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Abstract. The strong spectral dependence of light absorp-

tion of brown carbon (BrC) aerosol is regarded to influ-

ence aerosol’s radiative forcing significantly. The Absorption

Angstrom Exponent (AAE) method has been widely used

in previous studies to attribute light absorption of BrC at

shorter wavelengths for ambient aerosols, with a theoreti-

cal assumption that the AAE of “pure” black carbon (BC)

aerosol equals to 1.0. In this study, the AAE method was

applied to both urban and rural environments in the Pearl

River Delta (PRD) region of China, with an improvement

of constraining the realistic AAE of “pure” BC through

statistical analysis of on-line measurement data. A three-

wavelength photo-acoustic soot spectrometer (PASS-3) and

aerosol mass spectrometers (AMS) were used to explore

the relationship between the measured AAE and the relative

abundance of organic aerosol to BC. The regression and ex-

trapolation analysis revealed that more realistic AAE values

for “pure” BC aerosol (AAEBC) were 0.86, 0.82, and 1.02

between 405 and 781 nm, and 0.70, 0.71, and 0.86 between

532 and 781 nm, in the campaigns of urbanwinter, urbanfall,

and ruralfall, respectively. Roadway tunnel experiments were

conducted and the results further confirmed the representa-

tiveness of the obtained AAEBC values for the urban envi-

ronment. Finally, the average light absorption contributions

of BrC (± relative uncertainties) at 405 nm were quantified to

be 11.7 % (±5 %), 6.3 % (±4 %), and 12.1 % (±7 %) in the

campaigns of urbanwinter, urbanfall, and ruralfall, respectively,

and those at 532 nm were 10.0 % (±2 %), 4.1 % (±3 %),

and 5.5 % (±5 %), respectively. The relatively higher BrC

absorption contribution at 405 nm in the ruralfall campaign

could be reasonably attributed to the biomass burning events

nearby, which was then directly supported by the biomass

burning simulation experiments performed in this study. This

paper indicates that the BrC contribution to total aerosol light

absorption at shorter wavelengths is not negligible in the

highly urbanized and industrialized PRD region.

1 Introduction

Light absorbing carbonaceous aerosols including black car-

bon (BC) and brown carbon (BrC) are the primary mat-

ters absorbing light in the atmosphere. The importance of

BC has been widely recognized in recent decades due to

its effects of radiative forcing on climate change, while

the role of BrC is far from being well known (Jacob-

son, 2001; Hansen et al., 1997; Haywood et al., 1997; Ra-

manathan and Carmichael, 2008; Gadhavi and Jayaraman,

2010; Wang et al., 2014). BrC is organic carbon which can

absorb light based on a variety of chemical structures like ni-

trated and/or polycyclic aromatics, phenols, humic-like sub-

stances and biopolymers (Jacobson, 1999; Sun et al., 2011;

Poschl, 2005). Main sources of BrC include biomass and bio-

fuel burning, atmospheric humic-like substances (HULIS)

from multiple phase actions, and photochemical oxidation of

volatile organic compounds (VOCs) (Bond, 2001; Bergstrom

et al., 2007; Alexander et al., 2015). South and East Asia

are typical regions of atmospheric brown clouds (ABC)

(Alexander et al., 2015). Biomass burning has been recog-

nized as a significant contributor to ABC, including for-

est burning, crop waste burning, traditional religious activ-

ities and residential burning in countries like India, China

and Thailand (Venkataraman et al., 2006; Yan et al., 2006;

Chakrabarty et al., 2013, 2014; Huang et al., 2012). BrC
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mainly absorbs light at UV and short-visible wavelengths

(Chen and Bond, 2010; Kirchstetter et al., 2004; Lewis et al.,

2008; Sandradewi et al., 2008; Schmid et al., 2006) and this

strong spectral dependence has aroused more and more inter-

est recently (Feng et al., 2013; Bahadur et al., 2012; Chung

et al., 2012b; Wang et al., 2014; Jethva and Torres, 2011).

