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R E C E N T S T R A T O S P H E R I C N E G A T I V E ION C O M P O S I T I O N 

M E A S U R E M E N T S B E T W E E N 22 A N D 45 KM A L T I T U D E 

by 

E. A R I J S , D . N E V E J A N S , J. I N G E L S A N D P. F R E D E R I C K 

Abs t rac t 

Recently new composition measurements of negat ive ions jn the 

s t ratosphere have been performed with a balloon borne quadrupo le mass 

spectrometer. The ajtitude region has been extended by the use of 

va lve controlled bal loons, which enable a slow descent of the inst rument 
3 

and by the use of a large volume balloon (1,000,000 m ). 

The data obtained du r i n g three f l i ghts performed in June 1982; 

September 1982 and September 1983 are reported. The ion spectra 

obtained gre shown and the resu l t s of the data ana lys i s are p resented. 

The lower altitude limit of the measurements is imposed by the decrease 

of the instrument sens i t iv i ty due to ion scatter ing in the mass spect ro -

meter and the upper limit by present bal looning techn iques . A t h i gh 

alt itudes the ion spectra may be d i s tu rbed by contamination, whereas at 

low altitudes ion c luster break up is a severe problem. 

Nevertheless the relative abundances of the dif ferent ion mass 

peaks , mainly be long ing to the N 0 ~ ( H N 0 3 ) n and H S 0 ~ ( H N 0 3 ) m ( H 2 S 0 4 ) A 

cluster families allow the der ivat ion of concentrat ions of h ^ S O ^ in the 

altitude region mentioned above. At 45 km an increased SO£ mixing 

ratio, pos s ib ly due to volcanic activ it ies, was estimated from the nega -

tive ion mass spectra. 

The data are d i s cu s sed in terms of p rev ious measurements and 

models. Special interest is g i ven to the su l fu r chemist ry . 



Résumé 

Récemment des nouvel les données s u r la composition des ions 

négat i fs dan s la s t ra tosphère ont été obtenues avec un spectromètre de 

masse quadrupo la i re porté en ballon. La rég ion d 'a l t i tude où les mesures 

ont été effectuées a été étendue par l 'emploi de ballons à clapet, qu i 

permettent une déscente lente de l ' ins t rument et par l 'emploi d ' u n g r a n d 

ballon de 1.000.000 m 3 . 

Les résultats obtenus pendant tro is vo ls (juin 1982, septembre 1982 

et septembre 1983) sont rapportés et ana ly sés . La limite infér ieure 

d 'a lt i tude où les mesures sont poss ib les est imposée par le décroissement 

de la sensibi l i té de l 'apparei l , dû au scatter ing et l 'altitude maximale est 

limitée par la présente technologie des aérostats. 

A haute altitude les spectres de masse peuvent être inf luencés par 

la contamination, quant à p lus basse altitude la dissociat ion des agg lo -

mérats d ' i on s devient un problème sé r ieux . 

Néanmoins, les abondances relatives des ions NOg (HNC>2) n et 

H S 0 4 " ( H N 0 3 ) m ( H 2 S 0 4 ) A permettent le calcul des concentrat ions de 

h ^ S O ^ dans le domaine d 'a lt i tude entre 45 et 22 km. 

A 45 km un rapport de mélange augmenté de S C ^ est déduit des 

spectres de masse des ions négat i f s . Cette augmentation est p roba -

blement causée par les activités vo lcaniques récentes. 

Les données sont d iscutées dans le cadre des mesures précédentes 

et des modèles. Un intérêt spécial est attr ibué à la chimie du souf f re . 



Samenvatt ing 

On l ang s werden nieuwe metingen van het negat ieve ionenbestand in 

de stratosfeer u i tgevoerd door middel van ba l longedragen quadrupo la i re 

massaspectrometers. Het hoogtegebied werd u i tgebre id door g e b r u i k te 

maken, enerz i jds van vent ie lgecontroleerde bal lons, die een langzaam 

daleri v an het instrument toelaten, en anderz i jds door het g e b r u i k van 

een ballon van 1.000.000 m 3 . 

De gegeven s bekomen gedurende dr ie v luchten (juni 1982; 

september 1982 en september 1983) worden voorgeste ld en geana ly seerd . 

Het laagste niveau waarop metingen mogelijk zijn, wordt bepaald door de 

verminder ing in gevoel igheid van de massaspectrometer, te wijten aan 

ver s t roo i ing der ionen in het toestel zelf. De grootste hoogte daa ren -

tegen hangt af van de hu id ige bal lontechnologie. Op grote hoogten 

kunnen de metingen s te rk ges toord worden door contaminatie der ionen 

en op lage hoogten vormt de opbraak een e rn s t i g probleem. 

De sondank s kon uit de relatieve intensiteit der massapieken van de 

NO ~ ( H N 0 o ) en H S 0 „ ~ ( H N 0 o ) (H 0SO / 1 ) ( 1 - ionen de zwave l zuurconcen-
3 3 n 4 3 n 2 4 £ 

tratie berekend worden tu s sen 45 en 22 km hoogte. T e v e n s werd een 

ve rhoogde S Ö 2 - m e n g v e r h o u d i n g op 45 km hoogte afgeleid uit de ionen-

spectra. Deze ve rhog i n g werd toegeschreven aan de recente vu l kan i s che 

activiteit. 

De bekomen gegeven s worden ve rde r besp roken in het raam van 

v roegere metingen en modellen. Bijzondere aandacht wordt ver leend aan 

de zwavelchemie. 



