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 The software code sKYRAD.pack for retrieval of aerosol size distribution and optical thickness from data 
of direct and diffuse solar radiation is described; measurements are carried out with sky radiometers in 
the wavelength range 0.369-1.048pm. The treatment of the radiative transfer problem concerning the 
optical quantities is mainly based on the IMS (improved multiple and single scattering) method, which 
uses the delta-M approximation for the truncation of the aerosol phase function and corrects the solution 
for the first- and second-order scattering. Both linear and nonlinear inversion methods can be used for 
retrieving the size distribution. Improved calibration methods for both direct and diffuse radiation, the 
data-analysis procedure, the results from the proposed code, and several connected problems are 
discussed. The results can be summarized as follows: (a) the SKYRAD.pack code can retrieve the 
columnar aerosol features with accuracy and efficiency in several environmental situations, provided 
the input parameters are correctly given; (b) when data of both direct and diffuse solar radiation are 
used, the detectable radius interval for aerosol particles is approximately from 0.03 to 10 pm; (c) besides 
the retrieval of the aerosol features, the data-analysis procedure also permits the determination of 
average values for three input parameters (real and imaginary aerosol refractive index, ground albedo) 
from the optical data; (d) absolute calibrations for the sky radiometer are not needed, and calibrations for 
direct and diffuse radiation can be carried out with field data; (e) the nonlinear inversion gives 
satisfactory results in a larger radius interval, without the unrealistic humps that occur with the linear 
inversion, but the results strongly depend on the first-guess spectrum; (f) aerosol features retrieved from 
simulated data showed a better agreement with the given data for the linear inversion than for the 
nonlinear inversion. © 1996 Optical Society of America

1. Introduction 
There have been continuous efforts in the past two 
decades to establish remote sensing algorithms for 
determining the microphysical and optical features 
(optical thickness, size distribution, and refractive
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index) of suspended aerosol polydispersions, from 
ground measurements of direct and diffuse solar 
radiation. Although such remote sensing is more 
informative than the traditional spectral extinction 
method,' instruments for measuring the sky radi-
ance distribution were large in size and difficult to 
operate; several recent technical improvements, how-
ever, have made it possible to make very compact 
instruments for carrying out this kind of measure-
ment.2 Furthermore, satellite remote sensing of 
suspended matter has to be validated through 
ground-based measurements of aerosol characteris-
tics.3.4 In this situation the software used to ana-
lyze the data on direct and diffuse solar radiation for 
determining the columnar aerosol features becomes 
a bottleneck for popular utilities of scattering meth-
ods; such data have to be analyzed with techniques 
of inversion and radiative transfer. 

 To show the potential of the solar radiation mea-
surements, we give a few examples of studies carried 
out before the development of the code presented in 
this paper; for a complete bibliography, see Ref. 5.



As for ground-based measurements, one can refer to 
Shiobara et al.,6 who used an aureolemeter to mea-
sure both direct solar flux and sky radiance in the 

 almucantar, at 1X = 0.369, 0.500, 0.675, 0.776, and 
0.862 pm, in a suburban area of Sendai, Japan. 
Spectral optical thicknesses of aerosol were obtained 
from direct flux measurements, and aerosol size 
distributions in the radius interval 0.1-10 pm were 
estimated by inversion of both the spectral optical 
thickness and the angular distribution of the solar 
sky radiance with the algorithm of Nakajima et al.1 

 Examples of aureole measurements from aircraft 
are found in Nakajima et al.,7 Tanaka et al.,8 and 
Hayasaka et al., 9 who investigated the optical proper-
ties of the tropospheric aerosol in a region of the 
northwestern Pacific and in an urban area around 
Nagoya, by means of airborne measurements of 
direct and diffuse solar radiation carried out with a 
multispectral aureolemeter; the A= 0.332 pm wave-
length was added to those used by Shiobara et al.6 
The results obtained concern vertical profiles of the 
aerosol optical thickness between the top of the 
atmosphere and the respective flight level, and vol-
ume size spectra of the aerosol particles in the radius 
interval 0.1-3 pm. The inversion algorithm of Ref. 
1 was used. 

The purpose of this paper is to present the soft-
ware package sxYRAD.pack, which constitutes an 
all-in-one inversion radiative transfer package to 
analyze data on sky radiation for the study of the 
aerosol remote sensing, to illustrate the procedures 
for its use, to show how to calibrate the sky radiom-
eter for both direct and diffuse radiation, to show 
results obtained with this code, and to discuss some 
connected items.

is making measurements in the principal plane, that 
is, pointing along a plane with the same azimuth 
angle of the Sun, and letting zenith angle 0 vary. 

The monochromatic direct solar flux density F (W 
m-2 pm-') is given by

where F0 is the flux at the upper limit of the 
atmosphere, T is the total optical thickness, and m0 is 
the optical air mass that can be approximated as 
m0 = 1/cos Op as long as 00 < 75°. The quantity of 
interest to us is T, that is, ratio F/Fo. The monochro-
matic diffuse sky flux density E (in W m-2 pm-1) is 
determined as the solution of the radiative transfer 
equation (RTE)10; its expression in the almucantar is 
given by

where co is the single-scattering albedo of the whole 
air mass, P(0) is the total phase function at scatter-
ing angle 0, is the solid view angle of the sky 
radiometer, and q(0) indicates the multiple scatter-
ing (MS) contribution. The scattering angle 0 is 
related to 00, to observation angles 0 and 4), and to 
solar azimuth 4,0 by the expression cos 0 = cos2 00 + 
sin2 00 cos(4) — 40) for the almucantar geometry, and 
by cos 0= cos(00 + 0) for the principal plane geom-
etry; the — or + is for cI — c1:10 = 0° or 4)— 40 = 180°, 
respectively. Ranges for 0 are 0° < 0 � 200 and 
0° <— 0 <_ O + 90° for the two geometries, respectively.5 

 Instead of E we consider the diffuse sky flux 
normalized by the direct flux, that is, the ratio

2. Definition of Observed and Computed Quantities 
The solar light propagating through successive scat-
tering processes within the atmosphere gives rise to 
diffuse radiation E, whereas the unscattered light 
constitutes direct radiation F. From ground mea-
surements of direct and diffuse solar radiation, 
carried out in a cloudless atmosphere, the aerosol 
optical thickness, single-scattering phase function, 
size distribution, and complex refractive index can 
be derived efficiently by means of a data treatment 
(the sKYR.AD.pack code) embodying two calibrations, 
an efficient radiative transfer code as well as linear 
and nonlinear inversion schemes. 

