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Abstract

The optical properties and chemical composition of PM1.0 (particulate with an aero-
dynamic diameter of less than 1.0 µm) particles in a suburban environment (Huairou)
near the mega-city Beijing were measured during the HOPE-J3A (Haze Observation
Project Especially for Jing-Jin-Ji Area) field campaign. The campaign covered the pe-5

riod November 2014 to January 2015 during the winter coal heating season. The av-
erage and standard deviations for the extinction, scattering, absorption coefficients,
and the aerosol single scattering albedo (SSA) at λ = 470nm during the measure-
ment period were 201±240, 164±202, 37±43 Mm−1, and 0.80±0.08, respectively.
The mean mass scattering (MSE) and absorption (MAE) efficiencies were 4.77±0.0110

and 0.87±0.03 m2g−1, respectively. Highly time-resolved air pollution episodes clearly
show the dramatic evolution of the PM1.0 size distribution, extensive optical proper-
ties (extinction, scattering, and absorption coefficients) and intensive optical properties
(single scattering albedo and complex refractive index) during haze formation, devel-
opment and decline. Time periods were classified into three different pollution levels15

(clear, slightly polluted, and polluted) for further analysis. It was found that: (1) The
diurnal patterns of the aerosol extinction, scattering, absorption coefficients, and SSA
differed for the three pollution classes. (2) The real and imaginary part of complex re-
fractive index (CRI) increased, while the SSA decreased from clear to polluted days.
(3) The relative contributions of organic and inorganic species to observed aerosol20

composition changed significantly from clear to polluted days: the organic mass frac-
tion decreased (50 to 43 %) while the proportion of sulfates, nitrates, and ammonium
increased strongly (34 to 44 %). (4) The fractional contribution of chemical components
to extinction coefficients was calculated by using the modified IMPROVE algorithm. Or-
ganic mass was the largest contributor (58 %) to the total extinction of PM1.0. When the25

air quality deteriorated, the change of the relative contribution of sulfate aerosol to the
total extinction was small, but the contribution of nitrate aerosol increased significantly
(from 17 % on clear days to 23 % on polluted days). (5) The observed mass scatter-
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ing efficiencies increased consistently with the pollution extent, however, the observed
mass absorption efficiencies increased consistently with increasing mass concentra-
tion in slightly pollution conditions, but decreased under polluted conditions.

1 Introduction

Atmospheric aerosols have significant effects on climate forcing (Ramanthan et al.,5

2001; Anderson et al., 2003; Bahadur et al., 2012), environment (Cao et al., 2013;
Huang et al., 2014), and human health (Nel, 2005; S. Zheng et al., 2015). Visibility
is regarded as an indicator of air quality, which is mostly reduced by the scattering
and absorption of solar light by fine particles (Watson, 2002). Uncertainties in atmo-
spheric visibility are mainly due to the uncertainties associated with the aerosols’ op-10

tical properties, which are closely related to the physical and chemical properties of
atmospheric aerosol (including chemical components, size distribution, mixing state,
morphology and hygroscopic properties). Understanding how the physical and chem-
ical characteristics affect the optical properties of the atmospheric aerosol is key to
improve quantitative estimates of direct radiative forcing and to determine the environ-15

mental effects of particles. To ascertain the relationships between these parameters,
many research campaigns have been performed during the past decade, such as ACE-
1 (Bates et al., 1998), ACE-2 (Raes et al., 2000), INDOEX (Eldering, 2002), ACE-Asia
(Quinn, 2004; Doherty et al., 2005), PRIDE-PRD2004 (Zhang et al., 2008), MILAGRO
(Marley et al., 2009), CAREBeijing (Jung et al., 2009; Garland et al., 2009; Wu et al.,20

2011) and CalNex campaign (Cahill et al., 2012; Thompson et al., 2012; Ryerson et al.,
2013; X. Zhang et al., 2013).

Rapid urbanization and economic development has brought about serious environ-
mental problems in the megacities of China (Han et al., 2015). The North China Plain
(NCP) region in northeast China has one of the highest global aerosol concentrations25

(Sun et al., 2013) due to the dense population, a large number of mobile vehicles
and the great industrial activity. The China National Ambient Air Quality Standard des-
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ignates a daily average concentration of PM2.5 greater than 75 µgm−3 as harmful to
health. However, PM2.5 concentrations in China often grossly exceed this limit – for
instance, reported daily average mass concentration of PM2.5 in January 2013 were
higher than 500 µgm−3 (Andersson et al., 2015). A large amount of atmospheric pollu-
tants are emitted from fossil fuel, biomass burning and urban construction (Lei et al.,5

2011; Zhang et al., 2011). The complex mixtures of various pollutant sources has re-
sulted in a highly complex nature of aerosol physical, chemical and optical properties.

In recent years, many campaigns have been conducted in Beijing to study the rela-
tionships between the mass concentrations, optical properties, chemical components,
hygroscopic properties, mixing state, new particle formation, light apportionment and10

meteorological conditions (Liu et al., 2013; Sun et al., 2013, 2015; Guo et al., 2014;
Andersson et al., 2015; Han et al., 2015; Wang et al., 2015; Wu et al., 2015; Xu et al.,
2011; X. J. Zhao et al., 2013; G. J. Zheng et al., 2015). It is worth noting that atmo-
spheric dynamic processes differ between polluted and cleaner periods and that sec-
ondary aerosols were suggested to be the major contributor to haze formation (Quan15

et al., 2014; Y. L. Sun et al., 2014). Research in the Pearl River Delta of China has
shown that submicron particles contribute more than 90 % of the particle extinction
(Cheng et al., 2008). However, few studies in the NCP region have focused on light ex-
tinction contribution of submicron aerosol under different air pollution conditions. And
the evolution of the intensive optical properties (complex refractive index, CRI, and sin-20

gle scattering albedo, SSA, ω, the ratio of scattering to extinction) in haze formation,
development and decline were rarely reported. Comprehensive studies of intensive op-
tical properties and light apportionment are necessary for a better understanding of the
evolution of aerosol physical and optical properties in the NCP.

In this paper, we report continuous measurements of the optical properties, particle25

size distributions, and chemical components of the submicron aerosol at a suburban
site (Huairou) from 16 November 2014 to 11 January 2015. The CRI for PM1.0 particles
were retrieved with Mie theory by treating the submicron aerosols as homogeneous
spherical particles. The fractional contribution of aerosol chemical components to the
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aerosol total extinction coefficient were calculated by the modified IMPROVE algorithm
(Pitchford et al., 2007). The mass scattering and absorption efficiencies with respect to
PM1.0 mass concentrations were derived from particle size distribution measurements.
PM1.0 optical properties, chemical compositions, size distributions, chemical extinc-
tions and mass scattering and absorption efficiencies were reported for three different5

pollution levels (clear, slight polluted, and polluted days). The results clearly showed
that there was a large amount of light absorbing fine particles in Beijing in the winter
time.

2 Experimental

The Haze Observation Project Especially for Jing-Jin-Ji (Beijing-Tianjin-Hebei, the na-10

tional capital region of China) Area (HOPE-J3A) field campaign took place at the
Huairou campus of the University of Chinese Academy of Sciences (40◦24′24.45′′N,
116◦40′32.95′′ E) from October 2014 to January 2015. The goal of the HOPE-J3A
campaign was to better understand the emissions, transport, and evolution of atmo-
spheric fine particles and their precursors in the Jing-Jin-Ji area. Figure 1 shows the15

map of NCP and the average distribution of the MODIS (MODerate-resolution Imaging
Spectroradiometer) AOD (aerosol optical depth) with a resolution of 0.2◦ ×0.2◦ during
the field campaign from 16 November 2014 to 11 January 2015. The Huairou obser-
vation site (marked as a red star in Fig. 1) is situated about 60 km northeast of Beijing
city center, and mainly surrounded by medium density residential suburban areas.20

The instruments were installed on the 4th floor of Teaching Building 1, with the sam-
ple inlet about 2.5 m above the roof. The inlet consisted of a PM1.0 ambient size cut
(SF-PM1.0, 1.0 m3 h−1, Seven Leekel Ingenieurburo GmbH), allowing only particles with
an aerodynamic diameter smaller than 1 µm to enter the sampling line. Downstream of
the aerosol inlet, a diffusion dryer was used to dry the sample aerosol below 15 % RH.25

The sample air was passed through a copper tube (6 m long with an inner diameter of
1 cm) at a flow rate of 38 Lmin−1.
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The particle size distribution between 14 and 662 nm was measured with a scanning
mobility particle sizer (SMPS, TSI 3936), which comprised an electrostatic classifier
(TSI 3080) and a condensation particle counter (TSI 3776). Diffusion losses and the
effect of multicharged particles were corrected by the instrument software. The SMPS
was calibrated with laboratory-generated, NIST traceable monodispersed polystyrene5

latex (PSL) spheres with diameters of 203±5 nm (Thermo Scientific 3200A) and 296±
6 nm (Thermo Scientific 3300A) before and after the campaign (W. Zhao et al., 2013).
The differences between the observed selected particle size and the certified diameter
for the PSL spheres were within 2 %.