Zusammenfassung 

K ü r z l i c h w u r d e n neue Messungen de r nega t i ve r s t r a t o s p h ä r i s c h e r 

Ionen d u r c h g e f ü h r t mi t Ba l longe t ragen q u a d r u p o l a r e n Massenspek t ro -

meter . Das Höhegebiet w u r d e ausgebre i t e t d u r c h e ine rse i t s , V e n t i l k o n -

t r o l i e r t e n Bal lonen zu g e b r a u c h e n , d ie eine langsame Senkung d e r 
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I n s t r umen t zu lassen, und ande rse i t s , e in Bal lon von 1.000.000 m 

Volumen zu benü tzen . 

Die Daten bekommen wäh rend d re i F lüge ( J u n i 1982; September 

1982 und September 1983) w u r d e n v o r g e s t e l l t u n d a n a l y s i e r t . Das ge -

r i n g s t e Niveau worau f Messungen mögl ich s i n d , w i r d best immt d u r c h d ie 

E m p f i n d l i c h k e i t s v e r r i n g e r u n g dem Massenspek t rometer , v e r u r s a c h t d u r c h 

d ie l o n e n z e r s t r e u u n g im A p p a r a t se lbs t . Die g rös te Höhe dagegen i s t 

abhäng ig von de r heu t ige Ba l lon techno log ie . A u f grosse Höhen können 

die Messungen g e s t ö r t werden d u r c h Kontaminat ion u n d auf g e r i n g e 

Höhe is t d ie Dissoziat ion der C lus te r ionen ein grosses Problem. 

Dessenungeachtet konn te man von der re la t i ve I n tens i t ä t de r 

Massapiken de r N 0 3 " ( H 0 3 > n u n d H S 0 4 " ( H N C > 3 ) n ( H 2 S 0 4 ) £ Ionen die 

Schwefe lsäurekonzen t ra t ion berechnen zwischen 45 und 22 km Höhe. 

Auch w i r d eine e rhöh te re SC> 2 -Mischungsverhäl tn isse auf 45 km Höhe 

abgele i te t von den l onenspek t ra . Diese E rhöhung kann man zusch re iben 

an de r rezenten vu l kan i schen A k t i v i t ä t . 

Die bekommen Daten werden we i te r besprochen im Rahmen f r ü h e r e n 

Messungen und Model len. Die Schwefelchemie w i r d besondere A u f -

merksamkei t geschenk t . 

- 4 -



1. I N T R O D U C T I O N 

Although it has been realized early that stratospheric ions can 
play an important role in several processes such as atmospheric e lectr i -
c i ty and aerosol formation, ion composition measurements below 50 km 
have only been performed the last few years . Most of this recent 
experimental work has been reviewed by Arnold (1980) and more recent-
ly by A r i j s (1983). 

In situ mass spectrometric measurements of negative ions at about 
35 km altitude made with balloon borne instruments (Arno ld and 
Henschen, 1978; Ar i j s et a l . , 1981) have shown the existence of two 
major negative ion families, naméiy N U g ( H N U 3 ) n and H S 0 4 ( H 2 5 0 4 ) m 

( H N 0 3 ) £ . Whereas the N 0 ~ ( H N 0 3 ) n c luster ions had been predicted on 
the basis of earl ier laboratory measurements (Fehsenfeld et a l . , 1975), 
and modelling efforts , evidence for the formation of HSO^ c lusters in 
the stratosphere was only reported later by Viggiano et al. (1980, 
1982). 

Dur ing the last few years several negative ion composition data, 
obtained between 15 and 45 km, have been published (Arnold et a l . , 
1981a, 1982; Viggiano and Arnold , 1981a; Mc Crumb and Arnold , 1981; 
Ar i j s et a l . , 1982, 1983a; Viggiano et a l . , 1983) and the fractional ion 
abundances have been used to derive su l fur ic acid number densities in 
the stratosphere (Arno ld and Fabian, 1980; Arnold et a l . , 1981b; A r i j s 
et a l . , 1981, 1983a, 1983b; Viggiano and Arnold , 1981b, 1983; Qiu and 
Arnold , 1984). 

In this paper we would like to review and compare some results on 
stratospheric negative ion compositions obtained by our group d u r i n g 
three recent balloon experiments. T h e total data set covers the altitude 
range from 22 to 45 km and was obtained after the eruption of El 
Chichon (Apr i l 1982). Therefore special attention will be g iven in the 
discussion to su l fur chemistry and possible volcanic inf luences. 



2. EXPERIMENTAL AND MEASUREMENTS 

T h e measurements r epo r t ed he rea f t e r were pe r fo rmed d u r i n g t h r e e 

bal loon f l i g h t s ove r sou the rn France at about 44°N. A deta i led 

desc r i p t i on of t he quad rupo le ion mass spec t romete r , used in these 

f l i g h t s has a l ready been g i ven before ( A r i j s et a l . , 1980; Ingels et a l . , 

1978; Nevejans et a l . , 1982; Nevejans et a l . , 1984). 

