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Introduction 

Le tra.vai1 présenté dalis cette tlièse constitue inoii activité de recherclie effectuée @us h . , . 
' 1 ~ '  ' 4 

direciion de Madame Leiioble au Laboratoire d'optique Atmosphérique de l '~~iiversité.dea 

Sciaices et Technologies de Lille. 

: 'Les aérosols stratospliériques, dolit l'origine est principalelnent volcanique, jouelit un r6h 

jrnportant dans les études cliinatiques, ce qui nous a coiiduits à. tious intéresser à leurs carac- 

4 ) Jristiques (nature des particules, spectre diiueiisioiiiiet, aboiidaiice) 'et aus variations aussi 

, bien beiiiporelles que ~patia~les de  ces ?rspai~~~irètr.es. ' " 

1 . 1 

/ka Une première apyroclie a corisisté eu Vétpde' coini>aka.tive des différeiits iiiotlbles d'a.érosols ?&q 9e- 
tropospliériques et stratospliériquesDroposés par la Cqniiiiission ~ a d i a t i o u  de lAIvlAP (lit- 

y "$62 *?% !! + > - , . t 

ternationai Assoeia.tion of Meteorology atid'Âtmchplieric Physics). 

L'opportunité d'appliquer les résultats obtciius s'est ra.pidenieiit préseiitée, le laboratoire 

ayant eu accès, grâce à J. Leiioble, tout d'abord aux doiitiées SAGE (Stratosplieric Aerosoi 
. , 

and ,Gaa Experimeiit) qui était une espérielice d'occiiltatio~i sola.ire menée par la NASA cIc. 

f6vrier 1979 à novembre 1981, piiis a m  doiiiiées SAGE Il qui est tiiie expérience du m3rlie - 
t,ype ayant débuté en Octobre. 1984 et qui se poursuit a,ctuelleineiit,. 

*+iyl' 

J'ai ,é$bdié les coefficieii ts d'esti~ictioii cles aérosols stra.tospliériqiies ainsi que le& bossj- 

l>il$és'"he détermination des caractéristiques de ces a.érosols à partir des mesures spectrde- 

cle co~ffic;,izts d'esti~ictioii. Lles espérielices corréla.tives (iiiesiires au sol, iiiesilrcrs ballob) oit 
, 1 7  

kt4 tneiiéd$'afiii de procéder à. la. validation des résultats obteiius. 
. .- 

~arall$ierneiit à cette analyse des données journalibres je me suis intéressée s u s  coe8ficie11t 
l >  

d'estinctiah moyeiiiiés sur cles baiides de la-titiide de 10' penda.iit des périodes voi8hes de sir, 

inois. L7iilt6rêt d'une telle étude réside dans le fait qu'elle perniet d'élaborer des ii&dèies qui 
1 / 

)le sont pl& seulement valables à uii iiistaiit doiiiié et en un endroit Un aboutit à. k 
description d9.piie atiiiosplière >' iiioye~ii~e" utile pour des études climatiques à grai+'& é&dl@ 



1 Etude des modèles dsaérosols 

Les nombreux modèles d'aérosols troposphériques et stratosphériques existant ont été 

analysés et comparés afin de déterminer un modèle réaliste simple permettant de retrou- 

ver les caractéristiques radiatives des aérosols. On a pu ainsi montrer qu'une distribution 

log-normale de la taille venait très bien pour 

représenter les aérosols 

ues des aérosols 

ion des aérosols 

à deux longueurs 

ce travail a été q 

ticules ,en supposa 

dans l'expression d 

Ces résultats on ents d'extinction 

. obtenus dans l'expé 

fils qui nous avaient été 

efficients d'extincdion obtenus avant éruption en période non perturbée a &ntré que itia 

. expériences d'occultation du type SAGE étaient parfaitement adaptées à la mise en évidence 

de phénomènes volcaniques. Aussi bien sur. des profils individuels que sur des profils moyennés, 

l'augmentation notable de l'extinction a été corrélée à une augmentation de la taille des 

aérosols et une structure en couches de particules de tailles différentes a pu également istre 

mise en 6vidence avec particulièrement une région de petites particules au dessus d'une couche 

de grosses particules (2)(3)(4). 

L'expérience SAGE ayant pris fin en 1981, une autre expérience du même type, SAGE 

II, a été lanck en octobre 1984 par la NASA et est toujours opérationnelle. Des canaux out 

ht4 ajout& au spectromètre afin de permettre notamment une'meilleure déterminatim &a 

. caractéristiques des aérosols. Pour cette expérience à laquelle le LOA est également assoej6, 

j'rti repris l'algorithme d'invérsion des transmissions que J. Lenoble et P. Pruvost avaient 

amorcé pour l'expérience SAGE et je l'ai adapté et affiné. Cette étape s'est av 

frlictueuse puisqu'elle nous a permis d'évaluer l'importance relative des divers constituants 

de l'atmosphère et de mieux appréhender les différentes causes d'erreur dans la déterii~iiiation 

des coefficients d'extinction. Cette inversion, menée en parallèle avec ceile effectuée à la 



NASA, a permis d'édaircir différents points délicats dana u ~ a q v e  inversion, et aoaoe ae. 

r e ~ d t a t s  en excellent accord avec les leurs, conduisant ainsi à la détermination des zones O& 

les donnhs fournies sont crédibles et celles où leur utilisation doit être faite avec prudeuce 

(6). 

. Par rapport à l'expérience SAGE, les deux longueurs d'onde suppémentaires pour lesquelles 

on obtient les coefficients d'extinction des aérosols (0,385 et 0,525 pm), permettent d'établir 
1 

les variations spectrales de ce coefficient avec plus de précision. J'ai pu mettre au point un 

algorithme simple basé sur une loi d'Angstrom modifiée, permettant d'obtenir le rayon effectif 

de la granulométrie des aérosols comme précédemment, et une information supplémentaire 

: uii ordre de grandeur de la. variance effective. La restitution de la granulométrie est mal- 

heureusement limitée aux moyennes altitudes (16-23 km) en raison de la médiocre qualité du 

canal de courte longueur d'onde (5). 

J'ai, en collaboration avec'J. Lenoble, dirigé le travail de DEA de C. N'Doumé qui consistait 

à étudier les profils d'extinction aux dessus des zones désertiques et sahéliennes d'Afrique. 

L'altitude de la couche d'aérosols peut facilement se déceler sur les profils d'extinction à. 

1,02pm, et le transport vertical et horizontal des aérosols a pu être mis en évidelicetell 

sélectionnant des pfofils d'extinction qui descendaient assez bas. Néanmoins les dimen- 

;ions des aérosols n'ont pu être déterminées de façon satisfaisante étant donnée l'absence 

des mesures aux courtes longueurs d'onde en basse altitude. 



A Comparative Review of Radiation Aerosol Models 

J. Lenoble1 ), C, Brogniez 

Laboratoire d'Optique Atmosphdrique E R A  466, Universite des Sciences et Techniques de Lille, 59655 Villeneuve d'Ascq 
Cedex, France 

(Manuscript received 22.04.1983, in revised form 04.07.1983) 

Abstract: 

The problem of aerosol modeling for radiative transfer computation is considered. with a purpose of homo- 
genization. The main characteristics to be introducea into the model are recalled and some currently used 
"complete models" are reviewed. Comparison of the global TOON and POLLACK (1976) model with the set 
of the Standard Radiation Atmosphere (SRA) models (McCLATCHEY et al., 1980) leads to some suggestions 
for building an average global model with the SRA components. The "size distribution models" are also reviewed 
and compared conœrning their main characteristics; a slight modification of the SRA stratospheric models is 
suggested. 

RBsum6: Revue comparative des modèles d'aérosols pour les calculs de transfert radiatif 
On considère le problème de la modélisation des aérosols pour les calculs de transfert radiatif dans un but 
d'homogénéisation. Les principales caractéristiques à introduire dans le modèle sont rappelées et on passe en 
revue quelques amodèles complets» couramment utilises. La comparaison du modèle global de TOON et 
POLLACK (1976) avec la série de modèles de la Standard Radiation Atmosphere (SRA) (McCLATCHEY et ai., 
1980) conduit à quelques suggestions pour bâtir un modèle global moyen avec les composantes SRA. On passe 
en revue aussi les tmodèles de répartition dimensionnelle)) et on compare leurs principales caractéristiques; une 
légère modification des modèles SRA pour la stratosphère est suggérée. 

Zusammenfassung: Ein vergleichender ffberblick über die Aerosol-Modellierung in Strahlungsübertragungs- 
rechnungen 
Das Problem der Aerosol-Modeliierung für Strahlungsübertragungsrechnungen wird im Hinblick auf eine Ver- 
einheitlichung dargesteiit. Die Arbeit beschreibt die wesentlichen Modelieigenschaften und gibt einen Überblick 
über einige zur Zeit benutzte ,,vollstiindige Modeiie". Der Vergleich des globalen Modeus von TOON und 
POLLACK (1976) mit den Modeiien der Strahlungs-Nom-Atmosphare (SRA) (McCLATCHEY et al., 1980) 
führen zu einigen Anregungen fül ein mittleres globales Modeii mit den SRA Komponenten. Ebenso werden 
die ,,Modelie der GroBenverteilung" behandelt und in k e n  Haupteigenschaften verglichen; dabei wird eine 
kleine Modifikation der stratosphatischen SRA Modelie vorgeschlagen. 

l ntroduction 

In order to introduce aerosols into radiative transfer computations, it is necessary to fuc their 
characteristics and when possible to represent them by analytical expressions. These aerosol models have 
of course to be as realistic as possible, but the necessity of having some standard models, used by the 
different authors in order to make their results comparable, has long been recognized. Recently the Radia- 
tion Commission of IAMAP has proposed a set of aerosol models within the framework of a Standard 

l) This work was partly done when one of us (J.L.), was visiting the lnstitute for Atmospheric Optics and Remote 
Sensing as a senior scientist under a NASA contract NASI-17032. 
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Radiation Atmosphere (MCCLATCHEY et al., 1980). However, many different aerosol models have been 
and are still currently used and some clarification seems useful. 
In the next section we will review the aerosol characteristics to be introduced into the models and try to 
clarify the terminology currently used in the modeling. Section 3 will be devoted to the comparison of 
models, with the main purpose to reconciliate the TOON and POLLACK (1976) global mode1 with the 
Standard Radiation Atmosphere (SRA) models; the suggestion is being done to modify slightly the SRA 
profile VI. Section 4 reviews and compares the size distributions used in the different models; an homo- 
geneization of the size distributions used in the SRA models is suggested. 

2 Aerosol Characteristics and Different Kinds of Models 

2.1 Physical Characteristics 

The atmospheric aerosols are completely described by the total aerosol loading into a unit 
volume, their chemical composition, their shape, and their size distribution, given at each point within the 
atmosphere. 
The shape is approximately spherical for liquid particles, but very irregular and variable for solid par- 
ticles. Numerous studies, both experimental and theoretical (POLLACK and CUZZI, 1980) have been 
devoted to non-spherical particles and their radiative characteristics. However, their modeling still remains 
difficult and al1 current aerosol models assume spherical particles, relying on the hope that a large quantity 
of irregular particles behave on the average approximately as spherical ones. The size is therefore charac- 
terized by the particle radius r, and the size distribution by n(r), where Nn(r)dr holds for the number of 
particles per unit volume with a radius between r and r + dr; we have here normalized n(r) by 

1 n(r)dr = 1, (1 

O 

and we wii l  retain this normalization throughout this paper. The particle number density N is a measure 
of the aerosol loading which can also be expressed by the aerosol mass or aerosol volume per unit volume 
of air. 
The chernical composition is very variable, and many particles are probably complex and even non-homo- 
geneous. The composition is of major importance and has to be known for a better understanding of the 
atmospheric processes of aerosol formation and removal (TWOMEY, 1977). However, it impacts on the 
radiative characteristics only by the aerosol refractive index m = m1 - im", where the imaginary part mfr 
is directly proportional to  the absorption coefficient of the aerosol substance. The knowledge of the chem- 
ical composition may not lead directly to  the value of m, even if the bulk refractive index of the aerosol 
substance is known, this being probably due to the particulate and inhomogeneous structure, as well as to 
the impurity inclusions which are not detected by chemical analysis. Al1 models which are built for radia- 
tive studies have therefore to  fix the refractive index of the aerosol, the composition being given only as 
informative. 

In an air sarnple the aerosol particles can generaiiy be classified into groups; within each group the refrac- 
tive index is the same (mi) for al1 the Ni particles, and the size distribution associated to this goup  wiil 
be referred to  as ni(r). The total particle number density is N = Xi Ni, the sum being taken over al1 exist- 
ing groups, and the number concentration is Ni/N for each group. 

2 Beitr. Phys. Atmosph. Vol. 57, No. 1, February 1984 



2.2 Radiative Characteristics 

The radiative characteristics of a spherical particle of radius r, refractive index m, at a wave- 
length A derive from the Mie theory. They are the extinction cross-section Qext(A, r,  m), the scattering 
cross-section QSatt (A, r, m) and the angular distribution of the scattered Light, characterized by a phase 
function p(A, r, m; 8) where 8 is the scattering angle; the phase function is normalized to 4n when 
integrated over a sphere. lnstead of the scattering cross-section, we will preferably use the single scatter- 
ing albedo ;(A, r, m) = QSatt/Qext. We will not consider here the polarization effects of scattering, which 
can be taken care of by replacing the phase function by a 4 x 4 phase matrix. For N particles of the same 
kind with the normalized size distribution n(r) we will define the extinction coefficient as 

P(A) = nr2 Qext (A, r, m) n(r)dr, 
O 

the scattering coefficient 

the single scattering albedo 

and the phase function 

If the phase function is expanded into Legendre series, each of the expansion coefficient Op (A) derives 
from the PQ (A, r, m) for each individual particle by an equation sirnilar to Equation (5). Of particular 

n 

interest is the asyrnmetry factor g(X) = - cos 8 p(A; 8) d(cos O), which is used in most of the approxi- : j 
O 

mate methods to solve the problem of radiative transfer and has a commanding influence on the results; 
as g = 13, it can be generated from the individual g@, r, m) by 

The single scattering albedo and the phase function (and the g factor) are specific characteristics of the 
kind of aerosols depending only on the size distribution and refractive index, whereas the extinction 
coefficient is proportional to the particle density number. However, its spectral variation, defined by 
/3(A)/P(Xo), where A. is some reference wavelength is again a specific property of the aerosol type. For 
a mixture of different types of particles, the extinction and scattering coefficients, the single scattering 
coefficient, the phase function and the asyrnmetry factor derive respectively from 

Beitr. Phys. Atmosph. Vol. 57, No. 1, February 1984 



where the subscript i refers to the pararneters derived from Equations (2) to (6) for the particles of type i, 
and the sum is taken over aiî groups of particles. 
The extinction coefficient is generaiiy variable with altitude z, due to the aerosol profile N(z); we d 
define the optical thickness of an atmospheric layer between z, and z2 by 

where P(A, z) is the value of P(h) at the altitude z. 

2.3 Radiation Aerosol Models 

A "complete aerosol model" for radiation computations must give the size distribution n(r), the 
refractive index m = m' - irn" versus wavelength and the number density N, eventually for each type of 
particles (ni(r), mi, Ni), including the vertical variations of n(r), m and N. As all horizontal variations are 
much smoother in the atmosphere than the vertical ones, the model will be assumed valid over some area 
around the considered location. A further simplification arises from the fact that the aerosol material 
defined by ni(r), mi and Ni/N for each type of particles, can be assumed to remain constant within a 
fmite (more or less thick) atmosphenc layer, leaving within each layer N(z) to be the only parameter vary- 
ing with the altitude z. 
A first rough complete model has been proposed by McCLATCHEY et al. (1971) and has been intensively 
used. T O N  and POLLACK. (1976) have worked out a global average model based on a detailed review of 
existing experimental data. More recently, an effort has been made to obtain a series of models able to 

4 Beitr. Phys. Atmosph. Vol. 57, No. 1 ,  February 1984 



give at least an approximate description of most of the situations encountered in the real atmosphere. 
Based on the preiiminary work of SHETT'LE and FENN (1979), these models have been first described and 
their use recommended in a report of the International Radiation Commission working group on a Stan- 
ard Radiation Atmosphere (McCLATCHEY et al., 1980). These complete models will be compared in the 
next section. 
The term "aerosol model" is frequently used to name incomplete models, such as "size distribution models" 
or bbmaterial models" or "number density or extinction profile models." The most popular profile model 
is ELTERMAN'S profile, which is based on an average of many experimental measures (ELTERMAN et al., 
1969). Many different analytical expressions have been proposed to describe the size distribution and they 
wili be reviewed in Section 4. They generally leave two, three or even more parameters to be adjusted to 
the particular problem or to an experimental set of data. When numerical values are attributed to the para- 
meters, one can realiy speak of an aerosol size distribution model, such as the DEIRMENDJIAN's size 
distribution models (1 969). 
A lot of work has been recently and is currently done to measure aerosol characteristics and to build model 
by seeking a best fit with the data either at the stratosphere level (BIGG, 1976; GRAS and MICHAEL, 1979; 
PINNICK et al., 1976), or at the troposphere level (PATTERSON and CILLETTE, 1977; GOROCH et al., 1982). 
These studies wili probably lead to an improvement of the existing models in a near future but their review 
is outside the scope of this paper. 

3 Complete Radiation Models 

3.1 Review of the Models 

The most comprehensive set of models is the one recommended by the Radiation Commission 
working group on a Standard Radiation Atmosphere (MCCLATCHEY et al., 1980), henceforth referred to 
as SRA. For the troposphere it comprises four basic components (type i) defined by their size distribu- 
tions ni(r) and their refractive index mi@) between 0.2 and 40 Pm, from which three "material models" 
are built by giving the volume concentration 4 of each component i in the materiai j; the number density 
concentration derives from 

m 

N; c{/v, - -  - , with vi = Jr3ni(r)dr 
NJ cj/vi 

i 
O 

The size distributions are normalized in the SRA models, in order t o  fix the extinction coefficient of the 
material P(0.55) = 1 at h = 0.55 m; we have found it more convenient and general to keep the normali- 
zation of Equation (1). 
For the stratosphere two "material models" are proposed, each built of one single component. A complete 
description of the SRA models, including references to the sources of data used is given by the Radiation 
Commission of 1 AMAP (1 983). 
Table 1 gives the composition and the size distributions with the 4 values; for example values of the re- 
fractive index are shown at 0.4 pm and 1 pm; the size distributions are described with more details in 
Section 4. The associated vertical extinction profiles lead to a set of six "complete aerosol models" for the 
low troposphere (0-6 km), two for the high troposphere (6-12 km), one for the unperturbed stratos- 
phere, plus a variable model (over 30 years) for the volcanic stratosphere (1 2-30 km), and one model for 
the upper atmosphere (30-100 km). Figure 1 shows the different profiles for the extinction coefficient at 
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9 Table 1 Main Characteristics of the Aerosol Models (see text) 
LND = Log Normal Distribution; MGD = Modified Gamma Distribution; TPL = Truncated Power Law. 

j = 1 Continental j = 5 Stratosphere background 
j = 2 Maritime j = 6 Stratosphere volcanic 
j = 3 Urban 

i 

1 

2 

j = 1: 3-12 km - j = 2: 0.3 km - 
j = 4: Stratosphere background - j = 5 : Stratosphere volcanic 

Component 

Watersoluble 

Dust-like 

10 - .  
m 
'= - 
5 
a - 

ni(') = LND 

Figure 1 Aerosol extinction profiles at A = 0.55 rm for SRA (-). TP (- . -1 and MC ( 0 )  models (see text) with 
ELTERMAN'S profile (---) Notice the change of altitude scale at 12 km. 
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0.55 Pm; the material to be associated with each profile is indicated by its reference number (see 
Table 1). The SRA profiles have been intended to give representation of some extreme cases and exhibit 
strong discontinuities at the boundary layer limit (2 km) and at the tropopause level(l2 km); profiles IV 
and V include a dust layer limited by a discontinuity at 6 km. 
We will not consider here the SHETTLE and FENN (1979) models, as they are now to be replaced by the 
SRA models, which were derived from them. It should be mentioned however, that they included the 
influence of relative hurnidity both on the size distribution and on the refractive index (HANEL, 1976). 
It may be too early to consider this influence, but it should certainly be taken into account for further 
improvement. 

The TOON and POLLACK global model (referred to as TP) comprises three basic components for the 
troposphere and one for the stratosphere, each characterized by their refractive index to be taken from 
POLLACK et al. (1973) for basalt, PALMER and WILLIAMS (1 975) for 75 % Hz SO4, TOON and POLLACK 

(1976) for sea salt and (NH4)2 S 0 4 .  Two material models are built and defined by the volume con- 
centration of each component, one for the low troposphere (0-3 km) and one for the high troposphere 
(3-12 km). The size distribution is given for the material itself, as if the mixing of components was done 
inside each particle; in other ternis, we can also consider that each component of the material has the 
same size distribution. For the stratosphere only one component is considered, 75 % H2 S04 ,  with one 
fixed size distribution for the background stratosphere and one variable between two extreme values for 
the volcanic stratosphere. 
The tropopause level is Gxed at 12 km as in the SRA models. The extinction profile is a slight modifica- 
tion of ELTERMAN\ profile (Figure l ) ,  but it implies a discontinuity at the tropopause ievei; oniy a back- 
ground stratosphere profile is considered. 
The MCCLATCHEY et  al. (1971) model (referred to  as MC) is also shown on Table 1 and Figure 1. It is simply 
defined by a size distribution and an imaginary part of the refractive index which is zero for wavelengths 
shorter than 0.6 pm and 0.1 above 2 pm, with a linear variation between these values. The real part is not 
given, but has been taken by different authors as 1.50 (TANRE et al., 1979). Two vertical profiles are pro- 
posed for the low troposphere corresponding respectively to ground visibility of 5 km, and 23 km; they 
join at 5 km leading to only one profile for the high troposphere and the stratosphere. The clear atmos- 
phere profile is actually the ELTERMAN's profile. 

3.2 Cornparison Between the TP and SRA Models 

As it has been pointed out above, the TP model provides an average description of the aerosol 
over the global scale, whereas the SRA models airn at giving a more detailed description of the different 
aerosols adaptable t o  various local conditions. For the sake of homogeneity, it would be satisfying to add 
to the SRA set of models a global model, built with the same components. Actually the tropospheric 
profile VI was intended to be possibly used for this purpose. As the global TP model has been widely 
used. it seems worthwhile to compare it with the SRA models or to try to build a model with similar 
radiative characteristics from the SRA components. Such a cornparison should involve a cornparison of 
the extinction profiles at 0.55 Pm, which is generally chosen as a reference wavelength, and a comparison 
of the specific radiative characteristics (single scattering albedo, phase function, spectral variation of 
extinction). 

3.2.1 Extinction profile at 0.55 pm 

Figure 1 shows the comparison between the different extinction profiles. TOON and POLLACK 
have modified ELTERMAN's original profile in order to have a total optical thickness of 0.1 25 (or 6 ,  = 0.1 20 
for the troposphere optical thickness) instead of 0.250 (or = 0.224) for ELTERMAN'S. The SRA model 
VI fixes 6, = 0.2; although it agrees reasonably with ELTERMAN'S in the low levels, it becomes completely 
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Figure 3 . 

Comparison of SRA background stratosphere and 
free troposphere extinction profile at 1.0 Mm (-) 

I I 
1 i with SAGE profiles averaged over latitude bands 

40-50 "N (---) and 40-50 O S  (-.-) during 

O, May 1979. 

Figure 2 
Comparison of SRA modified extinction (0.55 km) profile 
VI (-) with TP's (m) and ELTERMAN's (O) profiles. 

unreaiistic in the high troposphere, leading to an optical thickness 6 (6-1 2) = 0.00049 for the layer 
6-12 km, instead of 6(6-12) = 0.015 for all other SRA models, and 6(6-12) = 0.019 for both ELTERMAN'S 
and TP. The simplest modification which can be suggested to SRA profile VI to make it more realistic and 
more coherent with others is to stop the exponential decrease at the level z = 4.382 km where the extinc- 
tion reaches the value = 0.0025 km-' which is the high troposphere value in all other SRA models; this 
leads to a total troposphere optical thickness 6, = 0.217. This modified profile VI could be used as an 
average global profüe for the troposphere. It is compared with TP's and ELTERMAN'S profile with an en- 
larged scale on Figure 2. 
Above 12 km we will consider only the unperturbed stratosphere, as the volcanic models are tirne varying. 
Both TP and SRA models include a strong unreaiistic discontinuity at the tropopause level (see Figure 1). 
They respectively lead to a stratospheric optical thickness 6, = 0.005 and 0.003, which are very close 
values. The ELTERMAN mode1 does not exhibit this discontinuity, but as pointed out by TP, it corresponds 
to a perturbed stratosphere (6, = 0.026); it cannot therefore be used for Our purpose of a global modelisa- 
tion of the unperturbed atmosphere. However, further improvement of the SRA models must urgently 
aim at smoothing the discontinuity at the tropopause level; the many profiles provided by the SAM II 
and SAGE experirnents (M~CORMICK et al., 1981) could certainly be used for this purpose. Figure 3 com- 
pares the SRA background extinction profile at 1 .O Pm with May 1979 SAGE data averaged over a 10" 
latitude belt between 40"-50" N and 40"-50" S, where the main tropopause level is close to 12 km. An- 
other necessary improvement of the models wiU. include the seasonal and latitudinal variation of the 
tropopause height rather than to fur it everywhere at 12 km. 
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3.2.2 Albedo for Single Scattering 

The single scattering albedo depends mainly on the imaginary part of the refractive index (or of 
the absorption) of the aerosol material. At a first look the material used to build the troposphere models 
are very similar in TP and SRA, except for the strong absorbing soot component in SRA. But the soi1 
particles in TP are assumed t e  be basalt with an imaginary part of refractive index m" between 0.0009 to 
0.0016 in the visible spectrum (POLLACK et al.. 1973). whereas the dust-like particles in SRA have a value 
of m" close to 0.008. More important, the sulfates in TP are (NH,), S 0 4  with mlf 2 IO-' (TOON and 
POLLACK, 1976), whereas the water soluble particles in SRA have mu ' 0.005 to  0.01 7. Only the sea salt 
(TP) and the oceanic compoilent (SRA) have similar low values of m" y to leading to 1. 
These large differences are du* to the fact that TP use refractive index measured for pure material, where- 
as SRA values came from direct aerosol measurements including impurities; references to the measure- 
ments can be found in (Radiation Commission of IAMAP, 1983). Due to the difficulty of measuring m" 
accurately (GERBER, 1982) the values chosen in SRA models have to be treated with some reservations 
and certainly need improvement; they are in any case more realistic than the TP's values. The free tropos- 
phere of the TP's model has a single scattering albedo of 0.994, almost constant in the solar spectrum; the 
boundary layer value is slightly higher due to the sea salt component. Such a high value cannot be achieved 
with the SRA component unless one uses an almost pure oceanic aerosol, whch is unrealistic on the global 
scale. The continental and maritime SRA models have respectively G = 0.891 and G = 0.989 at 0.55 Mm. 
For the background stratosphere both SRA's and TP's models assume non-absorbing Hz S 0 4  particles 
leading to a single scattering albedo G = 1. 

3.2.3 Phase Function and Spectral Variation of Extinction 

The phase function depends slightly on the refractive index (real and imaginary parts) and mainly 
on the size distribution. For the sake of simplicity, we will lirnit our comparison to the asymmetry factor 
g whch increases from O to 1 when the particles' size increases. Similarly the spectral variation of the 
extinction coefficient depends mainly on the size distribution and we will characterize it by the ratio 
B(X)/P(l.03) within the visible and near IR spectrum; this ratio increases when particles are getting smaller. 
Table 3 shows g(X) and Table 3 P(h)/@(1.03) for the TP model and for the SRA components and materials. 

In the stratosphere, both TP and SRA use only one component, which is the sarne. The differences are due 
to smailer particles in TP, and both models could be reconciliated only by varying the size distribution. 

Table 2 Asymmetry factor g 

background 
A 

1 (pm) 

' 0.385 
1 0.450 

0.525 
0.550 
0.600 
0.800 
1.03 

TP = TOON and POLLACK 
SRA = Standard Radiation Atmosphere 
1 - Water-soluble, 2 - Dust-like, 3 - Soot, 4 - Oceanic 
(x) see text 
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Troposphere 

Mixture (") 
cl  = 7.2 % 
c2 = 92.8 % 

0.685 
.680 
.686 
.686 
.688 
.698 
.711 

TP 

3-1?km 

0.661 
.659 

0-3km 

.712 

.710 

SRA Components SRA Materials 

,661 
.662 
,663 
.661 
.664 

1 

0.644 
.636 

Continen- 
ta1 
0.650 
0.644 
0.639 
0.638 
0.636 
0.633 
0.632 

' 

Maritime 

0.744 
0.746 
0.747 
0.745 
0.746 
0.754 
0.760 

2 

.900 

.894 
,708 .630 
707 1 .628 
.705 , .624 

.880 
1 .877 

.872 

.850 

.832 

I 

3 

0.407 
.374 

.698 
1 .698 

4 

0.795 
.792 

.612 

.600 

,344 
.336 
.321 
.267 
.219 

.785 
,781 
.781 
.779 
.778 



m Table 3 Relative spectral variation of the extinction coefficient ~(A)/p(l .03) 

TP = TOON and POLLACK 
SRA = Standard Radiation Atmosphere 
1 - Water-soluble, 2 - Dust-like, 3 - Soot, 4 - Oceanic 
(x) see text. 

A 

(um) 

0.385 
0.450 

In the free troposphere one can try to fit the g(X) or @(X)/P(1.03) of TP7s mode1 by a mixture of water 
soluble (NI particles) and dustlike (N2 particles); fitting g (0.55 pm) leads to N2 /NI = 6.671 and 
fitting P(.385)/P(1.03) to  N2/N1 = 1.919 IO-'. Tables 2 and 3 show the results for a mixture with the aver- 
age value N2/N, = 1.293 (which corresponds to volume concentrations c l  = 7.2 % and c2 = 92.8 %) 
to  be compared with TP's values for the layer 3-12 km; as a reference value let us recaU that c l  = 29 %, 
cz = 70 % in the continental SRA material, which includes also 1 % of soot particles. Fitting both g(0.55) 
and P(.385)//3(1.03) with addition of some soot component is not possible. In the boundary layer, the 
TP7s values of g(0.55) and P(,385)/P(1.03) are very close to those of the SRA maritime material and a 
better fit cannot be achieved by varying the concentrations of the water soluble and oceanic components. 

4 Size Distribution Models 

Analytical expressions with two, three or four parameters suitable for representing aerosol size 
distributions have been reviewed by DEEPAK and Box (1 979); they describe a catalog depicting the para- 
metric behavior of the functions, which can be used t o  find the best fitting to experimental data. A review 
of the currently used sue distribution models can be found in RUSSELL et al. (1981). Recently ABELE 
and CLEMENT (1980) have emphasized the flexibiiity of a Chebyshev polynomials expansion to represent 
the sùe  distribution; the IUNGE and the Log-Normal distributions can be reduced exactfy t o  such an 
expansion. We wili limit Our review here to the most popular functions, which are actually used as "models" 
with assigned values of the parameters. 
The size distribution n(r) is often characterized by its mode radius r~ defined by 

Troposphere 

2.507 0.954 2.530 0.945 

d n(r) 
dr 

= O  for r = TM , 

2.255 

Stratospherc 

or its average radius 

TP 

6.425 
5.098 

TP 
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1 ::::; 1 i:::; 1 im::! 1 2.368 1 0.958 1 2.323 1 0.962 , 2.142 1 1 i:::; 1 i:::; 1 i:::; , 

SRA 
background 

4.487 
3.954 

3-12km 

1.937 
1.756 

0.600 1.442 1.132 2.150 0.960 2.061 0.965 
0.800 1.195 1.458 0.975 1.395 0.994 

SRA Componentc 

0-3km 

1.228 
1.197 

1.943 1.1i18 1.520 3.098 2.833 
1.379 1.046 1.210 1.724 1.753 

1 

3.568 
3.021 

1.03 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 

M~xture (x)  
c l  = 7.2 % 
c 2  = 92.8 % 

2.193 
1.927 

SRA Matcrials 

2 

0.939 
0.945 

Continen- 
ta1 

3.146 
2.675 

Maritime 

1.241 
1.189 

3 

3.875 
3.131 

4 

0.920 
0.935 



The cumulative oversize distribution represents the number of particles that have radii greater than r 

As the extinction coefficient for a particle is derived from the Mie theory as nr2 Qext and similarly the 
scattering coefficient as nr2~,,,, it is probably more sensible to define an effective radius as weighted 
by r2n(r), as done by HANSEN and HOVENIER (1974) 

they also characterize the width of the distribution by an effective variance 

O 

In terms of the moments 

of the size distribution, we have 

the normalization of n(r) imposes 

Mo = l .  (23) 

4.1 JUNGE Power Law 

The power law (PL) was originally proposed by JUNGE (1953,1963) to represent his continental 
aerosol data; it is given by 

n(r) = ~ r - ' - '  for rl < r < r 2 ,  

= O for r < r l  , 

r < r2 , 

(24) 
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where C is defined by the normalization (Equation 23). The moments are 

C Mk = - (rk-V - k - v  
k - v  rl for k > v  , 

r2 
Mk =Cln for k = v .  

1 

A modification is the truncated power law (TPL): 
- P i - 1  

n(r) = Cir for r i <  r < r i + l ,  i =  1 ,2 ,  ... P, 

= O for r < r l ,  

where the Cfs are defined by the conditions of continuity of n(r) at r = ri, i = 1 ... p. and by the normaliza- 
tion condition (Equation 23). The parameters to be adjusted to fit an experimental curve are the ri and 
the vi. The moments are 

where the ML'S derive from Equation (25) where C l ,  r l  , rz are replaced respectively by Ci, ri, ri+ 1, 
with the proper choice according to the respective values of vi and k. 
The size distribution used in their complete models by McCLATCHEY et a1 (1 97 1) and by TOON and 

- 
POLLACK (1 976) for the troposphere belong to this category (see Table 1). The values of r~ , r , r,ff and 
veff for these models are given in Table 4;  we have also added the ratio N(.15)/N(.25) which is used in 
(RUSSELL et al., 1981) to compare the size distributions; values of r = 0.15 Pm and 0.75 pm were chosen 
in connection with dustsonde measurements. Figure 4a shows the curves n(r). 

4.2 Modified Gamma Distribution 

The modified gamma size distribution (MGD) is defined by 

where from the moments derived as 

where r is the gamma function; the constant C is given by the normalization equation (23). A variety of 
size distribution models, using Equation (28) have been proposed by DEIRMENDJIAN (1969). Their respec- 
tive characteristics are for Haze M: a = 1 , ~  = 0.5,P = 8.9443; for Haze L: LI = 2, y = 0.5,P = 15.1 186; For 
Haze H: a = 2, y = 1, p =  20. The MGD is also used in the two SRA stratospheric models (see Table 1 ). 
Table 4 shows r ~ ,  T, reff and v , ~  and N(.15)/N(.25) for the DEIRMENDJIAN's and the SRA models. The 
size distributions are given on Figure 4b. 
As a two parameter size distribution is often sufficient to represent most of the aerosols radiative charac- 
teristics, it has been suggested (KURIYAN, 1974) to limit the choice of the MGDYs to  those with y = 1. If 
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Table 4 Characteristics of different size distribution models (see text) 

Model 

MC 

Figure 4 Size distribution models 
a Truncated Power Law - TP 3-12 km 

--- TP 0-3 km 
-.- MC 

b Modified Gamma Distribution SRA background stratosphere 
- - - SRA volcanic stratosphere 
------ Haze M 
-..- HazeL 
- Haze H 

c Log Normal Distribution --- SRA water-soluble 
- SRA S O O ~ .  

-.. - SRA oceanic 
-.- SRA dust-like 

d Zold distribution - TP background stratosphere 
--- TP volcanic stratosphere (r, = O. 1 r m )  
-.- TP volcanic stratosphere (r, = 1 r m )  

Size distribution 

Truncated 

L I , 
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l 'O2  
0.250 
0.184 
0.150 
0.1 11 

0.0781 

0.00908 

0.908 
0.0150 
0.458 

0.142 

0.120 

Haze M 
Haze L 
Haze H 
SRA (Stratosphere 

background) 

ï P  (0-3 km) 

r~ 
(riml 

(volcanic) I ! j j 

Modified 1 :::; Gamma 1 0.10 
I 0.0555 
l 

0.900 
0.481 
0.250 
0.222 

0.281 

0.0994 

9.94 
0.0392 
2.49 

0.222 

0.281 

power law 

- 
r 

( r m )  

I 

SRA (Stratosphere j i0.0156 

TP(3-12 km) , 
0.528 
0.418 
0.2 

I 

volcanic) 

SRA (Water 
soluble) 

SRA (Dust-like) 
SRA (Soot) 
SRA (Oceanic) 
Equivalent SRA 
Stratosphere 
(bac kground) 

.O865 

.O991 

reff 
( r m )  

1.57 
2.00 
3.39 

4.99 1 
2.77 
1.00 j 

, 

I 

Log Normal 1 0.00152 

l 0.152 
0.0073 

1 0.129 

: 0.102 

,0366 

%!C = McCLATCHEY et al. 
TP  = TOON and POLLACK 
SRA = Standard Radiation Atmosphere 

Stratosphere 1 1 0.0637 

i TP (Stratosphere Zold 

I 1 background) 1 0.035 ' (Stratorpherc 1 I 0.1 1 voicanic) 1 / 1.0 

.368 
1.614 

veff 

0.250 4.07 

I 

0.072 
0.168 
1.68 

0.188 
0.335 
3.35 

.423 

N(.15) 
N(.25) 

0.528 

0.307 

2.307 
0.617 
1.33 

0.250 

0.528 

0.617 
0.413 
0.41 3 

4.56 
3.60 

3.17 

5.39 

1.17 
23.1 

1.34 

4.77 

3.14 

4.78 
2.78 

6.79 3.78 , 



we try to fit the ren and v e ~  values of a given n(r) by adjusting the a and 0 parameters in a MGD with 
y = 1, it leads to 

1 - 3veff 
a = 1 

Veff 
9 O=--; reff Veff 

as a must be positive, this MGD with y = 1 can only represent size distributions with ven < 5 ;  which is 
too restrictive for many cases with a wide range of particles. 

4.3 Log Normal Distribution 

The Log Normal Distribution (LND) is given by 

r~ = rm exp(- ln2 O), 

and the cumulative oversize distribution 

where 9 is the error function defmed by 
X 

2 
B (x) = xlexp(- t2) dt. 

where r, and o are the parameters to be adjusted; r, is sometimes considered as a mode radius for a 
logarithmic distribution rn(r) = f(Pnr); keeping to the definition of Equation (14) the mode radius is 

O 

The moments are 

M, = C ~ T  r i  exp (2 ln'.) , (35) 
leading to 

reff = rm exp ($ Ln2 0) , 

veff = exp (ln2 O) - 1 (39) 

The tropospheric components in SRA models are LND type; they are shown on Figure 4c, and their 
characteristics are listed in Table 4. 
From a practical point of view, it is convenient to  use the same type of size distribution at al1 levels and 
for aii  components withîn a complete model. It can be considered as a drawback of the SRA models to  
use the log-normal distribution for the tropospheric aerosols and the modified gamma distribution for the 
stratospheric aerosols. The effective radius and variance are probably the parameters to which the radiative 
characteristics are the most sensitive. Therefore, one can try to  change the size distribution keeping ren 
and ven at the values fuced for SRA components, either for the troposphere or for the stratosphere, in 
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order to keep the same formalism within both layers without changing too much the radiative characteris- 
tics of the original models. 
The two parameter LND is a little casier to handle than the MGD and the fitting of refi and vee by vary- 
ing o and r, is straightforward from Equations (38) and (39). We have therefore sought for stratospheric 
LND leading to the same ren and v~ as the SRA stratospheric MGD; we will refer to these size models 
as "equivalent" SRA stratospheric models. The o and r, value are found respectively as u = 1.6038, 
rm = 0.1 27 1 pm for the background aerosols and o = 1.91 77, r, = 0.09736 pm for the vocanic aerosols; 
these "equivalent" SRA mode1 characteristics are listed on Table 4. Figure Sa shows the comparison of 
both the original and "equvalent" SRA size distributions for background stratospheric aerosols. Figure Sb 
is the same for volcanic aerosols. The original SRA models contain many more smail particles than the 
"equivalent" ones, which reflects into a smailer value of the average radius T (Tabb 4) for the original 
SRA models. This excess of mall particles could also have an important influence on the radiative charac- 
teristics. Therefore, the original and the "equivalent" models could behave differently, although they 
have the same reR and ven. Table 5 compares the extinction coefficients at 0.45 pm and 1 .O3 flm and 
their ratio, the asymmetry factor and the single scattering albedo for the same wavelengths. It appears 
that the differençes between the original SRA and the "equivalent" models are not significant as long as 
the main specific quantities are concemed. Differences would certainly show up in the detaiis of the phase 

Figure 5 Comparison of the size distribution for the SRA stratospheric models (MGD) (--) and the "equivalent SRA" 
(LND) (---) 
a background 
b volcanic 
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Table 5 
Comparison of SRA stratos- 
pheric models (MGD) and 
equivalent SRA (LND) (see 
text). 
The extinction coefficient is 
normalized to P(.55 pm) = 1. 

function, but they have a minor influence on the radiative transfer computations. Differences in the 
absolute extinction values for the sarne total number of particles are of no concern, as the model profiles 
are given in terms of the extinction coefficient. 

4.4 Zold Distribution 

The Zold distribution is given by 

Radiative parameters 

P(1.03) 
P(.45) 
P(.45)/P(1.03) 
g(1.03) 
g(.45) 
w(1.03) 
w (.45) 

n(r) = c exp (Ai:;) ; 

where C is fixed by the normalization equation (23); r, = r~ is the mode radius. The moments are 

This Zold distribution is used in the TP's model for the stratospheric aerosols; the characteristics are 
shown in Table 4 and the curves n(r) given on Figure 4d. 

Stratosphere background 

5 Conclusion 

SR A 

0.312 
1.238 
3.954 

.602 

.738 
1 
1 

Stratosphere volcanic 

Some currently used aerosol models have been reviewed and compared to the set of models 
recently proposed by the Radiation Commission of IAMAP as a Standard Radiation Atmosphere (SRA). 
It is suggested to modify the SRA profile VI in order to make it more realistic; then it comes very close to 
the ELTERMAN'S profile modified in TOON and POLLACK'S (TP) global model and can be reasonably used 
on a global average basis. The discontinuity at the tropopause level, rigidly f ~ e d  at 12 km, for ail the 
SRA models, is also underlined and this requires further improvement. 
The TP materials for the troposphere have a single scattering albedo which is too close to 1 and unrealistic. 
The value of the asymmetry factor and the extinction spectral variation in the TP boundary layer are very 
close to those of the SRA maritime material; in the free troposphere the TP's values can be reasonnably 
approximated by a mixture of 7.2 % of the water soluble and 92.8 % of the dust-like SRA components. 
At the stratosphere level for unperturbed conditions both TP and SRA models have a single scattering 
albedo of 1, but TP model has smaller particles leading to a smaller value of the asymmetry factor and a 
larger spectral variation of the extinction. 
The different model size distributions are also compared, including the mode radius, the average radius 
and the effective radius, as well as the effective variance. With the purpose of simplification and homogenei- 
zation, it is suggested to keep the same Log-normal size distribution for all the SRA components; it is 
shown that this can be achieved without introducing too large changes in the radiative characteristics of 
the stratospheric aerosols. 

SR A 
equivalent 

,311 
1.265 
4.067 

,593 
.737 

1 
1 

SR A 

.554 
1 .O96 
1.978 
.660 
.703 
,946 
,938 
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SR A 
equivalent 

.524 
1.110 
2.144 

.649 

.705 
,953 
.94 1 



After completion of this work, a workshop on "Aerosols and their Climatic Effects" was held in Williams- 
burg Va. USA, on March 28-30, 1983. In discussions the necessity of improving the SRA models has 
been underiined; the main recomrnendations were the choice of LND models for the stratospheric aerosols 
and the introduction of a specific Saharan model. 
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RADIATIVE CHARACTERISTICS OP SI'RATOSPIIERIC AEROSOLS 
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The f o u r  c h a n n e l  m i s s i o n  SAGE ( S t r a t o s p h e r i c  
Aeroso l  and Gas Exper imen t )  p r o v i d e  a e r o s o l  
e x t i n c t i o n  p r o f i l e s  a t  1 . 0  p and 0 . 4 5  Mm 
(Chu and lilc Cormick, 1 9 7 9 ) .  The 1 . 0  pm c h a n n e l  
g i v e s  d i r e c t l y  t h e  a e r o s o l  e x t i n c t i o r i  oe( l .O)  
and h a s  been w i d e l y  used .  The s t r a t o s p h e r i c  
a e r o s o l  enhancement  due t o  t h e  Mount S t .  He lens  
e r i i p t i o n  was o b s e r v e d  by SAGE from a l m o s t  
immedia t e l y  a f  t e r  t h e  e r u p t i o i i  and f o l l o w e d  
u n t i l  its d i s s i p a t i o n  (Ken t ,  1982) .  

The 0 . 4 5  cm d a t a  a r e  o f  pool-er q u a l i t y ,  
ma in ly  because  o f  t h e  s t r o n g  p c r t u r b û t i o n  
due t o  t h e  R a y l e i g h  m o l e c u l a r  s c a t t e r i n g  ; 
morcover t h e  r e l a t i v e  c o r i t r l b u t i o n s  o f  tJ02 
and a a r o s o l  e x t i n c t i o n  a r e  o f  t h e  same o r d e r .  
However t h e  s e p a r t i o n  c a n  be  a c h i e v e d ,  rnd 
t h e  r e s u l t s ,  e x p r e s s e d  by a  mean Arigstrom 
c o e f f i c i e n t  between 0 .45  P m  and 1 . 0  prn d e f i n e d  
by oe( . 4 5 )  = (0.45)-'0 ( 1 . 0 ) ) ,  a r e  q u i t e  meaning- 
f u l ,  a t  l e a ç t  up  t o  e25  km, i .e. when t h e  NO 
c o n t r i b u t i o n  is n o t  t o o  l a r g e  (Lenoble  ang  
P ruvos  t , 1983) .  

We have  u s e d  t h e  SAGE p r o f i l e s  o f  
J u l y  1980 i n  t h e  l a t i t u d e  band between 70°N 
and 50°N ; t h e  1.0 p r o f i l e s  r e v e a l  t h e  
p r e s e n c e  o f  Mount S t .  He lens  a e r o s  1s. w i t h  -8 
a n  o p t i c a l  d e p t h  l a r g e r  t h a n  3.10 , and a 
maximum e x t i n c t i o n  between 18-20 km ( K e n t , l 9 8 2 ) .  
The Angstrorn c o e f f i c i e n t  p r o f i l e  t y p i c a l l y  
e x h i b i t s  a  minimum a t  t h e  maximum e x t i n c t i o n  
l e v c l ,  p o i n t i n g  t o  l a r g e  p a r t i c l e s ,  f o l l o w e d  
by a  r a p i d  i n c r e a s e  toward a  maximum ( s m a l l  
p a r t i c l e s )  i n  t h e  r e g i o n  21-23 km (Lenob le  
e t  a l .  1984) .  T h i s  f e a t u r e  is more or less 
pronounced b u t  t h e  minimum o f  a o f t e n  r e a c h e s  
0.5 and t h e  maximum 3.0.  A few p r o f i l e s  are 
r a  t h e r  smoo t h ,  b u t  t h e  g e n e r a l  b e h a v i o u r  is 
t y p i c a l  enough t o  r e f l e c t  on t h e  l a t i t u d e  
a v e r a g e  p r o f i l e s .  F i g u r e  1 compares  a  v o l c a n i c  
p r o f i l e  o f  o ( 1 . 0 )  and a ( f i g .  l a )  w i t h  a n  

e  u n p e r t u r b e d  c a s e  ( f i g .  l b ) .  F i g u r e  2  compares  
t h e  l a t i t i i d e  a v e r a g e  p r o f i l e s  o f  a f o r  t h e  
band 60°-70°N a t  a p p r o x i m a t e l y  t h e  same p e r i o d  
of t h e  y e a r  f o r  1979 a n d  1980. The r e g u l a r  
i n c r e a s e  o f  a rvith h e i g h t  i n  1979 is found 
f o r  a few l a t i t u d e s  and months ; more o f t e n  
a is a l m o s t  c o n s t a n t  a r o u n d  1.6-1.7 w i  t h i n  
t h e  unpe r t i i rbed  s t r a t o s p h s r e  ; a more d e t a i l e d  
s t u d y  r ema ins  to b e  done t o  improve t h e  rnodeliza- 

t i o n  o f  t h e  i i npe r tu rbed  s t r a t o s p h e r e .  

