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(/ The seasonal and latitudinal variations of stratospheric small ion density and conductivity are
studied using a simplified ion-aerosol model which includes the charged aerosol-ion recombination
and charged aerosol-aerosol recombination, in addition to the usual ion-ion recombination and ion-
aerosol attachment processes. The charged aerosol-ion recombination coefficient is computed from
the model and the desirability of such a computation 1S discussed. The model computations in this
study assume the background stratospheric aerosols (or Hake distribution), but the model is particu-
larly useful in the study of stratospheric ion density and conductivity under conditions of enhanced
stratospheric aerosols resulting from volcanic eruptions. The model results show seasonal and lati-
tudinal variations of both small ion density N± and conductivity -a±. It has been shown that the lati-
tudinal variation of a± is primarily controlled by the corresponding variation in N± , whereas, the
seasonal and height variations of a± are largely governed by the corresponding variations in the ion
mobility b±: The available experim~n~al p}.ofil'.es for.. 10:tW'ddle and high latitudes show good
agreement with those from model prediction- (~i} f) /'\0Jf >(.-

1 Introduction charged a~rosols with ions as well as the charged
Small ions consisting of aggregates of a few mole- aerosol-aerosol recombination would result in the

cules determine the stratospheric conductivity. The depletion of small ion concentration more rapidly
small ion density is controlled by the ionizing me- than in the absence of aerosols. Thus, the formation
chanism for the production of ions and electrons of the less mobile aerosol ions and the reduction of
and the loss processes for these charged particles. more mobile molecular ions alter the stratospheric
Ion production in the stratosphere is chiefly due to ion conductivity and hence the electrical nature of
galactic cosmic rays (ionizing Oz and Nz) and the re- the stratosphere. The ever present background aer-
suiting electrons and positive ions undergo several osol concentration, referred to as Hake distribu-
hydration reactions which lead to the formation of tion 1, will be vastly enhanced following volcanic er-
negative and positive molecular ion clusters re- uptions.
ferred to as small ions. These singly charged ions Stratospheric ion density and conductivity have
have mobilities large enough to move considerably been measured by balloon-borne instruments by
under the influence of the electric field and thus de- several research groups covering equatorial,middle
termine the stratospheric electrical conductivity. and high latitude locations for normal (background)

The equilibrium density of ions (positive or nega- aerosol corrditions and following volcanic erup-
tive) is governed by the equations of continuity for tions."" Simplified ion-aerosol models have been
the production and loss of the ions, where the gain used9-1Z by several research workers for validating
and loss of ions due to transport is neglected. The the experimental measurements of stratospheric ion
ion-ion recombination of the molecular ions is density and conductivity and also to predict changes
greatly altered in the presence of stratospheric aero- in these parameters due to enhanced aerosol load-
sols or particulates. The attachment of small ions to ing." However, in these models, the loss of molecu-
aerosols produces the charged aerosols referred to lar ions is considered as solely due to (i) ion-ion re-
as large ions which are less mobile than the smaller combination (c, recombination coefficient) and (ii)
molecular ions. The subsequent recombination of ion attachment to aerosols (f3 attachment coeffi-

cient). The other two types of losses arising from
are: (i) the recombination of molecular ion with
the oppositely charged aerosols (as recombination

"This paper was presented at the National Space Science Sym-
posium held during 11-14 March 1992 at Physical Research La-
boratory, Ahmedabad 380 009.
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By solving Eqs (4), (5) and (6) for
A± = No - N± [see Eq. (10)), we get:

N± =[R± (B2-CD)112]/C

and also from Eqs (5) and (6), we have
(3Z=(q- ajNi + a2Ai)/(2N±)
where,
R= a2No+ {3Z
B= a2No- {3Z
C=a2-aj

D'<q+cu N];
Again, by simultaneously solving Eqs (5) and (6) for
as (by eliminating PZ term) we get:
as=(q- ajNi - a2A~)/(2A± N±) ... (9)