The f i r s t f l i g h t ( J - 8 2 ) , pe r fo rmed on 16 June 1982, w i t h a 
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100,000 m va lve con t ro l l ed bal loon al lowed to take nega t i ve ion mass 

spec t ra between 34 and 25 km. In t he second one ( S - 8 2 ) , real ized on 25 3 
September 1982, a 1,000,000 m Wintzen bal loon was used . A ce i l i ng 

a l t i t ude of about 45.5 km was reached and a f t e r sunse t t he bal loon 
- 1 

descended to 41.2 km at a ra te of 1 .3 m s . A major p a r t of t he f l i g h t 

was devo ted to pos i t i ve ion measurements ( A r i j s et a l . , 1983c) and 

nega t i ve ion composi t ion data were ob ta ined on l y at f l oa t a l t i t ude and 

a round 42.3 km. 

Some data of these two f l i g h t s have a l ready been pub l i shed be fo re 

( A r i j s et a l . , 1 9 8 3 a , b , c ) . 

The t h i r d f l i g h t (S -83 ) took place on 18 September 1983. Aga in a 
3 . . 100,000 m va lve con t ro l l ed bal loon was used and nega t i ve ion mass 

spec t ra were recorded between 32 and 22 km. 

For the nega t i ve ion measurements, d iscussed h e r e a f t e r , a 

moderate cons tan t reso lu t ion mode (m/Am s 17) was used , adequate to 

reso lve the major mass peaks. For minor mass peaks howeve r , t he e r r o r 

on mass i den t i f i ca t i on and peak he igh t can be r a t h e r la rge as 

d iscussed la ter on . 

D u r i n g the last two f l i g h t s (S-82 and S-83) t he gondola also con-

ta ined an i n s t r u m e n t w i t h pho tog raph i c equ ipment f o r t h e detec t ion of 

aerosols (Ackerman et a l . , 1981). 
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3. RESULTS AND DISCUSSION 

3 .1 General 

F igu re 1 shows two t y p i c a l spec t ra as reco rded d u r i n g f l i g h t S-83 

in the moderate reso lu t ion mode and smoothed w i t h a t e c h n i q u e 

desc r ibed p r e v i o u s l y ( A r i j s et a l . , 1982. Similar spec t ra of t he J-82 and 

S-82 f l i g h t s have been shown in ear l ie r pub l i ca t ions ( A r i j s et a l . , 

1983a, b ) . 

When compar ing spec t rum A taken at 31.8 km to spec t rum B 

obta ined at 21.6 km some s t r i k i n g d i f f e rences are no t i ced . F i r s t of all 

spec t rum A , be ing the sum of 3 scans of 160 s each, conta ins much 

more major mass peaks than spec t rum B. The most in tense peaks at 

31.8 km are located at 125, 160, 188, 195, 223 and 293 amu. Some minor 

peaks at 143, 178, 206, 258 and 276 amu are detectab le b u t t h e y can 

scarce ly be seen on the reduced f i g u r e 1. Below mass 125 several peaks 

o c c u r , some of wh ich have t e n t a t i v e l y been iden t i f i ed before (McCrumb 

and A r n o l d , 1981; A r i j s et a l . , 1982) b u t wh ich are not p inned down 

here due to the low reso lu t ion used. 

In v iew of p rev ious h igh reso lu t ion measurements ( A r i j s et a l . , 

1982) the major peaks of f i g u r e 1A can be a t t r i b u t e d to NC> 3 (HN0 3 ) , 

H S 0 ^ ( H N 0 3 ) , N 0 3 ( H N 0 3 ) 2 , H S 0 ^ ( H 2 S 0 4 ) , H S 0 ^ ( H N 0 3 ) 2 and 

HSO^(H2SC>4 )2 . The minor peaks above mass 125 are p r o b a b l y h y d r a t e s 

of t he p rev ious ions, apar t f rom 258 be ing H S O ' . H N C ^ . H2SC>4 and 276 

which has been i n t e r p r e t e d as HSO~. H2SC>4. HSC>3 by A r n o l d et a l . 

(1982) . A l t h o u g h i t is the summation of 17 scans, spec t rum B on ly 

shows two major mass peaks, namely mass 125 (N0 3 > H N 0 3 ) a n d 188 

( N 0 3 ( H N C > 3 ) 2 ) . Th i s is of course due to a sharp decrease of t he 

s u l f u r i c acid concent ra t ion in the lower s t r a t o s p h e r e , as wi l l be 

d iscussed f u r t h e r on . The mass numbers and the abundance of the 

minor peaks in t h i s spec t rum can on ly be determined w i t h a c o n s i d e r -
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Fig. 1.- Typical negative ion spectra obtained in the 
moderate resolution mode for the S-83 flight. 
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able uncer ta in ty . T h i s exp la ins the large e r ro r ba r s on the der i ved 

su l fu r i c acid number dens i ty at lower alt itudes (see section 3 . 3 ) . 

Because of the restr icted mass range of the ins t rument u sed , mass 

peaks beyond mass 330 amu could not be ob se r ved at moderate re so lu -

t ion. Measurements in the total ion mode however allowed an estimation 

of the abundance of ions with a mass beyond the range of the 

inst rument (A r i j s et a l . , 1983d). 

A s can be seen in f i gu re 1B both s ignal to b a c k g r o u n d ratio and 

s ignal s t r eng th are rather low. The latter is due to scatter ing of ions 

in the inst rument, which is more effective at lower alt itudes because the 

internal p r e s s u r e is proport ional to the ambient p r e s s u r e . T h i s 

phenomenon imposes a lower limit of about 20 km to the measurement 

range with our present mass spectrometer. U s i ng a smaller inlet orif ice 

would shi ft th i s lower limit to lower alt itude, but would also imply lower 

s ignal s t reng th at h i gher alt i tudes. 

