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Abstract

The largest uncertainty in the estimation of radiative forcings on climate stems from
atmospheric aerosols. In winter and summer of 2009, two periods of in-situ measure-
ments on aerosol physical and chemical properties were conducted within the HaChi
project at Wuqing, a town between Beijing and Tianjin in the North China Plain (NCP).5

Aerosol optical properties including scattering coefficient (σsp), hemispheric back scat-
tering coefficient (σbsp), absorption coefficient (σap), as well as single scattering albedo
(ω) are presented. The characteristics of diurnal and seasonal variations are ana-
lyzed together with the meteorological and satellite data. The mean values of σsp,550 nm

of the dry aerosol in winter and summer are 280±253 and 379±251 Mm−1, respec-10

tively. The average σap for the two periods are respectively 47±38 and 43±27 Mm−1.
The mean values of ω are 0.83±0.05 and 0.87±0.05 for winter and summer, respec-
tively. The relative high levels of σsp and σbsp are representative of the regional polluted
aerosol of the North China Plain. Pronounced diurnal cycle of σsp, σap and ω are found,
mainly influenced by the evolution of boundary layer and accumulation of local emis-15

sions during night-time. Regional transport of pollutants from southwest in the NCP is
significant both in winter and summer, while high values of σsp and σap correlate with
calm winds in winter, which indicating the significant contribution of local emissions.
An optical closure experiment is conducted to better understand uncertainties of the
measurements. Good correlations (R > 0.98) are found between values measured by20

nephelometer and values calculated with a modified Mie model. Monte Carlo simula-
tions show an uncertainty of about 30% for the calculations. Considering all possible
uncertainties of measurements, calculated σsp and σbsp agree well with measured val-
ues, indicating a stable performance of instruments and thus a reliable aerosol optical
data.25
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1 Introduction

Atmospheric aerosols influence the earth’s radiation budget directly by scattering and
absorbing solar radiation (Charlson et al., 1992), and indirectly by acting as conden-
sation nuclei in cloud formation, thus affecting the optical properties and lifetimes of
clouds (Twomey, 1974; Albrecht, 1989; Rosenfeld, 1999, 2000). The radiative forc-5

ing of these two effects is estimated at −0.5 Wm−2 and −0.7 Wm−2, respectively, with
the largest uncertainty of +0.8/−1.5 Wm−2 among all climate forcing factors (IPCC,
2007). One of the reasons for such great uncertainties is that aerosols have highly
inhomogeneous horizontal and vertical distributions (van Donkelaar et al., 2010; Liu et
al., 2009) as well as temporal variations, different from well mixed greenhouse gases,10

such as CO2 and methane. To better understand the direct effect of aerosols, further
knowledge of aerosol optical properties is of critical importance. The aerosol optical
properties, e.g., scattering coefficient (σsp), absorption coefficient (σap), aerosol optical
depth (AOD) and single scattering albedo (ω), are closely related to the aerosol phys-
ical and chemical characteristics, which are influenced by many processes, such as15

aerosol formation, growth and removal. To estimate the aerosol optical properties and
radiative impacts with the measured physical and chemical characteristics, Mie model
and radiative transfer models are widely employed. However, due to the uncertainties
in measurements and models, the calculations are needed to be evaluated (Seinfeld
and Pandis, 1998; Quinn et al., 1998; Bond et al., 1998; Sheridan et al., 2001). There-20

fore, more investigations on aerosol optical properties and optical closure studies are
urgently needed especially in regions such as Asia, Africa, and South-America.

Closure studies are usually used for estimating the uncertainties of different mea-
surement techniques and numerical models. Quinn et al. (1996) reviewed some of
these closure studies in the research of aerosols. A typical closure study requires an25

over-determined set of observations. Then a comparison between a measured value
of an important system property and a value calculated with an appropriate model
based on independent measurements can be made. Closure is achieved if there is an
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agreement between these two values within the accepted level of uncertainty (Quinn
et al., 1998). Closure study can be used as an examination of the measurements and
models. It also provides a platform for sensitivity studies as well as an approach to
evaluate and reduce the uncertainties of both measurements and models. Some op-
tical closure studies were already done in the past decades (e.g. Wex et al., 2002a;5

Cheng et al., 2007, 2009; Pesava et al., 2001).
Along with the rapid growth of population and economy in China, emissions of an-

thropogenic pollutants increased dramatically in the past several decades. Urbaniza-
tion and industrial activities produce large amounts of aerosols, especially in the North
China Plain (NCP). Aerosol optical properties in China are highly complex and differ10

from those in Europe or North America (Holler et al., 2003). Moreover, the widespread
consumptions of coal and biomass fuels make China a significant source region of
black carbon (BC). It was reported that the BC amount emitted in China was around
one fourth of global anthropogenic BC emissions (Cooke et al., 1999; Street et al.,
2001; Bond et al., 2004). In the past decade, there were some studies focusing on15

aerosol optical properties (Yan et al., 2008; Xu et al., 2002, 2004; Cheng, 2008a,
2009), but only a few studies touched the uncertainty evaluation of measured aerosol
properties and related models (Cheng et al., 2007).

In this paper, the results of aerosol optical property observations during a two-period
in-situ measurement campaign at a site in the north of NCP are presented, the charac-20

teristics of aerosol optical properties are analyzed. An aerosol optical closure study be-
tween measured and calculated aerosol scattering coefficient and related uncertainty
evaluation is shown.
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2 Measurements

2.1 The field site

The data used in this study were collected during the HaChi (Haze in China) cam-
paigns. Measurements of aerosol optical, chemical, hygroscopic properties and size
distribution, as well as trace gases observations, were conducted in Wuqing in the5

north NCP in two periods of 2009: the winter campaign was from 6 March to 5 April
(65–95 DOY); while the summer campaign from 12 July to 14 August (193–226 DOY).

