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Ground-based sunphotometer observation of direct and scattered solar radiation is a traditional tool for
providing data on aerosol optical properties. Spectral transmission and solar aureole measurements
provide an optical source of aerosol information, which can be inverted for retrieval of microphysical
properties ~particle size distribution and refractive index!. However, to infer these aerosol properties from
ground-based remote-sensing measurements, special numerical inversion methods should be developed and
applied. We propose two improvements to the existing inversion techniques employed to derive aerosol
microphysical properties from combined atmospheric transmission and solar aureole measurements.
First, the aerosol refractive index is directly included in the inversion procedure and is retrieved simulta-
neously with the particle size spectra. Second, we allow for real or effective instrumental pointing errors
by including a correction factor for scattering angle errors as a retrieved inversion parameter. The
inversion technique is validated by numerical simulations and applied to field data. It is shown that
ground-based sunphotometer measurements enable one to derive the real part of the aerosol refractive
index with an absolute error of 0.03–0.05 and to distinguish roughly between weakly and strongly absorbing
aerosols. The aureole angular observation scheme can be refined with an absolute accuracy of 0.15–0.19
deg. Offset corrections to the scattering angle error are generally found to be small and consistently of the
order of 20.17. This error magnitude is deduced to be due primarily to nonlinear field-of-view averaging
effects rather than to instrumental errors. © 1999 Optical Society of America
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1. Introduction

Aerosol particles influence radiative transfer and
photochemical mechanisms in the atmosphere and
play a fundamental role in cloud formation process-
es.1 They also determine to a certain extent the ra-

diative and heat balance of the Earth-atmosphere
system.2 Interaction of aerosol particles with in-
coming and reflected solar radiation influences the
quality of remotely sensed images of the Earth’s sur-
face from satellite-based and airborne platforms.3

Understanding the direct influence of aerosols on the
radiative transfer processes requires knowledge of
the optical properties of the aerosols, such as extinc-
tion coefficient, phase function, and single scattering
albedo, or in turn of their microphysical properties,
such as size distribution and the refractive index that
determine the aerosol optical features.

Ground-based sunphotometry is known to be a sim-
ple and reliable tool for monitoring column-
integrated composition and optical properties of the
atmospheric aerosol. Two methods are widely used
in aerosol remote sensing: ~1! the measurement of
the direct solar radiation transmitted through the
atmosphere ~atmospheric transmission or extinction
method! and ~2! the measurement of the solar radi-
ation scattered at near-forward directions ~aureole or
scattering method!. In general, the information con-
tent of the extinction and scattering measurements
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with respect to the aerosol physical characteristics is
different. A number of studies have combined
transmission and aureole measurements to exploit
these different types of contribution and to improve
the information properties of the observations.4–8

The availability of multispectral measurements of
aerosol optical depth performed in visible and in
near-infrared spectral ranges in addition to multi-
spectral and multiangle measurements of the aerosol
phase function at near-forward directions permits
the inference of the aerosol particle size distribution
n~r! and the aerosol complex refractive index m 5 h 2
ix and as a consequence the derivation of other aero-
sol physical and optical features that depend on n~r!,
h, and x. Numerous approaches to and methods of
inversion of optical remote-sensing data were devel-
oped during the past few decades.9–16 Most of these
techniques are focused on the retrieval of only the
aerosol size spectra and do not consider the influence
~or the inversion opportunities! of variations in the
refractive index. Some studies employed a simpli-
fied approach to the retrieval of the refractive index
involving library methods or trial inversions of the
optical measurements with different refractive indi-
ces ~see, for example, Refs. 17–19!. In these studies
the values of the optical constants that minimize the
residuals between the measured and the simulated
radiances are taken to be the exact solution. It is
obvious that the latter technique is time consuming
and does not easily provide objective estimates of the
retrieval accuracy of the refractive index.

The lack of a well-developed method to determine
the aerosol refractive index can be explained as fol-
lows: First, the realistic variation of the optical con-
stants of the atmospheric aerosol affect the aerosol
extinction and the small-angle scattering to a lesser
extent than the variation in the particle size distri-
bution, and hence, if the measurement accuracy is
not high, the refractive-index effects cannot be dis-
tinguished from the measurement noise. Second,
the inclusion of the optical constants in the inversion
procedure requires the calculation of the derivatives
of the aerosol optical characteristics with respect to
the real and imaginary parts of the refractive index.
However, the optical constants enter into the Mie
expressions for the aerosol extinction, scattering, and
phase function in a complicated nonlinear way ~see
Ref. 20!, thus hampering the development of the al-
gorithm for the calculation of these derivatives.

The other common feature of the known ap-
proaches to the interpretation of the solar aureole
measurements is the assumption that the scattering
angles of aureole observations are known precisely.
However, certain indeterminacy in the scattering an-
gles may always exist because of the inaccuracies in
the instrument angular positioning and Sun point-
ing. The error that results from the neglect of the
instrument offset can significantly influence the ac-
curacy of the particle size distribution retrieval, es-
pecially the retrieval of the concentration of large
particles.21

In an earlier paper22 the technique for inferring the

particle size distribution along with the refractive
index from the spectral transmission measurements
in the visible and the near infrared was developed
and tested. To compute the derivatives of the aero-
sol optical characteristics with respect to the aerosol
optical constants that are required in the inversion,
the modified Mie code of Rozanov et al.23 was used.
In the present study, first we apply a similar ap-
proach to the interpretation of combined atmospheric
transmission and solar aureole observations and de-
rive a formulation for the simultaneous retrieval of
the particle size spectra and the refractive index from
these data. Second, we allow for a certain indeter-
minacy in the values of the solar aureole observation
angles, which may occur as a result of inaccuracy in
the instrument positioning and Sun pointing. The
factor that corrects for possible inaccuracy in the de-
termination of the aureole scattering angles is also
included in the inversion scheme and is derived along
with the aerosol parameters. We give a description
of the technique, analyze the information content of
the measurements with respect to the parameters
sought, estimate the potential accuracy of their re-
trieval, and present the results of the application of
the developed technique to numerical simulations
and to actual sunphotometer observations.

2. Theory and Details of Computation

A. Spectral Transmission and Solar Aureole Model

The spectral transmission technique is based on the
formulation of Beer–Lambert law for the extinction of
the solar radiation in the atmosphere:

E~l! 5 E0~l!exp@2m0t~l!#, (1)

where E~l! is the measured ground-based solar irra-
diance at wavelength l, E0~l! is the extraterrestrial
solar irradiance, m0 is the optical air mass @m0 5
1ycos~us! for solar zenith angles us # 75°#, and t~l! is
the total optical thickness of the atmosphere. The
spectral aerosol optical thickness ta~l! is given by

ta~l! 5 t~l! 2 tR~l! 2 tg~l!, (2)

where tR~l! is the Rayleigh scattering optical thick-
ness and tg~l! is gaseous absorption.

The solar aureole is commonly defined as the re-
gion of enhanced brightness within approximately
15–20° of the solar disk.10,24 A basic assumption of
the solar aureole technique is that the forward peak
of the phase function of the scattered solar radiation
is controlled largely by single-scattering processes.
This aureole feature allows one to simplify the phys-
ical model significantly and to approximate the ef-
fects of multiple scattering and surface contribution
with a second-order corrective factor to the formal
single-scattering solution of the radiative transfer
equation8,10,25:

Is~V, l! 5 m0 E0~l!exp@2m0t~l!#@tR~l!PR~V, l!

1 tsa~l!Pa~V, l! 1 Dms~V, l, A!#, (3)
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where Is is the aureole radiance measured at scatter-
ing angle V, PR~V, l! and Pa~V, l! are the Rayleigh
and aerosol phase functions, respectively, tsa~l! 5
ta~V, l!va~l! is the aerosol scattering optical depth,
va~l! is the aerosol single-scattering albedo, and
Dms~V, l, A! is a term that represents the contribution
of the effects of multiple scattering and reflection
from the surface in the solar aureole.

