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Introduction

Le travail présenté dans cette theése const‘itue mon activité de recherche eflectuée sous la
direction de Madame Lenoble au Laboratoire d’Optique Atmosphérique de I’Université des
Sciences et Tecllnologies de Lille.

Les aérosols stratosphériques, dont I’origine est principalement volcanique, jouent un réle
important dans les études climatiques, ce qui nous a conduits & nous intéresser A leurs carac-
téristiques (nature des particules, spectre dimensionnel, abondance) et aux variations aussi
bien temporelles que spatiales de ces parametres.

Une premiere approche a consisté en I'étude comparative des différents modeles d’aérosols.
troposphériques et stratosphériques proposés par la Commission Radiation de IAMAP (ln-
ternational Association of Meteorology and Atmospheric Physics).

L’opportunité d’appliquer les résultats obtenus s’est rapidement présentée, le laboratoire
ayant eu acces, grace a J. Lenoble, tout d’abord aux données SAGE (Stratospheric Aerosol
and Gas EX])él'illlellt) qui était une expérience d’occultation solaire menée par la NASA de
février 1979 & novembre 1981, puis aux données SAGE 11 qui est une expérience du méme
type ayant débuté en Octobre 1984 et qui sé poursuit actuellement.

J’ai étudié les coefficients d’extinction des aérosols stratosphériques ainsi que les possi-
bilités de détermination des caractéristiques de ces aérosols a partir des mesures spectrales
de coefficients d’extinction. Des expériences corrélatives (mesures au sol, mesures ballon) ont
é6t¢ menées afin de procéder a la validation des résultats obtenus.

Parallelement a cette analyse des données journalieres je me suis intéressée aux coeflicients
d’extinction moyennés sur des bandes de latitude de 10° pendant des périodes voisines de un
mois. I’intérét d’une telle étude réside dans le fait qu’elle permet d’élaborer des modeles qui
ne sont plus seulement valables & un instant donné et en un endroit précis. On aboutit ala

description d’une atmosphere "moyenne” utile pour des études climatiques a grande échelle.
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Fig. 13. Comparison of the tangent optical depth at 1.02 um,

measured by SAGE II on November 10, 1984, at 1627 UT, 37.80°N,
5.27°E (solid curve) and on November L1, 1984, 1639 UT, 40.50°N,
56°E (dash-double-dotted curve). and measured by the balloon
polarimeter on November 10, 1984, sunset. launch site 44°N, 0°
(crosses). The conversion of the balloon data from 0.85 to 1.02 um
has been done with rew = 0.28 um below 20 km and r.¢ = 0.10 um
above 22 km.

deduced from the balloon timb photographs on the same day
was closer to the SAGE II profile on November 11. This is
not too surprising in a very unstable situation, as the two
balloons were not operating exactly at the same place and at
the same time. The complete inversion of the polarization
data has been performed only for the altitude range 16-19.5
km; the retrieved size distribution has an effective radius 74
= 0.35 um and an effective variance Ve = 0.17 between 16
and 17 km; between 17.5 and 19.5 km the effective radius is
slightly smaller; r. = 0.29 #m with vee = 0.14. This is in
excellent agreement with the size distribution retrieved from
the SAGE 1 extinction ratio 07%'(0.45)/0*°"(1.02), which
gives, for November 11, res decreasing from 0.32t0 0.23 um.
if we assume v g = 0.25, and from 0.36 to 0.27 um for v 4 =
0.10, between 15 and 20 km. For November 10, SAGE Ii
data give, for the same altitude range of 15-20 km, an almost
constant effective radius r.q = 0.30 um, if we assume Vogr =
0.25, and r & = 0.33 um with Ve = 0.10.

November 28, 1984. This flight took place in more stable
conditions. The tangent optical depth measured by the
balloon above 20 km is larger, by about a factor of 2, than the
optical depth measured by SAGE II, whereas at the fower
levels (13—-17 km) the two values agree reasonably well. No
explanation has been found for this disagreement, which
may just be due to local conditions. The polarization data
lead to a size distribution with an effective radius that is
almost constant around (.22 um, and an effective variance
decreasing from 0.80 to 0.18 between 15 and 22 km. The
SAGE II extinction ratio 0°°"(0.45)/**"(1.02) leads to an
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effective radius decreasing from 0.38 to 0.22 um, assuming
Ve = 0.25, for the same altitude range. The large variance
found by the balloon at low levels seems to confirm the
presence of particles different from those observed by SAGE
IL.