The e x p e r i m e n t a l  v a l u e  o f  a cari b e  used 
t o  r e t r i e v e  orle p a r a m e t e r  o f  an  assumed s i z e  
d i s t r i b u t i o n .  For a log-normal  s i z e  d i s t r i b u t i o n  
w i t h  an  e f f e c t i v e  v a r i a n c e  o f  0 .250 wliich 
seems a  r e a s o n n a b l e  c h o i c e ,  t h e  l o g î r i  tlimic 
mode r a d i u s  is found a r o u n d  0.20 pn i n  t h e  
l a y e r  18-20 km and  arourld 0 .06pm i n  t h e  l a y e r  
21-23 km f o r  s t r o n g  v o l c a n i c  p r o f i l c s  ; f o r  
t h e  unper tut -bed a tmosphere  t h e  mode r a d i u s  
is between 0 . 1 0  lim and 0 .14  Pm.  Of c o u r s e  an  
i n f i n i t y  o f  s u c h  " e q u i v a l e n t "  s i z e  d i s t t . i b u t i o n s  
c a n  be b u i l t  by chang ing  e i t h e r  t h e  v a r i a n c e  
o r  t h e  mat l iemat ica l  f o r m u l a t i o n .  

The e q u a t i o n  is how s u c h  a n  " e q u i v a l e n t "  s i z e  
d i s t r i b u t i o n ,  which f i t s  t h e  e x p e r i m e n t a l  
v a l u e  o f  a , d o e s  p e r m i t  t h e  r e t r i e v û l  o f  
t h e  o t h e r  r a t l i a  t i v e  c h a r a c t e r i s t i c s ,  i n ipo r t an t  
f o r  t h e  s t u d i e s  o f  c l i m a t i c  impact  ( s o l a r  
a v e r a g e  op t i c a l  d c p t h ,  s o l a r  a v e r a g e  asyrnrnetry 
f a c t o r ,  i n f r n r e d  o p t i c a l  d e p t h )  o r  n e c e s s a r y  
f o r  c o r r e l a t i v e  experimcri ts (backsca  t t c r i n g  
t o  e x t i n c  t i n n  r a t i o ) .  We h a v e  a d d r e s s e d  t h i s  
problem by a  s i m u l a t i o n  s t u d y  u s i n g  log-normal ,  
modif i e d  gamma a n d  bimodal log-normal s i z e  
d i s t r i b u t i o n s  and w e  p r e s e n t  h e r e  t h e  r e s u l t s  
c o n c e r n i n g  th& r a t i o  o f  t h e  s o l a r  a v e r a g e  
e x t i n c t i o n  o ta  t h e  e x t i n c t i o n  o e ( l . 0 )  a t  
1 . 0  pm,and  th: s o l a r  a v e r a g e  asymmetry f a c t o r  

Four  102-normal s i z e  d i s t r i b u t i o n  (LFID) 
w i t h  e f f e c t i v e  v a r i a n c e s  o f  0.1, 0 .25 ,  0 .528,  
1.0 were  used ,  w i t h  v a r y i n g  mode r a d i u s  i n  
o r d e r  t o  vnry a w i t h i n  a  l a r g e  r ange .  I t  h a s  
been checked t h a t  a  Modif ied  Gamma s i z e  d i s t r i -  
b u t i o n  (MGD) and a LND w i t h  t h e  same e f f e c t i v e  
v a r i a n c e  and t h e  same e f f e c t i v e  r a d i u s  g i v e  
s i m i l a r  r e s i i l t s .  Bimodal s i z e  d i s t r i b u t i o n s  
(BM) have  been b u i l t  by m i x i n g  two LND ; 
t h e  c o n c e n t r a t i o n  o f  t h e  two componsents  
is v a r i e d  i n  o r d e r  t o  ve ry  a .  One mode1 (BM1) 
is made o f  a  m i x t u r e  o f  v e r y  s m a l l  and  v e r y  
l a r g e  p û r t i c l e s  (mode r a d i u s  o f  0 . 0 3  Pm and 
0 .60  m) nnd t h e  o t h e r  (RM2) o f  a  m i x t u r e  
o f  a v e r a g e  background p a r t i c l e s  ( 0 . 1 3  vm) 
w i t h  e i t h e r  t h e  l a r g e  o r  t h e  sma l l  p a r t i c l e  
componen t . 
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Figure 1. Aerosol extinction coefficient O (1.0) 
at 1.0m and Angstrom coefficient a .  
a )  2 Volcanic case 

Figure 2. Angstrom coefficient profile averagcd 
over 60-70°N. 
------ August 1979 ---4uly 1980 
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Figure 3 presents the variation of O /O (1.0) 

versuç a ; the poiiiLs for al1 models inCluaing 
BM are on the same curve Cor a smallcr than 
3, i.e. for the values of aof practical interest. 
This means that the solar average extinction 
coefficient aiid thcrcfore the solar average 
optical depth can be retrieved uniquely from 
the two SAGE aerosol chai-me1 data. 

20: 
Unfortunately, the results are not so 

satisfactory for th<: other quantitics. Figure 4' 

/ '. 

presents the solar average asymmetry factor 
g6) versus a . If t.lie aerosol size distribution 
is known to be monomodal, the knowledge of 
a leads to reasonable brackets for g ~ ;  but 
if the size distribution is bimodal no informa- 
tion con be retrievcd. There is some hope 
that the additional channels of SAGE II will 
give a two-parameter information about the 
size distribution and will allow a better 
determination of the radiative chnracteristics. 
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SAGE Satellite Observations of Stratospheric Aerosols From Mount St. Helens 
Eruption : A Two-Wavelength Analysis 

Laboratoire d'optique Atmosphérique, Université des Sciences et Techniques de Lille, France 

The Angstrom coeficient profiles deduced from 93 SAGE Satellite observations in July 1980 betwan 
50"N and 7WN have been used to study the variation of the aerosol size distribution in the Mount St. 
Helens aerosol layer. ln most cases a layer of large particles wrresponding to the maximum extinction at 
18-20 km is topped by a layer of mall particles. The study of profiles averaged over 10" latitude bands 
for May to November 1980 have confirmed the extent of this situation, which contrasts with a rather 
constant size distribution within the unpcrturkd stratosphere in 1979. Assuming an equivalmt log- 
normal size distribution with an effective variance ofO.250, the logarithmic mode radius is found around 
0.20 ym for the large-particle layer and around 0.06 pm for the top layer. The inferred mass density 
profile is strongly influenœd by this structure. 

Volcanic eruptions generally produce a substantial increase 
of the stratospheric aerosol content, which may have impor- 
tant radiative and climatic effects. A period of low- 
background stratospheric aerosol levels was interrupted by 
the Mount St. Helens eruption on May 18, 1980, and was 
followed by a series of more or less important eruptions until 
the most important El Chichon eruption (April 1982). The 
stratospheric aerosol variations following these eruptions, es- 
pecially Mount St. Helens and El Chichon, have been subject 
to extensive scientific studies, including in situ balloon and 
aircraft measurements, ground-based lidar, and satellite 
remote observations [National Aeronautic and Space Adrninis- 
tration, 1980; International Association of Meteorology and At- 
rnospheric Physics, 19831. The satellite has the major advan- 
tage of giving a global picture of the volcanically perturbed 
stratosphere and of following its temporal variations; how- 
ever, it does not allow such a detailed description as the in situ 
measurements. 

NASA's SAM 2 (Stratospheric Aerosol Measurement 2) and 
SAGE (StratosphMc Aerosol and Gas Expriment) satellite 
experiments [Chu and McCormick, 1979; McCormick et al., 
19791 were especially designed for the monitoring of strato- 
spheric aerosols between approximately 70°N and 70"s for 
SAGE and at higher latitudes for SAM 2. Unfortunately, only 
SAM 2 was working at the time of the El Chichon eruption 
[McCormick et al., 19833, but the Mount St. Helens strato- 
spheric aerosol enhanament was observed by SAGE lrom 
almost irnmediately after the eruption and was followed until 
its dissipation [Kent, 19821. î h e  results are presented as pro- 
files of the extinction coefficient at 1.0 Fm and maps of the 
stratosphenc optical depth at the same wavelength; using aer- 
os01 models. values of the total mass of material are daduad. 
The SAGE data aiso contain profles of the extinction coef- 
ficients at 0.45 pm-of  somewhat poorer quaiity than the 
1.0-pm profiles-but can be used to infer further information 
about the aerosol characteristics [Lenoble and Pruwst.  19831. 
The ratio of extinction coefficients at 0.45 pm and 1.0 pm (or 
the related Angstrom coefficient) exhibits typical variations 
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within the volcanic stratosphere, that are likely to be due to 
variations in the aerosol size distribution. 

In section 2 we examine the Angstrom coefficient profiles 
computed from SAGE observations in July 1980 for high lati- 
tudes where a strong quasi-homogeneous volcanic layer exists. 
An "equivalent size distribution" with one adjustable parame- 
ter can be deduced and compared to in situ size distribution 
measurements [Hofmann and Rosen, 19821. In section 3 the 
profiles averaged over 10" latitude bands are compared in 
1980 and 1979, showing a typical differena on the global scale 
between the perturbed and the background stratosphere. In 
section 4 we discuss the applicability of this "equivalent size 
distribution" in deriving the mass of volcanic dust. 

2. SAGE OBSERVATIONS JULY 1980 

SAGE first observed locally enhanced stratospheric extinc- 
tion profiles between 55"N and 25"N during the end of May 
1980, soon after the Mount St. Helens May 18 eruption. The 
volcanic material then started its dispersion dong more or less 
complex trajectories, and at the end of July it was spread 
longitudinally around the globe north of 30"N. with the high- 
est concentrations north of 50"N. SAGE, starting its sweep 
movement southward from 70°N on July 21, 1980, observed 
enhanced extinction profiles at 1.0 pm almost everywhere be- 
twttn 7WN and SOON; the corresponding stratospheric optical 
depth at 1.0 pm was evaluated and found always larger than 
3.10-3 and often larger than 5.10-' [Kent, 1982; sce also 
Newell and Deepak, 1982, map Figure 4.33. 

We have used 93 profiles of the extinction coefficients aAl.0) 
and aA0.45). at 1.0 p n  and 0.45 Pm, respectively, given on the 
SAGE July data tape. Even when the aerosol extinction does 
not follow exactly the Angstrom law aAÀ) = aA1.0)À-', it is 
customary to introdua an average Angstrom coefficient z 
within a limited spectral interval. We have found more con- 
venient to use the Angstrom coefficient computcd irom 

a = - log (aJ0.45)/at( 1 .O))/log (0.45) (1) 

than the extinction ratio; the oA1.0) profile has b e n  smoothed 
over 3 km to make it consistent with the smoothed aA0.45) 
profile. The error bars on z are directly computcd from the 
unœrtainties on aA1.0) and aA0.45) given on the SAGE tape; 
these error bars are reasonably small between 11 and 25 km, 
and the variations of rx appear much larger than the possible 
errors and quite signifiant. A detailed discussion of the accu- 



LENOBLE FT AL. : STRATOSPHERIC ~ O S O L S  1 1 .fX7 

Fig. 1. Profiles of the extinction &cicnt d1.0) (dashed tine) and of the Angstr6m cueiiicimt oi (solid line): (a) July 
28, 1980, 1843 GMT, 57.3"N, 228"E; (b) July 29,1980, 1223 GMT, 55.4"N, 115.O"E; (c) July 27, 1980,0056 GMT, 61.3"N. 
296.9% (d) May 21.1984 2332 GMT, 54.3"N. 307.2"E; (e) May 24,1980,0435 GMT, 47.B0N. 22S.Z0E. 

racy of a, including the perturbation caused by NO, extinc- or a tendency to decrurt downward in the h t  few kilometers 
tion. can be found in Lonobie and Avoosr [1983]. The t r o p  above the tropopawc-incpendently of any vdanic  
p a w  kvd is bctwœn 9 and 12 km for îitc observation kti- eontribution-wc sin &cw out attention on the kpr b 
tudes, and M the a profiles generally exhibit eithn osciiiations tween 15 and 25 km. 



11.668 LENOBLE ET AL.: STRASDSPHERIC AEUOSOLS 

Figures la and Ic present typical extreme a profiles with the 
corresponding aA1.0) profiles. Profiles of type a are generally 
found in the areas where the optical depth 6 is larger than 
5.10-' and are associated with extinction profiles showing a 
strong maximum around 18-20 km. A minimum of a corre- 
sponds to the maximum of a,(1.0), pointing to a layer of rela- 
tively l a r p  particles at the level of maximum extinction. 
Above this layer the extinction coefiicient demeases rapidly, 
whereas the Angstrom coenicimt increafes to a maximum 

around 22-23 km, corresponding to particles much smaller 
than those for the background stratosphere. At higher alti- 
tudes it seems that a decreases toward the background value 
of about 1.7. but the error bars becorne too large above 25 km 
to reach a clear conclusion. 

The profiles of type c are generally found in arcas with an 
optical depth betwcen 3.10-' and 4.10- '; the extinction coef- 
ficient decreases rather regularly with increasing altitude but 
has values much higher than in nonvolcanic cases below 20 

TABLE 1. SAGE Observations July 25 to July 31,1980 - 
Latitude, Longitude, Optical 

N 
f19.I. 

E Depth %in L URI 
- - -  

4.0-5.0 x IO-' 
>s.o x 10-3 
> 5.0 x IO-' 
>5.0 x IO-) 
> 5.0 IO-' 
4.0-5.0 x IO-" 

>s.o x IO-' 
4.0-5.0 x IO-' 

>s.o IO-' 
>s.o 10-3 

4.0-5.0 x IO-> 
3.0-4.0 x IO-' 
3.04.0 x IO-' 
4.0-5.0 x IO-' 

~5.0 x 10-3 
~5.0 IO-' 
> 5.0 x IO-' 
>5.0 x Io-" 
>5.0 x 10-3 
>s.o IO-' 
4.0-5.0 x IO-' 

>5.0 x IO-' 
4.0-5.0 x 10- ' 

>s.o IO-' 
>s.o x 
4.0-5.0 x IO-' 
3.0-4.0 x io- 
3.0-4.0 x io- 
4.0-5.0 x IO-' 

>s.o 10-3 

>s.o x IO-' 
>s.o IO-' 
>s.o io-3 
>5.0 1 0 4  
>s.o 10-3 

> 5.0 IO-' 
4.0-5.0 x IO-' 
4.0-5.0 x IO-" 

>s.o x 1 0 4  
> 5.0 IO-' 
>s.o IO-' 
>s.o x IO-' 
>s.o x 10-3 
4.0-5.0 x 

>5.0 x IO-' 
> 5.0 x 10- 
>5.0 x IO-' 
> 5.0 x 
4.0-5.0 x 

>s.o x IO-' 
4.0-5.0 x IO-' 
4.0-5.0 x IO-" 
4.0-5.0 x IO-" 

>s.o 104 
4.0-5.0 x IO-' 

>5.0 x IO-' 
4.0-5.0 x IO-' 

> 5.0 x IO-' 
>5.0 x IO-' 



TABLE 1. (Continued) 

Case Latitude, Longitude, Optical 
N E 

m m  rm.minr 
Number Dcpth i n  1,. flm ~ r m  

60 56.3 236.7 4.0-5.0 x IO-' 1.62 2.44 0.13 0.075 
6 1 56.1 212.4 >5.0 IO-" 1.17 258 0.18 0.070 
62 55.9 188.0 >5.0 IO-' 1.48 208 0.14 0.095 
63 55.7 163.7 4 . 0 - 5 . 0 ~ 1 0 - ' l . 3 6  213 0.15 0.095 
64 55.6 139.3 4.0-5.0 x 10-3 1.06 234 0.19 0.080 
65 55.4 1 15.0 >5.0 x IO-" 1.26 242 0.17 0.075 
66 55.2 90.7 4.0-5.0 x IO-' 1.45 2.50 0.15 0.070 
67 55.1 66.3 4.0-5.0 x 1 0 - p . 6 2  223 0.13 0.085 
68 54.9 42.0 4 . 0 - 5 . 0 ~ 1 0 - ~  1.44 238 0.15 0.080 
69 54.7 17.6 4.0-5.0 x IO-' 1.41 235 0.15 0.080 
70 54.5 353.3 4.0-5.0 x 1.27 224 0.16 0.085 
7 1 54.3 329.0 >$.O x 1 0 ~ ~  1.45 2.46 0.15 0.075 
72 54.2 304.7 4.0-5.0 x IO-' 1.29 201 0.16 0.10 
73 54.0 280.3 >5.0 x IO-" 1.46 215 0.14 0.090 
74 53.8 256.0 r5.0 IO-' 1.54 2.61 0.14 0.070 
75 53.5 207.4 4.0-5.0 x IO-' 1.34 1.96 0.15 0.10 
76 53.3 183.1 >5.0 IO-" 1.57 2.17 0.13 0.090 
77 53.1 158.7 4.0-5.0 x IOw3 1.49 235 0.14 0.080 
78 52.9 134.4 4.0-5.0 x 1 0 - ' l . 4 3  208 0.15 0.095 
79 52.7 110.1 > 5.0 IO-" 1.25 2.57 0.17 0.070 
80 52.5 85.8 4.0-5.0 x I O - '  1.51 2.07 0.14 0.095 
8 1 52.4 61.5 3.0-4.0 x IO-' 1.31 217 0.16 0.090 
82 52.2 37.2 4.0-5.0 x IO-' 1.41 2.27 0.15 0.085 
83 52.0 12.9 >5.0 IO- )  1.76 2.57 0.12 0.070 
84 51.8 348.6 3.0-4.0 x IO-' 1.26 1.90 0.17 0.11 
85 51.6 324.2 4.0-5.0 x IO-' 1.35 2.23 0.16 0.085 
86 51.4 299.9 3.0-4.0 x IO-' 0.88 205 0.21 0.10 
87 51.2 275.6 4.0-5.0 x IO-' 1.34 218 0.16 0.090 
88 51.0 251.3 4.0-5.0 x 10-' 1.56 218 0.13 0.090 
89 50.8 227.0 4.0-5.0 x 1.51 1.82 0.14 0.11 
90 50.6 202.7 >5.0 x 1 0 ~ ~  1.39 219 0.15 0.090 
91 50.4 178.4 4.0-5.0 x 1 0 - ' 0 . 9 0  2.47 0.21 0.075 
92 50.3 154.1 4.0-5.0 x 1.44 2.14 0.15 0.090 
93 50.1 129.8 4.0-5.0 x IO-)  1.52 2.10 0.14 0.095 

The Angstrom coefficient is represented by a; r ,  is the radius in a log normal distribution with o = 
1.604 (r,,, = 0.2501. 

km. The a profile is quite regular with values similar to the 
background values, and the volcanic material seems well 
mixed and homogeneous, in opposition to case a, where there 
is a sharp separation between a bottom layer of large particles 
and a top layer of small particles. The small oscillations ob- 
served on the extinction profiles of type c either can be matic 
or can reveal very fine structures; they may seem to reûect 
slightly on the a profile, but the smoothing over 3 km and the 
unartainties on a Q not allow us to consider the d a 
oscillations as significant. 

Various i n t e r d a t e  profiles between type a and type c are 
observad, more oRen in zones with intermediate values of the 
o p t i d  depth. Figure lb shows an example of such an inter- 
mediate profile; a slight minimum of a is associated with the 
maximum of ok1.0) around 20 km, but the increare of a to a 
maximum value at about 22-23 km remains clear. No definite 
comlation has ban found betwem the type of extinction and 
Angstrom coefficient profiles and either the tropopause hdght 
or the temperature profile. 

For cornparison, Figure Id shows the profiles of oi1.0) and 
a for a clear cape without volcanic materiai (S between l.10-3 
and 210-3). For 25 clcar cases considered in the same zone in 
May 1980 we have always found a profiles to be nearly con- 
stant or to have small ircegular oscillations between 1.5 and 
2.1, with an average value aronnd 1.75. On the May 19ûû tape 
we have releaed eight profka in the vicinity of Mount St. 
Hdens that show a stroiy volcanic contribution (8 > 3.10-j). 

The profile given on Figure le exhibits two strong extinction 
maxima around 16-18 km and 23 km. On the a profile, mini- 
mum values of z (large particles) correspond to these rnaxi- 
mum of a,(1.0), but the smoothing does not permit us to 
follow the detailed structure of the layer. The layer of small 
particles (fast domafc of aA1.0) and innease of a) m located 
above 23 km, Le., higher than in July. Not al1 the May vol- 
canic profiles display this particular structure, and they are, as 
expectcd, quite variable near the time of eruption. Mtny stud- 
ica [Newell anà Deepak, 19821 have been devoted to the dis- 
persion of the volcanic material in the first days or wœks after 
the eruption, and SAGE observations are artainly more 
adaptcù and useful to study the quasi-stable giobai rituation 
obtained after 2 months. 

Table 1 presents the values of the maximum (-3 and mini- 
mum (G,,) Angstrom codf~cients for the 93 volcanic profiles 
of July 1980. n ie  average of g, is 2.42, and th!. average of 
%, is 1.26. 
The knowledge of the Angstrom coe&cient a enabks fixing 

one sizc distribution prameter for the aerosol. i t  has been 
shown by many authors [Pinnick et ai., 1976; Gras and M y ,  
19811 that experimental observations of the stratorpheric aa- 
osol sizc distribution cm be fittcd by log-normal distributions. 
We have thus chosen a log-normal distribution 
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Fig. 2. Profiles of the mode radius r,  for an equivalent log-normal distribution with u,, = 0.250 (a = 1.604). Same cases 

as in Figure 1. 

where n(r) d r  is the number of particles with a radius between 
r and r + dr normalized to one particle per unit volume; r ,  is 
a mode radius on a semilogarithmic scale, and a defines the 
width of the distribution. They are related to the effective 
radius r,,, and effective variance v,,, [Hansen and Hooenier, 
19741 by 

o,,, = exp (In2 a) - 1 r,, = r, exp 

From the above mentioned observations, a varies between 
1.5 and 2.0. We have chosen here o = 1.604, which gives 
v,,, = 0.250 [Lenoble and Brogniez, 19841, i.e., the value of o,, 
assumed in the Standard Radiation Atmosphere models [Mc- 
Clatchey et al., 19801. The particles are assumed to be 75% 
H2S04 droplets [Rosen, 19711, and the relation between a and 
r, has been tabulated using Mie theory. For the background 
nonvolcanic case (1.5 S a d 2.1 with 07 = 1.75) this leads to an 
average value of 0.12 pm for the mode radius r ,  with oscil- 
lations between 0.10 pm and 0.14 pm. For the volcanic profiles 
of type a, particles with mode radius of about 0.20 pm 
(a = 0.94) or even larger are often found in the 20-km layer; in 
the top layer around 23 km, particles with r ,  = 0.06 pn 

(a 2 2.7) are usuaily found. Figure 2 shows the profiles of r, 
corresponding to the z profiles of Figure 1, with the error bars 
caused by the uncertainties on a. Table 1 gives the maximum 
rm,ni.r and minimum r,,,, mode radius corresponding to h, 
and a,,, respectively. 

The size distributions obtained by this p r d u r e  must be 
understood as "equivalent size distributions" in the sense that 
the equivalent and the real s k  distributions lead to the same 
ratio between the extinction coeficients at 0.45 and 1.0 Pm. If 
we had chosen a log-normal distribution with a larger vari- 
ance, the values of r, would have been found to be smaller for 
a given a as a result of the predominant influences of the large 
particles in the size distributions; roughly, r ,  would be divided 
by 2 when o,, was increased from 0.25 to 0.53, which corre- 
sponds to an increase of a from 1.6 to 1.92. However, this 
"equivalent size distribution" can be used with some caution 
to derive the mass density profile, as will be discussed in sec- 
tion 4. 

The effective radius rd, defincd by (3) is much less sensitive 
than r, to the assumption on v, for a given a; for the same 
change of v ,  from 0.25 to 0.53, rd is divided by 1.4 around 
a = 2; the modification of rd then decrcascs towards smaller 
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Fig. 3. Latitude average profiles of the extinction coeficient à,(1.0) at 1 Pm above the tropopause height 2, ;  (a) 1979 
profiles at 55'N and 6S0N-(curve 1) April29 to June 1; (cuwe 2) June 1 to August 7; (curve 3) August 7 to September 14; 
(curve 4) September 14 to October 21 ; (curve 5) October 21 to November 22. C u m s  1.2, and 3 present the averages of the 
55'N and 65'N profiles, which are very close. Curves 4 and 5 are the 55"N profiles (no observations at 65"N). (b) 1980 
profiles at  SSoN-(curve 1) May 11 to June 23; (curve 2) June 23 to July 20; (cuwe 3) July 20 to August 28; (curve 4) 
August 28 to September 28; (cuwe 5) September 28.10 October 31. The satellite movement starts north to south on May 
1 1  and reverses for each period. (c) 1980 profiles at 65 'Nsame as for Figure 36. 

z to reach zero at .s z 0.6. Therefore it can be expected that 
the utilization of our equivaient size distribution will ailow the 
determination of some radiative characteristics of the aerosol, 
such as the asymmetry factor [Lenoble and Pruuost, 19831; 
this problem of radiative characteristics will be discussed in 
detail in another paper. 

The most extended direct measurements of the stratospheric 
aerosol size distributions after the Mount St. Helens eruption 
have been done by Hofmann and Rosen [1982], using various 
balloon-borne particle wunters. Their measurements cover 
the period May 1980 to May 1981 and are made at Laramie 
(41°N). From the SAGE optical depth maps the July-August 
1980 measurements should be in a zone with 6 - 3-4.10-3. 

From June until Novcmber 1980 their results consist of pro- 
files of aerosol and condensation n?iclei concentration N for 
the three classes of dimension r 2 0.25 Pm, r 2 0.15 Pm, and 
r 2 0.01 p. A quantitative comparison between these data 
and SAGE results is of course not possible, as the observa- 
tions are not coincident in time and are not made at the same 
latitude; moreover, SAGE observations integrate atmospheric 
properties over a horizontal path of a few hundred kilometers, 
whereas balloon-borne instruments measure local profiles; 
however, some qualitative comparison can be tried. 

From Hofmann and Roscn Cl9821 results the several identifi- 
able layers observed during the first weeks merge slowly into a 
main layer at about 18 km; this quasi-static aerosol profile is 
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attained in September at Laramie, but it  is probably this main 
layer we observe on SAGE profiles in July at about 18-20 km. 
The size ratio N(r 2 0.15 pm)/N(r 20.25 pm) is very variable. 
with some regions of relatively large particles and some of 
relatively small particles. Hofmann and Rosen also found an 
important enhancement of condensation nuclei (CN) both in 
the main layer and at higher levels (retrograde layer, 22-24 
km). The CN levels are back to normal approximately 4-5 
months after the eruption. Their Figure 15 shows the three 
profiles N(r 1 0.25 pm), N(r 2 0.15 pm), and N(r 2 0.01 pm) 
for July 14. 1980, and it appears that the peak heights are 
inverse to the size, in agreement with our observation of 
sn~aller particles at about 23 km. However, the size ratio indi- 
cates unusually large particles at about 22 km. a result which 
can only be reconciled with SAGE observation of large a 
values at this level if we consider that the size ratio concerns 
only the particles in the size range 0.154.25 pm and larger 
than 0.25 pm. The z value can be strongly influenced by the 
presence of smaller particles (CN) also detected at this level by 
Hofmann and Rosen. 

Fitting their results with a log-normal function, Hofmann 
and Rosen Cl9821 found a = 1.6-1.9 and r, iz 0.07-0.09 pm 
between 16 and 20 km (Figure 19 and Figure 24 of their 
paper): from their Figure 24 it seems that a regularly de- 
creases and r, increases when the layer is aging. This opposite 
variation cannot be detected by the only parameter a, which 
could even remain approximately constant. If we assume for 
July a 2 1.9 from Hofmann and Rosen values, r, is about 0.09 
pm, close to their values in the large-particle layer (18-20 km). 
For August 1980, r ,  decreases to about 0.015 pm at 22 km, 
probably due to a large quantity of CN. After November 1980, 
measurements of larger particles N(r > 0.95 pm), N(r > 1.2 
pm). and N(r > 1.8 pm) were added: they revealed the exis- 
tence of a second mode with r ,  - 1.0 pm. I t  is not known if 
this mode existed earlier or how i t  might have evolved in time. 
How the presence of a small number of such large particles 
would influence Our equivalent model remains to be checked, 
but it might explain why our values of r, are larger than those 
of Hofmann and Rosen for the main layer. 

Hofmann et al. Cl9831 have proposed to fit the January 15, 
198 1, data at 15 km by the bimodal distribution: r,, = 0.073 
pm, a, = 1.76. No = 28 particles cm - 3;  r,, = 1.0 pm, al = 
1.10. N, = 0.01 particles cm - '; this model leads to a value 
z = 1.62 for the Angstrom coeficient, in reasonable agreement 
with the SAGE average value. Smaller values of cz in the main 
layer can be fitted by increasing the concentration of the large 
particles in such a model. But values larger than a = 1.95 
cannot be obtained with r, = 0.073 pm and a  = 1.76, and a 
smaller mode is necessary to fit the data in the 23-km layer. 

The individual volcanic profiles of the Angstrom coeilicient 
used in the previous section clearly prove a typical variation 
of the particl- sizes within the 15-25 km layer. In order to see 
if this variation is important on a global scale and persists 
during several months after the eruption, we have used pro- 
files of the extinction coeficients à,(1.0) and üe(0.45) averaged 
over 1 0  latitude bands. These average profiles have been 
computed at NASA Langley Research Center for each sweep 
of the satellite and provided to us with the corresponding E 
average profiles. For 1979 these profiles provide a good refer- 
ence for modeling the background stratosphere, whereas the 
1980 average profiles are, at least for the northern latitudes, 
perturbed by the volcanic eruptions. 

To be understood clearly. the meaning of these average 
profiles requires some discussion. When the size distribution 
and the nature of the particles do not change, averaging an 
extinction coeficient simply results in averaging the number 
density of particles or the mass density of the material. But 
this is not the case when the size distribution changes, as 
indicated by the different variations of the extinction coef- 
ficients at 1.0 and 0.45 pm (leading to variations of a). From 
Mie theory the extinction coeflicient at A is defined as 

o l i )  = N ~ m 2 Q e x , ( i ,  r. n)n(r) dr (4) 

where Q,,, is the Mie extinction cross section, m the refractive 
index, and N the total number density. At each level we as- 
sociate with the average ti an average size distribution n(r), 
defined by 

and the average density number derives from 

Figure 3 shows the average extinction profiles at 1.0 pm for 
the latitude belts centered at 55"N and 65"N from May 1980 
to the end of October 1980 and for the same period in 1979; 
no observations are available at these latitudes for November 
and December; al1 the profiles are presented from the average 
tropopause level, which is at about 9.5 or 10 km, as origin of 
the altitudes. As previously, we will focus our attention on the 
layer 15-25 km, i.e., between 5 and 15 km. above the tropo- 
pause. Al1 the 1979 profiles are very similar. For 1980 a slight 
perturbation appears on the May 11 to lune 23 profile and 
becomes more pronounced at 55'N as the Mount St. Helens 
dust has spread only slightly north. Al1 the following 1980 
profiles exhibit for both latitudes a strong enhancement below 
approximately 20-22 km if we assume an altitude around 10 
km for the tropopause. Above this altitude the extinction is 
close to the background, and even a little smaller, due prob- 
ably to the smaller size of the particles, as it will be discussed 
later. 

Figure 4 presents the corresponding 8 average profiles. The 
1979 profiles are quite regular, slightly increasing toward high 
altitudes in summer and almost constant during the other 
months; most of the values range between 1.5 and 1.8. The 
perturbation appears small in May 1980; it reaches its maxi- 
mum in June-July, where the shape of the average profile 
reflects the features observed on individual profiles in July 
1980, with a minimum (large particles) around 19-20 km and 
a maximum (small particles) around 22-23 km. The variation 
is larger at 6S0N (a,, 2 2.5; a,, = 1.45) than at 55"N 
(amax = 2.2, LX,,,, = 1.5). corresponding to a higher value of a, 
(1.0) around 20 km at 6S0N. At the end of September and 
beginning of October the oscillations of the a profile have 
diminished. pointing to a slow homogenization of the aerosol 
sizes, although the extinction remains quite high (see Figure 
3); in October, a,, is about 2.0 and a,, about 1.5 for both 
latitudes. 

Figure 5 compares the 5 average profiles at 65"N for the 
end of July 1980 and the beginning of August 1979 with the 
standard deviations of the mean value. The standard devi- 



a t i m  are larger for the volcanic case, as would be expected 
from the observation of the individual p ro fk  (sec section 2). 
Ihe observation of the average profiles wnfirms that the 

sthcture with a layer of relativeby large particks around 
19-20 km, toppcd by a layer of small particla at about 22-23 
km, is important on a global d e  during a few months after 
the eruption. In the 20 km layer the partick siPr arc close to 
the extreme higher values found in the background strato- 
sphere, whercas in the top layer they are definifdy sader, 
even in Octobcr, 5 months after the eruption. Translated in 
terms of an average size distribution n(r) as dcfined above, the 
extreme values of a lead to the mode radius valuer given in 
Tabk 2 for a  log-normal distribution with o = 1.604 (v, = 
0.250). 

20  , , , , , . . , , 

4. AEROSOL MASS DISTRIBWN 
If the normaiizcd size distribution n(r) is known, the number 

density N of the partrcles k &tain& from the measured ex- 
tinction coefficient oA1.0), usibg equation (4) written for 
1 = 1.0 pm; the integral on tbe right side of (4) is wmputed 
from the Mie theory Tor one puticle per unit volume. The 
mass of material per unit vdume derives from 

15 

10. 

where p is the mamiai density taken er 1.75 for the 75% 
H,SO, partides Et 22û K. 

As Our only knowleds a b t  the site distribution from 
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Fig. S. Cornparison of the latitude average profiles of the 

Angtrom cocficient a at 6S0N for the periods July 20 to August 28, O 1 2 a 3 

1980 (solid line) and August 7 to Scpternber 14, 1979 (dashed line), Fig. 6. Variation of the ratio f of mass density M to extinction 
with the standard deviatioan oA1.0) versus the Anetrom coenicisnt a for log-normal distributions 

with v, = û2B (open circles) and v,,, = 0.528 (ûiled 9rda). ï ï ~ ~  
open triangles d e r  to gamma distributions and the fikd squares to 

SAGE through the a value, we have computed the an incrcaac of 2% for the refractive index. The star is for HqFi<uu, et 
al. 119833 distribution. 

mass factor f = M/a,(l.O) and the Angstrom coefficient a for 
various log-normal distributions. We have chosen two diner- 
ent variances v, = 0.250 (a = 1.604) and v,, = 0.528 
(a = 1.918) which encompass most of the directly obsmred 
values. For each variance the mode radius has been varied 
within limits chosen in order to have a varying between O and 
3.5. Figure 6 shows the variations of the mass factor f versus a; 
therefore. the mass can be obtained directly from the aA1.0) 
and a profiles associated with Figure 6, without trying a re- 
trieval of the mode radius. It has b e n  checked that modi6cd 
gamma distributions with the same effective variance and the 
same effective radius give points on the same curves. The in- 
fluence of a 2% change in the refractive index, which wuld be 
due to temperature or to concentration variations, ha Plao 
been found negligible. For small particles the extinction cross 
section decreases much faster than the geometric section, lead- 
ing to a fast increase off toward large a values, whereas for 
large partich the extinction cross section increPses like r', 
leading to an incrcasc off toward larger radius, as it appears 
on the curves for a approaching zero. As long as monomodal 
distributions are ass& the two curves drawn on Figure 6 
delimit reasonably well the domain of variation o f f  for a 
given. The behavior of bimodal distributions is, of course, 
much more compkx, as we have fi* variables to conrider, the 

two variances, the two mode radii, and the relative con- 
centration; for the bimodal distribution observed by Hofmann 
et al. Cl9831 and defined in section 2 the point (f, a) is shown 
on Figure 6 very close to the monomodal curve for ver, = 
0.528. 

Figure 7 shows the mass density profile for the case of 
Figure la. Two curves correspond to the assumptions v,,, = 
0.250 or v,, = 0.528, and the error bars on each c w e  are 
related to the uncertainties on a and to a smaiicr degree on 
aA1.0). The oscillation which appears in the top laycr can be 
spurious, as the general slow decrease of M. is due to a partial 
compensation of the rapid decrease of aA1.0) by the rapid 
increase off; tbmfore the error bars becorne large, and indi- 
vidual points should be considered with caution. Howcver, if 
the information wntained in the a cotfgicient rctricveâ from 
SAGE &ta d o a  not allow a very M of the 
aerosol mass profile, it brings an important i m p c m e n t ;  if 
we had neglcctcd the variations of the aerosol sizu, using the 
same aerosol model within the whole iaya, we wouki have 
obtained a mass density proportional to aA1.0) that is k r c a s -  
ing approximately by a factor 50 betwœn 20 and 25 km, 
whereas the dectease is ody by a factor 15. This L made 

TABLE 2. Mode Radius r-) for Latitude Average S k  Distributions i t  U0N and 6f N After the 
Mount St Hdms Eruption 

June 23 July 20 August 28 Septanber 28 
to July 20 to August 28 to septanber 28 to Octokr 31 

Layer, lua 55" 65" 55" 65" 5S0 65" SY 65" 

18-20 0.151 a142 0.146 0.142 0.137 &HZ 4142 
22-23 0.W 0 .W 0.073 0.100 0.100 QHM a103 

The distribution is urua#l log nounal witb a = 1.604 (O, = û.250) 
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Fig. 7. M m  pro& for the vokanic gw of Figure 10 for v,, = ~ ( ~ c g l m ' )  
0.250 (filled circles on solid line) and O,,, = 0.528 (shortdashed line) 1 
with exact a and for v,, .- 0.250 with oi = 1.7 (long-dashed Fig. 8. Same as Figm 7 for the average profile at 6SDN, July 20 to 

August 28,1980. 
1 

line). 

clearer on Figure 7, where the mass profile obtained with a 
constant background value 07 2 1.7 for the same case is pre- 
sented for comparison. For the latitude average profiles the 
variations of a are smoothed, and the mass density profile can 
generally be deduced with an average mass factor; however, 
the influence of the variable size distribution with height re- 
mains apparent at 65"N in July, as shown on Figure 8. 

Hofmann and Rosen 119823 prwent on their Figure 19 pro- 
files of the aerosol mass derived from their balloon measure- 
ment8 of the size distribution made at Laramie (41°N). Their 
value in the main layer is around 0.3 pg m-', which compares 
with out value of 0.45 pg mm-%n Figure 8. The optical depth 
at 1.0 pm remains around 3.0-4.0 x 10-3 at 40°N from July 
to the end of 1980, whereas it is larger than 4.0 x IO-' and 
often larger than 5.0 x IO-' for the latitude band 60-7O0N in 
July 1980; the ratio 1.5 between Hofmann and Rosen's mass 
density and our value corresponds reasonably to the ratio of 
the observed optical depths at the two latitudes. Lidar 
measurements and SAGE data worked out at NASA Langley 
Research Center [Newell and Deepak, 19821 lead to an 
average value of 0.3 pg m-' over the northern hemisphere in 
the volcanic layer; this figure averages lower values at low 
latitudes and higher values at high latitudes, as we have found. 

Our Figure 7 proves that much higher values (-0.8 pg 
m-') can be found locally for extreme volcanic cases. Table 3 
gives for the extreme volcanic case of Figure 7 the total 
column m a s  above the tropopause (1 1.3 km) and in the layers 
18.3- 21.3 km and 21.3-25.3 km, with the di&rent u s u m p  
tions. Taking into account out knowledge of the variation of a 
with height kads to an estimation of the total column mass 
between 7.1 x IO3 and 8.3 x IO3 pg m-2, choosing an average 
size distribution (E  2 1.7) overestimates the mass by approxi- 
mately 15%. Most of the overestimation concems the layer 
between 18-21 km (overestimation -65%), wbmas the mam 

between 21 and 25 km is strongly underestimattd (by 25%). 
For local detailed studies this certainly has to be taken into 
accoun t. 

5. CONCLUSION 
The volcanic extinction profiles at 1.0 and 0.45 pn obsemd 

at high dorthem latitudes in July 1980 have been used to I 

retrieve the Angstrüm codaaeat a profita - ehervcd a 
profiles vary between two extrane cases which can be inter- I 
preted in terms of partide ria d i s t d d o n  as foiiows: Case 
l-a layer of large particles at about 1û-a km, comsponding 
to the maximum extinction, is top@ by a layer of small 

1 
particles at about 22-23 km. Case 2 4 h e  whole layer between 
15 and 25 km is well mixed witb particles of approximately 
the same size as the background stratosphere. Case 1 is gener- 

1 l 
ally found when the volcanic loading is maximum. associated 
with optical depth around 5 x IO-'. Its frequency 1s large 
enough to influence the latitude average profiles at 55"N and 
6S0N, which exhibits this structure of a layer of large particles 
topped by a iayer of small partdes at least until October 

I 
1980, with a slow homogenization starting after the maximum 
of July. This structure bas to be considercd in the theories of 
volcanic aerosol formation and could hopefully be explained. 

It is impossiMe with the only parameter a to obtain quantr- 
tative information about the particles si= M y  an "quiva- 
lent size distributioa" with one free parameter can be denved 
from the measured value of a; choosing a log-normal mode1 
with an effective variance vdf = 0.250 (a = 1.604) leads to a ! 
logarithmic mode radius r, = 0.20 pm for the large particle 
layer, r, c 0.06 pm for the top layer, and r, = 0.12 pm for the 1 
backgouad; 4 t h  va r a528 (a = 1.918) the mode radii l 

wouid be r, = 0.09 pm for particles, r, = 0.02 pm for 1 
srnall partides, and r, = 0.06 jan for the background. 

The mass rlensity profile retrievad with this equivalent size 

TABLE 3. Estimated Column Masr (mg mm-') for the vol& profile of Figure la, huming a 
Log-Normal Sizc Distribution with O, = 0.250 (a = 1.604) and O, = 0.528 (a = 1.918) 

Exact a Profile O? = 1.7 

Layu, km v, = 0.250 v,, = 0.528 V, = 0.250 O, = 0.528 

*ll.3-25.3 7.5 8.28 8.33 9.88 
18.3-21.3 1.42 1.65 2.35 278 
213-25.3 0.32 0.40 0.24 029 

In columnr 2 iad 3 the variation with dtitudr: d tàe mode rdiu ddsosd h m  the a profile m 1.L- 
mto aax>unt. In wlumns 4 and 5 the sim distri'butioa k indepcadant ofriltitndc. 
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distribution is not too sensitive to  the exact choice of the 
model within the limits considered of an  effective variance 
between 0.250 a n d  0.528. For strong volcanic profiles, neglect- 
ing the variation of particle sizes with height would generally 
lead to  a small error o n  the total column mass but t o  a large 
error o n  its distribution. overestimating the mass in the main 
layer 18-21 km by 65% and  underestimating it in the top 
layer by 25%. where the fast decrease of extinction is not due  
entirely to  the decrease of dust but, for a nonnegligible part, t o  
the decrease of the  particle sizes. 
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Information on stratospheric aerosol characteristics 
contained in the SAGE satellite multiwavelength 
extinction measurements 

J. Lenoble and C. Brognier 

Aerosol models with monomodal and bimodal size distributions are used to simulate the retrieval of mass 
density. optical depth and asymmetry factor averaged over the solar spectrum, infrared optical depth and 
backscatter coefficient from the two-wavelength SAGE satellite extinction measurements. The solar opti- 
cal depth is well retrieved. For the other parameters only brackets can be given for monomodal size distri- 
butions and the main difficulty appears with bimodal size distributions. The four-wavelength extinction 
measurements from the future SAGE II should lead to better retrieval. 

1. Introduction 
The best present global climatology of stratospheric 

aerosols is provided by the NASA satellite experiments 
SAM II (Stratospheric Aerosol Measurement II) and 
SAGE (Stratospheric Aerosol and Gas Experiment).' 
Whereas SAM II provides aerosol extinction profiles at 
1.0 Fm, SAGE is a four-channel instrument; the 1.0- and 
0.6-pm channels give. respectively, good quality ex- 
tinction profiles for aerosols and ozone. The short- 
wavelength channels at 0.45 and 0.385 pm are more 
difficult to handle as NO2 and aerosols give similar 
contributions to both channels. However, the separa- 
tion can be achieved and the SAGE products contain 
aerosol extinction profiles a t  0.45 pm and NOn extinc- 
tion profiles a t  0.385 Pm. Moreover up to 25 km the 
influence of NOn on the retrieval of aerosol extinction 
is ~ m a l l . ~  

From the 1.0-pm extinction profiles, the aerosol mass 
and main radiative characteristics can be inferred only 
by assuming an aerosol mode1 with a given size distri- 
b ~ t i o n , ~  whereas measurements a t  a second wavelength 
can bring further information and help put constraints 
on the possible models. Some attempts have already 
been made to retrieve one parameter of the size distri- 
bution4 or to relate directly the volume or mass distri- 
bution of the a e r o ~ o l ~ ? ~  or the asymmetry factor2 to the 

The  authors are with Universite des Sciences et  Techniques de 
Lille, Laboratoire d'optique Atmospherique, ERA 466, 59655 Vil- 
leneuve d'Ascq CEDEX, France. 
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ratio of extinction in channels 1.0 and 0.45 pm. But no 
systematic study of the information content of the 1.0- 
and 0.45-pm extinction ratio has been made so far. We 
will address this problem by studying the relationship 
between several important aerosol properties and the 
Angstrom coefficient [related to the extinction ratio by 
Eq. (1) below], for a large range of aerosol size distri- 
butions, either monomodal or bimodal. 

The main aerosol characteristics to be considered in 
addition to their size and mass are the radiative char- 
acteristics which either control their climatic impact or 
have to be used for comparison of different correlative 
measurements. The characteristics we chose are de- 
fined in Sec. II, where the problem is presented in more 
detail. Section III describes the method and the aerosol 
models. Section IV gives the results for aerosols with 
a monomodal size distribution and Sec. V for the bi- 
modal size distributions. In Sec. VI we discuss these 
results and suggest the improvement which could be 
gained by the use of more wavelengths as in SAGE II. 

II. Deriving Aerosol Characteristics from SAGE 
Observation 

The SAGE aerosol data consist of vertical profiles of 
the aerosol extinction coefficient a, (X) for X = 1.0 pm 
and X = 0.45 pm. It is convenient to introduce an av- 
erage Angstrom coefficient between 0.45 and 1.0 pm 
by 

From SAGE measurements, the average value of CY 
is -1.6-1.7 for the background stratospheric aerosol and 
varies between 4 . 5  and 3.0 for volcanic  profile^.^ For 
very large particles a may exhibit negative values and 
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the Rayleigh limit for very small particles is close to 4 
with a small correction because of the spectral variation 
of the refractive index (4.05 for sulfuric acid). If the 
particles are spherical, as it seems reasonable to assume 
from polarization mea~urements,~ the extinction coef- 
ficient at wavelength X is defined by the Mie theory 
as 

where QeXt is the Mie extinction cross section, m is the 
refractive index, n(r) is the size distribution normalized 
to 1 particle per unit volume, and N is the total number 
density. The ratio of extinction at two wavelengths (or 
the Angstrom coefficient) depends on the type of 
aerosols only through m and n(r). Stratospheric 
aerosols are known to consist mainly of a sulfuric acid 
solution in water, which allows us to fix the refractive 
index within narrow limits, the variations being due to 
the variations of temperature and dilution and to small 
quantities of other soluble materials such as ammonium 
sulfate. In what follows we will assume the strato- 
spheric aerosols are 75% H2SO4 (Ref. 8) and check the 
influence of small variations of the refractive index. 
The possible presence of strongly absorbing impurities 
is a more tricky problem, which we have not tackled 
because of the total lack of information on this point. 