For aureole measurements acquired in the solar
almucantar one can adopt the Box–Deepak10 approx-
imation for the multiple-scattering contribution:

Dms~V, l, A! 5 tA~l, A!PR~0°, l! 1 PR~V, l!tms, (4)

where

tA~l, A! 5 At2y~1 2 At3!,

t2 5 1.34tss cos uy@1.0 1 0.22~tssycos u!2#,

t3 5 0.9tss 2 0.92tss
2

1 0.54tss
3,

tms 5 0.02tss 1 1.2tss
2y~cos u!1y4,

tss 5 tR~l! 1 tsa~l!, (5)

A is the land surface hemispherical albedo, u is the
solar zenith angle, and tss is the total scattering op-
tical depth.

The aerosol particles were assumed to be homoge-
neous spheres. In general, the shape and composi-
tion of natural aerosol particles can be different from
the properties assumed. The possible effect of the
particle nonsphericity on the results of the study are
discussed below. The adoption of the aerosol model
mentioned above permits the application of spherical
particle Mie theory to relate the aerosol optical prop-
erties to their microphysical properties. For a par-
ticle size distribution n~r! the integrated Mie
contributions are given by

ta~l! 5 *
0

`

pr2n~r!Qext~m, r, l!dr, (6)

tsa~l! 5 *
0

`

pr2n~r!Qsca~m, r, l!dr, (7)

Pa~V, l! 5 l2y2pytsa~l! *
0

`

n~r!@i1~V, m, r, l!

1 i2~V, m, r, l!#dr, (8)

where m 5 h 2 ix is the complex index of refraction,
n~r! is the column integrated particle size distribu-
tion function @~number of particlesyunit area!yunit
size interval#, Qext~m, r, l! and Qsca~m, r, l! are the
Mie extinction and scattering efficiency factors, re-
spectively, and i1~V, m, r, l! and i2~V, m, r, l! are the
Mie amplitude functions.

B. Formulation and Solution of the Inverse Problem

Equations ~1!–~8! describe the relationship between
aerosol microphysical properties and atmospheric
transmission and solar aureole scattering as well as

providing a formal basis for the inversion of the op-
tical measurements to retrieve the aerosol character-
istics. Following the ideas outlined above, we have
developed a methodology for the simultaneous re-
trieval of the particle size distribution, the real and
imaginary parts of the refractive index, and the factor
that corrects for the nonzero offset angle of the in-
strument pointing toward the center of the solar disk.
To specify the inverse problem we assumed that the
sunphotometer data are available in the form of aero-
sol optical depth @Eq. ~6!# derived from atmospheric
transmission measurements in N spectral bands and
aureole radiance @Eq. ~3!# measured in M spectral
bands at L scattering angles. Thus the total number
of measurements input to the inversion procedure is
N 1 ML. The measurement errors were assumed to
be random. The particle size spectrum was specified
as a volume distribution v~r! 5 4y3pr3 n~r! and rep-
resented in the form of a histogram of 20 logarithmi-
cally spaced size bins within a radius interval of
0.05–10 mm.. The aerosol particles were assumed to
be represented by a fixed refractive index ~indepen-
dently of particle size and of the wavelength within
the 0.38–1.02-mm spectral range!.

We assumed that an error in the aureole observa-
tion scattering angles could occur as a result of a real
or an effective constant offset in the instrumental
pointing accuracy relative to the solar disk. For the
two solar aureole scanning configurations that we
employed, namely, almucantar and principal plane
scans, this angular offset is approximately propor-
tional to the scattering angle. Thus a correction fac-
tor for the scattering angle error ~dV! was introduced
as

Vl 5 Vl* 1 dV, l 5 1 . . . L, (9)

where Vl* and Vl, respectively, represent noncor-
rected and corrected sets of scattering angles em-
ployed in the aureole observations.

For the inversion we assumed that all other atmo-
spheric properties that could influence the radiative
transfer within the 0.38–1.02-mm spectral were
known. As well, we assumed a simplistic nominal
value for the surface albedo to account for its second-
order influence on measured sky radiances. The ra-
diative transfer model that we used in this study
included Rayleigh scattering and absorption by O3

and NO2 ~calculated for the standard mid-latitude
summer atmospheric model26!. It was assumed that
the atmospheric attenuation and solar aureole obser-
vations were performed outside any strong gaseous
absorption bands. To specify the surface albedo we
used the model of Cess and Vullis27 for “pastureland.”
The spectral albedo value in this model is constant for
wavelengths less than 0.7 mm ~A 5 0.06! and greater
than 0.9 mm ~A 5 0.43! and increases linearily from
0.7 to 0.9 mm between these two extremes.

For the numerical inversion of the aerosol optical
depth and solar aureole measurements we linearized
Eqs. ~3! and ~6! and, accounting for the possible mea-
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surement errors, reduced the problem to a set of
equations of the form

F 5 Hf 1 ε, (10)

where F is the ~N 1 ML! column vector of the devi-
ations of the measured aerosol optical thickness in N
spectral channels and of the measured solar aureole
radiance in M spectral channels at L angles from
their mean values, f is the column vector of the pa-
rameters to be determined, H is the matrix of partial
derivatives of optical depth and solar aureole with
respect to the unknown parameters, and ε is the col-
umn vector of the supposedly random and indepen-
dent measurement errors

In the formulation of the inverse problem the col-
umn vector f is defined by

f T
5 $dv1 . . . dvK, dh, dx, dV%, (11)

where K 5 20, fT is the transpose of f, dvk is the
relative deviation of the particle volume concentra-
tion in the kth radius bin vk from its mean value vk*:

dvk 5 ~vk 2 vk*!yvk*, (12)

and dh and dx are, correspondingly, the deviations of
the real and the imaginary parts of the refractive
index from their means. The total number of un-
knowns subject to the retrieval from the optical mea-
surements comprised 23.

It should be noted that the linearization of Eqs. ~3!
and ~6! with respect to the variables to be retrieved
and the computation of the elements of matrix H is a
rather straightforward procedure, except for the com-
putation of the complex refractive index and the off-
set angle; the linearization process requires
knowledge of the partial derivatives of the aerosol
optical characteristics @]ta~l!y]h, ]ta~l!y]x, ]Pa~V,
l!y]h, ]Pa~V, l!y]x, and ]Pa~V, l!y]V#. To obtain
the derivatives of the optical parameters relative to h
and x we implemented the method devised by Roza-
nov et al.23 A brief description of this algorithm as
well as the technique that we used to compute the
derivatives of the aerosol phase function with respect
to the scattering angle are given in Appendix A.

The retrieval of the aerosol microphysical proper-
ties from the optical sounding data is known to be an
ill-conditioned inverse problem from the mathemati-
cal point of view.4,15,24 In general this means that
the solution may not be unique and that any exper-
imental error in the measurements may be greatly
amplified in the inversion of Eq. ~10!. In the absence
of constraints the solution is accordingly highly un-
stable. To overcome these difficulties a priori infor-
mation with respect to the unknowns must be
introduced to allow for the solution stabilization ~or
regularization!. The use of the a priori information
on the unknowns is often viewed as supplementing
the direct observations that alone lead to the ill-posed
inverse problem, by virtual measurements.28 The
combination of the real and virtual measurements
stabilizes the inversion procedure and thus effec-
tively ensures that the problem is well posed. Sev-

eral techniques for solving ill-posed inverse problems
exist. The constrained linear inversion method was
devised by Twomey29; Wark and Fleming30 used em-
pirical orthogonal functions for constraining the so-
lution; a statistical approach to solution stabilization
was developed by Turchin and Nozik,31 Westwater
and Strand,32 and Rodgers.33 Discussions and com-
parative analyses of these methods can be found in a
number of published reviews ~see, for example, Ref.
28!.

The statistical characteristics of the measurement
noise for remote-sensing techniques such as sunpho-
tometry are typically known or can be estimated.
Usually we also have certain a priori knowledge of
the expected variability of the parameters that are
being retrieved. Furthermore, it is quite reasonable
to assume normally distributed probabilities for both
the measurement errors and the unknowns sought.
Given these conditions, the application of a statistical
approach to the regularization of the solution for Eq.
~10! is quite appropriate. In this case an optimum
linear unbiased estimate of the unknown vector f
is14,28,32

f̂ 5 ~HT
S

21
H 1 D

21!21
H

T
S

21
F, (13)

where S is the covariance matrix of measurement
errors, which are assumed here to be random and
independent, and D is the a priori covariance matrix
of the unknown parameters. It should be noted that
the elements of matrix H in Eq. ~13! depend on the
parameters sought @v~r!, h, x, and V#, and thus the
inverse problem considered is nonlinear. That is
why, in practice, one should use an iterative proce-
dure to obtain the solution of Eq. ~13!. To perform
the retrievals for numerical simulations and for the
processing of field measurements we applied an al-
gorithm analogous to the one developed by Dubovik et
al.13 This algorithm employs a Newton–Gauss iter-
ative scheme and is based on a statistical estimate of
the inverse problem solution at each step of the iter-
ation.