The optical properties of PM1.0 particles were measured with a newly developed10

cavity-enhanced albedometer (Zhao et al., 2014). The albedometer, was based on
a blue light-emitting-diode (LED) incoherent broadband cavity-enhanced absorption
spectroscopy (IBBCEAS) system that incorporated an integrating sphere (IS). This in-
strument is a new tool for direct, in situ, and simultaneous measurement of aerosol
scattering and extinction coefficients (and thus of the absorption coefficient and aerosol15

SSA, ω470) at a mean wavelength of 470 nm. The advantage of broadband over single-
wavelength measurements is its capacity to simultaneously measure multiple species
present in the sample (gases and particles) using a single instrument. A spectral-fitting
algorithm over the spectral range of 445–480 nm was applied to retrieve gas concen-
trations based on their spectral structure and thereby to remove the contribution of gas20

phase absorption from the aerosol extinction. The scattering signal was measured in
the IS by a single channel photomultiplier tube (PMT), providing an integrated result
over a narrow bandwidth of ∼ 9nm (full-width at half maximum, FWHM) in the spectral
region of 465–474 nm. Truncation reduction tubes (Varma et al., 2003) were used to
minimize the truncation angle to 1.2◦ for the forward and backward truncation angles.25

Based on a Mie scattering calculation, the truncated fraction of total scattering is about
0.22 % with this truncation angle for a 1 µm diameter spherical particle with a com-
plex refractive index (CRI) of m = 1.6+ i0 at λ = 470nm. This small truncation effect
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was negligible in the context of the results we report here and no correction for the
truncation underestimate was applied to our data.

The sample flow rate of the cavity-enhanced albedometer (the sample volume of
the system was about 1.8 L) was 1.5 Lmin−1 at atmospheric pressure and the acqui-
sition time for each measurement was 9 s (for a 1.5 s integrating time per spectrum,5

and six-spectra averaging). The temperature and relative humidity of the sample were
measured with a hygrometer (Rotronic, model HC2 humidity sensor). The cavity was
flushed with dry zero air every hour for acquisition of a reference spectrum. The ref-
erence spectrum was used both in the IBBCEAS retrieval (Fiedler et al., 2003) and to
remove the contribution of light scattering from internal surfaces and Rayleigh scatter-10

ing. The mirror reflectivity R(λ) and the scaling factor (K ′) for the scattering channel of
the albedometer were determined by He, N2 and CO2 every week. No deterioration of
R and K ′ were observed during the campaign.

Another PM1.0 sampler (SF-PM1.0, Seven Leekel Ingenieurburo GmbH) was installed
on the roof of the building (∼ 20 m above the ground) to collect PM1.0 samples with15

quartz filters (47 mm, MUNKTELL Corporation) for off-line aerosol chemical composi-
tion analysis. The flow rate was 38 Lmin−1 and samples were collected over the period
of 16 November 2014 to 11 January 2015. The collection time period was 12 h: from
08:30 to 20:30 LT for daytime samples, and from 20:30 to 08:30 LT for nighttime sam-
ples. Before sampling, the quartz-fiber filters were preheated for 4 h at 600 ◦C in a muf-20

fle furnace, and ten filters were used as field blank samples in the sampling period. In
total, 114 filters were collected; these were stored at −4 ◦C to prevent evaporation of
volatilized species until they were analyzed.

A punch of 1.5 cm2 was taken from each filter, and then heated in inert and oxidiz-
ing atmospheres to volatilize and combust the loaded carbon, respectively. The car-25

bon (elemental carbon, EC, and organic carbon, OC) concentrations were determined
with a thermal/optical transmittance aerosol carbon analyzer (Sunset Laboratory, Inc.)
(NIOSH, 1996). The measurement principle and operation of the Sunset aerosol car-
bon analyzer was presented in a previous study (Peterson et al., 2002). Another punch
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with a area of 2 cm2 was taken from the rest of filter, extracted into 10 mL of deionized
water (> 18MΩ) via 20 min sonication, filtered using a 0.22 µm PTFE syringe filter, and
stored in a refrigerator at 4 ◦C until chemical analysis. Eight water-soluble ion compo-
sitions [three anions: nitrate (NO−3 ), sulfate (SO2−

4 ), chloride (Cl−); five cations: ammo-

nium (NH+
4 ), sodium (Na+), potassium (K+), magnesium (Mg2+) and calcium (Ca2+)]5

were determined by using Dionex ICS-90 Ion Chromatography with columns of AS14A
and CS14A and eluents of NaCO3-NaHCO3 and methanesulfonic acid, respectively.
Further details on this analysis are given elsewhere (Wang et al., 2013).

Meteorological parameters, including wind speed (WS) and direction (WD), temper-
ature (T ) and relative humidity (RH), were continuously recorded at the observation10

site. The mass concentration of PM2.5 for the air quality classification was monitored
by the National Environmental Bureau, and the data at Huairou were retrieved from
the internet (http://113.108.142.147:20035/emcpublish/). In this work, the PM2.5 pol-
lution level was classified into three categories according to the technical regulation
on Ambient Air Quality Index (on trial, HJ 633–2012) (http://kjs.mep.gov.cn/hjbhbz/15

bzwb/dqhjbh/jcgfffbz/201203/W020120410332725219541.pdf; A. Zhang et al., 2013;
G. J. Zheng et al., 2015): clear day (PM2.5 concentration ≤ 35µgm−3, when the corre-
sponding individual air quality index (IAQI) ranged from 0 to 50), slightly polluted day
(35µgm−3 < PM2.5 concentration ≤ 115µgm−3, when IAQI ranged from 50 to 150),
and polluted day (115µgm−3 < PM2.5 concentration ≤ 350µgm−3, when IAQI ranged20

from 150 to 400). These pollution classes are usually based on PM2.5 concentrations
averaged from 00:00 to 23:59 on a specific date. For our filter samples, however, the
collection time extended over two days; nevertheless, we apply the same categoriza-
tion for our measurements from 20:30 (day 1) to 20:30 LT (day 2).
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3 Optical data analysis method

3.1 Retrieval of aerosol complex refractive index

The scattering and extinction coefficients from particles are calculated based on (Pet-
tersson et al., 2004):

αep, sp =
∫
N(Dp)

π
4
D2

pQext, scat(m,x)dDp, (1)5

where x = πDp/λ is the size parameter, m = n+ ik is the CRI of the particle (where n
and k correspond to the real and imaginary parts of the CRI, respectively), N is the
number of particles in the size bin dDp with mean diameter Dp per unit volume, and
π
4D

2
pQext, scat(m,x) is the extinction or scattering cross section σep, sp. The extinction or

scattering efficiency, Qext, scat, is a function of the CRI, the morphology of the parti-10

cles and the size parameter. For chemical homogeneous spherical particles, Q can be
calculated from Mie theory.

The CRI is one of the intensive optical properties of atmospheric aerosols, and deter-
mined by the aerosols’ size, shape, mixing state and chemical composition. Simultane-
ous measurement of the scattering and extinction coefficients by the cavity-enhanced15

albedometer provides a new approach for faster retrieval of the particulate CRI (Riziq
et al., 2007; Mack et al., 2010; Zhao et al., 2014; X. Xu et al., 2015). The details of
the CRI retrieval have been given in previous studies (Riziq et al., 2007; Mack et al.,
2010). The measured extinction and scattering coefficients (αep,470 and αsp,470) and
the particle number size distribution, N(Dp), were used to determine the CRI. The real20

and imaginary parts of the CRI were varied (between 1.3 and 1.7 for the real part and
between 0 and 0.1 for the imaginary part) to calculate the extinction and scattering
coefficients for each size distribution. A set of refractive indices were determined by
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finding the minimum of the “merit function”, χ2 (Mack et al., 2010):

χ2 =

(
αep −αep_calc

)2
ε2
αep

+

(
αsp −αsp_calc

)2
ε2
αsp

. (2)

Here, αep and αsp are the measured values of the extinction and scattering coeffi-
cients, while αep_calc and αsp_calc are the corresponding calculated values. εαep

and
εαsp

are the measurement uncertainty of αep and αsp, respectively. The mean standard5

deviations of the extinction and scattering coefficients over 3 min were treated as the
measurement uncertainty.