The map of the NCP is shown in Fig. 1. The population is dense and the land use
is mainly agriculturally in the NCP. Several big cities with rapid developing of economy
and industry are located in the NCP. Wuqing (marked as a star in Fig. 1) is a town10

with about 0.8 million inhabitants, located between two megacities: Beijing (16 million
inhabitants, 80 km away from Wuqing) and Tianjin (10 million inhabitants, 30 km away
from Wuqing), in the north of the NCP. The site is located in the suburban area in
Wuqing and thus representative for the anthropogenic regional aerosol.

An automatic weather station (AWS) is located next to the aerosol measurement con-15

tainers. During the whole campaign, meteorological parameters, such as wind speed,
wind direction, relative humidity (RH) and temperature (T ) were measured continuously
and reported as 1-min data. The weather conditions were either clear or cloudy during
the winter campaign, and no precipitation events occurred; while there were 10 rain
events in the summer campaign. In both of the two periods, the wind direction is dom-20

inated of southwest, with average wind speeds of 3.2±2.2 m s−1 and 1.8±1.2 m s−1,
respectively. T and RH show an evident diurnal cycles (Fig. 2). Average T and RH
are 7.8±5.6 ◦C and 42.2±20.7% in winter, 26.3±3.4 ◦C and 75.4±15.3% in summer,
respectively.

Most of the ground-based measurements were conducted in a measurement con-25

tainer, in which the temperature was maintained at 22 ◦C. The sample air was collected
with a PM10 inlet (16.67 L min−1) installed on the top of a stainless steel tube with a
diameter of 3/4 inch and 7 m above the ground level. The sample air was split into
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several flows inside the container, passing through stainless steel tubing, to different
instruments. The residence time for the sample air in the inlet line was about 5 s. An
automatic aerosol diffusion dryer (Tuch et al., 2009) was set upstream all of the instru-
ments, to keep the RH of the sample air below 30%.

2.2 Nephelometer measurements5

The σsp and σbsp for dry aerosols were measured by a total/back integrating neph-
elometer at wavelengths of 450, 550 and 700 nm (TSI, Inc., Shoreview, MN USA, Model
3563) (Heintzenberg and Charlson, 1996; Anderson et al., 1996, 1998). The temporal
resolution of measurement was 1 min. However, in this study, 10-min averaged data
was used. The Nephelometer was calibrated before each of the two campaigns us-10

ing CO2 (Anderson et al., 1996). Particle free air checks were performed once a day.
The truncation and non-Lambertian error was corrected using the modified Mie model,
which applied in the closure study. The correction factor is defined as:

C=
σsp,Mie

σsp,Modified−Mie
(1)

Where σsp,Mie is the ideal scattering coefficient of dry aerosol calculated with a Mie15

theory, while σsp,Modified−Mie is calculated with a Modified Mie model simulating the
Nephelometer. The calculations are based on measured particle number size distri-
bution (PNSD) and the black carbon (BC) concentration. The details will be described
in Sect. 3.

2.3 MAAP measurements20

A Multi-angle Absorption Photometer (MAAP Model 5012, Thermo, Inc., Waltham, MA
USA) was employed to determine the σap for dry particles. The instrument determines
σap via the simultaneous measurement of light (637 nm) passing through its filter and
scattered back from particles accumulated on it. It operates at two detection angles to
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resolve the influence of light-scattering aerosol components on the angular distribution
of the back-scattered radiation (Petzold and Schönlinner, 2004). The MAAP provides
the BC mass concentrations in the unit of µg m−3. According to the manual, σap at

637 nm can be calculated with σap =ρBC·6.6 m2 g−1, where ρBC is the mass concentra-
tion of BC. The sampling frequency was 1 min, and 10-min averaged data was used.5

2.4 TDMPS/APS measurements

A Tandem Differential Mobility Particle Sizer (TDMPS, IfT, Leipzig, Germany) (Birmili et
al., 1999) was used to measure aerosol PNSD with electrical mobility diameter from 3
to 800 nm. An Aerodynamic Particle Sizer (APS Model 3320, TSI, Inc., Shoreview, MN
USA) was employed to measure aerosol PNSD with aerodynamic diameters from 0.5 to10

10 µm. Both of them were operated under dry conditions. It took 10 min for a complete
scan for both TDMPS and APS. A series of processing was applied to the TDMPS data.
Following the procedure described by Wiedensohler et al. (1997), the counting efficien-
cies of CPC (TSI 3010) and UCPC (TSI 3025) were measured beforehand. Inversion of
the raw data was done according to an algorithm introduced by Stratmann and Wieden-15

sohler (1996). Electrical mobility diameters measured by TDMPS and aerodynamic
diameters measured by APS were converted to volume equivalent diameter (DeCarlo
et al., 2004). Then aerosol PNSD measured by TDMPS and APS was combined to
yield aerosol size distributions with diameter range from 3 nm to 10 µm. Furthermore,
the PNSD data was corrected for diffusion losses, gravitational losses and impaction20

losses in the sampling tubes.

3 Methods of optical closure for dry aerosol

An optical closure for dry aerosols is carried out to better understand the dependence
of aerosol optical properties on their physical and chemical characterizations, and to
evaluate the quality of the measurements.25
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A two-component optical aerosol model (Wex et al., 2002a; Cheng et al., 2006)
is used for dry aerosol optical closure. In this model, aerosol species are divided
into light-absorbing BC and non-light-absorbing components such as sulfate, nitrate,
ammonium, OC and other undetermined ones, since σsp is not sensitive to the mass
fraction of these non-light-absorbing components (Wex, 2002b).5

To obtain the size-resolved volume fraction of BC, the BC mass size distribution
observed in CAREBeijing (Cheng et al., 2009) was used in this study. In Cheng’s
work, size-resolved BC mixing states was measured by a Volatility Tandem Differential
Mobility Analyser (VTDMA) at the regional site Yufa south of Beijing during the summer
of 2006. Both of Yufa and Wuqing are located in the Mega city cluster of Beijing and10