One of the most straightforward and widely used
methods to study the potential of ground-based
remote-sensing data and to examine the reliability of
the inversion scheme is numerical simulation of ex-
periments within a closed scheme. This requires a
simulation of the measurements, their degradation
by the addition of noise, and the subsequent inversion
of the degraded data. The foregoing approach often
yields insight into the general capabilities of the
remote-sensing measurements and in particular
helps us to understand the influence of the initial
guess on the results of the retrieval. However, it is
difficult to obtain objective estimates of the retrieval
accuracy because such estimates require numerous
simulations over an ensemble of input measure-
ments.

We can independently estimate the retrieval accu-
racy of the linear solution f̂ given by Eq. ~13! by
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calculating the solution residual ~or a posteriori! co-
variance matrix28,32:

D̂ 5 D 2 DH
T~HDH

T
1 S!21

HD (14)

or, alternatively,

D̂ 5 ~D21
1 H

T
S

21
H!21.

The square root of the D̂ii element of matrix D̂ rep-
resents a posteriori variance of the ith unknown pa-
rameter and can be treated as an estimate of the
accuracy of its retrieval. The ratio of the diagonal
elements of the a priori and a posteriori covariance
matrices characterizes the reduction in an a priori
variance of the unknowns to be derived from the
remote-sensing measurements and thus represents a
measure of the information contained in the observa-
tions with respect to the corresponding aerosol pa-
rameters.32

The potential for retrieving aerosol microphysical
properties from sunphotometer measurements is de-
termined to a great extent by the particular spectral
and angular scheme employed in the observations
and by the instrument noise characteristics. In this
study we analyzed simulated measurements and real
observations acquired by the sun- and sky-scanning
CIMEL CE-318 radiometer. Instruments of this
type were used intensively in a number of recent
atmospheric aerosol field experiments21,34 and are
employed to provide routine observations in the
global aerosol robotic network35 ~AERONET! as well
as in the Canadian branch of this network, AERO-
CAN.36 A brief description of the instrument is
given in Section 3 below. In Section 4 we examine
the potential of the CIMEL sunphotometer measure-
ments for providing information on aerosol properties
~both the size spectra and the refractive index! and
the possibilities for correcting errors in the aureole
observation angles. In terms of simulations, both
approaches to the analysis of the aerosol retrieval
accuracy described above are investigated. First, in
Subsection 4.A, we estimate accuracies through the
computation of the solution residual covariance ma-
trices @Eq. ~14!#. Second, in Subsection 4.B, the pe-
culiarities of the inversion scheme are studied in a
series of numerical experiments, which include the
simulation of sunphotometer measurements, their
distortion by the modeled instrument noise, and the
subsequent iterative retrieval of the aerosol proper-
ties.

3. Characteristics of the Instrument

The automatic sun–sky CIMEL radiometer can mea-
sure atmospheric spectral transmission and sky ra-
diance in the almucantar and the principal plane.
For the instruments employed in the AERONET,
seven of the eight CIMEL filters ~centered at 0.34,
0.38, 0.44, 0.50, 0.67, 0.87, and 1.020 mm! are used for
aerosol remote sensing. The eighth spectral filter is
centered at 0.94 mm and is used to derive total pre-
cipitable water. The sky-scanning measurements
are performed with four filters, centered at 0.44, 0.67,

0.87, and 1.02 mm. These measurements ~of which
the aureole measurements employed in our inver-
sions were a subset! are acquired with a 1.8° full
angle field of view in variable angular steps that
increase with the increase of the angular distance
from the center of the solar disk. The angular
schemes of the sky radiance measurements in the
almucantar and the principal plane are presented in
Table 1. It is seen that the most detailed sky scan-
ning is carried out in the solar aureole range ~2°–20°
from the Sun!, where the angular increments be-
tween measurements vary from 0.5° to 2°.

The aerosol optical depths derived from the atmo-
spheric transmission observations are reported to
have maximum errors of 60.01, whereas the absolute
uncertainty of the sky radiance measurements is es-
timated to be ;5% ~see Ref. 35!. Stray-light rejec-
tion allows for reliable aureole measurements at
angles greater than 3° from the center of the solar
disk. An automatic Sun-pointing and -tracking
scheme is programmed through microprocessor con-
trol of an altazimuth drive. The errors in the instru-
ment positioning and Sun pointing in some cases may
be as large as half of a degree.21

4. Analysis of the Retrieval Accuracy of the Size

Spectra and the Aerosol Refractive Index

A. Retrieval Accuracy Estimates Based on the Residual

Covariance Matrix Calculations

The estimation of the retrieval accuracy through the
calculation of the a posteriori covariance matrix @Eq.
~14!# requires a predetermination of the statistical
characteristics of the expected solution and the mea-
surement noise statistics ~matrices D and S, respec-
tively!. To specify the D matrix we assumed 100%
uncertainty in the a priori determination of the par-
ticle concentration in each of the 20 histogram size
bins. The uncertainties in the real and the imagi-
nary parts of the refractive index were assumed to be
0.1 and 0.005, respectively, and the sky-scanning
pointing error was taken equal to 0.25°. The spec-
tral bands of the simulated transmission measure-
ments were those of the AERONET CIMEL
sunphotometers, with the exception of the short-wave
channel centered at 0.34 mm. This channel was ex-
cluded from consideration because of suspected cali-
bration problems. The aureole observation scheme
employed for the numerical retrievals was based on
the spectral and scanning configuration of AERO-
NET instruments: 10 angular measurements

Table 1. CIMEL Sky-Scanning Angular Schemes

Measurement Type Angular Scan Schemea ~°!

Principal plane 2 ~0.5! 4 ~1! 6 ~2! 20 ~5! 50 ~10! 140
Almucantar 2 ~0.5! 4 ~1! 6 ~2! 20 ~5! 50 ~10! 100 ~20!

aThe numbers outside the parentheses represent the values of
the reference angles; the numbers within parentheses represent
the angular increments that we used to scan between two neigh-
boring reference angles.
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spaced according to Table 1 in intervals of 3°–16°
from the Sun’s center and acquired in the four spec-
tral channels mentioned above. The measurement
errors were considered to be independent and nor-
mally distributed for both the transmission and the
aureole observations. The solar zenith angle in the
calculations was assumed to be 30°.

Two aerosol models, representing clear and turbid
atmospheric conditions, were used in the calculation
of the residual error covariance matrices. The par-
ticle size distribution for both aerosol models con-
sisted of accumulation and coarse modes identical to
the standard water-soluble and sea-saltlike aerosol
size spectra models of McClatchey et al.26 The par-
ticular shape of a particle size distribution was de-
fined by the volume ratio of the accumulation to
coarse mode ~0.2 for the clear model and 1.0 for the
turbid model!, and the total aerosol concentration
was normalized to provide aerosol optical depths at
0.5-mm wavelength equal to 0.05 and 0.2 for the clear
and the turbid models, respectively. The particles
were assumed homogeneous and isotropic with a re-
fractive index of 1.50 2 i0.005 in the spectral range
0.38–1.020 mm.

It is well known that the information content of the
spectral optical depth and solar aureole measure-
ments, which is characterized in this paper by the a
priori variance reduction of the retrieval unknowns,
is different in different radius regimes of the particle
size distribution. Atmospheric spectral transmis-
sion is more sensitive to variations in small-particle
concentrations, whereas aureole measurements are
more informative with respect to large-particle con-
centrations.5 Estimates of size spectra retrieval ac-
curacy that were computed from the residual
covariance matrix @Eq. ~14!# for sunphotometer sim-
ulations based on the two aerosol models described
are presented in Fig. 1. In general, our estimates
are consistent with results reported in the literature.