Fig. I-Simplified ion-aerosol model used in the present study The ion depletion l:!..N, i.e., loss of molecular ions in

coefficient) and (ii) charged aerosol-aerosol recom-
bination (a2 recombination coefficient) have been
incorporated in the model study by Datta et al.13 Of
these two losses, the first one directly affects the eq-
uilibrium density of molecular ions, whereas the
second loss process, resulting in the liberation of
neutral aerosol particles which in turn enter the
reaction chain (for attachment loss of molecular
ions), also depletes the molecular ions. Obviously,
addition of these two ion loss processes in the ion-
aerosol models results in a more realistic ion aerosol
reaction scheme. However, the model computation
of ion depletion due to background aerosols (Hake
distribution 1) remains unaltered with or without the
inclusion of the above mentioned additional recom-
bination coefficient as and a2• It is found that the
background aerosols produce less than 10% ion de-
pletion at stratospheric heights.4,9,13 For the model
prediction of equilibrium ion density and stratos-
pheric conductivity for enhanced aerosol conditions
(where ion depletion can be larger than 10%),it is es-
sential that all the four ion loss processes mentioned
earlier should be used. Results of the present analy-
sis for large ion depletion conditions show the res-
trictions and limitations of the range' of the values of
a2 and as that can be used in ion-aerosol model
studies. These and our model results on latitudinal
and seasonal variations of the stratospheric ion
density and conductivity for the background aerosol
concentration are presented in this paper.

2 Simplified ion-aerosol model, small ion density
and stratospheric conductivity
Figure 1 shows the ion-aerosol model used in this

study. In this model, the detailed reaction paths for
the formation of individual cluster ions are not con-
sidered and hence, the individual ion densities are
not considered. The total number densities of posi-
tive and negative ions are taken to be equal from the
charge neutrality criterion. The cluster ions are
grouped together fmd the equilibrium ion density is
computed from the equations of continuity which
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include the tour types of ion losses (Fig. 1). The po-
sitively and negatively charged aerosols formed due
to positive and negative ion attachments, respect-
ively, are also considered to be equal from the
charge neutrality criterion. The.recombination.coef-
ficient for the positively and negatively charged mo-
lecular ions with the oppositely charged aerosol ions
are taken to be equal-in our model. The equations of
continuity for (i) small ions in the absence and in the
presence of aerosols and (ii) the charged aerosols
are:
dNo/dt= q- aj Nij
dN±/dt= q- ajNi - {3ZN± - asA± N±
dA± /dt= (3ZN± - asA± N± - a2A~
where,
q Cosmic ray ion production rate
No Positive/negative ion density in the absence of

aerosols
N ± Positive/negative ion density in the presence of

aerosols
A± Positively/negatively charged aerosol density
Z Aerosol number density
f3 Aerosol-ion attachment coefficient
c, Ion-ion recombination coefficient
as Charged aerosol-ion recombination coefficient
a 2 Charged aerosol-aerosol recombination coeffi-

cient.

. , , (1)

... (2)

... (3)

Under steady state conditions Eqs (1), (2) and (3) re-
duceto:
No = (q/ayl2 ... (4)

... (5)

... (6)

q-ajN; -PZN± - asA± N± =0

fjZN± - asA± N± - a2A; = 0

N ±, with

... (7)

... (8)
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the presence of aerosols is:
AN= NO- N± ... (10)

This is also equal to the charged aerosol density A ±
The fractional depletion rI.. = AN / No) of small ions
is also used in the computations. We thus have

AN= A±; TJ=(AN / N(})=(A± / No) ... (11)
UsingEq. (11) and Eq. (4), we can write Eqs (8) and
(9), respectively, as:
{3Z= No TJ{ai (2 - TJ)+ a2 TJ}/{2(1 - TJ)} ... (12)
as = {aj(2- TJ)- a2 TJ}/{2(1- TJ)} '" (13)