Tianjin. The two sites, about 60 km away from each other, have similar surroundings
and pollution levels. Both of them are located in suburban areas and are influenced
mainly by the regional pollution transported from southern industrialized regions. Thus,
the BC mass size distribution normalized by the total mass concentration in Wuqing is
assumed to be the same as the average one in Yufa. The BC mass concentration at a15

given particle size and time can be calculated as the following equation:

m
(
logDp,t

)
Wuqing,BC

=
m
(
logDp

)
Yufa,external,ave

+m
(
logDp

)
Yufa,internal,ave∑

logDp

(
m
(
logDp

)
Yufa,external,ave

+m
(
logDp

)
Yufa,internal,ave

) ·m(t)MAAP,Wuqing (2)

where, m
(
logDp

)
Yufa,external,ave

represents the average mass concentration of externally

mixed BC in size bin Dp measured at Yufa, while m
(
logDp

)
Yufa,internal,ave

is the average
mass concentration of internally mixed BC at Dp. m(t)MAAP,Wuqing is the total mass20

concentration of BC measured by MAAP at Wuqing.
In other words, only the normalized BC mass size distribution measured at Yufa was

used here. The BC mass concentration was kept to be same as the values derived
from the MAAP measurements at Wuqing. The BC volume fraction at each size is
calculated as:25
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f
(
logDp

)
BC,V =

m
(
logDp,t

)
BC

ρBC ·V
(
logDp,t

)
TDMPS&APS

(3)

where, V
(
logDp,t

)
TDMPS&APS

is the volume concentration of sampled aerosol in size
bin Dp measured by TDMPS or APS, and ρBC is the density of BC.

In literature (Sloane et al., 1983, 1984, 1991; Sloane and Wolff, 1985; Ouimette and
Flagan, 1982; Seinfeld and Pandis, 1998), the density of BC is reported as a range5

from 1.00 g cm−3 to 2.00 g cm−3. Accordingly, an average value of 1.5 g cm−3 is used,
and the uncertainty (3σ) is assigned to be 33% covering the possible range.

Lacking of measurements of BC mixing state, completely external mixture and in-
ternal mixture of BC is assumed for the two-component optical aerosol model. Be-
cause atmospheric aerosols are probably partial combination of internally and exter-10

nally mixed particles (Wex, 2002a; Chandra et al., 2004), the σsp(σbsp) measured by
Nephelometer should be within the range determined by the calculated values based
on the assumption of external mixture and internal mixture of BC.

For the case of completely external mixture, the PNSD of BC and non-absorbing
component are obtained by multiplying the aerosol PNSD with f (logDp)BC,V and 1−15

f (logDp)BC,V, respectively. The refractive index used for BC component is m̃BC =1.96−
0.66i (Seinfeld and Pandis, 1998), and for non-absorbing component it is set to m̃non =
1.53−10−7i (Wex et al., 2002a).

For completely internal mixture aerosol, the BC is considered to be homoge-
neously mixed with non-absorbing component with the size dependent volume fraction20

f
(
logDp

)
BC,V. The refractive index is derived as a volume-weighted average between

the two components:

m̃
(
logDp

)
= f

(
logDp

)
BC,Vm̃BC+

(
1− f

(
logDp

)
BC,V

)
m̃non (4)

The refractive indices m̃ is size dependent, due to the size dependence of f (logDp)BC,V.
Based on Mie theory (Mie, 1908), the scattering efficiency Qsp and hemispheric back25
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scattering efficiency Qbsp can be calculated by integrating the scattering intensity func-
tion |S (θ,x,m̃)| from 0◦ to 180◦ and from 90◦ to 180◦, respectively:

Qsp,bsp =
1

x2

∫
θ

|S (θ,x,m̃)|2sinθdθ (5)

where, x = πDp/λ. Dp is the volume equivalent diameter of particles. λ is the wave-
length of light, and θ is the scattering angle.5

Different from the scattering angle ranges in Mie theory, the scattering integration
angle of TSI 3563 integrating nephelometer is from 7◦ to 170◦ for scattering and from
90◦ to 170◦ for hemispheric back scattering, respectively. Thus, the measured values
are truncated in the near-forward and near-backward angular ranges. Furthermore, the
light source of nephelometer is not strictly Lambertian and shows a non-ideal angular10

response (Anderson et al., 1996). These two factors account for the main systematic
errors of nephelometer measurements and these two effects must be corrected.

The angular response is solved in the Mie calculations based on the Bohren-Huffman
Mie model (BHMIE) (Bohren and Huffman, 1983). The sinθ term in Eq. (5) is replaced
by the angular sensitivity curves f (θ)sp and f (θ)bsp, derived from a calibration exper-15

iment of the TSI 3563 nephelometer (Anderson et al., 1996). The σsp and σbsp are
calculated as:

σsp,bsp =
∫
Dp

 1

x2

∫
θ

|S (θ,x,m̃)|2 f (θ)sp,bspdθ

 ·
(π

4
D2

p

)
·N

(
logDp

)
·d logDp (6)

where, N
(
logDp

)
is the aerosol PNSD.

