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FORWORD 

A more  concise  vers ion  of  the  text  presented  here  is 

publ ished  as  an  article  in  Nature  under  the  title  : "Stratospheric 

aerosol  propert ies  from  the  earth  limb  photography"  (Nature,  292, 

587-591  (1981)). 

A V A N T - P R O P O S 

Une  vers ion  plus  concise  du  texte  présenté  ici  est  publié 

comme  article  dans  Nature  sous  le  titre  : "Stratospheric  aerosol 

propert ies  from  earth  limb  photography"  (Nature,  292,  587-591  (1981)). 

VOORWOORD 

Een  verkorte  versie  van  deze  tekst  wordt  als  artikel  ge-

publ iceerd  in  Nature  onder  de  titel  : "Stratospheric  aerosol  propert ies 

from  earth  limb  photography"  (Nature,  292,  587-591  (1981)). 

VORWORT 

Eine  kurzgefasster  Vers ion  dieser  Tex t  ist  in  der  Zei tschr i f t 

"Nature"  unter  dem  Titel  : "Stratospheric  aerosol  propert ies  from  earth 

limb  photography"  (Nature,  292,  587-591  (1981)). 



S T R A T O S P H E R I C A E R O S O L S P R O P E R T I E S FROM E A R T H 

L IMB P H O T O G R A P H Y A N D MIE S C A T T E R I N G T H E O R Y 

by 

M. A C K E R M A N , C. L I PPENS and C . MULLER 

Abstract 

The balloon borne observation at three wavelengths of visible 

sunl ight scattered by the earth limb allows the determination of aerosols 

abundances and size distr ibutions ver sus altitude in the stratosphere. 

The stratospheric aerosols appear to still remain under the influence of 

the Mount S t . Helens volcanic eruption five months after its occurence 

on May 18, 1980. 

It is shown that the method is, in the stratospheric conditions 

sensitive to particles in the size range from 0.04 pm to 0.4 pm radius. 

A comparison with previous data allows to state that the number of 

particles smaller than 0.1 pm radius has up to now been under-

estimated. This conclusion stems from the relatively low asymmetry 

factors observed for the scattering phase functions which are important 

for radiative transfer and earth energy budget evaluations. 



Résumé 

L'observation, à part i r d'une nacelle de ballon stratosphérique 

et à trois longueurs d'onde, de la diffusion du rayonnement solaire 

visible permet la détermination de l'abondance et des distributions de 

taille de l'aérosol stratosphérique en fonction de l 'alt i tude. L'aérosol 

stratosphérique est encore sous l'influence de l 'éruption volcanique du 

Mont St . Helens cinq mois après qu'elle ait eu lieu le 18 mai 1980. 

On montre que la méthode est, dans les conditions strato-

sphériques, sensible aux particules de rayon compris entre 0 ,04 pm et 

0 ,4 pm. Une comparaison avec les données antérieures permet d 'af f i rmer 

que le nombre de particules de rayon inférieur à 0 ,1 pm a été sous 

estimé jusqu'ici . Cette conclusion résulte des valeurs relativement 

faibles observées pour le facteur d'asymétrie des fonctions de phase qui 

sont importantes pour l'évaluation du t ransfer t radiatif et du budget 

énergétique de la te r re . 

- 2 -



Samenvatting 

De  waarneming,  op  dr ie  golflengten  van  het  verstrooide 

zichtbare  zonlicht  nabij  de  aardse  kim  vanaf  een  gondel  aan  een 

stratosfeerbal lon,  laat  toe  de  dichtheids  en  afmetingen  distr ibut ie  van 

de  stratosfer ische  aerosols  te  bepalen  in  functie  van  de  hoogte. 

Vijf  maanden  na  de  eruptie  van  de  Mount  St.  Helens  vulkaan 

op  18  mei  1980,  is  de  invloed  ervan  op  de  stratosferische  aerosols  nog 

steeds  merkbaar.  Er  wordt  aangetoond  at  de  methode,  onder  strato-

sfer ische  voorwaarden,  gevoelig  is  voor  deeltjes  waarvan  de  straal 

begrepen  is  tussen  0,04  pm  en  0,4  |jm. 

Een  vergel i jk ing  met  vroegere  gegevens  leidt  ons  tot  de 

vaststel l ing  dat  het  aantal  deeltjes  waarvan  de  straal  kleiner  is  dan 

0,1  pm  tot  hiertoe  onderschat  werd.  Dit  besluit  volgt  uit  de  relatief  lage 

assymetriefactor  waargenomen  voor  de  verstrooi ïngsfasefunctue,  die 

belangrijk  is  voor  de  berekening  van  de  stra l ingsoverdracht  en  het 

energie  budget  van  de  aarde. 



