
HAL Id: hal-00304082
https://hal.science/hal-00304082

Submitted on 9 Apr 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Aerosol optical properties in a rural environment near
the mega-city Guangzhou, China: implications for

regional air pollution and radiative forcing
R. M. Garland, H. Yang, O. Schmid, D. Rose, A. Nowak, P. Achtert, A.

Wiedensohler, N. Takegawa, K. Kita, Y. Miyazaki, et al.

To cite this version:
R. M. Garland, H. Yang, O. Schmid, D. Rose, A. Nowak, et al.. Aerosol optical properties in a
rural environment near the mega-city Guangzhou, China: implications for regional air pollution and
radiative forcing. Atmospheric Chemistry and Physics Discussions, 2008, 8 (2), pp.6845-6901. �hal-
00304082�

https://hal.science/hal-00304082
https://hal.archives-ouvertes.fr


ACPD

8, 6845–6901, 2008

Aerosol optical

properties near

Guangzhou

R. M. Garland et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Atmos. Chem. Phys. Discuss., 8, 6845–6901, 2008

www.atmos-chem-phys-discuss.net/8/6845/2008/

© Author(s) 2008. This work is distributed under

the Creative Commons Attribution 3.0 License.

Atmospheric
Chemistry

and Physics
Discussions

Aerosol optical properties in a rural

environment near the mega-city

Guangzhou, China: implications for

regional air pollution and radiative forcing

R. M. Garland
1
, H. Yang

1
, O. Schmid

2
, D. Rose

1
, A. Nowak

4
, P. Achtert

4
,

A. Wiedensohler
4
, N. Takegawa

5
, K. Kita

5
, Y. Miyazaki

5
, Y. Kondo

5
, M. Hu

3
,

M. Shao
3
, L. Zeng

3
, Y. Zhang

3
, M. O. Andreae

1
, and U. Pöschl
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Abstract

The scattering and absorption of solar radiation by atmospheric aerosols is a key el-

ement of the Earth’s radiative energy balance and climate. The optical properties of

aerosol particles are, however, highly variable and not well characterized, especially

near newly emerging mega-cities. In this study, aerosol optical properties were mea-5

sured at a regional background site approximately 60 km northwest of the mega-city

Guangzhou in southeast China. The measurements were part of the “Program of

Regional Integrated Experiments of Air Quality over the Pearl River Delta” intensive

campaign (PRIDE-PRD2006), covering the period of 1–30 July 2006. Scattering and

absorption coefficients of dry aerosol particles with diameters up to 10µm (PM10) were10

determined with a three-wavelength integrating nephelometer and with a photoacoustic

spectrometer, respectively.

Averaged over the measurement campaign (arithmetic mean ±standard deviation),

the total scattering coefficients were 200±133 Mm
−1

(450 nm), 151±103 Mm
−1

(550 nm) and 104±72 Mm
−1

(700 nm) and the absorption coefficient was15

34.3±26.5 Mm
−1

(532 nm). The average Ångström exponent was 1.46±0.21

(450 nm/700 nm) and the average single scattering albedo was 0.82±0.07 (532 nm)

with minimum values as low as 0.5. The low single scattering albedo values indicate

a high abundance of, as well as strong sources of light absorbing carbon (LAC). The

ratio of LAC to CO concentration was highly variable throughout the campaign, indi-20

cating a complex mix of different combustion sources. The scattering and absorption

coefficients, as well as the Ångström exponent and single scattering albedo, exhibited

pronounced diurnal cycles, which can be attributed to boundary layer mixing effects

and enhanced nighttime emissions of LAC (diesel soot from regulated truck traffic).

The daytime average single scattering albedo of 0.87 appears to be more suitable25

for climate modeling purposes than the 24-h average of 0.82, as the latter value is

strongly influenced by fresh emissions into a shallow nocturnal boundary layer. In

spite of high photochemical activity during daytime, we found no evidence for strong
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local production of secondary aerosol mass.

The relatively low average mass scattering efficiency with respect to PM10

(2.84±0.037 m
2

g
1
, λ=550 nm) indicates a high proportion of mass in the coarse parti-

cle fraction (diameter >1µm). During high pollution episodes, however, the Ångström

exponent exhibited a dependence on wavelength, which indicates an enhancement of5

the fine particle fraction during these periods. A negative correlation between single

scattering albedo and backscatter fraction was observed and found to affect the impact

that these parameters have on aerosol radiative forcing efficiency.

1 Introduction

Mega-cities, large urban areas with populations of greater than 10 million people,10

emerged in the twentieth century. In 1950 there were only two (New York and Tokyo)

and in 2005 there were twenty (U.N., 2005). While there are many benefits to this in-

creased urbanization (i.e., more access to education and economic advantages), this

high growth rate also presents many environmental problems, including the degrada-

tion of air quality. The environmental impacts of air pollution in large cities are not just15

restricted to their borders, but rather the pollutants are transported and can then have

regional and global impacts (Lawrence et al., 2007).

Aerosol particles are a major component of urban air pollution and can have nega-

tive effects on human health, can impact cloud formation and lifetime and can influence

heterogeneous reactions (Seinfeld and Pandis, 1998; Finlayson-Pitts and Pitts, 1999;20

Poeschl, 2005). Moreover, they scatter and absorb incoming solar radiation impacting

visibility as well as the radiative balance of the atmosphere. For example, the increas-

ing concentrations of anthropogenic aerosol particles in China since the 1950’s have

been linked to decreasing amounts of sunshine duration and changing summertime

maximum temperatures (Kaiser and Qian, 2002).25

The Pearl River Delta (PRD) region in southeastern China is a rapidly growing area,

both economically and in population. This area contains many cities, including Hong
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Kong, Guangzhou and Shenzhen. The PRD region gets it name from the Pearl River

that, together with its tributaries, runs through this region. The river delta is bordered by

the Nan Ling Mountains from the northwest to the southwest and the river empties into

the South China Sea in between Hong Kong and Macau. Guangdong province, which

contains both Guangzhou and Shenzhen, has a population of approximately 92 million5

people and the third largest Gross Domestic Product in China (NBS, 2007). By 2015,

Guangzhou itself is projected to have more than 10 million inhabitants, and will thus be

considered a mega-city (U.N., 2005). As the industry in the PRD region increases, so

do the environmental impacts of this growth. Nearly half of the urban river water bodies

in Guangdong province are seriously polluted; leading to clean water shortages in an10

area with large natural water resources (Ouyang et al., 2006). The increase in industry

and population also impacts the area’s air quality.

The PRD region is often plagued with high aerosol concentrations that lead to not

only low visibility, but can also impact the radiative balance of the region (Wu, Tie et

al., 2005). Previous studies in PRD have measured average aerosol mass concentra-15

tions for PM10 (particulate matter with aerodynamic particle diameter ≤10µm) of 70–

234µg/m
3

(Wei et al., 1999; Cao et al., 2003; Cao et al., 2004; Liu et al., 2007), with

average concentrations generally above 200µg/m
3

in Guangzhou in the winter (Cao et

al., 2003) and around 100µg/m
3

(PM2.5; particulate matter with aerodynamic particle

diameter ≤2.5µm) in the fall (Andreae et al., 2008), and with a large percentage of the20

particulate mass (>58%) in the PM2.5 fraction.

Andreae et al. (2008) measured the aerosol optical properties in urban Guangzhou in

October 2004 as part of the “Program of Regional Integrated Experiments of Air Quality

over the Pearl River Delta” (PRIDE-PRD) campaign 2004. During that campaign the

air masses generally came from the northeast, bringing continental pollution into the25

PRD region (Gnauk, et al., 2008
1
). In contrast, this current study characterizes the

1
Gnauk, T., Mueller, K., van Pinxteren, D., He, L. Y., Niu, Y., Hu, M., and Herrmann, H.:

Size-segregated particulate chemical composition in Xinken, Pearl River Delta, China: OC/EC
and organic compounds, Atmos. Environ., submitted, 2008.
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properties of aerosols and regional pollution from sources in the Pearl River Delta

itself. During the PRIDE-PRD2006 campaign in July 2006, we measured the aerosol

optical properties in a regional background site ∼60 km NW of the city of Guangzhou.

As a result of the monsoon circulation, the sampled air masses came mainly from the

south/southeast, off the South China Sea and passing over the PRD region before5

arriving at the measurement site.

2 Methods

2.1 Measurement location and supporting data

The measurements were performed in Backgarden (23.548056
◦
N, 113.066389

◦
E), a

small village in a rural environment at the outskirts of the densely populated center of10

the PRD (Fig. 1). A two-story hotel located next to a reservoir was used exclusively to

house the measurement campaign, with most of the instruments placed in air condi-

tioned rooms on the top floor and sample inlets mounted on the rooftop.