 Measurements are carried out with the sky radiom-
eter at specified wavelengths, carefully selected out-
side the gas absorption bands, in order to reduce the 
radiative transfer problem to a pure scattering prob-
lem. One observation geometry often adopted con-
sists of carrying out measurements in the solar 
almucantar, that is, pointing from the measure-
ments' place along a conical surface with the same 
zenith angle 00 of the Sun, and letting azimuth angle 

4) vary. Another geometric situation of common use

which can be measured more accurately than E and 
is extremely useful for long-term monitoring of the 
atmospheric turbidity as slightly affected by deterio-
ration of the interference filters. Its single-scatter-
ing (SS) part equals the total differential scattering 
coefficient, 13(0) w-rP(0). Equations (1)—(3) are 
strictly monochromatic and can be used in practice 
for relatively small bandpasses, in regions of the 
spectrum where there is not strong absorption by 

gases. 
 Figure 1 shows the behavior of ratio R(0) at three 

wavelengths and for 0 from 3° to 60°, and of the 
aerosol optical thickness, TA(X), obtained from a simu-
lation carried out with the sxYR.AD.pack code; dotted 
curves represent the SS contribution to R. We show 
that the MS contribution is not negligible, and that it 
increases with 0; for instance, at X = 0.500 pm and 
o = 60° this contribution is 41%, so that an accurate 
scheme for the MS treatment of radiative transfer is 
needed within the inversion code. As for TA, it 
decreases with X, even if other types of behavior can 
occur, depending on the shape of the size distribu-
tion.12-14 

From R(0) data, the differential scattering coeffi-
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 Fig. 1. Example of dependence of R on 0, at X = 0.369, 0.500, and 1.048 um, and of TA on A; on the left-hand side the dotted curves are the 
SS approximation to R. Data are from a simulation carried out with the sxYRtAD.pack code, concerning the almucantar geometry and the 
following parameters: 0 = 30°, TA (0.5 pm) = 0.2, ground albedo A = 0.20, and aerosol refractive index m = 1.5-0.Oli. The aerosol size 
distribution was taken from Shettle and Fenn"; the radius interval is from 0.05 to 20 um.

cient 13(0) is obtained by an iterative regression 
incorporating a MS algorithm; from 13(0), and possi-
bly T data, the volume size distribution of the atmo-
spheric aerosol is finally derived. As the ratio R is 
approximately proportional to T, the inversion proce-
dure is very stable even for small optical thicknesses 
of the order of 0.01, as found in polar regions. 

 The aerosol optical thickness, TA, is defined as

where Qext is the efficiency factor for extinction as 
given by the Mie theory for spherical particles, x = 
(2Tr/X)r is the size parameter, n(r) is the columnar 
radius distribution of aerosol, rm and rM are mini-
mum and maximum aerosol radii, respectively, and 
m = m — hi is the aerosol complex refractive index. 
If in Eq. (4) Qext is replaced by the efficiency factor for 
scattering, one obtains the optical thickness for 
scattering TAs; the aerosol single-scattering albedo is 
defined as cWA = TAS/TA. The value of TA (0.5 um) is 
often used as a reference parameter and is referred 
to as atmospheric turbidity. 

 The aerosol differential scattering coefficient repre-
sentative of the whole atmospheric column is defined 
as

where i1 and i2 are Mie intensity functions10; the 
aerosol phase function is defined as PA(0) = RA(0)/WATA.
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 The columnar aerosol radius distribution, n(r), is 
the number of particles within an air column of unit 
cross section, for a unit radius interval (in inverse 
square centimeters times inverse micrometers). 
In the sKYIAAD.pack code, columnar volume spectrum 
v(r) is used; it is defined as the volume of aerosol for 
an air column of unit cross section, within a unit of 
logarithmic radius interval: v(r) = dV/d ln r (in 
cubic centimeters per square centimeters). The re-
lation between v(r) and n(r) is v(r) _(47r/3)r4n(r). 

As a consequence, the two quantities TA and 13A can 
be expressed as

The behavior of KeXt and K approximately deter-
mines the radius interval of reliable information 
content15 for the aerosol optical and physical features. 
From the inspection of several kernels at the refrac-

tive indices typical of the atmospheric aerosol, it was 
found that this interval is indicatively from O.03 to 3 

pm and 0.06 to 10 pm for only extinction or scatter-
ing data, respectively; when measurements of nor-



malized diffuse sky flux are used together with the 
 usual measurements of extinction, the radius inter-

val is indicatively from 0.03 to 10 pm. 
 The aerosol refractive index is a function of wave-

length; when a series of wavelengths are worked 
with, an average value is often assumed, possibly 
because of a lack of knowledge of its wavelength 
dependence. Besides, because the aerosol size dis-
tribution is usually multimodal, different values of 
in should be properly used for each mode. Finally, 
we assume the aerosols are spherical particles, so 
that Mie theory is applied for describing the single-
scattering process; in Section 6 we discuss the effect 
of particle nonsphericity.

and 1.03 pm, with a 1.2° field of view; it is powered by 
solar panels and has a data-transmission system 
through geostationary satellites. 

 The quantities measured by this type of instru-
ment are defined by Eqs. (1) and (3). We note that 
quantities F/Fo and R do not need absolute radiomet-
ric calibration, so that only relative measurements 
have to be performed; as a consequence, if the 
voltage outputs for F, F0, and E are given by V, V0, 
and VE, respectively, Eqs. (1) and (3) will be rewritten 
as

3. Considerations for Instrumentation 
The device used for measuring the sky radiance 
distribution and the direct solar irradiance is the sky 
radiometer, also called the aureolemeter. It is made 
up of a photometer with annexed interferential 
filters for the selection of the working wavelengths, 
and a pointing system; for stable measurements the 
center of the field of view has to have a flat response. 
The photometer is designed so as to have an angular 
field of view of 1° to 1.5°, which is suitable for 
measuring both the sky radiance and the direct solar 
irradiance. With this size, when the solar irradi-
ance is measured, the solar disk is stably caught in 
the field of view, while the averaging effect on the sky 
radiance distribution caused by the finiteness of the 
field of view is almost negligible. It is important to 
shade the photometer with a hood that blocks the 
direct solar radiation for scattering angles larger 
than a certain value, which is also the minimum 
value at which the data of diffuse radiation can be 
reconstructed. 