Assuming a size distribution with one adjustable 
parameter, the measured value of a leads to a unique 
determination of this parameter and therefore to an 
equivalent size distribution n,(r); the meaning of 
equivalent is restricted to mean that an aerosol with the 
size distribution n,(r) gives the same ratio 
ae(0.45)/a,(1.0) as the actual aerosol with the unknown 
size distribution n(r). Generally at least two parame- 
ters are necessary to define a monomodal size distri- 
bution, and several parameters are necessary for mul- 
timodal size distributions. In such cases, all parameters 
except one have to  be assumed; the one parameter left 
is determined uniquely from the known value of a. The 
total number density N of the aerosols is then derived 
by Eq. (2) written for n,(r) from the measured extinc- 
tion coefficient a, (1.0) at 1.0 pm. How this equivalent 
size distribution permits one to obtain values for the 
other aerosol characteristics, reasonably close to the real 
values, is the problem we want to address here. 

Among the aerosd characteristics we want to retrieve 
are the volume of aerosol per unit volume of air 

and the aerosol mass density 

where p is the density of the aerosol material. 
The optical depth J(1.0) at 1.0 pm is directly obtained 

by integration over altitude of the measured vertical 
profile of ae(l.O). For the climatic impact of the aero- 
sols, the optical depth has to be known for the whole 
solar spectrum, or at least by its average value Ja 
weighted by the sun spectral intensity S(X). In addi- 

tion to the average solar optical depth, the major pa- 
rameters to be known are the single scattering albedo 
Go and the asymmetry factor go of the phase function, 
also averaged over the solar spectrum, and the optical 
depth 6(10) in the atmospheric infrared window around 
10 pm. Al1 these radiative characteristics can be de- 
rived from Mie theory as soon as the refractive index 
and the size distribution are assumed known. The 
average solar and infrared optical depths are obtained 
by integration over altitude of the corresponding ex- 
tinction coefficients cr: and ae(lO) with ae(X) given by 
Eq. (2) and 

The average asymmetry factor is defined by 

with 

g(X,r,m) is given by Mie theory for individual particles; 
QScatt is the Mie scattering efficiency factor, which is 
equal to QeXt for nonabsorbing particles; the scattering 
coefficient us(X) is derived from QScatt by an equation 
similar to Eq. (2). 

The asymmetry factor and the spectral variation of 
the optical depth depend slightly on the refractive index 
and more strongly on the size distribution; therefore, 
the information gained from the Angstrom coefficient 
[equivalent size distribution ne ( r ) ] ,  with a reasonable 
assumption about the refractive index, can be expected 
to improve the retrieval of 6,/6(1.0), 6(10)/6(1.0), and 
go. 

Unfortunately the single scattering albedo LLI is 
strongly dependent on the imaginary part of the re- 
fractive index, which is close to zero for pure sulfuric 
acid, leading to Qo = 1 in the solar spectrum for any size 
distribution. It is very sensitive to small quantities of 
highly absorbing particles or to absorbing impurities 
within the sulfuric droplets; direct measurements of Z 
lead to values between 0.98 and 0.995.9.10 I t  remains 
a major problem to improve Our knowledge of the value 
of Gor of the aerosol absorption, but no information can 
be obtained from multiwavelength extinction mea- 
surements and the retrieval of G is not further consid- 
ered in this paper. 

Besides the satellite extinction measurements, one 
of the most powerful tools for observing the strato- 
spheric aerosol is lidar, either ground-based or airborne. 
Lidar systems give values of the aerosol backscatter 
coefficient definedl1 as 
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Table 1. Aerosol Modela: Lognormal Slte Dlstrlbutlw 

L nZr/r 
Log-normal size distributions n(r) = 1-- 

/?Ti. :i,n - . 
the d e  radius r . llsted in c o l m a  2 to 5 .  have teen chosen in order to have the 
sane effective rnaius rcrr (EO~UU, 1) for al1 four varisncos 

at  the lidar wavelength A; p (X,r,m;180°) and p(X,180°) 
are the phase function values in the backward direction, 
respectively, for individual particles and for the size 
distribution n (r). The comparison of lidar backscatter 
and extinction measurements involves knowledge of the 
ratio B(X)Io,. (1.0), which again depends on the aerosol 
size distribution and refractive index. The equivalent 
size distribution derived from the measurement of the 
Angstrom coefficient can be expected to give informa- 
tion on the backscatter-to-extinction ratio; and the re- 
trieval of this quantity is considered in what follows. 

III. Method and Aerosol Models 
Our approach consists of computing by Mie theory 

the radiative characteristics (extinction coefficient, 
asymmetry factor, backscatter coefficient) for a large 
variety of stratospheric aerosol models a t  ten wave- 
lengths in the solar spectrum and at 10 pm in the in- 
frared window. Averaging of the extinction coefficient 
and of the asymmetry factor over the solar spectrum has 
been performed. 

The aerosols are assumed to be spherical particles of 
75% H2S04 with the refractive index listed in the SRA 
(Standard Radiation Atmosphere) report.12 These 
values correspond to a temperature of 300 K, which is 
obviously not a reasonable choice for the stratosphere. 
However, since we have found that correcting the re- 
fractive indices to their values a t  220 K introduces only 
very small modifications to the results (see discussion 
in Sec. IV), we have decided to keep the SRA values in 
order to  use previously computed values and to Save 
computer time. 

Our main selection of aerosol models consists of log- 
normal size distributions (LNDs), 
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the two parameters a and r, can be conveniently re- 
placed by 

retr = rm exp - ln2a . (1 ) 
where ueff and reff are, respectively, the effective vari- 
ance and the effective radius defined by Hansen and 
Hovenier.13 We have chosen four values of the effective 
variance ueff (or of O )  from a very wide (ueff = 1.0) to a 
very narrow (ueff = 0.1) size distribution. In fact, most 
of the observed size distributions at the stratosphere 
level lie between oeff = 0.250 and ueff = 0.528, which 
correspond, respectively, to the background and to the 
volcanic stratospheric models in the SRA.14 The ef- 
fective radius reff (or the mode radius r,) is varied in 
order to Vary the Angstrom coefficient ai between O and 
a value larger than 3 for each variance (Table 1). Only 
a few modified gamma size distributions (MGDs), 

have been considered, as they have been found to give 
results very close to the LNDs with the same u,ff aiid rep. 
Table II summarizes the models chosen. 

Various birnodal size distributions have been built by 
mixing two LNDs. There are now five unknown pa- 
rameters: ol,u2,rml,rm~ (where the subscript i refers 
to the component i) and the relative concentration of 
the two components. We chose to fix ul,u2,rm~,r,2, as 
explained below and shown in Table III, and we varied 
the volume concentrations Ci and C2 = 1 - Cl of the 



Tabb II. Aerosol Models: Modlfld Gamma Slze Mstrlbutlons; n ( r )  = 
Cr* exp(- bf l )  

Table III. Awosol Mod.1~: Bhnobal Slze Mstrlbutlons 

Bl i 1.6oa 1 .O286 ! 1.604 / ,5724 i varlable 
l l l I l 

02 j 1.604 1 ,0286 i 1.604 1 ,1272 l variable 
1 I l l I I 

03 1 1.604 i ,1272 ! 1.604 1 .5-24 1 variable 
l l l l l 

H 1 1.76 1 0.073 1 i.10 I 1.0 l 13.815 1 0.185 
l l l I I I 

HRC 1 1.604 1 0.02 1 1.604 1 0.7 1 0.9 1 0.1 
l 1 I 1 

Fig. 1. Effective radius reff vs Angstrom coeffi- 
cient a. Solid curves are for LNDs, with refractive index of 75' 
HzS04 at 300 K: (1) rl,ff = 0.1; (2) u.ff = 0.250; (3) u,ff = 0.528; ( 4 )  u , ~  
= 1.0. Dotted line with solid circles is for a LND with refractive index 
of 75% H2S04 at 220 K. ~ ' , f f  = 0.250. Open circles (ueff = 0.250) and 

solid triangles (ueff = 0.528) are for MGDs. 

two components within each mixture to Vary the Ang- 
strom coefficient within a large range. Finally we in- 
cluded one bimodal size distribution (HRH) observed 
with dustsondes by Hofmann et al. l5 after the Mount 
St. Helens eruption. For El Chichon aerosols, Hof- 
mann and Rosen16 found a large particle mode with r, 
= 0.7 pm and a small particle mode with r, = 0.02 pm; 
we built a model referred to as HRC, assuming the same 
ueff = 0.250 for both modes, and a relative concentration 
leading to an average value of a. These two models are 
also defined in Table III. 

IV. Results for Monomodal Size Distributions 

A. Lognormal Size Distributions 
The LNDs contain two adjustable parameters a and 

r, or ueff and reff. 
From the measured value of a we can define only one 

of these parameters and it seems reasonable to fix the 
width of the distribution (by a or veff) and to adjust the 
mode radius r, (or the effective radius reff). Figure 1 
shows, for the four assumed variances, the variation of 
reff vs a. From a measured value of a ,  a value of reff 
[and of r, by Eq. (12)] is retrieved for each value of ueff 
(or of a), leading to a family of equivalent size distri- 
butions ne (r). For each value of veff we can either ex- 
press any aerosol characteristic A as a function of the 
effective radius reff (derived from a ) ,  or more directly 
express A in terms of a. If the relation between A and 
a is not dependent, or only slightly dependent, on the 
choice of ueff, we can conclude that a measure of a leads 
to a reasonable retrieval of A. The information pro- 
vided by a is more useful the faster A varies with a. 

Figures 2-6 present the results for the aerosol pa- 
rameters reviewed in Sec. III. The curves represent 

either A or Ala,(l.O) vs a for the four selected values 
of ueff; if A does not depend on the total number of 
particles, its retrieval is directly sought from the curves 
(A-a); if A depends on the total nurnber of particles, the 
curves represent Ala,(l.O) and the retrieved value has 
to  be multiplied by the SAGE profile of a, (1 .O) in order 
to retrieve the A profile. 

Figure 2 is for the mass factor f = Mla, (1.0); when tu 

increases (small particles), f exhibits a fast increase 
because a,(1.0) decreases very rapidly (as r6 in the 
Rayleigh domain). On the other hand, for large parti- 
cles a,(1.0) varies as r* whereas M varies as r h n d  f 
again increases, as seen for a close to zero on the curves 
in Fig. 2. When ueff increases the contribution of large 
particles becomes more important leading to a slight 
shift of the curves toward a large rf for a given value of 
a; this behavior is to be compared with the behavior of 
bimodal distributions (see Sec. V). As mentioned 
above, the SAGE profiles give values of a between 0.5 
and 3.0, which correspond to variations of f of ap- 
proximately an order of magnitude. The uncertainty 
in the determination off due to  the assumption on r,ff 
is quite large especially for large values of a ;  however 
if we limit ourselves to the range 0.250 < v,ff < 0.528, 
which corresponds to most of the observations in the 
stratosphere, the information retrieved for f is within 
f 15% for a smaiier than 2 and within f 5û%0 for large a. 
This uncertainty has to be compared to the range of 
variation off which increases by a factor of 10 when a 
increases from 0.5 to 3; Table IV gives the retrieved 
values for a = 0.5 and 3.0 and for the background value 
a = 1.7. 

Figure 3 exhibits the extinction coefficient averaged 
over the solar spectrum. The four curves are indistin- 
guishable for a s m d e r  than 3; for larger values of a ,  the 
influence of the large particles in the size distribution 
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I 

I 
lu' a 

O 1 2 3 4 

Fig. 2. Mass factor f = M/o,(l.O) vs Angstrom coefficient a; M is 
the mass per unit volume and ~ ~ ( 1 . 0 )  is the extinction coefficient at  
1.0 pm. The rest of the information is the same as in Fig. 1; the dotted 
line was not drawn as i t  is almost indiscernible from solid line (2). 

Fig. 3. Ratio of the solar average extinction coefficient o: to the 
extinction ~ ~ ( 1 . 0 )  a t  1.0 pm vs Angstr6rn coefficient a. Al1 the curves 
(including bimodal size distributions) are indiscernible up to a = 3. 
For a larger than 3, the nurnbers have the same meaning as in Fig. 1. 

is indicated by values of a:/ae(l.O) which increase with 
u,ff for the same a. Within the useful range 0.5 4 a 4 
3.0, a?/ae (1.0) is retrieved uniquely and therefore the 
SAGE extinction profiles a t  1.0 pm can be transformed 
into solar average extinction profiles which are more 
important for the climatic impact. 

Figure 4 shows the solar average asymmetry factor 
go which is independent of the total number of particles: 
go increases from O to  a limit a t  0.73 from very small to 
large particles. The influence of u,ff on the retrieval of 

O 1 2 3 4 

Fig. 4. Asymmetry factor averaged over the solar spectrum go vs 
Angstrbm coefficient <y. The rest of the information is the same as 

in Fig. 1. 

Fig. 5. Ratio of the extinction coefficient ~ ~ ( 1 0 )  a t  10 pm to the 
extinction coefficient o,(1.0) a t  1.0 pm vs Angstrom coefficient <y. 

The rest of the information is the same as in Fig. 1 [dotted line is in- 
discernible from solid line t2)]. 

go is to decrease go when u,ff increases for a given a (see 
Table IV). 

Figure 5 illustrates the infrared extinction a t  10 Pm. 
Since the H-SO4 particles are strongly absorbing at 10 
pm, ae(lO) is mainly due to the absorption; the single 
scattering albedo G(10) is -0.3 for the larger particles 
considered, around 0.01-0.02 for the models corre- 
sponding to the background stratospheric aerosols with 
a = 1.7, and for the small particle models. The 
ratio ae(lO)/ae(l.O) increases as r-3  in the Rayleigh 
domain and shows again a slight increase for large par- 
ticles (a close ta zero). The values for a = 0.5, 1.7, and 
3.0 and the two u,ff are shown in Table IV. 
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Finally Fig. 6 shows the lidar factor 4~B(O.Ï)la,(1.0). 
We chose wavelength X = 0.7 pm as representative of 
the ruby laser (0.694 pm). The Rayleigh limit is 3/2X4. 
When the particle size increases, the phase function 
p(X;180°) decreases rapidly at first, exhibits oscillations, 
and then increases for large particles; the multiplying 
factor ue (0.7)/ae (1.0) decreases toward small u. The 
retrieved values for a = 0.5, 1.7, and 3.0 are given in 
Table IV. 

l 

10-J a 

B. Modified Gamma Size Distributions 

1 

The five MGDs have been chosen to cover a large 
range of a from a slightly negative value (very large 
particles) to 3.5 (very small particles) and the optical 
parameters are compared to their values for LNDs with 
the same t e r €  and u,ff. Table V shows the differences 
in percent between LND and MGD values of 
oe(X)/ae(0.55), g and p(X;180°). They are generally of 
the order of a few percent, sometimes smaller than 1%. 
The only differences larger than 10% appear for g in the 
infrared for the small particle models; they are not im- 
portant as scattering is almost negligible a t  these 

O 1 2 3 4 

Fig. 6. Lidar factor o,(0.7)p(0.7;180)loe(1.0) = 4~B(0.7)/0,(1.0) 
vs Angtrom coefficient a; B(0.7) is the backscatter coefficient at 0.7 
gm and ~ ~ ( 1 . 0 )  is the extinction coefficient at 1.0 Pm. The rest of the 

information is the same as in Fig. 1. 

TaMe IV. Aerosol Parameters Retrieved trom a tor LND Size Distributions wnh Two Variances v, = 0.250 
and 0.528 
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Table V. Compariron of LND and MGD Maâeis wlth Same vn and rw 

*GD 1 E D  2 E D  3 M 4 

I I t I I 1 I 

E D  5 

l I 

s i p ( l d i  ae i I p ( l &  
I I I I 

l 1 l 
.385 1-3.4 1 4.0 1-1.0 I - 1 . 0  1-1.5 1 5.1 1 3.7 1 0.1 1-3.0 1 3.1 1 0.5 1-5.3 1 1.6 1 0.2 1-0.2 

I I  1 I I I I I l l l l l l l  
.45 1 - l .g  1 8.2 1-5.3 1-0.8 1-1.3 1 6.2 1 1.7 i -0.5 1-1.3 1 1.8 1 0.2 1-4.1 1 1.1 ( - 0 . 8  1 0.6 

I I I  I l I I  
.y5 1-0-5  113-1  1 -8.6 1-0.3 1-0.7 1 6.1 1 0.4 1-0.9 1-0.1 1 0.5 1-0.1 ( -3.0 1 0.2 14.7 j 1.3 

I I  1 J l 1 1 1 l l I l I l I  
1 O 1 14.' 1 -9.3 1 0 1 -0.4 1 5.8 1 O 1 -1.0 1 0.3 1 O 1 -0.2 1 -2 5 1 O 1 -0 g 1 1.3 

.7 1 2.7 122.4 1 -11 1 1.6 1 2.4 1 1.3 1-1.2 1-1.4 1 2.6 ( -2.4 1 4 . 7  1-314 ( 1.2 1 -0:7 ( 0.5 

.85 
1 1  I I  I l  I l  I l i l  / 5.1 127.5 1 - 1 0  13 .2  / 6.7 1-3.9 1-1.4 1-1.4 1 4 . 8  1-4.1 1-1.1 1 1 . 6  I Z 9  / 0.4 1-1.0 
I I I 1 1  I l I I I I I  1 7.0 1 3~ 1-8.6 1 4.5 1 12 1-7.7 1-1.1 1 -1.2 1 6.1 1-5.3 1-1.5 1 3.3 1 3.5 1 0.6 1-1.4 
1 1  1 1  l 1 1 1 1 1 1 l l 1  

1.6 1 9.1 1 36 1 4 . 3  1 9.3 1 25 1 -10 1 1.6 1 3.3 1 0.2 ( -6 .2  1-1.3 1 5.2 / 1.4 1-0.1 1 4 . 3  
I I I  I I I I I I I  

2.2 1 1.3 1 37 1 -2.4 1 10.2 1 31 1 -7.3 / 4.0 1 12.0 1 -7.8 1 -4.5 ( 0.6 ( 2.3 ( 0.8 1 -0.3 1 -0.2 
I I I I I I I I I I I I I I  

3.6 1-2.8 1 37 1 a . 9  1 3.0 1 35 1 -3.2 1 2.6 1 24 1-8.8 1-2.1 1 5.9 1 4.2 1 1.2 1-0.7 1-1.5 
1 l I I I I I I I  

IO 1-2.8 38 1-0.1 1 2.9 1 36 / -0.5 1 2.7 / 39 1-3.1 1 4 . 4  / 26 / -10 1 1.1 1 4.0 1-2.2 
1 1  1 1  1 1 1 1 1 1 1 1 1 1 1  

The table gives LND values-MGD values/LND values in percent for the different MGD models. o, 
is normalized at 1 for A = 0.55 um. 



wavelengths and they reflect only slightly on go. The 
points corresponding to MGD models have been plotted 
in Figs. 1 , 2  and 4-6; they have been omitted from Fig. 
3 since they are exactly on the curve for LNDs. 

I t  is clear that the difference between a LND and a 
MGD model is completely negligible for Our purpose of 
retrieving the aerosol characteristics from (Y measure- 
ments, especially if we consider the uncertainty in 
ueff. 

Table VI. Influence of the Refractlve Index 

C. Influence of the Refractive Index 

- - . . . - . . 
reff=0.025 u m 

To check if we could use the preliminary computed 
values a t  300 K we recomputed the optical parameters 
with the refractive index of 75% H2S04 at 220 K for six 
of the LND models with v,ff = 0.250. This study of the 
influence of variations of the refractive index has a more 
general interest, as such variations can occur not only 
because of temperature changes but also because of 
concentration variations or of presence of other con- 
stituents mixed with the H2SO4 particles. For example, 
if the sulfuric acid fraction varies from 60% to 80% the 
real refractive index varies from 1.43 to 1.45,17 which is 
similar to the variation we have when changing the 
temperature from 300 to 220 K. The corresponding 
points are plotted in Figs. 1 ,2  and 4-43. They have been 
omitted from Fig. 3 since they are exactly on the curve 
for LNDs; the differences in percent between values 
with the refractive index at 300 and 220 K are given in 
Table VI. The only noticeable difference is for the lidar 
factor when the particles are large. In this case the 
retrieval may have a systematic error due to  the un- 
certainty in the refractive index (influence of temper- 
ature, dilution, impurities). 

V. Results for Bimodal Size Distribution 

l I I I I 1 l I 
A ( V ~ ' I  1 1  ~ p ( l * i  O.1 I P ( ~ & I  \ I a / p ( i d /  Ip r ia f i /  . 1 j.<im~ 

I I I l l I l I I 1 I 1 1 I I 
.385 1-0.4 1-1.6 1 0.7 / 1.3 1 1.1 1 -3.0 1 3.2 / 2.2 1 -24 13.1 1 2.8 1 -38 1 1.0 \ 2.4 1 -37 j4.8 j l.o 1 -13 

I I I  I I I  I I I  I I I  I I I  I I I  -45 1 4 . 1  1-1.6 1 0.5 1 0.7 10.8 1 -1.2 1 1.7 1 1.9 1 -17 1 1.8 1 2.5 1 -31 10.8 1 2.6 1 -36 ( 4 . 5  ( 1.2 1 -13 
I l  l I I I  I I I I I I  I I I  I I I  .575 1-0.1 1-1.6 1 0.4 10 .1  10.5 1 -0.1 10.4 1 1.7 1 -12 10.4 12 .3  1 -26 ( 0.3 12.7 1 -36 14.1 11.6 1 -19 
I l  I I I I  I I I I I  l 
1 O 1-1.7 1 0.3 1 0 10.4 1 0.1 1 O 1 1.7 1 -Il 1 O 12.2 ( - 2  ( 0 2 .1  1 - 1 0 1 l.7 / -Ig I I I  I l l  1 I I I I I I l l  I I I  ,7 10.2 1-1.6 1 0.2 10.4 10.2 1 0.9 1-1.8 1 1.3 ( -5.7 (-2.3 11.9 1 -17 1-1.8 1 2 . 5  1 -31 10.3 12.4 1 -JO 

I I I  I I I  I I I  1 I I I I I  1 1 
.R5 10.3 1-1.5 1 0.1 10.6 1-0.6 1 1.0 1-2.9 1 1.0 1 -2.8 1-4.0 1 1.7 1 -11 1-3.6 12.3 1 -25 1 O 12.7 1 -34 

I I I I I I  I I 1 I I I  I I I  
1 3 -1 .4  1 O 1 0.7 1-1.0 1 1.O 1-37  1 0 -7  1 - 1  1-54 1 4 1 - 7 4  1-53 1 2.0 1 -19 14 8 1 2 7 1 -Y 

l l I I I  1 I I  I I l I l l  
. . 

I l l  1.6 15.4 1-1.2 1 O 1 O (-1.9 1 0.6 1-4.4 10.3 1 0.8 1-7.8 10.6 1 -1.0 1-9.4 1 1.2 1 4.6 (-5.2 11.9 1 -19 
I I I  I I I  I l I l I / I I I  I I I  

2.2 18.8 1-1.1 1 O 12.3 1-2.8 1 0.5 1-3.9 10 .8  1 0.8 (-8.3 1 O 1 0.4 1-11 10.7 1 -1.9 1-8.5 1 1.3 1 -9.1 
I l I I l l  I I I  I I l I I I  I I I  

3.6 16.0 1-1.1 1 O 1 6.0 1-4.5 1 0.4 1 1.3 (-1.1 1 0.4 1-3.6 1-0.6 1 0.6 1-8.1 1 O 1 0.6 1-8.1 10.6 ( 0.2 
l I l I I I  l l l l l I I I I  I l l  

10 1 16 1-2.8 1 O 1 6.0 1-8.2 1 0.1 1 1.9 1-3.1 1 0.2 1-2.6 1-2.5 1 0.5 1-7.6 1-1.1 1 0.6 1-9.3 1 1.1 1 -0.6 

I I l  I I I  I I  1 I I 1 I l l  I I I  

The table gives the variation in percent for opg .p(1800~  when changing the refractive index of 7 5 1  H2SO4 from its 
value at 300 K toits value at 220 K for six LND models with r.,ii = 0.250. u, is normalizd at 1 for h = 0.55 Fm. Similar 
results arise frorn changing the concentration from 608  to $07. 

refr = 0.1 um 

Figure 7 presents the variation of the mass factor f = 
Mlo, (1.0) vs a for the bimodal size distributions. For 
cornparison the curves for monomodal LND with u,ff 

j 10'f (kg rn-am) i 

IO'? i 

rerf = 0.222 v m  

i , ,  , ;  

1 
IO-' 

O 1 2 3 

Fig. 7 .  Mass factor f = M/o,(l.O) vs Angstrom coefficient (1: M is 
the mass per unit volume and ~ ~ ( 1 . 0 )  the extinction coefficient at 1.0 
rm. Cornparison of bimodal and monornodal size distributions. 
Solid lines are for monornodal LNDs: (1) u,ff = 0.250; (21 u,rf = 0.528. 
Dotted line is for bimodai size distribution B2 on the right and B3 on 
the left. The dash-dot line is for bimodal size distribution BI. The 
solid circle is for the HRC mode1 and the solid triangle for the HRH 

model (see Table III). 

= 0.250 and 0.528 have been repeated in the figure. The 
dash-dot curve corresponds to the model B I ,  which is 
a mixture of very large and very small particles. It 
appears that the behavior o f f  as a function of a is 
completely different depending on whether it is due to 

. - . .  . ~ -- 
rerr = 0.35 in rerr = 0.55 u n  
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Fig. 8. Asymmetry factor averaged over the solar spectrum govs  
Angstrom coefficient; comparison of bimodal and monomodal size 
distributions. The rest of the information is the same as in Fig. 7. 

a variation of the mode radius in a monomodal size 
distribution or to a variation of the relative concentra- 
tion of the two modes within a bimodai size distribution. 
When a few large particles are added to a population of 
small particles, a,(l.O), which was close to zero, begins 
to increase very fast, rapidly decreasing a, whereas the 
other parameters Vary only slowly. This is the reason 
f remains larger for bimodal than for monomodal dis- 
tribution when the decrease of a begins. On both sides 
the limiting point of the bimodal curve is the point 
corresponding to one of its LND components. The 
dotted curve corresponds to the case of a background 
aerosol model (ueff = 0.250; r,ff = 0.222: a = 1.68) with 
the addition either of small particles to increase a 
(model B2) or of large particles to decrease a (model 
B3) .  The curve is, of course, closer to the monomodal 
curve. The HRH model15 for Mount St. Helens gives 
a point very close to the monomodal curve u,ff = 0.528, 
whereas the HRC El Chichon model,16 which contains 
a mode of very small particles, gives a point close to our 
B l  model. 

For the solar average asymmetry factor (Fig. 8), the 
ratio of extinction a t  10 and 1.0 pm (Fig. 9) and the lidar 
factor (Fig. IO), the difference of behavior for monom- 
odal and bimodal size distributions, are similar to what 
has been explained previously for the mass factor. This 
leads to the conclusion that al1 these aerosol parameters 
can be retrieved with reasonable accuracy from the 
Angstrom coefficient, i.e., from a two-wavelength ex- 
tinction measurement, only if the size distribution is 
known to be approximately monornodal. For bimodai 
size distributions the problem seems hopeless, unless 
a reasonable guess can be made about the radius and the 
variance of each mode. 

For the extinction coefficient averaged over the solar 
spectrum, the curves for bimodal size distributions have 
not been drawn, as they are completely indistinguish- 
able from the unique curve of Fig. 3. Therefore this 
parameter a: can be retrieved from the measure of a 

Fig. 9. Ratio of the extinction coefficient ~ ~ ( 1 0 )  at 10 Fm to the 
extinction coefficient ~ ~ ( 1 . 0 )  at 1.0 pm vs Angstrom coefficient n.  
Comparison of bimodal and monomodal size distributions. The rest 

of the information is the same as in Fig. 7. 

i lo"' cl i 

t i 

O 1 2 3 

Fig. 10. Lidar factor a,(0.7)p(0.7;180)la,(1.0) = 4rB(0.7)lo,(l.O1 
vs Angstrom coefficient a; B(0.7) is the backscatter coefficient at 0.7 
pm and ~ ~ ( 1 . 0 )  the extinction coefficient at 1.0 fim. Comparison of 
bimodal and monomodal size distributions. The rest of the infor- 

mation is the same as in Fig. 7 .  

with reasonable accuracy, whatever the exact size dis- 
tribution. 

VI. SAGE II Muiîiwavelength Extinction 
Measurements 

As we have seen above, the SAGE aerosol extinction 
measurements at two wavelengths, 0.45 and 1.0 pm, 
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Fig. 11. Spectral variation of the extinction coefficient for mono- 
modal (dash-dot line; c,ff = 0.250) and bimodal (dashed line; Bi) size 
distributions. with the same ratio o,(0.45)/0,(1.0) corresponding to 

a = 1.68. The solid line is for Angstrom's law. 

allow the determination of the extinction profile and of 
the optical depth averaged over the solar spectrum, but 
the other radiative parameters and the aerosol mass can 
be retrieved only if some further information about the 
size distribution modes is known. This information can 
be expected from multiwavelength extinction mea- 
surements, if the spectral variation of extinction is sig- 
nificantly different for a monomodal and a bimodal size 
distribution. Figure 11 compares this spectral variation 
for a LND with v,ff = 0.250 and a mode1 BI; the pa- 
rameter in both models (mode radius or concentration) 
has been adjusted to give the same ratio a, (0.45)/0,(1.0) 
or the same a = 1.68 (background value). The two 
curves have opposite curvatures, being on each side of 
the Angstrom straight line a,(X) = ~ ~ ( 1 . 0 )  A-". A 
similar result is found for al1 values of a. 

Assuming a standard profile for NO2 below 25 km, 
where its contribution is small, it is possible to  deduce 
from SAGE data an aerosol extinction profile a t  0.385 
km. For most of the nonvolcanic cases we have con- 
sidered, the ratio a, (0.385)/ae (1.0) is smaller than ex- 
pected from the Angstrom law, pointing to monomodal 
size distributi~ns.~ For volcanic cases, the sarne is true 
a t  low levels where background and large particles are 
found, whereas a t  altitudes of 21-23 km, where small 
particles (large a) are found, the ratio a, (0.385)/ae (1.0) 
appears larger than (0.385)-a, suggesting a bimodal size 
distribution, which could be due to the formation of 
small particles in addition to the background aerosol. 
These remarks are very tentative and must, of course, 
be supported by a more thorough study. 

The future SAGE II instrument with seven chan- 
nels18 is expected to give aerosol extinction a t  four 
wavelengths, 0.385,0.45,0.525, and 1.0 km. This would 
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not allow the determination of al1 the parameters 
needed in a multimodal or even a bimodal size distri- 
bution. However from Fig. 11, there is clearly some 
hope that the additional information contained in 
channels 0.385 and 0.525 km can help to decide between 
monomodal and bimodal size distributions, and to im- 
prove the retrieval of aerosol characteristics. How this 
information can be used most effectively, considering 
the expected accuracy of measurements, will be the 
subject of future work. 

Vil. Conclusion 
The SAGE data contain aerosol extinction profiles 

a t  1.0 and 0.45 Pm. Using the ratio of extinction 
a, (0.45)lae (1.0) to gain information on the size distri- 
bution and then the extinction ~ ~ ( 1 . 0 )  at 1 km to infer 
the number density should allow the retrieval of the 
aerosol mass and of most aerosol radiative parameters, 
with the only exception of the single scattering albedo 
which is strongly dependent on the imaginary refractive 
index (or absorption) of the aerosol material. 

Here we have simulated the variations of the main 
aerosol parameters in terms of the extinction ratio, or 
more exactly in terms of the Angstrom coefficient de- 
fined by Eq. (l),  for a large range of aerosol models with 
monomodal and bimodal size distribution. 

The most positive conclusion is that the optical depth 
averaged over the solar spectrum, which is the main 
climatic parameter, can be retrieved uniquely from the 
SAGE two-channel extinction measurements. 

For the other parameters considered, which include 
the mass density, the solar average asymmetry factor, 
the 10-pm extinction and backscattering coefficients, 
the knowledge of a only allows one to fix their values 
within brackets due to the uncertainty of the width of 
the size distribution. If we admit that this width is 
defined by u,ff between 0.250 and 0.528, the information 
obtained is not too bad (see Table IV), especially if we 
consider the large range of variation of the aerosol pa- 
rarneters when a varies between 0.5 and 3.0, as observed 
on volcanic profiles. However, this conclusion remains 
true only for monomodal or near monomodal size dis- 
tributions. For bimodal size distributions, especially 
if we assume that the variations of a are due to the 
variations of concentration within a mixture containing 
large and very small particles, the parameters retrieved 
from the a value would be very different. 

The only approach to  reduce this uncertainty is the 
addition of more wavelengths in the extinction data, 
which is what SAGE II is designed to do. The two ad- 
ditional aerosol channels a t  0.385 and 0.525 pm may 
help to solve the problem. 

We are grateful to D. Tanré who provides us with the 
Mie codes. This work has been supported by the 
Centre National d'Etudes Spatiales under contract 
831230. 

References 
1.  M. P. McCormick,P. Harnil1.T. J. Pepin, W. P.chu, T.  J. Swis- 

sler, and L. R. McMaster, "Satellite Studies of the Stratospheric 
Aerosol." BuU. Am. Meteorol. Soc. 60.1038 (1979). 



2. J. Lenoble and P. Pruvost, "Inference of the Aerosol Angstrbm 
Coefficient from SAGE Short Wavelength Data," J. Clim. Appl. 
Meteorol. 22,1717 (1983). 

3. P. B. Russell, F. J. Swissler. M. P. McCormick, W. P. Chu, .J .  M. 
Livingston, and T. J. Pepin, "Satellite and Correlative Mea- 
surements of the Stratospheric Aerosol: ]-An Optical Model 
for Data Conversions," J. Atmos. Sci. 38,1279 (1981). 

4. G. K. Yue and A. Deepak, "Retrieval of Stratmpheric Aerosol Size 
Distribution from Atmospheric Extinction of Solar Radiation at  
Two Wavelengths," Appl. Opt. 22,1639 (1983). 

5. J. M. Livingston and P. B. Russell, Informal Progress Report, 
SAGE II Science Team Meeting, 27-29 Feb. 1984. 

6. J. Lenoble, P .  Pruvost, and C. Brogniez, "Observations of Strat- 
ospheric Aerosols from Mount St. Helens Eruption: Size and 
Mass Determin,tion," J. Geophys. Res. 00,0000 (1984). 

7. M. Herman, Universitides Sciences et  Technignes de Lille, private 
communication (1984). 

8. J. M. Rosen, "The Boiling Point of Stratospheric Aerosols," J .  
Appl. Meteorol. 10,1044 (1971). 

9. J. A. Ogren, R. J. Charlson, L. F. Radke, and S. K. Domonkov, 
"Absorption of Visible Radiation by Aerosols in the Volcanic 
Plume of Mount St. Helens," Science 211,834 (1981). 

10. J. J. DeLuisi, B. G. Mendonca, E. G. Dutton, M. A. Box, and B. 
M. Herman. "Radiative Properties of the Stratospheric Dust 
Cloud from the May 18,1980 Eruption of Mount St. Helens," J .  
Geophys. Res. 88,5290 (1983). 

11. J. D. Spinhirne, J. A. Reagan, and B. M. Herman, "Vertical Dis- 
tribution of Aerosol Extinction Cross-Section and Inference of 
Aerosol Imaginary Index in the Troposphere by Lidar Tech- 
nique," J. Appl. Meteorol. 19,426 (1980). 

12. Radiation Commission of IAMAP, A Preliminary Cloudless 
Standard Atmosphere for Radiation Computation, Boulder. 
Section 2 on Aerosol Models published as Appendix A in World 
Climate Research Programme 1983, WCP 55 (1982). 

13. J .  E. Hansen and J. W. Hovenier, "Interpretation of the Polar- 
ization of Venus," J. Atmos. Sci. 31, 1137 (1974). 

14. d. Lenoble and C. Brogniez, "A Comparative Review of Radiation 
Aerosol Models," Contrib. Atmos. Phys. 57, 1 (1984). 

15. D. J. Hofmann, J .  M. Rosen, R. Reiter, and H. Jager. "Lidar and 
Balloon-Borne Particle Counter Comparisons Following Recent 
Volcanic Eruptions," J. Geophys. Res. 88,3777 (1983). 

16. D. J. Hofmann and J. M. Rosen, "Stratospheric Sulfuric Acid 
Fraction and Mass Estimate for the 1982 Volcanic Eruption of 
El Chichon," Geophys. Res. Lett. 10,313 (1983). 

17. H. M. Steele and P. Hamill, "Effects of Temperature and Hu- 
midity on the Growth of Sulphuric Acid Water Droplets in the 
Stratosphere," J. Aerosol Sci. 12,517 (1981). 

18. N. H. Zaun, L. E. Mauldin, and M. P. McCormick, "Design and 
Performance of the Stratospheric Aerosol and Gas Experiment 
II (SAGE II)  Instrument," Proc. Soc. Photo-Opt. Instrum. Eng. 
430 (1983). 

1 April 1985 1 Vol. 24, No. 7 1 APPLIED OPTICS 1063 



SUE DIS~RIBUTION OF STRATOSPHERIC AEROSOLS FROM SAGE n 
MULTIWAYELENGTH EXTINCTIONS 

C. Brogniez and J. Lenoble 
Laboratoire d'Optique Atmosphérique 

Université des Sciences et Techniques de Lille Flandres Artois 
59655 Villeneuve d'Ascq Cedex, France 

ABSTRACT 

Measurements of aerosol extinction profiles in the stratosphere 
in four channels are used to retrieve two parameters of the particle 
size distribution. Good agreement between these two parameters and 
those deduced from balloon data has been found. 

1. INTRODUCTION 

The Stratospheric Aerosol and Gas Experiment 1 (SAGE 1) has 
provided aerosol extinction profiles in two channels at 1 .O0 pm and 
0.45 prn during two and a half years. The ratio of the two channel 
extinctions allows the retrieval of one parameter of the particle 
size distribution, i.e., a mode radius r, or an effective radius reff 
(Yue and Deepak, 1983; Lenoble and Brogniez, 1985). Alternatively, 
most of the aerosol radiative characteristics can be retrieved from 
this two-channel ratio, unless the distribution is bimodal (Lenoble 
and Brogniez, 1985). Variations of the aerosol size with latitude, 
season, and altitude have been studied (Yue and Deepak, 1984; 
Brogniez and Lenoble, 1987) for the unperturbed atmosphere of 1979, 
and the influence of the Mount St. Helens eruption on the aerosol 
size kas been demonstrated from SAGE 1 data (Lenoble et al., 1984). 

Since October 1984, SAGE II provides profiles of the aerosol 
extinction a( A) in four channels: 1.02 pm, 0.525 prn, 0.45 prn, and 
0.385 pm. Therefore, at least, the same information can be retrieved 
from SAGE II as from SAGE 1, using the 1.02 pm and 0.45 pm channels. 
The quality from SAGE II is probably a little better, due to a 
smaller error on the extinction, especially at 0.45 pm, where the two 
narrow-band channels allow a better separation of NO and aerosol 
contributions. 2 

The issue addressed here concerns what further information about 
the size distribution can be obtained using four channels instead of 
two. We do not seek an operational algorithm to retrieve a size 
distribution from SAGE II aerosol channels, but rather try to clarify 
what can be expected from the physical considerations of the datd 
with their error bars and from comparison with aerosol models. We 
will limit ourselves to seeking two parameters of a monomodal size 
distribution; this proves difficult enough to show that the search 
for three parameters is absolutely unrealistic. Various combinations 
of the four channels (in sets of two) can be tried to achieve this 
goal. 
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Another approach consists of using an analy tical fit that 
smoothes the spectral distribution of extinction u(X) given by the 
four channels. If the size distribution happens to be bimodal, there 
would be too many parameters to expect their retrieval from SAGE II 
data; however, we will see that qualitative information about the 
bimodality can probably be achieved. 

2. SPECTRAL VARIATION OF EXTINCTION FROM SAGE II DATA 

Figure 1 shows, for example, the spectral variation a ( A )  
observed by SAGE II (28 November 1984 at 1635 GMT) at vaîiouc: 
altitudes between 16.5 km and 24.5 km, In relatlve value 
(a(X)/u(l.02)). The dots correspond to the measured values at ihe 
three wavelengths 0.525 Pm, 0.45 Pm, and 0.385 P m ;  tne curves 
represent a rms best fit, using the analytical expression 

For comparison Fig. 2 represents the spectral variation of the 
extinction for aerosol models with a lognormal size distribution 
(LND), expressed by 

where r, and u are the mode radius and the variance. An alternative 
convenient choice of parameters (Hansen and Hovenier, 1974) are the 
effective radius and effective variance defined by 

.3 A 11.02 
1. 

FIGURE 1. Spectral variation of the extinction coefficient o(A)/a(l.02). 
The dots are the measured values from SAGE II on 28 November 1984, 
1645 GMT. The curves represent a rms best fit. 
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r = r exp(2.5 ln2 O) 
eff m 

v 
2 

eff 
= exp(ln O) - 1 

FIGURE 2. Spectral variation of the extinction coefficient 
a(~)/a(1.02) fitted by a rms for several aerosol models with a LND 
size distribution (a/ veff = .25, b/ veff = .05). The values on the 
curves are r 

e f f  
in prn. 

Figure 2a is for v = .25 ( a  = 1.60) and Fig. 2b for v,;f = 
e f f  .05(a= 1.25); the set of curves corresponds to different values of 

r eff. A qualitative comparison between Figs. 1 and 2 shows that the 
aerosols observed by SAGE II have an effective variance generally 
close to .O5 (curvature of the curves) and an effective radius 
decreasing with altitude from about 0.40 pm to 0.25 pm. 

A more quantitative comparison between SAGE II data and the 
aerosol models is possible using the expansion (11, which fits almost 
perfectly the spectral variation of the extinction for the LND 
models. Figure 3 is a diagram (a-b) for t he  LND models with various 

reff and veff. The values of a and b for size distributions with two 
LND modes have also been drawn; they correspond to very small or even 
negative values of b (inversion of the curvature of the spectral 
curves from monomodal to bimodal size distributions already noted 
(Lenoble and Brogniez, 1985)). The p0int.s corresponding to three 
successive SAGE II observations in October 1985 (12 at 0502 GMT and 
0639 GMT, 13 at 0651 GMT) for altitudes between 16.5 and 24.5 km are 
plotted on the (a-b) diagram of Fig. 3. The error rectangles are 
reported for two points. The points for the same altitude cluster 
reasonably and the shift with altitude confirms the qualitative 
observations of the size distribution variation. The values of r 

ef f 
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FIGüRE 3. Diagram (a-b). where a  and b  a r e  t h e  c o e f f i c i e r : ~  o f  t h e  
r,Ts f i t  (Eq. (1) i n  t h e  t e x t )  , f o r  LND models .  F u l l  lices a r e  f o r  
c o n s t a n t  r e f f  ( i n  p m ) .  dashed  l i n e s  a r e  f o r  c o n s t a n t  v  ;, a r d  d o t -  
dashed  l i n e  is  f o r  b imodal  s i r e  d i s t r i b u t i o n s  ( v  ( = .\:' r - : 

e ç i  - 
pm; v  = .25, r = .i pm).  The p o i n t s  a r e  deduceci from $*GE I I  
o b s e r v a i i o n s  on  12 6 c k o t e r .  1985 (C502 G:v?i and 0639 G:C: +ri: oc  13 
Z c t o b e r ,  1985 (0651 G;*IT) a t  d i f f e r e n t  a l t i t u d e s  : 

+ 16.5-17.5 kn O 18.5-19.5 k1:. 20.5-21.5 k , ~ .  
O 22.5 krn 23.5 k- O 2.1.5 k z  

and v  f o r  a  LM, mode1 " e q u i v a l e n t "  t o  t h e  a e r o s o l  by SAGE I I ,  £rom t h e  e f f  
p o i n t  o f  v iew of  s p e c t r a l  e x t i n c t i o n  between 1.02 1; and . 385  -,:, can  
b e  r e a d  i n  F i g u r e  3 .  The r e s u l t s  a r e  su ma rire^ i n  Tab le  1. 

Up t o  21 km t h e  v a r i a n c e  is  s u r p r i s i n g l y  s m a l l ;  above ,  i t  
i n c r e a s e s  and t h e  p o s s i b l e  p r e s e n c e  o f  two modes c a n n o t  be r e j e c t e d .  
However, t h e  SAGE I I  d a t a  a r e  o f  poor  q u a l i t y  above 23 km. e s p e c i a l l y  
a t  s h o r t  wave leng ths .  

TABLE 1. Value o f  v e f f  and  r , f f  i n  m r e t r i e v e d  f rom t h e  ( a - b )  d i a -  -- 
gram f o r  12 O c t o b e r ,  1985 (0639  GMT) 

2, km 16.5 17.5 18.5 19.5 2 0 . 5  21.5 22.5 23.5 
v e f f  <.O5 .O5 . 07 .O5 .O5 .10 .40  bimo- 
r e F f 7  Pm -375 .35 .325 .325 .30 .25 .18 da:? 
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3. USE OF SAGE II CHANNEL R A T I O S  

Another, somewhat more direct approach to the size distribution 
study, is the utilization of various SAGE 11 channel extinction 
ratios 

R = o(X1) /a(X2) (5) 
X2 

or of the related average Angstrom coefficient for the spectral 
intervals (XIA2), defined as 

Figure 4 shows the diagram ( a , l g , 1 . 0 2 - a . 3 8 5 / 1 . 0 2  ) for the LND 
models; al1 the points are very close 'to tne diagonal and the same 
behavior is observed for the other combinations using the ratios of 
two short wavelengths (.385 pm, .45 pm or .525 pm) to the channel 
1.02pm. This forbids the retrieval of r and v from the SAGE II 
data. e f f  c f  f 

Figure 5 is the diagram (a.c5/1.02-a.385/.525)that looks much 
more promising for an analysis of SAGE II data, although the ratio of 
two short wavelength channels (a(.385)/~(.525)) has a larger error 
than the ratios of a short wavelength to 1.02 Pm channel. In Fig. 5 
is also drawn the curve for two LND mode size distributions and the 
points for SAGE II observations in October 1985 (same data as in 
Fig. 3); the error rectangles are given, as examples for two points. 
The retrieved values of r,ff and v,ff agree almost exactly with the 
values retrieved from the previous analysis on the (a-b) diagram 
(Fig. 31 ,  and the uncertainties are of the same order. 

FIGURE 4 .  Diagram (a . ,  / .02~a. 3 8 5 ,  ) for LND models. Full lines 
are for constant f 7 in pm) and dak?-i$d lines are for constant v, 
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FIGURE 5 .  Diagram (a  . 02-a.  3 8 5  . 5 2 5  f o r  LND models .  F u l l  l i n e s  
a r e  f o r  c o n s t a n t  r;:? 'fin prn), dashed l i n e s  a r e  f o r  c o n s t a n t  v e f  f ,  
dot-dashed l i n e  is  f o r  bimodal s i z e  d i s t r i b u t i o n s ,  and t h e  p o i n t s  are 
f o r  SAGE II o b s e r v a t i o n s  as d e f i n e d  i n  F i g .  3 .  

4 .  COMPARISON WITH BALLOON D A T A  

The a e r o s o l  s i z e  d i s t r i b u t i o n  was deduced from b a l l o o n b o r n e  
i n f r a r e d  p o l a r i m e t r y  rneasurements on 12  Oc tobe r ,  1985, d u r i n g  a n  
European SAGE II v a l i d a t i o n  exper iment  (Herman e t  a l ,  1986).  The 
p r o f i l e s  o f  r e f f  and  v e f f ,  shown i n  F i g .  6 ,  compare r e a s o n a b l y  w i t h  
t h e  v a l u e s  g i v e n  i n  Tab le  1; a more d e t a i l e d  e r r o r  a n a l y s i s  remains  
t o  be done. 

FIGURE 6. P r o f i l e s  r e f f  ( i n  m and v e t f  deduced from b a l l o o n  
expe r imen t  on 12 O c t o b e r ,  1985. 



5. CONCLUSION 

The present analysis, although preliminary, proves that the SAGE 
II four-channel extinction should allow the retrieval of two 
parameters of a monomodal aerosol size distribution, although the 
error bars on the retrieved values are rather large, especially for 
the variance. Furthermore, it appears that the presence of a bimodal 
size distribution could be deduced, unless the relative contribution 
of one mode is too srnall. 
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SAGE II Inversion Algorithm 

Aimospheric Sciences Division, NASA Lungley Research Center. Hampron. Virginia 

Laboratoire d'optique Atmospherique, Universile des Sciences et Technique de Lille 
Villeneuve d'Ascq. France 

This paper provides a detailed description of the current operational SAGE II multichannel data 
inversion algorithm implemented at NASA Langley Research Center, Hampton, Virginia. This 
algorithm is comparad to an independently developed inversion algonthm from the Laboratory of 
Atmospheric Optics, Univers;ty of Lille, Lille, France. lnverted aerosol and ozone profiles from these 
two algorithms are shown to be similar within their respective uncertainties. 