Solar aureole and transmittance measurements pro-
vide almost equal retrieval errors for particles within
the 0.19–0.25-mm radius interval. The size spectra
of aerosol particles in the smaller and larger radius
ranges can be more accurately retrieved with the
transmission and aureole measurements, respec-
tively. Figure 1 also shows that aureole observa-
tions performed with the CIMEL instrument provide
much higher particle spectra retrieval accuracy.
This effect is partly attributable to the fact that the
total number of aureole observations exceeds the
number of optical depth measurements by more than
a factor of 5. There is, to be sure, considerable re-
dundancy in the 40-odd measurements that consti-
tute a single scan; i.e., some of them contain almost
no new information on the aerosol characteristics in
terms of independent pieces of information as defined
by Twomey and Howell.15 However, measuremen-
tal redundancy in the retrieval scheme reduces the
effects of measuremental noise and thus has a posi-
tive effect on the retrieval accuracy.32

An increase in aerosol loading results in an im-
provement in the size distribution retrieval accuracy
@compare Figs. 1~a! and 1~b!#. However, even for a
turbid aerosol model the estimated precision of par-
ticle concentration reconstruction by use of the com-
bined transmission and aureole measurements is not
high: The smallest error estimates in the 0.1–8-mm
particle radii range are 40%.

As can be seen from Table 2, the a priori knowledge
of 60.1 in the real part of the refractive index can be
significantly improved by use of ground-based sun-
photometer observations. Solar aureole measure-
ments contain more information on aerosol optical
constants than do pure spectral optical depth mea-
surements; the combined scheme yields turbidity-
dependent retrieval accuracies of 0.033–0.047 for the
real part of the refractive index ~given typical errors
for these types of observation; i.e., 0.01 for optical

Fig. 1. Aerosol size distribution retrieval error estimates for different schemes of sunphotometer measurements ~T is for the transmission
measurements, A is for the aureole measurements, and T 1 A is for the combined aureole and transmission measurements.! The results
are presented for ~a! the turbid and ~b! the clear aerosol models. The accuracies of measurements of optical depth and the solar aureole
were assumed equal to 0.01 and 5.0%, respectively. Volume concentration is given in units of ~cm3ycm2!ymm 3 109.
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depth and 5% relative error for the solar aureole
radiance!. Aureole measurements provide margin-
ally more information on the imaginary part of the
refractive index ~see x in Table 2!, and only a slight
improvement ~i.e., reduction in the a posteriori vari-
ance relative to the a priori variance! in the knowl-
edge of the atmospheric aerosol absorbing properties
could be expected. In particular, if the combined
aureole and spectral transmission measurements are
employed, the assumed a priori uncertainty of 0.005

in x decreases to 0.0042–0.0047, depending on the
aerosol model considered. The incorporation of an
angular correction term in the inversion improves the
geometrical accuracy of the aureole observations.
The a priori variance of 0.25° in the observation scat-
tering angle can be reduced to 0.15°–0.19°.

The accuracy of remote-sensing measurements is
one of the principal factors that determine the infor-
mation content of the measurements and hence their
potential for use in deriving aerosol properties. The
results given in Fig. 2 and Table 3 indicate what level
of retrieval accuracy could be expected if the mea-
surement precision varied. It can be seen that an
increase by a factor of 2 in the precision of the aureole
and transmission measurements results on average
in a 10–20% decrease in the errors of the size distri-
bution retrieval. For sunphotometry errors greater
than or equal to typical values ~0.01 and 5%! the
information retrieval potential of the imaginary part
of the refractive index is marginal, whereas useful
information on the real part of the refractive index
can still be extracted even if the accuracy of the mea-
surements is significantly degraded. In the case of
the greatest measurement precision considered in
the simulation studies ~0.005 for the optical depth
and 2.5% for the aureole! the retrieval accuracies of
the real and the imaginary parts of the refractive
index were 0.022 and 0.0034, respectively, whereas
the precision of the angular corrective factor was bet-
ter than 0.1°. It should be noted that this measure-
ment accuracy was specified as a requirement for the
aerosol monitoring supersites to be organized in the
future.37

Fig. 2. Influence of measurement errors on the accuracy of the
particle size distribution retrieval. Curve 1, εt 5 0.02, εa 5 10%;
curve 2, εt 5 0.01, εa 5 5.0%; curve 3, εt 5 0.005, εa 5 2.5%. εt and
εa are the transparency and the solar aureole measurement errors,
respectively. The turbid aerosol model was used. Volume con-
centration is given in units of ~cm3ycm2!ymm 3 109.

Table 2. Estimates of the Retrieval Accuracy of the Aerosol Refractive-Index and Scattering-Angle Corrective Factor for Separate Measurements of

Atmospheric Transmission, of Solar Aureole, and of Combined Transmission and Aureolea

Aerosol Model Parameter

Uncertainty

a priori

a posteriori

Transmission Aureole Transmission 1 Aureole

Turbid h 0.1 0.084 0.046 0.033
x 0.005 0.005 0.0048 0.0042
DV ~°! 0.25 0.250 0.151 0.147

Clear h 0.1 0.086 0.056 0.047
x 0.005 0.005 0.0049 0.0047
DV ~°! 0.25 0.250 0.187 0.185

aThe accuracies of the optical depth and solar aureole measurements were assumed equal to 0.01 and 5.0%, respectively.

Table 3. Influence of the Measurement Errors on the Retrieval Accuracy Estimatesa

Parameter

Uncertainty

a priori

a posteriori

εt 5 0.005, εa 5 2.5% εt 5 0.01, εa 5 5.0% εt 5 0.02, εa 5 10%

h 0.1 0.022 0.033 0.048
x 0.005 0.0034 0.0042 0.0046
DV ~°! 0.25 0.095 0.147 0.196

aCombined transmission and solar aureole measurements are used. εt and εa are the atmospheric transmission and aureole measure-
ment errors, respectively. The turbid aerosol model was used to yield these results.

20 December 1999 y Vol. 38, No. 36 y APPLIED OPTICS 7311



The error analysis presented above contains sev-
eral simplifications and accounts for only part of the
factors that hamper the retrievals. The problem
was considered in a linear approach: The statistics
used were assumed to be correct, and the error esti-
mates obtained were treated as independent; thus
potentially nonzero, nondiagonal elements of the re-
sidual covariance matrix were not considered. Ob-
viously these estimates may be considered only as
preliminary and approximate. More-objective esti-
mates of the retrieval accuracy can be obtained by use
of another traditional approach for investigating
remote-sensing problems: the simulation of real
measurements that have been degraded by measure-
ment errors ~simulated by a noise model! and the
subsequent inversion of these data. This approach
is time consuming but gives a better understanding of
how particular remote-sensing measurements can
provide information on specific aerosol properties.
Results from the application of this approach to sim-
ulated sunphotometer measurements are presented
in the following subsection.

B. Inversion of Simulated Sunphotometer Measurements

As we pointed out above, the inverse problem that
begins with the formulation given in Eq. ~10! and that
consists in a size distribution and refractive-index
retrieval from optical measurements is nonlinear.
Thus the obvious approach to the solution of this
inverse problem is to employ an iterative procedure.
To recover the unknown vector f from the simulated
as well as real spectral transparency and solar aure-
ole measurements we used a Newton–Gauss iterative
scheme based on the statistical estimation ap-
proach13:

ft11 5 ft 2 ~Ht
T
S

21
Ht 1 D

21!21~Ht
T
S

21
Ft 1 D

21ft!,

(15)

where ft, Ht, and Ft are, respectively, the solution
estimate, matrix H, and vector F at the tth iteration
step. The variations of f were constrained in the

inversion to avoid physically meaningless values of
retrieved parameters. The iterative procedure was
terminated when the mean-square residual differ-
ence between measured and modeled aureole radi-
ance and optical depths was less than the prescribed
level of measurement noise ~otherwise the maximum
number of iterations was set equal to 10!. In all the
retrievals we used a simple initial guess of a constant
volume size distribution in the 0.05–10-mm radius
range @v~r! 5 dVyd log~r! 5 c#. This is equivalent to
a Junge-type number distribution n~r! 5 br2a, with
a 5 4. The particular value of c used in the inver-
sion was determined such that the first-guess aerosol
optical depth was equal to the measured optical
depth at 1.02 mm. The initial-guess value of the
aerosol complex refractive index was taken to be
equal to 1.50 2 i0.01. It will be remembered that in
the numerical experiments all other atmospheric and
land surface properties aside from those specified in
vector f of Eq. ~11! were not retrieved but rather were
assumed to be known a priori.

