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Observations and cilemistry

A. P. Mitra
Nationat Physical Laboratory of India
New Delhi, India

Abstract. — We describe in this article the observations and chemistry of the ionisation of the
Earth's Middle Atmosphere, here defined as the region between 100 km and the Tropopause,
consisting of the D-region (50-100 km) and the ionisation in the Stratosphere. In this, atmo-
spheric trace constituents play a dominant role and chemical reactions, both neutral and ionic,
are dominant. Observational data on electron and ion distributions and on ion compaosition,
both for the D-region and the Stratosphere (for the latter more limited}, are discussed. Chemical
schemes, which were until recently confined to conditions in the D-region, have now been
extended to stratospheric heights; some of these schemes are also outlined.

1. INTRODUCTION

The Earth's Middle Atmosphere is a relatively small part of the earth’s
total environment but it provides a link between the lower and upper atmo-
spheres. The region we are concerned with covers all levels below 100 km,
thus including the D-region and the Stratosphere. The definition of the D-region
is somewhat arbitrary. The most common definition is the region of ionisation
extending from 50-100 km including the mesopause around 85 km where the
atmosphere reaches its lowest temperature of about 140-170°K. Under normal
conditions, the electron density vanishes at and below 60 km, but at times of
solar disturbances appreciable electron concentrations are observed down to
40 km,

Below the lower boundary of the D-region, ionisation does not completely
vanish although electrons disappear. lons in appreciable number continue down
to tropospheric heights. The separation between the Stratosphere and the
Mesosphere is, therefore, artificial, and the entire region from tropopause to
turbopause — roughly between 15-110 km — should be considered as one
region. We do so in this article.

The practical applications of such studies are numerous. The primary
ones on which work has been done in the past, involve HF shore-to-shore and
ship-to-ship communication, aircraft communication especially on trans-polar
flight paths, long range navigation, time and frequency transmission and, effects
of disturbances (both manmade and natural). In all these areas, current re-
quirements and future needs call for improved understanding of the D-region
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and for a continuing need for the construction of D-region medels, especially
for problems that require ray-tracing of the radio wave path., Another new

2. THe D-recion
2.1. D-region Electron Density

Purely from the view point of its extent, the D-region constitutes a very
small part of the total ionosphere: it extends over some 50 km only (from 50 ta
100 km}, and has maximum electron density {N.) during day of about 10 cms
at 85 km, about 1/100th of the peak density in the E-region and about 1/500th
to 1/1000th of the F-region electron density. What makes thig narrow and
weak plasma region significant is its location and the interplay of the minor
constituents.

The lower ionosphere electron density prolile can be classified into four
distinct regions (Rowe et al,, 1974) (see Fig. 1 and Pig. 2},

(1) A region about 85 km — the simplest part of the D-region,

2} A region where electron density increases rapidly — the so called

‘Ledge’ region around §2-85 km,

(3) A region between the ledge and 70 km.

{#) Tke region below 70 km where negative ions be

preciable — the 'negative ion region’.

In Region 1 the ions are primarily molecular, consisting of NO* and O;.
Recombinations of these jons are straightforward and involve the folfowing
dissociative recombination processes;

gin to become ap-

Oj+e>0+0 2x10-7(—§T°g)
NO'+e>N+0O  4x10+{3%

This is the simplest region and one for which at the present time prediction is
the most accurate.

In Region 2 the electron density increases by almost an order of magnitude
within a few kilometres. This sharp ‘ledge’ in N, occurs around 82-85 km and
is observed in most rocket flights during the day, except at sunrise and sunset,

In Region 3 the electron density is nearly constant (3 few hundred per
cubic c¢m), and the most dominant characteristic is the existence of a whole
series of water-cluster ions H+H,0),.

Region 4 covers all levels below 70 km where negative ions emerge as an
important, and eventuaily dominant, parameter.
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Fi6. 2. A classification of the middie ionushhere in terms of ions. Six sub-regivns can be identified.
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Por many purposes including ra i i
; , y-tracing of the radiowave path through
the lower ionosphere, one needs to have a description of the complete N, profilge.

incoherent scatter technique, which makes use of the s i

from the random thermal fluctuations in electron deﬁ::t;aet::tl:'lgg ?: :l:: :I‘::::ea’
and (d) most importantly, from the use of rockets, The rockets have provided'
b_y far the largest information on D.region ionization, and carry payloads which
either measure the absorption or polarization characteristics of radiowaves

transmitted from the ground or specially des;
being the Lomamuuts Jo008 pecially designed probes, the most important

These techniques have been most extensivel i
. : ly used only idlati A
Representative midlatitude profiles can be drawn from the );aa:yn;;c:ett:i:i