The modified Mie model introduced above, which simulate the measurements of20

TSI 3563 nephelometer, is applied in the correction for data of nephelometer mea-
surements and the optical closure for dry particles. Comparison between calculated
σsp (σbsp) and the values measured by Nephelometer is shown in Sect. 4.2.
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4 Results and discussion

4.1 Measurements of aerosol optical properties

4.1.1 Overview

Table 1 summarizes the statistics on measured aerosol optical properties during the
two campaigns. For 550nm, the mean σsp for the winter campaign and the summer5

campaign are 280±253 and 379±251 Mm−1, respectively. The mean σap of the two

campaigns are 47±38 and 43±27 Mm−1, respectively.
The σsp in Wuqing is lower than the mean value of Beijing (488±370 Mm−1) in June,

1999, while the σap is half of that in Beijing (83±40 Mm−1) (Bergin et al., 2001). During
January 2005, the σsp and σap in Beijing had been found to be at an even higher level10

of 777±689 and 89±74 Mm−1, respectively (Heintzenberg et al., 2008).
Compared with regional sites around Beijing, the σsp and σap in Wuqing are

about a factor of 2 higher than the mean values measured in SDZ (175±189 and
18±13 Mm−1) during 2003 to 2005 (Yan et al., 2008). Garland et al. (2009) reported
a mean σsp of 361±295 Mm−1 and a mean σap of 52±37 Mm−1 measured in Yufa in15

summer of 2006. They are very similar to the values observed in Wuqing.
Compared with other regional sites in China, the σsp in Wuqing is similar to

that in Lin’an (353±202 Mm−1) in November 1999 (Xu et al., 2002) and in Xinken,
(333±137 Mm−1) in October 2004 (Cheng et al., 2008a). The σap in Wuqing is a factor

of 0.6 lower than that in Xinken (70±42 Mm−1), while it is double of that measured in20

Lin’an (23±14 Mm−1). Overall, σsp and σap in Wuqing are higher than that in the rural
area, while are lower than that measured in mega cities.

For seasonal comparison, the average σsp and σbsp are higher in summer than that
in winter, while the average σap shows an opposite variation. This is mainly due to
the seasonal changes of air pollutants transportation. The changing of local pollutant25

emissions is also one of the potential players. Details will be discussed in Sects. 4.1.2
and 4.1.3.
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The single scattering albedo, defined as ω= σsp/(σsp +σap), is one of the most im-
portant parameters in estimating of the direct aerosol radiative forcing. Even a small
error in its estimation might change the sign of aerosol radiative forcing (Takemura et
al., 2002). To calculate ω, a wavelength correction for aerosol absorption is applied to
the measured σap using an empirical approach, σap ∝ λβ, with the absorption exponent5

β=1 (wavelength λ in the interval 0.45–0.70 µm) (Bodhaine, 1995).
The average ω at the wavelength of 550 nm in Wuqing is 0.83±0.05 in winter and

0.87±0.05 in summer, respectively. These values are similar as that measured in Yufa,
which is 0.86±0.07 at wavelength of 532 nm (Garland et al., 2009). Yan et al. (2008)
reported a higher ω in winter (0.91±0.03) and a lower ω in summer (0.86±0.06)10

in SDZ. The ω in Wuqing is relatively low compared to the values retrieved through
AERONET for the Northern Hemisphere (0.85–0.95) (Dubovik et al., 2002). Since our
measurements are controlled at a RH below 30%. At ambient condition, water uptakes
of aerosol would result in higher ω (Cheng et al., 2008b).

The average ω in winter is lower than that in summer, caused by higher emissions15

of BC in winter than that in summer (Zhang et al., 2009; Lu et al., 2010). In northern
China, house heating in winter is provided by central heating plants, mainly fueled by
coal. Aerosols with a relative high fraction of soot from combustion processes are
emitted into the atmosphere.

4.1.2 Wind dependence of aerosol optical properties20

Fig. 3 presents the wind dependence of the σsp, σap and ω. From the wind rose (solid
line), it can be found that the prevailing winds came from SSW for both winter and
summer campaign. In winter, weather systems with strong winds in NNW direction
occurred occasionally.

The average MODIS AOD distribution at the NCP during the two campaign periods25

is presented in Fig. 1. The AOD, which represents the columnar optical property of
the aerosols at ambient condition, is influenced by many factors such as the vertical
profiles of RH and PNSD. However, it can provide information about the distribution of
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regional aerosol pollution, which can help to understand the wind dependence pattern
of aerosol optical properties.

In both winter and summer, the average σsp and σap (dash-dot line) for south winds
(90◦–270◦) are higher than that for north winds, caused by the transportation of pol-
lutants from south areas. This can be seen through the AOD distribution in Fig. 1. In5

both winter and summer, the AOD of the south areas is obviously higher than that of the
north areas. Since in the NCP, the major cities and industrial areas with high pollution
emissions are mainly located in the southern region.

In winter, the maximum σsp and σap occur with calm winds, independent on wind
directions. This indicates that aerosol emissions of local sources mostly contribute to10

the aerosol pollution. It should be noticed that the average AOD in Beijing is higher
than the area around. But the NW wind, which is at the direction of Beijing, does not
cause high σsp and σap. The reason is that in winter the NW winds usually occur with
cold front system and with high wind speed. The dilution effect of such strong winds is
more significant, and the strong north winds sweep away air pollutants, resulting in the15

low σsp and σap in winter.
In summer, the maximum σsp and σap occur with southerly winds, relating to the

pollutants transportation from the southern region in the NCP, as shown in Fig. 1.
The wind maps of ω are shown in Fig. 3c and f. In both winter and summer, ω

accompanied by calm winds are always lower than that under strong winds, indicat-20

ing that the locally emitted aerosol contains a higher fraction of BC than the aerosols
transported from surrounding areas. During the pollutants transporting, the aging pro-
cess and secondary aerosol formation produce non-light-absorbing components. As
indicated in Cheng et al. (2009), for aged aerosols, even though the coating effect in-
crease the light absorbing of BC, the scattering increased by the secondary particles25

and condensations will still overcome the increases of the light absorbing, which result-
ing an increase of ω. The average ω for southerly winds is lower than that for northerly
winds, which may relate to the denser industrialization in the south of the NCP.
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4.1.3 Diurnal variation of aerosol optical properties

Figure 4 shows the average diurnal cycle of the wind speed, σsp, σap and ω during
the winter and summer campaign. Evident diurnal variations can be found for all of
those variables, mainly determined by the diurnal cycle of the boundary layer height
and the local emission pattern. The diurnal cycle of wind speed and secondary aerosol5

production are also potential players.
The diurnal pattern of the σsp and σap are similar in winter and summer. The maxi-

mum of the σsp and σap appear in the morning between 06:00 and 08:00. During this
period, the rapid increase of the aerosol pollutants is mainly due to the morning traffic,
just before the increase of the boundary layer height. The dilution effect of the increas-10

ing boundary layer height results in a decrease of the σsp and σap between 08:00 and
14:00. They reach their minimum around 16:00. During night, the σsp and σap remain at
relative high values, since particle emissions are accumulated in the shallow nocturnal
boundary layer.