Zusammenfassung 

Die Ballonenbeobachtungen auf drei Wellenlänge der sichtbaren 

zerstreuten Sonnenstrahlung erlauben eine Bestimmung der strato-

sphärischen Aerosolzahl und der Aerosolgrösse. Die stratosphärischen 

Aerosolen sind fünf Monaten nach der Mount St. Helen Vulkaneruption 

auf den 18.Mai 1980 noch dadurch beeinflusst. 

Unter stratosphärischen Zuständen ist die Methode fü r Aerosol-

grössen zwischen 0,04 (jm und 0 ,4 pm empfindlich. Eine Vergleichung 

mit vorherigen Daten zeigt, dass die Aerosolzahl mit Halbnesser kleiner 

als 0 ,1 pm bis jetz unterabgeschätzt ist. Dieser Abschluss ergibt sich 

aus der ziemlich kleine beobachtete asymetrische Faktoren der Phase-

funkt ion, die wichtig sind für Strahlungsübertragungs- und Energie-

bilanz- Rechnungen. 
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INTRODUCTION 

The various light phenomena in the atmosphere like the 

vary ing blue of the sky , the rosy dawn, etc. to which aerosols may 

participate belong to the number of ancient sciences whose origines are 
C i ) 

lost in prehistoric times . I t is however only relatively recently that 

dedicated studies of the stratospheric aerosols were initiated to under-

stand the properties of these particles which are of definite concern as 

nucleating and catalytic agents and important consituents in determining 

the radiation balance of the atmosphere. A survey of light scattering 

techniques used in the remote monitoring of atmospheric aerosols has (?) 
been published recentlyv . Twi l ight phenomena have been used both 

(3 4") from the ground ' and from satellites. Earth limb observation from 
(5 6) 

space has been based on sunlight scattering observed directly^ ' ' or 

through its a b s o r p t i o n ^ . In situ sampling initiated twenty years 

a g o ^ has also provided much information part icular ly about the (9 ) composition as recently reviewed • 

We already r e p o r t e d ^ 1 ^ on the photographic observation, 

from a balloon gondola floating in the upper stratosphere, of the 

enhancement of stratospheric aerosols over Europe 23 days after the 

Mount St . Helens volcanic eruption. Several other reports have now 
(11 1? 13 14) appeared on the subject while details have been provided 

on the air trajectories which have lead the volcanic plume to move at 
(15) 

various altitudes in various directions at the beginning of their 

many cumbersome revolutions around the earth . Much information has 

been collected on the properties of the ejecta in relation with atmo-

spheric effects^16-*. On October 15, 1980, f ive months after the 

eruption an other photographic balloon f l ight was performed. One of the 

f i rs t results is that the enhancement of stratospheric aerosols below 

20 km altitude has become very horizontally homogeneous. This situation 

allows to take easily advantage of most of the method's potentialities to 

determine basic properties of volcanically influenced aerosols and of 
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natural aerosols wich appear to differ in several respects in the strato-

sphere. 

P R I N C I P L E S OF T H E O B S E R V A T I O N M E T H O D 

Photographic cameras on board of a balloon gondola 

simultaneously record at various wavelengths the light from the earth 

limb below the horizontal line of s ight while the solar, elevation is low. 

This l ight is scattered direct sunl ight with a contribution from the 

earth albedo which is minimized when the sun is low. The observation 

geometry is shown in f igure 1. The limb radiance, R, can be expressed 

directly in solar radiance units since solar images are recprded 

simultaneously with a known attenuation factor. The solar elevation is 

known from the time of picture taking and from the geographic position. 

From several consecutive shots an angular scale is constructed. The 

depression angles at which radiances are measured are related to the 

line of s ight altitude of closest approach to the earth surface taking 
(17) 

into account the refraction effects . The measured integrated 

radiances can be inverted taking into account absorption by ozone and 

air along the line of s ight by the "onion pealing" method to yield the in 

situ radiance, R , per unit length versus altitude. 