The values of n and k that satisfy χ2 < χ2
0 +2.298, which fell within the 1σ error

bound of the best measurement (with 68 % confidence level of χ2 distribution), are
considered acceptable. Projections of the contour lines (with a contour value of 2.298)10

on the n and k plane gave the standard errors ∆n and ∆k, respectively (Dinar et al.,
2008; Zhao et al., 2014).

3.2 Chemical apportionment of aerosol optical properties

Chemical apportionment of light extinction of PM1.0 was determined with a revised IM-
PROVE (Interagency Monitoring of Protected Visual Environments) algorithm (Pitch-15

ford et al., 2007). The IMPROVE algorithm is a simple method to estimate light ex-
tinction, which is based on multi-variable regression analysis. Light extinction can be
estimated by multiplying the mass concentrations by the mass extinction efficient of
each of seven major components: sulfate (assumed to be ammonium sulfate), nitrate
(assumed to be ammonium nitrate), organic mass (OM, based on the measured mass20

concentration of organic carbon, OC), elemental carbon (EC), fine soil, sea salt (chlo-
rine, Cl), and coarse mass (the differences between PM10 and PM2.5 mass concentra-
tion).
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The formulas for the reconstruction of aerosol extinction coefficient at λ = 550nm can
be expressed as following as (Pitchford et al., 2007):

αext, 550 nm ≈ 2.2× fs(RH)× [Small Sulfate]+4.8× fL(RH)× [Large Sulfate]

+2.4× fs(RH)× [Small Nitrate]+5.1× fL(RH)× [Large Nitrate]

+2.8× [Small Organic Mass]+6.1× [Large Organic Mass]

+10× [Elemental Carbon]+1× [Fine Soil]

+1.7× fss(RH)× [Sea Salt]+0.6× [Coarse Mass]

+Rayleigh scattering (site specific)+0.33× [NO2 (ppb)].

(3)

The large and small parts are defined by the IMPROVE formula as (Pitchford et al.,
2007; Cao et al., 2012):5

[Large X]= [Total X]2/20, for [Total X] < 20µgm−3

[Large X]= [Total X], for [Total X] ≥ 20µgm−3

[Small X]= [Total X]− [Large X]

(4)

where X = sulfate, nitrate or OM. The concentration of ammonium sulfate ([(NH4)2SO4])
was 1.375 times the sulfate concentration ([SO2−

4 ]), and the ammonium nitrate
([NH4NO3]) was 1.29 times the nitrate concentrations ([NO−3 ]). OM concentration was
estimated by multiplying the reported OC concentration by a factor of 1.6 (Turpin and10

Lim, 2001). The mass extinction efficiency of 10 m2 g−1 (Watson, 2002; Pitchford et al.,
2007; Cao et al., 2012; Han, 2014) to EC concentration was employed to calculate
αep,550.

One point should be kept in mind that the above discussion of the IMPROVE
algorithm was suitable for the reconstruction of atmospheric aerosol extinction at15

λ = 550nm. In this study, the optical properties of PM1.0 were measured at λ = 470nm.
The IMPROVE algorithm need further improve to well represent the chemical appor-
tionment of light extinction for PM1.0 particles. Since dry PM1.0 aerosols were mea-
sured, the coarse mass and the hygroscopic increase of inorganic component were
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ignored for the inputs of the IMPROVE algorithm. The fine soil component was also
left out in apportioning the extinction coefficient due to its very small fraction in PM1.0
particles during wintertime in Beijing (K. Sun et al., 2014). The dry mass extinction
efficiencies for ammonium sulfate, ammonium nitrate and OM at λ = 470nm were cal-
culated by using the Mie theory and were compared with that values at λ = 550nm5

(Please find out more information in the Supplement Sect. S1). The mass extinction ef-
ficiencies of inorganic mass (including sulfate, nitrate and sea salt), organic mass, and
element carbon for the input of the IMPROVE formula at λ = 470nm should be mul-
tiplied by a scale factor of 1.31, 1.30 and 1.08, respectively. The modified IMPROVE
function for PM1.0 extinction at λ = 470nm could be rewritten as following:10

αext, 470 nm, PM1.0
≈ 2.88× [Small Sulfate]+6.29× [Large Sulfate]

+3.14× [Small Nitrate]+6.68× [Large Nitrate]

+3.64× [Small Organic Mass]+7.93× [Large Organic Mass]

+10.8× [Elemental Carbon]+2.23× [Sea Salt].

(5)

3.3 Mass scattering and absorption efficiencies

Mass scattering (MSE) and absorption (MAE) efficiencies are the key parameters in cli-
mate and chemical transport models for estimating radiative forcing and apportioning15

chemical extinction budgets (Bates et al., 2006; Malm and Hand, 2007). MSE and MAE
are defined as the ratio of the light scattering and absorption coefficients to the aerosol
mass concentration, respectively. Knowledge of the MSEs and MAEs of each compo-
nents of atmospheric aerosol is helpful for accurate source apportionment and used for
estimating radiative forcing in climate modes. Two methods are used in the literature20

to obtain the MSEs and MAEs of individual components: multiple linear regression of
measured scattering and absorption coefficients against mass concentrations of indi-
vidual components (Malm and Hand, 2007; Tao et al., 2014b), and application of a Mie
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algorithm based on measured chemical and volume size distributions and an assumed
complex refractive index (Cheng et al., 2008, 2015).

In this study, data on the size-resolved chemical component was not available and in-
dividual chemical components were sampled with poor time resolution (12 hsample−1).
Therefore, the observed MSEs and MAEs were obtained based on the linear regres-5

sion of the measured values of αsp,470 and αap,470 against the mass concentrations
of PM1.0. The PM1.0 mass concentrations were determined by multiplying the volume
concentrations (calculated by the measured number size distribution) by the average
mass density (calculated by the volume weighted method) (Hasan and Dzubay, 1983),
where the fractions of five major contributing components (ammonium sulfate, ammo-10

nium nitrate, organic mass, element carbon and sea salt) to the PM1.0 composition
were considered.

4 Results and discussion

An overview of the measurement results of the aerosol optical properties, size distri-
bution, and chemical composition of PM1.0 particles is shown in Table 1 and Fig. 2.15

During the campaign, the measured aerosol extinction (αep,470), scattering (αsp,470),

and absorption coefficient (αap,470) ranged from 0.6–1165, 0.1–1150 and 0–276 Mm−1,
respectively. The time profiles of these properties also showed several periods during
which the particle concentration would steadily build up, before rapid dissipation and
return to fewer and smaller particles.20

We present our results as follows: Firstly, a selected air pollution episode will be in-
vestigated in detail for clearly showing the haze formation, development and decline.
The extensive optical properties (extinction, scattering, and absorption coefficients)
and intensive optical properties (SSA and CRI) will be given during this period. Sec-
ondly, the diurnal variations of aerosol size distribution, optical properties and chemical25

composition on different pollution days during the campaign will be considered. Thirdly,
chemical apportionment of aerosol extinction will be studied based on the modified IM-
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PROVE algorithm. And finally, the MSE and MAE of PM1.0 particles for clear, slightly
polluted, and polluted days will be given.

4.1 Temporal variations of optical properties during a selected air pollution
episode

The temporal variations of aerosol particle number and surface size distribution,5

aerosol extinction, scattering, absorption coefficients,ω470, and the retrieved CRIs from
22 to 24 November 2014 are presented in Fig. 3. The corresponding temporal wind di-
rection and speed, temperature, relative humidity and pressure of atmosphere air are
shown in the upper panel of Fig. 4. The time series of PM1.0 particle number distri-
bution during the episode varied with the meteorological conditions and the sources10

of pollutants. To emphasize the variation of these parameters during the episode, the
extended air pollution episode was divided into six shorter periods. The statistical anal-
yses of these periods are summarized in Table 2.

A 24 h back trajectories starting at 200 ma.g.l. in Huairou site calculated every
6 h (at 00:00, 6:00, 12:00 and 18:00 LT) are shown in the lower panel of Fig. 415

(http://ready.arl.noaa.gov/HYSPLIT.php). The clusters of 1–2 and 8–10 were from the
northerly direction, with clean air masses, high transport height and long transport path-
way. The clusters 3–7 are mainly from the southerly direction, with polluted air masses,
low transport height and short transport pathway.