Numerous experiments that modeled sunphotom-
eter observations and their subsequent inversions
have been conducted to investigate the performance
of the inversion scheme and to study the accuracy of
the retrieved aerosol properties. Although it is
hardly possible to consider all conceivable states of
the atmospheric aerosol, we believe that the simu-
lated experiments carried out provided a good basis
for understanding the potential and limitations of the
atmospheric transmission and solar aureole mea-
surements with respect to the retrieval of aerosol
properties by means of the inversion developed in this
paper. The performance of the inversion scheme
and its provision of robust and accurate retrievals for
two completely different aerosol types are illustrated
in Fig. 3 and Table 4. In the first example the in-
version scheme was applied to the case of a predom-
inantly dustlike aerosol with a pronounced coarse
mode and a refractive index of 1.65 2 i0.02. The
second example shows the retrieval results for an
aerosol with a strong accumulation mode and a re-

Fig. 3. Two examples of aerosol size distribution retrieval. Volume concentration is given in units of ~cm3ycm2!ymm 3 109.
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fractive index of 1.35 2 i0.0. In both cases a sub-
stantial shift in the values of scattering angles for the
measured aureole was simulated to test the sensitiv-
ity of the inversion results to instrument positioning
errors relative to the solar disk ~20.3° in the first
example and 0.3° in the second one!. The spectral
and angular observation scheme employed in the nu-
merical experiments was the same as that used above
for the residual error calculations. Normally dis-
tributed measurement errors with standard devia-
tions of 0.01 and 5% in optical depth and aureole
radiance, respectively, were modeled with a random-
number generator.

It can be seen in both examples in Fig. 3 that the
retrieved size distribution closely follows the true v~r!
in the coarse-particle mode size range ~r . 1.0 mm!.
Although the accumulation mode results ~r 5 0.1 to
r 5 0.5 mm! are less accurate, the maximum v~r!
retrieval errors even for this size range do not exceed
36%. The lack of optical sensitivity to particles with
radii less than 0.1 mm results in the decreased re-
trieval accuracy.

Although in both examples the true values of the
optical constants were significantly different from the
first-guess values, the inversion provided good re-
trieval accuracy for the real part of the refractive
index and properly corrected the value of the absorp-
tion coefficient x ~see Table 4!. The retrieval errors
of h were 0.03 and 0.01 in the two simulations,
whereas the corresponding errors in x were equal to
20.003 and 0.002. In both examples the inversion
procedure produced an accurate correction ~within
0.09°! to the offset in scan angle.

The accuracy of the aerosol parameter retrieval in
the numerical experiments is coherent with the re-
trieval error estimates from the error covariance ma-
trix calculations above. However, in some cases the
accuracy of the numerical experiments was slightly
better than the accuracy obtained for the error co-
variance matrix calculations. The probable reason
for this is that the first-guess particle size distribu-
tion fitted from the transmission measurements in
the numerical experiments was closer to the true size
distribution than the first guess assumed in the re-
sidual error covariance matrices calculation. In the
two numerical experiments of Figs. 3~a! and 3~b!, the

absolute ~size-range averaged! differences between
the first-guess size distribution and the true size dis-
tribution were 87% and 46%, respectively. In con-
trast, the a priori uncertainty in particle
concentrations assumed in the error covariance ma-
trix calculations was 100%. The results from both
methods demonstrate the potential for retrieving the
refractive index and the particle size distribution
from ground-based sunphotometer measurements.
The retrieval accuracy of the real part of the refrac-
tive index ~0.03–0.05! estimated for the rough first
guess for the aerosol size distribution used is in
agreement with the results presented by Weindisch
and von Hoyningen-Huene,18 who used an instru-
ment with spectral characteristics similar to those of
the CIMEL sunphotometers. Using the aerosol op-
tical depth data measured in the near-infrared spec-
tral channel, we can obtain a better first guess for the
particle size distribution and thus obtain a higher
retrieval accuracy for h. In general, retrieval accu-
racy of the imaginary part of the refractive index is
rather low ~0.0042–0.0047!. The improved first
guess for the particle size spectra brought about
through the use of the near-infrared channel yields
only a slight improvement in the retrieval of x. This
means that inversion procedures applied to the com-
bination of ground-based spectral transmission mea-
surements and sky radiance measurements ~limited
to the solar aureole! are sensitive only to large
changes in the absorption properties of the atmo-
spheric aerosol.

5. Discussion of the Assumptions Made in the Study

Several assumptions and simplifications that were
adopted in the aerosol and radiative transfer model
require additional discussion. We also try wherever
possible to estimate approximately the potential ef-
fect of these simplifications on the aerosol retrievals.

First and foremost, the idea that refractive index
can be retrieved from transmission and aureole radi-
ance measurements warrants discussion. If one de-
rives the aerosol optical depth spectrum for a given
refractive index and size distribution it is not difficult
to demonstrate that one can obtain virtually equiva-
lent optical transmission effects by decreasing the
refractive index while simultaneously shifting the
particle size distribution to larger values. This
means that it would be difficult if not impossible to
extract refractive index and particle size distribution
simultaneously from transmission measurements
alone. To complicate matters further, the aureole
radiance is dominated by diffraction effects and
hence is fairly insensitive to refractive index. The
resolution of this apparent difficulty lies in the com-
bination of the two types of data; the increase in
particle size required for creation of the equivalent
transmission effects to a decrease in refractive index
constrains the computed aureole radiance. The par-
ticles are larger than they should be, and the phase
function is thus more forward than it should be. Sig-
nificant discrepancies between computations and the
actual data will occur, and the combined inversion

Table 4. Retrievals of the Optical Constants and Angular Corrective

Factor in the Numerical Simulationsa

Case
Number Parameter

True
Value

Initial
Guess

Retrieved
Value

~1! h 1.65 1.50 1.68
x 0.020 0.010 0.017
DV ~°! 20.30 0.00 20.36

~2! h 1.35 1.50 1.36
x 0.000 0.010 0.002
DV ~°! 0.30 0.0 0.39

aCases ~1! and ~2! correspond to the retrievals of particle size
distribution illustrated in Fig. 3. Combined transmission and
solar aureole measurements were used.
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routine will not be satisfied in its search for minimal
error.

Aerosol particles in our study were assumed to be
homogenous dielectric spheres. Particle sphericity
is a typical assumption for the retrieval of aerosol
properties from transmission and forward scattering
optical measurements. The reasons for these as-
sumptions are as follows: First, most of the non-
dust-like atmospheric aerosol particles are either
liquid or liquid coated and thus can be well repre-
sented as spheres. Tropospheric dustlike particles
are certainly of irregular shape, but their concentra-
tion and optical effects are usually small because of
their predominantly large size and consequently high
sedimentation rate. Second, the difference in the
extinction cross section for spherical and nonspheri-
cal particles quickly decreases with the increase of
particle size and becomes negligible at particle size
parameter values as small as 12 ~Ref. 38!; these pa-
rameters are far less than the typical dustlike parti-
cle size parameters in the visible and near-infrared
parts of spectrum. Modeling studies38–40 suggest
that the scattering phase function of nonspherical
particles differs from the phase function of equivalent
spheres. However, this difference is significant only
for scattering angles larger than 60° ~Ref. 40! and
almost vanishes in the small-angle aureole region.38

A similar conclusion was made by Kaufman et al.37

and Nakajima et al.41 based on in situ observations of
atmospheric aerosol scattering properties. Thus it
is believed that in general, even if nonspherical par-
ticles are present in the atmosphere, their effects on
the measured atmospheric transmission and solar
aureole would be hardly distinguishable from other
parametric perturbations in aerosol properties and
instrumental noise.

