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Accuracy assessments of aerosol optical properties retrieved 

from Aerosol Robotic Network (AERONET) Sun and sky 
radiance measurements 

0. Dubovik,l>z A. Smirnov, ~2 B. N. Holben,’ M. D. King,3 Y. J. Kaufmaq4 
T. F. Eck,‘>5 and I. Slutsker1>2 

Abstract. Sensitivity studies are conducted regarding aerosol optical property retrieval 
from radiances measured by ground-based Sun-sky scanning radiometers of the Aerosol 
Robotic Network (AERONET). These studies focus on testing a new inversion concept 
for simultaneously retrieving aerosol size distribution, complex refractive index, and single- 
scattering albedo from spectral measurements of direct and diffuse radiation. The 
perturbations of the inversion resulting from random errors, instrumental offsets, and 
known uncertainties in the atmospheric radiation model are analyzed. Sun or sky channel 
miscalibration, inaccurate azimuth angle pointing during sky radiance measurements, and 
inaccuracy in accounting for surface reflectance are considered as error sources. The 
effects of these errors on the characterization of three typical and optically distinct 
aerosols with bimodal size distributions (weakly absorbing water-soluble aerosol, absorbing 
biomass-burning aerosol, and desert dust) are considered. The aerosol particles are 
assumed in the retrieval to be polydispersed homogeneous spheres with the same complex 
refractive index. Therefore we also examined how inversions with such an assumption bias 
the retrievals in the case of nonspherical dust aerosols and in the case of externally or 
internally mixed spherical particles with different refractive indices. The analysis shows 
successful retrieval of all aerosol characteristics (size distribution, complex refractive index, 
and single-scattering albedo), provided the inversion includes the data combination of 
spectral optical depth together with sky radiances in the full solar almucantar (with 
angular coverage of scattering angles up to 100” or more). The retrieval accuracy is 
acceptable for most remote sensing applications even in the presence of rather strong 
systematic or random uncertainties in the measurements. The major limitations relate to 
the characterization of low optical depth situations for all aerosol types, where high 
relative errors may occur in the direct radiation measurements of aerosol optical depth. 
Also, the results of tests indicate that a decrease of angular coverage of scattering 
(scattering angles of 75” or less) in the sky radiance results in the loss of practical 
information about refractive index. Accurate azimuth angle pointing is critical for the 
characterization of dust. Scattering by nonspherical dust particles requires special analysis, 
whereby approximation of the aerosol by spheres allows us to derive single-scattering 
albedo by inverting spectral optical depth together with sky radiances in the full solar 
almucantar. Inverting sky radiances measured in the first 40” scattering angle only, where 
nonspherical effects are minor, results in accurate retrievals of aerosol size distributions of 
nonspherical particles. 

1. Introduction 

Much of the current uncertainty in the quantitative assess- 
ment of the radiative energy balance of the Earth is due to our 
lack of knowledge of the radiative impact of aerosols. An 
improved understanding of the role of aerosols is imperative if 
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both the natural and anthropogenic-induced trends in climate 
are to be disentangled. Aerosols have a direct effect on the 
radiative balance of the Earth by scattering and absorbing both 
solar and terrestrial radiation. 

The difficulties in accessing the contribution of aerosols to 
radiative processes are caused by incomplete knowledge of 
aerosol macrophysical properties (sources, sinks, and loading) 
and of aerosol microphysical properties (composition, size dis- 
tribution, chemical interaction, lifetime, and diurnal variation). 
The discrete spatial and temporal nature of both natural (e.g., 
volcanic eruption, wind-lofted (e.g., Saharan) dust, and sea 
spray) and anthropogenic aerosol injection (e.g., biomass burn- 
ing and industrial pollution) makes the problem particularly 
challenging. 

The launch of NASA’s Earth Observing System (EOS) and 
other international satellite platforms equipped with a new 
generation of sensors is expected to reduce the existing aerosol 
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uncertainty in radiative forcing estimates [King et al., 19991. To 
validate the remote sensing algorithms and ensure the quality 
of aerosol products, various ground-based remote sensing 
measurements as well as some airborne measurements will be 
conducted. For instance, for highly variable troposphere aero- 
sol the ground-based observations must be performed as close 
as possible to the satellite overpass. 

The Aeroslol Robotic Network (AERONET [Holben et al., 
19981) an optical ground-based aerosol monitoring network 
and data archive, has been initiated by NASA’s EOS and 
expanded by federation with many non-NASA institutions. 
The network hardware consists of identical automatic Sun-sky 
scanning spectral radiometers owned by national agencies and 
universities. Data from this network provide globally distrib- 
uted near-real time observations of aerosol spectral optical 
depths, aerosol size distributions, etc., in a manner suitable for 
integration with satellite data. 

Validating aerosol products obtained from various satellite 
sensors may need ground-based measurements of a variety of 
optical aerosol characteristics with different data quality re- 
quirements. Therefore the error analysis and quality assurance 
of AERONET products is a question of great importance. 
AERONET has been developed to provide the aerosol infor- 
mation from two kinds of measurements: spectral data of di- 
rect Sun radiation extinction (i.e., aerosol optical depth) and 
angular distribution of sky radiance. 

The optical depth is a very valuable aerosol characteristic, 
which is a key parameter for various aerosol-related studies, 
such as aerosol radiative forcing, atmospheric corrections of 
the aerosol effect on remote sensing, etc. [Kaufman et al., 
19971. The quality of optical depth data from the ground 
mainly depends on the instrumental design, calibration, and 
correct identification of clear sky conditions. The details of 
AERONET instrumentation and operational procedures of 
the data registration are given in the paper of Holben et al. 
[1998]. The miethodology and justification of the cloud screen- 
ing and the quality control of optical depth for the AERONET 
database are given by Smimov et al. [2000a]. 

The angular distribution of sky radiance measured from the 
ground is not the characteristic commonly used for validating 
satellite or other measurements of aerosol radiative effect. 
However, the angular distribution of sky radiance contains 
information that is essential for the retrieval of the aerosol 
phase function [Nakajima et al., 1983, 19961 and single- 
scattering albedo (defining the degree of absorption) [Holben 
et al., 1996; Devaux et al., 1998; Dubovik et al., 1998a]. These 
two parameters are complementary characteristics to optical 
depth for a comprehensive consideration of aerosol radiative 
transfer properties. In addition, important aerosol microphys- 
ical parameters, such as the particle size distribution [Naku- 
jima et al., 1983, 19961 and complex refractive index, can be 
derived with the use of sky radiance measurements [Wendish 
and von Hoyningen-Huene, 1994; Yamasoe et al., 1998; 0. 
Dubovik and M. D. King, A flexible inversion algorithm for 
retrieval of aerosol optical properties from Sun and sky radi- 
ance measurernents, submitted to the Journal of Geophysical 
Research, 1999 (hereinafter referred to as Dubovik and King, 
submitted manuscript, 1999)]. 

The present inversion algorithm employed by AERONET 
[Nukujima et ,& 1983, 19961 retrieves only the volume size 
distribution [Holben et al., 19981. In specific cases other aerosol 
parameters, such as single-scattering albedo [Holben et al., 
1996; Dubovik et al., 1998a] and the real part of the refractive 

index [Yamasoe et al., 19981, were derived. The purpose of this 
paper is to test a new concept of a consistent method by 
Dubovik and King (submitted manuscript, 1999) to derive not 
only the size distribution but also the refractive index and 
single-scattering albedo. Using rigorous simulations and sensi- 
tivity studies, we specify the requirements of the data accuracy 
to derive these parameters and identify the best combination 
of measurements in the presence of instrumental errors and 
particle nonhomogeneity or nonsphericity. For example, we 
would like to clarify if the simultaneous inversion of the com- 
plete data set typically measured by AERONET (sky radiance 
in the full solar almucantar together with the spectral optical 
thickness) will always give the best retrievals. Alternatively, we 
explore if the inversion of sky radiances measured only in the 
aureole (possibly combined with the spectral optical thickness) 
can be a preferable retrieval scheme in some situations. 

This paper also attempts a comprehensive analysis of possi- 
ble errors in the aerosol optical characteristics obtained by 
inversion of AERONET measured radiances. The studies are 
focused on considering the retrieval accuracy of aerosol pa- 
rameters (size distribution, refractive index, and single- 
scattering albedo), which are derived by the inversion algo- 
rithm of Dubovik and King (submitted manuscript, 1999) from 
the typical AERONET measurements of direct and diffuse 
radiation. The retrieval algorithm is currently being employed 
for operational use by the AERONET project. The results of 
the practical retrievals can be found in recent papers [Eck et 
al., 1999; Smimov et al., 2000b; Dubovik and King, submitted 
manuscript, 19991 and on the AERONET project web page 
(http://aeronet.gsfc.nasa.gov:8080). In addition, we anticipate 
that the sensitivity analysis will outline the level of information 
content of the Sun-sky radiances regarding the aerosol char- 
acteristics to be retrieved. Indeed, if the set of measured radi- 
ances is not sufficiently informative, the accuracy of the inver- 
sions may not be good even if the accuracy of radiance 
measurements is very high. 

2. Sources of Uncertainties and Structure 
of Error Analysis 

The error analysis identifies sources of uncertainties and 
defines the real accuracy that can be expected for aerosol 
retrievals from AERONET-measured Sun-sky radiances. Sec- 
ond, the error analysis shows what kind of errors cause the 
strongest loss of information and strategies for reducing neg- 
ative effects of these errors on retrieval by optimizing the 
inversion procedure and selecting the most reliable data. Such 
selection procedures may optimize measurement geometry, 
spectral range, choice of a priori information, etc. 