The σsp and σap are lower in winter than in summer during night. These differences15

are mainly caused by different levels of wind speed between winter and summer at
night. The diurnal pattern of wind speed is shown in Fig. 4. Wind speed during night
time in winter (approximately 3 m s−1) is higher than that in summer (around 1.5 m s−1).
The higher wind speed in wintertime suppresses an increased accumulation at ground
at night.20

The ω diurnal pattern shows two dips in the morning and evening probably caused
by the emission of diesel engine trucks, since trucks are forbidden to enter the city
area of Wuqing during the daytime of 08:00–20:00. The maximum ω appears around
14:00. During daytime, the light-scattering aerosol is highly enhanced by secondary
aerosol formation and aging processes, which rapidly occur in the NCP (Wu et al.,25

2007; Wiedensohler et al., 2009). This could be the potential explanation for the maxi-
mum ω in the afternoon.
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The median values (dash) of all aerosol optical properties are typically different from
mean values (dot), since the probability distributions of these variables are deviate from
normal distribution. For σsp and σap, the median values are lower than the arithmetic
mean value, especially in winter campaign, indicating heavier pollution events in winter
than in summer.5

4.1.4 Aerosol optical properties in pollution episodes

Time series of measured optical properties for the PM10 aerosol at dry condition
(RH<30%) are presented in Fig. 5. In both winter and summer, large temporal vari-
ations were found for all optical properties mainly relating to the changing of weather
systems. Some heavy pollution events could be identified. A pollution episode is de-10

fined as a significant rise in σsp and σap, satisfying that both of σsp and σap are within
the top 20% highest values with lasting time of at least 12 h. We determined three
episodes in the winter and two in summer campaign, respectively, as shown in Fig. 5.

For the episodes in winter, the average σsp,550 nm and σap are 742±283 Mm−1 and

112±37 Mm−1, respectively, which are about two times higher than the average value15

for the whole campaign. The average ω is 0.85±0.03, 2.4% higher than that of whole
period. The prevailing winds during these the episodes are mainly from SSW and ESE,
basically same as the prevailing winds for the whole period. Because of no NW wind of
high speed, the average wind speed for the episodes (1.74±1.17) is much less than
that for the whole period (3.22±2.18). It seems that these episodes in winter occur in20

stable weather systems. The accumulation of locally emitted aerosol particles causes
relative high σsp and σap, and aging process causes high ω (Cheng et al., 2009).

For the episodes in summer, the average σsp,550 nm and σap are 874±282 Mm−1

and 85±26 Mm−1, respectively. The average ω is 0.9±0.03, 3.5% higher than that
of whole period. The winds directions during these episodes are from S and SSW,25

with the average wind speed of 1.78±0.57, close to the average value of the whole
period (1.84±1.17). The episodes in summer are all caused by the transportation of
air pollutants from the southern regions under the consecutive south winds.
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4.2 Optical closure for dry particles

4.2.1 Comparison of measured and calculated optical properties for dry
particles

For the optical closure of the dry PM10 aerosol, comparisons between measured and
calculated σsp and σbsp were performed for both, the winter and summer data sets.5

As described in Sect. 3, σsp and σbsp were calculated based on the combined PNSD
measured by TDMPS and APS. A modified Mie code was applied for simulating the
measurements of Nephelometer. Calculations were carried out for the wavelengths
450, 550 and 700 nm corresponding to the wavelengths of integrating nephelometer.
Based on the two-component aerosol model, either completely external or internal10

aerosol mixing states were assumed to derive the refraction indices.
The σap was also calculated for 637 nm using the model, data, and mixing states

mentioned above. The result was compared to the σap measured by the MAAP. This
comparison is actually not a real closure study, since the MAAP-derived BC mass
concentration is also used in the model to calculate σap.15

Measured σsp (σbsp) versus calculated σsp(σbsp) at the wavelength of 550 nm and
measured σap versus calculated σap at the wavelength of 637 nm are shown for both
campaign periods in Fig. 6. In general, σsp and σbsp calculated for external mixture are
slightly larger than that for internal mixture. For wavelengths of 450, 550 and 700 nm,
σsp,external are respectively factors of 1.14, 1.10 and 1.06 larger than σsp,internal, while20

σbsp,external are respectively factors of 1.26, 1.19 and 1.13 larger than σbsp,internal. How-
ever, the σap calculated for internal mixture is much larger than that for external mixture,
as a factor of 2.32. This is because for external mixture, only BC particles make contri-
bution to absorption; while for internal mixture, BC is dispersed in all particles leading to
the well-known enhancement of absorption. For the same BC concentration, particles25

for internal mixture have larger absorbing section than for external mixture (Jacobson,
2000; Cheng, 2007).
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To quantify the comparison of calculated and measured values, linear fitting was
applied for σsp, σbsp and σap. We assume that the relationship between calculated
and measured values is σmodel = b ·σmeasure. Since the values spread over 3 orders
of magnitudes, if the fitting was done in linear coordinates, the large values will be
over-represented. Therefore, the fitting formula is modified as log(σmodel) = log(b)+5

log(σmeasure) to yield more reasonable results.
Table 2 summarizes the fitting parameter b and the correlation coefficients (R) for

σsp, σbsp and σap. It can be noted that for both campaign periods, measured values and
calculated values have significant correlations for the three wavelengths. At all of the
three wavelengths, the correlation coefficients are above 0.98. The fitting parameters10

b are all around 1 for all the wavelengths.
As mentioned above, atmospheric aerosol particles are partial combinations of inter-

nal and external mixtures, due to their sources, physical and chemical processes, and
stage of mixing state. The measured values should fall within the range limited by the
calculated values for internal and external mixture.15

It should be noticed that only a small part of the measured data is in the range of the
corresponding calculated values for internal and external mixture, as shown in Table 3.
The ratios of measured data that enclosed by the calculated values are low, varying
from 1.6% to 84.4% for different wavelengths and parameters. Discrepancies probably
stem from the uncertainties of measurements and models, which have not been taken20

into account. Analysis of uncertainties for dry aerosol optical closure is needed for
such comparison.