In our research we use aureolemeter Model Pom-
01, produced by Prede (Tokyo), which adopts the 
following wavelengths: K = 0.369, 0.500, 0.675, 
0.776, 0.862, and 1.048 pm; all together they are 
referred to as standard wavelengths. In addition, 
the aureolemeter can operate at the 0.315-pm and 
0.938-pm wavelengths for the retrieval of the optical 
thicknesses of ozone and water vapor, respectively. 
As to filters, the bandpass is less than 0.05 pm for 
K = 1.048 pm and —0.01 pm for the other wave-
lengths. The field of view is 1°, and the minimum 
angle for scattering measurements is —3°. The 
photometer is mounted on a vertical—horizontal two-
axes mount that is driven by digital servo motors. 
The measurement sequence can be controlled by a 
host computer, so that after latitude, longitude, date 
and time of the measurement site, and number and 
values of the aerosol scattering angles to be consid-
ered are set, several measurement modes can be 
programmed, such as continuous Sun photometry, 
aureole almucantar, and principal plane mode. 

 A fully automatic sky radiometer Model 318A by 
Cimel (Paris), used by the NASA network,2 is worth-
while to mention in this regard. This system adopts 
wavelengths of 0.44, 0.52, 0.56, 0.62, 0.67, 0.78, 0.87,

Before T and R actually become available for inver-
sion, two calibrations for determination of Vo and ASZ 
have to be performed; the procedures for this step 
are described in Section 5. 

 A slightly different choice was made by O'Neill and 
Miller,16 who developed a radiometer with a variable 
field of view, that is, 0.05° for measurements of direct 
radiation and in the solar aureole and 0.5° for 
scanning sky radiance outside the aureole. A differ-
ent kind of instrument for measuring the sky radi-
ance was studied by Zibordi and Voss17,18; it consisted 
of a solid-state camera with a charge injection device 
imaging sensor, equipped with fish-eye optics, which 
allows measurements over a 27r solid view angle, 
with an angular resolution of —1°, in three spectral 
channels (0.449, 0.499, and 0.600 pm).

4. sKYRAD.pack Code

A. General Description 

The code consists of two programs; the first (Mxn'rA) is 
for computing simulated data of direct and diffuse 
solar radiation, and the second (REDML) is for retriev-
ing aerosol properties from solar radiation data (real 
or simulated). The general structure of the two 
programs as follows. 

The MKDTA program makes simulated data of the 
optical quantities, for given proper input data. The 
main input and output data are summarized here. 
The input data consists of the solar zenith angle and 
geometry (almucantar, principal plane), the number 
and value of wavelengths and scattering angles, the 
multimodal aerosol volume radius distribution in 
analytical form (power law, log normal, modified 
gamma distribution, for each mode),6,19 the minimum 
and maximum radii of aerosol particles, the aerosol 
complex refractive index at each wavelength, the 
aerosol optical thickness at one wavelength (usually 
0.5 pm), and the ground albedo for each wavelength 
(assuming a Lambertian reflecting surface). The 
output data consist of the aerosol optical thickness 
and single-scattering albedo at the selected wave-
lengths, and the ratio (diffuse to direct radiation) at 
the selected wavelengths and scattering angles. 

 The REDML program retrieves the aerosol features
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from data of direct and normalized diffuse radiation; 
its flow chart is given in Fig. 2. The input data 
consist of the solar zenith angle and geometry; the 
number and value of measurement wavelengths and 

 scattering angles, ratios R at the above specified X 
and O values, the optical thicknesses at the above 
specified X values (if available), the ground albedo for 
each wavelength, the aerosol complex refractive 
index, and the minimum and maximum radii of 
aerosol particles. The output data consist of the 
aerosol volume spectrum, the aerosol optical thick-
ness and single-scattering albedo at the selected 
wavelengths, and the aerosol phase function and 
reconstructed R data, at the selected wavelengths 
and scattering angles. 

 Four different modes of operation, selected by the 
index INDM, are available for the inversion of the 
optical data, according to different possible experi-
mental conditions. In INDM = 2, the inversion 
entirely relies on the R(0) data, and only the calibra-
tion for MI is needed. As this mode gives the 
results concerning v and TA even without calibration 
for direct radiation, it is very suitable for long-term 
measurements. In INDM = 0, the T are kept fixed 
and used together with the R(0) data in the retrieval

procedure. This mode has to have both calibrations 
already recalled. In INDM = 1, the T are used as 
indicative values in the first step of the loop but are 
updated at each iteration. The r data can be given 
different weights with respect to the R data, accord-
ing to their reliability. In INDM =-1, the solid 
view angle of aureolemeter AS/ is not known. The T 
are used for normalizing the R(0) data; then the 
retrieval proceeds as for INDM = 0. 

 With reference to Fig. 2, the inversion code pro-
ceeds in this way. Starting from the initial values of 
13(0), at the nth iteration it computes (subroutine 
AEINV) v(n)(r) from the data of 13(n1 and T (for 
INDM = 0, 1, —1), and then R(')(0) and T(n) (for 
INDM = 1, 2) from v(n)(r) through the IMS (improved 
multiple and single scattering) radiative transfer 
scheme (subroutine RTRN1); finally, it obtains I3(n+1)(0) 
by comparing RtnW(0) with the corresponding experi-
mental data, and then it iterates until a stop condi-
tion (maximum number of loops or the difference 
between successive relative residuals for R) is 
reached. 
 Mie intensity functions and efficiency factors for 
spherical particles are computed in advance at 55 
grid points for O from 0° to 180°, and at 59 grid 
points for size parameter x (logarithmically spaced 
from 5.42 x 10-2 to 5.84 x 102); these two kinds of 
grid points can be chosen by the users according to 
their own needs, and measurement scattering angles 
must be on grid points. The volume radius distribu-
tion is recovered in the shape of a histogram; 20 
radius subintervals within the interval from 0.01 to 
10 p.m are usually considered. The maximum num-
ber of iterations and the tolerance parameter for the 
convergence of R were set as 20 and 0.1%, respec-
tively. 
 The sKYRAD.pack code has several options that can 

already be used or implemented over time. For 
instance, the inversion of 13(0) and T data can be 
carried out by the subroutine AEINV with a linear or 
a nonlinear method, according to the situation; calcu-
lations for a multilayer atmosphere can be carried 
out; different radiative transfer schemes can be 
selected; and the use of the m, k, and A input 
parameters as dependent on wavelength, as well as 
the use of different refractive indexes for the differ-
ent modes of the aerosol radius distribution, can be 
made. Copies of the FORTRAN program are avail-
able from the first author.