The sun oriented gondola can be rotated about its vertical 

axis in order that pictures are taken at various azimuth angles, A , 

relative to the sun position as shown in f igure 2. The scattering angle 

6 of direct solar radiation can be computed from the relation 

cos 0 = - s i n D s i n h^ + cos D cos h^ cos A (1) 



Fig. 1.- Observationnal geometry : quasi parallel light 
falls on the atmosphere at a solar zenith angle x> 
the atmosphere is seen at various depression 
angles D; through the rotation of the gondola, 
photographs are taken at various azimuth angles 
from the sun direction. 
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Fig. 2.- Map showing the geographical extent of the measur-
ements. The half circle shows the positions of the 
tangent points of the line of sight at 20 km 
altitude. The sun azimuth is at 0°. 
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where D is the depression angle at which the atmospheric radiance is 

measured and h Q is the solar elevation angle at the time of measur-

ement. As expected from their strong forward scattering propert ies, 

and as observed, aerosols reemit little light at an azimuth angle 180 

degree away from the sun direction. The limb radiance observed in this 

case is used to subtract Rayleigh scattering and isolate aerosols 

scattering at all azimuths taking into account the Rayleigh phase 

function^1®^. 

If only direct solar radiation is considered an in situ mono-

disperse aerosol radiance R per cm of path length is related to the 
O 

average solar radiance RQ by 

i f = RQ 71 a2 Qs o q>0 n/4n (2) 

where a, q p Q , Q g and aQ are respectively the angular radius of the sun's 
disk, 4.65 x 10 3 radian, the properly normalized particulate phase function, the scattering efficiency factor, the particulate scattering 2 
geometrical cross section in cm if the number density, n , of the 

particles is expressed in cm 

(19") 

In practice, our data confirm the previous observation 

according to which the phase function can, within experimental un-

certainties, be represented by the Henyey-Greenstein function. The 

asymmetry factor g of the phase function can then be determined as 

well as the total scattering eff iciency. The variation of these parameters 

with wavelength can be f i t ted to their theoretical variations with the 

effective size parameter as shown by Hansen and T r a v i s ^ ^ . This 

procedure, which has been performed using the Mie scattering 

computation programme provided, by Wiscombev , leads to an evalua-

tion of the effective particle size and provides information on other 



p rope r t i es too. From these two quan t i t i es and f rom the p r o d u c t nc 

ob ta ined d i r e c t l y f rom the re la t ion 2 t he va lue of n can be deduced . 

A few t e r m s ^ ^ wi l l be recal led here as t h e y wi l l be used in 

the i n t e r p r e t a t i o n of the da ta . The aerosol pa r t i c le size is usua l l y 

t r ea ted in te rms of t he wave leng th , k , of the i n t e r a c t i n g l i g h t t h r o u g h 

the Mie size parameter 

x = 2 71 a / \ (3) 

where a is the rad ius of t he spher ica l pa r t i c l e in a monodisperse aero-

sol . In a po l yd i spe rse aerosol the number of par t i c les of rad ius r is 

exp ressed^*^ b y 

n = A r ( 1 " 3 b ) / b * " r / a b (4) r 

where a becomes the e f fec t i ve rad ius whi le b is a measure of the w i d t h 

of the size d i s t r i b u t i o n ; A is a cons tan t re la ted to the to ta l number of 

pa r t i c l es . 

* 
The measurement of R v e r s u s 0, the sca t t e r i ng ang le , at 

•L. 3 
va r i ous wave leng ths p rov ides in fo rmat ion about the asymmetry f a c t o r , 

g . The knowledge of g and i ts va r i a t i on w i t h the wave leng th of t he 

i n t e r a c t i n g l i g h t leads to the un ique de te rmina t ion of a and b as shown 

in f i g u r e 3. The sca t te r i ng e f f i c i ency Q g can then be determined v e r s u s 

size parameter as shown in f i g u r e 4. The behav io r of these quan t i t i es is 

known f rom the Mie sca t te r i ng t h e o r y . 
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x = 2ixa/X 

Fig. 3.- Asymmetry factor g as a function of Lhe Mie size 

parameter for values of b ranging from 0.0 to 4.0 

(see equations 3 and 4). 
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Fig. 4.- Scattering efficiency versus Mie size parameter 

for b values from 0.0 to 4.0 (see equations 2, 3 

and 4). 
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E X P E R I M E N T A L D E T A I L S 

The balloon f l ight from which the data presented here were 

retr ieved took place on October 15, 1980, the t ropopause height be ing 

at 11.4 km. The gondola floated at 37.6 km altitude and was equ ipped 

with seven Hasselb lad EL 500 cameras with 80 mm focal length lenses 

and 70 mm films. Four of them were looking fo rward, one being loaded 

with colour EPR 475 Kodak film, and three in the opposite d i rect ion. 