4.2.2 Uncertainties of dry aerosol optical closure

To estimate the influence of the uncertainties in the model input parameters on the cal-
culated σsp and σbsp, a Monte Carlo simulation was applied for both winter and summer25

datasets. The simulation repeatedly uses a set of randomly varied input parameters
with normally distributed frequency.
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4.3 Uncertainties of measurements

The model input parameters used in the dry aerosol closure are listed in Table 4. For
each parameter, the deviation is considered to conform to a normal distribution. The
original value of model input parameters mentioned in Sect. 3 is applied as the mean
value. The standard deviations of normal distribution for these values are listed in5

Table 4.
There are many factors influencing the uncertainties in number concentration and

particle size, including CPC, UCPC, APS and DMA measurement uncertainties. The
TDMPS measurement induces uncertainties in size and number concentration. From
a comparison test reported by Wiedensohler et al. (2011), the uncertainty of Dp,TDMPS10

is estimated of 3.5%, and the uncertainties of NTDMPS are estimated of 30%, 10%
and 25% for size of 3–20 nm, 20–200 nm and 200–700 nm, respectively. The APS
measurement induces uncertainties of 9% and 10% in size and number concentration,
respectively (Wex et al., 2002a). The uncertainty in BC mass concentration measured
by MAAP is estimated as 12%, as reported by Petzold et al. (2004). In open literatures,15

BC density is reported from 1.00 to 2.00 g cm−3 (Sloane et al., 1983, 1984, 1991;
Sloane and Wolff, 1985; Ouimette and Flagan, 1982; Seinfeld and Pandis, 1998). The
standard deviation of BC density is conformed to cover the above mentioned range.
Similarly, the standard deviation for the refractive indices is also chosen to agree with
the values reported in open literatures (Ouimette and Flagan, 1982; Sloane, 1984;20

Seinfeld and Pandis, 1998; Covert et al., 1990). The uncertainty of measured σsp and
σbsp is estimated at 10% (Anderson et al., 1998; Heintzenberg et al., 2006).

4.4 Monte Carlo variations

A Monte Carlo simulation was applied to obtain the uncertainties of the results intro-
duced by the Mie model input parameters. Mie calculation was repeated with each data25

record of the measurements, using a randomly varying set of input parameters. The
random values of input parameters were chosen according to Table 4, and distributed
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as normal distributions. Several hundreds of runs were done for each of the 3492 data
records in winter and 3553 data records in summer to obtain the standard deviation of
the σsp and σbsp at all three wavelengths, for both external and internal mixture.

Table 5 summarizes the model results of mean standard deviation of the σsp and
σbsp derived from Monte Carlo simulations. It can be found that the standard deviation5

of calculated σsp and σbsp is around 8%. For normal distribution the range of mean
value plus/minus triple standard deviation covers 99% of all possible values. Thus,
the uncertainties of the Mie model results are equaled to the value of triple standard
deviation. The uncertainty for calculated σsp and σbsp is approximately within ±30%.

Comparisons similar to those described in Sect. 4.2.1 are carried out for the mea-10

sured and calculated values, taking into account the uncertainties of the parameters.
For the σsp and σbsp, the calculated value for external mixture plus triple standard de-
viation and the calculated value for internal mixture minus triple standard deviation are
defined as the boundary of the possible measurement range.

Table 6 displays the ratio of measured σsp and σbsp which included in the possible15

range against the number of total measurements. For all the three wavelengths, more
than 98% of the measured σsp falls within the possible range of Mie calculations for
both winter and summer.

The results of closure for backscattering are not as good as for total scattering. The
possible reason is that compared with total scattering, the backscattering is proba-20

bly more sensitive to the shape of the particle. Non-spherical particles may cause
higher backscattering than spherical ones. An indirect evidence is that high backscat-
tering ratio (b) was observed during dust event in HaChi campaign. Dust has non-
spherical shape and makes significant contribution to aerosol optical properties during
dust event. Therefore, with the assumption of spherical shape for all particles, the Mie25

calculation will underestimate the backscattering.
Considering the uncertainties, most of the measured σsp and σbsp agree with the

calculated values. However, the uncertainties for the calculated σsp and σbsp are ap-
proximately ±30%. This is mainly due to the large uncertainties of the Mie model input
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parameters. To reduce such uncertainties of calculation results, effort should be made
to further improve measurement techniques to minimize the uncertainties of measured
parameters. And more high quality measurements of aerosol chemical properties are
required to reduce the uncertainties in aerosol refractive indices.

