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Data collected with a CIMEL CE-318 sun-tracking photometer in Hefei between
2006 and 2008 were collected and inverted using an algorithm which takes polar-
ization information into account. The aerosol optical depths (AOD) showed a
pronounced temporal trend, with a maximum value of 0.55 at 440 nm in spring,
and values around 0.45 in the remaining seasons. The Ångström parameter for
all seasons exceeds 0.80 even in spring. Size distribution showed that both fine
and coarse aerosol fractions change significantly and periodically in magnitude
and shape during a year. Geometric mean radii for fine and coarse modes are
0.18 µm (standard deviation is 0.016) and 2.7 µm (standard deviation is 0.37),
respectively. The spectral dependence of single scattering albedo and reflective
index is distinct in the four seasons due to the different aerosol components. All
these properties are reported, and it is expected that these aerosol characteriza-
tions will help refine aerosol models and clarify the mechanisms of aerosol radiative
forcing.

1. Introduction

Atmospheric aerosol parameters are important for various applications including
satellite remote sensing and computations of radiative forcing (Smirnov et al. 2002,
Tzanis and Varotsos 2008, Zhao et al. 2009). Monitoring of atmospheric aerosols is a
fundamentally difficult problem (Dubovik et al. 2002). First, compared to atmospheric
gases, aerosols are highly inhomogeneous and variable; that is, aerosol observations
have to be global and continuous. For instance, Varotsos et al. (2006), by applying
detrended fluctuation analysis to the zonal mean daily Aerosol Index (AI) values
derived from satellite observations during 1979–2003, showed that, globally, AI fluc-
tuations in both hemispheres obey persistent long-range power-law correlations for
time scales longer than about 4 days and shorter than about 2 years. This suggests
that the AI fluctuations in small time intervals are related to the AI fluctuations
in longer time intervals in a power-law fashion (when the time intervals vary from
about 4 days to about 2 years). In other words, an anomaly in AI in one time
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70 J. Wang et al.

frame continues into the next, exhibiting a power-law evolution. In addition, analysis
performed on the surface aerosol particle measurements made in Athens and
Baltimore revealed persistent long-range power-law correlations from about 4 hours
to 9 months for PM10 in Athens, and lag times from about 4 hours to 2 weeks for PM2.5

fluctuations in a 6-month data set collected in East Baltimore (Varotsos et al. 2005).
Second, the available accuracy of aerosol characterization is often not sufficient. In
spite of high temporal and spatial aerosol variability, there are a rather limited number
of general categories of aerosol types with distinctly different properties, such as (1)
urban-industrial aerosols from fossil fuel combustion in populated industrial regions;
(2) biomass-burning aerosols produced by forest and grassland fires; (3) desert dust
blown into the atmosphere by wind; and (4) aerosols of marine origin (Dubovik et al.
2002, Varotsos 2005, Ferm et al. 2006). Ground-based aerosol remote sensing does
not provide global coverage; however, its wide angular and spectral measurements of
solar and sky radiation are best suited to reliably and continuously derive the detailed
aerosol characteristics in key locations. Moreover, some instruments have polarization
channels, which can add more information in retrieval process. The Aerosol Robotic
Network (AERONET) (Holben et al. 1998) comprises more than 400 sites located
in cities, islands, deserts and forest or grassland worldwide. So the aerosol data col-
lected by AERONET are very useful in clarifying the mechanisms of aerosol radiative
forcing and refining aerosol models.

Hefei, an AERONET site, is located in central China. The transitions of four
seasons are very clear: winter (December–February), spring (March–May), summer
(June–August) and autumn (September–November). In winter, winds are mainly
from the northwest, bringing dry air and some dust; while in spring, winds are pre-
dominantly from the east, with the highest speeds of the year, and bring dust and
sea-salt particles from land and ocean. The summer is hot and rainy. The autumn is
sunny and often influenced by northerly airstreams. Aerosols there exhibit the typical
urban-industrial aerosol properties of central China.

