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Experiment II spectral inversion algorithm 
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Abstract. The ozone long-term trends derived from the Stratospheric Aerosol and Gas 
Experiment II have been shown to be biased by the level of volcanic aerosol. We have 
investigated the spectral algorithm used to separate the partial optical thicknesses 
associated with ozone and aerosols. We present two possible causes of inaccuracies 
capable of producing relative errors on the slant path ozone optical thickness as large as 
5-15%. The first one is related to the interpolation of the aerosol optical thickness at 0.6 
/am which is not very well performed by solving the inverse problem of the unknown size 
distribution. The second error cause lies in the assumed altitude independence of the 
aerosol optical properties. Both error causes are discussed, and possible corrections are 
presented. 

1. Introduction 

Since its launch in October 1984, the Stratosphcric Aerosol 
and Gas Experiment (SAGE II) has provided important infor- 
mation on long-term changes in stratosphcric ozone, nitrogen 
dioxide, water vapor, and aerosol concentration profiles. The 
instrument is a seven-channel Sun photometer making mea- 
surements of the Earth's limb transmittance during orbital 
sunrises and sunsets. The nominal wavelengths are 0.385, 
0.448, 0.453, 0.525, 0.600, 0.940, and 1.02 /xm, and a 1-km 
vertical resolution is achieved [Mauldin et al., 1985]. 

The inversion algorithm has been discussed by Chu et al. 
[1989], and the retrieved concentration profiles for O•, NO:, 
and aerosols can be obtained on request from the NASA Earth 
Observing System Data and Information System, Langley Re- 
search Center. There exists a large number of publications 
concerning the validation of the SAGE II experiment, and the 
interested reader should refer to the special issue of Journal of 
Geophysical Research (94(D6), 8335-8466, 1989) and all refer- 
ences therein. 

Very recently, however, systematic comparisons [Wang et al., 
1996] between the ozone profiles retrieved by SAGE II and by 
the solar backscattered ultraviolet (SBUV) instrument [Hood 
et al., 1993] have shown that the SAGE II ozone values must be 
corrected for aerosol interference. The spurious coupling be- 
tween ozone and aerosol retrievals had already been suspected 
[Cunnold and Veiga, 1991] and became clearly evident in co- 
incident measurements over the post-Pinatubo period Septem- 
ber 1991 to December 1993 [Cunnold et al., 1996]. At altitudes 
below 30 km the SAGE II ozone retrievals were found to be 

biased by the large aerosol concentrations. The bias is a non- 
linear function of the aerosol extinction coefficient for lower 

altitudes. An important consequence is the probable overesti- 
mation of the decreasing trend of the total stratosphcric ozone 
column in the tropics by about 0.2% per year, which accounts 
for approximately one half of the difference between SAGE II 
and total ozone mapping spectrometer (TOMS) ozone trends. 

The above mentioned authors attribute the aerosol interfer- 
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ence effect to the interpolation of the SAGE II aerosol extinc- 
tion at 0.6 /am and also to the evolution of the aerosol size 
distribution during the volcanic aerosol relaxation. Empirical 
estimations of the aerosol extinction deficit at 0.6/am as large 
as 8% have been reported. However, neither Cunnold et al. 
[1996] nor Wang et al. [1996] provided a real explanation of the 
error or a possible correcting algorithm. The purpose of the 
present work is to discuss two possible causes of the problem in 
the frame of a simplified description of the spectral inversion 
problem. 

2. SAGE II Spectral Inversion Algorithm 
We recall here briefly the main steps leading to the deriva- 

tion of the ozone and aerosol slant path optical thicknesses as 
described by Chu et al. [1989]. After having subtracted the 
Rayleigh scattering and the estimated NO: contributions, the 
slant path total optical thickness • at wavelength A is given by 

8x(h) = I 13x(z(l(h))) dl (•) 

where the integral runs over the optical path l and/3 x (z) is the 
altitude-dependent total extinction coefficient, both quantities 
depending on the ray tangent height h. The aerosol (xi), 
ozone (aiy) and total (8•) (i = 1, 3, 4, 5, 7) slant path 
optical thicknesses at Xl = 1.02/am, X3 = 0.6/am, X4 = 0.525 
/am, X5 - 0.453 /•m, and X 7 - 0.385 /am are related by the 
following system of five equations and six unknowns (for the 
sake of coherence we have used the same indices as Chu et al. 