INTRODUCTION water vapor will be deferred for discussion in future publi- 

Routine monitoring of the stratosphere utilizing the solar cations. This paper also describes the comparison of-these 

occultation approach started with the Stratospheric Aerosol inversion results to those obtained from an inversion algo- 

Measurement (SAM) II instrument, which was launched in rithm independently developed at the Laboratory of Atmo- 

1978 on the Nimbus 7 satellite. SAM II is a singie spectral spheric Optics, University of Lille, Lille, France. The pur- 
pose for the comparison between the results from these two channel instmment built specificaily for monitoring strato- aigorithms is ensure the archived prducts 

sphenc aemsol extinction propenies in the 1.0-pm wave- are freed from enors produced by the algorithm itwlf. 
length region [McCormick et al . .  19791. Inversion of the Moreover, it will illustrate that similar results cari be Ob- '' relativel~ because it is a tained from the SAGE 11 dala uGng diaerent inversion 
single-channel instrument. In February 1979 a fourthanne1 algorithms. Companson of the inversion results to cornela- 
instmmentq the Stratos~henc AerosO1 and Gas Expriment tive measurements will net be discussed in this paper. These 

was launched and owrated for almOst 3 years. The compa~sons are discussed in several cornpanion 
four s ~ c t r a l  channels on the SAGE instrument were cen- [Osborn et ,/., this issue; Cunno/d et a / , ,  this issue; Acker- 
tered in the 1 .O-, 0.6.  0.45, and 0.385-pm wavelength .,,, ,, a,., this issuel. 
regions. The inversion problem for the SAGE data is more since the instrument configuration, operation, and data 
dificult owing to the additional channels with overlapping for the SAGE 1 and SAGE 11 instru- 
contributions from the various stratospheric species [Chu ments are almost identical (Mauld in  et a l . ,  19851, this paper 
and McCormickv 197% ï l e  next of the SAGE will not repeat the details concerning the operation and data 
instrument, SAGE 117 was lau~~ched in October of 1984 on acquisition of the SAGE II instrument. Interested readers 
the Eanh Radiation Budget Satellite (ERBS). A detailed could consuit an earlier article, which contained most of this 
description of the SAGE II instrument has been given information [ c h u  and McCormjck,  19791. 
elsewhere [Mau ld in  et a i . ,  19851. The SAGE II instrument is 
a seven-channel Sun photometer, with spectral passbands SAGE II MEASUREMENTS AND DATA PROCESSING 
centered at 1.02.0.%. 0.6,0.525,0.453.0.448, and 0.385 Pm. The irradiance HA measured by the SAGE II instrument at 
In addition to the measurements of water vapor at 0.94 pm, a given time r is given by 
ozone (0,) at 0.6 pm, and nitrogen dioxide (NO,) from the 
differentiai channels at 0.453 and 0.448 Pm, SAGE II data 
can provide aerosol extinction data at four of the seven 

H A  = J J WA(6. 4)FA(6, 4. t>T~<@l  d* dA ( 1)  
Ah Aw 

spectral channel locations. 
~h~ inversion algorithm for the seven-channel SAGE 11 where W is the radiometer's field of view function, 4 is the 

instrument bas evolved from the earlier SAM 11 algorithm azimuthal angle; R is the solid angle, T is the transmittance 

through the more cornplex SAGE 1 algorithm [chu and of the atmosphere as a function of view angle 8, which is a 

McCormick,  19791, with various modification adapting tc  the unique function of the tangent height h,; and F 1s the 

SAGE 11 seven-c.,annel measured data.  hi^ pawr is in- extraterrestrial solar radiance for wavelength A. The mean 

tended to provide a detailed description of the operational transmittance of the atmosphere over the spectral bandwidth 

aigorithm that is k i n g  used at NASA ~~~~l~~ ~~~~~~~h and instrument field of view is calculated by ratioing the 

cener (L~RC),  H ~ ~ ~ ~ ~ ~ ,  virginia, to the SAGE 11 irradiance measured within the atmosphere to that measured 

data for archivai purposeS. ~h~ aerosol and 0, retrievals will outside the atmosphere. The transmittance function in terms 
be discussed in detail in this paper. The retrievai of NO, and of the ray tangent height h,, according to the ~ o u ~ u e r  law, is 

given by 
Copyright 1989 by the Amencan Geophysical Union. 
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 TA(^,) = exp [ - S ~ ( h , ) l =  exp [ -  U A ( ~ )  ~ P A ( ~ I ]  (2) 

8339 
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Fig. 1 .  Block diagram for the SAGE II  data processing algorithm 
implemented ai LaRC. 

where 6 , ( h , )  is the total slant path optical depth at wave- 
length A with ray tangent height II,: u, is the total extinction 
coefficient of the atmosphere as a function of altitude h and 
wavelength A; an pis the geometric path length corrected for 
refraction. 

The total extinction at each tangent altitude is a linear 
combination of the extinctions of each of the species. as 
given by 

where e Y ( A )  is the extinction coefficient for Rayleigh 
scattering, and u O ' ( A ) ,  # O 2 ( A ) ,  and d m O ( A )  are the extinc- 
tion coefficients for 0,. NO,. and aerosol at wavelength A .  
respectively. For 0, and NOz the extinction coefficients are 
determined by the product of the species number density and 
their absorption cross section at the given wavelength. The 
aerosol extinction coefficient is a function of aerosol size 
distribution, shape. and index of refraction. For homoge- 
neous. spherical particles, one has 

where N ( r )  is the size distribution function. and Q(n. r ,  A )  is 
the extinction cross section for a particle with refractive 
index n and radius r ,  as computed from Mie theory. 

The approach used for the processing of the SAGE II  data 
is to reduce the solar radiance measurements at the seven 
spectral channels into transmittance functions of the atmo- 
sphere at the seven wavelength regions and to invert the 
transmittance data as described by (2). (3). and (4) in order to 
determine the vertical extinction profiles for each of the 
species. The actual flow of the SAGE I I  processing begins 

with the acquisition al LaRC of three data tapes: ( 1 )  the 
instrument raw radiance data. collected by the Goddard 
Space Flight Center (GSFC) and transferred to LaRC in the 
form of "experimenter tapes": (2) a MET tape received fr0m 
the National Weather Service (NWS) of the National Oce- 
anic and Atmospheric Administration (NOAA) containing 
the meteorological data associated with each SAGE II 
measurement event: and (3)  satellite ephemens data tapes. 
also prepared by GSFC. The information contained in these 
three tapes are first merged at LaRC to produce an archival 
product, the "Merdat" tape. The Merdat tapes contain al1 of 
the information required to perform the SAGE II data 
reduction. The SAGE II  radiance data are then processed 
through the data reduction algorithm to produce aerosol 
extinction profiles at the four wavelengths centred at 1.02, 
0.525.0.453. and 0.385 pm and to produce vertical O,, NOz. 
and water vapor concentration profiles. The inverted results 
for each of the species plus al1 of the auxiliary information, 
such as the coincident temperature profiles provided by 
NWS, are being archived at National Space Sciences Data 
Center (NSSDC) at GSFC. 

LARC SAGE II  DATA REDUCTION ALGORITHMS 

Figure 1 shows the functional blocks diagram of the SAGE 
I I  data reduction algorithms implemented at LaRC for proc- 
essing of SAGE II  raw radiance data. The aigorithms con- 
sists of three main subsections and are denoted a s  the driver, 
radiance calibration, and inversion programs, respectively. 

The driver program performs data screening and calcula- 
tions using the meteorological data and the ephemeris data 
from the Merdat tapes. The effects of atmospheric refraction 
are calculated for each measurement event using the NWS 
temperature versus altitude profile. according to  the proce- 
dure described by Chu [1983]. Tables relating the angles of 
refraction and air masses to the line of sight tangent height 
levels are generated from these calculations for subsequent 
use. The measurement geometry relating the positions of the 
spacecraft, the Sun. and the Earth at specific times is 
determined from the solar and spacecraft ephemeris data 
[Buglia, 19883. The SAGE II solar scan data from approxi- 
mately 120-km tangent altitude down to the lowest altitude 
level are selected, together with the other cornputational 
results, for use in subsequent analysis. 

Radiance Calibration Program 

The radiance calibration program is used to perform 
calibration of the Sun scan data in order to produce slant 
path atmospheric transmission profiles for the seven SAGE 
I I  wavelength regions. The procedure has been descnbed by 
Ch11 and McCormick 119791 for the SAGE 1 data processing 
procedure.The only difference between this portion of the 
SAGE 1 and the SAGE I I  algorithms is that the procedures 
for determination of the tangent altitude locations for each of 
the measured radiance data points are different. For the 
SAGE I I  measurements the tangent altitudes are determined 
solely from the spacecraft/Sun/Earth ephemeris data, while 
the SAGE 1 procedure uses a fitting scheme between the 
measured Rayleigh vertical profile and the NWS data for the 
reference height determination. 
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TABLE 1 .  Cornparison of LaRC and LOA Values for a,  and h, 

Wavelength. 

~~- - 

1.02 0.94 0.6 0.525 0.453 0.448 0.385 
a,, (LaRC) O. 0.005 1 .O 0.439 0.0338 0.0299 O. 
ai (LOA) O. . . . I .O 0.435 0.0332 0.0257 0. 
6, (LaRC) o. O. 0.055 0.348 0.847 I .O 1.14 
6, (LOA) O. O. 0.0 0.367 0.837 1 .O 1.14 

O cross section at 0.6 pm = 5.067 IO-" cm2 [Penney, 19791; NO2 cross section at 0.448 pn = 5.46 
 IO-'^ cm2 [Goldman et 01. [1978]. 

in brief, the purpose of the radiance calibratiùn program is 
to reconstruct the SAGE II measurement geometry from the 
measured solar radiance versus time data, tegether with the 
time variation of the SAGE II scan niirror motion. The 
instrument viewing directions during the course of time for 
the measurement event, expressed in terms of tangent alti- 
tudes for the ray path, and the corresponding vertical 
positions on the solar limb curve are computed from the 
spacecraft and solar ephemeris data for each of the SAGE II 
measurement points. After the location information for each 
of the SAGE II data points is determined. a sequence of Sun 
scans above the atmosphere are selected for use as the 
calibrated solar limb curves for each of the seven spectral 
channels. The solar-calibrated limb curves express the un- 
attenuated solar radiance values at each of the seven wave- 
length channels as a function of vertical solar limb position. 
They are used for normalizing measurements obtained from 
Sun scans transversing the atmosphere to form the atmo- 
spheric transmittance values at the seven spectral channels. 
The procedure is repeated until al1 of the atmospheric 
measurements are normalized. The transmittance values are 
then averaged over 1-km layers. over a vertical height range 
of 70 km. The averaging procedure is applied to the slant 
path optical depth values, and the standard errors for the 
mean optical depth values are determined for used as an 
estimate for the measurement uncertainties. For the calcu- 
lation of the standard errors, consecutive measurernents 
with an overlapping field of view are assumed to be corre- 
lated. 

Inversion Program 

The inversion program is the most important part of the 
SAGE II processing algorithm. It performs the conversion of 
the measured slant path atmosphenc transmission data from 
the seven wavelength channels into optical parameters de- 
scribing the vertical distribution of the four atmospheric 
constituents (aerosol, 0,. NO2, and water vapor). The 
conversion process required three consecutive operations on 
the input data, as described below. 

Removal of Rayleigh component. The Rayleigh scatter- 
ing contribution is present in al1 the seven-channel SAGE II 
rneasurements, with the Rayleigh components varying ap- 
proximately as the inverse fourth power of the wavelength. 
The SAGE II channels with wavelengths of less than 0.5 pm 
are therefore more heavily dominated by the Rayleigh com- 
ponent. The atmosphenc vertical density profiles are calcu- 
lated from the the temperature versus geometric altitude 
data supplied by NWS. The updated correction of the 
temperature values at pressure altitude levels higher than 10 
mbar has been included [Gelman et al . ,  19861. Since the 

temperature versus altitude data are given at the standard 18 
fixed pressure levels up to 0.4 mbar, !ineu interpolation of 
the temperature is assunied to be valid for heights within the 
given pressure levels. The temperature versus altitude pro- 
files are also extended to 0.01 mbar by adding two temper- 
ature data points, based on climatological mean values from 
the U.S. Standard Atrnosphere Supplement ( 1966). The 
vertical profiles of air density are then calculated using the 
hydrostatic equation. The Rayleigh extinction cross section 
values at the seven wavelengths are computed using the 
latest estimate of the depolarization ratio values. as given by 
Young [1980], and the simplified dispersion formula, as 
described by Mlen  [1953]. A 70-level path length matrix 
including the atmospheric refraction effect is also calculated. 
The corresponding Rayleigh slant path optical depth values 
for the seven wavelengths can then be computed and sub- 
tracted from the seven measured optical depth profiles. 
Finally, by excluding the water vapor channel at 0.94 wm, 
the following six reduced equations would represent the 
SAGE II measurements at each of the 70 height levels. 

& A l )  = pero(h l )  ( 5 )  

where &A) is the slant path optical depth at wavelength A ,  
with the Rayleigh contribution removed; and A,, a,, and 6,. as 
tabulated in Table 1 ,  are the center wavelengths of the seven 
channels and the ratio of the 0, and NO, cross sections at 
the seven wavelength channels, respectively. The NO, cross 
section values are obtained from the unpublished measure- 
ments by Graham and Johnston, as used by Goldman et al. 
[1978], and the 0, absorption cross section values at the 
Chappuis band are obtained from Penney's measurements 
[Penney, 19791. All ratios of cross section values are com- 
puted from the convolution of the absorption spectra with 
the measured SAGE II instrument spectral response func- 
tions. 

Separation of species. Equations (5HIO) completely 
describe the SAGE II measurements. showing the overlap 
ping contributions from aerosols, 0,. and NO,. The set of 
equations can be reduced further by taking the difference 
between (9) and (8): 

S~[ (ho)  - (AS)] = Pm(&.) 

- 6"ern(~>)  + (a6 - a5)601(A3) + (b6 - b5)6N0~(b) (1  1) 
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Equation ( I I )  can provide a good estimate of the NO, 
contribution by using 60'(~,) -=. &A,) and by assuming thai 
the difference in aerosol contributions from the two closely 
spaced spectral channels is negligible. After removing the 
estimated NO, contributions in the other three channels, we 
are left with the following four equations: 

Where the S'(A)  denotes the SAGE II measured slant patkt 
opticai depth values with the Rayleigh and NO, components 
removed. Equations (5) and (12H15) constitute the five 
basic equations which are used to solve for the vertical 
profiles of O, density and the aerosol extinction values at the 
corrcsponding wavelength locations. A close inspection of 
these equations reveals that there are six unknowns in these 
five equations, consisting of five unknowns for aerosol and 
one unknown for 0,. In order for the retrieval process to 
produce unique solutions from these equations, either the 
total number of unknowns has to be reduced, or an extra 
equation describing the relationship between the unknowns 
has to be included. The approach being adapted for the 
routine processing of SAGE II data at Langley Research 
Center is to include an additionai equation relating the 
behavior of the aerosol optical depth values at different 
wavelengths. The detailed procedure is described in the next 
paragraph. 

Equation (4) can be used to represent the aerosol optical 
depth P e r O ( A )  by replacing the aerosol number density with 
the integrated aerosol density along the ray tangent slant 
path. Using numerical quadrature with unity weights, the 
integral is replaced with a numerical sum of the products of 
the aerosol extinction cross section, with the slant- 
path-integrated aerosol size distnbution N(r) at a finite 
number of mean radii r,, j = 1, 2, . . - , m,  as follows: 

Equation (16) can be put into matrix form, with xT = ( N , ,  N,,  
. . , N,) and = (rrO, b;ero, - - , crO), and the 

matnx element (K)" = (Q"): 

This matrix equation can be inverted with Twomey's linear 
constraint method [Twomey, 1%3] to produce the solution 

where the diagonal matrix ï consists of elements which are 
proportional to the estimated noise level at each of the 
wavelength channels. The aerosol optical depth at 0.6 
(cm) can then be expressed as a linear combination of the 
aerosol optical depth values at the other four wavelengths, 
with the linear coefficients ai given by 

The aerosol extinction cross sections are calculated with the 
anomalies diffraction approximation, assurning that the aero- 
sol refractive index is 1.43. 

Thus (19) constitutes the additional equation required to 
provide a unique solution for solving the set of equations 
consisting of (5) and (IZHIS). Since the SAGE II measure- 
ments consist of only a very limited number of wavelength 
channels, there are only four measured aerosol optical depth 
values that can be used in (19). Therefore the linear con- 
straint method would nectssarily produce solutions that are 
compatible with the aerosol size distribution being very 
smooth and its shape being very unstructured. It is well 
known that the background stratospheric aerosol size distri- 
bution can be described by the lognormal distnbution [Pin- 
nick et al., 19761, which is very smooth in shape. Therefore 
the use of (19) is justified, at least for the background 
stratospheric aerosol condition. 

The complete procedure. beginning from estimating the 
NO, contributions (as described by equation (1 I ) ) ,  to the 
separation of aerosol and 0, optical depth, is then repeated 
in one more iteration. using the updated vaiues for O, and 
aerosol. This additional iteration is primarily used to stabi- 
lize the NO, retrievai and does not appreciably perturb the 
0, and aerosol retnevals. The retrievais of 0, and aerosols 
are not sensitive to the initial estimates on the NO, distri- 
bution, since the NO2 contributions in the vanous spectral 
channels are relatively small. 

Vertical profile inversion. The inversion from slant path 
optical depth data for each of the species to vertical extinc- 
tion profiles for aerosol at the different wavelength channels. 
and for 0, at 0.6 wm, is performed with the standard 
Twomey modification of Chahine nonlinear inversion algo- 
rithm [Twomey, 19751. The algorithm is iterative. and the 
updating procedure is as follows: 

where r ,  = s(E,îlj$'. P,, is the path length element ( i ,  j ) .  and 
o) is the extinction value at j for the n iteration. For an 
N-level profile, one iteration consists of N j loops for each i 
level until al1 N i levels are updated. The iteration stops 
when the difference between the computed signal %OmP = 
Z,P,4 and the measured signal y is less than the 
estimated error on F ( A )  for al1 levels i. Furthermore. a 
5-km altitude smoothing is incorporated for extinction levels 
at 10.00002 km-' for al1 vertical profile retnevals. The 
smoothing is done between each iteration by computing a 
running mean average on the log of the retrieval extinction 
values from the top down and ending at the extinction level 
of 0.00002 km-'. Notice that the P matnx is a triangular 
matrix, which implies that the inversion problem is well 
posed [Chu, 19851. The reason for using (20) to solve for the 
vertical profiles is to accommodate the 5-km vertical 
smoothing on the retrieved profiles. 

Error Estimate for the SAGE II Inverted 
Profiles 

The error estimate for the inverted extinction profiles of 
aerosol and ozone can be derived from the procedure 
described by Russell et al. [1981]. Only the random compo- 
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PERCCFJT E!?R3? 
Fig. 2. Height dependence of expected uncertainty for the 

SAGE II  1.02-pm aerosol extinction. showing contribution by 
various sources. Sources of uncertainty are as follows: (1)  altitude 
uncertainty. (2) Rayleigh uncertainty. (3) ozone uncertainty, (4) 
nitrogen dioxide uncertainty, ( 5 )  aerosol uncertainty, and (6 )  mea- 
surement uncertainty. 

nent of the error estimate is computed and tabulated for the 
SAGE II inverted products. In general, there are four error 
sources that contnbute to  the total uncertainties of the 
retneved vertical profiles. They are (1) the measurements 
errors, (2) the uncertainty in the calculated Rayleigh profiles 
caused by the uncertainty in the temperature profiles, (3) the 
uncenainty in the reference altitude, and (4) the uncertain- 
ties associated with the removal of other species which have 
overlapping contributions in the spectrai wavelength chan- 
nel. The total error of the inverted extinction at each height 
level is then given by the root-mean-square of these four 
errors, assuming that they are uncorrelated. The measure- 
ment errors in this case are given by the estimated uncer- 
tainties from the transmission program in calculating the 
standard errors of the mean optical depth values at each 

PERCENT ER?VR 
Fig. 4. Similar to Figure 3,  except for height dependence of 

expected uncertainty for the SAGE 11 0.453-w aerosol extinction, 
showing contributions by various sources. (Sec Figure 2 caption for 
identification of sources.) 

tangent height level. The Rayleigh errors are calculated from 
the temperature errors given by the NWS data associated 
with each temperature profile. The magnitude of the ternper- 
ature errors generally is within the range from 2°C at sea 
level to about 12°C at 0.4-mbar pressure level. T h e  reference 
altitude error is the uncertainty in assigning the corrected 
geometnc altitude for each measurement position in order to 
subtract the Rayleigh components in al1 of the SAGE I I  
channels. This error is estimated to be about 200 m ( l u )  frorn 
the spacecraft ephemeris calculations for each SAGE II 
sunrise or sunset measurement event. The errors contnb- 
uted by the other species arise from the uncertainties in 
removing contributions from different species in the partic- 
ular spectral channel. The total estimated error for the 
invened extinction at each height level is given by 

where the first tenn on the left-hand side of (21) is the 
measurement error, the second is the Rayleigh error. the 
third is the altitude error, and the fourth is the error frorn 
other species; 

A: = 2 (PT 'AS,)' 

is the optical depth error; and the temperature error is 

A~ = ( a a R a y i a n ~ ~  

The altitude error is 

A3 = ( aaRay~az)~z  

and, for n species, 

A: = 2 ( P i  'a,,~6,,,)~ 

O 2u Li8 ô3 where P i '  is the (i. 1) element of the inverse of the path 
?ERLENT ES??!? length matrix P, is the Rayleigh extinction, T and z are 

the temperature and altitude, respectively, A6j is the esti- 
Fig. 3. Similar to Figure 3. except for height dependence of 

expected uncertainty for the SAGE 11 0.525-pm aerosol extinction, mated measurement for the 'ptical depth values 
showing contributions by various sources. (See Figure 2 caption for tangent height level j .  and a, is the a, or b, coefficients in 
identification of sources.) Table 1.  
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CI 
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PERCENT ERROR 
Fig. 5 .  Similar to Figure 3, except for height dependence of 

expected uncertainty for the SAGE II 0.385-pn aerosol extinction, 
showing contributions by various sources. (See Figure 2 caption for 
identification of sources.) 

Figures 2 4 ,  illustrate the typical height dependence of the 
expected uncertainties for the SAGE II four wavelength 
aerosol extinction profiles at 1.02, 0.525, 0.453, and 0.385 
pm, and the O, vertical profile, respectively. The estimated 
measurement errors are taken from a typical mid-altitude 
measurernent event in 1985. The relative size and height 
dependence of these four sources of uncertainty and how 
they contribute to the total uncertainty are computed and 
displayed. The measurement errors are shown to be the 
dominating source of uncertainty for the retrieval O, profiles 
and, simiiarly, for the aerosol profiles at the two long 
wavelength channels. The partitioning of the error sources 
for the two short wavelength aerosol extinction profiles is 
more complex. As illustrated in Figures 2 4 ,  0, profiles can 
be retrieved from the SAGE II measurements with uncer- 
tainties up to 10% between cloud top height and about 60 km 

O 
O 20 Y0 60 80 100 

PERCENT ERROR 
Fig. 6. Similar to Figure 3, except for height dependence of 

expected uncertainty for the SAGE II ozone, showing contributions 
by vanous sources. (See Figure 2 caption for identification of 
sources.) 

altitude. The aerosol extinction profiles at 1.02 pm can 
sirnilarly be retrieved with uncertainties up to 10% between 
cloud top height and about 25 km altitude, depending on the 
shape of the aerosol vertical distribution. For the aerosol 
extinction profiles at shorter wavelengths, the uncertainties 
would increase because of the stronger Rayleigh influence in 
these wavelength regions. The total uncertainties are about 
30% at 0.385 prn for the aerosol extinction profiles for an 
altitude range lirnited to between 15- and about 22-km height. 

LOA INVERSION ALGORITHM 

For the SAGE II European Correlative Program [Lenoble, 
this issue]. an inve.sion algorithrri for thc SAGE II data was 
independently developed at the Laboratoire d'optique At- 
rnospherique (LOA) of the University of Lille, France. This 
inversion procedure utilizes the slant path optical depth 
profile data generated from the radiance calibration program 
rnentioned previously for the six spectral channels centered 
at 1.02, 0.6, 0.525. 0.453, 0.448. and 0.385 pm and uses the 
corresponding meteorological data provided by NWS to 
correct for the Rayleigh contribution. 

There are three reasons for separately developing the 
LOA inversion scheme. They are (1) to get a better insight 
into the physical process of SAGE II measurements, (2) to 
understand how the retrieval of one species can be perturbed 
by the presence of other species in the same spectral region, 
and (3) to provide the user community with an alternative 
inversion algonthm to check the archival data when neces- 
sary. The LOA algorithm is not intended to be used as an 
operational tool. Therefore a conservative approach has 
been taken to evaluation of the uncertainties and to estirna- 
tion of the altitude range where the inversion is of good 
quality for each channel and species and the altitude range 
where the data must be used with caution. 

The flow chart for the LOA inversion scheme is summa- 
rized in Figure 7. The Rayleigh transmission are computed 
for each channel. using the atmospheric density data derived 
from the meteorological data. The density profiles are cal- 
culated by linear interpolation of the ternperature values 
between the standard levels. assuming the validity of the 
hydrostatic equation and the ideal gas equation of state. The 
elements of the path length matrix Pü are computed with a 
geometrical method, with I-km layers which are subdivided 
into 0.025-km sublayers. The depolarization ratio for Ray- 
leigh scattering is taken as 1.0254. The Rayleighcorrected 
opticai depth profiles for the six channels at the wavelength 
A = 1.02, 0.6, 0.525. 0.453, 0.448, and 0.385 pm and the 
Rayleigh-corrected optical depth difference for M&) - MA,) 
are inverted, using a simple Chahine inversion procedure 
[Chahine, 19721 

where n is the iteration order; the inversion is stopped after 
10 iterations, which is generally more than sufficient to 
produce convergence. The error in the extinction coefficient 
is evaluated as 

where the error due to the slant path optical depth error 1 
A c "  is I 
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Fi. Block diagram of the SAGE 11 inversion algorithm developed at LOA. 

since the major contribution to the slant path optical depth is 
due to the first layer above zi, and 

based on the assumption of an emor of 1.5% in the atm- 
spheric density and an error of 0.25 km in the altitude 
[Lenobie and Pruvosr, 19831. 
The steps used for the separation of qxcics in this 

inversion idgorithm pmeed as follows: 
1. The inversion of the 1.02 pan data ptoduces the 

aerosd extinction coefiicient at 1.02 w directly. When the 
transmission value is very close to unity at high altitudes 
whtre the aemsol content is low, the retrieved values 
becorno ernrtic. Ttrcrefon it is necessary to stabibe the 
1.02-pm aerosol retrieval at this altitude region in order to 
perfm the aerosol correction for the other channels. This is 
accomplished by extrapoiating the pro& d'-(A,) exponen- 

tiaily from the height level where the retrieval is well 
behaved to a standard extinction value of IO-' km-' at 45 
km. which is the upper limit of this inversion. 

2. The aemsol contribution at the 0.6- un çhannel data is 
removed by extrapolating B C w ( A l )  to difîcnnt wavelengths. 
rrsing the Angstmm law as Qescribed in (26): 

where the value of a varies h m  0.65 below 15 km to 
above 20 km altitude. mis pennits one to obtain an initial 
estimate of the owne extinction ~DYA,) at (116 p.m. The 
aerosd correction is 1- below 20 km, and therefon the 
initial estimate of &A,) is poor at this height. Above 20 km 
aitiwde the aerosd correction diminishes rapidly. and the 
initiai estimate of @7k3) is quite accurate. 

3. Find the dinefence bctween the 0.453- and the 0.4443- 
channe1 data and remove the 0, extinction contribu- 
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Fig. 8. Comparison of aerosol extinction profiles at 1.0: Pm. Fig. 10. Same as Figure 8. except for aerosol profiles at 0.453 q. 
retrieved by LaRC (solid curve with circles) and by LOA (solid 
curvei for measurement event on April 21. 1985, at 1854 UT. 

the initial estimate of #?A,) is good. The aerosol correction 

tions, using the initial estimate of uo3(~,) and the 0, cross 
section ratios, as tabulated in Table 1 for the LOA inversion 
code. Similarly, the aerosol extinction contributions are 
rernoved. using the profile d'"(A,), and extrapolated to the 
corresponding wavelength regions with the Angstrorn law, 
as described in the preceeding paragraph. This leads to an 
initial estimate for the NO, extinction difference #O:(&)- 

d"u2(~,) and an initial estirnate for the extinction d'O2(&). 

The O, correction should be quite accurate, since its contri- 
bution becomes important only at high altitudes, i.e., when 

is small above 23 km but becomes large and model- 
dependent at lower altitudes; therefore the initial estimate of 
O"*(&) is very inaccurate at Low altitudes. 

4. The three-channel data at 0.525, 0.453, and 0.385 ~JII 

can therefore be used to estimate the aerosol contribution by 
rernoving the 0, and NO, contributions, using the initial 
estirnates of 8'(~,) and F'"Oï&) as derived earlier. The NO2 
profiles below 23 km altitude are obtained from extrapolating 
along a standard profile [Lenoble and Pruvosr, 19831. This 
procedure provides the initial estimates of the aerosol ex- 
tinction profiles f lero(A4),  f l c ro (A5) ,  and @""(A,). Fortu- 

10-7 1oJ IO-' O O 10'~ 

a (km'l) 

Fig. I I .  Same as Figure 8, except for a e r d  profiles at 0.385 @. Fig. 9. Same as Figure 8, except for acrosal profiles at 0.525 m. 
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Fig. 12. Same as Figure 8. excePt for ozone extinction profile a1 Fig. 14. Same as Figure 13. but applying to results from Figure 9. 
0.60 f l .  

nately, the 0, and NO, corrections become large only at 
high altitudes, where their initial estimates are reasonably 
accurate. 

5. The spectral variation of the aerosol extinction 
cFerO(A) is smoothed and interpolated, using the best least 
squares fit 

In d e r O ( A )  = ln 4Cr0(1.0) - a In A - b(ln A)' (27) 

to the three initial values dcrO(A,). d e r Q ( A , ) ,  and d e r 0 ( A 7 ) .  
The value retrieval at 1 .O? pm has been kept at a fixed point. 
It is expected to be most accurate because it is denved from 

Fig. 13. Ditferences in percents for the results in Figure 8 (dotted 
linel compared to the estimated uncertaintics frorn quation (22) 
(solid curve). 

direct retrieval, with srnall contribution from the Rayleigh 
scattering. 

6. An iteration is then performed using d""(A) from (27) 
to correct the 0.6-pan data and to retrieve the final value of 
the ozone extinction &(A,) and to correct the difference 
between the channels at 0.453 and 0.448 ç ~ m  and to retneve 
the final value of the NO, #a(&,). 

7. Finally, the improved values uo3(A,) and d'ol(~,) are 
used in data from channels at 0.525, 0.453, and 0.385 Fm to 
retrieve the improved values of the aerosol extinctions 
der"( A,), d C r u ( A 5 ) ,  and P m ( A 7 ) .  In general, the changes 
introduced by this iteration are negligble. 

The error in the extinction coeficients of each species at 
each wavelength is due to the error As, for each channel and 

Fi. 15. Same as Figure 13, but applying to nsults fnmi Figure 10. 
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Fig. 16. Same as Figure 13. but applying to results from Figure I I 

to the error in the correction term due to the other species. 
These errors have been considered as independent. 

COMPARISON OF LOA AND LARC INVERSION 
ALGORITHMS 

The two inversion algorithms have been developed inde- 
pendently at LOA and at LaRC. They follow the sarne 
general scherne. which i s  naturally imposed by the rnathe- 
rnatical forrnalism of the inverse problem. However, there 
are significant differences between the two algorithrns: 

1. The path length P,, is computed at LOA by a geornet- 
rical rnethod using discrete layers of 0.025 km. The results 
have been directly compared with those obtained at LaRC 
using the ray trace procedure [Chrr. 19831. The agreement is 
alrnost perfect, except in the first 2 or 3 km near the ground. 

2.  The inversion at LOA i s  done with the Chahine's 
method [Chahine, 19721, whereas the LaRC scheme uses 
Twomey's modification o f  Chahine's algorithm [Trc*omey. 
19751. The comparison o f  the results for the aerosol extinc- 
tion at 1.02 pm, since i t  is equal to total extinction in the 
1.02-pm channel data, is in fact a direct comparison of the 
two inversion algorithms. 

3. A more fundamental difference is that the LOA algo- 
rithm first inverts the optical depths for each channel and 
then makes the species separation in the extinction coeffi- 
cients, whereas the opposite is done by the LaRC algorithm, 
which starts with the separation of species in  the optical 
depth and then inverts for each species. 

4. The aerosol spectral extinction versus wavelength 
behavior is approximated by (27) in the LOA algorithm. 
instead of the Mie kernel interpolation scheme. illustrated by 
(19), used by the LaRC algorithm. 

5. The spectroscopic values o f  0, and NO, over the 
wavelength range are slightly different in the two inversion 
algorithms. This is to reflect the uncertainties associated 
with these spectroscopic data and also provides a sensitivity 
check on the retrieval o f  O, and aerosol to these spectro- 
scopic parameters. 

The results of the two inversion procedures have been 
compared for several days, including sunset and sunrise 
measuremenis during the European cornpanson program. 
The conclusions are always qualitatively the same, and the 
results for April 21. 1985. (event at 1854 UT, latitude 
50.18"N. longitude l .27"EI will be presented here. 

Figures 8 - 1  1 present the comparison of the aerosol extinc- 
tion profiles at 1 .O2 0.525.0.453. and 0.385 Pm, respectively. 
retrieved by the LOA (solid curves) and LaRC (solid curves 
with circles) algorithms. The LOA inversion has been 
stopped at 30 km for 1 .O2 pm and between 25 and 30 km for 
the other channels. i.e.. when the error estimates become 
exceedingly great. The results from the two inversion algo- 
rithms always agree within the error bars. For the 1.02-pm 
aerosol data the LOA profile above 25 km shows oscillations 
around the LaRC profile. These srnall oscillations disappear 
and the agreement with the LaRC profile i s  improved when 
a vertical srnoothing over 3 km altitude (as has been done in 
the LaRC algorithm) is introduced here for extinction values 
smaller than IO-' km-'. Figure 12 compares the two re- 
trieved O, extinction profiles at 0.6 pm. The agreement i s  
alrnost perfect ahove 20 km. and it remains within the error 
bars down to 12 km. 

Figures 13-1 7 present the percent differences between 
LOA- and LaRC-retrieved values (dotted curves) and the 
error in percent given on the LaRC values (solid curves). 
They present a better view o f  the comparison illustrated in 
Figures 8-12. The details of  the curves are different for the 
different events. and the peaks which appear at some levels 
are due to random errors. But generally, the differences 
between the two retrievals are smaller than or o f  the sarne 
order as the expected uncertainties. Surprisingly. for the 
three aerosol short-wavelength channels the agreement he- 

Percent 

Fig. 17. Same as Figure 13, but applying to results from Figure 12. 
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Fig. 18. Relative contributions in percent of acrosol (curve 1). Fig. 20. Same as Figure 18. except at 0.453 m. 
ozone (curve 2) .  and nitrogen dioxide (curve 3) to the total extinc- 
tion at 0.60 q. 

tween the two retrievals remains good at levels where the 
errors are very large. However. this may be due to the 
similarities between the two inversion procedures and does 
not vrove thaf the errors are overestimated. 

3 O 

Z (km) 
- Discussio'l 

Figures 18-21 show the percentage of relative contribution 
of the three species, aerosol, O,, and NO2, to the SAGE II 
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channels at 0.6, 0.525, 0.453, and 0.385 pm for the same 
measurement event on April 21, 1985. The other two chan- 
nels are not shown because the 1.02-pm channel contains 
only aerosol extinction, while the 0.448-pm channel is very 
similar to the 0.453-pm channel, with a little more NO2 
extinction contribution. Comparisons with Figures 13-17 
confirm the expected results that a species is well retrieved 
as long as its contribution in a wavelength channel is not too 
small. The O, profile is easily retneved above 20 km, as it is 
the major contributor to the 0.6-pm channel data. Below 20 
km altitude the aerosol contribution introduces an increasing 
perturbation. At the 0.525-pm channel the O, contribution 
becomes equal to the aerosol contribution around 20 km. 
Since the O, is well retrieved from !he O.&* channel, the 
correction is rather accurate and the aerosol extinction can 
be retrieved higher. For altitudes above 25 km, the aerosol 
contribution becomes about 3%, while the 0, contribution 
reaches 90% and the NO, contribution reaches 7%. There- 
fore the aerosol in this region can not be retneved with 
confidence. In the 0.453- and 0.448-pm channels there are 
ozone contributions which reach 30% at high altitudes but 
could be accurately comcted. For both of these channels 

i 
3 

Percent and the channel at 0.385 pm, the NO, and aerosol contribu- 
Fig. 19. Samc as Figure 18, except at 0.525 çun. tions become approximately equal between 22 and 24 km 
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Fig. 21. Same as F i n  18, except at 0.385 pm. 

altitudes. The aerosol contribution increases very rapidly at 
low altitudes, whereas the NO, contribution increases 
equally fast at the higher altitudes. This behavior is reflected 
clearly in the error bars, which are large for the three 
short-wavelength aerosol extinctions above 24 km. 

These remarks generally can be applied to most of the 
SAGE II measurements. However, there are variations that 
are caused either by the temporal or spatial changes of the 
atmospheric state, or by some sudden perturbation. For 
example, the profiles presented here correspond to mid- 
latitudes with a tropopause at about 10 km. As the aerosol 
profiles are related to the tropopause height, their contribu- 
tion will remain important higher at low latitudes. Similarly, 
after a strong volcanic emption the aerosol contribution will 
increase in al1 channels. and the aerosol extinction will be 
retneved more easily and at higher altitudes. 

Two inversion algorithms independently developed at LaRC 
and at LOA for the inversion of SAGE II data have been 
described and discussed. The LaRC algorithm is k i n g  used for 
the operational p m s s i n g  of the SAGE II data, whik the LOA 
algorithm is k i n g  used for validating the operational algorithm. 
Both aigorithms have demonstratecl that SAGE II data can 
provide O, profiles with an uncertaintics of about 10% from 
cloud top height to about 60 km altitude and aerosol extinction 
profües with an uncertaintics of about 10% at the longest 
wavelength channel to an uncertainries of about 30% at the 
shortest wavelength channel over the Junge layer mgion. 

Inverted aerosol extinction profiles at 1.02. 0.525. 0.453, 
and 0.385 pm and the 0, profües have been compared using 
these two inversion algorithms. The agreement is always 

within the error estimates. Very often the differences he- 
tween the two retrievals are much smaller than the estimated 
uncertainties, Le.. for the short-wavelength aerosol extinc- 
tion the agreement between the two retneval values is 
around I&2Wc up to 26 km. whereas the relative error 
reaches 100% around 23 km. Although there are both signif- 
icant similarities and significant differences in these two 
algorithms, a major disagreement between the two retnevals 
would have been disturbing. However, their agreement does 
not necessarily prove that the retrieved values are absolutely 
accurate. For example, both algorithms could be susceptible 
to certain systematic errors and could produce identical 
retrievals which are biased identicallv from the true value. 

Considering both the estimated retrieval uncertainties and 
the differences between the two retrieved values against the 
relative contribution ofeach species in each channel leads us 
to the conclusion that the retrieval of the extinction profiles 
of a species in a given wavelength channel is reasonably 
good only when its contribution to the total extinction 
becomes larger than a few percent. This condition would 
restrict the lower altitude limits at about 10 km for the ozone 
retrieval and an upper altitude limit of about 25-27 km for the 
aerosol extinction profiles at 0.525, 0.453, and 0.385 pm at 
the European latitudes during the time period in 1984-1985. 
The upper altitude limit for the aerosol extinction profile at 
1.02 jm is due to the rapid decrease of extinction level 
leading to transmission values close to unity, which typically 
occurs at about 30 km height at mid-latitude. The range of 
good quality of the retrieved values will be slightly different 
for different latitudes, seasons, and atmosphenc States. 
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2 Intervalidation des expériences SAGE II et RADIBAL 

. U=a rdidations de l'expérience SAGE II ont été entreprises : 

-aux USA au moyen d'expériences utilisant des compteurs de particules ainsi que l'enregistrenieiit 

des profils de rapport de rétrodiffusion obtenus avec un lidar. 
,cc.+ -en Europe avec également des mesures lidar (P. Gobbi, H. Jager et G. Mégie), et une meth- %< 

I i$ 

M. Herman et R: S élement par comparaison à 

des mesures sol "Ackerman et à des 

es d'environ 16 à 

eilcourageantes 

& , ,i . '  . ,8, - , * c g , f  - q  ? f - J  '.., 
1986 en collaboiatio~ avec S. Diallo 'dihi' le cadre de sa* thèsë:"~a d e r i è n  cokparaimn p o t  ,, 

laquelle nous avons également &spoaé de niesures lidar (procutbs par H. Jager de Garmisch- . 

Partenkirchen, RFA) s'est montrêe qyore ide .fois par@eulièrement satisfaisante pour A**; - * 
, , , '  : 

est des profils d'extinction; '~n'+&e wui Èoricétneile radn-des panicules I'acmrd entrex kp~:~: 
. :: 

hultats RADIBAL et S A G ~  II es?t*ut à iaiiToriict dans l a  couche prinlipale, L dll(i;$! 
do 15 km à environ 21 km. Aux niveaux. plus dev& les dimensions des aérosols dd --tes d;,I<, 
mFuras SAGE II décroissent tandis que ,pelles déiiv&s de l'expérience BADIBAL demeureut 

e~bnriMement constantes (7)(8). 
n r .  

L'exploitation des vols ballon a 6th suspendue à la suite du ddpéi,rt 'de SI Diallo et j'ai 

sat~epris en 1990 l'analyse de nouvelles mesures de polarisation effectueeî en 1987 et 1989.' 
, .< 

.,$$& .qer deux vois je disposais de mesures SAGE II avec en complément pour 1987 des tirs 

lik ~4slisés par H. Jager à Garmisch-Partenkirchen. J'ai fait cette fois une 6tude très précise. 

da' bilan d'erreur sur toutes les expérienees. Comme précédemment les résultats sont con- 

eardants en ce qui concerne les coefficieiit d'extinction. Les dimensions des aérosols obtenues 

,& le$ deux expériences sont aussi très voisines dans la couche principale; au dessus de cette 

miche des différences notables apparaissent. C; travail est actuellement soumis pour nilhli- 

/ ca~ion à J. Geophys. Res. (10). 
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ABSTRACT 

A balloon-borne polarimetric experiment (RADIBAL) 
was developed in 1983 for the purpose of monitoring 
the stratospheric aerosols from limb scannings of the 
radiance and polarization of the scattered sunlight. From 
December 1983, the experiment was launched ten times. 
Three fiights were conducted, within a European cor- 
relative experiment program, in conjunction with pas- 
sages of SAGE II. The aerosol characteristics, as de- 
rived from the SAGE II and RADIBAL experiments, 
are compared. 

1. DESCRIPTION OF THE EXPERIMENTS 

The RADIBAL experiment is designed to retrieve 
the aerosol scattering properties-phase function p(0) 
and polarization ratio for single scattering P(0)- at 
near infrared wavelengths: 850 and 1650 nm (Herman 
et al. (1987)). For this purpose, a narrow field of view 
polarimeter is h e d  on a stratospheric platform, and by 
rotating the platform, the radiance and polarization of 
the scattered sunlight are measured in an horizontal 
plane in different directions. The baiioon munding al- 
lows observation of the acrosol scattering features for 
aititudes ranging from about 15 to 30 km. Flights are 
conducted near sunriw or sunset, with solar elevations 
ranging from O0 to about 30" to 35' during the sound- 
ing. 

In order to retrieve the acrosol characteristics, the 
signais have to be corrected from (à) the known molec- 
ular contribution, (ii) some amount of multiply scat- 
tered light and (iii) scattering from the diffuse upward 
tropospheric radiation field. Molecular and multiple 
scattering contributions are smaii terms. Multiple scat- 
tering is estimated from Monte Carlo calculations for 
standard stratospheric models. The correction of the 

tropospheric contribution is based also on signal mod- 
eling, as a function of the troposphere reflectance. It is 
important only for large solsr elevations; Say h, > 10". 

From the corrected signais, the aerosol slant optical 
thickness T,, and the single scattering functions, p(0) 
and P(0) are derived for the two observation wave- 
lengths. As a final step, inversion of p(9) and P(0) 
dlows estimation of the aerosol size distribution func- 
tion, n(+) (Santa et al. (1988)). By ~ s u m i n g  a log- 
normal distribution: 

the inversion provides vertical profiles of the distribu- 
tion parameters, t(z) and u(z). 

The SAGE II experiment is designed for the mon- 
itoring of NO,, 0 s  and stratospheric aerosols, £rom 
transmission measurements of the solar beam through 
the stratosphere at six wavelengths: 385,448,453, 525, 
600 and 1020 nm (Mauldin et al. (1985)). The mea- 
surements are first corrected from the known molecu- 
lar contribution. At 1020 nm the resulting total slant 
optical thickness is just the aerosol slant optical thick- 
ness, since this channel is free from gaseous absorption 
(Brogniez and knoble (1987)). By using the Chahine 
scheme, the transmission profiles are inverted to yield 
vertical profiles of the total extinction coefficients.These 
profiles in turn, are processed to derive the NO, and 
Os concentration profiles and the aerosol extinction co- 
efficients profles, u!(~) at four wavelengths (1020, 525, 
453, 385 nm). The quality of the aerosol data is lesser 
at the short wavelengths than at 1020 nm, because of 
the influence of NO,, O1 and of a larger molecular 
correction. Finally, the information about the aerosol 
size distribution may be obtained from the spectral be- 
haviour of uî(z) (knoble and Brogniez (1985)), in the 
form of the vertical profiles of the parameters, ~ ( z )  and 
~ ( z ) ,  of the assumed log-normal size distribution. 

Copyright @ 191)3 A. PuMbhiag 
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2. RESULTS 

Three cornparison flights were launched £rom the The comparison between the aerosol size character- 
CNES baiioon Center of Aire sur l'Adour, South-West istics is more delicate. In order to validate the SAGE 
of France (43.4' N;  0.15' W). Table 1 gives the dates II aerosol data at the shorter wavelength channels, we 
of the flights and the mean distances between the ver- first compare on Figures(2) the ratios 
tical stratospheric columns sounded by SAGE II and 
RADIBAL. 

Rx(z) = uX(z) 
602onn(z (2) 

TABLE 1: LOCALISATION OF SAGE II 
AND RADIBAL 

We first compare in Figure 1 the aerosol slant optical 
thickness r o ( z )  at 1020 nm. From SAGE II, except for 
molecular correction, ro ( z )  is directly derived from the 
data and the resulting profle is quite accurate. For 
RADIBAL, interpolation at 1020 nm £rom measure- 
ments at 850 nm and 1650 nm is based on the retrieved 
model, with a negligible error; the error bars onballoon 
data in figures correspond to the errors in the absolute 
caiibration. Systematic discrepancies larger than the 
caiibration error are observed in some occasions but, 

Dates 
11 - 28 - 84 
10 - 12 - 85 
04 - 21 - 86 

on account of the distances between the two sound- 
ings, such differences are not surprising. In the same 
conditions, sirnilar departures are observed between re- 
sults derived £rom SAGE II, lidar soundings and limb 
photometry experiments. There is a general good con- 
sistency between the profiles retrieved from SAGE II 
and the balloon data, and a very good agreement was 
achieved on April 21 1986. 

for X -385, 453 and 525 nm respectively. RA(z)  is de- 
rived from the SAGE II data as explained previously. 
For RADIBAL, RA(z)  is calculated according to the 
scattering properties of the retrieved aerosol model. 
The general trends in RA(z)  are in agreement. The 
error bars on the RADIBAL data correspond to the 
uncertainty in the aerosol model resulting irom errors 
in calibration and in estimates for multiple scattering, 
molecular contribution and troposphenc iight contami- 
nation. Theuncertainty A R  on SAGE II data is shown 
on the curves for the third flight, where the two extreme 
curves present respectively R + A R  and R - AR. It 
is quite large, especiaily at higher altitudes, so that, 
within this error, the two experiments are certainly 
consis tent . 

