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1. MATHEMATHICAL DESCRIPTION OF THE PROBLEM

1.1. Role of charged particles in the air

The air is a notably complex environment containing hundreds of gases and
particles of various types (Junge, 1965; Karol et al., 1983; Batcher and
Charlson, 1984). If we took only the weight aspects of the air into consideration,
we would confine ourselves to the study of a very limited number of compounds
of the air. Any investigation of the processes, specially the chemical processes,
proceeding in the air shows the great importance of many various gases and
particles which can be characterized by relatively low abundances but also by a
considerable activity. A survey of electrically neutral gases found in the air will
be given in Chapter 3. In addition to the gases mentioned last, the air contains
different particles of various sizes, the total mass of all particles is about a few
dozen milligrams per cubic metre (Kikas et al., 1990; Kikas et al., 1992). The
particles can be charged or not, in this work we will deal with the small charged
particles or small ions. The definition of small ions will be specified in the Article
1.2,

The charged particles of the atmosphere have thoroughly been investigated
since the beginning of this century, the early works have been reviewed in detail
by (Israel, 1970). According to the earlier concepts, the evolution of atmospheric
ions should be viewed as a two-stage process consisting of the arise of ions via
ionization followed by the sink of ions via various recombination processes. The
concepts of that kind have resulted in contradictions between the assumed ion
composition and the observed ion composition. These contradictions have given a
rise to new concepts which have started to point out the importance of chemical
transformations of ions via ion-molecule reactions (Narcisi, 1966; Danilov,
1968; Fehsenfeld and Ferguson, 1969; Mohnen, 1971; Danilov and Vlassov,
1973). The first works dealing with the transformations of ions mainly concerned
the upper levels of the atmosphere. But it was only after the publication of the
papers by V.Mohnen in the 1970s, summarized by the survey (Mohnen, 1977),
that the new concepts were also applied to the processes taking place in the
near-ground atmospheric layers.

In the near-ground air, the charged particles are generated both by the cosmic
radiation and by the emissions of radioactive gases (Israel, 1970; Mohnen, 1977;
Smirnov, 1980). The steady-state concentrations of the charged particles are
determined both by the ionization efficiency, and by the recombination
conditions. On the occasion of the approximately natural ionization conditions of
the air (up to some tens of ion pairs per cubic centimetre in a second), the total
concentration of the small ions of the same sign generally ranges between about
200 and 1500 ions per cubic centimetre (Israel, 1970; Tammet et al., 1992).

Although the concentration of the ions in the near-ground air layer is
comparatively low (for example, compared to the concentrations of most neutral
gases), the role that the ions play in the air is significant. The atmospheric ions
are entirely responsible for electrical conductivity of the atmosphere, in addition
they have a certain (up to the present partially unknown) role in the processes of
the generation of aerosol, and, consequently, in the formation of precipitations
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(Arnold, 1980, Keesee and Castleman, 1982; Castleman, 1988; Mohnen, 1990).
Additionally, the knowledge about the processes taking place in the course of the
evolution of ions have a considerable importance because the composition of ions
can be measured more easily than the composition of neutral gases. It is
especially the case when the mobility spectrum is used in estimating the
composition of ions. Some interesting results obtained by means of the mobility
spectrometry imply that in principle the ions could be employed as a very
sensitive indicator for the complicated processes taking place in the air (Tammet,
1975; Salm and Matisen, 1977; Iher and Salm, 1982; Parts and Salm, 1992;
Parts, 1992). There have been some attempts to realize the potentialities of the
atmospheric ion spectrum; the respective method is called “plasma
chromatography” (Cohen and Karasek, 1970; Hayhurst et al., 1992).
Unfortunately, the actual capabilities of plasma chromatography enable to
identify only a few neutral gases under certain conditions. In order to use the
atmospheric ion spectrum as an exact and universal indicator for the processes in
the air, a sufficiently completed model of the evolution of the atmospheric ions is
required. Up to present, no existing model meets the requirements.

The present work has set the following purposes: First, the detailed survey of
the current knowledge about the processes of the conversion of ions will be
given; secondly, proceeding from the compiled survey, a model will be formed, as
adequate to the current knowledge as possible.

1.2. Problem of the specification of a “*small ion”

As regards the charged particles (otherwise called “ions”) occuring in air, they
can have various masses, ranging from electrons to large aerosol particles. There
is no universal definition for the term “small ions” Sometimes, small ions are
determined either as ions having electrical mobilities of about 1.0 cm2(V s)
(Israel, 1970) or as ions with a mobility from 0.5 cm2(V s) to 2.5 cm2(V s)
(Salm, 1993). At times, the region of small ions is divided into subregions, e.g.
from 0.5 cm2(V*s) to 1.4 cm2(Vs), or over 1.4 cm2(V s) (Cabane and Milani,
1983). In some works, the region of small ions mentioned above is restricted
from below: the ions having a mobility of about 0.5 cm2(V s) are considered
specific ions, called “intermediate ions” (Tammet et al.,, 1992). On the
substance, the small ions are often identified with cluster ions (Salm, 1993), but
such a consideration seems to be valid only in case we treat the ions with the
mobility of about 0.5 cm2(V-s) or less differently from the rest of the ions
located in the region of the small ions. As to the majority of the small ions (the
ions with an electrical mobility of about 1.0 cm2(V s) or more), the mass of a
respective ion should be as big as 400 a.m.u. (Kilpatrick, 1971). The ions with a
similar mass are indeed typical cluster ions, the evolution of which can be
described by means of ion-molecule reactions, on the one hand, and by means of
the recombination processes embracing the air ions, on the other hand. As
regards the ions with a mobility of about 0.5 cm2(V s), masses of such ions
should be over 1000 a.m.u. An ion having so high mass can not be considered
cluster ion because the evolution of an ion of this type can not be described by
means of the ion-molecule reactions.



As regards the problems of specification of a small ion, it is essential to point
out that actually, the relation between the mobility of an ion and the mass of the
ion can not be exactly determined. In principle, the mobility of an ion depends
both on the nature ofthe ion and on the parameters of the environment. At certain
approximations the mobilitities of air ions can be calculated by means of the
Equation (1.1) (McDaniel and Mason, 1973; Freeman and Armstrong, 1985;
Salm, 1993; Tammet, 1995):

(1)

where k is the mobility of the ion, g is the charge of the ion, N is the
concentration of environmental gas, m is the mass ofthe ion, M is the mass of the
molecules of the environmental gas, T is the temperature, and Q characterizes
cross sections of collisions between the ions and the molecules of the
environmental gas (collision integral). Nevertheless, the practical employment of
the Equation (1.1) leads to considerable complications. Therefore, in case of
many problems, specially in case of estimates, various types of semiempirical

equations are preferred, such as the Equation (1.2), obtained by (Tammet, 1992)
on the ground of the data reported by (Kilpatrick, 1971). The Equation (1.2) is
also used in the present work to obtain the estimates concerning the relations
between the masses and the mobilities of ions. Still, some other relations between
the masses and the mobilities, different from the one determined by the Equation
(1.2) have also been reported, e.g. relations presented in the paper (Cabane and
Milani, 1983) result in the masses about twice as big as those obtained by virtue
ofthe Equation (1.2). The mass-mobility relationship reported by (Huertas et al.,
1974) is similar to the relation determined by the Equation (1.2) as long as the
ions with masses over about 100 a.m.u. are concerned. The former differ from
the latter, resulting in the masses exceeding the ones obtained by the Equation
(1.2) as soon as dealing with the smaller ions. In the present work we prefer the
reletion determined by the Equation (1.2) because, on the one hand, the Equation
(1.2) has been obtained on the ground of the analysis of a large amount of data
reported by (Kilpatrick, 1971), and, on the other hand, a great number of results
reported by many other works are often close to the results obtainable via the
Equation (1.2) (Mohnen, 1977; Meyerott et al., 1980; Salm, 1992). Additionally,
the results obtainable by virtue of the Equation (1.2) are close to the ones
obtainable on the ground of theoretical considerations (Tammet, 1995).
Moreover, there could obviously be named no other equation comparable to the
Equation (1.2) both in simpleness and in yielding the results remarkable for their
accuracy. Nevertheless, as for some certain ions, the connections between the
masses and mobilities of the ions can differ from the one determined by the
Equation (1.2). As the mobility of an ion depends both on the type of an ion and
on the environment, under some certain conditions the mobilities can obtain
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unusual values which could be observed, e.g., in the papers (Keesee and
Castleman, 1985; Salm, 1992; Salm, 1993). Thus, as regards the common cases,
the Equation (1.2) can be applied, still, the potentialities of some particular cases
should be remembered as well.

Hence, proceeding from the Equation (1.2) the cluster ions should be
characterized by mobilities of about 1.0 cm2(V s) or more. Proceeding from
some another mass-mobility relationship different from the one determined by the
Equation (1.2), the region of cluster ions becomes smaller than the region
determined by means of the Equation (1.2); e.g. proceeding from the paper
(Cabane and Milani, 1983) yields the region of cluster ions characterized by
mobilities approximately down to 1.5 cm2(V s) since the ion-molecule reactions
enable to determine only the transformations of ions having masses up to 400-
500 a.m.u.; the transformations of heavier ions can not be determined this way.

In the present work the “small ions” could be defined as the charged particles
transformations of which in the air can be determined by the use of ion-molecule
reactions (which is equal to the concept of cluster ions). As regards the masses,
the corresponding particles can have masses approximately up to 400 a.m.u., as
to the mobilities, the corresponding mobilities should be approximately downto 1
cm2(Vs).

1.3. Mathematical description of the processes involving air ions

1.3.1. Description of an individual ion-molecule reaction

lons arise by virtue of various ionization processes. The newly arised ions start
to participate in ion-molecule reactions, converting the preliminary ions into the
ions of other types (Huertas and Fontan, 1975; Mohnen, 1977; Huertas et al.,
1978; Brasseur and Chatel, 1983; Kawamoto and Ogawa, 1986). As regards the
troposphere, both the second-order and the third-order reactions take place:

A+t+B-» C++D (1.3
and
E++F+ M —>G++ M, (1.4)

where A+, C+, E+ and G+ are certain types of ions (equivalent to the ions A , C*,
E'and G* in case dealing with the negative ions, e g the ions N2+ or O2%; B, D, F
and M are certain neutral gases, whereas M is often called the “third body”, and
this component, as a rule, does not change in the course of reaction, the only
purpose of it is to participate in stabilizing of the process. The rates of reactions
(1.3) and (1.4) can not generally be determined by virtue of any common rule
(Atkins, 1986). Nevertheless, all of the known works treating the models of the
evolution of ions have considered the rates of ion-molecule reactions (1.3) and
(1.4) to be determinable by virtue of the Equations (1.5) and (1.6):

4C+HM= £,[AH]][B] (1.5)
and
<AGHIdt= fe[E+[F][M], (1.6)



whereas 4 C H/dl = -d[fv]idt = -d[tt\Id!, andd[GH/dt =-d[E*]/dI = -dIF]/dt;
[CH], [A+], [GH] and [E+] are the concentrations of the respective ion types;
[B], [F] and [M] are the concentrations of the respective neutral gases; k\ and k2
are the rate constants of the respective ion-molecule reactions (the problems
concerning the data about ion-molecule reactions will be discussed farther in
Chapter 2). The Equations (1.5) and (1.6) can not be regarded as the common
rules, nevertheless, they are valid for a large number of reactions. The Equations
(1.5) and (1.6) determine the changes of the concentrations of the respective ion
types relative to the concrete ion-molecule reaction, with regard to the reaction
(1.3) or (1.4) respectively. In case the ions of a certain type participate in several
ion-molecule reactions, we have to write out one equation for each reaction
occuring in the system, the equation (1.5) or (1.6) respectively. As regards the
changes of the concentrations of ions, the summary change of the concentration
for this concrete type of ions can be found by means of adding up all changes
determined from the individual equations (1.5) or (1.6).

As it can be seen from the Equations (1.5) and (1.6), an ion-molecule reaction
causes a change both in the concentrations of ions and in the concentrations of
neutral compounds participating in the ion-molecule reaction. Taking this into
account, it would be correct to compile the equations analogical to the equations
(2.5) or (1.6) not only for ions, but also for neutral gases. Unfortunately, it
would result in serious additional complications as shown below. For that reason,
the works dealing with the mathematical simulation of the evolution of ions have
not ordinarily taken the potentiality of the changes of concentrations of neutral
gases into account: the concentrations of neutral gases are usually considered to
be constant (Huertas et al., 1978; Wisemberg and Kockarts, 1980; Brasseur and
Chatel, 1983; Lifshitz et al., 1984; Kawamoto and Ogawa, 1986). This
simplification can be motivated by the considerations described next. First, as it
can be seen from Chapter 3, and from Article 1.1, the concentrations of
tropospheric ions are in the most cases at least 106times lower as compared with
the concentrations of neutral compounds considered to be natural. Consequently,
as far as the ionization efficiency does not much exceed the natural values,
proceeding from the ion-molecule reactions can not cause any significant change
in the concentrations of the greater part of neutral gases. Thus, confining
ourselves to the approximation described last, the concentrations of neutral gases
can be considered to be constant. Secondly, we have to consider the situations
characterized by the increased ionization efficiency which can not be excluded in
general case. The situations of that kind can not be found in the natural air, but
they can be met in the limited regions where, because of either natural or artifical
conditions, the rate of ion generation is substantially increased. However, such
situations can be regarded as the very special cases, in consequence of which it is
not necessary to include them into the common model. Such situations can be
considered separately, as it will be shown in Article 1.7 Besides, as it can be
seen in Chapter 2, the present knowledge about the data about the ion-molecule
reactions is quite limited. The lack of information can result in the considerable
inaccuracy of the model. Moreover, as it can be seen from Chapter 3, the actual
concentrations of several neutral gases have not exactly been determined.
Therefore, at the present an estimate is a maximum that can be set as a purpose
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in case of dealing with the mathematical simulation of the evolution of ions. As
dealing with an estimate, it does not seem expedient to include the reactions
between the neutral compounds into the common model. Besides, it would result
in the considerable complications with respect to the computations according to
the model as it will be shown below. Thus, in the present work, alike in the most
of the analogical works, the concentrations of neutral gases are considered to be
constant. This is a simplification, indeed, but it can be well motivated, at least in
case of natural ionization rates.

1.3.2. Processes of ion generation and recombination

Besides the transformations via ion-molecule reactions, air ions take part in two
additional processes: first, the ions arise through ionization processes; secondly,
the ions disappear in the course of the recombination processes in the air.

The generation of the ions of a certain type can be characterized by means of
the constant gi, characteristic ofthe type of ions.

dn{/dt = of (1.7)

The constant depends both on the conditions of ionization and on the actual
concentrations of the neutral gases in the environment under ionization, but does
not depend on the concentrations of ions.

The recombination processes concerning small air ions can be, in certain
approximation, described by means of Equation (1.8):

dni/dt=an2+ p«Z. (1.8)

The Equation (1.8) contains some essential simplifications as described in a more
detailed form below. Provisionally, we will confine ourselves to the fact that
dn[/dt is the rate of change of the concentrations of a particular type of ions,
whereas the change is caused by the recombination processes; n = n(t) is the
summary concentration of ions of the same sign, which can be reached after
summing up the concentrations of ions of the same sign: n(t) = Z»j(0; Z is the
summary concentration of the particles of the air characterized by masses
significantly greater than those of the small ions. These particles are also called
aerosols hereafter; p is the effective coefficient of the rate of the attachment of
ions to aerosol particles; and a the coefficient characterizing the rate of the
recombination of small ions with the small ions of an opposite sign, in other
words, the coefficient of mutual recombination.

Proceeding from the Equations (1.7) ja (1.8), the summary concentration of
ions ofthe same sign n can be found out by means of the Equation (1.9):

g=a-n2+ pMZ, (1.9)

where q is the summary rate ofthe generation of ions of the same sign: q = Zgj.
Next, we will present a more detailed description of the simplifications found
in the Equations (1.8) and (1.9). First, the Equations (1.8) and (1.9) contain a
presumption about the equality of the summary concentrations of ions of
opposite signs. As a matter of fact, the summary concentration of positive ions
exceeds the summary concentration of negative ions for about 15%, whereas in
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some rare cases the difference of about 2 times has been observed (Retalis
Dimitris, 1977; Kolokolov et al., 1980; Tammet et al, 1992). However, the
presumption about the equality of the summary concentrations of ions of
opposite signs has been used very often, which may be motivated by several
facts. First, the presumption mentioned last has no direct effect on the
composition of ions obtained by means of the model As a matter of fact, the
variations in the summary concentration of ions affect the composition of ions as
well, causing a change in the mean lifetime of ions. A similar effect can be
obtained by means of a simple change in the value of n in the Equation (1.8).
Therefore, an addition of a special member considering the differences between
the summary concentrations of the ions of opposite signs into the Equation (1.8)
would not create any new quality with respect to the mathematical model
considering the processes of recombination. Moreover, the presumption about the
equality of the summary concentrations of ions of opposite signs makes the
mathematical treatment of the problem easier. And so, as the effects caused by
the differences between the summary concentrations of ions can be simulated in
an easier way, the presumption mentioned above is employed in most of the
works concerning the models of the evolution of ions (e.g.. Wisemberg and
Kockarts, 1980; Brasseur and Chatel, 1983; Kawamoto and Ogawa, 1986; Anjs,
1992).

Going on with the description of the simplifications contained in Equations
(1.8) and (1.9), a second observation could be brought out. According to the
Equations (1.8) and (1.9), the rates of recombination should be same for all ion
types. Actually, the recombination rate of a certain type of ions depends both on
the type of ions, and on the environment. Consequently, the rate must be different
for different ion pairs (Bates, 1985b; Gringel et al., 1978). Still, proceeding from
the data available the dependence of the rate on the type of ions is not very
essential (Keesee and Castleman, 1985).

The fact mentioned last is also confirmed by the results obtained by virtue of
the calculations in which the averaged parametrers were used: the calculated
value of the coefficient a was close to the values obtained via various
measurements (Bates, 1985b). Although, the coefficient of the mutual
recombination depends on the density of the environment as well (Lee and
Johnsen, 1989), at the levels from the ground to about 10 km the value of the
coefficient of the mutual recombination, a, can be considered to be nearly equal
to 1.6X10-6 cmV 1(Smirnov, 1980; Bates, 1985b).

The next simplification found in Equations (1.8) and (1.9) would be the feet
that the effective coefficient of the attachment of ions to aerosol particles (P) can
not actually be regarded as a constant: it depends on the actual aerosol spectrum.
The value of coefficient p grows along with the size of aerosol particles (Gringel
et al., 1978). On the other hand, the effect of the growth of p on the
recombination process is still limited because about 99% of the whole aerosol
concentration is usually located in the region of small particles the diametre of
which ranges between 0.01 *m and 0.18 nm (Kikas et al., 1990; Kikas et al.,
1992). Inside the limits of the region mentioned above the distribution of the
aerosol may be different. This causes a remarkable variation in the value of p,
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whereas in different aerosol situations coefficient p may differ even up to 10
times.

Nevertheless, with respect to the present problem, i.e with respect to the
mathematical simulation of the evolution of ions, the possible variations of the
value of p do not require any special consideration. The variations of the value of
p directly change the rate of the recombination, resulting in a change of the mean
lifetime of ions, which can result in certain variations of the composition of ions
because at different ages the ions can be composited differently. All the same, no
direct effect of the actual value of p on the composition of ions can not be
pointed out, as there are no works available considering p significantly dependant
on the type of ions. Hence, the actual values of P can be different in different
situations, but the same can be said about the values of Z. Thus, with respect to
Equation (1.8) and to the mean lifetime of ions, p and the concentration of
aerosol Z can be considered to be equivalent quantities. Taking that into account,
we can fix an average value of p, and henceforth, both the variations of the mean
lifetime of ions and the possible accompanied effects (certain variations in the
composition of ions) can be simulated by means of variations of the value of Z.

The problem concerning the determination of the mean value of p has been
studied in the paper (Salm, 1987), and the value equal to 1.3x10" cm3-1 has
been found out. As regards the mean value of Z, in the present work the value of
1.2x104 cm-3 is considered normal, whereas the actual values of Z can vary at
least 10 times (Kikas et al., 1990; Kikas et al., 1992).

1.3.3. Equation of ion evolution

Writing out Equations (1.5), (1.6), (1.7) and/or (1.8) necessary for all the ions
selected, we will obtain a system of differential equations (1.10):

dY/dr=AY - BY +Q (MO)

where Y is the vector of ion concentrations, A is the matrix describing the rates
of ion-molecule reactions, B is the matrix describing the decay (recombination)
of ions, and Q is the vector of the rate of the ion generation determined by virtue
of the Equation (1.7). In accordance to the considerations described above, the
elements aij of matrix A are the products of the rate constants of the respective
ion-molecule reactions (in case an ion with a type-marker j becomes an ion with a
type-marker i); and the concentrations of the neutral compounds participating in
the ion-molecule reactions; the elements aij are to be computed by virtue of
Equations (1.5) and (1.6). Taking Equation (1.8) into consideration, the elements
bij of matrix B can be expressed by means of Equation (1.11):

bij = 8ij(a/7 + PZ). (1)

Here, 5y is the symbol of Kronecker, whereas the meanings of the other members
have been defined already in course of the discussion about Equation (1.8).
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1.3.4. Problems concerning the composition of primary ions

The elements of the vector Q can formally expressed by virtue of Equation (17).
In order to determine the content of the elements be qi, the information about the
relative abundances of various types of primary ions generated in the air via
ionization processes is required. In course of the primary act of ionization a
positive primary ion and an electron are generated. The ionization sources most
important in the near-ground layers (cosmic radiation and emission of radioactive
elements) have sufficient energy to ionize any molecule. As a result, the relative
abundance of positive primary ions in the air is, as the first approximation,
determined by the relative abundance of neutral compounds of the air (lIsrael,
1970; Eisele and Tanner, 1990; Arijs, 1992) (as to the concrete concentrations of
neutral compounds, see Chapter 3). Within a few nanoseconds the electrons
generated by virtue of the ionization acts react with certain neutral air molecules,
resulting in the formation of the ions called negative primary ions. In the main,
the ions 02 are formed. Generally, the formation takes place by means of
reactions

e +02't02—02 '+ 02
and
e + 02+ N2—0 2 + N2

In general case, the rates of the reactions mentioned last depend, both on the
energy of the electron and on the temperature of the environment. Still, the
dependence on the temperature is essential only at a temperature below 250K. As
regards the dependence on the energy of electrons, in case of energy with a value
from 0.5 eV to 10 eV, the rate constants of the respective reactions do not change
more than 2 times, whereas the rate constants have a maximum at about 1eV. In
case the value of energy being below 0.5 eV, a rapid decrease in the rate
constants takes place; in case the energy of electrons exceeds a value of about 10
eV, the rate constants are slowly stabilized near the certain value (Caledonia,
1975). Nevertheless, by means of the data reported by (Caledonia, 1975), it is
not possible to determine exactly the actual values of the rate constants in case of
the energies of electrons being nearly equal to the thermal energies. Presumably,
a very rapid decrease in the rate constants starts at a temperature of about 200K.

Besides the ions O2’, ions O’ are formed, but under natural conditions the
amount of ions 0 “ is small (Caledonia, 1975; Huertas et al., 1978).

In accordance with some data, e.g. (Huertas and Fontan, 1982; Smirnov,
1980), the composition of primary ions depends both on the composition of
neutral environment and on the type of ionization source. Therefore, a special
analysis of the composition of primary ions may prove to be necessary. It is
particularly the case while using the ionization sources which can not be
considered to be natural (e.g., corona discarge), or while studing the processes,
the participants of which are very young ions.

Nevertheless, as regards the ages of ions characteristic of natural air, it seems
as if the problems of composition of primary ions can be disregarded: in this case
the composition of primary ions can most likely be considered independent of the
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type of ionization. The judgement mentioned last can be motivated by the results
reported by several works, in which some special studies about the dependence of
composition of ions on the type of ionization were carried out; the results have
shown the composition of ions practically independent of the type of ionization
source (lher and Salm, 1981; Salm and Iher, 1983). In the paper (Huertas and
Fontan, 1982) two ionization sources, corona discharge and a-radioactivity,
were used: at an age of about some milliseconds, the composition of positive ions
has shown no dependence on the type of ionization, but in case of the
composition of negative ions a certain dependence was observed. As regards the
positive ions, the results mentioned last were also confirmed by the results of the
paper (Dzidic et al., 1976), and partially by the paper (Carroll et al., 1975). The
results of the paper mentioned last have shown no dependence in case corona
discharge or &Ni-source are used, whereas using the electrons with an energy of
about 20eV resulted in some differences in the composition of ions. As to the
case mentioned last, the results of such kind may have been caused not by the
new type of ionization source but by the accompanied effects: the electrons
having so high energies may dissociate the neutral molecules, and thereby,
change the actual composition of neutral environment.

As to the negative ions obtained by (Huertas and Fontan, 1982) in case of
a-radiation, similar ions have been observed also by the paper (Karasek, 1974).
As regards the dependence of the composition of negative ions on the type of
ionization source obtained by the paper (Huertas and Fontan, 1982), similar
effects can also be explained not by means of the differences of the ionization
sources but by means of the changes in the composition of neutral environment,
whereas the changes in the composition of neutral environment may not be
connected with the change of the ionization source. It can be seen from the paper
(Mohnen et al., 1980), that if the concentration of NOx grows, the ions
determined in case of a-radiation in the paper (Huertas and Fontan, 1982) may
become the ions determined in case of corona discharge by the same paper.
Moreover, corona discharge may indeed generate an additional amount of NOx
molecules. Thus, the differences in the composition of ions obtained by (Huertas
and Fontan, 1982) may actually have been caused by the variations in
composition of neutral environment, which, in its turn, may partially result from
the corona discharge. Probably, the actual extent of variations in the composition
of neutral environment depends on the characteristcs of corona discharge, as
corona dicharge was also used in the paper (lher and Salm, 1981), but no
differences in the composition of ions were observed.

Proceeding from the considerations mentioned above, it seems as ifthe type of
ionization source does not have any direct significant effect on the composition of
air ions; this judgement is also supported by several papers, e.g. (Hayhurst et al.,
1992). In addition, in the papers (Eisele, 1989a; Eisele, 1989b) the composition
ofions near high-voltage transmission lines has been studied: the results show the
composition of ions dependent on the state of transmission line, whereas the
dependence is stronger in case of negative ions and weaker when positive ions are
concerned. Nevertheless, the effects observed have been explained not by means
of the influence of ionization source on the composition of primary ions, but by
means of the changes in other factors. Namely, corona discharge generates not
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only ions but also several new types of neutral molecules, which are often in an
excited state, and having an increased chemical activity. As to a change in the
composition of neutral gases, it will, without doubt, result in a certain change of
the composition of ions as well. Hence, at least one part of the obtained
variations in the composition of ions can be explained by means of the variations
in the composition of neutral gases. Besides, the summary concentration of ions
near transmission lines exceeds the concentration of ions in the natural
environment. In accordance with the Equation (1.8), the rate of the decay of ions
near transmission lines consequently exceeds the rate ofthe decay of natural ions,
resulting in the mean lifetime of ions shorter as compared with the lifetime of
natural ions. As regards the mean lifetime of ions, its variations may indeed have
certain effects on the composition of ions: the composition of ions may depend on
the age of ions, and as a result, a change in the mean lifetime of ions may cause a
certain change in the steady-state composition of ions.

Thus, the actual dependence of the composition of ions on the type of
ionization seems to be quite negligible. In case of positive ions, the most likely
reason for this presumption should be connected with the ion-molecule reactions
transforming almost any ions generated by virtue of the act of ionization into a
certain composition of new ions which can be considered new primary ions. The
processes leading to the new primary ions should terminate within a few
nanoseconds (Huertas and Fontan, 1975). As regards negative ions, the negative
primary ions originate from of the electrons generated by virtue of the act of
ionization. In case the environment contains a considerable quantity of Oz, the
electrons are mainly transformed into the ions O2" (Caledonia, 1975). The
situation may not be valid in case of the energies of electrons considerably out of
the ordinary; this case results in very low values of the rate constants of the
reactions leadmg to the formation of the ions O2 (Caledonia, 1975). Naturally,
the composition of the primary ions will also be different from that under the
natural conditions in case characterized by very low concentrations of Oz2.
Nevertheless, neither of the two situations mentioned last can occur in the natural
air. As to the works reporting the composition of ions dependent on the type of
ionization source, the actual reason for the effects is most likely connected either
with the variations in the composition of neutral environment, or with the
variations in the mean lifetime of ions. Nevertheless, both of the effects can, at
least partially, be due to the ionization source, and particularly depend on the
efficiency of the ionization source (Hayhurst et al., 1992; Eisele, 1989a; Eisele,
1989D).

Most of the works dealing with the simulation of the evolution of ions have
not proceeded from the charged particles aroused by the act of ionization.
Instead, certain fast ion-molecule reactions transforming the preliminary particles
into the certain composition of ions have been taken into account, but not
included into the common model. The new composition of ions can now be
considered to be the primary one. The method described is valid if the processes
taking place within the first nanoseconds after the primary act of ionization are
not of interest, and if the composition of the neutral environment is not very
different from the natural composition. In case the presumptions are met, the
method can be considered useful as it makes the model more simple; it results in
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the following composition of ions, called the composition of primary ions: 5% O,
95% 02, 64% N2+ 21% 0 2+, 6% N+, 5% NO+, 3% 0+ja 1% Ar+ (Lifshitz et
al, 1983; Lifshitz et al, 1984; Huertas and Fontan, 1975; Huertas et al., 1978).
As regards the remainder components of vector Q according to Equation (1.7),
these components are considered to be equal to zero. In order to determine the
vector Q completely, the value of the summary rate of ion generation is also
required. In case of near-ground air, the value is about tens of ion-pairs per cubic
centimetre in a second, whereas the inside rate of ion generation exceeds the
outside one (Smirnov, 1980). In the present work we consider the value of 14
pairs of ions cnfV Inormal, vector Q is determined in accordance with the per
cents listed above.

1.4. Survey of the solutions to the evolution equation

A solution to the equation of evolution of ions (1.10) results either in the time
changes of the concentrations n\{t) or, in a particular case (1.12)

(Bst-A)Yst=0Q, (1.12)

in the steady-state concentrations of ions n\ = n”. Following the simplifications
described in Articles 1.3.1 to 1.3.4, we obtain both matrix A and vector Q to be
constant, whereas matrix B depends on time (in accordance with Equation (1.11),
for concentration n depends on time). As regards the steady-state problem (1.12),
the time-dependence of matrix B can also be eliminated, as the summary
concentration of ions is equal to the steady-state value, n = nst, whereas the
steady-state value can be found out by means of Equation (1.9). Thus, following
the simplifications described above, problem (1.12) can be turned into the system
of linear equations with matrix B = Bst.

As it will be shown below, problem (1.10) has also been converted into a
linear problem. This can be done only due to the simplification which considers
the concentrations of neutral gases to be constant. Without the simplification
mentioned last we would have to deal with the nonlinear problem, whereas a
solution of nonlinear equations is much more complicated than that of linear
ones.

In the present case, a solution to problems (1.10) and (1.12) is still
complicated because of the factors listed as follows:

1) The systems of Equations (1.10), (1.12) are large, with the number of
equations being over 100,

2) The systems of equations are stiff, i.e., the values of the members of the
equations differ from one another up to 1022times. This makes the employment
of any iteration complicated because an iteration step becomes limited to a short
timelag determined by the greatest values of the members. Moreover, the
requirements to the precision of calculations are also quite strong, as both very
rapid and very slow processes must be considered at the same time.

In principle, Equation (1.10) can be solved by means of any method designed
for the systems of differential equations, e.g., using the Runge-Kutta method
(Levin and Ulm, 1966), which has already been applied in the papers (Huertas
and Fontan, 1975; Huertas et al, 1978). Unfortunately, because of the factors
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mentioned last, the Runge-Kutta method is applicable only up to an age of ions
of some milliseconds, as the integration step can not be increased over some
mikroseconds. As to the papers (Huertas and Fontan, 1975; Huertas et al,
1978), the evolution of ions has been considered only up to an age of ions of
some milliseconds, owing to which, the problems connected with the integration
step were of no importance. As regards the models of the evolution of ions more
or less applicable to the natural processes, the models can not be limited to the
age of ions of some milliseconds as, in accordance with the considerations
described in Article 1.3.2, the actual mean lifetime of small air ions is of 100
orders of magnitude.

Besides the common methods of solution for differential equations, the
methods designed specially for the stiff equations are also known, e.g., the Gear
method (Gear, 1971), which has been employed in the papers (Lifshitz et al.,
1983; Lifshitz et al., 1984). In case of certain problems, the Gear method shows
some advantages as compared with the common methods. Nevertheless, as
regards the present problem, particularly simulations of the evolution of ions of
ages over 1s, the author of the present work has met certain complications as in
certain cases the integration step could not be enlarged because of the limitations
connected with the precision of calculations, whereas the limitations of
integration step have resulted in the forfeiture of the advantages of the Gear
method. On the ground of the information obtained from private communications
with the authors of papers (Lifshitz et al, 1983; Lifshitz et al, 1984) the
complications mentioned last can be considered to be common. As regards the
papers (Lifshitz et al., 1983; Lifshitz et al., 1984), the papers have dealed only
with a concrete problem. On that account, the authors of these papers have
surmounted the problem by an abundant usage of the computation time. Thus, in
case of some problems the Gear method can be considered suitable, nevertheless,
as present case contains many problems of different initial data, the Gear method
can not be considered to be the most appropriate one.

As to the steady-state problem (1.12), the problem is contained in the system
of linear equations, and therefore it can in principle be solved by Equation (1.13)

Yst= (Bst-A)-1Q. (1.13)

Using Equation (1.13), the computation problems are not so serious as compared
with the problems described above. Still, it should be taken into account that
while the inverse matrix of a large and stiff matrix is being found out, the
problems concerning inaccuracy of the computations may arise. As to practice,
Equation (1.13) has been employed only by the paper (Brasseur and Chatel,
1983). In severeal papers (e.g., Wisemberg and Kockarts, 1980; Kawamoto and
Ogawa, 1984; Kawamoto and Ogawa, 1986) problem (1.12) has been solved by
means of a method called “signal flow graph technique” This method makes it
possible to find out not only the steady-state concentrations of ions~  but also
the relative moments of the concrete ion-molecule reactions. For that reason, the
method is more profitable, as compared with the direct application of Equation
(113).
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All the same, problem (1.12) is not the only one worth consideration. Besides
the steady-state concentrations of ions obtained while solving problem (12), the
results about the time-dependence of the composition of ions are important as
well, whereas the results mentioned last can not be obtained by means of the
signal flow graph technique. As to the results about the steady-state
concentrations of ions, the results make it possible to use one fixed point while
comparing the results of simulations with the results obtained by measurements.
As it will be shown in Chapter 2, one should not be limited to this fixed point
only, as several features of the evolution of ions may appear only at certain ages
of ions. Moreover, in addition to the results of the observations of steady-state
composition of ions, some results describing the composition of ions at various
ages of the ions are available as well, but in case being limited only to the
simulation of steady-state the results mentioned last can not be employed.
Therefore, in this work we do not confine ourselves to the simulations of the
steady-state composition of ions, the simulations of the evolution of ions (the
time-dependence of the composition of ions) will also be set as a purpose, owing
to which we can not confine ourselves to the methods of solution of problem
(1.12). Still, a method similar to the signal flow graph technique can be employed
to separate the more essential ion-molecule reactions; the description of the
method and the discussions to the point are presented in Article 1.6.

Oftentimes, the methods employed are not completely defined. In that case,
compiling of a model and the solution can only be supposed. Various graphical
schemes describing the transformation processes of ions have been used in
several works, e.g., the very simplified schemes employed in papers (Beig and
Chakrabarty, 1987; Beig et al., 1993a; Beig et al., 1993b). In general, the
simplified schemes make the recognition of the main features of a model easier,
and can therefore be considered useful. Moreover, any simplification decreases
the complications connected with the mathematical side of a problem.
Unfortunately, oftentimes neither the process of obtaining the schemes nor the
methods for a further solution are explained. As to the author of present work, he
can not separate the most essential reactions from the set of reactions consisting
of thousands of various reactions closely connected with one another, applying
the intuitive method only. Hence, the methods employed to obtain the simplified
schemes should be introduced before application.

As to the present work, the method used to simplify the model is described in
Article 1.6.

In addition to the methods described above, estimates are also widely used in
the works dealing with the evolution of ions. Because of the current state of
knowledge about the factors, which have an effect to the evolution of ions,
estimates are to be considered to be unavoidable. Nevertheless, the possibilities
of estimates are quite limited ones, e.g., let us consider the generation of a certain
ion. It should be quite attractive to confine ourselves to a few reactions only, e.g.,
to the reaction generating the ion, and to the one regarded as the main sink of the
ion, as it would result in the possibility of a simpler employment of Equations
(1.5) and/or (1.6). A method analogical to the one described last will, in this
work, be used in case of the analysis of Figure 3.1. Nevertheless, confining
ourselves to a few reactions only may result in serious errors, as certain indirect,
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and, for that reason, disregarded processes may actually be essential. Thus,
estimates are to be considered as such, that is why, no far-reaching conclusions
can be done.

In essence, the problems concerning solution to the equations of the evolution
of ions are not new, for the analogical problems are also met while dealing with
many chemical problems. As a result, some specific mathematical methods are
elaborated (e.g., Sild and Palm, 1986). Unfortunately, as regards the early stages
of the present work, the method mentioned last has not been completed yet, in
consequence of which it was inevitable in the present work to follow another line,
as described hereinafter.

1.5. Description of the solution method employed in the present work

In principle, a sub-problem disregarding both process of generation and decay of
ions can be separated from the general problem (1.10), the sub-problem can
mathematically be expressed by means of Equation (1.14)

dY/dt = AY (114)

Equation (1.14) describes the time-dependencies of the concentrations of ions
generated all at once at the initial moment provided that both the iomzation and
recombination processes would not have any further effect. Equation (1.14)
partially simulates the experiment in course of which, at the initial moment, a
certain amount of ions is generated, henceforth, the iomzation source will be
removed and further change in composition of ions will be observed. The
experiments like the one described last can really be met, because they result in a
solution for problem (1.14) which does not have a mathematical merit only, but
possesses certain physical values as well. As regards the practical experiments,
recombination processes can not be actually removed. Nevertheless, as long as
the age of ions do not exceed the limit at which recombination processes become
substantial (under the conditions of natural air: about 10 seconds), the solution
Y = Y(t) describes the actual situation comparatively well. Hence, confining
ourselves to the ages of ions of about 10 seconds, the problem of simulation of
the evolution of ions could be reduced to the solution of problem (1.14), whereas
solution to the general problem (1.10) would not be necessary. As to the present
work, we do not confine ourselves to the problem mentioned last, the discussion
presented above was meant to illuminate the self-dependent physical merit of the
solution of Equation (1.14).