The consideration of spherical–nonspherical differ-
ences in particle optical properties by Pinnick et al.42

and Nakajima et al.41 led them to conclude that one
can equate the scattering characteristics of a system
of nonspherical particles with a spherical polydisper-
sion of a total equivalent volume by assigning a large
fictitious absorption index to Mie particles. The es-
timated magnitude of the required correction to the
imaginary part of the refractive index varies from
0.02 and 0.12. This may be important for aerosol
remote sensing inasmuch as it implies that the use of
the spherical model in the inversion of optical mea-
surements can result in an overestimate of the com-
plex ~absorption! part of the refractive index.

The refractive index in our study was considered to
be independent of wavelength. In actual fact the
real part of the refractive index for natural aerosol
substances varies by 0.01–0.02 in the visible and
near-infrared wavelength ranges.26 This variability
is, on the average, a factor of 2 less than the esti-
mated error in the h retrieval for our sunphotometer
measurements and thus can be neglected. This
variability would be an issue only if the measurement
errors were to decrease by a factor of 2. The absorb-
ing properties of the natural aerosol can vary
strongly, depending on the origin and the chemical

composition of the particles. The spectral variabil-
ity of x for weakly absorbing aerosol particles ~such as
oceanic or background stratospheric aerosols! within
the visible and near-infrared spectral ranges is of
little importance because it would not noticeably af-
fect the measured atmospheric transmission or the
solar aureole radiances. The spectral dependence of
x for most of the moderately absorbing aerosols that
have an imaginary part of the refractive index within
0.005–0.01 ~i.e. dustlike, water soluble, volcanic ash!
is weak and limited to the 0.001–0.002 change for
wavelengths from 0.4 to 1.0 mm.26,43 Because the
spectral variability of x is well below detectable lim-
its, the assumption of spectrally independent aerosol
refractive index appears reasonable. This assump-
tion is also used in the vast majority of aerosol mul-
tispectral remote-sensing techniques reported in the
literature.

The constant offset correction may be affected by ~i!
solar tracking ~optical alignment! errors that are ap-
proximately independent of the alt-azimuth geome-
try, ~ii! drive-motor errors ~for example! that are
dependent on the altazimuthal geometry, or ~iii! non-
linearity in the phase function as a function of scan
angle ~see below!. In any case we use this term as a
catchall to eliminate all forms of systematic scanning
error. If the geometry of the scan is constrained to
the aureole, then it is not difficult to show that all
these errors can be advantageously modeled by a
simple constant offset in scattering angle ~in the first
approximation!.

Errors that are due to inaccurate modeling of mul-
tiple scattering in the solar aureole can contribute to
the errors described in Section 3. The reported ac-
curacy of the multiple-scattering approximation of
Box and Deepak10 that we used in the study is ;2%
for low aerosol loading and small scattering angles
and is within 4–5% for high aerosol loading of as
much as 0.4 in optical depth. These errors certainly
reduce the aerosol retrieval accuracy. Box and
Deepak44 found that for aerosol optical depths less
than 0.2 the errors in their multiple-scattering ap-
proximation for the solar aureole radiance generated
additional errors of 2% in the derived modal radius of
the particle size distribution. In this study we used
only single-wavelength almucantar measurements in
the inversion; thus the error estimate that we ob-
tained can be viewed as an upper limit for the addi-
tional error in the aerosol properties retrieved from
multispectral solar aureole observations of AERO-
NET CIMEL instruments. If in our study we con-
sider model errors as random noise, which is of course
a rough assumption, and suppose that the measure-
ment instrumental noise is equal to 5%, the total
error of the aureole observations will be 6–8%; hence
the more realistic estimates of retrieval accuracy
would lie between those obtained for 5% and 10%
aureole measurement errors ~see Section 4!. In
spite of the relatively high model errors, the approach
that employs an analytical correction for multiple-
scattering effects in the solar aureole single-
scattering formulation is useful; it simplifies the
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linearization of the model and allows for one-step
retrieval of the aerosol’s microphysical properties.
There exists a certain potential to improve the ana-
lytical multiple-scattering correction model of
Deepak and Box ~see Ref. 25! and to enhance its
accuracy. This improvement can bring additional
perspectives to the application of this model to the
inversion of the solar aureole data.

In principle the aerosol retrievals are functions of
land surface albedo and therefore any significant de-
viation from the crude spectrum that we used should
be investigated. However, the uncertainty in the
surface reflective properties is not expected to affect
the retrievals significantly. The results of the sim-
ulation study that we performed indicated that
changes of the albedo within 620% of the model value
do not cause more than 1.5% changes in the solar
aureole radiance. This additional error is signifi-
cantly smaller than the measurement error.

6. Application of the Technique to Process the

Sunphotometer Observation Data

Here we illustrate the performance of the retrieval
scheme by applying it to CIMEL measurements
made during several consecutive days ~27 June–1
July 1997! at Sherbrooke, Quebec ~45.37 °N,
71.92 °W!. This five-day period was mostly cloud
free and was characterized by significant changes in
atmospheric aerosol loading. Figure 4 shows that
the aerosol optical depth computed from the spectral
transmission measurements was gradually increas-
ing during the first four days and slightly decreased
at the end of the fifth day of the selected period. The
optical depths of Fig. 4 are reported as a function of
day of the year and Greenwich Mean Time ~GMT!.
It can be clearly seen that a ratio of the derived
aerosol optical depths at the two wavelengths, 0.44
and 1.02 mm, would vary throughout the study pe-
riod. This fact provides evidence that changes in the
aerosol features other than a simple increase or de-
crease in the total particle concentration occurred
and motivated a more-detailed study of the temporal
behavior of the particle size distribution and refrac-
tive index.

Two AEROCAN CIMEL instruments were operat-
ing during the period of interest at Sherbrooke ~num-
bers 81 and 84, according to the global AERONET
instrument list!. More than 90 almucantar and
principal plane sky scans made with these two in-
struments during the five-day period were found to be
cloud free according to the approach employed by
Holben et al.35 Solar aureole observations combined
with almost synchronous aerosol optical depth mea-
surements at five wavelengths ~0.44, 0.50, 0.67, 0.87,
and 1.02 mm! were inverted by the technique de-
scribed in Sections 2–4 of this paper. The time gap
between acquisition of aureole and spectral attenua-
tion measurements did not exceed 5 min. Because
of a malfunction, only the principal plane scans of
CIMEL 84 were available. In the inversion proce-
dure we used the spectral aerosol optical depth data
at 1.02 mm to produce a first guess for the aerosol size
distribution. The algorithm that we applied to de-
termine the first-guess size distribution was the same
as in the numerical experiments described in Section
4. The initial guess for the refractive index was set
to 1.50 2 i0.005, independently of the aerosol optical
depth measured.

The results presented in Fig. 5 demonstrate the
variability in the aerosol particle size distribution
during the period considered ~note that the radius
axis increases to the left!. A smoothing procedure
was applied to remove the excessive instability typi-
cal of the inverted size spectra. The inversion re-
sults clearly show the existence of two aerosol modes,
which vary temporally in a relatively independent
fashion. As can be observed, the concentration of
the accumulation mode particles with radii within
0.1–0.6 mm increased during the first four days of the
study period and decreased on 1 July ~day 181!. Ob-
viously this mode is mainly responsible for the tem-
poral changes in the aerosol optical depth ~see Fig. 4!.

Fig. 4. Aerosol optical depth measured at Sherbrooke, Quebec
~45.37 °N, 71.92 °W! from 27 June to 1 July 1997 ~corresponding
days of the year are 177–181!.

Fig. 5. Retrieved aerosol size distribution ~dVyd ln r! time series
from 27 June to 1 July 1997 ~corresponding days of the year are
177–181!. Volume concentration is given in units of ~cm3ycm2!y
mm 3 109.
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The coarse mode volume concentration has two max-
ima: The first one was observed on the evening of 28
June ~day 178!, and the second one occurred on 1
July. It should be noted that a good correspondence
is observed between the results of the inversion made
at the end and at the beginning of consecutive days.
This observation can be considered an indirect con-
firmation of the validity of the derived information on
the aerosol size distributions.