IS facility at Chatanika, Alaska 'When these diff

h . R erent N, measurements are
c;:lmpan:d one finds that the profiles are essentially identical in summer for
all places in the world {excepting perhaps at the levels of the ledge) for the

exposed to solar particle streams, it is more sensitive to such disturbances,
) tThe shfarp rise in slectron density around 82 km is one of the most distinctive
eatures of the D-region. Interestingly, this level also coincides with the height

cluster ions (see below) replaced by NO* i
» y NO*and Q4. This sudden rise in elect
density comes not from a change in the alolau-2 radiation but from t:ees:::il;z:

decrease in the rate of loss of
electrons with the ions as a
change in the ion composition. conaequence of the
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2.2. Positive and negative ions in the D-region

An entirely unexpected result is the existence of a large quantity of water
cluster ions in the D-region. These take the form of H{H0), with n=1—7.
They are dominant only in the lower part of the D-region, and the upper part
shows a drastic drop at precisely the heighty around which we observe the
ionization ledge (figure 4). Above these heights the ions are principally NO»
and Oy, with an admixture of CO, and N, cluster of NO* and Oj. Purther
up. near 93 km, there is a broad layer of metal jons, principally Fe* and Mg*,
believed to ke of meteoric origin.

The water cluster ions were initially considered to be contaminants. The
origin and behaviour of these ions have formed the basis of the most serious
work in D-region chemistry during the last decade. Although the existence of
these ions is now beyond question, there is doubt about the relative proportion
of H,O*, HO}, H,O; ... jons, since fragmentation of complex weakly-bound
lons can occur. Higher order ions have been observed when the mesosphere
is cold, as in high latitudes in summer or with low velocity rockets, or during
the downleg of a rocket trajectory when the shock conditions are reduced. Since
the exact proportion of different orders of water cluster ions is in doubt, the
current practice is to take the sum ZH'(H,0), and express this as a ratio of
the precursor ions NO* and O} in the form:

= H+(H,O},
NO +0;
The parameter [* and the level Z, at which the cluster ions rapidly disappear
are two very crucial parameters for the D-region,

A very strange feature of the D-region is that while it is so complex during
normal times, it becomes much simpler {(complex ions disapear and simple mo-
lecular ions dominate) during disturbed times when increased solar XUV
radiation. (as in flares) or particles (as during Polar Cap Absorption Events,
PCA’s) impinge on the atmosphere or when, as sometimes happens in high
latitudes in winter, there is a period of mesospheric warming. Indeed, these
seem to be the only times when the D-region ion composition simplifies to a
combination of the molecular ions NO* and O3 (Fig. 1 & 4). down to about
70 km, Below 70 km, however, the cluster ions continue to dominate. The net
result is as if the level Z, has moved downwards during these disturbed times.
The second feature that distinguishes the D-region from the higher layers is
the existence of negative ions. The ratio

1——N—N’
13
is a characteristic parameter of the D-region chemistry in the same way as [*

is for positive ions below Z,. The two parameters [* and % act like two important
sensors for the D-region chemistry,
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The primary negative jons are O~ and ;. However, as in the case of
positive ions, mass spectrometric measurements show the existence of a wide
variety of negative ions which cannot be the result of direct attachment. The
dominant series identified by one group was (NO;)(H,0), with a possible
admixture of (CO;)(HO).. with n=0 to 5. The results of the second group
showed that CO; was the major ion below 80 km, with HCO; and CI- and

NO; also present.

2.3, The disturbed D-region

There are two major kinds of disturbances in the D-region: one of solar
origin, the other due to lacal dynamic or thermal changes. In the first category,
we have the effects of solar flares and PCA's. In the second category, the most
important effect is the so-called winter anomaly and mesospheric warming or
cooling events that occur in winter at latitudes above 35°. In both cases, there
are profound changes not only in the ionization of the D-region but in the
nature of positive and negative ion composition as well.

For both solar flare events and PCA's the primary and fundamental effect
is one of increased ionization in the D-region. The actual magnitude of enhance-
ment depends on the severity of the effect. Some illustrative examples are
shown in figure 5. For a very large solar flare. or a large PCA event, N, at
80 km may increase from 10° cm to 14'cm™3, and the D-region will extend
well below its normal cut off at 60 km, to perhaps around 40 km. These large
ionizations in the lower D-region at heights of high collision frequency are
responsible for complete blackouts of HF and medium-wave communications;
they must, therefore, be anticipated and alternative channels of communication
planned. The increase in ionization is not the only effect observed. Apart from
a drastic reduction in water ion cluster percentage and emergence of NO" ions
as the principal positive ions above 70 km, there are probably changes in some
of the neutral minor constituents. Nitric oxide is believed to be enhanced during
a PCA perhaps by as much as a factor of ten; ozone concentration is decreased;
and atomic oxygen concentration increased.