BrC was ever estimated to contribute about 10–30 % of to-

tal absorption of fine particles at shorter wavelengths, e.g. at

365 and 405 nm, and contribute approximately 10 % at mid-

visible wavelengths, e.g. at 532 nm (Bahadur et al., 2012;

Lack et al., 2012b; Washenfelder et al., 2015; Nakayama et

al., 2014). During an agricultural waste burning event, BrC

aerosol could contribute more than 65 % of light absorption

at 370 nm and 15 % at a mid-wavelength (Favez et al., 2009).

However, the complexity and variety of molecular composi-

tion of BrC and the mixing state with other substances make

it very challenging to study BrC optical properties (Alexan-

der et al., 2015). Extensive experimental data from field stud-

ies are essential to evaluate light absorption by BrC as well as

constraining and validating atmospheric and climate models.

There were two main methods to identify the absorption

of BrC in total aerosol absorption at shorter wavelengths in

previous studies: one was to use theoretical Mie models to

calculate the light absorption of BrC with input of ambient

chemical, physical, and optical measurements of bulk aerosol

(Lack et al., 2012b); the other was based on optical measure-

ment followed by absorption Angstrom exponent (AAE) cal-

culation, which was actually simpler and widely used with a

criterion of AAE for “pure” BC aerosol (AAEBC) (Clarke et

al., 2007; Favez et al., 2009; Yang et al., 2009; Bahadur et

al., 2012; Chung et al., 2012a). The AAEBC has been com-

monly assumed to be 1.0 theoretically in many studies, but

this simple assumption may not be reliable, and could cause

a possible bias of the attributed absorption of BC from−22 to

+7 % and then cause significant uncertainty of attributed BrC

absorption (Lack and Langridge, 2013).

Some previous studies showed that ambient AAE was

significantly affected by aerosol OC / EC (organic car-

bon / elemental carbon) ratio, suggesting a potentially impor-

tant role of organic matter in aerosol light absorption (Utry et

al., 2014). In this study, we tried to apply the AAE method to

both urban and rural areas in the Pearl River Delta (PRD)

region of China to attribute light absorption of BrC, with

an emphasis of exploring realistic AAEBC based on on-line

measurements in field campaigns. The PRD region is one

of the three economically developed regions of China and

has been considered as one of the world’s largest sources

of anthropogenic soot emissions (Streets et al., 2001; Bond

et al., 2004; Koch and Hasen, 2005). Despite strong emis-

sions of BC aerosol in the highly urbanized and industrial-

ized PRD region, the light absorption contribution of BrC

aerosol should not be neglected without effective evaluation.

Therefore, the focus of this paper was to reasonably quantify

the light absorption of BrC aerosol in PRD with effective un-

certainty evaluation using the AAE method.

2 Experimental and data analysis methods

2.1 Sampling sites and periods

Our measurements contained three field campaigns con-

ducted in Shenzhen and Heshan in PRD during fall and win-

ter, which are usually the polluted dry seasons of PRD with

high frequency of haze episodes. The Shenzhen site (SZ) was

an urban site in the southeast of the PRD region. It was on

the campus of Peking University Shenzhen Graduate School

(22.60◦ N, 113.97◦ E), located in the west of Shenzhen, and

the sampling periods were from 15 January to 19 February in

the winter (urbanwinter) and from 12 September to 9 October

in the fall (urbanfall) in 2014. The Heshan site (HS) was a

rural site (22.71◦ N, 112.93◦ E), 40–50 km southwest to the

megacity of Guangzhou in the central PRD. It was located on

the top of a small hill with little local fossil fuel combustion

emission nearby except biomass burning. The HS sampling

period was from 1 to 22 November in the fall (ruralfall) in

2014 and biomass burning events were observed occasion-

ally as an obvious anthropogenic source in the nearby farm-

land.

In addition, tunnel experiments were also performed in

Shenzhen in 2014 to explore the AAE values in a highly

BC-polluted environment. We performed tunnel experiments

three times in Shenzhen urban areas: twice in the Tanglang-

shan tunnel (TL) and once in the Jiuweiling (JW) tunnel.