The results of the data processing show that the
retrieved value of the real part of the refractive index
remained almost constant during the first three days
of the observation period, with an average value of
1.53 6 0.03 ~Fig. 6!. The fourth day and the first
half of the last day of the observation period ~days 180
and 181! reveal a significant decrease in h, to 1.30–
1.40, followed by an increase to the initial values of
approximately 1.50–1.56 in the evening of 1 July ~day

181!. Although the retrieved values of the imagi-
nary part of the refractive index show significant
scatter ~Fig. 6!, a significant temporal change in x can
be seen during the period in question. Over the first
four days of the observation period the magnitude of
the daily average x decreased by a factor of 2 to a
minimum of 0.0035 on 30 June ~Julian day 180!.
The last day of the period of observation revealed a
slight increase of ;0.001 in the daily average value of
the imaginary part of the refractive index. It can be
observed as well that the retrievals of the real part of
the refractive index from both instruments compare
well. With a few exceptions the same conclusion is
true with respect to the imaginary part of the refrac-
tive index. This result can be viewed as an indica-
tion of the robustness of the inversion procedure.

As was noted above, the presence of irregularly
shaped aerosol particles in the atmosphere, if it is not
accounted for when one is modeling aerosol radiative
properties, may reveal itself through an excessive
~fictitious! aerosol absorption appearing in the re-
trievals. The derived imaginary part of the aerosol
refractive index ~Fig. 6! shows no unusually high val-
ues. This result suggests that the observed aerosol
particles were mostly spherical and that the possible
nonsphericity effects on the retrievals could not be
distinguished from other sources of variations in as-
sumed aerosol properties.

Because the extracted particle size spectra present
two independent modes that are probably of different
natures and have different compositions, it is reason-
able to expect changes in the refractive index with
changes in the particle size distribution. To simplify
the analysis we introduced another parameter to
characterize the aerosol size distribution, namely,
the volume ratio of aerosol particles with radii
greater than 0.1 mm to particles with radii greater
than 1.0 mm ~V0.1yV1.0!. In general, this parameter
directly characterizes the importance of the total vol-
ume of the optically active aerosol particles relative to
the coarse mode @or it can be viewed as an indicator of
the volume ratio of the accumulation and coarse
modes ~V0.1yV1.0 5 V0.121.0yV1.0 1 1!#. The results
presented in Fig. 6 demonstrate a close relationship
between the volume ratio and the real part of the
refractive index. The increase in V0.1yV1.0 observed
on days 180 and 181 indicates a significant increase
in the volume of the accumulation mode particles
compared with the volume of the coarse mode parti-
cles. The observed changes in the real part of the
refractive index are reasonable inasmuch as the par-
ticles of the accumulation mode are predominantly
the result of coagulation and condensational growth
of water-soluble Aitken nuclei and in general have
lower h than the dustlike particles of the aerosol
coarse mode. Time changes of the imaginary part of
the refractive index are on the whole consistent with
the changes of the real part and with the volume
ratio. Maximum values of x ranging from 0.004 to
0.01 along with the corresponding values of h of 1.48–
1.58 observed on the first day of the study period are
typical for dry sulfate aerosol. The minimum in x on

Fig. 6. Time series of the derived refractive index and the volume
ratio estimated from the corresponding retrieved particle size dis-
tributions from 27 June to 1 July 1997 ~corresponding days of the
year are 177–181!. Error bars at the bottom represent standard
deviations of the daily mean values of the imaginary part of the
refractive index.
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30 June ~Julian day 180! corresponds to the mini-
mum in h, which itself is close to the refractive index
of water ~1.33 2 i0.0!. The decrease of both real and
imaginary parts of the refractive index is quite rea-
sonable for an aerosol size distribution that is char-
acterized by a dominant water-soluble accumulation
mode. It should be noted, however, that the corre-
lations between x and h or between x and V0.1yV1.0

appear to be weaker than those between h and V0.1y
V1.0. This result, however, may also be related to
the decreased accuracy of the x retrieval.

To investigate the aerosol transformations during
the observation period we related the derived aerosol
properties to the relative-humidity data acquired at a
local meteorological station located less than 15 km
from the observation site. Although variations of
moisture concentration are known to affect aerosol
optics in the near-surface layer,45 the derived aerosol
properties were found to be practically independent
of the relative humidity. Absolute values of correla-
tion coefficients between relative humidity and the
real and imaginary parts of the refractive index did
not exceed 0.23. The particle size distribution as
well as the refractive-index retrievals presented in
Figs. 5 and 6 give no distinct indication of a meteo-
rologically driven diurnal cycle in the aerosol size
distribution or composition transformations. This
means that the observed changes in the column in-
tegrated aerosol size spectra and refractive index are
determined mainly by processes other than those re-
lated to the typical daily changes of the boundary-
layer meteorological parameters.46

The retrieved values of angle correction factor dV

show increased scatter ~Fig. 7! for observations made
at both small and large solar zenith angles. In gen-
eral, the retrievals of the angular correction factor
indicate a fairly high pointing precision and stability
during the acquisition of aureole measurements.
Only 3 of more than 90 retrievals resulted in an ab-
solute value of dV that exceeded 0.4°. However, it is

worth noting that the majority of the dV retrievals are
negative; i.e., the corrected scattering angles are less
than the actual observation angles. The average
magnitude of the correction inferred is not high
~20.17°!.

Inasmuch as we used measurements taken by two
different instruments at different scanning geome-
tries and at various solar zenith angles, the errors in
the scattering angle mentioned above can hardly be
caused by systematic pointing inaccuracies. We be-
lieve that the effect observed in the retrieved dV is the
consequence of the finite instrumental field of view
for the CIMEL radiometers. This effect is not taken
into account in the radiative transfer model used for
the data processing.

The phase function of the scattered solar radiation
in the aureole range is a nonlinear function of geo-
metrical scattering angle V and usually has a shape
close to a power logarithm law ~ln Is ; ln V!. This
means that neglecting the finite dimension of the
radiometer field of view will result in underestima-
tions of the aureole radiance by the radiative transfer
model. A similar effect, but of less magnitude, is
caused by ignoring the finite size of the solar disk.47

The results of the retrieval show that the inaccuracy
in the aureole radiance modeling can be partially
compensated for by the angular correction, i.e., by use
of certain effective values of the scattering angles
instead of geometrical values.

That this correction is generally negative follows if
one considers that, for a given set of aerosol charac-
teristics, a field-of-view ~FOV! averaged phase func-
tion would lie slightly above its ~continuous! phase
function source if the former were referenced to the
midpoint of each angular interval ~an effect that
would become less severe with increasing scattering
angle!. If only one corrective degree of freedom is
permitted in angular dimension, then, on average, a
decrease in the nominal measurement angles by a
small fixed amount would better superimpose the
measured ~FOV averaged! phase function curve onto
its modeled ~aerosol-characteristics-dependent! ana-
log.

To validate the angular correction factor value re-
trieved from the field observations we simulated au-
reole radiances computed for instruments that have
an infinitely small FOV and a FOV of 1.8°. Aureole
measurements for an infinitely small FOV were
matched to FOV averaged measurements; i.e., the
FOV averaged radiance curve was effectively shifted
toward the pointwise radiance curve until the two
curves were superimposed The computed shift at
each scattering angle was taken as a measure of the
angular correction factor. The aureole simulations
for 1.8° and infinitely small instrument FOV were at
the standard set of four wavelengths used by the
CIMEL instrument for aureole scanning ~see above!
and 10 scattering angles within the 3°–16° angular
range. Aerosol size distribution functions and re-
fractive indices retrieved from field observation data
were used as an input to the radiative transfer model.
The angular correction factor averaged over all aure-

Fig. 7. Scattering angle correction factor ~dV! retrieved from com-
bined aureole and transmission measurements. Measurements
used in the inversions were taken at Sherbrooke, Québec, from 27
June to 1 July 1997.
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ole measurement simulations was 20.15° 6 0.02°,
which is very close to the magnitude of this factor
~20.17°! derived from the field aureole and transmis-
sion measurements.

Inasmuch as the solar aureole radiance is a non-
linear function of the scattering angle and wave-
length, a radiance correction that would account for
finite FOV effects or the effectively equivalent angu-
lar correction obviously should be wavelength and
angular dependent @dV 5 dV~l, V!#. However, a sin-
gle value of dV is sufficient to represent the first-order
variation over all channels and scattering angles, and
we feel justified in using this single degree of liberty.