The-, s ix black and white cameras had by opposite pair : Wratten f i l ters 

n r . 47 (440 nm) and 25 (650 nm) with Plus X Kodak film and f i l ters 

n r . 87 with Kodak aerograph ic 2424 film (860 nm). In o rder that the 

s un images be in the dynamic range of the film, neutral dens i ty sc reens 

made of exposed and processed sheet films were placed at 60 cm from 

the lenses with their lower edge placed a few centimeters above the 

optical ax i s . Before f l ight, step wedges , inconel f i lters and samples of 

the neutral dens i t y sc reens illuminated in parallel l ight were recorded 

by each camera in the laboratory. Af ter the f l i ght , the Plus X films 

were processed u s i ng the Kodak D 76 developper (y = 1) and the i n f r a -

red sens i t ive film was processed in the Kodak D19 developper (y = 

2 . 3 ) . The dynamic ränge of th is last film is to small to usefu l ly record 

s imultaneous s un and limb images so that its absolute calibration was 

der ived from the comparison of optical densit ies due to quas i pu re 

Ray le igh scatter ing ob se rved 180° from the sun in the three co lours 

above 30 km altitude. The absolute calibration in blue and red l ight was 

based direct ly on solar images. The colour, blue, red and in f ra red 

camera sett ings (aper ture , speed) were respect ive ly : f/11, 1/125 sec; 

f/8, 1/250 sec; f/8, 1/250 sec; f/8, 1/125 sec. A s soon as the gondola 

could be s un or iented, p ictures were taken du r i n g ascent and later 

d u r i n g the float per iod. Its s un senso r remaining locked on the s u n , 

the gondola was then rotated about its vertical ax i s so that the cameras 

could record earth limb images 65, 115, 180, 245 and 295 degrees from 

the solar azimuth. The whole hor izon scan was performed in a sho r t 
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time, from 1608 to 1618 h r s G M T , du r i n g which atmospheric illumination 

condit ions changed v e r y little. The latitude and longitude were 

respect ive ly 1°E and 44°N. The average solar azimuth and elevation 

ang les were respect ively equal to 248° and 9.3°. The optical dens it ies 

were measured on three t r ack s per frame normally to the hor izon by 

means of a J a r r e l l - A sh micro-densitometer and sub sequent l y converted 

into radiance, in un i t s of solar radiance, v e r s u s altitude of the g r a z i ng 

line of s i gh t every 200 meters. Each photograph allows an horizontal 

angu la r coverage equal to about 34°. 

R E S U L T S 

The ob se r ved limb radiance va lues are presented v e r s u s the 

altitude of closest approach of the line of s i gh t to the earth sur face 

(sea level) for 440 nm, 650 nm and 860 nm and for va r i ou s scatter ing 

angles in the parts a of f i gu re s 5, 6 and 7 respect ive ly . 

The comparison of the vertical radiance prof i les ob se r ved at 

small scatter ing ang les in red l ight eleven day s before, less than one 

months^ 1 * ^ and f ive months after Mount S t . Helen ' s erupt ion shows 

several character ist ic points. A radiance enhancement peak ing at 17 km 

altitude still ex i s t s on October 15, 1980, by a factor of almost three 

relative to the preerupt ion value. Above 22 km altitude the radiance has 

returned to va lues close to what it was on May 7, 1980. T h i s s u g g e s t s 
(11) 

that the heavy layer ob se rved over Eng land on June 6 and 7 and 

on June over France const ituted the main body of the material 

injected in the s t ratosphere by the volcano. Ove r 5 months, that layer 

would then have sp read in altitude and its center of g r a v i t y would have 

moved upwards by approximately two kilometers, th is being pe rhaps 

related wich air heating t h r ough sun l i gh t absorpt ion by the aerosols . 



U N I T OF SOLAR R A D I A N C E 

Fig. 5a.- Integrated radiances, R , along the line of sight 

at 440 nm versus grazing altitude and for various 

scattering angles, 6. Each successive lower curve 

is desplaced by 10 km altitude from the one above. 

Radiance is expressed unit in of solar radiance. 
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R* ( c m - 1 ) 

Fig. 5b.- Inverted in situ radiances, R*, versus altitude at 

440 nm. Each successive lower curve is desplaced 

by 10 km altitude from the one above. Radiance is 

expressed in unit of solar radiance. 
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Fig. 5c.- In situ radiances due to aerosols, R*, versus 
â 

altitude at 440 nm. Each successive lower curve is 

desplaçed by 10 km altitude from the one above. 

Radiance is expressed in units of solar radiance. 
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Fig. 6a.- Integrated radiance, R , along the line of sight at 

650 nm versus grazing altitude and for various 

scattering angles, 6. Each successive lower curve 

is desplaced by 10 km altitude from the one above. 