2.1. Forward Modeling of Radiances 

In order to provide microstructure information from radi- 
ance measurements the radiative transfer characteristics of the 
atmosphere are modeled in the retrieval algorithms [cf. King et 
al., 1978; Nukujirna et al., 1983, 19961 under the assumption of 
aerosol particles as homogeneous spheres with complex refrac- 
tive index r%(h). The optical data obtained by a ground-based 
Sun-sky photometer can formally be represented via aerosol 
microphysical characteristics as follows: 

T*(A) = ~[dV/a In r; r%(h)] + A,(h) 
(1) 

I*(@; A) = I[aV/d In r; %(A); A(h)] + A(h; O), 
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where T(A) is the optical depth measured at different wave- 
lengths A; I(h; 0) is the spectral sky radiance measured at 
different wavelengths A and different scattering angles 0. The 
asterisk denotes the data known with some uncertainties A, ,( >. 
The inversion code (Dubovik and King, submitted manuscript, 
1999) employed for the current sensitivity studies uses the 
columnar volume size distribution aV/a In r (for radii from 
0.03 to 15 pm) and spectrally dependent complex refractive 
index &+z( A) = y1 (A) + ik( A) as the characteristics to be 
retrieved. Slight gas absorption for ozone is accounted for from 
climatological data [see Holben et al., 19981. All simulations 
and analysis in this paper are implemented for cloud-free con- 
ditions. For the AERONET database these conditions are 
assured by a cloud-screening algorithm [Smimov et al., 2000a] 
considering optical thickness measurements. In addition, the 
symmetry of the sky radiances in the solar almucantar mea- 
sured in the right and left hemispheres is checked. The vari- 
ability of sky radiance due to spectral ground reflectance A (A) 
is accounted for in a Lambertian approximation with ground 
reflectance values assumed a priori. The effects of multiple 
scattering in simulating sky radiance I( A; 0) are modeled by 
the discrete ordinates radiative transfer code for a plane- 
parallel atmosphere. Two independent discrete ordinates 
codes by Nukujima and Tanaka [1988] and Stamnes et al. [1988] 
have been used, and both codes have shown equally good 
performance. Nevertheless, using the truncation approxima- 
tion of Nakajima and Tanaka [1988] allows for faster calcula- 
tion of downwelling radiance in the aureole angular range. 

= (Ax- 2m+1XT( s,y( S*)X, (3) 

where A”(xj) is the m th difference, S, contains the coeffi- 
cients for calculating mth differences, and T denotes matrix 
transposition. The application of such smoothing to stabilize 
the inversion has been proposed by Phillips [1962], Twomey 
[1963], and Tikhonov [1963], and it is commonly used in atmo- 
spheric aerosol retrievals [cf. King et al., 1978; Nakajima et al., 
19831. The difference with the approach of the abovemen- 
tioned papers is that we are restricting the logarithmic deriv- 
atives following Dubovik et al. [1995a] rather than restricting 
the absolute derivatives. Also, we are restricting several func- 
tions simultaneously (d V/d In Y, n(A), and k(A)), and for 
each function we constrain different values a, (m = 1, 2, 3). 
That is, the admissible variations for the size distribution aV/a 
In r(r) are expected to be much stronger than for spectral 
variations of the real n(A) and imaginary k(A) parts of the 
refractive index. This is why we are considering derivatives of 
higher order for d V/d In Y and only first and second derivatives 
for n (A) and k(A). Besides, a priori values of a,, are much less 
for n(A) and k(A) than for dV/d In Y. 

2.2. Inversion Scheme 

The presence of random errors in the initial measurements 
data is inevitable. Therefore the optimization of the retrieval 
methods accounting for the presence of random error is usu- 
ally highly desirable. The basic concept, methods, and proce- 
dures of such optimization are widely discussed and developed 
by the theory of statistical estimation [cf. Edie et al., 19711. 
Nevertheless, the efficient implementation of statistical opti- 
mization for the purposes of practical inversion is a rather 
challenging task. The discussion of employing statistical opti- 
mization for the atmospheric optics applications can be found, 
for example, in the papers by Rodgers [1976] and Dubovik et al. 
[1995a, 1998b]. The details of designing statistically optimized 
code for atmospheric aerosol retrieval from Sun-sky radiances 
are given by Dubovik and King (submitted manuscript, 1999). 
According to the chosen inversion strategy, the results are 
derived from the complex data set, which includes both the 
measurements of a Sun-sky photometer and a priori data con- 
straining the retrieved results. Therefore the retrieved aerosol 
optical characteristics should satisfy simultaneously both the 
measured radiances united in (1) and the system of a priori 
defined constraints: 

The inversion is designed as a search for the best fit of all 
considered data by a theoretical model taking into account the 
different levels of accuracy of the fitted data in a manner 
similar to Dubovik et al. [1995a]. This design provides the most 
accurate solution (the smallest variances of the retrieval er- 
rors) in the presence of random noise. The optimized solution 
corresponds to the minimum of the quadratic form: 

W4 = Z Yk{[f*k - fkb>l’WJ’iX - fkb)lI, (4) 
k=l 

s;(r) = s,(dV/d In r) + A,,(r) 

d(A) = s&n(A)] + A,,(A) 

s;(A) = s&W>1 + A,,(A), 

(2) 

where the vector f, corresponds to the logarithms of T(A) at the 
selected wavelengths, the vector f2 corresponds to the loga- 
rithms of I( A; 0) at the selected wavelengths and angles, the 
vector f3 includes the values of size distribution smoothing 
function in the grid points r,, and f4 and fs include the values 
of n(A) and k(A) smoothing functions. The matrices W, are 
the weight matrices of random errors in the input data sets. 
The vector a includes the logarithms of the retrieved values of 
the size distribution d V/d In Y(Y~) in the grid points and the 
values of real and imaginary parts of the refractive index n (hi) 
and k(A,) at the selected wavelengths. The Lagrange coeffi- 
cients Yk are defined from statistical consideration as the ratios 
of the error variances A,: Yk = &T/&z. It should be noted that 
the smoothness restrictions are used only for the purpose of 
avoiding unrealistic oscillations. The correspondent variances 

~~ are defined as E; = (a,,)(Ar)2m-t’, where am is the 
maximum value observed for climatologically known aerosol 
characteristics. The multivariable search for the minimum of 
(4) is implemented by a stable numerical procedure combining 
matrix inversion and univariant relaxation according to Dubo- 
vik et al. [1998b]. 

2.3. Random Errors 

where the values sk( > relate to a priori assumed values defin- The effect of expected random errors is incorporated in the 
ing the smoothness of the retrieved characteristics. For inversion procedure by Dubovik and King (submitted manu- 
smoothing the solution the norm of the mth logarithmic de- script, 1999), as is briefly described in section 2.2. Correspond- 
rivatives of the retrieved characteristics f(x) are restricted: ingly, the expected random errors of the retrieval can be esti- 
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Table 1. Spectral and Angular Characteristics of AERONET 
Sun/Sky Radiance Data Used for Sensitivity Tests 

Angular and Spectral 
Characteristics Measurements and Assumptions 

Wavelengths Sun and sky radiance 440, 670, 870, and 1020 
measurements, nm 

Azimuth angle relative to Sun +I 2, 2.5, 3, 3.5, 4, 5, 6, 10, 12, 14, 
(standard sky radiance 16, 18, 20, 25, 30, 35, 40, 45, 
almucantar taken by 50, 60, 70, 80, 90, 100, 120, 
AERONET), deg 140, 160, and 180 

Scattering angle 0, (solar 1.73, 2.2, 2.60, 3.1, 3.46, 4.33, 
almucantar for solar zenith 5.20, 8.66, 10.39, 12.12, 13.85, 
angle 8, = 601”) deg 15.57, 17.30, 21.61, 25.90, 

30.19, 34.46, 38.71, 42.94, 
51.32, 59.57, 67.65, 75.52, 
83.12, 97.18, 108.94, 117.05, 
and 120.00 

Spectral values of ground A(440 nm) = 0.03; A(670 
reflectance A (A) (a green nm) = 0.06; A(870 nm) = 
vegetation model) 0.2; and A( 1020 nm) = 0.2 

Spectral values of ground A(440 nm) = 0.07; A(670 
reflectance A ( A) (a bare soil nm) = 0.15; A(870 nm) = 
model) 0.25; and A (1020 nm) = 0.25 

mated and controlled by the means of estimation theory 
formulations. For this retrieval the covariance matrix of re- 
trieval errors caused by random noise can be estimated by the 
expression 

i- 1 

-I 

CP = i: rk(Uk,~)T(Wk>-l(Uk,p) 8, 

k=l 

(5) 

where Ui,~ is the Jacobi matrix of the first derivatives in the 
near vicinity of the solution, i.e., 

a{[fk(a)lJ) 

iUk,P),r = -7 * 
1 a 

The value of variance 2: is estimated from the value of the 
residual (i.e., from the obtained minimum of the quadratic 
form q(a)). This residual, in the case of normal noise, has a x’- 
distribution. Correspondingly, the variance .G: can be estimated 
from the residual as follows: 

6; = *,,,(a)/(M - N), (6) 

where M is the number of fitted Sun-sky radiances and a priori 
data in a single inversion and N is the number of retrieved 
parameters. 

