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ABSTRACT. Several observations of positive and negative ions around 35 km have shown the complexity of the
ion chemistry in the stratosphere. The presence of cluster ions such as H*X (H,0),, (with probably X = CH,CN)
has been detected. Negative ions such as NO,{HNO,}, and HSO; (H,S0,),(HNO,),, are alsc present. The chemical
kinetics of these ions is still poorly known. The purpose of the paper is to present and discuss preliminary results
obtained with a model which simulates the behavior of stratospheric ions.
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INTRODUCTION

The identification of ions in the stratosphere has
become technically possible only in the recent years
after the development of balloon borne mass spectro-
‘meters. The available measurements of positive ion
composition have to be attributed to Arnold ez al.
(1977, 1978, 1982) and Arijs er al. (1978, 1980, 1982).
The observations made in the altitude range of 33-
37 ki reveal the presence of two distinct families
of ion species with more or less the same abundance :
(1) the proton hydrates (PH) which are clusters in the
form of H,O*(H,0), and (2) the non-proton hydrates
(NPH) whose chemical structure can be written as
H*X,(H,0),, X being a molecule with a proton affinity
exceeding that of water vapor. Arijs et al. (1980) have
derived unambiguously from their high resolution
spectra that the mass of the X molecule should be equal
to 41 amu and that the most likely candidate for this
molecule is acetonitrile (CH,CN) as suggested by
Arnold er al. (1978). The proton affinity of CH,CN
is 187.4 kcal whereas that of water vapor is 168.9 kcal
only. The atmospheric budget of acetonitrile as well
as its stratospheric concentration is not yet known.
CH,CN is frequently used as an industrial solvent
and it could also be produced by combustion processes.

The chemical composition of negative ions has also
been derived from mass spectrometric observations
(Arnold and Henschen, 1978 Arijs er al, 1981, 1982;
McCrumb and Arnold, 1981; Arnold er al, 1981,
1982 ; Viggiano and Arnold, 1981). These in sitv mea-
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surements indicate that the major ions are probably
clusters belonging to two different families, namely
HSO; (H,SO,)(HNO,),, and NO;(HNO,), This
underlines the important role played by sulfuric and
nitric acid in the formation of stratospheric negative
ions and the expected relation with the aerosol layers.

- Up to now, due to the limited knowledge of the che-

mical processes involving stratospheric ions, no detailed
model of the ionic composition below 50 km has been
established. Only partial calculations have been pre-
sented to explain some observations. The purpose
of this paper is to attempt to produce a global model
of the ions in the stratosphere. Because of the large
amount of uncertainties in the chemical data, such
a model remains preliminary. Many assumptions
have still to be made and for example the values of
some rate constants have been « tuned » until the cal-
culated and observed ion concentration were in good
agreement. The interest of such a model however
1s to show that, with reasonable assumptions; the
adopted chemical scheme can explain the available
observations. Another objective is to analyze the rela-
tive importance of the different reaction paths and
to determine which parameters have the largest influence
on the concentration values.

THE ION SCHEME

The ionization in the stratosphere is due to the action
of galactic cosmic rays. The corresponding rate of
ion-pair formation can be calculated from the expres-
sion suggested by Heaps {(1978). When applied to a
geomagnetic of 469, corresponding to the site of Aire
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sur PAdour where most observations are made, the
Heaps formula becomes

0 =71 x 1078 [M] ey
above the altitude of 30 km and
Q =17 x 1072 M)15 )

between 18 and 30 km. In these expressions, [M] is
the total concentration expressed in cm™* and Q the
ionization rate given in cm~ s,

The main loss process of the ions is the recombination
between positive and negative charges. The corres-
ponding recombination coefficient « can be deduced
either from observational data (Gringel er al, 1978,
Rosen and Hofman, 1981) or from laboratory work
{Smith and Church, 1977; Smith and Adams, 1982).
Its value can also be established from theoretical
considerations (Bates, 1982). In the present model, we
have adopted the expression

a{cm®s ) =6 x 107%300/T)°> +
+ 6 x 1072°[M](300/T)* (3)

which provides values close to those suggested by Bates
(1982) and Smith and Adams (1982). In this formula,
T is the temperature expressed in K. Introducing the
electro-neutrality condition, one can immediatly derive
that the total concentration of positive and negative
ions is given by

nt =n" = Q)"

“)

and is equal to 6000 cm™* at 20 km, 4400 cm ™3 at
30rkm, 2800 cm™? at 40 km and 1500 cm™? at 50 km,
if the temperature profile of the US Standard atmosphere
(1966) is used.

3 gil.ccomic rays

o 1|

Positive ions

Since the primary ion NJ exchanges its electrical
charge instantaneously with O, one can consider
that each ionization leads to the formation of an ionized
oxygen molecule. The subsequent chemistry has been
described in several papers and in particular by Fer-
guson (1979) and Arnold (1980). OF reacts with O,
to form O} which can be hydrated to produce O3 . H,0
and subsequently H,O™. The other hydrates with higher
orders are obtained by supplementary hydrations

H,0%(H,0), + H,0 + M=H,0*(H,0),,, +
+M@Ez0 5

which are characterized by a forward reaction rate &,
and a reversed rate constant k, associated to the
thermal dissociation. The ratio [H;0"(H,0),,,)/
[H,O07(H,0),] is proportional to the equilibrium
constant K, ., , = k,/k, which varies intensively with
the temperature. The values of these parameters
(reactions k,, to k,y in table 1) are taken from the
recent paper by Lau ez al, (1982),

The non-proton hydrates H,O" X (H,0), are formed
by reactions of PH with an X molecule and subsequent
conversions between X and H,O. Different candidates
have been suggested for X (e.g. NaOH by Ferguson,
1978) but since the mass of this molecule is unambi-
guously equal to 41 amu, according to Arijs ef al
(1980), the most likely candidate for X seems to be
acetonitrile (CH,CN). Other non-proton hydrates,
namely H,0%Y,(H,0),, appear in the spectra obtained
by Henschen and Arnold (1981} and Arnold and
Henschen (1982), where Y is a molecule with mass
32 + 1. This molecule has been tentatively identified
as methanol (CH,OH) by Henschen and Arnold (1981).
The proton affinity of CH,OH (182 kcal mole™') is
larger than that of water vapor but smaller than that
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of acetonitrile. Therefore H,O"Y(H,0), should react
with CH,CN. Since the stratospheric budget of metha-
nol is not yet known, the possible effect of a Y molecule
has not been considered in the model. The general
conversion reaction will therefore be written