Radiance is expressed unit of solar radiance. 
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R * ( c m - 1 ) 

Fig. 6b.- Inverted in situ radiances, R*, versus altitude at 

650 nm. Each successive lower curve is desplaced 

by 10 km altitude from the one above. Radiance is 

expressed in unit of solar radiance. 
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Fig. 6c.- In situ radiances due to aerosols, R*, versus 
altitude at 650 nm. Each successive lower curve is 
desplaced by 10 km altitude from the one above. 
Radiance is expressed in units of solar radiance. 
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I 

Fig. 7a.- Integrated radiances, R, along the line of sight 

at 860 nm versus grazing altitude and for various 

scattering angles, 0. Each successive lower curve 

is desplaced by 10 km altitude from the one above. 

Radiance is expressed unit of solar radiance. 
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Fig. 7b." Inverted in situ radiances, R*, versus altitude at 
860 nm. Each successive lower curve is desplaced 
by 10 km altitude from the one above. Radiance is 
expressed in unit of solar radiance. 
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Fig. 7c.- In situ radiances due to aerosols, R*, versus 3 
altitude at 860 nm. Each successive lower curve is 

desplaced by 10 km altitude from the one above. 

Radiance is expressed in units of solar radiance. 
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T h e inspect ion of the v a r i o u s photographs taken around the 

vert i ca l ax i s of the gondola reveals the presence of the 17 km layer at 

all azimuth a n g l e s . Above 20 km alt i tude a well def ined one kilometer 

t h i c k layer is readi ly seen on the p i c t u r e s . S u c h th in well separated 

features have been o b s e r v e d on each of our p r e v i o u s f l i g h t s and have 

most probab ly no relation with volcanic a c t i v i t y . T h e y belong to the 

"natura l" s t r a t o s p h e r i c aerosol . In th i s p a r t i c u l a r case the layer is 

present towards the South from the gondola and absent towards the 

North. Its alt i tude is at 22 km from 125° azimuth counted c lockwise from 

the g e o g r a p h i c North to about 220° where it beg ins to r i se up to about 

25 km at 250° where it sp l i ts and becomes non v i s i b l e . Part icu late 

matter is also present above what we call here the 22 km l a y e r . With 

respect to the horizontal homogeneity, the s t u d y of the aerosol d i r e c t 

s u n l i g h t scat ter ing v e r s u s scatter ing ang les can be performed safe ly for 

the 17 km layer ; for h igher a l t i tudes some prudence must be e x e r c i s e d . 

In order to usefu l l y perform the a n g u l a r s t u d y , the along the 
(22) l ines of s i g h t integrated radiances are i n v e r t e d . S t a n d a r d ozone and 

(23 18") 
air d i s t r i b u t i o n s and their respect ive absorpt ion c r o s s sect ions ' 

* 
were used for th is purpose . T h e in s i tu radiance v a l u e s , R ; in unit of 

solar radiance and per cm along the line of s i g h t at the tangent a lt i tude 
* 

are presented in the parts b of f i g u r e s 5, 6 and 7. T h e R va lues at 

650 nm ( f i g . 6b) show at 0 = 175° an exponential dependence v e r s u s 

a l t i tude, as expected, on which some s t r u c t u r e and noise is s u p e r -

imposed. At 860 nm ( f i g u r e 7 b ) in the backward hemisphere where 

aerosols are expected to b r i n g a small contr ibut ion and p a r t i c u l a r l y at * 

30 km a l t i tude, the var iat ion of R with 6 f i ts well the R.ayleigh phase 

funct ion g i v i n g confidence in the v e r y low contr ibut ion from the earth 

albedo to the observed s i g n a l . T h i s is not s u r p r i s i n g s ince the a v e r a g e 

c loud deck radiance measured at depress ion angles from 5 to 15° r a n g e s 

from 7 x 10"^ to 6 x 10 ^ of the solar radiance at respect ive az imuths 

from 0° to 180° from the s u n . A t 6 = 14° and 17 km alt itude the aerosol 

contr ibut ion is about fourteen times the R a y l e i g h contr ibut ion. 
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At 650 nm ( f i g . 6b ) also the Ray le igh phase funct ion can be 