Thus estimates of the retrieval errors due to random noise 
are given by (5) and (6). These equations were derived in the 
approximation of linear dependence errors of the retrieval 
from errors of measurements. In practice, we find that these 
formulations work quite well in the case of small values of 2:. 
In cases of moderate and large values of ,G:, (5) and (6) tend to 
overestimate th.e retrieval errors; that is, they give an upper 
limit to the expected errors. 

2.4. Systematic Errors 

Systematic errors mainly occur because of the following two 
reasons: the existence of unaccounted instrumental problems 
(offsets) during the actual registration of Sun-sky radiance or 
the use of invalid approximations in the theoretical model used 
for measurement interpretation. These errors coupled with the 
random errors result in simultaneous overestimating or under- 

estimating optical depth, sky radiances, or azimuth pointing 
angle. These uncertainties can be very different from random 
noise uncertainties because the change in measured Sun-sky 
radiance caused by systematic offsets (such as simultaneous 
overestimation or underestimation of optical depth, sky radi- 
ance, azimuth pointing angle, etc.) may look rather similar to 
the change caused by some real variation of optical properties 
of the atmospheric aerosol. Correspondingly, the effect of this 
kind of systematic error on the aerosol retrievals may not be 
estimated correctly by (5) and (6), and we analyze the retrieval 
errors caused by systematic errors separately. 

Selecting data that are the most reliable for the inversion can 
reduce the effect of systematic errors on the retrieval. Such 
selection may relate to optimizing the measurement geometry 
(e.g., measurements of sky radiances can be restricted to only 
the aureole angular range), spectral range, etc., where the 
radiances are less likely affected by the unaccounted instru- 
mental problems and the retrievals less sensitive to the approx- 
imations in forward modeling. Therefore our error analysis will 
address this aspect of the inversion as well. 

3. Error Analysis 

The algorithm has been applied for simultaneous retrieval of 
the volume size distribution d V/d In Y(Y), complex refractive 
index, and single-scattering albedo &A) from the basic set of 
Sun-sky radiance set measured in the solar almucantar by 
AERONET Sun-sky radiometers. Correspondingly, in our sen- 
sitivity studies we are analyzing the errors in retrieval of d V/d 

In r(r), fz(A), k(A), and q)(A), which characterize the typical 
aerosol retrieval parameters of AERONET. 

For the inversion input, Sun radiance and angular distribu- 
tion of sky radiance in the solar almucantar (0,, = 0, where 8,, 
is the solar zenith angle and 8 is the zenith angle of observa- 
tions) are used. Azimuth angles of the observations 4, are 
given in Table I. Both Sun and sky radiances are taken spec- 
trally at four wavelengths (Table 1). This is the basic data set 
that is collected routinely by AERONET Sun-sky radiometers 
according to established measurements protocol [Holben et al., 
19981. Six sky radiance scans in the solar almucantar are mea- 
sured daily at an optical airmass r~z, (m,, - 1 /cos (6r,,) for 8,, I 
75”) of 4, 3, and 2, both morning and afternoon, and a sky 
almucantar scan is measured hourly between VZ,, = 2 in the 
morning and afternoon. The solar zenith angle t),, = 60” has 
been chosen for our sensitivity tests because the solar almu- 
cantar with t),, = 60” has a rather wide angular coverage of sky 
radiance. The scattering angles 0, corresponding to sky radi- 
ance in such an almucantar correspond to the scattering angles 
0, presented in Table 1 (0, for the almucantar is related to 
azimuth observation angles 4, by the simple geometrical for- 
mulation cos (0,) = co? (ff,,) + sin’ (8,,) cos (4,)). The 
scattering angle 0 = 120” is of particular importance because 
this is the typical angular range of many sunsynchronous sat- 
ellites. The random errors are estimated by (5) and (6) as 
explained in section 2.3. The retrieval errors caused by a par- 
ticular instrumental offset are analyzed by tneans of the fol- 
lowing straightforward numerical test. First, for the chosen 
aerosol model, Sun and sky radiances are computed for an 
“error-free” condition (this condition is discussed below). Af- 
terward, the offset is included in the simulated radiances, and 
these radiances are inverted. The comparison of the inversion 
result obtained with the assumed aerosol characteristic shows 
the retrieval error. Similarly, the errors caused by approxima- 
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Table 2. The Aerosol Models Adapted for Numerical Sensitivity Tests 

Aerosol Type fll (72 TV1 rv2 CVIICV2 YNl rN2 cNlIcN2 n(A) k(A) T( 440) 

Water-soluble 0.6 0.6 0.118 1.17 2 0.04 0.4 2,000 1.45 0.0035 0.05 
0.20 
0.50 
1.00 

Dust 1 0.6 0.8 0.1 3.4 0.066 0.034 0.5 735 1.53 0.008 0.50 
1.00 

Dust 2 0.6 0.6 0.1 1.17 0.066 0.034 0.4 107 1.53 0.008 0.50 
Biomass Burning 0.4 0.6 0.132 4.5 4 0.082 1.52 65,700 1.52 0.025 0.50 

1.00 

tions in modeling are considered. That is, the Sun and sky 
radiances are simulated by the most accurate available model, 
which does not use the approximation being tested. Then, 
these simulated radiances are inverted by the code, which 
utilizes the tested approximation in the modeling. The differ- 
ences between retrieved and assumed values of aerosol char- 
acteristics give the apparent errors of the retrieval. 

Obviously, both the effect of random and systematic errors 
may be different for different kinds of aerosol because the 
relationships between inverted and retrieved characteristics 
are nonlinear. Therefore the error analysis is applied to three 
significantly different aerosol models. The optical model (the 
shape of size distribution and the values of complex refractive 
indices) of water-soluble aerosol and dust are utilized from the 
paper of Tam-6 et al. [1999]. The biomass-burning aerosol is 
modeled according to Remer et al. [1998]. According to these 
papers, particle volume size distribution is modeled by bimodal 
lognormal size distribution as follows: 

In Y - In rn,L 2 

u, )I 7 
where index n refers to the kind of size distribution (e.g., 
dR’(r)/d lnr = dN(r)/d lnr and dR3(r)/d lnr = dV(r)/ 
d In r), index i denotes fine (i = 1) and coarse (i = 2) modes 
of aerosol, C denotes particle concentration (Co,i = C,, for 
number distribution and C,,, = C, for volume distribution), 
rn,i denotes median radius (Yo,i = rNZ for number distribution 
and r3,i = rVi for volume distribution), and ci is the standard 
deviation. The values for particle volume size distributions 
(and corresponding particle number size distribution) and 
complex refractive indices are displayed in Table 2. For the 
case of the water-soluble aerosol both clear and hazy condi- 
tions are considered. The values of optical thickness are also 
given in Table 2. Dust and biomass-burning aerosols are usu- 
ally a consequence of such phenomena as dust storms or ex- 
tensive fires, and correspondingly, these aerosols are often 
characterized by relatively high optical thickness. Therefore, in 
the numerical tests we consider only optical situations with 
high aerosol loading. The spectral values (Table 1) of ground 
albedo were defined for water-soluble aerosol and dust accord- 
ing to a green vegetation model. For biomass-burning aerosol 
the ground reflectance of bare soil was assumed (Table 1). 
Spectral bidirectional reflectances of a bare soil site and veg- 
etation sites of differing densities are given by Deering [1989] 
and Soulen et al. [2000], and for forested sites they are given by 
Ranson et al. [1994] and Tsay et al. [1998]. 

3.1. Algorithm Performance in Error-Free Conditions 

The error-free condition is used here to note that neither 
systematic nor random errors were specifically introduced ei- 

ther in the forward simulations or in the inversion algorithm. 
However, it should be noted that some minor errors are always 
present in the radiance modeling used for inversion. These 
errors are inherent to the inversion algorithm. First, in the 
numerical inversion used, all retrieved analytical functions are 
represented by a limited number of parameters; that is, some 
approximations are always used. For example, the aerosol op- 
tical characteristics (phase function (P(O)), extinction, scat- 
tering, and absorption optical thickness (7,,,(h), T&A), and 
7,&h)) are modeled from microstructure parameters (d V/d In 

r(r), n(A), and k(A)) using the following approximations: 

= K,,,(h; n; k)v (7) 

= K,,,,(G); A; n; k)v, (8) 

where the kernel functions of optical thickness K,(,( > and 
differential scattering coefficient K,,,,( > are approximated by 
matrices KTi,( > and Kscat( >. The volume size distribution 
d V( r)/d In r is approximated by the vector v with 22 elements 
corresponding to the points {v} i = dV(ri)/d In r chosen with 
equal steps A In r = In ri+ i - In ri = constant. The trape- 
zoidal approximation [Twomey, 19771 is used to obtain size 
distribution values between these ri points in the matrices 
K,,( ) and K& > calculation. Also, to meet calculation speed 
requirements, the dependence of matrices KJ > and K& ) 
on real n and imaginary m part of refractive index are approx- 
imated from look-up tables over all possible n and k value (see 
Dubovik and King (submitted manuscript, 1999) for further 
details). 

All of the abovementioned approximations produce some 
error even in so-called error-free conditions. According to our 
estimations, these errors can be considered as relative random 
errors with standard deviation ~1% for all three considered 
aerosol models. For significantly narrower size distributions 
(which are rather unlikely for atmospheric aerosols) this error 
may increase to up to 2-3%. Such an accuracy of the algorithm 
is sufficient for AERONET applications because the random 
error of the measurements, which is at the level of 3-5%, 
dominates over the uncertainty of the optical characteristics 
modeling. 