Local meteorological parameters were measured on the roof, next to the sample in-

lets (Weather Transmitter WXT510, Vaisala, Finland; operated by University of Tokyo).15

The average meteorological values (arithmetic mean ± standard deviation) for the cam-

paign were: 28.9±3.2
◦
C ambient temperature, 78.0±13.7% ambient relative humidity,

997±4 hPa ambient pressure, 1.8±1.2 m s
−1

local wind speed, 143±53
◦

local wind di-

rection.

The main aerosol inlet used in this study was equipped with a Rupprecht & Patash-20

nick PM10 inlet that was optimized for isokinetic flow conditions with a cyclone (flow rate

16.7 L min
−1

). The sample flow passed through stainless steel tubing (1.9 cm, 5.1 m)

and a diffusion dryer with silica gel/molecular sieve cartridges (alternating regeneration

with dry pressurized air, regeneration cycles 15–50 min, average RH=33±7%). After

drying, the sample flow was split into separate lines. One line was for the aerosol25

optical instruments (0.94 cm stainless steel, ∼5 m, flow rate 6 L min
−1

). Another line
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was for the aerosol sizing instruments (particle diameter ≤10µm), namely a Twin Dif-

ferential Mobility Particle Sizer (TDMPS, IfT) and an Aerodynamic Particle Sizer (APS,

TSI 3321). The inlet, dryer and size distribution measurements were operated by the

Leibniz Institute for Tropospheric Research (IfT). The present study focuses on the op-

tical aerosol properties; a detailed discussion of the particle size distributions will be5

presented elsewhere.

The NO2 measurements were required for correction of the photoacoustic spectrom-

eter data. The NOx, NOy and O3 measurements were performed using a separate inlet

and sampling line, which will be described in detail elsewhere (TECO 42CTL; operated

by University of Tokyo). The CO concentration was measured using a nondispersive10

infrared absorption instrument (Model 48, Thermo Environmental Instruments, USA;

operated by University of Tokyo). The instrument was coupled with a Nafion dryer

(Perma-Pure Inc., USA) to reduce the interference from water vapor (Takegawa et al.,

2006).

2.2 Optical instrumentation and extensive properties15

Total aerosol particle scattering coefficients (σs,λ) and hemispheric backscattering co-

efficients (σbs,λ) at three different wavelengths (λ=450 nm, 550 nm, and 700 nm) were

measured with an integrating nephelometer (Model 3563, TSI). The nephelometer was

operated at 5 L min
−1

with a two minute averaging time. An auto zero, where particle-

free air was sampled, was performed every two hours. The nephelometer contains20

two temperature sensors, one relative humidity sensor and a pressure sensor. These

sensors are used to report room temperature and the conditions in the measurement

chamber. The relative humidity (RH) of the sample flow into the optical instruments

was 31.5±4.8%. Within this range, no systematic correlation between sample flow RH

and measured optical parameters was observed, indicating that the variations of dry-25

ing efficiency had no significant influence on the optical measurement results. For the

campaign, the average sampling pressure and temperature as measured inside the

nephelometer were 996±4 hPa and 23±1
◦
C, respectively. The campaign average for
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the nephelometer lamp power was 50.6±1.1 W.

The nephelometer was calibrated with filtered air and CO2 gas as described in the

instrument’s manual. The calibration was performed at the beginning, middle and end

of the campaign. On average, the calibration constants were within ±2% of each other.

The measurement data were corrected for truncation errors and a nonlambertian light5

source using the Ångström exponents that were calculated as described in Sect. 2.3.1

below (Anderson et al., 1996; Anderson and Ogren, 1998). On average, the corrected

values were within 15% of the measured values for the whole campaign.

The effective limit of detection (ELOD) under the current operating condition was

determined for the nephelometer signals using their respective zero signals collected10

during the instrument’s auto zeroing time. The instrument’s software automatically

subtracted these zero values from the measured signals and the ELOD was three

times the standard deviation of the zero signals. The campaign average ELOD values

can be seen in Table 1. Any value below the ELOD was discarded. In the end, 0.1% of

the nephelometer data were discarded due to ELOD reasons.15

The aerosol particle absorption coefficient at 532 nm (σa,532) was determined with

a photoacoustic spectrometer (PAS; Desert Research Institute), which provides highly

sensitive absorption measurements without interference by scattering signals. The in-

strument has been described elsewhere in detail (Arnott et al., 1999). Briefly, a flow of

aerosol (0.8 L min
−1

) enters into an acoustic resonator and is illuminated by laser light20

(Nd:YAG, λ=532 nm, 50 mW) which is modulated at the acoustic resonator frequency

(1510 Hz). The light energy absorbed by the aerosol particles is re-released as heat,

producing a pressure wave that is detected by a microphone. The instrument was op-

erated with an integration time of ∼10 s and calibrated with gaseous NO2 (∼1000 ppm)

(Arnott et al., 2000; Schmid et al., 2006). The data were averaged for two minutes to25

match the time scale of the nephelometer. The instrument noise was measured on the

same time scale as the signal. The overall accuracy of the PAS calibration in this study

was within 10%, thus the overall accuracy of the measured PAS absorption coeffi-

cients are also ±10% (Schnaiter, 2005). A zero measurement with filtered (Acro 50 Fil-
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ters, Gelman), particle-free air was performed every 10–15 min for a period of ∼1 min.

The absorption coefficient that was measured during the zeroing periods was set as

0 Mm
−1

, thereby accounting for absorption by NO2 (and any other potential gaseous

absorbers). If, however, the ambient NO2 concentration changed during the 10–15 min

sampling period following the zeroing period, the recorded aerosol particle absorption5

coefficients can be influenced by the changing background signal from NO2. Thus, the

photoacoustic measurement data have been corrected for ambient NO2 concentration

as described in Schmid et al. (2006), except for the periods of 1–5 July and 27–30 July,

when ambient NO2 measurement data were not available. A plot of corrected PAS data

vs. uncorrected PAS data gave a linear least squares fit equation of y=0.998x+0.075510

with R2
=0.9995, n=11,251; the relative deviation between corrected and uncorrected

data was on average only 1.7%. For 97.6% of the data points this deviation was less

than 10%, and for only seven out of 11 251 data points did the deviation exceed 50%.

Hence, the corrections due to varying NO2 levels were generally small and it is safe to

assume that the uncorrected data for the periods of 1–5 July and 27–30 July are not15

affected by any substantial errors.

In order to filter out data that are impacted by noise, all high noise events (noise

≥30 Mm
−1

, e.g., due to strong external vibrations) and their corresponding data

points were excluded. The measured signal and instrument noise (N) were aver-

aged over two minutes. The ELOD was defined as three times the average noise20

(ELODPAS=

n
∑

i=1

Ni (n
√
n)

1
; n=number of points; W. P. Arnott, personal communication).

Any absorption coefficient data that were smaller than the ELOD for their respective

time period were discarded (3% of data). The campaign average of the ELOD for the

PAS can be seen in Table 1.
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2.3 Intensive properties

2.3.1 Ångström exponent

In analogy to aerosol optical depth or extinction, the wavelength dependence of aerosol

scattering coefficients can be approximated by a power law (Ångström, 1929),

σs,λ = σs,λr

(

λ/λr
)−ås , (1)5

where σs,λr is the scattering coefficient at a given reference wavelength λr , and ås is the

dimensionless Ångström exponent. The Ångström exponent corresponds to the slope

of a double-logarithmic plot of σs vs. λ as seen in Fig. 2 and is calculated according to

Eq. (2).

ås(λ1/λ2) = −
log(σs,λ1

/σs,λ2
)

log(λ1/λ2)
(2)10

If this plot is linear, as shown in Fig. 2a, then ås is independent of λ. However, ås can

exhibit a dependency on λ, as seen in Fig. 2b. This wavelength dependence is charac-

terized by the curvature seen in Fig. 2b and quantified by the second derivative of the

double-logarithmic plot of σs vs. λ (i.e., the first derivative of the Ångström exponent)

as å
′
s. The second derivative for the wavelength interval centered around 550 nm, å

′
s15

(550), has been approximated by Eq. (3) (Li et al., 1993; Eck et al., 1999).

å
′
s(550) =

(

2

log(450/700)

)

(

ås(450/550) − ås(550/700)
)

(3)

In this study, the measured scattering coefficients have been used to calculate

Ångström exponent values (ås(λ1/λ2)) for the wavelength pairs of 450/550 nm,

550/700 nm, and 450/700 nm. The curvature was quantified using these ås values20

to calculate the å
′
s.
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The second derivative values (å
′
) reported in the literature generally use the

Ångström exponent calculated from extinction coefficients (åe), while in the current

study, the scattering coefficients were used as indicated by the “s” subscript. When

comparing å
′
s and å

′
e, it is possible that differences might arise from a potential wave-

length dependence of absorption. This was investigated by converting σs into extinction5

coefficients (σe=σs+σa) at all three wavelengths (450 nm, 550 nm and 700 nm) using

σa,532 and assuming a λ−1
and λ−2

wavelength dependence of absorption. The åe and

å
′
e values were then calculated in analogy to Eqs. (2) and (3).