Fig. 2. Flow chart of the REDML program for 
direct and diffuse solar radiation.

inverting data of

B. Radiative Transfer Scheme 
The connection between differential scattering coeffi-
cient 13(0) and measured ratio R(0) occurs through 
the RTE in a MS scheme, which has to be both 
accurate and efficient in order to make the whole 
technique of practical use. The single-scattering 
theory cannot be adopted, as shown by Fig. 1 and as 
demonstrated, for instance, by Box and Deepak2° 
and by Arao and Tanaka,21 who showed that the SS 
theory for aerosols breaks down for almost all wave-
lengths and turbidity conditions.
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 Previous treatments of the sky radiance problem 
 with a MS scheme were carried out by Weinman et 

a/.,22 Sobolev,23 Box and Deepak,24 and Nakajima et 
al.' The main part of the sKYRAD.pack code pre-
sented in this paper is composed of the IMS radiative 
transfer scheme in a plane—parallel atmosphere, 
developed by Nakajima and Tanaka.19 The aerosol 
phase function is expressed, according to the delta-M 
method,25 as a delta function plus a 2M-term series 
of Legendre polynomials depending on 0; this ap-

proximated phase function can be inserted into the 
RTE, and the procedure can be completed through a 
matrix formulation of the discrete ordinate method26 
for solving the transfer of solar radiation in a plane— 
parallel atmosphere. The radiance obtained 
through this procedure is not realistic, as it exhib-
its19 a spike at 0= 0° plus fluctuations around the 
true radiance at zenith angles smaller than 20°. 
On the other hand, the radiance field of a given order 
of scattering becomes more isotropic and smoother 
when the scattering order increases,27 and the first 
orders of scattering dominate in the solar aureole 
region. As a consequence, one can remove the 
unrealistic features induced by the delta-M method 
by subtracting the approximate fields given by the 
first- and second-order scattering and by adding the 
corresponding exact estimates that are directly com-

puted. 
The exact solution to the radiance u = E/Afl for 

the first-order scattering is given by

where SZ and (L, are unit vectors indicating the 
emergent and solar propagation directions, respec-
tively; p= cos 0, po = cos 00. The exact solution for 
the second-order scattering for the mean homoge-
neous layer is given by

averaged phase function, Pn are Legendre polynomi-
als, and f is the truncation fraction. 

 With this correction the radiances for all the 
emergent directions are within 1% of the true values 
obtained with the discrete ordinate method, with a 
small number of quadrature points for integrating 
the RTE, as shown by computations carried out for 
both homogeneous and inhomogeneous atmospheres 
with TA <_ 1 and X = 0.500 pm. After the internal 
radiances for the quadrature points are obtained, 
the radiances in arbitrary directions can be obtained 
through the Stamnes interpolation.28 The appropri-
ate number of Gaussian quadrature points depends 
on the total optical thickness and single-scattering 
albedo, as well as on the shape of the total phase 
function; in the code we chose six points, which are 
fast enough to be implemented into the iteration loop 
without noticeable error. 

 Note that the radiance is calculated with a scalar 
radiative transfer subroutine, which does not take 
into account polarization effects. A correction with-
out solving the RTE for the full set of Stokes param-
eters is available in the sxYR.AD.pack code (see Sec-
tion 6).

C. Inversion Schemes 
Within the 5KYRAD.pack code, inversion schemes are 
used to derive differential scattering coefficient 13(0) 
from measurements of normalized sky flux R(0), and 
the aerosol volume radius distribution from the data 
of p(6) and T(for INDM = 0, 1, —1). The two inver-
sions are strictly connected, as can be seen from the 
flow chart of Fig. 2; the inversion for 13 is carried out 
through a nonlinear method, and each step of the 
loop contains the procedure for retrieving v(r), which 
consists of a single step if we adopt a constrained 
linear method, or even a loop if we adopt a nonlinear 
iterative method. 

 Let us recall that a nonlinear iterative method of 
inversion29 starts with the assumption of a first-
guess solution, which is updated at each iteration 
until the difference between experimental and com-
puted data is within a prescribed value. The total 
differential scattering coefficient at the nth iteration 
is updated through the simple formula

the initial guess for 13(0) is obtained as (31(0) _ 
Rmea$(0). If we now refer to the retrieval of v(n)(r; 
from 13(n) data (INDM = 2), a nonlinear method3o,31 
will give vfro(r) through a loop that at the mth 
iteration and at the ith grid point, r1, will update 
v(m)r,) with the equation

In P2 , terms gn are Legendre moments of columnar- where K3, * = K;r
,I Kmax is the normalized kernel , Kmax
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 is the maximum value of K;i, and NM is the number 
of measurement angles. Quantity E;m is the re-
sidual of the aerosol differential scattering coeffi-
cient for the jth angle and at the mth iteration, 
defined by E;m = [i37)/13; )/13; (m)1 - 1, with WI computed by 
the use of vim'(ri), (i = 1, ... , NS). The estimation of 
the first-guess solution is particularly important, as 
it allows us to speed up the convergence of the 
solution; for the first-guess spectrum the sum of 
three log normals was assumed, whose parameters 
are fixed according to the situation. 

 The constrained linear method of inversion29 con-
sists of a linear matrix formulation in which the 
stability of the solution is controlled by the require-
ment that it agree both with input data and with 
imposed weighted constraints. With reference to 
the retrieval of v1r) from 13(n) andT data (INDM = 
0, 1, —1), the system of equations can be expressed in 
a matrix equation as

where g is the vector of the 13A'" and TA data, v(ni is the 
unknown vector of components v:n (ri), the compo-
nents of vector E are the error of each datum, and 
matrix Ais composed of the kernel elements. By 
introducing a smoothing matrix and a Lagrange 
multiplier )/,32-34 which constitutes a relative weight 
between and ., we obtain the solution

Fig. 3. Aerosol volume size distributions retrieved with a lineal 
and a nonlinear inversion scheme from the ratios R of Fig. 1 (mode 
INDM = 2), within the 3° � 0 .� 30° interval; at the bottom there 
is the relative difference between given and retrieved spectra' 
The inversion was carried out with the sKD.pack code, assum• 
ing a radius interval from 0.05 to 20 pm.

where .AT4 2' is the transpose of A. In the 
sKYRAD.pack code, parameter y is found according to 
the method of Ref. 35. 

 Advantages of nonlinear over linear methods con-
sist29 of the following: (a) the iterated nonlinear 
solutions are always positive, whereas unrealistic 
humps in the retrieved spectrum can be produced by 
the linear inversion; (b) the nonlinear inversion gives 
satisfactory results in a larger radius interval; (c) it is 
more simple to be coded; and (d) it is less susceptible 
to noise. 