When compared to the S - 8 3 data, the spectra of J -82 are v e r y 

similar. However spectra obtained d u r i n g the S - 8 2 f l i ght , where an 

altitude of 45.5 km was reached, were quite d i f ferent. Many of the 

features of these data have been reported p rev i ou s l y (A r i j s et a l . , 

1983b) and therefore on ly those related to su l f u r chemist ry will be 

d i s cu s sed here. It shou ld be pointed out however that contamination is 

suspected to have inf luenced the S - 8 2 data, especial ly d u r i n g measure-

ments taken at float altitude. For th i s reason va lve controlled balloons 

were used for all other measurements and spectra were taken d u r i n g 

the descent port ion of the f l i gh t s . A p a r t from minimizing poss ib le con -

taminating inf luences, valve controlled balloons also offer the advantage 
- 1 

of allowing a controlled descent at about 1m s , which permits a longer 

measur ing time at a g i ven altitude level than d u r i n g ascent. 

We will now d i s cu s s the abundances of the d i f ferent ions of the 

N O g d H N O ^ and the H S O ~ ( H 2 S C > 4 ) m ( H N 0 3 ) £ families as measured in 

the different f l i gh t s . 

- 9 -



3 .2 NO_ c l us te r ions 

As seen in f i g u r e 1, t h e main ions obse rved be long ing to t he 

NO~(HNC>3)n fami ly are NO~(HNC>3) at mass 125 and NO~(HNC>3)2 a t 

mass 188. Mass 63 (NO~) and mass 251 (NO~(HNC> 3 ) 3 ) a re p resen t as 

minor mass peaks o n l y . In p r i n c i p l e i t is possib le to deduce w i t h t he so 

cal led equ i l i b r i um method the HNO^ m ix ing ra t io f r om t h e re la t i ve a b u n -

dances of these ions ( A r n o l d et a l . , 1980). T h i s method is based on t he 

formulae : 

I M 0 3 ( H H 0 3 ) n + l ] = K n , n + 1 [ » V ^ V n 1 [ H N O 3 ] (1) 

and 

- RT I n K ^ = AH - TAS (2) n , n + l o o 

where square b racke ts denote number dens i t i es . 

For n = 1, AHq and ASq are known f rom l abo ra to ry measurements 

(Dav idson et a l . , 1977). T h e r e f o r e [HNC>3] can be deduced f rom the 

re la t i ve abundances of mass 125 and mass 188 i f t he t empera tu re is 

known . In o r d e r to assess t he v a l i d i t y of t he method, t h r o u g h o u t t h e 

a l t i t ude range 35 to 20 km we have ca lcu la ted [NO~(HNC> 3 ) 2 ] / 

[ N O ' . H N O g ] us ing formulae ( 1 ) and ( 2 ) and a compi lat ion of n i t r i c acid 

measurements, recen t l y r epo r ted (WMO, 1981). The resu l t s are com-

pared w i t h t he [ N 0 3 ( H N 0 3 ) 2 ] / [ N 0 ~ . H N 0 3 ] va lues in f i g u r e 2, as 

measured in t he J-82 and S-83 f l i g h t s . Agreement between measurements 

and ca lcu la t ions is on l y reasonable above 32 km. Below t h i s a l t i t ude the 

measured [ N 0 3 ( H N 0 3 ) 2 ] / [ N 0 ~ . HNC>3] ra t ios are much too low. The 

exp lana t ion f o r t h i s phenomenon is t h a t the measured abundance of mass 

125 is p a r t l y (and below 32 km ma in ly ) due to c l us te r b reak up of mass 

188. T h i s c l us te r b reak up is t a k i n g place j u s t beh ind t he in le t ho le , 

where the sampled ions are accelerated in t he ion lens and where t he 

p ressu re is s t i l l h i gh enough to allow many col l is ions w i t h n e u t r a l s . In 

- 1 0 -



35 

10 10 10 10 10 

RATIO [N03(HN0 3) 21/[N03(HN0 3)1 

Fig. 2.- Abundance ratio '[NO~(HNO ) 2]/[NO~.HNOg] as mea-

sured in the J-82 and S-83 flight. For comparison 

theoretically deduced abundance ratios are also 

shown. LF and HF are calculated for a spring-

fall temperature profile and low and high HNO^ 

mixing ratio respectively. LS and HS are for 

summer temperature conditions. 
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f a c t a marked increase of t h i s c l u s t e r b reak up e f fec t is not iced as a 

f u n c t i o n of a l t i t ude and t he f r a c t i o n of NOgCHNO^^ c o n v e r t e d in to 

N O ' . H N O g is r o u g h l y v a r y i n g f r om 1 /8 to 1 /2 between 30 and 20 km. 

I t shou ld be emphasized t h a t c l u s t e r b reak up s t r o n g l y depends on 

t he sampl ing o r i f i ce d iameter and on t he i ns t rumen ta l a r r angemen t . 

T h e r e f o r e the a l t i t ude above wh ich f ragmen ta t i on can be neg lec ted 

va r ies f r om f l i g h t to f l i g h t . The va lue of 32 km s ta ted here is t yp i ca l 

f o r t he S-83 exper iment where a sampl ing a p e r t u r e of about 0 . 2 mm was 

used. 