[1989]): 

Xl --- 81 (2) 

X3 + a3y = 83 (3) 

X4 + a4y = 84 (4) 

xs + asy = 8s (5) 

x7 = 87 (6) 

where 
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aiy = •i 03 (a• = 0, a3 = 1, a4 = 0.439, 

as = 0.0338, a7 = 0) (7) 

The values of the a i coefficients are determined by the ratios 
of the respective cross sections o-• ø3 (assumed to be altitude 
independent), while the maximum of the Chappuis band at ,k 3 
= 0.6/am is arbitrarily chosen as a reference to define y. If n 03 
is the ozone number density, we have 

This solution takes the estimated noise level F in all channels 

into account and can generate the subsidiary equation by cor- 
relating the aerosol optical thickness (x3) at 0.6/am with the 
aerosol optical thicknesses at other wavelengths: 

m 

x3 = • Q3jNj (13) 
j=l 

or 

f 03 a3y =y = o'3 no3(/) dl = o'3ø3N03 

03 

-o'3 /5/ø3(i=4,5 7) - •6;/o3 , (8) 

where No3 - ft/03 (l) dl. The situation is more complicated 
for the aerosol optical thickness because the aerosol total ex- 
tinction coefficient results from the integration of an unknown 
particle size distribution multiplied by the corresponding at- 
tenuation cross section, which is, of course, size-dependent. 
Assuming spherical particles of radius r, one may write 

•}erosol _. Q (A, r) dnaerøsøl R dnaerosol dr dr = Q ( X, r) dr dr 
(9) 

where dn acrøsø•/dr stands for the size distribution function. It is 
generally accepted that the standard stratospheric aerosol 
could consist of homogeneous particles (• H2SO 4 4- • H20 , by 
weight) and that the attenuation cross section Q may be rea- 
sonably described in the frame of the Mie theory. The most 
difficult parameters to estimate are obviously those associated 
with the size distribution function due to the small number of 

spectral channels considered. As a consequence, the relation- 
ship between x 3 and { Xl, x4, x5, X7} is not known, or, equiv- 
alently, the spectral variation of the aerosol optical thickness as 
a function of wavelength is a product of the retrieval process, 
not an input data. 

In the generic SAGE II algorithm, equation (9) was dis- 
cretized over a large number of mean radii rj, {j = 1, 
2, ... m }, up to the largest significative radius R -= rm, and 
integrated along the optical path, leading to the linear under- 
determined system 

,• = Q•r (10) 

or 

x• Q• Q•2 ...... Qlrn• 
x4 = Q41 Q42 ...... Q4m I 
x5 Q5• Q52 ...... Qsrn• 
x7 Q7• Q72 ...... Q7m/ 

N1 

(11) 

where the Nj are the slant path integrated aerosol number 
densities associated with the radii r i and Qo = Q (hi, r•) Ari. 

In order to coherently retrieve six unknowns (y, x•, x3, x4, 
xs, x7) from (2)-(6), a supplementary equation had to be 
formulated. Chu et al. [1989] have inverted (10) by using the 
Twomey's linear constraint method [Twomey, 1985]' 

• = Qr(QQr + F)-L• (12) 

X 3 -- O/lX 1 4- O/4X 4 4- O/5X 5 4- O/7X 7 (14) 

where the coefficients ai are obtained by combining (12) and 
(13) as: 

fir= •3 r. Qr(QQr + F)-• (15) 

•3 r = (Q3•Q32' "Q3m) (16) 

It is clear that the accuracy of the prediction of x3 has a 
direct influence on the ozone optical thickness derivation via 
(3), and Chu et al. [1989, p. 8342] commented upon their 
method as follows: "... due to the very limited number of 
channels, the method would necessarily produce solutions that 
are compatible with the aerosol size distribution being very 
smooth and unstructured." 

3. A Simple Model for the Aerosol Optical 
Thickness 

We have used a simplified model to estimate the aerosol 
optical thickness and to analyze the validity of the above men- 
tioned algorithm. Nevertheless, the model captures all the 
main characteristics of the light attenuation by the aerosols 
and is very easy to implement. 