RADIBAL 1 SAGE 
0.15'W 43.4' N 1 16.76OE 45.18O N 
0.15'W 43.4' N ; 7.10°W 41.25'N 
0.15'W 43.4' N 1 2.90°W 48.34ON 

We compare finaily estimates of the aerosol size dis- 
tribution parameters. Rather than r ( z )  and a ( z ) ,  we 
compare the resulting effective parameters r e f f ( z )  and 
v e f f ( z )  of the distributions i.e: 

Distance 
1357 km 
619 km 
589 km 

and 
v , f f  = eu' - 1 (4)  

Apr. 21.86 
_ y - I . . . L 1 i - i i a  

Fig. 1: aerosol slant optical thickness ro ( z )  at 1020 nm. Full lines: SAGE II 
results. Dots with error bars: RADIBAL results. 



which are known to be more representative of the aerosol 
scattering properties. Comparisons are shown on Fig- 
ure 3. At least for lower aititudes where the estimates 
of SAGE II are reasonably accurate, the derived el- 
fective radius are in a good agreement. The decrease 
with altitude of the particle mean dimension is a gen- 

B.S. DULU)  Eï AL. 

eral feature which is retrieved by the two experiments. 
Consistency between the retrieved effective variances 
is no more than qualitative; this is not too important, 
however, since the aerosol radiative properties depend 
mainly on r.,, and to a lesser extent only on TI.,,. 

Apr. 21.86 385nm 
10 

O 2 4 6 8  

R (A-385  nm) 

Fig. 2: RA(z) profiles at 385, 453 and 525 nm. Full lines: SAGE II results. Dots 
with error bars: RADIBAL results. For the third fight, the SAGE II estimated 
accuracy is indicated by the extreme profiles. 
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3. CONCLUSION 
25 ,  , 

h Because of the high sensitivity of polariza- 
E tion to the aerosol properties especially at 

w 
N 20 near infiared wavelengths, RADIBAL ob- 

w servations are dearly more efficient than the 
Q . . SAGE II data for aerosol characteristics re- 
3 
c 15 trieval. The fits in Figures therefore provide - + a correct validation of the SAGE II aerosol 
A data. According to the observed fits, the er- 

Nov.ll.84 refr Nov. 11.14 veff - rors in Rx(z) es estimated £rom thu SAGE II 
measurements should be somewhat overesti- 
mated r.nd the aerosol data quaiity of SAGE 
II are probably better than indicated. 

O 0.2 0.4 0.6 0.8 
E F F E C T I V E  V A R I A N C E  

Fig. 3: Effective values profiles ref ( 2 )  and 
veff(z). Fuii lines :SAGE II results. Dashed 
Lines: RADIBAL results. 
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European Validation of SAGE II Aerosol Profiles 

M. A C K E R M A N , ' . ~  C. BROGNIEZ,~  B .  S.  DIALLO,' G .  FIOCCO.~ P. GOBBI, '  

M. H E R M A N . ~  M. J A G E R , ~  J .  LENOBLE,? C. LIPPENS,~  G .  MÉGIE.' 

J .  PELON.' R. R E I T E R , " . ~  AND R. SAN TER^ 

A SAGE II  validation program has been performed in Europe using ground-based lidars and 
balloon-borne polarimetric and photographic experiments. Between the tropopause height and about 
23 km. good agreement is found between the SAGE II 1.02-pm extinction profiles and the lidar 
profiles. using for the conversion of backscattering into extinction an aerosol model consistent with the 
SAGE II spectral extinction. The extinction profiles deduced from the limb photographs at 0.44 and 
0.375 pm present agood agreement with the SAGE I I  profiles at 0.453 and 0.385 pni. respectively. The 
size distribution retrieved from the near-kfrared polarimetric observations leads to a spectral variation 
of the extinction in good agreement with SAGE 11 data in the same altitude range. Above 23-25 km the 
observations are scarce and the data of poorer quality because of the low aerosol content. The 1.02-pm 
extinction profiles seem to agree with the ruby lidar and the limb photograph profiles. But any 
conclusion concerning the short-wavelength profiles and the size distribution at these high altitudes 
would be risky. 

SAGE II provides aerosol extinction profiles at 1.02, 
0.525, 0.453, and 0.385 prn. The 1.02-pm channel is free 
from any other contribution except the Rayleigh correction, 
which is not too large for rnost of the altitude range. The 
results are retrieved without difficulties alrnost down to the 
ground level in cloud-free cases. The upper lirnit of retrieval 
is due to the low aerosol concentration. which leads to 
transmissions very close to 1 above sorne altitudes (around 
30 km at rniddle latitudes), for the present state of the 
atrnosphere; smoothing procedures allow retrieval at higher 
altitudes, but with increasing error bars. The three short- 
wavelength channels are contarninated by ozone and nitro- 
gen dioxide absorption; the separation of these contributions 
has been discussed by Chu et al. [this issue]. The upper lirnit 
of a reasonable quality retrieved profile is probably a little 

I below 30 km for the three channels. because of the increas- 
1 ing contribution of 0, and NO2 with altitude. Moreover, the 

1 Rayleigh correction increases toward the short wavelengths. 
leading to an increasing error in the retrieved extinctions and 

1 limiting the retrieval to altitudes above 8, 10, and 14 km for 
the 0.525, 0.453-, and 0.385-pm aerosol extinction profiles, 
respectively . 

The aerosol extinction depends on their total number 
density and on their size distribution. as well as on their 
shape and refractive index; they are generally assurned to be 

'Authors are listed in alphabetical order. 
'Institut d'Aéronomie Spatiale de  Belgique. Brussels, Belgium. 
'Laboratoire d'optique Atmosphérique. Université des Sciences 

et Techniques de Lille. Villeneuve d'Ascq. France. 
41nstituto di Fisica "Guglielrno Marconi". Universita Degli Studi 

Rorna. Rome, Italy. 
Slnstituto di Fisica dell'Atmosphere. Consiglio Nazionale della 

Ricerche, Frascati, Italy. 
'Institut für Atrnospharische Umweltforschung. Garmisch- 

Partenkirchen, Federal Republic of Germany. 
'Service d'Aéronomie du Centre National de la Recherche Scien- 

spherical droplets of an aqueous sulfuric acid solution. This 
means that there is no direct. simple validation experiment 
for the aerosol data as there is for the gas data. where only 
one pararneter (the gas concentration) has to be measured. 
The rnost direct approach is to measure in situ the absolute 
size distribution n(r )  of the particles (including the total 
number N = 10 n( r )  dr per unit volume) and to compute by 
Mie theory the extinction profiles to be compared to the 
SAGE II extinction profiles. This can be achieved by various 
instruments, such as wire impactors. quartz crystal mi- 
crobalance (QCM) rnultifilters. and optical counters [Russell 
et al. .  1981, 1984; Oberbeck et al.. 1986: Osborn et a l . .  this 
issue]; however, al1 instruments have limitations in the range 
of sizes detected. Another approach consists of using other 
scattering measurernents that should be consistent with the 
SAGE II extinction profiles. The best known exarnple of this 
procedure is the lidar backscattering profile. The backscat- 
tering data have to be converted into extinction profiles. 
using a model of the aerosol size distribution and the Mie 
theory; for consistency, the sarne rnodel must reproduce the 
spectral variation of the extinction deduced from the four 
SAGE II aerosol channels. 

During the correlative experiments made in Europe [Le- 
noble, this issue]. ground-based lidars were used at four 
different stations: the results are presented in section 2. Two 
other scattering techniques have been sirnultaneously used 
from balloon platforms: photographs of the Earth's limb and 
infrared polarimetric rneasurernents. These are presented 
with sorne details in sections 3 and 4, respectively. Analysis 
and cornparisons of the results are discussed in section 5. 

Nd: Yag lasers operating at 0.532 pm have been used at 
the Observatoire de Haute Provence (OHP), Frascatti, and 
Florence. and a mby laser operating at 0.694 pm has been 
used at ~armisch-partenkirchen. All of the lidar vrofiles are 

tifique. Verrières-le-Buisson, France. corrected for extinction; the three lidars are calibrated 
'Now at Consulting Bureau. Garmisch-Partenkirchen. Federal assum,ng R,i, = in the range 3 ~ 0  km. ~h~ 

Republic Gerrnany. 
laser allows retrieval of the profiles up to altitudes higher 

Copyright 1989 by the Arnerican Geophysical Union. than the Nd: Yag laser, because of the smaller contribution 
Paper number 89JW0242. of Rayleigh scattering at the larger wavelength. The data 
0 148-0227189189J D-00242SO5 ,130 provided by the experimenters are the backscattering ratio 
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R = (baer + bmol)/bmoi, versus the altitude; baer is the aerosol 
and bmOl the molecule backscattering coefficient. 

The aerosol backscattering is deduced from R and bmo' 
(computed for a standard atmosphere). The aerosol extinc- 
tion coefficient is related to the backscattering coefficient by 

where pa"(A, 180") is the aerosol phase function (normalized 
at 47r). The exact phase function, which depends on the 
characteristics and size distribution of the aerosols, is un- 
known. Therefore it is replaced by the phase function 
computed for an "aerosol model." The same model is used 
to transform d e r ( A )  into der(1.02) for comparison with the 
SAGE II profiles at 1.02 pm. The following transformaticn 
equations are used: 

or combining (2), (3), and (4), 

where 

K(A) = [Pr (~)pacr ( r \ ,  18O0)/dCr(1 .02)lmodeI (6) O .i .2 .S 4 .S .6 r d  ( p m )  

we have chosen to the lidar data with the  SA^^ II Fig. I .  Lidar conversion factor K(A) versus the effective radius r , ~  
for aerosol LND models; particles are 75% H,SO, at 220 K. 

profiles at 1 .O2 pm, because they are of better quality and are 
retrieved at higher altitudes than the SAGE II profiles at 
0.525 pm, which are closer to the lidar wavelengths. Simi- 
larly, the statistical error AR due to signal Auctuations is 
transformed into an error ABCr(1.02). The conversion of 
backscattering at A into extinction at 1 .O2 pm has been made 
with vanous models, and it has proved insensitive to the 
detailed shape of the size distribution, the main parameter 
king the effective radius re, and the effective variance v,,, 
defined by 

The simplest choice for modeling is a lognormal size 
distribution (LND): 

n(r) = (NI$% In s) exp - -5 [ In2 r'rlnI (9) 
The r,, and v,, are related to the mean radius r,, and the 
variance s by [Lenoble and Brogniez, 19841 

reg = r, exp (2.5 ln' s) (10) 

vcn = exp (ln2 s) - I ( i l )  

Figure 1 presents the conversion factor (K(A) = Ber(A) 
paer(A, 180°)/dxr(1.02) versus re, for LND models (75% 
H,SO, droplets at 220 K). with v,, = 0.25 (s = 1.60), for the 
two lidars. It varies siowly for r,, larger than 0.20 pm and is 
almost constant for r,, larger than 0.30 Pm: but it increases 

very rapidly for smaller particles. Similar curves can be 
drawn for other values of v,,. However, the influence of v,, 
becomes large only for particles smaller than 0.20 pm; it is 
almost negligible for r,, -. 0.30 Pm, as K increases with v,, 
for r,, > 0.30 c«n and decreases for r,, < 0.30 pm. For 
example, the curves corresponding to v,, = 0.1 and v,, = 
0.58 at A = 0.532 Pm are shown in Figure 1. 

The resuits of the IidarISAGE II profile cornparisons will 
be presented, using for the conversion of backscattenng into 
extinction the model (or models) with v,, = 0.25, which 
gives the best agreement between the two profiles. The 
choice will be checked for consistency with the SAGE II 
spectral extinction andlor with the in situ observations in 
section 5. 

The four periods of observations were November 1&13, 
1984. November 27-30. 1984, April21-23, 1985. and October 
12-14, 1985: the locations of the SAGE II events and of the 
groudd stations are presented by Lenoble [this issue]. 

2.1. November 10-13, 19û4 

During the period from November 10 through 13, 1984, the 
aerosol layer was very unstable on the local scale, as shown 
by the in situ balloon observations, and on the scale of the 
observation zone, as proved by the important differences 
between the six SAGE II profiles. The lidar profiles obtained 
at OHP and at Garmisch-Partenkirchen on November 11  are 
also quite different, as are the profiles obtained at OHP on 
November 1 1 and November 13. However, on November 13 
the situation seems to stabilize and the two SAGE II profiles 
at 8.49"W (1703 UT) and 15.8"E (1527 UT) are very similar; 
this allows a comparison with the OHP lidar profile obtained 
at the same latitude and 6"E, from 1705 to 1817 UT (Figure 
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Fig. 2. Comparison of aemsol extinction profiles at 1.02 pm Fig. 3. Same as Figure 2 except on November 27. 1984: solid 
from SAGE I I  and retrieved from lidar backscattering with a LND curve. SAGE 11. 1457 UT. 46.53'N. 18.63OE; dashed curve. lidar 
model ver = 0.25 (sec text) on November 13, 1984: solid curve. OHP. 1720 UT. MON. 6'E: dotted curve. Garmiwh-Panenkirchen 
SAGE 11. 1703 UT, 44.62ON. 8.49'W; dash-double-dotted curve: lidar. 47.J0N. I IoE (aerosol model: r., = 0.25 pm. z c 21 km: rem = 
SAGE 11. 1527 UT. 44.50°N, IJ8IoE (error bars omittedi: dashed 0.10 rm.  21 km < z < 25 km; re, = 0.05 pm, ; > 25 km), 
curve, OHP lidar, 1705-1817 UT. 44"N. 6"E (aerosol model: r,, = 
0.35 pm). 

particles would give better agreement than the model with 
2). The agreement 1s very good above 18 km and certainly reff = 0.05 Fm, but the accuracy of bath the SAGE II and the 

within the enor limits of the lidar below 18 km the lidar profiles is probably not good enough at these altitudes 

differences are  probably due to  the variability of the aerosol give a definite The errer bars O n  the 

layer. ~h~ convers~on from backscattenng into extinction Garmisch-Partenkirchen lidar profile have been given every 

haS been made with a =ND model, reff = 0.35 for 2 km: they are somewhat larger for the OHP lidar profile. 

altitudes. But a s  mentioned earlier, the conversion is not 
very sensitive to  the effective radius in this size range and 4 0  
any model with r,, between 0.20 and 0.50 p m  would lead to 
a similar agreement. 

2.2. November 2630, 1984 

For the period November 2G30, 1984. the situation was 
more stable. From the eight S A G E  II profiles, only the 
western profiles of November 28 and 29 seem to correspond 
to a different air mass with more aerosols above 25 km; the 
other six profiles (eastern profiles for the whole penod and 
western profiles for  November 26 and 27) are very similar. 
The several lidar profiles obtained during this penod (OHP, 
November 27-29; Frascatti, November 28-30; Garmisch- 
Partenkirchen, November 27) confirm a good stability for the 

10: aerosol layer over  the zone and the period. This provides 
conditions much better than during the middle of November 
for a comparison program. Figures 3, 4, and 5 present the 
results of  these comparisons. For  November 27 (Figure 3). 
two lidar profiles a re  available: one from O H P  up  to 25 km O; 
and one from Garmisch-Partenkirchen up to 30 km. T o  1 " .  ... i . . -  

loJ 10-4 O -  1 NT e obtain agreement with SAGE II, the conversion from back- 
scattering into extinction has to  be made using models with u(km-1) 

a particle size decreasing with altitude z; we have used rc, = Fia. 4. Same as Figure 2. except on November 28. 1984: solid 
0.25 gm forz < 21 km, rcff = 0.10 for 21  km < < 25 km, curve. SAGE I I .  1509 UT. 45. I r N .  i6.76'E: dash-double-dotted 

curve, SAGE 11. 1645 UT. 45.07ON, 7.36"W ierror bars omitted); and reff = Irm for ' 25 km;  a graduai change 
reff with dashed curve, OHP lidar. 1657-1830 UT, MON, 6.E; long-dashed 

altitude is more likely than an abrupt one. but ~ h o u l d  appear CUM. Frascatti lidar, 1800 UT. 42'N. I3.E (aerosol model: r., = 
around 20-22 km and 25-26 km. Above 28 km. even smaller 0.25 rm).  
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Fig. 5. Same as Figure 2. except on November 30. 1984: solid Fig. 6. Same as Figure 2. except on April 21. 1985: solid curve. 
c u w e .  SAGE 11 1533 UT. 41.40°N, 13.6I0E: long-dashed curve. SAGE II .  average of five profiles (April 21-23 between 50.14" and 
Frascatti lidar. 1936 UT, 42"N. 13"E (aerosol model: r,, = 0.35 Fm). 43.80°N and 7.20°W and 21.29"E) with standard deviations: dotted 

curve. Garmisch-Partenkirchen lidar. April 21. 47.SoN; II0E 
(aerosol model: r,, = 0.35 Fm. z < 21 km; r,, = 0.10 Fm, z > 21 

The two lidar profiles agree with each other reasonably well. km). 
as well as with the SAGE II profile above 15 km: below this 
level they exhibit oscillations. probably due to local condi- 
tions. For November 28 (Figure 4) the conversion has been 2.4. October 1985 
made with r,, = 0.25 pm up to 23 km, which is the upper 
limit of the lidar profiles (OHP and Frascatti). The agreement In October 1985 the six SAGE II profiles are rather 

between the OHP lidar and the SAGE II profiles is very similar, but not as similar as in April. Lidar profiles were 

good; the Frascatti lidar leads to somewhat smaller extinc- obtained at OHP for 4 successive days, and they show a 

tions below 20 km. November 30 (Figure 5) corresponds to good stability of the aerosol layer at this station. Figure 7 

the closest coincidence. as the SAGE II tangent point is 
about 90 km from Frascatti. The conversion has been made 
with r,, = 0.35 pm, and the agreement between the Frascatti 40- , . , . , , 
lidar and the SAGE II profiles is almost perfect in the z(km): 
altitude range of the lidar profile (12-22 km). 

2.3. April 1985 30: 
In April 1985 the five SAGE II aerosol profiles available 

over the zone are almost identical, pointing to very stable 
conditions for the aerosol layer. Unfortunately, weather 

1 ' * '". . . i  I ..- 
l 
\ 

\\ 
\ 
\ 

conditions did not permit lidar observations. except at 201 
Garmisch-Partenkirchen on April 21. As the SAGE II tan- 
gent points were not very close to Garmisch-Partenkirchen 
on April 21, and considering the homogeneity mentioned 
earlier. we have chosen to make the comparison with the 

10 average SAGE II profile for the considered zone and period. 
The result of this comparison is presented in Figure 6. The 
bars on the SAGE II average profile in Figure 6 are the 
standard deviations; they are of the same order as the error 
bars on individual profiles. No error bars have been given for 
the lidar profile, but the errors can be expected to be of the 0 ;  , , . ,.. 1 " . .'.'.I . . . S . . . . ,  . . . .-.a 
same order as in Figure 3. The conversion of backscattering loJ 1 4 1  1 ~ '  10' 1 ~ '  10' 
into extinction had to be made with r,, = 0.35 pm below 21 u ( k m - 4  
km and r,, = 0.10 pm above that level in order to find the 

i-ig. 7. Same as Figure 2. except on October 12, 1985: solid best agreement between two profiles; the change of curve, SAGE 11. 0502 UT. 4I.OTN. 17.03OE; dashed c u r ~ e .  OHP 
particle size seems rather abrupt between 2û-22 km. The ]idar, 1 ~ 1 9 2 0  UT,  ON, OE ( 1 ,  aerosol mode1 reR = o. 17 Fm; 2, 
agreement is within the error bars. aerosol mode1 deduced from polanzation measurements). 
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compares the OHP lidar profile for the evening of October 12 
with the SAGE II moming profile on October 12, approxi- 
mately IO0 east of OHP. The SAGE II profile at about 14" 
West of OHP is very similar above 16 km and so are the two 
profiles for the morning of October 13, however. with values 
slightly higher above 21 km for the eastern profile. Below 16 
km the four profiles are quite different, and no comparison 
can be sought. A good agreement above 16 km is found by 
using an aerosol model with r,, = 0.17 pm for the conversion 
of the lidar profile. 

In conclusion, the extinction profiles retrieved from lidar 
profiles seem in reasonably good agreement (generally 
within the error bars) with the SAGE II extinction profiles at 
1.02 prn, provided r,, is chosen suitably. The best validation 
is obtained on November 30, 1984, where there is a close 
coincidence in time and location between the SAGE II and 
the Frascatti lidar profiles (Figure 5). The periods of stability 
of the aerosol layer allow rather good validations with 
noncoincident observations; this is the case for April 21-24, 
1985 (Figure 5). The conversion of backscattering lidar 
profiles into extinction profiles has to be done with variable 
models, the particle sizes being generally smaller at high 
altitudes. The consistency of the choice of the model with Fig, 8. Companson ofaerosol extinction profiles from SAGE 11 
the other observations will be discussed in section 5 .  on November 10. 1984, at 1627 UT, 37.80°N. 5.27"E; (dash- 

double-dotted curve) and SAGE on November 1 1 ,  1984. at 1639 UT. 
40.50°N, 0.56"E (solid curve) and from balloon limb photographies 

3. BALLOON LIMB PHOTOGRAPHS on November 10, 1984. at sunset, launch site MON, O" (thin solid 
curve): SAGE 11 A = 0.453 pm; balloon A = 0.44 Fm. 

Photographs of the limb radiance were made from bal- 
loons at Aire sur l'Adour by the Institut d'Aéronomie 
Spatiale de Belgique (IASB); the photographs were made for 
low Sun elevation, at various solar azimuths for two wave- 
lengths (0.84 and 0.44 pm) during the first flight and for three 
wavelengths (0.84, 0.44, and 0.375 pm) during the second 
flight [Ackerman et al., 19811. The extinction is deduced 
from the radiance measured at 30" scattering angle, and the 
Rayleigh extinction is subtracted to obtain the aerosol ex- 
tinction. Only direct solar radiation falling on the atmo- 
sphere is considered, since the solar elevation is low and 
since it has been checked that the effects of illumination by 
clouds or lower atmosphenc layers are negligible. Only 
single scattering is taken into account, which is reasonable, 
since only observations at low extinction are used. Most of 
the uncertainties originate from film calibration (120%). A 
value equal to 3 is used for the phase function at 30". The 
uncertainty is here equal to I 15% for a range of asymmetry 
parameters from 0.4 to 0.7. Two flights took place. on 
November 10, 1984, and April 22, 1985. They were simulta- 
neous to flights of the polarimetric instrument described in 
section 4. 

3.1. November 10, 1984 

On November 10, 1984, the photographs confirm the 
aerosol layer inhomogeneity mentioned previausly (section 
2). To the south of the balloon position, well-marked vertical 
structures were observed [Ackerman et al..  19851. Toward 
the north a much smoother vertical profile was observed. 
The SAGE II tangent point on November 10 is rather far to 
the southeast, over the Mediterranean Sea. and the SAGE II 
profiles on November I l ,  closer to the balloon launch site. 
are completely different than the November 10 profiles. We 
have therefore chosen to compare the balloon profiles with 
the two SAGE II profiles of November 10 and I I in Figures 

8 and 9. Figure 8 compares the balloon profile at 0.44 pm 
with the two SAGE II profiles at 0.453 pm; we have not 
introduced a correction for the small wavelength difference. 
Figure 9 concems the comparison at 1.02 pm; the balloon 
profiles at 0.84 pm have been converted to 1.02 pm, using 
two aerosol models with r,, = 0.28 pm and r,, = 0.05 pm, 
respectively, but the conversion is not very sensitive to the 
model. At 1.02 p m  the balloon profile on November 10 and 

Fig. 9. Same as Figure 8, except A = 1 .O2 Fm. Balloon data are 
converted from 0.84 to 1.02 pm with LND aerosol models, v,, = 
0.10: 1 ,  r,, = 0.05 Fm; 2, reo = 0.28 pm. 
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Fig. 10. Comparison of aerosol extinction profiles from SAGE 
II on April 22, 1985. at 1906 UT. 47.17"N. 2.90°W (solid curve) and 
from balloon limb photographies on April22, 1985. at sunset. launch 
site 44"N. O" (thin solid curve); SAGE II  A = 0.385 em: balloon A = 
0.375 fim. 

the SAGE II profile on November 1 1  are in very close 
agreement, whereas the SAGE II profile on November 10 is 
quite different. At 0.4410.453 pm, the balloon profile is 
between the two SAGE II profiles, with a general shape 
more similar to the SAGE II profile of November 11. 

3.2. Apri l22,  1985 

On April22, 1985, the conditions were very stable, and the 
air mass observed at 30" from the Sun and for a tangent 

Fig. II. Same as Figure 10, except SAGE II A = 0.453 pm; 
balloon A = 0.44 Pm. 

Fig. 12. Same as Figure 10. except A = 0.84 Pm. SAGE II  data 
are converted from 1 .O2 to 0.84 Pm with L N D  aerosol models. ver = 
0.25; rem = 0.35 Pm. z < 22 km; r,, = 0.10 Fm, z > 22 km. Solid 
circle is from balloon extinction. 

height of 20 km was very close to the SAGE II tangent point 
[Ackerman et al . ,  19871. Figure 10 compares the balloon and 
the SAGE II extinction profiles at 0.375 and 0.385 prn, 
respectively; Figure I I  gives the same comparison for 0.440 
and 0.453 Pm; the error due to the small difference in 
wavelength is in both cases srnaller than 5%. and we have 
not found necessary to introduce a correction. Figure 12 
presents the comparison of the balloon and the SAGE II 
extinction profiles at 0.84 pm. The SAGE II profile at 1.02 
pm has been converted to 0.84 pm, using a LND model(v,, 
= 0.25) with an effective radius of 0.10 pm above 22 km and 
0.35 pm below 22 km, i.e., the model which gives the best 
agreement between lidar and SAGE II profiles (section 2, 
Figure 6); however, the conversion between 1.02 and 0.84 
pm is not very sensitive to the choice of the model, as 
mentioned above. The balloon profiles exhibit oscillations 
which are smoothed on the SAGE II profiles. Above 21 km 
the general agreement is very good up to 26-28 km for the 
0.4410.453-pm and the 0.37510.385-pm profiles, and up to 32 
km for the 0.84-pm profile. Below 20 km the balloon profiles 
deduced from scattering could be of poorer quality. How- 
ever, in this case the photographically measured extinction 
becomes significant and hence reliable. The value of aerosol 
extinction (total extinction minus Rayleigh and O, extinc- 
tion) deduced from the balloon data agrees well with SAGE 
II results at 18 km altitude (Figure 12). Above 26 km the 
error bars on SAGE II profiles become very large for the 
short-wavelength channels and the oscillations of the balloon 
profiles increase toward high altitudes and short wave- 
lengths. However, the balloon extinctions for 0.44 Fm and 
0.375 pm are systematically higher than the SAGE II extinc- 
tions above 26 km, which would point to smaller particles 
observed by the balloon. 

The balloon limb photographs on April 22. 1985, provide 
an almost direct companson with SAGE II profiles, for a 
close coincidence, and in a stable situation. The agreement 
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for the three wavelengths is very good between 21 and 26 
km. 

4. BALLOON POLARIMETRIC OBSERVATIONS 
The instrument [Herman et  al., 19861 is a narrow field of 

view polarimeter operating at two wavelengths in  the near- 
infrared, 0.85 and 1.65 Pm. The scanning is performed in an 
horizontal plane by rotation of the gondola. Measurements 
of the radiance L and of the degree of polarization P at the 
two wavelengths can be made during the ascent and the 
descent or at the ceiling level: the best conditions are sunset 
or sunrise, when the Sun is close to the horizon, allowing the 
scattering angle O to Vary between 0" and 180". The data are 
first corrected for muitiple scattering and for the reflection 
by the ground or by the clouds, in the case when the Sun is 
above the horizon; the radlance is more conveniently ex- 
pressed as a reflectance p = nLIE, where E is the solar 
irradiance. The inversion procedure uses first the polariza- 
tion P(0,) at 1.65 pm (O,, = 100'). assuming that the molec- 
ular contribution is negligible; this defines a farnily of LND 
size distributions (r, versus s); the reflectance do,) are used 
to retrieve the tangent optical depths for the two wave- 
lengths; finally, the polarization P($) at 0.85 pm is used to 
select a model amongst the family found previously. It is 
checked that the reflectance do) and polarization P(0) com- 
puted with this model agree with the measured values for the 
two wavelengths and al1 the scattering angles. 

Four flights took place, one for each period during the 
SAGE II European correlative program. AI1 of the flights 
were launched from the Centre National d'Etudes Spatiales 
(CNES) Center at Aire sur l'Adour in the southwest of 
France. The four flights are briefly described here, and the 
results will be presented in section 5.2. 

4.1. November 10. 1984 

On November 10, 1984 (sunset flight) the aerosol layer was 
very inhomogeneous and unstable around the balloon. The 
data recorded between 14 and 30 km, with a gap due to 
transmission problems between 19 and 23 km, are therefore 
of poor quality. The polarization diagrams can be inverted 
only around 1 6 1 9  km. 

leading to a spectral extinction curve Fr(,+) which could "in 
principle" be inverted to give the size distribution n(r). The 
lidar backscattering profiles have been converted into ex- 
tinction profiles at 1 .O2 prn using the aerosol model withv,, 
= 0.25. which gives the best agreement with SAGE II 
profiles. Of course. varying v,,, within a reasonable range. 
leads to a family of size distributions characterized by (v,,, 
ren), which give the same conversion factor from lidar into 
extinction profiles. The model used for lidar conversion must 
be consistent with the model fitting the SAGE II spectral 
extinction @"(A). The balloon polarization measurements 
lead to a retrieval of the size distribution n(r). which best fit 
the polarization and the reflectance diagrams at 0.85 and 1.65 
pm. This has also to be consistent with the SAGE II spectral 
extinction and with the lidar conversion factor. Finally. the 
balloon limb photographs provide profiles to be compared to 
the SAGE II short-wavelength extinction profiles lsee Fig- 
ures 8, 10, and 1 1). 

Inverting the SAGE II spectral extinction d l e r ( A )  is a 
rather delicate problem, and various approaches have been 
tried in order to retrieve two parameters of the size distri- 
bution. i.e., the effective radius r,, and the effective vanance 
LI,+ or the mean radius r,, and the variance S. The discussion 
of this inversion problem is beyond the scope of the present 
work and will be left for a future contribution. We limit 
ourselves here to deducing the effective radius r,, [Lenoble 
and Brogniez. 19851 for an arbitrary fixed variance (v,, = 
0.25) from the ratio cFr(0.453)/der( 1.02). or more conve- 
niently, from the related mean Angstrom coefficient a for the 
spectral interval 0.45311 .O2 Pm, defined by 

Preliminary tests with a two-parameter retrieval procedure 
suggest that the effective variance is generally smaller than 
0.25 at the low levels below 22 km [Brogniez and Lenoble, 
19891. 

5.1. Consisrency of Lidar Conversion 
Factor With SAGE II Spectral 
Extinction 

November Iû-13, 1984. For this period a stable situation 

4.2. November 28, 1984 is found only on November 13, when a lidar comparison was 
possible (Figure 2). If we look at the Angstrom coefficient a 

On November 28. 1984 (sunrise flight) the conditions were for the wavelength interval (0.453/1.02 from the 
U n f o n u n a t e l ~ *  Ihe bal1o0n did f l ~  24 km. 11 on November 13, it approximately from 0.6 

but good quality data were recorded between 14 and 24 km. 1.8 when the altitude inCresires from I5 to 25 km. painting 
4.3. Aoril22. 1985 to a decrease of the particle effective radius from about 0.40 , ~ - -  

During the flight of April22, 1985 (sunset), the instrument 
broke down at ceiling level. Data were recorded only during 
the ascent between 15 and 22 km and 27 and 30 km. when the 
gondola was not very stable and the Sun was still rather high 
above the horizon. 

10 0.20 pm with altitude; the variation of *'(A) between 
0.525 and 0.385 pm suggests, at least for the low altitudes, a 
rather small effective variance, around O. 1 or a little larger 
than O. 1.  As mentioned earlier, the conversion factor from 
lidar backscattering into extinction is not very sensitive to 
the model for particles with r,, larger than 0.20 pm. and the 

4.4. Ocrober 12, 1985 
The flight of October 12, 1985. took place during sunset in 

good stable conditions, and data were recorded from 16 to 33 
km. However. above 22 km the aerosol content was low. and 
the results are of better quality at low altitudes. 

5. ANALYSIS OF THE RESULTS: VALIDATION OF 

THE THREE SHORT WAVELENGTH CHANNELS 
The aerosol extinction coefficient is retrieved from SAGE 

II data at four wavelengths 1.02.0.525.0.453. and 0.385 pm, 

agreement found between thélidarand the SAGE II profiles 
in Figure 2 would remain had we used the aerosol models 
derived from the SAGE II spectral extinction instead of the 
model r,, = 0.35 pm, rl , ,  = 0.25. 

November 26-30. 1984. For this period the comparison 
between SAGE II and lidar profiles on November 27 (Figure 
3) requires an aerosol model with rCn = 0.25 pm for z < 21 
km, r,, = 0.10 pm for 21 km < z < 26 km, and r,, = 0.05 pm 
for z > 26 km. For the low altitudes, the SAGE II spectral 
extinction suggests r,, between 0.35 and 0.24 Pm (a between 
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0.8 and 1.9, which is consistent with the model (r,, = 0.25 
pm) chosen for the lidar conversion, considering the small 
sensitivity of the conversion factor in this size range. How- 
ever. at higher altitudes, a increases from about 1.3 to 1.9, 
which means a decrease of r,, from about 0.25 to 0.18 pm. 
Small particles, as chosen for the lidar conversion factor, 
would give a around 3; this is absolutely inconsistent with 
the SAGE II extinction values in the short-wavelength 
channels, which are much too low. 

On November 28, as mentioned previously, the two 
SAGE II profiles are different above 25 km but quite close 
between 16 and 25 km, with a small extinction peak around 
2! km for the western profile that does not appear on the 
eastern profile (Figure 4); in the peal' the particles are 
slightly larger (a = 1.2 for the western profile, instead of 1.4 

TABLE 1. Comparison of Aerosol Effective Radius r,, Used for 
LidarlSage II  Best Fit at 1 .O2 p m  and Retrieved From SAGE II 

Extinction Ratio cfc' (0.45)ldcr ( 1.02) 

Date 

November 13. 1984 
November 27. 1984 

November 28, 1984 
November 30. 1984 
April 21. 1985 

October 12, 1985 

Altitude. 
km 

r,, (SAGE I I ) .  
iLm 

at the same level in the eastem profile). The two lidar profiles where we some inconsistency between the choice 
(Frascatti and OHP) are rather different. afid the @HP profile for the lidar and the best fit to 8er(A, at 
agrees with the SAGE Ir Ir Iow altitudes. In  Figure 7 we have also drawn the extinction 
extinction profiles. a increases from 0.65 to 1.8 between 14 profile deduced from the using the aerosol 
and 24 which means re, from t0 model. which fits both the polarization measurements (sec 
Irm; this is again consistent with the choice r,. = 0.35 p m  for discussion in 5,2) and the SAGE II extinc- 
the lidar conversion factor. tion. The agreement with the SAGE II profile is definitely 

On November 30 (Figure 5) we have the closest coinci- as good as that obtaincd with the model veff = O.25, 
dence between a lidar and a SAGE II observation. The r,, = 0.17 Pm, but the disagreement appears only below 20 
conversion factor for an aerosol with reff = Pm km and remains rather small: it rnight be attributed to small 
gives a very good agreement between l 3  and 22 km (upper local or temporal variation of the aerosol, as the observa- 
limit of the lidar profile). In this altitude range the SAGE II tions are exactly coincident either in location, or in tirne. 
Angstrom coefficient varies from 0.6 to 1.4, which corne- These results are summarized in  Table I .  
sponds to particles with r,, decreasing slightly from about 
0.40 to 0.25 pm. This is again perfectly consistent with the 
choice of r,, = 0.35 p m  for the conversion of lidar data. 

April 1985. In April 1985 the aerosol layer over Europe 
during the observation period was very homogeneous and 
stable. The comparison between the SAGE II average profile 
and the Garmisch-Partenkirchen profile on April 21 was 
made using for the conversion factor r,, = 0.35 pm below 22 
km and r,, = 0.10 pm above that level. The SAGE II 
spectral extinction gives r,, decreasing from about 0.35 pm 
at 13 km, to 0.25 pm at 22 km, and then to 0.17 Pm at 30 km 
( a  = 0.9, a = 1.4, and a = 2.0, respectively). This is 
consistent with the choice rem = 0.35 pm for the lidar 
conversion factor below 22 km, but not at higher altitudes, 
where the SAGE II spectral extinction leads to particles 
much larger than the particles which are found necessary in 
order to obtain a good agreement between the lidar and the 
SAGE II profile. Again, we find the same difficulty as on 
November 27: the aerosol rnodel derived from SAGE II 
spectral extinction would lead to a poor agreement with the 
lidar profile at high altitudes, whereas agreement is obtained must be considered with caution. 
by assuming much smaller particles than those given by November 10, 1984. For the flight of November 10, 1984, 
SAGE II short-wavelength channels. The balloon limb pho- Figure 13 compares the tangent optical depth at 1.02 Irm 
tographs (section 3) on April 22 give extinction coefficients observed from SAGE II on November 10 and 11  with the 
larger than SAGE II above 25 km for the short wavelengths 
(Figure 10 and 1 I), pointing to particles smaller than those 
retrieved from SAGE II. But it is difficult with the rapid 
oscillations of the balloon profiles to deduce the spectral 
variation cPer(A) at a given level and to make a quantitative 
comparison with SAGE II size distribution. 

October 12, 1985. On this day the comparison between 
the SAGE II profile and the OHP lidar was made with r,, = 
0.17 pm, between 16 and 25 km, whereas the SAGE II 
spectral extinction leads to re, decreasing from 0.34 to 0.21 
pm with altitude (a between 0.9 and 1.7). It is the only case 

5.2. Balloon Polarimetric Observations 
and Size Distribution 

The balloon polarimetric observations provide radiance 
and polarization diagrams at 0.85 and 1.65 Pm, and their 
inversion leads to the retrieval of two parameters of the size 
distribution, assumed to be lognormal. However, it must be 
kept in mind that the actual aerosol size distribution may not 
be close to lognormal and may not even be monomodal. The 
retrieved size distribution must be understood as one of the 
many size distributions which give a good fit to the radiance 
and to the polarization of the diffuse radiation in the near- 
infrared. The inversion of the SAGE II spectral extinction 
between 0.385 and l .O2 pm is subject to the same rernark as 
the inversion of the polarimetric data; the retrieved size 
distribution is one of many which give a good fit to the 
extinction coefficient in the visible range. Therefore using 
the balloon polarimetric data to validate the SAGE II shon- 
wavelength channels is a rather delicate task, and the results 

tangent optical depth observed by the balloon instmment. 
As noted previously, the SAGE II event tangent point is 
closer to the balloon launch site on November I I  than on 
November 10. The balloon data exhibit strong oscillations 
and have been averaged over 1 km. The balloon optical 
depth values at 0.85 prn have been converted into values at 
1.02 Pm, using an aerosol effective radius of 0.28 pm below 
20 km and of 0.10 pm above 22 km; the influence of the 
model choice is. however. small. The balloon tangent optical 
depth profile given by the polarimeter is closer to the SAGE 
II profile on November 10, whereas the extinction profile 
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Fig. 14. Comparison on April 22. 1985. between the degree of polarization measured by the balloon polarimeter 
(dots) and computed using an aerosol model that fits the SAGE II spectral extinction (solid curve). The degree of 
polarization is given in percent versus the scattering angle. The left side curves are for 0.85 pm and the right side curves 
for 1.65 Nm; the top panel is at 15 km. the middle panel at 18.7 kin, and the bottom panel at 2 1.5 km. 

6.1. Altitude Range Below 23 km 

Below 23 km, we have at our disposal a large series of 
data, including lidar profiles (both ruby and Nd: Yag), limb 
photographs, and polarization diagrams. The main conclu- 
sions are as follows: 

1 .  The SAGE I I  extinction profiles at 1.02 pm agree 
within the error bars with the several extinction profiles 
deduced from the lidar backscattering profiles using a con- 
version factor, consistent with the SAGE II spectral varia- 
tion of the extinction coefficient (Figures 2-7 and Table 1). 
These comparisons comprise one case (November 30, 1984) 
of very close coincidence in time (4 hours) and in location 
(100 km) between the lidar and the SAGE 11 observations, 
and several cases with a very stable and homogeneous 
aerosol layer, as proved by the comparisons between vari- 
ous SAGE I I  and lidar profiles over Europe for the experi- 
ment period. However, the consistency of the chosen back- 
scatter into extinction conversion factor with the aerosol 
size distribution, retrieved from the four-wavelength SAGE 
I I  extinction, does not really validate the SAGE 11 four 
channels because the conversion factor is almost insensitive 

to the aerosol model as long as the effective radius is larger 
than 0.20 Pm, which is the case in this altitude range. 

2. The SAGE II  extinction profile at 1 .O2 pm also agrees 
with the limb photographs profile at 0.84 pm, the conversion 
between 1 .O2 and 0.84 pm being only very slightly sensitive 
to the aerosol model; the agreement is particularly good on 
April 22, 1985 (Figure 12) when the conditions are quite 
stable and the coincidence very close. 

3. The SAGE II tangent optical depth profiles at 1.02 pm 
generally agree within the error bars with the optical depth 
profiles obtained by the bailoon-borne polanmetnc instrument. 

4. The SAGE II  extinction profiles at 0.453 and 0.385 pm 
have been compared directly to the extinction profiles at 
about the same wavelengths deduced from the limb photo- 
graphs. April 22. 1985 (Figures 10 and I I )  corresponds to a 
close coincidence (sunset, less than 100 km between the two 
observations). Despite the oscillations revealed by the high 
resolution of the photographs. the general agreement be- 
tween the balloon and the SAGE I I  profiles is a good 
validation of the two channels 0.453 and 0.385 pm, for the 
altitude range 21-25 km. 



.Fig. 15. (Top) Vertical profiles of the effective radius and 
(bottom) of the effective variance of the aerosol size distribution 
retrieved from the balloon polarimetnc data on October 12, 1985. 
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5. The size distributions derived from the balloon polariza- 
tion measurements and from SAGE II spectral extinction 
generally agree; the extinction ratio profiles d C r ( A ) l d " Y  1.02) at 
0.525.0.453, and 0.385 Pm, computed with the size distribution 
retrieved from the polarization measurements on October 12, 
1985, agree well within the error bars with the corresponding 
SAGE II profiles (Figure 18). This is again a satisfying valida- 
tion of the SAGE II short wavelength channels. 
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6.2. Altitude Range Above 25 km 

Above 25 km, the situation is not as good. Most instru- 
ments failed in observing the low content of aerosols at these 
altitudes, and only a few data remain available: ruby lidar 
profiles on November 27, 1984, and April21, 1985, and limb 
photograph profiles on April 22, 1985. Even these available 
data are not of the sarne quality as at lower levels. On the 
other hand, whereas the SAGE II profile at 1.02 prn remains 

Fig. 16. Test of the inversion of the balloon polarimetric data on 
October 12, 1985. The dots are the measured values. which are to be 
compared with the curves computed with the retneved aerosol 
model. (Top) Reflectance at 0.85 pm (left) and 1.65 pm (right). 
(Bottom) Degree of polanzation in percent at 0.85 pm (left) and 1.65 
pm (right) versus the scattering angle. 
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Fig. 17. Comparison of the tangent optical depth at 1.02 pm, 
measured by SAGE II  on October 12, 1985, at 0639 UT. 41.25"N. 
-7.10"E (solid curvei and by the balloon polarimeter on October 12. 
1985. at sunset. launch site 44"N. O" (solid circles). The conversion 
of the balloon data from 0.85 to 1.02 Fm has been made with the 
aerosol model retrieved from the polanzation data. 
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Fig. 18. Cornpanson of the aerosol extinction ratio P r ( A ) l d " ' (  1 .O21 measured by SAGE 11 on October 12, 1985, at 
0639 UT, 41.2S0N, 7. I V E  (solid curve) and computed using the aerosoi model retrieved from the balloon polarization 
data on October 12, 1985. at sunset. launch site W N ,  O" (solid circles); (Top) Curve on left, A = 0.525 pin, curve on 
right. A = 0.453 m. (Bottom) curve shows A = 0.385 m. 

rather good up to 3û km, the three short-wavelength profiles 
have increasingly large error bars above 25 km. The main 
conclusions for the high altitude range are the following: 

1. The extinction profiles at l.M pm deduced from the 
lidar backscattering profiles can be put into agreement with 
the SAGE II profiles (Figures 3 and 6). using for the 
conversion of backscattering into extinction an aerosol 
model with very small particles (r,, - 0.10 pm to 0.05 pm). 
This choice is inconsistent with the size distribution derived 
from the SAGE 11 spectral variation of extinction. which 
leads to r,, a 0.18 m. I n  this size range the conversion 
factor of backscattering into extinction is very sensitive to 
the aerosol madel, and choosing r,, = 0.18 pm would 
destroy the agreement of the SAGE II and the lidar profiles 
in Figures 3 and 6. 

2. The limb photography profile at 0.84 pm agrees per- 
fectly well (Figure 12) with the 1.02-pm SAGE 11 profile 
converted at 0.84 pm (conversion not very sensitive to the 
model choice). 

3. The limb photography profiles at the short wave- 
lengths show extinction significantly larger than SAGE II 
(Figures 10 and 1 1). This suggests particles with r,, smaller 
than 0.18 pm. but the very large oscillations of the profiles 
do not allow a etrieval of r,. 

Whereas a good validation of SAGE II aerosol extinction 
profiles is obtained below 23 km. i t  seems difficult to draw a 
clear conclusion from the few observations above 25 km. I t  
is likely that the SAGE II 1.02-pm profile, which has small 
e m r  bars, remains good. But the three SAGE II short- 
wavelength channels. as well as the mby lidar profile and the 
limb photographs. have very large uncenainties at these high 
levels; i t  is hard to decide what must be better believed. 

A very tentative guess to explain at least a part of the 
contradiction at high altitudes is that the size distribution 
becornes bimodal: for a fixed value of the ratio d'cr(0.45)/ 
f l r (  1.02). it has been shown [Lenoble and Brogniez. 19851 
that the lidar conversion factor generally increases when a 
second mode is added to a size distribution. Qualitatively, 
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this could reconciliate the SAGE II spectral extinction with 
the choice of the conversion factor necessary to  have 
agreement between the lidar and the SAGE II 1.02-pm 
profile. This could also explain the bad quality of the 
polarization data  inversion and the rapid increase of v,, 
above 23 km. 
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ABSTRACT 

Joint experiments were organized or available during stratospheric 
flights of a photo-polarimeter, referred as RADIBAL. In May 1984, RADIBAL 
flown simultaneously with an other balloon-borne experiment conducted by 
the "Institut d'Aéronomie Spatiale de Belgique" which provides multi- 
wavelength vertical profiles of the aerosol scattering coefficient. At this time, , 

the El Chichon layer was observable quite directly from mountain sites. A 
ground-based station set up at Pic du Midi allowed an extensive description of 
the aerosol optical properties. The IASB and the Pic du Midi observations are 
compatible with the aerosol properties derived from the RADIBAL 
measurement analysis. The ability of RADIBAL to retrieve the vertical profile of 
the aerosol extinction coefficient was also proved during a winter arctic 
campaign by comparison to SAM II data and to airborne lidar data. As a result, 
RADIBAL appears to be a good candidate for in situ validations of the SAGE II 
experiment and its derived products. 

I - INTRODUCTION 

After the El Chichon eruption, during the spring 1982, special attention 
was paid to the stratospheric aerosol observations. Taking advantage of the 

CNES facilities to launch stratospheric balloon, we developped, at the 
University of Lille, a photo-polarimeter, referred as RADIBAL, devoted to be 
set up on a gondolla. A first flight in December 1983 was carefully analysed in 



two articles (Herman et al, 1987; Santer et al, 1988). This first flight 
corresponded to constant level measurements. Since that time, this 
experiment has probed the stratospheric layer on a routine basis twice a year, 
both during ascent and descent of the balloon. Our first goal is to adapt Our 
previous inversion scheme to the balloon trajectory. 

On the other hand, in different circumstances, we had opportunities to 
fly simultaneously with other experiments. First, in May 1984 a ground-based 
station was set up at "l'Observatoire du Pic du Midi". From this 3000 m 
elevation site and with a stratosphere highly polluted by El Chichon, the 
stratospheric layer was quite directly accessible. During the same campaig n, 
photographies at limb were performed as reported by Ackerman et al (1986). 
The intercomparison of the different techniques describing the stratospheric 
aerosol will be achieved. 