The d e r i v a t i o n of HNO^ number dens i t ies f rom equat ions ( 1 ) and 

( 2 ) f o r n = 2 poses some severe problems because a r a t h e r la rge e r r o r 

ex i s t s on t he measurement of t he abundance of mass 251. The la t te r is 

on l y obse rved as a minor ion at lower a l t i t u d e s , i nd i ca t i ng t h a t t he 

N 0 3 ( H N 0 3 > 3 ion is also s t r o n g l y a f fec ted by c l us te r b reak u p . 

I t is ev iden t t h a t in o r d e r to use the re la t i ve abundances of t h e 

NOZ(HNO-) ions to d e r i v e HNO- number dens i t ies t he c l us te r b reak up o <5 n 
ef fec ts must be e i t he r avoided o r be unders tood v e r y well so t h a t t h e y 

can be co r rec ted f o r . T h e r e f o r e modi f ica t ions of ou r p resen t i n s t r u m e n t 

as well as l abo ra to ry s tud ies are needed. 

3 .3 . HSO^ c lus te r ions and s u l f u r chemis t r y 

A p a r t f rom the NO~ c lus te r ions a second fami ly of major ions , 

rep resen ted by H S 0 ~ ( H N C > 3 ) m ( H 2 S 0 4 ) £ / is de tec ted in t he s t r a t o s p h e r e . 

They resu l t f rom a set of ion molecule reac t ions , such as 

N03(HN03) r i + H2S04 •> HS0^(HN03)n + HN03 (3) 

HS0"(HN03 )m + 1 (H2S04 ) J l_1 + H2S04 - M S O ^ ( H N O ^ Q ^ S O ^ + HN03 (4) 

and 
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HS0"(H2S04)£_1 + H2S04 + M -» H S O ' U ^ S O ^ + M (5) 

Un for tunate ly ve r y few kinet ic or thermochemical data are avai lable 

about these react ions. On ly f o r sw i t ch ing react ions of type (3) rate 

constants have been reported fo r n = 0, 1 and 2 (V igg iano et a l . , 1980, 

1982). 

As po inted out recent ly (A rno l d et a l . , 1982) other su l f u r con-

ta in ing gases, such as H S 0 3 , may cont r ibu te to the formation of HSC>4 

c lus ter ions. 

One of the most appeal ing appl icat ions of negat ive ion composit ion 

measurements is the der ivat ion nf the number density of HgSO^ and 

other su l f u r bear ing compounds in the s t ra tosphere , us ing the steady 

state equat ion : 

k[r^] [H2S04 + HSOy] = a[n+] [n~] (6) 

Here k is the react ion rate coef f ic ient fo r the ion-molecule sw i tch ing 

react ions of NO~ c lus ter ions ( represented by n N ) and su l f u r com-

pounds , such as H 2 S 0 4 and HSOg. T he resu l t ing H S 0 4 c lus te r ion 

number dens i ty is denoted by [n~], [n+] is the total pos i t ive ion 

dens i ty and a is the ion-ion recombination coef f i c ient . It is assumed in 

th is steady state treatment that all p roduc t ions are lost by recombina-

t ion and that no reverse react ions from n g t ype ions to n N t ype ions 

o c cu r . Fur thermore the values of k and of a are taken common fo r all 

ion-molecule and all ion- ion react ions invo lved. 

App l i ca t ion of formula (6) to the data of the three f l i gh t s con-

s idered here leads to the resul ts p i c tu red in f i gu re 3. T he recombina-
r + T 

t ion coef f ic ient a and the total pos i t ive ion number dens i ty |.n J were 

de r i ved as descr ibed before (A r i j s et. a l . , 1983a). For the rate coef f i -

c ient k of the react ion of su l f u r i c ac id with N 0 3 ( H N 0 3 ) 2 a va lue of 

1 x 10"9 cm3 s" 1 was found by V igg iano et al. (1982). Since the most 



• B I S A DUN 82 
* BISA SEP 82 
—1 B I S A S E P 83 
o M P I H OCT 82 
• M P I H OCT 82 

H 2 S 0 4 • HSOy NUMBER DENSITY(cm"3) 

Fie.'3.- fH SO, + HSO 1 concentrations as obtained for different in-situ mea-
—

6

 2 4 y 

surements. Data labeled MPIH are those reported by Qiu and Arnold 

(1984) and obtained by the group of the Max Planck Institute of 

Heidelberg during balloon flights on 4 (circles) and 17 .(squares) 

October 1982. Measurements Labeled B1SA JUN 82, SEP 82 and SEP 83 are 

the J-82, S-82 and S-83 results reported here. The error bars for the 

S-83 flights are due to uncertainties in ion abundance measurements. 

The error bars indicated for the S-82 flights result from uncertainties 

in kinetic data. 
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a b u n d a n t peak among n ^ t y p e ions in the J-82 and S-83 f l i g h t was mass 

188 t h i s k va lue was used f o r the a p p r o p r i a t e da ta . For t h e S-82 f l i g h t 

however t he most abundan t NO" c l us te r ion was NO„ (HNO_) and t h u s k 
-9 3 - 1 

was p u t equal to 2 x 10 cm s in agreement w i t h t he data of 

V igg iano et a l . (1982) . 