Thus the performance of the algorithm in error-free condi- 
tions shows the stability of the inversion to minor random 
errors. It should be noted that the problem of simultaneous 
retrieval of the complex refractive index together with the size 
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Figure 1. Tlhe standard deviation of the errors in estimates 
of volume size distribution caused by random errors. 

distribution in an extended range of sizes (0.03-15 pm) be- 
longs to the class of so-called ill-posed inverse problems. For 
example, implementing an inversion of Sun-sky radiances with- 
out applying any a priori constraints (i.e., yk = 0 for k = 3, 

4, 5 in (2)) g ives rather unstable and nonunique results (the 
illustrations are given by Dubovik and King (submitted manu- 
script, 1999)). Therefore it is important to illustrate perfor- 
mance and discuss the retrieval accuracy of the algorithm in 
the error-free condition. The retrieval accuracy in error-free 
conditions can be considered as the maximum possible accu- 
racy that can be achieved by the inversion algorithm. 

The errors existing in error-free conditions could be consid- 
ered as random errors, and correspondingly, the retrieval er- 
rors can be estimated following (5) and (6). To increase the 
confidence in these approximated formulations, we produced a 
series of numerical tests in error-free conditions for all three 
selected aerosol models. The results agree well with estima- 
tions by (5) and (6). Thus the standard deviations of the re- 
trieval error in error-free conditions can be expected as fol- 
lows: 0.01 for n(A), 10% for k(A), and 0.01 for w,(A). The 
errors in the retrieved size distribution dV(r)/d In r is a 
function of particle size. Figure 1 illustrates the size distribu- 
tion error standard deviations estimated according to (5) and 
(6) for three different aerosol microphysical models. It can be 
seen that the terrors significantly increase for both small sizes 
(r < 0.1 pm) and large sizes (r > 7 pm). For example, Figure 
2 shows retrieval results obtained by numerical tests for bi- 
modal aerosol size distribution that have particles in the whole 
considered particle size range. According to the results of the 
tests, Figure 2 shows the accuracy limit for the size distribution 
retrieval: Fine particles with a mode radius ~0.05 pm for the 
smallest mode and large particles with a mode radius 110 pm 
for the largest mode cannot be retrieved with an acceptable 
accuracy even in error-free conditions. The increase of the 
errors for both cases of very small and very large particles can 
be explained by the fact that the contribution of these particles 
to the measured optical characteristics is significantly smaller 
than for particles of intermediate sizes (0.1 pm < r < 7 pm). 

3.2. Offsets 

The offsets in the AERONET radiance measurements can 
be caused by miscalibrations of the radiometer Sun-sky chan- 
nels or by possible temporary loss in precision and/or accuracy 
of angle pointing. The appearance of such offsets generates 
systematic errors in the two first data sets of the equation 
system (1). Th,at is, the possible offset in the solar channel 
calibration is expected to generate a wavelength-independent 
absolute uncertainty in 7(A) at the level of +O.Ol [Holben et al., 

19981. An integrating sphere is utilized to perform the sky 
channel calibrations, and the expected accuracy of this calibra- 
tion is -5% or better [Holben et al., 19981. Therefore the 
possible offsets in sky radiance registration should not exceed 
5%. The mechanical degradation of the robot, which points the 
radiometer, may result in degraded precision in directional 
pointing. We estimate pointing accuracy to be within 0.05” 
(one motor step interval) for a well-tuned instrument and 
-0.25” (or 0.5”-1.0” in the worst case scenario) for a degraded 
or improperly aligned instrument. 

Also, the error in assumed ground albedo can be considered 
as an additional offset (not an instrumental offset). Indeed, the 
ground reflectance is incorporated in the scattering model by 
assuming Lambertian reflectance (independent of scattering 
angle) with reflectance values a priori fixed at each wavelength. 
It is expected that such an assumption is sufficient for the 
interpretation of ground-based atmospheric measurements be- 
cause the reflected light is of second-order importance for the 
downward radiation in most situations. The a priori fixed re- 
flectance introduces some uncertainty in the retrievals. We 
consider simultaneous overestimation or underestimation of 
ground reflectance in the whole spectrum to be the most prob- 
able scenario of this kind of uncertainty. 

Errors in the measured Sun-sky radiances caused by offsets 
can be significantly different from random errors. This differ- 
ence can be especially distinct for a single retrieval where there 
is no averaging of any of the abovementioned offsets. Indeed, 
for a single almucantar data set the spectral optical depth 
and/or angular distribution of sky radiances and/or angle point- 
ing and/or a priori estimates of ground reflectance can be 
systematically shifted. At the same time, for long-term mea- 
surements of aerosol in similar conditions, errors due to offsets 
can be significantly averaged and therefore reduced. Such av- 
eraging is expected because of the maintenance procedures 
being performed during the averaging period. The instruments 
are calibrated, checked, adjusted, or replaced; details are given 
by Holben et al. [1998] who establishes procedures for main- 
taining the quality of the measurements. Unfortunately, the 
systematic presence of similar error in the a priori estimates of 
ground reflectance is likely even for long-term measurements 
because currently there is no reliable procedure for determin- 
ing spectral ground reflectance values. In future analysis and 
subsequent reprocessing of AERONET data sets we plan to 
utilize the global database of surface spectral bidirectional 
reflectance and spectral albedo that will be produced from 
analysis of the Moderate-Resolution Imaging Spectrometer 

Figure 2. The results of size distribution retrievals in “error- 
free” conditions. The different combinations of mode radii of 
coarse and fine particles are considered. The complex refrac- 
tive index is assumed same as for water-soluble aerosol model. 



DUBOVIK ET AL.: ACCURACY OF RETRIEVED AEROSOL PROPERTIES 9797 

(MODIS) instrument data on the Terra (formerly known as 
EOS AM) and EOS PM satellites. Therefore we expect that 
the magnitude of the systematic error in assumed ground re- 
flectance will be minimized when using these data sets and will 
be lower than the values of 30 and 50% relative errors used in 
the analysis presented here. 

All or some of the above shifts occurring simultaneously (in 
the optical depth, sky radiance, angle pointing, and ground 
reflectance) are very unlikely and would probably mean that 
the data would be unacceptable for interpretation. The simul- 
taneous uncorrected appearance of several minor shifts is pos- 
sible, but this would happen randomly and can be analyzed as 
random errors. In our opinion, the most serious problem that 
may appear in practice would be the appearance of one of 
abovementioned offsets. Therefore, in our tests we will analyze 
each situation with a single but strong offset. 

3.2.1. Offsets modeling. Instrumental offsets are consid- 
ered in our analysis as the three following systematic errors: (1) 
wavelength-independent absolute shifts in the measured total 
optical thickness T(A), AT(A) = -+O.Ol and AT(A) = kO.02 (as 
a maximum possible shift in the measured total optical thick- 
ness); (2) wavelength-independent relative shifts in the mea- 
sured Sky radiances I(@; A), A,(@; A)/l(O; A) 100% = 
? 5 % ; and (3) systematic shifts in the azimuth angle pointing, 
Ac$ = 0.5” and A+ = 1” (as a maximum possible shift in angle 
pointing). Errors in a priori estimates of ground albedo values 
A (A) are modeled as wavelength-independent relative shifts in 
a priori assumed ground albedo values A (A), hA ( A)/A (A) 
100% = t30%, 550%. 

The above errors do not exhaust all error sources affecting 
Sun-sky radiance measurements. At the same time, according 
to the multiyear experience of processing and analyzing the 
network data, these errors adequately reflect all major practi- 
cal problems of AERONET instrumentation. For example, 
extinction optical thickness error is the result of multiple 
sources of error [Shaw, 1976; Reagan et al., 1986; Russell et al., 
19931 and probably cannot be reduced to a wavelength- 
independent absolute shift AT(A) = +-0.01. However, for 
AERONET radiometer measurements the uncertainty in di- 
rect Sun measurements is dominated by the calibration uncer- 
tainty in exoatmospheric constant determined by Langley plot 
procedure and in the change in time of these exoatmospheric 
constants due to change in interference filter transmittance. 

3.2.2. Result of numerical tests. The results of numerical 
tests for aerosol retrievals in the presence of the various offsets 
described above are presented in Figures 3-7. Figures 3 and 4 
show the retrievals of aerosol size distribution and optical 
properties for water-soluble aerosol and for different values of 
aerosol optical thickness (~(440) = 0.05, 0.2, 0.5, and 1). The 
results for the retrievals of desert dust-type aerosol and bio- 
mass-burning aerosol are presented in Figures 5-7. 

3.2.2.1. Size distributions: The size distributions can be 
retrieved rather well in almost all situations considered (com- 
pare Figures 3, 5, and 6). The major concerns relate to the 
characterization of water-soluble aerosol in optically thin con- 
ditions: ~(440) = 0.05 and 0.2 and retrievals of the size distri- 
bution of dust when angular pointing is offset. In optically thin 
situations the largest retrieval errors result from biases in op- 
tical thickness. This is because even a small absolute error in 
optical thickness AT(A) = +O.Ol becomes comparable with the 
magnitude of aerosol optical thickness and produces a very 
high relative error AT(A)/T(A) (20% and higher). In optically 
thin situations a certain increase in the retrieval errors is noted 
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Figure 3. Volume size distribution retrievals for water- 
soluble aerosol in the presence of instrumental offsets: (a) 
biases in optical thickness (left) and sky radiances (right) and 
(b) biases in angular pointing (left) and a priori estimates of 
ground reflectance (right). 

for all of the offsets considered. This increase can be explained 
by the fact that the contribution of the atmospheric aerosol to 
both Sun and sky radiances becomes comparable or even 
smaller than contributions from molecular scattering and gas- 
eous absorption. 