In accordance with the simplifications described in Articles from 1.3.1 to
1.3.4, problem (1.14) is a system of linear differential equations with constant

coefficients. Therefore, the solution to problem (1.14) can be expressed by means
of Equation (1.15):

Y=y, (1.15)

where YO0 is the vector of initial concentrations of ions; e” is the exponential
matrix. As it becomes evident below, it is reasonable to choose vector YOto be
parallel with vector Q, in other words, to choose the initial concentrations of ions
M,0to be proportional with the rates of generation of ions ¢* The easiest way to
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obtain the solution to problem (1.14) —(1.15) would be the method elaborated by
(Rakitski et al., 1979; Rakitski et al., 1984). In the present work any solution of
problem (1.10) is always preceded by the solution to problem (1.14) obtained by
means of Equation (1.15), whereas the vector of initial concentrations of ions YO
is determined to be parallel with vector Q, and vector Q, in its turn, is determined
in accordance with the considerations presented at the end of Article 1.3.4. As it
has been mentioned above, the obtainable solution Y = Y (t) has a self-dependent
merit up to ages of ions of about 10 s, that makes it possible to compare the
solution with the available results of measurements, considering the time-changes
in the composition of ions. In addition, the solution can be used to obtain the
steady-state composition of ions, whereas the steady-state composition can be
obtained quite easily. The method employed to obtain the steady-state
concentrations has been first introduced by (Salm and Luts, 1988); next section
gives a summary of this method.
Let us look for the solution to problem (1.12) in shape (1.16),

00

(1.16)

)
where QOis the matrix, elements of which are determined by Equation (1.17):

qo,ij —Sij-Xgm j (117)

Y = Y(t) is solution (1.15), |YQis the norm of vector YO ( |YQ = Eyo,i).
Let us prove the identity of Equations (1.13) and (1.16).
Considering Equation (1.15), we can write out:

(118)

0

Next, the associativity of the product of matrices and commutativity of matrices
A and Bst are taken use of (matrix Bst is a diagonal matrix), and as a result.
Equation (1.18) can be written in shape (1.19):

@
(1.19)

0

The value of the integral in Equation (1.19) can be obtained by, e.g., Newton-
Leibnitz formula. As matrix Bst is a diagonal matrix of positive elements, and
concentrations Y(f) obtained by means of Equation (1.15) axe definitive because
of physical considerations, the integrant approaches zero in case t->0c, as it can
be seen from Equation (1.16). The same can be said about the derivative of the
integrant:
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| yOA - Bst)-' «e(A-Bs)(1 -» 0 (1.20)
Therefore, the integration results in Equation (121)
(1.21)

As the vector of initial concentrations Y0has been chosed to be parallel to the
vector of the generation rates of ions Q as described above, but the elements of
diagonal matrix Qo are numerically equal to the summary rate of the generation
of ions of the same sign, Equation (1.22) becomes valid

(12)

and hence, the identity of Equations (1.13) and (1.16) has been proved. The
elements of matrix Bst are to be determined according to Equation (1.11), where
n is to be considered equal to the summary concentration of the steady-state
concentrations of ions with the same sign n = «st, in other words, n is to be
determined on the ground of Equation (1.9).

The practical calculation on the basis of Equation (1.16) is organized as
follows. First, the time-dependence of the concentrations of ions is computed
according to Equations (1.14) and (1.15), whereas the results are obtained in the
form of the table fo; j31). Next, integral (1.16) is computed approximately by
means oftrapezium formula, or Equation (1.23):

n-i

(1.23)

where j = 1,...,N (N is the number of various types of ions, i.e., the number of
concentrations); n is the number of the points in which the solution (1.15) has
been found; txare the time coordinates of the points in which the solution (1.15)
has been found; g = Xqj (the summary rate of the generation of ions of the same
sign); bst is numerically equal to a diagonal element of matrix Bst (according to
the considerations described above, all the diagonal elements of the matrix are
equal between themselves). The practical computations by means of Equations
(1.15) and (1.23) have shown the method determined by the equations mentioned
last to be the most appropriate to the simulation of the evolution of ions, as
compared with the other methods described in Article 1.4. The method enables to
obtain both the time-variations of the concentrations of ions and the steady-state
concentrations of ions, whereas the obtained solution (1.15) can be used for
many times in order to get many stedy-state compositions representing the
various conditions of ionization and/or recombination. If solution (1.15) is found,
the time spent for the computations on the basis of Equation (1.23) will be
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negligible. As regards the precision of the steady-state composition obtained this
way, mainly, it depends on the step used to find the solution to problem (1.14).

The possible errors can be estimated by means of the comparison between the
summary concentration of ions, obtained on the ground of Equation (1.9), and
the summary concentration obtained via Equation (1.23). In case the sums
mentioned last are different, it means that the integration step, used while solving
problem (1.14) was too large. In the present work, the integration step is chosen
so that the difference between the two sums would not exceed 1%.

The results obtained by means of the method described above have been
published mainly in papers (Luts and Salm, 1992a; Luts and Salm, 1992b; Luts
and Salm, 1994).

1.6. Reduction of the number of variables in the equation of ion evolution

In principle, each solution to Equation (1.10) can be preceded by a procedure
resulting in the separation of more important reactions. In any particular case,
the set of more important reactions may be different because of the different
initial data. The results of the procedure may make it possible to remove certain
ions from the system, this is in the case when certain ions do not take part in any
more important ion-molecule reactions. The removing of some ions from the
system is equivalent to a decrease in the number of differential equations in the
equation of the evolution of ions. According to the results of experiments carried
out by the author of the present work, in this way, it is usually possible to
decrease the number of equations at least by a third, at the same time, the
correctness of the procedure has been proved as well. As regards the summary
economy obtainable by means of the procedure of separation of more important
reactions, the storage required can be considerably smaller, whereas the saving in
the time spent on computing is not worth mentioning.

The procedure of separation of more important reactions designed by the
author of the present work can generally be described as follows:

1) We make comparisons between the rates of ion-molecular reactions
proceeding from a concrete ion, i.e. between the rates of the reactions lowering
the concentration of the ion. In the first place, we find the quickest irreversible
reaction. Next, we compare all the rates of the reactions proceeding from the ion
with the rate of the quickest irreversible reaction. The reactions, the rates of
which are lower by at least a given number of times, are labelled as unimportant.
This process is carried out for all the ions which occur in the system.

2) Next, it is attempted to order the found important reactions into chains (a
genetically connected ordering of reactions) starting from the given so-called
initial ions. The list of the initial ions can be optional, the list may be equal to the
list of the initial ions used by the determination of problem (1.14). Reactions
which can not be joined into any chain are labelled. Those reactions are also
labelled, which can be ordered into a chain but which, on the assumption that the
concentration ofthe reactant ion is 1, are slower than the given rate limit.

3) All labelled reactions and the compounds not participating in the impotrant
reactions are moved away.

The above procedure is illustrated by an example in Figure 1.1.
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)] Let us compare the rates of the reactions proceeding from the ion 2. The
rate of the reaction 2—*4 is significantly higher than the rate of the reaction 2->3,
but the reaction 2->4 can not be regarded as the quickest, for it is reversible
through the chain 2—»4~»6—2. Thus, the reaction 2—3 is to be considered the
quickest one. As no more reactions proceed from this ion, any unimportant
reaction is not labelled here.

Now the rates of the reactions proceeding from ion 4 are compared. The
reaction 4-»6 is reversible, therefore, the reaction 4~»3 is the quickest. As the
reaction 4-»5 is significantly slower, it can be labelled as unimportant.

Next, let us compare the rates of the reactions proceeding from ion 6. As the
both reactions are reversible, the rates are not compared, and unimportant
reactions are not labelled.

The analogical procedure is carried out also for the other ions that occur in
the system.

Figure 1.1. Graph of reactions (example). The rectangles denote ions, the arrows
denote reactions. The figure at an arrow can be considered to be the
rate ofthe respective transformation.

2) Now we will search for the possible reaction chains between the reactions
not labelled yet, starting from the initial ion 1 As the reaction 4—5 was labelled
as unimportant, then ion 5 is not formed anymore, and the reactions 5->4 and
5—3 can not be included into any chain. These reactions are labelled
additionally. In case the predefined rate limit for the reactions is, e.g. 0.1, the
reaction 7—8 is slower than this limit. The reaction 7—8 can, in principle, be
joined into chains, but the reaction is too slow; in this case the reaction 7—8 is
also labelled

3) The labelled reactions are moved off. As a result of this, ions 5 and 8 are
turned into the not-usable-state, and they are also to be moved off. The procedure
described above results in a smaller system: the number of equations is reduced
from 8to 6.

Besides, the procedure described above but modified a little can be used to
estimate the relative parts of various transformation processes. This, in its turn,
enables to compose the simplified schemes of the evolution of ions. As it has
been said above, such schemes are valuable in many aspects. As to the present
work, some schemes obtained in this way are presented in Chapter 2.
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1.7. Estimate of the concentration changes of neutral gases

As it was said above, the method determined on the ground of Equations (1.14)
and (1.16) is valid in case the concentrations of neutral compounds can be
considered constant. As regards the natural air, the presumption is appropriate,
and the method can be used without any limitation. Nevertheless, the situations
characterized by an increased ionization efficiency may be of interest as well.
The situations like the one mentioned last can be met in the regions with an
extraordinary amount of radioactive substances, and also in the lab instruments
in which enhanced ionization is used. As regards the conditions of enhanced
ionization, the changes of neutral compounds occuring within ion-molecule
reactions can not be disregarded. By means of the linear method described above,
the changes of neutral compounds can not be simulated. On the other hand, as it
was said in Article 1.4, any unlihearity should be avoided. Taking this into
consideration, an iteration method has been designed in the present work. Any
step of the method consists of two stages: first, problem (1.14); (1.16) is usually
solved, next, using the found concentrations of the steady state of ions, the
changes in the concentrations of neutral compounds are estimated as follows.
Let us have an ion-molecule reaction:

A++B+C->D++E+F, (1.24)

where A+ and D+ are ions; B, C, E and F are neutral compounds; the rate
constant of the reaction is marked by k.

Ifthe concentration of ions A+ in the steady state is [A+], the concentration of
compound B changes within 1s by the value of

[B]1S= -*[A+HB]0[C]O (1.25)

where [B]0and [C]0are the concentrations of neutral compounds B and C which
were used for the determination of problem (1.10) on the previous step. Adding
up changes [B]1S over all the ion-molecule reactions in the system containing
compound B, we obtain the total change of the concentration of compound B
within 1s on the assumption that other concentrations are constant. In this way,
the changes of the concentrations of all the neutral compounds participating in
ion-molecule reactions can be found out; the changes can be regarded as the next
step ofthe iteration.

If the above iteration is executed for several times, it is possible to estimate
both the changes of the neutral compounds and the influence of the concentration
change in a certain neutral compound on the ion evolution, and on the
concentration change of the neutral compound itself. In principle, the iteration
process can be automated, but, unfortunately, the iteration does not converge
equally in all cases, whereas some cases of convergences can not be plausible in
physical-chemical sense. Thus, the iteration process should be carried out
manually; between the iteration steps, trends of convergence should be assessed,
and the choise between the different trends of convergence should be done when
needed. The result obtained this way can be considered a rough estimate only,
but, on the other hand, an estimate is the maximum that can be set as a purpose
as tar as the model consists only of ion-molecule reactions but of no reactions
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between the neutral compounds of the model. If we take into account also the
reactions between neutral compounds, the system of Equations (1.10)
unavoidably becomes nonlinear, which causes a substantial increase in
computational difficulty. Up to now, no successful model consisting of both
ion-molecule reactions and the reactions between neutral compounds is known.
As regards the estimates, the iteration described above can be regarded as a quite
proper one, moreover, the requirement for computation resources is not great.

The results obtained by means of the iteration described above have mainly
been published in papers (Luts, 1992a; Luts, 1992b; Luts, 1995).
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2. PROCESSES OF THE MUTUAL TRANSFORMATION
OF IONS

2.1. Introduction

In this chapter we continue dealing with the problems concerning the
determination of matrix A in the equation of evolution of ions (1.10). Two types
of data will be examined: first, the available data about the rate constants of
ion-molecule reactions; secondly, the available data about the actual composition
of ions. Particularly, an attempt to analyze the changes in transformation
processes caused by variations in pressure and/or temperature will also be made.
By means of the results of all these analyses, requirements to the behaviour of the
model are set.

In this chapter we are not going deal with the actual concentrations of the
neutral compounds, although the concentrations are necessary for determination
of matrix A as well: the concentrations of the neutral compounds are considered
in the next chapter. As to the members of Equation (1.10) which describe
generation of ions and/or decay of ions, contents of the members has been
analyzed in Article 1.3.

2.2. Survey of the models of ion evolution

In the paper (Ferguson and Arnold, 1981) a qualitative survey both of the
formation and the composition of stratospheric ions has been given. The authors
of the paper have analyzed the rates of certain ion-molecule reactions, on the
ground of which a conclusion about the central role of ions HO +(HD)k in the
evolution of positive ions has been done. lons H +(HAD)k are formed in any
case, moreover, several other ions, among the ones arisen from the water by
means of the reactions with gases of high proton affinities, become also
converted into ions H +(HD)k. In the paper (Ferguson and Arnold, 1981) only
two types of ions capable of substituting ions H3 +(H2D)k have been found out:
at the older ages of ions, ions NH4+(H2)k and/or CH3+(H2)) (the ions formed
with the help of CH3OH) may become dominant. However, the principled
possibility of formation of certain additional ions, substituting H +(H2)k ions,
e.g. ions Na+HH2)Kk, because ofthe large proton affinity of NaOH, has also been
pointed out. The results obtained by means of the analyze of ion-molecule
reactions have been compared with some results of measurements. These results
have shown proton hydrates (ions H +H2D)k) to be dominant at higher
altitudes, whereas a decrease in altitude causes proton hydrates to be less
abundant: at lower altitudes the ions of other types are generally dominant.

The main negative ions should be ions NOs"X*Y (Ferguson and Arnold,
1981). In accordance with the discussed set of ion-molecule reactions, formation
of NO3 XY ions is directly supported by large concentrations of HNO3 Nz20s
and 0 3 at which NO and N Oz directly conduce the formation of ions N02Z XY,
the contribution to the formation of ions NO3 X Y is only oblique. In conformity
with the set of reactions, most of ions of other types should sooner or later be
transformed into ions NO3 X-Y, whereas ions NO3*XY should be transformed
into the shape NOs"(HNO3K by sufficient abundance of HNOs The ions
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mentioned last can be substituted only by ions HS04 X-Y, abundance of which
depends mainly on the concentration of H2S04. Therefore, ions HS04"*X¥Y can
be considered the terminal negative ions (Ferguson and Arnold, 1981). The
discussion summarized above has been confirmed by some results of
measurements: the main ions observed in stratosphere are indeed ions
NOs (HNOs)k and ions HS02 (HNos)k(H2So 4m and relative abundances of
the ions depend on the altitude and on other conditions.

In the paper (Thomas, 1983) a qualitative survey regarding the available data
about evolution of ions at the altitudes from 10 to 100 km has been given. In
conformity with the survey, ions H30 +(H20)k should be most important in the
evolution of positive ions, whereas at lower levels of the atmosphere ions
H+ X (H20)kshould also become relevant; X can be, e.g. CHCN or CH3OH. As
to negative ions, the main results reported by (Ferguson and Arnold, 1981) have
been confirmed: the most of the negative ions are transformed into ions
N 03 (HNO3k(H20)k, at which the water molecules being contained in the ions
are gradually substituted by the molecules of HNOs. Besides, some other
substitutions are also possible, e.g. ions NOi (HNC>3)k'(HCI)k can be formed, but
only the substitutions leading to ions HS04 (HNO3k (H2S04mcan be considered
terminal.  Still, as regards the near-ground air, the abundance of ions
HSO4 (HNo3)k (H2S04m should be lower than the abundance of ions
NOs"(HNO3k

In the paper (Wisemberg and Kockarts, 1980), where the evolution of
negative ions has been studied by means of mathematical simulation but
disregarding the possible influence of H2S04, the main ions at altitudes between
50 km and 60 km have been found to be clusters NOs -X.

In the paper (Arijs, 1992) a qualitative survey of the present knowledge about
the composition of stratospheric ions lias been given. The important roles of ions
Hs0 HH:0)k, 02’(H0)k, and C0s’(H20)k have been pointed out: in accordance
with the data available, formation of any terminal ion should proceed through the
ions mentioned last. As to evolution of ions, clusters Hs0+Hz0)k 02'(H0)k,
and CO0s(H0)k can be considered a buffer of specific character since the rates of
formation of terminal ions depend on the internal distribution of the types of
clusters mentioned last. If so, the correct model of internal stucture of the types
of ions is one of the most important parts of the overall model of evolution of
ions. Nowadays, the data necessary for the correct simulation of evolution of ions
is still insufficient (Arijs, 1992).

One of the first works, considering the evolution of natural ions near ground,
is the paper (Mohnen, 1977). In this paper the importance of the atmospheric
trace gases has been pointed out: being limited to the “air-like gas mixtures”
(mainly N2 02 H0, CO02 with few additions) results in the compositon of ions,
in which ions H:0HH0)k CO0+'(H0)kja 02"(HO)k are dominant without
exceptions, whereas the actual composition of air ions is somewhat different. In
the paper (Mohnen, 1977) a qualitative estimate of the situation has been drawn:
NH4#+(NH3)x(H2o )y, NO2 (H:0) and NO2S02 have been regarded as the main

air ions, whereas the shortage of data about ion-molecule reactions has been
pointed out.
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In the paper (Smirnov, 1980), an acceptable survey of the knowledge both
about the results of measurements and about the results obtained by calculations
has been compiled. As to positive ions, the importance of ions Hs0 HH0)k has
been pointed out: the ions are formed in any case, whereas at the age of about 1
ms, the ions have already achieved their internal equlibrium, older ions are
transformed into the terminal ions.

The papers (Huertas and Fontan, 1975; Huertas et al., 1978) are among the
first ones, considering the evolution of ions quantitatively Evolution of ions has
been simulated until the age of about some milliseconds, and using the air-like
gas mixture (N2 02 H0, C02 NO, Ar). As it has been shown in the paper
(Mohnen, 1977), confining oneselves to an air-like gas mixture like the one used
by the papers mentioned above results in the composition of ions different from
the natural one. All the same, the results obtainable this way are quite applicable
to the description of young ions. In conformity with the paper (Huertas and
Fontan, 1975), the main positive ions at a pressure of about 10 mmHg, and at the
age of about 6 ms are ions HsOHH:0)k (k = 1,..,7), whereas under the
atmospheric pressure, formation of the ions is terminated at the ages under 1 ms.
In conformity with die paper (Huertas et al., 1978), the final composition of
negative ions depends on die composition of initial ions. In case of initial ions
02; the main negative ions are 02" (H0)k, in case of initial ions O, the main
negative ions are CO3’(H0)kK, in case of initial ions OH”, the main negative ions
are HCO3'(H:0)k, whereas the rate of formation of the negative ions depends on
the pressure: under the atmospheric pressure the formation of ions is terminated
at the age of about 10 Nis. As known from Avrticle 1.3.4, the natural composition
of initial ions makes up nearly 5% O’, 95% 0 2" Consequently, the main negative
ions at the age of about 10 (js should be ions 02’ (H0)k.

In the papers (Huertas and Fontan, 1975; Huertas et al., 1978), comparisons
between the obtained results of simulations and the reviewed results of
measurements have shown a significantly good accordance. In addition, the
reported data about, internal equlibriums of clusters HsO HH0)k, CO3’(H0)k,
and 02’(H:0)k have a certain independent value as by means of the data
formation ofthe clusters is described up to quite large values ofk.

According to the evaluations of the authors of the papers (Huertas and
Fontan, 1975; Huertas et al, 1978), the trace gases disregarded in the papers
may become essential only in case of older ions, hence, as regards the ages of
ions considered in the papers, ions 0 2’(H0)k and Hs0 HH:0)k should be dominat
under almost any atmospheric conditions. Thus, evolution of young ions can be
modelled using the simplified mixture of gases only. Henceforth, ions
H:0 HH:0)k have sometimes been found also at the natural age of ions,
formation of negative terminal ions seems to proceed faster: ions 0 2"(HO)K have
not been found at the natural age of ions.

As a matter of fact, the results obtained by (Huertas and Fontan, 1975;
Huertas et al, 1978) can be obtained using a more simplified mixture of gases,
consisting only of N2with a possibly minimal admixture of 0 2and HD (Siegel
and Fite, 1976). As regards some special cases, the simplifications mentioned
above can not be considered valid anymore, e.g. in case of very dry air, where the
concentration of C02 exceeds that of HZ (such situations do not occur in
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natural air), at the ages of ions being about some milliseconds, the main ions are
C04'(HD)k (Mohnen, 1972); in other cases some other ions may be prevailing.

In the paper (Watts, 1992), another model regarding the processes proceeding
in mobility spectrometer until the age of ions being about 10 ms is reported. In
the paper, not the air but an air-like gas mixture similar to the one employed by
(Huertas et al, 1978) is used. The quite detailed analysis of the reactions taking
place between the young ions is presented. On the other hand, the results reported
by the paper (Watts, 1992) substantially differ from the ones reported by other
papers: eg, at the age of ions being about some milliseconds, and at the
concentration of water being about 100 ppm, the main ions were Oz For
comparison, the results obtained by (Huertas et al, 1978) under nearly similar
conditions, have shown the main ions to be 02"(HO)k, whereas ions Oz have
been transformed into other ions within some tens of nanoseconds. At the same
time, the results of simulations obtained by (Watts, 1992) are in ideal accordance
with the results of measurements obtained by the same authors in the paper
(Hayhurst et al., 1992).

A little improved model has been reported in the papers (Lifshitz etal, 1983;
Lifshitz et al., 1984), an attempt to study the older ions has been made.-The ions
obtained by means of the model were still lighter than the ones observed in the
real air.

The results of a thorough simulation of composition of ions have been
reported by (Kawamoto and Ogawa, 1984; Kawamoto and Ogawa, 1986). On
the one hand, only the steady-state composition of ions has been simulated, on
the other hand, the results obtained accord quite well with the observed
composition of atmosperic ions. In the paper, possible effects of many trace
gases have been taken into account (HC1, HCN, H2SO4, HNOs, etc.), likewise, a
comparatively large number of ion-molecule reactions (over 100) have been
included. According to the results, in the near ground layer ions
No3‘(H20 )(HNo 3 should be dominant, whereas other types of ions should be at
least 10 times less abundant; from an altitude of about 10 km the main ions
should be N0O3'(HNO32 Nevertheless, despite the good accordance with many
results of measurements, the model used by (Kawamoto and Ogawa, 1984;
Kawamoto and Ogawa, 1986) is not suitable for simulation of temporal
variations in the concentrations of ions, as mentioned in Article 2.4.3. Authors of
the model have given much attention to the description of equilibriums like
N 03’(H0) KHNO3m<=>HS04" (HNOs)KHS 04m) at the same time, few attention
has been given to the processes determining the evolution of ions at the age of
about 1s.

The paper (Brasseur and Chatei, 1983), dealing with stratosphere, can be
regarded as nearly equal to the papers reviewed last. As to negative ions, an
excellent harmony with the results obtained by (Arnold et al., 1982) can be
noted: both of the papers show a rapid replacement of ions N 03'(H20)k(HNO3m
by ions HS04 (H:0)k(H2S04)m occuring at an altitude of about 32 km. True
enough, the replacement can be simulated quite easily: by appropriate choice of
shape of the concentration of H.S04. The main positive ions obtained in the
paper  (Brasseur and  Chatei, 1983) were HOHH:0)k and
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H HCHIXN)MH2ADX:, whereas at lower altitudes the relative abundance of ions
HsOMCHjCNU”OX increases

In addition, the paper (Brasseur and Chatei, 1983) has pointed out the
estimative character of results obtainable by means of available data: the actual
values of many required quantities are not known, therefore, certain estimates are
to be included in any model.

Additionally, the paper (Brasseur and Chatei, 1983) contains rather
comprehensive tables of ion-molecule reactions employed, including quite
detailed (partially: estimated) data about internal equilibriums of clusters
H HHD)k, HD +(CHIXN)MHD)k NO3(HD)KHNO3mM and
HSo 4 (HNo 3)k(H2So4)m Some of the data have been reported also by (Huertas
and Fontan, 1975; Huertas et al., 1978), whereas the estimates used by the
papers mentioned last partially differ from the ones reported by (Brasseur and
Chatei, 1983), which points to another problem: certain estimates are
unavoidable, but estimates used by different authors may be not the same.

In the papers (Beig and Chakrabarty, 1987; Beig et al., 1993a; Beig et al.,
1993b) the problem of compiling of the model of evolution of air ions has been
solved in an original way: the authors have declared, that the detailed model can
not be realized at the present time anyway, as a result of what the authors have
replaced the consideration of numerous processes of transfomations of ions by a
consideration of few blocks, at which the processes contained in the blocks are
not of interest any longer for the authors. In this way, both the internal structure
of the types of ions and most of the individual tranformation processes of ions
have been disregarded, moreover, also the values of quantities desribing the
transformations between the blocks have mostly been estimated. In case of
positive ions, the evolution is now described by three blocks only (initial ions,
H +(H2D)n, and HY +-XmHD)n), in case of negative ions the new structure is
somewhat more complicated.

Next, the transformations between the blocks have been described by means
of one or two conventional “reactions”, whereas the values of quantities
describing the “reactions” have been determined from the conditions of the best
accordance with the reviewed results of measurements. The model has resulted in
altitude-variations of the summary concentrations of ions H3I +(H2D)n
HD +-Xn{HD)n NO03 X Y, and HS04 X Y, whereas the results obtained by the
authors were significantly close to the observed concentrations reviewed by these
authors.

The approach used by (Beig and Chakrabarty, 1987; Beig et al., 1993a; Beig
etal., 1993b) is certainly interesting and, besides, at least partially, fitted for the
purpose. As it is shown in Articles 2.4.1-2.4.7, from a mobility spectrum one
can get only the information about the relative abundances of certain types of
ions, but the actual abundances of individual ions are not obtainable. Moreover,
also the resuts obtained by mass-spectrometry do not geneally include the
abundances of individual ions, they only include either the summary
concentrations of ions of a certain type or the summary concentrations of ions
having a certain core (see Article 2.3.2). Consequently, it may by really
expedient to describe the composition of ions not by means of the concentrations
of individual ions but by the summary concentrations of certain classes of ions.
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On the other hand, as it is shown in Article 2.5.2, evolution of ions actually
depends not only on the quantities describing the transformations between certain
classes of ions, but also on the internal structure (equilibrium) of certain classes
of ions, whereas some peculiarities in internal structures can be well simulated.
In case we disregard all the processes determining the internal structure of
classes of ions, in some particular cases the obtainable results may seem true,
nevertheless a model of such kind would be far from the real processes of
evolution of ions. Surely, such model can be easy to fit in the results of
measurements, but contents of the new quantities introduced in the course of
compiling the model is anything but clear. Moreover, such model accords most
likely with the results of measurements in some certain cases only, at which in
some other cases the accordance may be really weak.

It seems as if the adequate simulation of internal equilibriums of classes of
clusters is a more complicated task as compared with the simulation of relative
summary abundances of certain ion types, e.g., the internal structures of certain
classes of ions found by means of simulating by (Brasseur and Chatei, 1983) do
not accord well with the results of measurements, while, the found summary
concentrations accord with the results of measurements far better. The
complications can be, at least partially, explained by the dependencies of
equlibriums: equlibriums of clusters depend both on the temperature and on the
pressure, as it is described in Articles 2.5.3 and 2.5.4, at which both temperature
and pressure are quite variable quantities. Besides, equlibriums of clusters
depend on the concentration of water, which is also quite variable. On the other
hand, the amount of measurement results concerning the dependencies of
composition of ions on the temperature or on the pressure or on the concentration
ofwater is also very limited: (e.g., Salm etal, 1992; Salm and lher, 1983).

In the paper (Parts, 1988) some positive ions, which could be essential at the
age of ions being about 1 s were enumerated, e.g. ions NH4+(H2 )4(H2 )s and
Hso+(H20 )3(H20)e(H20 )iz Such ions were declared to be the particularly stable
ones, besides, masses of the ions were quite close to the masses, supposable on
the ground of mobility spectrums of ions at the age of about 1 s. Particularly
stable clusters have also been discussed in the papers (Peifer et al, 1989; Wei et
al, 1991: Khan, 1994), in which clusters HO+(H20)2) H+(NH3, §H20)2
H2:(NH38 NH2+(NH36 and H+((CH3)N)IOQ(H2)2i were mentioned. On the
other hand, such clusters have not been obtained either by measurements or by
simulations. Moreover, at the present time, no either thermodynamic or kinetic
data required for simulating such clusters is known: e.g., clusters H +(H2)n
can be simulated only up to cluster H) +(H2 )9 (Kochanski, 1985).

In the paper (Parts, 1988) clusters H) +(H2)3and HD +HA ) 3HA )6 have
also been redarded as the particularly stable ones. The thermodynamic data
reported by (Kochanski, 1985) show a jump of values in case of HO +(H20) 3but
this jump is not confirmed by other works. Thus, on the ground of
thermodynamic data, hardly a conclusion about the favoured clusters can be
made. The actual shape of distribution of clusters H3 +(H2))n depends mainly
on the concentration of water, whereas at the concentrations of water near to the
normal top of the shape should be located at n - 4.7 True, at a certain
concentration of water top of the shape can be located in HO) +(H20) 3 but this is
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valid only at the certain concentration of water. All the same, some observations
have shown the favoured existence of H) +(H2))3 (see Article 2.3.2), yet the
result has not been confirmed by other observations. Moreover, in the course of
measurement process, break-up of clusters may occur, as a result of which the
shape of distribution obtained by measurement may actually differ from the
natural distribution of ions (Schlager and Arnold, 1986). Consequently, the
favoured existence of clusters H3) +(H2)3 obtained by some authors may
actually be due to the break-up processes, therefore reflecting only the stability of
clusters relative to the break-up. Thus, at the present time we can not decide, in
which extent the particularly stable clusters become apparent in the natural
atmosphere.

Hence, this article can be summarized as follows. At the age of ions being
about some milliseconds, ions HsQHH:0)k and o 2 (Hzo )k should be dominant, at
which the models (Huertas and Fontan, 1975; Huertas et al, 1978) describe the
evolution of so young ions significantly well. Exceptions are possible only in
special cases: e.g., in case of special conditions of ionization, or in case of
situation where the concentrations of neutral gases differ very much from thouse
but natural. The special cases can not occur in the real air, all the same, they can
be met in the situations created artificially. Consequently, for the common case,
the model should take the possibility of special cases into account as well. The
reviewed works have mainly considered the evolution of young ions, as regards
the ions at ages near the natural ones, only certain details are available.
Nevertheless, according to the reviewed papers, at older ages ions
HD +CHIXN)MHD)k NO3(HD)KHNO3m and HSo 4(HNo 3)kH2S04)m
should be formed, but some other ions may be added as well.

The possibility of existence ofthe clusters including a large number of water
molecules, e.g. HI+HH2)A), deserves certain attention. Nevertheless, the
guantitative treatment of such clusters is nowadays impossible because of the
lack of data. The treatment of evolution of ions focusing the attention on the
description not of individual concentrations of ions, but of the summary
concentrations of certain ion classes (Beig and Chakrabarty, 1987; Beig et al,
1993a; Beig et al, 1993b) deserves certain attention as well. Indeed, the known
results of measurements include mainly not the individual but the summary
concentrations. All the same, the internal structure of ion classes should not be
disregarded because of the reasons discussed above.

2.3. Survey of results of mass-spectrometric measurements concerning
ion composition
Composition of ions has been measured both at the ages of ions being about

some milliseconds, and at the ages near the natural ones. In the next article a
survey ofthe works having dealt with the young ions is given.

2.3.1. Survey of the results obtained under artificial conditions

One of the early works where attempts of experimental investigation of
composition of ions were made is the paper (Fite and Rutherford, 1964). In the
paper “pure” gas mixtures were used, at which the pressure was of about a few
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torrs, the ages of ions were about few milliseconds, and an electron gun was used
as the ionization source. First, the results obtained imply that the “pure gases”
were not actually pure, e.g., inthe “pure” oxygen ions OH". N02 and CO3 were
observed. Besides, the composition of ions in the mixture of “pure” N2and 02
were very close to the composition in the natural laboratory air, in both cases
ions NO2"and NO2(H2) were observed. The existence of such ions, moreover,
provided that the ions were so young and the pressure was so low, does not
accord with results reported in most other woiks. As, in addition to the ions
mentioned above, ions having masses of about 280 a.m.u. were observed as well,
the peculiar effects mentioned above can be explained by means of supposition,
that the composition of neutral gases was actually out of control, at least far
from the “pure” gases. On the other hand, the existence of the effects like those
implies, that the knowledge of the actual composition of the environment has the
first-rate importance.

Partially, the changes of the composition of neutral gases could be due to the
specific features of the ionization source: electron gun could generate a large
number of atoms of dissociated oxygen, that is implied by the large abundance of
ions O “ observed in case of “pure oxygen” It is interesting, that an addition of N2
has resulted in the disappearance of ions O", the same has been observed in case
normal laboratory air was used. In accordance with the results of the papers
(Caledonia, 1975; Wisemberg and Kockarts, 1980), the electrons generated by
primary act of ionization, should react both with 0 2and with N2 whereas both of
the reactions should result in ions 02 The abundant existence of ions O' could
be possible only in case of a large number of either O atoms or Oz molecules. A
plenty of O atoms could be generated by electron gun. In case of the addition of
N2the abundance ofjO atoms may be decreased by means of the reactions with
the molecules of N2 but in that case a large number of O3 molecules should be
generated (Baulch et al, 1980), which, in its turn, should contribute to the
generation of ions O' (Caledonia, 1975; Wisemberg and Kockarts, 1980). Still,
in case of addition of N2molecules, ions O' were not observed anymore. Besides,
the large quantity of ions O' may disappear by means of ion-molecule reaction
between O' and N2 proceeding from which the large number of ions NO/
observed can be explained as well (Albritton, 1978). All the same, by the
reaction between O' and N2 the competiting reaction between O' and 0 2 should
proceed as well, whereas the reaction mentioned last should generate ions 02
(lkezoe et al, 1987), which can surely produce ions 0 2N2 but not ions N02
(Albritton, 1978).

In the paper (Huertas et al, 1974) the compositions of positive air ions under
the pressure being between 10 mmHg and 30 mmHg, and at the age of ions being
about 1 ms have been measured. Under the pressure equal to 10 mmHg, the main
ions were H0 HH:0)K, besides, some other ions, e.g. 02HH0)k and NO+ were
observed. At the pressure equal to 30 mmHg, the part of H) +(H2)v increased.
The results are quite close to those obtained by means of simulation, as it was
reviewed in Article 2.2: indeed, among very young ions both ions Hs0 HH:0)k
and some other ions should exist, at which ions Hs0+HH:0)k should become
dominant from the age of about 1 ms. In addition, in the paper (Huertas et al,
1974) the effects of an increase in the concentrations of several neutral gases on
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composition of ions has been studied. According to the paper, ethanol, atcetone,
and ammonia have had an essential effect. E.g., as a result of an increase in the
concentration of ammonia, ions Hs0+HH:0)k were replaced by ions
NH:HHzo )JKNH3mM Smaller effects have been observed due to benzene and
some of its derivates, also due to CHNOZ2 Practically no effect has been
observed due to CCla. On the one hand, the information about the effects caused
by an increase in the concentrations of certain neutral gases is very useful
because it illuminates certain new branches of the evolution of ions. On the other
hand, no quantitative conclusion can be made because there is no information
about the actual concentrations ofthe neutral gases used.

In the paper (Huertas and Fontan, 1982) the compositions of both positive
and negative ions under the pressure of about 30 mmHg, and at the age of ions
being about 1 ms have been measured. In case of positive ions, ions Hs0 HH:0)k
were dominant, at which the composition of ions did not depend on the nature of
ionization source. In case of negative ions, the composition of ions has depended
on the nature of ionization source: in case of a-emissions, the main ions were
02"(H0)k, in the same place but in case of corona discharge, NO2"(H0)k and
NOs"(HO)k prevailed. As shown in Article 2.2, both ions Hs0HH0)k and
02’(H0)k accord with the known models of the evolution of ions. As regards
ions NO2’(H0)k and N Os"(HO)k, particularly in case of young ions, they rather
belong to the “special cases” In this “special case”, existence of the ions might
be due to accompanied effects of corona discharge as it was explained in Article
1.3.4: the corona discharge might cause a cliange in the composition of neutral
gases followed by a change in the composition of ions.

In addition, in the paper (Huertas and Fontan, 1982) the variations in
composition of ions due to large increases (about 0.5% per volume) in the
concentrations of several neutral gases were studied. According to the results, in
case of positive ions, C6HINO02 has induced ions H3 +(H2 )k(CeHsNo 2);
CH3CHO has induced ions CHICHOH+(H2D)KCH3CHO0); and CZHSCOCH3has
had a certain considerable effect as well At the same time, neither CCU nor
CZHC13 had any notable effect. In case of negative ions, CH50OH has induced
ions o 2(H2o )k(C2Hso0H); and CZHC13has induced ions CI"'(HD)k.

In case ofthe natural air, concentrations of the neutral gases mentioned above
do not achieve the values equal to 0.5% per volume, or 1.3x 1017cm‘3 Therefore,
we had to make sure whether the neutral gases can or cannot have an influence
also on the composition of natural ions as well. According to the results in
Chapter 3, actual concentrations of all the compounds of interest are not known.
On the other hand, the known concentrations of most trace gases are at least 106
times lower as compared with the concentrations used in the paper (Huertas and
Fontan, 1982). Consequently, as the normal pressure exceeds the one used in the
paper (Huertas and Fontan, 1982) for about 25 times, under natural conditions
the reactions leading to the ions observed in that paper should be at least 104
times slower. Thus, under natural conditions the effects due to the neutral gases
might become apparent from the ages of ions being about 10 seconds In
principle, the reactions may become essential, all the same, the possibility of
using them depends on the available data about the characteristics of the
reactions.
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In the paper (Mohnen, 1972) ions in the “air-like gas mixtures” have been
studied. The exact composition of the mixture was not defined, the only
information about it was that the concentration of CO2 exceeded the that of
water. Besides, ages of the ions were nearly 10 ms. The main ions in such
mixture were CO04'(H:0), besides, there were a few ions 02 (H0)k. In case of
addition of SF6 (the concentration is unknown), the only ions in the system were
ions SF6

In the paper (Mohnen et al, 1980) also the composition of young ions in the
not exactly defined air-like gas mixtures was studied. In “normal” case, ions
02'(HD)k, C(V(HA), and C0O3'(HAD)kwere observed, at which the ratio of the
concentration of 0 2(H2D)k to the concentration of CQu (H2) depends on the
ratio of the concentration of HD to that of C02 COs (HD)kis induced by the
reactions including atomic oxygen. In principle, the existence of ions COs (HD)k
can indeed be explained by the change in the ionization conditions because the
similar ions were also found by means of simulation, in case of primary ion 0
(Huertas et al, 1978). On the other hand, ions C03(H2)k were observed in the
paper (Mohnen et al, 1980), but not in the paper (Mohnen, 1972), although the
parameters of ionization sources seemed to be the same. As the authors of the
paper (Mohnen et al, 1980) have said nothing about that contradiction, it is
likely to guess that the “air-like gas mixtures” used in the both papers of the
same authors were really different. Besides, the different ages of ions can be
supposed as well. Consequently, the actual reason for the contradiction remains
unclear.