H,0*(CH,CN),(H,0), + CH,CN =
= H,0"(CH,CN),. ,(H,0),_, + H,0 (6)

for | = 0 and n = 1. Smith ez al (1981) have measured
the rate of such reactions for / = 0. They obtain rather
high values showing that, even with a small ambient
concentration of acetonitrile, the conversion from PH
to NPH could be very efficient. In principle, however,
this process could be limited by a reconversion of NPH
to PH whose amplitude depends on the corresponding
reverse reaction rates. Since the value of these latter
constants is not known, two extreme cases have been
considered in the calculation : case 1 assumes that the
reverse rate constant is equal to zero for reactions 20,
22,24, 27,29, 31 and 34 (see table | and fig. 1). In case 2,
reverse reactions are assumed to be efficient with the
corresponding rates as given in table 1. In order to
fit the observation at 35 km, the model requires in
each case a different acetonitrile profile. The concen-
tration value as assumed in case | is uniformly multi-
plied by 50 when case 2 is considered (fig. 2). The shape
of these profiles is based on an analysis by Henschen
and Amold (1981). Reactions for /> 0 have never
been measured and it is therefore assumed that
Ky = kyofS; ks = kao = kyp kyy = kyy

Hydration of the NPH ions must also be considered.
Several equilibrium constants of the following reactions

H,0*(CH,CN){H,0), + H,0 + M=
= H,0"(CH,CN)(H,0),., + M, (7)

have been measured by Bohringer and Arnold (1981)

at the specific temperature of 227 K. Since the value

of these constants depends crucially on the local tem-
perature, and in order to introduce in the model such
a dependence, it has been assumed that the AS value
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Chemical scheme related to the most ubundunt negative ions in the
stratosphere ( Adupted from Arijs et al., 1981 ).

corresponding to these reactions is equal to
— 24 cal K™ ! mol™!. In fact, this parameter does not
change considerably from one reaction to another and
for example in the processes considered by Lau er 4/,
(1982), AS varies only from —21.7t0 28.4calK "' mol™ L,

Using the measured K, value at 227 K and the assumed
AS value, the equilibrium constant is derived from the
formulae

AS/R .~ AH/RT

K., (atm™1)
K., (cm?)

=¢ e (8)
1.367 x 10722 TK., (atm™1)

(8bis)

where R is the gas constant, AH and AS the difference
of enthalpy and entropy for the reaction which is
considered. The determination of the thermodynamical
parameters requires detailed laboratory work as recently
started by Arnold and Bohringer (private commu-
nication). In the expectation of measured values of
forward reaction rates for processes (7) the following
working values are introduced in the model (see
table 1) : kyg = ky; =k, and kyo =k, = kg Such
an assumption is quite acceptable since the concentra-
tion values depend essentially on the specified equili-
brium constants and not on the individual forward
and reverse reaction rates.

The numerous rate constants used in the model will
not be discussed in this paper. Most values listed in
table | are taken from the paper by Albritton (1978)
in which the most important references are quoted.
In some cases when the reaction rate or its tempe-
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Table 1

Chemical scheme for the positive ions in the stratosphere and adopted rate constants (X = CH,CN).

Reaction

Rate constant (in cm® s™* for 2-body reactions
and in cm® s ! for 3-body reactions)

o;
O/
0
Oy

+ 0, +M-0; + M

+M-0; +0,+M

+0,-0{ +0,

+ 0, = 0f + 0,

0! + H,0 - 0Of-H,0 + O,

O} + H,0 » 0}*H,0 + O,

0;-H,0 + 0, - 0} + H,0

0*H,0 + H,0 — H,0"+ OH + O,

0O;+*H,0 + H,0 - H,0"*OH + 0O,
H,0*-OH + H;O — H,0"-H,0 + OH

H,0' + N,O, - NOIH,0 + HNO,

H,0" + HNO, — NOI-H,0 + H,0
NOJ-H,0 + H,0 + M —» NOJ(H,0), + M
NO; (H,0), + H,0 - H,0*-H,0 + HNO,
H,0" + H,0 + M - H,0"-H,0 + M
H,0"-H,0 + M - H,0" + H,0 + M

H,0* H,0 + H,0 + M - H,0'(H,0), + M
H,0%'(H,0), + M - H,0*'H,0 + H,0+ M
H,0%(H,0), + H,0 + M — H,0"(H,0), + M
H,0*(H,0), + M = H,0*(H,0), + H,0 + M
H,0*(H,0), + H,0 + M — H,0*(H,0,) + M
H,0"(H,0), + M - H,0*(H,0) + H,0 + M
H,0*(H,0) + X -» H,0*(H,0)X + H,0
H,0" ‘H,0'X + H,0 - H,0"(H,0), + X

H,0* - H,0 - X + H,0 + M - H,0*X(H,0), + M
H,0* - X(H,0), + M - H,0"XH,0 + H,0 + M
H,0"(H,0), + X - H,0*X(H,0), + H,0
H,0"X(H,0), + H,0 — H,0"(H,0), + X

H,0"X(H,0), + H,0 + M - H,0"X(H,0), + M
H,0"X(H,0), + M » H,0*X(H,0), + H,0 + M
H,0*(H,0), + X - H,0"X(H,0), + H,0
H,0*X(H,0), + H,0 - H,0"(H,0), + X

H,0*XH,0 + X - H,0*X, + H,0

H,0*X, + H,0 - H,0"XH,0 + X

H,0"X, + H,0 + M -» H,0'X,H,0 + M
H,0"X,H,0 + M - H,0*X, + H,O0 + M
H,0"X(H,0), + X — H,0"X,H,0 + H,0
H,0*X,H,0 + H,0 - H,0'X(H,0), + X
H,0"X,H,0 + H,0 + M - H,0*X,(H,0), + M
H,0*'X,(H,0), + M » H,0*X,H,0 + H,0 + M
H,O"X,H,0 + X - H,0"'X, + H,0