For Period 1, the trajectory indicated that the air masses came from the north with20

clean air, and carried pollutants from northeast areas to the observation site, with con-
centrations of small size and high light absorption particles increasing. For Period 2,
the air masses came from the north with clean air, but reduced height led to bring
surface aerosols to observation site. Strong wind did not favour accumulation of pollu-
tants but promoted new particle formation. For Periods 3 and 4, the trajectory indicated25

that the pollutants came from the south, resulting in the accumulation of the pollution.
Furthermore, the shorter transport pathway of air masses suggested that the compo-
sition was dominated by local emissions, including primary emissions and secondary
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formation. For Period 5, cluster 7 indicates that the airflow started over the Beijing city
area and passed over the southwestern direction of the observation site. Air masses
following this short path would bring surface air pollutants to Huairou site, attributing to
the formation of serious haze.

Period 1: First traffic-dominated pollution period (05:40–10:00 LT 22 November)5

Relatively small, light absorbing particles dominated during this period. The mean di-
ameter of the number size distribution was 56±6 nm, and the average number and
surface concentration were 2.1±0.8×104 particle cm−3 and 3.7±1.5×108 nm2 cm−3,
respectively. The mean values of αep,470, αsp,470, and αap,470 were 56±24, 44±19

and 12±6 Mm−1, respectively. The ω470, real and imaginary part of CRI (n, k) were10

0.79±0.03, 1.38±0.06 and 0.03±0.02, respectively. During the period, the winds were
typically from the northeast; these clean air masses showed relatively large quantities
of traffic emissions, with concentrations of small size and high light absorption particles
increasing. Lower values of the SSA were found during this rush hour, in common with
other studies that have similarly found minimum SSA values during the morning traffic15

rush hour (Garland et al., 2008; Lyamani et al., 2010).

Period 2: New particle formation period (12:40–15:00 LT 22 November)

This period started with clean atmospheric conditions and was characterized by the for-
mation and growth of small particles. The mean diameter of the number size distribution
was 25±4 nm, and the mean values of αep,470, αsp,470 and αap,470 were 17±5, 16±520

and 1.0±0.4 Mm−1, respectively. The mean values of ω470, n and k were 0.94±0.03,
1.40±0.06 and 0.008±0.005, respectively. These values indicated that optical extinc-
tion in these newly formed particles was dominated by scattering, although it should be
noted that the uncertainties in the ω470 were larger under these conditions of low scat-
tering and extinction. Strong winds from northern directions transported clean and fresh25

air to Beijing, leading to sharply decreased pollutant levels, and promoting new particle
33690
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formation. Takegawa et al. (2009) showed that sulfate and organic matter accounted
for the main components of newly formed Aitken mode particles. Guo et al. (2014)
showed that the nucleation mode particles consisted of mainly secondary organics.
These findings fitted with the results of retrieved intensive optical properties.

Period 3: Accumulated pollution period (15:30 LT 22 November–08:00 LT5

23 November)

This period was characterized by the dominance of larger accumulation mode par-
ticles for several hours. The mean diameter of number and surface size distribution
was 106±16 and 229±16 nm, respectively, which increased slowly from 15:30 LT (with
a minimum value of 60 and 205 nm) to 21:40 LT (with a maximum value of 131 and10

248 nm) except for a valley from 17:20–18:00 LT, which coincided with the afternoon
rush hour. The mean values of αep,470, αsp,470 and αap,470 were 179±69, 151±57

and 28±12 Mm−1, respectively. In the first part of the period, the winds slowed down
and turned to the south. This meteorology favored accumulation of local pollutants (in-
cluding primary emissions and secondary productions) and transportation of pollutants15

from southern areas. Later on, the wind speed increased and the direction changed
to the southeast. The accumulation of pollutants brought about the formation of haze.
During the process, the number concentration increased about 1.7 times from 1.2×104

to 2.0×104 particle cm−3, and the surface concentration increased about 1.3 times from
3.2×108 to 10.3×108 nm2 cm−3, leading to large values of αep,470 (285 Mm−1), αsp,47020

(235 Mm−1) and αap,470 (50 Mm−1). The wind speed eventually decreased and the wind
direction changed, first to northeastern, and then to southeastern directions. Another
major peak in the extinction occurred during this period, when a large number of small
size particles were observed. The mean values of ω470, and the real part and imagi-
nary part of CRI were 0.85±0.01, 1.39±0.04 and 0.02±0.006, respectively. Clearly,25

the air masses from northeast areas carried larger numbers of small, light absorbing
particles.
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Period 4: Combined pollution period (08:30–12:00 LT 23 November)

Large numbers of small, light absorbing particles were produced during this period,
which coincided with the morning rush hour. The mean diameter of the number and
surface size distribution was 105±16 and 251±15 nm, respectively, and αep,470, αsp,470

and αap,470 were 405±60, 321±42 and 84±22 Mm−1, respectively. The mean values5

of ω470 and the imaginary part of CRI were 0.79±0.03 and 0.034±0.008, respectively,
which were similar to the values in the first traffic-dominated pollution period. However,
the real part of the CRI (1.40±0.03) was larger than that of the earlier traffic-dominated
pollution period. During the period, weak winds from northern directions transported
polluted air to the observation site leading to higher concentrations and a greater in-10

fluence of emitted light absorbing particles. The accumulation of original and newly
discharged primary pollutants led to sharp variations in the aerosol size distribution
and extensive optical properties. Variations of the aerosol intensive optical properties
were slight.

Period 5: Particle aggregation and removal period (12:30 LT15

23 November–07:30 LT 24 November)

High extinction values were observed over this period, with a gradual increase and then
decrease in extinction, scattering, and absorption. The mean values of αep,470, αsp,470

and αap,470 were 330±110, 283±94 and 46±16 Mm−1, respectively. The mean values
of ω470, n and k were 0.86±0.01, 1.44±0.03, and 0.02±0.01, respectively, which20

were both larger than the values of the period 4. In the first part of the period, winds
from the north moderated and the wind direction then changed to the northeast, which
favored accumulation of local pollutants. Later on, the wind changed to the southeast,
with pollutants from the south contributing to the formation of serious haze. Particles
dispersed later after the wind speed increased and its direction became northeastly.25

Both the mean diameter of the number and surface size distribution (124±19 and
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263±11 nm) and n were larger in this period than in the other five periods. The light
scattering efficiency increased with the increment of the particle size.

Period 6: Second traffic-dominated pollution period (08:00–11:10 LT
24 November)

This period corresponded to the morning rush hour on 24 November. The mean values5

of αep,470, αsp,470 and αap,470 were 80±42, 64±34 and 16±8 Mm−1, respectively, and
were slightly larger than in the first traffic-dominated pollution period. The mean values
of ω470 (0.78±0.04), n and k (1.40±0.04 and 0.04±0.02) were comparable to the
earlier traffic period. The mean diameter of the number and surface size distribution
was 64±12 and 226±14 nm, respectively, and a larger n value was found. In this10

period, strong winds from the north transported clean air to the observation site, leading
to lower particle concentrations and a higher influence of fresh local emissions.

According to the regulatory classification of the atmospheric pollution level, these
six periods can be divided into two categories: clear day (22:00 LT 21 November–
10:00 LT 22 November) and polluted day (10:00 LT 22 November–22:00 LT 22 Novem-15

ber, 22:00 LT 22 November–10:00 LT 23 November, 10:00 LT 23 November–22:00 LT
23 November, 22:00 LT 23 November–10:00 LT 24 November). The mean fraction (de-
duced from Fig. 2d) of OM components contributing to the PM1.0 decreased by 12 %
(from 56 to 44 %), nitrate almost doubled in concentration (from 12 to 22 %), and sulfate
slightly decreased (from 14 to 11 %) from clear to polluted days. It was suggested that20

inorganic species become more important during haze (Wang et al., 2015). The differ-
ence between sulfate and nitrate may be due to different mechanisms of the formation
of sulfate and nitrate aerosols (G. J. Zheng et al., 2015).