Woe have so far discussed only disturbances of solar origin. Amongst those
of local {or atmospheric) origin the most important is the event known as the
Winter Anomaly. At latitudes abave 35° there are days when HF absorption
is found to be very large indicating that on these days either the electron density
or collision Irequency is increased. Several rocket Hights undertaken during
such anomalously high absorption days have shown that is N, that is enhanced:
this increase in N, extends essentially throughout the D-region down to at least
70 km (Fig. 6). It is believed that this change is a result of accumulation of
NO, which is built up by vertical transport of atomic species downwards from
the turbopause region,
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The scheme outlined in (@) gives 1wo
¥ If Tor low i

24. The chemistry of the D-region

OFf the solar radiation incident on the atmosphere, only the following
wavelengths can penetrate below 100 km:

{1) Shortwavelength X-rays.

(2) The series of windows in the range 1100-1300 &, including L,.

{3} Wavelengths above 1900 A.

Under normal conditions, the main ionization source below 65 km is ga-
lactic cosmic rays; that below 85 km is principally phatoionization of NO by
L, in one of the windows in {2}; and above 85 km it is X-rays in the wavelengths
up to 100 & and ultraviolet radiations in wavelengths less than 1030 A. The
first and the third processes produce initially N} and O ions, and the second
process NO* ions. The initial or the precursor ions are therefore, Nt and O
below 65 km; NO* ions between 70-85 km and NO*, O;, Nj, and O ions
between the 85-100 km.

The ions, however, do not remain in this form. The first casuaities are the
Nj ions, which are immediately converted into O ions through the reaction

Ni+ O N,+ O
which is very fast so that for D-region heights the lifetime of the NY ion is
in the range of a nanosecond to a millisecond. The principal question is how these
O; and NO- ions get converted into the cluster ions H(H,O},. At heights
where Of ions dominate (below 65 km, for instance), the sequence of conversion
is clear.

The most crucial chain is the following:

ki k; k,
. [+ '+ +
NO'—— NO NgEai NO CO;H—ZOD NO'H,O
R. Johnsen et al. (1975) have reported, from laboratory measurements, that
the forward reaction NO* - NO*N, is sufficiently fast with k,=2.03 10"
(3%9-)”. At mesospheric temperature (say Z0O'K} k, =2x10* s0 that at
80 km, the characteristic time of this reaction is only 4 seconds, well within
the required criterion. Of the two possible paths indicated in Fig. 7a, path 2
is preferred for low mesospheric temperatures.

Two most significant parameters in the D-region chemistry are respec-
tively nitric oxide concentration and atmospheric temperature, The role of the
former was recognized for many years and for a long time measurement of
nitric oxide in the mesosphere was a major target. On this, observational data
for quiet conditions are now adequate — measurements include those with «-
band photometers carried in rockets and in satellites and a number of iono-
spheric estimates. The NO profile has been shown to be the same, within
25 per cent, in low midlatitudes, although highly variable in polar latitudes;
the range within which the NO profile lies at heights between 70-100 km, can
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increase the electrop density,

For the negative ions, the sequence jg
of electrons to O and Q; to form Q- and Q;, which then
electrochemical series in the order of ;
hegative ions such as NO; and XA{H0),, are formed, The
through mytual neutralization with positive ions, for which ¢
is large (10-0.1¢- cm’/s), At intermediate steps the main p
nNegative ions are through detachment which may occur fro
of appropriate wavelengths (photo-dctachment) ot by collisions with the neutral
constituents of the atmosphere (collisiona] detachment),

In recent years there kas been some

form in which the more doubtful reactions are lum
whose value is get againts observationa) data,

Several such simplified schemes exist. The one that has found the widest
use is the six-ion scheme of A, P. Mitra and ] N. Rowe shown in Fig. 8. In this,
two major simplifications are made, as foilows:

(1} Since the relative <oncentrations
ions are not well-determined different orders of HH,0), are lamped together
as JH'(H,0),. From this total sum, the relative concentrations can be sepa-
rately determined.

(2) The main simplifications concern the hydration of NO+

to cluster
lons. Without actually identifying ¢h,

¢ Processes, the total rate of conversion
B
is given by a parameter B in a channel NO'-——*H'(H;O), which can be

estimated merely from the observed ratig of [EH‘{H;O),,J/[NO']. The re-
quirements of B to ensure that water cluster ions

cent of the total positive jons at 80 km is B~ 0241,

This six-ion scheme has allowed the formulation of a unified pictyre”

interpretation of a wide variety
Solar Eclipses,

picture gives a remarkably good account of the changes in cluster percentage,
s we see in figure 9 given by Mitra. In this, cluster ion Percentage is shown as
a function of 9(03) for different fixed levels, and typical conditi
solar eclipses, PCA's and Hares of different degrees are indicated. The most