H,0*X, + H,0 » H,0"X,H,0 + X
H,0*X(H,0); + X - H,0"X,(H,0),
H,0%X,(H,0), + H,0 — H,0*X(H,0), + X

k=26 x 1073°300/T)*?
ky, =24 x 107%(300/T) exp(— 4900/T)
k, =1x1071°
ky, = k,/2 x 10#
ky =12x10"*
k, =15x107*
ky =2 x 10717 exp(— 2300/T)
ke =24 x 10710
ke =12 x107°
k, =14x107°
ky =13 x10"°
ky =16x107°
kg =2 x 1077
k,, =2x107'°
k, =25=1077 1%
ki, = 377 x 1040 T7% exp(— 15910/T)
ko =28 x 10781775
kyg = 114 x 10182 7783 exp(— 9819/T)
ko, =29 %1077 T8t
Koy = 3.44 x 10%* T7% exp(— 9013/T)
kg = 152 x 107 771
kyg = 1.51 x 10°% T3 exp(— 6394/T)
kyp =36 x 107°
kyop == O (case 1)
=35 x 1074 (case 2)
kyy =k
kg =k, /(84 x 10728 T exp(7252/1)}
ky, =33 x 1077
ks, = Of{case 1}
=5 x 1071* {case 2)
k23 = kg
kyqy = ko5 f(8.4 1072 T exp(5716/T))
kyy =30 x 107°
ky4p = Of{case 1)
=43 x 107} (case 2)
kyn = kyf5
kyzp = Raop % 10
kg =kyy
kygy = kyg/(84 x 10728 T exp(6843/T))
kyo = 3‘22
Koy = kapp % 1.8
kyo = ks
kyoy = kyp/(8.4 x 1077% T exp(5379/T))
k34 = kyo
kaap = kigy
kyy = kyy
Kyip = Kaap

rature dependence is not known the value indicated
in the table refers to the assumption which is made.

Negative ions

The negative ion scheme which applies to the strato-
sphere is very complicated. The starting point is the
attachment of a free electron on an oxygen molecule.
O, is subsequently transformed into CO; through
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different paths (see Ferguson, 1979) and COj7 is then
converted into NOjJ. This latter ion is particularly
stable since its electron affinity is one of the highest
of all known ions. Clustering reactions are however
possible, essentially with water vapor and nitric acid,
leading to heavy ions such as NO;(HNO,){H,0),
with / and n = 0. Since these ions react rapidly with
sulfuric acid (Viggiano er al, 1980), clusters of type
HSO, (HNO,),(H,S0,),(H,0), are expected to appear
and can be identified from mass spectroscopic obser-
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Table 2

Chemicul scheme for the negutive ions in the stratosphere und adopted rute constants.

Reaction

Rate constant (in ¢cm® s~ ! for 2-body reactions and

in cm® s~ ! for 3-body reactions)

e+

O, +M-0; +M

O +0;, 07 + 0,
05 + CO, » CO7 + 0O,

Co;

+ 0, - 07 + CO,

O +0, +M->0; + M
O + M0, +0,+ M
0] + CO, -»CO; + O,

co;
co;
co;
o5 -

+ O, - 05 + CO,

+ 0, » 07 + CO; + O,
+ H,0 - 07 + H,0 + CO,
H,0 - CO; + H,0

O; + H;0 + M- 0; - H,0 + M

*HO+M->0; +H,O+ M

+ H,0 + NO, » NO; + O, + H,0
“H,O+H,0+M->0;-2HO0+M
*2H,0+M-0; -H,0+H,O0+M
*H,0+0,- 05 -H,0+ 0,

+ H;O + HNQ, -» NO7 « H,0 + HO,

+ H,O + N,O, - NOj - H,O0 + NO, + O,

O,4¢" -0 +0,
O +0, 50, + ¢
O" + 0,207 +0
OO +HO+M-0 "HO+M

o -
()‘ N
o -
OH"
OH"
OH~
OH™
OH~
OH"~

H,0 + HNO, — NOj * H,0 + OH

H,0 + N,0; —» NO7 * H,0 + HNQ,
H,0 + H,0 -+ OH™ + H,0 + OH

+ H,0 + HNO, - NO7J - H,0 + H,0

« H,0 + N,05 —+ NOj - H,0 + HNO,
*H,0+H,0+M—- OH" - 2H, 0 + M
*2H,0+M->O0OH - H, 0+ H,O+M
+ 2H,0 + HNO, — NO; - 2H,0 + H,0
- 2H,0 + N,O; » NOj - 2H,0 + HNO,

O; +H,0+M-0; -H0+M

NO,

“H,O0+M->0; +H,0+M
+ H,0 + €O, —» CO; + O, + H,0
“H,O0+H,0+M=0; - 2H,0 + M
“2H,0+ M -0 - H,0 + H,0 + M

* H,0 + HNO, - NOj - H,0 + OH + O,

- H,0 + N,0, = NOj * H,0 + NO, + O,

- 2H,0 + HNO, = NO; * 2H,0 + OH + O,
* 2H,0 + N,O; - NO; * 2H,0 + NO, + O,

+H,0 + M- CO; - H,0 + M
“H,0 + M > CO; + H,O0 + M

- H,0 + HNO, - NOj * H,0 + OH + CO,
 H,0 + N,0; » NOj * H,0 + NO, + CO,
“H,0 + H,0 + M - CO;5 - 2H,0 + M
“2H,0 + M = CO; * H,0 + H,0 + M

- 2H,0 + HNO, - NOj + 2H,0 + OH + CO,
+ 2H,0 + N,0, — NO; - 2H,0 + NO, + CO,

+ e — NOJ

HNO, + ¢~ » NO; + OH
N,O, + ¢” - NOj + NO,

NO;
NOj
NO,
NOj;
NO;
NOj;

NOj -

NOj;
NO;
NOj

+ 0, - NO; + O,

+ H,0+ M-+ NO; * H,O + M
“H,O0+M->NO; + H,O+ M

+H, 0+ M- NO; -H,O0+ M

- H,0 +M - NOj + H,0 + M

+ H,80, - HSO; + HNO,
H,O+H,O0+M->NO; ‘2H, 0+ M
*2H,0 4+ M - NO; - H,O + H,O + M
+ H,O + HNO, - NOj - H,O + HNOQO,
- H,0 + N,04 - NOJ * H,0 + 2NO,

ky
k,
ky

FoaliE
-
-

1tb

- e e
& B e

[ S A
- W W

X oA xR R A R X R A A
L
g

w0
.