In the selected haze episode, these six periods show dramatic variations in the PM1.0
size distribution and the extensive optical properties of particles in the process of haze25

formation, development and decline. The evolution of intensive optical properties was
related to the variation of PM1.0 chemical components.
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4.2 Variation of aerosol size distribution, optical properties and chemical
composition on different air pollution days

Averages and standard deviations of the observed particle properties are summa-
rized in Table 1 after grouping data into the different air quality classes. With in-
creasing pollutant level, the extensive optical properties (αep,470, αsp,470 and αap,470 )5

increased strongly as expected, whereas changes in the intensive optical properties
(ω470) were more modest. The measured αep,470 and αsp,470 values sometimes ex-

ceeded 900 Mm−1. There are obvious differences of the campaign average number size
distribution of PM1.0 under different pollution levels (cf. Fig. 3a). Compared with clear
days, the effective mode diameter of particle number in the slightly polluted days was10

about 2 times larger, while the PM1.0 extensive optical properties of extinction, scatter-
ing and absorption coefficients were respectively about 3.2, 3.2 and 3.3 times larger.
However, the values of ω470 were similar (0.81±0.10 for clear days and 0.79±0.07
for slightly polluted days). There was no obvious correlation between extensive optical
properties and wind direction (Fig. S2 in the Supplement). The contribution of SNA15

(sulfate, nitrate and ammonium) to the observed PM1.0 mass concentration increased
strongly on polluted vs. clear days (from 34 to 44 %). Similar trends were observed
for PM2.5 and NR-PM1.0 during the January 2013 severe haze events in Beijing area
(Y. L. Sun et al., 2014; Tao et al., 2015; G. J. Zheng et al., 2015). Huang et al. (2014)
also reported higher levels of OM during pollution episodes and a combined SNA of20

about 38 %. The mean values of the extensive optical properties were much greater in
polluted periods than in clean periods. The extinction, scattering and absorption coeffi-
cient increased by 9.7, 10.1 and 7.8 times, respectively, as the mass concentrations of
light-scattering and light-absorbing species increased strongly from clean to polluted
conditions. The contributions of ammonium nitrate to PM1.0 light extinction increased25

by 7 % on polluted days, while the values of OM and EC both decreased by around
3 %. Thus, the SSA increased from 0.81 to 0.84, indicating a higher proportion of light-
scattering components. These measurements therefore indicate that secondary inor-
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ganic aerosol becomes more important during haze episodes (X. J. Zhao et al., 2013;
Huang et al., 2014; G. J. Zheng et al., 2015).

Table 3 summarizes the extinction, scattering, absorption coefficients and SSA ob-
served in this campaign and in other studies. The campaign average and standard de-
viation of αsp,470 was 166±199 Mm−1, which was considerably higher than the value of5

58±43 Mm−1 (532 nm) of Pasadena (Thompson et al., 2012), and even higher than
the urban site of Granada (Titos et al., 2012), and was comparable to the urban
site of Guangzhou in China (Garland et al., 2008). Compared with other non-urban
polluted sites in China, αsp,470 at Huairou was lower than Xinken (333±137 Mm−1)
during October to November 2004 (Cheng et al., 2008), and it was lower than Yufa10

(361±295 Mm−1) during 11 August to 9 September 2006 (Garland et al., 2009), and
it was about 2.9 times lower than Xianghe (468±472 Mm−1) in March 2005 (Li et al.,
2007), while it was comparable to the result observed at Shangdianzi (174±189 Mm−1),
an atmospheric background site, located ∼ 150km northeast of the urban center of
Beijing (Yan et al., 2008). The average value of αap,470 was 37±43 Mm−1, which15

was comparable to Guangzhou, and 2.1 and 9.7 times higher than Shangdianzi and
Pasadena, respectively. Moreover, the values αap,470 was lower than other urban and
suburban cities in China.

The regional difference in SSA can be considered in terms of the different sources
of particles, including local primary emissions, transport emissions and secondary20

aerosol formations. Higher SSA values suggest a more mixed origin for particles, in-
cluding industrial emissions, domestic coal combustion, and agricultural emissions.
The average value of ω470 was 0.80±0.08, which was lower than suburban sites in
Xinken (0.83±0.05), Xianghe (0.81–0.85) and Yufa (0.86±0.07), and rural sites in
Shangdianzi (0.88±0.05), and Pasadena (0.92±0.08), and comparable to an urban25

site in Beijing (0.80±0.09) (He et al., 2009), but considerably higher than urban sites in
Shanghai (0.70±0.07) (Li et al., 2013) and Granada (0.71±0.07) (Titos et al., 2012).
The measured SSA value was similar to most urban/suburban/rural sites, but that some
sites (Shanghai, Granada) have surprisingly low SSA values. These lower values of
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SSA probably arose from higher contribution of vehicular emissions in Shanghai (Zhou
et al., 2009), and both traffic emissions and a higher mass fraction of light absorbing
particles caused by fuel-oil combustion in Granada (Titos et al., 2012).

4.2.1 Aerosol size distributions

Table 1 and Fig. 5a show the effective mode diameters and the mean size distributions5

under the three different pollution levels (clear, slightly polluted and polluted days).
The effective mode diameters of particle number, surface and volume size distributions
from mono-log normal fits to the measured submicron size distributions are given in
Table 1 for the three classes of day. For clear and slightly polluted days, Dp,n was within
the size range of Aitken mode, whereas the value fell into the accumulation mode for10

polluted periods. However, Dp,s and Dp,v both fell in the range of accumulation mode
under three pollution levels. For clear days, the mean particle number size distributions
fitted by mono-log normal functions was around 41 nm, whereas a bimodal distribution
was observed on slightly polluted and polluted days; modes were centered at 38 and
105 nm during slightly polluted periods, and at 38 and 151 nm for polluted periods. The15

mode of the number size distributions exhibits the expected displacement toward the
accumulation mode with increasing levels of particulate matter.

4.2.2 Chemical composition

Table 1 and Fig. 5b show the mean values and the mean percentile compositions
of observed chemical compositions of PM1.0 particles under different pollution levels.20

With increasing pollution level, the SNA fraction increased by 10 %, while the EC and
OM (1.6 times OC concentration) fractions decreased slightly. These values imply that
the contribution of secondary inorganic aerosol to atmospheric fine aerosol increased
during polluted periods, a finding that was consistent with previously reported on-line
compositions in NR-PM1 (Y. L. Sun et al., 2014) and PM2.5 (G. J. Zheng et al., 2015)25

and off-line PM2.5 samples (Huang et al., 2014; Tao et al., 2015; Yang et al., 2015). On
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average, OM, nitrate, sulfate, ammonium, chloride and EC comprised 46.3, 18.0, 11.6,
10.3, 5.3 and 3.9 % of observed PM1.0. The organic mass was the largest proportion
in PM1.0 particles, and the contribution of nitrate was larger than sulfate. Compared
to summertime, the contribution of organics was significantly increased during win-
tertime, and primary organic aerosol dominated during the coal heating season (Sun5

et al., 2013). Huang et al. (2014) showed that the secondary organic aerosol (SOA)
contributed 26 % of PM2.5 in Beijing in January 2013 severe haze events, and indicated
that the dominant effect of fossil SOA formation in Beijing regions. Compared to sul-
fate, the concentrations of nitrate and ammonium aerosol increased under high levels
of pollution. The differences may be due to both photochemical and aqueous process-10

ing, which were important in the formation of nitrate (Wang et al., 2015), and aqueous
processing may play a more important role in sulfate formation during wintertime (Sun
et al., 2013).

4.2.3 Frequency distribution of optical properties

To summarize the observed results presented so far and to emphasize the differences15

in the optical properties among the three different pollution levels (clear, slightly pol-
luted and polluted), the data are presented as histograms of the relative frequency of
occurrence of αep,470, αsp,470, αap,470 and ω470 (Fig. 6). Approximately 71 % of extinc-

tion and scattering coefficients values were lower than 200 Mm−1, and nearly 80 % of
absorption coefficient values were located in the range of 1.5–50 Mm−1. Approximately20

90 % of the ω470 values fell into the range of 0.70–0.97. The average values of αep,470,
αsp,470, αap,470 increased under high pollution levels. The frequency distributions of
extensive optical parameters were not normal distributions, reflecting the rough clas-
sification of the pollution level based on 24 h averages; this approach would include
clean air periods during a polluted day, and vice versa. Compared with polluted days,25

the frequency distribution of the SSA showed similar patterns, and the average values
were similar with clear and slightly polluted days.
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4.2.4 Diurnal variations of aerosol optical properties

The diurnal variations of hourly averaged extinction, scattering, absorption coefficient
and SSA on clear, slightly polluted and polluted days are presented in Fig. 7. Broadly
similar patterns were observed for the extensive optical properties for different pollutant
levels. Extinction (αep,470) and scattering (αsp,470) tended to be lower during daytime5

and higher at night. These patterns are consistent with the expected diurnal behavior
of the boundary layer height, where vertical mixing and higher boundary layer heights
during the day diluted the particles and hence reduced αep,470 and αsp,470. At night,
lowering of the boundary layer combined with continued emissions and accumulation
of aerosol led to higher values of αep,470 and αsp,470.10