Besides, according to the paper (Mohnen et al, 1980) an addition of SOz
induces ions S04"(HO)k; an increase in the concentration of NOXx induces ions
NO02-X; and an addition of both ozone and NOXx induces ions NOs'X.
Nevertheless, no quantitative conclusion valid for the model can be done because
the conditions used in the paper (Mohnen etal, 1980) were not exactly defined.

In the paper (Arnold et al, 1982) the composition of ions in the air-like gas
mixtures was studied. In the mixture consisting of N2 02 H0, and SOz ions
HS04"(HS04k were observed, which situation accords with the results of
measurements of the same authors. All the same, the ions observed in the paper
differ from the ions observed as a result of an addition of SOz in the paper
(Mohnen et al, 1980), although it seems as if the conditions were similar in both
cases. It is possible, that the ages of the ions used in the paper (Arnold et al,
1982) were different from the ones used in the paper (Mohnen et al, 1980), still,
the actual reason for the differences remain unclear.

Summarizing the discussion presented in this article, following conclusions
can be made. First, the results of measurements of composition of young ions
have often shown both observed and simulated compositions to be similar.
Consequently, the models reviewed in Article 2.2 can be taken for the basis for a
better model. Secondly, processes including several neutral gases, such as S02
NOx ozone, ammonia, SF6 C6HIN 02 CH3HO, CHZ0H, acetone, benzene,
CZHC13should be included into the more complete model. As regards the results
showing the effects due to the neutral gases which become apparent already on
the occasion of very young ions, no guantitative conclusion valid to the model
can be done because the concentrations of the neutral gases having had an effect
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on the composition of young ions were extremely large, and, moreover, often not
exactly defined. Thus, only the qualitative conclusions considering the
potentiality of additional branches of the evolution of ions can be done.

2.3.2. Survey of results obtained in natural air

In the papers (Arnold et al., 1981a; Arnold et al, 1981b; Arijs et al, 1982) a
survey of results of observations of stratospheric ions is given.

On the one hand, composition of stratospheric ions may differ from that of the
near-ground ions. On the other hand, in stratosphere, ions with masses up to
about 400 a.m.u. have been found out, but such ions should, in accordance with
the discussion presented in Article 1.2, have mobilities close to the mobilities of
the ions of the near-ground air (see also Article 2.4). Consequently, stratospheric
ions should be similar to the air ions, at least as regards the masses of both ions,
therefore, the results obtained for stratosphere, may still be useful

The composition of positive ions observed at an altitude of about 35 km by
(Arnold et al, 198la) was the following: 21% of H)+H)3, 20% of
H3) HCHXN)(HD)2 18% of HD +HHD)4 16% of HD +CHIN)AHD), 11%
of HY HCH3CN)2 besides, some other clusters of same types. The similar ions
have been found out also by (Arijs et al, 1982), at the same, the shape of
distribution of clusters was completely different: the main ions were H) +(H2)3
(32% - 38%) and HO +HCH3CN)(HD)2 (30% - 44%), the abundance of other
ions was much smaller. Yet, the observed composition of ions may be not equal
to the actual composition of ions: the problem of break-up of larger clusters in
the course of measurement process has deserved a special attention (Arnold et
al, 1981a; Arnold etal, 1982b). As to negative ions, the problems similar to the
one mentioned last have been further studied by (Schlager and Arnold, 1986):
several clusters observed were indeed most likely to be the products of break-up
processes.

The composition of negative ions observed at an altitude of about 36.5 km by
(Arnold et al, 1981b) was as follows: 66% of NO3'(HN032 14% of
HS04(HNO032 7% of HS04(H204), 5% of HS04(HNO3), additionally a few
per cents of other clusters with cores of HS04' or NO3" Besides, a special
discussion about the role of break-up processes has been carried out: because of
the quite high binding energies of negative ions, the observed composition of ions
should not differ very much from the actual one, all the same, the real ions
containing some molecules of water might disappear within break-up processes.

In the paper (Arnold et al, 1982) study of stratospheric ions was continued
with the main attention to the heavier ions. The following ions were observed:
NO3'(HN032  HS04(HNO3, HS04(H2S043 HS04(HD)(H2S043
HS04(H2504)2 HS04(H2504), and NO3 HNO3 Various other N03 or HS04
clusters having masses up to 587 a.m.u. were observed as well, still, the
abundance ofthe clusters mentioned last was quite negligible. It is supposed, that
at a sufficient concentration of H2S04 the reaction

N03 (HNO3k+ H2504-> HS04(HNO3k+ HNO3

always becomes essential, at which the molecules of HNO3will be later replaced
by the molecules of H2S04, in summary, both the rate of the processes and the
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degree of transformations depend on the actual concentration of H2S04. Besides,
a replacement of ions No 3’(H20)k(HNo3)m by ions HS04(H2)k(H2S04mwas
observed at an altitude of about 30 km: at 32.4 km, about 70% of all the ions had
masses below 200 a.m.u., at 34 km, about 70% of all the ions had masses
beyond 300 a.m.u. As to the specified values of m and k in groups NOs (HNO3k
and HS04'(H20) in(H=S 04)k the specified values could not be obtained because of
the possible role of break-up processes. Inthe paper (Schlager and Arnold, 1986)
a further study of the break-up processes was carried out, the suspicions about
the essential role of break-up were partially confirmed: the “doubtful” ions of the
paper (Arnold etal, 1982) were replaced by ions HS04’(H2S04X

In the paper (Arijs et al, 1985) the composition of negative ions at altitudes
of 22-45 lan has been measured: the main ions were NO3 and HS04 clusters,
analogically to the results described above, at which the amount of ions
N 03'-(HNO032was about 50% of all the ions.

At altitudes of 52-61 km the main positive ions were Hi0 +H0)k, whereas
ions Hs0 HH0)s were dominant at 48 km, and ions Hs0+H:0)2 at 56 km
(Pfeilsticker and Arnold, 1989). The main negative ions at altitudes of 35-55 km
were the clusters of NO3"'and HSQs although somewhat lighter than those at
lower altitudes, for ions N O3z HNOs and NQ3'were the main ones, and, besides,
CO0s clusters and ions N0s""HCL were found out (Pfeilsticker and Arnold, 1989).

The first known measurements of ions at altitudes below 10 km belong to the
papers (Arnold et al, 1984; Heitmann and Arnold, 1983). In these papers, the
mass resolution was quite crude, owing to which the results primarily give the
integral information. First, it seems as if the positive ion spectrum depends on
altitude, at which a specially large number of heavy ions (with masses up to 500
a.m.u.) appeared at altitudes below 4 km, sometimes, a spectrum containing
many heavy 1ons was observed also at altitudes above 8 km. Secondly, the
composition of positive ions seems to be a quite variable one, as different
measurements realized at near altitudes have resulted in significantly different
spectrums In the paper (Arnold et al, 1984) no direct conclusion about the
composition of positive ions has been done. As regards negative ions, it looks as
if the spectrum was somewhat less complicated: the main negative ions at
altitudes ofabout 10 km were N 03 and HSO04' clusters.

The measurements of near-ground composition of ions started only in the
middle of 1980-s, at which in all known works the equipment close to the one
described for the first time by (Eisele, 1983) has been employed. The equipment
usually works under the conditions where 1ons sampled from the air pass through
a dry buffer gas before being analyzed, as a result, the weakly bound ligands of
ions, specially water molecules, boil off, and the observable spectrum looks more
simple as compared with the spectrum before buffer gas chamber. Consequently,
the spectrum obtained this way is not equal to the natural spectrum, most of all,
the final spectrum includes the more stable parts of ions (cores of ions), which is
nearly of same contents as the summary concentrations of classes of ions, still,
no information about individual ion species can be obtained.

In the paper (Perkins and Eisele, 1984) the first results obtained by means of
the equipment mentioned above have been reported. As to positive ions, the
particles with masses 54 a.m.u., 72 am.u.,, 90 am.u., and 108 a.m.u. were
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constantly found, the respective ions were considered to be NHa+(H2 )k
Sometimes, a notable amount of particles with masses 60 a.m.u., 78 a.m.u., 80
am.u., 94 a.m.u., 98 am.u., and 112 a.m.u. were present, at which the particles
mentioned last were more frequent at coastal regions, and less frequent on the top
of a 1900 m-height mountain. On the other hand, on the top of the mountain,
sometimes, quite heavy ions (with masses up to 600 a.m.u.) were observed. None
ofthe last enumerated ions was identified, the ion of 112 a.m.u. was supposed to
be the water cluster of the ion of 94 a.m.u., the ion of 78 a.m.u. was supposed to
be the water cluster ofthe ion of 60 a.m.u. Besides, it was mentioned, that an ion
with a mass of 60 a.m.u. might contain CH3CN, but, as an objection to this it
was said, that acetonitrile should be an unvariable component of air, whereas the
observed concentration of ions with a mass of 60 am.u. was actually
significantly variable. As to negative ions, only ions N03'(HD)n (particles with
masses of 62 a.m.u., 80 a.m.u., and 98 a.m.u.), and Nos (HNo3) (mass 125
a.m.u.) were observed, at which ions No3_(HNo3) were dominant. Besides, the
possibility of regarding the particles with a mass of 98 a.m.u. as ions NO3 HC1
was also mentioned.

In addition, younger ions have also been studied. To accomplish this, the ions
were generated artificially, the ages of the ions were between 0.1 s and a few
seconds (Perkins and Eisele, 1984). In case of positive ions, only ions
NH4++(H2 )k were observed, therefore, the composition of younger ions was
different from the one of natural ions. In case of negative ions, the observed ions
were nearly the same as in case of natural ions.

The results of the paper (Eisele and McDaniel, 1986) are similar to the ones
of the paper (Perkins and Eisele, 1984). In case of positive ions, ions
NHt-+HH:0)k were constantly observed, additionally, a smaller portion of particles
with a mass of 80 a.m.u. existed almost constantly, likewise variable portions of
ions with masses of 60 a.m.u. and 94 a.m.u. were sometimes found. The last
three ions mentioned were guessed to be the clusters of trimethyalmine, pyridine,
and picoline, being based on the quite high proton affinities of the guessed cores
of ions. In case of negative ions, ions No 3" (H\b3)r(Hzo )mwere dominant, in
addition, a smaller amount of ions with a mass of 160 a.m.u. was observed, the
respective ions were fhought to be No 3"'(H\b3)(Hzo0)2 or NO3s’(HNO3 HC1 or
HS04"-HNO3 Besides, in case of both positive and negative ions some
comparatively heavy particles (beyond 200 a.m.u.) were observed, but their
nature was not discussed.

In the paper (Eisele, 1986), for the first time, an improved equipment was
employed: a collision chamber making a more complete removing of ligands
possible has been added. As a result of that, the final spectrum contains only the
stable cores of ions, which, in its turn, results in more simple spectrums. In the
paper (Eisele, 1986) the main attention has been given to positive ions: the stable
cores observed were of 18 a.m.u., 60 a.m.u., 80 a.m.u., 94 am.u. and 108
a.m.u., which were identified as ammonia, unknown, pyridine, methylpyridine (or
picoline), and dimethylpyridine (or lutidine), respectively.

In the paper (Eisele, 1988), for the first time, a once more improved
equipment was employed: the new equipment has made the study of the internal
structure of selected ions possible. The supplement enables an improved
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identification as now it was possible to cause break-ups of the ions of interest,
and this way, getting information about the more stable parts of the ions. In case
of positive ions, the stable cores of 60 a.m.u., 80 a.m.u., 94 a.m.u., 108 a.m.u.,
and 122 a.m.u. were observed constantly, at which sometimes, the cores of 108
a.m.u. were dominant, at other times, the dominant cores were of 80 a.m.u. and
94 a.m.u. In the latter case, the spectrums of positive ions also included a large
amount of cores ranging from 170 a.m.u. to 290 a.m.u., whereas in the former
cases, the portions of heavy ions were generally negligible, only once a small
portion of ions of 222 a.m.u. was observed. A special attention has been given to
the particles of 94 a.m.u. and 108 a.m.u., as a result of this, the most likely cores
were found to be methylpyridine and ethylpyridine, besides, the supposition
about the ions of 80 a.m.u consisting of pyridine was confirmed. In addition, the
ions of 60 a.m.u. are considered to consist of trimethylamine.

In the paper (Eisele, 1988), the spectrums of positive ions at the age of about
some hundreds of milliseconds were measured as well. The spectrum of young
ions strongly depended on external conditions. Next, we refer to the previous
paragraph: in the former case, only the ions of 18 am.u., 36 a.m.u., 37 am.u.,
55 a.m.u., and 80 a.m.u. were observed, the ions were identified as H3 +(H20)k,
NHa4+(H2 )k, and the ions containing pyridine; in the latter case ions H3 +(H2o0)k
and NHs4+(H2 )k were found as well, in return, also certain heavy ions were
already present; the main heavy ions had masses of 130 a.m.u., 172 a.m.u., and
186 a.m.u. Thus, at the age of about some hundreds of milliseconds, ions
H +(H2D)k and NH4+(H2)k are constantly met, but in some circumstances, a
large amount of quite heavy ions may be present as well.

The spectrum of negative ions has also been observed: in accordance with the
short summary reported in (Eisele, 1988), the whole range between 50 a.m.u. and
150 a.m.u. of the the spectrum was filled out, all the same, the ions with cores
NO03, N03'(HNO3 ja HS04'were usually dominant.

In the papers (Eisele, 1989a; Eisele, 1989b), the main attention has been
given to the peculiarities of composition of ions due to a near high-voltage
transmission line. According to the results, the composition of ions near an
energized transmission line is different from the one of natural ions. The
equipment used in the paper (Eisele, 1988) was employed again, as a result of
which, the results do not generally reflect the actual composition of individual ion
species but only the composition of stable cores of ions.

Conformably to the paper (Eisele, 1989a), main cores of natural negative ions
were N03, HSO4, and C3Hzoa4 (malonate ion), at which the ions with core N03
were favoured at nights (the ions of 62 a.m.u., 80 a.m.u., and 125 a.m.u), the
cores HSO4 (mainly ions HS04(H2S04) with a mass of 195 a.m.u.) were met
only in the daytime, yet not constantly; in return, the ions of 195 a.m.u. were
sometimes absolutely dominant. A certain number of the ions of 103 a.m.u. and
166 a.m.u. was observed almost all the time, still the ions were favoured in the
daytime: the ions were guessed to include CHI4 and CHID4(HNO3.
Sometimes, the ions with masses of 113 a.m.u. and/or 176 a.m.u. were observed,
the latter one was supposed to be the former one plus HNO3 at which the nature

of the former remained unclear. Besides, the rarely occured ions of 142 a.m.u.
remained also unknown.
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As it was said above, the composition of ions has depends on the state of a
transmission line. Near the energized transmission line, the ions with cores NOs
were constantly dominant, which fact was explained by shorter lifetimes of these
ions, that is why the younger ions are more essential. As cores NOs’ were
constantly met, the ions containing CsHsQu were to be found almost all the time,
and the ions including HS04 were to be met most rarely, the last mentioned ions
were supposed to be the oldest ones, with respect to them, the remainder two ions
were considered to be intermediate products of evolution of ions.

A few measurements were done by means of the equipment with the collision
chamber moved off resulted in the spectrums, which ought to be closer to the
natural spectrum of ions. At nights, the ions with core NOs, and the unknown
ions with a mass of 142 a.m.u. were the most customary ones, while the
unknown heavier ions were quite rarely found. The daytime spectrums of
negative ions were highly involved; the customary spectrums included both N0 3'
and/or HS04 clusters and a large amount of heavy ions with masses up to 400
a.m.u., sometimes up to 700 a.m.u..

In conformity with the paper (Eisele, 1989b), the main positive ions have
usually included methylpyridine and/or ethylpyridine (the masses of cores being
94 a.m.u. and 108 a.m.u.), the ions containing either trimethylamine (with a mass
of 60 a.m.u.) or quinoline (of 130 a.m.u.) or pyridine (of 80 a.m.u.) were
ordinarily less abundant. The ions with the cores of 18 a.m.u., 36 a.m.u., 70
am.u., 122 am.u., 136 am.u., 150 a.m.u., and 164 a.m.u. were also often
found, nevertheless, they were more variable. The ions observed as 18 a.m.u. and
36 a.m.u. were most likely NH*+and NH4+(H2o ). The nature of the ions marked
as 70 a.m.u. has remained unclear, all the same, the possibility of isoxazole as
one of the components has been mentioned. As regards the other more variable
ions, they were thought to include various methyl derivates of pyridine.
Sometimes, considerable quantities of ions with masses 186 a.m.u., 196 a.m.u.,
202 a.m.u, 204 a.m.u., 217 a.m.u., 218 a.m.u., 232 a.m.u., 258 a.m.u., 260
am.u., 270 am.u., and/or 274 a.m.u. were observed. Generally, the ions
enumerated last have remained unknown, only the ions 202 a.m.u. and 204
a.m.u. were thought to contain a certain kind of amine.

The composition of ions has depended on the state of transmission line. Near
the energized transmission line, the ions containing ammonia were more
abundant, far from the transmission line often the unknown heavy ions became
apparent. The mentioned effect was explained by means of the differences in the
lifetimes of ions: the lifetimes of ions near transmission line should be shorter,
owing to which, the younger ions become dominant. As to the ions including
ammonia, they were regarded as the younger ones, the other ions observed in the
spectrum of natural ions were thought to originate from the ions including
ammonia. Besides, the portion of ions containing pyridine did not sink below
50%.

In the paper (Eisele and Tanner, 1990), the identification of tropospheric ions
was continued. The main positive ions were again found to be the ions containing
either pyridine or a certain derivate of pyridine, and ions NH4+(H2o )k The other
positive ions were less abundant. The observed spectrum of positive ions did not
show any clear diurnal variation, in return, the spectrum had a dependence both
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on the individual place of measurements and on the season of the year. Often,
ions Hs0 HH=0)k have occupied about 10%bof all the spectrum, sometimes the
very variable ions with masses of 60 a.m.u. and/or 70 a.m.u. were also present.
The former was thought to include trimethylamine, the latter was thought to
contain isoxazole. Additionally, sometimes the ions with masses of 90 a.m.u.,
130 a.m.u., and/or 144 a.m.u. were met, ordinarily these ions had a small
abundance. The first one was thought to contain either dimethylethanol or
sacrosine; the second one, quinoline; the third one, methylquinoline. In late
spring, the ions with masses of 182 a.m.u., 196 a.m.u., 210 a.m.u., and/or 224
a.m.u. became apparent, the ions were thought to be conditioned by vegetation,
containing of glycose together with some amines was supposed. At times, the
ions with masses of 110 a.m.u. and 112 a.m.u. were observed, the ions were
thought to be due to winds from the industrial areas.

The main negative ions observed in the paper (Eisele and Tanner, 1990) were
the ions containing N03, HS04 and/or N03'(HNO3, while the composition of
negative ions has shown a diurnal variation: the ions including HS04 were more
abundant in the daytime, specially on sunny days; the fact was explained by
means of the dependence of the concentration of H2S04 on radiation of the sun.
Sometimes ions with masses of 142 a.m.u. and/or 158 a.m.u. were also met, the
ions were thought to be SO0AN02 and So4No 3

In the paper (Tanner and Eisele, 1991), certain masses unknown up to now
were identified. The very variable ions with a mass of 60 a.m.u. were guessed to
contain trimethylamine ((CH33), the ions with masses of 74 am.u.
isobutylamine, the ions of 114 a.m.u. caprolactam, the ions of 130 a.m.u. and
144 a.m.u. quinoline and methylquinoline. All the ions enumerated above in this
paragraph were, as a rule, substantially less abundant than either the ions
including pyridine or ions NH4+(H2)k. Sometimes, only the ions containing
pyridine and ions Hs0 HH:0)k became apparent, which situations were explained
by low concentrations of ammonia.

The spectrum of negative ions observed in the paper (Tanner and Eisele,
1991) was again quite complicated. The main cores of negative ions had masses
of 62 am.u., 95 am.u., 97 am.u., and/or 103 a.m.u. Besides, the cores with a
mass of 95 a.m.u. were also identified: the ions were guessed to be the CH3503
The spectrum of negative ions showed a considerable diurnal variation: the ions
including NO3 were nearly constant, whereas in the daytime the relative
abundance of ions HS04 increased, and at nights the ions including CH3503
were more abundant. Sometimes, a considerable number of ions containing
CHID 4 became apparent, all the same, abundance of the ions mentioned last
highly depended on the place of measurements, and, in ordinary case, it was low.

The results reviewed in this article can shortly be summarized as follows.

In the first place, the results obtained by means of mass-spectromeric
measurements do not generally include any information about individual ion
species, only the shape of distribution of more stable parts of ions (cores of ions)
can be obtained, which is nearly similar to the distribution of the summary
concentrations of classes of ions in content.

It seems as ifthe composition of negative ions is relatively more simple, as in
this case the similar ions have been observed both in stratosphere and in the
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near-ground air. In ordinary case, the ions containing N03'and/or HS04 are
met, at which the most common individual ion species are thought to include
NO03'(HNO032 and HS04'(HNO32 As to the ions at the ages below 1, the ions
including N03' are usually dominant. The cores of ions are surrounded by
different molecules, first ofall, by water, HNO3 and/or H2S04, at which both the
size and the individual composition of clusterized molecules depend on the
altitude and, similarly, on the actual concentrations of neutral gases. Up to now,
actual compositions of individual clusterized molecules of the air are not
well-known. Additionally, different other near-ground ions can be found as well,
e.g. the ions nowadays thought to include CHI 4, CH303, S0ANO02, and
SOMNOs  Sometimes, the ions containing N03(HC1) are also mentioned. The
composition of negative ions shows a clear diurnal variation: at nights, the
abundance of ions including HS04 is quite low. As regards the actual masses of
negative air ions, sometimes they can reach values from 400 a.m.u. to 700 a.m.u.
According to Equation (1.2), the respective mobilities should be about 0.95
cm2(V s) and 0.75 cm2(V s), which mobilities accord with the results reviewed
in Articles 2.4.4, 2.4.7, on the condition, that the heaviest ions were not very
frequent.

Spectrum of positive ions seems to be even more involved, and likewise, more
dependent on the altitude: at altitudes of about 50 km, the dominant ions are
Hs0 HH0)k, whereas at altitudes of about 10 km ions with masses up to a few
hundred a.m.u. can be met, and near the ground, the masses of positive ions can
reach values up to about 600 a.m.u. Near the ground, the most ordinary ions are
ions NHaHH:0)k, and/or the ions including either pyridine or its derivates.
Oftentimes, the ions mentioned last are the dominant ones. As to ions
Hs0 HH0)k, near the ground they are less abundant, all the same, they can be
observed quite frequently: the ions mentioned above are thought to come from
ions Hs0 HH0)k. In case of ions at the ages up to a few seconds, the main ions
are H0 HH0)k, NHaHHeo )k and/or the ions including pyridine, still, at times
some quite heavy ions were present as well. Most of the types of positive ions are
quite variable, becoming apparent rarely, but in considerable amounts. The
variable ions were thought to contain CH3CN, different amines, glycose,
sacrosine, quinoline. Generally, spectrum of positive ions shows both seasonal
variation and the dependence on the place of measurements, but shows no clear
diurnal variation. On the average, the summertime masses of positive ions exceed
the ones in winter. As regards the masses of positive ions, they accord with the
estimate obtained by Equation (1.2), and as mentioned in the previous paragraph,
on condition that the heaviest ions were not very frequent.

2.4, Survey of the results obtained by the means of mobility spectrometry

2.4.1. Survey of the problems of the interpretation of mobility spectra

As it has been mentioned in Article 1.2, there is no simple nexus between the
mass and the mobility of the ion. While not dealing with some specific features, it
is most expedient to proceed from a certain empirical formula fitted in
environments like the air, e.g., from Equation (1.2). In this way, the calculations
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are more simple and the problems connected with correct determination of
guantities being contained in theoretical formulas like (1.1) are avoided. In case
of employment of Equation (1.2) only the requirement of reduction of measured
mobilities to the normal conditions is to be remembered: the mobilities measured
under different conditions will be comparable one to another. The reduction of
mobilities is based on the fact, that the mobilites are inverse proportional to the
density of environment, according to Equation (1.1); the density in its turn is
dependent both on the temperature and on the pressure as is generally known.
Equation (2.1) enables the reduction of measured mobilities:

KO=K(T pjriet (.)

T 760’

where K(T,P) is the measured value of mobility at temperature T and at pressure
P (units: mmHg), KO is the reduced mobility to he determined (Mohnen, 1977;
Meyerott et al., 1980; Salm et al., 1992). Equation (2.1) has been used in many
works. As a matter of fact, Equation (2.1) is only an approximation: provided
that the difference between temperatures is smaller than 50°, the error of
Equation (2.1) should be below 5% (Tammet, 1995).

Figure 2.1. Mobility spectrums of negative ions from papers (lher and
Salm, 1981; Salm and lher, 1983). 1- spectrum at the age of
ions 0f 0.37 s; 2- spectrum at the age of ions of 1.2 s; 3- the
same as 2, at increased humidity.

Besides the problems conditioned by undetermination of the connection between
mass and mobility, there is at least one other problem that makes interpretation
of mobility spectrums more difficult: unlike a mass-spectrum, a mobility
spectrum is not a discrete spectrum. Figure 2.1 depicts a few mobility spectrums,
that can be regarded as the typical ones. All the peaks of mobility spectrum are
characterized by notable widthes. The width of the peak of a mobility spectrum is
conditioned by several factors: a considerable portion of the summary width is
due to specific features of the measurement process (Watts and Wilders, 1992),
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in addition, several ions with similar mobilities may actually become apparent in
the form of one peak that can not be further resolved in any way. Shapes of
mobility spectrum were studied by (Tammet, 1975), it was shown, that the shape
of a peak approaches by appropriate composition of ions a certain limit, which
can be regarded as the peak of mobility spectrum, at which the limit depends on
the certain equipment.

The problems of interpretation due to the final width of a peak are not the last
ones. As found out by mass-spectrometric measurements (see survey in Article
2.3), the air ordinarily contains about ten different ion species, at least more than
one or two. Therefore, one peak observed in a mobility spectrum does not, at
least in general case, correspond to any individual ion. Moreover, the limited
number of peaks in a mobility spectrum can not be explained by means of a
decrease in a number of peaks due to similar mobilities as mentioned above, for it
iS no reason to assume, that air ions would always have mobilities very close one
to another.

The actual reason for the conflict mentioned in the previous paragraph has
been explained by (Mohnen, 1977): a peak of mobility spectrum corresponds not
to one individual ion but to one chain of reactions being in its equilibrium.

Let us consider the system, the transformations proceeding in which are
graphically depicted in Figure 2.2.

Figure 2.2. Graph of reactions (example). The rectangles denote ions,
the arrows denote reactions. The figure at an arrow can be
considered to be the rate ofthe respective transformation.

As we can see in Figure 2.2, the system includes 7 different ion species, at the
same, 3 in some respects similar formations can be separated. It is obvious, that
the tranformations in chains either 1—3—2—1 or 4-»5-»6-»4 proceed
significantly fester than the transformations 3->4 or 6-»7. In case studing the
system with a certain equipment characterized by a reaction time comparable to
the times characteristic of the more slow processes, details of the faster processes
can not be observed. As regards the faster processes, only the mean values can be
obtained this way, at the same time, the slower processes can be followed in
details. Now, in a mobility spectrometer, in the course of measurement process
ions drift from one electrode to another, whereas the drift time is at least some
milliseconds. Consequently, in case of certain processes proceeding faster than
some milliseconds, details of the processes can not be studied by mobility
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spectrometry, as relative to mobility spetrometer that processes can be considered
to be in equilibrium, therefore, only the equilibrium values (or mean values) can
be measured.

Applying the consideration described above to the case depicted in Figure 2.2,
the individual mobilities of ions 1-6 can not be obtained by mobility
spectrometry, because within the process of measurement the nature of an
individual ion, accordingly, also the actual mobilities of the ions are changed for
many times due to fast reactions between the ions, owing to this, only a mean
value can be observed. Therefore, in the case under discussion, three peaks are
observed in the mobility spectrum: the first, corresponding to the mean mobility
of ions 1-3, the second, corresponding to mean mobility of ions 4-6, and the
third, corresponding to the actual mobility of ion 7

Thus, peaks of a mobility spectrum can not generally be considered to be
determined by individual ions but, in general case, a certain peak is conditioned
by a certain chain of reactions being in the state of equilibrium, at which height
ofthe peak is determined by the summary concentrations of the ions belonging to
the chain, and location of the peak is determined by mean mobility of the ions.
The consideration can be illustrated as follows. In the paper (Mohnen, 1977) the
system ( X% H)HHD)2Z Y% HD HHD)3 2% HD HHAD)4) has been studied
by means of mobility spectrometry: that system became apparent in the shape of
a single peak. In case the equlibrium of the system (X; Y; Z) was changed, e.g.
because of a change in the concentration of water, it resulted in a change of the
location of the peak. In case a new chain was added into the system, e.g. because
the transformations HY HHAD)k — NHA+HHD)k became essential, it resulted in
the additional peak.

The possible transformations of mobilities of the individual ions within a
measurement process can cause an additional broadening of the peaks of mobility
spectrum.

2.4.2. Some specific merits of the results obtained by mobility spectrometry

Because of the specific character of the conditions of measurements, the results
obtained by mobility spectrometry are quite different from the results obtained by
mass-spectrometry. By means of mass-spectrometry, mainly steady-state
composition of ions and composition of very young ions have been studied. In
return, by means of mobility spectrometry certain results have been obtained,
characterizing the processes determining the composition of ions at the ages of
ions being about 1s. Besides, especially by mobility spectrometry the effects of
the changes in the concentrations of severed neutral gases on the composition of
ions have been studied, at which certain gases having an essential effect on the
composition of ions have been found out. Considering that, the fact that the
known works dealt with simulation of evolution of ions (see survey in Article
2.2) have given very few attention to the results obtained by mobility
spectrometry is a quite incomprehensible one. True enough, interpretation of the
results obtained by mobility spectrometry is a little undefined, as described in
Article 2.4.1, all the same, certain results can be used for improvement of the
model. In the next articles we are going to deal with these results.
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2.4.3. Effects of ion ageing and of air humidity on
a mobility spectrum

One of the results obtainable by means of mobility spectrometry describes in
general lines the tranformations in the nature of ions conditioned by ageing of
ions. To get the respective results, the spectrum of ions generated once at the
initial moment is followed, at which the measurements are usually carried out in
the ordinary laboratory air. The character of the transformations of spectrums
obtained this way is commonly analogical to the ones depicted in Figure 2.1. As
we can see, in case of ageing of ions the relative heights of several peaks change,
that should mean a substitution of classes of ions, (see in Article 2.4.1),
therefore, while the nature of ions changes, the age of ions can be estimated.
Moreover, the ratio of masses of younger ions to masses of older ones can be
estimated. The results depicted in Figure 2.1 correspond to the ages of ions being
about 1s. As it can be seen, in case of negative ions, the older ions should be
lighter than the younger ones (lher and Salm, 1981, Salm and Iher, 1983).

On ground of the results described last any stable conclusion about the nature
of the ions can not be made, nevertheless, certain other conclusions can be. At
first, a certain change in the nature of negative ions takes place just at the ages of
ions from 0.2 s to 2 s, which fact is quite significant because, on the one hand,
several works have given no attention to the transformations of so aged ions, and,
on the other hand, the information makes the adjustment of certain characteristics
of the model possible. Moreover, the fact that the younger negative ions are, at
least ordinarily, heavier than the more aged ones deserves a certain attention as
well because several known works have considered ions clustering more and
more in course of their evolution. As regards positive ions (not depicted in Figure
2.1), the situation is somewhat different: in case of positive ions, it seems as if
the analogical transformations take place at somewhat grander ages of ions
because in the mobility spectrums of equal ages only the supposable outset of
analogical processes is observable. As no mobility spectrum of more aged
positive ions is known, the conclusion about analogical processes occuring also
in case of positive ions is partially putative.

In the paper (Salm and lher, 1983), dependence of mobility spectrum of ions
on humidity has been studied as well. The results were analogical for ions of both
signs, a sample ofthe results is depicted in Figure 2.1. As we can see, it seems as
if an increased concentration of water slows down the processes leading to the
terminal ions: in case of lower concentration of water the peak corresponding to
the ions having larger mobilities is already formed, but in case of increased
concentration of water, the same peak is still forming, and the peak
corresponding to ions having smaller mobilities (which is dominant in case of
younger ions) is still observable. Thus, evolution of negative ions at the ages near
1 s is quite sensitive to concentration of water: it seems as if the actual
concentration of water determines the age when the class of younger ions is
converted into the class of more aged ions. Besides, it seems as if the increased
concentration of water makes the negative ions at the ages near 1 s somewhat
heavier, which result was also confirmed for the ions at the ages of about a few
milliseconds: in case of dry air the mean mobility was about 2.1 cm2(V s), at
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13% of relative humidity, 1.58 cm2(V-s) (Lawless and Sparks, 1980); the
similar results were obtained by (Hayhurst et al, 1992).

In case of positive ions, the results are preliminary and partially putative:
according to the results obtained by (Salm and Iher, 1983), the processes can be
guessed to be analogical to the ones of negative ions, only in this case, the
transformations are to be considered to proceed more slowly. On the other hand,
the results obtained by (Parts, 1988) have shown almost no dependence of
evolution of positive ions at the ages near 1 s on the concentration of water,
moreover, it seemed as if the increased concentration of water makes the positive
ions lighter. The effect mentioned last was also observed by (Lawless and
Sparks, 1980), in case ions at the ages of about a few milliseconds. Thus, any
profound conclusion about the dependence of mobilities of positive ions on the
concentration of water can not be made.

Moability spectrum of ions at the ages between 0.2 s and 2 s has been observed
also by (Nagato and Ogawa, 1988). The results obtained differ significantly from
the results of other works: in case of negative ions, mobilities up to 5 cm /(V s)
were observed, in case of positive ions, the upper limit was about 3 cm2(V-s).
The ions at the ages of about 1 s having mobilities to so large degree have not
been observed in any other work. Besides, according to the paper (Nagato and
Ogawa, 1988), mobilities of both positive and negative ions should decrease in
the course of ageing, which result also does not accord with the results reviewed
above.

The mobility spectrums of positive ions at the ages of 1 ms - 50 ms have been
studied by (Takebe, 1974). At the age of ions being about 5 ms, the top of the
spectrum was located iat 1.45 cm2(V s), whereas at the age of about 50 ms, the
top has moved to 1.2 cm2(V s). It is interesting, that in case of dry air the
respective mobilities were not larger but lower, consequently, in case of dry air
the ions were heavier. That result can be explained by means of the assumption,
that the evolution of so young ions is already, at least partially, conditioned not
by water but by other neutral gases, at which water hinders the other gases to
take the effect. If so, behaviour of positive ions with respect to the concentration
of water is indeed unlike the behaviour of negative ones: in case of negative ions,
the increased concentration of water makes ions heavier. As known from Article
2.3.1, several neutral gases can indeed induce quite heavy positive ions, that was
already by quite young ions, all the same that was observed only in case of
anomalous high concentrations of the neutral gases. Therefore, the effect of
positive ions becoming heavier, reviewed above, can be explained in two ways:
first, assuming the results observed to be actually common: behaviour of positive
ions with respect to the concentration of water is indeed unlike the behaviour of
negative ones, that may be conditioned by a very active neutral gas having
constantly quite large abundance, in accordance with the discussion presented in
Article 2.3.2 that could be, e.g., some derivate of pyridine; secondly, the effects
observed by (Takebe, 1974; Lawless and Sparks, 1980) may be due to the
composition of neutral gases that was actually outside of control, therefore,

containing a very large amount of some active species: in this case, the results
are to be regarded as the particularly cases.
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Thus, following the consideration started above, at the ages of ions being
about 1 s, a change in the nature of ions should take place, at which the negative
ions should become lighter. That result does not accord with known works
reviewed in Article 2.2, e.g., the quite thoroughgoing papers (Kawamoto and
Ogawa, 1984; Kawamoto and Ogawa, 1986) have compiled a model that results
in ions becoming heavier in the course of ageing. Moreover, according to the
models, at such ages all the transformations of ions should already be over, at the
ages beyond 1 s only the steady state of ions should exist: all the reactions
included in the models have an effect before 1 s.

As it has already been said in Article 2.2, the models (Kawamoto and Ogawa,
1984; Kawamoto and Ogawa, 1986) accord very well with the results of
measurements of steady-state composition of ions. True, the papers have set only
the study of steady-state composition of ions as the purpose, in this respect, the
papers are excellent. Nevertheless, applying the models to the study of evolution
of ions at the ages ofabout 1 s, the results will be inaccurate.

The age of ions being near 1s is by many models and estimates regarded as a
certain final limit beyond which no significant transformation of small ions takes
place anymore, e.g., in the paper (Keesee and Castleman, 1985) it was declared,
that the terminal ions H30 +(H20 )k(CH3CN)mshould be formed within 1 s; the
papers (Kawamoto and Ogawa, 1984; Kawamoto and Ogawa, 1986) were
already mentioned above. On the contrary, results obtained by means of mobility
spectrometry imply that this age is rather the limit of a next in order change of
nature of ions, but not the final limit of transformations of small ions. Besides,
the results obtained by mobility spectrometry imply, that the peculiarities of
evolution of ions at the ages near 1 s, specially the ones of negative ions, are
determined mainly by the actual concentration of water, at which an increased
concentration of water hinders other neutral gases to take the effect. As regards
positive ions, the dependence of the transformations on the concentration of water
is more putative.

2.4.4. Dependence of mobility spectra on the concentrations
of neutral gases. Negative ions

One of the first works considering variations in composition of air by means of
mobility spectrometry is the paper (Tammet, 1975). It appeared, that the mobility
spectrum of negative ions at the ages near 1 s is quite sensitive to the changes in
the concentrations of several neutral gases. For instance, an addition of iodine in
concentrations of about a few mikrograms per cubic metre led to remarkable
transformations in spectrum, at which in case the concentrations were about a
few hundreds mikrograms per cubic metre, any preliminary spectrum became
transformed into spectrum, consisting of one certain peak only. As regards the
ages of ions from 0.1 s until 2.5 s, the characteristic peak conditioned by iodine
is independent also of the ages of ions. As the peak was quite characteristic and
could be reproduced rather well, it was recommended for calibration of mobility
spectrometer. The effects, analogical to the one of iodine could be obtained also
by means of chlorine, bromine, and fluorine: all the gases led mobility spectrum
of negative ions to certain characteristic peaks, the mobilities of the respective
peaks were 1.75 cm2/(Vs), 1.92 cm2(Vs), 1.54 cm2(V s), and 1.73 cm/(V*s).
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As to sensitivity, it was different in case of different gases, but in all mentioned
cases nearly 1 fig/ms The highest sensitivity was observed in case of chlorine:
the characteristic features of the spectrum became evident at the concentration of
about 0.1 ng/m3 Various but significant effects were observable also by several
other neutral gases, one of the most peculiar effects became evident due to an
addition of a mixture of sulfur oxides, that resulted in a large amount of heavier
ions (see in Figure 2.3).