fitted to the radiance var iat ion ob se rved in the backward hemisphere at 

30 km altitude. In th is case however the average cloud radiance var ie s 
~6 -7 

from 6 x 10 near the s un azimuth to 6 x 10 elsewhere. In the 

forward direction the aerosol contr ibut ion to the radiance is 10.8 times 

the Ray le igh contr ibut ion at 17 km. At 440 nm, Ray le igh scatter ing 

dominates even if at 0 = 14° it still appears to be f ive times smaller 
* 

than aerosol scatter ing at 17 km. At 0 = 175°, R g rows faster than 

exponential ly at altitudes below 20 km. Multiple scatter ing p lays here an 

important role s ince the Ray le igh optical t h i ckne s s on the tangent line 

of s i gh t reaches un i ty at 20 km already. T h i s occu r s at 9 km and at 

g r o u n d level for 650 and 860 nm respect ive ly . In addition the average 

cloud deck radiance is v e r y h i gh in blue l ight v a r y i n g from 1.6 x 10 ^ 
~ 6 

near the s un direction to 10 of the solar radiance elsewhere. The data 

obtained in blue l ight can then only be used with caution and at small 

scatter ing angle. The situation here is d i f ferent from that in balloon (24) borne aureole observat ion due to the low solar elevation used here. 

The parts c of f i gu re s 5, 6 and 7 present the in s itu 
* 

radiance due to aerosols R which has been obtained by subt rac t ing 
* a * * 

Ray le igh scatter ing R M due to a ir . R M is evaluated from R at 0 = 175° 
(25) 

following the "clean a i r " p rocedure cu r ren t l y used in lidar work 

R. is then adapted for the va r i ou s scatter ing angles cons idered 
(18) 

accord ing to the molecular phase funct ion 

I N T E R P R E T A T I O N 
* 

The angu lar dependance of R g has been fitted to the var iat ion 

of the scattered l ight intens i ty v e r s u s 0 computed for va r ious va lues of 

the asymmetry factor g of the Henyey -Greens te in funct ion. The plots 

are shown in f i gu re s 8a, b and c for the three wave lengths . In blue 

l ight a few values of 0 g i ve usefull resu l t s . For the reasons d i s cu s s ed 



8(degree) 

Fig. 8a.- Henyey-Greenstein phase functions of the radiance 
versus scattering angles, normalized at 0 = 0° and 
for various values of the asymmetry factor, g. The 
experimental data points are shown at the three 
altitudes studied and for the three wavelengths : 
a, 440 nm; b, 650 nm; c, 860 nm. 
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6(degree) 

Fig. 8b.- Henyey-Greenstein phase functions of the radiance 
versus scattering angles, normalized at 6 = 0° and 
for various values of the asymmetry factor, g. The 
experimental data points are shown at the three 
altitudes studied and for the three wavelengths : 
a, 440 nm, b, 650 nm; c, 860 nm. 
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0(degree) 

Fig. 8c.- Henyey-Greenstein phase functions of the radiance 
versus scattering angles, normalized at 0 = 0° and 
for various angles of the asymmetry factor, g. The 
experimental data points are shown at the three 
altitudes studied and for the three wavelengths : 
a, 440 nm; b, 650 nm; c, 860 nm. 
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earl ier va lues for the 22 km layer have on ly been cons idered for 6 from 

51° to 116°. 

The asymmetry factors determined in th is fash ion are listed in 

table 1 as well as the optical scatter ing extinction coefficients Q g n a. 

The va lues at 440 nm are on ly indicative but have not been used s ince 

a model tak ing into account the measured cloud radiances indicates a 

non negl igeable contr ibut ion of the albedo to the limb radiance. From 

the model, this is negl igeable at the larger wave lengths . The ob se r ved 

g va lues , tak ing into account that it is most probab ly s l i ght l y h i gher 

than 0.6 at 440 nm, tend to indicate that a value of the real index of 
(26) 

refraction equal to 1.55, as cu r ren t l y used in models , is ob se r ved 

here. T h i s value will then be used to deduce the size parameters x . 

The i r var iat ion with k from 650 to 860 nm. leads to the table 1 listed a 

and b va lues character iz ing the size d i s t r ibut ion. Eventua l l y , the 

scatter ing eff iciency Q can be deduced from a and b following the Mie 
• (20) S 

scatter ing theory 

With the data avai lable, there is of course another method of 
(18 ) 

determining ZQ na. From the air a va lues and from the air number 
S (22) dens i ty n . taken from a model (mid- lat i tude, s p r i n g - f a l l ) ( n a ) . at r ^ air 

can be evaluated. The R M va lues determined at 0 = 175° by the "clean 
(25) * a i r " method are compared with the R measured and by tak ing into a 

account the air and aerosols phase funct ions the va lues of ( £ Q S ncr )^^ 

for the aerosols are deduced. T h e y are also listed in Table 1. 