In our model we describe the aerosol size distribution func- 

tion as a function of two variables: 

dn aerosol 

dr = F(r, z) -- n(z) f(r) 

(r) =n0exp(-(Azø) ) r 2•ln(s) eX p -21n2(s) 
(17) 

where the size function is the usual normalized lognormal form 
[see, for instance, Yue, 1986] with parameters ro and ln(s). The 
altitude dependence of the aerosol number density is a Gauss- 
ian function peaking at z = Z o to represent an aerosol layer of 
thickness &. Hereinafter we will refer to the "standard" volca- 

nic case for the following values of the parameters extracted 
from the literature [Russell et al., 1996]' 

no = 10 cm -3, z0 = 20 km, A = 5 km, In(s) 

= 0.452, r0 = 0.3 /am (18) 

For Q(X, r) we have used the anomalous diffraction approx- 
imation described by van de Hulst [1957]: 

Q (,k, r) = -a'r 2 2 yr sin (2 yr) + (-• (1 - cos (2 yr)) 
(19) 
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Figure 1. Inset shows the occultation geometry. The upper curve shows the aerosol extinction coefficient 
(shaded area, upper x axis) at X = 0.6 ktm for the "standard" volcanic case (equation (18)) as a function of 
altitude h. The lower curves show the slant path aerosol optical thickness (lower x axis) as a function of the 
tangent height for three channels of SAGE II. Notice that the maximum of the optical thickness is shifted 
downward due to the contributions from higher altitudes. 

2rC(nr- 1) 
v = x (20) 

where rt r (equal to 1.43) is the refraction index. It has been 
checked that the values produced by (19) do not differ from 
the results of exact Mie computations by more than 20% and 
contain the essential oscillatory structures. 

The aerosol optical thicknesses • ...... 1 have been numeri- 
cally integrated using (1) and (9) (where /3x was replaced by 
/3}e .... •) and assuming a rectilinear trajectory for the ray path. 
Indeed, the wavelength dependence of atmospheric refractive 
effects is weak and is not expected to affect our conclusions for 
the considered altitudes. Furthermore, the Earth's surface has 
been approximated by a paraboloid at the grazing point so that 
the relation between altitude z and path length element l is 
given by 

l 2 

z=h+2RE (21) 
where R E stands for the Earth's radius (see Figure 1). 

4. The Interpolation Problem 
The variation of the aerosol optical thickness versus the 

tangent height h is presented in Figure 1 for the standard case. 
Owing to the occultation geometry, the maximum value of the 
slant path optical thickness is at a lower altitude (h = 18 km) 
than the maximum in the aerosol extinction profile. It is also 
interesting to keep h fixed (Figure 2) (h = 20, 30 kin) and to 
plot the evolution of /• ...... • versus •. All curves are very 
smooth because the integration over the particle radii tends to 
cancel the oscillatory structures associated with (19). On the 

other hand, the curves exhibit broad maxima in the range X = 
0.5 - 0.7 •m, which may be understood as in relation with the 
mean particle radius r m = 0.3 ktm shifted toward larger values 
due to the r 2 leading factor in (19). 

It is well known that the factor F in (12) acts as a regular- 
ization parameter for stabilizing the solution of an ill- 
conditioned inversion problem. However, it is interesting to 
analyze the accuracy of (13) in the case of an ideal noiseless 
experiment. This could assert a lower bound of the interpola- 
tion error because noise is expected to only degrade the results. 

In case of F - 0, equation (12) reduces to the Moore- 
Penrose pseudo-inverse of matrix Q [see Nash, 1990], which 
can be considered as a zero-order regularization method [Press 
et al., 1992], i.e., it produces a minimal norm solution of (11). 

In Figure 3, we have reported the relative error of the aero- 
sol optical thickness (see equation (26) for definition) obtained 
by using (12)(with F = 0, R = (0.5, 1.0 ktm), and dr- 0.01 
•m) when ro and ln(s) are varied around the standard case. In 
Figure 3 we also report the relative error computed by using 
the SAGE II operational interpolation coefficients ai (see 
equation (14)). The later computation confirms the results 
obtained by Steele and Turco [1997] in an independent ap- 
proach: The SAGE II interpolation algorithm tends to under- 
estimate the aerosol optical thickness at 0.6 •m for large ro 
values (usually associated with volcanic aerosol) and to over- 
estimate it for background aerosol. By inspecting (3), it is 
obvious to see that this interpolation error would imply an 
overestimation and an underestimation, respectively, of the 03 
optical thickness. If the measurements started in a period of 
high volcanic aerosol mass loading (in 1984, after E1 Chichon 
eruption) and continued until a low aerosol level (in 1991, 
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Figure 2. The slant path aerosol optical thickness at (left) h = 20 km and (right) h = 30 km versus 
wavelength. Different gradients p of the mean particle radius are considered (see equation (35)). The standard 
case corresponds to p = 0. 

before Pinatubo), this may give rise to the exaggerated nega. 
tive ozone trend observed by CunnoM et al. [1996]. 