April 22, 1985. Unfortunately. on April 22, 1985, no
inversion of the polarization diagram was possibie owing to
the instability of the data. However, at a few levels a relative
stabilization appeared, and the diagram can be used for
direct comparisons. Figure 14 shows the polarization dia-
gram for the two wavelengths (0.85 and 1.65 #m) and three
altitude levels (15. 18.2, and 21.5 km): the dots are the
experimental data and present a rather large dispersion. The
solid lines show the polarization computed with models
derived from a best fit to the SAGE II spectral extinction(v,

=017 r,6 = 0.37 um at 15 km. and Fer = 0.29 um at 18.2 km

and 21.5 km). The comparison is satisfying. Unfortunately,
no such comparison was possible at higher levels.

October 12, 1985. The flight of October 12, 1985, pro-
vides another good comparison to SAGE Il data. Figure 15
presents the vertical profiles of 7, and Uegretrieved from the
polarization data. Above 22 km the effective variance in-
creases rapidly and stabilizes around 0.9, whereas the effec-
tive radius presents very large oscillations; these results at
high altitudes are certainly dubious, because the aerosol
content becomes very low above 22 km and the signal-
to-noise ratio becomes bad. However, the large value re-
trieved for v.e could suggest that the size distribution
becomes bimodal at high altitudes: therefore the retrieval
procedure, which assumes a monomodal distribution, leads
to erratic results. Figure 16 demonstrates, for 17.5 km. the
good quality of the inversion. Figure 17 shows the tangent
optical depth at 1.02 um deduced from the measured optical
depth at 0.85 um, using LND models which incorporate. at
each altitude, the effective radius and the effective variance
retrieved from the polarization data and averaged over | km:
it is compared with the SAGE 11 tangent optical depth at 1.02
nm on the morning of October 12, 1985, 7° west of the launch
site. The similarity above 16 km between the four SAGE II
profiles over the zone on October 12 and 13 justify the
comparison, despite the not very close coincidence in time
and location. Figure 18 compares the extinction ratios for the
three short wavelengths o' (0.525)/0*°"(1.02), o*°"(0.45)/
#°'(1.02). 0*"(0.385)/0*"(1.02) measured by SAGE II and
computed at each level with the size distribution retrieved
from the polarization data and averaged over | km. As a
result of the low aerosol content, the extinction ratios
derived from the polarization data are somewhat inaccurate.
However, the agreement is good.

6. CONCLUSIONS

Although the SAGE II 1.02-um channel allows retrieval of
the extinction profile at very low levels, only the profiles a
few kilometers above the tropopause (12-15 km) and higher
have been considered; at lower altitudes the variability is
such that only almost coincident observations would be
necessary to validate SAGE I profiles.

From the data and the discussions presented in the previ-
ous sections, we must consider separately two altitude
ranges. For safety. we will refer them as below 23 km and
above 25 km., it being understood that the cutoff between the
two ranges is somewhat variable, depending on the events
and on the kind of observations.
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Fig. lc. Aerosol extinction coefficient 0 (1.0) at 1.0 um versus the
altitude Z with the dispersion bars for latitude 35°S during the period

August 7 to September 13, 1979, again with the tropopause height Z,
as the origin.

in winter than in summer. This remains true in the unper-
turbed or only slightly perturbed zones of the southern hemi-
sphere in 1980 and 1981. It is, of course, related to the season-
al variation of the extinction coeflicient discussed previously.
Table 2 summarizes these results.

3. ANGSTROM COEFFICIENT

The ratio of the extinction coefficients at 0.45 and 1.0 um is
expressed by an Angstrém coefficient a defined in (1). In order
to calculate x from the data the 1.0-um profiles have been
smoothed over 3 km so that they are coherent with the 0.45-
um profiles, which were smoothed during the inversion pro-
cedure.

The error on « is mainly due to the error on g, (0.45) and
has been discussed in detail by Lenoble and Pruvost [1983];
they have concluded that there is an upper limit of about 0.5
for the error on the absolute value of . Two contributions of
approximately the same importance lead to this error: the
experimental noise on the measured extinction, and the uncer-
tainty on the Rayleigh correction. As a part of the Rayleigh
error is systematic along a vertical profile, the relative preci-
sion of a is certainly better than 0.5, with a random error of
about 0.3. The NO, gaseous extinction is corrected using the
0.385-um channel of SAGE: even if this correction is very
crude, it has been shown [Lenoble and Pruvost, 1983] that this
cannot influence ¢, at least up to 25 km.

3053

The Angstrém coefficient has been averaged over 10° lati-
tude bands: the horizontal bars on Figure 5 give the standard
deviation from the mean value for some cases. They are due,
for one part, to the real variations from one profile to another
and, for another part, to the random error on the profiles.

As mentioned previously, if one assumes a mathematical
expression for the aerosol size distribution and if one fixes its
variance, knowledge of x allows the determination of the mean
or effective radius [ Yue and Deepak, 1983, Lenoble and Brog-
niez, 1984]. In order to avoid any assumptions we have chosen
to present here the results directly in terms of the Angstrém
coefficient variations.

