addition to AAE, the AAC is
also affected by RH, as shown in Fig. 10b for the AAC-
RH relationship in different AAE levels. A large AAC oc-
curs in the range with large AAE, while coarser aerosols
(AAE < 1.3) could only be found under the condition of
large RH. Changes in the AAC with RH are different within
different bins of AAE. Polynomial fitting between the AAC
and RH indicates that the peaks of the AAC mainly concen-
trate at RH, being 65 % for the finer (AAE > 1.6) absorbing
aerosols (unimodal), while for coarser ones, quasi-bimodal
distribution of the AAC is found. High levels of AAC within
the ranges of AAE from 1.3 to 1.6 mostly occur at 40 and
80 %. Large AACs within the ranges of AAE below 1.3 are
mostly found in the value of 65 and 85 %. Polynomial cor-
relation coefficients of these three fittings are 0.25, 0.16, and
0.38, respectively, which is statistically significant at the con-
fident levels of 99, 99, and 90 %.

3.7 Aerosol absorption coefficient during pollution
episodes

The previous analysis indicates that extremely high aerosols
were observed from serious pollution episodes, which might
affect the temporal and frequency distributions of the AAC
in the urban area of Nanjing. The diurnal variation of BC
in the period from 1 to 15 June 2012 was altered signifi-
cantly from its normal distribution (Zhuang et al., 2014b),
as was the AAC in this period, as expected. The mean of
the AAC at 532nm from January 2012 to December 2013
shown in Table 1 is about 43Mm~1. However, the daily
mean AACs that far outstrip the value 90 Mm~1, which is
~ 2 times of the annual mean, are found frequently, espe-
cially in March, June, and November of 2012 and in January,
November, and December of 2013 (Fig. 11). The largest val-
ues of the daily AAC at 532 corrected by SC2006 in these
months all exceeded 100 Mm~1, especially on 10 June 2012
and 4 December 2013 when AACs were as large as 147.19
and 149.38 Mm™1, respectively. The high AAC in June 2012
mainly result from biomass burning in the northwestern re-
gion of Nanjing (counted a part of local pollution in cluster 6
of Fig. 8a), as discussed in Zhuang et al. (2014b). The mag-
nitude and distribution of AOD from satellite (MODIS) re-
trievals (not shown) suggest that the high aerosol loadings or
absorption coefficients during the periods from 9 to 13 Jan-
uary 2013 and from 1 to 8 December 2013 might be pos-
sibly caused by large-scale regional pollution over east to
north China (Nanjing is included). The reasons leading to
high aerosol pollution in Nanjing during the sampling period
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in the period from 2012 to 2013.

would be analyzed in detailed in further studies, as would the
characteristics of the AAC and AAE in pollution episodes.

4 Conclusions

In this study, the near-surface aerosol absorption coefficient
(AAC) and Angstrém exponent (AAE) in the urban area of
Nanjing in 2012 and 2013 are investigated based on the mea-
surements from the 7-channel Aethalometer (model AE-31,
Magee Scientific, USA). As suggested by Collaud Coen et
al. (2010), Weingartner et al. (2003) (WC2003 for short), and
Schmid et al. (2006) (SC2006 for short), corrections are used
to assess the AAE at 660/470 nm and wavelength-dependent
AAC. The indirect correction (IDC) is also used to estimate
the 532 nm AAC based on the observed conversion factor in
Nanjing. Analysis of the AAC is focused on at wavelength
532 nm to facilitate the comparisons between the direct and
indirect correction of AACs, as the temporal variation and
frequency distribution of ACC at each wavelength are simi-
lar to those at 532 nm.