2.3.2 Backscattering fraction and single scattering albedo

The angular corrected backscattering coefficient from the nephelometer is the scat-10

tered light intensity in the backward hemisphere of the particle (90–180
◦
) (Ander-

son and Ogren, 1998). The hemispheric backscattering fraction, bλ, is the ratio of

this backscattering coefficient over total scattering coefficient at a given wavelengths

(λ=450, 550, and 700 nm).

bλ =
σbs,λ

σs,λ

(4)15

The single scattering albedo, ωλ, is the ratio of the scattering coefficient over the ex-

tinction coefficient at a given wavelength. Here ω has been calculated at λ=532 nm

using Eq. (5).

ω532 =
σs,532

σs,532 + σa,532

(5)

The σs,532 was not measured directly by the nephelometer, but rather was calcu-20

lated using Eq. (2) with the inputs, ås=ås (550/700) σs,λ1=σs,550 and with λ1=550 nm

and λ2=532 nm. Test calculations using ås (450/700) and ås (450/550) instead of ås

(550/700) gave only slightly different results (relative deviations in σs,532<1%).
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3 Results and discussion

3.1 Overview of optical measurement results (time series & statistical distribution)

Figure 3 shows the time series of the aerosol particle total scattering, backscattering

and absorption coefficients for the green spectral range (σs,550, σbs,550, σa,532) through-

out the measurement campaign. The scattering and backscattering coefficients at5

λ=450 nm and 700 nm (σs,450, σbs,450, σs,700, σbs,700) followed essentially the same

trends as those for 550 nm.

All extensive optical parameters exhibited very high variability ranging from the in-

strument detection limits on rainy days such as 17 July to extremely high values during

a heavy pollution episode on 23–25 July characterized by intense local biomass burn-10

ing of farming plant waste. In order to accurately describe the average optical proper-

ties of this measurement site, the data from the time period of 23–25 July 2006 were

excluded from the calculation of campaign averages and all data analyses in this pa-

per, unless stated otherwise. During this period, the source of the pollution was evident

(local farmers burning their plant waste), unique (never again during the campaign did15

such intense burning occur) and the period was well defined (it began shortly after a

power outage on 22 July and ended with an intense rain event ∼21:15 on 25 July).

The differences between the campaign averages with and without 23–25 July 2006

are shown in Table 1. For example, the relative standard deviation of σs,550 is 68%

without the 23–25 July data and 104% with all the data included. Thus some of the20

large variation in the extensive parameters can be attributed to this highly polluted

period. However, even with this period excluded, the variation in the data remains high.

Figure 4 summarizes the statistical distribution of the nephelometer data for the

whole campaign, excluding 23–25 July. The mean and median values are represented

by the dot and line in the box, respectively, and the top and bottom of the box are the25

75th and 25th percentiles, respectively. The error bars indicate the 95th and 5th per-

centile. All similar statistical box plots shown in this paper will have the same structure.

The mean values of the σs and σbs coefficients are generally well above the median
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value. For example, the median value for σs,550 is 123 Mm
−1

while the mean value

is 151 Mm
−1

, which is 23% larger than the median value. This difference indicates a

non-Gaussian distribution of the data with some very large values (i.e., during pollution

episodes).

The Ångström exponent (ås), backscattering fraction (b), and single scattering5

albedo (ω532) time series are shown in Fig. 5. These parameters were calculated

as described in Sect. 2.3. The major polluted period of the campaign, 23–25 July,

can be seen clearly in the backscattering fraction and Ångström exponent time series

with a sudden decrease at the beginning of this time period and continued low values

throughout the episode. This highlights the fact that the particles measured during this10

time had different optical properties from the rest of the campaign; again these data

were removed from the discussion of the average optical properties.

Figure 6 displays box plots for the campaign statistics of b, ås and σs,532, σa,532 and

ω532. The mean values and standard deviations of b were 0.116±0.013 (450 nm),

0.124±0.015 (550 nm), and 0.154±0.017 (700 nm); and for ås were 1.51±0.22 (ås15

(550/700)), 1.46±0.21 (ås (450/700)) and 1.38±0.22 (ås (450/550)). As seen in Fig. 6a

and b, both b and ås were dependent on wavelength. While b increased with increasing

wavelength due to decreasing size parameters, ås increased for the longer wavelength

pairs due to curvature in the log (σsp/Mm
−1

) vs. log (λ/nm) plot. The latter will be

discussed in detail in Sect. 3.3.2.20

In Figure 6c, the calculated σs,532 and measured σa,532 values are displayed. These

two coefficients were used to calculate ω532, which is also shown in Fig. 6c. The mean

and standard deviation of σs,532 for the campaign was 158±108 Mm
−1

, slightly larger

than the measured σs,550. The mean and standard deviation for ω532 for the campaign

was 0.82±0.07. Note that for the intensive parameters b, ås and ω532 the relative25

standard deviations are small (≤16%) compared to the extensive parameters (σs and

σa) and the distribution is symmetric, i.e., the mean and median values are similar

(within 2%). This suggests that most of the observed variation in the extensive optical

properties was due to changes in the particle concentration rather than in changes in
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the intrinsic optical properties of the particles.

During the highly polluted period of 23–25 July 2006 (“smoky period”), the exten-

sive properties were up to four times larger than during the rest of the campaign

(average relative increase: +300% for σs, +250% for σbs, +200% for σa). The

Ångström exponent for two of the wavelength pairs increased during the smoky pe-5

riod (+8% for 550/700 nm, +3% for 450/700 nm), but decreased for the third pair (−4%

for 450/550 nm). These differences in percent difference can be explained by increased

curvature and will be discussed in Sect. 3.3.2. The single scattering albedo increased

during this time to 0.88, which is common in smoldering fires (Reid, 1998). The param-

eters determined during the smoky period can be considered to represent the optical10

properties of emissions from the burning of plant farming waste.

Table 2 summarizes the scattering and absorption coefficients and single scattering

albedos observed in this study and in select other studies using similar instrumentation

(Quinn et al., 1998; Anderson et al., 1999; Bergin et al., 2001; Andreae et al., 2002;

Xu et al., 2002; Anderson et al., 2003; Adam et al., 2004; Kim et al., 2004; Quinn15

et al., 2004; Malm et al., 2005; Cheng et al., 2006; Fujitani et al., 2007; Li et al.,

2007; Wang et al., 2007; Andreae et al., 2008). The measured σs,550 values at the

Backgarden site (this campaign) are lower than most measurements made in urban

areas in Asia; however, they are still larger than results from many other urban areas

(e.g., Baltimore and Atlanta). The average σa from this study is also smaller than the σa20

measured in large urban areas in Asia, though similar to urban areas elsewhere. Since

the concentrations of black carbon (BC) in Southern China are normally at their lowest

in summer (Streets et al., 2003; Cheng et al., 2006), the average absorption values

measured in this campaign may represent the annual low for this area. Compared to

the other campaigns listed in Table 2 the ω values measured in Backgarden are among25

the lowest, indicating darker (i.e., more highly absorbing) aerosols and a higher relative

abundance of LAC and combustion sources in the PRD.

The ω values reported in Table 2 are for a variety of relative humidities; many of

which are for dry aerosols. In order to convert to atmospheric relevant conditions, the
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hygroscopic growth of these aerosol particles and its impact on their light scattering and

absorption would need to be quantified, which is beyond the scope of this manuscript.

3.2 Diurnal variations

The σs, σa ω532 and ås values were found to have pronounced diurnal variations. Fig-

ure 7a and b display the statistics for the normalized σs,550 and σa,532. To normalize5

the data, each measured value was divided by its respective 24-h average (arithmetic

mean) on the day of measurement. Thus, in Fig. 7a and b, a value of one indicates

the daily average. The σs,550 was elevated during the nighttime with a maximum mean

value of 1.2 (20:00–22:00). Both the mean and median values then fall below one be-

tween 8:00 and 18:00 with a minimum mean value of ∼0.8 between 9:00 and 14:00.10

Figure 7b displays the diurnal cycle for σa,532, which is even more pronounced than

that of σs,550 . Again, both the mean and median values were enhanced at night with

maximum hourly mean values of 1.3 (19:00–21:00) and 1.4 (6:00). The mean and me-

dian values then fall below one between 8:00 and 18:00 with a minimum hourly mean

value of ∼0.6 between 10:00 and 15:00.15

For comparison, Fig. 7c and d display the diurnal cycles of the gas phase concentra-

tions of NOy and CO, respectively. Both exhibited similar cycles with minima during the

day and maxima at night with a build-up evident before sunrise and a sharp decrease

around sunrise (6:00–8:00). Similar to the σa,532 cycle, the daytime minimum concen-

tration of CO was on average ∼40% lower than the corresponding 24-h mean value.20

The NOy daytime minimum concentration was on average ∼50% lower than the 24-h

mean.