For compar ison some recent de r i va t i ons of Qiu and A r n o l d (1984) , 

reduced w i t h t he same a and [ n + ] va lues as used here have also been 

shown on f i g u r e 3. F u r t h e r m o r e d i f f e r e n t model l ing resu l t s are 

i nd i ca ted . C u r v e s A , B , C and D are t aken f rom a model by T u r c o e t 

a l . (1981) , where in [H2SC>4] is ca lcu la ted f o r d i f f e r e n t cases. A l l 

c u r v e s take in to account heterogeneous react ions of h^SC^ w i t h aerosol 

pa r t i c les and. metal l ic species f rom meteor ic d e b r i s . C u r v e A (dashed 

l ine ) resu l t s f rom a model w i t h zero H , S O . vapo r p r e s s u r e . C u r v e s B , 
6 6 

C and D are ca lcu la ted f o r a metal f l u x of 1 x 10 , 5 x 10 and zero 

cm" 2 s " 1 r e s p e c t i v e l y . Below 30 km these t h r e e models r esu l t in t he 

same H 2 S 0 4 concen t ra t ion rep resen ted by t he dashed l ine B . 

C u r v e G ( d a s h - d o t l ine) is a model of [HSOg] by T u r c o et a l . 

(1979) . 

C u r v e E ( f u l l l ine) rep resen ts [H2SC>4 + HSOg] as g i v e n b y 

A + G. C u r v e s FB, FC and FD rep resen t [ H 2 S 0 4 + HSOg] as g i v e n b y 

G+B, G+C and G+D r e s p e c t i v e l y . Aga in these 3 c u r v e s merge in to one 

( c u r v e F) below 30 km. 

The dashed l ine ( H ) on f i g u r e 3 is a vapou r p r e s s u r e ca lcu la t ion 

of H 2 S 0 4 us ing a t empera tu re p ro f i l e as measured in f l i g h t S-83 and a 

computat ion method exp la ined in deta i l be fore ( A r i j s et a l . , 1983a). 

In compar ing t he de r i va t i ons of [H2SC>4 + H S O y ] f rom ion composi-

t ion measurements w i t h the d i f f e r e n t model ca lcu la t ions , t h r e e d i s t i n c t 

a l t i t ude reg ions can be t r e a t e d . 

-15-



The f i r s t one ex tends f rom about 28 to 33 km. As seen in f i g u r e 3 

the [ H - S O . + HSO 1 measurements of t he S-83 f l i g h t in t h i s a l t i t u d e 1 2 4 y J a 

reg ion are in good agreement w i t h t he ca lcu la ted H^SO^ v a p o u r p r e s -

s u r e . As shown be fo re the same holds f o r t he J -82 data ( A r i j s et a l . , 

1983a) i f t he a p p r o p r i a t e t empera tu re p ro f i l e is used . An est imat ion of 

[HSOg] w i t h a method desc r ibed by A r n o l d and B u h r k e (1983) ind ica tes 

t h a t in t h i s a l t i t ude reg ion h^SO^ is t he major s u l f u r component of 

[ h ^SO^ + HSO ] . I t is conc luded t h a t in t he a l t i t ude reg ion 28 to 33 km 

the H£S0 4 v a p o u r is main ly con t ro l l ed by t h e evapora t ion e q u i l i b r i u m 

between aerosol d rop le t s and the vapou r phase. 

Below 28 km however t he [ H 2 S 0 4 + HSOy] va lues are much l a rge r 

t han those d e r i v e d f r om vapou r p r e s s u r e ca lcu la t ions . In t h i s reg ion 

H 2 S 0 4 and HSOg are formed by photochemical convers ion of S 0 2 , COS 

and o the r s u l f u r bea r i ng gases, wh ich are in jec ted in to t he s t r a t o s p h e r e 

( T u r c o et a l . , 1979). The major p r o d u c t i o n paths leading to H 2 S 0 4 and 

HSOg fo rmat ion k are assumed to be 

( k ? ) ; S02 + OH + M + HS03 + M (7) 

(kg) ; HS03 + OH S03 + H20 (8) 

( k 9 ) ; S03 + H20 - H2S04 (9) 

The main loss processes f o r s u l f u r i c acid below 30 km are be l ieved to 

be heterogeneous react ions w i t h aerosol pa r t i c l es . 

In compar ing the [ H 2 S 0 4 + H S O y ] data of t he J-82 and S-83 

f l i g h t s w i t h t h e models i t seems d i f f i c u l t to d raw conc lus ions f o r t h e 

J-82 exper iment because of t he la rge sca t t e r i ng of t he data po in ts below 

28 km. The S-83 resu l t s however show a more p ronounced b e h a v i o r . 

Between 25 and 30 km a l t i t ude the va lues of [ H 2 S 0 4 + H S O y ] deduced 

f rom the S-83 f l i g h t are cons ide rab ly lower t han those d e r i v e d f rom 

J -82 . Th i s is p robab l y due to t he increase of s u l f u r i c acid in June 1982 
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as a result of the El Chichon eruption. An inspection of the Lidar 

profiles obtained by Reiter (1983) shows that in June 1982 the El 

Chichon cloud was over Central Europe around 25 km altitude. The 

excess of S0 2 induced by this cloud would result in an enhanced t^SO^ 

production. According to Capone (1983) the conversion of SC>2 to H^SO^ 

should have been completed well before September 1983 so that one 

would not expect an enhanced H2SC>4 concentration in the S-83 data. 

The results of the S-83 fl ight seem to be in better agreement with 

curve F than with curve B below 25 km, suggesting that most of the 

[H2SC>4 + HSOy] consists of HSC>3 in this altitude region. 