The results being of great interest have been obtained also by (Salm and
Matisen, 1977). It was found out, that not only the gases mentioned above but
also N02 HC1, and HCOOH have all substantial effects on mobility spectrum of
negative ions at the ages of about 1 s. Because of the gases enumerated, any
spectrum of negative ions accumulates in one certain peak, at which mobility of
the peak depends on the gas used. Unfortunately, the respective mobilities have
not always been reported. Besides, nitric acid, ammonia, phenol, S02 and
freones F-12, F-22 and F-142 have been noted as well: these gases also had
remarkable and characteristic effects on the shape of the spectrum, all the same,
the effects were somewhat weaker, likewise, the effects were somewhat different:
because of the gases mentioned last the spectrum did not accumulate in one peak.
As to the gases enumerated in the first group, the concentrations leading to
remarkable effects did not exceed 1 mg/m ; as to the gases enumerated in the
second group, the necessary concentrations were sometimes considerably higher.
Additionally, the list of gases, in case of addition any of them no effect could be
observed was reported. These gases were such as: NO, CH30H, C2Hs0OH,
H2SO04, methane, acetaldehyde, acetic acid, CHCI3, CHBr3 methyl bromide,
ethyl bromide, CClas, propane, anilline.

The results reported by (Salm and Matisen, 1977) accord, in general lines,
quite well with the results reviewed in Article 2.3.1. All the same, in case of
CoHsOH, the results differ somewhat from the results reviewed in Article 2.3.1:
according to the latter, ethanol should have a certain effect. On the one hand, the
concentrations of ethanol reviewed in Article 2.3.1 were abnormally high, but, on
the other hand, the reviewed ages of ions were much shorter than the ages used in
the paper (Salm and Matisen, 1977), this should partially compensate the
different conditions due to the abnormally high concentrations. As a conclusion,
the problem conditioned by differences in case of ethanol remains unsolved.
Besides, the result having showed no effect in case of H2S04 also seems to be
somewhat different from the results reviewed in Article 2.3.2: according to the
latter, the air contains almost constantly a large number of ions including
molecules of H2S04, owing to which an influence of H2S04 could be assumed.

A specially comprehensive survey dealing with transformations of mobility
spectrums conditioned by an increase in the concentrations of several neutral
gases has been reported by (Iher and Salm 1982). In the paper, spectrums of ions
of both signs at the ages of about 0.5 s have been observed. According to the
character of the effects observed, the studied neutral gases were portioned out
into three groups. As to the group including gases having showed the most
remarkable effects, the features of the respective transformations were
observable already at the concentrations of neutral gases being about 1 (ag/ns
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Figure 2.3. Variations of mobility spectrums of negative ions conditioned by an
increase in the concentrations of certain neutral gases: 0- spectrum
observed in the ordinary laboratory air, at ages of ions being about
2.5 s (Tammet, 1975); 1- spectrum conditioned by iodine (Tammet,
1975); 2- spectrum due to a mixture of sulfuric oxides (Tammet,
1975); 3- spectrum due to trichloracetic acid (Iher and Salm, 1982);
4- spectrum due to (C4H9YNH (Parts, 1992); 5- spectrum due to
CH3NH2 (Parts, 1992).

In case of negative ions, the group which showed the most remarkable effects
was as follows: water, ozone, H20 2 benzene, chloracetic acid, tricloracetic acid,
pyridine hydrochloride, nitric acid, F-22, chloroform, and all the gases mentioned
above showed the most substantial effects. A very original effect was observed
by tricloracetic acid (see Figure 2.3): besides the transformations of the shape of
the spectrum, likewise, the summary concentration of ions was increased. The
effect mentioned last was not commented by (flier and Salm, 1982). In other
cases, the effects conditioned by the gases of this group were quite similar to one
another: because of an increase in the concentration of a certain neutral gas, a
certain peak of mobility spectrum became dominant, while other peaks became
ordinarily smaller. NO2 HC1 and HNO3 all made the peak, located near 2.0
cm2(V s), stronger, whereas, in case of chloracetic acid, the respective peak was
175 cm/(V s). Generally, the results reviewed here were close to the results
reviewed above, all the same, nitric acid was above regarded as the gas having
only a limited effect, and chloroform was above considered to have no effect.

The group of gases showing less substantial effects was as follows: acetone,
formaldehyde, ethyl formiate, trichloroethylene, nitrobenzene, o-xylene, and
ethanol. As to the differences, above in the paper (Salm and Matisen, 1977),
ethanol was considered to have no effect. The list of the group of gases showing
nearly no effect was the longest one: CO, CO02 H2So4, dibromoethane,
dichloroethane, CH30H, diethyl ether, anilline, dimethyl formamide, methyl ethyl
ketone, lactic acid, and many other gases. The list of the last group is quite
similar to the analogical lists of other works.

The results reported by the paper (flier and Salm 1982) make a good
supplement to the results reviewed above. Nevertheless, certain questions remain
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unanswered. In accordance with the discussion presented above, the influence of
H2S04 could be assumed, but no effect was actually observed. Moreover, the
influence of C02 could be assumed because of the results reviewed in Articles
2.2 and 2.3.1: a change in the concentration of C02 should shift the equilibrium
between ions C04"(H20)k and 0 2(H20)k On the other hand, the fact about the
absence of any effect conditioned by a change in the concentration of C02 can
perhaps be explained by the role of the age of ions: in case of the aged ions
observed in the paper (lher and Salm, 1982), both ions Co4 (H2o )k and
0 2'(H20)k may already have been replaced by some other ions, as a result of
which equlibrium between ions C04(H20)k and 0 2~(H0)k has no significance
anymore. If so, we have got an additional result: in general case, at the ages of
ions near 0.5 s, ions C04(H20)kand/or 0 2*(H0)ic can not be met any longer.

In the paper (Nagato and Ogawa, 1988) it has been found out, that an
increase in the concentration of HNO3 results in heavier negative ions, which
result is unlike the result reported by (Salm and Matisen, 1977): increased
concentration of HNO3 should result in a new peak having larger mobility.

In the paper (Hayhurst et al., 1992), mobility spectrums of negative ions at
the ages of about some milliseconds have been studied. The environment used
included N2 02 C02 H20, 03 N02 and a small amount of NO. The anomalous
light ions reported do not accord with the ions obtained by other works. For
instance, at the age of ions being about 10 ms ions o Z were found to be
dominant. In conformity with the results reviewed in Article 2.2, the existance of
such ions could be understandable in case of dry air, but not understandable in
case characterized by the concentration of water equal to 2. 7x10" cm' as
reported by (Hayhurst et al, 1992): in this case, ions 02’(H20)k should be
present. Besides, the mobility of ions 0 2' should not be equal to 2.1 cm2/(V-s) as
declared by (Hayhurst et al., 1992), according with the results discussed in
Article 1.2, the ions having such mobility should have masses of at least 55
a.m.u. In other respects, the mobilities of ions C04' conditioned by C02 were
found to be equal to the mobilities of 0 2, which is also quite doubtful, and an
increased concentration of water was found to make ions heavier, which accords
with the results of several other works.

In the paper (Parts, 1992), the thansformations of mobility spectrum of
negative ions at the ages of about 1 s conditioned by methylamine,
NNN'N'-tetramethylethylendiamine, tert-butylamine, dimethylamine, diethyl-
amine, dibut™amine, and ammonia were studied. The concentrations used were
2.7x10 cm' - 2.7xl013cm3 The studies resulted in some unprecedented shapes
of spectums, e.g., due to dibutylamine the spectrum including 4 peaks appeared
(see Figure 2.3). The other amines had, in general, analogical effects: certain
unprecedented peaks appeared, at which the respective mobilities were
characteristic of individual amine. Certain differences were observed only in case
of methylamine: a peak with a little lower mobility became evident (see Figure
2.3). The effect of ammonia was noticeable, but less substantial. The possible
shapes of the reactions embraceing amines were guessed as well.

As a summary, the following conclusions can be made. The shape of mobility
spectrum of negative ions at the ages of about 1 s substantially depends on the
concentrations of halogens, HCL, N02 S02 ozone, formic acid, certain freones,

54



chloracetic acid, and amines (see also Figure 2.3), at which the concentrations
necessary to cause remarkable transformations of the spectrum lie at about
IXIO2 cmy3 - IxIOB cm3 The less substantial or disputable effects are
conditioned by several gases, from which HNO3 H2S04 and C2H50H should be
mentioned separately because the effects of the gases mentioned last regarded
here as the less substantial ones should be out of any doubt if proceeding from
results reviewed in Articles 2.3.1 and 2.3.2,.

The shapes of the transformations of spectrum conditioned by an increase in
the concentration of a certain gas are quite different: most of the gases having a
substantial effect make a certain peak of the spectrum stronger, at the same time,
other spectrum is often made weaker. Only the effects conditioned by amines are
substantially different: in this case a spectrum with many peaks appears. In many
cases the ions are transformed into the heavier ones, but in case of NO2 it seems
as if only the peak having the largest mobility by the present becomes dominant.
In some cases it seems as if the ions becoming dominant were present (although
in low concentrations) also in the natural spectrum, in other cases it seems as if
the ions becoming apparent due to a change in the concentration of a certain gas
are the absolutely new ones. Unfortunately, in several works the shapes of certain
transformations have been left undefined.

2.4.5. Dependence of mobility spectra on the concentrations
of neutral gases. Positive ions

In the paper (Kim et al., 1978), spectrums of positive ions at the ages of about
some tens of milliseconds have been studied. The environment was surely quite
simple: mainly N2 with a few additions, nevertheless, some interesting results
have been obtained. According to the results, an increase in the concentration of
NH3 induced a certain peak which was found to be due to ions NH4+HH2 )n at
the same time, the peak due to ions H3 +(H20)n disappeared. In case the peak
due to ions NH4+(H20 )n were already present, an addition of ammonia had no
effect: certain transformations of maobility spectrum were observable only in case
a certain gas having proton affinitiy larger than NH3 (e.g., pyridine or a certain
amine) was added. The mobility of the peak due to NH4+(H2 )n was of 1.78
cm2(V s), methylamine induced the peak of 1.52 cm2/(V-s), ethylamine, the peak
of 142 cm2(V-s), because of pyridine, the peak of 1.27 cm2(V s) became
apparent. The numerical values enumerated last have, above all, been intended
for an illustration, as they do not have any self-dependent merit because the
concentrations of the gases used have not been exactly defined in the paper (Kim
et al., 1978). The most important result of the paper (Kim et al., 1978) consists
inthe list of neutral gases that can be characterized by the completely determined
effects.

In conformity with the paper (lher and Salm, 1982), transformations of
mobility spectrum of positive ions were observable in case of trichloroethylene,
dimethyl formamide, ethylene diamine, diethylene diamine, acetone, and dimethyl
sulfoxide (see also Figure 2.4). The effects due to dimethyl formamide were
analogical to the ones conditioned by dimethyl sulfoxide. The noticeable but less
substantial effects were observed in case of C2HsOH, HCHO, and CH3CHO. As
regards the greater part of the gases studied, among these the gases not

55



mentioned here but mentioned in Article 2.3.4, no considerable effect was
observed.

The results reviewed last in general lines accord quite well with the results
reviewed in Articles 2.3.1 and 2.3.2. Nevertheless, the result which regarded
ammonia as the gas having no effect is little incomprehensible: following the
results discussed both in Articles 2.3.1-2.3.2 and by the paper (Kim et al,
1978), the actual concentration of ammonia should be, at least in case of positive
ions, quite substantial for the composition of ions. Maybe, the concentration of
ammonia used in the paper (flier and Salm, 1982) was actually close to the value
leading the processes conditioned by ammonia to the state of saturation, in that
case a further increase in the concentration had indeed no more effect.

In the paper (Parts, 1988), the transformations of mobility spectrums due to
changes in the concentrations of several neutral gases have been studied in case
of ions at the ages of about 1 s, the concentrations of neutral gases studied were
about 10ncm'3

According to the results obtained, also HC1 should be quite essential to the
composition of positive ions, namely due to an increase in the concentration of
the new peaks located at 0.75 cm2(V s) and 1.25 cm2/(V-s) became dominant.
The result is quite original: HC1 has been studied also by (flier and Salm 1982),
but no effect on the spectrum of positive ions was observed. In case HC1 is
indeed essential to the composition of positive ions, it is one of the few gases
having an influence both on negative and positive ions, at which in case of
positive ions it leads to heavy ions. Nevertheless, so far no conclusion can be
made.

Besides, a lot of gases have been studied in the paper (Parts, 1988): there was
observed a strong influence of acetone, dimethyl sulfoxide, benzaldehyde
(CeHBCHO), formamide, acetamide and dimethyl formamide (NH2CHO,
NH2COCHs, (CHb)2NCHO), and similarly of benzonitrile (CsHsCN) and
acetonitrile (CHsCN), as less influential, ethyl ketone (CHsCOC2H9 and lactic
acid (CHsCHOHCOOH) were observed. The transformations of spectrum due to
either acetone or dimethyl formamide were close to the ones conditioned by
dimethyl sulfoxide, the transformations observed by benzaldehyde were close to
the ones conditioned by collidine, the influence of acetonitrile was close to that of
trichlorethylene (see Figure 2.4). Due to an increase in the concentration of
acetonitrile, two isolated peaks of nearly equal heights located at 1.05 cm2/(V-s)
and 1.3 cm2(V s) became apparent, due to formamide spectrum was converted
into the shape of a very wide but nearly symmetrical peak top of which was
located at 1.2 cm2(V s) and halfwidth of which was about 0.4 cm2(V s). Due to
benzonitrile, the spectrum including a peak slightly stretched out in the direction
of larger mobilities with a top at 1.05 cm2(V s) and with a halfwidth of about
0.4 cm2(Vs) became apparent.

In the paper (Parts and Salm, 1992), substantial effects of pyridine and
certain derivates of pyridine on spectrum of positive ions became evident. The
ions were about 1 s of ages, the concentrations of neutral gases added were
surely below 1 yg/m3 The list of the gases studied was as follows: pyridine
(CsHsN); 2-picoline (CHsCsHiN); 2,4-lutidine and 2,6-lutidine ((CHs)2CsHsN);
and y-collidine ((CHs)3CsHzN). A sample of results is depicted in Figure 2.4.
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As it can be seen from Figure 2.4, due to an increase in the concentration of
pyridine, a new peak becomes dominant, whereas the peak can be either
absolutely new or the old, already present in natural spectrum but very weak in
case of natural spectrum. The effect of pyridine is quite similar to the one of
dimethyl sulfoxide: due to both of the gases a peak with a larger mobility
becomes stronger, while the peak with a smaller mobility becomes weaker. As to
either dimethyl pyridine or trimethyl pyridine, an absolutely new peak becomes
apparent, in other words, a new class of ions not existing under natural
conditions comes into being. Let us now remind the results obtained by (Kim et
al, 1978): due to pyridine, the peak located at 1.27 cm2/(V's) became dominant.
Because of the undefined composition of the environment, the value does not
have any self-dependent merit, all the same, it can be compared with the value
obtained in the same paper in case of ions NH4+(H )n: the mobility
corresponding to the ions conditioned by pyridine was smaller. On the contrary,
according to the paper (Parts and Salm, 1992), an addition of pyridine should
result in ions having larger mobilities (see Figure 2.4). As regards the numerical
values, they can not be compared with one another because in one case
measurements were carried out in ordinary laboratory air, whereas in other case
undefined composition of gases was used, moreover, the ages of ions were also
different. Nevertheless, in one case the respective mobilities became larger, in
other case smaller. That contradiction could be explained on the ground of
assumption, that ions NH4+H20 )nobserved by (Parts and Salm, 1992) actually
contained more water molecules than the analogical ions observed by (Kim et al,
1978), yet, the assumption can not be proved in any way

In the paper (Parts, 1992), the transformations of mobility spectrum of
positive ions at the ages of about 1 s conditioned by methylamine (CHINH2),
dimethylamine  ((CH3)2NH),  diethylamine  ((C2Hs5)2NH),  tert-butylamine
((CH33CNH2, dibutylamine ((C4H9)2NH), NNN'N'-tetramethylethylendiamine
((CH3)2N(CH22N(CH32, and ammonia were studied. The concentrations used
ranged from 2.7x1022cm3 to 2.7x1013cm3 It appeared, that the influence of
amines on mobility spectrum is really significant (see Figure 2.4). The slightest
transformations were observed in case of diethylamine, at the same time, due to
dimethylamine the peak located at 1.2 cm2(V s) became weaker, and the peak of
1.4 cm2/(\V-s) became stronger; due to dibutylamine the peak at 0.9 cm2(V s)
became significantly stronger, as seen in Figure 2.4. Besides, due to methylamine
ions became slightly lighter, as the peaks of natural spectrum became weaker,
and a new peak with a somewhat increased mobility became apparent. The
possible shapes of the reactions embraceing amines were guessed as well.

As to ammonia, it was found to have a certain effect as well: the
transformations conditioned by ammonia are depicted in Figure 2.4. Due to
ammonia the dominant peak of natural mobility spectrum of positive ions
becomes weaker, at the same time, the new peak with somewhat larger mobility
becomes stronger, at which the new peak has a slightly larger mobility than the
peak conditioned by methylamine. The result according to which ammonia should
have a certain effect on mobility spectrum of positive ions seems to accord quite
well with several other results: the ions containing ammonia have often been
observed by means of mass-spectrometric measurements (see Article 2.3). All the
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same, it should be mentioned that in several works ammonia has been regarded
as a gas having nearly no effect, discussed hereinbefore.

Figure 2.4. Variations in mobility spectrums of positive ions conditioned by an
increase in the concentrations of certain neutral gases: 0- spectrum
observed in case of ordinary laboratory air, the ages of ions being
about 05 s (lher and Salm, 1982); 1- spectrum due to
trichlorethylene (lher and Salm, 1982); 2- spectrum due to dimethyl
sulfoxide (lher and Salm, 1982); 3- spectrum due to collidine (Parts
and Salm, 1992); 4- spectrum due to pyridine (Parts and Salm,
1992); 5- spectrum due to ammonia (Parts, 1992); 6- spectrum due
to (C4AHY2NH (Parts, 1992).

As a summary, the following conclusions can be made. The shape of mobility
spectrum of positive ions at the ages of about 1 s substantially depends on
concentrations of acetone, trichlorethylene, dimethyl sulfoxide, benzaldehyde,
acetonitile, benzonitrile, pyridine, of several derivates of pyridine, and of several
amines (see also Figure 2.4). The effect of ethanol is less substantial. The
additional concentrations inducing the remarkable transformations are lower than
a few fig/ms Other effects observed are more problematical: in the paper (Parts,
1992) ammonia was found to have a remarkable effect, although the
concentrations used were not defined, the results of other works reviewed have
shown no remarkable effect. HC1 was also found to have a certain effect, but this
result was not confirmed by other works. The shapes of transformations observed
were quite different: in case of ammonia an additional peak with a slightly
increased mobility became apparent, due to trichlorethylene a spectrum including
several peaks appeared, dimethyl sulfoxide and pyridine made the natural
spectrum weaker and induced a new peak with a significantly increased mobility,

a few gases, e.g. (C4H9)2NH, induced a spectrum where very heavy ions should
be met (see also Figure 2.4).
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2.4.6. Altitude variation of the ion composition

In the previous articles we have dealt not only with the results obtained for
near-ground air, but also with those obtained for higher altitudes, e.g., for
stratosphere. Regarding that, an additional analysis of dependence of
composition of ions on altitude is necessary.

According to the survey reported by (Meyerott et al., 1980), the mean
mobilities of positive ions are generally nearly inverse proportional to altitude:
the factor of proportionality is about 1.0 cm2(V s) per 10 km (at the same time,
a considerable number of results reported have significantly deviated from the
relationship defined last). All the same, a relationship close to the one defined last
has been reported also by (Sampath et al., 1992), although only for altitudes of
50-70 km. Following the relationship, mobilities of the near-ground ions should
be about 1.0 cm2(V s), which accords indeed many of results (see Article 2.4.7).
Thus, in this respect the relationship may be valid. On the other hand, following
the relationship, the near-ground ions should be different from the ions
observable at higher altitudes, e.g., in stratosphere: in accordance with Equation
(1.2) with the reduction of mobilities done, at altitudes of about 20 km mean
mass of ions should be almost 35 a.m.u., whereas the masses of near-ground ions
should be about 10 times larger. If so, the results obtained for stratosphere have
only a very limited value as to near-ground air.

Unfortunately, it seems as if the situation is not so clear: the results obtained
for stratosphere (see survey in Articles 2.2 and 2.3) have shown ions much larger
than 35 a.m.u., the ions observed were rather close to ions which could be
guessed belonging to the near-ground ones (in accordance with Equation (1.2),
the ions observed should have mobilities k « 1.0 cm2(V s)). The contradictions
can be explained at least in three ways.

First, it is possible that heavier ions can actually be met quite frequently in
stratosphere, as a consequence of which the relationship reported by (Meyerott et
al., 1980) can be regarded as a particular case only, but at the same time the
results obtained for stratosphere should be quite applicable also to the
near-ground air.

Secondly, it is possible that in the near-ground air layer, there are even
heavier ions. In this case the results obtained for stratosphere were not applicable
to the near-ground air. Nevertheless, it seems as if the second possibility is not
very probable because the ions with mobilities significantly below 1.0 cm2(V s)
are very unusual as to natural air (Tammet et al., 1992), although they can
become apparent due to increased concentrations of certain gases (Tammet,
1975; Parts, 1992; see also Figures 2.3 and 2.4), thus, at least the theoretical
possibility of the existence of very heavy ions can not be excluded. As regards
the real air, most likely only a few of the gases found to induce very large ions
(see list in Articles 2.4.4, 2.4 5) are actually essential, namely, the gases have
been contained also in the ions observed by mass-spectrometric measurements
(see Article 2.3.2). As regards comparative measurements, in accordance with
the review presented in Article 2.3.2, the negative ions similar to one another
have been observed both in troposphere and stratosphere, although the portion
belonging mainly to some undefined ions is more frequent at lower altitudes. In
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case of positive ions the situation seems to be somewhat different, in this case the
near-ground ions seem to be significantly more involved, it is likely because of a
certain gases which can be met only in near-ground air, although the ions
observed at higher altitudes are to be found as well. Thus, in case of positive ions
at least the nature of a considerable portion of the ions seems to depend on the
altitude.

Thirdly, let us assume the relationship reported by (Meyerott et al, 1980) to
be valid, and a significant portion of ions to be quite independent of altitude as if
it seems to be at least in case of negative ions, as a result of this assumption,
Equation (1.2) should not be valid in many cases. This result is imaginable (see
discussion in Article 1.2), nevertheless, it can not be neither proved nor specified.

2.4.7. Mobility spectra of natural ions

In the papers (Tammet et al, 1992; Salm et al, 1992) a survey of long-time
observations of natural mobility spectrums has been given. As to present work,
two results are of particular interest.

First, ions with very low mobilities (0.5 cm2/(V-s) and below) were observed,
although the ions were very unusual. All the same, according to that the ions of
such kind may indeed become apparent not only under artificial conditions (as
reviewed in Articles 2.4.4 and 2.4.5), but also in the nature. As to the artificial
conditions, such ions were observed in case of addition of a mixture of sulfuric
oxides (see Article 2.4.4), also in case of increased concentrations of either HCL
or (C4AHYNH (see Article 2.4.5). As regards the paper (Tammet et al, 1992),
only quite unspecified assumptions of reasons leading to such ions were
presented. Assuming the ions observed by (Tammet et al, 1992) to be the same
which were found out by the works reviewed in Articles 2.4.4 ja 2.4.5, under
certain natural conditions the concentrations of the respective neutral gases
should achieve quite high values. All the same, it is possible, that actually some
other gases hereinbefore not considered to be responsible for very heavy natural
ions, are still responsible, e.g. H2SO4, molecules of which are contained in many
negative ions (see Article 2.3). On the one hand, an addition of several molecules
of H:SOs to a negative ion may indeed cause the formation of a significantly
heavy ion; on the other hand, H:S04 was found to have no effect on the
composition of ions at the ages near 1 s, as to the observations of mobility
spectrums (see Article 2.4.4). As a result, the possible role of H2SOs remains
problematical.

Secondly, some results about dependence of maobilities of ions on temperature
have been reported: in general lines, an increase in temperature induces a
decrease of the mean mobility. The results observed were as follows: in case of
positive ions, at temperatures of 0°C-5°C the mean mobility was 1.48 cm2(V s),
at temperatures of 10°C-15°C 1.33 cm2(V s), and at temperatures of 20°C-
25°C 1.24 cm2(V s); in case of negative ions, the respective mobilities were 1.63
cm2/(M*s), 1.49 cm /(V-s) and 141 cm2/(V-s). All the same, unlike the results
reviewed the mobilities below 1cm2(V s) have been reported by (Misaki, 1961).
Nevertheless, dealing with the natural air usually the values near to the first ones
are preferred (Mohnen, 1977). At the same time, the special cases characterized
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by considerably lower mobilities can sometimes be present as well, as mentioned
in the previous paragraph.

As to the reasons inducing the very heavy ions, some unknown neutral gases
emission rates of which depend significantly on temperature were proposed by
(Tammet et al., 1992; Salm et al, 1992). In principle, similar effects may be
caused also by water because, on the one hand, the concentration of water vapour
increases essentially if temperature increases; and, on the other hand, the results
reviewed in Article 2.4.3 have shown a decrease in the mobilities of ions at the
ages of about 1s conditioned by the increased concentration of water. Moreover,
some very heavy water clusters, e.g. H3O+HH20)2) have been proposed by (Parts,
1988) and by (Khan, 1994), as discussed in Article 2.2. However, usually the
nature of natural ions is considered 10 be somewhat different, not based on large
clusters of water (see overview in Articles 2 .2, 2.3), owing to which, water could
not be responsible for the heavy ions becoming sometimes apparent.

2.5. Factors of mutual transformations of ions

Up to now in this chapter we have dealt with the analysis of known data from the
aspects of the factors having an effect on composition of ions. Now, we will
make an attempt to compile a model describing the reviewed effects and
dependencies as well as possible. Thus, matrix A of Equation (1.10) is to be
determined, in other words, the ion-molecule reactions proceeding in the system
are to be specified. As regards the concentrations of the neutral gases contained
in the reactions, the concentrations of the gases are specified in the next Chapter,
here we deal both with the choise of necessary reactions and with the
specification of rate constants of the reactions.

2.5.1. Principles of the selection of ion-molecule reactions

As said in Article 2.2, evolution of young ions can rather well be simulated by
means of models proposed by (Huertas and Fontan, 1975; Huertas et al, 1978).
The models do not take the possible effects of several trace gases reviewed in
Article 2.3.1 into account, all the same, they are quite satisfactory as to the
conditions that can be met in the real air. As regards several trace gases, their
effects become surely essential in case of more aged ions and can not be excluded
from the model, still, the model of young ions can be taken as the basis for the
improved model.

The model mentioned last mainly describes the formation of ions Hs0 HH0)k
and 02 (HO)k. Ingeneral lines, the results obtainable are quite close to the ones
obtained by means of measurements, nevertheless, any conclusion can not be
made with respect to the accuracy of distribution of ions HO-+HHO0X and
02’(H0)k by k because the equilibrium constants, likewise the kinetic data of the
reactions

H0 HH0)k + HD <>Hs0 HH0)kH
and
02 (HO)k + HD <>02 (H0)k+i,
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were partially estimated in the papers (Huertas and Fontan, 1975; Huertas et al.,
1978) because of the absence of more accurate data. At the present time, some
more data arc available about the equilibrium constants (Keesee and Castleman,
1986), all the same, the data reported differ sometimes significantly from one
another. Moreover, the actual internal distribution of water clusters of air is not
well known. At the same time, the actual values of equilibrium constants are
quite significant in respect to the behaviour of the model, as is discussed in
Article 2.5.5.1. In the present work we make an attempt to adjust the model using
both the known data about composition of young ions and data about more aged
ions: it seems as if the effects conditioned by the actual values of the equilibrium
constants become most evident in case of ions at the ages of about 1 s.

Next, the problem “which reactions should be included into the model” is to
be solved. It is evident, that the many reactions will make the model more
involved, at the same time, any essential reaction should be not excluded.

Every ion-molecule reaction is characterized bv a certain rate constant. The
values of rate constants can be very different, all the same, the collision value can
not be exceeded. Under the conditions wliich can be met in the natural air, the
collision value is about IxIO9 s"em'3 that can be regarded as the upper limit of
any rate constant.

In order a neutral gas could have an effect on steady-state composition of
ions, the effect must appear at the latest at the age of about 10 s, but in case of
dealing with younger ions, the effect must appear earlier. Consequently, the
concentrations of the neutral gases of interest should have values above 10 cm’
Moreover, in common case any individual transformation proceeds more slowly
as compared with the estimated upper limit. The upper limit can be the case only
if the competiting processes are absent, whereas by the presence of competiting
processes the transformation of interest can actually be quite slow, therefore, the
concentrations of the neutral gases which may induce significant effects should
be at least 107 cmr3- 108 cm'J As it is seen in Chapter 3, the concentrations of
many gases do not exceed that value, at least as to the normal conditions.
Therefore, limiting ourselves to the normal conditions only, those gases can be
not included into the model. On the other hand, in some specific cases the
concentration of a certain gas may significantly exceed the normal value, owing
to which, those gases will not generally be excluded from the present model, but
this is the case only if the other quantities describing the respective reaction are
well known. Besides, by means of the procedure of separation of more essential
variables described in Article 1.6, the reactions out of interest can be left aside
any time. Nevertheless, any reaction should not be included into the model for the
reasons mentioned hereinafter.

Consequently, the accurate concentrations of neutral gases have a great
importance. Unfortunately, as seen in Chapter 3, the actual concentrations of
many essential gases are not well known, and therefore, any model including
such gases will be somewhat inaccurate regardless of other efforts. Therefore,
other estimates should be avoided. In several known works also the rate constants
have been estimated, e.g. the value k - IxIO'9 cmV1 can be met quite often.
True, this way a good accordance with any result of measurement can be
achieved quite easily, nevertheless, in the present work we are not going to take a
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use of this. With respect to an individual reaction, we proceed from the
requirement, that at least one, either the rate constant or the concentration of the
neutral gas contained in the reaction must be accurate, otherwise the reaction will
not be included into the model.

2.5.2. Preliminary model

A set of reactions can be compiled in two ways: first, one can take into account
all the reactions available, secondly, one can proceed from the known behaviour
and dependencies, further considering only the reactions describing the necessary
effects. The first way results in a too voluminous model, the second results in the
model where some essential but not obvious reactions may be left out. Following
the second way, it is quite complicated to accomplish that all the necessary
reactions were present in the model because of the involved character of the
transformations of ions. In the present work we make an attempt to use a
combined way: first, we will include most of the reactions met in two
comprehensive tables, henceforth, we search and add the reactions which seemto
be responsible for the known effects reviewed above. The first stage should result
in a quite universal model with most of the essential processes taken into account
already. Then, the second stage could be regarded as a adjustment of the model.

According to the discussion presented above, the evolution of young ions can
be simulated quite satisfactory by means of models (Huertas and Fontan, 1975;
Huertas et al, 1978). Taking that into consideration, we have proceeded from
these models. Henceforth, most of the reactions reported in the comprehensive
table (Virin et al, 1979) have been added, and after that most of the reactions
reported by (Albritton, 1978) have been added as well. Unfortunately, oftentimes
the same reactions were specified differently. In such cases the values of rate
constants reported by (Huertas and Fontan, 1975; Huertas et al., 1978) were
replaced by the values reported by (Virin et al, 1979), thereupon, the values
obtained were replaced by the values reported by (Albritton, 1978) if needed.

In the course of the compilation of the model, the following reactions have
been omitted: the reactions, studied at temperatures far from the normal ones,
also the reactions, containing a neutral gas most likely not present as to the
natural air (e.g., Li, Ca, Mg, Fe, Xe, D2, likewise, the reactions requireing an
ion which obviously was not produced by the remainder part of the system. In
general case, the reactions rate constants of which were specified by a certain
estimated value only, likewise, some reactions including a neutral gas actual
concentration of which was not known and, at the same time, no effect due to
which was observed have been omitted as well. The criterion mentioned last was
applied most inconsistently: mainly the reactions containing a certain more
complicated organic gas and producing only a new unknown terminal ion further
not participating in any known process have been left out beacuse the addition of
such reaction would result in an additional variable of the system, which
obviously would not be very substantial, either.
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HC102 SF,Cf CHN\CHNO02 Brt, Cl

Figure 2.5. The scheme for most important transformations in the preliminary
modei of negative ions. The names surrounded by rectangles denote
more important ions, the names without rectangles denote less
important ions, the arrows denote reactions (continous lines: more
important reactions, dashed lines: less important reactions).

In this way the “preliminary model” has been obtained. Henceforth, the model
was improved and adjusted in the manner which is described in Article 2.5.5.

Besides, the preliminary model has been analysed by means of the procedure
described in Article 1.6. Following this line it was possible to isolate the most
important processes of transformations, depicted in Figures 2.5 and 2.6.

By the use of Figures 2.5 and 2.6, the behaviour of preliminary model can be
compared with the behaviour expected on the ground of the results reviewed
above. We can see, that ions Nos‘(Ho )k(HNo 3)m Hs0 HH0)k, and
NH4+(NH3)m{H20 )k should be essential in accordance with both the preliminary
model and the reviewed results, therefore, the preliminary model can, at least in
principle, describe the evolution of the ions mentioned last. All the same, several
effects obtained by virtue of measurements can not be described by means of the
preliminary model: let us mention the ions including pyridine, likewise, the ions
containing amines, also ions HS04 X-Y Consequently, the preliminary model is
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to be improved. At the same time, by the use of Figures 2.5 and 2.6 the further
impovement is more simple because both the main features of the model and the
results of proposed changes can be followed quite easily.

N,+ >N »( CH3+, CH0 + CH.N+, CHsN+)
0 2+ N2 «------- » 02+ (H0),, »(C02+, h20+ch3,cha+
CH:N\.CH3+)
CHI + (H0)
CHANO + CH3+CH40
CoH5+
CHN+ a-- (CH)2NHA
chso+a
CH,0+ C2h,0+
H,S+ *
hss+hcn
hxo,+ CH,N+ cha*nhs
h3s+.
chstch,o (CHe)COt+  CHaN+  chsn+

\ itL
(CH)NHX (CHs)sSH+ (CHs):2NHA

Figure 2.6. The scheme for most important transformations in the preliminary
model of positive ions. The names surrounded by rectangles denote
terminal ions, the names without rectangles denote transitional ions,
the arrows denote reactions (continous lines: more important
reactions, dashed lines: less important reactions).

As it can be seen in Figures 2.5 and 2.6, certain ions have special qualities,
namely most of the terminal ions are formed via the certain ions, which can
therefore be regared as the buffers of evolution of ions. In the first place, ions
H0 HH0)k, Cos (Ho )k and 02"(HO)k can be considered buffer ions. In
common case, the buffer ions are formed at the ages below a few milliseconds,
henceforth concentrations of the ions remain nearly constant up to the ages at
which the processes of formation of the ions of the next stage (in certain cases:
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terminal ions) become essential (see also Article 2.2). Commonly, formation of
terminal ions does not start before some hundreds of milliseconds. At the same
time, the rates of formation of the ions of the next stage depend significantly on
the internal equilibrium of the buffer ions: the rates of the reactions proceeding
from the buffer ions, e.g. from ions H30 +(H20)k depend, in general case, on the
individual value of k (Albritton, 1978; Viggiano et al, 1982; Keesee and
Castleman, 1985; Viggiano et al, 1988a). As a rule, the reactions leading to the
ions of the next stage proceed faster in case the respective initial buffer ions are
lighter. Consequently, in case the equilibrium of buffer ions is shifted towards
larger ions formation of terminal ions proceeds more slowly. According to the
results of preliminary simulations, the effects conditioned by shifts in the
equilibrium of buffer ions become apparent most of all in case of composition of
ions at the ages of about 1 s. This was also the reason for a detailed
consideration of the results obtained for ions at the ages of about 1 s, as done
above.

Consequently, in the course of improvement of the model, the problem of
adjustment of the equilibriums of the buffer ions is to be considered first of all.
As to earlier works, the problem has oftentimes been considered a marginal one
(Kawamoto and Ogawa, 1984; Kawamoto and Ogawa, 1986; Beig et al, 1993a;
Beig et al, 1993b). Besides, the adjustment is quite complicated because the
actual shapes of the equilibrium of buffer ions are not known, only the data about
transformations of the nature of ions conditioned by their ageing (see review in
Article 2.4.3) are available.

Moreover, both the rate and equilibrium constants required are insufficiently
known: first, only the data covering the clusters with a small number of water
molecules were reported, secondly, the data reported in different works have
sometimes not accorded with one another (Keesee and Castleman, 1986). As was
reviewed in Article 2.2, certain very heavy clusters should be specially stable.
Unfortunately, these clusters can not be included into the model because of the
absence of thermodynamic data.

In addition, the values of the quantities determining the state of equilibrium
also depend both on temperature and pressure. Therefore, next, these
dependencies will be under discussion.