In addition to boundary layer effects, emissions associated with morning rush hour
are apparent in the aerosol optical properties. αep,470 and αsp,470 increased slowly in
the morning (07:00–09:00 LT) to peak values at 09:00 LT, indicating significant emission
and formation of particles during this period; these properties then decreased slowly
until about 14:00 LT as the boundary height rose. The diurnal variation of αap,470 had15

a similar pattern to αep,470 and αsp,470, with two small peaks and valleys evident. How-
ever, the morning peak and subsequent valley occurred about 1 h earlier for αap,470
compared to the scattering and extinction. Compared to clear and slightly polluted
days, the morning rush hour maxima in αep,470, αsp,470 and αap,470 were notably later
on polluted days, while the subsequent minima in these properties was earlier. These20

differences are likely due to differences in the boundary layer height under different pol-
lution scenarios, where high pollutant levels would partially suppress convective mixing
and result in lower boundary layer heights (Liu et al., 2013). The maximum values of
αap,470 occurred during the traffic rush hour and could be attributed to direct emissions
of light absorbing species from vehicles. We note that the increase in αap,470 from 06:0025

to the maximum at 08:00 to 09:00 LT varies from 10 to 20 Mm−1, a strikingly consistent
increase given that there is an order of magnitude difference in αap,470 for the different
pollution days before this period. This observation suggests that the number and type
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of particles are emitted during this time period is not strongly influenced by pollutant
levels; this is very much what would be expected for morning traffic emissions. Com-
pared with other studies (Garland et al., 2008; Han et al., 2014), the mean values of
αep,470, αsp,470 and αap,470 are higher than the median values, indicating that a greater
fluctuation of pollution conditions occurred at Huairou over the course of the campaign.5

For clear and slightly polluted days, the diurnal cycle of ω470 displayed a dual-dip
pattern. The first dip occurred at 10:00 LT in the morning, while the second minima was
found in the evening 18:00 LT and 19:00 LT for clear and slightly polluted days, respec-
tively. These lower ω470 values were consistent with emissions of strongly absorbing
particles by vehicles over the morning and afternoon rush hours. A weaker dip in ω47010

was also seen at 10:00 LT on polluted days; ω470 fluctuated around 0.84 after 12:00 LT,
with no discernable pattern evident. The smaller changes in ω470 under polluted condi-
tions reflect the relatively small contribution of a relatively constant amount of absorbing
particulate matter to the high particle loads. In contrast, when such emissions form an
appreciable part of the total aerosol load under clear or slightly polluted conditions, the15

changes in the SSA were marked.
During the campaign, the minimum hourly mean values of ω470 (0.767) occurred at

10:00 LT, while the peak values of αep,470, αsp,470 and αap,470 occurred at 09:00 LT. The
delay was mainly due to lots of light absorption particles (e.g., black carbon) emitted
during morning rush hour, while this was secondly caused by secondary aerosol for-20

mation. In Shanghai (Li et al., 2013) and Mexico City (Miranda et al., 2009), the daily
minimum ω values also have a time delay with absorption peak in the morning traf-
fic rush hour. The ω470 displays a high level between 02:00 and 04:00 LT and between
12:00 and 15:00 LT, mainly stemming from the increase of light scattering particles from
secondary aerosol formation aging processes.25

4.3 Chemical apportionment of aerosol optical properties

Over the past years, the chemical apportionment of αep or αsp have been conducted
in both urban and non-urban regions (Malm et al., 1994; Watson, 2002; Cheung et al.,
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2005; Malm and Hand, 2007; Yang et al., 2007; Tao et al., 2009; Cao et al., 2012;
Han et al., 2014; Tao et al., 2014a; Cheng et al., 2015). Commonly, ammonium sulfate
was the largest contributor to PM2.5 or PM10αep, with a range from 20–50 %. However,
fewer studies have been reported of the chemical contribution of different chemical
components to the extinction of PM1.0 under different pollution levels.5

Studies in other Chinese megacities, such as Shanghai (Cheng et al., 2015) and
Guangzhou (Tao et al., 2014b) and the data from US monitoring sites, shown that the
revised IMPROVE algorithm underestimates the PM2.5 extinction during high aerosol
loading and overestimates the values under low aerosol loading. The underestimation
and overestimation ratios in different studies are ranged from 11–26 % and 25–54 %,10

respectively (Cheng et al., 2015).
In this work, the reconstruction of αep,470 of PM1.0 particles was achieved by us-

ing the modified IMPROVE algorithm based on the measured concentrations of each
composition (Fig. 8a), which was well correlated with the measured αep,470 (R2 = 0.96)
during this campaign (Fig. 8c). With improved mass extinction efficiencies, the agree-15

ment among the measured and calculated PM1.0 extinction are good (with a slope
of 1.04±0.04) when the measured extinction coefficient was lower than 300 Mm−1

(as shown in the insert of Fig. 8c). When the observed extinction coefficients were
larger than 300 Mm−1, the reconstructed values by the modified IMPROVE algorithm
were 16 % lower than observed values. The modified IMPROVE algorithm for PM1.020

at λ = 470nm well represent the chemical apportionment of light extinction. The re-
constructed PM1.0 mass concentration (Fig. 8b) using the modified IMPROVE algo-
rithm was well correlated with the measured PM1.0 mass concentration (R2 = 0.99,
slope = 1.00, intercept = 0.28) (Fig. 8d), indicating that the modified IMPROVE algo-
rithm can be used to estimate the chemical apportionment for extinction in this cam-25

paign.
The average fractional contributions of each chemical component of dry PM1.0 ex-

tinction coefficient with respect to different pollution levels are shown in Fig. 9. The
optical extinction caused by OM, ammonium nitrate, ammonium sulfate, elemental car-
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bon and sea salt accounted for 57.9, 17.8, 12.5, 8.6 and 3.2 % of the reconstructed
PM1.0 extinction in this campaign, respectively. The contribution of chemical compo-
sitions to aerosol extinction depends mainly on their mass concentrations. The mass
concentrations of OM, ammonium nitrate, ammonium sulfate, element carbon and sea
salt accounted for 50.4, 21.2, 16.8, 4.2 and 7.4 % of the reconstructed PM1.0 mass5

concentrations, respectively. The organic constituents comprised a large fraction of
PM1.0 mass concentration, consistent with previous studies (Yao et al., 2010; Sun et al.,
2013).

OM made the largest contribution to the extinction of PM1.0 particles in this study.
The relative contribution of OM (58 %) to the total extinction reported here was com-10

parable to that previously reported in Beijing (54 %) during an extreme haze episode
in January 2013 for PM1.0 scattering (Wang et al., 2015), and in Shenzhen (45 %) in
the winter of 2009 for PM2.5 extinction (Yao et al., 2010). The contribution of organics
was significantly increased during wintertime, and during the coal heating season in
Beijing, the atmospheric particles were primary organic aerosol dominated (Sun et al.,15

2013). As there is a large number of mobile vehicles in the mega-cities of China, the
vehicle emissions is also a large contributor to organic aerosol (Huang et al., 2012).
From clear days to slightly polluted days, the relative contribution of organic mass to
light extinction increased by 7 %, which may due to the increscent of the contribution
of secondary organic aerosol (SOA) (Huang et al., 2014). The concentrations of nitrate20

and ammonium aerosol increased under high levels of pollution, the large formation
of nitrate and ammonium resulted in the relative contribution of ammonium nitrate to
PM1.0 light extinction increased by 6.7 % (Wang et al., 2015).

Various anthropogenic emissions, especially coal consumption, biomass burning
and vehicle exhaust, make the NCP is a region of significant source of EC. Although25

EC only comprised about 4 % of PM1.0 mass concentration, however, as its highest
absorption efficiency, which resulted in a rather higher contribution to PM1.0 extinction.
Under high aerosol loading conditions (high pollution levels), the relative contribution
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of EC to the total light extinction was decreased, which was may due to the larger
formation of secondary species in PM1.0 particles.

