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[1] Aerosol single scattering albedo (wo) is a primary factor dictating aerosol radiative
effect. Ground-based remote sensing of wo has been employed most widely using spectral
sky radiance measurements made from a scanning Sun photometer. Reliable results
can be achieved for high aerosol loadings and for solar zenith angle >50�. This study
presents an alternative method using spectral direct radiance measurements or aerosol
optical depths together with total sky irradiance to retrieve wo. The method does
not require sky radiance data that can only be acquired by the expensive scanning Sun
photometer. The method is evaluated using extensive measurements by a suite of
instruments deployed in northern China under the East Asian Study of Tropospheric
Aerosols: An International Regional Experiment (EAST-AIRE) project. The sensitivities
of the retrieval to various uncertain factors were first examined by means of radiative
transfer simulations. It was found the retrieval is most sensitive to cloud screening, total
irradiance and the Angstrom Exponent (AE), but only weakly depends on surface albedo
and the fine structure of aerosol size distribution. Using 1 year of rigorously screened
clear-sky measurements made at the Xianghe site, the retrieved wo values were found to
agree with those retrieved from the Cimel Sun photometer by the AERONET method
to within �0.03 (RMS), and �0.003 (mean bias). As part of the differences originate
from different sky views seen by the Sun photometers and pyranometer under comparison,
a further test was conducted by using total sky irradiances simulated with the retrieved
aerosol properties from the AERONET. The resulting estimates of wo agree to within
0.01–0.02 (RMS differences) and 0.002–0.003 (mean bias). These values are better
measure of the true retrieval uncertainties, as they are free from any data mismatch. The
characteristics of wo retrievals were discussed.
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1. Introduction

[2] Aerosols have a significant impact on global climate,
either directly through scattering and absorption of solar
radiation [Coakley et al., 1983; Charlson et al., 1992; Kiehl
and Briegleb, 1993; Boucher and Anderson, 1995;
Schwartz, 1996] or indirectly by modifying the microphys-
ical properties of clouds [Twomey, 1977; Twomey et al.,
1984; Coakley et al., 1987; Albrecht, 1989]. Aerosol
absorption of solar radiation may also affect cloud formation
and cloud amount [Hansen et al., 1997; Ackerman et al.,
2000].
[3] In recent decades, increasing effort has been devoted

to the estimation of aerosol climate effects. Direct radiative
forcing is estimated to be �0.4 W m�2 for sulphate aerosols,
�0.2 W m�2 for biomass-burning aerosols, �0.1 W m�2 for

fossil fuel organic carbon, and +0.2 W m�2 for fossil fuel
black carbon aerosols [Intergovernmental Panel on Climate
Change, 2001]. These estimates are subject to very large
uncertainties. A chief cause for the large uncertainties is the
lack of reliable information on the spatial and temporal
distribution of aerosol properties. The aerosol single scatter-
ing albedo, wo, defined as the fraction of the aerosol light
scattering over the total extinction, is one of the most
important properties of aerosols. The direct radiative effect
of aerosols is very sensitive to wo. For example, a change in
wo from 0.9 to 0.8 can alter the sign of the direct effect,
depending on the albedo of the underlying surface, aerosol
backscattering fraction etc. [Chylek and Coakley, 1974;
Hansen et al., 1997].
[4] Because of technical difficulties, few instruments can

measure this key aerosol variable directly. To date, the most
widely used means of obtaining aerosol wo on large scales
and on a routine basis is to retrieve it using ground-based
Sun photometer data from the Aerosol Robotic Network
(AERONET) (http://aeronet.gsfc.nasa.gov/) [Holben et al.,
1998]. The AERONET network has been successfully
developed for long-term observations at over 349 stations
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worldwide and includes measurements of direct spectral
solar and sky radiation using Sun photometers. Observa-
tions of the direct irradiance and the angular distribution of
sky radiances at 0.44, 0.67, 0.87, and 1.02 mm are used to
derive aerosol optical depth, size distribution and wo

[Dubovik et al., 2000, 2002]. Accurate retrievals of wo (with
accuracies reaching 0.03) can be obtained for high aerosol
loadings and for solar zenith angles >50�.
[5] A pioneering study in retrieving aerosol properties

from ground-based observations was conducted by King
and Herman [1979] and King [1979] where a statistical
algorithm was proposed for inferring the imaginary part
of the aerosol index of refraction and surface albedo from
the diffuse and direct solar radiation measurements. The
algorithm works reasonably well in the case of a clear
atmosphere devoid of any cloud cover for a long enough
period of time with a large range of change in the solar
zenith angle (�40�). A combination of measurements from
a Sun photometer, a sky radiometer and a total broadband
radiometer were also employed to derive broadband aerosol
wo by Silva et al. [2002]. More recently, Kassianov et al.
[2005] described a technique to retrieve aerosol column
number density, mean radius and wo from observations
made by the multifilter rotating shadowband radiometer.
Compared to the measurements from AERONET, this
technique has a higher temporal resolution (�20 s) and its
accuracy is independent of the solar zenith angle. The
technique can be successfully applied to cases where the
aerosols are mainly composed of fine mode particles. If
the relative contribution of coarse or giant particles (1 mm
and larger) is significant, their technique fails to retrieve the
aerosol properties.
[6] In this study, aerosol wo is retrieved using measure-