2.5.3. Temperature dependence of the rates of ion-molecule reactions

Commonly, Arrhenius equation describing the nexus between the value of a rate
constant k and temperature T is known:

\ak = InA- E/RT, 2.2)

According to the equation, an increase in temperature causes an increase of rate
constant, at which the latter increase may be quite substantial (Atkins, 1986).
For instance, if activation energy E is about 0.1 eV, an increase in temperature
from 243 K up to 303 K results in a nearly 3-times increase of rate constant, in
case of higher activation energy the increase of rate constants is much larger. In
general case, equilibrium constants depend on temperature as well:
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Thus, in principle the variations of both rate constants and equilibrium constants
conditioned by a change in temperature may be quite essential, particularly in
case the constants are obtained at temperatures far from the one of interest. All
the same, the real situation is somewhat different. First, the results obtained at
temperatures far from the normal one can be omitted because of the many results
obtained at temperatures close to normal. Nevertheless, air temperature varies at
least in a range between 243 K and 303 K, which may be sufficient to induce
substantial variations in rate constants. Therefore, the problem of extents of
actual changes of rate constant is to be discussed because Arrhenius equation is
surely valid for many but not for any reaction: generally, the shape of dependence
of a rate constant on temperature is quite individual. Let us look at some
reactions:

HO++HD + M->HO+HH0) + M, &==2510"17T ‘4 (2.40
H0 +H20) + HD + M -> H0 HH20)2+ M, k=2.8-108"T '75 (242
HO+H20)2+ HD + M -> HO+H20)3+ M, *=28-107T '81 (2.43
HO+HH20)3+HD + M ->HO+H20)4+ M, k=\.52-107T 14 (2.49
HOHH20) + M -» HO ++ HD h M, yt=3.771010r '5exp(-15910/7) (2.49
H0 HH20)2+ M -» HO HH20) +..., A-1.141019r '85 exp(-9819/7) (2.49
H30 HH20)3+ M -> H0 HH20)2 +..., £=3.4-10217'9-1-exp(-9013/7) (2.47)
HO+HH20)4+ M -> HO HH20)3+..., /t=1.5-1034 r *15exp(-6394/r) (2.4%)
NO03 (HNO3 + M-~*NO03 + ..., k=\60 T'l Qxp(-[3m/T) (2.50
N03-(HN032+ M NO3-(HNO3J + ..., ik=5.3*r'l-exp(-9240/7) (2.52
N03-(HN033+ M " NO3*(HNO032+ ..., yfc=160-r'l-exp(-7070/7)  (2.53
NO3 (HNO034+ M” NO3-(HNO33+ ..., k=\.1 T_1exp(-4696/7) (2.59

Reactions (2.40 - (2.48 and (2.50 - (2.54 were reported by (Brasseur and
Chatei, 1983). All the reactions enumerated last are significantly dependent on
temperature, e.g., an increase in temperature from 243 K up to 303 K induces the
following changes in the rate constants: in cases of reactions (2.44) and (2.49
about 20 times and 7 times, respectively, whereas the respective equilibrium
constant changes about 140 times, at the same time the rate constant of the
reaction (2.50 changes about 35000 times. Thus, reactions may be quite
dependent on temperature not only theoretically but also in reality.

Nevertheless, not all the reactions of interest are so dependent on temperature,
e.g., let us look at the following reactions:

02+02+M->04++M, A=2.810'30-(300/r)&2 (2.6,)

2.3)
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H3+ 2H2-> H5-+ H2,  £=1.0-1029-(300/7)23 2 62

CO2+02 02+C02 £=0.63-10"10-(300/7)13 (2.63)
0++N2->NO++N, &=1.2-1012(300/7)15 (269
e-+03->0'+02 k=9.MO'12(7/300)146 (2.69
C04 +S02 S04 +C02 ib=9.6-10'10-(300/7)1B (2.69
O'+ CH2n CH'+OH, k=6.8-10'10-(T/294)15 (2.67)
S'+02n e'+S02 "=4.6-10°'n (300/7)07 (269
N2++02” 02++N2 £=5.0-10'n-(300/7)°8 (2.69)
O'+H2->¢"+H20, £=6.010"10-(300/7)°2 (2.6i0

Reaction (2.61) was reported by (Brasseur and Chatel, 1983), reaction (2.62 by
(Hiraoka and Kebarle, 1975), reaction (2.63) by (Miller et al., 1984), reaction
(2.64) by (Dunkin et al, 1968), reaction (2.65) by (Kawamoto and Ogawa,
1986), reaction (2.66) by (Viggiano et al, 1989), reactions (2.67) and (2.69 by
(Viggiano and Paulson, 1983), reaction (2.69) by (McFarland et al, 1973b),
reaction (2.6]0 by (McFarland et al., 1973c). In case temperature increases
from 243 K up to 303 K, rate constant of reaction (2.61) changes less than 2
times, rate constants of reactions (2.62 - (2.6i0 change even less.

As seen from the presented examples, not only the shape of the dependence
but also the extent of the dependence are both quite individual. Generally,
dependence on temperature is more substantial in case of clustering reactions,
specially in case a large molecule is participating: the lower the binding energy of
the complex formed, the stronger the dependence on temperature is (Bates,
1989). As to the reactions where not clustering but some other processes take
place, then such reactions are generally quite independent of temperature, as also
seen from the presented examples.

A certain rule, approximately common, can be set solely for the reactions
including linear reactants without exceptions, in this case the shape of the rule is
as follows:

k = k0 (300/7)”, 27
where the value of n is considered nearly 2; the case n = 2 is the reaction (2 .8):
N2+ + N2+ N2 -» N4+ N2 (2.8)

All the same, deviations from the mean value of n are quite frequent, e.g. in case
of reactions (2.9i) or (2.92:

02+ + 02+ 02 04+ 02 (29)
NO+ + N2+ N2-> NO+N2 + N2 (2.92

where n is respectively equal to 3.2 or 4.4 (Bates, 1985a; Johnsen, 1986; Bates,
1989).
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Generally, n may also depend on temperature and on the composition of the
environment, e.g. in case of reactions (2.63, (2.93 and (2.94) (Lindinger et al.,
1975; Viggiano,1986; Hiraoka, 1989).

NOs + HC1+ N2 NO3HCL+ N2 (2-93
HSO04+ HCL + N2 -> HS04 HCL + N2 2 94

In the paper (Meot-Ner and Field, 1978), an attempt has been made to set up
correlations between the dependencies on temperature of the reactions that can be
considered to be of second-order (reactions (1.3)) and certain other quantities of
the reactions. Only organic compounds were studied. A certain correlation was
found to be between n in Equation (2.7) and exothermity: the larger exothermity,
the smaller n\ a weaker correlation was between the value of rate constant and
that of n: the slower reaction, the larger n. Nevertheless, all the correlations
found were too weak to set up any empirical formula. At the same time, it was
found that n may be over 4 only in case of very’ solitary second-order reactions,
at which all such reactions had rate constants below k = IxIO"2 cmV1
Therefore, as to reactions (1.3), in case of a variation in temperature by 60 K,
the induced change in the rate constant does not usually exceed 50%, in very rare
cases the induced change can achieve 200-300%.

On the whole, it is clear that rates of reactions may depend on temperature,
whereas in certain cases the dependence may be quite strong. On the other hand,
no common rule can not be used to describe any dependence, that is specially
essential because only the dependencies of a few reactions are actually known.
As no common rule is valid, the dependencies of the reactions not studied in this
respect can not actually be simulated in any way.

The fact, that regarding many reactions the actual dependence on temperature
is not known, makes, no doubt, the model more inaccurate. On the other hand,
that inaccuracy is not the only one. As already mentioned above, and likewise in
several works, e.g. by (Brasseur and Chatel, 1983), any model of evolution of air
ions is in practice determined by a considerable inaccuracy because of our
limited knowledge. The situation is becoming better, nevertheless, several
reactions of interest are not investigated as before, likewise, data about a certain
reaction reported by different works differ up to several times from one another,
likewise, much of data employed has been solely estimated. Moreover, the actual
concentrations of many neutral gases are not exactly known (as shown in
Chapter 3). Owing to the circumstances mentioned above, the model remains
considerably inaccurate regadless of any effort to specify a certain or some
certain values of the system, therefore, it seems as if it is not rational to make
strong efforts in order to set up a few dependences on temperature. As already
mentioned, nowadays only an estimate can be set as the purpose.

As a summary, it seems rational to distinguish between two cases. First, let us
consider clustering reactions. As shown hereinbefore, in this case dependencies
on temperature may be quite substantial: at an increased temperature equilibrium
of cluster ions is shifted towards lighter ions. In this case the possible effects
conditioned by variations in temperature should certainly be taken into account.
This can be accomplished most easily by means of a few simulations for few
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different temperatures, at which in case of absence of exact data the effects could
be considered qualitatively, shifting equilibrium of the respective ions to some
extent.

Secondly, as regards the reactions within which not clustering but some other
processes take place, in this case the situation is somewhat different. As shown
above, the dependencies of such reactions are considerably weaker, oftentimes
not exceeding errors of rate constants itselves. Moreover, the actual dependencies
of many reactions are not known. If so, it seems rational to omit all the
dependencies on temperature except the single cases where the dependence is
known to be large.

The decision not to take many effects due to temperature into consideration is
supported by at least two facts of the case. First, as to earlier works having dealt
with simulation of composition of ions, dependencies on temperature have
generally been disregarded (Huertas and Fontan, 1975; Huertas et al., 1978;
Wisemberg and Kockarts, 1980; Beig et al, 1993a; Beig et al, 1993b); other
works have confined themselves to the consideration about only a few known
dependencies (Brasseur and Chatel, 1983; Kawamoto and Ogawa, 1986).
Secondly, the measurement results about the actual variations in composition of
ions conditioned by variations in temperature are practically absent, only the data
reviewed in Article 2.4.7, according to which an increased temperature induces
heavier ions, can be mentioned. Consequently, the results of simulation even
obtained could not be justified because of lack of measurement data. Therefore, it
seems as if it is not rational to give much attention to the study of effects
conditioned by variations in temperature. The few results about effects due to
temperature obtainable following the simplifications described above can be
considered otherwise: in this way one can estimate the limits within which the
composition of ions can vary.

2.5.4. Pressure dependence of the rates of ion-molecule reactions

The rate constant of an individual ion-molecule reaction does not depend on
pressure because it characterizes the individual chemical transformation, surely,
the shape of distribution of the equilibrium concentrations of the compounds
contained in the reaction may depend on pressure, that is the case if the summary
change in the number of moles of reactants is not equal to the summary change in
the number of moles of reaction products. In such case the equilibrium constant
of reaction Kp (independent of pressure) can be expressed in the shape (2.10):

Kp= (p/pot'Kx (2.10)

where po is the standard value of pressure (the value for which Kp has been
tabulated); p is the actual pressure; Av is the sum of all the stoichiometric
coefficients of the reaction in which the cofficients belonging to the reactants are
taken negative; and Kx is the product of molar concentrations of all the
compounds contained in the reaction where the concentrations belonging to
reactants appear in the denominator, the concentrations belonging to reaction
products appear in the numerator (Knorre et al, 1990; Atkins, 1986).
Consequently, if Av = 0 (e.g., in case of reaction (1.3)), Kx is likewise not
dependent on pressure, but if Av = -1, (e.g., in case of reaction (1.4)), the
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steady-state concentrations of the compounds contained in the reaction depend on
the pressure. Consequently, in case p is greater than pQ the rate of the direct
reaction increases, which is equivalent either to a shift of the equilibrium towards
reaction products, or to a relative increase in the abundance of reaction products.
Besides, in this way the fact of an increased importance of the third-order
reactions (1.4) at lower altitudes can be explained, while at higher altitudes only
the second-order reactions (1.3) are significant. All the same, an increase in the
rate of the direct reaction due to increased pressure does not mean an increase in
the equilibrium constant, the increase in the rate is conditioned only by an
increase in the pressure of reactants.

Thus, a change in pressure may result in a change in the list of essential
reactions, therefore, having an effect also on evolution of ions. On the one hand,
considering an individual reaction, no dependence on pressure can be observed:
the individual reaction proceeds in same way both in stratosphere and in
troposphere. On the other hand, near the ground some additional reactions which
can not be noted at lower pressures because of their slowness may become
substantial. The analogical situation can be observed while treating the available
data about ion-molecule reactions: the data obtained at low pressures are surely
valid as to near-ground layers, on the other hand, some important reactions may
be left out of consideration if being limited to the data obtained at low pressures
only.

The treatment used in the previous paragraphs is valid until the chemical
process can be described by means of either Equation (1.3) or Equation (1.4)
(Poltorak, 1991): in this case the pressure-dependence of reactions (1.4) can be
described by means of Equations (2.10), (2.12i), and (2.122), whereas reactions
(1.3) are treated as the ones independent of pressure (Matsuoka and Nakamura,
1988). In case the chemical process can not be described either by means of
Equation (1.3) or Equation (1.4) (that is most likely due to a complicated
mechanism of the reaction), a change in pressure may result in a shift of
equilibrium of intermediate phases of the reaction, that in their turn can result in
a more complicated pressure-dependence of the whole reaction. As a matter of
fact, the mechanisms of many reactions are quite complicated, owing to which
the rate constants may still depend on pressure (Meisels et al., 1978; Johnsen,
1986; Bates, 1989). As to theoretical works, different pressures are often
considered differently (Viggiano, 1986). As to known data, most of the reactions
(1.3) do not depend significantly on pressure, all the same, some reactions do,
e.g. reactions (2.111) and (2.112) (Matsuoka and Nakamura, 1988), or reaction
(2.113 (Hiraoka, 1989).

o++n2->no++n (2.110
NH3++H2 NH/+H (2.112
N4+ 02-> 02+ 2N2 (2.H3

More detailed studies on dependencies of reactions (1.3) on pressure have been
started only recently (Matsuoka and Nakamura, 1988). Nowadays only a little
data about the actual dependencies is available. In princple, the problem is surely
present: the main number of available data about constants of ion-molecule
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reactions has been obtained at pressures of about 1 Torr (McFarland et al,
1973a; Adams and Smith, 1976; Jennings, 1978; Keesee and Castleman, 1983,
etc.), at the same time in certain cases the rate constants obtained at 1 Torr may
differ at least 10 times from these but under atmospheric pressure (Smith et al,
1989). Only by a few works the more high pressures have been used (Giles nad
Grimsrud, 1992). Nevertheless, it is quite complicated to make a decision in
which way the pressure should be introduced in the model because of the very
limited data. The theoretical method of computation of dependencies on pressure
introduced by (Smith et al, 1989) is too involved to apply it for all the reactions
ofthe system.

As regards earlier works concerning the simulation of evolution of ions, no
special treatment of dependence on pressure has been applied: the constants of
reactions have been considered equal to their tabulated values regardless of the
pressure used in case of measurement of the constants. All the same, models are
dependent on pressure, that is shown by following factors: first, concentration of
the third body in reactions (1.4) depends on the pressure and is introduced by
means of actual concentrations of neutral gases; secondly, in the works dealing
with the lower altitudes a special attention is paid to the list of the third-order
reactions; thirdly, a variation in pressure is taken into account at specification of
equilibrium constants, according to Equations (2.12i), (2.122.

In the present work we will follow the line used by earlier works as to
dependencies on pressure.

2.5.5. Improvement of the preliminary model

2.5.5.1. Specification of the internal equilibriums of certain ion classes

Next, we are going to deal with improvement of the model described in Article
2.5.2. As said above, the problem of adjustment of equilibriums of the buffer
ions is of the first-rate importance. First, let us consider the reactions determining
the internal equilibrium of ions H30 HH20)n

He0 +{H0) i + HD + M -> Ha0 HH0)n+ M

The preliminary values taken from the paper (Huertas and Fontan, 1975) were
mostly estimated. Now, the data reported by (Brasseur and Chatel, 1983) and
(Lau et al, 1982) are also available. As to the cases n = 1..4, the values of
respective rate constants were reported, in cases of n = 5.6, only the
thermodynamic data are available. Using the thermodynamic data, in the present
work equilibrium constants Kcare computed by means of Equations (2.12j) and
(2.122 (Poltorak, 1991):

Rr-In*a=-Go (2.12)

Kc=KAcof\ (2.122

where AGO is the change in Gibbs function due to the reaction, Ka is the
dimensionless equlibrium constant expressed in terms of the chemical activities,
Kcis the equilibrium constant of interest expressed in terms of the concentrations
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(in units cm'A), co is the density of the environment under the pressure of interest
(in units cm"3, and the contents of Av is the same as in Article 2.5.4. Near the
ground, @=2.7x1019 cm'3 In case we have reaction (1.3), Kcis dimensionless,
in case of reaction (1.4), the dimension of Kcis cm3

According to both the data reported by (Lau et al, 1982) and the procedure
described in the previous paragraph, two following reactions are specified:

Ha0 +(H20)4 + HD + M <» HO +H20)5+ M
and
H30 +(H20)5+ HD + M <>H0 +H0)6 + M.

The values of the equilibrium constants obtained in this way are the
following: 1.5x10"15 and 1.5x10"1 (for 243K); 3.7x10'17 and 5.6x10'18 (for
303K), all in cm3 As the values of the respective rate constants are not known,
we have proceeded from the fact, that the equilibrium of ions H30 HH20)n is
formed already at the ages below 1 ms (Lau et al, 1982), therefore, the direct
reactions can be considered quite fast, owing to which we have assumed all the
rate constants of the direct reactions to be equal to k = IxIO*2 cmV1 As to the
respective reverse reactions, their rate constants can now be calculated: 6.7x10"17
cmsi1and 6.7x10-6 cmV1 (for 243K); 2.7x10'55 cmV1and 1.8xl0"4 cmV1
(for 303K).

Besides, in the paper (Kochanski, 1985) formation energies of H30 +HH20)n
obtained by means of calculations have been reported not only for n = 5. 6 as by
(Lau et al, 1982), but also for n = 1..9. In conformity with the results, the
differences between the formation energies of two consecutive clusters diminish
quickly in case of small values of n, but in case of the values being over 5, the
differences begin to diminish quite slowly, that is why, the ions H30 +(H20)nwith
nover 6 should be quite abundant, consequently, such clusters should deserve an
attention. On the other hand, some results reported by (Kochanski, 1985) do not
accord well either with the results obtained by (Lau et al, 1982) or with the
results of some other works, although the data about the same reaction but
reported by different works are, as a rule, different as becomes clear from the
survey (Keesee and Castleman, 1986), therefore, the paper (Kochanski, 1985) is
not exceptional in this respect. Nevertheless, as the data reported by (Kochanski,
1985) are the only one as to ions H30 +H20)n n = 7..9, we will confine ourselves
to the ions HO +(H20)n n - 1..6.

All the same, certain results of (Kochanski, 1985) would be reviewed.
According to the paper, and assuming the change in entropy ASOto be equal to
that of the paper (Lau et al., 1982), equilibrium constant of process

H +H20)8+HD + M  H+(H0)9+ M

would be about 9xIO'20 cm3 (at 300K) or about IxIO'18 cm3 (at 240K).
Consequently, in case of the normal concentration of water, the equilibrium
concentration of ions H30 HH20)9 should be comparable to that of ions
Hx +(H20)g, being only about 10 times lower than the latter. Therefore,
assuming the results of (Kochanski, 1985) to be correct enough, ions with 9, and
maybe with a larger number of water molecules should be taken into account
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while considering ions H30 +(H20)n but, on the other hand, the top of the shape
of equilibrium distribution of ions H30 +(H20)nwould be still located at n = 3.5
(at temperature 300K), or at n = 5..1 (at 240K); the ions H30 +(H20)n having
larger values of n would in any case be less abundant.

Recently, some very large clusters like H30 +(H20)2 were proposed as well
(Peifer et al., 1989; Khan, 1994), but nowadays no thermodynamic data treating
such clusters is available, therefore, no further consideration is possible.

As regards negative buffer ions, the data additional with respect to the
preliminary model are practically absent. The thermodynamic data about
reactions

02(H20)n+HD + M<>02(H0)n1 + M
and
C03(H20)n+HD + M <>C03(H20)rt + M

reported by (Keesee and Castleman, 1986) make the treatment possible up to
ions 02(H20)4 and CO3'(H0)3 at the same time the available kinetic data
enable a treatment up to ions 02’'(H20)3 and C03~(H0)2 only (Albritton, 1978;
Ikezoe et al, 1987). Assuming the negative buffer ions being somewhat
analogical to ions H30 +H20)n ions 0 2"(H20 )4 and C03"'(H20 )3 should not be the
largest. As seen in case of positive ions, only the data about ions up to
H30 +HH20 )6 were available, at the same time it was likely that the ions with more
great numbers of water molecules are actually present as well. The assumption

about such analogy is supported also by the fact, that equilibrium constant of
reaction

02(H20)3+HXD + Mo-02(H20)4+ M
is about 9x 10 17cm3, and the constant of reaction
C03(H20)2+HD + M <>C03(H20)3+M

is about 2x1017cma (in accordance with Keesee and Castleman, 1986), owing to
which, the equilibrium concentrations of ions 0 2°(H20 )3 and 0 2’(H20 )4 are nearly
equal, the same can be said about ions C03"(H0)2 and C03"(H20)3 Therefore,
ions 02°(H20 )5 and C03°(H20 )4 should be observable as well.

For that reason, inthe present work we have proceeded from the data reported
by (Huertas et al, 1978) as to ions 02"(H0)kand C03’(H0)k because this data
is a most complete, describing also ions 02°(H0)s and CO0s'(H20)4, regardless of
the matter, that the data were obtained partially by means of estimates. On the

other hand, the data reported by (Huertas et al, 1978) have been adjusted,
namely the reported rate constants of reactions

02(H20)3+HD + M —=02(H20)4+ M (2.130)
and
02(H20)4+HD + M ->02(H20)5+ M (2.132

have been diminished 5 times. It was due to two circumstances: first, in order to
obtain the values closer to the ones reported by (Keesee and Castleman, 1986),
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as to reaction (2.13j); secondly, in order to achieve a better accordance with the
known data treating the ageing of ions (see Article 2.4.3). As known from Atrticle
2.4.3, at the age of about 0.5 s, nature of negative ions should change in some
way, at which the actual age of the change should depend on the concentration of
water. On the other hand, in case to follow the values reported by (Huertas et al.,
1978) as to reactions (2.13i) and (2.132), nature of the ions is changed, but at the
ages somewhat grander. In order to adjust the model in this respect, some
reaction rate constants are to be adjusted, whereas this can be achieved most
easily by means of the changes in the constants of reactions (2.13]) and (2.132;
moreover, that adjustment is supported also by the fact, that in this case the new
rate constant of reaction (2.130 becomes closer to the one reported by (Keesee
and Castleman, 1986).

As a result of the adjustment described above, the respective equilibrium
constants aquire the values of about 2x10"16 cm3 and 3x10_1 c¢m3 (at 293K), or
7.5x10"1.6cm3 and 7.5x10' 7. cma (at 243K).

With certain reservations, ions NO3 XY can also be regarded as buffer ions:
they are surely terminal ions in case of the preliminary model, but they are not
with respect to the treatment presented in Article 2.5.5.2. As to the treatment,
ions NOs XY are in some respects analogical to ions 02'(FHO)k and
Co3’(Hx )k both of the ions can be regarded as the intermediate ones, at which
the rate of formation of the ions of the next stage depends on the shape of internal
equilibrium of intermediate ions. Therefore, the problem of adjustment of
equilibriums of ions NOs' X-Y is of the first-rate importance as well.

All the same, the treatment can be applied only to cases where X and/or Y
denote HD and/or HNO3 molecules. In case ions NO3 XY contain some
another molecules, the ions can not be regarded as the buffer ions anymore (see
Article 2.5.52).

In the preliminary model only clusters No3’ (HNO3m(H0)nwith m and n
equal to O, 1 or 2 were taken into account. Now, using the data reported by
(Fehsenfeld et al., 1975; Keesee and Castleman, 1986; lkezoe et al., 1987) the
model can be supplemented: equlibrium constants of the following reactions can
be specified:

NO3 + HNOs + M<>N03'(HNO3 + M (2.14)
NO3s"(HNO3 + HNOs + M <>N03 (HNQ3)2 + M (2.142
NO3 (HNO3)2 + HNOz + M <>N03'(HNO3)3 + M (2143
NO03‘(HNO3)3 + HNOGs + M <>N03'(HNO3)4 + M (2.144
NO3'(HNO3)4 + HNOz + M <>N03"(HNO3)5 + M (2 145
NO3 + HD + M<>NO03'(H0) + M (21496
NOs (H0) + HD + M<» NO3 (H0)2+ M (2147
NO3 (H0)2 + HD + M<>NO03 (H0)3 + M (2.148
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The respective equilibrium constants become: 12X1CTe cm3 3.7xI0"n cm3
2.7x10"4cm3 5.2x10-17 cmJ, 2.2x10'18 cm3 9.4x10°14 cm3 2.2x10-15 cm3 and
1.2x1016 cm3 (at 243K); or 3.7x10-9 cm3 6.2x10Bcm3 1.9x10' 55 cm3 9x10°18
cm3 9x10-19 cm3, 5x10'5 cm3 2.5x10'16 cm3 and 2.3x10'17 cm3 (at 303K).
According to the kinetic data available, rate constant of the direct reaction of
process (2.14i) should be over IxIO"2s cmV 1 As no kinetic data is known about
treating reactions (2.142 - (2.145, in the present work all direct reactions
(2.141)-(2.145 are guessed to have the same rate constants equal to IxIO*%
cmes-1, after that rate constants of the respective reverse reactions aquire the
values of 2.7x10'8 cmV1 16xlo*4cmV  5.2x10"2 cmV] 1.1x10" cmV1]
and l.IxIO'8 cmV1 (at 303K). As to processes (2.146) - (2.149, only rate
constant of the direct reaction (2.146) is known: 7.5x10°2 cmV1 Because of
shortage of the data, all direct reactions (2.146) - (2.148 are guessed to have the
same rate constants, thus, rate contants of the respective reverse reactions obtain
the values of 1.5x10:14cmV 1 3x10"B3cm3 1, and 3.3x10°2cmV 1(at 303K).

As to positive ions, ions NH4HNH3)m{H20 )k are somewhat analogical to ions
NO3 XY both of the ions are terminal ions as to the preliminary model, but
they can not be considered terminal with respect to results presented in Article
2.5.5.3, at which rate of formation of the ions of the next stage depends on the
shape ofthe internal equilibrium of ions > ~ +HNH3)m(H20 )k

In order to supplement the preliminary model, the data reported by (Keesee
and Castleman, 1986) can be employed, by means of which the following
reactions can be specified:

NHAHH20) + HD + M <» NH4+(H20)2+ M (2.15)
NH4+(H20 )2 + HD + N> NHA+(H20 )3+ M (2.152)
NH4+H20)3+ HD + M <>NH4+H20 )4 + M (2.153
NHAHH20 )4 + HD + M <>NH4+(H20 )5+ M (2.159
NH4HNH3 + HD + M <>NHA+HNH3)(H20) + M (2.155)
NH4+HNH3)(H20) +HD + M <>NH#HNH3)(H20)2 + M (2.156
NHAHNH3)(H20)2 + HD + NH4HNH3)(H20)3+ M (2.157
NH#+(NH32 + HD + M <» NHA+HNH3)2(H20) + M (2.159
NH4+NH3)2(H20) + HD + M <>NH4A+NH3)2(H20 )2+ M (2.159
NH/(NH33+HD +M  NH#+(NH3)3(H20) + M (2.150)
NH#HNH3 + NH3+ M <>NH4{NH32 + M (2.15,0
NH4HNH32+ NH3+ M « NH4+NH33+ M (2.15,0
NH4+NH33+ NH3+ M « NH4+NH34 + M (21593
NH4+HNH34 + NH3+ M « NH4H{NH35+ M (2.15,)
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The respective equilibrium constants become: 4x10'14 cm3 8x10"16 cm3 3x10' 17
cm3 4x1018 cm, 4.4xI10'55 cm3 3x10'56 cm3 2x10'17 cm3 1.8x10"16 cm3
1.4x10%7 cm3 1.2x10'17 cm3 1.5x10-13 cm3 2x10-15 cm3 2.3x10"17 cm3 and
8.5x 100 cma (all for 298K).

Unfortunately, a very limited number of data treating of respective rate
constants is known. As regards processes (2.15]) - (2.154), only the rate constant
of the reaction forming ions NH4+H2 ) is available: 1xIO0-20 cmV1 (Albritton,
1978). Since all the clustering reactions forming water clusters considered above
were quite fast, in the present work all direct reactions (2.15i) - (2.154) are
guessed to have the same rate constants equal to IxIO-2 cmes" As regards
processes (2.15n) - (2.15#4), the direct reactions of processes (2.15n) and
(2.1512 were found having rate constants of about 2x10"7 cmV1 (Ikezoe et al,
1987), the same value is guessed to characterize all direct reactions (2.15n) -
(2.1514). As regards processes (2.1595 - (2.15i0, no Kinetic data belonging to
analogical reactions is known, therefore, the processes can not be included into
the model.

Proceeding from the guessed values mentioned above, rate constants of the
respective reverse reactions become as follows: 2.5x10"6 cmV1 1.2xlo'u4
cmV, 3.3xI003 cmV1 and 2.5xI002 cmV ((2.15,) - (215%), 298K);
1.3x10"14cmV 1 IxIO'2cmV1 9xI0'n cmV] and 2.4x10"8 cmV1((2.15n) -
(2.151, 298K);

In this article we have dealt with adjustment of equilibruims of buffer ions.
Next, the model would be adjusted with a respect to the effects described in
Articles 2.2, 2.3.2, 2.4.4, and 2.4.5.

2.5.5.2. Improvement of the preliminary model: negative ions
As to negative ions, reactions (2.160
0{ (H20)n->NO3'XY (2.160

are substantial because the characteristics of these reactions determine not only
the rates of formation of ions NOs XY, but also the rates of formations of the
ions of the next stages. Certain additional data treating transformations (2.160
were reported by (lkezoe et al, 1987), true enough, in this work not ions
NOs"{(HO0)k but ions 02 NO (H0)k were considered to be the reaction products.
Inthe present work both of the ions are regarded as the same, after that it would
be possible to specify two new reactions of interest:

02 (H20)3+NO ->NO03 (H20)2+ HD (2.160
02 (H0)4+NO->NO03 (H0)3+HD (2.162

with the rate constants of 1,5x10'10cmV1and 1.2x10"10cmV1

It is evident, that the preliminary model does not describe evolution of ions
HS04 XY, which should be very essential as to observations (see Article 2.3.2).
The data treating the respective reactions are available in the papers (Viggiano et
al., 1980; Viggiano et al, 1982). According to the data, rate constants of
reactions (2.163) - (2.167) are equal to 4.2x10” cmV1 2.7x10'9cmV1 2.6x10'9
cmV12.3x10 cms']andja l.IxIO-9cmV1
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0" + H2504-> HS04 + OH (2.163)

cr +h204->hso4 +oh (2.169
NO3 + H2504-> HS04'+ HNO3 (2.16s)
N 03 HNO3+h2s04-> HS04 HNO3 + HNO3 (2.166)
NO3 (HNO032+h2s04-> HS04 (HNO032+ HNO3 (2.167)

The rate constants of reactions (2.163 - (2.167) have all been obtained on the
assumption that the rate of the fastest process in the system was equal to the
collision rate. This assumption has been made because the actual concentration
of H2S04 could not be measured, as a result of which, a different base was
inevitable (Viggiano et al, 1980; Viggiano et al, 1982). Therefore, in principle
the rate constants ofall reactions (2.163 - (2.167) may be overrated.

As regards the reactions reverse relative to (2.163) - (2.167), no data treating
such reactions was found in (Albritton, 1978; Keesee and Castleman, 1986;
Ikezoe et al, 1987), owing to which reactions (2.163) - (2.167) should be
practically one-directional. Since ions NO3 XY were at the same time the main
terminal ions as to the preliminary model, introduction of reactions (2.16s) -
(2.167) is similar to that of new terminal ions HS04~X-Y, while the actual part of
ions HS04 -X-Y will now depend only on the actual rates of the reactions. In
their turn, the rates depend on the actual concentration of H2S04 therefore, the
knowledge treating the concentrations of H2S04 has the first-rate importance.
Unfortunately, the concentrations of H2S04 are actually not well known (see
Chapter 3). Moreover, the rates of reactions (2.161) - (2.165 are not very sure as
was shown above, as a result, the model is in effect quite inaccurate as to
evolution of ions HS04 X-Y On that account, it seems as if it would not be
rational to follow the treatment of internal structure of ions HS04 -X-Y that was
developed by (Kawamoto and Ogawa, 1984; Kawamoto and Ogawa, 1986), at
least as regards the ions where X and Y signify the molecules of H20, H2S04
and/or HNO3. It seems as if it would be rational to be limited to an “ion”
HS04-X-Y, which denotes all the ions of that class. On the substance, the new
treatment does not make the model significantly worse because, on the one hand,
ions HS04 -X-Y are terminal anyway, as to the known data. Consequently, there
is no necessity to consider further transformations, and, on the other hand, the
results obtainable by means of a model can be compared mainly with the data
containing information only about the summary concentrations of certain classes
of ions (see Articles 2.3.2, and 24.1 - 2.4.7), but nearly no information
concerning the concentrations of individual ions. Therefore, the results treating
the individual concentrations of ions HS04-X-Y even if obtained, can not be
justified because of shortage of measurement results.

The case in which certain ions having cores HS04 react with HC1 molecules
would be considered separately from “ions” HS04 XY because it seems as if
HC1 has certain original qualities: it is almost the only gas capable of substituting
the molecules of H20, H2S04 and also HNO3 as to ions HS04 -X-Y (Viggiano
etal, 1985; lkezoe et al, 1987), at the same time the molecules of HC1 having
taken a place either in ions HS04 -X-Y or in ions N03"-X-Y can not be relieved
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by any other molecule, as to the known data. Therefore, the ions including HC1
molecules should be regarded as the apart terminal ions. As regards the results
obtained by means of mass-spectrometric measurements, the ions including HCL
molecules have only slightly been mentioned, all the same, mobility spectrums
have been shown quite strong dependence on the actual concentration of HCL (see
Article 2.4.4) On the other hand, the reactions including HC1, CFC13 CF2CL or
CIO molecules are found to be generally endergonic, and therefore, very slow
(Fehsenfeld et al., 1976). Moreover, no reaction resulting in other specific ions
due to HCL is known, owing to which it seems as if the new peak observed in
mobility spectrum due to HCL (see Article 2.4.4) was actually conditioned by
ions NO3 XY and/or HS04'XY containing the molecules of HC1. Therefore,
such ions should be considered separately.

Considering that, the following reactions have been added into the present
model:

NOs + HCL+ M ->NO3s HC1+ M (2 17)
NO3'-HN03 + HCL + M -> NO3 HNOs HC1 + M (2 179
NO3 (HNO3)2 + HCL+ M ->NO0s (HNOs)2 HCL + M (2.173
HSO: + HC1+ M -> HS04 HC1 + M (2.174

Rate constants kOof reactions (2.17,) - (2.174) have the following values: 5x 103
cmV] 2x10'2z7 cmV] 5x10'8 cmV ], and 2.1x10'27 cmV1 All the reactions are
quite dependent on temperature: kx = £0(300/T)26;, £2 = &300/T)4 &3 =
£J300/T)55 and k4= £Q(300/T)3 It was said, that in principle the clusters with
up to 4 molecules of HC1 (e.g., HS04 (HC1)4 should be feasible, nevertheless,
no data treating the respective reactions is known.

In Articles 2.3.2 and 2.4.4 several ions and neutral gases which should be
substantial with respect to evolution of negative ions (CsHso 4, CHSOs, S02
CHNH2 (C:H92NH jt.) were pointed out. Unfortunately, the known data do not
make simulation of all the effects possible. The preliminary model has been
compiled on the ground of the data reported by (Albritton, 1978; Virin et al.,
1979): most of the data found in these works have been added into the model, as
described in Article 2.5.2. Unfortunately, the comprehensive work (lkezoe et al.,
1987) was received too late in order to take all these data into account, all the
same the data describing the reactions proceeding from ions 02"(HO)K,
CO03(H0)k, or NO3 X Y have been considered. The reactions mentioned last
were preferred because ions 02°(H0)k, CO03‘(H0)k, and NOz XY should be
specially important as described hereinbefore. Therefore, the following reactions
of interest have been found out:

NO3z + CH:CN ->no03'CH3CN (2.18)
02'(H20) + S02-> S04 + HjO (2.189
02 (H0)2+S02->SOs (H0) +h2 (2.183)
02 (H0)s+ S02->S04 (H0)2+h2 (2.184)
02"(H0)s+ S02 S04 (H0), +h2 (2.185)
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Reactions (2.18i) - (2.185 should have the rate constants of 7.8x10'2cmV],
1.8xlog cmV1y 1.7x109 cmV1l 1.7xl09 cmV1l and 16xlo9 cmV]
respectively.

It seems as if reactions (2.182 - (2.189 imply that ions sO4 (H20)k
constitute an additional class of terminal ions. Nevertheless, two reactions
proceeding from ions sO4-(H20)k are known as well: reactions (2.186 and
(2.187) with the rate constants of 2.5x 10c10cmV1and Ix 10"10 cmV 1 respectively
(Ferguson, 1973). On the other hand, it seems not plausible that reactions (2.189
and (2.187) were, as a matter of fact, the only reactions proceeding from ions
s04' (H20)k as at the same time a considerable number of reactions within which
ions s04-(H20)k are formed is known, therefore, a certain shortage of balance
may be present as to reactions (2.182 - (2.187), as a result of this shortage an
exessive amount of ions s04 (H20)k may appear in the model.

S04 +N02->N0Z + S02+ 02 2 189
S04 +N02->N03 + S03 (2.189)

Taking both the likely shortage mentioned above and the fact, that only
equilibriums (2.18g and (2.189) can be specified on the ground of known data
(Keesee and Castleman, 1986) into consideration, only reactions (2.181) -
(2.184), and (2.189 - (2.189 can be added into the present model.

S04 +HD + M <>S04 (H0) + M (2.18s)
S04 (HO0) + HD + M <» S04'(H20)2+ M (2.189)

The equilibrium constants of processes (2.188 and (2.189 should have the values
of 2.2x10'16 cm3 and 5.5x10"19 cm3 respectively (at 296K). As to kinetic data,
none is available, owing to which in the present work a value of IxIO'2 cmV1
has been guessed in case of the direct reactions because of several reactions
consisting in clustering of water molecules onto an ion having nearly identical
rate constants as shown above. In this case rate constants of the reverse reactions
have values 4.5x10"4cmV] and 1.8x10'"h cmV1

CH3CN has been found quite substantial with respect to measured
composition of ions as shown above, all the same, only reaction (2.181) is
available. It is true, many respective reactions proceeding from ions OH"(H 20)k
are known (Hierl et a 1 1987), but these reactions should be of smaller
importance in effect because the abundances of ions OH” (H20)k are actually
very low as compared with the abundances of ions O2(H20)k, ¢ 03(H20)k and
NO3 X Y

As it can be pointed out fom the discussion presented above, several effects
reviewed in Articles 2.3.2 and 2.4.4 can not actually be simulated because of
shortage of data. The results obtainable by means of the present model are
reviewed in Chapter 4.

2.5.5.3. Improvement of the preliminary model: positive ions

As said above, most of the data found in the works (Albritton, 1978; Virinetal,
1979) have already been added into the model. Henceforth, we will deal only with
the reactions proceeding from ions H30 +(H20)n or NH4+NH3)n{H20)k because
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these ions were found to be central in the evolution of positive ions (see Article
25.2).