More amazing is the dependence of the results obtained by 
using (12) and (13) on the upper bound R chosen for the 
particle size distribution, even at values for which the total 
optical thickness has converged! This is illustrated in Figure 4, 
where aerosol retrieval relative errors as large as 15% have 
been found. Such large errors are, of course, unacceptable 
because the optimal R, if any, to be used is closely related to 
the unknown size distribution (the R value used by Chu et al. 
[1989] is unclear). The same dependence of the interpolating 
coefficients on R has been mentioned by Steele and Turco 
[1997] and casts serious doubts on the possibility of a 1% 
accuracy for both aerosol and ozone retrievals. 

We propose a simple explanation for this systematic aerosol 
prediction error. The main point is that (10)-(14) are not 
wrong but rather inadequate to solve the problem. Indeed, as 
already mentioned, system (10) is largely underdetermined, 
allowing an infinite number of solution vectors •r. This is 
nothing more than an inversion problem for which there is 
little hope of obtaining a large number of significant parame- 
ters for the unknown particle size distribution. The Twomey 
solution is a regularization method [see, for example, Press et 
al., 1992], trying to select one solution among the infinite set 
with respect to a constraint related to the experimental esti- 
mated noise (this constraint is reasonable but nevertheless 
arbitrary). In that sense, one can say that the solution vector •r 
(equation (12)) is "optimal" to solve the inverse problem. 

A correct explanation of the somewhat wavy behavior of the 
relative error observed in Figure 4 has nothing to do with 
instability as it is often invoked. Indeed, instability is closely 
related with redundancy between different measurements at 
different wavelengths, which, in turn, induces very small eig- 
envalues and associated sensitivity in the inverse or the pseu- 
do-inverse of the Q matrix. 

On the other hand, it is clear that the information content 
about f(r) ihat can be retrieved from four independent mea- 
surements at 0.385, 0.453, 0.525, and 1.02/xm is limited and 
cannot exceed four independent pieces of information. This 
"incompleteness" of the measurement (also referred to as the 
null-space error) has often been disregarded as an important 
error source. However, there does not exist a regularization 
method capable of recovering missing information from the 
data set. More quantitatively and following Twomey [1985], 
one may decompose the unknown slant path integrated size 
distribution N(r) as 

with 

or 

N(r) = Nil(r) + N'(r) (22) 

Nil(r) = {se•qb•(r) + se2qb2(r) + •:3•3(p) q- •:4•4(P)} (23) 

Nil(r) = }r. •)(r) (24) 
where N"(r) and N-•(r) refer to the subspaces parallel and 
orthogonal, respectively, to the four measurement kernels. The 
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Figure 3. (top) Relative error on the prediction of the slant path aerosol optical thickness at X = 0.6/xm for 
different interpolation methods. The variance of the particle size distribution is kept fixed at its standard value, 
and the mean radius is varied. (bottom) Same as above, but ro is kept fixed and the variance is varied. 

(hi(r) are the orthonormalized eigenvectors of the the symmet- 
ric covariance matrix C defined by 

•0 R Cij = Q(Xi, r)Q(Aj, r) dr (25) 

and } is the array of expansion coefficients in the considered 
basis. 

The relative error when interpolating the slant path aerosol 
optical thickness at X = 0.6/xm is 

X 3 • X•xact 
E: X•xact (26) 

where 

x3 = & r. (•[0, •] + X[•, •]) (27) 

•0 R .•0,•] = Q(A•, r)N(r) dr {i = 1, 4, 5, 7} (28) 

•?,oq = f• Q(X•, r)N(r) dr {i = 1, 4, 5, 7} (29) 

For an accurate interpolation scheme we have 

•0 R &r. •[0,•]: Q(0.6, r) Nil(r) dr (30) 

This allows us to express the relative error E as the sum of two 
terms: 

E = ENS + Er (31) 

with where ENS is the null-space relative error defined by 
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Figure 4. Behavior of the relative error on the aerosol optical thickness at X = 0.6/xm as R, the upper bound 
of the considered particle radius, is varied (see equation (31)). 

fo R - Q(0.6, r)N•-(r) dr 

ENS = . exact (32) 
-g3 

and ET is the truncation relative error: 

- Q(0.6, r) N(r) dr + &*. 2 [R'øq 

ET: _ exact (33) 
-/•3 

The ENS contribution gets more important for large R values 
(see Figure 4) because the kernel Q(X, r) is not a square- 
integrable function, and the four-channel sampling becomes 
less and less representative as R increases. 