Fy
—_

£
o

LR
[ I

‘o alalol ol ol
il

&
-

k47b

k48
k48b

Kao

ks,
kslb
ks
kss

=2 x 10730
=6 x 107!°
=53 x 1071°
=39 x 1071°
=34 x 107
=27 x 1071%
=43 x 1071
=2 x 10713
= 1.3 x 1071°
=13 x 107°
=58 x 107
=272 x 10728
= ko/1.0 x 10714
=90 x 1071
=60 x 10728
=k,,/3 x 1071°
= 2.3 x 1071
= 1.0 x 107°
= 1.0 x 107%
9.1 x 107 13(T/300)' *
=10 x 10712
=80 x 1071°
= 1.3 x 107328
=10 x 107?
= 1.0 x 107°
= 1.0 x 10~ 1!
=10 x 10"*
=10 x 107°
=35 x 107%8
= kys/10-14

= 1.0 x 10~°
= 1.0 x 10”°%
=27 x 07?8
= "528/10_“t
=35 x 1074
=50 x 10778
= k3, /1071%
= 1.0 x I0°°
1.0 % 1077
1.0 x 107°
1.0 x 10-9
I x 107%%
=33 x 1071
1.0 x 107°
= 1.0 x 107¢
= 50 x 1072
= k,0/6.0 x 10717
= 1.0 x 1077
= L0 x 107°
=50 x 1078
=50x 10°¢%
=50x 1078
= 1.2 x 1071°
=16 x 10728
= 5.0 x 10718
= 1.6 x 107%¢8
=k o/44 x 10715
=26 x 107°
=16 x 10728
= ky,/80 x 10716
= 1.0 x 1077
= 1.0 x 107*

I

i

i

[

i
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Reaction Rate constant {in cm? s~ for 2-body reactions
and in cm® s for 3-body reactions)

NOj * 2 H,0 + HNO, - NOj - 2 H,0 + HNO, keys =10 x 1079

NOj - 2H,0 + N,0; » NO; + 2H,0 + 2NO, kes =10 x 107°
NOj * H,0 + H,0 + M = NO; - 2H,0 + M ke =16 x 10728
NO; + 2H,0 + M - NO5 - H,0 + H,0 + M ke = kse/1.96 x 1071°
NO3 + H,0 + HNO, — NO; - HNO, + H,0 kg, =30 x 10°°
NO; * HNO, + H,0 — NO; - H,0 + HNO, kg = kep/6.0 x 10°
NOj * 2H,0 + HNO, — NO; + HNO, - H,0 + H,0 gy =10 x107°
NO; + HNO, - H,0 + H,0 - NOj - 2H,0 + HNO, kegy = ksg/20 x 10°
NOj - HNO, + H,0 + M = NOj * HNO, - H,0 + M kyy =3 x 10728
NOj - HNO, - H,0 + M = NOj - HNO, + H,0 + M kg =60 x 10715
NOj * HNO, + H,80, - HSO; - HNO, + HNO, keo =23 x 107°
NOj - HNO, + HNO, + M - NOj - 2HNO, + M ke, =10 x 10726
NO; + 2HNO, + M - NOj  HNO, + HNO, + M koip = kei/1.94 x 10727 T exp(9240/T)
NO; - HNO, - H,0 + HNO, -» NOj3 + 2 HNO, + H,0 ke =10 x 107°
NO; - 2HNO, + H,0 - NOj + HNO, + H,O + HNO, kgyy = kep/20 x 10°
NOj + 2HNO, + H,0 + M - NOj + 2HNO, - H,0 + M key =30 x 10728
NOj * 2HNO, * H,0 + M - NOJ - 2HNO, + H,0 + M kyy =30 x 10713
NOj + 2 HNO, + H,SO, — HSO; * 2 HNO, + HNO, ko =11 x107°
NOj - 2HNO, - H,0 + H,80, —» HSO; - 2 HNO, - H,0 + HNO, ke, =40 x 10710
HSO; * HNO, + HNO, + M — HSO; - 2HNO, + M koo =10 x 10726
HSO; - 2HNOQ, + M — HSO; - HNO, + HNO, + M kee, =50 x 10718
HSO; + HNO, + H,80, — HSO; * H,S0, + HNO, ke, =50 x 10710
HSO; * HNO, + H,0 + M - HSO; + HNO, - H,0 + M kes =30 x 10732
HSO; * HNO, - H,O + M — HSO; - HNO, + H,0 + M keg, =60 x 10715

HSO; * 2 HNO, + H,0 + M — HSO; + 2HNO, - H,0 + M key =30 x 10728
HSO; - 2 HNO, - H,0 + M - HSO; - 2HNO, + H,0 + M kgop =30 x 10715
HSO; - 2 HNO, + H,S0, - HSO; - H,SO, « HNO, + HNO, ki, =50 10710
HSO, * 2 HNO, - H,0 + H,S80, - HSO; * H,S0, * HNO, * H,0 - k,, =10x10°°