The sampling periods of the Tanglangshan tunnel were from

00:00 to 05:30 LT on both 16 and 18 October (as the TL-

1 and TL-2 experiments, respectively). The TL tunnel was

1.71 km in length with two channels that has three lanes in

one direction for traffic, and the driving speeds in the tun-

nel were usually between 50 and 60 km h−1. The monitoring

car was located 400 m in depth from the entrance. The sam-

pling period of the JW tunnel was from 15:30 to 24:00 LT

on 10 December (as the JW experiment). The JW tunnel was

1.45 km in length with two channels that has two lanes in

one direction for traffic, and the driving speeds in the tun-

nel were usually about 60 km h−1. The monitoring car was

located 800 m in depth from the entrance.

Moreover, since biomass burning is recognized as an im-

portant source of BrC (Ramanathan et al., 2007) and is

a popular source in rural areas in PRD, especially during

the harvest season (He et al., 2011; Zhang et al., 2013),

we performed biomass burning simulation experiments in a

combustion laboratory to study the spectral dependence of

aerosol light absorption in biomass burning smoke. Differ-

ent types of biomass materials, including straw, deciduous

leaf, and firewood, were burned in two different combustion

modes, i.e. stove burning and open burning, to simulate the

traditional residential and field biomass burning. The com-

bustion system in the laboratory included four parts: com-

bustion simulation, dilution, tube sampling, and instrumental

analyzing. The stove was built with bricks and mortar ac-

cording to the local traditional structure. More detailed in-
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Table 1. The calibration results of PASS-3 in the campaigns.

Campaign Flow rate Error of laser Error of laser Error of laser Slope (R2)

(L min−1) power_405 nm power_532 nm power_781 nm

Urbanwinter 0.97 0.6 (%) 2.3 (%) 2.5 (%) 1.02 (0.995)

Urbanfall 0.98 4.0 (%) 1.1 (%) 0.9 (%) 1.03 (0.996)

Ruralfall 0.98 2.5 (%) 5.0 (%) 3.6 (%) 1.04 (0.993)

Tunnel 0.98 2.8 (%) 4.3 (%) 3.7 (%) 1.07 (0.993)

formation of the combustion system was described in our

previous paper (He et al., 2010). Different biomass mate-

rials were burned inside the stove to simulate a complete

water heating process referring to a standard protocol of

water boiling test provided by the University of California

(http://www.aprovecho.org/lab/pubs/testing). In addition, a

certain amount of straw was piled up and burned on a pallet

made of iron wire to simulate open burning of crop residues

in the field.

2.2 Instrumentation

For the ambient sampling in this study, the instruments were

placed in a temperature controlled room (or a monitoring car

for the tunnel experiments), and the outdoor air was induced

through a PM2.5 cyclone inlet placed on the rooftop and

then dried before it entered the inlets of the instruments. A

three-wavelength Photo-acoustic Soot Spectrometer (PASS-

3) (Droplet Measurement Technologies, CO, USA) was used

to measure light absorption at 405, 532, and 781 nm with a

data output time resolution of 2 min. The principles and tech-

nical details of PASS-3 were described previously by Arnott

et al. (1999). Then, we processed the 2 min time resolution

data of absorption at three wavelengths for half hour averages

and made further data analysis based on the half hour time

resolution data sets. On the other hand, we also processed

the 10-min time resolution data of organic aerosol derived

from AMS or ACSM for half hour averages to explore the

relationship with the absorption data sets.

A high-resolution time-of-flight aerosol mass spectrome-

ter (HR-ToF-AMS) (Aerodyne Research, MA, US) was used

to measure non-refractory species of PM1 including organic

aerosol with a time resolution of 10 min at the SZ site. The

detailed description of the instrument was given by DeCarlo

et al. (2006), and the calibration followed the standard pro-

tocols (Jayne et al., 2000; Jimenez et al., 2003; Drewnick

et al., 2005). More details about the HR-ToF-AMS opera-

tion were described in our previous publications (He et al.,

2011; Huang et al., 2011). An aerosol chemical speciation

monitor (ACSM) (Aerodyne Research, MA, US) was used at

the HS site and in the tunnel experiments with a time reso-

lution of 10 min. In comparison with HR-ToF-AMS, ACSM

was smaller and more convenient to be transported to field

sampling sites and setup in a monitoring car with limited

space. The detailed description of ACSM was given by Ng

et al. (2011).