The participation of RADIBAL to the CHEOPS (CHEmistry Of the Polar 
Stratosphere) experiment in January 1988 allowed to compare Our 
measurements to SAM 2 data and to the NASA lidar data which 
simultaneously flown onboard a DC8. 

II - THE PHOTOMETRIC EXPERIMENT - RADIBAL 

?le of the e m m e n t .  exDression of the sianal 

A detailed description of the instrument is given in Herman et al (1987) 
and is briefly recalled here. Every minute, the instrument measures the 
radiance and the degree of polarization of the sky light in horizontal directions 
at three wavelengths : 850 nm, 1350 nm and 1650 nm. The photo-polarimeter 
is horizontally set up on the gondolla of a stratospheric balloon which is 
rotated at a uniform rate of 1 r.p.m. At sunset or at sunrise, the radiometer 
scans the full range of scattering angles between O and 180 degrees.The 
horizontal stability of the gondolla is controlled by an inclinometer while its 
azimut is measured by a two axis magnetometer. The solar angles are 
computed from the location of the balloon recorded every 20 seconds. 

We now propose a simple formulation of the signal. The radiance is 
converted into reflectance p expressed in the pnmary approximation versus 
the scattering angle 8 by : 



The subscripts a and R stand respectively for aerosols and Rayleigh. 6' 
is the slant optical thickness. Primary scattering from the direct solar beam is 
proportionnal to the phase function p. The last term corresponds to primary 
scattering from light reflected by the Earth-troposphere system t hat is 
described by its reflectance pG. This term depends upon the solar elevation 

h, . The relevant isotropic contamination is proportionnal to the total optical 

thickness. The transmission term describes both the attenuation of the direct 
solar beam to reach an elementary scattering element within the field of view 
(F.O.V.) of the instrument and the attenuation of the diffuse light. In equation 
(1 ), we suppose the aerosols constant in nature with the altitude and uniformly 
mixed with the molecules. This last hypothesis allows us to factorize the 
transmission term which averagely describes the attenuation of the solar 
beam and of the diffuse light. Santer et al (1988) shown that this formulation is 
still quite valid if the mixture between Rayleigh and aerosols is no longer 
constant. 

The polarization ratio 

depends upon the degree of polarization of the aerosol Pa and of the 

molecules PR. In equation (2), the transmission terrn, which affects in the same 

way the total reflectance and the polarized reflectance, is simplified and the 
tropospheric contamination is supposed to be unpolarized. 

Equations (1) and (2) correspond to the primary scattering 
approximation. Santer et al (1988), using a Monte Carlo code to include the 
multiple scatterings, proved the validity of this approximation. 

on of the s i a d  

At a given level z, we characterize the aerosols by their size distribution 
n(r), their refractive index and their abundance. 

The size distribution is described by a log-normal law 



n(r) = 1 exp ( -  h2r/rm ) 
r f i c  2d (3) 

with two flexible parameters : the mean radius r, and the variance o. 

In standard conditions (Le. except for Polar Stratospheric Clouds 
(PSC)), the aerosols will be considered as hydrated sulfuric aerosol particles 
and the relevant value of the refractive index will be chosen. The aerosol 
abundance is proportionna1 to the scattering coefficient q integrated here with 

the altitude, in respect to the geometry of the experiment, to get the slant 
optical thickness 6,'. Finally, at a given altitude z, the aerosols are described 

by r,, a and 5,'. 

The two other contributors to the signal are the Rayleigh scattering, 
which is computed from the measurement of the barometric pressure at the 
balloon level, and the scattering of the diffuse tropospheric light. The 
determination of the tropospheric reflectance pG requires a special attention. 

We first need to point out that the influence of this term is reduced by working 
around the sunset or the sunrise. A method to get p,, is described in Santer et 

al (1988). The balloon is rnaintained at the same altitude long enough to 
observe the effects of the ground contribution when the solar elevation varies, 
the aerosols being identical one can derive p, through : 

where Po is the polarization ratio for hs =O and C is a constant. 
This strategy was conducted for sunrise flights with an over-night ascent 

and a constant ceiling aiter the sunrise, providing the required h, variations, 

before the descent, for which the gondolla is quite stable, could start. For 
sunset flights, we tried to maintain the altitude of the balloon at the end of the 
descent to wait for the sunset. Unfortunately it appears technically difficult to 
stabilize the balloon. An alternative is to take advantage of available 
measurements during both the ascent and the descent at the same altitude 
(i.e. with the same aerosols) for different solar elevations. Since the gondolla 
is much more stable during the descent, we will invert the signal for a set of 
ground reflectance values. Then we assume that the aerosols are identical 
during the ascent at the same altitude and we compare the measurements to 
the computation achieved with the invert model. The fit provides the suitable 
values of the ground reflectances at the two wavelengths. 

e inversion schem 



Four basic steps are involved in the inversion. 

i) - The aerosol slant optical thickness 6, is derived from the calibrated 

reflectance measurement at h = 1650 nm and for 8 = 30". This angle is 

selected because the phase function for that angle is quite independent upon 
the nature of the aerosols. Moreover, the Rayleigh scattering and the 
tropospheric light influences are small in the forward direction. The 
wavelength h = 1650 nm is selected to reduce the molecular scattering and 

because the aerosol slant optical thickness is much weaker at this 
wavelength, so that the SaS retrieval from the reflectance is more accurate. 

Effectively if we only consider the aerosol contribution, we can express the 
reflectance as 

at sunrise, or as 

when the Sun is high enough above the horizon ( i.e. h, > 5'). In these two 

cases, optical thicknesses of the order of one raises problem. Such values 
can be found in lower altitudes at h = 850 nm. Conversely, at h = 1650 nm, 
the sensitivity of p to 6, is suitable with decreasing optical thicknesses when 

the wavelengt h increases. 

ii) - We now consider the degree of polarization at O = 90' and h = 1650 
nm. The value of 63 = 90' corresponds to the maximum of polarization. The 

behavior of P versus the particle size is quite simple : starting from the 
Rayleigh regime and decreasing when the particle size increases. For a set of 
o, the retrieval of the measurement is done via equation (2) using a dichotomy 
method on r,. Since at A = 1650 nm the Rayleigh scattering contribution is 

weak, the computation of the degree of polarization via equation (2) is not 
critically sensitive to tiaS. A standard value of pa in the 6,' retrieval, already 

provides a good guess for equation (2). The two first steps are iterated one 
time. The final results is a serie of values of (r,, for a selected set of o. 



iii) - For each solution, the degree of polarization at €3 = 90" for h = 850 

nm, is computed by using equation (2), and is compared to the corresponding 
measurement. When o decreases, the wavelength dependence of the phase 
matrix is more important, so the computed polarization ratio Pa increases 
conîinuously with decreasing o and the measurement retrieval provides an 

unique solution. 

iiii) - Finally, for a complete scan, we compare the measurements at 850 
nm and 1650 nm both for the reflectance and for the degree of polarization to 

the respective computations using equations (1) or (2). This procedure is 
achieved mainly to confirm the aerosol retrieval when the layer homogeneity 
is sufficient. 

11-4 - E;ilâcTi~le of results 

We apply Our inversion scheme to the May 13, 1984 flight launched 
from the CNES balloon center at Aire sur l'Adour (43.O4N - 0.O15E). Figure 1 
gives the main characteristics of this flight versus the UT time. The vertical 
profile corresponds to a rapid ascent with instability of the gondolla as 

indicated by the inclinometer data. The balloon was stabilized during one 
hour at 22 km altitude. Then the descent was stopped at 15 km and an attempt 
to stabilize the balloon was done to wait the sunset but the balloon slightly 
went up. The balloon reached three times the altitude 17 km. The 
depolarization by the tropospheric light corresponded to p, = 0.30 at 850 nm 

and to 0.27 at 1650 nm. 

As an example the retrieved diagrams obtained after inversion with r, = 

0.22 pm and o = 0.36 (i.e. reff = 0.30 pm and veff = 0.1 4) are compared with 

the measurements in Figure 2 for z = 18 km. The reflectances measured at 
1650 nm are more than 10 times larger than the reflectances corresponding to 
the molecular scattering and the restitution of the signal is quite perfect. At 
1650 nm, a slight dissymetry appears in the backward region. The restitution 
of the polarization is also satisfying. At 850 nm, the neutral point around 6 = 

140' is a characterisation of the sulfuric refractive index. Figure 3 reports the 

vertical distribution of the retrieved aerosol slant optical thicknesses at the two 

wavelengths. Between 14 km and 18 km, measurements correspond both to 

the descent (crosses) and to the small ascent (stars) at the end of the flight. 

The sarne altitudes are probed at different solar elevations, corresponding to 



different effects of the tropospheric light, and the good agreement between the 
two data sets indicates that pG was correctly estimated. The ratio between the 

optical thicknesses at the two wavelengths is quite independent on the 
altitude, with an Angstrom coefficient around two. 

The retrieved vertical profile follows almost an exponential law 

whet'e Ha - 3.7 km. 

In this case, the extinction coefficient is related to the slant optical 
thickness by 

where R is the Earth radius. A typical value of o (850 nm) at 15 km iç then 
a 

5.1 km". Finally Figures 4 give the vertical profile of the effective radius 
and of the effective variance as defined by Hansen and Travis (1974). The 
characteristics of the particles are quite stable in aititude with reff = 0.32 pm for 

veff - 0.15; one can observe only a slight decrease of these parameters when 

the altitude is increasing. 

111 - VALIDATION OF THE RESULTS 

We will verify, through comparisons, the ability for RADIBAL inverted 
models to describe correctly the aerosol layer, by means of the extinction 
coefficient profiles, and the optical properties of the medium, such as the 
phase function or the spectral dependence of the extinction coefficient. The 
preliminary critical point is to ensure that the joint experiments probe as close 
as possible the same air-mass or air-masses proved to be indentical. We met 
this opportunity two times. First during May 1984, with ground-based and 
balloon experiments, then during January 1988, with satellite and airborne 
experiments. 

111 - 1 - The May 1984 campaign 



"L'observatoire du Pic du Midi" is located in the Pyrennees , at 3000 m 
elevation, 100 km south from Aire sur l'Adour. For the first flight of RADIBAL, in 
December 1983, the measurements indicated a vertical aerosol optical 
thickness of 0.1 0 at 850 nrri for. the stratospheric layer. We could then expect a 
significant contribution of the stratssphers in ground-based measurements, so 
a ground-based station with passive opticai measurements was set up from 
May 4 to May 1 3,1984. 

a) - Optical thickness measurements 

Two Sun radiometers were used. The first one, using a silicium detector, 
has five bands in the range 450 nm- 860 nm while the second uses a cooled 
Pbs detector with the same bands plus the three atmospheric windows in the 
middle infrared at 1050 nm, 1650 m and 2200 nm. The two radiometers were 
calibrated using the Langley-Bouguer technique, the measurements provided 
then the aerosol vertical optical thicknesses. The Rayleigh optical thicknesses 
are derived from the barometric pressure measurements and the ozone 
optical thicknesses in the Chapuis band are computed from the climatologie 
ozone contents. 

Figure 5 is a plot of the vertical aerosol optical thickness versus time at 
h = 525 nm for the four dates available. The aerosol optical thickness is 

varying from 0.12 to .20. Since the stratospheric layer is usually quite stable 
with time, these variations are certainly due to the variable contribution of the 
troposphere. Figure 6 reports the spectral variations of the optical thicknesses 
observed at 10 am for the four dates. The main feature is the nuIl spectral 
dependence in the visible. In the middle infrared the optical thicknesses 
decrease sharply; nevertheless, we need to be carefull in a quantitative use of 
these data. First, in regards with the small values of 6," , of the order of the 

calibration error. Second, the measurements may be slightly affected at 1650 
nm and 2200 nm by the water vapor absorption which was not corrected, 
assuming a negligible water vapor content above the Pic du Midi. 

b) - Aureola measurements 

The aureola is measured at 850 nm in the almucantar region. After 
pointing the sun, the 1" F.O.V. radiometer is rotated in azimut. Table 1 reports 



the data and the time of the measurements plus the air-mass and the aerosol 
vertical optical thickness at 850 nm on May 1984. All the measurements are 
normalized assuming a standard value of five for the phase function at 8 = 

30". The iterative scheme developped by Weinman et al (1975) was applied 
to correct the multiple scatterings. In these conditions, figure 7 is a plot of the 
measurements listed in table 1. The lower curve corresponds to the first set 
and al1 the curves are translated to wach othors by a constant. All the 
measurements are quite identical except the 12 th and 13 th which present a 
sharper forward peak correlated to an increase of the optical thickness. 
Additional large tropospheric aerosols are very probably involved in the 
increase of the forward scattering. 

c) - Polarization measurements 

A twin photopolarimeter of the stratospheric instrument was scanning in 
the principal plane. Limited results are reported in figure 8. The slight 
decrease of the maximum of the polarization with time corresponds to the 
depolarization by the ground since this effect is known to be proportionna1 to 
sin(hs )(equation 2). 

d) - Inversion of the measurements 

Different strategies can be conducted in the analysis of the ground 
based measurements. Devaux et al. (1987) suggest to combine an inversion 
rnethod of the optical thicknesses as proposed by King et al. (1978) with an 
inversion method of the aureola as suggested by Santer and Herman (1983). 
When dealing with tropospheric aerosols, the deduced aerosol size 
distribution is quite insensitive to the particle refractive index. The polarization 
measurements are then used to determine this refractive index. 

The goal here is to check the RADIBAL performances. The analysis is 
then based on the polarization measurements with a scheme quite identical to 
that of the balloon experiment. We also combine the degrees of polarization at 
O = 90' for the two wavelengths to derive the two flexible parameters of the 

log-normal size distribution. Simply, the computation of the signal suits the 
experimental conditions. A successive orders of scattering code is used to 
include the multiple scatterings. Moreover, the measured aerosol vertical 
optical thicknesses are used as inputs. 



The inversion scheme was applied to the set of measurements 
obtained on May 13 at 5.20 am. The measured optical thickness is SaV (850 

nm) = 0.072. We first assumed that the signal had a stratospheric origin and 
the refractive index of the particles was then supposed to be 1.45. We got then 

rm = 0.33 pm and o = 0.35 (Le. ren = 0.45 pm and ven =0.13). Then with this 

model, we simulated the various measurernents. The msasurernsnts are 
compared with the computations (dashed lines) in figure 9. The rneasured 
polarization is quite correctly retrieved at the two wavelecigths (Figures 9a-b). 
In the forward scattering, the model underestimates the aureola 
measurements in the first 10 degrees (Figure 9c). For the vertical optical 
thicknesses, the model predicts an unobserved decrease in the visible toward 
the blue. In the infrared, due to large uncertainties in the measurements, the 
comparison is unrealisable (Figure 9d). 

A second inversion was made in an attempt to correct from the 
tropospheric contribution. We already pointed out that the variations of the 
observed optical thicknesses may originate from the troposphere. According 
to the WMO, a standard continental model with Sa(550 nm) = 0.02 occupies 

the troposphere above the limit layer. We then corrected the signal from this 
tropospheric contamination The inversion of the polarization gives slightly 
smaller particles, with rm = 0.32 pm and a = 0.34 (i.e.with AS\d05(eff) =0.43 
pm and veff = 0.12). The ground-based measurements were simulated again 

with this two-iayer model. The results are reported in Figure 9 (full lines). We 
can observe that the aureola measurements are now correctly retrieved and 
in the same way, that the flat spectral behavior of the optical thicknesses in the 
visible range is correctly fitted. 

e) - Comparison with the RADIBAL results 

We already saw (equations 7 and 8) how to convert approxirnately the 
slant optical thicknesses measured by RADIBAL into extinction coefficients al1 
along the RADIBAL vertical profile, i.e. above 15 km. From radio-sondages we 
know that the tropopause was located at 8 km. If we suppose that the aerosol 
vertical distribution is exponential with the scale height equal to 3.7 km 
derived from figure 3, we get 6 (850 nm) = 0.057, that is quite consistent with 

the ground-based measurement, i.e. 0.059 obtained when removing the 
tropospheric background (Figure 6). 



In term of size distribution, we averaged the ref, and veff profiles, 

weighted by the slant optical thickness, over the ballon vertical profile and get 
r, = 0.25 Pm and rr = 0.36 ( i.e. reff = 0.34 pm and veff = 0.14). From the 

ground-based measurements, as seen previously, we derived larger particles 
with r, = 0.32 pm and a = 0.34 (i.e. ren = 0.43 vm and vM = 0.12). To 

interprete this discrepancy we can point out that the layer probed by RADIBAL 
only represents 40% of the stratospheric layer, and that a general trend of the 
particle size is to increase towards lower altitudes. On the other hand, from the 
ground-based measurements, we only introduced the troposphere 
background. Figure 5 where the measured optical t hicknesses were drawn, 
indicated that May 13 was the turbidest day. If the tropospheric contamination 
is more important t han supposed, then the ground-based measurements 
should provide smaller particles for the stratosphere. 

111-1 -2 - The limb exoeriment 

A companion balloon equipped by IASB (Institut d'Aéronomie Spatiale 
de Belgique) was flown during the same period. 

In the IASB experiment, images of the solar disk are taken from the 
gondolla of a stratospheric ballon stabilized above the stratospheric layer at 
30 km height. Three Asselblat cameras are used, equipped with three filters at 
440 nm, 650 nm and 840 nm. A first image of the sun is taken when the Sun is 
high above the horizon. This reference image corresponds to a transmission 
equal to one. Then we have a serie of pictures aiter the sunset. For each 
image, the Sun is viewed below the horizon at different tangent altitudes. The 
film sensitivity is measured using calibrated transmission plates and an 
absolute calibration is realized on the moon when it is high above the horizon. 
The film is digitalized and the result is a series of transmission factor for sun- 
to-balloon paths at different tangent altitudes below the gondolla. 

An onion peal method is then applied to derive the vertical profile of the 
extinction coefficient (Ackerman et al, 1981). The results, reported on the 
Figure 10 after removing the Rayleigh contribution, indicate an 
inhomogeneous structure above the Junge layer. The blue and red vertical 
profiles are quite identical and we retneve the nul1 spectral dependence of the 
aerosols optical thicknesses measured from "Le Pic du Midi". 



The extinction coefficients at 850 nm are converted into slant optical 
thicknesses with : 

The results, plotted on figure 11, compare favorably to the RADIBAL 
measurements. 

111 - 2 - The January 1988 campaign 

RADIBAL was flown from Kiruna (Sweden) during the CHEOPS 
experiment on 01/28/88. On this day a set of data was acquired by SAM II at 
an approximate latitude of 70°N in the range of longitude (3OW - 30°E). 
Moreover, the rubis lidar of NASA airborne was flown on this day. These two 
data sets will be compared with the RADIBAL results. 

Ill -2-1 - SAM II data 

SAM II measures the extinction of the solar irradiance at h = 1020 nm 
for the slant path at a tangent altitude z. After removing the residual Rayleigh 
optical thickness, the aerosol slant optical thicknesses are inverted to provide 
a vertical profile of the aerosol extinction coefficient. The nine recorded 
aerosol vertical profiles showed a quite stable aerosol layer. On a map of 
Scandinavia, Figure 12, we reported the two SAM events which bounded the 
RADIBAL trajectory. The SAM profile obtained at 7:56 GMT for a tangent 
point at (69.g0N, 28.3OE) is included in the error bars of the second profile 
obtained at 9:36 GMT for (69.g0N, 13.e0E) (Figure 13). This winter was mild 
and no PSC were recorded. Moreover, the air-masses were confined and 
isolated in the vortex. We had then a very stable and homogeneous situation. 

The comparison with RADIBAL is done in Figure 14. The RADIBAL 
measurements confirmed the spatial homogeneity up to 22 km altitude where 
the Junge layer is vanishing. Along the profile probed (between 200 hp and 
35 hp), the hydrated sulfuric acid aerosols are quite stable with and effective 
radius of ren = 0.33 10.02 pm for an effective variance of v,, = 0.10 f 0.02. 

The RADIBAL slant optical thicknesses at 1020 nm are computed using the 
spectral dependence of the inverted mode1 deduced from the 1650 nm slant 



optical thickness measurements. The two full-line curves correspond to the 
extreme SAM data obtained when taking into account the error bars. The 
agreement between the two experiments is very good. 

During CHEOPS, PSC observations were performed by a rubis lidar (h 

= 532 nm) set up on the NASA aircraft. Description of the apparatus is 
reported in Osborn et al. (1989) A joint flight with the RADIBAL experiment 
was planed on January 28th, 1988. Table 2 gives the conditions of the lidar 
measurements and Figure 15 reports the backscattering ratio derived from the 
lidar data: 

where p, is the aerosol phase function in backscattering. R is normalized at an 

altitude of 24 km assuming that the aerosol abundance is quite nuIl at this 
altitude. R is a function of the altitude; oR is proportionna1 to the barometric 

pressure and depends upon the temperature. Radio sondages are used to 
derive the P-T vertical profile and R can then be converted into an aerosol 
backscattering coefficient 

To compare with RADIBAL, we need to integrate the lidar data over the 
slant path, we compute then a slant backscattering coefficient 6, for the lidar 

measurements as : 

Using the log-normal distribution deduced from the RADIBAL 
measurements, the aerosol phase function p, at 8 = 180' is computed at 532 

nm. In the same way, using the spectral dependence of the model, the aerosol 
slant optical thickness is deduced at 532 nm from the 1650 nm 
measurements. The result is a slant backscattering coefficient 



The comparison is reported in Figure 16. In the main layer, the 
agreement is achieved within 20%. The discrepancies at the lower altitudes 
result from RADIBAL unaccuracies. These points correspond to sun position 
below the horizon and the atmospheric transmittances are difficult to estimate. 
Above the layer the behaviors of the two data sets are identical. The slight shift 
between the two kinds of measurements is certainly a related problem in 
altitude-pressure conversion. 

IV - CONCLUSIONS 

We first adapted the RADIBAL inversion scheme to suit the descending 
flight and we applied this strategy to the May 13, 1984 and to the January 28, 
1988 measurements. 

The analysis of the RADIBAL measurements is quite coherent with 
those based on polarization measurements done at "Le Pic du Midi". That 
indicates that the modelization of the signal in the spherical atmosphere of 
RADIBAL fits a more simple approach in a plane-parallele atmosphere at Le 
Pic du Midi. Moreover, the availability of complementary measurements on the 
ground-based station, such as multispectral extinction measurements or 
aureola measurements, offered an opportunity to verify the ability of the 
RADIBAL inverted model to retrieve the main optical properties of the medium. 

The iast section has shown the comparison of vanous measurements of 
the extinction coefficient, such as limb photographies, occultation 
measurements and lidar measurements, with RADIBAL predictions when the 
spatio-temporal coïncidence is suitable. The good agreements prove 
RADIBAL to be a good candidate to validate SAGE-II products and a further 
work will deal with this problem. 
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- - Date Hour m 6,' PPO) 

Table 1 - Aureola measurements. One have reported the date and the hour of 
the starting measurements , the viewed air-mass, the aerosol vertical optical 
thickness and the phase function at 2'. 



Shot = 1 2 3 4 5 6 

Start-time 14h34 14h45 14h59 15h12 15h22 15h30 
end-time 14h42 14h57 15h09 15h21 15h28 15h39 
latitude N 67.7 67.7 65.2 68.1 67.9 67.8 

- 67.7 68.3 6b. 4 67.9 67.8 68.0 

longitude 2'1.3 23.0 23.6 21.5 22.8 22.7 

E 22.6 21 -6 21.2 22.7 22.9 21.5 

Table 2 - Conditions of the lidar measurements. Start-time and end-time are in 
GMT. Range in latitudes and longitudes during the shot. 
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w r e  1 - Main characteristics of the May 13, 1984 flight. Balloon altitude (z in 
km), solar elevation (hs in degree. left scale) and platform inclinaison (in 

degree. right scale) are plotted versus UT time. 
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Eigure 7 - Restitution of a sequence of measurements taken on May 13, 1984 

at z = 18 km during the descent with the inverted model deduced frorn the 
polarization measurernents at 8 = 90° (r, = 0.22 pm for o = 0.36 ). The 

measurements (plusses) are plotted versus the scattering angle (negative 

values correspond to the half space containing the North). For the two 
wavelengths, we plotted the reflectance (in log scale) and the degree of 

polarization (in percent). The computed signals are in full line and for the 
reflectances we added (lower curves) the intrinsec molecular reflectance. 



- Vertical profiles at the two wavelengths of the aerosol slant optical 

thicknesses on May 13, 1984. Crosses stand for the descent whole stars stand 
for the ascent. 

hUIQA - Effective radius and effective variance of the aemsoir verrus 
altitude on May 13, 1984. 
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Fiaure 5 - Aerosol vertical optical thicknesses. measured at h = 525 nm, from 
"L'Observatoire du Pic du Midi" in May 1984 versus UT time. The day number 
is labelled on each curve. 



Fiaure 6 - Aerosol vertical optical thicknesses at the same dates as Figure 5 ,  

versus wavelength at 10 am. The vertical scale is given for May 4 and the 
curves are uniformly translated for each day. Dots correspond to the Si 
detector while black circles stand for the Pbs detector. 



Fiaure 7 - Aerosol phase functions deduced of the aureola measurements 
listed on Table 1. The vertical log-scale is given for the first measurements. All 
sets are uniformly translated from each to other. 



Fiaure 8 - Ground-based polarization measurements from Le Pic du Midi on 
May 10 at 7.50 am fa), May 13 at 5.20 am (+), May 13 at 6 am (x) and May 13 
at 6.30 am (*)for the two wavelengths 850 nm and 1650 nm. Measurements 
correspond to the principal plane and are plotted versus the scattering angle. 
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m u r e  9 - Restitution of the ground-based measurements on May13 with the 
aerosol model inverted from the polarization measurements at the two 
wavelengths for 0 = 90°. Percent polarization measurements (plusses) are 
drawn versus the scattering angle at h = 850 nm (a) and h = 1650 nm (h). The 

aerosol phase function (+) is plotted in (c) versus the scattering angle. 
Multispectral measurements of the aerosol optical thicknesses are graphed in 
(d) for the Si detector (dots) and for the Pbs detector (crosses). Dashed lines 
are computed for uniform aerosol layer with rm = 0.33 pm and a = 0.35. Full 

lines correspond to a two-layer atmosphere with a standard tropospheric 
component and a stratospheric layer with rm = 0.32 pm and O = 0.34 . 





Fiaure 12 - Map of Scandinavia with the localisation of the joint experiments 
on January 28, 1988. SAMII tangent points are indicated by crossed circles. 
The balloon was launch from Kiruna and the dashed line represents the 

trajectory labelled with time every hour. The full line corresponds to the part of 
the NASA DC-8 trajectory where the lidar was running. 
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-'Lbstract 

Tlie aiialysis of European correlative experiments of the stratospheric aerosol layer is per- 

f'oi~iied for three periods. These independent experiments are lidar measurements obtained 

a t  Garniisch-Partenkirchen, balloon measurements of the reflectance and of the polarization 

acliieved at Aire sur l'Adour witli RADIBAL experiment and transmission measurements 

provided by the SAGE II experiment. Comparisons of the slant optical thicknesses are per- 

Soiilled, and the agreement is generally good. Two differeiit schemes are used to  retrieve two 

l~araineters of the size distribution from the polarization and from the transmission spectral 

iiieasurenients. The discrepancies that appear in few cases for the radius comparison are 

s t  udied. 



1 Introduction 

Stratospheric aerosols are studied since years with different and very efficient methods such 

! as lidar measurements (Hamill et al., 1980, Jager et al., 1984), occultation measurements (Mc- 

(-'oriiiick et al. 1979, Mauldin et al., 1985) and also in situ transmission (Ackerman et al., 

1'351) or polarization (Herman et ai., 1986) measarements from balloon. 

Ili Europe, stratospheric lidar measurements are niainly performed at OHP (Observa- 

toire de Haute Provence, France), Frascati, Florence (Italy) and Garmisch-Partenkirchen 

( FRC;). Tliey were used for SAGE II (Stratosplieric Aerosol and Gas Experiment) Europeaii 

correlative experiments in corijunction with balloon measurements from the RADIBAL es- 

periiiieiit (RADIomètre à BALayage) and from the transmission experiment of IASB (Institut 

cl'.léroiiomie Spatiale de Belgique) achieved at Aire sur l'Adour (France). 

Sonie results leading to satisfying comparisoiis have beeii already published for few peri- 

otL5 : 10-13 Noveiiiber 1983, 26-30 November 1984, April 1985, October 1985 (Ackerinan et 

:il., 1989). The goal of tliis paper is to  detail some more correlative experimeiits that were 

performed in April 1986, October-November 1987 and April 1989, with particular attention 

1 to the error budget of the respective experiments. During April 1986 and October-November 

1987 two independent kinds of experiments were achieved (lidar at Garmisch-Partenkircheii 

aiid balloon polarization) in near coïncidence with SAGE II occultations, whereas during 

April 1989 the lidar instrument had to work without ruby fluoresceiice suppression; there- 

fore. the resulting lidar profiles are lirnited iii lieight and accuracy and were not used in the 

In a first step we will verify the agreement between the vertical profiles of the aerosol 

optical thickiiesses derived from the various experiments. In a second step we will check tlie 

procedures used to derive the aerosol size distribution either from the spectral variation of 

the aerosol extinction coefficient or from the polarization feature. 



2 Description of the experiments. 

2.1 SAGE II experiment. 

Sralismittances of the atmospliere at seven wave1e:igths in the visible and tlie iiear infiareci 

are available from solar occultation measurements by SAGE II, and slant optical tliickliessess 

S are then derived. 

The aerosol extinction coefficients o are deduced after correction of the molecular coiitri- 

butioii and, wlien necessary, of the gaseous contribution, at four channels ceiitered at 1020, 

52.5, 453 and 385 iim. We use here the vertical extinction profiles obtained with the Labo- 

ratoire d'optique Atmosphérique inversion procedure that leads to results siiiiilar to tliose 

obtaiiied witli the NASA Langley Research Ceiiter procedure (Chu et al., 1989). 

Tlie four wavelength measurements allow to retrieve the aerosol size distribution. Several 

iiietliods caii be used (Yue et al., 1986, Liviiigston and Russell, 1989). The method used in 

tliis paper leads to  an effective radius and an effective variance by assumiiig a log-norn~al 

aerosol size distribution (Brogniez and Lenoble, 1988). 

Sclieriiatically, tlie spectral variation of the ineasured extinction coefficient is correctly fitted 

by adjusting a and P in the aiialytical two parameter expression 

ln  o(X) = Zn 41.02) - cw ln (Xl1.02) - ,B (ln ( ~ 1 1 . 0 2 ) ) ~  

ratlier than the simple Angstrom law. 

Coinparison with similar fits obtained for aerosol models witli log-normal size distribution 

(wliere r ,  and s are the modal radius and the variance) lead to identify, from a aiid ,û, the 

two parameters T ,  and s, or preferably the effective radius and the effective variance (Hansen 

and Travis, 1974, Lenoble and Brogniez, 1984) related to  T ,  and s by 

r , f f  = rm exp(2.5 (In s12) , v,jj  = exp(ln s)2 - 1 (3) 



Calculations for the log-normal aerosol models are performed with Mie routines, for spherical 

paiticles co~isisting of aqueous sulfuric acid with 75% H2S04 by mass, as is usually done 

(Russell a.nd Hamill, 1984, Rosen and Hofmann, 1986), over the whole range of altitudes; the 

spectral dependa,nce of the refractive index is taken from Palmer and Williams (1975). 

2.2 Lidar experiment . 

The lidar system consists of a pulsed ruby laser emitting a t  694.3 nm and a 52 cm diam- 

eter Cassegrain telescope as receiving system. Atmospheric backscatter data are sampled a t  

iiiglit time with a lieight resolution of 600 m by a 64 cliannel photon counter. Typically, 200 

laser returns are averaged to obtain a backscatter profile. The net particle backscattering is 

obtaiiied by matching the measured total signal with a calculated Rayleigh return (from Mu- 

nich radiosonde data,  100 km from Garmisch-Partenkirchen) above the aerosol layer, where 

the particle backscattering is assumed to  be negligible. Backscattering profiles are corrected 

for molecular scattering and transmission losses. 

Jiiger and Hofman (1991) have demonstrated the good agreement between in situ particle 

ilieasurements peiformed at Laramie, Wyoming (41°N), and lidar backscattering measure- 

ilieizts performed a t  Garmisch-Partenkirchen (47.5"N). Consequently, a height and time re- 

solved aerosol model has been derived from the Laramie data to  convert midlatitude particle 

backscattering to extinction. The same model is then used to compute the extinction coeffi- 

cient a t  any other wavelength A.  

From each Laramie data set, single mode log-normal size distributions, as defined in 

section 2.1, have been evaluated with a 1 km lieight resolution. From Mie calculations of 

the backscatter and extinction coefficients a t  appropriate refractive indices, two conversion 

factors, extin~tion~~~.~/backscatter~~~.~ and extin~tion~/extinction~~~.~, have been computed. 

-4ccording t o  the investigations of Russell and Hamill (1984) the range of refractive indices 

of 1.44 t o  1.35 have been used in the Mie calculations, which refer t o  sulfuric acidlwater 

droplets with a sulfuric acid mass percelitage of 65-80. The conversion factors have been 



tlieii averaged over 5 km intervals and applied to the lidar backscattering data to derive the 

aerosol extinction coefficients. 

2.3 Balloon experiment . 

The measurements of the intensity and of the polarization of the sunlight scattered by 

tlie stratosplieric aerosols are performed at 1650 and 850 nm by a ballooii-borne polarimeter, 

duriiig the ballooii ascent and/or descent. At eacli altitude the rotation of the platform allows 

i l s  to get measnrements at several scattering angles. 

The inversion process coiisists in comparing the reflectance and polarization diagrams 

\vit11 single scatteriiig calculatioiis performed for a set of log-normal size distributions given 

by equation ( 2 ) ,  for splierical 75 % H2S04 droplets, by using the Mie theory. Notice that.  

because of the absolute calibration of the cliaiiiiels, the reflectance data allow to retrieve the 

aerosol slaiit op t ical t hickiiess. 

Ili fact, in tliat procedure we have to take into account the molecular contribution which 

is very iiiiportaiit in the 850 nm clianiiel particiilarly for polarization, tlie ground reflectance, 

the iilultiple scatterings and the parasitic reflectance of the apparatus (Diallo, 1989). A signal 

iiiodeliilg accountiiig for tliese various effects lias been developed (Saiiter et al. 1988). 

The inversion sclieme uses first tlie polarization and tlie inteiisity data a t  1650 nm, where 

the inolecular influence is lesser, for the particular scattering angle 90' (close to  the maximum 

of polarization). The comparisoii witli tlieoretical values provides a list of convenient size 

distributions characterized by their effective radius and variance, with their optical thickriess 

a t  1650 nm and their spectral dependance. 

Tlien, the reflectance and polarization diagrams of these models are computed at 850 nni 

according to the Mie theory, and are compared witli the measurements. The solution is the 

size distribution wliich gives inteiisity and polarization diagrams closest to the measurements 

at tliat wavelength. 

Tlie aerosol slant optical thicknesses are known for this retrieved mode1 at 1650 and 



8.50 nm, and the slant optical thickiiesses are tlien deduced at the SAGE II \vaveltiigt lis SOI 

comparison. 

3 Comparisons, 

The niea.surements directly achieved by the vnrious experiments, tlie iised wavt~lci~g~iis. 

the additionna1 required iiiforma.tioiis for ea.cli procedure and tlie derived data are preseiite(l 

iii Taable 1. 

Table 1. Clia.ra.cteristics of tlie va.iious experinieiits. 

From SAGE II a.iid RADIBAL inversion a. size distribution, defiiied by two pa.ra.ineteis r,,, a.iid 

Experiineiit 

SAGE: II 

RADIBAL 

LIDAR 

s, is deduced. Tlie balloon and tlie occiilta.tioii mea.siireiiieiits give data. diiectly coriclatetl 

to the slant optical tliickliesses, so t.lia.t, to a,void a.ii a.dditiona.1 inversion iii dedticiiig 1 .11~  

extiiictioii coefficieiits from RADIBAL optica.1 tliickiiesses, we will ratiier coiiipute the s1a.111 

optical tliickiiesses from lidar extiiictioii coeficietits. Tlie coiiiparisoiis will be iiia,iiily doiitl 

L)ei ilet1 D a i a  

0 \ 

Aei os01 ?1(  7. ) 

6 \ 

Aerosol î t ( ~ )  

0 A 

Measiireiriciits 

traiisiiijttaiic.r~\ 

oii sla~i t [>a tli 

inteiisity, j)olaiizatioii 

diagrains on slant patli 

backscatteriiig 

at eacli al t,i tiitle 

for the 1020 nm clia.nne1, because it is the niost accurate foi SAGE II expeii~iieiit ( ( ' 1 1 1 1  t3t 
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3.1 Uncertaiiities. 

SAGE II experiment Iias provided several measurements for tlie three periods \.liii.t wc. 

will coiisider. For each extinction value an error ba.r is obtained (deduced froiii tlie qua.dra.~ic. 

siim of the uncertainty due t o  the error on transmission meaçuremeiits, tlie uiicertaiiii;y oii 

tlie Rayleigh contribution and the uncertainty on the gaseous correction). 'l'lie eiror oti eacli 

value is ratlier large so tliat, t o  deterinine wliether tlie extinction data were va1ual)le or i i o t ,  

we liave compared al1 the extiiitioii values a.va.ila.ble for a period a t  one altitude. M1e Iia.vc1 

reported in Table 2 a t  four altitudes for the four wavelengtlis, the relative dispersioii I)ais 

RD (95% coiifideiice intervals) on tlie average extinction profile and the meali relative erroi. 

bars RE, for tlie April 86 west profiles. 

Table 2. Mean relative error bars RE aiid rela.tive dispersioii 1)ai.s R LI. 

Tlie meaii relative error is large maiiily a t  Iiigli altitudes and sniall waveleiigtlis. Oiie caii 

see that  the dispersion is mucli weaker tlian tlie error ba.r, tliat means tliat tlie variability 

of tlie iiidividual west profiles is iiot sigiiificant and tlierefore tliat we caii work witli ail 

average profile to  which we caii attribrite nieaii error bars. III fact the esaiiiiiiatioii of t.liest\ 

values iiidicates tliat the calcula.ted error bais are very probably overestiiiia.ted as i t Iias 1~et.11 

suggested by C1iii e t  al. (1989) antl Brogiiiez aiid Lenoble (1991). Tlieii errors bars oii tliv 

slaiit optical tliickiiesses are deduced froin e~tiiict~ioii error bars a.t eacli level. 

Tlie following uiicertaiiities were coiisidere(l in the evaluation of the 1020 nin extilictioii 

z, km 

15.5 

18.5 

21.5 

24.5 

4.53 iiin 1020 iiiii 

R E  

15.8 

20.4 

28.8 

100. 

385 nin 

RE 

5.7 

12.4 

13.8 

17.7 

RD 

4.8 

1.4 

4.9 

4.7 

RE 

28.9 

30.4 

42.8 

100. 

52.5 iiin 

RD 

2.1 

3.6 

8.2 

4.5 

RD 

8.5 

0.G 

33.4 

8.3 

RE 

22.3 

26.3 

37.9 

100. 

RD 

3.6 

2.4 

6.0 

11.3 



values from 694.3 nm lidar backscatter data : instrumental errors (signal induced noise, 

niultiplier dead time), counting errors, matching errors, radiosonde uncertainties, errors in 

the computation of the two-way extinction correction (Reiter et al., 1979) and finally errors in 

the conversion mode1 (Jager and Hofmann, 1991). The error bars of the extinction coefficient 

a t  1020 nm are computed every 3 km height levels. The error bars on lidar slant optical 

tliickiiesses are deriircd frorri extinction error bars, assuming the approximate formula 

where H is the aerosol scale height and R the distance to the Earth center (Diallo, 1989). 

For tliese calculations we have determilied H with the lidar extinction profiles. 

Fiiially, to evaluate the uncertainties in the RADIBAL slant optical thicknesses, we have 

coiisidered the calibration uncertaiiity of IO%, the error on the pressure of the balloon level 

( 2  2 mb), the ilifluence of the multiple scatterings which have been approximately evaluated, 

the effect of the pa.rasitic reflectance on the apparatus and the infuence of 10% error in the 

determination of the ground reflectance at the two wavelengths. Table 3 shows the errors 

iilcluced by tlie five contributions and the global uncertainties at few levels for the slant optical 

tliicknesses a t  1020 nm, in percent, for the April 1986 fliglit. 

Ta.ble 3. Slant optical thickness errors due to various causes. 

Tlie less important contribution is coming from the multiple scatterings. The uncertainties 

beconze very large towards 24 km and above due to  the low pressures at higher levels and 
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due to the la.rger values of the solar elevation. 

As for the SAGE II analysis we will limit the study of the balloon results t o  lower levels. 

3.2 Ailalysis of the results. 

3.2.1 April 1986 period. 

In April 1986, two lidar backscattering profiles were performed on April 22 and 23 at 

i~iglit. RADIBAL was flown on April 21, in tlie morning. Covering that period, SAGE II 

observations were available over Europe at sunset, on April 21, 22, 23 ; that is 6 profiles (3 

west profiles and 3 east profiles). 

The locations of the SAGE II events are shown in Figure 1 as open squares. Black circles 

iiidicate sites of Aire sur l'Adour (A) and Garmisch-Partenkirchen (GP). We have reported 

in Table 4 the latitude, tlie longitude of the SAGE II events and their respective distances 

icitli tlie two sites in km. 

Table 4. Distances between the various sites in km. 

SAGE II 

events 

211 48.54"N - 21.3s0E 

211 48.34"N - 2.90°W 

221 45.40°N - 17.25OE 

221 45.1g0N - 7.03OW 

231 42.01°N - 13.08"E 

231 41.7i0N - 11.20°W 

AirelAdour 

43.3ON - 0.15OE 

April 21 

1750 

590 

1400 

580 

1090 

920 

Garmisch-Partenkirchen 

47.5ON - l l O E  

April 22-23 

770 

1030 

560 

1410 

690 

1870 



In Figure 2 are drawn the six SAGE II extinction profiles a t  1020 nm. It  appears that  

tliey are very well gathered within 10-18 km and 22-27 km. In the altitude range 18-22 km 

a large dispersion appears clearly. Nevertheless one can observe that  the 3 east profiles are 

very close together and that the 3 west profiles are gathered together too. 

The dispersion bars separ~~tely  evaluated for the east and west average profiles (as ex- 

plailied in section 3.1) are weab, so that  the difFerence observed between the east and west 

iiieasurements coirld mean that  tliere are two different stratospheric aerosol layers almost 

stable over three days. Such an hypothesis can be confirmed by studying the  winds in the 

stratospheric layer. Ali inspection of the lOOmb weather chart reveals a transport over central 

Europe by soutliwesterly winds during the spring period (European Meteorological Bulletin, 

Germa~i  Weather Service, D-6050 Offenbach). From the Munich radiosonde (100 km from 

c'. 7dii1iiisch-Partenkirchen) . the average wind directions for the time period April21,0000, until 

April 24, 1200, were derived, they are listed in Table 5. 

Table 5. Wind direction a t  few levels. 

Tliese da ta  iiidicate that  below about 20 km, southerly to southwesterly winds transported 

stratospheric airmasses and any aerosol inhomogeneities approximately parallel to  the SAGE 

west or east footprints. Above that  altitude, the transport changed to  southeasterlies and 
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aiiy iiiliomogeneities would have been transported across al1 observing locations. 

Taking into account the difference between the east and the west profiles we will compare 

preferably the lidar profiles with the east SAGE II mean profile because the east events 

occured closer to Garmisch-Partenkirchen. For the balloon profiles which are mostly deduced 

from 90' scattering angle measurements, we will compare them with both SAGE II mean 

profiles. 

111 Figure 3 are drawn the two lidar extinction coefficient profiles a at 1020 nm witli error 

bars for the April 22 profile at  certain levels. These two profiles exhibit large oscillations 

wliicli are of the order of the error bars: for example the relative difference between the two 

profiles is 45% at 15km, 20% at 18 km, 27% at 21 km and 37% at 24 km. The comparison 

between lidar profiles (Figure 3) and SAGE II east profiles (Figure 2) shows that they are 

consistent: the lidar values are somewhat larger than SAGE II values above 21 km, but the 

discrepancy is of the order of magnitude of the lidar uncertainty. 

The lidar slaiit optical thicknesses at  1020 nm are compared in Figure 4 with the mean 

SXC4E II east profile. We have also drawn the two limiting SAGE II profiles, obtained from 

iiieaii error bars, and some error bars on 22 .4pril lidar values, evaluated as explained in 

section 3.1. We observe a good agreement especially in the altitude range 12-22 km; at  

liiglier altitudes lidar optical thicknesses values are greater than SAGE II mean data by a 

factor of 1.5-2, but SAGE II values are almost always within the lidar error bars. 

Comparison between the two SAGE II mean profiles of slant optical thicknesses and the 

balloon results a t  1020 nm is doiie in Figure 5. Between 15 and 20 km the polarimetry 

measurements give slant optical thicknesses nearly 1.5-1.7 times larger than SAGE II mean 

west values (dashed line), a t  higher levels the agreement with the west values is good up 

to nearly 24 km. The east SAGE II measurements (continuous line) match quite well the 

polarimetry measurements in the whole altitude range proving that Aire sur l'Adour was in 

tlie same air mass as Garmisch-Partenkirchen. 

Let us now consider the spectral dependance of the aerosol slant optical thickness. SAGE 

II piovides directly measurements at  525, 453 and 385 nm; as explained in section 2.3 the 



RADIBAL values a t  these wavelengths are computed from the retrieved mode1 deduced from 

1650 and 850 nm measurements. As for the 1020 nm channel, the SAGE II limiting profiles 

are deduced from mean uncertainties on aerosol extinction coefficients. The agreement being 

better for the east SAGE II profile a t  every wavelength, we show only in Figure Ga-b-c the 

colilparison witli the east profile. Below 20-22 km the agreement betvreen the RADIBAI. and 

tlie SAGE II profiles is good for al1 wavelengths; above the RADIBAL values are smaller, 

the differences increasing toward the short wavelengths; the values deduced from polarization 

iileasurements are nevertheless within the limi ting values for the three channels. 

The effective radius and variance deduced from both experiments are shown in Figure 

7,-b. In the main aerosol layer, tliat is to Say below -20 km the deduced effective radii are of 

the saine order, ~ 0 . 2 8  pm. Nevertlieless, the radius behavior versus altitude is quite different 

for the two cases : it remailis almost constant close to 0.3 pm for the balloon measurements 

aiid decreases from - 0.31 p m  at  16 km to  20.22 pm a t  24 km for the SAGE II results 

corresponding to  an  extinction increase towards the short wavelengths stronger for SAGE II 

nieasurements. 

Altliougli tlie RADIBAL effective variance is strongly variing a t  lower levels, the values 

are, in both esperiments, very often smaller tlian 0.1 a t  altitudes higher than 17 km. 

Tlie procedure employed in the SAGE II analysis leads t o  the retrieval of a n  "equivalent" 

size distribution whicli gives tlie same spectral variation of extinction as the real one in 

the SAGE II spectral interval, within the measurement error bars. A very large retrieved 

variance or the failure of the procedure, i.e. the impossibility of retrieving r , f f  and v,ff, could 

revealed the presence of a strong second mode. So, it appears that bimodal size distributions 

caii be excluded for the  April 1986 SAGE II study. The retrieving procedure from RADIBAL 

~iieasurements is also based on moiiomodal models and the possibility t o  get the polarization 

nieasurements with these kind of size distribution leads also to the exclusion of bimodal 

inodels . 



3.2.2 October-November 1987 period. 

During this period the coïncidence in time was poor: three lidar profiles were registered on 

October 7 and 19 and on November 5. The RADIBAL experiment occured on October 30 in 

the afternoon. CVe got six SAGE II east profiles at sunrise in the middle of the month, on Oc- 

tober 11, 12, 13, 14, 15 and 16, and tliree east and three west profiles a t  sunrise, at the end of 

the nlontli, on October 29, 30,3!. Al1 the sites, dates and distances in km are listed in Table 6. 

Table 6. Distances between the various sites in km. 