On the other hand, reducing the value of R leads to the 
truncation of the size distribution, corrected, however, by the 
term &T. 2JR, x]. This correction is imperfect because the array 
of interpolating coefficients & has been determined over the 
range [0, R] in place of the full range [0, c•]. The results 
obtained above indicate that the prediction of the aerosol 
contribution at 0.6/xm should not be formulated as an inver- 
sion problem requiring the delicate derivation of the particle 
size distribution because both null-space and truncation errors 
depend on the unknown distribution itself. 

Instead, it would more profitable to derive the value of x3 
from a smooth interpolating function. Any candidate capable 
of reproducing the wavelength behavior of the aerosol optical 
thickness ,qae .... 1 by using a least squares procedure could be 
chosen, but a simple third-order polynomial is an evident pos- 
sibility: 

•aerosol X • CO q- C1/• q- C2 J[2 q- C3 •3 (34) 

This choice is justified because almost any nonpathological 
size distribution leads after integration to a smooth wavelength 
dependence of the optical thickness. Therefore the difficult 

problem of determining the optimal regularization for an un- 
derlying unknown distribution is replaced by a simple smooth- 
ness constraint on its integral which is easily verified by a 
polynomial. Once again, we underline that the choice of a 
polynomial in X is arbitrary and that many other forms could be 
used, for instance, the one depending on ln(X) in the Labora- 
toire d'Optique Atmosph6rique (LOA) algorithm [see Chu et 
al., 1989]. The main point is that the determination of the 
optimal R value is now irrelevant. 

It can be seen in Figure 3 that the relative error obtained by 
using (34) seems to be more satisfactory than the SAGE II 
solution. It is also worth noting that the simple polynomial fit 
procedure has been successfully used by Amato et al. [1996]. 

In order to analyze the noise sensitivity of the generic SAGE 
II and of the polynomial interpolation methods, we have per- 
formed a Monte Carlo simulation of the relative error on x3 
when Gaussian noise is added to the four measurement chan- 

nels. In Figure 5 we present the results of this simulation when 
the relative amplitude (which may depend on signal saturation 
due to a large volcanic activity) of the noise is varied. A com- 
mon relative amplitude has been taken, but in all simulations 
the noise component is randomly added to each channel inde- 
pendently. For the generic SAGE II algorithm we have chosen 
R = 1.0/xm with a diagonal matrix F (as described by Chu et 
al. [!989]), whose elements are the estimated absolute noise 
levels in the respective channels. The relative errors of both 
interpolation schemes are roughly the same for a noiseless 
realization of the standard case, but this is, of course, fortu- 
itous, as can be seen in Figure 3. 

When the noise amplitude is increased, we have reported in 
Figure 5 the mean error of the distribution of simulations and 
also the limits corresponding to a standard deviation of the 
statistical distribution of the results. At first sight, both 
schemes exhibit a comparable sensitivity to the noise ampli- 
tude, but it is somewhat higher for the polynomial interpola- 
tion. On the other hand, the SAGE II method seems to pro- 
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duce a mean relative error slightly more biased when the noise 
amplitude gets larger. We conclude that both interpolation 
schemes behave quite similarly in the presence of noise, which 
is not very surprising because the F term in (12) does not 
prevent the SAGE II interpolation from being sensitive to 
measurement errors. Instead, the role of F is to cancel the 
effects of the smallest (and then negligible) eigenvalues of 
QQr which are responsible for the instability in the inversion 
of the particle size distribution (see Twomey [1985] for a de- 
tailed discussion). 

5. The Vertical-Spectral Coupling 
The interpolation accuracy itself is not so bad for the aerosol 

optical thickness retrieval as for the ozone retrieval where 
accuracies better than 1% are hoped to monitor long-term 
trends. On the other hand, we think there is another reason in 
the SAGE II spectral inversion algorithm for inducing an in- 
accurate x3 interpolation. 