Most likely, the diurnal cycles of σs,550, σa,532, NOy, and CO were dominated by con-

vective mixing during the daytime, which leads to a dilution and decrease in σs,550,

σa,532 and trace gas concentrations. After sunset, the formation of a stable nocturnal25

boundary layer (BL) in combination with the continued emission or advection of par-

ticles and trace gases throughout the night, leads to an increase in σs,550, σa,532 and

gas phase concentrations. As this measurement campaign was in the summer, it is
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unlikely that the increase observed in the evening was caused by an increase of local

or regional emissions from biomass burning or heating fuel combustion. While there

were no local rush hours with enhanced traffic emissions, it is evident from Fig. 1 that

the site is only some 10 km downwind of densely populated and industrialized areas

of the Guangzhou urban area. Since truck traffic, dominated by high-emission diesel5

vehicles, increases sharply at night as a result of local traffic regulations (Bradsher,

2007), increased diesel emissions in the upwind area must be expected and probably

contribute to the evening increase in pollutants at our site. Thus, the diurnal cycle of

the extensive optical properties appears to be driven by the changes in the boundary

layer in combination with enhanced diesel emissions at night.10

As seen in Fig. 8a, the diurnal cycle observed for ω532 is a mirror image of the

σa,532 cycle. The maximum hourly mean values (0.86–0.87) occurred during the day-

time (10:00–14:00) and the minimum hourly mean values (0.79–0.80) occurred in the

morning (5:00–6:00) and evening (19:00–20:00). Additionally, around sunrise (6:00–

8:00) the ω532 values sharply increased, just as the σa,532 and σs,550 values sharply15

decreased, reached a plateau at 10:00 and stayed constant until 16:00. If a combina-

tion of convective mixing and regional emissions is responsible for the diurnal cycle of

ω532, it can be described by a simple conceptual mixing model (Fig. 9) (Keeling et al.,

1996). One end-member of the mixing series would be the daytime aerosol particles

present in the well-mixed BL at the middle of the day, the other an aerosol representing20

fresh emissions with a lower ω532. In a plot of σa,532 vs. σs,532, the hourly mean values

would move from a daytime value, reflecting the BL average ω532, along a line with a

slope defined by the ω532 of the fresh emissions, towards a set of points that represent

the composition of the aerosol in the nocturnal BL (Fig. 9). The residual layer above

the inversion would continue to contain the more highly aged daytime particles with a25

higher ω532. When convective mixing begins after sunrise, these two types of aerosols

would mix, and the ω532 values measured through the morning would be a linear com-

bination of the “night” aerosol particles with a low ω532 and the “day” aerosol particles

with a high ω532. Any significant deviation from a straight mixing line would indicate
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addition (or removal) of an aerosol component with a different ω532 (e.g., by secondary

aerosol formation).

To test this assumption, the hourly mean σa,532 and σs,532 values were plotted in

Fig. 9 (points are labeled as “time of day”). The average value of the 06:00 and 07:00

means (point N in Fig. 9) was assumed to represent the nighttime conditions before5

the onset of convective mixing, and the mean value at 12:00 (point D) was taken to

be representative of the fully mixed daytime BL. Lines were fit through each of these

points and forced through the origin. The slope of these lines, a=dσa,532/dσs,532, is

related to ω532 by ω532=1/(a+1), and thus reflects the characteristic ω532 of the day

and night aerosol. Figure 9 shows that all of the values during nighttime are clustered10

towards the top right around the 20:00 value. After sunrise, the values move down the

mixing line to the 12:00 value, consistent with the assumption that convective mixing

can explain the morning drop in σa,532 and σs,532, as well as the concurrent drop in

ω532.

The return path from D to N suggests a slight curvature, which may be related to15

local production of secondary aerosol mass in the early afternoon hours. However, the

variability in the data does not permit a firm conclusion regarding the significance and

amount of secondary aerosol production. At any rate, our results show no clear evi-

dence of strong in-situ production of secondary aerosol mass on a time scale of hours,

and, within the experimental uncertainty, the observed behavior can be adequately ex-20

plained by mixing of fresh emissions and aged aerosol. If we assume the data in Fig. 9

to represent only the mixing between one end-member representing a mixed regional

BL aerosol and another representing fresh pollution, the single scattering albedo of this

second component can be derived from the slope of the mixing line. Linear regression

to the data yields a slope of 0.44 corresponding to ω532=0.69.25

The diurnal cycle for ås (450/700) is displayed in Fig. 8b. The mean values have

a minimum of 1.33 in the morning (5:00–7:00) and a maximum value of 1.65 in the

afternoon (15:00–16:00). It indicates that the aerosol particles were on average smaller

in the afternoon, which might be due to new particle formation or temperature-related
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gas-particle partitioning effects.

For comparison, Fig. 8c and d display the diurnal cycles of ozone and ambient tem-

perature, respectively. Additionally, Fig. 8c displays the rate of change in [O3] as a

function of time, which can be considered an indication of photochemical activity. This

rate was calculated by fitting a Gaussian curve to the mean hourly [O3] (shown in5

Fig. 8c) and taking the derivative of the fit. This is reported in ppb min
−1

by the dot-

ted line on Fig. 8c and indicates that the photochemical activity (represented here by

d[O3]/dt) is highest before noon, while the concentration of ozone is highest in the

early afternoon. Note that this peak in ozone concentration corresponds to both the

increased scattering seen in the afternoon in Fig. 9 as well as the peak in the ås cycle.10

If secondary aerosol production is responsible for the afternoon increase of scattering

and decrease of average particle size, then this production is not occurring at the peak

of photochemical activity, but rather at the peak of [O3]. Additionally, the ås cycle is

similar to the temperature diurnal cycle. It is possible that the temperature increase

might lead to a reduction of particle size by evaporation of semi-volatile components.15

However, further investigations into the diurnal cycle of the aerosol size distributions

and composition as well as detailed modeling of the gas phase and heterogeneous

chemistry will be required to fully elucidate the diurnal cycle of ås.

During the campaign there was a tropical storm, Bilis (15 to 17 July), a typhoon,

Kaemi (25 July 21:00 to 27 July) and one large rain event (10 July 13:15 to 11 July20

19:00). These periods may change the aerosol properties and thus may influence

the apparent diurnal patterns. When excluding these periods, the mean and median

values of the ω532 and ås changed by less than 2%, and the diurnal cycles did not

change at all. For the purpose of radiative calculations in climate models, the ω532

of average dry aerosol particles in the PRD region appears best represented by the25

daytime average value of 0.87 (also represented by the line from the origin through

point D in Fig. 9), which is somewhat higher than the 24-h average of 0.82 (Table 2).

The daytime measurements most closely reflect the mean composition of the boundary

layer and represent the aerosol that actually interacts with the solar radiation.
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Correlations with wind direction and air mass trajectories

The local wind direction and wind speed (υ) were measured by a Vaisala Weather

Transmitter (WXT510; operated by University of Tokyo). Figure 10 shows the correla-

tion of σs,550 and ω532 to local wind direction and local wind speed. On these graphs,

Guangzhou would be ∼157
◦
. Figure 10a is wind direction versus wind speed, with5

σs,550 as the color scale. No strong correlation was seen between σs,550 (and σa,532,

though not shown) and local wind direction. On average, both σs,550 and σa,532 were

lower during periods with above average local wind speeds (wind speed (υ)≥2 m s
−1

).

When υ<2 m s
−1

, the average σs,550 was 128 Mm
−1

compared to 82 Mm
−1

when

υ≥2 m s
−1

. Similarly, σa,532 was higher when υ<2 m s
−1

with an average value of10

42 Mm
−1

compared to 21 Mm
−1

when υ≥2 m s
−1

. Many of these instances of high

wind speed were during storms when rain was also present.

Figure 10b displays wind direction versus ω532. Average ω532 values (0.8–0.9) are

not correlated with wind direction. However, the lower values (0.6–0.8) were seen

mostly when the wind was coming from 45–180
◦
. When the local wind was coming15

from this direction, almost half (44%) of the ω532 values recorded were in the range

of 0.6–0.8. This is compared to only 16% of the recorded ω532 values in the range of

0.6–0.8 when the local wind was from the 180–45
◦

direction. This correlation with ω532

suggests that there may be a source of absorbing aerosols in this south/easterly (45–

180
◦
) direction, coinciding with the location of the densely populated urban region and20

high heavy-duty vehicle traffic (Fig. 1). Besides these weak relationships, no parameter

was clearly correlated with local wind direction, indicating that the aerosol sources and

pollution are regional in nature.