 Figure 3 shows the volume spectra retrieved from 
the R data of Fig. 1 (mode INDM = 2), with a linear 
and a nonlinear inversion scheme, by the use of the 
sKYR.AD.pack code. We show that for the linear 
inversion the relative difference, Error (%), between 
given and retrieved size distributions as a function of 
r increases toward both sides of the assumed radius 
interval (0.05-20 pm), reaching values near 60% at 
the limits; the nonlinear inversion extends the reli-
able interval on both sides of the interval. If we 
consider as reliable those radii for which Error (%)7� 
25%, the radius intervals concerning the linear and 
the nonlinear inversion will be 0.75-11 pm and 
0.6-18 pm, respectively. A similar effect is obtained 
by the use of both data of extinction and scattering, 
as shown by Fig. 4, where volume spectra retrieved 
from the data of Fig. 1, for INDM = 0 and INDM = 2, 
are reported; we note that use of the mode INDM = 0

allows us to improve the radius resolution, mainly 
on the side of smaller radii (from 0.75-11 pm to 
0.6-14 pm). 

 To study the features of the linear and nonlinear 
inversions within the sKYRAD.pack code further, we 
carried out simulations with six types of spectra, 
under the conditions TA (0.5 pm) = 0.2, A = 0.1, m. = 
1.5 — 0.01i, rm = 0.01 pm, and rM = 20 pm. The 
reliability of the findings was assessed through the 
following control parameters: €(v), the average of 
Error (%) over the radius subintervals that contrib-
ute more than 5% in reconstructing any optical 
quantity5; e(TA), the relative deviation between simu-
lated and retrieved aerosol optical thicknesses; and 
E(R), the rms deviation between simulated and recon-
structed R data, averaged on the scattering angles. 
Results from R data (INDM = 2) showed that €(v), 
E(TA), and E(R) are always smaller for the linear 
inversion, whereas the nonlinear inversion gives 
satisfactory results in a relatively wider radius 
interval, without the unrealistic humps in the spec-
trum typical of the linear inversion; the results 
coming from the nonlinear inversion showed a strong 
dependence on the first-guess spectrum. 

 From the elaboration of both simulated data and 
measurements taken in the center of the Mediterra-
nean Sea, Cagliari, Sardinia, we saw that computa-
tional times for the two methods were almost the 
same (-30 s on the workstation HP Apollo 9000), 
because the nonlinear method has to iterate, whereas
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calibration requires a careful maintenance of the 
light source and integration sphere. The diffuse-

plate method consists of first looking vertically at the 
solar disk and then horizontally at a diffuse plate 
illuminated by the direct solar radiation and placed 
at 45° with the vertical direction. If we know the 
flux reflectance, r, of the diffuse plate and assume 
isotropic reflection at its surface, the solid view angle 
will be given by

 The point-source method7  uses  a plane—parallel 
light source, such as a collimated lamp, to measure 
the response function of the radiometer field of view. 
In this paper we propose using the Sun as a plane— 
parallel source of radiation, centered at the origin of 
a local system of rectangular coordinates (x, y); the 
method consists of scanning a small domain AA 
around the Sun. In this case the solid view angle is 
calculated as

Fig. 4. Aerosol volume size distributions retrieved with the 

sxYRAD.pack code, for modes INDM = 0 and INDM = 2, and the 
linear inversion method; at the bottom there is the relative 

difference between given and retrieved spectra. Data are from 

Fig. 1, with R within the 3° 5. 0 s 30° interval; a radius interval 

from 0.05 to 20 urn was assumed.

the linear method has to invert the matrix in Eq. (15) 
and perform several trials to find the best estimate of 
the y parameter.35

5. Calibrations and Data-Elaboration Procedure 
The determination of quantities R and requires us 
to determine previously AO and Vo in Eqs. (8); we 
propose two methods for these calibrations, that is, 
the Sun scanning method and an improved version of 
the Langley plot, respectively. 

 The inversion of the optical data requires knowing 
or determining the input parameters, so we propose 
a procedure of inversions that also determines m, k, 
and A averaged over wavelength; this procedure is 
connected with the calibration for V0, as shown 
below. Both calibrations and the data-elaboration 
procedure are at present under investigation.

A. Determination of the Solid View Angle 

There are several possible ways of determining the 
solid view angle of the radiometer. For instance, 
the lamp method2,3 consists of looking at a uniform 
target with known brightness as an integrating 
sphere with well-calibrated standard lamps. The 
solid view angle is then given by

where L is the mean radiance for the field of view, E 
is the diffuse flux density, and c is a constant; this

where E(x, y) is the diffuse flux density when the 
optical axis of the radiometer is located at (x, y), and 
f(x, y) is the response function of the radiometer. 
We estimated the solid view angle of an aureoleme-
ter Model Pom-01 L (Prede) with this method, by 
scanning the area of 2° x 2° around the solar disk 
from up to down and from left to right, with an 
angular resolution of 0.1°; measurements were made 
for all seven channels of the radiometer. After we 
corrected for the movement of the solar disk during 
the scanning procedure, we registered the signals as 
a function of the (x, y) coordinates system. Finally, 
to obtain the integral in Eq. (18), we introduced an 
elliptic system of coordinates centered at (0, 0), so 
that the response function was expressed as a func-
tion of ellipse major semiaxis r, f(x, y)--- f(r), as shown 
in Fig. 5 for K = 0.500 pm. The values of All are 
near 2 x 10-4 sr and decrease with wavelength 
because of the color aberration of the single lens used 
in the radiometer. In the above discussion we as-
sumed the solar disk as infinitely small, whereas it 
has an angular radius of —0.23°, this effect will not 
change Eq. (18) as long as the solar disk is smaller 
than the flat part of the center of the field of view.

B. Calibration of Direct Radiation Measurements 
The usual method for finding V0 uses the Langley 
plot,36,37 which is based on measurements of only 
direct radiation, and which for each wavelength 
locates V0 on a V — m0 graph for m0 —^ 0, under the 
hypothesis that T is a constant during the calibration. 
Because measurements last several hours, the above 
hypothesis is almost never fulfilled, so the accuracy 
of Vo(K) is often poor; a simulation carried out by
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 Fig. 5. Method solar disk scanning for the determination of the 

solid view angle of the sky radiometer. Behavior of the response 

function versus r, from measurements concerning aureolemetei 

Model Pom-01 L (Prede); X = 0.500 um.

Shaw38 for an urban situation in the midvisible 
showed V0 to have an error of —10%. 