The high sensitivity of dust size distribution to errors in 
angular pointing can also be easily understood. That is, the 
aureole part of the phase function (0 < 40”) is very sensitive to 
large particles, and hence significant information about large 
particles (r B A/ 27~) is concentrated in the small-angle scat- 
tering range [e.g., Bohren and HufSman, 19831. In addition, the 
phase function of large particles has a very well pronounced 
forward peak (Pa”‘(@) at a scattering angle of 0” can be >lO 
times greater than at a scattering angle of loo). The contribu- 
tion of multiple scattering in the aureole is also very minor [cf. 
Dave, 1964; Nakajima et al., 19961. Thus a small error in an- 
gular pointing for the scattering by dust particles, which are 
accounted by large coarse mode particles, leads to a very sig- 
nificant error in the sky radiances measured in the aureole 
range and correspondingly to a very significant error in the 
retrieved size distribution. A similar tendency can be observed 
in the retrieval of the coarse particles mode of the biomass- 
burning aerosols (Figure 6). 

3.2.2.2. Complex refractive index and singli-scattering al- 
bedo: The complex refractive index and single-scattering al- 
bedo are optical characteristics of great interest for the various 
aerosol studies, and much effort has been expended to achieve 
reliable retrievals of these characteristics from optical mea- 
surements. However, many of these studies have not yet re- 
sulted in well established and reliable procedures. In our opin- 
ion, the reason for such modest progress in the development of 
retrieval procedures relates to the limited information content 
of optical measurements with respect to complex refractive 
index and single-scattering albedo. The numerical tests clearly 
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Figure 6. Volume size distribution retrievals for biomass- 
burning aerosol in the presence of instrumental offsets: (a) 
biases in optical thickness (left) and sky radiances (right) and 
(b) biases in angular pointing (left) and a priori estimates of 
ground reflectance (right). 
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Figure 4. Complex refractive index and single-scattering al- 
bedo retrievals in the presence of instrumental offsets for wa- 
ter-soluble aerosol: (a) the real part of the complex refractive 
index, (b) the imaginary part of the complex refractive index, 
and (c) the aerosol single-scattering albedo. 
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Figure 7. Complex refractive index and single-scattering al- 
bedo retrievals in the presence of instrumental offsets for 
desert dust and biomass-burning aerosol: (a) the real part of 
the complex refractive index, (b) the imaginary part of the 
complex refractive index, and (c) the aerosol single-scattering 
albedo. 

Figure 5. Volume size distribution retrievals for desert dust 
in the presence of instrumental offsets: (a) biases in optical 
thickness (left) and sky radiances (right) and (b) biases in 
angular pointing (left) and a priori estimates of ground reflec- 
tance (right). 
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show these accuracy limitations of Figures 4 and 7. Indeed, the 
applied inversion code allows global fitting of spectral and 
multiangle Sun-sky radiance with a simultaneous search for the 
size distribution and complex refractive index. Testing this 
code in error-free conditions shows a successful retrieval of all 
searched parameters. However, in the presence of offsets the 
accuracy of the retrieval significantly degrades, particularly for 
the retrieval of the complex refractive index and single- 
scattering albedo. For example, the tendency of increasing 
retrieval errors with a decrease of optical thickness is more 
pronounced for the retrieval of the refractive index and single- 
scattering albedo (Figures 4 and 7) than for the retrieval of 
aerosol size distribution. The retrieval accuracy of each of 
above parameters (real part of refractive index and imaginary 
part of refractive index and single scattering albedo) is dis- 
cussed in detail below. 

3.2.2.3. Real part of the refractive index: The real part of 
the refractive index of water-soluble aerosol is retrieved suffi- 
ciently well only for the cases with high optical thickness: 
~(440) = 0.5 and 1 (Figure 4). For optically thin conditions 
(~(440) = 0.05 and 0.2) the accuracy of the real part of refrac- 
tive index is significantly reduced. This result arises primarily 
from the low sensitivity of Sun-sky radiance measurements to 
aerosol of low concentration (i.e., low optical thickness). It 
should be noted that the offset in optical thickness (Figure 4, 
~(440) = 0.05 and 0.2) results in an artificial wavelength de- 
pendence of YZ (A). This can be explained by the fact that the 
error in optical thickness measurements is assumed wave- 
length-independent AT(A) = +O.Ol. At the same time, the 
aerosol optical thickness Per(h) can be strongly wavelength- 
dependent, and thus the effect of 117(h) can be different (in 
proportional sense) at different wavelengths. The wfvelength 
dependence of 7”“‘(h) can be characterized by the Angstrijm 
parameter Q, which is a coefficient of the following regression: 

In [T(A)] = -a! In (A) + p. (9) 

The value of the Angstr6m exponent LY is usually anticorrelated 
with aerosol microstructure: The smaller the aerosol particles, 
the higher the (Y and vice versa [e.g., O’Neill and Royer, 19931. 
Table 3 shows the Angstriim exponents of all the considered 
aerosols together with wavelength dependence of ?‘“‘(A) for 
the case of ~(440) = 0.5. We see that P’(A) is very different 
for the different aerosol types. For the smaller particles we see 
higher values of (Y, and hence a stronger wavelength depen- 
dence of error effects are expected (we see such dependence 
for water-soluble aerosol in Figure 4). From Figure 7 we can 
see that the error effect caused by AT(A) is the smallest for dust 
and much more pronounced for biomass burning. This is be- 
cause dust has both a small value of cy and a large value of T. 
The biomass-burning aerosol has a high optical thickness at 
440 nm but with a very high value of the Angstriim exponent 
and therefore am" strongly decreasing with A. 

The largest error in n(A) for the dust model size distribution 
(Figure 7) arises from angle pointing bias, similar to results for 
the size distribution retrieval, discussed above. For dust the 
greatest information about the real part of the refractive index 
comes from the aureole region, which is strongly affected by 
errors in angular pointing. 

3.2.2.4. Imaginary part of the refractive index: The imag- 
inary part of the refractive ‘index retrievals are illustrated in 
Figures 4 and 7. The value of imaginary part of refractive index 
defines the magnitude of the aerosol absorption. Therefore the 
error in k(A) correlates with the error AT(A). That is, an 

Table 3. Spectral Aerosol Optical Thickness and Angstriim 
Exponent (Y for the Aerosol Models Adapted for Numerical 
Sensitivity Tests 

440 nm 670 nm 870 nm 1020 nm a 

Water-soluble 0.50 0.26 0.18 0.14 1.5 
Dust 1 0.50 0.40 0.38 0.37 0.36 
Biomass burning 0.50 0.22 0.13 0.08 2.1 

increase (decrease) of ?‘“‘(A) caused by the presence of the 
error AT(A) is compensated by the inversion code as an artifi- 
cial increase (decrease) of absorption (i.e., k(A)). This effect 
can be observed in the situations where AT(A) is not negligible 
in comparison with T(A), i.e., for water-soluble aerosol (where 
optical thickness is low, ~(440) = 0.05 and 0.2) and for bio- 
mass-burning aerosol (T(A) for larger wavelengths is rather 
small because of high (Y = 2.1). For the dust case the retrieval 
of k(A) is mainly influenced by error in the angular pointing. 
This confirms the statement, made previously, that the major 
information about aerosol parameters for large dust particles 
arises from aureole radiances, which are very sensitive to the 
angular pointing accuracy. 

3.2.2.5. Single-scattering albedo: Single-scattering al- 
bedo retrievals are shown in Figures 4 and 7. All of the ob- 
served tendencies of retrieved we(A) can be anticipated from 
the following simple formula: 

(10) 

In addition, the errors in retrieved o,(A) are anticorrelated 
with A7Eta’; that is, overestimation of T(A) results in underes- 
timation of q)(A). The errors in sky radiance A1( @)/I( 0) are 
positively correlated with errors in retrieved o,(A). Besides, 
the higher the aerosol optical thickness (both T:$ and $“iJ, 
the smaller the error in retrieved w,(A). These two tendencies 
are especially evident for water-soluble and biomass-burning 
aerosols. In the case of dust the effect of AT(~) is very minor 
because T(A) is high for all wavelengths (see Table 3); however, 
the error in angular pointing strongly affects the estimates of 
w,(A), similar to results for the retrieval of other dust optical 
characteristics. The underestimation of the scattering angle 
results in significant underestimation of czLt because of the 
strong forward peak existing in sky radiances of the dust. This 
effect becomes smaller with increasing T(A) because the sharp- 
ness of the peak decreases owing to multiple-scattering effects. 

The errors in a priori defined values of ground reflectance 
are anticorrelated with the errors appearing in the single- 
scattering albedo. This is because the inversion algorithm tends 
to compensate underestimation (overestimation) of ground 
albedo by an increase (decrease) of aerosol scattering (i.e., ecit 
increases (decreases)). 