HSO; - HNO, - H,0 + HNO, — HSO; + 2 HNO, + H,0 k,, =10x10"°
HSO; * 2HNO, + H,0 — HSO; + HNO, - H,0 + HNO, . ky,, =25 x 10719
HSO; - H,S0, + HNO, — HSO; - H.SO, - HNO, + M k., =10x 1072¢
HSOS - H,80, * HNO; + M — HSOJ - H,80, + HNO, + M kiay =15 x 10777
HSO; - H,80, + H,50, + M — HSO; « 2H,80, + M kig =10 x 10726
HSO; * 2 H,80, + M — HSO; - H,50, + H,S0, + M ks, =30 x 1072°
HSO; - H,80, + H,0 + M - HSO; - H,SO, - H,0 + M ki =30 x 10728
HSO; - H,80, - H,0 + M - HSO; * H,SO, + H,0 + M koo, =60 x 1071
HSO; - H,80, - HNO, + H,0 + M — HSOj; - H,80, - HNO, - H,0 + M kyy =30 x 10728
HSO; * H,S0, * HNO, - H,0 + M — HSO;j * H,80,  HNO, + H,0 + M kymy = 3.0 x 10713
HSO; - H,80, * HNO, + H,S0, —» HSO; + 2 H,80, + HNO, k,y =50x107°
HSO; * H,S0, - H,0 + HNO, - HSO; + H,80, - HNO, + H,0 ke =10 x 107°
HSOj - H,S0, - HNO, + H,0 - HSO; - H,80, - H,0 + HNO, Kygy =25 x 10715
HSO; * H,80, - H,0 + H,80, - HSO; * 2 H,80, + H,0 kyo =10x107°
HSO; * 2 H,80, + H,50, + M - HSO; + 3H,S0, + M ky, =10 x 10729
HSO; - 3H,580, + M - HSO; - 2 H,S0, + H,S0, + M ky = 7.0 x 1073
O * 2H,0 + HNO, — NO; - 2H,0 + HO, kg, =10 x 107°
0; * 2H,0 + N,0, —» NO; * 2H,0 + NO, + 0, kg, =10 x107°
07 *2H,0+ 0,05 - 2H,0 + O, ky, =26 x 10710
NO; - 2H,0 + O, » NOj * 2H,0 + O, kye =10 x 10710
NO; * H,0 + O, - NOj - H,0 + O, kg, =10 x 10710
NO; + HNO, — NO; + HNO, gy = 16 x 107°
CO; + HNO, — NO; + HCO, kyy =80 x 10710
CO; + N,0, - NOS + NO, + €O, koo =28 x 10710
NO; + N,O; — NO; + 2NO, kg, =70 x 10710
O~ + H,SOH, — HS50; + OH Koy =154 x 107°
NOJ + HNO, + M - NOj7 * HNO, + M kee =90 x 10775
NOj + HNO;, + M = NOj + HNO, + M kogy = kge/5.6 % 10727 T exp(13130/T)
CO; + NO, — NOS + CO, kg, =20x 10790
O; + NO, - NOJ - H,0 + H,0 + O, kg = 9.0 x 1071°
07 - 2H,0 + NO, - NO7 * H;O + H,0 + 0, kgo =9.0 x 10710

NOj - HNO, + H,0 + H,80, - HSO; + HNO, - H,0 + HNO, kipo =10 x 107°
HSO; - HNO, - H,0 + H,S0; — HSO; * H,S0, * H,0 + HNO, ko, =10 x107°
0™ +CO, + 0, —» CO; + O, Ko, =31 % 1072#
O~ - H,0 + 0, -» 05 + H,0 Ko = 1.0 x 1071
0; * H,0 - 05 * H,0 + 0, ko =10 x 10710
HSO; + H,SO, + M - HSO; - H,S0, + M Kiso =30 x 10726
HSO; - H,S0, + M - HSO; + H,80, + M Kysop = 1.0 x 1072}
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Reaction

Rate constant (in em® s™! for 2-body reactions
' and in em® s~ ! for 3-body reactions)

HSO; + HNO, + M — HSOj - HNO, + M
HSO; - HNO, + M — HSO; + HNO, + M
NO; - 2HNO, + HNO, + M — NO; - 3HNO, + M
NO; * 2HNO, + M — NO; + 2HNO, + HNO, + M
NO; - 3HNO, + HNO, + M — NOJ - 4 HNO, + M
NO; - 4HNO, + M - NO7T * 3HNO, + HNO, + M

kys, =20 x 1077

Kigp =10 x 10721

kis, =10 x 1072

kys2p = ky55/6.26 107 2° T exp(7070/T)
kyy =10 » 10726

ki = ky54/5.91 x 10727 T exp(4696/T)

vations (see e.g. the latest papers by Arijs et al. (1982)
and Arnold et al. (1982)). Figure 3 shows a possible
reaction scheme suggested by Arijs et al. (1981) to
explain his observational data. Most of the corres-
ponding kinetics is unknown except reaction rates
kyg, koo and kg, (see table 2) which have been recently
measured by Viggiano er al (1982). In most cases,
working values have thus been adopted. For reactions
of type
NO;(HNQO,;), + HNO, + M =

= NO;(HNO)),,, + M, 9

no rate constant is available except for / = 0, where

Fehsenfeld er ol indicate a value slightly larger than

1 x 1072% ecm® s~ 1. Therefore, a forward rate constant
of 1 x 1072 cm® s™! has been applied for all values
of { with an equilibrium constant taken from the study
by Davidson ef al (1977) and Wiodek et al (1980).
The hydration

NO; (HNO,), + H,0 + M=
= NO; (HNO,)H,0 + M (10)

has been assumed to be slower with a rate constant
of 3 x 107%®* cm® s~ !, Since the equilibrium constant
related to this process is unknown, an adjustment of this
parameter has been made. The error in relation to
this uncertainty is small since most of the calculated
concentrations are not very sensitive to these reactions.

The rate constants of the following two-body reactions,
namely

HSO; (H,S0,),(HNO,), + H,S0, -
- HSO; (H,S0,),,, ,(HNO,),., + HNO,
HSO; (H,S0,),(HNO,)(H,0), + HNO, -
— HSO, (H,50,),(HNO,),. (H,0),
+ H,0

an

12

have been put equal to 1 x 107? ¢cm® s™*, The same
value has been used for the rates referring to all reactions
of HNO, and N,O, with negative cluster ions. All
other rate constants have been taken from the compi-
lation by Albritton (1978) or, in certain cases when
no data 1s available, have been estimated rather arbi-
trarily or adjusted to fit the observation at 35 km.
The adopted values are given in table 2.