To evaluate the stability of tlie stratosplieric aerosol layer we have compared the nine east 

profiles of middle and end of October. Tliey are well gathered in the altitude range 16-21 

SAGE II 

events 

111 42.02ON - 16.54OE 

121 44.98"N - 14.50°E 

131 47.51°N - 12.51°E 

141 49.65ON - 10.57OE 

1.51 51.4G0N - 8.64OE 

161 52.95"N - 6.72OE 

291 48.12ON - 19.78OE 

291 47.85ON - 4.48OW 

301 45.38"N - 15.6g0E 

301 45.18"N - 8.5g0W 

311 42.13"N - 11.3g0E 

311 41.8g0N - 12.90°W 

AirelAdour 

43.4ON - 0.15OE 

October 30 

1605 

620 

1250 

725 

930 

1080 

Garmisch-Partenkirchen 

47.5ON - l l O E  

October 7-19, November 5 

795 

430 

125 

185 

420 

625 

655 

460 

660 



kiii and somewhat different a t  liiglier levels. For the 1020 nm channel the relative dispersion 

bars a t  few levels are : 5.3 % a t  15.5 km, 2.1 % at  18.5, 5.6 % a t  21.5 and 14.5 % at  24.5 

kin. The  good stability of the aerosol layer is confirmed by the Figure 8 where the three 

lidar profiles show a ratlier good gathering between 15-21 km. Above 21 km the November 

.5 profile is sliglitly different witli extinction coefficients weaker. These rernarks show that 

i t  seeiils possible tu coiilpare tlie tliree lidar profiles with the nine SAGE II cctst profiles of 

October. 

Figure 9 compares the aerosol slant optical thicknesses at 1020 nm for the lidar data and 

for the SAGE II average profile of October. The SAGE II limiting profiles deduced from 

tlie uiicertaiiities on extinction ineasuremeiits are reported and some lidar error bars too. 

LVe observe ail excellent agreement between tlie different values, the SAGE II  slant optical 

tliickiiesses being always among the lidar results, and of course witliiii the lidar errors. 

The good stability of the layer is also demoiistrated when looking to the SAGE II West 

iiieasurements. The three west profiles of the end of the month are close to the three east 

previous profiles, a behavior tliat is different from what was observed in April 1986, so that  

\ve will compare the RADIBAL results to  the mean SAGE II results computed from the six 

psofiles (three east plus tliree west) of the end of October. 

Figures 10a-b compare the results for X = 1020 and 385 iim respectively. The balloon 

i~ieasurements, which are well gatliered, give slant optical depths 1.2- 1.5 times larger thaii 

SAGE II  mean values for the four clianiiels in the altitude range 15-22 km. Taking into 

accouiit the estimated error bars one can see tliat the limiting SAGE II profiles include the 

balloon values for the shorter cliaiinel (tliat is also true for the 525 and 453 nm channels), 

tlie 1020 nm values are always in disagreement meaning that  the balloon deduced size distri- 

bution compensates the discrepaiicies towards the short wavelengths. One can remember too 

tliat a calibratioii error exists especially a t  1650 nm as said in section 3.1: the assumption of 

a surestimation of the reflectance measurements could explain some difference. 

The  effective radius deduced has, this time, the same behavior for the two kinds of experi- 

meiits: i t  decreases slightly with altitude but with much larger values for SAGE II  experiment 



especially in the main aerosol layer, that  is to  Say below 21 km (Figure 11); one have a shift 

of the order of 15 % towards 15- 20 km. The effective variance is again weak, around 0.1 at 

al1 altitudes in both cases excluding also bimodal size distribution for the October 1987 study. 

3.2.3 April 1989 period. 

As it was said previously in the first section this comparison concerns only the SAGE II 

and the balloon measurements. 

The coïncidence was quite good : the balloon experiment took place on April 18 in the 

evening, and six SAGE II events were available on April 17, 18, 19 a t  sunset. The distances 

iil km between SAGE II sites and Aire sur l'Adour are listed in Table 7. 

Table 7. Distances between the various sites in km. 

1 SAGE II 1 AirelAdour 1 
1 event s 1 43.4ON - 0.15'E 1 

April 18 
I 

The relative dispersion bars in channel 1020 nm at  few levels are in : 4.0 % at  15.5 km, 2.2 

% a t  18.5, 3.5 % at  21.5 and 5.2 % at 24.5 km. Tliey show that the six SAGE II extinction 

coefficient profiles are very well gatliered again so that  we will average them and we will 



coiiipare the average slant optical depth profile t o  the RADIBAL results. 

We have drawn in the Figures 12 the RADIBAL profile, and the SAGE II  mean profile 

with the two limiting profiles deduced from error bars for the 1020 and 385 nm channels. The 

ballooii results are much more dispersed tlian for 1986 and 1987. To explain this dispersion 

oiie can notice that  the optical thickness values are somewhat weaker for 1989 than for the 

two other coïncidences, wliich took place closer to  the El Chichon eruption, so that there was 

fewer aerosol to  detect and the measurements were more difficult to achieve. Nevertheiess, 

ouriiig to  the large uncertainties, the SAGE II values are among the RADIBAL values a t  

every wavelength in the altitude range 15-25 km. 

The effective radius deduced from polarimetry measurements look much more dispersed 

tliail for the other coïncidences (Figure 13). As for 1986 the effective radius varies quite 

differently for both experiments: it decreases with altitude for SAGE II measurements while 

it increases sliglitly for balloon measuremeiits. Below 2 20 km the radii are quite similar, as 

for 1986. The effective variance is weak, arouiid 0.1 as for April 1986 and October 1987. 

3.3 Discussion 

The three coïncidences have shown some discrepancies between the size distributions 

retrieved from polarization and from transmissioii measurements; moreover the parameters of 

the lidar aerosol mode1 used in 1986 and 1987 t o  convert the lidar measurements to  extinction 

data  are quite different from both polarization and transmission retrieved models, as can be 

seen in Table 8. 

Table 8. Values of the effective radius and variance for the three experiments during the 

April 1986 coïncidence. 



As said in section 3.2.1, tlie iiietliod iised iii tlie SAGE Il aiialysis doesii't preteiitl to leatl t o 

tlie retrieval of tlie true size distribution; tlie retrieved paralneters of the log-lioriiial iiiodvl 

defiiie an "equivaleiit" size distribiitioii. Tlie procedure employed for tlie ballooii iiieasure- 

meiits is also based on monomodal iriodels. Tlie log-normal size distributions tised i i i  1 1 1 ~  

lidar model are calculated from ballooii-borne ineasurerneiits a t  Laraiiiie, LVy. Tlie optical 

1 km 

15 

18 

2 1 

24 

counter system iii use returiis pa.rticle coiiceiitra.tioiis for radii > 0.01pi11 (t0t.a.l iiiiiiit~ci. coii- 

ceiitratioii), > 0.15pm and > 0.251ini. So we will coiiipa.re inore precisely tlie beliaviois of 

tlie differeiit size distributions. 

Tlie two size distribution obtaiiied in April 1986 are dra.wii in Figure 14 togetlier witli 

the lidar model, a t  18 km (a) a.iid 21.4 kiii (1)). Tlie iiiost iiiiportaiit features of tlie La.ra.iiiie 

distri bution are the relatively la.rge contents of small and large par ticles wliicli coirespoiitl 

t o  tlie large effective varia.iice. Tlie retrieved RADIBAL aiid SAGE: II dist.ribiitioiis coiil(l 

iiidicate that  tliese experimeiits a.re uiiable to detect siiia.11 aiid la.ige pa.i.ticles. 

Iii an  otlier way the discrepa.~icies observed betweeii tlie SAGE 11, tlie ballooii aiid tlie 

lidar models can be expressed iii spc~ctral va.ria.tioiis of tlie estiiictioii coefficieiit. M'e 1ia.v~ 

c h w i i  in Figure 15 the curves for tlie niodels obtaiiied iii April 1986 a.t 18 km (a.) a.iid 21.4 kiii 

(b) aiid the SAGE II meaii east iiieasurenieiits. One ca.ii observe tlia,t a t  18 kiii tlie spectra.1 

dependances of tlie extinction deduced froin RADIBAL aiid SAGE II models are siiiii1a.r. 

as tlie models are very similar; a.t 21.4 kiii tlie belia.vior is qiiite differeiit witli especia.lly a 

stronger spectra.1 variation for tlie SAGE II siiia.ller particles, tliat appeared oii tlie 385 i i ~ i i  

slaiit optica.1 thickiiess curves (Figure Gc). For tlie 1ida.r large particles tliere is a sniootli 
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spectral variation a t  the two levels. 

PVe first iiivestigated whether the poor quality of the 385 nm channel SAGE II extinction 

da ta  could influence the derived aerosol model. The radii deduced by using only the three 

larger cliannel da ta  in equation ( l ) ,  are only slightly different from the radii deduced by usirig 

the four channel data. As shown in Figure 16, (case 1986 April21, east event), the deduced 

effective radii are always among RADIBAL values in the main aerosol layer and still decrease 

iv1t1-i increasing altitude; the effective variance, that is not shown, remains of the same order 

iii both cases. 

On the other l-iand we have tested the influence of the aerosol model in the conversioi-i 

of the lidar data. We calculated the aerosol extinction coefficient a t  1020 nm deduced from 

lidar backscattering measurements by using the SAGE II and the RADIBAL aerosol models 

instead of the Laramie data. Figure 17 shows the cornparison between the three extinction 

coefficient profiles obtained for the April 22 1986 data. The profiles computed with the 

RADIBAL and SAGE II niodels are somewhat different from the profile computed with the 

lidar inodel, nevertheless the relative differences are snialler than the relative dispersions or 

t l~ai i  the error bars of the lidar profile. Botli RADIBAL and SAGE II models used togetl-ier 

witli the lidar da ta  lead to extinction profiles that could also be in agreement with the es-  

tinction data  obtained from SAGE II measurements (Figure 2). The lidar experiment is then 

not very sensitive t o  the aerosol model. 

As a final test we computed the reflectance and polarization diagrams a t  1650 and 850 

nm with the size distributions deduced from SAGE II, and we compared them with the bal- 

looi-i measurements. Figures 18 show the measurements a t  18.0 km (squares and triangles) 

and the curves retrieved with the RADIBAL procedure (18a), in Figure 18b we can see tha t  

the reflectance curves are similar in the RADIBAL and SAGE II cases, but the polarization 

curves are slightly different. Figure 19 shows the same study a t  21.4 km altitude : one can 

notice that  the reflectance and polarization diagrams retrieved with the RADIBAL proce- 

dure are not so close t o  the measurements than a t  18 km; the SAGE II results show large 

discrepancies. This analysis means tliat tlie polarization measurements are very sensitive t o  



tlie size distribution and that at  higher altitudes it is impossible to get these polarization 

i~îeasurements with the SAGE II aerosol model. 

4 Conclusion 

Tliree independant experiments, balloon measurements of the reflectance and of the polar- 

ization a t  1650 and 850 nm, lidar measurements at  694.3 nm and transmission measurements 

at 1020, 525, 453 and 385 nm were available for the European correlative analysis of the 

stratospheric aerosol layer, for tliree periods. 

The 1020 nm channel has been mainly chosen for the comparisons because it is the most 

accurate for SAGE II experiment and because it is in the RADIBAL spectral range. The 

aerosol extinction coefficients at  1020 nm have been deduced from lidar data by the means of 

an aerosol model deduced from balloon-borne measurements achieved at  Laramie; the aerosol 

iiiodel derived froili balloori measurements a t  1650 and 850 nm permits to  compute the ex- 

tiiictioii coefficient at  the four SAGE II wavelengths. 

The first comparison conceriis the slant optical thickness at  1020 nm. The April 1986 

results show a good agreement betwee~i the three kinds of experiments in the altitude range 

12-22 km, that is to  Say in the main aerosol layer. Above that altitude the lidar optical 

thicknesses are somewhat larger tlian the otlier values, but nevertheless the lidar error bars 

iliclude the SAGE II and balloon results. For the October 1987 coïncidence the lidar optical 

thickiiesses are in excelleiit agreement with tlie SAGE II results, while the RADIBAL values 

are 1.2-1.5 times larger in the whole altitude range; a calibration error could be partly re- 

spoiisible of these differences. The SAGE II values are inside the balloon results of April 1989 

wliich are miich dispersed due to  the small number of aerosols, so that this last comparison 

is poorly satisfying. 

The spectral dependance of the extinction coefficient allows us to  retrieve the aerosol 



"equivalent" size distribution, with two different procedures for the RADIBAL and SAGE 

II esperiments. For the coïncidences of April 1986 and 1989 the deduced effective radii aïe 

iii good agreement in the main aerosol layer while at higher altitudes discrepancies appear 

\vit11 smaller values for SAGE II measurements. The October 1987 comparison shows similar 

behaviors for the two kinds of derived effective radii, nevertheless the values are quite differ- 

eiit. The retrieved effective variances are small and of the same order in al1 cases; they are 

very different of the large variance deduced from Laramie data. The conversion of the lidar 

backscattering coefficient to aerosol extinction coefficient doesn't seem very sensitive to the 

aerosol model, so that the comparisori of tlie two retrieved size distributions with the model 

deduced from Laramie measurements doesn't bring any additionna1 information. 

Coiicerniiig the discrepancies appearing between the SAGE II and RADIBAL deduced 

radii at  high altitudes, an important problem has been raised because of the impossibility 

to retrieve the measured polarization diagrams with the SAGE II parameters or to retrieve 

the measured S24GE II spectral variations of extinction with tlie RADIBAL parameters. A 

more precise study is needed takiiig into accouiit particularly other size distributions alid 

even bimodal models. The opportunity to test the procedures happened with new correla- 

tive experimeiits performed in early October 1991. These additional measurements may lead 

to valuable comparisons because of the great abundance of aerosols following the Pinatubo 

eruption. 
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Figure 1 .  Locastioa of tlie S A G E  I I  e v e ~ i t s  (sqiia.res), for tlie April 1986 c o ï i i ~ i d e i i c ~ .  ( A  ) 

sta.iids for Aire sur l'Adour and ( G P )  for Ga.riiiiscli. Pa.rteiikirclieii. 





Figure 1. Coiiiparisoii betweeii ilie slaiit. ol>tica.l tliirkiiess ~>i,ofiles at 1020 i i i i i  roiiil)iitotl 

froiii lidar measuremeiits (April 22 1986 (opeii cirrlcs) witli soiiie ersoi bais aiitl :ll)iil 2: !  

(crosses)), aiid tlie meaii SAGE I I  east profile witli ils limitiiig ~)iofiles (full liiits). 



Figure 5. April 1986 balloon slaiil optica.1 tliickiiess profile ai 1020 i i i i l  (plrisses). c~iiil,;ii-c~l 

10 1 . 1 1 ~  iiiea.ii S.4CiE II west. profile ((Iaslietl liiirs) aiicl tlie iiieaii SACiE LI eaat pl.olile ( f u l l  

liiies). 



l'igiire 6 .  Satiie w figure 5 but for the .52.5 ( a ) .  1.53 (11) aiid :{85 iini ( (  ) waveiciigiiis ~ ~ i i l i  

oiily tlic SAGE II east profile. 142 



Veff 

Figure 7 .  Eficciivc. radiiis (a)  aiid t.ficti\,e variaiicc ( I I )  versiis ;iltitiitlr 101. III<. t l l~ i i l  ii)sc, 

RADIDAL expcrii~ieiit (pliisses) aiid for tlie east St\C;E I I  ~sl~ciiiiieiil  ( d o t s ) .  

143 





Figure 9. Conlparison betweeli the slant opticai thickness profites a.t 1020 I I I I I  C O I I I O ~ I ~ ~ . ~ I  

froin tidar measurements (October 7 (open circles), 0ct.ober 19 (crosses) \vit.l i  soiiie c.rioi. I,ar, 

and Novernber 5 (triangles)), and the mean SAGE I I  east profile witll its l i i i i i t i i i g  I)~olilcs 

(full lines). 



Figure IO. Oclober 1987 bdlooii dant optiral tliirkiiezs ~biolilr (pliiss~~s). I O I I I ~ I ; I I ~ . ~ ~  11, III,. 

iiieaii S A G E  II profile (fiill lines) : a! 1020 iiiii ( a )  aiicl :1,SF> IIIII ( b ) .  
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Figure 11 .  Effective radius versus altitude for tlie October 1987 RADIBAL eiperili ieli i  

(plusses) aiid foi tlie SAGE II esperimeiit (dots). 



I'igcire 12. Api-il 1989 tinllooii clniil optir.,l i liicliiirss profiIr (,~liiss<.s), 4 <IIII IB;H~~~I IO  t l,,, 

iiiean SAGE II profile (fi111 licies) : ai  1020 IIIII ( a )  nii<l :IR5 t i i i i  ( 1 , ) .  
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Figure 13. Effective radius versus a.ltitiide foi t,lie April 1989 RADIBAL experiii~r~~i (1,I i issc.s) 

aiid for tlie SAGE II experinieiit (dots). 



Figure 14. Size distributions deduced froni RADIBAL n~easureiiieiits (dashcd-dottecl), fru~it 

SAGE II meaii east values (dotted) aiid froiii Laraiiiie data (full liiie) iii April 19x6 a i  1s kilt 

(a )  aiid 21.4 kni (b)  altitude. 
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Figure 17. Cornparison betweeii tlie estiiictioii coefficieiit profiles derived froiii tlie litlai 

data with various size distribiitioiis : La.ra.inie (opeii circles). S A G E  11 (opeii sqiia.res) ailil 

RA DIBAL (crosses). 



Figure 18a. Measured reflectaiice (left,-1ia.iitl c.riives) a.iid pola.riza.iioii ra.iio i i i  priceiil. (iiglii- 

liaiid curves). a t  1G50 iim (squa.res) alid 850 iiin (tria.iigles) vcrsiis tlie sca,ttteriiig ii,iigI(' B ai 

18.0 kiii a.ltitiide (the sigii of 8 is to distiiiguisli observa.tioiis oit bot.11 sides of tlie sriii iiici0eiii. 

plaiie). Tlie dia.grains retrieved wi tli tlie RADIBAL iiiodel a.re drawii iii full liiies. 

Figure 18b. Same as figure 18a but witli tlie diagraiiis retrieved wiili SAGE II ~iiodel (full 

lines). 





3 Moyennes zonales 

Pour l'expérience SAGE les profils de coefficient d'extinction moyennés sur des baiides de 

latitude de 10' pendant des périodes voisines de un mois nous avaient été procurés par la 

NASA. L'étude de ces moyeilries zonales a et6 entreprise dans le but de proposer un modèle 

réaliste des aérosols de la stratosphke  an- gkrtyb& (1 11. Des -résultats particulièrement . , , * 

de la tropopause, c'es% ncL& par les perturba- 

n constate, en échelle 

%nt peu de variations 

en évidence des 

stratosphériques moyennes ldispcpiblei m'ont permis,."nio&nanq un modèle standard de 
I b '  , ' . I L  " IL; < % , ' 1  5 .  \ 

vapeur d'eau, d'évaluer les variations de taille des particdes induites par les changements 

de température entre les différentes saisons; ces kriations'vont dans le même sens que les' 

variations observées mds soiit. insuffisantes poiir restituer l a  iotalité des écarts exhtant et 
" 4 

j'en suis arrivée à la conclusion que d'autres ex~li&tions, chîmiques et/ou dynamiques sont 

à l'origine de ces différences de dimensions. + .- 

?ai bien entendu poursuivi avec SAGE II l'étude des moyennes zonales entreprise pour 

SAGE. Cette fois nous ne disposions pas des valeurs moyennées fournies par la  NASA et j'ai 

été confrontée à un certain nombre de questions concernant la fwon d'évaluer ces moyennes. 

ai dû tout d'abord établir un critère de sélection portant sur la qualité des profils à moyen- 

ner et détermines les périodes sur lesquelles j'allais effectuer ces moyennes, compte tenu de 

la trajectoire du satellite. Un autre problème plus délicat a surgi : il a fallu décider si 

la référence était l'altitude vraie ou l'altitude comptée à paxtir de la tropopause. Après 

différentes études il s'est avéré que, contrairenient à ce qui était admis, la couclie d'aérosols 

ne suit pas les variations saisonnières de l'altitude de la tropopause, mais qu'elle est "liée'> 

à la surface. On note toutefois une étroite relation avec la tropopause pour ce qui est du : 

comportement latitudinal. Ces difficultés étant résolues de façon satisfaisante, j% vu ap-, 
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The SAGE (Stratosphenc Aerosol and Cas Experirnent) satellite aerosol extinction profiles at 1.0 and 
0.45 wm. averaged over 10  latitude bands, are used to derive a description of the background strato- 
sphere. which is compared to the Standard Radiation Atrnosphere model. At middle and high latitudes a 
small seasonai variation appears, with larger partic!es and higher optical depths in winter. 

Models of the atmospheric structurt and its properties are 
necessary for a better understanding of the major physical 
processes which influence the climate. The models necessary 
for global or large-scale climate studies must be supported by 
experimental observations and are expected to give some real- 
istic description of an "average" atmosphere, leaving out the 
detailed, local, or transient phenomena. 

Models of the stratospheric aerosols have been proposed by 
different authors [Pinnick et al., 1976; Toon and Pollack, 
19761 and more recently in the "Standard Radiation Atmo- 
sphere" (SRA) defined by the Radiation Commission of the 
International Association of Meteorology and Atmospheric 
Physics (IAMAP) [Radiation Commission, 19861. These 
models were based on several in situ and ground-based obser- 
vations which, however, were restricted to measurements at a 
few places at specific times. 

The SAGE (Stratospheric Aerosol and Gas Experiment) sat- 
ellite [McCormick et al., 19791 has provided a global data 
base of the stratospheric aerosols from February 1979 to No- 
vember 1981 ; the available data are the profiles of the aerosol 
extinction coefficient a, at two wavelengths, 1.0 and 0.45 pm. 
A lot of work has been done with the individual extinction 
profiles at 1.0 pm. Volcanic eruptions have been observed and 
the plume transport has been followed [Newell and Deepak, 
19821. The ratio between extinctions at 0.45 and 1.0 pm de- 
pends on the size distribution of the particles; it provides a 
method for retrieving one parameter of an assumed general 
expression of the size distribution as well as the main radiative 
characteristics [Yue and Deepak, 1983, 1984; Lenoble and 
Brognie:, 19841. 

In this paper we have used the aerosol extinction profiles, 
averaged over latitude bands of 10". for each sweep of the 
satellite observation between the extreme northern and south- 
ern positions, that is, for a little more than a month (about 10 
sweeps per year). These average profiles give the general zon- 
ally averaged information which is sought for modeling the 
stratospheric aerosol layer in view of general climate studies. 
Since a very complete description of the volcanic stratosphere 
after the Mount St. Helens eruption, including SAGE data, 
has been given by Newell and Deepak El9821 and Lenoble et 
al., [1984], here we will concentrate on the background, non- 
perturbed stratosphere. 

In the section 2 we consider the extinction profiles at 1.0 pm 
and the related optical depth. Section 3 concerns the extinc- 
tion ratio ae(0.45)/a,(1.0), expressed as an average Angstrom 
coefficient z deduced from the relation 

The Angstrom coefficient is a convenient indicator of the par- 
ticle size. decreasing from 4 for molecular sizes to values oscil- 
lating around zero for large particles. In section 4 we discuss 
the seasonal variations in z and how they relate to temper- 
ature variations. Finally, section 5 proposes a stratospheric 
background aerosol model, which is compared to the SRA 
model, and Our conclusions are presented in section 6. 

The profiles, averaged over 10" latitude bands, of the extinc- 
tion coefficient ~ ~ ( 1 . 0 )  at 1.0 pm, for the period from August 7 
to September 13, 1979, are presented in Figure la for seven 
latitudes between 55's to 6S3N. The profiles appear quite de- 
pendent on the latitude, with larger extinctions for the same 
altitude at lower latitudes where the tropopause is higher. In 
Figure Ib the same profiles have been redrawn, with the tro- 
popause altitude Z, as the origin. Figure lc shows one of the 
profiles (35"s) with the standard deviation of the mean value. 
As expected from previous observations [Rosen et al., 19751, 
the structure of the stratospheric aerosol layer is related to the 
tropopause height. With an altitude scale starting at the tro- 
popause level, al1 of the profiles present the same general be- 
havior; this has been confirmed for al1 the periods we have 
considered except, of course, when a volcanic contribution is 
present. 

2.1. Temporal Variations 

Figure 2 presents the variation of the average extinction 
coeficient ~ ~ ( 1 . 0 )  from February 1979 to November 1981 at 
two altitudes above the tropopause (5 and 15 km) and for 
three different latitudes (45"N, 5"s. and 35"s). At 5 km above 
the tropopause in 1979 the extinction coeficient remains quite 
stable between 1 and 1.5 x km-', which can be con- 
sidered as typical of the background stratosphere [Swissler et 
al., 19821. In 1980 and 1981 the volcanic contributions result 
in a strong increase in the extinction coefficient, especially in 
the northern hemisphere (St. Helens on May 18, 1980, at 
46"N: Alaid on April 27, 1981, at 51°N; and Pagan on May 
15, 1981, at 18"N) and near the equator (sierra Negra on 

Copyright 1987 by the Arnerican Geophysical Union. November 13, 1979, at 0.8ON; and Ulawun on October 7, 
Paper number 6Dû665. 1980, at SOS). The middle and high southern latitudes are only 
0148-0227187/W6D-o665%05.00 slightly perturbed by the end of 1980 (Ulawun). 



Fig. la. Aerosol extinction coefficient u,(1.0) at A = 1.0 pm versus Fig. lb. Same as Figure la but with the tropopause height Z r  as 
altitude Z for the period August 7 to September 13, 1979. the origin. 

At 15 km above the troposphere there is no visible influence 
on the extinction coefficient from the volcanic eruptions. For 
the low latitudes the extinction coefficient remains between 2 
and 4 x km-' during al1 the considered periods, with 
somewhat smaller values (1-1.5 x IO-' km-') at the end of 
1979. For the middle and high latitudes the extinction at 15 
km exhibits regular seasonal variations, with values between 3 
and 5 x km-' during the local winter and between 1 
and 2 x IO-' km- ' during the summer. 

2.2. Altitude Variations 

Whatever the perturbations are in the lower stratosphere, 
the profiles become remarkably similar and almost linear on a 
logarithmic scale above a fixed level Z,, which is between 10 
and 15 km above the tropopause height 2,. The profiles can 
be fitted by the relation 

ae(Z) = ae(Zc) exp ( - 9) Z 2 Zc (2) 

The scale heights H, obtained by a least squares fit to the 
profiles, are given in Table 1; they are between 3 and 3.5 km 
for most cases, with extreme values of 2.4 and 4.6 km. The 
average value is El = 3.2 km, with a standard deviation 
AH = 0.4 km. In 1979 the level Zc where the exponential de- 
crease starts is higher in winter (around 2, + 16 km) than in 
summer (around Zr + 11 km). 

In the lower stratosphere we have considercd only the pro- 
files corresponding to the nonvolcanic cases described in sec- 
tion 2.1. In most cases the extinction decreases very slightly 

with altitude. The least squares fit to the profiles points to an 
exponential decrease, with a scale height between 10 and 100 
(i.e., a decrease of the extinction coefficient by a factor of 
0.4-0.9 in the first 10 km above the tropopause). In some cases 
the profile oscillates around a constant value. As mentioned 
previously, the extinction at 5 km above the tropopause for 
the unperturbed stratosphere of 1979 remains around 1-1.5 
x km- ' for ail latitudes. 

Finally, note that between the lower stratosphere, with its 
almost constant extinction, and the higher stratosphere, with 
its exponential decrease of extinction with a scale height 
around 3 km, there is a transition layer around Z ,  of about 2 
km thickness. 

2.3. Latitudinal and Seasonal Variations 
of Optical Depth 

We have computed the optical depth 6 at 1.0 pm above the 
altitude Zr + 2 km; the reason for starting 2 km above the 
tropopause height is to avoid the perturbations close to the 
tropopause. The same limit has been used in the optical depth 
computed by Kent and McCormick [1984]. Figure 3 shows the 
variation of 6 with the latitude for different periods of 1979, 
1980, and 1981. Values as high as 5 x IO-' are found after the 
volcanic eruptions, confirming the influence on zona1 means of 
the high local values [Lenoble et al., 19841. 

For the unperturbed stratosphere of 1979 the optical depth 
varies between 0.7 and 1.8 x IO-'. For the middle and higher 
latitudes a small seasonal variation appears, with larger values 
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Fig. 2. Aerosol extinction coefficient ~ ~ ( 1 . 0 )  at A = 1.0 hm versus the date for two altitudes above the tropopause. 
Crosses indicate 5 km, and dots indicate 15 km. The arrows show the volcanic eruptions, labelcd SN for Sierra Negra, St 
H for St. Helens, U for Ulawun, A for Alaïd,and P for Pagan. 

pause in the northern hemisphere. The transition with the 
low-latitude behavior is, for both hemispheres, between 20"- 
35". with an asymmetry at the level 2, + 2.5 km, where sur- 
prisingly high values of a appear in the southern hemisphere. 

Figure 5 shows the summer and winter vertical profiles for 
55"N (Figure 5a) and 45"s (Figure Sb). The differences be- 
tween summer and winter are definitively larger than the error 
bars. 

3.2. Low Latitudes 

Between 20"s and 20°N the Angstrom coefficient a, and 
therefore the aerosol sizes, change very little with latitude and 

season. The vertical profile shows a decrease (size increase) 
from values around 1.8 at 2 km above the tropopause to 
values around 1.5 at 7-10 km, and then an increase (size de- 
crease) up to values of 1.8 or 2 at 15 km above the tropopause. 
Assuming a tropopause at Z, = 16 km, the decrease of a be- 
tween 2, + 2 km and 2, + 10 km is in agreement with the 
increase in particle size found by YD from 18 km to 25 km, 
which is the highest altitude considered in their curves. For 
March, YD found a decrease of size from 15 to 18 km, that is, 
at and just above the tropopause level; this seems confirmed 
by in situ measurements made in September 1980 in the tropi- 
cal stratosphere [Goodman et al., 19821. Of course, it is diffi- 



T A B L E  1. Values of Scale Heights H for All Available Periods and Latitudes 

Penod 75 S 65 S 5.5 S 45 S 35-S 25-S 15-S 5"s 5-N 1S7N 25 N 35'N 45'N 55-N 65-N 75'N 

Feb. 21 to 3.1 3.2 3.3 3.4 3.1 2.7 2.6 2.7 3.7 3.5 2.9 3.4 3.1 
March 21. 1979 
March 22 to 3.4 3.3 3.4 2.9 2.8 2.5 2.6 2.8 2.8 3.3 3.0 3.2 3.3 
April 28. 1979 
April 79 to 3.3 3.4 3.9 3.1 2.6 X 
May 31. 1979 
June I to 4.2 4.2 3.3 2.4 2.7 3.1 3.0 2.9 2.8 
July 6. 1979 
Aug. 7 to 3.2 2.8 3.0 3.1 2.7 2.8 2.8 3.2 3.3 3.4 3.3 2.9 3.0 2.9 
Sept. 13. 1979 
Sept. 14 to 3.3 X 3.4 3.0 2.7 2.6 2.8 2.8 2.6 3.0 3.4 3.3 3.1 
Oct. 20. 1979 
Oct. 21 to 
Nov. 21. 1979 
Nov. 22 to 4.2 4.3 3.8 3.3 3.0 2.9 3.2 3.1 2.7 2.5 2.7 2.8 
Dec. 31. 1979 
Jan. 1 to 2.6 2.8 2.8 3.1 
Jan. 26. 1980 
Jan. 77 to 3.3 3.3 3.2 3.2 3.3 3.0 2.9 3.0 3.2 2.8 2.6 2.6 2.6 2.6 
March 4. 1980 
March 5 to 
April 7. 1980 
April 8 to 3.3 3.2 3.3 3.2 3.0 3.2 
May 8. 1980 
May I l  to 3.1 3.0 3.1 3.1 3.3 3.4 3.2 3.3 3.1 3.0 3.2 2.8 2.8 
June 22. 1980 
June 23 to 2.9 2.7 3.0 2.9 
July 19. 1980 
July 20 to 2.8 2.9 3.2 3.2 3.3 3.2 3.4 3.3 3.4 3.3 3.4 2.9 3.0 
Aug. 27. 1980 
Aug. 28 to 2.9 2.9 2.9 3.0 3.5 3.7 3.9 3.4 3.5 3.3 3.4 2.9 
Sept. 27, 1980 
Sept. 28 to 3.2 3.7 3.1 3.2 3.4 3.0 3.3 3.0 
Oct. 30. 1980 
Oct. 31 to X 3.8 3.3 3.2 3.4 3.4 X 3.8 3.7 X 3.4 3.5 3.5 
Dec. 13. 1980 
Jan. 1 l to 3.4 3.4 3.3 3.4 3.3 3.6 3.9 3.6 3.6 3.8 3.5 3.6 3.5 
Feb. 17. 1981 
Feb. 18 to 3.1 3.2 3.0 3.0 3.6 3.3 3.5 3.7 
March 17. 1981 
March 18 to 3.3 3.2 3.2 X 3.7 X X X X 
April 20, 198 1 
April 21 to 4.6 4.1 3.8 3.1 3.1 3.0 3.0 3.1 3.7 4.4 X 3.6 4.1 
May 30, 1981 
June 5 to X 3.9 3.4 3.1 
July 2. 1981 
July 3 to 3.0 X X 3.7 2.8 2.4 2.6 3.0 3.4 3.4 4.1 3.6 3.1 
Aug. 10. 1981 
Aug. 15 to 3.7 3.9 3.7 3.9 3.5 3.5 
Aug. 27, 1981 
Sept. 4 to 4.0 3.8 4.3 3.7 3.2 3.0 
Oct. 1. 1981 
Oct. 12 to X X 4.6 3.7 3.7 3.5 3.1 2.8 2.4 2.9 4.1 3.9 
Nov. 18, 1981 

Scale heights are given in kilometers. The crosses indicate irregular profiles. 

cult to make definitive conclusions from SAGE data because 
many profiles are perturbed and irregular close to the tropo- 
pause level. 

3.3. Seasonal Variations 

As already discussed, the vertical profile of z is almost con- 
stant during the winter and increases with altitude in summer 
for both hemispheres at middle and high latitudes. Figure 5 
shows these profiles for the two seasons at  45's and 55"N. 
Moreover, it appears that z is larger in summer, at least above 
2, + 7 km. We note that the extinction coeficient is smaller 
in summer (Figure 2), when z is larger. The decrease of the 

extinction, and therefore of the optical depth, in summer 
seems to be explained by the presence of smaller particles in 
this season. 

Table 3 summarizes the differences da between a,,,,,, and 
zWi,,,, at two levels (12.5 km and 15 km) for the two hemi- 
spheres in 1979 and for the southern hemisphere in 1980 and 
198 1, where the volcanic perturbation is small. Of course, both 
the imprecision in the measurements of z and the existence of 
transient phenomena have to be kept in mind. Nevertheless, 
we have an average 6;; = 0.28 between summer and winter in 
1979 for both hemispheres, 6;; = 0.40 for the northern hemi- 
sphere alone in 1979, and = 0.20 for the southern hemi- 
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Fig. 3. Optical depth 6 x 10' versus latitude for (a) 1979: curve 1, February 21 to March 21; curve 2, March 22 to April 
28; curve 3, April 29 to May 31; curve 4. June 1 to August 6; curve 5, August 7 to September 13; curve 6, September 14 to 
October 20; curve 7, November 22 to December 30. (6) 1980: curve 1, January 27 to March 4; curve 2, March 5 to April 7;  
curve 3, April8 to May 8;  curve 4, May I I  to June 22; curve 5, July 20 to August 27; curve 6, August 28 to September 27; 
curve 7. September 28 to October 30; curve 8, October 31 to December 13. (c) 1981: curve 1, January 11 to February 17: 
curve 2. February 18 to March 17; curve 3. March 18 to April 20; curve 4, April 21 to May 30; curve 5, July 2 to August 
10; curve 6. October 12 to November 18. 

sphere and the three years; these values, although approxi- peratures in the polar regions [McCormick et al., 19821. Possi- 
mative, point certainly to a real seasonal effect, which we will bly, this can be explained by an increase in the aerosol sizes 
try to discuss in the next section. when the temperature decreases. Although this is true at al1 

stratospheric temperatures, the aerosoi size increase becomes 
4. Discussio~ OF THE SEASONAL VARIATIONS important and has noticeable effects as "polar stratospheric 

SAM (Stratospheric Aerosol Measurement) II observations clouds" only beiow a threshold of about 200 K [Steele and 
have shown very high extinctions related to the very low tem- Hamill, 1981; Yue and Deepak, 19811. The water vapor pres- 
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Fig. 4. Angtrom coefficient z between 0.45 and 1.0 pm versus latitude for vanous altitu* above the tropopause: 
curve 1 shows the plot at 2.5 km; curve 2 at 5 km; curve 3 at 7.5 km; curve 4 at 10 km; cuwe 5 at 12.5 km; and curve 6 at 
15 km. (a) February 21 to March 21, 1979; (6) April 29 to May 31, 1979; and (c) August 7 to September 13, 1979. 

sure also influences the particle sizes, which increase with the 
H,O pressure. 

The SAGE data suggest that for the 1979 background 
stratosphere, the extinction presents a small seasonal variation 
in the high stratosphere with somewhat larger extinction in 
winter, which is related to smaller values of z, that is, larger 
particles in winter. For lognormal (LND) size distributions 
(see equation (3)) a decrease of r from approximately 1.9 to 1.5 
is consistent with an increase of a, by a factor around 2.5. In 
Table 3 the average stratospheric temperatures for both sea- 
sons are given from the SAGE tape 1981 meteorological data. 

One can observe that the temperature is approximately 15 K 
higher in summer (T = 230 K) than in winter (T % 215 K). 
However, the temperature is always above the threshold value 
needed for a large influence on the particle sizes. The increase 
of z with altitude in summer also seems related to an increase 
of temperature, whereas the high stratosphere is almost at 
constant temperature in winter and with a constant value of z. 

We have tried to explain the seasonal variation of the parti- 
cle sizes by applying the results of Steele and Hamill [1981]. 
Unfortunately, we do not have values of the water vapor pres- 
sure; we have used values of 2 x  IO-^ mbar for winter and 



TABLE 2. Optical Depth 6 at 1.0 pm for the Unperturbed Periods 

Local winter. Local summer, 103(6,,,,,, 
Year Latitude P x lo3 6 lo3 - 6,,mmer) 

Low Latitudes 
1979 25-S 1.24 0.87 0.37 

15 S 1.12 1.01 0.11 
5 S 1.12 1.18 -0.06 
5 N 1.23 1 .O9 0.14 

15 N 1.24 0.82 0.42 
2 5 ~ N  1.19 0.95 0.24 

Middle and High Latitudes 
1979 55 S 1.78 1.28 0.50 

45 S 1.69 1.11 0.58 
35-S 1.46 0.9 1 0.55 
35 N 1.38 0.95 0.43 
45 N 1.53 1.10 0.43 
55 N 1.56 1.28 0.28 
65-N 1.47 1.22 0.25 

3 x 10-4 mbar for summer from balloon measurements be- 
tween 20 and 30 km in February and July 1979 [Fischer et al., 
19851. 

Assuming a lognormal size distribution, 

with a variance a = 1.60, an average winter value of rwintcr = 
1.55 gives rmWin'" = 0.132 Pm. Using the results of Steele and 
Hnmill [1981, Table 11 the mode radius should be multiplicd 
by approximately 0.94 to give the summer value r,'umm" = 
0.122 Pm, leading to z ,,,,,, = 1.67 and Sa = 0.12. This is less 
than one-half the experimental value. 

TABLE 3. Seasonal Effect on z 

Temperature, K  SU^,,, - %inter 

Z - 2,. 
km Latitude Sumrner Winter 1979 1980 1981 

Southern Latitudes 
12.5 55'3 229 210 0.05 0.15 0.15 
12.5 45's 228 214 0.15 0.33 0.15 
12.5 35"s 229 22 1 0.15 0.15 0.20 
12.5 25"s 228 225 -0.05 -0.15 0.15 
15 55"s 232 210 0.20 0.15 0.25 
15 45's 232 215 0.25 0.20 0.25 
15 35's 235 224 0.30 0.10 0.30 
15 25"s 233 229 0.05 -0.05 0.20 

Northern 
12.5 65'N 228 
12.5 55-N 225 
12.5 45'N 227 
12.5 35"N 228 
12.5 25'N 229 
15 65'N 23 1 
15 55"N 228 
15 45"N 23 1 
15 35"N 232 
15 25-N 233 

Latitudes 
214 0.40 
218 0.40 
220 0.40 
218 0.30 
223 0.20 
213 0.50 
220 0.55 
222 0.45 
222 0.35 
228 0.40 

Fig. 5. Angstrom coefficient z versus altitude Z with the disper- 
sion bars for summer (solid line) and winter (dashed line); the origin is 
the tropopause height Z,. (a) Latitude 55"N; (b) latitude 45"s. 
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lower than in 1979. Its matn drawbacks are the fixed tropo- 
pause altitude and the linear decrease from 8 to 18 km above 
the tropopause level, which has to be replaced by an ex- 
ponential decrease. 

The size distribution in the SRA model is a modified 
gamma distribution, which is almost equivalent for the radi- 
ative properties in the solar spectrum to a LND size distri- 
bution with a = 1.60 and r, = 0.127 pm [Lenoble and Brog- 
niez, 19841; it gives an Angstrom coefficient r = 1.68 defined 
by ( 1 )  between 0.45 and 1.0 pm which is reasonable, although 
a little too high for an average global model. However, a more 
detailed description should include the variation of the parti- 
cle sizes found by SAGE. For the middle and high latitudes in 
winter the average value O C  Y is around 1.55 at al1 altitudes. 
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tations. This work was supported by the Centre National d'Etudes 
Spatiales under contract 1230. 
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perturbed very little, have also been used in 198Cb1981. 
The extinction profiles at 1.0 pm are directly used to study 

the vertical, seasonal, and latitudinal variation of the aerosols, 
whereas the profiles at 0.45 Pm are used to compute the ratio 
a, (0.45)/ae (1.0) and the related Angstrom coefficient and to 
derive additional information about the particle sizes. The ver- 
tical profiles of extinction follow the tropopause altitude vari- 
ations and a model must use the actual tropopause height as 
an origin for the aerosol profile, instead of a fixed value, as in 
the Standard Radiation Atrnosphere (SRA) model proposed 
by the Radiation Commission [1986]. 

In approximately the first 10 km above the tropopause, the 
extinction is almost constant, with a value slightly higher than 
in the SRA model; above 10-12 km the decrease is ex- 
ponential instead of linear, as  in the SRA model, with an 
average scale height 01 3.2 km; the standard deviation around 
this value is 0.4 km. The extinction, and therefore the optical 
depth, are slightly higher in winter than in surnrner. 

The particle size is found alrnost constant a t  ail altitudes in 
winter, whereas it decreases when the altitude increases in 
summer: above 10 km the particles are larger in winter than in 
summer, which is consistent with the larger extinctions found 
in winter. An attempt to explain this particle size increase by 
colder temperatures in winter accounts only for about one- 
half of the size increase. 
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ABSTRACT 

The data provided by the Stratospheric Aerosol and Gas 
Experiment II (SAGE II), at 1.02 Pm, are averaged in view 
of zonai and seasonai study. The profiles of extinction versus 
altitude reveal a particular behaviour. 

1. INTRODUCTION 

The Stratospheric Aerosol and Gas Experiment Ii (Mad- 
din et al.,1985) has provided daily data of stratospheric aerosol 
profiles from October 1984 to November 1987 at four wave- 
lengths : 1.02, 0.525, 0.453 and 0.385 p. 

In view of climate studies these profiles are generdy 
zonaiiy averaged to obtain informations on the stratospheric 
aerosol layer, the so caiied Junge layer, for aiiowing zonai and 
seasonal study of the aerosol distribution (Brogniez and Leno- 
ble, 1987). 

We have investigated to what degee it is significant to 
average these profiles, that is to Say to what degree the mea- 
surements are distributed around the mean value with a small 
dispersion. Our study has been done for the aerosol extinction 
coefficient at 1.02 pm because it is the most accurate aerosol 
data (Chu et al., 1988). 

2. AVERAGED PROFILES AND DISPERSION 

The profiles are averaged over latitude bands of 10' for 
each sweep of the satellite between the North and the South, 
that is for about one month. Taking into account the trajectory 
of the satellite, the average for a latitude band is made during 
a short period of a few days (1 to 5 days). in most of the 
latitude bands there are generaiiy between 20 and 100 profiles. 
We have averaged the messuremente for each altitude and we 
have caicuiated the ratio of the standard deviation to the mean, 
mdtiplied by 100, ie : 

where E(z) is the mean of the extinction measurements z; and 
u, is the standard deviation. 

~ i ~ & e  1 shows the mean extinction coefficient E(z )  at  
1.02 jun and the per cent dispersion (7% SD) versus altitude 
above the mean tropopause height for the same period a t  lat- 
itudes 45 N (1-a), and 05 S (1-b) during the spring 1985. We 
have also noted the number of profiles in the latitude band and 
the mean tropopause height. 

The first noticeable result is that at high and middle lat- 
itudes (greater than 15O N and 15' S) the dispersion is srnail 
( 2  10-15 % ) around an altitude of about 4-8 km above the 
tropopause; at lower and higher levels the % SD increases 
rapidly. This minimum in the % SD happens where the extinc- 
tion coefficient is large, about 10-~krn-l, but not an extreme. 
The altitude where the % SD is minimum varies slightly during 
the year, but without any obvious seasonai effect (Figure 2). 

For low latitudes the % SD is almost constant, smaller 
than 10 % above the same level of about 5 km up to about 
15 km and remains lower than 25 % up to 20 km above the 
tropopause height. 

We observe the same behaviour during the two years 1985 
and 1987. For 1986 the % SD profiles are generaiiy more irreg- 
ular at least for one half of the cases, even at low latitudes, and 
the % SD is often greater than 20 % (Figure 3). 

3. DISCUSSION 

The aititude variation of % SD observed at high and mid- 
die latitudes, with a strong minimum at a given altitude, could 
be due either to a better quaiity of the measurements in this 
layer, or to a better zonai homogeneity of the aerosol layer at 
this altitude. 

in order to check if the per cent dispersion variation is 
partly due to the measurement errors we have calculated the 
mean relative error multipiied by 100, ie : 

where N is the number of measurements and Az; is the error 
on the extinction measurement z; given on the SAGE II tapes. 
For comparisons the profile of the per cent mean relative error 
(% RE) is drawn in Figure 1. 

We see that this % RE is rather srnall(< 15 % and even 10 
% ) for all levels up to 15 km above the mean tropopause height, 
that is to say the individual profiles are of good quality a t  aii 
levels, where the extinction coefficient is larger than nearly IO-' 
km-'. This is tnic for the three years, including 1986. 

The comparison between the per cent dispersion and the 
per cent mean relative error proves that the existence of a mini- 
mum in the per cent dispersion profile (during 1985 and 1987) is 
not correlated to a better quality of the meaaurements. When 
the dispersion around the mean value is s d  at about 4-8 
km above the tropopause height, that meana the measurements 
have iittle variability, ie the extinction coefficients are very close 
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Fig. 2. Per cent dispersion (% SD), per cent mean relative error (% RE) and extinction ratio (R) versus altitude 
above the mean tropopause height at latitude 45 N for different semons. 
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Analysis of 5-Year Aerosol Data From the Stratospheric 
Aerosol and Gas Experiment II 
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Villenerive d'Ascq.  France 

The Stratospheric Aerosol and Cas Experiment (SAGE) II measured aerosol extinction coefficients 
at 1.02 Fm averaged over a IO0 latitude band and over short periods of nearly 5 days are used for 
latitudinal and seasonal studies. The most evident feature of the time series is the exponential decrease 
confirrning the decay of El Chichon influence: in some latitude bands and at several height leveis. small 
seasonal variations are superimposed. For latitudinal variations, extinction minima at 25":35" in botti 
hemispheres appear clearly. L'sing aerosol extinctions at 0.525. 0.453. 2nd 0.385 Pm iogether with the 
I .O?-~rn data permits one to deduce one parameter of the size distribution, the particle effective radius. 
Seasonal variations of the deduced aerosol rôdius are not so obvious compared to the extinction data. 
but latitudinal variations of the radius do exhibii the same behavior as the extinction data. with minima 
at 2S0/35". This study also shows that SAGE II aerosol data can be used to detect volcanic eruption 
from extinction variations such as the Nevado del Ruiz and to determine the size of the injected 
particles. 