The presence of volcanic aerosois leads to irregular profiles,
which have been discussed in details in the case of the Mount
St. Helens eruption [Lenoble et al., 1984]. We will focus our
interest here on the nonperturbed stratosphere and thus con-
sider mainly the data of 1979,

Figure 4 presents the variation of x versus the latitude for
six altitudes between 2.5 and 15 km above the tropopause
height and for three periods of 1979 (February 21 to March
22; April 29 to May 31; and August 7 to September 13).
Examination of data from other periods of 1979 confirms the
results discussed in the following sections.

3.1. Middle and High Latitudes

Results for the first period presented. February 21 to March
22 (Figure 4a), qualitatively confirm most of the conclusions of
Yue and Deepak [1984), although their results concern the
month of March and are averaged over 5° latitude bands;
hereinafter, their paper will be referred to as YD.

In the southern hemisphere, at latitudes higher than 35°S, «
regularly increases with altitude (from 1.3 to 1.9 at 45°N),
indicating that the aerosol particle size decreases with altitude.
YD also found a size decrease above 17 km, that is, above
approximately Z, + 7 km. However, the increase of size with
altitude found by YD below 17 km appears only for lower
latitudes on our curves. The size generally increases (ie., x
decreases) with latitude, again in agreement with YD. Between
20°S and 35°S, x first decreases (size increases) with altitude up
to Z; + 7 km, then increases (size decreases), as mentioned by
YD for higher latitudes. At low levels, x decreases (size in-
creases) when the latitude increases between 20°S and 35°S: at
higher levels, z increases (size decreases) with latitude between
20°S and 35°S, in agreement with the size decrease at 22 and
24 km for these latitudes in YD [Yue and Deepak, 1984,
Figure 2].

In the northern hemisphere, at latitudes higher than 20°N, x
is almost constant with altitude (around 1.4 at 45°N), increas-
ing slightly in the first kilometers. When the latitude increases,
a decreases, again in agreement with the findings of YD.

The above-described behavior changes gradually with
season. For the period from April 29 to May 21 (Figure 4b),
northern and southern hemisphere values of z are almost
identical. At latitudes higher than 35°S or 45°N, x increases
regularly from 1.2 to 1.7 with altitude, but it does not reach
values as large as those in February-March (1.7 instead of 2.0
at the highest level); « still decreases slightly towards the high-
est latitudes. The transition zones from the low-latitude be-
havior are between 20°-35°S and 30°-45°N.

For the period from August 7 to September 13 (Figure 4c),
the results are almost symmetrical to the results of Figure 4a.
We find an almost constant value of x with altitude (¢ =~ 1.5)
in the southern hemisphere with an increase of  from 1.2 to
1.8 from the tropopause level up to 15 km above the tropo-
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Fig. 6. Comparison between the SRA profile and the SAGE pro-

files of the aerosol extinction o (1.0) at 1.0 um; Z is the altitude and
Z is the tropopause height. The solid line

indicates the SRA: the dashed line. high-latitude winter; the
dotted line, high-latitude summer: and the dot-dashed line,
low latitude.”

Changing the variance of the size distribution to o =192
does not significantly change the above results. The temper-
ature and water vapor variations also affect the refractive
index [Steele and Hamill, 1981, Table 3]. However, for the
variation range which we have to consider, the variations of
the refractive index can be neglected. We have assumed a
change of H,0 pressure from 2 x 10™* mbar in winter to
3 x 10™* mbar in summer, and this change slightly counter-
balances the temperature influence. The increase of the mode
radius from summer to winter would be slightly larger (1 or
2%), if the water vapor content remained constant or even
increased in winter.

In conclusion, it seems that the higher extinction found in
winter is due to an increase of the particle sizes. This happens
when the temperature is colder, but the theoretical results of
Steele and Hamill [1981] seem to slightly underestimate the
temperature effect. Explanations could be sought in strato-
spheric chemistry or dynamics; they are beyond the scope of
this paper.

5. A MODEL OF THE BACKGROUND STRATOSPHERIC
AEROSOL

Summarizing the 1979 zonally averaged SAGE observa-
tions that we have described in the previous sections leads to
the following rough description of the unperturbed strato-
spheric aerosol layer. The vertical profile of the stratospheric

aerosol extinction is approximately constant in the first 10 km
above the tropopause, with ¢, = 1.2 x 10~ * km~! at 1.0 um;
in the upper level the decrease is exponential, with a scale
height H ~ 3.2 km. Fixing the 1.0-um extinction coefficient at
15 km above the tropopause at 1.5 x 103 km™! 3 x 103
km~', and 4 x 1075 km" !, for the high-latitude summer, the
low latitudes, and the high-latitude winter, respectively, leads
to a transition altitude Z, equal to 8.4 km, 10.6 km, and 11.5
km above the tropopause for the same cases, respectively. The
corresponding optical depths & from 2 to 18 km above the
tropopause are 1.1 x 1072, 14 x 1073, 1.5 x 103, respec-
tively; extrapolation of the same profile at higher altitudes
adds a contribution of about 1% to the optical depth.