Although this seems to be an experimental support for the model of 

Turco (1979, 1981) care should be taken with this interpretation for 

different reasons. First of all the error bars on the S-83 [H2SC>4 + 

HSO 1 data below 25 km are rather large, due to possible incomplete 
y 

counting statistics for the HS04-ion signals, which are rather low in 

this altitude region. These errors can partially explain the difference 

between the results of Qiu and Arnold (1984) and ours. Secondly it 

should be kept in mind that apart from the experimental errors 

indicated in figure 3 for S-83, a systematic error of a factor of three 

(as shown e.g. for S-82 in figure 3) due to uncertainties in a, k and 

[n+] should be added. 

Finally the HSOy species may consist of other sulfur compounds 

(such as HSOs) not taken into account in Turco's model. In fact, if the 

conversion of HSC>3 to H2SC>4 would proceed according to : 

(k1Q) ; HS03 + 02 - S03 + H02 (10) 

followed by reaction (9), as suggested by Stockwell and Calvert (1983), 

the existence of HSC>3 in any detectable amounts in the stratosphere 

becomes very questionable as well as the recent HSOg derivation of Qiu 

and Arnold (1984). More information on the atmospheric sulfur chemi-

stry is therefore needed before the data can be fully exploited. 
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Above 35 km two data po in ts f o r [ H ? S O . + HSO ] were ob ta ined in 
V 4 - 3 

t he S-82 f l i g h t . A t 45.1 km a number d e n s i t y between 4 x 10 cm and 
4 -3 8 x 10 cm is f o u n d . As exp la ined be fo re ( A r i j s et a l . , 1983b) t h e 

u n c e r t a i n t y is caused by t he d i f f i c u l t ion i d e n t i f i c a t i o n . A t 42.3 km a 
4 -3 

va lue of 6 x 10 cm is d e r i v e d f o r [ h ^ S O ^ + H S O ^ ] . When compar ing 

these data po in ts in f i g u r e 3 w i t h t he resu l t s ob ta ined in October 1983 

b y Qiu and A r n o l d (1984) a large d i sc repancy emerges. Some remarks -9 
however need to be made here . In o u r ca lcu la t ions a va lue of 2 x 10 

3 - 1 cm s was used f o r t he react ion ra te coe f f i c i en t k between n ^ t y p e 
and n g ions, because NO^.HNO^ (mass 125) was t he dominant n ^ ion 

obse rved in t he S-82 f l i g h t , whereas Qiu and A r n o l d p u t k = 1 x 10 ^ 
3 -1 

cm s . A n inspec t ion of t he spec t ra f rom wh ich t he data of Qiu and 

A r n o l d were ob ta ined ( A r n o l d and Q iu , 1984) shows t h a t mass 125 r e -

p resen ts about 75% of t he NO_ core ions and mass 188 about 25%. T h e r e --9 
f o re an e f f ec t i ve k va lue of 1.75 x 10 shou ld be app l ied . Consequen t -

ly t he data of Qiu and A r n o l d c o r r e s p o n d i n g to 40 km a l t i t u d e as 

p lo t ted on f i g u r e 3 shou ld be reduced by a f ac to r of 1 .75 . 

In add i t i on i t seems t ha t t he r epo r t ed maximum a l t i t ude in t h e Qiu 

and A r n o l d data of October 1982 may be overes t imated by about 1 .5 km 

( A r n o l d , p r i v a t e communica t ions) . 

T a k i n g in to account t he p rev ious remarks , t he appa ren t d i s c r e -

pancies become less d ramat ic . In f a c t , t h e data t hen sugges t an 

f H „ S O „ + HSO 1 p ro f i l e s imi lar to the model c u r v e B of T u r c o et a l . 1 2 4 y 
(1981) . T h i s c u r v e was ob ta ined assuming an add i t iona l loss process f o r 

H 5 S 0 - , cons is t i ng of react ions w i t h "smoke" pa r t i c l es , caused by a 
6 2 - 1 

downward metal f l u x of 1 x 10 cm s f r om meteor ic d e b r i s . 

I t wou ld be p rematu re however to conc lude t h a t the model t h e r e -

fo re rep resen ts a good rep resen ta t ion of r e a l i t y . ' Instead of assuming a 

loss of [ H 9 S O . + HSO.,] t h r o u g h react ion w i t h smoke p a r t i c l e s , a s imi lar 
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f i t t i n g can be ob ta ined b y i n t r o d u c i n g a l a rge r photod issoc ia t ion 

f r e q u e n c y f o r H^SO^, as is demonst ra ted by t h e fo l l ow ing cons ide ra -

t i o n s . 

From the re la t i ve abundances of t he CI SC>2 and CI h^O ions , 

de tec ted as contaminant ions in ou r S-82 f l i g h t a SC>2 m i x i ng ra t io of 

about 3 ppb was deduced at about 45 km ( A r i j s et a l . , 1983b). T h i s 

va lue , p r o b a b l y sub jec t to a cons iderab le e r r o r , is about 100 t imes 

l a rge r t han t he va lues ob ta ined f rom model ca lcu la t ions u n d e r normal 

a tmospher ic cond i t i ons . Such a h i g h SC>2 concen t ra t i on , p r o b a b l y due 

to vo lcan ic ac t i v i t i es (El Ch i chon ) wou ld imply a r a t h e r h i g h H2SC>4 

concen t ra t i on , t h r o u g h react ions ( 7 ) , ( 8 ) and ( 9 ) . In a p rev i ous r e p o r t 

on t he S-82 f l i g h t we have i den t i f i ed mass 276 as HSO^" . HNOg. H ^ O ^ . 