The direct and indirect corrections closely agree in terms
of the temporal variation and magnitude of the AAC at
532 nm in the entire study period except in spring and sum-
mer, possibly due to the strong shadowing effect in these sea-
sons. The AAC at 532 nm corrected by IDC is the largest, fol-
lowed by that from WC2003 and SC2006. The mean AAC
at 532nm averaged from these three corrections is about
43.23428.13Mm~1 in the urban area of Nanjing, with sub-
stantial seasonal and diurnal variations. Higher AACs often
occur in cold seasons (at rush hour), while lower ones occur
in summer (in afternoon). A small AAC in the summer (in the
afternoon) is partially due to large scavenging efficiency and
smaller emission rates of the aerosols (the well-developed
boundary layers). The AAC in the urban area of Nanjing is
much lower than that in Pearl River Delta but higher than
that at non-urban sites of north China. Within YRD, the an-
nual AAC in the urban area of Nanjing is as large as that in
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rural areas (Lin’an). Wavelet analysis suggests that variations
of the AAC in the urban area of Nanjing might have cycles of
4-8 days and 9-17 days due to the affection of synoptic scale
(weekly) weather systems and quasi-2-week-scale systems.
AACs follow a typical log-normal pattern in terms of the fre-
quency distribution. For the AAC at 532 nm, the range from
15 to 65Mm~1 dominates, accounting for more than 72 %
of the total data samples in the entire study period. The max-
imum frequencies of about 10-11 % occur in the range of 25
to 30 Mm~1. Both diurnal variations and frequency distribu-
tions of the AAC show more evident seasonality in 2013 than
in 2012, possibly because of the influences of the pollution
episodes.

The AAC in the urban area of Nanjing has been affected by
serious pollution episodes locally and regionally; thus much
enhanced AACs have been observed frequently. AACs are
expected to be small in summer due to low BC concentra-
tions at that time. However, AACs were substantially large
(exceeding 50 Mm~1) in June 2012 due to a high intensity
of biomass burning around Nanjing during 1-15 June 2012.
Extremely high AACs in winter in 2013 might be caused
by large-scale regional pollution over east to north China.
Hence, the AAC diurnal cycle, frequency, and its seasonal
variations were altered. High AACs occurred at midnight
during the period 1-15 June 2012, instead of in the morning
as usual. The frequency of AAC followed a quasi-bimodal
distribution in winter in 2013, and its values in the AAC
range that are larger than 55Mm~1 were higher compared
to other seasons in 2013.

The AAC at the site generally decreases with increasing
wavelength. Although the AAC at 532nm from WC2003
is close to the one from SC2006, its decline rate is smaller
than from SC2006, because the scattering correction C
from WC2003 is independent of wavelength. Thus, AAE
at 660/470 nm from SC2006 (i.e., 1.56) is much larger than
that from WC2003 (i.e., 1.08). The scattering correction by
Schmid et al. (2006) appears to be more reasonable than the
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correction by Weingartner et al. (2003), compared to the col-
umn AAE at 675/440 nm by CE-318 at the site. AAE also has
strong seasonality; it is high in winter and low in summer,
possibly related to the variation in relative humidity (RH)
(Zhuang et al., 2014a).

Wind-direction shifting over different seasons might be
another factor controlling the aerosol AAC and AAE. Back-
ward trajectories indicate that Nanjing could be affected by
local air flow (13-19 %) and long-distance air flows mostly
from northwestern, northern (> 50 %), eastern, southeastern,
and southern directions. Considerable air pollution in the ur-
ban area of Nanjing is due to local and subregional emis-
sions. Air masses from the oceans and remote areas are rela-
tively clean with low AACs. During the pollution episodes in
north China in 2013, a large number of aerosols were trans-
ported to Nanjing, greatly enhancing the AAC at the site. The
AAE at the site is usually low when the air masses come from
the oceans, while it is high when the air flows from higher
latitudes.

The AAC generally increases with increasing AAE under
the condition of fixed aerosol loadings in the urban area of
Nanjing. The linear correlation coefficient between MAC at
532nm and the AAC exceeds 0.92 during the entire study
period. High levels of MAC mostly occur in the ranges with
large AAE because the fine particles have a much larger spe-
cific surface area compared to coarse ones. Changes in the
AAE and AAC are somewhat influenced by the variations of
RH. Large AAEs are mostly found when the RH is low and
vice versa. Changes in the AAC with RH are different within
different bins of AAE. Unimodal and quasi-bimodal distri-
butions of the AAC vary with RH for finer (AAE > 1.6) and
coarser (AAE < 1.6) absorbing aerosols, respectively. The
peak AAC mainly concentrates at RH = 65 % for the aerosols
with AAE < 1.6. For the aerosols with 1.3 < AAE < 1.6, the
maximum AACSs occur at RHs of around 40 and 80 %, while
for AAE < 1.3, AACs peak at RHs of around 65 and 85 %.
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