With respect to positive ions a correct specification of processes (2.19)
H30 +(H20) n-> NHA+HNH3)n{H20)k (2.19)

is very important because these processes determine the rates of formation of all
terminal ions. As to the processes, diverse data are available. In the work (Ikezoe
et al., 1987) only the data for the cases n<4 were reported, the respective rate
constants were about 2.2xI0O"9cmV1 incase n= 1..2, and about 1.8x109cmV1
in case n = 3. According to the paper (Ziereis and Arnold, 1986), rate constants
of reactions (2.19) should be nearly independent of n (at least up to n = 8), all the
rate constants should be about IxIO'9 cmV1 Most of the new data, as far as
known, was reported by (Viggiano et al., 1988a): reactions (2.19) were studied
up to n = 11, all the same, only the data for cases n = 2, 3, 4 were reported in
case of temperature being about 300 K, the respective rate constants were
1.9x109 cm s'1 Besides, the most likely shape of processes (2.19) was thought
to be (2 .201):

Ha0 +(H20)n+ NH3-> NH4+H20),.2 + 2HD (2.20,)

Reactions (2.202 were studied as well, in case n+m < 5 the respective rate
constants were found to be about 1,9x 109cmV1

NH4-(NHN{HD )n+ NH3 -> NH4(NHI+,(H20)n, + HD (2.200)

As to the present model, both reactions (2.20,) and (2.202 have been included,
being in accordance with the results reported by (Viggiano et al., 1988a).

As reviewed in Articles 2.3 and 2.4.5, among positive ions, the ions
containing pyridine are considered to be of great importance. In conformity with
the papers (Viggiano et al., 1988a; Viggiano et al, 1988b), reactions (2.21,) and
(2.222 have been added to the present model:

Ha0 +(H20)n+ CsHsN -> CsHsN+H20)nx+ xHD 2 21)
W (N H 9n{H2 )n+ CsHN -> CHN+NHx(H2 y+ iHD +jNHz (2.212)

Reactions (2.21,) can be specified in case of n = 1, 2, 3, 4: in case of // = 4 the
respective rate constant K\ « 2x10"9 cmV1 at which kx ~ (300/7)09, in cases of
smaller values of n the respective rate constants K\ are about 10% larger. Rate
constants of reactions (2 .212 are k2 ~ 3.2x 10"9 cmV1 (in case n+m < 2), or k2 «
1.9x109 cmV1(in case n+m *10). As regards the distribution of the individual
products of reactions (2.21,) or (2.2 19, the individual parts are not known, as a
result of which “ion” CsHsN+X-Y which denotes all the ions of that class, has
been introduced. On the substance, such treatment does not make the model
significantly worse as it was already explained in case of analogical treatment of
ions HS04-XY (see Article 2.5.5.2).

Several reactions including picoline were also reported by (Viggiano et al,
1988h). Indeed, according to Article 2.4.5, the effect of picoline has been found
to be significant. All the same, the actual concentrations of picoline are not
known, and, moreover, the reactions are quite analogical to the ones including
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pyridine, generating only a new class of terminal ions but no other changes as to
the structure of the model, that is why the reactions including picoline have not
been added into the present model.

The reactions including CH3CN, CH30H or (CH32CO available in (Viggiano
et al., 1988a) have been added into the present model as well:

H30 HH20)n+ CHXN -> CH3CN+H20)nx+ xHD (2.213
H30 +H20)n+ CH3OH -> CH30H+H20)nx+ xHD (2.219
H30 HH20)n+ (CH32CO -> (CH3)2C0+(H20)nx+ xHD (2.219)

These reactions are analogical to the ones including picoline, discussed above,
but, on the other hand, the actual concentrations of CH3CN, CH30OH and
(EH32CO0 are better known. According to the data reported for the case of n = 4,
the rate constants of reactions (2213 - (2.219 should be 3 1xlo'9 cmV]
1.7x10"9 cmV] and 2.0x109 cmV 1 respectively, whereas the values depend on
n, decreasing about 10% in case of An = +1. Alike ions CsHaN+-X-Y discussed
above, the mdividual parts of products of reactions (2.213 - (2.2195 are not
known, and therefore, three new “ions” which denote the ions of that class
altogether, have been introduced, that was the case also with ions CsSHsN+XY

Unfortunately, several effects reviewed in Article 2.4.5 can not be simulated
because of absence of data concerning the respective reactions. On the other
hand, the data treating the reactions containing CsHsN, CH3CN, CH30H, or
(CH32CO show a similar nature of these reactions: all the reactions proceed via
ions H30 HH20)n which consequently have a central role in the evolution of
positive ions (see also Article 2.5.2). Therefore, it is quite likely that also most of
the other transformations unknown yet, but possible to guess according to the
effects reviewed in Article 2.4.5 proceed from ions H30 +H20)n owing to what
in the future first of all such reactions should be searched.
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3. CONCENTRATIONS OF NEUTRAL GASES

There are hundreds of gases participating in ion-molecule reactions
proceeding in the troposphere. All models of ion evolution do not take all the
gases into consideration, but in case we are dealing with the improvement of the
model, we see, generally, more and more neutral gases becoming unavoidable. In
the present model 150 different neutral gases are involved in the reactions. The
neutral gases are enumerated in Table 3.2.

In order to describe neutral gases in a model one has to specify the values of
concentrations of gases. This way one determines the matrix A in the equation of
evolution of ions (1.10), according to the Equations (1.5) and (1.6). The problem
of describing of neutral gases is not tiivial for reason that the actual
concentrations of several neutral gases important for simulating of troposphere
are not exactly known. In this chapter we are going survey the current knowledge
of the concentrations of the most essential neutral gases. Additionally, we are
going specify the values of the concentrations, which are considered natural in
the present work; the values are presented in Table 3.2. All the concentrations
are given in cubic centimetres.

3.1. Main compounds of the air

Air molecule (usually used as the third body in ternary reactions (1.4)). The
concentration of this component can be found out by using the ideal-gas law. At
the normal pressure and at the temperature 273.16 K one cubic centimetre
contains approximately 2.7x1019 molecules.

N2 02 Ar. Under natural conditions air contains approximately 79% nitrogen,
20% oxygen and 1% argon (Junge, 1965), accordingly the concentration of N2
should be 2.1x1019cm-3, the concentration of 02 should be 5.6x1018cm”3 and
the concentration of Ar should be 2.7x 1017cm=3

Kr, He. The natural concentrations of all rare gases have been taken from the
work (Junge. 1965).

H20. The actual concentration of water depends strongly on the temperature. In
the table 3.1 we can see the concentrations of water vapour in the air containing

Table 3.1. The dependence of water vapour on temperature.

temperature. K 243 273 303
pressure of the saturated water
vapour, mb 05 6.1 42.6

concentration in the air con-
taining 50% relative humidity,
cm-3 6.7x105 8.2x1016 5.7xI0P

50% relative humidity, at the various temperatures (Tverskoi, 1962). In the
present work we consider the concentration of 2.7x10° ¢cm-3 to be natural. This
concentration corresponds approximately to the 50% relative humidity at the
temperature 290 K or 17°C. It is necessary to point out, that a variation in the
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temperature from -30°C to +30°C causes the concentration of water vapour to be
changed by approximately 100 times (at the same relative humidity). Therefore,
if we deal with the peculiarities of the evolution of ions, caused by a change in
the temperature, the influence of the change in the concentration of water vapour
is to be considered the main factor. The other factors, caused by the change in the
temperature, e.g., possible variations in the rates of chemical reactions, are
generally at least 10 times smaller as compared with the influence of the change
in the concentration of water vapour.

CH4 A lot of data is available about the concentration of methane. A sample is
given as follows. According to the classic work (Junge, 1965) the concentrations
of methane should be in the interval from 3.2x 1013cm-3 to 4.1 x1013¢cm-3, during
long-time measurements in USA the mean value of 3.9x 1013cmr3 has been found
out (Stephens, 1985). In the paper (Bonsang et al, 1991) the concentrations of
methane have been measured till a height of 1600 m, in accordance to those data
the near-ground concentrations should be in the interval from 4.3x1013cm3 to
4.5x10B3 cm 3 in accordance to the paper (Koropalov, 1988) the mean
concentration of methane should be equal to 4.4x10'3cm-3 The concentrations
near to the previous ones have been found out in Antarctic at heights of 6-12 km
as well, corresponding data range between 4.1x10B3 cm-3 and 4.6x10 cm”
(Heidt etal, 1989).

As we can see, the concentrations of methane vary in quite confined limits
only. In the present work we take the normal concentration equal to 4.0x103
cm3
CO. As to the conentration of carbon monoxide, then the author of the present
work has found some various information. According to the classic work (Junge,
1965) the concentrations of carbon monoxide should be in the interval from
2.7x10n cm-3 to 5.4x1022cm-3; the results of a comprehensive study show the
mean concentration equal to 2.7xI02 cmf3 while in the polluted air the
concentration can reach the value of 1.3x103 cm-3 (Cicerone, 1988). In the
Antarctic at heights 6-12 km the concentrations between |.IxIO 12 cm-3 and
2.5x102 cmr3 have been found out (Heidt et al., 1989); a model shows
concentrations in the interval between 9.5x10n cm-3 and 5.0x1012crrf3 while the
concentrations should depend on the geographical latitude (Isaksen and Hov,
1987). However, some results showing higher concentrations can be pointed out
as well: in accordance to the paper (Kuttler.1984) the concentrations of carbon
monoxide should range between 2.7x1013cm-3 (in the case of unpolluted air) and
5.0xI0IScm-3 (in the case of polluted air). In the present work we regard the
concentration of 3.0x101Zm 3as normal.

COS. The average concentration of carbonyl sulfide near the ground should be,
in accordance to the results of measurements, 1.3xI010cm 3 (Karol et al, 1983);
the mean value of the concentration of same gas in Arctic was found to be
1.5x100 cm 3 (Hov et al, 1984). The calculations in accordance with a
photochemical model have given concentrations ranging between the values of
2.7x109cm 3 and 1.4x1010cm 3 (Sze and Malcolm, 1980) In the current work
we regard the concentration of 1.3x1010cm-3 as normal.

C02 According to the work (Junge, 1965) the mean concentration of carbon
dioxide should be equal to 8.7x10 cm-3 There is some difference between the
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concentrations of carbon dioxide in case of polluted and in case of unpolluted
regions, but the difference is not very essential: the concentrations of carbon
dioxide range from 8.0xI015cm=3 to 1.9x1016cnT3 (Kuttler.1984). In the present
work we regard the concentration 9.0x1015cm-3 as normal.

HCN. The data about the concentration of hydrogen cyanide have been looked
over inthe paper (Cicerone and Zellner, 1983). In the present work we accept the
mean concentration presented in the mentioned paper, so we regard the
concentration of 4.3x109cm 3as normal.

HNO3. On the whole, the concentrations of nitric acid should range between the
values of 2.7x109cnT3and 1.4xI0u cm 3 (Karol et al., 1983); the measurements
performed in England have shown concentrations ranging between the values of
1.4x109¢cnT3 and 2.5x1010cnT3 (Harrison and Allen, 1990). It seems as if the
concentrations of nitric acid vary in quite large limits. In general, the
concentrations tend to be smaller in the urban areas and larger in the rural areas;
the respective concentrations can be frequently found in the intervals from
1.8X10 cm-3 to 9xl010cm~3 and from 1.8xlogcm3 to 3x1010cnT3 (Grennfelt,
1980). Some results, near to the previous ones, have been found out also in the
paper (Knop and Arnold, 1985), where the concentration of nitric acid has been
studied mainly in the middle troposphere. Additionally, some results of
comparisons between the results of measurements and the height variations of
concentrations, in conformity with model calculations have been presented, in
accordance to the results of comparisions the concentrations of nitric acid should
range between the values of 5x109 cm3 and 5xI0n cm-3, while the marine
concentrations were, on the average, 10 times smaller. Some results, near to the
previous ones have been found out also in the paper (Talbot et al., 1990), in
accordance to that paper the concentrations of nitric acid should be in the interval
from 5x109 cm-3 to 5x1010 cm-3, while larger concentrations have been found
more rarely.

In the present work we regard the concentration of 1.0x1010cm-3 as normal.

H2 According to the classic work (Junge, 1965) the concentrations of hydrogen
should be in the interval from L.IXxIO1B cm3 to 2.7xl0B cm3 Known
measurements performed later have shown results near to the results mentioned
above. All the known measurements have shown a comparatively limited
variation in concentration of hydrogen. Here we refer to a comprehensive paper
(Schmidt, 1978), which has shown the concentrations of hydrogen ranging
between the values 1.5x1013 cm-3 and 1.57x1013 cm'3 while the measured
concentrations were nearly equal both in marine and in land measurements. In the
current work the concentration of 1.5x 1013cm-3 is considered normal.
H2S. According to the classic work (Junge, 1965) the concentrations of H2S
should be in the interval from 5.4x1010cm- to 5.4x1o1cm 3 On the other hand,
the data differing from the ones mentioned last can be found out as well. In
conformity with the paper (Sze and Malcolm, 1980), where the concentration of
H2S was studied by means of a photochemical model, the concentrations should
range between 1.4x108cm 3 and 8.6xlo9cm 3 Nevertheless, the concentrations
mentioned last match well with the results of measurements referred to in the
paper (Sze and Malcolm, 1980). On the whole, known data show a
comparatively wide variation in concentration of H2S.
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In the current work the concentration of 1.0x1010cm-3 is considered normal.
H2S04. The concentration of gas phase sulfuric acid can be estimated by means
of a extrapolation of a height variation presented in the paper (Turco ef al,
1979). The near-ground concentration of sulfuric acid obtained in this way
should be equal to 4x108cm3 The known results of measurements are obtained
by virtue of a comparison of relative abundances of ions NO3 and ions H2SO4
(Eisele and Tanner, 1993). According to the paper mentioned last the
concentrations of sulfuric acid should range between 1.0x105cm- (fog, night)
and 2.0xlo7cm3 (day). H2S04 should arise mainly by means of the reactions
OH+S0O2 -> HSO3, 02+HSO3 -> S03 and H20+S03 -> H2S04, and should
disappear mainly by means of various proccesses leading to the generation of
aerosol particles. (Eisele and Tanner, 1991).

In the present work we take the concentration of 4.0x106cm-3 as normal. It is
to be pointed out, that the model of negative ions is quite sensitive to the actual
concentration of sulfuric acid. On the other hand, our knowledge about the actual
concentration of gaseous sulfuric acid seems to be limited as shown above,
therefore the fact has to be remembered, that the potential inaccuracy in the
actual concentration of sulfuric acid will have a significant effect on the
authenticity of the model.

NH3 As to the concentration of ammonia the data found out by the author of the
present work is as follows: the measurements performed in England have shown
concentrations of ammonia ranging between the values of 1.4x109cm*3 and of
1.4xI0n cm3 (Harrison and Allen, 1990); the paper (Ziereis and Arnold, 1986)
has given a survey of known results of measurements, in conformity with which
the concentrations of ammonia near the ground should be in the interval from
5x109cm3 to 2.7xI0On cm"3 whereas at the level about 1 km the concentrations
were below 2.7x1010cm*3 In the present work we regard the concentration of
1.0xlo10cm 3 as normal.

NO. The mean natural concentration of NO should be 1.OxIO9 cm-3, in the
industrial areas concentrations can reach the values of about 3.0xI010 cm3
(Karol et al, 1983). Some measurements have shown concentrations exceeding
the ones mentioned last, like this the concentration of NO can reach the
approximate value of 5.0x 1012cm-3 (Sjodin and Ferm, 1985). In the current work
the concentration of 5.0x109cm3 is considered normal.

N 02 The natural concentrations of N 02 should be in the interval from 5.0x109
cm  to 7.0xlI01cm™3 in the polluted areas the concentrations can achieve the
value of about 1.0xIO13 cm3 (Karol et al, 1983). Some results, similar to the
ones mentioned last have been found out also by other authors, in those papers
the observed concentrations have ranged between 9x1010cm-3 and 1.2x10 cm'3
(Sjodin and Ferm, 1985), or between 5.2x1010cm~3 and 2.9x10n cm3 (Kuttler,
1984).I In the current work we regard the concentration of 7.0x1010 cm-3 as
normal.

N20. According to the classic work (Junge, 1965) the concentrations of N2
should be in the interval from 6.7x10 cm"3 to 1.6xlI03cm-3 The more recent
results of measurements have shown following concentrations: above the
Antarctic the concentrations were in the interval from 7.2xl012cm"3to 8.2x1022
cm-3 (Heidt et al, 1989), over the Pacific the mean concentration of 8.1xI012
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cm has been observed (DeLorey et al, 1988), in the Hawaii the mean
concentration was 8.8xloxzcm 3 (Cicerone et al, 1978). As it can be seen from
the results mentioned above, the concentrations of N2o vary in quite limited
ranges only. Additonally, some attempts have been made to simulate the
tropospheric concentrations of N20, the results of simulations have shown a
significant accordance with the results of mesurements. According to the results
of simulations, the concentrations of N2 should not depend on the altitude, at
least in the ranee from o to 10 km, whereas the mean concentration should be
equal to 7x101 cm-3 (Golombek and Prinn, 1986). In the present work we
consider the concentration of 8.Ox10122cm-3 normal.

03. As to the classic work (Junge, 1965), the concentrations of ozone should be
in the interval from zero to 1.4x1012 cm-3; the model presented in the paper
(Isaksen and Hov, 1987) has shown concentrations depending on the
geographical latitude ranging between the values of 7xIOn cm-3 and 1.5x1012
cm Measurements performed in the forests of USA have shown the
concentrations ranging from 5x10n cm-3 to 3.2x1012cm-3 (Whitby and Coffey.
1977), in a Swedish city the concentrations from 1.2xIOn cm-3 to 9xIOn cm"
have been observed (Sjodin and Ferm, 1985). The concentrations of ozone do not
depend on the altitude, at least up to the level of about 3 km, while the mean
concentration is about 9.5x10* cm-3 (Heikes et al, 1987). The actual
concentration of ozone should have a positive correlation with the actual
concentrations of NO and CH4, since the considerable abundance of the
tropospheric ozone should originate from CH4 by means of reactions with NO
(Fishman and Crutzen, 1977; Mitra, 1990). At the same time the actual
concentration of ozone should have a negative correlation with the actual
concentration of OH, since OH can be considered a sink for ozone (Fishman and
Crutzen, 1977).

In the present work we consider the concentration of 1.0x10122cm-3 normal.
SOz2. According to the classic work (Junge, 1965) the concentrations of sulfur
dioxide should be in the interval from zero to 5.4xIOu cm-3 The actual
concentration depends on the amount of industry, in the meanly industried areas
concentrations should range between 1.9xIOn cm-3 and 3.2xI0u cm-3 (Batcher
and Charlson, 1984), the dependence on the industry has been confirmed also by
the paper (Kuttler, 1984). In accordance with the paper mentioned last the
concentrations of sulfur dioxide should range between 2x109 cm-3 and 3x1010
cm3 (over the oceans), whereas in the industrial areas the concentrations can
reach a value of about 5x 1013cm-3

The concentrations of S02 depend, on the average, on the altitude. At an
altitude of about 2 km the concentrations of SO2 should be, on the average, about
10 times less abundant than the near-ground concentrations. Still, it is to be
noted, that the dependences similar to the above-mentioned ones can not be met
constantly (Heikes et al., 1987).

In the current work we consider the concentration of 3.0x1010 cm-3 to be
normal.
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3.2. Gases containing halogen atoms

BrNC>2. The author of the present work could not find any data either about the
results of measurements of concentrations or about the chemical reactions
between the neutral compounds including BrNO2 for that reason we have
evaluated the concentration of BrN02being equal to the concentration of CINO2
therefore we consider the concentration of 1.1x109cm-3 to be the normal one; the
note “estimated” has been added because of the lack of data.

CF3 There is no direct data available about the concentration of CF3. We have
proceeded from the fact, that, compared to the known concentrations of stabile
molecules (CH4, C2He), the known concentrations of many radicals (CH3 C2HH
are much less abundant. Since CF3 is also a radical, we have evaluated the
concentration of CF3 being 1000 times smaller than the concentration of CF4,
therefore, we consider the concentration of I.IxIO6 cm-3 normal; the note
“estimated” has been added because of the lack of data.

CF4 The concentrations of CF4 have been measured only at altitudes starting
from 2 km. At an altitude near 2 km the concentration should be about 1.9x10
cm 3 (Karol et al, 1983), at an altitude near 10 km the concentration should be
about 1.8x109cm 3 (Fabian et al, 1987). Hence, the concentrations of CF4 do
not show any significant dependence on the altitude. In the current work the
concentration of 1.9x 109cm- comes to be considered normal.

CCIF3. There is no direct data available about the concentration of CC1F3
therefore, we have evaluated the concentration of CC1F3 being nearly equal to the
concentration of CHF3 The operation mentioned last can be motivated by the
fact, that the known concentrations of many halogen compounds do not differ
very much from one another, as it can be seen from the present survey. Hence, in
the present work we regard the concentration of2.2x10 cm-3 as normal; the note
“estimated” has been added owing to the shortage of data.

ccl2. There is no direct data available about the concentration of CC12 We have
taken into consideration the fact, that the valency of carbon equal to 4 is more
usual than the valency equal to 2. Proceeding from this, we have evaluated the
concentration of CC2 being 100 times less than the concentration of CCU
Hence, in the present work we consider the concentration of 5.5xI07 cm3
normal; the note “estimated” has been added due to the shortage of data.

CCI2F. It seems as if the molecules of radical CC1F mainly originate from the
reactions of CHC1Z with either OH or O (Atkinson et al, 1989a; Atkinson et
al, 1989b; Baulch et al, 1980). Nevertheless, any scheme of reactions sufficient
for an estimate of steady-state concentration of CC1Z can not be constructed
because of the insufficiency of data. Therefore, we have taken into consideration
the fact, that the known concentrations of many radicals are much smaller as
compared with the known concentrations of stabile molecules. In consequence of
this we have assumed the concentration of CC1Z being 100 times smaller than
the concentration of CHC1ZF Hence, in the present work we regard the
concentration of 3.3x 106 cm 3as normal; the lack of data required the addition of
the note “estimated”

CCl2F2. It seems as if the concentrations of freone-12 somewhat depend on the
altitude: at an altitude about 2 km the mean concentration of 5 4x109cm 3 has
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been observed (Karol et al, 1983), whereas long-time measurements performed
at lower altitudes have shown the mean concentration equal to 8.1x109 cm-3
(Cunnold et al, 1986). Some other data about the concentration of F-12 are also
available: over the Pacific Ocean the mean concentration was 7.5xI09 cm-3
(DeLorey et al, 1988), in Arctic the concentrations have ranged between the
values of 9.5x109cm' 3and 9.6x 100cm-3 (Hov et al, 1984). In the current work
the concentration of 7.5x109 cm-3 is taken as normal.

cci3. The molecules of radical cci3 arise mainly by means of reactions between
CCU molecules and 0 atoms (Atkinson et al, 1989a; Atkinson et al, 1989b;
Baulch et al, 1980), but also as a result of dissociation of cci4 molecules, the
respective rate constants have values of 3.5xI0-10 cmV1and 3.9x10' 2zcmV
(Golombek and Prinn, 1986). On the other hand, nothing is known about the
reactions that could be considered as sinks for cci3. Therefore, any scheme of
reactions sufficient for an estimate of steady-state concentration of CC13 can not
be constructed due to the insufficiency of data.

To get an estimate for the concentration of cci3 we have taken into
consideration the fact, that the known concentrations of many radicals are often
much less abundant as compared with the known concentrations of stabile
molecules. Next, we have assumed, that the ratio between the concentrations of
cci3 and cci4 (on the one hand) is nearly equal to the ratio between the
concentrations of CF3 and CF4 (on the other hand). For that reason we have
assumed the concentration of cci3 being about 1000 times less than the
concentration of cci4. Hence, in the present work we regard the concentration of
5.5xI06 cm-3 as normal; the note “estimated” has been added by reason of the
lack of data.
cCI3F. The paper (Frank et al, 1991), where the concentrations of freone-11
have been measured both under urban and rural conditions, has shown the
concentration of F-11 ranging between 4.1x109 cm'3 and 4.1x1010cm'3 other
results obtained by long-time measurements have shown the mean concentration
equal to 4.8xI09 cm'3 (Cunnold et al, 1986). Additionally, over the Pacific
Ocean the mean concentration was 4.7x109cm 3 (DeLorey et al, 1988) and in
Arctic the concentrations of F-1I were in the interval from 5.2x109 cm 3 to
5.6x100cm 3 (Hovetal, 1984).

Some results obtained at higher levels have shown concentrations being a bit
lower as compared to the concentrations obtained at near-ground levels. The
concentrations of F-Il at altitudes from 2 to 12 km should be, on the average,
3.2x109 cm' 3 (Fraser and Pearman, 1978) or range between 3.0x109 cm' 3 and
4.6x109cm 3 (Fraser and Pearman, 1983).

In the present work we consider the concentration 5.0x109 cm-3 normal.
ccl4. It looks as ifthe concentrations of cci4 depend on the amount of industry:
the measurements performed in Los Angeles have shown the mean concentration
equal to 1.4x10" cm-3 (Karol et al .1983); whereas the results obtained in Arctic
have shown the mean concentration of 3.0xl09 cm-3 (Hov et al, 1984); in
accordance with the results obtained over the Pacific Ocean the mean
concentration of cci4 should be equal to 4.0xI09cm 3 (DeLorey et al, 1988) or
4.6x109 cm 3 (Koropalov, 1988). The paper (Frank et al, 1991), in which the
concentrations of CCU have been measured both under urban and rural
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conditions, has shown the concentration of CCU ranging between 1.1x10 10cm-3
and I.IxIOn cnT3 The concentrations of cci4 do not show any significant
dependence on the altitude: the results of measurements obtained during 12
months at levels from 2 km to12 km have shown the mean concentration of
4.3xI09 cm-3 (Fraser and Pearman, 1978). In the present work we regard the
concentration of 5.0x109 cm-3 as normal.

CHC1F. There is no direct data available about the concentration of CHC1F To
get an estimate for the concentration of CHC1F we have taken into consideration
the fact, that the known concentrations of many radicals are often much lower as
compared with the known concentrations of stabile molecules. Now the stabile
molecules of interest are either CHC1F2 or CHCI12F, whereas the known
concentrations of both gases are nearly equal to each other. Next, we have
assumed the molecules of CHCLF being about 1000 times less abundant than the
molecules of CHC1ZF are. Accordingly, in the present work we consider the
concentration of 1.IxIO6 cm-3 normal; the note “estimated” has been added
because of the shortage of data.

CHC1F2 The tropospheric concentration of freone-22 should be, on the average,
1.4x109 cm-3 (Brasje et al, 1987). In the present work we consider the
concentration of 1.4xI09 cm-3 normal; the note “estimated” has been added
because of the shortage of direct results of measurements.

CHCI2. To get an estimate for the concentration of radical CHC12 we have used
a method similar to that used in case of CHC1IF Now we have assumed the
molecules of CHC12 being about 1000 times less abundant than the molecules of
CHCI3. Accordingly, in the present work the concentration of 5.5x106 cm-3 is
considered to be normal; the note “estimated” has been added because of the
shortage of data.

CHCI2F The concentration of CHC1ZF has been measured at an altitude of
about 2.5 km; the mean concentration of 3.8x 10scm 3 has been found out (Karol
et al., 1983). Herein we accept the results of the work mentioned last and regard
the concentration of 3.8x 108 cm”3 as normal.

CHCI3. About the concentration of chloroform author of present work has found
the data mentioned below: the measurements performed in Arctic have shown
concentrations ranging between the 4.5x108cm-3 and 7.2x108 cm-3 (Hov et al,
1984); the paper (Frank et al, 1991), where the concentrations of chloroform
have been measured both under urban and rural conditions, has shown the
concentrations of chloroform ranging between 4.8 x 10scm 3and 4.8x1010cm' 3 It
seems as if the concentrations of chloroform tend to depend on the altitude: the
results of measurements obtained at heights of 4-14 km have shown the
concentrations being in the interval from 1.6 x108cm-3 to 3.2x108cm-3 (Cronn et
al, 1S|)77). In the present work we consider the concentration of 5.0x109 cm-3
normal.

CHF2. The author of the present work has not found any Hata about the
concentration of CHF2 To get an estimate for the concentration of radical CHF2
after all we have used the assumption about the concentrations of radicals. The
similar method has been used often in this work, e.g. by the CHC1F Now we
have assumed the molecules of CHF2 being about 1000 times less abundant than
the molecules of CHF3. Accordingly, in the present work we regard the
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concentration of 2.2x105 ¢cm 3 as normal; the note “estimated” has been added
because of the shortage of data.

CHF3 There is no direct data available about the concentration of CHF3
Therefore, to get an estimate we have evaluated the concentration of CHF3 being
nearly equal to the concentration of CHF This assumption can be motivated by
the fact, that the known concentrations of many halogen compounds do not differ
very much from one another, as it can be seen from the current survey. Hence, in
the present work we consider the concentration of 2.2 x108 cm 3 normal; the note
“estimated” has been added owing to the shortage of data.

CH2Br. There is no direct data available about the concentration of radical
CH2Br. In order to get an estimate, we have assumed, that the ratio between the
concentrations of CH2Br and CH®Br nearly equals the ratio between the
concentrations of CH2C1 and CH3C1 Hence, in the present work we ragard the
concentration of 4.4x 105 cm-3 as normal; the note “estimated” has been added by
reason of the lack of data.

CH2Cl. Radical CH2Cl arises mainly by means of reactions between methyl
chloride and OH (Atkinson et al, 1989a; Atkinson et al., 1989b; Baulch et al,
1980). Nevertheless, by means of the last-mentioned-data any scheme of
reactions can not be constructed. As a result of this, we have to use some
assumptions. We have taken the assumption, that the concentration of the radical
should be about 1000 times smaller as compared with the concentration of
methyl chloride. This way we have got the concentration of 2.2x107cm-3 which
is considered normal in the present work. The note “estimated” has been added
by reason of the shortage of data.

CH2F. There is no direct data available about the concentration of radical CHZ
To get an estimate, we have followed the method which was used e.g. in case of
the radical CH2Br. Now we have assumed, that the ratio between the
concentrations of CHZ and CH3F, on the one hand, is nearly equal to the ratio
between the concentrations of CH2CL and CH3CL, on the other hand. Hence, in
the present work we regard the concentration of 2.2 x 105 cm-3 as normal; the note
“estimated” has been added due to the lack of data.

CH2C12 The concentration of CH2Cl2 has been measured in Arctic, the observed
mean concentration was 2.1x109cm' 3 (Hov et al., 1984). In the present work we
accept the results mentioned last, hence, we regard the concentration of 2.1x109
cms3 as normal.

CH2F2 There is no direct data available about the concentration of CH:F2 in
consequence of which the concentration of CH2F2 should be nearly equal to the
concentration of CH2C12 Hence, in the present work we regard the concentration
of 2.2xlo9cm-3 as normal; the note “estimated” has been added because of the
shortage of data.

CHa3Br. The concentration of CH3Br has been measured in Arctic, the observed
mean concentration was 3.9x108cm 3 (Hov et al., 1984). In the present work we
accept the last mentioned results, hence, the concentration of 3.9x10s8cm s
taken as normal.

CH3CL It looks as if the concentrations of methyl chloride do not depend on the
altitude: the results obtained in Arctic have shown the mean concentration of
2.0x1010 cm-3 (Hov et al., 1984); in accordance with the measurements
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performed in Western Europe concentrations of methyl chloride should range
between 1.OxIO10cm-3 and 4.0x1010cm=3 (Tille et al. 1985), whereas the results
obtained at a level of about 2.5 km have shown the mean concentration equal to
1.9x1010 cm-3 (Karol et al., 1983). In the present work we regard the
concentration of 2.2 x1010cm-3 as normal.

CH3F. There is no direct data available about the concentration of methyl
fluoride. In consequence of what we have assumed, the concentration of methyl
fluoride should be nearly equal to the concentration of methyl cloride.
Additionally, we have taken into account the chemical activity of methyl fluoride,
which should exceed the activity of the methyl chloride. As a higher chemical
activity should result in a decrease of the steady-state concentration, in the
current work we consider the concentration of 2.2x108 cm-3 normal; the note
“estimated” has been added because of the shortage of data.

c2F4. There is no direct data available about the concentration of c2r4, owing to
what we presume that the concentration of C2F4 is to be nearly equal to the
concentration of c2c14 in the present work. Unlike the concentration of c2F4, the
concentration of c2ci4 has been measured; the concentration of c2ci4 should
range between 3x108cm-3 and 1.7xI0Ou cm-3 (Frank et al., 1991)* whereas the
mean value for the concentration of c2ci4 should be 1.IxIO9cm- (Koropalov,
1988). That is why, in the present work we regard the concentration of 1.1x10
cm-3 as normal; the note “estimated” has been added due to the shortage of data.
C2Fs. There is no direct data available about the concentration of c2rs. Since
CoFsis a radical, we have assumed it being about 1000 times less abundant as
compared with the known abundance of stabile molecules of C2F6. Thus, in the
present work we consider the concentration of 1.IxIO5cm-3 normal; the note
“estimated” has been added because of the shortage of data.

C2Fs. The concentrations of C2F6 have been measured only at higher levels: in
the paper (Fabian et al, 1987) the dependence of concentrations on the altitude
has been observed, while at a level of about 10 km the mean concentration was
5.4Xx107cm 3 at some kilometers above the ground the mean concentration was
about I.1x10scm-3 (Karol et al., 1983). The major sources of C2F6 are obviously
connected with human activity. Therefore it can be assumed that decrease in the
altitude causes an increase in the concentration. Thus, in the current work the
concentration of 2.0x108cm-3 is considered normal.

Cc2HF3. There is no direct data available about the concentration of c2HF3, and
that is why we assume the concentration of c2HF3 being nearly equal to the
concentration of c2Hc13. Unlike the concentration of c 24 F3, there are some data
available about the concentration of c 2H ¢ &: the concentration of ¢ 2+ ¢ & should
range between 4.3x108cm-3 and 8.6x1010cm 3 (Frank et al., 1991). Thus, inthe
present work we regard the concentration of 3.3x109 cm-3 as normal; the note
“estimated” has been added due to the lack of data.

C2H2F2. Inthe present work we assume the concentration of C2H2F2 being nearly
equal to the concentration of C2H2Br2 The concentration of C2H2Br2 has been
measured in the urban air, it ranged between 3x106 cm-3 and 5.3x108 cm'"3
whereas near garages the observed concentrations were in interval from 3.7x10
cm to 5.6x109 cm 3 (Leinster et al, 1978). Thus, in the present work we
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consider the concentration of 3.3x 108cm 3normal; the note “estimated” has been
added due to the lack of data.

C2H2Cl2. In the present work we presume the concentration of C2H2CI2 being
nearly equal to the concentration of C2H2F2. Consequently we regard the
concentration of 3.3xI08cm-3 as normal one; the note “estimated” has been
added because of the shortage of data.

C2H3F ,c2H3Cc 1 There is no data available about the concentrations of either
C2H3F or c2H3cl. Owing to that we have to make some assumptions about the
concentrations. And so, in the present work we consider the natural
concentrations of c2H3F and c2H3cI being equal to the known concentration of
cH2c 2, that results in the concentation of 33x Jogcm-3; the note “estimated”
has been added due to the lack of data.

C2H4F. There is no data available about the concentrations of c2H4F In the
present work we assume QHJF (radical) being nearly 1000 times less abundant
than c2Hs (stabile molecule). Next, we assume the concentration of c2H5F
being nearly equal to the known concentration of c2Hsc 1 Thus, in the present
work the concentration of 1.1xIO5cm-3 is taken as normal; the note “estimated”
has been added because of the shortage of data.

c2HsCI.  The concentrations of c2H5CI have been measured at an altitude of
about 1 km, the mean concentration equal to I.IxIO8cm-3 has been observed
(Karol et al., 1983). In the present work we accept the results mentioned last,
thus, we consider the concentration of 1.1x108cm-3 normal.

CjFg. There is no data available about the concentrations of CF8 To get an
estimate, we scan the known concentrations of CF4 and CZ6. The natural
concentration of CF4 is considered to be equal to 1.9x109 cm-3, the natural
concentration of CZ6 should be equal to I.IxIO8cm-3 As we can see, the
concentration of C2F6 is nearly 10 times smaller, compared to the concentration
of CF4 And so, we assume CF8being also 10 times less abundant than CF6is.
The concentration of C38obtains the value of 1.1x107cm-3, which is considered
normal in the present work; the note “estimated” has been added due to the lack
of data.

C3H4F. There is no data available about the concentrations of c3H4F We
suppose the concentration of c3H4F being somewhat close to the estimated
concentration of C2H4 Next, we take into consideration the fact, that the
heavier molecules are often less abundant as compared with the similar, but
lighter ones (e.g., see c3F9. Consequently, we should evaluate c3H4F being less
abundant than C2H4F is. Thus, in the present work we regard the concentration
of 5.5x104cnf3 as normal one; the note “estimated” has been added because of
the shortage of data.

CeHaF2. There is no data available about the concentrations of CeHaF2
Nevertheless, in conformity with the survey presented in the paper (Kelly et al.,
1994) concentrations of C”C k should not exceed the detection limit. The
concrete detection limits depend on the methods used but they are often about 0.1
pptv. Next, we assume the concentrations of CeH4F2 being nearly equal to the
concentrations of CeH4Cl2. The concentration of CeHaF2 obtains the value of
2.2xlo6 cm-3, which is considered to be normal in the current work; the note
“estimated” has been added because of the shortage of data.
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CINO2. There is no results of measurements available about the concentrations
of CINOz, still, some data about the reactions including CINO2 molecules can be
found. Using the data about chemical reactions, the scheme of reactions

presented in the Figure 3.1 can be constructed. Next we examine the Figure 3.1.
As the concentration of Cl should be comparatively low (see the discussion about
the concentration of CIO), the majority of CINO3 molecules should be
transformed into CINO2 molecules. According to the data reported in the paper
(Mitra, 1990), the ratio between the concentrations of CINO2 and CINO3 should
be nearly equal to the ratio between the concentrations of NO and NO2, therefore
the concentrations of CINO 2 should be lower than CINO3 concentrations, but the
difference should not to be very essential. In accordance with the Figure 3.1,
CINO3 should be about 5x104 times more abundant than HC1 Consequently,
both CINO3 and CINO2 should be quite abundant, and respective concentrations
should be about 5x 1014cm~3, which is valid while presuming the absence of other
sinks of CINO3 or CINO2. In any case, in conformity with the works (Atkinson et
al, 1989%; Atkinson et al, 1989b; Baulch et al, 1980; Schofield, 1973) it
should not be any chemical reactions which could be considered sinks of CINO3
or CINO2 Although CINO2 can be considered to be a stabile molecule, it is not
reasonable to assume the concentration of it being comparable to the
concentrations of main compouds of troposphere, such as C02 N20 or H2 If the
concentrations of CINO2 were comparable to the concentrations of main
compounds of troposphere, it would be incomprehensible why CINO2 has not
been observed in the troposphere. Thus, we consider the concentration of CINO2
being comparable to the concentrations of compounds such as H22. In
consequence of this, the concentration of I.Ix1O9cm 3 comes to be considered
normal; the note “estimated” has been added due to the shortage of data.

CIO. There is no results of measurements available about the concentrations of
CIO, but some data about the reactions including CIO molecules can be found
out (Atkinson et al, 1989a; Atkinson et al, 1989b; Baulch et al, 1980). Using
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the data about chemical reactions the simplified scheme of reactions presented in
the Figure 3.1 can be constructed. Any further study of chemical processes
embracing CIO molecules has not been performed, only the data presented by the
works mentioned last have been used. Next we examine the Figure 3.1.