The conductivity of the stratosphere is related to
the small ion density and ion mobility. Defining ao
and a± as the conductivities in the absence and
presence of aerosols, respectively,.we have
ao=Noeb±;a±=N±eb± ... (14)
where,
e Electronic charge
b ± Ionic mobility
Taking Aa as the reduction in conductivity due to
depletion of small ions, we have
Aa= 00- a±
The ionic mobility b ± is expressed in terms of the
reduced mobility bo at NTP and the ambient tem-
perature Tand pressure P (Ref. 14) as follows:
b± = boPo T/(1OP) ... (15)
The value of Aa can be obtained in terms of the
model parameters ai' as, {3Zetc. from Eqs (5)-( 15).
Following the method of Gringel et al. 2 we get
Aa= {3Zeb± /[2:adf(Aa)} - aJ ... (16)
Here, [(1:1 a) = 1 +{Aa/(2a±)}
It may be noted that the denominator in Eq. (16)
contains as as the extra term (from our model) as
compared to the results of Gringel et aLl The above
equation [Eq, (16)] is quadratic in Ao and solving
this we get:
Aa=[{±(P-4EG)I!2}-F]/(2E} ... (17}
where,
E= as- aj

F= (2 aj - aJao + {3Zeb±
G= - ao{3Zeb±

For the case of aerosol free environment (i.e. {3Z= 0)
we have Aa= 0, and hence in Eq. (17) the positive
sign inside the curly bracket is appropriate. In the
presence of aerosols and depending on the magni-
tudes of the quantity {3Zand relative magnitudes of
aj and as' we get a range of values for Aa with

± sign in Eq. (P). For a realistic situation (where
o <N± < No 'and 0< a± < 00), we consider only the
values of AaWhich satisfy 0 <Ao< 00, In our mod-
el study, we compute N± and Aa for the model in-
puts on q, aj, a2, as and {3Z, and hence obtain
a ± =;( ao -1:1a). Since {3Zcan be expressed in terms
of the ion depletion TJ[Eq. (12)],our model can also
predict the ion density N± and conductivity a± for
an assumed aerosol concentration Z and size r
(through the dependence of {3on r).

We have used the available parametrization for-
mulae for computing the latitudinally and seasonally
varying height dependent values of q (Ref. 15) (using
the neutral density [M] data from the reference at-
mosphere of Cole and Kantor") and aj (Ref. 17).
The temperature and pressure data are used for
computing b ; [Eq. (15)] with bo= 1.3 cm2y-ls-1

(Ref. 2). The aerosol concentration Z is considered
for two different radii r= 0.04 ,um and 0.4 ,um (Ref.
1) and the corresponding attachment coefficients {3
are taken from Zikmunda and Mohnen.l" The va-
lues of as and a2 for our model computations are
discussed in Sec. 3.

3 Methodology
We can compute N ± and a ± from the Eqs (7),

(10), (11), (14), (16) and (17), for the input data on q,
aj, etc. and as and a2 from parametric formulae. 13

The derived height profiles of a ± are shown in Fig.
2 for the background aerosols with r= 0.04 an<.lO.4
,urn ({3Z values are shown in Fig. 3). Also shown in
Fig. 2 are the experimental conductivity profiles for
39° and 69"N (Refs 3 and 5). We note that the exper-
imental profiles show a monotonic increase with
height, whereas the model profiles exhibit this prop-
erty only up to 32 km and, thus, the nature of height
variation for the experimental and model a± pro-
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mulae!' for a2 and as
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files is similar only at lower heights (below 32 Ian).
This aspect is observed for larger aerosol concentr-
ations also, where PZ is computed for ion depletions
71> 10% [Eq. (12)]. For higher 71 values we find
Aa> ao, which arises because oflarge as and a2oVa-
lues that go into the model. To avoid this unrealistic
situation, we compute as from our model for an as-
sumed a2 (or, vice versa). For this, Eqs (8) and (9)
[or Eqs (12) and (13)] are used in our model. The
computations are made as follows:

To start with, a large value of a2 is assumed and
as is determined from Eq. (9) [for Hake distribu-
tion 1or any other assumed aerosol concentration or
ion depletion, Eq. (13)]. This as should be positive.
If not, a2 is reduced in steps to get a positive value of
as keeping the other input parameters unaltered.
With this as value, the quantity Aa is determined
[using Eq. (17)] which, for the realistic condition,
should be 0 < Aa< ao.These computations are car-
ried out with an iterative procedure to arrive at the
realistic values of as' a2 and Aa, and hence a±. We
find that a2 = 2 x 10" 6 cm''s" 1(Ref. 13) satisfies the
above mentioned requirements and the derived as
profiles are discussed in Sec. 4.