338

Y1

AG
()
X ~
- <
1 ° E +°'
b4 +I
3y
] ]
=
I ©
N
1 © L,
~ | &
‘/,
Q'., 6
g + + o
L
_ o
T ¢ ZN‘ON
N
o

which combines reactions berween electrons and differem positive and negative

NO- ).
ions in & simplified way. The value of B ia obtaiped directly from cbeerved ratio of {EHO) /[ 1

Eis 8. The sis-ion scheme of Rowe and Mitra



Hydrated ion percenvage
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BRLALL) LA remarkable consequence is the change in ien composition as g(0}) is changed.
e oF OF 2 PCA At 80 km, the hydrated ion percentage reduces from a value of 50 per cent
{ ¢ i ¢ under normal conditions to only shout 5 per cent of the total for a very large
solar flare. This reduces the effective recombination coefficient by a factor of 5.
We also note that for lasge vaiues of g, the percentage of hydrates and con-
sequently the value of the effective recombination coelficient level off. Under
these conditions the positive ion chemistry reduces to the situacién of simple
molecular ion chemistry.

In addition, we now believe that {a) an increase in nitric oxide occurs
during PCA's and (b) during a winter anomaly there are increases in nitric
oxide as well as a change in atmospheric temperature. Furthermore, in recent
years attempts have been made in Boulder and Arecibo in the LISA, and in
at least one location in the USSR, to modify the ionosphere artificially by
heating. In such cases the D-region electron temperature is considered to be
enhanced from about 200°K to about 1000°K at 80 km, and consequently all
reactions in which electrons participate are affected. The consequences of this
experiment in electron temperature are an increase in N, above 65 km, and a
decrease in N, below 65 km (Tomko et al., 1980}, The calculated changes as
a function of (T./T,) are shown in Fig. 10.
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3. STRATOSPHERIC IONIZATION

3.1, Stratospheric Positive Ions

{o the stratosphere electrons are virtually non-existent, but positive and
negative ions are appreciable. Measurement of these jons and stratosphere have
been made for many years. lon concentration seems to be between 107 and
10° cm-! at stratospheric heights progressively increasing from low to high
latitudes. In some measurements, there are pronounced holes in ion distributions
that, we shall see later, may arise due to recombination of ions with aerosols.

To understand, however, the basic characteristics of the ion chemistry at
stratospheric and tropospheric heights, we should have information on ion com-
0 2 o B | position. There are profound changes in ion composition as we go down from the

10 10 Togd 1048 mesosphere to stratosphere {Fig. 2). The first such information came from
rocket measurements by Arnold et al. (1978) in Germany; there were three.
such measurements. The most important result in these flights was a changeover
Fio. 9. A eunifieds D-region picture — ! ion PH {Proton hydrate) dominance to6 NPH (Non-proton hydrate) dominance
abovel. As :,M. :.i_ The & increased m“n::eoslmur:ﬁ:“ um-m ::r::::?u“:::nn‘: ot it at about 35-40 km. Since there was a possibility that in the rocket measurements

S madiog flare. [x e ﬂ.,., plcret, a1 e 'mbe""n'n derate flars; OF - out- the higher order of cluster ions are dissociated, balloon measurements have

poneayed. been undertaken more recently. Three sets of balloon measurements have been

made recently one set by Arncld et al. {1978} (three daytime flights aver south
Woest France on September 2, 1977, September 26, 1977 and November 10,
1977): second by Olsen et al. in UISA, and the third set by Arjis et al. (1978).
The results in these three sets are not identical; furtheremore, there are distinct
differences between the balloon measurements of Arnold et al, and their eaclier
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tocket measurements, For example, the nature of ion seen is substantially
different and the NPH fractional abundance is considerably lower in the balloon
flights than in the earlier rocket Rights. Its value for the more recent balloon
Rights was:

Practional abundance of NPH=0.43 at 37 km.

A comparative listing of the ions seen in these different balloon and rocket
flights as well as possible identification of these ions (the basis of the iden-
tification will be discussed later) are given in Table 1.

It is believed that PH to NPH conversion occurs through the following
reaction:

H'H,0),+X > H'X(H,0} 4+ mH,;0
where X is a minor constituent to be identified and m depends on the difference
of proton affinities of X and H;O. One can derive the threshold concentration
of X by writing:
k[PH*}[X] =xN-[NPH"]

Armnold et al. used w;=5x10*cm’ s and k=109 cm’ s, The right-hand
side then is roughly 10-°. This means that the unknown reaction partner X for
PH should have a concentration larger than 6 X 10 cm™?, In an earlier work,
when only the rocket observations were available, Arnold et al. believed that
this unknown minor constituent X is perhaps CH,0O.

Subsequently after the balloon measurements were carried out, they
suggested X to be CHyCN. Arnold et al. concluded the following:

X=41+1 amu.