2.3 Calibration of PASS-3

The calibrations of PASS-3 for flow rate, laser power, and ab-

sorption were conducted following the standard procedures

provided by the operational manual, which were also applied

in relevant previous studies (Arnott et al., 2000; Lan et al.,

2013; Nakayama et al., 2015). Firstly, the flow rate of sam-

ple air was calibrated by a soap film flow meter, with the

results shown in Table 1; secondly, the laser power for each

wavelength was calibrated by a laser power meter and the er-

ror in Table 1 indicated the reading difference between the

laser power meter and the laser detector inside the instru-

ment; thirdly, the light absorption calibration was performed

by measuring highly absorbing NO2 (200 ppm) at 532 nm.

Then a good linear regression (with R2> 0.99) of the cal-

culated extinction coefficient of NO2 and the measured light

absorption was established. Since the scattering of gas is neg-

ligible, the extinction of NO2 should be very close to the ab-

sorption of NO2, and thus the slope of the fitting curve should

be very close to 1, as shown in Table 1. The detection limit of

aerosol light absorption with 2 s time resolution was 10, 10,

and 3 Mm−1 at 405, 532, and 781 nm, respectively.

2.4 Calculation of AAE and light absorption of BrC

The AAE is an application of Angstrom exponent

(Ångström, 1929) to describe the wavelength dependence of

visible light absorption by aerosol, as expressed in Eq. (1):

AAE=− ln
(
Absλ1

/Absλ2

)
/ ln(λ1/λ2) , (1)

where Abs can be obtained by the absorption measurement

and λ represents a wavelength. The traditional AAE method

for estimating BrC light absorption was described previously

by Lack and Langridge (2013), and it can be expressed in

Eqs. (2) and (3):

BC_Absλ1
= Absλ2

× (λ2/λ1)
AAEBC (2)

BrC_Absλ1
= Absλ1

−BC_Absλ1
, (3)

where Absλ2
is the measured absorption at a longer wave-

length, at which BrC has negligible or no absorption.

BC_Absλ1
is the attributed absorption of BC at a shorter
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wavelength. BrC_Absλ1
is thus the attributed absorption of

BrC at the shorter wavelength. AAEBC is referred to as the

AAE caused solely by “pure” BC aerosol, and is usually as-

sumed to be 1.0 theoretically.

The total uncertainty of BrC_Absλ1
calculated (Ut) thus

arises from both the absorption measurements and the AAE

attribution method, and can be estimated by Eq. (4):

Ut =

√(
UAbs_λ1

)2
+
(
UAbs_λ2

)2
+
(
UAAEBC

× ln(λ2/λ1)
)2
,

(4)

where UAbs_λ1
and UAbs λ2

are the relative uncertainties of

the absorption measured at λ1 and λ2, respectively; UAAEBC

is the absolute uncertainty of the AAEBC used, and needs

to be multiplied by ln(λ2/λ1) to obtain the relative uncer-

tainty of the AAE method. The uncertainty of the absorption

measurement at a wavelength (UAbs|λ ) includes the fit to the

absorption calibration slope, the electronic noise within the

instrument (Lack et al., 2012a), as well as the drift correction

of signals, and can be expressed as below:

1X =
2

√
(1Xcalibration)

2
+ (1Xnoise)

2
+ (1Xdrift)

2 (5)

UAbs_λ =1X/Absλ, (6)

where 1X calibration is derived from the uncertainty of the

regression slope under a 95 % confidence level (p);1X noise

can be calculated through uncertainty propagation of noise

equivalent absorption measured by PASS-3 every 2 min;1X

drift is the standard deviation of the averaged baseline ab-

sorption of filtered air. Finally, 1X is divided by Absλ to get

the corresponding relative uncertainty (UAbs_λ). As a result,

the relative uncertainties of the absorption measurements at

the three wavelengths were ∼ 1.2 % for the campaign of

urbanwinter, 0.8–0.9 % for the campaign of urbanfall, and 1.5–

1.6 % for the campaign of ruralfall.