5 Summary and conclusions5

In winter and summer of 2009, two field campaigns of aerosol physical properties were
carried out in Wuqing, Tianjin of the NCP. In this investigation, we analyzed aerosol
optical properties and conducted an optical closure experiment to examine the mea-
surements and evaluate the uncertainties of measured parameters. The mean values
of the measured σsp are 280±253 and 379±251 Mm−1 at 550 nm in winter and sum-10

mer, respectively. These values are lower than those measured in urban area of Beijing
(Bergin et al., 2001), similar to those measured in Yufa (Garland et al., 2009) and twice
as much as that measured in SDZ (Yan et al., 2008). The mean values of the σap dur-

ing the two periods were 47±38 and 43±27 Mm−1, respectively. They are only a half
of that measured in Beijing urban area (Bergin et al., 2001), slightly lower than those15

measured in Yufa (Garland et al., 2009) and three times as much as those measured
in SDZ (Yan et al., 2008). Overall, the σsp and σap in Wuqing were higher than those in
the regional area of the NCP, while are lower than those measured in urban of Beijing
The average values of ω for dry aerosols are 0.83±0.05 for winter and 0.87±0.05 for
summer. Three and two episodes with increased levels of pollution were observed in20

winter and summer campaign, respectively.
Pronounced diurnal cycle was found for different aerosol properties. The maximum

value of the σsp and σap appeared at 06:00–08:00, and began to decrease at 08:00.
A minimum was reached around 16:00. During night, the σsp and σap remained at
relative high values. This diurnal pattern is mainly influenced by the diurnal variation of25

the boundary layer, and direct particle emissions. The ω diurnal pattern shows two dips
in the morning and evening probably caused by the truck emissions. The maximum ω
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occurs in the afternoon due to secondary aerosol formation and aging processes of
non-absorbing aerosol particles.

Aerosol optical properties were also highly related to the meteorological parame-
ters. The average σsp and σap for southerly winds were higher than for northerly winds
caused by the significant transport of pollutants from southern regions. In winter, the5

maximum σsp and σap occurred during periods with calm winds indicating accumula-
tion of local particle emissions. In summer, the maximum σsp and σap occurred with
southerly winds relating to the pollutants transport from southern areas. The ω accom-
panied by calm winds was always lower than for periods with higher wind speeds indi-
cating a high fraction of BC in the locally emitted aerosol. The average ω for southerly10

winds was lower than for northerly winds, because of the higher emission rates of BC
in the southern areas of the NCP.

An aerosol optical closure experiment was applied for both of winter and summer
measurements. Measured σsp and σbsp was compared with the corresponding cal-
culated values obtained via a modified Mie model. The calculation was based on15

measured PNSD and estimated refractive indices. A two-component aerosol model
was assumed in the calculations. The σsp and σbsp were calculated separately under
an assumption of internal mixture and external mixture of aerosols. Additionally, Monte
Carlo simulations were used to estimate the dependence of the σsp and σbsp calculation
uncertainties on the uncertainties of input parameters used in the Mie model.20

Good correlations are found between measured and calculated σsp and σbsp with
R > 0.98, confirming a stable performance of instruments. Considering the uncertain-
ties of all input parameters used in the Mie model, Monte Carlo simulations show stan-
dard deviations of around 8% with an uncertainty within 30% for the calculated σsp
and σbsp. More than 98% of measured σsp at all the three wavelengths fall within the25

99% confidence range of the calculated values, taking into account of the uncertainties
of measured and calculated values. The modified Mie model and corresponding as-
sumptions used for the optical closure study are appropriate for estimating the aerosol
optical properties.

9587

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/9567/2011/acpd-11-9567-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/9567/2011/acpd-11-9567-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 9567–9605, 2011

Aerosol optical
properties in the

North China Plain

N. Ma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Acknowledgements. This work is supported by the National Natural Science Foundation of
China (NSFC) under Grant No. 40875001 and by the German Science Foundation under grant
DFG WI 1449/14-1. Funds for this experiment were also provided by: China 973 project
2011CB403402, NSFC project 40975083 and Basic Research Fund of China Academy of Me-
teorological Sciences 2008Z011.5

References

Anderson, T. L. and Ogren, J. A.: Determining aerosol radiative properties using the TSI 3563
Integrating Nephelometer, Aerosol Sci. Technol., 29, 57–69, 1998.

Anderson, T. L., Covert, D. S., Marshall, S. F., Laucks, M. L., Charlson, R. J., Waggoner, A.
P., Ogren, J. A., Caldow, R., Holm, R. L., Quant, G., Sem, J., Wiedensohler, A., Ahlquist, N.10

A., and Bates, T. S.: Performance characteristics of a High-sensitivity, three-wavelength total
scatter/backscatter nephelometer, J. Atmos. Ocean. Tech., 13, 967 – 986, 1996.

Albrecht, B. A.: Aerosols, cloud microphysics, and fractional cloudiness, Science, 245, 1227–
1230, 1989.

Bergin, M. H., Cass, G. R., Xu, J., Fang, C., Zeng, L. M., Yu, T., Salmon, L. G., Kiang, C. S.,15

Tang, X. Y., Zhang, Y. H., and Chameides, W. L.: Aerosol radiative, physical, and chemical
properties in Beijing during June 1999, J. Geophys. Res., 106(D16), 17969–17980, 2001.

Birmili, W., Stratmann, F., and Wiedensohler, A.: Design of a DMA-based size spectrometer for
a large particle size range and stable operation, J. Aerosol Sci., 30(4), 549–533, 1999.

Bodhaine, B. A.: Aerosol absorption measurements at Barrow, Mauna Loa and the South Pole,20

J. Geophys. Res., 100, 8967–8975, 1995.
Bohren, C. F. and Huffman, D. R.: Absorption and Scattering of Light by Small Particles, John

Wiley, Hoboken, NJ, 1983.
Bond, T. C., Charlson, R. J., and Heintzenberg, J.: Quantifying the emission of light-absorption

particles: measurements tailored to climate studies, Geophy. Res. Lett., 25(3), 337–340,25

1998.
Bond, T. C., Streets, D. G., Yarber, K. F., Nelson, S. M., Woo, J.-H., and Klimont, Z.: A

technology-based global inventory of black and organic carbon emissions from combustion,
J. Geophys. Res., 109, D14203, doi:10.1029/2003jd003697, 2004.