Tion=7000 sec {&)~7.5x10%cm*s! and n-= 2X10° em*Y)

trlPH > NPH) =(k[X])-'=%]-°-'—

[HX{H,0)]
=14x10% [X
[EL0),] X107 [X]
[X]=7x10" cm?

Mixing ratio of X=7x 10"

Proton affinity of X = 175 KCAL MOL-

However, a re-examination of these ions by Ferguson {1978) has led
Ferguson to believe that the unknown minor constiment is NaOH. The con-

sequences are the following:
X = NaOH
proton affinity = 248 KCAL MOL-

{NaOH] =10 cm?
HYH;0), + NaDH = NaOH;(H,0)n + (n-m}H,O Reaction fast

The identification of the ions on these basis is also indicated in Table }.
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3.2. Stratospheric Negative lons

3 sets of balloon flights were conducted by Acnold and Henschen (1978)
on September 2, 26 and Nov. 10, 1977. The uncertainty in the measurements
was =3 AMLL

The theoretical expectation of Pergusen (1979) and the tentative iden-
tifications of Arnold and Henschen are given in Table 2.

3.3. Role of Ions on Minor Neutrals in the Stratosphere

The ionic concentrations in the stratosphere are around 10° cm™? and this

is equivalent to a minor neutral concentration of 10f cm-®, At times when these
ionization densities are greatly enhanced as during particle events lollowing
solar flare, their roles become comparable to neutral processes. especially
through ion-ion recombination process gemerating active HO, and NO, (see
below).
In examining such role it is instructive to compare the time 7, taken by
an ion to combine with a trace constituent as against the time taken for ion-ion
recombination ¢, This obviously is going to be different for different trace
species. Where 1, <1; it is obvious that the role of ions on minor species may
begin to become important; also clustering of this kind has obvious bearing
on ion composition and nucleation. Por such calculations one must have a
reasonable reference model for trace constituents — one is given in Fig. 1t.

1.3.). lon Combination with Trace Constituents

An example is given in Table 3; this represents the conditions at 20 km.
The ion-ion recombination line for a 2-body process is about 8000s, but can
be as short as 255 where aerosol ions of giant sizes are involved.

3.3.2. Positive lons and Electrons
Production H/OH can occur through dissociative reactions:
) HOMHO e n+1)HO+H (742 1.5)x10¢ for n=4
= H;+OH 4+ nH;O (9.2 -+ 2.0) x 10 for n=35

Swider and Keneshea (1972) have pointed out that the normal O clustering
chain produces OH or H for every O; hydration through the sequences

H;O
{2) 01 -» O; - H,OH* — H,0; + OH
Thus for every O conversion to an oxonium ion, one OH molecule is gene-
rated. Since 90 % of all jonization by energetic particles by air will yield O;
ion, this means that OH production rate through (2) is equal to g.
Considering (1) and (2) together;
lonic Production of H/OH << 2q
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spheric OH/H Production Vis-a-vis neytral Production

oDy 4+ 1O -, 20H
HO 1y H4+OH

Swider and Keneshea {1972} hace considered Processes (1) and 2) *
or -
through: e

for a PCa event.

In the Stzatosphere, N, is ne,

is negligible. Hence here, Pligiable and o H/OH roduction through 0

P(OH, H)~q

333 Positive fon C!nsten'ng with CEM's

Poss:ble IOBS of CFM § {! -1 a d - .y
1 nd F 1 hl'Ol.l h reaction wi h H O
2) t g th H O ( ’ e )n

has been ; i
attee. nvestigated by Fehsenfeld et aj, (1976). The following possibilities

I
B HOM0). 4 CEC, - progyeg, } TS om o s )
<1V fop n=23

not observed tq occur for
n=0,1,23

(1) H;O“(H;O),. +CFCl, - Products

f:) NH:(H;O),.-}- CFCi, - Products
6) NH:(HJO). +CRCl, - Products
For reactiong of categor
the reaction rate is < |g-n cm’/y,
sz:-dfc)ﬂ the rate s <0 and for 6) <2x1gu cm’/y
el H,O*((I)-? CC;; N:;(H,O),. or NH:(NH,).,(H,O)., ions occu.r through:
(76)  NH: Ny (r;?) H"’Nﬁif“zo)mﬂm—nﬂzo ~10 g
+ WHIH0) 0+ HO o NH;{NH,).,(H:O).,,. (Clustering Reaction)

8} H;04H. N
followed Ly:( 20)s + NH, = NH;H,0), , H,0

{9a) NH;(H;O)., - NH;{H;O)..,_. +H,0
‘(991'») NH;H,0), +HCI & H;O'(H;OJ.H +NH,C1
c) NH:(NHJ,II-I(HJO)W"‘ NH, - NH'(NH.J..;H;O)

4

Positive jon System excepting
1 Concentration g large

H,0+ 4 CFECi, Products

EVCI’) fOl' tlu‘s, Since H;O is an .Il'ltel'.l'lledla(e 10n in the Chlstel Illg SEQUEIICC
of 01 and jt b C 3
d 8 COI‘ICEHII‘atIOﬂ 15 smal| ‘W& of CF 1 by ﬂlls Process jg ﬂeghglb]e.