The instrument in Hefei is an automatic sun and sky scanning sun photometer,
which measures the direct sun and diffuse sky radiances. Then, the aerosol properties
are retrieved by using the updated inversion algorithm developed by Dubovik et al.
(2006). Compared to the original algorithm, this version models aerosols as a mix-
ture of spherical and non-spherical aerosol components and provides the fraction of
spherical particles as an additional retrieval parameter. The non-spherical component
is modelled by a mixture of randomly oriented spheroids tuned to fit laboratory polari-
metric measurements of desert dust. It also should be noted that the new algorithm
allows fitting not only the measurements of the total radiance but also polarization,
which is sensitive to aerosol optical and microphysical properties (Li et al. 2009).
To ensure the obtaining of reliable data, the instrument was regularly calibrated in
collaboration with LOA-PHOTONS (Laboratoire d’Optique Atmosphérique, Centre
National de la Recherche Scientifique, France) (Xianhua et al. 2008). The calibra-
tion includes three parts: the calibration of direct-sun measurements, the calibration
of radiance measurements and the calibration of polarization measurements. After
these calibrations, the measurement uncertainty is about 0.01–0.02 in the aerosol
optical depth, about 2–4% in the radiance and about 0.0085 in the degree of linear
polarization (DOLP). The information and results of the calibrations are shown in
figure 1.
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Aerosol properties from sun polarization 71

Figure 1. The information and results of calibration.

2. Measurements

Li et al. (2009) have shown that multi-wavelength polarization measurements nearly
double the input information of aerosol retrievals thus providing a unique opportunity
for aerosol inversion. The type of instrument in Hefei is the CE-318, which provides a
single polarization channel centred at 870 nm. All the measurements (including polar-
ization measurements) have been used in retrieving aerosol properties. We find that,
although only one channel polarization measurement has been added in the retrieval
process, the retrieved parameters also show some different characteristics (figure 2).
Similar to the inversion products of multi-wavelength polarization measurements,
the inversion products of single-wavelength polarization measurements also exhibit
several important tendencies, as shown in figure 2.

1. The measurements of DOLP depend on aerosol models. The value of mea-
sured DOLP is high when the aerosol is dominated by fine particles or coarse
spherical particles or mixed aerosol (both coarse and fine mode aerosols are
presented) as shown in figure 2(a)–(c). But the DOLP is low when the aerosol
is dominated by coarse non-spherical particles, figure 2(d).

2. Polarization measurements can help correct the underestimation of the real
part of the refractive index nr and overestimation of the fine mode size distri-
bution when the aerosol is dominated by fine particles or mixed fine and coarse
modes (the first and third row of figure 2).

3. In the case of aerosol dominated by coarse spherical particles (the second row
of figure 2), polarization can help correct the overestimation of the real part of
the refractive index nr and the coarse mode size distribution.
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72 J. Wang et al.

Figure 2. Examples of CE-318 measurements (DOLP – degree of linear polarization of sky
light) and the retrieved aerosol properties. dV /dlnR, particle size distribution; α Ångström
parameter; sp, fraction of spherical aerosol component; nr, real part of refractive index.

4. In the case of aerosol dominated by coarse non-spherical particles (the last row
of figure 2), there is nearly no difference between inversion products derived
from intensity-only (I) and polarization-intensity (P).

For the reason above, the polarization-intensity inversion products were used in
analysing aerosol optical and microphysical properties in Hefei.
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Aerosol properties from sun polarization 73

3. Results

3.1 Aerosol optical depth and Ångström parameter

Atmospheric aerosol optical conditions can be characterized by two parameters: opti-
cal depth and Ångström parameter. Figure 3(a) and (b) illustrate the monthly averaged
aerosol optical depth at 440 nm and the Ångström parameter in Hefei respectively.
Generally, the monthly averaged aerosol optical depth shows higher values from
February to June, then gives the lowest value in July, and holds middle values from
August to November, finally decreasing to lower values in December and January.
Different from the variety of optical depth, the Ångström parameter shows lower val-
ues from February to June, then gives the highest value in July, holds higher values
from August to November, and finally decreases to lower values in December and
January. The temporal varieties of AOD and Ångström in Hefei are closely related to
the following factors. (1) Rain, which can remove aerosols by the processes of rainout,
washout and sweepout. These removal mechanisms are all very efficient at deposit-
ing coarse particles (Chate et al. 2003). (2) Wind, which can bring in and take away
aerosol particles (Smirnov et al. 2002, Zhao et al. 2008). (3) Humidity, which can influ-
ence the size of some aerosol particles (Shettle and Fenn 1979). Specifically, first, less
rainfall, low vegetation cover and high speed wind result in the increase of dust in the
air from February to May, and this would cause an increase in aerosol optical depth