Chandra, S., Satheesh, S. K., and Srinivasan, J.: Can the state of mixing of black carbon30

9588

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/9567/2011/acpd-11-9567-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/9567/2011/acpd-11-9567-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2003jd003697


ACPD
11, 9567–9605, 2011

Aerosol optical
properties in the

North China Plain

N. Ma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

aerosols explain the mystery of “excess” atmospheric absorption?, Geophys. Res. Lett., 31,
L19109, doi:10.1029/2004GL020662, 2004.

Charlson, R. J., Schwartz, S. E., Hales, J. M., Cess, R. D., Coakley, J. A., Jr., Hansen, J. E.,
and Hofmann, D. J.: Climate forcing by anthropogenic aerosols, Science, 255, 423–430,
doi:10.1126/science.255.5043.423, 1992.5

Cheng, Y. F.: Aerosol radiative properties at Xinken in Pearl River Delta of China: An observa-
tion based numerical study, Ph.D. Thesis, Peking University, 2007.

Cheng, Y. F., Eichler, H., Wiedensohler, A., Heintzenberg, J., Zhang, Y. H., Hu, M., Herrmann,
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Table 1. Statistic values of aerosol optical properties measured at dry condition (RH<30%)
(4321 data points for winter campaign and 4897 data points for summer campaign).

Means Std Median

winter summer winter summer winter summer

σsp (Mm−1) 450 nm 363 464 319 290 280 392
550 nm 280 379 253 251 206 314
700 nm 191 270 175 191 137 218

σbsp (Mm−1) 450 nm 54 60 43 37 44 51
550 nm 45 49 37 31 35 42
700 nm 36 41 27 26 27 34

σap (Mm−1) 637 nm 47 43 38 27 34 37
LV (km) 550 nm – 4.2 – 4.1 – 4.2
ω 550 nm 0.83 0.87 0.05 0.05 0.83 0.88
b (%) 550 nm 17 13 2 1 17 13
Å 450–700 nm 1.45 1.33 0.34 0.24 1.52 1.32
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Table 2. The fitting parameter (b) and correlation coefficient (R) of the linear fits for calculated
and measured σsp, σbsp and σap.

winter summer
λ external internal external internal

σsp
450 nm 1.12 (0.987) 0.97 (0.986) 0.896 (0.989) 0.780 (0.990)
550 nm 1.13 (0.987) 1.02 (0.986) 0.913 (0. 989) 0.827 (0. 990)
700 nm 1.15 (0.987) 1.08 (0.987) 0.945 (0. 989) 0.889 (0. 990)

σbsp
450 nm 0.817 (0.985) 0.646 (0.982) 0.743 (0.991) 0.575 (0.988)
550 nm 0.839 (0.986) 0.706 (0.984) 0.775 (0.991) 0.642 (0.990)
700 nm 0.850 (0.987) 0.754 (0.986) 0.759 (0.988) 0.668 (0.989)

σap
637 nm 0.705 (1.00) 1.63 (0.997) 0.705 (1.00) 1.71 (0.996)
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Table 3. Ratios of measured σsp and σbsp which enclosed by the corresponding calculated
values for the internal and external mixture.

λ σsp σbsp
winter summer winter summer

450 nm 84.4% 46.2% 13.1% 1.4%
550 nm 74.4% 56.5% 21.7% 3.3%
700 nm 50.2% 67.5% 25.9% 3.7%
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Table 4. Uncertainties of the input parameters for the model, given in terms of one standard
deviation.

Parameter Standard deviation (%)

Dp,TDMPS 1.1
Dp,APS 3
NTDMPS,3−20 nm 10
NTDMPS,20−200 nm 3.3
NTDMPS,200−700 nm 8.3
NAPS 3.3
BC mass concentration 4
BC density 11
nnon 0.5
nBC 4
inon 0
iBC 6.6
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Table 5. Mean standard deviations of σsp and σbsp yielding from Monte Carlo simulation.

Standard deviation of σsp (%) Standard deviation of σbsp (%)

winter summer winter summer
λ external internal external internal external internal external internal

450 nm 8.25 9.19 8.38 9.49 7.28 8.48 7.83 9.54
550 nm 8.23 8.94 8.36 9.14 7.23 8.17 7.73 8.99
700 nm 7.87 8.35 8.13 8.62 7.16 7.80 7.60 8.40
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Table 6. Ratios of measured σsp and σbsp included by the possible range of Mie calculations.

σsp σbsp
λ winter summer winter summer

450 nm 99.71% 98.57% 87.20% 61.47%
550 nm 99.57% 98.71% 88.77% 80.05%
700 nm 99.51% 98.99% 90.58% 65.10%
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Fig. 1. The map of the NCP. The site is marked as a star. The shaded contour represents the
distribution of the MODIS AOD. The dark red dashed denotes the 500 m contour line, which
also can be considered as the boundary of the NCP.
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Fig. 2. Autocorrelation analysis of the meteorological parameters and the optical properties.
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Fig. 3. Wind speed and direction dependence map of σsp (A, D), σap (B, E) and ω (C, F). The
upper three pictures are for winter and the lower ones are for summer. In each picture, the
solid lines denote the wind frequency distribution. The shaded contour indicates the average of
variables for varying wind speeds (radial direction) and wind directions (transverse direction).
The dash-dot lines stand for average values at each wind direction.
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Fig. 4. Diurnal cycles of wind speed, σsp and σap and ω. The left 4 pictures are for winter and
the right ones are for summer. In each picture, the boxes and whiskers denote the 5, 25, 50,
75 and 95 percentiles, while the dots denote the mean values. The x axis denotes the time of
day, with the last box-and-whisker denoting the percentile and mean value for the entire period.
The horizontal line denotes the mean value for the entire study period.
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Fig. 5. Time series of measured σsp, σbsp, σap and ω in both winter and summer campaign
(RH<30%). The horizontal short lines denote the episodes.
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Fig. 6. Comparisons of measured and calculated σsp, σbsp and σap in log-scale coordinates,
including the 1:1 reference lines. For σsp and σbsp, only the results at 550 nm are show. The
straight lines represent the linear regression fits to the data.
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