These profiles are compared to the SRA model [Radiation
Commission, 1986] in Figure 6. The SRA fixes the tropopause
height at Z, = 12 km; the values of extinction and optical
depth are given at 0.55 ym, but they can be converted to 1.0
um using the aerosol size distribution. For 12 km (Z;) to 20
km (Z; + 8 km) the extinction coefficient is constant with
g, =068 x 107* km™" at 1.0 um, which is a little lower than
the average value from SAGE data in 1979, From 20 to 30 km
(Zr + 8 to Z, + 18 km) the decrease is linear instead of ex-
ponential, as shown from SAGE average profiles, the value of
o,{(1.0) at 30 km being fixed at 0.10 x 10~ ¢ km~! This leads
to an optical depth at 1.0 um from Zr+2kmto Z; + 18km
of 0.8 x 1073 The SRA model then corresponds to a back-
ground stratosphere with a minimum aerosol content, even

Tm(um)

Fig. 7. Angstrém coefficient « versus mode radius r,, for two log-
normal distributions. Solid line indicates o = 1.60: the dashed line
shows ¢ = 1.92.
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1-b. Same as Figure 1-a, but for the latitude band 5 S.

together for all longitudes in that latitude band.

We have then investigated if the minimum in the per cent
dispersion variation was related to the extinction ratio defined
by R = (0ser+TRay)/ T Ray, Where 04, and o p,, are respectively
the aerosol and the molecular extinction coefficients. This ex-
tinction ratio profile (R) is drawn on Figures 1-a, 1-b and 2,
its maximum being about 5-8 km above the mean tropopause
height (7-8 km at high latitudes and 5-6 km at low latitudes).
The comparison with the per cent dispersion variations shows
that the minimum of the dispersion happens generally a few
kilometers (1 to 3) below the maximum of the extinction ratio.

At low latitudes the extinction ratio does not vary be-
tween 1985 and 1987. On the contrary at high and middle
latitudes it is almost two times greater in 1985 than in 1987,
certainly due to the decreasing influence of El Chicon Volcano
(March - April 1982, 17°2 N - 93° W). The altitude of the min-
imum per cent dispersion is the same in 1985 and in 1987 so it
is not related to the aerosol abundance.

4. CONCLUSION

For the two years 1985 and 1987, at high and middle
latitudes, the stratospheric aerosol layer exhibits a good zonal
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homogeneity in a layer located between 4 and 8 km above the
tropopause height. Above and below this altitude range the dis-
persion increases rapidly, although the quality of the measure-
ments remains of the same order. The altitude of the minimum
of dispersion does not change much with the season and seems
to be located slightly below the maximum of the extinction ra-
tio. At lower levels the variation of the aerosol extinction along
a latitude band can be due to the variability of the exchanges
between the troposphere and the stratosphere. At higher levels
no explanation has been found yet.

It is not possible to trace a similar behaviour, neither for
ozone nor for nitrogen dioxide profiles, because they are of good
quality only at higher levels (15 km and 20 km respectively),
i.e. above the main aerosol layer.

For low latitudes on the other hand, the zonal homo-
geneity is well achieved in the whole stratosphere, as long as
the aerosol extinction remains measurable.
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Fig. 10a. Mean extinction coefficient at 1.02 wm, with 95%
confidence intervals, versus latitude during the 1985 northern winter
period at two levels above the tropopause height: 5 km (open circles)
and 10 km (crosses). The top curve shows the tropopause height
variations.

the tropopause level breaks, leading to troposphere-
stratosphere exchanges [Rosen et al., 1975). Figure 3 has
shown that the extinction coefficient decreases with increas-
ing altitude, so the low values of this coefficient could be
explained by downwelling of stratospheric air.

The extinctions at 45°/55° are similar to the extinction
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Fig. 10b. Same as Figure 10a but during the 1988 northern sum-
mer period.
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Fig. 10c. Same as Figure 10a but during the 1989 northern spring
period.

values at low latitudes (between [5°N and 15°S). Nearby the
tropopause, the extinctions at 45° and at 55° are almost the
same; at higher altitudes the extinction at S55 is nearly
1.5-1.8 times the S45 value, while the N55 extinction is only
1.2-1.5 times the N45 extinction value. Toward the higher
latitudes, S65/S75 and N65/N75, the increase is weaker:
1-1.3.

Most exceptions appear at 65°/75°, in the southern hemi-
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Fig. 10d. Same as Figure 10a but during 1985 southern spring
period.
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