4 Results and discussion
Although our model computations cover a wide

range of locations (0-75°N in steps of 15°), we are
presenting the results for 0, 30 and 60° as represen-
tative of equatorial, middle and high latitudes. The
computations are also made with [M], T and P for
January and JUly16for determining seasonal varia-
tion in N ± and a±. As mentioned earlier, the model
results are obtained for the background aerosol dis-
tributions with r= 0.04 and 0.4 pms (Ref. 1).

Figure 3 shows the height profiles of ai' a2 and
PZ used in our model and the derived height pro-
files of as from the present study. The height varia-
tion of ai and as are similar, and as exhibits an in-
verse dependence on aerosol size. For comparison,
we have shown the as profile from the parametric
formula 13. At higher heights, these as values 13 are
very large compared to the values derived from our
model. Figure 4 shows the computed profiles of N ±

and A± where latitudinal and seasonal variations
are seen only in N ± and not in A ±. The seasonal
variation in N± (Fig. 4) is more obvious at higher
heights and higher latitudes because of the signifi-
cant variation in P and Twith height and latitude. In
Fig. 5, the height variation of mobility b ± for the lat-
itudes 0, 30 and 600N and for January and July are
similar with monotonic increase with height. We
note an inverse dependence of b ± on pressure
[Eq. (15)].
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Fig. 4-Model profiles showing seasonal and latitudinal var-
iations of N ± and the variation of A ± for Hake distribution of

aerosols

Figure 6 shows the model profiles of a± and a few
of the experimental profiles for the three latitudes.
We note that the model a+ varies with height and
season similar to the corresponding variation in b ±

(Fig. 5), whereas the latitudinal variation of a± fol-
lows closely the corresponding variation in N ± (Fig.
4). The experimental profiles for the equatorial,
middle and high latitudes show close agreement
with the corresponding model profiles, particularly,
in respect of height variation. This agreement in
Fig. 6 compared with Fig. 2 brings out the necessity
of using as from our model computation based on
a2 and pZ, rather than using a parametric formula. \3

It is also possible to derive the height variation of a2

for an assumed value of as and pZ, for which case
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also we find a close and similar agreement in-the
height variation of a± from the model and experi-
mental studies (Fig, 6).

We have also obtained model values of-Aoand
hence a± for small ion depletions larger than 10%
[Eqs (12) and (17)], which would be the case for en-
hanced aerosol environment such as volcanic erup-
tion effects. For these conditions we find that with
the as values from the parametric formula" in the
model would result in So> ao, which is unrealistic.
This is not so when we use as value from our model
as discussed above. Thus, it is essential that the par-
ameter as is derived for an assumed value of a2 and

pz (or n). Alternatively, we can derive a2 for an as-
sumed as ana pz. Thus, it is necessary to be cau-
tious in model computations of N ± and a± where
the ion-charged aerosol recombinations is incorpo-
rated. This is particularly so in the presence of en-
hanced aerosol environment. It is needless to say
that the models using ai' pZ, as and a2 are more
realistic than the earlier models incorporating only
ai and pz.

5 Conclusion
The previously used models2.6.8-12for predicting

the height variation of stratospheric conductivity do
not incorporate the recombination loss of opposite-
ly charged aerosols with one another or the loss of
charged aerosol with ions. However, the use of the
available parametric formulae'! for these recombi-
nation coefficients in the model leads to the predic-
tions of height variation of stratospheric conductiv-
ity which do not agree with the experimental mea-
surements, particularly, at higher heights. Our mod-
el study shows the desirability of deriving the above
mentioned recombination coefficients analytically.
The measured conductivity profiles show a good
agreement with those from our model prediction.
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