4.4 Estimate of MSE and MAE of PM1.0

Figure 10 shows the scattering and absorption coefficients plotted vs. mass concen-
trations for PM1.0 under different pollution levels. The PM1.0 mass concentrations were5

determined by multiplying the volume concentrations (calculated from the measured
number size distribution) with the average mass density (calculated by the volume
weighted method) (Hasan and Dzubay, 1983). The fraction of five major contributing
components to the PM1.0 composition were calculated using the IMPROVE algorithm.
The densities of OM (1.4 µgcm−3), ammonium nitrate (1.725 µgcm−3), ammonium sul-10

fate (1.748 µgcm−3), elemental carbon (1.5 µgcm−3) and sea salt (2.0 µgcm−3) were
based on literature values (Watson, 2002; Cheng et al., 2008). The average mass
densities calculated by the volume-weighted method were 1.551, 1.557, 1.591 and
1.56 gm−3 for clear, slightly polluted, polluted days and all campaign days, respectively.

The scattering and absorption coefficients were well correlated with the PM1.0 mass15

concentrations. The derived PM1.0 average mass scattering and absorption efficiency
during the campaign were 4.77±0.01 and 0.87±0.03 m2 g−1, respectively (Fig. 10d).
These values were comparable with the measurement results reported by Garland
et al. (2008) in suburban Guangzhou in July 2006, where the PM1.0 mass scatter-
ing and absorption efficiency calculated with assuming an average effective density of20

ammonium sulfate (1.7 gcm−3) were 4.13 and 1.09 m2 g−1, respectively. The reported
MSE of PM1.0 in this work was comparable to the value of PM2.5 at λ = 520nm ob-
tained in urban Beijing (4.8 m2 g−1) during wintertime (Tao et al., 2015), and higher
than that obtained in Chengdu and Guangzhou (3.9 m2 g−1) (Tao et al., 2014a, b). The
scattering efficiency at Huairou was lower than that of Xinken (a non-urban polluted25

site), where σsp,PM1.0
at 550 nm was 6.4±1.1 m2 g−1 during October to November 2004

(Cheng et al., 2008). The derived mass extinction efficiency is 4.35±0.01 m2 g−1, which
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was comparable to the reported values during Aerosols 1999 (4.1–5.4 m2 g−1) (Quinn
et al., 2001) and INDOEX 1999 (4.0–5.6 m2 g−1) (Quinn et al., 2002).

In this work, the MSE of PM1.0 was 4.13 m2 g−1 during polluted days, which was
36 % higher than that during the slightly polluted days (3.04 m2 g−1) and 68 % higher
than that during the clear days (2.45 m2 g−1) (Fig. 10a–c). The MSE of PM1.0 was5

clearly increased with high concentration aerosol loading. Cheng et al. (2014) showed
that the MSEs of ammonium nitrate, ammonium sulfate and organic matter increased
rapidly with increasing mass concentration in the lower concentration condition, while
the MSEs of ammonium nitrate and ammonium sulfate fluctuate in a narrow range at
the higher concentration condition, when the MSE of organic matter is slightly smaller.10

One recent study (Tao et al., 2015) showed that the MSE was determined by the pro-
portions of the dominant chemical components and their size distributions under dif-
ferent pollution levels. The MSEs in this work increase consistently with the mass con-
centration of particles, which is primarily due to having larger particles that scatter light
more efficiently.15

The observed MAEs were 0.64±0.00, 0.87±0.00 and 0.63±0.01 m2 g−1 for clear,
slightly polluted and polluted days, respectively. The MAE increased consistently with
increasing mass concentration in slightly pollution conditions, but decreased under
polluted conditions. At the same time, the EC fraction (the only absorber treated in
IMPROVE algorithm) decreased with increasing pollution level. The increase of MAE20

under slightly polluted days suggested the formation of light absorption organic com-
ponents (e.g. brown carbon).

The reconstructed extinction coefficients and mass concentrations (summation of the
concentrations all 5 groups) by the modified IMPROVE algorithm were used to calcu-
late the reconstructed MSEs and MAEs of PM1.0 particles. The calculated MSEs were25

1.59, 1.62 and 1.44 times larger than the observed MSEs for clear, slightly polluted
and polluted days, respectively (Fig. 11a). But for all campaign days, the calculated
value agree well with the measured result. However, contrary to the trends of MSE, the
measured MAE values were 1.49, 1.58, 1.61 and 2.02 times larger than the calculated
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values for clear, slightly polluted, polluted days, and all campaign days, respectively
(Fig. 11b). The bias for MAEs clearly implied that light absorbing fine particles should
be considered in the further work.

5 Summary and conclusions

PM1.0 optical properties and composition at a suburban site near Beijing were mea-5

sured as a part of the HOPE-J3A campaign. The mean values of observed αep,470 and

αsp,470 were 201±240 and 164±202 Mm−1, respectively. The mean values of αap,470

and ω470 were 37±43 Mm−1 and 0.80±0.08, respectively. In the measurement period,
the extensive aerosol optical properties (extinction, scattering and absorption coeffi-
cients) were much more variable than the intensive properties (SSA and CRI).10

Six periods were investigated in detail to study the evolution of intensive optical
properties and chemical composition in PM1.0 during an extended haze episode. For
a traffic-dominated pollution period, winds from northern directions favored many small
and light absorbing particles (e.g., black carbon) emitted during morning rush hour,
leading to the lowest SSA and the highest imaginary component of the CRI. The high-15

est values of ω470 (0.94±0.03), and the lowest values of imaginary part of the CRI
(0.008±0.005) suggested that particles extinction in the new particle formation event
is dominated by scattering particles. During the formation of haze, both the size and
number concentration of atmospheric fine particles increased, which increased the
light scattering efficiency and the real component of the CRI. For the combined pollu-20

tion period, the accumulation of original and newly discharged primary pollutants led to
sharply variations of the aerosol size distribution and extensive optical properties, and
smaller variations of aerosol intensive optical properties. Moreover, the largest mean
diameter and real part of CRI suggested that a larger number of secondary aerosols
formation and growth during the aggregated and removal pollution event.25
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In Huairou site, the diurnal variations of αep,470, αsp,470, and αap,470 mainly depended
on the diurnal variation of the boundary layer height, while primary emissions played an
important role during the rush traffic hour. The local wind analysis showed some influ-
ence of wind speed on the extensive optical properties, but the relationships between
intensive optical properties and wind direction were obscure.5

Based on the modified IMPROVE algorithm, light extinction apportionment indicated
that organic matter, ammonium nitrate, ammonium sulfate, element carbon and sea
salt accounted for 58, 18, 12, 9 and 3 %, respectively. Organic matter was the largest
contributor to the total extinction in PM1.0. The calculated extinction agreed with the
measured extinction coefficient and the correlation coefficient was 0.96, despite being10

based on a daily average chemical composition. From clean to polluted periods, the
contribution of ammonium nitrate to PM1.0 light extinction increased by 6.7 %, while the
values of OM and EC decreased by 3.2 and 3.4 %, respectively. The result indicated
that organic matter was the largest contributor to the total extinction in PM1.0, and
inorganic species became important during the polluted period in Huairou.15

The observed MSEs of PM1.0 were 2.45, 3.04 and 4.13 m2 g−1 for clear, slightly pol-
luted, and polluted days respectively. The MSE increased consistently with the pollution
extent. Besides, the observed MAEs of PM1.0 were 0.64, 0.72 and 0.63 m2 g−1, respec-
tively. The MAE increased consistently with increasing mass concentration in slightly
pollution conditions, but decreased under polluted conditions. However, the EC fraction20

decreased with increasing pollution level, whereas the increase of MAE under slightly
polluted days maybe due to the formation of other light absorption components (e.g.
brown carbon).

In conclusion, our analysis reveals that the optical properties of aerosols change
significantly during the evolution of haze. The new particle formation and primary emis-25

sion was apparent on clear days. The newly formed particles were dominated by
scattering components, with a high SSA of 0.94±0.03 and imaginary part of CRI of
0.008±0.005. Primary particles emitted during the rush hour were strongly light ab-
sorbing (e.g., black carbon), with a low SSA of 0.79±0.03 and a high imaginary part of
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CRI of 0.03±0.006. The contents of sulfate, nitrate, and ammonium species were high
during haze episodes; heterogeneous reactions become more important than photo-
chemical reactions under these circumstances (G. J. Zheng et al., 2015), while the
SSA was increased. It is also confirmed by the fact that the proportion of organic mass
increased slightly, while inorganic compositions were apparently higher during the pol-5

luted periods than those under clean periods.

The Supplement related to this article is available online at
doi:10.5194/acpd-15-33675-2015-supplement.
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Table 1. List of the mean optical values (aerosol extinction, scattering, absorption coefficients,
and SSA at λ = 470nm), the effective mode diameters (particle number, surface area and vol-
ume, fitted values from the measured submicron size distribution with mono-lognormal distribu-
tion function), and chemical composition of PM1.0 particles observed in this campaign. These
parameters were classified into three different pollution levels (clear, slightly polluted and pol-
luted days).