3 Results and discussion

3.1 Aerosol light absorption

The time series of PM2.5 light absorption at three wave-

lengths in different campaigns were shown in Fig. 1. In the

urbanwinter campaign, the average absorption was 25.6, 18.7,

and 12.9 Mm−1 at 405, 532, and 781 nm, respectively. In the

urbanfall campaign, the average absorption was 21.6, 16.2,

and 11.8 Mm−1 at 405, 532, and 781 nm, respectively. It was

seen that the aerosol absorbed more light in the winter, and

its maximum absorptions were 162, 122, and 86.6 Mm−1

at 405, 532, and 781 nm, respectively, more than two times

the maximum values in the fall. The higher aerosol pollu-

tion observed in the winter could be attributed to the un-

favorable meteorological conditions in PRD in the winter,

when the air mass came from the polluted northern conti-

nent with an overwhelming frequency and the atmospheric

boundary layer became shallower due to lower ambient tem-

peratures (Huang et al., 2014). In the ruralfall campaign, the

average absorption was 32.5, 21.5, and 14.6 Mm−1 at 405,

532, and 781 nm, respectively, which were even higher than

those of the urbanwinter and urbanfall campaigns, but this was

not strange since HS was a receptor site, suffering from the

polluted air outflow from the northeast, where the megac-

ity of Guangzhou was located, during the fall and winter

seasons (Gong et al., 2012). The campaign-average ambient

AAE405_781 values (± relative uncertainties) were calculated

to be 1.05 (±0.01 %), 0.92 (±0.10 %), and 1.22 (±0.002 %),

respectively, for the urbanwinter, urbanfall, and ruralfall cam-

paigns, while those of AAE532_781 were 0.98 (±0.01 %),

0.82 (±0.05 %), and 1.00 (±0.001 %), respectively. The

corresponding uncertainties in the brackets were calculated

through the uncertainty propagation of the absorption mea-

surement uncertainties based on Eq. (1). The relatively

higher values of AAE405_781 and AAE532_781 in the ruralfall

campaign might be related to the biomass burning in the

farmland surrounding the HS site.

It should be noted here that the contribution of dust par-

ticles to the aerosol light absorption was considered to be

negligible in this study. Firstly, there was no dust event dur-

ing the three campaigns; secondly, organic aerosol typically

contributes > 30 % of PM2.5 mass in both urban and ru-

ral environments, far higher than that of the dust (< 5 %)

(Huang et al., 2014). Considering that the mass absorption

efficiency (MAE) values of dust at shorter and mid-visible

wavelengths are lower than those of organic aerosol by a

magnitude of one or two (Favez et al., 2009; Yang et al.,

2009), the light absorption contribution of dust could be neg-

ligible in comparison with that of organic aerosol in PRD.

Therefore, light absorption of dust was not taken into account

in the following discussion.

3.2 Determination of the AAE for “pure” BC aerosol

Theoretically, the AAE for “pure” BC aerosol (AAEBC) is

assumed to be 1.0 (Lack and Langridge, 2013), and BrC ab-

sorption at shorter wavelengths can raise this value in am-

bient atmosphere. In this study, we explored more realistic

AAEBC in PRD by establishing a univariate regression rela-

tionship for each campaign, as shown in Fig. 2. In each cam-

paign, the organic aerosol mass concentration was measured

by AMS or ACSM, and the absorption at 781 nm (Abs781 nm)

could be used to represent the BC amount since BrC had

negligible absorption at longer wavelengths (Kirchstetter et

al., 2004; Lack and Langridge, 2013; Lack et al., 2012b).