 Here we propose an improved method of calibra-
tion based on data concerning both direct and diffuse 
radiation, which is an extension of a previous method 
by Tanaka et a/.39 A retrieval with only R data 
(INDM = 2) is performed for all available measure-
ments, and the set of T values so obtained is used for 
deriving moT and then V0 by extrapolation along a 
V — moT graph, as required by the first of Eqs. (8). 
The values of Vo determined with this method de-
pend on the input parameters assumed when the 
mode INDM = 2 is entered; at present, the input 
parameters were assumed to be averaged over wave-
length. 
 Figure 6 shows an improved and a normal Langley 

plot at K = 0.500 pm, obtained from experimental 
data taken in Cagliari, Sardinia, at the standard 
wavelengths. We show that the improved Langley 
plot gives a better correlation coefficient and a 
smaller dispersion of the points about the best-fit 
line; the same holds for the other wavelengths, 
mainly at the longer ones. In this case the relative 
difference of the normal V0 from the improved one is 
less than 0.1%; for all the wavelengths considered we 
have 1.1, —0.06, —0.6, —0.8, —0.9, and —0.9%, 
respectively. For other measurements carried out 
almost at the same site, we obtained differences of 
approximately 3%. The corresponding improved Vo 
values for the two cases were closer to each other 
than the normal values. Furthermore, we have to 
take into account that according to the first of Eqs. (8) 
an error on V0 propagates on T according to

and that for our experimental data 1/m0T varies in
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Fig. 6. Left-hand side shows the improved Langley plot; optical 
thicknesses were derived from R data (INDM = 2), with input 
parameters m = 1.4, k = 0.01, A = 0.1. The right-hand side 
shows the normal Langley plot. Experimental data were taken 
in the center of the Mediterranean Sea, Cagliari, Sardinia, and 
elaborated with the stcnt.D.pack code.

the intervals 0.6-1.4, 1.6-3.6, 3.2-7.1, 4.1-9.3, 4.8-
11.4, and 5.6-14.3 for the wavelengths considered; as 

a consequence, a 1% error on V0 can easily imply an 
error of 10% or more on T.

C. Data-Elaboration Procedure 
In addition to the data elaborated for the present 
paper, the sKYRAD.pack code was used in several 
cases, both with simulated and measured data. 
Tonna et al.,5 starting from nine models of atmo-
sphere characterized by parameters 00i A, and TA (0.5 
pm) and by the measurement geometry, computed 
optical data at the standard wavelengths, which 
were subsequently inverted to recover the aerosol 
volume spectrum; the retrievals were carried out for 
all four available modes (index INDM), using R data 
in the 3° � 0 � 30° interval. The aerosol spectra 
considered for this study were the bimodal volume 
spectrum of Shettle and Fennli already used for 
producing the data of Fig. 1, and a bimodal spectrum 
retrieved by Shiobara et al.6 that had a radius 
interval from 0.1 to 10 pm; refractive indices for the 
two spectra are 1.48-0.055i and 1.50-0.01i, respec-
tively. Results showed that E(R) is within 0.3% for 
all modes, whereas E(TA) is within 0.3% and 1.5% for 
INDM = 0, 1, —1 and INDM = 2, respectively. We 
note that these results turned out to be very good, as 
before starting the inversion, we assigned for input 
parameters r,m, rM, m, k, andA their true values, that 
is, the same values used in simulating the measure-
ment data. When actual field data are retrieved, 
these parameters are unknown. 

Kaufman et al.40 carried out ground measure-
ments of solar transmission and sky radiance in 
several geographical regions by means of a combined 
Sun photometer—radiometer operating at eight spec-
tral bands from 0.44 to 1.03 pm for direct sunlight, 
and at three spectral bands (0.44, 0.62, and 0.87 pm) 
for sky radiance measurements. The angular depen-



 dence of the almucantar sky radiance in the inter-
val 2° 5 0 40° was used to retrieve with the 
sKYRAD.pack code the aerosol size distribution in the 
radius interval 0.06 < r < 10 pm; bimodal and 
trimodal volume spectra were found, which de-
pended on the measurement site. Aerosol optical 
thickness TA was determined both from data of direct 
radiation by the use of a normal Langley plot and 
from only R data with INDM = 2. In the elabora-
tion, characteristic values for the input parameters 
were assumed. 

Kaufman et al.41 produced average volume size 
spectra derived from 160 measurements of sky radi-
ance from ground, collected in the easter U.S. during 
the SCAR-A (sulfates cloud and radiation—Atlantic) 
experiment in 1993, which are reported in Fig. 7. 
Four main modes of aerosol can be distinguished in 
this set of spectra: the accumulation mode (r < 0.3 
pm), the stratospheric aerosol mode (0.3 < r < 0.8 
pm), the maritime salt particles mode (0.8 < r < 2.5 
pm), and the coarse particles mode (r > 2.5 pm). 
In the elaboration the sicYRAD.pack code was used; 
characteristic values for the input parameters were 
assumed. 

Dalu et al.42 carried out ground measurements of 
optical, chemical, and physical properties of aerosol 
in Sardinia, Italy, with a Model Pom-01 aureoleme-
ter, an advanced Sun photometer, and cascade impac-
tors. Optical data were elaborated with mode 
INDM = 2 in the 3° 5 0 � 35° interval, by the use of 
the slYRAD.pack code. The obtained aerosol spectra 
indicated a trimodal volume size distribution, with 
mode radii located at approximately 0.15, 0.5, and 2 
pm, which were related to background aerosol, mari-
time, and sea salt particles, respectively. The diur-
nal behavior of TA was also determined. Many sets 
of values of the refractive index and ground albedo 
were selected for the computations, and an optimal 
set averaged over wavelength was determined at 
each hour from the minimum shown by residuals

Fig. 7. Aerosol volume distributions derived with the sxnt.AD.pack 
code from sky measurements by Sun/sky radiometers during the 
SCAR-A experiment; data are averaged every 5 or 10 measure-
ments. For radius r < 0.3 pm, accumulation mode; 0.3 < r< 0.8 

pm, stratospheric aerosol mode; 0.8 < r < 2.5 pm, maritime salt 
particles mode; r > 2.5 pm, coarse particles mode.

E(R). Residuals E(R) were found to depend rather 
strongly on m and only weakly on k and A; for r,n and 
rM the fixed values 0.01 and 10 pm were assumed. 