MODEL DESCRIPTION

Since the lifetime of all ions is very short, equilibrium

conditions are reached almost instantaneously. There-
fore the system describing the balance of each ionic
species is purely algebric and can be written for the
positive and the negative ions respectively by the
equation

AX =B (13)

when X is a column vector representing the concen-
tration values x; (f = | to N, where N is the number
of species), B with elements b, (i = 1 to N) represents
the external sources of ionization and depends therefore
on the value of Q and 4 is a N x N square matrix
whose elements a;; take into account all chemical
processes. These factors which represent the inverse
of the time constant associated to reaction from ion j
to ion 4, are a function of the chemical rate constants
and of the neutral species concentrations. In the case of
the diagonal elements a;, which represent the loss term
of ion £, a term accounting for the recombination bet-
ween positive and negative charges appears. Assuming
that the value of the recombination rates are identical
for all ions (eq. (3)) and introducing the electroneutrality
condition, the a;; coefficients for the positive ions become
independent of the concentration of the negative ions

" and vice versa but dependent on the ¢ value through

equation (4).

The two decoupled algebric systems are then solved
by a classical inversion method. For the positive charges,
the model takes into account 25 different species and
44 chemical reactions while for the negative charges
38 different species and 134 chemical reactions are
considered. The concentration values of the neutral
trace species are taken from the 1-D model described by
Brasseur et al. (1982) except for sulfuric acid whose
vertical profile is similar to that given by the model of
Turco et al (1979). The vertical distribution of the
temperature is taken from the US Standard Atmosphere
(1966).

MODEL RESULTS

- Positive ions

179

When the concentration values or the relative abundance
of the positive ions provided by the model are analyzed,
it immediately appears that the conditions are rapidly
changing with the altitude level. This has to be attributed
to the strong dependence of the equilibrium values to the
local temperature. The analysis of any observational
data therefore requires a very accurate knowledge of the
temperature in addition to the water vapor concentra-
tion. The amount of CH,CN which is present is also an
important parameter but no observation is yet available.
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Figure 4

Relarive umount of the proton hydrates und the non proton hydrates
caleuluted for two different conditions (cuses 1 und 2).

From the model calculation, it can however be deduced,
when case | (low CH,CN and no NPH to PH reconver-
sion) is compared to case 2 (high CH,CN and an
efficient NPH to PH reconversion) that the observations
at all altitudes are much better fitted when case 1 is
adopted. In other words, as suggested by figure 4, the
reactions converting proton hydrates into non-proton
hydrates should be very efficient even at low level where
the water vapor concentration is relatively high. The
reverse mechanism can therefore probably be neglected
in the whole stratosphere. '

One can show easily that the reconversion of NPH to
PH will occur only if the reverse reaction rate becomes
of the order of a[n~]/[H, O] where « is the recombination
coefficient, [n™] the total ion concentration and {H,O]
the water vapor concentration. When the parameters,
temperature and concentrations values adopted in the
present model are used, the reconversion reaction beco-
mes efficient for a rate larger than 1 x 107 '¢cm™3 571,

Arnold ef al (1981a) have divided the NPH ions into
three categories called 4, B and C. 4 refers to ions with
H*X cores, B to ions with H*X, cores and C to ions
with H* X cores. Table 3 shows the abundance of these

Table 3

Concentration of the NPH ions belonging 1o the A, B and C subfamilies
(expressed in %, relutive to the totul ion density), and Ry, R, und R,
ratios (see text for explanution).

Observation (35 km) Model

Arijs ef al. (1982a)  Amnold e al. 35km 25km

Sept. 80 June 80 (1981a)
[4] 371 53.7 26 27.6 14.6
[B] 135 8.4 31 19.1 12.8
[l 25 e 3 7.6 533
R, 115 1.64 1.54 1.30 4.2
R, 0.43 0.157 1.27 0.97 4.5
R, 0.18 — 0.1 0.4 42
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three subfamilies and of the NPH as given by the model
and by several observations. Given the large dispersion
of the data, the theoretical results can be considered as
satisfactory except maybe for the C group for which the
model overestimates the relative amount. Table 3 also
provides the values of R, R, and R, ratios which have
been defined by Arnold er al (19814) as follows

_ INPH] _ [4] + [B] + [C] _ K,[CH,CN]

R =m] AT~ an]
o _ 1Bl +1C] _kICHCN]

2 [4] a[n”]

. €] _ kICH,CN]

BT T

When writing the right-hand terms in these ratios, it is
assumed that no reverse reaction from C to B, Bto A
and 4 to PH occurs. k,, k, and k, are the effective
conversion rate from one category to the other. Since
these constants have the same order of magnitude
(~ 3 x107° cm® s™"), one would expect to have
R, =R, =R,

The model as the observations by Arnold er al. (1981a)
indicate that indeed R, = R, (which confirms that in
this case the reconversion from NPH to PH is slow or
can even be neglected). The measurements by Arijs ef al.
(1982) made at higher temperature provide values of R,
which are smaller than R,, suggesting that reverse
reactions of B to 4 become active with increasing tempe-
rature. At 35 km (and above) R, appears to be conside-
rably smaller than R, and R,. Arnold et al. (19814a) have
concluded that a reverse reaction from C to Bis probably
occurring or that a supplementary loss process for the C
ions has to be considered. In fact the low R, ratio is
obtained in the model without any of these two mecha-
nisms. The model shows that in the upper stratosphere
most of the B ions happen to be H;O*(CH,CN), ions
which do not react with CH,CN and are therefore not
transformed into C ions. At lower temperatures (and
therefore at lower altitude) the largest amount of B ions
happen to be H;O"(CH,CN), H,O ions which can be
converted into C ions. As shown by table 3, the condition
R, = R, = R, is satisfied for example at 25 km. In
fact, the possibility of producing C ions depends on the
[H,O0*X,H,0}[H,0"X,] ratio which varies rapidly
with altitude due to the strong temperature dependence
of the equilibrium constant K, (28). Table 4 shows the
observed and calculated abundance ratio of different
hydrates at 35 km and indicates the considerable
influence of the temperature on the clustering equili-
brium. This explains probably the large variations
between individual observations.