5. Conclusions

In this paper we have reported a new technique for
the simultaneous retrieval of the atmospheric aerosol
particle size distribution and the refractive index
from combined spectral transmission and solar aure-
ole measurements in the visible and the near infra-
red. The method is based on modifications to the
Mie code and incorporates computations of the deriv-
atives of the aerosol optical properties with respect to
the optical constants. The technique was used in
the simulation study to examine the capabilities of
the CIMEL automatic radiometers employed in the
AERONET and AEROCAN networks. It also was
successfully applied to monitor variations of aerosol
microphysical properties derived from ground-based
optical measurements performed during one partic-
ular five-day event.

It was found that the sunphotometer measure-
ments yield the real part of the aerosol refractive
index to an accuracy of 0.03–0.05 if the errors in the
measurements of the aerosol optical depth and aure-
ole radiances do not exceed 0.01 and 5%, respectively.
The potential for extracting the imaginary part of the
aerosol refractive index with existing ground-based
sunphotometer observations is limited; only substan-
tial changes in the absorbing properties of the aero-
sol, $0.004 in x, can be effectively detected. An
increase in the information content of the ground-
based observations with respect to the real and the
imaginary parts of the refractive index may be ex-
pected if the measurement errors are halved relative
to the current levels. Such measurement accuracy
may be achieved in the ground-based supersites for
aerosol monitoring that are planned for construc-
tion.37

The technique for processing the CIMEL radiome-
ter data was also applied to correct for possible Sun-
pointing and spatial positioning errors when aureole
scanning measurements are performed. It was
demonstrated that the values of the scattering angles
employed in the aureole observations can be refined
within an accuracy of 0.15°–0.19°. The small angu-
lar correction obtained indicated that CIMEL obser-
vations were largely free of significant inaccuracies in
the aureole measurement angular scheme. In most
cases the angular correction factor in the inversion
procedure stems from the fact that the scattering
angle correction can be treated as an equivalent cor-

rection to the effective sampling error in the applica-
tion of discrete radiative transfer calculations to field
of view and solar disk averaged aureole measure-
ments. For the aureole scans within a 3°–16° scat-
tering angle range it was shown that the required
average angular correction has a magnitude of
20.17°.

Appendix A. Details of the Computations of the

Derivatives of the Aerosol Optical Characteristics with

Respect to the Optical Constants and the Scattering

Angle

The aerosol intensity parameters i1~V, m, r, l! and
i2~V, m, r, l! that determine the aerosol phase func-
tion are related to the complex scattering amplitudes
S1 and S2:

i1 5 S1 S1*,

i2 5 S2 S2*. (A1)

Following Deirmendjian,20 the aerosol extinction and
scattering factors as well as the scattering amplitude
can be expressed in the form of infinite series:

Qext 5 2yx2 (
n51

`

~2n 1 1!Re~an 1 bn!, (A2)

Qscat 5 2yx2 (
n51

`

~2n 1 1!~uanu2 1 ubnu2!; (A3)

S1 5 (
n51

`

~2n 1 1!y@n~n 1 1!#~anpn 1 bntn!, (A4)

S2 5 (
n51

`

~2n 1 1!y@n~n 1 1!#~bnpn 1 antn!. (A5)

The expressions for an and bn are as follows:

an 5
@An~y!ym 1 nyx#Re wn~x! 2 Re wn21~x!

@An~y!ym 1 nyx#wn~x! 2 wn21~x!
, (A6)

bn 5
@An~y!m 1 nyx#Re wn~x! 2 Re wn21~x!

@An~y!m 1 nyx#wn~x! 2 wn21~x!
, (A7)

where it will be recalled that m 5 h 2 ix, y 5 mx, and
x 5 2pryl is the size parameter. The coefficients pn

and tn are functions of only scattering angle V, and
wn~x! are functions of only the size parameter. We
can apply the following recursion formulas to com-
pute An~y!, pn, and tn:

An~y! 5 2nyy 1 @nyy 2 An21~y!#21, A0 5 cot y, (A8)

pn 5 ~2n 2 1!y~n 2 1!pn21 cos V 2 ny~n 2 1!pn22,
(A9)

tn 5 ~pn 2 pn22!cos V 2 ~2n 2 1!pn21 sin2 V 1 tn22,
(A10)

where

p0 5 0, t0 5 0, p1 5 1,

t2 5 cos V, p2 5 3 cos V, t3 5 3 cos 2V.
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In Ref. 23 the following recursion formula for com-
puting the derivatives of An~y! was derived through
the direct differentiation of the expression @Eq. ~A8!#

An9~y! 5 nyy2
1 @nyy2

1 An219~y!#@nyy 2 An21~y!#21.

The derivatives An9~y! enter the formulation for the
partial derivatives of an and bn obtained by differen-
tiation of formulas ~A6! and ~A7!:

]any]m 5 iym2@yAn9~y! 2 An~y!

3 $@An~y!ym 1 nyx#wn~x! 2 wn21~x!%2,

]bny]m 5 i@yAn9~y! 2 An~y!#

3 $@An~y!m 1 nyx#wn~x! 2 wn21~x!%2.

We can substitute the derivatives ]any]m and ]bny]m
to compute the partial derivatives of the monodis-
persed aerosol optical efficiency factors, scattering
amplitudes, and intensity parameters with respect to
the real and imaginary parts of the refractive index.
We do so by applying rules for the differentiation of
complex functions to formulas ~A1!–~A5!. For exam-
ple,

]Qexty]h 5 2yx2 (
n51

`

~2n 1 1!Re~]any]m 1 ]bny]m!,

]S1y]h 5 (
n51

`

~2n 1 1!y@n~n 1 1!#

3 ~pn Re ]any]m 1 tn Re ]bny]m!,

]i1y]h 5 2 Re S1 Re ]S1y]h 1 2 Im S1 Im ]S1y]h.

The approach to the computations of the derivatives
of the aerosol intensity parameters with respect to
the scattering angles is similar to the one described
above. By differentiating Eqs. ~A9! and ~A10! we
easily obtain recursion formulas to compute the de-
rivatives of tn and pn with respect to V:

pn9 5 ~2n 2 1!y~n 2 1!~pn219 cos V 2 pn21 sin V!

2 ny~n 2 1!pn229,

tn9 5 ~pn9 2 pn229!cos V 2 ~pn 2 pn22!sin V 2 ~2n 2 1!

3 ~pn219 sin2 V 1 2pn21 sin V cos V! 1 tn229,

where

p09 5 0, t09 5 0, p19 5 0, t29 5 2sin V,

p29 5 23 sin V, t39 5 26 sin 2V.

The expressions for the derivatives of S1, S2, i1, and
i2 with respect to scattering angle V follow from Eqs.
~A1! and ~A4!–~A5! and have the same form as the
expressions for the derivatives of these optical pa-
rameters with respect to the particle optical con-
stants; for example,

]S1y]V 5 (
n51

`

~2n 1 1!y@n~n 1 1!#~anpn9 1 bntn9!,

]i1y]V 5 2 Re S1 Re ]S1y]V 1 2 Im S1 Im ]S1y]V.

Knowing the monodispersed derivatives, we can com-
pute the derivatives of the aerosol polydispersed op-
tical characteristics ]ta~l!y]h, ]ta~l!y]x, ]Pa~V, l!y
]h, ]Pa~V, l!y]x, and ]Pa~V, l!y]V. in the standard
way, i.e., through integration of the monodispersed
characteristics with the particle size distribution.

The obvious advantage of the method developed
above is that all additional computations are inti-
mately linked to the algorithm scheme that is em-
ployed in the Mie code. Thus the derivatives of the
optical characteristics with respect to the optical con-
stants and the scattering angle are computed along
with the optical characteristics themselves without a
significant increase in computer time.

The authors acknowledge the support of the Can-
ada Center for Remote Sensing ~CCRS! and the At-
mospheric Environment Service of Environment
Canada. We thank P. Teillet of the CCRS and O.
Dubovik of the AERONET group for their construc-
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