 The problem concerning the sensitivity of the 
results to and the dependence of control parameter 
e(R) on the input parameters was studied in Ref. 5. 
Using the same models of atmosphere as those given 
in the first paragraph of this subsection, Tonna et al.5 
demonstrated that inaccurate values of the input 
parameters can cause great errors in the results, 
while the dependence of E(R) can be very weak. 
Data were elaborated for mode INDM = 2 at the 
standard wavelengths by the use of the sicYRAD.pack 
code. Results can be summarized as follows. First, 
the effect of selecting r0, and rM values different from 
the true ones is that the results concerning v and TA 
deteriorate, whereas e(R) practically does not vary; 
the best result for each case is obtained when the 
assumed radius interval is slightly larger than the 
original one. The interval 0.05 :5 r s 15 pm was 
shown to be a reasonable compromise. Second, as 
to the ground albedo, when A departs from the true 
value the results of the inversion concerning v and TA 
rapidly deteriorate, while e(R) practically does not 
vary; if we want to keep E(TA) within 5%, we have to 
determine A within 15%. Third, as to the aerosol 
complex refractive index, when m departs from the 
true value the results of the inversion concerning v 
and TA rapidly deteriorate, while at the same time 
E(R) shows a clear minimum about the true value; if 
we want to keep E(TA) within 5%, we have to deter-
mine m within 3.5%. Furthermore, when k departs 
from the true value, v and TA rapidly deteriorate, 

while E(R) shows a very weak dependence on k; if we 
want to keep E(TA) within 5%, we have to determine k 
within 20%. 

 Instead of determining the above parameters from 
additional measurements,43 we conceived of deriv-
ing them from the optical data by using the R(0) data 
in their entire possible angular range rather than on 
a restricted interval of 0 values. By taking into 
account that R(0) depends differently on the various 
parameters within different 0 intervals, one can 
divide the R(0) data into two or three sets, and 
within each data set one can search for the proper 
parameter. Figure 8 shows the dependence of R on 
m, k, and A, at K = 0.500 pm, in the 0 interval from 
3° to 160°, which is the widest that can actually be 
used for measurements; data were generated with 
the MKDTA program enclosed in the sKYRA.D.pack code 
by the use of an aerosol spectrum by Shettle and 
Fenn.11 More specifically, Fig. 8 (top left) shows R(0) 
for four values of m, for given k and A; it can be seen 
(right) that the 0 interval of maximum variation 
with m is from 3° to 30°, while at the same time 
(middle and bottom) within this interval the mini-
mum dependence of R on k and A occurs. As to the 
variation of R with k, Fig. 8 (middle right) shows that 
it is almost constant from 30° to 160°, while (bottom 
right) a maximum in the variation of R with A occurs 
from 90° to 120°.
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 Fig. 9. Comparison between optical thickness [T(dir)] derived 
from Sun photometric data with improved Langley plots and 
Fr(dif )] derived from diffuse light data; results from all the six 
standard wavelengths were put together. Experimental data are 
as in Fig. 6, elaborated with the sKYaAD.pack code.

Fig. 8. Dependence of R(0) on m (top), k (middle), and A (bottom). 
Data are from numerical computations carried out with the 
sicva n.pack code and refer to an aerosol volume radius distribu-
tion by Shettle and Fenn."

 On the basis of all the above findings, we created 
the following inversion procedure. Let us suppose 
that we carried out measurements of both direct and 
diffuse radiation during a whole day, so as to have 
—30 complete sets of measurements . After deter-
mining AD, we invert each set of data with mode 
INDM = 2 in the interval 3° 5 0 5 30°, assuming 
about six values of m and indicative values for k and 
A; from the minimum exhibited by E(R), the average 
over wavelength, with m, we can determine m, 
taking advantage of the fact that the dependence of 
E(R) on k and A is very weak for the considered 0 
interval. 
 Now elaborate each set of data with INDM = 2, 
assuming approximately six values for k, the above 
determined m value, and an indicative value for A. 
For each couple of k and A values, construct the
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improved Langley plot by fitting the straight line In 
V = In V0 — cm0T for each wavelength; from the 
minimum exhibited by deviation E(c) ° (c — 1), the 
average over wavelength, with k, we can determine 
k, as well as the best estimate of the set of V0 values. 

By means of the best V0 values found, we can now 
derive T from measurements V of direct reading. 
As a check of the quality of the measurements, 
calibrations, and inversion procedure, aerosol opti-
cal thickness T(dir) derived from measurements of 
direct radiation was compared with optical thickness 
'r(diff') retrieved from sky radiance data . Figure 9 
shows the behavior of T(diff) versus T(dir) for measure-
ments carried out in Cagliari, Sardinia, with the 
above procedure; data from all six standard wave-
lengths were put together. The offset of 0.008 is 
probably due to an error in the calibration of direct 
reading,40 whereas the 0.975 value in the slope 
should come from an error in the value of the solid 
angle. Besides, we know from Fig. 8 that for 0 
within the 900-120° interval, R shows a strong 
dependence on A; this suggests that we reconstruct 
R in this 0 interval by means of the results previ-
ously obtained, and that we try to find a better value 
for A from the minimum exhibited by E(R) with A. 
Finally, a further step could be to use the T(dir) and R 
data, together with the average input parameters so 
far determined, for entering mode INDM = 0 and 
getting final results.

6. Conclusions and Remarks 

Results from both simulations and experimental 
data showed that the sxYi.AD.pack code can retrieve 
the optical and microphysical features of the colum-



nar atmospheric aerosol with accuracy (within 1% of 
the measured optical quantities) and efficiency (within 
30 s) in several different situations, provided that the 
pertinent input parameters are properly given. 
Within the scheme proposed, absolute radiometric 
calibrations of the sky radiometer are not needed. 
New and improved methods for performing the two 

 calibrations for MI and V0 have been discussed, 
which can be carried out with field data. 