The absolute particle d i s t r ibut ion shown in f i gu re 9 for the 

three altitudes cons idered is based on ly on the geometrical ext inct ion 

coefficient I n o at 860 nm for two reasons . In in f rared l ight, the albedo 

contr ibut ion to the measurement is negl igeable while it is maximum in 
* 

blue l ight and in the inver s ion of R leading to R the correct ion for the 

absorpt ion by O^, of which a s tandard vertical d i s t r ibut ion had to be 

u sed , is the largest in red l ight. T h i s is suppor ted by the d i s c repancy 



T A B L E  1 . -  Summary  of results .  The  following  quantities  are given 

for  three  characteristic  altitudes  : g , the asymmetry 

factor  of  the phase  function;  2 Qg na,  the optical  aerosol 

scattering  extinction  deduced  from  observed  radiances; 

( I  Qg
 nCT)A(Y|/  the optical  aerosol  scattering  extinction 

deduced  from  comparison  with  the molecular  scattering 

extinction;  Q g ,  the scattering  efficiency  factor;  I na and 

( I  n£J)A|v|'  the geometric  scattering  extinctions;  a,  b, 

the size distributions  parameters;  V ,  the total  volume 

of particles  per  cubic  centimeter  of  air  at the respective 

altitudes. 
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Fig. 9.- Number of particles per cm versus their radii 

and per micron size interval for three character-

istic altitudes : 14, 17 and 22 km. Two previous 

data s e t s ^ ' ^ ^ are shown for the sake of 

comparison. 
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observed at shorter wavelength between the extinctions determined from 

the observed radiances and those determined by comparison with the 

molecular scattering. The agreement is very good at 860 nm. The Mie 

scattering theory has, in addition, the best chances to be val id, even 

if the particles do not exhibit a perfectly spherical and smooth shape, 

at small values of the size parameter. 

DISCUSSION 

In order to characterize the particle size range to which the 

measurements presented here are sensitive, the cumulative asymmetry 

factor , g , has been computed by adding successively the particles radii 

slices start ing with the smallest particles. The results are shown in 

f igures 10 and 11 for 0.65 (jm and for 0.86 pm respectively. This shows 

that for particles smaller than 0.04 |jm and larger than 0 .4 pm, g is not 

significantly affected. 

Our particle distributions are compared in f igure 9 with the 
( 8) upper and lower limits deduced from in situ sampling^ 7 and with two 

(24) 
extreme values resulting from solar aureole measurements . The 

results obtained here fall within the range of those data except for 

particles smaller than 0 .2 |jm radius where the upper limit given by / O A 

Junge et al is exceeded. As mentionned earlier the aerosols below 

20 km are here still in volcanically perturbed conditions. On the other 

hand the collection efficiency of in situ sampler might be reduced for 

small particles. It should also be mentionned that our distributions are 

steeper especially at large radii . This effect is less pronounced in the 

comparison with the aureole data. This effect appears to be due to the 

small values of effective radii obtained here. 

An other comparison of our data, shown in f ig . 12, can be 

made with the total number of particles with a radius larger than 0.15 pm 
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r (jim) 

Fig. 10.- Build up of the asymmetry factor g of the phase 

function when, from the smallest particle sizes, 

successive slices of the distribution are added 

with increasing particle radii, r. At 650 (J, 

significant contributions can be considered from 

0.03 Mm to 0.4 pm radii. 
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Fig. 11.- Build up of the asymmetry factor g of the phase 

function when, from the smallest particle sizes, 

successive slices of the distribution are added 

with increasing particle radii, r. At 860 nm, 

significant contribution can be considered from 

0.04 to 0.4 |jm radii. 
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<r 

d (|lm) 

Fig. 12.- Total numbers of particles with diameters larger 
than given values. The ratio of the number of 
particles with diameters larger than 0.3 (J® t o the 
number of particles with diameters larger than 
0.5 pm is larger for the layer at 22 km altitude 
than for 17 and 14 km altitude indicating the 

(32) volcanic influence in these two latter cases 
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(27) obtained by means of balloon borne optical particle counters . T h e 
number densities of these particles are found to be from 0.4 to - 3 
1.3 particle cm in the 14 to 17 km altitude region and from .1 to 

-3 
.9 particle cm at 22 km. A s already mentionned, the data presented 
here for 22 km correspond to a low aerosol content above 20 km and -3 lead to 0.7 particle cm above 0.15 |jm. At 14 and 17 km altitude the 

-3 
values presented in f i g . 5 respectively imply 1.9 and 2.1 particle cm 
of particles with radii larger than 0.15 pm. An intercomparison of the 
two methods would be required to define a possible d iscrepancy since 
the aerosols are volcanically enhancened in the present case. 