In order to probe the relationship of air mass origin and optical properties, nine days

were chosen to represent the variety of wind trajectories that occurred throughout the25

campaign. Back trajectories were calculated with the NOAA Hysplit model (Draxler

and Rolph, 2003) using FNL meteorological data (Stunder, 1997). Figure 11a displays

the 24-h back trajectories (start: 24:00 local time, elevation: 100 m) for these nine
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days. With the exception of 13 and 28 July, the calculated back trajectories were sim-

ilar throughout the day (start times: 00:00–24:00). Back trajectories calculated every

four hours for 13 and 28 July are shown in Fig. 11b. For 13 July, the trajectory indi-

cates that the air masses came from the west in the morning (red-light green) with a

counterclockwise motion, and then moved to the north as the day continues. On 285

July, the air masses in the morning came from the coast, but moved farther out to sea

as the day went on. Additionally, the trajectories on 12 July varied slightly (not shown).

All trajectories on this day showed the air masses originating from the south of the

measurement site; however the counterclockwise movement, as seen in Fig. 11a for

this day, started at 15:00 local time. Before that time, the trajectories were calculated10

to come in directly from the south. Overall, 83% of the back trajectories calculated for

the campaign originated from the south (90–180
◦
).

Table 3 displays the daily averages of both extensive and intensive properties for

these highlighted days. 12 July had the highest daily average for both σs and σa. On

this day there was a strong counterclockwise movement of the calculated trajectories,15

influenced by the incoming typhoon Bilis, indicating that these air masses moved slowly

and more than once over the same local, continental sources. This combination of slow

winds, repetitive crossings over pollution sources and 24 h over land led to a polluted

air mass with the highest 24-h average σs and σa.

In the morning of 13 July we observed the highest 2-minute average scattering20

and absorption coefficients and the lowest single scattering albedo of the campaign

(excluding 23–25 July): σs,550=1132 Mm
−1

, σa,532=305 Mm
−1

, ω532=0.48. Note that

this scattering coefficient is similar to the values reported from dust storms (e.g.,

σs,530=1139 Mm
−1

measured in Korea in the outflow of a dust storm in China (Kim,

He et al., 2004)).25

13 July was one of only five days that had back trajectories originating from the

north and were thus strongly influenced by continental sources. Additionally, as seen

in Fig. 11b, there was also strong counterclockwise motion early in the day when the

values were the highest (the red and green trajectories), indicating that, similar to 12
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July, these air masses moved slowly over the same local sources.

Both 20 and 21 July were characterized by low wind speeds and back trajectories

from the S/SW. 10 July has trajectories from S/SE and there were also heavy rains

in the afternoon, starting 13:15 and continuing until the next day. 3, 4, 18 and 28

July were unique in that their back trajectories both showed a higher wind speed and5

came directly off of the sea from the south and southeast. Also, 3, 4 and 18 July were

calculated to pass over the Guangzhou/PRD region.

As seen in Table 3, when the air mass was over land for more than 24 h (i.e., 12, 13,

20 and 21 July), the extensive properties were the highest, indicating higher aerosol

concentrations. When the air mass spent less than 24 h over land (3, 4, 18 and 2810

July) the extensive optical properties were lower and were below the campaign aver-

ages (Table 1). During the same periods, the ω532 values also were lower than when

the air mass spent more time over land. These low values of ω532 and the low ex-

tensive properties are consistent with measuring mainly primary emissions that are

higher in absorbing material (e.g., soot), yet show lower extensive properties due to a15

short residence time over the source region (PRD). In contrast, the highest ω532 values

were measured on 12 and 20 July when the air masses were slowly moving and hence

residing longer over local continental sources, which resulted in elevated aerosol con-

centration (high extensive properties) and photochemical aging (high single scattering

albedo). In contrast to the extensive properties and ω, the ås and b550 values did not20

show a strong dependence on either the direction or the time spent over land of the

calculated back trajectories.

3.3 Correlation with size distribution and CO

3.3.1 Mass scattering and absorption efficiency

The size distribution of PM10 aerosol was measured from the same inlet as the aerosol25

optical measurements. From the integrated size distribution and assuming a density

of 1.7 g cm
−3

, the PM10 mass was calculated. Figure 12 displays the scattering and
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absorption coefficients plotted versus PM10 mass concentrations measured during the

campaign (excluding 23–25 July). The slopes of the fit lines can be regarded as the

PM10 mass scattering efficiency αs=2.84±0.037 m
2

g
−1

and mass absorption efficiency

αa=0.74±0.009 m
2

g
−1

, respectively (reduced major axis best fit; Ayers, 2001; Hammer

et al., 2001). The scattering and absorption efficiencies derived from the fit lines are5

higher than the arithmetic mean values but within the standard deviations calculated

from the individual data points (αs=2.41±0.79 m
2

g
−1

, αa=0.52±0.22 m
2

g
−1

).

The observed αs values are in the range of literature data characteristic for urban

areas. The IPCC report (2001) recommends a value of 1.0–3.5 m
2

g
−1

for urban areas,

depending on pollution levels and particle size distribution. Waggoner et al. (1981)10

found a similar range of 2.23–2.94 m
2

g
−1

(PM3) for a variety of cities in the United

States. Bergin et al. (2001) reported a value 2.3–3.6 m
2

g
−1

(PM10) for Beijing aerosol.

Adam et al. (2004) reported values of 0.365–2.05 m
2

g
−1

(total suspended particles,

ambient RH) for urban Baltimore.

3.3.2 Ångström curvature15

The Ångström exponent (ås) is a parameter that is easily obtained through a variety of

techniques, i.e., sun photometry, nephelometry and satellite retrievals (e.g., Nakajima

and Higurashi, 1998; Eck et al., 1999; Carrico et al., 2003; Quinn and Bates, 2005)

As such, it is useful to use ås to elucidate other, more difficult to measure, parameters.

Many studies have used the wavelength dependence of ås to gain information on the20

size distribution of the particles (e.g., Eck et al., 1999; 2001; Schuster et al., 2006;

Gobbi et al., 2007). Many of these studies did not have direct measurements of the

aerosol size distribution, but rather used retrievals from sun photometers (Eck et al.,

1999; 2001). In this measurement campaign, optical and size distribution measure-

ments were obtained from the same inlet. To our knowledge, this is the first study to25

quantify the Ångström curvature with simultaneous nephelometer and size distribution

measurements.
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Figure 2 displays the log (σs/Mm
−1

) vs. log (λ/nm) plots for 18 July, a relatively clean

day, and 25 July 2006, during the local biomass burning event (smoky period). The

dotted line is a linear fit and the solid line is the second-order polynomial from King

and Byrne (1976). The slope of the linear fit is used to calculate ås using Eq. (2). As

seen in Fig. 2, the linear relationship fits the data adequately (Fig. 2a) when there is no5

curvature. In Fig. 2b the second-order polynomial can properly capture the curvature

in the log (σs/Mm
−1

) vs. log (λ/nm) plot. This curvature leads to different calculated

ås from Eq. (2) for different wavelength pairs. For example, the daily averages for

25 July were 1.36±0.07 (ås (550/700)), 1.21±0.07 (ås (450/700)) and 1.03±0.07 (ås

(450/550)). Figure 13 displays the time series of ås for two different wavelength pairs,10

ås (550/700) and ås (450/550). While these values are very similar for some periods,

they are different for others. The difference between these ås values is expressed by

the first derivative of ås (å
′
s(λ550)), which is the second derivative of log (σs/Mm

−1
) vs.

log (λ/nm) calculated according to Eq. (3) (Li et al., 1993; Eck et al., 1999); throughout

this discussion å
′
s(λ550) will be referred to as the “second derivative”.15

The second derivative describes the curvature in the log (σs/Mm
−1

) vs. log (λ/nm)

plot. For example, Fig. 2 illustrates a positive curvature in the 25 July data correspond-

ing to å
′
s=3.44±0.26. The campaign average of å

′
s is 1.54±1.40, indicating that, on

average there is less curvature than during the highly polluted days. Almost no curva-

ture was seen on 18 July (å
′
s=−0.040±0.71). To our knowledge, the second derivative20

observed on 25 July is the highest reported for atmospheric aerosols. It is substantially

larger than the second derivative values reported for biomass burning aerosol in Bolivia

(å
′
e 2.09; Eck et al., 1999) and in Zambia (å

′
e<2.2; Eck et al., 2001). The campaign

average is similar to values Eck et al. (1999) measured in an urban site in the eastern

US (1.10 and 1.76).25

The time series of σs,550 was also included in Fig. 13 to highlight the polluted pe-

riods. As seen from Fig. 13, the second derivative has non-zero values around the

more polluted periods (i.e., 12–13 July 2006 and 23–25 July 2006), though the second

derivative is non-zero for longer periods than just during the pollution. This suggests
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that the driving force for the curvature is not only the pollution level. Figure 14 displays

the dependence of the second derivative on pollution level, represented here by to-

tal scattering. At lower scattering values (<500 Mm
−1

), the second derivative tends to

increase dramatically with increasing scattering, while almost constant values for the

second derivative of ∼3 occurred for σs,550>500 Mm
−1

.5

Using other ground based techniques (i.e., sun photometers) it has been suggested

that the main driving force of the curvature is the fine/coarse ratio of the size distribution

(e.g., Eck et al., 1999; Schuster et al., 2006; Gobbi et al., 2007). Figure 15 displays

the second derivative as a function of the submicron aerosol fraction (fine Dp<1µm).