Table 4 summarizes the results of tests for the retrieval 
sensitivity to the offsets. The errors in the estimates of size 
distribution are given for the values of dvi(ri)/d In Y, which 
are not less than one tenth of the maximum. However, the 
error in estimating very small values d V,(r,)/d In Y (for exam- 
ple, the values on the tails of size distribution can be smaller 
than the maximum by a factor of 1000) can be much higher 
than 100% (which is the maximum error noted in Table 4). 
Table 4 does not include the errors caused by the maximum 
offsets (AT(A) = kO.02) in T(A) for low optical depth situations 
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Table 4. Errors in the Size Distribution, Complex 
Refractive Index, and Single-Scattering Albedo 

Water- Biomass 
Soluble Dust Burning 

dV/d In T(Y,), % 
0.1 pm < r <: 7 pm 15 35 25 
Y < 0.1 pm and r > 7 pm 15-100 35-100 25-100 

n(A) 
T,(440) 5 0.2 0.05 
T,(440) > 0.2 0.025 
T,(440) 2 0.5 0.04 0.04 

k(A) 
T,(440) 5 0.2 80-100% 
T,(440) > 0.2 50% 
T,(440) 2 0.5 50% 30% 

U”(A) 
T,(440) 5 0.2 0.05-0.07 
T,(440) > 0.2 0.03 
T,(440) 2 0.5 0.03 0.03 

Errors should be expected in the retrievals from the combination of 
spectral optical depth (440, 670, 870, and 1020 nm) and angular dis- 
tribution of sky radiance in the solar almucantar (440, 670, 870, and 
1020 nm; solar zenith angle of 60”) in the presence of the following 
instrumental offsets: in optical thickness, AT(~) = 50.01; in sky radi- 
ancesl(O; h), [A,(@; h)lZ(O; A)] 100% = ?5%; in azimuth angle 
pointing, A$ = 0.5“; and in the a priori estimates of ground reflectance 
A(A), [AA(A)L4(A)] 100% = 250%. 

and the errors caused by the maximum offsets in angular point- 
ing (A$ = 1”) for desert dust. These errors are excluded from 
this summary of the sensitivity tests because these errors are 
very high, and lwe expect to detect such situations from residual 
analysis (see section 3.4) and then exclude them from the 
AERONET-reported retrieval results. Also, we tested in detail 
only the situation with solar zenith angle equal to 60”, but we 
do not expect that dramatic differences will occur for the 
50”-70” solar zenith angle range. 

3.3. Approximations in Forward Modeling and Selecting 
of Radiances 

3.3.1. Approximations in forward modeling. The as- 
sumption of aerosol particles as homogeneous spheres is the 
strongest model restriction in the inversion procedure (Dubo- 
vik and King, submitted manuscript, 1999). Both assumptions 
of particle hornogeneity and spheric@ may not be valid. For 
example, in certain meteorological conditions the tropospheric 
aerosols present may be the result of different air mass inter- 
actions. Such aerosols may then be composed of a mixture of 
particles of different kinds. For example, dust or biomass- 
burning aerosols can be mixed with background water-soluble 
aerosol. Two different mechanisms of aerosol mixing can be 
expected: particles of different kinds interact or they do not 
interact. Correspondingly, in the case of noninteracting parti- 
cles the particles of different kinds simply coexist, and no 
particles with new characteristics are formed. In this situation, 
particles of different sizes may have different values of the 
refractive indices. We will consider such a case as externally 
mixed particles. In the case of interacting particles, new kinds 
of particles with new optical characteristics can be formed. For 
example, small nonsoluble particles can be coated by water- 
soluble particles. As a result, after a certain period of aging, the 
mixed aerosol will consist of nonhomogeneous (internally 
mixed) particles, and special consideration is required [Acker- 
man and TooY;~, 19811. For example, in the case of biomass- 

burning aerosol the aerosol particles are expected to contain 
strongly absorbing impurities of soot rather than being homo- 
geneous dielectric particles. 

The shape of the particles becomes a critical issue for dus- 
tlike tropospheric aerosol, which consist of predominantly non- 
spherical particles [Koepke and Hess, 1988; Kaufman, 1993; 
Mishchenko et al., 19971. This is why Mie scattering theory may 
not be appropriate for retrieval of desert dust optical proper- 
ties. 

Vertical variability of the atmosphere may also cause some 
errors in the retrieval results because inversions are imple- 
mented without accounting for detailed structure of the atmo- 
sphere. However, comparison of downward radiance simulated 
with and without accounting for vertical structure shows that 
the effect of these errors is modest in most simulations. Almost 
no effects of vertical structure can be observed for sky radi- 
ances in the solar almucantar. The radiances in the solar al- 
mucantar are the result of scattering and absorption by atmo- 
spheric layers viewed with similar geometry (zenith angle of 
observation is the same for all sky-measured radiances and 
equal to the solar zenith angle) and therefore not sensitive to 
the variations of vertical structure of atmospheric aerosol. This 
is why measurements in the solar almucantar are selected in 
the AERONET measurement protocol as the basic data for 
columnar aerosol retrieval. 

3.3.2. Optimum selection of radiances. The retrieval un- 
certainties caused by modeling errors can likely be reduced if 
the inverted data set will include only measurements of radi- 
ances insensitive to the approximations employed in modeling 
these radiances. For example, the differences between spheres 
and nonspherical particles are minor at forward scattering an- 
gles [west et al., 19971, and the effects of multiple scattering 
and reflection from the ground are smaller in this region than 
for higher scattering angles [Kaufman et al., 19941. Also, in the 
aureole angular range (scattering angles smaller than 40”) 
diffraction of light is a dominant scattering effect, which de- 
pends primarily on particle size and is independent of the 
refractive index [van de H&t, 1957; Kaufian et al., 19941. 
Therefore, if only sky radiances measured in the aureole are 
inverted, a good retrieval of particle sizes can be expected, 
even if assumptions on ground reflectance, particle composi- 
tion, particle shape, etc., are not completely correct. From 
another side, limiting the inverted data set to only aureole data 
may increase the instability of the solution caused by random 
errors and measurement errors due to angular pointing. Cor- 
respondingly, further error analysis is focused on investigating 
the retrieval errors associated with limiting the data set to a 
specific angular range of inverted Sun-sky radiance. That is, we 
analyze the fruitfulness of inverting the sky radiance measured 
in a limited angular range instead of inverting the full almu- 
cantar. The following three angular ranges are considered: 
scattering angles <75”, 43”, and 30”. This analysis will also help 
to specify the accuracy of retrievals that would be obtained for 
the situations when Sun zenith angle is relatively small (35” and 
smaller), and sky radiances in correspondent solar almucantars 
will not contain measurements with large-scattering angles. In 
addition, for some cases we analyze the error changes associ- 
ated with excluding the measurements of optical thickness 
from the inverted data set. 

First, we evaluate the random error effects. According to the 
general conclusions of statistical estimation, reducing the num- 
ber of measurements in the initial data set should result in a 
decrease of retrieval accuracy [cf. Edie et al., 19711. However, 
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if the theoretically estimated decrease of retrieval accuracy is 
small, then the decrease of accuracy of the optical properties 
retrieved from the reduced initial data set is also expected to 
be small [see Dubovik et al., 1995b]. Figure 8 illustrates how the 
retrieval errors caused by random errors change with the 
changes of angular range of the inverted data set. The errors 
are estimated according to (5) and (6). All figures show that 
reducing the data set angular range results in clear increases of 
the retrieval errors caused by random errors. 

Second, we test how angular limiting of the inverted Sun-sky 
radiance data set changes the retrieval error caused by offsets. 
For these tests we implement all the calculations similar to the 
ones discussed in section 3.2.2. The only difference is that to 
reduce the tests to a reasonable number, we consider a singular 
situation for each aerosol model: water-soluble aerosol 
(~(440) = 0.2), dust (~(440) = 0.5) and biomass-burning aero- 
sol ($440) = 1). Selecting these three cases, we choose the 
optical thickness most typical for each kind of aerosol. The 
results of the tests are qualitatively similar to those displayed 
on Figure 8 and are not shown. All tests show that the angular 
restriction of inverted data does not improve the retrieval in 
the presence of offsets. Moreover, the opposite tendency is 
observed, whereby the retrieval error caused by offsets in- 
creases if we do not use spectral optical thickness data in the 
inversion or if we use sky radiances measured in the more 
narrow angular range. For example, a very poor retrieval of the 
real part of the refractive index is obtained for cases in which 
sky radiances measured in a limited angular range we used in 
the inversion. Correspondingly, we can conclude that in the 
presence of the instrumental offsets the real part of refractive 
index cannot be appropriately retrieved from sky radiances 
measured in a limited angular range. Alternatively, size distri- 
bution retrievals are satisfactory for all situations. These results 
are particularly important for the situation in which solar ze- 
nith angle, during the almucantar scan of AERONET Sun-sky 
radiometers, is significantly <60”, and hence the range of scat- 
tering angles necessary to yield a good estimate of the real part 
of the refractive index is not available. 

3.3.3. External and internal mixtures of particles. The 
numerical tests described in section 3.3.2 show that in the cases 
in which the assumed approximations are sufficiently correct, 
any reduction of experimental input (angular limiting) will not 
make any improvements. However, this does result in signifi- 
cant decreases in solution stability due to the influence of 
random error. This is why the fruitfulness of the above data 
selection will depend on the prevalence of one of two compet- 
ing tendencies: improving accuracy of the retrievals (due to 
decreasing model errors effects) and loss in stability of retriev- 
als (due to increase of random noise destabilizing effect). It is 
expected that in some cases the errors caused by model ap- 
proximations may have a negative impact on the retrieval, 
being occasionally much greater than the errors caused by 
random noise. Therefore, in section 3.3.3.1 we will test the 
errors that result because of model approximation of homoge- 
neous and spherical particles. 