Figure 5 shows the relative amount of the most abundant
ion species calculated by the model for case 1. According
to the model results, two distinct regions can be consi-
dered : in the upper part where the proton hydrates
dominate, ions with mass 55 and 73, namely
H,0"(H,0), and H,0*(H,0), are the most abundant
while below 32 km, the NPH ions, in particular with
mass 141 (H,O"(CH,CN),) become largely dominant.
Around 35 km where most observations have been
made, the ions with mass 73, 78, 91, 96, 101, 119 and 141
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Table 4

Compurison of abundunce rutios obtuained by the model for two temperuture vulues und from in situ measurements.

Observation Model () (35 km)
Arnold et al. Arijs et al. (1982) T =2365K T =227TK
(1981a) June 80 Sept. 80

H,O"X(H,0),
H,0 XH,0
H,0"X,(H,0)
H,0°X,

H,;0"°(H,0),
H,07(H,0),
H,0"X(H,0),

[114}/[96] A0 XGLO). — 0.02 — 0.005 0.01

[961/178] 27 5.3 45 2.83 9.80

[119y/1101] 1.5 1.4 1.0 0.50 1.62

[911/[73] 0.84 0.1 — 0.09 0.27

('} Water vapor mixing ratio : 3.9 ppmv.

should be detected. If case 2 is considered, the most 50 I
abundant ion in the lower stratosphere is H,O " (H,0),, '
which is completely in contradiction with the reported
observations. VT
As shown by table 5, the calculated values at 35 km are AN 7]
generally in good agreement with the data obtained by \ ~
Armold et al. (1981a) and Arijs et al (19824). There are . 55 =H*(H,0),
some variations between individual observations which X 73 =H"(H,0),
makes the comparison with the model somewhat
difficult. These changes in the successive measurements 96 = HK(H,0),
are probably explained by the differences in the state of H 101 2 H* X, H,0
the atmosphere (temperature, water vapor concentra- 19 =H"X,(H,0),
tion, ...) and to the observation conditions (height of the 00 g g WTERTX RO A
gondola, error in the measurements, ...). Due to these i
variations and due to the large uncertainties in the A
reaction scheme, it is not yet possible to obtain a better ;one g

. . . . b ! ! | ! i
theoretical representation of the ion abundance in the % 20 20 50 80 100
stratosphere. Furthermore, the relatively good agree- RELATIVE AMOUNT (percent)
ment which is obtained at 35 km is somewhat artificial
since it is obtained by adjusting some unknown para- Figure 5
meters. The interest of such a computation however is to Vertical distribution of the relative umount of the most ubundunt posi-
show the coherence of the chemical system which is tive ions in the stratosphere {cuse 1),

30 78 =H*X(H,0), -

101/ 91 =H* (H,0)g

ALTITUDE (km)

Table §

Compuarison of caleuluted and observed positive ions abundunces (in %, relutive to the totul ion density }.

Mass Identification Observation at ~ 35 km Model
X = CH,CN Arnold et al. (1981a) Arijs et al. (19824a) Q) )
{Nov. 77) (June 80) (Sept. 80)
55 H™(H,0), 34 2.3 — 0.1 0.1
73 H*(H,0), 213 322 384 41.6 44.8
7R H*X(H,0) 7.2 84 6.7 7.2 7.4
91 H7(H,0)5 17.8 34 8.5 3.7 4.0
96 H*X(H,0), 19.6 44.4 30.4 204 21.1
101 H*X,H,0 10.7 35 6.7 12.7 134
119 H™X,(H,O) 16.1 49 6.8 6.4 6.7
136 H"X,(H,0), 44 — — — —
141 H*X,H,0 2.9 —_ 2.3 76 2.2

(!) Case 1 {low CH,CN (7 x 107'%); &k, = 0).
(*) Case 2 (high CH,CN (3.5 x 107'Y); &, # 0).
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ion cores versus height.

adopted and in particular to point out that the observed
concentrations can be quite well simulated with plau-
sible rate constants. Finally, the model provides concen-
tration values at various heights where no observation
is presently available.

Negative ions

When analyzing the vertical profiles provided by the
model for the negative ion concentrations, it appears
that the stratosphere can again be divided into two
separate regions. Between 35 km and the stratopause,
the ion composition is dominated by HSO/ ion cores
which points out the importance of sulfuric acid in the
ion budget and consequently the probable relation with
the stratospheric aerosols. Below 30 km, most of the
ions happen to contain NO; cores and are therefore to
be controlled by nitric acid. These results are confirmed
by the observations of Viggiano and Arnold (1981)
(see fig. 6). Both regions of the stratosphere seem thus

Table 6

to be sensitive to anthropogenic activity, in particular
to the emission of sulphur and nitrogen compounds
respectively.

The calculation of the detailed negative ion composition
is not obvious since many rate constants are still
unknown. Adopting the values discussed in a previous
section with some adjustment (see table 2), the calculated
values at 35 km (table 6) are in rather good agreement
with the values provided by Arnold ef al (1982h) and
Arijs et al. (1981, 19824). The model indicates that the
most abundant ion should be HSO,(H,S0,), (mass
391) with a relative amount of about 33 9. Very recent
data obtained by Arnold et al (1982) seem to indicate
that the hydration of this latter ion (which was not
considered in the model) should be important. If so,
the concentration calculated for mass 391 ion should in
fact correspond to the total of mass 391 and 409 (and
maybe heavier) ions.

The amount at 35 km of several ions, namely
HSO; HNO, (mass 160), NO;(HNO,), (mass 188),
HSO; H,S0, (mass 195 and HSO,;(H,50,}, (mass
293) is approximatively the same (table 6), which is in
good agreement with the observations reported from the
september 80 flight by Arijs e al. (19815) and the octo-
ber 1981 flight by Arnold et al. (1982). As indicated by
figure 7 however, the composition should change
rapidly with altitude. At 30 km for example, the model
predicts for NO; (HNQ,), a relative ion concentration
of 607, while 5 km higher this number is reduced to
10 % only. Above 40 km the HSO,; H,80, ion (mass
195) becomes, according to the model, the most abun-
dant ion while at 50 km HSO] (mass 97) contributes to
20 %, of the ion concentration.