All of the campaign data is included in this graph, including 23–25 July. The data are10

color coded for the day of measurement. Generally, there is an increase in the second

derivative with an increase in fine fraction. Additionally, all of the data except 10 July

(the green points to the left of the majority of the data) have a very similar relationship

between the second derivative and fine fraction; for these days, the curvature in ås can

be explained by an increase in the fine fraction. On 10 July there was a greater increase15

in the PM10 mass than in the PM1 mass and thus the PM1/PM10 fraction is the lowest

in this campaign. It is currently not clear what caused this exceptional increase in PM10

mass; a measurement artifact cannot be excluded, but we have no other evidence for

it.

Differences between Ångström exponents and curvatures derived from scattering20

and extinction measurements have been tested as described in Sect. 2.3.1. For 25 July,

18 July and for the entire campaign, the average second derivative values referring to

extinction are 2.56±0.37, −0.044±0.54 and 1.06±1.07, respectively, when absorption

is assumed to be proportional to λ−1
. Assuming a λ−2

dependence of absorption yields

only slightly different values (2.50±0.39, −0.12±0.63 and 1.07±1.10, respectively).25

The second derivative values referring to extinction are about 30% lower than those

referring to the scattering coefficient. However, there is still a curvature for 25 July

and the campaign average as the second derivative is still greater than zero. Thus, for

PRD aerosol, absorption introduces only a small difference between the curvatures of
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the extinction and scattering coefficients as a function of wavelength. Only in regions

where the single scattering albedo is considerably lower could absorption introduce a

large difference in curvatures.

3.3.3 Correlation of absorption coefficient and CO concentration

The absorption coefficient (σa) is a measure of the amount of light absorbing material5

in the aerosol. In general, this material is composed of carbon containing compounds

that are referred to as light absorbing carbon (LAC) (Andreae and Gelencser, 2006),

but mineral components, such as those contained in desert dust, may also contribute

to aerosol absorption (Jennings et al., 1996; Fialho et al., 2005). In the following

discussion it will be assumed that the absorption coefficient was dictated by the LAC10

concentration with a single mass absorption efficiency value of 7.5 m
2

g
−1

, which refers

to uncoated, fully graphitized soot (Bond, 2006). Therefore the calculated LAC concen-

tration should be considered as an upper limit estimate.

A major source of LAC is combustion of fossil fuels and biomass, during which both

LAC and CO are released. Consequently, strong correlations between LAC mass and15

[CO] have been seen in other urban areas (Chen et al., 2001; Baumgardner, 2002;

Lim, 2002; Park, 2005; Kondo et al., 2006; Baumgardner, 2007), although in these

studies instrumentation other than the PAS were used, and thus the Elemental Carbon

(EC) mass was reported. Since the ratio of LAC mass to [CO] is highly dependent

upon many factors including the type and proximity of combustion source, combustion20

conditions and the presence of dust, these previous studies have found the ratio to

differ significantly between cities and seasons (Chen et al., 2001; Baumgardner, 2002;

Lim, 2002; Park, 2005; Kondo et al., 2006; Baumgardner, 2007).

Figure 16 displays the correlation between LAC mass and [CO] obtained for this

study. The ∆LAC/∆CO values were calculated as described in Kondo et al. (2006).25

The background LAC and CO levels, LAC0 and CO0, were assumed to be the 1.25th

percentile value and the ∆LAC/∆CO values were calculated in three ways; (1) the

slope of LAC mass vs. [CO] reduced major axis linear fit (Fig. 16); (2) the slope of a
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linear fit, forced through zero, of LAC-LAC0 vs. CO-CO0; (3) the median value of (LAC-

LAC0)/(CO-CO0) with all values where CO-CO0<100 ppb excluded. The three methods

produced ∆LAC/∆CO values of 6.94±0.07 ng m
−3

ppb
−1

, 4.96±0.05 ng m
−3

ppb
−1

and

6.45±9.21 ng m
−3

ppb
−1

, respectively. These values are similar to values measured

in Guangzhou during the PRIDE-PRD2004 campaign (7.9±0.5 ng m
−3

ppb
1
) (Andreae5

et al., 2008) as well as in the Japanese cities of Nagoya (6.3±0.5 ng m
−3

ppb
−1

)

and Tokyo (5.7±0.9 ng m
−3

ppb
−1

) (Kondo et al., 2006). Much smaller values were

measured in Mexico City (1.63–2.23 ng m
−3

ppb
−1

) (Baumgardner, 2002; Jiang et al.,

2005; Baumgardner, 2007), Baltimore (2.3±0.8 ng m
−3

ppb
−1

) (Park, 2005) and At-

lanta (3.2 ng m
−3

ppb
−1

) (Lim, 2002). Additionally, smaller values were also mea-10

sured in the fall, winter and spring months in Fort Meade, Maryland 2.7 ng m
−3

ppb
−1

,

2.9 ng m
−3

ppb
−1

and 2.7 ng m
−3

ppb
−1

, respectively, though similar values to this study

were measured there in the summer (4.1–6.7 ng m
−3

ppb
−1

) (Chen et al., 2001).

Figure 16 displays the uncorrected LAC mass vs. [CO] data with the reduced major

axis fit and boundary conditions. The slope of the lines shown on Fig. 16 (∆LAC/∆CO)15

range from 0.498 to 48.5 ng m
−3

ppb
−1

. No study, to our knowledge, has reported

as high values as our upper boundary, 48.5 ng m
−3

ppb
−1

and even the averages re-

ported above are among the higher values measured. In order to determine whether

unique conditions were causing these high values, the time and day when ∆LAC/∆CO

was greater than 8 ng m
−3

ppb
−1

were probed. 65% of the values over 8 ng m
−3

ppb
−1

20

occurred during the nighttime (18:00–7:00), with 77% of these high nighttime values

occurring either in the early morning (4:00–6:59) or evening (19:00–21:59), close to

the times of highest truck traffic in the region. These values were present on every

day where both CO and LAC were measured, thus these high ∆LAC/∆CO events are

not unusual for this area, but a daily occurrence. These values could be produced25

through relatively efficient combustion with low CO concentrations and high emissions

of LAC. Additionally, the high ∆LAC/∆CO values could be due to absorption enhance-

ment (higher LAC absorption efficiency) as was observed for coated versus uncoated

soot particles (Saathoff et al., 2003) or to non-combustion sources of light absorbing
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particulate matter. The large range of ∆LAC/∆CO values measured during this cam-

paign suggests a variety of sources for both absorbing aerosols and CO in the PRD

region.

3.4 Radiative forcing sensitivities

By scattering and absorbing incoming solar radiation, aerosols can impact the radiative5

balance and cool the surface of the Earth. The cooling potential of aerosol particles

generally increases with increasing single scattering albedo and backscattering frac-

tion.

Figure 17 displays ω532 versus b550 for this campaign (including 23–25 July) with

the color scale as local time. There are three lines on the graph to describe an up-10

per and lower boundary as well as a fit through the bulk of the data. The black line

(y=−3.58x+1.27) is a fit forced through the data point with the highest ω532 and low-

est b550 to capture the bulk of the data as well as the data with high ω532. The blue

(y=−0.754x+1.03) and red (y=−12.07x+1.98) lines are not fits through the data, but

rather represent the approximate boundaries of the data. The data that are clustered15

at the top left hand side of the graph, where the lines meet, were all measured during

the day on 25 July (∼10:00–17:00) which is during the biomass burning event. Addi-

tionally, as can be seen by the color coding in Fig. 17, the colors are not distributed

evenly, but rather each time period has its own relationship between ω532 and b550. For

this reason we have chosen the two boundary conditions and the middle fit to test the20

sensitivity of radiative forcing on various ω532 vs. b550 trends; hence, the lines are not

meant to describe the whole data set, but rather describe the range of realistic ω532 vs.

b550 conditions.