H 2 0 ( A r i j s et a l . , 1983a). In v iew of t he low s ignal at mass 258, be ing 

t he non h y d r a t e d p r e c u r s o r of mass 276, and cons ide r i ng t he h i g h 

number of l igands wh ich occur in t he p rev ious t e n t a t i v e i d e n t i f i c a t i o n , 

i t m igh t be more a t t r a c t i v e to a t t r i b u t e mass 276 to HSC>4 . H 2 S0 4 .HSC> 3 

as sugges ted by A r n o l d et a l . (1982) . Accep t i ng t h a t mass 276 is 

fo rmed t h r o u g h 

(k ) ; HS0^.H2S04 + HS03 + M HS0~.H2S04.HS03 + M (11) 

and assuming t h a t p r o d u c t ions are lost by recombina t ion , t h e HSC>3 

number dens i t y can be ca lcu lated w i t h t he s teady state equat ion 

k 1 1 [HS0 3 ] [HS0 4 .H 2 S0 4 ] = a [HS0 4 .H 2 S0 4 .HS0 3 ] [ n + ] (12) 

T a k i n g t he same k ^ va lue as f o r t he associat ion of H2SC>4 t o 

H S 0 4 . H 2 S 0 4 , [ H S 0 3 ] / [ H 2 S 0 4 ] can be d e r i v e d in a f i r s t approx imat ion 

f rom the abundance ra t io of mass 276 and 293. I t t u r n s ou t t h a t at 42.3 

and 45.1 km HSC>3 rep resen ts about 80% of t he H 2 S 0 4 c o n t e n t . These 

h i g h H S 0 3 concen t ra t ions and t he h i g h SC>2 m i x i ng ra t io ind ica te a much 

la rge r photod issoc ia t ion of H2SC>4 t han used in p rev ious model 

ca lcu la t ions . Assuming t h a t pho to lys is occurs accord ing to : 
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( J J 3 ) ; H2S04 + hv -> HS03 + OH (13) 

( J l 4 ) ; HSOg + hv S02 + OH (14) 

Steady s ta te cons idera t ions about HSO^ and h^SO^ , combin ing equat ions 

( 7 ) , ( 8 ) , ( 9 ) , (13) and (14) lead to : 

J 1 3 [ H 2 S 0 4 ] = k g [HS0 3 ] [ 0H ] (15) 

and 

J l 4 [ H S 0 3 ] = k ? [ S 0 2 ] [ 0 H ] [ M ] (16) 

-11 3 -1 
Accep t i ng an u p p e r l imi t f o r kg of 10 cm s as proposed by T u r c o 

et a l . (1979) and t a k i n g f o r k ? , 3 x 1 0 ~ 3 1 ( 3 0 0 / T ) 2 ' 9 cm6 s " 1 as r e -

po r ted by De More et a l . (1982) , the va lues of [SC>2], [HSOg] and 

[ l - ^SO^ ] d e r i v e d f rom ion composi t ion measurements lead to : = 

1.6 x 10~4 s~1 and J 1 4 s 8 x 10" 4 s~1 a round 45 km. I t shou ld be kep t 

in mind however t h a t the de r i va t i ons of t he p rev ious va lues f o r t he 

photod issoc ia t ion f requenc ies m igh t s u f f e r f rom large e r r o r s . 

T h e SC>2 number d e n s i t y , wh ich was d e r i v e d f r om the abundance 

ra t io of C I ~ . S 0 2 and C l " . H 2 0 ( A r i j s et a l . , 1983b) , may be o v e r -

est imated. C I~H 2 0 be ing on l y a minor ion peak , t h e e r r o r on [ S 0 2 ] can 

be cons iderab le as a r esu l t of uncomplete c o u n t i n g s ta t i s t i cs as well as 

contaminat ion e f f ec t s . 

F u r t h e r t he va lues of the react ion ra te coe f f i c ien ts are h i g h l y 

u n c e r t a i n . As f a r as we know, no l abo ra to ry measurement is avai lab le 

f o r k 0 and the app l ied va lue is on ly an assumed u p p e r l imi t ( T u r c o et 
o 

a l . , 1979). F ina l ly t he s teady state cons idera t ions as used in equat ions 

(15) and (16) may be ove rs imp l i f i ed , due to t he incomplete knowledge of 

t he s u l f u r chemis t r y and the neglect ion of ve r t i ca l t r a n s p o r t 

phenomena. 
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It should also be emphasized that the previous derivations of the 

photodissociation frequencies are only valid if reaction (8) is the major 

loss mechanism for HSO^. If however reaction (10) represents the main 

s ink for HSO^, the HSO^ concentrations will most probably be much 

lower than the values deduced above. It then becomes very doubtful to 

as ign HSO^. h^SO^. HSO^ to mass 276, and mass 276 might well be a 

hydrated form of mass 258. Unfortunately not enough thermochemical 

data are available on negative ion molecule reactions, such as those 

represented by equation (11) and an unambiguous identification of mass 

276 is so far impossible. The present results do therefore not preclude 

reaction (10). 

A continuation of in situ negative ion mass spectrometry, combined 

with an effort to measure thermochemical and kinetic quantities of the 

appropriate ion-molecule reactions in the laboratory may shed some new 

light on this problem, which is very important for our understanding of 

the atmospheric sulfur cycle and the behavior of the OH balance dur ing 

volcanically active periods (McKeen and Liu, 1984). 
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