Figure 3. Relationship between corrected microwave-derived air temperature (Tac) and mea-
sured air temperature from an independent database. (a) Monthly averaged AOD at 440 nm;
(b) monthly averaged Ångström parameter; (c) seasonal averaged AOD at 440 nm; (d) seasonal
averaged Ångström parameter.
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74 J. Wang et al.

and a decrease in Ångström parameter (Chun et al. 2001, Huebert et al. 2003, Eck
et al. 2005). Second, July is the “plum rain season” in Hefei, and rainout efficiency
results in the minimum aerosol optical depth and the highest Ångström parameter
(Chate et al. 2003). Third, due to the stability of the atmosphere from August to
November, aerosols are mainly dominated by fine particles produced by industry pro-
ductivities, and this would result in a higher Ångström parameter (Dubovik et al.
2002). Finally, in December and January, cold wind brings some dust and carries
away some fine particles, and this would result in lower values of aerosol optical depth
and Ångström parameter. Some of the results are similar to the results reported by
Eck et al. (2005). Seasonal averaged aerosol optical depth at 440 nm and Ångström
parameter are shown in figure 3(c) and (d), respectively. The maximum aerosol optical
depth appears in spring. The remaining seasons have nearly the same value, around
0.45. The yearly averaged AOD at 440 nm is 0.4789. The maximum and minimum
Ångström parameter are 1.64 and 0.65 respectively. This means that the particle size
distribution varies strongly in a year.

3.2 Particle size distribution

Aerosol particle size distribution was retrieved from spectral sun and sky radiance data
by an iterative algorithm. The inversion algorithm produces retrievals that correspond
to the effective optical and microphysical properties for the total atmospheric column.
According to Dubovik, non-spherical dust aerosols can be retrieved reasonably well
when the angular range of sky radiances is limited to scattering angles smaller than
30◦–40◦. So the polarization-intensity data acquired around midday (scattering angle
range is small) was selected to analyse aerosol size distributions (Dubovik et al. 2000).

Figures 4 and 5 illustrate monthly and seasonal averaged size distributions
(dV/d ln R), respectively. Clearly they agree with the bimodal lognormal volume size
distributions very well. Both fine and coarse modes show relative stability and display
relatively smooth shapes. The variation of the amplitude of the two modes exhibits an
obvious periodicity in a year. Generally, aerosols are dominated by fine particles in
summer and autumn, and coarse particles in spring and winter. This means that fine
particles are not always the dominant component in urban areas all year. This can be
attributed to the difference of incoming coarse particles in different seasons. In spring,
winds are mainly from east or west with the highest speed in a year removing parts of
small particles and bringing large particles (such as dust from land and sea salt from
ocean). During winter, winds are mainly from the northwest, bringing dust and remov-
ing some small particles. In summer and autumn, fine particles become the dominant
component in aerosols over Hefei due to little effect of winds. It also should be noted
that both fine and coarse aerosol fractions change significantly and periodically in the
magnitude and shape of size distribution during a year.

Table 1 presents parameters of the bimodal lognormal volume size distributions
(Remer et al. 1999, Whitby 1978) shown in figures 4 and 5. For each mode the log
normal distribution is defined as:

dV
d ln R

= Cv

σ
√

2π
exp

[
−1

2

(
ln(R/Rv)

σ

)2
]

, (1)

where dV/d ln R is the volume distribution, the volume concentration Cv is the colum-
nar volume of particles per unit cross section of atmospheric column, σ is the standard
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76 J. Wang et al.

Figure 4. Monthly averaged particle size distribution.

deviation (SD) of ln R, that is, σ 2 =< (ln R − ln Rv)2 >, R is the particle radius and Rv

is the volume geometric mean radius. As usual, we assigned particles with radii 0.05 <

R < 0.6 µm and with radii 0.6 < R < 15 µm to the fine and coarse modes, respectively.
Effective radius (defined as a ratio of the third over the second moment of the number
size distribution) for each fraction is also presented in table 1.
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Aerosol properties from sun polarization 77

Figure 5. Seasonal averaged particle size distribution.

The annual averaged article volume concentrations for fine and coarse modes are
very close: for fine mode, mean volume concentration is 0.0779, standard deviation
0.0347; for coarse mode, mean volume concentration is 0.1086, standard deviation
0.0616. The annual averaged particle geometric mean radii for fine and coarse modes
are 0.18 µm (SD 0.016) and 2.7 µm (SD 0.37), respectively. Variation coefficients
(defined as standard deviation divided by average) yielded values of 8.92% for the
fine mode Rv and 5.72% for the fine mode σ , and 13.82% and 7.46% for the coarse
mode parameters (table 1).