3%

ol

3.34. lon-lon Sequences
The terminal negative ions will combine with positive ions yielding HNO,
and HO, through the reactions:

(10} NOJ(H,0),+ HiOH,0) —s HNO, + (n-+ m)H,0

M
(t0a)  NO{H,O).+ NH{H,0), — NH,NO; + (n+ m}H,0
(11} CO; (H0), + HyO(H,0}, » NO,
Process {10) takes an active NGO, out of circulation and generates an
inactive HNO, in the sequence.
Process (11}, presumably applicable at night when terminal iong are O
CO; or CO;, introduces an active NO, species in the system.
3.3.5. Direct Attack on O,
There are several reactions of negative ions which directly deplete ozone,
These may be described by:
(12) X-+0; 5 X0+ 0,
However, the only reasonably fast reaction of this kind is
{13) NO; 4+ 05 5 NO; + 0,422 ev (1.8 10-1)
For NO;, the rate is found to be less than 2 x 10-2 cm’/s: and for the terminal
Regative ions, the rate is not known. NO; being an intermediate ion with a
low concentration is of little consequence,
Ruderman, Foley and Chamberlain (1976) have examined the catalytic
destruction of ozone in the polar region using the following reaction:
NO;+ 0; - NO; +20,+ 0.8 ev
He also suggests that a similar cycle may proceed though C10; and
C10,,. Polar ozone (with seasonal variations averaged) will be governed by
the equation:

7:1?[0:] =5 (o + fcoswt) [ O]

in which S is an approximately constant source term {including divergence of
O; flow from other regions), a is the rate of O, outflow from the polar region
plus its destruction rate, 2k, [NO;]o where [NO;j, is the mean ion density
and B=2ZkA[NG;].

Assuming for 20 km in polar tegion

[NO;)o=6.0x10° cm?

[NO;] =0.7 % 10° cm*
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they ;(:lnc::le“:in that the qurted polar cap ozone variation of about 6 percent
iy unl; and minimum solar activity is obtained for k _3P2 131‘
or the outflow time of total ozone {z) =3 months H:::rev):r a

X , as

we have pointed out before, th i
e Pointe [aboratory,' 18 requirement of 3x 102 em'/s js lacger than

_Other reactions that may b
available include the following::

C0;+0; - 0; + 0,4 CO,
O;(H;0), 4+ 0, - Product:

e considered and for which reaction rates are

{L.3x 100}

(2x 100
3.36. Dissociative Attachment of CC1, CFCI, and CF,.Ci
2

Another type loss process for Chlorine compounds is the following :

CCly+ e - products (4.1

A x 107
CFCl4e - products (1.4x 10-’;
CEiCli+ e - products 2.4 10%)

However, attachment loss rates through the

are a thousand times smaller than loss by attach::er‘::mt: 35:! faiven by KIX])

337, Negative lons and CFMS

The followin
guson (1974):

CO;+CR,Cl, - roducts
CO;+CPRCly —» ;-oducts
NO; + CR,C) 1 - products
NO; + CPCl, - products
0;+CE,Cl1, —» CI-4+CEC1 + O
2 2.1 x 10w

g+ CFCly = CI-+ CECL,+ 0, (2.6;(1(?-”))
Of(H;O) +CFE.Cl, —» products (<1 10-1)
Of(H;O)z+CFzCl; = products (< | x 10-1%)

f(H,O},+ CF;C]; - products (<1 x 10-13)
O;{H;0),+ CPCi, -» products (<101 n=1)

lo-i) P
Also NO;j + HC1  CI- + HNO, (1 4 1‘0'39_) 20
followed by:

C|‘+HNO,->NO;+HC] (1.6
) \ 6 10-2)
or CI-4Ci (H,O),,-g—H*(H;O),,-—» HCh +{n+m)H,;O {releazing HC1)

Cl- ions h i
o strams:;zl:cen observed in the Ionosphere. C1X-

9 processes have been considered by Pehsenfeld and Fer.

all slow

should be important in
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3.3.8. lons and Aerosols

We are concerned with the following types of effects:

(a) Combination of small ions with aerosols (charged and uncharged})
for which the coeflicient is b.

{b) Combination of small ions with uncharged aerosols for which the
coefficient is .

(c) lon-ion recombination mvolving aerosols ions, including:
(a} positive aerosol jons with negative aerosols ions
(b) positive aerosol ions with NO5(H,O), or CO(H;O),
(c) negative aerosal jons with N;O(H;O},.