By inspecting (17), it is clear to see that the aerosol size 
distribution function has been factorized in an altitude con- 

centration function times a relative size distribution function 

characterized by the parameters r o and ln(s). However, there 
exist experimental and theoretical arguments for r o and ln(s) 
being altitude-related parameters. For instance, concentrating 
on r o only, we may approximate the unknown altitude depen- 
dence by a simple linear variation: 

ro(z) -• rzo + p(z - Zo) (35) 

It is probable that p has mostly a negative value because 
smaller particles are expected to be dominant at higher alti- 
tudes, as suggested by the sedimentation process. In Figure 2 
we have also reported/5 (X) for different values of p. When p 
is different from 0, the ratio/5(0.6)//5 (0.525) may be greater or 

less than 1, depending on the altitude, and the relative shapes 
of the curves are somewhat different. 

Besides the evolution of the wavelength dependence of 
saerosol x as the tangent height increases, the change of the mean 
radius corresponds to a contraction of the particle size distri- 
bution producing a variation of the relative error on x3 (see 
Figure 3). In the generic SAGE II interpolation formula (equa- 
tion (14)), the interpolating coefficients are fixed quantities 
(for assumed scattering model, aerosol composition, and re- 
fraction index). It is clear, however, that the interpolation error 
depends on the form of the interpolated function, and the 
optimal R value should be altitude dependent if the size dis- 
tribution is also altitude dependent (see Figure 6). This has 
been recognized very recently [Smalley, 1997] as a critical point 
for developing version 5.95 of the SAGE II algorithm, and it is 
accepted that no single set of linear coefficients can fit the data 
for the whole family of aerosol distributions. 

Starting from an assumed analytical shape of the particle 
size distribution, it is possible to extract the best mean radius 
that reproduces the observed spectral dependence of the aero- 
sol extinction coefficient. Values of this mean radius have been 

published [Brogniez et al., 1992; Thomason, 1991] that clearly 
show an important altitude dependence. 

A possible remedy could consist of using the altitude depen- 
dence of the retrieved mean radius to optimize the R value as 
a function of tangent height and to produce an altitude- 
dependent set of coefficients. The spectral-vertical inversion 
should then be iterated once more, and convergence of the 
results could be checked. 

A second example of spectral-vertical coupling can be found 
by considering a possible altitude dependence of the refraction 
index which may be related to composition change of the 
aerosol. In a first approximation we suppose that this depen- 
dence is linear, as 
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Figure 6. (top) Evolution of the relative error on the aerosol optical thickness at X = 0.6 txm versus the 
altitude for different gradients of the mean radius, by using the SAGE II operational interpolation scheme. 
(bottom) Same as above but for the polynomial interpolation. 

rtr(2: ) : rtr(2:0) + K(2: -- Z0) (36) 

where K is the gradient of the refraction index. In Figure 7 we 
report the evolution of the relative error on x3 for both SAGE 
II operational and polynomial interpolation schemes. The 
former seems to be more sensitive to the value of K. This is not 

astonishing because an altitude-dependent refraction index 
does not allow us to factorize the Mie cross section Q (x, r) out 
of the optical path integration leading to (10). 

6. Conclusions 

We have analyzed the SAGE II ozone retrieval algorithm 
and the origin of a bias due to aerosol contamination. Inde- 
pendent of strong variations of the particle size distribution in 
the case of high volcanic mass loading, we have pointed out 
two possible causes of inaccuracy in the generic SAGE II 
algorithm for predicting the aerosol optical thickness at 0.6 
txm. The interpolation problem can be probably easily solved 

by avoiding formulating it as an inverse problem as mentioned 
above because the optimization of the inversion method de- 
pends on the unknown size distribution. 

The spectral-vertical decoupling seems a much more com- 
plicated task because there is no means of knowing whether a 
variation in the slant path aerosol optical thickness is caused by 
the altitude variation of the aerosol number density or by the 
variation of its spectral properties. Furthermore, different 
quantities may be implied as, for instance, the mean radius ro, 
the standard deviation ln(s), or the refractive index rt r. This 
could require the selection of a different order for the inver- 
sions, i.e., vertical first, spectral second [see Chu et al., 1989], 
for which the amount of work has to be compared with respect 
to the gained accuracy. Indeed, in this approach, which has 
been implemented by the LOA group in order to validate the 
SAGE II generic algorithm, the total extinction coefficient is 
computed first for each stratospheric layer before the species 
separation. On the other hand, empirical correction strategies 
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Figure 7. (top) Evolution of the relative error on the aerosol optical thickness at • = 0.6/•m versus the 
altitude for different gradients of the refraction index, by using the SAGE II operational interpolation scheme. 
(bottom) Same as above but for the polynomial interpolation. 

have been proposed by Cunnold et al. [1996], but they are 
probably not optimal for accurate and long-term monitoring of 
the ozone trends. 
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