As it can be seen on the Figure 3.1, the steady-state concentrations of almost
all compounds (except for CI2 CCU, CFC13 and CF2Cl? can be found out by
means of the system of linear equations. Yet, we do not follow this line as the
data employed by the scheme presented on the Figure 3.1 can be quite
approximate. Therefore a rough estimate is a maximum that can be set as a
purpose. For that goal, it is sufficient to evaluate the values of ratios between the
abundances of CIO and HC1, and between those of CINO3 and HC1, at which
HC1 can be considered to be the gas abundance of which is quite well known.
Accordingly, first we get [Cl] « 10'7[HC1], next [CIO] « 1000 [CI], or [CIO] *
10-4 [HC1], finally we obtain [CINO3 « 5x108[CIO], or [CINO3 « 5x 10*[HC1],
Thus, following the approximations presented above we obtain the concentration
of ClO to be equal to I.IxIOecm-3, concentration of which is considered normal
inthe present work; the note “estimated” has been added due to lack of data.

Cl2. According to the work (Junge, 1965) the summary concentration of all
chlorine compounds should range between 8.1xlogcm~3 and 4.1x1010cm”3 We
consider the concentration of Cl2to be nearly equal to the known concentration of
HCL Thus, in the present work we regard the concentration of 1.2xI0O10cm-3 as
normal; the note “estimated” has been added because of the shortage of data.
CI20. There are neither no results of measurements of the concentrations of C120
nor data about chemical reactions including molecules of CID available.
Therefore quite low concentrations can be assumed. On the other hand, the
absence of data about sinks indicates to the possibility of notable concentrations,
which would be realized in case of presence of some sources of CIL20.
Additionally, C120 is a stabile compound, not a radical one. For that reason we
assume the concentrations of C10 to be somewnhat lower as compared with the
known concentrations which are near the detection limits. Thus, in the present
work we consider the concentration of I.IxIO8 cm-3 to be normal; the note
“estimated” has been added due to the shortage of data.

F. There are no results of measurements available about the concentrations of F
It looks as if the concentration of F is quite low for, in accordance with the
available data about the chemical reactions embracing F, F atoms should arise
only from the slow reactions FO+O —» 0 2+tF and HF+O — F+OH, whilst the
reaction F+02+N2 -> products works as a very effective sink for F (Atkinson et
al., 1989; Atkinson et al., 1989b; Baulch et al., 1980). Because of the presence
of the very effective sink the steady-state concentration of F can not be high,
considering that we assume the concentration of F to be comparable to the
concentration of H. Thus, in the present work we regard the concentration of
I.IxIO3cm-3 as normal; the note “estimated” has been added due to the lack of
data.

FNO2. We assume the concentration of FNO2 to be comparable to the
concentration of CINO2 Additionally, we take into consideration the feet that the
compounds including some atoms of fluorine are often more active, compared to
the compounds consisting atoms of chlorine. As a higher chemical activity should
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result in a decrease of the steady-state concentration, we consider the
concentration of I.IxIO9cm-3 normal in the current work; the note “estimated”
has been added by reason ofthe lack of data.

HBr. The concentrations of hydrogen bromide have been measured at an
altitude of about 5 km, and the mean concentration equal to 4.1x107 cm-3 has
been observed (Karol et al, 1983). In the present work we accept these results,
and consider the concentration of 4.1 x107cm~3to be normal.

HC1. The concentrations of hydrogen chloride have been measured at various
altitudes, but the observed concentrations show no significant dependence on the
altitude: at an altitude of about 5 km the concentrations obtained the values
ranging between 2.7x109 cm-3 and 2.7x1010 cm-3 (Karol et al., 1983), at
altitudes below 3 km the concentrations have ranged between 5.4x108cm-3 and
1.4x100 cm3  (Vierkom-Rudolph et al, 1984), whereas the near-ground
measurements performed in England have shown concentrations ranging from
1.6x109cm 3 to 4.6x101cm”3 (Harrison and Allen, 1990). Likewise, a model
describing marine concentrations of HC1 is known, the respective mean
concentration should be equal to 2.5x 1010cm”3(Donahue and Prinn, 1990). In the
current work the concentration of 1.2x101°cm-3 is considered normal.

HF. We assume the concentrations of hydrogen fluoride to be comparable to the
concentrations of hydrogen bromide. Additionally, we take into consideration the
fact that, compared to the compounds consisting atoms of bromine, the
compounds including some atoms of fluorine are often more active. As a higher
chemical activity should result in a decrease of the steady-state concentration, HF
should be somewhat less abundant as compared with the abundance of HBr.
Thus, in the present work we consider the concentration of 4.4x106 cm-3 to be
normal; the note “estimated” has been added owing to the shortage of data.

SF3 We have taken into consideration the fact that, compared to the known
concentrations of stabile molecules, the known concentrations of many radicals
are less abundant. Since SF3is also a radical, we have evaluated the SF3to be 10
times less abundant as compared with the abundance of SF4. Now we have
confined ourselves only to the ratio equal to 10, because of the quite low
concentration of SF4 Therefore, in the present work we consider the
concentration of 1.IxIOe cm-3 normal; the note “estimated” has been added by
reason of the lack of data.

SF4 There are neither any results of measurements about the concentrations of
SF4 nor any data about chemical reactions embracing the molecules of SF4
available. Therefore, comparatively low concentrations can be assumed. On the
other hand, valency of sulphur equal to 4 is energetically more useful than the
valency equal to 6 (Knorre et al, 1990). Therefore there is no reason to consider
SF4to be less abundant as compared with the known abundance of SFe. Thus, in
the present work we consider the both concentrations to be nearly equal,
obtaining the concentration equal to I.IxIO7 cm-3 This concentration is
cgr&sitdered normal; the note “estimated” has been added because of the shortage
of data.

SF5. We have taken into consideration the fact, that the known concentrations of
many radicals (CH3, c2Hs5) are less abundant as compared with the known
concentrations of stabile molecules (CH4, C2He). Since SFs is also a radical, we
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have evaluated SF5 to be 10 times less abundant if compared to the abundance of
SF6. Now we have confined ourselves only to the ratio equal to 10, because of
the low concentration of SF6. Thus, in the present work we consider the
concentration of 1.1 X106cm-3 to be normal; the note “estimated” has been added
due to the lack of data.

SF& The concentrations of SFe have been measured at various altitudes, the
observed concentrations show no significant dependence on the altitude: the
measurements performed at altitudes of about 10 km have given a result in the
mean concentration which equals 8x106 cm-3 (Krey et al., 1977), other
measurements have shown mean concentrations close to those mentioned last:
5.4x106 cm-3 (Karol et al., 1983), or 1.9x107 cm 3 (Michio and Muramatsu,
1986). In the present work we consider the concentration of 1.0x 107cm-3 normal.

3.3. Hydrocarbons and their derivates

CH, CH2 There are neither no results of measurements about the concentrations
of these radicals nor any data about chemical reactions including molecules of
these radicals available. We assume these radicals to be nearly 10 times less
abundant as compared with the abundance of CH3 Thus, in the present work we
consider the concentration of 1.1 x103cm-3 to be normal; the note “estimated” has
been added due to the lack of data.

CH3 The steady-state concentration of the radical CH3 can be estimated by
means of known data about the chemical reactions. The main source of CH3
should be the reaction OH+CH4 — CH3+H20, the main sink should be the
reaction 02+CH3 — CH302 (Donahue and Prinn, 1990). According to the
presented rate constants, correspondingly 2.4x10~12cmss~1and 1.8x10" cmV1]
on the one hand, and in respect of the known concentrations of OH and cH4, on
the other hand, the steady-state concentrations of CH3 should not exceed the
value of some hundred molecules per cubic centimeter. Nevertheless, there are
some supplementary reactions which can be considered as additional sources of
CHzs in addition to the reaction mentioned above. It is possible, that the additional
reactions increase somewhat the actual concentration of CH3 Hence, in the
present work we consider the concentration of CH3 to be nearly equal to the
concentration of N, obtaining the concentration which equals 1.3x104cm-3 This
concentration is considered normal in the present work; die note “estimated” has
been added because of the shortage of data.

C2H. We proceed from the fact, that the known concentrations of many radicals
(CH3, c2H5) are less abundant while compared to the known concentrations of
stabile molecules (cH4, C2He). Since c2H is also a radical, we have evaluated
C2H to be 1000 times less abundant as compared with the abundance of c2H2.
Thus, in the present work we consider the concentration of 1.6x107cm-3 to be
normal; the note “estimated” has been added due to the lack of data.

C2H2 There is a lot of data available about the concentrations of acetylene. For
example, the paper (Rudolph et al, 1984a) has reported the shape of dependence
of concentrations of acetylene on altitude, in accordance with the reported data in
the whole troposphere mean concentration of acetylene should be equal to
1.6x1010cm_3 In Arctic the measured concentrations have ranged from 1.8x109
cm3 to 2.6x1010cm-3 (Hov et al, 1984), the marine concentrations have been



between 5.4x108cm-3 and 6x109cm 3 (Hov et al., 1984), whereas in the coastal
regions of Norway and Ireland the concentrations ranging between 2.7x10 cm"
and 2.2x1010cm have been observed (Tille et al., 1985). In the paper (Whitby
and Altwicker, 1978), the results of the study of data available about the
concentrations of acetylene have shown a dependence of concentrations of
acetylene on the amount of industry. The urban concentrations can reach values
of about 2.7x1022 cnf3 On the whole, the measured concentrations have not
reached such values yet: in England the concentrations between 1.4x1010 cm-3
and 3.0x10n cm-3 have been found out (Colbeck and Harrison, 1985), in India
the concentrations range between 5.0x109cm 3 and 3.0xI0u cm 3 (Mohan Rao
and Pandit, 1988), the results observed over England at a level of about 2 km
have shown the concentrations ranging between 3.0x10 cm and 3.7x10 cm
(Lightman et al., 1990). Notably high concentrations have been observed in Los
Angeles air only, namely ranging between 7.0xI0n cm3 and 2.5x10 cm
(Grosjean and Kochy, 1984). In the current work the concentration of 1.6x1010
cm-3 is considered normal.
c2H3. There is no data available about the concentrations of c2H3. Therefore, we
proceed from the fact, that the known concentrations of many radicals (CH3,
C2H5) are less abundant as compared with the known concentrations of stabile
molecules (CH4, c2H6). Since c2H3 is also a radical, we have evaluated c2H3 to
be 1000 times less abundant as compared with that of c2H4. Thus, in the present
work we consider the concentration 3.0x107 cm-3 normal; the note “estimated”
has been added because of the shortage of data.
C2H4. It seems as if the concentrations of ethene behave somewhat like the
concentrations of acetylene: both gases tend to be less abundant in the rural
regions, and more abundant in the urban regions. The observed land
concentrations have ranged between the values of 8.0xI09 cm-3 and I.IxIO»
cm3 (Puxbaum et al, 1988; Colbeck and Harrison, 1985). The marine
concentrations have been somewhat lower, ranging between 4.0x109 cm-3 and
1.2x10” cm-3 (Bonsang et al, 1991), whereas in Arctic the mean concentration
equal to 2.0x109 cm-3 has been observed (Rasmussen et al, 1983). In the city
ethene can be more abundant: concentrations can reach values about of 2.4x10 2
cm3 (Grosjean and Kochy, 1984). In the present work we consider the
concentration of 3.0x1010cm-3 to be normal.
C2Hs.  The molecules of radical C2Hs arise mainly by means of reaction
CHstOH -> CH5 whereas the main sink for molecules C2Hs should be the
reaction CH5+02 — C2Hs02 (Lightman et al, 1990). The rate constants of the
reactions mentioned last have been presented in the paper (Donahue and Prinn.
1990), the respective rate constants should be 1.4x10-17 cmss1 and sxI(T
cms On the other hand, following the results of paper (Camey and Fishman,
1986), the rate constant of the first reaction should be equal to 1.9x10-11cmV1
In case we proceed from the results of paper (Donahue and Prinn  1990), the
reaction decreasing the concentration of C2Hs is much faster as compared with
the reaction producing C2Hs because of the ladge difference between both the rate
constants and the concentrations of 02 and OH. In this case the steady-state
concentrations of C2Hs should be almost negligible. In case we proceed from the
paper (Camey and Fishman, 1986), the situation somewhat changes, but the
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steady-state concentrations of C2Hs remain very low. Therefore, in this work we
assume the concentrations of C2Hs to be nearly equal to the concentrations of
atomic hydrogen. In this way we obtain the concentration of 1.1x103cm-3, which
E considered normal. The note “estimated” has been added because of the lack of
ata.
C2He. It looks as if the concentrations of ethane behave alike the concentrations
of acetylene: both gases tend to be less abundant in the rural regions, and more
abundant in the urban ones. The observed land concentrations have ranged
between the values of 1.5xI0cm-3 and 1.5xl102 cm-3 (Tille et al., 1985;
Colbeck and Harrison, 1985), whereas in the city the concentrations can reach
values of about 5.9x102 cm-3 (Grosjean and Kochy, 1984). The marine
concentrations have been somewhat lower, ranging from 1.OxIOw cm-3 to
4.0x1010cm 3 (Bonsang et al., 1991), whereas in Arctic the mean concentration
equal to 7.8x 1010cm-3 has been obtained (Rasmussen et al., 1983). In the present
work we consider the concentration of 6.0x 10 10cm«3to be normal.
C3H3. There is no data available about the concentrations of c3H3. Therefore, we
proceed from the fact, that, compared to the known concentrations of stabile
molecules (CH4, C2Hs), the known concentrations of many radicals (CH3, C2H5)
are less abundant. Since c3H3 is also a radical, we have evaluated c3H3 to be
1000times less abundant as compared with the abundance of c3H4. Thus, in the
present work the concentration of 1.OxIOs cm-3 is considered normal; the note
“estimated” has been added because of the shortage of data.
C3H4. The results of measurements obtained over the Atlantic Ocean have shown
the concentrations of C3H4 to behave somewhat similarly to the concentrations of
acetylene. The both concentrations were nearly equal, and the shapes of
dependences of concentrations on geographical latitude were also similar
(Arlander et al., 1990). Additionally, the results obtained during 2 months in
Sweden are also available: the concentrations of c3H4 have ranged between zero
and 1.6x109cm 3 (Mowrer and Lindskog, 1991). In the present work we consider
the concentration of 1 Ox109cm~3 normal.
C3Hs. We assume that the behaviour of radical CaHs and that of radical C2Hs are
alike. The study of C2Hs has shown, that its concentrations should be much lower
as compared with the concentrations of C2He. Now we presume the
concentrations of C3H5to be much smaller if compared to the concentrations of
CaHe. Hence, in the present work we consider the concentration of I.IxIO3cm-3
to be normal; the note “estimated” has been added due to the shortage of data.
CsH6. It looks as if propene tends to be less abundant in the rural regions, and
more abundant in the urban regions. The measurements performed in Arctic
resulted in concentrations ranging from 5x10scm-3 to 9.5x109cm-3 (Hov et al.,
1989), the observed marine concentrations were between 8x109 cm-3 and
9.0x1010cm 3 (Bonsang et al., 1991), the concentrations observed in England
have ranged between 1.0xIO1n cm-3 and 3.0xI0u cm-3 (Colbeck and Harrison,
1985), in Austria the concentrations from 5.0x109cm-3 to 3.2xI010cm-3 have
been found out (Puxbaum et al., 1988), whereas in the city the concentrations
can reach a value of about 8.6 xIOn cm-3 (Grosjean and Kochy, 1984). In the
present work we consider the concentration of 3.0x1010cm” normal.
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C3H7. There is no data available about the concentrations of radical c3H7.
Therefore, we assume the concentrations ofthe radical c3H7 to be nearly equal to
the concentrations of radical C3H5 Hence, in the current work we consider the
concentration of 1.IxIO3cm-3 normal; the note “estimated” has been added due
to the shortage of data.

C3Hg. It looks as if the concentrations of propane tend to be lower in the rural
regions, and higher in the urban regions. The results of measurements performed
in Arctic have shown concentrations ranging from 2.3x 109cnT3 to 9.0x1010cm-3
(Hov et al., 1984; Hov et al., 1989), the marine concentrations of propane have
been between 8.1x108cm~3 and 4.0x1010cm-~3 (Bonsang et al., 1991; Rudolph et
al., 1984b), the results obtained in England have shown the mean concentration
equal to 3.0x101 cm-3 (Colbeck and Harrison, 1985), whereas in Los Angeles
the observed mean concentration was 2.7x1012cm-~3 (Grosjean and Kochy, 1984).
In the present work we regard the concentration of 1.0x101.cm” as normal.
C4He. The concentrations of butadiene obtained during 2 months in Sweden were
in the range from zero to 2.2 x 100 cm-3 (Mowrer and Lindskog, 1991). The result
close to the ones mentioned last has been also found out in the paper (Kelly et
al., 1994), where, by means of the study of known results about the
concentrations, the mean concentration equal to 3.5xI09 cm-3 has been obtained.
In the present work the concentration of 3.0x109cm-3 is considered normal.
C4H7. There is no data available about the concentrations of c4H7. Therefore,
we proceed from the fact, that the known concentrations of many radicals (CH3,
C2H5) are about 1000 times less abundant as compared with the known
concentrations of respective stabile molecules (CH4, c2H6). Since C4H7 is also a
radical, we have evaluated c4H7 to be 1000 times less abundant while compared
to the known abundance of C4Hs. Thus, in the present work we consider the
concentration of 5.5x107cm 3to be normal; the note “estimated” has been added
because ofthe shortage of data.

C4Hg. The natural concentrations of butene have been measured to be between
zero and5.0x1010cm"3 the urban concentrations have ranged from 2.5xI0locm'3
to 5.0x10n cm"3 On the whole, the urban concentrations of butene exceed the
rural concentrations of it, yet that rule is not valid for all isomers of butene
(Colbeck and Harrison, 1985). Besides, the arctic concentrations of butene have
not exceeded a value of 1.4x 1010cnT3 (Hov et al., 1989). In the current work we
consider the concentration 5.0x1010crrf3 normal.

c4H9. There is no data available about the concentrations of radical caHs. To
get an estimate, we follow the method used in case of c4H7. Now we proceed
from the known abundance of C4H10. Thus, the concentration of 2.2x108 cm-3
becomes acknowledged normal; the note “estimated” has been added due to the
shortage of data.

C4H10. The results of the measurements of the natural concentration of butane
have shown the mean concentration equal to 3.0x1010 cm-3, the urban
concentrations have ranged between 4.5x10n cm*3 and 1.Ix10 122cm3 (Colbeck
and Hamson, 1985), the results obtained in India have shown concentrations
ranging from 5x1010cm"3 to 9.5xIOn cm*3 (Mohan Rao and Pandit, 1988). It
seems as if the arctic concentrations of butene are somewhat smaller:
measurements have shown concentrations ranging between 6.8x109 cm3 and
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4x1010cm 3(Hov etal., 1989). In the present work we consider the concentration
0f2.0x1011cm-3to be normal.

CsH6. There is no data available about the concentrations of radical CaH6. To get
an estimate, we follow the method used in case of CsHz. Thus, we have assumed
CHe6to be 1000 times less abundant as compared with the known abundance of
pentene. There are at least two different sets of data available about the
concentrations of pentene. In conformity with the paper (Mowrer and Lindskog,
1991), the mean concentration of pentene should equal 3x108cm-3, whereas the
concentrations of pentene should be nearly 20 times lower as compared with the
concentrations of pentane. On the other hand, results of the paper (Colbeck and
Harrison, 1985) have shown the concentrations of both pentene and pentane to be
nearly equal, the mean concentrations of both reached the value of 2x1011cm-3
Consequently, we have to evaluate the concentration of pentene at first. We take
it to be equal to IxIO9cm-3 After that we can complete the estimate of the
concentration of CsH”. Thus, in the present work we regard the concentration of
1.IxIO 6cm-3 as normal; the note “estimated” has been added due to the shortage
of data.

CMHA. The results of measurements of concentrations of benzene obtained in
Arctic have shown the mean concentration equal to 8.6x109cm*3 (Rasmussen et
al., 1983), in USA urban concentrations ranging between 3x1010 cm-3 and
4.6x10n cm-3 have been observed (Singh et al., 1985), whereas in Los Angeles
air concentrations up to 1.8x1012cm 3have been found out (Grosjean and Kochy,
1984). Here, the concentration of 8.0x 1010cm<3is considered normal.

CeH5CH3. The mean arctic concentration of toluene has been stated to be
1.8x109cm=3 (Rasmussen et al, 1983), the marine concentrations obtained over
the Atlantic Ocean have ranged between 8.1x10scm-3 and 7x109cm-3 (Rudolph
et al, 1984b). It looks as if the urban concentrations of toluene are somewhat
higher: the urban concentrations obtained in USA have ranged from 3x1010cm3
to 2.5x10n cm-3 (Singh et al., 1985), whereas in Los Angeles the concentrations
up to 7.8x10u cm-3 have been observed (Grosjean and Kochy, 1984). In the
present work we consider the concentration 2.0x 1011.cm-3to be normal.

3.4. Hydrocarbons containing O-, S-, N- groups

HCO. The steady-state concentration of HCO-radical can be estimated by means
of known data about the chemical reactions. The main source of HCO should be
the reaction OH+HCHO—» HC0+H20, the main sink should be the reaction
O2+HCO -» CO+HO2, the respective rate constants should be equal to 1.OxIO-11
cm3-1 and 3.5x10 2cmV 1 (Donahue and Prinn, 1990). Considering both the
last mentioned rate constants, and the known concentrations of HCHO and O2,
the steady-state concentrations of HCO should not exceed a value of about 10
molecules per cubic centimetre. Nevertheless, it does not appear to be reasonable
to consider HCO less abundant as compared with abundance of atomic hydrogen.
Hence, in the present work we consider the concentration of I.IxIO3cm-3 to be
normal; the note “estimated” has been added due to the shortage of data.

HCHO. Formaldehyde tends to be more abundant in the urban areas, and less
abundant in the remote regions. The results of measurements obtained in the
towns of Brazil have shown concentrations ranging from 6.2x1010 cm 3 to
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9.2xI0n cm®3 (Grosjean and Kochy, 1990), whereas in Los Angeles the
concentrations between 1.IxIO1l cm-3 and 2.3xI0122 cm*™3 have been stated
(Grosjean and Kochy, 1984). At the same time the measurements performed in a
semirural area in Austria have shown the concentrations ranging from I.IxIO 1L
cm*3to 1.8x10" cm*3 (Puxbaum et al. 1988). During a photochemically active
period the observed concentrations have been found to be more high; the manne
mean concentrations have been 54x109 cm 5 (Lowe and Schmidt, 1983) or
I.Ix1O 10 cm"3 (Zafiriou et al, 1980). In the present work we consider the
concentration of 2.0x101.cm®3normal.

CH2S. There is no data available about the concentrations of CHzS. To get an
estimate, we proceed from the estimated concentration of CHsS, but taking into
the consideration the fact, that CHZX is not a radical, differently from CHsS. We
know, that the concentrations of many radicals (CH3 CzHs) are less abundant
compared to the known concentrations of stabile molecules (CH4, C2He). Vice
versa, we can assume CHZS to be somewhat more abundant as compared with
the abundance of CHsS. Thus, in the present work we regard the concentration of
2.2x107cm~3as normal; the note “estimated” has been added because of the lack
of data, now the note “estimated” is to be considered specially “strong” as the
used concentration of CH3S has already been estimated.

CH3N. There is no data available about the concentrations of CH3IN. To get an
estimate still, we proceed from the estimated concentrations of CH3S and CH30,
but taking into the consideration the fact that, unlike both CH3S and CH30,
CH3N is not a radical. Therefore, we assume CHIN to be somewhat more
abundant as compared with the abundance of CH30. Hence, in the present work
we consider the concentration of 2.2x106cm®3 normal; the note “estimated” has
been added due to the shortage of data, now the note “estimated” is to be
considered specially “strong” as the used concentration of CH3 has already
been estimated.

CHsNH. There is no data available about the concentrations of CHsNH. For
that reason we proceed from the known concentrations of methylamine. Unlike
methylamine, CHINH has not been observed in the air. Additionally, CH3NH
appears to be a radical. Because of the facts mentioned above the concentrations
of CH3H should be lower as compared with the concentrations of methylamine.
Hence, in the present work we consider the concentration of 1.IxIO6cm-3to be
normal; the note “estimated” has been added due to the shortage of data.
CHsNH:. Methylamine has been observed in the air ofthe Hawaiian Islands, the
observed concentrations ranged between 4x106cm®3and IxIO7cm*3 (Van Neste
et al., 1987). The possible sources and sinks of methylamine have also been
discussed, it seems as if methylamine originates from ocean and the main sinks of
it are the reactions with OH (Van Neste et al., 1987). In the current work we
regard the concentration of 7x 106cm-3 as normal.

CHsNO2. As to CHINO2 then only the concentrations considered as limits for
field of labour protection are available, those being equal to 2.7x1015cm™3 (Leite,
1980). Nevertheless, there is no reason to presume CH3NO2 to be actually more
abundant as compared with the abundance of acetonitrile, for instance. There are
some results about the concentrations of acetonitrile, but no results about the
concentrations of CHANO 2 owing to what the actual abundance of CHiNO2
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should not exceed the abundance of acetonitrile. Hence, in the present work we
consider the concentration of 1.1x109cm-3to be normal; the note “estimated” has
been added due to the shortage of data.

CH30. The steady-state concentration of CH30 “radical can be estimated by
means of known data about the chemical reactions. CH30 should arise mainly by
means of the reactions OH+CH4 -» CH3+H2, O02CH3 -> CH32 and
NO+CH30 2 — CH+N 02 whereas CH should disappear mainly by means
of the reaction 0 2CH3 — CH2+H 02 (Donahue and Prinn, 1990). To get an
estimate, we make comparisons between the rates of reactions OH+Cl-L -»
CH3+tH2) and 0 2#CH3) — CH20+H 02 The rate constant of the first reaction
is equal to 2.4x10*“2cin3s_], the rate constant of the second reaction is 3.9x10~4
cmV1 In accordance with the known concentrations of OH, CH4 and 02 the
steady-state concentration of CH3) should be about 1000 molekules per cubic
centimetre. Additionally, we consider the fact that there are some supplementary
reactions which can also be considered as sources of CH3. Thus, in the present
work we consider the concentration of 2.2x104cm 3normal; the note “estimated”
has been added because of the lack of data.

CH3OH. About the methanol only the concentrations considered to be the limits
for field of labour protection are available, equal to 5.4x10155cm*3 (Leite, 1980).
To get an estimate, we proceed from the evaluated concentration of CHIN 02
Thus, we assume methanol to be about two times more abundant as compared
with that of CHIN 02 resulting in the concentration equal to 2.2xI09cm" We
consider that concentration normal in the present work; the note “estimated” has
been added because of the shortage of data.

It is to be noted that the actual concentration of methanol has a substantial
effect on the evolution of positive ions, consequently the potential inaccuracy in
the actual concentration of methanol will have a significant effect on the
authenticity of the model.

CH3S. There is no direct data available about the concentrations of CH3S.
Nevertheless, CH3S seems to be the intermediate product of CH3SH (Atkinson et
al, 1989a; Atkinson et al, 1989b; Baulch et al, 1980), owing to this the
concentrations of CH3S should be connected with the concentrations of CH3SH.
As CHS3S is a radical, the concentrations of it can be assumed to be lower than
the concentrations of CH3SH are. Thus, in the present work we regard the
concentration of 2.2x105cm-3 as normal; the note “estimated” has been added
due to the shortage of data.

CH3SH. The steady-state concentrations of CH3SH can be estimated by means
of known data about the chemical reactions. In conformity with the works
(Atkinson et a 1, 1989a; Atkinson eta 1, 1989b; Baulch etal., 1980), the reaction
(CH32S+0 —=CH+CH3S generates CH3S radicals. Next, the radicals CH3S
can be assumed to produce quickly CH3SH molecules. On the other hand,
CH3SH molecules take part in the reactions CH3SH+OH — products and
CH3SH+NO03 — products, which can be considered to be the sinks of CH3SH;
the rate constants of the reactions mentioned above are equal to 1x10 cms ,
3.3xI0_ucmV ] and 9.2x10 Bcm3s_1 In accordance with the concentrations of
OH, O, NO3ja (CH32S stated to be normal, the steady-state concentration of
CH3SH should be about 2x106 cm-3 This concentration of CH3SH can be
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considered normal in the present work; the note “estimated” has been added
because of the shortage of data.
CH3SO3H. According to the paper (Tanner and Eisele, 1991), methane sulfonic
acid has a substantial effect on the evolution of negative ions. The concentrations
of methane sulfonic acid have been estimated by means of observed composition
of ions and supposable rates of ion-molecule reactions, consideration of which
has resulted in the concentration of about 5x106¢cm 3 (Tanner and Eisele, 1991).
As no data about the ion-molecule reactions capturing molecules of methane
sulfonic acid can be found, methane sulfonic acid has not been included into the
present work.
CH3CN. The near-ground concentrations of acetonitrile have been observed to
be between 5.4x10 cm 3and 2.0x10n cnT3 (Becker and lonescu, 1982). On the
other hand, some other works have considered acetonitrile to be less abundant.
The discussions presented in paper (Brasseur et al., 1985) have been proceeded
from the concentration equal to 5.4x109 cm-3, the shape of dependence of
concentrations of acetonitrile on altitude reported in the paper (Beig and
Chakrabarty, 1987) results in the near-ground concentrations of about 2.7x108
cm-=3 In the paper (Arijs, 1992) a survey of results of data about the
concentrations of acetonitrile has been presented, in accordance with that survey
concentrations of acetonitrile should range from 5.0x108cm<3 to 3.0x109¢cnf3

In the present work we regard the concentration of 1.Ix109cm-3 as normal.
Nevertheless, it seems as if the actual concentration of acetonitrile is not well
known. On the other hand, evolution of positive ions depends much on the actual
concentration of acetonitrile. For that reason it is to be pointed out, that the
potential inaccuracy in the actual concentration of acetonitrile will have a
significant effect on the authenticity of the model.
CHsCHO. The concentrations of acetaldenyde do not show any essential
dependence on the amount of pollution: the results obtained in towns of Brazil
have shown concentrations ranging between 2.4x1010 cm-3 and 9.5x10n c¢cm-3
(Grosjean and Kochy, 1990), in Los Angeles air the concentrations ranging from
5.4x1010cm*3to I.Ix10 12cm-3 have been observed (Grosjean and Kochy, 1984),
the results obtained in a rural area in Austria have shown concentrations between
5.0x1010cm-3and 3.7x10n cm 3 (Puxbaum et al, 1988). In the present work we
consider the concentration of 1,5x 101.cm-3to be normal.
CHsCOOH. The concentrations of acetic acid observed in a rural area in
Austria have ranged from 8.0x109cm-3to 2.2x 1010cm-3 (Puxbaum et al, 1988),
the marine concentrations of CHsCOOH have been between 1.4x109 cm-3 and
1.7x10n cm-3 (Arlander et al, 1990). In the present work we regard the
concentration of 1.8x 1010cnT3as normal.
C2H20. We assume, that a certain analogy between the formation of C2HsO and
the formation of C2H20 exists. As we can see it from the discussion of formation
of C2Hs0, the abundance of C2HsO should be many times lower as compared
with the abundance of Cz2Hs. And so, the assumption about a analogy between
C2aHs0 and C2HO results in the abundance of C2H2O to be many times lower
than the abundance of C2H2. Hence, in the present work we consider the
concentration of 1.1x106cm 3to be normal; the note “estimated” has been added
because ofthe lack of data.
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C2HS5NH. There is no data available about the concentrations of Co2HsNH. As
CHsNH is a radical, the concentrations of it can be assumed to be somewhat
lower than the concentrations of C2HANH2. Thus, in the present work we consider
the concentration of 2.2x105cm-3 normal; the note “estimated” has been added
by reason ofthe lack of data.
C2H5NH2 There is no data available about the concentrations of ethylamine,
owing to that we assume the abundance of ethylamine to be nearly equal to the
known abundance of methyalmine. Hence, in the present work we regard the
concentration of 7x106cm- as normal; the note “estimated” has been added due
to the shortage of data.
C2HsO. The main sources of the radical C2H50 should be the reactions
C2H5+02 —C2H502 and C2H502+NO -> C2HsO+NO2 the main sink should be
the reaction C2H50+02 — CH3CHO+HO2 (Lightman et al., 1990; Donahue and
Prinn, 1990). Consequently, a certain analogy can be drawn between the
reactions forming the concentration of C2H® and the reactions forming the
concentration of CH3® but the concentration of CH5is lower as compared with
the concentration of CH3. According to the conditions mentioned above, the
reactions generating C2H50 are slower than the reactions generating CH30,
which results in the concentrations of C2H50 being lower than the concentrations
of CH30. Hence, in the present work we consider the concentration of |.IxIO3
cm-3 to be normal; the note “estimated” has been added by reason of the lack of
data.
C2H50H. There is no data available about the concentrations of ethanol.
Therefore, we assume the abundance of ethanol to be nearly equal to the
abundance of methanol. Thus, in the present work we consider the concentration
of 2.2x109cm<3normal; the note “estimated” has been added due to the shortage
of data.
(CH3)2NH. The concentrations of methylamine have been measured in Hawaii,
the observed concentrations ranged between 3.6x107cm<3and 1.2x108cm 3 (Van
Neste et al., 1987). In the present work we regard the concentration of 7x107
cm3as normal.
(CHB3)2S. Dimethyl sulfide as been observed by two groups of authors: the
observed concentrations have ranged from 2.0x107 ¢nT3 to 4.2x108 cm-
(Barnard etal., 1982), or have remained below the level of 8.0x 10&m-3 (Sze and
Malcolm, 1980). In the current work we consider the concentration of 1.0x10s
cm-3 normal.
(CH32S0O. We assume the abundance of (CH32SO to be about 10 times less as
compared with the abundance of (CH32S. This assumption can be motivated by
the fact, that there are some data about the concentrations of (CH32S but no data
about the concentrations of (CH3)2SO. Thus, in the present work we consider the
concentration of I.Ix1O 7cm-3to be normal; the note “estimated” has been added
due to the shortage of data.
(CH3)2CO. The concentrations of acetone have been measured in the towns of
Brazil, the concentrations ranged between 5.0x109 cm-3 and 5.5x10 c¢m-
(Grosjean and Kochy, 1990).

On the other hand, on the ground of some preliminary simulations realized by
the author of the present work, abundance of acetone should be substantially
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lower than the abundances reported above, otherwise the results obtained by
virtue of the model do not match with the results obtained by means of
measurements. In case we take the concentration of acetone to be equal to
5.0x1010 cm-3 the model results in the composition of ions where the ions
containing acetone are the almost single existing ions. The results of that kind do
not accord with the results of measurements of the steady-state ion composition.
To get a better accordance with the results of measurements, we can decrease the
concentration of acetone. In this way we obtain the new model where the
“normal” concentration of acetone results in a certain composition of ions, but an
increase in the concentration of acetone results in a considerable transformation
in the composition of ions. Such results obtained by means of the model are in an
essentially better accordance with the results of measurements. Still, they can not
be regerded as the verification of decreased concentration of acetone. Anyway, in
the present work we consider the decreased concentration of 5.0x10 cm to be
normal.

C3H40Oa4. In conformity with the paper (Eisele, 1989a), CsHaOu should have an
essential effect on the evolution of negative ions. On the other hand, there is no
data available either about the concentrations or about the reactions capturing
C3H404molecules. Therefore, we can not use C3H404 in the present model.
CsHsO. There are not any results of measurements of the concentrations of
CsHI) nor any data about chemical reactions embracing molecules of C3HsO
available. Therefore quite low concentrations can be assumed. On the other hand,
the absence of data about sinks indicates to the possibility of notable
concentrations, which would be realized in case of presence of some unknown
sources of CsHs0. For that reason we assume the concentrations of C3Oto be
close to the concentrations of many low-abundant but stabile compounds. Thus,
in the present work we regard the concentration of 1.IxIO8cm*3 as normal; the
note “estimated” has been added due to the shortage of data.

(CH3)3N. Trimethylamine has been observed in the air of the Hawaiian Islands,
the observed concentrations have ranged between 6.6x106cm 3 and 3x107cm-3
(Van Neste et al., 1987). The possible sources and sinks of trimethylamine have
also been discussed, it seems as if trimethylamine originates from the ocean and
the main sinks of it are the reactions with OH (Van Neste et al., 1987). Thus, we
could consider the concentration of 1.5x107cm-3 normal but since there is no
data about the respective ion-molecule reactions available, we can not use
trimethylamine in the present model.

(CH3)2NCHO. Dimethyl formamide has an effect on the mobility spectrum of
positive ions (see discussion in Article 2.4.5), and that is why it should be
included in the model. The actual concentrations of dimethyl formamide in the air
show a wide variation, being often below the detection limit but sometimes the
concentrations can reach values of about IxIO1 cm-3 (Kelly et al, 1994).
Nevertheless, any data about the ion-molecule reactions embracing molecules of
dimethyl formamide could not be found. In consequence of this fact we not
use dimethyl formamide in this model.

GCsH7OH. We assume buthanoi to be somewhat less abundant as compared with
the abundance of either methanol or ethanol. Thus, in the present work we
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consider the concentration of 1 1x109cm 3to be normal; the note “estimated” has

been added due to the shortage of data.

CsHsN. There is no data available about the concentrations of pyridine. On the
one hand, the concentrations of pyridine should be somewhat
connected with the concentrations of terpenes as both pyridine and
terpenes come of coniferous forests. Unlike the concentrations of
pyridine, the concentrations of some terpenes (pinene, limonene,
camphene) have been measured, the concentrations ranged between

5x108cnf3 and IxIO 1 cm-3 (Bufler and Wegmann 1991; Riba et al., 1987;
Juuti etal., 1990). As to the concentrations of pyridine then, they have only been
estimated by means of data about the observed composition of ions, on the one
hand, and known data about the ion-molecule reactions, on the other hand; such
procedure has resulted in the mean concentration equal to 6.7x107cm<3 (Tanner
and Eisele, 1991). The authors of the result mentioned last have considered the
result as a rough estimate.