Dixon and Jennings {private communication) from experimental measurements
of small ion decay with submicrometer aerosol particles, found:
; 239 = 0143 10-* cm?/s
{from 14 plots of small ion decay)
: 0.30 o 224 10
for £=1.26 t0* to 4.0x 10 cm/s
: 0.39 to 234104
for r=1.26x10% to 4.0 x 10 cm¥/s

lon-ion repulsion coeflicient

Combination coefficient of
amall ions with aerosols (b)
Combination coefficient of
small ions with uncharged
aerosols (n.)

Hoppell {1974) found experimentally:
bx rl‘n

in comparison to the theoretical value of
boct! ¥

The continuity equation for aerosol ions is given by:

T,
dn*- o=
=g—antn-—nt § Blr) He)dr
a4 fr..?.,
where f is the ion-annihilation coefficient with atmospheric aerosols,
f(r) is the aerosol size distribution,
r is the radius of the aerosol particles,
a, is the ion-ion recombination coefficient,

Zikmunda and Mohnen (1972) have evaluated { 3{r)f(r)dr for the stratosphere
and found it to be much smaller than the ion loss due to recombination for the
unperturbed stratospheric particle lead. This is, however, in conflict with the
general belief that presence of aerosols depletes the concentration of small ions
and that occasional depletions seen in positive ion prolfiles is, in fact, a measure
of aerosols. Later we shall see this is indeed the case under certain conditions.

9
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4. TROPOSPHERE - STRATOSPHERE - MEsospHERE ScuemE

We have used two approaches: in the first, complete negative and positive
ion sechemes are used with the addition of a set of reactions involving aerosols
both in negative and positive jon sequences; in the second the 6-jon simplified
model used by us earlier (the so-called unified scheme which has been found
to be fairly effective over a wide variety of conditions in the mesosphere in-
cluding solar flares, eclipse and PCA's) has been expanded in the light of
criteria listed in Introduction,

We will discuss here only this simplified but expanded sc
is given in Fig. 12, This scheme has been used sometimes |
a more complex clustering sequence of positive iong
of ion composition in the stratosphere be
possibilities of PH to NPH conversion

heme. The scheme
N conjunction with
given in Fig. 13 when details
comes the main interest, The different
are shown in this diagram, Where the

re that in the latter, al] the four ion-ion
are appropriate for small ions, whereas
component varies from 7x Q- st for gy, to

recambination coefficients are equal and
in the former two body
2X10%cm’ s for an.

It is also important to remember that the ion-jon recombination coefficient
is no longer limited to two body process that we use for the mesospheric heights,
We have to use the expression of the type
#:=a(2 body) + a3 body)
T \-08
= - (2520,
=a(2 body) -+ 23 10 Hh(-m-)

os
For the two body component, the value is taken to be 6x IO-'(?'(I;—O—) o’ 5!
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for processes involving CO;.,(H;O),. or NO;(H;O). +H;0‘(H20).. For aerosol
particles the two body component is taken to be 2X 104 cm) g, For the com.
bination coefficient, given by B. we use the values obtained recently by Dixon

and Jennings. A short summary of these are given in Table 4.

Another important input is q{CR J. the ion Pproduction rate due to galactic
cosmic rays. If the role played by aerosols has (o be properly examined, then
9{CR) must be known with a good deal of accuracy, As we shall gee later when
there is a strong layer of aerosols, the effect is 5 diatinct hole jn the ion profile
which is easily measurable, However in cage of monotonicaily varying distriby-
tion of aerosol particles, the ion concentration that one would have obtained
in the presence of aerosols differs from one that one would have obtained in
the absence of i by an amount which is not very large and shoylq exceed the
error involved in the yse of AlCR} values. The conclusion by Zikmyndy and
Mohnen (1972 } that the aerosol attachment terg iy negligible and the conflict-
ing belief amongst the Japanese workers that there js 5 distinct and measurable
difference between the observed jop concentration and the expected valye, rest
primarily on how wel one can determine 9(CR), The values that we have used
in this work are thoge recently synthesiseq by Heaps (1978).

When we use the scheme in the presence of aerosols of the type given in
Fig. 14, we get the positive jon distribution shown by the curve 5C in Fig. 15,
The monotonic distribution of aerosols given by Hake (1973} are shown by
the dotted line and no-aerosp] case is shown by the solid line, [t ;5 clear that
an aerosol layering of the type given by US 1974 Mode! will produce a distinct
and a large jon hole that should be €asy to measure. Thus by measuring possible