Since ω532 and b550 are negatively correlated (Fig. 17), they partially offset their

respective radiative forcing as an increasing b550 indicates increased cooling while25

a decreasing ω532 indicates increased warming. This negative correlation has been

previously noted in Reid and Hobbs (1998), however the impact of this relationship on

radiative forcing was not discussed.

6870

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/6845/2008/acpd-8-6845-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/6845/2008/acpd-8-6845-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD

8, 6845–6901, 2008

Aerosol optical

properties near

Guangzhou

R. M. Garland et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

The radiative forcing equation from Haywood and Shine (1995) was used to investi-

gate how this coupling will impact the aerosol particles’ forcing (Eq. 6).

∆F/δ ≈ −DSoT
2
atm

(1 − Ac)ωβ{(1 − Rs)
2 − (2Rs/β)

[

(1/ω) − 1
]

} (6)

The aerosol radiative forcing efficiency (∆F/δ) is defined as the forcing per unit aerosol

optical depth. In order to use Eq. (6) to test the sensitivity of the coupling of ω532 and5

b550, the other terms in the equation were assumed to be constant and have the fol-

lowing values: fractional daylight D=0.5, solar flux So=1370 W m
−2

, atmospheric trans-

mission Tatm=0.76, fractional cloud amount Ac=0.6, surface reflectance Rs=0.15. The

upscatter fraction β was calculated from b550 using the parameterization of Wiscombe

and Grams (1976) in Sheridan and Ogren (1999).10

Figure 18a displays ∆F/δ as a function of b550 for a variety of cases. The dotted

lines represent constant ω532 values with varying b550. The solid black line uses the

fit for the black line in Fig. 17 to calculate ω532 from various b550; thus, as the b550

increases, this line models the ω532 values decreasing as seen by the black line in

Fig. 17. The solid red and blue lines in Fig. 18 use the respective limiting trends from15

Fig. 17 to couple b550 and ω532. The limits of the solid lines in Fig. 18 correspond to

the end points of the fit lines in Fig. 17. For example, in Fig. 17 the red line ends at

b550=0.13 and thus the fit on Fig. 18a does not go past b550=0.13.

The dotted lines in Fig. 18a show that as b550 increases, with a constant ω532, the

forcing efficiency decreases near-linearly, which indicates an increased cooling of the20

Earth’s surface. Alternatively, as ω532 decreases, at a fixed b550, the forcing efficiency

increases, indicating increasing warming of the surface. If both b550 and ω532 are al-

lowed to vary together, a more complex relationship appears. For the red and black line,

instead of decreasing the forcing efficiency, the forcing efficiency actually increases

with b550, indicating the single scattering albedo dominates the radiative forcing calcu-25

lation. The blue line still shows decreasing forcing efficiency with increasing b550, but

the decrease is not as large as if ω532 were held constant.

Figure 18b displays ∆F/δ calculated as a function of ω532. The dotted lines show that

at a constant b550, the radiative forcing efficiency decreases linearly with increasing
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ω532, thus leading to increased cooling potential. The solid red and black lines still

have this general trend, but the decrease in forcing efficiency with increasing ω532 is

diminished, thus the cooling potential of the aerosols is less. It is evident from Fig. 18a

and b that for these two cases, ω532 has a larger effect on radiative forcing than b550.

In contrast, for the upper boundary of the observed ω532 vs. b550 range (blue line in5

Figs. 17 and 18), an increase in ω532 of 0.90 to 0.97 leads to an increase in radiative

forcing efficiency indicating that in this case, changes in b550 dominate the changes in

overall forcing of the aerosol.

For the type of aerosol present in the PRD region, the expected increase in cooling

potential with increasing b550 is counteracted by the correlated decrease in the ω532,10

which results in the aerosols at higher b550 having a smaller cooling potential. And the

reduction in cooling with decreasing ω532 is less than expected because of the increase

in b550. This sensitivity test highlights the fact that the coupling of these parameters has

the ability to greatly impact radiative forcing and should be considered when modeling

the PRD region.15

4 Conclusions

The aerosol optical properties at a regional background site in the Pearl River Delta

were measured as a part of the PRIDE-PRD2006 campaign. Most of the parameters

measured and calculated for this site are similar to those of urban areas, confirming the

regional character of air pollution in the PRD. The observed extensive aerosol proper-20

ties (scattering and absorption coefficients) were much more variable than the derived

intensive properties (backscattering fraction, single scattering albedo and Ångström

exponent). Both extensive and intensive properties were not greatly influenced by lo-

cal wind direction, though differences in back trajectories were seen to influence the

extensive properties and ω532. A majority of these trajectories (∼80%) originated in the25

heavily populated PRD region (90–180
◦

from the measurement site).

Pronounced diurnal cycles were observed for ω532, ås, σs and σa. The σs and σa
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values increased at night as the nocturnal boundary layer formed while surface emis-

sions continued, and then decreased during the day due to mixing with the overlying

residual layer. The diurnal variation of ω532 was also consistent with such mixing and

no evidence was found to indicate strong local production of secondary aerosol mass,

in spite of a highly photochemically active environment. Only a minor increase in scat-5

tering material during the afternoon could be attributed to processes other than mixing.

The diurnal cycle of ås indicates smaller particles in the afternoon, which may be due to

new particle formation or temperature-related changes in the gas-particle partitioning

of semi-volatile aerosol components.

Low values of single scattering albedos indicate strong emissions of light absorbing10

carbon, and highly variable ratios of LAC to CO concentration imply a complex mix of

combustion sources. Enhanced nighttime levels of LAC appear to be due to diesel soot

emissions from regulated truck traffic in the late evening and early morning.

Around periods of intense pollution there was curvature in the dependence of σs on

wavelength, which caused a wavelength dependence of the Ångström exponent. This15

curvature can be explained by the high proportion of aerosol volume in the fine fraction.

Single scattering albedo and backscattering fraction exhibited a negative correlation,

which can be important for the modeling of the radiative balance in this region.
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Table 1. Average optical parameters (arithmetic mean ± standard deviation) for the complete
campaign, the campaign excluding the “smoky period” (23–25 July) and the “smoky period”;
effective limits of detection (ELOD) for the extensive properties.

All campaign Campaign without smoky period Smoky period ELOD

σs,450 (Mm
−1

) 266±271 200±133 791±454 15.6

σbs,450 (Mm
−1

) 28.4±25.9 22.4±13.7 76.4±43.7 1.68

σs,550 (Mm
−1

) 200±208 151±103 597±358 12.3

σbs,550 (Mm
−1

) 23.0±21.6 18.0±11.2 63.0±37.4 1.35

σs,700 (Mm
−1

) 137±143 104±72 401±252 8.4

σbs,700 (Mm
−1

) 19.9±19.4 15.4±9.7 55.8±34.4 1.20

σa,532 (Mm
−1

) 42.5±56.5 34.3±26.5 106±133 5.37
ås (550/700) 1.57±0.21 1.51±0.22 1.63±0.23 –
ås (450/700) 1.51±0.20 1.46±0.21 1.50±0.24 –
ås (450/550) 1.44±0.20 1.38±0.22 1.34±0.25 –
b450 0.11±0.014 0.116±0.013 0.097±0.008 –
b550 0.12±0.016 0.124±0.015 0.106±0.011 –
b700 0.15±0.017 0.154±0.017 0.141±0.014 –
ω532 0.83±0.07 0.82±0.07 0.88±0.06 –
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Table 2. Aerosol particle scattering and absorption coefficients, and single scattering albedo
values observed in this study and reported for select other campaigns (arithmetic mean ± SD).
TSP=total suspended particles.