Then, rorg/bc (the ratio of organic aerosol mass concentration

to Abs781 nm) was used as an index of the relative abundance

of organic aerosol to BC. In our campaigns, rorg/bc was a sim-

pler while more effective index than other similar indices like

the mass ratio of OC / (OC+EC), calculating which needed

to assume a mass absorption efficiency for the measured

light absorption data and correct the cutoff size difference
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Figure 1. The time series of aerosol light absorption and mass concentration of organic aerosol in the different campaigns.

for PASS-3 (PM2.5) and AMS/ASCM (PM1) sampling. Fi-

nally, the AAE405_781 and AAE532_781 were plotted versus

the rorg/bc averaged within equal intervals for each campaign

in Fig. 2, with the corresponding linear fitting curves.

For all the campaigns, the linear relationships between

AAE405_781 (or AAE532_781) and rorg/bc were significant

enough with correlation coefficients (R2) of 0.59–0.98, in-

dicating AAE was positively related with the relative amount

of organic matter, which certainly included BrC. Utry et

al. (2014) also revealed a strong correlation between AAE

and aerosol OC/EC at an urban site in Hungary, where OC

was mainly emitted from wood burning and contained a large

amount of BrC. The intercepts of the fitting curves in Fig. 2,

where rorg/bc= 0, can be regarded as the situation for “pure”

BC without any organic matter, and thus are suitable proxies

of the AAEBC values for the different campaigns. The un-

certainties of the regression intercepts represent the absolute

uncertainties of the AAEBC (UAAEBC
), and can be calculated

following Eq. (7):

UAAEBC
= tp × S(a), (7)

where S(a) represents the standard deviation of the regres-

sion intercept (a) calculated by the SPSS software, and tp is

determined by the t distribution list according to a confidence

level (p), which was set to be 95 % in this study.

The calculated AAEBC values and corresponding un-

certainties at 405 and 532 nm were summarized in Ta-

ble 2, and they were found similar in the urbanwinter

(0.86± 0.06 and 0.70± 0.05) and urbanfall (0.82± 0.06 and

0.71± 0.06) campaigns, but were higher in the ruralfall cam-

paign (1.02± 0.10 and 0.86± 0.13). The difference of the

AAEBC between the urban site and rural site might result

from different sources of BC aerosol. Fossil fuel combus-

tion, e.g. vehicle emissions, was indicated to be the dominant

source of BC aerosol in urban Shenzhen (Lan et al., 2011),

while biomass burning emissions played an important role

in the fall at the rural HS site (Gong et al., 2012). In PRD,

Lan (2013) found that the BC diameters of both vehicular

www.atmos-chem-phys.net/16/1433/2016/ Atmos. Chem. Phys., 16, 1433–1443, 2016
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Figure 2. The linear relationship between AAE and rorg/bc in the different campaigns.

Table 2. The derived AAEBC values and uncertainties in the differ-

ent campaigns.

Campaign AAE405_781 AAE532_781

Urbanwinter 0.86± 0.06 0.70± 0.05

Urbanfall 0.82± 0.06 0.71± 0.06

Ruralfall 1.02± 0.10 0.86± 0.13

exhaust and biomass burning were generally above 100 nm,

using a single particle soot photometer to measure, and the

BC diameters of vehicular emissions were even larger. On

the other hand, Gyawali et al. (2009) found that the AAE

value would decrease as the BC diameter increases in the

range of 0.1–1 µm by theoretical modeling. Therefore, the

larger AAEBC obtained at the rural site could be a result of

the smaller BC diameters of biomass burning in PRD.

It should be noted that previous studies showed that AAE

of ambient aerosol can also be influenced by a couple of other

factors, such as size distribution, mixing state, and fractal

dimension of BC particles (Levin et al., 2010; Gyawali et

al., 2009; Scarnato et al., 2013; Bond and Bergstrom, 2006),

but it is quite complicated and almost impossible to consider

the influence of all these factors simultaneously. Scarnato et

al. (2013) also pointed out that it is very difficult to clarify the

relationship between AAE and aerosol morphology and mix-

ing state due to quite complicated mechanisms in real cases.

In this study, this issue was just simplified using a univari-

ate regression analysis to explore the relationship between

ambient AAE and organic aerosol. As a result, the good cor-

relations obtained in Fig. 2 indicated that BrC itself could be

the dominant factor leading to the variation of AAE, and thus

the extrapolated intercept was a good surrogate for AAEBC.