The solar occultation experiments SAM II. SAGE. and 
SAGE II have provided a continuous monitoring of the 
stratospheric aerosol layer. The Stratospheric Aerosol Mea- 
surement II (SAM II) instrument, which has operated since 
November 1978 in the high-latitude regions. has first de- 
tected the polar stratospheric clouds and followed the decay 
of the volcanic perturbation after El Chichon eruption [Mc- 
Cormick and Trepre, 19861. The Stratospheric Aerosol and 
Gas Experiment (SAGE) has provided information on strato- 
spheric aerosols from February 1979 to November 1981 
between 70"N and 70"s allowing a first global description of 
the unperturbed stratosphere and of the distribution of the 
Mount St. Helens volcanic material [Brogniez and Lenoble, 
19871; its measurements of aerosol extinctions at 1.02 pm 
and 0.45 pm allow the retrieval of an average size of the 
aerosol particles [Yue and Deepak, 1983; Lenoble et al. ,  
1984; Lenoble and Brogniez, 19851. The Stratospheric Aero- 
sol and Gas Experiment II (SAGE II) launched in October 
1984 has provided aerosol extinction profiles at four wave- 
lengths over approximately the same latitude zone as SAGE. 
The validations and the preliminary analysis and utilization 
of SAGE II data have been presented in several papers 
published in a special issue of the Journal of Geophysical 
Research (volume 94, 1989). 

We present in this paper a first global analysis of 5 years of 
SAGE II aerosol products, described in section 2. In section 
3 we analyze the longitudinal variations in a latitude band, in 
order to check the usual assumption of uniform distribution 
around the globe; although SAGE II data generally confirm 
this assumption, they throw a new light on this problem and 
the variations of homogeneity with altitude. In section 4 we 
use the zonally and monthly averaged values of the aerosol 
extinction coefficient at 1.02 pm to analyze the temporal 
variations in each latitude band and the latitudinal variations 
for each period; a major question which is raised is how 
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strongly the stratospheric aerosol layer is linked to the 
tropopause and how it follows the tropopause height 
changes. The variations of the 1.02-pm extinction coefficient 
can be due either to changes in the particle sizes or to a 
variation of their number, or of course to both. In section 5 
we present the data on aerosol effective radius, as it can be 
deduced from the four SAGE II channels, and we analyze its 
variations. The period 198&1989, which has seen the decay 
of El Chichon volcanic material, has been quiet with only 
minor volcanic emptions. the only exception being the 
Nevado del Ruiz. Section 6 presents the SAGE II data 
concerning this event. 

2. PRESENTATION OF SAGE II AEROSOL DATA 

The Stratospheric Aerosol and Gas Experiment II pro- 
vides daily data of stratospheric aerosol extinction profiles 
from October 1984 to the present at four wavelengths, 1.02, 
0.525, 0.453, and 0.385 pm [Mauldin et al. .  19851. The 
validations performed, in the United States and Europe 
[Russell and McCormick, 1989; Ackerman et al. ,  19891, have 
shown that the 1.02-pm profiles are good, from the local 
tropopause height up to at least 20 km above the tropopause 
height, i.e., 30 km in mid-latitude regions, with a precision 
roughly estimated to be around 10%. From a few kilometers 
above the ground up to the tropopause height the compari- 
son between the inverted extinction profiles obtained by two 
different algorithms shows that the extinction data are still 
credible [Chu et al. ,  19891. 

The three short-wavelength channel aerosol data can be 
used with confidence only up to 15 km above the tropopause, 
because the ozone andior the nitrogen dioxide corrections 
become too large above this level. The lower height limit of 
the profiles is due to Rayleigh scattering; it increases from 7 
km for 0.525 pm to about 15 km for 0.385 Pm. The 
uncenainties also increase toward the short wavelengths, 
reaching or exceeding 20% at 0.385 pm. It therefore seems 
better to use mainly the 1.02-pm data to study the strato- 
spheric aerosol distribution. 

However, the three short-wavelength channel data have 



been validated by field experiments [Russell and McCor- 
mick, 1989; Ackerman et a l . ,  19891, and the joint usage of the 
four channels, at altitudes where they are available, brings 
important supplementary information which concerns the 
aerosol size distributions. Several approaches can be used to 
retrieve the size distribution [Yue et al. .  1986; Livingston 
and Russell, 19891; the method used in this paper is based on 
the work by Brogniez and Lenoble [1988]. Although further 
analysis is needed for a better understanding of the size 
distribution retrieval problem and for the best choice of 
retrieval method. the effective radius presented here is a 
convenient parameter for following the average increase or 
decrease of the particle sizes. 

Five years of SAGE II data are available and are use-d in 
this analysis: frorn October 1984 to November 1989. Global 
coverage is obtained for each sweep of the SAGE II cover- 
age from north to south, in approximately 1 month. The 
highest latitudes reached are between 55" and 75" in both 
hemispheres, depending on the seasons. At each latitude, 
about 15 profiles are observed at different longitudes sepa- 
rated by 24". for either sunset or sunrise observations. 

The best method of analyzing such an amount of data is 
not obvious. The stratospheric aerosols, which have a long 
lifetirne and can have an impact on atmospheric properties 
andlor on climate [Pollack et a l . ,  1976; Wang and McCor- 
mick, 19851, are generally assumed to be more or less 
uniformly distributed over longitude in a latitude band. 

This leads to the idea of working with zonally averaged 
profiles over latitude bands. We have chosen bands of 10" 
width: this choice of 10" allows us to have enough profiles for 
a reasonable averaging process at al1 latitudes. In most of the 
latitude bands there are generally between 20 and 100 
profiles, sometimes less, so we have kept only the mean 
profiles obtained with at least 10 individual profiles. Taking 
into account the trajectory of the satellite, the "monthly" 
average for a latitude band is determined dunng a relatively 
short period of a few days (generally 1-5 days). The dates of 
observation at a given latitude are often different for sunrises 
and sunsets and moreover often are very far from each other 
(generally 15-20 days). For a better understanding we will 
consider an example: in the northern latitude band 30°/400 we 
have al1 the profiles between January 19 and January 22, 
1985, at sunset and between January 10 and January 13 at 
sunrise; during the next sweep we get sunset data between 
February 10 and February 13 and sunrise data between 
March 3 and March 6 ,  1985. One period later we have sunset 
profiles on March 29-30. For January the sunset and sunrise 
measurements, which are not too far apart from each other 
in time, could be averaged together, but it is difficult to 
decide whether the March sunrise profiles have to be asso- 
ciated with the Febmary or with the March sunset profiles. 
For a better homogeneity of the averaged data it seems more 
sensible to use only one kind of the sun events. 

The analysis presented in this paper concerns the sunset 
data. A preliminary study has shown that sunrise aerosol 
data iead to the same conclusions. When both sunset and 
sunrise occur in the same place, cornparisons of the individ- 
ual extinction profiles confirm the expected absence of 
diurnal variations. 

Before considering the zonally averaged profiles in the 
next sections, we will analyze here the longitudinal varia- 
tions of the aerosol 1.02-pm extinction coefficient at a fixed 
latitude. The objective is to check the assumed uniformity in 
a latitude band and to clarify the significance of the averaging 
procedure. Preliminary results have been presented by Brog- 
niez and Lenoble [1989] for the 3 years from October 1984 to 
November 1987, and we have extended this study to the 5 
years of available data. 

In Figure 1 the extinction coefficient at 1 .O2 gm is plotted, 
with its error bars, versus longitude at three altitudes for 
northern latitudes between 40" and 50" during spring 1985; at 
around 18.5 km tne values are very well gathered. confirming 
an almosî perfect homogeneous distributior! of the aerosol 
layer around the globe. At lower and higher altitudes the 
homogeneity is not as good, and the aerosols exhibit appar- 
ently more or less random longitudinal variations. These 
variations cannot be explained by larger errors. as will be 
discussed below: they are therefore true spatial variations of 
the extinction coefficient along the longitude. which could be 
analyzed in detail, as has been done for ozone observations 
by Cunnold et al. [1984]. However. longitudinal variations 
remain small at al1 levels, and we will further limit Our 
analysis to the zonal means which are meaningful. A similar 
behavior is observed for most of the time periods at high and 
middle latitudes, with a few exceptions. In order to analyze 
more thoroughly this problem of homogeneity of the aerosol 
distribution in a latitude band, we have considered the 
vertical profiles of the dispersion of the data around the 
mean zonal value. 

Figure 2 shows altitude distribution of the mean zonal 
extinction coefficient a at 1.02 pm and the percent disper- 
sion, %SD = IOODla, where D is the 95% confidence 
interval. We present here results for two high- and middle- 
latitude bands, 40'150" (referred to as N45 hereafter) during 
local spring 1985 (same as for Figure 1 )  and -60"l-50" 
(referred to as S55 hereafter) during local fa11 1988. 

Effectiveiy. the noticeable result is that at high and middle 
latitudes (greater than 20°N and 20"s) the confidence interval 
is not too large (=IO-15% in most cases) and often presents 
minimum values (smaller than 5%) over about 5 km between 
15-16 and 20-21 km, confirming the qualitative observation 
made in Figure 1. This minimum in the %SD happens in the 
altitude range where the extinction coefficient is large and 
coincides nearly with the maximum of the extinction ratio 
defined by R = (u,,, + u ~ ~ ~ ) / u ~ ~ ~  (where  UR,^ is the 
molecular extinction coefficient), which is also drawn in 
Figure 2. 

We observe this behavior during the 5 years, in almost 
7&75% of cases. Nevertheless, for 1986 the %SD averaged 
profiles are generally more irregular at least for 3540% of 
the cases, and the %SD is often greater than 15%. 

The altitude variation of %SD observed at high and middle 
latitudes, with smaller values in a given altitude range, could 
be due either to a better quality of the measurements in this 
layer or to a better zonal homogeneity of the aerosol layer at 
these altitudes. In order to check if the percent dispersion 
variations depend on the measurement errors, we have 
calculated the mean relative error in percent, i.e., 
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EXTINCTION COEFFICIENT, ( K M - ~  1 
Fig. 1 .  Extinction coefficient at 1.02 Pm, with error bars, versus longitude for N45 latitude band dunng spnng 1985 

at three altitudes: (a) 16.5 km, (b) 18.5 km, and (c)  20.5 km. 

where hi is the error of the extinction measurement xi  and where the extinction coefficient is larger than nearly lo-' 
n is the number of measurements. For comparisons the km-'. This is true for the 5 years, including 1986. 
profiles of the percent mean relative error are drawn in We must also notice that the percent dispersion is often 
Figure 2. We see that this %RE is rather small (<15% and smaller than the percent mean relative error, which could 
even 10%) for al1 levels above 12-13 km up to 25 km; that is indicate that the errors hi of the extinction measurements xi 
to say, the individual profiles are of good quality at al1 levels, are slightly overestimated [Chu et al., 19891. The compari- 
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Fig. 2. Mean extinction coefficient (u) at 1 .O2 *m. percent dispersion (%SD), percent mean relative error (%RB. and 
extinction ratio (R)  versus altitude for three latitude bands: (a) latitude N45, (b) latitude S55, and (c)  latitude NOS. 

son between the %SD and the %RE proves that the exist- 5%, and remains almost constant over 10 km between 18-19 
ence of a minimum in the %SD is not correlated with a better and 29-30 km, except for 1986. The %RE is of the order of 
quality of the measurements. 10% as for other latitudes, as can be seen in Figure 2c, 

At lower latitudes the zona1 homogeneity is the same at al1 corresponding to latitude band NO5 in local winter 1989. 
altitudes. The %SD is less than 10%. is often smaller than The stratosphenc aerosol layer is generally well mixed 
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Fig. 3. Mean extinction coefficient at 1 .O2 Fm for several latitude bands (a) versus the altitude above the ground and 
( b )  versus the altitude above the tropopause height. 

around the globe, such that by limiting the following analysis 
to the zonal means of the extinction coefficient, the results 
could be physically significant. However, this study has 
revealed for most cases, at high and middle latitudes, that 
the best zonal homogeneity is found in a layer of 4-5 km 
width around the altitude of 18-19 km, Le., roughly around 
the level of maximum extinction ratio. No satisfactory 
explanation of this structure has been found in the strato- 
spheric circulation or in the aerosol formation processes. 

4. CHOICE OF THE REFERENCE LEVEL: ANALYSIS 
OF TEMPORAL AND LATITUDINAL VARIATIONS 

In this section we will analyze the zonally averaged 
1.02-+m extinction coeûïcient profiles for the 5 years of 
SAGE II data, looking for temporal and latitudinal varia- 
tions. The first problem to solve is as follows. Shall we 
compare directly the vertical profiles, i.e., consider extinc- 
tion coefficients at a given level above the ground for 
different latitudes or seasons, or is it more sensible to choose 
the tropopause height as a reference level, Le., to compare 
extinction coefficients always at the same altitude above the 
tropopause which varies strongly with latitude and season? 

A first look at articles about stratospheric aerosols shows 
that their profiles at various latitudes are dependent on the 
tropopause height [Rosen et al . ,  1975; Brogniez and Leno- 
ble, 19871. SAGE II data, during free volcanic period, follow 
the same behavior, Le., averaged extinction profiles at 
different latitudes compare closely when the height is start- 
ing at tropopause level. Zonai mean profiles at seven latitude 
bands are shown in Figure 3 for the period from October 5 to 
November 18, 1988; Figure 3a compares directly the vertical 
profiles versus the altitude above the ground, whereas in 

Figure 36 the profiles have been shifted, according to the 
variations of the tropopause height, and are shown versus 
the altitude above the tropopause level, ZT. We note the 
closer agreement in the second case and a similar exponen- 
tial decay with altitude for al1 profiles. This observed good 
gathering is confirmed when relative dispersion (standard 
deviation divided by the mean value) is drawn in percent 
versus altitude (Figure 4). In the same manner most of the 
analyses of SAGE 1. SAGE II, and SAM II data use the 
stratospheric optical depth integrated from 2 km above the 
tropopause level [Kent and McCormick, 19841. 

However, things are probably not always so simple, as can 
be observed both from the temporal variations and from the 
latitude behavior of the extinction coefficient or of the 
optical depth. This problem will be discussed in detail in the 
following sections. 

4.1. Temporal Variations 

Several authors have noticed a seasonal variation, with a 
winter maximum, of the stratosphenc aerosol optical depth 
integrated from 2 km above the tropopause level, from 
SAGE 1 data [Brogniez and Lenoble, 19871 and from SAGE 
II data [Yue et al., 19911. From SAGE 1 data analysis these 
seasonal variations, more noticeable at middle latitudes, had 
been related to the seasonal variations of the extinction 
coefficients at high levels above the tropopause. Neverthe- 
less, local temperature variations had not been sufficient to 
explain the entue dserence between the summer and the 
winter values [Brogniez and Lenoble, 19871. For SAGE II 
data analysis, Yue et al. [1991] reached a similar conclusion, 
that a microphysical mode1 relating the particle sizes to the 
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Fig. 4. Relative dispersion (percent) (a)  versus the altitude above the ground and ( 6 )  versus the altitude above the 
tropopause height. 

temperature was not able to explain the seasonal variations 
of the optical depth. 

Figure 5 shows the variations of the extinction coefficient 
versus time for two altitudes above the tropopause height 

TEFiR 

Fi. Sa. Mean extinction coefficient at 1.02 m, with 95% confi- 
dence intervals, versus time for the N45 latitude band at two levels 
above the tropopause height: 5 km (open circles) and 10 km (crosses). 
The arrow indicates the Etna eruption, and WW stands for local 
winter. The top curve shows the tropopause height variations. 

and for the N45 and S45 latitude bands. We have also added 
the tropopause altitude fluctuations and indications of local 
winter. We limit the present study to high and middle 
latitudes because of the perturbation due to Nevado del Ruiz 
at low latitudes, which will be studied furfher in section 6. As 
will be seen also in section 6, the Etna located at middle 
latitude had a weak influence on the following results. 

Fig. Sb. Same as Figure Sa but for the S45 latitude band. 
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latitude bands, but now with a mean tropopause height, 
averaged al1 over the 5 years, as a reference. 

These curves clearly show that the aerosol extinction 
coefficients seem to decrease almost regularly at a constant 
altitude above the ground. However, in addition to the slow 
decay of the extinction (due to the decrease in the El 
Chichon contribution) we can see that at several levels, 
slight seasonal variations remain. which are more obvious in 
the southern hemisphere. 

We have tried to fit these temporal variations with the 
following formula: 

(+(1 .07)= P I  + P ,  sin 1 - j ? n ) j e r p ( - ~ , n ~  ( 1 )  

where n is the reference number of the period. counted frorn 

Fig. 6. Mean extinction coefficient at 1.02 Fm, with 95% confi- ~mal l  range of altitudes (about 2-3 km) a few kilometers 
dence intervals. versus time for (a) N45 and ( 6 )  S45 latitude bands at above the tropopause level where the seasonai oscillations 
two altitudes above a mean tropopause height of I I  km; 5 km (open are noticeable. At high latitudes the measurements are not 
circles) and 10 km (crosses). numerous enough to perform any curve fitting. Figure 7 
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shows the fit for two altitudes where the oscillations exist. A 

First, it appears that the extinction is about 3-7 times 
greater in early 1985 than by the end of 1989, depending on 
the level, because of the decreasing influence of the El 
Chichon volcano (March-April 1982, 17.2"N, 93"W). With 
values of about 2 x I O w 4  km-'  at 5 km above the tropopause 
by the end of 1989, the background state (1.-1.5 x  IO-^ 
km - ' )  is almost recovered [Swissler et al., 19821. 

Independently of this regular decrease, the winter maxima 

I : I . - < -  - - -  -. .. ' 2 3 :  l 1327 I :sas l the seasonal oscillations. This expression (equation ( 1 ) )  

* r 2 2  
agrees well with the experimental data at al1 the latitude 
bands (northern or southern mid-latitude), but only for a 

b 

"--b 
w- 

a d  n i  ~ ; i  rr k n H  

quick look at other wavelengths shows that the behavior is 
the same as at 1.02 Pm. 

Figure 8 shows the optical depths calculated from the 
tropopause height plus 2 km as is usually done and from the 
mean tropopause height averaged over the 5 years plus 2 km. 
We can observe again the decreasing influence of El Chichon 
with an optical depth about 4 times greater in 1985 than in 
1989. The curves obtained for the optical depth above the 
tropopause height plus 2 km exhibit great seasonal vana- 
tions. As expected, the variations are almost completely 

the first period of the measurements. P l .  P?.  and P ,  are 
coefficients deduced frorn a least squares fit. The values T 
and k have been adjusted after a few trials. T varies between 
9.5 and 10.. and k is within 0.5-0.6 depending on the latitude 
and on the altitude: this last value gives a better fit to the data 
than a pure exponential function of n. As suggested by 
Hofmann and Rosen [1987]. this departure from an expo- 
nential may be due to an unknown volcanic eruption for 
southern latitudes and to the Etna eruption for northern 
latitudes. 

The exponential term takes into account the decay of the 
El Chichon perturbation, and the sinusoidal term describes 

appear clearly as noted previously. However, if we consider suppressed, at least in the northern hemisphere, when the 
the seasonal variations of the tropopause altitude, it also averaged tropopause height is chosen as a reference level, 
appears that the highest winter extinction values at a given and this is true for most of the latitude bands. This result is 
altitude are related to the lowest tropopause levels, i.e., quite evident because seasonal variations of the extinction 
these winter maxima are observed at true altitudes lower 
than the altitudes of the summer minima. As the extinction 
coefficient generally decreases with increasing altitude, we 
could expect that the seasonal variations would disappear 
(orbe strongly reduced) when the extinction is observed at a 
fixed altitude; this has also been noticed by Yue et al. [19911. 
In other words the "aerosol layer" does not seem to follow 
the tropopause height seasonal variations, and a better 
anaiysis of the data is probably achieved by referring the 

coefficient are only observed in a small altitude range, so the 
summation al1 over the stratosphere will smooth out these 
oscillations. However, a small seasonal variation of the 
optical depth can be observed in the southem hemisphere 
(Figure 9 is for the S45 band) where (1) is fitted with the same 
parameter values, T and k ,  as for the extinction coefficient. 

A similar analysis has been made by Yue et al. [19911 for 
the 0.525-pm optical depth calculated from SAGE II data for 
the period of December 1984 to December 1987. In their 

profiles in each latitude band to the annual mean tropopause work, Yue et al. have tried an analytical expression, some- 
level than by referring them to the tropopause level for each what similar to ( l) ,  for the optical depth variations, inte- 
period. This has been done in Figure 6, where we have grated from the tropopause level plus 2 km, for latitude 
drawn the extinction coefficient versus time for the same bands higher than 20" in both hemispheres. They noticed that 
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Fig. 7. Mean extinction coefficient at 1.02 wm versus time for 
(a) N45 and (b) S45 Latitude bands at two levels (4 km (open circles) 
and 5 km (crosses) above a rnean tropopause height of 11 km) and 
their fits obtained from (1) (solid curves). 

the seasonal oscillations of the tropopause height were 
partially responsible of those variations and that a small 
sinusoidal component remained after correction, but they 
did not analyze this remaining signal. We will try to explain 
the remaining seasonal variations in section 5 by the varia- 
tions of the particle sizes. 

4.2. Latitudinal Variations 

We will consider in this section the latitudinal variations of 
the 1.02-/~m extinction coefficient for each period of obser- 
vation. As discussed in section 3, the observations at a given 
latitude are acquired only during a few days, and the whole 
latitude range is scanned in about 1 month; however, the 
temporal variations over 1 month are slow and should not 
modify the following analysis. As shown in Figure 3, the 
extinction profiles at various latitudes compare much better 
when referred to the tropopause height than when referred to 
the ground level. The tropopause level varies strongly from 
about 9 km to 17 km from high to low latitudes, and the 
aerosol layer seems to follow more or less these height 
variations. It seems to be sensible, for a given period, to 
study the latitude variations of the aerosol extinction coef- 
ficient at a fixed altitude above the tropopause height. 

Figure 10 shows the extinction coefficient at 1 .O2 km, with 
95% confidence intervals, versus latitude for two altitudes 

Fig. 8. Optical depth at 1.02 wrn counted €rom the tropopause 
height plus 2 km (crosses) and €rom the mean tropopause height plus 
2 km (open circles) versus time for (a) N45 and ( b i  S45 latitude 
bands. 

above the tropopause and for four periods. far from the 
Nevado del Ruiz volcanic event: we have also drawn for 
comparison the tropopause altitude variations. More or less 
pronounced for the different periods is a minimum of of 1.02) 
which appears clearly in the latitude bands 25"/3S0 in both 
hemispheres and exists whatever the altitude is, although it 
is stronger at high levels. To charactenze this minimum, we 
have evaluated the ratio between the extinction coefficient at 
45" and the minimum u(4S0)/min for the southern and the 
northem latitudes. At 5 km above the tropopause we get 
values of 1-1.5 for this ratio, and at 10 km we have generally 
values greater than 2. 

The latitude ranges 25'135" correspond to latitudes where 

Fig. 9. Optical depth at 1.02 Fm counted from the rnean 
tropopause height plus 2 km (open circles) versus time for the S45 
latitude band and the fit obtained from (1). 





14 
1 extinction coefficient, the 55" latitude band optical depth 

a 
12 
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As mentioned in section 2 of this paper, the extinction 
coefficients at 0.525, 0.453, and 0.385 pm used together with 
the 1.02-pm data allow us to retrieve some information on 
the aerosol size distribution at each altitude of each individ- 
ual profile. The method has been descnbed by Brogniez and 
Lenoble Il9881 and is briefly recalled here. 

The spectral variations of the extinction coefficient are 
fitted using an analytical expression. 

I 

b 
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rather than the simple Angstrom law. 
Comparisons with similar fits obtained for aerosol models 

with lognormal size distribution, 

I 

, 
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(where r, and s are the modal radius and the variance), lead 
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Fig. 1 1. Optical depth at 1 .O2 pm counted from the tropopause 
heieht plus 2 km versus latitude for the same periods as in Figures 
IOa-[Oc. 

sphere for al1 the local winter-spring periods, where the 
measurements strongly decrease. The S65 extinction values 
are nearly 2-3 times weaker than the S55 values, and the S75 
values are also 1.5-2 times weaker than the S65 values 
(Figure 1W.  

The optical depth calculated at 1.02 Pm from the 
tropopause height plus 2 km exhibits, of course, the same 
kind of variations with minimum values at about 25'135" as 
shown in Figure 1 1, confirming the behavior obsewed pre- 
viously in SAGE 1 data [Brogniez and Lenoble, 19871. The 
ratio between the optical depth at the 45" latitude band and 
the minimum value is of the order of 1.5-2. As for the 

to the identification, from a and p, of the two parameters r, 
and s, or preferably the effective radius and the effective 
variance [Hansen and Travis, 19741, which are defined by 
[Lenoble and Brogniez, 19841 

r,ff = r ,  exp [2.5 (In s)~] 

veff = exp (In s)' - 1 

Calculations for the lognormal aerosol models have been 
performed with Mie routines for spherical particles consist- 
ing of aqueous sulfuric acid with 75% H2S04 by mass, as is 
usually done [Rosen and Hofmann, 19861. This procedure 
leads to the retrieval of an "equivalent" size distribution. in 
the sense that this size distribution may not be the real one, 
but may give the same spectral variation of extinction as the 
real one in the SAGE II spectral interval within the mea- 
surement error bars. 

Some experimental observations have found two modes in 
the stratospheric aerosol size distribution [Knollenberg and 
Huffman, 1983; Hofmann and Rosen, 19871. However, there 
is no hope of retrieving a bimodal size distribution from the 
SAGE II four-channel data. Actually, our analysis has 
proved that only an effective radius can be obtained with a 
reasonable accuracy, associated with rough information 
about the variance. The presence of a strong second mode 
could be revealed in Our procedure, either by a very large 
retrieved variance or by the failure of the procedure, Le., the 
impossibility of retrieving r , ~  and v , ~ .  

Zonal means of the effective radius (and of the effective 
variance) and 95% confidence intervals have been evaluated 
as for the extinction data. The 0.385-pm channel, for which 
the extinction measurements are credible only above the 



15-km level up to 25 km in the high- and mid-latitude bands, 
limits the altitude range in which we can obtain these size 
parameters. 

5.1. Vertical Profiles of the ~ e r o s o i  Effective 
Radius and Variance 

Figure 12 shows the effective radius, with 95% confidence 
intervals, versus altitude above the ground for three latitudes 
(high-, middle-, and low-latitude bands) at some quiet peri- 
ods. The major characteristic of the averaged profiles at high 
and middle latitudes in both hemispheres is that r , ~  de- 
creases almost linearly when the altitude increases from 15 
km to 25 km, whatever the time penod is. Typically, we 
have, for latitude band N45.0.35 pm ?t  15 km and 0.2 pm at 
25 km in early 1985. 

The validity of the derived effective radius has been 
estimated by comparing it with correlative measurements. 
For example, for the lidar experiment, Juger et al. [1988] 
obtained at the same time (in early 19851, at Garmisch- 
Partenkirchen (47.j0N, 1 I0E) with a bimodal distribution, a 
modal radius of O. 1 pm for the first mode and 0.4 Fm for the 
second mode between 18 and 21 km, with a number concen- 
tration of 10% for large particles; that leads to an effective 
radius of 0.29 fim. Several infrared balloon polarimetry 
measurements [Herman et al.,  19861 have been performed 
and have given aerosol size distributions which agree rea- 
sonably with ours [Brogniez and Lenoble, 1988; Diallo et al . ,  
19891. Comparative studies between SAGE II, lidar, and 
polarization measurements have also been achieved and 
have led to satisfying results [Ackerman et al . ,  19891; other 
comparisons are presently in progress. 

At low latitudes a transition period appears by the end of 
1987 at N15, and slightly later, by August 1988, at other 
low-latitude bands. Before that date the radius decreases 
with altitude, as it decreases at middle and high latitudes; 
after that the behavior is somewhat dserent: from =18 km 
up to =21 km it slightly increases, remains constant over 5-6 
km, and then decreases (Figure 13). These last results, 
obtained after mid-1988, confirm previous studies made by 
Yue and Deepak [1984] on March 1979 SAGE data and by 
Brogniez and Lenoble [1987] on February 1979 to November 
198 1 SAGE data. 

The second parameter retrieved with our method is the 
effective variance. As can be seen in Figure 12, it is often 
almost constant (around 0.05-0.1, Le., s = 1.25-1.35) be- 
tween 15 and 23 km whatever the latitude band is; above 23 
km it generally increases up to  0.44.5. Moreover, a few 
profiles present a great increase (ven = 0.4, Le., s - 1.8) 
toward 16-17 km. For companson the effective variances 
retrieved from infrared bailoon polarimetry measurements 
made in October 1985 and April 1986 are in good agreement 
with ours; in November 1984 the values are somewhat larger 
than ours [Diallo et al.,  19891. 

Fig. 12. (Opposite) Effective radius (open circles) and effective 
variance (crosses), with 95% confidence intervals, versus altitude 
for three latitude bands at three different periods: (a) S45 latitude 
during 1985 local summer, (b) S25 latitude during 1986 local spring, 
and (c)  N65 latitude during 1989 local summer. 



o .  o .  1 0 . 2  0 . 3  0.4 0 . 5  

E F F E C T I V E  RRDIUS. l r m l  

Fig. 13. Effective radius, with 95% confidence intervals, versus altitude at NI5  for two periods: (a) June-July 1986 
and (6) November-December 1988. 

5.2. Temporal Variations of the Aerosol Effective 
Radius and Variance 

Variations of the effective radius versus time are shown in 
Figure 14 at two altitudes above the mean tropopause height 
for the same latitude bands (N45 and S45) chosen in the 
extinction study. We observe again a slight decrease 
throughout the 5 years, which is more or less important 
depending on the altitude; the decay of the extinction 
coefficient after the El Chichon emption is then correlated 
with a decrease in the effective radius. 

We have, for example, at the level 5 km for the latitude 
N45, reg = 0.35 Fm by the end of 1984 and reg = 0.28 pm by 
the end of 1989, that is to Say, a decrease of 20%. (For 
comparison, just before the Mount St. Helens emption, on 
May 18, 1980. the effective radius was 0.22 çun with an 
effective variance of 0.25; it had grown up to 0.45 Fm after 
this event [Lenoble et al., 19841). 

A least squares fit leads to an exponential decrease with 
the same value for k as used previously in (1). This kind of 
decrease exists whatever the latitude band is (high-latitude 
or mid-latitude band) in both hemispheres. 

Although some oscillations exist, there is no evidence of 
seasonal variations, with the maxima happening not in 
winter but sometimes shifted. Nevertheless, the 95% confi- 
dence intervais are weak, meaning that most of the fluctua- 
tions are significant. For southem latitudes a small seasonal 
effect stiii appears on reg at some altitudes with local winter 
maxima as for extinction variations (Figure 146), and an 
equation similar to (1) fits almost as well. We can conclude 
that the aerosols are larger in winter in those bands, as had 
been found from SAGE 1 data analysis [Brogniez and 
Lenoble, 19871. In that work it was shown that the radius 
maxima occurred when the local temperature was at a 
minimum. For comparison we have studied the locai tem- 
penture variations over time for SAGE II data. Unfortu- 
nately, these temperature variations are not always corre- 
lated with the radius variations: radius maxima do not occur 
at the same time as the temperature minima, except for the 

S55 latitude band (Figure 15a), and one can observe some- 
times a shift and sometimes an anticorrelation as shown in 
Figure 15b for the S35 latitude band. We have not found a 
satisfactory explanation for these radius variations, which 
are most likely due to the interaction of various causes. 

The effective variance at 10 km above the mean 
tropopause height for the N45 latitude band is drawn in 
Figure 16. One can see that it has great oscillations and large 
confidence intervals, so its variations will not be discussed 
here. We will only keep in mind that it is always lower than 
0.2 (around 0. l), which could mean that the size distribution 
is monomodal. 

The effective variance at 5 km above the mean tropopause 
height has not been represented because of its greater 
oscillations and larger confidence intervals. It is slightly 
higher, up to 0.4, confirming the large values observed 
sometimes at low altitudes in the vertical profiles. 

5.3. Latitudinal Variations of the Aerosol 
Effective Radius 

For time periods free of volcanic event, the latitudinal 
variations of the effective radius show the same kind of 
behavior as the extinction coefficients do, with minimum 
values at 25"13S0 (Figure 17). We have only shown the 
variations at 7 and 10 km above the tropopause level because 
at 5 km, for high-latitude bands such as 75" and 65", this level 
is at an altitude of =12-13 km, and the results must be 
considered with care because of the lack of the 0.385-km 
channel data (cf. section 2). For the 12-km level the altitude 
at low latitudes is =28-29 km so that at the lowest-latitude 
bands, the results are less credible, because the uncertainties 
on the individual profiles become very large. 

As was done for the extinction coefficient and for the 
optical depth, we have compared the effective radius at 45" 
and at the minimum. The ratio re6(45")lrenmin is 1.1-1.2 
depending on the level; that is to Say, it increases nearly 
1&20% between 25'135" and the mid-latitudes. 



Fig. 14. Effective radius, with 95% confidence intervals, versus 
time for (a) N45 and (b)  S45 latitude bands at two levels above a 
mean tropopause height of 11 km: 5 km (open circles) and 10 km 
(crosses). 

As found previously, the temperature is unable to explain 
the radius time variations. The latitudinal fluctuations of the 
local temperature do not exhibit typicai phenomena allowing 
us to understand the minimum values of the radius at 25"/35". 

As the vertical profiles of the radius (Figure 18) show that 
it is decreasing with increasing altitude, the hypothesis of 
downwelling air, near the latitudes 25"/3S0, made in section 
4.2 to explain the minimum values in the latitudinal extinc- 
tion variations, is strengthened because smaller particles 
could be injected at low levels in a downward air motion. 

The increase of the radius is going on toward the 55" 
latitude band and more weakly toward the higher latitudes. 
During the local winter-spring season of the southern hemi- 
sphere the calculated radius at 65" and 75" exhibits large 
confidence intervals, so that it is difFicult to Say if the strong 
decrease of the extinction coefficient seen in section 4.2 is 
due to a decrease of the effective radius. 

In most cases we can conclude that the effective radius 
presents the same variations as the extinction coefficient (or 
the optical depth) does, with similar values at middle (around 
45"/5S0 north and south) and at low latitudes (between 15"N 
and 15"s) and with minimum values at 25"/3S0. 

5.4. Aerosol Concentration 

As stated in the introduction, if the aerosol extinction 
coefficient is greater at one time or location, then either the 

Fig. 15. Local temperature (crosses) and effective radius (open 
circles), both with 95% confidence intervals, versus time for (a) S55 
and (b) S35 latitude bands at 5 km above the mean tropopause 
height . 

particles are larger with the same concentration, or  they are 
of the same size but ina higher concentration, and of course 
both possibilities can occur simultaneously. We have found 
that the extinction coefficient and the effective radius were 
generally both decreasing or increasing together, and we 

Fig. 16. Effective variance, with 95% confidence intervals, ver- 
sus time for the N45 latitude band at 10 km above a mean tropopause 
height of 11 km. 
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Fig. 17. Effective radius with 95% confidence intervals, at two 
levels above the tropopause height (7 km (open circles) and 10 km 
(crosses)) versus latitude for the same three periods as Figure 
IOa-IOc and 1 I : (a) 1985 northern winter period, (b )  1988 northem 
summer period, and (c )  1989 northem spring period. 
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have investigated whether the concentration could also be 
panly responsible for the extinction variations. 

We have therefore evaluated the aerosol concentration 
from the extinction coefficient at 1.02 pm using a LND 
aerosol mode1 with effective radius and variance determined 
previously from the spectral variations of extinction. In fact, 
we have taken a mean value for the effective variance to 
avoid unrealistic fluctuations due to the great oscillations of 
the effective variance (after having, of course, verified that 
the results were not too sensitive to such changes in vari- 
ance). 

Figure 19 compares the time variations of the extinction 

85 15 65 55 45 35 25 15 5 5 15 25 35 45 55 65 15 85 
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coefficient, of the effective radius, and of the concentration 
at 5 km above the mean tropopause for the N45 and S45 
latitude bands. One can see, among the oscillations, an 
obvious decrease of the concentration which is nearly 3 
particles/cm3 by the end of 1984 and 1 particle/cm3 by the 
end of 1989. For some latitude bands, slight seasonal varia- 
tions of the concentration are supenmposed; for example, in 
the N45 band where the winter maxima of the extinction 
were not correlated with the radius maxima, winter maxima 
of the concentration appear, and in the S45 band where the 
winter maxima of the extinction were quite well correlated 
with the radius maxima, the variations of the concentration 
are sometimes anticorrelated with the extinction variations. 
(Note that we have suppressed a value of the concentration 
because it has a large error of 100%.) 

For the decay of El Chichon perturbation we have seen 
that it corresponds to an important decrease of the particle 
size (of almost 20% at 5 km for N45). The aerosol concen- 
tration also decreases strongly (by almost 60%). 

In the northern hemisphere the winter maxima of the 
extinction coefficient seem to correspond to larger concen- 
trations of almost the same kind of particles as for the 
summer minima. In the southern hemisphere the winter 
maxima of the extinction correspond to larger aerosols than 
for the summer, and in a weaker or almost identical concen- 
tration. 

Latitudinal variations of the concentration have been 
calculated, but no particular behavior appears; especially, 
there is no evidence of a weaker concentration at 25'135'. 
Some changes occur depending on the season orland on the 
level, changes that can be attributed to the large errors. 

Estimation of the concentration errors from possible re- 
tneval bias errors shows that they are important (of the order 
of 15-20%, sometimes 30%). So, especially for small varia- 
tions, these results must be taken with care, and we will not 
discuss the weak concentration variations further. 

E F F E C T I V E  RRDIUS. ! p m l  

Fig. 18. Effective radius, with 95% confidence intervals, versus 
altitude above the tropopause height, dunng 1988 northern summer 
period for three latitude bands: N35 (open circles), NO5 (crosses), 
and S25 (plus signs). 



In the previous sections we have only considered high- 
and middle-latitude bands for temporal study and quiet 
penods for latitudinal study, because of the perturbation due 
to the Nevado del Ruiz volcan0 emption, referred as NDR 
hereafter, which occurred on November 13, 1985 (4.9"N, - 
75.4"W). 
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Zonally averaged vertical profiles of the extinction coeffi- - - 
cient have been drawn in Figure 20 for the NO5 latitude band - - 

- 
just before the eruption and just after. During the month of - - 
January the zona1 homogeneity has not been achieved, as 

A - - 
cari be seen from the large confidence intervals (Figure 2Ob). 
One month later the volcanic material is distributed at al1 
longitudes, and the averaged profile is again very significant 
(Figure 20c). The large values of the extinction coefficient 
indicate that the aerosol layer is located above the 
tropopause. between around 19 and 27 km, with a maximum 
at 20-21 km. 

Temporal variations of the extinction coefficient at the 
same latitude show a rapid and strong increase at 5 km above 
the tropopause (41.02) being 5-6 times larger), with dimin- 
ishing effects at higher levels (41.02) being 3-4 times larger) 
(Figure 21a). The previous value of the extinction is recov- 
ered slowly after roughly 1 year at 5 km and after slightly 
more than 1 year at higher altitudes. Latitude bands N15, 
S05, and S15 were also perturhed but in a weaker extent; for 
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Fig. 20. Mean extinction coefficient at 1.02 pin, with 95% 
Fig. 19. Mean extinction coefficient at 1.02 pin (open circles). confidence intewaîs. versus the attitude above the ground for the 

effective radius (plus signs), and concentration (crosses) versus time NO5 latitude band during three penods: (a)  by the end of October 
at 5 km above a mean tropopause height of I I  km for (a) N45 and (b) 1985, (b) by middle of January, and (c) by middle of February 1986. 
S45 latitude bands. The arrows indicate the tropopause heights. 



the N25 and S25 latitudes the El Chichon decay was just 
compensated by the NDR increase. 

One can see that optical depth calculated from mean 
tropopause height plus 2 km (i.e., 18 km) exhibits a great 
enhancement, with values 4 times larger after the event 
(Figure 2 Ib). Profiles of effective radius versus altitude show 
the same quasi-iinear decrease in the altitude range 2&30 
km, whatever the period is, before or after the emption 
(Figure 22). 

Effective radius variations versus time at NOS, drawn in 
Figure 23, show that there are some changes in the particle 
size due to the NDR eruption. However, the variations 
depend on the level: at a level close to 5 km above the mean 
tropopause height the radius decreases just after the eruption 
(by about 7%) and then increases, while it increases imme- 
diately after the eruption at a level close to 10 km (by almost 
4%). 

Yue et al. [1991] have found, after the NDR eruption, an 
increase in the "averaged" size of aerosol particles from a 
study of the optical depth ratio (at 0.525 and 1.02 pm); the 
term averaged employed by Yue et al. signifies that the size 
has been calculated from optical depths (integrated from the 
local tropopause plus 2 km). To get a good understanding of 
their results, we have calculated the optical depth ratio with 
optical depths integrated from a mean tropopause height of 
16 km plus 2 km and from the local tropopause plus 2 km, as 
Yue et al. have done. We observe no significant difference 
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Fig. 21. (a) Mean extinction coefficient at 1 .O2 Pm, with 95% 
confidence intervals, versus time for the NO5 latitude band at two 
levels above the tropopause height: 5 km (open circles) and 10 km 
(crosses). The arrow indicates the NDR eruption. (b) The optical 
depth at 1 .O2 Pm counted from the mean tropopause height (16 km) 
plus 2 km versus time for the NO5 latitude band is also shown. 
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Fig. 22. Effective radius, with 95% confidence intervals, versus 
altitude for the NO5 latitude band by the end of October 1985 (open 
circles) and by the middle of February 1986 (crosses). 

between the two curves, but if we calculate the optical depth 
ratio with optical depths integrated from 18 plus 2 km instead 
of 16 plus 2 km, the results are completely difïerent. In 
Figure 24 we note that after the NDR eruption the optical 
depth ratio increases (that is to say the averaged size 
decreases) when the optical depth is counted from 16 plus 2 
km (Figure 24a), while the optical depth ratio decreases (the 
averaged size increases) when the optical depth is counted 
from 18 plus 2 km (Figure 24b), according to the observed 
radius variations over time. 

As can be seen in Figure 25, the increase in the extinction 
coefficient seems mostly correlated to an increase in the 
concentration, which, for example, becomes 3 4  times 
greater at the 5-km level. The Nevado del Ruiz emption has 
then injected into the stratosphere a great quantity of aero- 
sols not very different from those left there 3 years after the 
El Chichon event. 

An eruption of the Etna volcano occurs in September 1986 

NdR 

Fig. 23. Effective radius, with 95% confidence intervals, versus 
time for the NO5 latitude band at two levels above a mean 
tropopause height of 16 km: 5 km (open circles) and 10 km (crosses). 
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Fig. 24. Optical depth ratio (between 0.525 pm and 1.02 wm) O .  1 I 

versus time for optical depths calculated from a mean tropopause 1 198s  1 ; 9 8 6  1 1 9 8 7  1 1988 1 ! 9 8 9  

height of ( a )  16 km plus 2 km or (b )  18 km plus 2 km. 'E i l i i  

(37.7"N. 15"E). The curves of extinction coefficients versus 
time exhibit some perturbations at high levels (41.02) being 
2 times larger than before the emption) (Figure 26~1,  but 
they are not as strong as the ones due to NDR (Figure 21a). 
At 5 km above the mean tropopause, no change appears. In 
other latitude bands the influence is weaker, as can be seen 

~ in Figure 6a. Confirming these observations, the optical 
depth also shows little enhancement, but the enhancement is 
again much weaker than the one due to NDR. 

The time variations of the effective radius show that it 

Fig. 25. Concentration versus time for the NOS latitude band at 
two levels above a mean tropopause height of 16 km; 5 km (open 
circles) and 10 km (crosses). 

Fig. 26. (a) Mean extinction coefficient at 1.02 fim. with 95% 
confidence intervals, versus time for the N35 latitude band at two 
altitudes above a mean tropopause height of 13 km: 5 km (open 
circles) and 10 km (crosses). (b)  The effective radius, with 95% 
confidence intervals, versus time for the N35 latitude band at two 
levels above a mean tropopause height of 13 km (5 km (open circles) 
and 10 km (crosses)) is also shown. 

increases after the event, especially at 10 km above the 
tropopause; at 5 km the effect is not as obvious because the 
fluctuations are important (Figure 266). The vertical profile 
of the effective radius presents some changes with larger 
values at al1 altitudes after the emption; for example, reg 
increases from 0.22 pm to 0.28 pm near 22 km altitude 
(Figure 27). By comparing this to the NDR radius profile 
(Figure 22). we can conclude that the aerosols were of 
similar size in both cases. 

Because of the oscillations of the concentration one can- 
not see in its variations any important change, although it 
was announced that the Etna volcano emption had sent 
aerosols over Europe, Japan, and the United States [Page 
and Fuis, 19861. Therefore the only conclusion we can draw 
is that the Etna volcano has not sent a great number of 
aerosols into the stratosphere. 

The analysis of 5 years of the SAGE II aerosol data 
provides a good description of the post El Chichon strato- 
spheric aerosol layer. It has been performed by means of 
zonally, monthly averaged values of the aerosol extinction 
coefficients. 



Fig. 27. Effective radius. with 95% confidence intervals. versus 
altitude for the N35 latitude band by the middle of February 1986 
(open circles) and by the end of April 1987 (crosses). 

At low latitudes the aerosols present a very homogeneous 
distribution al1 over the globe, with a dispersion around the 
zona1 mean which is of the order of o r  even smaller than the 
experimental error. a t  al1 altitudes. At high and middle 
latitudes a similar behavior is observed but only within the 
16- to  21-km altitude range, and with an altitude of the 

small altitude range. and this seasonal effect is less pro- 
nounced in the optical depth except in the southern latitude. 
The winter maxima are generally accompanied by an in- 
crease of the effective radius which cannot be explained by 
temperature variations. 

The latitudinal variations of the extinction coefficient 
typically exhibit a minimum around 25"135" in both hemi- 
spheres, which is related to smaller values of the  effective 
radius. As the effective radius generally decreases with 
altitude. we may tentatively explain the decrease of the 
extinction and particle size in the tropical regions by an 
intrusion of aerosols coming from high levels toward low 
lekels. where the tropopause is not well defined. 

The major volcanic event observed during the period of 
this study is the Nevado del Ruiz. but the Etna eruption can 
also be detected in SAGE II data. From this study one can 
deduce that the Nevado del Ruiz has injected into the 
stratosphere a great number of aerosols similar to  those 
existing before the eruption. On the contrary. following the 
radius decay the Etna has sent larger particles than preerup- 
tion aerosols. and these Etna aerosols were identical in size 
to the NDR aerosols. 
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From the SAGE II four-channel extinction data  we have 
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Conclusion 

Le problème de la restitution du spectre dimensionnel des aérosols stratosphériques reste 

ouvert. En effet la comparaison entre les paramètres du spectre dimensionnel obtenus avec 

l'inversion des mesures polarimétriques ballon, et ceux déduits des mesures SAGE II mon- 

tre que les résultats sont parfois en désaccord ce qui nécessite une étude plus compléte de 

l'inversion. En particulier il importe d'améliorer les algorithmes utilisés par les expériences 

RADIBAL et SAGE II de façon à pouvoir restituer des granulométries bimodales. 

L'éruption catastrophique du Pi'natubo (Philippines) qui a eu lieu au début de l'été 1991 

a été parfaitement suivie par SAGE II et j'attends les données afin de pouvoir étudier la pro- 

gression du nuage volcanique et de caractériser les nouveaux aérosols. Début Octobre 1991 

un vol ballon a été effectué ainsi que des tirs lidar à l'observatoire de Haute Provence et à 

 aim mis ch-partenkirchen, des mesures SAGE II sont également djsponibles; le dépouillement 

des mesures est en cours. 

J'approfondis actuellement l'étude de l'inversion dans le cadre de la nouvelle expérience 

d'occultation SAGE III dont le lancement est prévu pour 1997, et pour laquelle nous dis- 

poserons de deux canaux aérosols supplémentaires (0,760 et 1,550 pm), ce qui va permettre 

de préciser les variations spectrales du coefficient d'extinction des particules. 

En ce qui concerne les variations saisonnières de la taille des particules, qui ne semblent 

pa$ corrélées de manière claire aux variations de la température stratosphérique, j 'enviqe 

de tenir compte simultanément des données de température et de vapeur d'eau disponibles 

pour chaque évènement et dont l'inversion à partir des mesures SAGE II est actuellement 

'rationnelle (P. ~nivost) :  pour étudier l'évolution 
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des aérosols stratosph4riques . , &,*Y 
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