Parameter Clear Slightly Polluted Polluted All days

Optical

αep,470 (Mm−1) 58.6±81.6 186.7±161.6 567.9±292.3 200.9±239.6
αsp,470 (Mm−1) 47.2±64.7 148.9±131.9 477.2±255.5 163.9±201.7
αap,470 (Mm−1) 11.6±18.3 37.8±32.3 90.9±55.8 37.0±43.2
ω470 0.81±0.10 0.79±0.07 0.84±0.06 0.80±0.08

Size
Dp,n (nm) 38±31 73±51 120±64 67±55
Dp,s (nm) 374±130 338±114 335±76 351±116
Dp,v (nm) 478±94 480±90 455±82 475±91

Chemical
Composition
(µgm−3)

OC 3.41±2.43 8.81±4.64 20.47±6.93 8.34±6.97
EC 0.48±0.39 1.18±0.59 2.72±0.87 1.12±0.92
NO−3 1.78±1.70 5.12±3.56 14.99±6.54 5.19±5.52
SO2−

4 1.29±0.69 3.20±2.25 9.62±4.55 3.35±3.52
NH+

4 0.72±0.75 2.98±2.32 9.31±4.33 2.98±3.57
Cl− 0.52±0.96 1.48±1.41 4.46±2.26 1.52±1.88
Ca2+ 0.31±0.27 0.62±0.38 0.58±0.33 0.49±0.36
K+ 0.16±0.25 0.50±0.38 1.18±0.46 0.46±0.48
Na+ 0.19±0.22 0.33±0.28 0.60±0.38 0.32±0.30
Mg2+ 0.04±0.03 0.08±0.03 0.09±0.03 0.06±0.04
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Table 2. List of aerosol mean diameters and optical properties during the selected haze
episode.

Episode Time (Data) (LT) Number mean
diameter (nm)

Surface mean
diameter (nm)

αep,470

(Mm−1)

αsp,470

(Mm−1)

αap,470

(Mm−1)

ω470 Real part of
CRI (n)

Imaginary part
of CRI (k)

Period 1 22 Nov 05:40–10:00 56±6 193±19 56±24 44±19 12±6 0.79±0.03 1.38±0.06 0.03±0.02
Period 2 22 Nov 12:40–15:00 25±4 193±17 17±5 16±5 1.0±0.4 0.94±0.03 1.40±0.06 0.008±0.005
Period 3 22 Nov 15:30–23 Nov 08:00 106±16 229±16 179±69 151±57 28±12 0.85±0.01 1.39±0.04 0.02±0.006
Period 4 23 Nov 08:30–12:00 105±16 251±15 405±60 321±42 84±22 0.79±0.03 1.40±0.03 0.034±0.008
Period 5 23 Nov 12:30–24 Nov 07:30 124±19 263±11 330±110 283±94 46±16 0.86±0.01 1.44±0.03 0.02±0.01
Period 6 24 Nov 08:00–11:10 80±42 226±14 80±42 64±34 16±8 0.78±0.04 1.40±0.04 0.04±0.02
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Table 3. List of the mean values of aerosol scattering, absorption coefficients, and single scat-
tering albedo in this campaign and recently reported values from references.

Location Date (MM/yy) λ (nm) αsp (Mm−1) αap (Mm−1) ω0 RH Inlet References

Granada, Spain (Urban) 03/2006–02/2007 αsp: 550
αap: 550

61±25 24±9 0.71±0.07 < 50% PM10 Titos et al. (2012)

Guangzhou (Urban) 07/2006 αsp: 550
αap: 532

151±103 34±27 0.82±0.07 < 40% PM10 Garland et al. (2008)

Beijing (Urban) 01/2005–12/2006 αsp: 525
αap: 532

255±243 45±39 0.80±0.09 < 60% TSP He et al. (2009)

Shanghai (Urban) 04–05/2010 αsp: 532
αap: 532

102±74 44±35 0.70±0.07 41.2 % TSP Li et al. (2013)

Xinken, PRD (Suburban) 10/2004–11/2004 αsp: 550
αap: 630

333±138 70±42 0.83±0.05 < 20% PM10 Cheng et al. (2008)

Xianghe, Beijing (Suburban) 03/2005 αsp: 550
αap: 550

468±472 65±75 0.81–0.85 < 42.5% TSP Li et al. (2007)

Yufa, Beijing (Suburban) 08/2006–09/2006 αsp: 550
αap: 532

361±295 52±37 0.86±0.07 < 32% PM10 Garland et al. (2009)

Huairou, Beijing (Suburban) 11/2014–01/2015 αsp: 470
αap: 470

164±202 37±43 0.80±0.08 < 15% PM1.0 This work

Shangdianzi, Beijing (Rural) 09/2003–01/2005 αsp: 525
αap: 525

175±189 18±13 0.88±0.05 < 60% TSP Yan et al. (2008)

Pasadena, US (Rural) 05/2010–06/2010 αsp: 532
αap: 532

58±43 4±4 0.92±0.08 < 50% PM1.0 Thompson et al. (2012)
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Figure 1. The map of the North China Plain. The observation site (Huairou) is marked with red
star. The contour plot represents the average distribution of the MODIS AOD with 0.2◦ × 0.2◦

resolution during the campaign (16 November 2014 to 11 January 2015).
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Figure 2. Time series of (a) the aerosol number size distribution measured by SMPS, (b) the
extinction, scattering and absorption coefficients at λ = 470nm measured by cavity enhanced
albedometer, (c) organic carbon and element carbon concentration measured with an off-line
aerosol carbon analyzer, and (d) water-insoluble ion concentrations measured with an off-line
ion chromatography of dry PM1.0 particles over the sampling period.
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Figure 3. Highly time-resolved evolution of a selected air pollution episode during 22–
24 November 2014. (a) Particle number size distribution, (b) particle surface size distribution,
(c) aerosol extinction, scattering, absorption coefficients, and SSA at λ = 470nm, (d) retrieved
real part of CRI, (e) retrieved imaginary part of CRI. The air pollution episode was divided into
six shorter periods to clearly show the evaluation of optical properties during haze formation,
development and decline.
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Figure 4. Upper panel: Temporal wind direction and speed, temperature, relative humidity and
pressure of atmosphere air. Six different periods (the same as in Fig. 3) represent the evolution
of the optical properties with different aerosol processes. Lower panel: The 24 h back trajecto-
ries starting at 200 ma.g.l. in Huairou site were calculated every 6 h (at 00:00, 06:00, 12:00 and
18:00 LT) during the selected air pollution episode.

33723

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/33675/2015/acpd-15-33675-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/33675/2015/acpd-15-33675-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 33675–33730, 2015

Optical properties of
atmospheric fine

particles near Beijing
during the

HOPE-J3A Campaign

X. Xu 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
|

Figure 5. (a) The mean number size distribution and (b) percentage contribution of OM, EC
concentrations and 8 water-soluble ion compositions on clear, slightly polluted and polluted
days.
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Figure 6. The frequency distributions of dry PM1.0 optical properties at λ = 470nm observed
during the campaign. (a) Extinction coefficient, (b) scattering coefficient, (c) absorption coeffi-
cient, (d) single scattering albedo on clear, slightly polluted and polluted days.
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Figure 7. Diurnal variations of hourly averaged (a) extinction coefficient, (b) scattering co-
efficient, (c) absorption coefficient and (d) SSA at λ = 470nm on clear, slightly polluted and
polluted days. The error bars are 5th and 95th percentiles and the limits of the boxes represent
25th and 75th percentiles.
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Figure 8. (a) and (b): The plot of measured and reconstruction value of the extinction and mass
concentration, respectively; (c) and (d): Scatter plot of the measured extinction coefficient at
λ = 470nm and PM1.0 mass concentration against the reconstructed values with the modified
IMPROVE formula. Insert of panel (c) shows the linear regression between measured and
reconstructed extinction coefficient under lower aerosol load condition (with extinction smaller
than 300 Mm−1).
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Figure 9. Average fractional contribution of each chemical composition to dry PM1.0 extinction
coefficient with respect to different pollution level.
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Figure 10. Scatter plots of the measured scattering and absorption coefficients at λ = 470nm
against PM1.0 mass concentrations for PM1.0 particles under different pollution level.
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Figure 11. Comparisons of measured and reconstructed (a) MSE and (b) MAE of PM1.0 parti-
cles under different pollution level.
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