The influence of other factors could be partly reflected by

the error bars of the data points in Fig. 2 and the estimated

uncertainty of the intercept (i.e. UAAEBC
).

3.3 AAE measurements of primary emission sources

3.3.1 Roadway tunnel experiments

Since the major primary source of BC in urban environment

in PRD was proved to be vehicular exhaust (Yuan et al., 2006;

Huang et al., 2006; Lan et al., 2013), we performed three

roadway tunnel experiments in urban Shenzhen, in order to

verify the representativeness of the AAEBC derived from the

urban atmosphere. The tunnel air measurement results were

presented in Fig. 3. Since the tunnel air was largely domi-

nated by fresh BC particles, the observed rorg/bc values were

found in a lower range (0.2–0.8) in comparison with those in

the urban atmosphere, and thus the extrapolation of the lin-

ear regression in Fig. 3 could get more reliable intercepts,

i.e. AAEBC. As summarized in Table 3, the AAEBC val-

ues obtained at 405 and 532 nm (0.80–0.89 and 0.63–0.72,

respectively) in the tunnel experiments well confirmed the
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Figure 3. The linear relationship between AAE and rorg/bc in the tunnel experiments.

AAEBC values derived from the ambient measurements in

urban Shenzhen.

3.3.2 Biomass burning simulation experiments

The AAE values with standard deviations of different types

of biomass burning were presented in Table 4. It was found

that the absorption generally showed large spectral depen-

dence and the AAE varied among different biomass types

or combustion modes, with AAE405−532 ranging from 2.1 to

8.3, AAE532−781 ranging from 1.3 to 5.0, and AAE405−781

ranging from 1.7 to 6.2, significantly higher than those ob-

served in the ambient air and tunnel air. Therefore, the higher

AAE values observed for biomass burning particles, espe-

cially between 405 and 532 nm, proved that biomass burning

was a significant contributor to absorption at shorter wave-

lengths in the ruralfall campaign. In the combustion mode

of stove burning, the leaves tended to emit more BrC than

wood, stalk, and straw, which should be a result of their dif-

ferent biomass chemical nature. Besides, the AAE values of

short straw were a few times higher in open burning than

in stove burning, which could be explained by that it was

easier to cause a hypoxic environment in smoldering and

a larger amount of yellow fume was produced (Einfeld et

al., 1991; Patterson and McMahon, 1984; Kirchstetter et al.,

2004; Chakrabarty et al., 2010).

Table 3. The derived AAEBC values and uncertainties in the tunnel

experiments.

Tunnel AAE405_781 AAE532_781

TL-1 0.85± 0.06 0.72± 0.10

TL-2 0.80± 0.11 0.68± 0.19

JW 0.89± 0.06 0.63± 0.12

3.4 Quantification of light absorption of BrC

Based on the well determined AAEBC and Abs781 nm in

the three field campaigns, we could finally calculate the

light absorption of BrC at 405 and 532 nm according to

Eq. (3). As a result, the average light absorption of BrC

at 405 nm was 3.0, 1.4, and 3.9 Mm−1 in the urbanwinter,

urbanfall, and ruralfall campaigns, respectively, contributing

11.7 % (±5 %), 6.3 % (±4 %), and 12.1 % (±7 %) of the

total aerosol light absorption, respectively. Here, the val-

ues in the brackets were the relative uncertainties calcu-

lated through Eq. (4). The average light absorption of BrC

at 532 nm was 1.9, 0.7, and 1.2 Mm−1 in the urbanwinter,

urbanfall, and ruralfall campaigns, respectively, contributing

10.0 % (±2 %), 4.1 % (±3 %), and 5.5 % (±5 %) of the total

aerosol light absorption, respectively.

The results indicated that no matter at the urban site or

rural site in PRD, BC still played a dominant role in total

aerosol light absorption at 405 and 532 nm, but the contribu-
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Table 4. The AAE values observed in the biomass burning simulation experiments.