3.3.3.1. External mixture: An external mixture of aerosol 
particles can be formed in very different ways. For example, 
more than two aerosols can be mixed together; each aerosol 
component may have a different particle size distribution; the 
particles of different components may differ in internal struc- 
ture, shape, refractive indices, etc. In our studies we test only 
the simplest situation in which the fine and coarse modes 
represent the different aerosols composed of spherical and 
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Figure 8. The standard deviation of the errors in estimates 
of volume size distribution and complex refractive index 
caused by random errors only. The different data sets are 
considered: sky radiance in full almucantar (scattering angle 
up to 120”) and limited by scattering angle 75”, 43”, or 30” with 
and with out spectral optical thickness measurements. (a) The 
volume size distribution and (b) complex refractive index. 

homogeneous particles, i.e., the fine and coarse modes of such 
a mixture of aerosol have similar spherical shape but different 
complex refractive indices. This simplest mixed aerosol may 
have rather different optical characteristics from the aerosol 
where all particles have the same refractive index. At the same 
time, if both fine and coarse modes are composed of tW0 

different kinds of particles with different refractive indices, the 
mixture may possibly have optical characteristics similar to the 
characteristics of homogeneous particles with effective com- 
plex refractive index. For testing our external mixture the size 
distributions of fine and coarse modes and the refractive index 
for the fine mode is assigned to be the same as in the water- 
soluble aerosol model (Table 2). The refractive index of the 
coarse mode is assigned as for dust (Table 2). In addition, we 
tested the case when particles of the fine and coarse modes 
have very different complex refractive indices: small particles 
have high real and imaginary parts of refractive index (n (A) = 
1.65; k(A) = 0.035), and large particles have low real and 
imaginary parts of the refractive index (n(h) = 1.33; k(h) = 
0.0005). 

3.3.3.2. Internal mixture: An internal mixture of aerosol 
particles can also be influenced by various physical and chem- 
ical processes, which can result in particles with diverse inter- 
nal structure and shape. The growth of such particles as well as 
their physical and optical parameters are widely discussed in 
the scientific literature [e.g., Ackernzan and Toon, 1981; Draine 
and Flatau, 1994; Martins et al., 19981. In our tests we consider 
the simplest model of biomass-burning aerosol particles as 
layered spheres with black carbon core (n (A) = 1. 865; k(h) = 
0.45) surrounded by water-soluble substance (n(h) = 1.45; 
k(A) = 0.0035). We consider two kinds of layered spheres: 
The black carbon core has a fixed radius Y,,,, = 0.038 pm (the 
smaller particles are homogeneous black carbon particles), or 
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Figure 9. Volume size distributions of inhomogeneous aerosols (externally and internally mixed) retrieved 
using the model of scattering by homogeneous spheres. 

the ratio between particle radius and radius of the core is fixed 

(‘corcJYpartic*e = 0.33). The radius of the core and ratio are 
chosen so that the biomass-burning aerosol composed of in- 
ternally mixed particles has a single-scattering albedo (o,,(h)) 
quite similar to the single-scattering albedo of biomass-burning 
aerosol with the same size distribution but composed of ho- 
mogeneous particles. The fixing of the same size distribution 
together with similar single-scattering albedo is necessary to 
provide practically realistic model of biomass-burning aerosol. 
For example, increasing (decreasing) the size of the absorbing 
core would result in unrealistically strong (weak) absorption of 
the aerosol. Figures 9 and 10 show the retrieval results for both 
cases of external and internal mixture, where the inversion 
code always assumes homogeneous spherical particles. The 
retrieved size distributions agree quite well with the assumed 
size distributions for all cases in Figure 9. The largest differ- 
ences can be seen for the external mixture when fine and 
coarse have very different complex refractive indices. The re- 
trieved real and imaginary parts of refractive indices corre- 
spond to certain effective values (Figure 10). These effective 
values can be close to the optical constants of the fine or coarse 
mode depending on the optical contribution of each mode to 
the total scattering. The retrieval results illustrated in Figure 
10 show that the single-scattering albedo is retrieved rather 
well for both external and internal mixtures. 

3.3.4. Nonspherical particles. For testing our retrieval al- 
gorithm in conditions of nonspherical scattering we use the 
model of desert dust given in the paper by Mishchenko et al. 
[1997], where the dust is considered as randomly oriented 
spheroids. We have simulated Sun and sky radiances using the 
T matrix code developed by Mishchenko et al. [1997] for pro- 
late spheroids with semimajor/semiminor axis ratio of 2. To 
avoid serious numerical problems related to degenerated ma- 
trices appearing in modeled scattering by very large particles, 
we have restricted our consideration of particle size radii <2 
pm. A similar limit was used by Mishchenko et al. [1997]. 
Correspondingly, we chose a size distribution different from 
the one we used for spherical dust particles (dust 2 model in 
Table 2). This size distribution has a smaller mode radius of 
the coarse mode in comparison with the dust 1 model. In a 
series of sensitivity tests, the Sun and sky radiances simulated 
for this nonspherical dust model have been inverted by the 
code that assumes homogeneous spherical particles. 

Figures 11 and 12 illustrate the results of these sensitivity 
tests for data Isets with different angular range of sky radiance 
measurements. For sky radiance the relative random errors 
were assumed to have a 5% standard deviation. The random 

errors in optical thickness were modeled as absolute errors 
with standard deviation equal to 0.01. The tests show that the 
correct shape of size distribution can be retrieved only in the 
cases when the limited angular range of sky radiance is used 
(scattering angles are <30”-40”). In the cases where the sky 
radiance corresponding to larger-scattering angles is used (es- 
pecially for the case of the full almucantar) the retrieved size 
distribution shows a strong overestimation of the volume of 
fine particles. This result can easily be explained by the differ- 
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Figure 10. Complex refractive index and single-scattering al- 
bedo of inhomogeneous aerosol (externally and internally 
mixed aerosol) retrieved using the model of scattering by ho- 
mogeneous spheres: (a) the real part of the refractive index, 
(b) the imaginary part of the refractive index, and (c) the 
aerosol single-scattering albedo. 
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ences in the phase functions of spheres and spheroids. The 
phase function of spheroids is significantly greater than the 
phase function of spheres in the middle range of angles be- 
tween 70” and 350” [e.g., Mshchenko et al., 19971. Therefore 
the inversion code forces the appearance of false fine particles 
to compensate for the corresponding difference in sky radi- 
ances (Figure 12). For angles <40”, there is almost no differ- 
ence in the phase function of spheroids and spheres. This 
explains the better retrieval of the size distribution in the case 
when only aureole measurements of sky radiance are used 
(scattering angles <30”-40”). However, even for these cases, 
we see some discrepancies, namely, the shape of the volume 
size distribution is retrieved correctly, but the volume of par- 
ticles is overestimated. 

This overestimation in volume size distribution retrieval 
arises from the fact that spheroids scatter more strongly than 
spheres of the same equivalent volume. For example, the ex- 
tinction cross section in geometrical optics can be approxi- 
mated as 

Q&> = 32 geom pr&) = ; LrfW > (11) 

where the extinction cross section Q&Y) is expressed in terms 

e geom projCr>) th e average geometrical projection of the spher- 
oid (details are given by Van de Hz& [1957]). To relate the 
extinction cross section to the particle surface area Ssurf(r), we 
used the Cauchi theorem [Vouk, 19481, which establishes the 
relation between average geometrical projection and surface 
area of the spheroid as Q geom pmjCr> = tSsurf(‘)* Thus we 
conclude from the (11) that Q..,(Y) for the randomly oriented 
spheroids is always higher than for volume-equivalent spheres 
because the sphere has the smallest surface area. Correspond- 
ingly, the algorithm based on scattering by spheres will always 
overestimate the absolute value of the volume concentration. 

Figure 12 shows that the retrieved real and imaginary parts 
of the refractive index of spheres are rather different from the 
n(h) and k(h) used in most simulations. The retrieved real 
part of the refractive index has strong spectral dependence and 
is underestimated relative to modeled values in most of the 
cases. Only in the one case, when full range of sky radiances 
was inverted, were the values of n(h) at longer wavelengths 
(870 and 1020) 1 c ose to the modeled values. The retrieved 
values of k(h) at all wavelengths are close to the modeled 
values within the 30% accuracy interval for the case when the 
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Figure 11. Volume size distributions of nonspherical aerosol 
particles retrieved using the model of scattering by homoge- 
neous spheres. The different data sets used in the retrieval 
included spectral optical thickness measurements and sky ra- 
diance in full almucantar (scattering angle up to 120”) limited 
by scattering angles of 75”, 43”, or 30”. 
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Figure 12. Complex refractive index and single-scattering al- 
bedo retrieval of nonspherical aerosol using the model of scat- 
tering by homogeneous spheres. The different data sets used in 
inversion include optical thickness measurements and sky ra- 
diance measurements in full almucantar (scattering angle up to 
120”), limited by scattering angles 75”, 43”, or 30”: (a) the real 
part of the refractive index, (b) the imaginary part of the 
refractive index, and (c) the aerosol single-scattering albedo. 