involving NO; in which the reaction rate s ).§y |o-1t cm’s. NQ; being an
intermediate ion, this reaction has np sych significance. Ag we have also indi.
cate before, the rate jg found to be Jess than 10-2 et gt g NO; but again
this informations is not of much significance, since what we are really concerned
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ith are the rates for reactions involving NOj(H,0),. CO;},S{H:COP(),::;
g't(H,O). It is important to note that g(']:;g)},+ n?; ;:::d;:;:y , feported
2 - . .
~2X10-%cm?*/s) and since (H,0), - .
lo' be f:“ t}'le zt::posphere. such processes cannot be entirely q;no:"eea::.!1 randing
mm;’th nnext term (PH to NPH conversion) is of importanc:fin unn ratanding
th nat:rc of ion composition but is unlikely to have any effect o
. *
ﬂt“tl:;‘lh ct:t::orrl; which are likely to be important (]espscially.ac:ll.::nfeiiﬁbia
y i in the table. Dissociati -
th, 7th and the 8th reactions in t . ombi
are:'tlmo‘:'th‘r':s)ton hydrates with electrons and conversion of H:O;Ietow I:er:
nﬂ:;’ . Hg molecules which are active components in the ozone l); If. ere
produce t ne' ligible, the two together generate 2(0H) pet ion |:: ;mova Jon
Ne is “,on mgcrcases as during pronton flare events or dl.!.l‘lllg ” pw'.th ey
Pl‘Od‘“ﬂ"J e have corresponding increases in OH production ra;feﬂ ith sigoi-
Elc(]:;?“:ff:ts on ozone concentration. Thus sot!ar p{otoni‘ei:e(l:;s!estz t the ozone
i he production of nitric ox :
;}"cl;rl"s:rya::tt;:lzn?:‘l::?hhats ebepen considered in the mtt:']:fretatal::do:) ?lug::.t
72 can i Iso through incre
th, Crutzen and Reid) but a pre-
tligz.rtzioiast;rl::zg}l:e:hc channel Of = HyO* - H,0;. Th_u; :ol:;;:oi(:; Sie;emd
I':oulcl be operating in a two fold path, only one of which ha
s

in the past.
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TasLe 2, NEGA’IV’B IONS IN THE }THTO }:muz s

A. THEORETICAL POSSIB]LITIé S,
NO;XH,0), A e
CO;X,(H,0), K
O;X(H,0), '
. eg. NO,(H,O).(SO,).(HNO,). (Ferguson 1979}
z 2
& B. ARNOLD-HENSCHEN MEASUREMENTS
F4
5! Observed mass number Tentative identification
§ o 125 42 NO;HNO,
; 161 = 2 R-HINO,
1882 NO;HNO,HCI
g NOHNO,)2
M n = 197+ 3 R-HR
Elg i 9 2243 R-(HNO,),
2 ~ 3 “ E 260 + 3 R-HR HNO,
3% oo # PV, 289 %3 R(HNQ,)3
" N R 2 2 NO{HNO,)3HCI
8 [gg = 2953 R-(HR),
w NN N
o
: §§ a; '.;;H él ﬂé’ :,I 3 Three sequences
E LA e 1) NOHNO.),
£ . 2) NOIHCINHNO,), n=123
) g g 3) R{HR).(HNO,), HR=98 « 2
-— °
" 5y g m+n 3
g ;-§ 3 HR H,SO, or HC10,
i .
Z 400 v Fua -
H LI F
=8 & 3§ & &g b
g2 £ z 2 2 2
E g
=) ]
g Pos
o PR = = 2 o 2
-1 2 22 32¢ @
2 »E g L3 rz L g
& X = Xr XX F F
g 3= TE o orax g
/g

R




2-BODY % -~ 8000 SMALL 10Ns
2-BODY . Ti~ 600 SMALL 10NS
3-BODY

e~ 25 LARGE IONg

lon interaction time with

trace constituent
—_—
0, 4102 ¢-3 105

HNO, 8x10° 61024

HC1 2y 100 25%101 5

C1o (10¢) (500s) TOO LARGE
OH (3x10%) (3000s) TOO LARGE
HzSO¢ {10°— 100) (5000-55) LARGE M)
NH, <10° >02¢

CF;CI; Ix1pe 23

CFCI; 108 5s
CH, 2x10m

i

EMISTRY
loNic REACTIONS OF INTEREST IN NEUTRAL CH

TABLE 4.

X-+0;» X0

Direct Oy loss

H,, CGHOH, CH,CN,

CH;O, HCN, CH,CH, N

NaQOH etc.

PH = NPH

h}m ]lon Concentrations )

Aerosals = X+
{Decrease in

Acerosol
Clustering

PH -

H/OH Production {Active Components in O, Cycles)

PH4e

OH Production (Active Components in O, Cicles)

(total 2[OH] per ion pair)

H:C+ - H,O:

5%

¥4 [ ] NO—(HZOJ:: b d HNO) ﬂmm}
HJ%?)?,LIK,O‘?H,O),. ~» HO, (Active)

5,

. . ¢ in Oy cycle)
No Production {Active cmm in O

(13 NO molecules per Ion

GCRI _, no
SPE}
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