Biomass type Burning modes AAE405_532 AAE532_781 AAE405_781

Short straw Open burning 8.27± 1.34 4.96± 1.15 6.20± 1.33

Ficus microcarpa leaf Stove burning 5.85± 1.69 3.46± 0.96 4.46± 1.20

Lychee leaf Stove burning 4.90± 1.61 2.52± 1.07 3.48± 1.20

Corn stalk Stove burning 3.83± 1.49 2.39± 1.06 2.97± 1.16

Litchi wood Stove burning 3.55± 1.50 1.95± 0.85 2.61± 1.00

Eucalyptus wood Stove burning 2.34± 0.85 1.30± 0.53 1.71± 0.50

Short straw Stove burning 2.32± 0.65 1.39± 0.47 1.76± 0.25

Peanut stalk Stove burning 2.13± 1.01 2.08± 0.86 1.99± 0.50

tion of BrC was not negligible, with a fraction of up to 12 %.

The higher BrC contribution in the urbanwinter campaign than

that in the urbanfall campaign suggested that BrC could play

a more important role in polluted continental air mass, since

Shenzhen had a higher frequency of continental air mass

from the north than that of marine air mass from the south

in winter. On the other hand, the highest BrC contribution

at 405 nm in the ruralfall campaign could be attributed to the

influence of biomass burning in the farmland nearby, which

was supported by the biggest difference of BrC absorption

between 405 and 532 nm: the AAE405_532 of BrC was calcu-

lated to be 1.7, 2.5, and 4.3 for the campaigns of urbanwinter,

urbanfall, and ruralfall, respectively. High AAE405_532 was

found to be a feature in the biomass burning simulation

experiments, as in Table 4. Especially strong absorption at

404 nm of biomass burning-emitted BrC was also found by

Lack et al. (2012b). The lowest AAE405_532 of the urbanwinter

campaign indicated that fossil fuel combustion, rather than

biomass burning, seemed to be the major source of BrC in

Shenzhen in winter.

Finally, it should be noted that it is unwise to calculate the

light absorption contribution of BrC at a specific time during

the field campaigns, since the AAEBC derived for the whole

case of a single campaign could have a large bias from the

real AAEBC at that time, due to variations of the influencing

factors, e.g. size distribution, mixing state, and morphology

of BC particles.

4 Conclusions

In this study, an improved AAE method was used to es-

timate the light absorption of BrC at an urban site and a

rural site in the PRD region of China in polluted seasons

during 2014, based on ambient on-line measurements us-

ing PASS-3 and AMS (or ACSM). The obtained ambient

AAE405_781 averages were 1.05, 0.92, and 1.22 in the three

campaigns of urbanwinter, urbanfall, and ruralfall, respectively,

while those for AAE532_781 were 0.98, 0.82, and 1.00, re-

spectively. The linear regression between AAE405_781 (or

AAE532_781) and the ratio of organic aerosol to BC re-

sulted in reasonable intercepts, which were assumed to be

the AAE for “pure” BC (AAEBC). The obtained AAEBC

values between 405–781 nm were 0.86, 0.82, and 1.02 in

the campaigns of urbanwinter, urbanfall, and ruralfall, respec-

tively, and those between 532–781 nm were 0.70, 0.71,

and 0.86, respectively. These AAEBC values were believed

to be more realistic in PRD than the theoretical default

value of 1.0. The results of the tunnel experiments further

confirmed that the realistic AAEBC values in the urban at-

mosphere should be within the ranges of 0.8–0.9 between

405 and 781 nm and of 0.6–0.7 between 532 and 781 nm.

As a result, the average BrC light absorption contributions

(± relative uncertainties) at 405 nm were quantified to be

11.7 % (±5 %), 6.3 % (±4 %), and 12.1 % (±7 %) in the

campaigns of urbanwinter, urbanfall, and ruralfall, respectively,

and those at 532 nm were 10.0 % (±2 %), 4.1 % (±3 %), and

5.5 % (±5 %), respectively. It was found that BrC played a

more important role in more polluted winter or in the rural

area with intensive biomass burning in PRD. Although BC

still played a dominant role in total aerosol light absorption

in PRD, the contribution of BrC at shorter wavelengths was

not negligible, with a percent of up to > 10 %.
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