full range of sky radiances was inverted and when the angular 
range of inverted sky radiances covered all scattering angles up 
to 75”. The numerical tests show that the single-scattering 
albedo can be retrieved rather accurately if the basic data set 
(Sun radiances plus sky radiances in the whole almucantar) is 
inverted (Figure 12). It is known from direct simulations that 
nonspherical scattering does not result in large changes of 
single-scattering albedo [Koepke and Hess, 1988; Mshchenko et 
al., 19971; that is, nonspherical scattering does not significantly 
change the proportion between total scattering and total ex- 
tinction o,(A) = T,,,~/T~~~. However, in our opinion, this con- 
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Figure 13. The residuals (calculated by (6)) observed in sen- 
sitivity test: (a) the residuals (calculated by (6)) for model of 
water-soluble aerosol and (b) the angular dependence of the 
residual of the sky radiances (q(O) = [I,,,,( 0) - I,,- 
ted( O)]/Z,,,e;,h~(0)) b o served in the retrieval of nonspherical 
dust using the model of homogeneous spherical aerosol parti- 
cles. 

elusion can hardly be considered as a guarantee of a good 
retrieval of single-scattering albedo from Sun-sky radiances. 
Indeed, forward simulations usually are comparing the single- 
scattering albedo of nonspherical and spherical particles hav- 
ing the same size distribution and refractive index. At the same 
time, the inversion process allows the fitting of Sun-sky radi- 
ances by the spheres with a different size distribution and 
different refractive index, possibly leading to different single- 
scattering albedo results. Such situations can be seen for all 
retrievals where the whole almucantar is not used. The main 
problem in smgle-scattering albedo retrieval is to correctly 
derive the total scattering 7SCilt (the extinction optical thickness 
T,,~ is measured directly): 

77 
T,,,,~(A)P~(O) sin (0) dO. (14 

From this equation we see that if the sky radiances are fitted 
accurately in the whole range of available scattering angles 
(i.e., the values T\~.,,(A)P,(@) are approximated as accurately 
as possible by Mie scattering), the estimates of T,~.,~ should also 
be accurate. At the same time, it is important to use the whole 
range of available scattering angles (from 2” to 120”) because in 
this angular range the phase function of nonspherical particles 
is smaller than the Mie phase function in the forward hemi- 
sphere and larger in the backward hemisphere. Correspond- 
ingly, if only a very limited angular range (<30”, 40”, or 75”) is 
used, T,,,,~ can be underestimated, It should be noted that lack 

of sky radiances corresponding to angles >120” does not affect 
the retrieval of single-scattering albedo because the contribu- 
tion of these angles to the total scattering T,,.,~ is very minor 
owing to sin (0) response in (12). Additional discussion con- 
cerning the importance of the angular range for single- 
scattering albedo retrieval is given by Dubovik et al. [1998a]. 

3.4. Residuals 

The inversion is designed as a search for the best fit solution, 
i.e., the minimization of qmln(a) (equation (4)). The value of 
the smallest residual ‘P’,i,(a) is sensitive to the presence of 
errors in the experimental data. Therefore this value is usually 
employed as an indicator of the retrieval quality, similar to 
what is done in (6). However, this equation is formulated to 
evaluate only random errors under the assumption of no sys- 
tematic errors. Nevertheless, it is our anticipation that (6) can 
indicate the retrieval quality in the presence of systematic 
errors or failure of the radiative model because not all system- 
atic errors in Sun-sky radiances can be fitted by the forward 
model without any residual (i.e., q(a) = 0). This is true espe- 
cially for the case when the total number of measurements in 
Sun-sky radiance data set is larger than the total number of 
retrieved unknown parameters because not all changes in Sun- 
sky radiances are compatible. 

To evaluate the sensitivity of the residual *(a) to systematic 
errors, we controlled the value 6, estimated by (6) in all nu- 
merical tests. Figure 13a shows the residuals that were ob- 
tained in all tests for water-soluble aerosol (the results for dust 
and biomass-burning aerosols are not shown). A clear increase 
of the residual can be observed for the cases with high relative 
error in the measurements of optical depth, i.e., for water- 
soluble aerosol (in Figures 3 and 4, ~(440) = 0.05 and 0.2) and 
for biomass-burning aerosol. For the case of dust the residual 
increases for the case of systematic error in angular pointing 
and, especially, for the case of nonspherical particles. Thus the 
residual increases significantly for all cases with a strong influ- 
ence of systematic errors; that is, there is a clear correlation 
between the accuracy of the retrieval and the value of q(a). 
Correspondingly, the error estimated by (5) and (6) should be 
sensitive to systematic errors affecting the retrieval accuracy, 
and they can indicate an increase in the retrieval errors over 
the values given in Table 4. 

Also, for the case of nonspherical scattering (Figure 13b) the 
increase of the residual arises for the case when sky radiances 
in the full almucantar are used. This residual increase almost 
disappears with a decrease of angular range of inverted sky 
radiances. It should be noted that for the case of nonspherical 
scattering the fitting accuracy of the sky radiances [I,,,,(O) - 

4ittdwlLe;,s(@> h s ows a very well pronounced decrease for 
large-scattering angles (Figure 13b). Therefore this increase 
can be used as an indicator of the presence of significant 
nonspherical scattering. 

4. Summary and Conclusion 
In this paper we described the results of our sensitivity stud- 

ies to assess the accuracy of our new method for deriving 
aerosol optical properties from inversion of Sun-sky radiance 
measurements. The method is based on the inversion algo- 
rithm developed by Dubovik and King (submitted manuscript, 
1999) that allows global fitting of spectral and multiangle Sun- 
sky radiances with a simultaneous search for the aerosol size 
distribution and complex refractive index. We tested the re- 
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trieval accuracy of these parameters as well as aerosol single- 
scattering albedo in the presence of random and systematic 
errors. The analysis was focused on inverting the data combi- 
nation typically measured by AERONET radiometers: spectral 
optical thickness in four wavelengths together with the angular 
distribution of sky radiance in the solar almucantar at the same 
wavelengths. Additionally, we clarified the significance of using 
sky radiances corresponding to large-scattering angles (75” and 

larger). This aspect of the studies was important to both iden- 
tify the best combination of Sun-sky radiances for the retrieval 
and to recognize accuracy differences in the inversions of the 
solar almucantars corresponding to different solar zenith an- 
gles (i.e., different scattering angular coverage). 

To evaluate the errors caused by random noise, the linear 
error estimates given by (5) and (6) were tested. The effects of 
systematic errors, which cannot be considered as random er- 

rors, were analyzed separately. Sun or sky channel miscalibra- 
tion, inaccurate pointing of emergent azimuth angle during sky 
radiance measurements, and inaccuracy in accounting for 

ground reflectance were considered as possible systematic off- 
sets in the inverted radiance data. The effects of these errors 
on the characterization of three typical and optically distinct 
bimodal aerosols (weakly absorbing water-soluble aerosol, ab- 
sorbing biomass-burning aerosol, and dust) were considered. 
The major noticed difficulties related to the characterization of 
aerosol under very low optical thickness conditions. A partic- 
ularly distinct increasing of retrieval errors with decreasing 7ext 
has been observed for the retrieval of the refractive index and 
aerosol single-scattering albedo. For the retrieval of the size 

distribution, a similar tendency exists but less pronounced. The 
accurate azimuth angle pointing is critical for the character- 
ization of dust. Limitation of the angular coverage of measured 

sky radiance (from scattering angles out to 120” down to max- 
imum scattering angles 75”, 40”, and 30”) results in a dramatic 
decrease in retrieval accuracy for the real part of the refractive 
index and some decrease of the retrieval accuracy for other 
parameters (the smallest effect is on the size distribution). 
Quantitative estimates of the accuracy of the retrieval using 
both spectral optical thickness and sky radiance measured in 
the full solar almucantar (solar zenith angle of 60”) are sum- 
marized in Table 4. 

In the retrieval the aerosol particles are assumed to be 

polydisperse homogeneous spheres that have the same com- 
plex refractive index. Therefore we examined how much these 
assumptions mislead our inversion solutions in the case of 
nonspherical dust aerosols and in the case of externally or 
internally mixed spherical particles with different refractive 
indices. For both cases of internally and externally mixed par- 
ticles, no significant errors were observed in the retrieval of 
single-scattering albedo. The retrieved size distributions also 
agree quite well with the assumed size distributions for all 
cases of mixed particles. The largest differences were found for 
an external mixture of particles in which fine and coarse mode 
particles have very different complex refractive indices. The 
retrieved real and imaginary parts of the refractive indices 
correspond to effective values in between those assumed in the 
inhomogeneous particles. For nonspherical particle scattering 
the tests show that the shape of size distribution can be re- 
trieved only in cases where the angular range of sky radiance is 
limited to scattering angles are <30”-40”. However, the single- 
scattering albedo can be retrieved rather accurately only if the 
complete basic data set (Sun radiances plus sky radiances in 
the whole almucantar) is inverted. The real part. of the refrac- 

tive index of nonspherical particles cannot be retrieved with 
good accuracy using Mie scattering (the real part of the refrac- 
tive index is underestimated in most cases). Nevertheless, the 
values of n(h) retrieved from the complete basic data set are 
close to the real values at longer wavelengths (870 and 1020 
nm). The values of the imaginary part of the complex refractive 
index can be retrieved with an accuracy of 30% in cases where 
the angular range of sky radiance is fit up to scattering angles 
of 75” or larger. 

In addition, it is shown that the minimum value of the 
residual given by (5) and (6) (the best fit of measured radiances 
to a theoretical model) is sensitive to both the presence of 
experimental error and the failure of the radiative model. 
Therefore this residual value can be adopted as an indicator of 
the quality of the retrieval. 
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