 A procedure of inversion including the above cali-
brations was proposed; it makes use of all the 
information contained within the optical quantities 
and also determines average values for the three 
input parameters m, k, and A. We note that besides 
their proper physical meaning, m, k, and A can be 
also considered as adjustment parameters, because 
they partially absorb the effects that cannot be 
reliably introduced into the model (i.e., nonsphericity 
of aerosol particles, nonhomogeneity of the surface 
around the measurement site); furthermore, they 
also depend on the inversion model used for their 
determination from measurements,46 so they can be 
ultimately referred to as apparent or effective param-
eters. The procedure of inversion is still under 
investigation with both simulated and experimental 
data. 
 The above procedure was not conceived to find 

input parameters r,., and TM, which condition both 
the accuracy of the results and the shape of the 
retrieved spectrum in a rather irregular way. At 
present, in the sKYRAD.pack code we use fixed values 
for these parameters5 of 0.05 and 15 pm, respec-
tively. 
 Simulations carried out with the LOWTRAN 7 code, 

for a midlatitude standard atmosphere character-
ized by an aerosol turbidity of 0.2, showed that the 
contribution of the optical thickness caused by the 
atmospheric gases to the total optical thickness is 
0.0%, 2.8%, 6.3%, 0.2%, 1.6%, and 1.8% for the six 
standard wavelengths. In an Antarctic atmosphere 
with a turbidity of 0.02, the above contributions, for 
the six wavelengths, becomes 0%, 5.8%, 19%, 0.7%, 
2.5%, and 8%, respectively. In this situation gas 
absorption could have some influence on the mea-
sured values of R and T, and consequently on the 
final results of the inversion. As to R, absorption 
partly compensates in the ratio, as it will affect the 
diffuse and direct flux densities by nearly the same 
fraction, so that we believe that the ratio R can 
reliably be used without correction at the standard 
wavelengths, while a correction can be done on T. 
To this end, we have to find both constant V0 in the 
first of Eqs. (8) in the presence of gaseous absorption 
and the gas optical thickness,3638 which can be done, 
for instance, with the method set up by Reagan et 
al. 47 

In the sKYRAD.pack code the aerosol particles are 
assumed to be homogeneous spheres. The effect of 
particle nonsphericity on the retrieval of the aerosol 
size distribution from scattering data was examined, 
for instance, in Ref. 48.

 Although there are several theories for calculating 
the light-scattering properties of nonspherical par-
ticles,49-50 efficient computational codes. like those for 
spherical particles52 are not available. Besides, the 
semiempirical theory of Pollack and Cuzzi53 was 
found by both Asano and Sato49 and by Mugnai and 
Wiscombe50 to disagree with their results; this find-
ing was ascribed to a lack of solid theoretical grounds. 

With measurements carried out with a polar neph-
elometer, Nakajima et al.54 showed that the aerosol 
nonsphericity can be taken into account by means of 
a large fictitious absorption. The consequence of 
this result on the actual use of the sKYR.AD.pack code 
is that should an unusually great value of k be 
determined, one could think of a possible effect of 
particle nonsphericity. 

 Because of the finite acceptance angle of the 
optical receiving system, the Sun photometer also 
collects a fractin of diffused light, in contrast with 
the hypothesis implied in Eq. (1). This effect was 
studied by some authors.38,55,56 We note that even if 
the error in F is generally agreed to be within a few 
percent, the error implied in T can be greater, as 
observed for V0 in Subsection 5.B., Eq. (19). 

Actual corrections to T were provided by Shiobara 
and Asano57 and by Nakajima et al.58 The latter 
authors56 proposed a correction to Eq. (1) that was 
based on a perturbative scheme developed by Box 
and Deepak24 as a solution to the RTE. We note 
that an analysis of this problem close to that pro-
posed in Ref. 58 was carried out by Box and Deepak.59 
This effect will be included in the sKYRAD.pack code. 

 Calculations of sky radiance for clear and turbid 
atmospheres, carried out with formulations neglect-
ing polarization effects, involve systematic errors60 
up to —10%. A technique for reducing these errors 
is described in a paper by 0gawa et al.,61 in which the 
true sky radiance is divided into two parts, i.e., that 
calculated by the use of the scalar approximation 
and an additional sky radiance produced by polariza-
tion effects. A semiempirical expression for this 
term, determined with the theory of successive order 
of scattering, was tested at X= 0.35 pm for homoge-
neous atmospheres with TA (0.35 pm) s 0.5 and was 
shown to reduce the error within —0.6%. This 
theory was incorporated into the sKYRAD.pack code. 

From the behavior of both simulated and mea-
sured R(0) and TA(X) data at the wavelengths consid-
ered in this paper, it was deemed that some wave-
lengths are redundant, and that possibly their 
number could be reduced when the same accuracy of 
the result is retained.15,62-65 To investigate this 
point, with the simAD.pack code we computed the 
optical quantities for three cases of a turbid atmo-
sphere, two refractive indices (rh = 1.48-0.055i and 
rn = 1.50-0.O1i, independent of wavelength), two 
retrieval modes (INDM = 2, 0), for the 3° 5_ 0 < 30° 
interval, and the six standard wavelengths; for each 
case the features of the aerosol were retrieved by the 
use of several combinations of wavelengths. Re-
sults showed that the accuracy of quantities R, TA,
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 and v(r), reconstructed at all six considered wave-
lengths by the use of data at only the 0.369-pm and 
1.048-pm wavelengths, is almost the same as that 
obtained with data from all six wavelengths. 

 The explanation of these results lies in the behav-
ior of the kernel functions for scattering and extinc-
tion defined in Eq. (7). If we take into account that 
for 3° 0 5 30° the information content is approxi-
mately within the interval 1 x<— 60 for scattering 
and 0.7 5 x .� 20 for extinction, one can see that the 
two wavelengths 0.369 and 1.048 pm cover the same 
radius interval as the six considered wavelengths, 
that is, approximately the interval 0.05 5 r 5 10 gm, 
which was shown to be suitable for a correct recon-
struction of the aerosol optical properties. 

 Results from experimental data42 taken at the 
standard wavelengths in Cagliari (Sardinia) con-
firmed these findings. However, we must note that 
when the above computations were made, the same 
values of the input parameters for both cases (two 
and six wavelengths) were used. In practice, these 
input parameters have to be found by the optical 
data during the data-elaboration procedure, as shown 
in Subsection 5.C. Very recent experience concern-
ing the elaboration of experimental data showed 
that with two or three wavelengths, control param-
eter e(R) has such irregular behavior with the input 
parameters that possibly these latter cannot be 
reliably determined, so further investigations should 
be carried out. 

 Finally, in view of a worldwide diffusion of sky 
radiation measurements, the problems connected 
with data handling and processing also have to be 
considered. Holben et al.2 described a network in 
which data are transmitted through the satellite 
data collection system from the memory of the sky 
radiometer to the appropriate ground receiving sta-
tion and are processed in near real time. Further 
improvements concern, for instance, unifying the 
presentation and elaboration of data, extending mea-
surements to ships and aircrafts by use of stabilized 
platforms, and determining the variable measure-
ment location by means of a global positioning 
system. 

 Part of this research was funded by the Italian 
National Program for Antarctic Research (PNRA). 
We are also grateful for technical support from Prede 
Company, Tokyo. E. Lo Cascio provided the figures.
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