The optical extinction coefficient Q s n a measured at 1 (jm 
wavelength by the SAM II satellite borne instrument at low aerosol load 
in J u l y 1979^*^ exhibit an almost constant value from 14 to 20 km 

-9 -1 
altitude equal to 10 cm . T h i s compares v e r y favorably with our 
860 nm value at 22 km. At 17 and 14 km altitude, the extinction in the 
present case is 3 and 2 times larger . T h i s can be expected from the 
volcanic influence which may also explain the larger effective particle 
radius a at 17 km altitude. 

A value of the asymmetry factor g equal to 0.49 ± 0.7 has 
been measured recently at 633 nm) a wavelength close to 650 nm used 

(19) 
here, from 10.7 to 12.8 km altitude in the stratosphere^ . T h i s value 
corresponds to our measurement at 22 km where the aerosol is 
considered to be purely "natural" . Since g is larger in the present case 
at 14 and part icular ly at 17 km, one of the volcanic influences must 
then be to increase the g value and if the Mie theory is applicable to 
increase the particle size as we observe it at 17 km altitude. 

From an optical point of view the particle size d istr ibut ion, of 

which the shape is of greater interest than the particle concentration 
(26) 

for radiative t ransfer calculations^ , is variable in the stratosphere. 



I 

T h e asymmetry factor, g , is smaller than the constant value ( 0 . 7 ) 
cur rent ly used in models for v is ible l ight. Such a high value 
corresponds to the log normal and Zero Order Logarithmic Distr ibut ion. 
Both have been respect ively proposed by Pinnick et a l ^ ^ and by Toon 
and Pollack^ ' and are shown on f i gure 13. T h e y are compared with 
the model values computed for 16,20 and 30 km altitude by Toon et 
a l< 3 0 >. 

(31 ^ 
For photochemical models of stratospheric aerosols the 

variable size distr ibut ion will have a role to p lay. T h e molecular content 
of the condensed phase supposed to be oxydized s u l f u r , water vapor 
and perhaps other species is not negligeable for the gas phase either 
since conversion into vapor would lead to volume concentrations in the 

8 9 -3 10 to 10 molecules cm at altitudes from 15 to 20 km. The volume of 
the condensed phase observed here is shown in table 1. 

T h e deduced size distr ibution of particle surface area and the 
surface collision rate are compared with model values in f igure 14. T h e 
knowledge of this latter quantity is required in the evaluation of the 
stratospheric importance of heterogenous chemical reactions. 

C O N C L U S I O N 

The measurements presented here confirm recent data and 
provide new information on crit ical points which are of fundamental 
importance in the evaluation of the role that stratospheric aerosols can 
p lay . A more sophisticated analys is will be further applied on h igher 
qual ity experimental data since the potentialities of the method 
presented here appear to be h igh. 
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0.1 

R A D I U S ( kim) 

13.- Aerosol particle number density per micrometer 
radius interval versus particle radius for 14, 17 
and 22 km. For the sake of comparison, model 
v a l u e s a r e shown for 16, 20 and 30 km altitude 
(M16, M20, M30). The agreement is reasonably good 
between the observed values at 17 km and M16. The 

(29) model size distributions of Pinnick et al and 
Yog") 

of Toon and Pollack are also shown and are 
respectively marked P and T in the figure. 
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Fig. 14.- The upper part shows the particle surface area 
distribution versus the particle radius for 14, 17 
and 22 km altitude. The model values are shown 
for 16, 20 and 30 km altitude. In the lower part, 
the collision rate (1/4 s.u), where the average 
molecular speed u is computed for a molecular mass 
equal to 30 and for typical stratospheric tem-
peratures and where the total particle area is 
derived from the measurements, is represented by 
the crossed circles. The dashed and solid lines 

(33) 
represent model computed values without and 
with the effect of meteoritic debris. Further 
measurements will be required in periods of low 
volcanic activity to interpret further this 
comparison. For the time being our measurements 
support a non negligeable effect of meteoritic 
debris on the stratospheric aerosols. The high 
value observed at 14 km relative to the model may 
possibly show a need for a two dimensional model 
where the varying tropopause altitude would allow 
a better comparison with the experiment. 
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he glowing stratosphere 

i 

After the photographs from which the data reported here 

had been taken, the above picture was obtained at a solar 

depression angle equal to 5.7°. 
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