Further comparison with the available observations
can be made by calculating the ratio between several ipn
concentrations. If the family of NO7 cores are first
considered, the [NO; (HNO,), |/[NO; (HNO,)] ratio
should be equal to the product of the equilibrium cons-
tant K, (61) by the HNO, concentration, if the recombi-
nation is much slower than the thermal dissociation of
NO; (HNO,),. The model determines at 35 km a ratio
of 8.53 which is very close to the value obtained when

Comparison of observed und calculated negutive ions abundunce {expressed in % relutive to the total ion density).

Mass Identification Observations at ~ 35 km Model
Arnold et al. (19815, 1982) Arijs et al. (1982b) 35km
Altitude (km) 36.5 329 39.7 350 325
Date Nov. 77 Oct. 81 June 80 Sept. §0 Sept. 80
Temperature (K) 227 233 239 232 234 237
125 NO; HNO, 26 6.5 5 2 2 1.2
160 HSO{HNO, 53 14.0 9 16 10 14.7
188 NO;(HNO,), 65.6 19.0 8 15 14 137
195 HSO{H,80, 6.6 10.0 7 14 4 159
206 NO; (HNO,),H,0O . — e — 3 0.7
223 HSO; (HNO,), 14.2 1.8 4 3 7 6.8
275 HSO;H,SO,HNO,H,O = — 1.0 e — 3 0.2
293 HSO,{H,S80,), 26 12.0 19 14 16 136
391 HSO/{H,80,), — 14.0 48 34 31 328
409 HSO; (H,S0,);H,0 — 13.0 — - — —
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Figure 7
Vertical distribution of the refative amount of the 30

most abundant negative ions berween 30 and
50 km.

calculating the K, (61) [HNO,] product (9.63 for
T =2365 K and [HNO,] =226 x 10®* cm™ or
1.28 ppbv) and to the numbers derived by Arijs et al.
(1982b) from their sept. 80 and sept. 81 flights (7.7 and
7.1 respectively).

For the sulfate ions, it is convenient, following Arnold
et al. (1981b), to consider various subfamilies based on
the numbers of H,SO, molecules present in the cluster.
Using the family nomenclature suggested by Arijs et al.
(1982h), we define F, as the ions of the form
HSO; (H,S0,),(HNO,), and F_, the NO; (HNO,),
ions. As in the case of the positive ions, we calculate the
ratios

(14)

In practice, the summation is done only up to i, = 3.
These ratios express the magnitude of the conversion

Table 7

RELATIVE AMOUNT (percent)

from the F,_, to the F, subfamily. When the main loss
process for these ions is recombination,

R, = k[H,80,]/o[n"] (1s)
where k, is an effective rate constant for the F,_, to F,
conversion. Adopting the values used in the model at
35 km, namely [H,80,]1=2.16 x 10" ¢ cm ™3, a =7.67 x
1078 em? s, [#*] = 3.63 x 10° cm ™7, the ratio R, is
equal to 7.75 for a conversion rate k, of 107 ¢cm® s™ ..
Since rate constants kqq and kg, measured by Viggiano
et al. (1982) are a factor of 2 to 5 larger than the values
imposed in the model for kq, and k.o (5 x 107!% cm?®
s~ 1), one should expect at least a factor of 2 difference
in the calculated values of R, and R,. This is the case as
shown by table 7. The determination of R, and R, needs
to take into account the clustering mechanisms and the
thermal decomposition of HSO, (H,S0O,),. For exam-
ple, the R, ratio is given by

Abundunces ut 35 km of subfumilies F, (expressed in ¥, ) und R, ratios. Comparison between in situ meusurements obiuined from different flights und

caleulated values.

Observations (~ 35 km) Model

Armold er al. (19815, 1982) Arijs et al. (1982h) (35km)

Nov. 77 Oct. 81 June 80 Sept. 80 Sept. &1
F_, =NO;(HNO,), 68.2 25.5 i3 17 16 11.2
F, =HSO,(HNO,), 19.5 158 13 21 17 215
F, =HSO;(H,80,)(HNO,), 9.7 11.0 7 14 17 209
F, =HSO{(H,50,),(HNO,) 2.6 12.0 19 14 16 14.1
F, =HSO;(H,50,),(HNO,), — 27.0 48 34 31 311
R, =(Fa+F +F,+Fy)/F_, 0.47 2.60 6.69 4.88 475 7.83
R, ={(F + F,+F))/F, 0.63 3.16 5.69 2.95 5.33 3.07
R, =(F,+ F)iF, 0.27 354 9.57 3.43 2.76 2.16
R, =F,/F, 0 2.25 2.52 2.43 1.94 2.21

1073
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_ k,(81)[M][H,S0,] _
Pk, @DIM] + ant] T

K., (81) [H,SO,]  (16)

and is of the order of 2.5 at 35 km when the model
conditions are adopted. Table 7 indicates that the calcu-
lated R, ratios are coherent and are in rather good
agreement with the corresponding values derived from
the observed abundances.

Again, it should be remembered that these results are
obtained by adjusting some parameters at the observa-
tion level of 35 km. The fact that no temperature depen-
“dence has been introduced when specifying the equili-
brium constants of several important reactions, could
seriously modify the overall picture given by figure 7 and
even alter the overall conclusions.

In the absence of new laboratory data for the ion
kinetics, in situ observations of the composition at
different heights (and at different temperature) should
permit to derive a crude temperature dependence of the
most important constants.

SUMMARY AND CONCLUSIONS

A model of the ion composition in the stratosphere has
been developed in order to study the major chemical
processes related to positive and negative ions. In order
to validate such a model, theoretical results should be
obtained independently from any observational data.
However, since the chemical kinetics is still poorly
known, some input parameters have yet to be based on
in situ measurements. The comparison between observed
and calculated concentration should therefore be made
with care, It remains also difficult because of the break-
up in the instrument of the heavier ions leading to an
under-estimation of their atmospheric concentration
and consequently an over-estimation of the light ions
amount. At the present time, stratospheric ion models
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