ments of spectral direct solar radiation and broadband
downwelling total solar radiation acquired in China for an
entire year from 2004 to 2005. In our retrieval algorithm,
sky radiation measurements are not needed. The retrieval
accuracy is shown to be compatible with those from the
AERONET retrievals for cases where both coarse and fine
particles are abundant. Also, the accuracy does not deteri-
orate badly for small solar zenith angles. The proposed
method has significant potential implications for studying
aerosol effects on regional climate. Aerosol absorption in
China has drawn much attention in recent years [e.g.,
Menon et al., 2002]. However, little quantitative informa-
tion is available. Under the auspices of the East Asian
Study of Tropospheric Aerosols: An International Regional
Experiment (EAST-AIRE) project (Z. Li et al., Preface to
special section: Overview of the East Asian Study of
Tropospheric Aerosols: An International Regional Experi-
ment (EAST-AIRE), submitted to Journal of Geophysical
Research, 2007, hereinafter referred to as Li et al., submitted
manuscript, 2007), a network of 25 stations spread through-
out China provides measurements of direct spectral solar
radiation [Xin et al., 2007] that may be used, in combination
with total irradiance measurements, to provide nationwide
estimates of aerosol wo.
[7] In section 2, sensitivity analyses of wo to broadband

fluxes, size distribution and ground surface albedo are
presented. In section 3, the proposed algorithm to retrieve
aerosol wo is discussed. Section 4 describes the observation
site from which measurements used in this study were

made, the instrumentation deployed and data processing
procedures. Application of the algorithm and analysis of the
wo retrievals are given in section 5. A comparison with the
AERONET retrievals is presented in section 6. Detailed
error analyses are performed in section 7 and a summary of
the results and conclusions is given in section 8.

2. Sensitivity Analyses

[8] To gain insight into the dependence of the surface
broadband downwelling shortwave (SW) fluxes on aerosol
properties and ground surface albedo, sensitivity analyses
were performed using a modified radiative transfer code
developed by Nakajima and Tanaka [1988] that includes
the K-distribution method [Kneizys et al., 1988] for gas
absorption; molecular scattering is also included. The gas
vertical profile is given by the U.S. standard atmosphere
[McClatchey et al.,1972]. The real part of the aerosol index
of refraction is fixed and equal to 1.5. The aerosol wo varies
with changes in the imaginary part of the index of refraction
and the size distribution of aerosols. The aerosol size
distributions used in the calculations are the Junge power
law distribution and the bimodal distribution. The Junge
power law is expressed as:

dv rð Þ=d ln r ¼ c r=0:1ð Þ4 r � 0:1mm
c r=0:1ð Þ� p�4ð Þ

r > 0:1mm

�
ð1Þ

where dv(r)/dlnr is the aerosol volume spectrum at particle
radius r, c is a constant, and p is the exponent of the Junge
power law. The bimodal distribution is expressed as:

dv rð Þ=d ln r ¼ c1 � exp � ln r � ln r01ð Þ2=2 lns1

� �

þ c2 � exp � ln r � ln r02ð Þ2=2 lns2

� �
ð2Þ

where the subscripts 1 and 2 correspond to fine and coarse
particle modes, respectively, r01 and r02 are their mode radii,
s1 and s2 are their geometric standard deviations, c1 and c2
represent the peak values of the two modes and the ratio c2/c1
is the peak ratio which indicates the dominance of the two
modes. The particle size radius in the calculations ranges
from 0.01 mm to 15 mm.
[9] Figure 1a shows the surface broadband downwelling

SW fluxes calculated with different values of wo derived
from the Junge power law distribution with an exponent
fixed at 4.2. The abscissa in Figure 1 is the aerosol optical
depth at 0.5 mm. The fluxes are sensitive to wo and this
sensitivity increases with increasing aerosol optical depth.
With increasing aerosol optical depth, the photon path
length increases and the probability of absorption increases.
This implies that the accuracy of the retrieval of wo from
broadband solar fluxes increases with the aerosol loading.
The tendency of increasing retrieval errors with a decrease
in the aerosol optical depth was also found in the detailed
accuracy assessments of aerosol optical properties retrieved
from AERONET [Dubovik et al., 2000]. They concluded
that for Sun and sky radiance measurements, accurate
retrievals can only be obtained under high aerosol loading
conditions.

D22S03 ZHAO AND LI: AEROSOL SINGLE SCATTERING ALBEDO

2 of 10

D22S03


