Location λ (nm) σs (Mm
−1

) σa (Mm
−1

) ω % RH Inlet cite

This study σs=550 151±103 34.3±26.5 0.82±0.07 < 40% PM10

σa=532
Beijing σs=530 488±370 83±40 0.84±0.08 < 40% TSP Bergin et al. (2001)

σa=565
Xianghe σs=550 468±472 65±75 0.81–0.85 < 42.5% TSP Li et al. (2007)

σa=550
Guangzhou σs=545 463±178 92±62 0.839±0.050 < 45% PM2.5 Andreae et al. (2008)

σa=532
Linan (Yangtze delta) σs=530 353±202 23±14 0.93±0.04 < 40% PM2.5 Xu et al. (2002)

σa=565
Ace-Asia (Dust-Frontal) σs=550 330±31 14±7.0 0.96±0.02 55% PM10 Quinn et al. (2004)

σa=550
Kwangju, Korea σs=520 319±222 42±12 0.84–0.93 ambient PM10 Kim et al. (2004)

σa=880
Xinken (PRD) σs=550 301±125 61±37 < 20% PM10 Cheng et al. (2006)

σa=630
Ace-Asia (Dust + Shanghai) σs=550 202±63 17±6.5 55% PM10 Quinn et al. (2004)

σa=550
Ace-Asia (volcano + polluted) σs=550 188±67 9.0±3.0 55% PM10 Quinn et al. (2004)

σa=550
Baltimore, USA (smoke) σs=530 126±80 ambient TSP Adam et al. (2004)
Atlanta σs=530 121±48 16±12 0.87±0.08 48±5% PM2.5 Carrico et al. (2003)

σa=550
Ace-Asia (Dust + Korea) σs=550 120±57 8.4±2.5 55% PM10 Quinn et al. (2004)

σa=550
Ace-Asia (polluted-Japan) σs=550 114±16 11±2. 0.91±0.01 55% PM10 Quinn et al. (2004)

σa=550
Negev Desert, Israel σs=550 86.7±53.8 ambient TSP Andreae et al. (2002)
Ace-Asia (airborne) σs=550 83.3±100.6 7±8.3 0.923±0.032 < 40% TSP Anderson et al. (2003)

σa=550
Ace-Asia (polluted-Korea/Japan) σs=550 69±11 7.9±1.5 55% PM10 Quinn et al. (2004)

σa=550
NEAQS-ITCT (NE US) σs=550 42.9±35.2 0.92±0.06 26±4% PM1 Wang et al. (2007)
Yosemite Valey, USA σs=530 37.28±28.99 ”dry” PM10 Malm et al. (2005)
Baltimore, USA (pre-smoke) σs=530 32±19 ambient TSP Adam et al. (2004)
Ace-Asia (marine) σs=550 29±17 0.79±0.71 0.97±0.03 55% PM10 Quinn et al. (2004)

σa=550
ACE1 σs=550 23±16 0.9 30–45% 1µm–10µm Quinn et al. (1998)
Pacific NW, USA (North America Continental) σs=550 10.79±5.33 1.39±0.54 0.886±0.031 < 40% PM1 Anderson et al. (1999)

σa=550
Pacific NW, USA (Asian modified marine) σs=550 8.57±6.27 0.08±0.12 0.909±0.007 < 40% PM1 Anderson et al. (1999)

σa=550
Pacific NW, USA (North America modified marine) σs=550 6.49±5.31 0.80±0.98 0.895±0.059 < 40% PM1 Anderson et al. (1999)

σa=550
Baltimore, USA (post-smoke) σs=530 6±3 ambient TSP Adam et al. (2004)
ACE1 σs=550 4.4±3 30–45% PM1 Quinn et al. (1998)
Pacific NW, USA (Marine) σs=550 3.34±2.31 0.09±0.13 0.974±0.034 < 40% PM1 Anderson et al. (1999)

σa=550
Equatorial Pacific Ocean σs=530 3.2±2.41 0.6±0.05 0.976±0.01 65±4% PM2 Fujitani et al. (2007)

σa=565
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Table 3. Extensive and intensive aerosol optical properties (daily mean ± SD) for the days
highlighted in Fig. 11. The “Back Trajectories” column provides a short description for this day’s
air mass.

Date Back Trajectories σs,550 (Mm
−1

) σa,532 (Mm
−1

) ås (450/700) b550 ω532

12 July 2006 Local from S, re-circulating, 297±90 53.8±42.3 1.42±0.15 0.107±0.006 0.871±0.066
13 July 2006 Continental, from W/NW 263±203 52.9±49.5 1.41±0.14 0.101±0.005 0.846±0.055
20 July 2006 Slow, from SW 228±84 41.2±25.6 1.65±0.27 0.130±0.013 0.868±0.048
21 July 2006 Slow, from S/SW 201±112 43.6±30.1 1.63±0.25 0.143±0.019 0.846±0.040
10 July 2006 SE, large rain event (start 13:15) 177±106 50.7±40.7 1.44±0.21 0.125±0.012 0.786±0.065
18 July 2006 Marine, SE over PRD 114±26 25.8±11.1 1.37±0.22 0.126±0.006 0.825±0.052
4 July 2006 Marine, Fast SE over PRD 96.7±31.8 34.3±15.4 1.44±0.21 0.139±0.008 0.750±0.054
3 July 2006 Marine, SE over PRD 88.7±34.8 31.0±16.7 1.42±0.19 0.141±0.010 0.761±0.051

28 July 2006 Marine, from E 86.5±40.3 21.8±8.7 1.60±0.15 0.126±0.013 0.806±0.048
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Fig. 1. Map of southeastern China colored by population density. The measurement location
(Backgarden) and major cities in the area are labeled.
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Fig. 2. Double-logarithmic plot of scattering coefficient (σs) versus wavelength (λ) for (A) 18
July 2006 and (B) 25 July 2006. The dotted line is a linear fit. The negative slope of this fit is
the Ångström exponent (ås). The solid line is a second order polynomial fit (King and Byrne
1976).
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Fig. 3. Time series for the extensive optical properties measured in the green spectral range:
scattering, backscattering, and absorption coefficients (σs,550, σbs,550, σa,532).
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Fig. 4. Statistical distribution of (A) scattering coefficients (σs) and (B) backscattering coef-
ficients (σbs) measured with the three-wavelength nephelometer for the campaign (excluding
23–25 July). The dot is the mean value, the horizontal line in the box is the median, the limits
of the boxes are the 25% and 75% and the vertical lines extend to 5% and 95%.
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Fig. 5. Time series for the intensive optical properties: single scattering albedo (ω532),

backscattering fraction (b) and Ångström exponent (ås).
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Fig. 6. Statistical distribution of (A) backscattering fraction (b) for different wavelengths, (B)

Ångström exponent (ås) for different wavelength pairs, and (C) scattering and absorption coef-
ficient and single scattering albedo at 532 nm (σs,532, σa,532, ω532) for the campaign (excluding
23–25 July).
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Fig. 7. Diurnal variations of (A) normalized σs,550, (B) normalized σa,532, (C) [NOy] and (D) [CO]
averaged over the campaign (excluding 23–25 July).
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Fig. 8. Diurnal variations of (A) ω532, (B) ås (450/700), (C) [O3] and d[O3]/dt and (D) ambient
temperature averaged over the campaign (excluding 23–25 July).
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Fig. 9. Mixing diagram for σa,532 and σs,532 relationship. The characteristic day ratio (point D)
is 12:00 and the characteristic night value is between 6:00 and 7:00 (point N). The black and
brown dotted lines are fit through each of these points and zero. The solid green line represents
the 1:1 mixing of “D” and “N” values. The dotted green line highlights the curvature seen in
afternoon. Data points are arithmetic mean values averaged over the campaign (excluding
23–25 July).
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Fig. 10. Local wind direction and wind speed plots for the campaign (excluding 23–25 July):

(A) wind direction versus wind speed (m s
−1

) with the color scale as σs,550 (Mm
−1

) and (B) wind

direction versus ω532 with wind speed (m s
−1

) as the color scale.
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Fig. 11. Hysplit 24-h back trajectories for (A) all highlighted days (start time 24:00); (B) 13
July, solid lines, and 28 July, dotted lines, start times are purple=24:00, dark blue=20:00, light
blue=16:00, green=12:00, light green=8:00, orange=4:00, red=0:00). All times refer to local
time and all trajectories had an initial elevation of 100 m.
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Fig. 12. σs,550 and σa,532 vs. PM10 mass (dry particles) for the campaign (excluding 23–25 July).
The lines are the reduced major axis best fit. The slope of the lines are the mass scattering
efficiency (αs,550) and mass absorption efficiency (αa,532).
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Fig. 13. Time series for second derivative (å
′
s), Ångström exponent (ås) and total scattering

coefficient (σs,550).
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Fig. 14. Second derivative (å
′
s) versus scattering coefficient (σs,550) for the whole campaign,

including 23–25 July.
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Fig. 15. Second derivative (å
′
s) versus PM1/PM10 for the whole campaign, including 23–25 July.
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Fig. 16. Light absorbing carbon (LAC) mass concentration versus carbon monoxide mixing
ratio. The dotted line is the reduced major axis best fit and the solid lines are boundary condi-
tions.
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Fig. 17. Single scattering albedo (532 nm) versus backscattering fraction (550 nm) for the whole
campaign, including 23–25 July. The black line is a linear fit and the red and blue lines represent
lower and upper boundaries, respectively.
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Fig. 18. (A) Radiative forcing efficiency calculated from Eq. (6) as a function of b550. The
dotted lines are assuming a constant ω532 value. (B) Radiative forcing efficiency from Eq. (6)
as a function of ω532. The dotted lines assume a constant b550. For both graphs the solid line
calculates the ω532 values from the b550 using the fit displayed in Fig. 17.
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