3.3 Single scattering albedo and refractive index

The analysis showed that an accurate single scattering albedo (SSA) retrieval (with
accuracy to the level of 0.03) and complex index of refraction (errors on the order
of 30%–50% for the imaginary part of the refractive index ni and 0.04 for the real
part of the refractive index nr) can be retrieved only for high aerosol loading (AOD
at 440 nm larger than 0.5) for solar zenith angle > 50◦ (i.e. the range of scattering
angles in measured solar almucantar > 100◦). For observations with lower aerosol
loading, the retrieval accuracy of SSA, ni and nr significantly decreases because of the
decrease of the information content (Dubovik et al. 2002). Thus the early morning or
late afternoon measurements with high aerosol optical depth are selected for analysing
SSA and refractive index.

The seasonal averaged SSA retrieved from the whole period of observations is
shown in figure 6(a). Several major features can be observed. First, averaged seasonal
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78 J. Wang et al.

Figure 6. Seasonal averaged single scattering albedo and refractive index.

SSA is less than 0.92 at all the four bands (440, 670, 870, 1020 nm) in four seasons,
especially in winter and summer, the values are less than 0.89. This means that aerosols
in Hefei absorb a little strongly. Second, SSA shows an obvious spectral dependence
except for in winter. SSA decreases with wavelength in summer and autumn because
aerosols are dominated by fine particles produced by anthropogenic combustion pro-
cesses from the use of fossil fuels and the absorption properties of these particles can
cause the spectral dependence of SSA. In spring, SSA has higher values and the val-
ues increase from the blue to the red spectral bands. This is because dust and salt are
the major contributors to the atmospheric optical state; these coarse particles absorb
less than the anthropogenically influenced aerosols (Levin et al. 1980) and have a rel-
atively strong absorption in the blue spectral band (Kaufman et al. 2001). Third, SSA
exhibits significant difference between winter and spring, even though the particle size
distribution is similar in the two seasons. This difference may result from increasing
combustion of coal in winter.

Averaged seasonal aerosol refractive indices over Hefei are shown in figure 6(b) and
(c). The indices of refraction are not independent from the single scattering albedo and
size distribution. First, higher SSA is somewhat correlated with the lower imaginary
part of the refractive index, and vice versa. This correlation is expected because, in
the Mie formalism, the imaginary part predetermines the absorption of light by small
particles (while the SSA also depends on particle size). Such correlation can be seen
clearly in figure 6(a) and (b). Second, in winter, spring and summer, higher SSA corre-
lates to a higher real part of the refractive index, and vice versa. This tendency agrees
with the electromagnetic theory (Bohren and Huffman 1983) that the total scattering
increases with an increase of the real part. But in autumn, higher SSA is correlated
with a lower real part of the refractive index. According to Dubovik et al. (2002), this
kind of correlation is likely to be due to the higher relative humidity and resultant
aerosol hygroscopic growth.

4. Conclusions

Analyses of aerosol optical properties were performed, and the principal conclusions
drawn from our work can be summarized as follows.

1. The annual cycle of seasonal mean AOD and Ångström parameter show max-
imum and minimum values in spring because of the influence of the maximum
dust-storm activity in China in this season. However, the minimum Ångström
parameter for all seasons exceeds 0.80 even in spring, suggesting that while dust
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contributions to total aerosol optical depth are significant, fine mode aerosol
contributes more to the optical depth during the entire year.

2. Column integrated volume size distribution over Hefei shows a periodic vari-
ability in a year. In spring and winter, coarse particles are the dominant
component, while in summer and autumn, the case is reversed.

3. The spectral dependence of SSA is different throughout the year. In spring,
SSA increases with wavelength because dust is the major component. In sum-
mer and autumn, SSA decreases with wavelength due to urban fine particles
being the dominant component. This decreasing spectral trend is similar to
the results obtained by Dubovik et al. (2002) for urban pollution and smoke
aerosols. The spectral variability of SSA is very complex in winter. The aerosol
refractive index is not independent from SSA and size distribution. Higher
SSA correlates to a lower imaginary part and a higher real part of the refrac-
tive index. But some exceptions appear in autumn because the real part of the
refractive index can also be influenced by humidity in the atmosphere.
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