On the other hand, on the ground of some preliminary simulations, realized by
the author of present work, the abundance of pyridine should be substantially less
than the abundances of terpenes, otherwise the results obtained by virtue of the
model would not match with the results obtained by means of measurements. In
case we take the concentration of pyridine to be equal to IxIO9cm-~3the model
results in the composition of ions where the ions containing pyridine are the
almost single existing ions, that is specially in case of the increased
concentrations of NH3. The results of this kind do not accord with the results of
measurements of steady-state ion composition. To get a better accordance with
the results of measurements, we can decrease the concentration of pyridine. This
way we obtain the new model where the “normal” concentration of pyridine
results in a certain composition of ions, but an increase in the concentration of
pyridine results in a considerable transformation in the composition of ions. Such
results obtained by means of the model are in essentially better accordance with
the results of measurements, for all that they can not be considered to be a
verification of decreased concentration of pyridine. Nevertheless, the
concentrations of pyridine should be really lower than the concentrations of
terpenes because of the fact, that the concentrations of terpenes have been
measured whereas the concentrations of pyridine have not been. Thus, in the
present work we consider the decreased concentration of 9x106 cm-3 to be
normal; the note “estimated” has been added due to the insufficiency of data.
CH3COC3H7. There are no results of measurements of the concentrations of
CH3COC®H7 nor any data about chemical reactions including molecules of
CH3COC®H7 available. For that reason we assume the concentrations of
CH3COC®H7to be close to the concentrations of many low-abundant but stabile
compounds. Thus, in the present work we regard the concentration of 1.1x10
cm™ as normal; the note “estimated” has been added due to the shortage of data.
(CjHs"N. We assume the abundance of triethylamine to be nearly equal to the
abundance of trimethylamine. Thus, in the present work we consider the
concentration of 1.5x 107cm-3to be normal; the note “estimated has been added

because ofthe shortage of data.
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-X C6HIOONH. In conformity with the paper (Tanner and Eisele,

\ 1991), caprolactam has an effect on the composition of positive

/ ions. That is why it should be included in the model.

Nevertheless, any data about the ion-molecule reactions

I capturing molecules of caprolactam could not be found,
H consequently we can not use caprolactam in this model.

C9HON. In conformity with the paper (Tanner and Eisele, 1991), quinoline has an
effect on the composition of positive ions. That is why it
should be included in the model. Nevertheless, no data
about the ion-molecule reactions capturing molecules of
quinoline could be found, and therefore we can not use
quinoline in this paper.

3.5. Other compounds

C. There can be found no results of measurements of the concentrations of C nor
any data about chemical reactions including atoms of C. Therefore,
comparatively low concentrations can be assumed. We presume the abundance of
C to be nearly equal to the abundance of 0. Thus, in the present work we
consider the concentration of 1.1x105cm-3to be normal; the note “estimated” has
been added by reason of the shortage of data.

CIN. As the concentrations of CIN regard, the consideration used in the
discussion about the concentrations of C can be employed here in many aspects.
CIN is a stabile compound, but the stabile compounds are, as a rule, considered
to be more abundant than radicals in the present work. For that reason we
assume the concentrations of CIN to be only somewhat lower as compared with
the concentrations which are near detection limits. Thus, in the present work we
regard the concentration of 1.Ix1O8¢cnT3 as normal; the note “estimated” has
been added due to the lack of data.

CS. There are no results of measurements available about the concentrations of
CS. Therefore, we employ the known data about the chemical reactions
embracing molecules of CS. In conformity with the works (Atkinson et al.,
1989a; Atkinson et al., 1989b; Baulch et al., 1980), the main source of CS
should be the reaction 0+CS2 -» SO+CS; the main sink should be the reaction
0+CS -» S+CO. As the rate constant of the source reaction exceeds about 10
times the rate constant of the sink reaction, the steady-state concentration of CS
should be about 10 times higher than the concentration of CS2 Moreover, a
supposable scheme of reactions between CS2 CS, COS, HS, HSO and HZXS
presented in the paper (Sze and Malcolm, 1980) contains an additional source of
CS, namely, the reaction OH+CS2 —=HSO+CS, although the notes about both
the endothermity and the absence of exact data also belong to that reaction. On
the other hand, the treatment started above results in the concentrations of CS
close to the concentrations of gases such as HNO3, for instance. In that case,
some results of measurements of the concentrations of CS should be available,
yet, no observation is known. Thus, the concentrations of CS should not be
comparable with the concentrations of HNO3. Taking the aspects mentioned
above into consideration, we additionally examine the paper (Schofield, 1973),
according to which, the abundance of CS should exceed the abundance of CS2as

108



all the reactions decreasing the concentrations of CS appear to be quite slow,
still, the rate constant ofthe reaction O+CS2— SO+CS exceeds the rate constant
ofthe reaction O+CS —S+CO as before. As a summary, in the present work we
consider the concentration of 1.1x109cm 3to be normal; the note “estimated” has
been added because of the shortage of data.

CS2 The photochemical model used in the paper (Sze and Malcolm, 1980) has
resulted in the concentration of carbon disulfide ranging between the values of
1.9x109 cm-3 and 1.0xIO10 cm-3 Besides, the paper (Kelly et al, 1994) has
presented a survey of results of known observations resulting in the mean value
of the concentration equal to 7.5xI08cm 3 In the present work we regard the
concentration of 7.5x 108cm-3 as normal.

C2N2. As to C2N2 only the concentrations considered the limits for the field of
labour protection are available, equal to 2.7x1014 cm-3 (Leite, 1980). As the
concentration mentioned last is equal to the concentration of methylamine
obtained from the work (Leite, 1980), and there is no reason to assume the
concentrations of CNN2 to be essentially different from the concentrations of
methylamine, in the present work the concentration of 7x106cm-3 is considered
normal, whereas the note “estimated” has been added due to the shortage of data.

C20. There are neither any results of measurements of the concentrations of C20
nor any data about the chemical reactions including molecules of C2 available.
Therefore, quite low concentrations can be assumed. On the other hand, C20 is a
stabile compound, and the stabile compounds are, as a rule, considered to be
quite abundant in the present work. For that reason, we assume the
concentrations of C20 to be close to the known concentrations which are near the
detection limits. Thus, in the present work we consider the concentration of
I.Ix108cm 3normal; the note “estimated” has been added due to the lack of data.
H. There are no results of measurements of the concentrations of H, but a lot of
data about the chemical reactions including atoms of H. Nevertheless, it appears
to be quite useless to construct a scheme of reactions as the scheme of that kind
would be unclear because of a large number of the processes including atoms of
H. As a result ofthe complexity of such scheme, we probably can not obtain the
value of steady-state concentration of H. Thus, we proceed from the estimate
equal to 1.3xI04 cm-3 reported in paper (Lifshitz et al, 1984), and from the
information about the near-ground concentrations of 0 being below the value of
IxIO6 cm-3 according to the paper (Turco et al., 1979). As the authors of the
paper (Lifshitz et al, 1984) have evaluated the concentrations of O to be about
1.3x108cm 3 it could be assumed that all the values of concentrations of N, 0

and H reported in the paper (Lifshitz et al, 1984) were actually exaggerated.
Taking all this into account, we consider the actual concentrations of H to be 10
times lower than the concentrations reported by the paper (Lifshitz et al, 1984).
Hence, in the present work we consider the concentration of 1.1x10 cm” to be
normal; the note “estimated” has been added by reason ofthe lack of data.

HN. There can be found neither any results of measurements of the
concentrations of HN nor any data about the chemical reactions involving the
molecules of HN. Therefore, quite low concentrations can be assumed. Besides,
HN is a radical, but radicals are, as a rule, considered to be less abundant as
compared to the abundance of any stabile compound in the present work. For
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that reason, we assume the concentrations of HN to be close to the
concentrations of N, for instance. Thus, in the present work we regard the
concentration of I.1x104cnf3 as normal; the note “estimated” has been added
because of the shortage of data.
HNO. There are neither any results of measurements of the concentrations of
HNO nor any data about the chemical reactions with the molecules of HNO
available. Therefore, quite low concentrations can be assumed. Still, HNO is a
stabile compound, but the stabile compounds are in the present work, as a rule,
considered to be notably abundant, at least more abundant than the
concentrations of radicals such as H, N, or CH. For that reason we assume the
concentrations of HNO to be close to the concentrations near detection”limits.
Thus, in the present work we consider the concentration of 1.1x10 cm to be
normal; the note “estimated” has been added due to the shortage of data.
HNO2 The concentrations of nitrous acid have been measured in a city during a
5 month period, the observed concentrations have ranged between the values
from 6x108cnf3to 3x 1010cm 3 (Sjodin and Ferm, 1985). In the present work we
consider the concentration of 1.5x109cm 3normal.
HN20. There can be found no results of measurements of the concentrations of
HN20 nor any data about the chemical reactions embracing the molecules of
HN20. Therefore, quite low concentrations can be presumed. Besides, HN2 is a
radical, but radicals are, as a rule, considered to be less abundant than any other
stabile compound in the present work, as the known concentrations of many
radicals (CH3 C2H5 are less abundant as compared with the known
concentrations of stabile molecules (CH4, C ). Thus, in the present work we
regard the concentration of I.Ix1O4cnf3 as normal; the note “estimated” has
been added because ofthe shortage of data.
HO02 The near-ground concentrations of H02 can be estimated by virtue of
known shape of dependence of concentrations of H 02 on the altitude. According
to the paper (Turco et al, 1979), the respective mean concentration should be
about Ix1012cnf3

H 02 molecules should arise by means of the reactions CO+OH -> H+ C02
and H+02-» HO02 whereas the reactions NO+H02-> 0H+NO02 and 0 3+H02->
OH+ 202 can be considered to be the sinks of HO2 (Eisele and Tanner, 1991).
Additionally, according to the information reported in the paper mentioned last,
the reaction CO+OH —H+ C02appears to be the main sink of OH. As so, the
reactions presented hereinbefore partially determine the ratio between the
concentrations of OH and HO2. Unfortunately, no data about the values of the
rate constants of the respective reactions can be found. Therefore, we assume the
values of all rate constants to be nearly equal; the equilibrium of a reaction is
determined by the concentrations of substances participating in the reaction.
Since the concentration of CO is roughly equal to the concentrations of both NO
and Os, the concentrations of OH and HO2 should also be almost equal.
Nevertheless, some additional reactions essential to the concentrations of H02
have been reported in the papers (Donahue and Prinn, 1990; Hough, 1991).

Thus, we can not make the decision about the concentrations of H02 only by
means of the reactions presented above.
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Next we scan the paper (Donahue and Prinn, 1990) where the concentration
of HO2is considered to be 100 times higher than the concentration of OH. Since
we have no objection against the last mentioned value of the concentration of
HO2, in the present work we consider the concentration of 1,5x108cm-3normal.
HS. To obtain an estimate to the steady-state concentration of HS we employ the
known data about the chemical reactions with HS. The sources of HS should be
the reactions OH+H2S — HS+ H20 and O+H2S — HS+OH, whereas sinks
should be the reactions HS+03 -> HS0+02 HS+NO2 -> products, and
HS+NO+N2 -» products. In conformity with the data reported in the works
(Atkinson et a 1, 1989a; Atkinson et al., 1989b; Baulch et al., 1980), the values
of the respective rate constants are 4.8x1012cm3*1, 2.2x10'14cmV', 3.6x10~2
cm3 \ 5.8x10 cm3 \ and 2.4x 10-3L.cmeés_1 By virtue of the reported values of
rate constants, on the one hand, and of the known concentrations of H2S, O, OH,
NO, NO2 and O3, on the other hand, we obtain the steady-state concentration of
I.IxIO6 cm"3 considered normal in the present work; the note “estimated” has
been added by reason ofthe shortage of data.

H202. The concentrations of H20 2 evaluated by means of a photochemical model
range between 8.6x1010cm™3 and 1.4xI0On cm-3 (Kleinman, 1986). Besides, the
results of the observations obtained both in Dortmund and Brazil have shown
concentrations ranging from 3x108cm*3to 1.Ix1O 11cm-3 (Jacob et al, 1990),
whereas the results obtained in USA have shown concentrations between 5.4x 109
cm3and I.IxIO 1cnf3 (Heikes et al, 1987; Hough, 1991). The concentrations
of H202 appear to be slightly dependent on the altitude; the near-ground
concentrations are about 2 times higher than the concentrations at a level of
about 3 km. Nevertheless, often no considerable dependence on the altitude can
be observed (Heikes et al, 1987). In the present work we consider the
concentration of 1.0x1010cnf3to be normal.

HO. The concentration of the radical H3) is considered to be nearly equal to the
concentrations of the radical OH, hence, in the present work we regard the
concentration of 2.0x106cm-3 as normal; the note “estimated” has been added
due to the shortage of data.

N. As regards the concentration of N, the situation here appears to be somewhat
similar to the that concerning the estimate of the concentration of H. Here the
estimate presented in the paper (Lifshitz et al, 1984) is equal to 1.3xI06cm"
and the information about the near-ground concentrations of O is the same as the
one in case of H. Hence, in the present work we consider the concentration of
I.IxIO4cm-3 normal; the note “estimated” has been added by reason of the lack
of data.

NH2 We proceed from the fact, that the known concentrations of many radicals
(CH3 CatHk) are much less abundant as compared with the known concentrations
of stabile molecules (CHs, CH6). Since NH: is also a radical, we evaluate the
concentration of NH2 being 1000 times lower than that of NH3. Therefore, in the
present work we regard the concentration of 1.Ix1O7cm-3 as normal; the note
“estimated” has been added because of the lack of data.

NGs. According to the classic work (Junge, 1965), the total concentration of
NO, N03and N20 5 should be about some per cent of the concentration of N02



The results obtained by virtue of the model calculations have shown the mean
concentration equal to 3.9x107cm-~3 (Donahue and Prinn, 1990).

On the other hand, the observations in mountains have resulted in the mean
concentration equal to 5x109 cm 3 whereas the urban concentration of NO3
should be lower because of many additional chemical reactions considered
additional sinks of N 03 (Noxon et al, 1980). In conformity with the paper (Platt
et al, 1984), the results obtained in the near-ground air appear to be quite
different: sometimes the concentrations did not exceed the detection limit equal to
2x107 cm4, whereas the concentration of about 5x109 cm-3 has also been
observed. The higher concentrations can be observed only at night as light causes
the dissociation of N 03 (Solomon etal, 1989).

In the present work we regard the concentration of 3x 108cm- as normal.
N205. According to the classic work (Junge, 1965), the summary concentration
of NO, N03and N20 5 should be about some per cent of the concentration of
N 02 Besides, the concentrations of N205and NO3are connected by the reactions
NO2+NO3 ->N205and N205 ->NO02NO03 (Platt et al, 1984; Atkinson et al,
1984), whereas the respective rate constants have the values of 5.7x1 0 1cmV1
and 3.3 s-1 (Atkinson et al, 1989a). In the paper (Carney and Fishman, 1986) a
reaction regarded as an additional sink of N205 has been reported:
N2o 5+H20 ->2HNo 3, with the rate constant equal to 1.OxIO-20 cm3s-1; yet, the
reaction mentioned last has not been confirmed by the work (Atkinson et al,
1989a), that is why we can not take this reaction into account.

In conformity with the data, reported by the papers (Platt et al, 1984,
Atkinson et al, 1984; Atkinson et al, 1989a), the steady-state concentrations of
NQOs and N2Gs should be nearly equal. Thus, in the present work we consider the
concentration of 3x108cm-3 to be normal; the note “estimated” has been added
because ofthe shortage of data.

0. As regards the concentration of 0, the situation here appears to be somewhat
similar to that discussed by the estimate of the concentration of H. Now the
estimate reported by the paper (Lifshitz et al, 1984) is equal to 1.3xI08cm-3,
and the information about the near-ground concentration of 0 is the same as in
case of H. Hence, in the present work we regard the concentration of 1.3xI05
cm3 as normal; the note “estimated” has been added by reason of the lack of
data.

OH. As to the concentration of the radical OH, there can be found both the
results of observations, and the results obtained by virtue of models. A sample is
presented here as follows. The results obtained in Antarctic have shown
concentrations ranging between 1.2x104cnT3and 3.8x105¢cm-3 (Sheppard et al,
1983), the observations in moderately populated regions have shown
concentrations as follows: from 1.6x106cm to 2.5x106 cm-3 (Hiibler et al,
1984), between 5.0x105 cm-3 and 2.0x107 cm-3 (Karol et al, 1983), from
50x105cm 3 to 2.0x106 cm 3 (Eisele and Tanner, 1991). The survey of
observations (Hewitt and Harrison, 1985) has shown the concentrations of OH
ranging from zeroto 1.5x108cm-3

The concentrations of OH show a strong diurnal variation: only the daytime
concentrations considerably differ from zero. The diurnal variation is caused by
the main source of OH requiring atoms of 0(1D), which arise by virtue of
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photolyse from the ozone (Hewitt and Harrison, 1985; Eisele and Tanner, 1991,
Donahue and Prinn, 1990). The main sinks of OH are the reactions with CO,
NO2 and CHa molecules (Hewitt and Harrison, 1985). The concentrations of OH
show a wide variation as OH is one of the most chemically active compounds of
the air (Mitra, 1990). The results obtained by virtue of models have shown
concentrations ranging from 5x104 cm-3 to 5xI06 cm-3, whereas the
concentrations depend on the geographical latitude (Isaksen and Hov, 1987; Sze
and Malcolm, 1980).

In the present work we consider the concentration of 1,5x 106cm<3normal.
S. We proceed from the known data about the chemical reactions. So, the main
sources of S should be the reactions 0+CS2-> S+COS and O+CS -> S+CO, the
main sink should be the reaction S+02 -> SO+O (Atkinson et al., 1989a;
Atkinson et al., 1989b; Baulch et al., 1980). In conformity with the data reported
in the works mentioned last, and with the concentrations of O, CS2 and CS
regerded as normal, the steady-state concentrations of S should be near zero,
because of the very low concentration of O. Thus, by means of the reactions
mentioned above we can not obtain any reasonable concentration of S.
Nevertheless, it appears not reasonable to assume the concentration of S equal to
zero, which would result in excluding of S from the model. Therefore, we assume
the concentration of S to be equal to the concentration of H. Hence, the
concentration of |.IxIO3 cm-3 becomes to be considered normal; the note
“estimated” has been added by reason of the lack of data.
SiH4. SiH4 participates in ion-molecule reactions with the ions of CH2+ C2H4+,
CH4+, CH3+, and CH2+ Under the normal conditions the concentrations of all the
ions mentioned last are very low, that is why SiHt does not have any
considerable effect on the evolution of ions. Nevertheless, it does not seem
reasonable to exclude SLH4 from the model, because of generalization of the
model. For that reason we assume the concentrations of SiHt to be close to the
known concentrations of stabile compounds being near detection limits. Thus, in
the present work we consider the concentration of 1.1x107cm-3to be normal; the
note “estimated” has been added due to the shortage of data.
SO. Conformably to the paper (Schofield, 1973), SO should arise mainly by
virtue of the reaction SO2Ar — SO+0O+Ar, whereas the main sink reaction
should be S0+02 — SO2+0. Taking into account the reported data about the
reactions, and the concentrations of S02 and Ar considered to be normal, we
obtain the estimate for the steady-state concentration of SO equal to Ix 10n cm
For comparison, we can use knowledge about the valency of sulphur, pointing
the valency equal to 2 to be energetically more useful than the valency equal to 4
(Knorre et al., 1990). As the valency equal to 4 occurs in case of S02 the
concentration of SO should not be lower than the concentration of SO2
considered to be equal to 3x1010cm-3 As we can see, the results of the both
estimates are quite close. Thus, in the present work we regard the concentration
of 1 IxIO1cm-3 as normal; the note “estimated” has been added because of the
shortage of direct data.
SOs. The main sources of SO3 should be the reactions SO+OH -» HSOs and
HSGs+O2 — SOs+HO2, whereas the main sink should be the reaction
S03+H0 — HS04 (Eisele and Tanner, 1991). As regards the sources of SOs,
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the first reaction can be considered to be the limiting stage as the reaction
HSO3+02 — SO3tHO2 is very fast. As to the sinks, the actual rate of the sink
reaction can not be determined as only the upper limit of rate constant of the
reaction is known. The slower the sink reaction is, the more abundant is SO3. In
case the reported upper limit of rate constant does not differ much from the
actual value of it, the concentration of S03is about some hundred molecules per
cubic centimeter. The assumption about the comparatively low abundance of SO3
appears to be supported by the knowledge about the valency of sulphur. Namely,
the valency of sulphur equal to 4 (in case of SO2) is energetically more usefUl
than the valency of sulphur equal to 6 (Knorre etal., 1990).

We assume the rate constant of the sink reaction to be about 100 times lower
than the reported upper limit. Hence, in the present work we regard the
concentration of 2.2x105cm 3as normal; the note “estimated” has been added by
reason ofthe shortage of data.

S04. Although S04has been assumed to arise by means of oxidization of SO2in
case ofthe presence of N 02and hydrocarbons (Rasul, 1976), there are no results
of measurements of the concentrations of SO4 nor any data about the chemical
reactions with the molecules of SO4 available. As regards the ions of S04, their
abundance has been observed to be roughly equal to the abundance of the
molecules of S02 although the ratio depends on the geographical latitude
(Kuttler, 1984). In this work we assume a considerable part of the of ions SCV
coming directly from the of molecules S04. Thus, in the present work we

consider the concentration of |.Ix10 10 cm-3 normal; the note “estimated” has
been added due to the lack of data.
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Table 3.2. Natural concentrations of neutral compounds.

Concen- Concen-
Gas tration Gas tration
Air 2.7x1019 Ar 2.7x1017
Kr 3.0x1013 He 1.4x1014
02 5.6x1018 n?2 2.1x1019
h 2o 2.7x1017 cha 4.0x1013
Cco 3.0xl012 Co2 9.0x1015
Cos 1.3x1010 HCN 4.3x109
hno3 1.0xI010 h2 1.5x1013
h2s 1.0xI010 h2so4 4.0x106
nh3 1.0x1010 NO 5.0x109
no2 7.0x1010 n 2o 8.0xlow
°3 1.OxI012 S02 3.0xl0l°
BrNO02 +1.1xI09 cf3 +1.Ix1O6
CF4 1.9x109 CC1F3 +2.2x108
CC12 *5.5x107 cci2f 43.3x106
cciz2f2 7.5x109 CCu3 +5.5x106
CC13F 5.0x109 CC14 5.0x109
CHC1F +1.Ix106 CHC1F2 ¢1.4x109
chci2 +5.5x106 chci2f 3.8xl08
CHCI3 5.0x109 chf2 +2.2x105
chf3 +2.2x108 CH2Br +4.4x105
ch2ci +2.2x107 ch2f 42.2x105
CHj CI2 2.1x109 ch2f2 +2,2x109
CH3Br 3.9x108 ch3Cl 2.0x1010
ch3f +2.2x108 C2F4 +1.1x109
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c2f5
c2hf3
c2h2ci2
c2h 3f
C2HsClI
C3H4F
cino2
Cl2

F

HBr
HF

sf4

sf6

c2h
c2h3
c2h5
C3H3
C3H5
c3h7
c4hb
c4hs
C4H,o0

C6HEB
HCO

ch2s

*1.Ix105
*3.3x109
*3.3x108
*3.3x10®
= 08
*5.5x104
+l.Ix109
+1.2x1010
+l.1x103
4.1x107
+4.4x106
«|.Ix107
1.Ox107
+1.1x103
+16xl07
+3,0x107
+1.1x102
+1,0x106
+1.1x103
+1.IxI03
3.0x109
5.0x1010
2-Oxlon
8.0x1010
+1.1x103

2 .2x107
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c2f6
C2H2F2

c2h3ci
c2h4f
C3ps8
c6haf2
Clo
C120
fno?2
HC1
sf3
sf5
CH
ch3
c2h2
c2h4
c2heé
C3H4
c3h6
c3hs
cah7
c4ho
c5h6
c6hs5ch3
HCHO
ch3n

Table 3.2. Natural concentrations of neutral compounds (continued).

2.0x10s
+3.3x108
+3.3x108
+1.1x105
+l.Ix1O7
42,2x106
+1.1x106
+1.1x108
+1.1x109
1.2x1010
+l.1x106
+1.1x106
+l.IxI03
+1.3x104
1.6x1010
3.0x1010
6.0x1010
I,0xl09
3.0x10*°
I.OxIO1
45.5x107
+2.2x108
+1.1x106
2.0x10n
2.0xlon

+2.2x106



Table 3.2. Natural concentrations of neutral compounds (continued).

ch3nh +1,1xl06 ch3anh2 7.0x106
ch3no2 *1.1x 109 ch3o +2.2x104
ch3oh *2.2x109 ch3s +2.2x105
CH3SH *2.2x106 ch3cn 1.Ix1O9
ch3cho 1.5x10n ch3cooh 1.8x1010
c2h 20 *1.1x106 C2hsnh 42.2x105
c2hs5nh2 +7.0x106 c2h5o0 +1.1x103
c2h50h +2.2x109 (CH3)2nh 7.0x107
(ch3)2s 1.0x108 (CH32so  ¢l.OxIO7
(CH3)2 CO 5.0x108 c3h5o0 +1.1x108
csh7oh +1.1x109 c5h5n 49.0x106
ch3coc3h7 l.IxIO8 (C2h 5)n +1.5x107
C +1.1x105 CIN +1.1x108
cs +1.Ix109 CS2 7.5x108

c2n2 +7.0x106 c20 +l.1x108
H +1.1x103 HN +1.1x104
HNO +1.1x107 hno2 1.5x109
hn2o +1.1x104 ho2 1 <18
HS +1.1x106 h 202 ox o°
H30 +2.0xl06 n +1.1x104
NH, +|.IxIO7 nos3 3.0xl108
n2o5 43.0x108 0 +1.3x105
OH 1.5x106 S +1.1x103
Si H4 ' x of SO ol.IxIO1
SO3 42.2x105 S04 +l,1x1010

In cubic centimeters. Asterisk, estimated concentration, see text for details
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4. SUMMARY OF RESULTS

As it was said above, most of the results obtained have already been published in
papers by the author of the present work enumerated in the List of Original
Publications, owing to which the results will not be revised in this Chapter. On
the other hand, the published papers do not include any sufficiently
thoroughgoing motivation of this model, that is why, the detailed motivation has
been included into the present work as it was seen in the previous Chapters. As to
the results, only a comparatevely brief discussion is presented.

4.1. Evolution of positive ions

Some quantitative results obtained by virtue of simulation of the evolution of
positive ions are presented in Tables 4.1, 4.2, and 4.3; some illustrative results
are depicted in Figures 4.1 and 4.2. As it was shown in Chapter 2, it would not
be rational to deal in details with concentrations of individual ion species as the
available results of observations mainly contain information about (relative)
summary abundances of the classes of ions. Therefore, the 207 ion species
included in this model will not be enumerated one by one, instead, six
conventional “ions” denoting all the ions of respective classes will be discussed:
CHsOH+ XY, CHCN+ XY, CsHsN+ XY, (CHs)2CO+ XY,
NHaHHo )KNHs)n and HO +(H20)k. As to parts X and Y, they may be
optional, still, in case of positive ions X and Y are usually HD and/or NH3

The results obtained by virtue of simulations can be assessed from at least
two aspects, first, the results of measurements obtained for steady-state
composition of ions can be used; secondly, the ones describing temporary
variations of the concentrations of ions can be applied. As recorded in Chapter 2,
both of the comparisons may be necessary since being limited to one aspect only
may result in an inadequate assessment. Unfortunately, in the earlier works it
was not possible to make the both comparisons simultaneously: as it was
discussed in Chapter 1, an advantage of the method used in the present work, as
compared with the methods employed in the earlier works, was the ability of the
method to yield information about both steady-state composition of ions and
temporal variations of composition of ions.

To begin with, let us scan the results concerning the steady-state composition
of ions.

In conformity with the results of the observations reviewed in Chapter 2, the
main natural positive ions should be CEHIN+ XY and NH4+(H20 JuNH3n, at
which under some circumstances ions CH3CN+ XY and/or H30 +(H20)k can be
met as well, all the same, the latter two ions are less abundant. As regards ions
CH30H+-X-Y and (CH32CO+ X-Y, composition of positive ions has indeed been
found out to depend on the actual concentrations of both methanol and acetone,
still, such ions are very exceptional in the natural air. Besides the ions mentioned

above in this paragraph, sometimes a large number of unknown ions with masses
up to about 500 a.m.u. has been observed.
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Table 4.1. The steady-state abundances of positive ions.

Case

lons A C D E F G H | J

CHOH+XY 11 3 12 12 2 2 8 2 1
CHjCN+XY 11 3 12 12 2 2 8 2 1
NHAHHOMNH3n 24 12 0 3 3 45 18 3 27
H30 +(H20)k 24 2 16 17 1 4 45 4 7
(CHe)2C0+ XY 3 80 3 4 1 1 2 1 36
chm+xy 26 0 57 52 91 46 19 838 28

All abundances in per cents.
Legend to cases:
All concentrations of neutral gases according to Table 3.1;
The concentration of acetone increased 100 times;
The concentration of pyridine increased 100 times;
The concentration of pyridine increased 10 times;
Concentrations of pyridine and NH3 increased 10 times;
The concentration of NH3 increased 10 times;
The evolution of ions at a temperature of 243K, case C;
The evolution of ions at a temperature 0f243K, case F;
: The evolution of ions at a temperature of 243K, the
concentration of NH3 increased 10 times, the
concentration of acetone increased 100 times.

“—IommooO>

One can see, that the results of simulations reported in Table 4.1 accord quite
well with the results of the observations, at least as to the general lines. Under
normal conditions (case A) abundances of all the common ions should be nearly
equal to one another. It is true that such situation has not actually been observed,
still, on the other hand, evolution of positive ions should be quite sensitive to the
actual concentrations of several neutral gases, as to simulations: an increase in
the concentrations of both acetone, pyridine and NH3 should result in certain ions
becoming dominant. Besides, methanol and acetonitrile have analogical effects,
but the respective results have not been included into Table 4.1. The results
about the simulated variability of composition of ions presented in Table 4.1 can
be compared with the results obtained by virtue of observations: in accordance
with the latter ones, the natural composition of ions varies whereas ions
CsHsN+X Y are the most ordinary ones, but ions NH4+(H20 )k(NH3)n are also
quite common, and sometimes several other ions can occur as well. Therefore,
case A can be regarded as a “central point”, at which the special cases reported
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in Table 4.1 can be in principle considered correspondant to the individual cases
observed by virtue of measurements. True, although this approach is quite rough,
any quantitative criterion can not be defined here because the actual composition
of neutral environment has remained ordinarily unknown. Thus, the results of
observations of steady-state composition of ions enable only a comparatively

rough assessment of the model.
To continue the assessment, let us now scan the available data about the

temporal variations of composition of ions: some results obtained by virtue of the
present model are presented in Tables 4.2 ja 4.3. For comparison, mainly the
results reviewed in Articles 2.4.5 and 2.3.2 will be applied.

Table 4.2. The abundances of positive ions at the age of about 1s.

Case
lons A C D E F G H | J
CH3OH+ XY 1 1 1 1 1 1 0 0 0
chxn+Xy 1 1 1 1 1 0 0 0
cthm+xy 0 0 2 0 3 0 0 1 0
(CH32XCO+ XY 0 20 0 0 0 0 0 0 8
NH4+(H20 )kNH3n 3 3 2 3 27 29 1 12 12
HO +(H20)k 95 75 94 95 69 69 98 86 79

All abundances in per cents.
Legend to cases, see Table 4.1.

As we can see from Tables 4.2 and 4.3, at the age of ions near 1 s, mainly ions
H30 +(H20)k occur, other ions become substantial in case of more aged ions. As
to the age of about 1 s, ions NH4+(H20 )(NH3n should be significantly less
abundant than H0 +(H20)k but the part of the former ions should increase along
with an increase in the age of ions. Consequendy, at the ages between about 1s
and 10 s, the nature of positive ions should change. For comparison, at the age of
about some hundreds of milliseconds both ions H30+(H20)k and ions
NH4+(H20)k(NH3n have been observed (Eisele, 1988). Therefore, the essence of
the change in the nature found out by means of simulations should be correct,
nevertheless the actual age of the change requires further justification. On the one
hand, a change in the nature of positive ions should indeed take place at the age
of about some seconds, and not before, as it can be learned from the results
obtained by virtue of mobility spectrometry. On the other hand, according to the
work (Perkins and Eisele, 1984) the respective change should take place long
before 1 s, since at the age of about 1 s, ions NH4+(H20 )(NH3n have been
observed to be already dominant. Consequently, we have to do with somewhat
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contradictory results, and that is why the quantitative assessment of the model
can not be terminated. Still, it seems as if the qualitative behaviour of the model
is correct. As regards the quantitative consideration, the experiments described
above might be incomparable because of different conditions.

Table 4.3. The abundances of positive ions at the age of about 3 s.

Case

lons C A D E F G H | J

CHjOH+XY 2 2 2 2 1 1 1 1 1
CHXN+ XY 2 2 2 2 1 1 1 1 1
CHN+ XY 0 0 9 3 18 3 0 11 1
(CHshCO+XY 1 46 1 1 0 0 0 0 18
NHrtHaOMNHSsX, 9 7 2 6 36 49 4 19 26
HsO+0feOX 86 44 84 86 43 46 94 69 54

All abundances in per cents.
Legend to cases: see Table 4.1.

As it can be seen from Tables 4.2 and 4.3, an increase in the concentrations of
pyridine, acetone, and NH3results in a certain change of composition of ions at
the age of about a few seconds. For comparison, the results concerning the ions
at the age of about 1 s, reviewed in Article 2.4.5, have shown following effects:
in case ofthe increased concentration of pyridine, the part of the ions with larger
mobilities increased; the data about the effects due to an increase in the
concentration of NH3have been quite discrepant, nevertheless, some results have
shown an increase of abundance of the ions with smaller mobilities; in case of
acetone the respective changes of spectrum have not been specified.

As regards acetone, here, the results obtained are in significant conformity
with each other: an increase in the concentration of acetone induces a new class
ofions to become substantial (cases A and C). At the same time, the new class of
ions may indeed induce the change of mobility spectrum observed in the works
reviewed in Article 2.4.5, that is in the manner described in Article 2.4.1.

As for pyridine, the effects expected on the ground of the model should be
somewhat weaker: although an increase in the concentration induces a new class
of ions that may lead to a change in mobility spectrum, the part of the new ions
remains too small. As it can be seen in Figure 2.4, an increased concentration of
pyridine should be followed by an increase of the peak corresponding to lighter
ions, at the same time the peak conditioned by heavier ions should decrease. In
accordance with Tables 4.2 and 4.3, an increase in one class of ions is indeed
accompanied by a decrease in another, all the same, ions H3 +(H20)k included
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into the model are, as a matter of fact, not heavier than ions CsHsN+ X-Y On the
other hand, ions Hs0+HH0)k included into the model may be too light as
discussed in Article 2.2, due to which the change in the nature of ions expected
on the ground ofthe model may, in principle, be correct. Nevertheless, the results
presented in Tables 4.2 and 4.3 are not in good accordance with some another
data: in conformity with the results of simulations, ions CSHsSNH+ XY should
occur together with ions NH/A"OMNHsX™* but the latter should lead to an
another peak in mobility spectrum, which has not been observed yet. The
situation remains unchanged also in case of significantly increased concentrations
of pyridine, since an increase in the concentration of pyridine first of all has an
effect when accompanied by an increase in the concentration of NH3 (cases D
and E). At the same time, the results of measurements have not implied at the
effects conditioned by pyridine to depend on the actual concentration of NH3.
The discrepancy mentioned last can be eliminated assuming that actually not a
replacement of ions HsOHHO)k by ions CsHsN+XY takes place but a
replacement of ions NHaH(Ho )k(NH3N by ions CsHsN+-X-Y proceeds. On the
other hand, the assumption would involve ions NH4+(H20 )k(NH3)nto be met long
before the age of about 1 s, yet, this presumption has not been universally
endorsed. Moreover, available data imply that ions H3 +(H20)k should be still
heavier than ions NHsHHo )k(NH3nN therefore, ions Hs0 HH20)k should be more
appropriate as to the role of earlier ions ofthe process.

Consequently, as reagards pyridine, it seems as if the model is in a
satisfactory qualitative accordance with the results of measurements, all the
same, the quantitative accordance should be better. In this case, it looks as if ions
NHas+HHeo )k(NH3nare rather superfluous, and therefore, it can be supposed that
certain unknown reactions proceed, converting ions HsO +HH:0)k directly into
ions CsHsN+ XY, that is, without ions NHaHHzo )K(NHB)nto participate.

Next, let us consider the effects conditioned by the variations in the
concentration of NH3 According to the model, a tenfold increase in the
concentration induces substantial changes in the nature of positive ions (cases A
and F). As regards the results of measurements, they are quite discrepant: most
of the works have found composition of positive ions significantly independent
from the concentration of NH3, although some different results are available as
well (see Figure 2.4). According to the model, NH3 should have a significantly
strong effect, which may not become apparent at a certain age of ions cxily in
case the formation of ions NH4(H20 )k(NH3)n has already been teminated before
the age of interest. If so, either the concentration of NH3 considered normal in the
model has been actually underrated, or the reactions producing ions
NH4+(H20)k(NH3)n are, as a matter of fact, significantly faster than they should
be in conformity with the known data. Nevertheless, the potentiality that the
formation of ions NH4+(H20 )k(NH3nwould be completed long before the age of
about 1 s is questionable: on the one hand, the results of observations obtained at
the ages of ions being about some hundreds of milliseconds have indeed shown
both ions H30+(H20 )k and ions NH4+(H20 )k(NH3n as reviewed above, that is
why, it could be quessed that the formation of ions NH4+(H20 )k(NH3)n proceeds
at the age of about some hundreds of milliseconds; on the other hand mobility
spectrums have not shown any change in the nature of positive ions due to the
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ageing of ions as far as the ages between 0.2 s and 2 s are concerned. Therefore,
it seems as if the guess about the formation of ions NHaHHzo )k(NH3nnamely at
the age of some hundreds of milliseconds is quite questionable. Accordingly, any
conclusion can not be made because of the discrepancy of data, all the same, it is
clear that the strong effect of NH3 obtained by means of the model exceeds the
expectations on the ground of the respective results of observations.

Proceeding from Chapter 2, evolution of positive ions depends on the
concentrations of several other neutral gases. As regards the model, in principle
the situation is as follows: first, several gases, such as acetonitrile or methanol,
have effects (not presented here) analogical to the one obtained in case of
acetone, consequently, the results obtained by means of the model are in
gualitative accordance with the results obtained by virtue of observations;
secondly, several effects observed (e.g., due to amines) can not be simulated
correctly because of shortage of necessary data.

Next let us deal with masses of the ions. In case of ions H30 HH0)k obtained
by virtue of the model, the main individual ion species should be Hs0-+HH:0)s
and Hs0 HH0)6 with masses of 109 a.m.u. and 127 a.m.u. respectively, in case
of ions NH#(H2 )k(NH3n the main individual ion species should be
NHsHHo)4 and NHsHHo)5 with masses of 90 a.m.u. and 108 a.m.u.
respectively, in case of ions CsHeEN+-X-Y, there should mainly be ions
CHIN+H20)5with mass 169 a.m.u. For comparison, the mobilities of positive
ions are about 1.5 cm2(V s), which should, in conformity with Formula (1.2), be
equivalent to masses of about 140 a.m.u. Consequently, the masses of ions
CsHsN+X-Y are quite close to the masses supposed on the ground of mobility
spectrums of positive ions; unfortunately, the same can not be said about ions
H0 HHO0)k and NHaHHo )k(NHs)n Therefore, the latter two ions should
actually be clustered more heavily than the ions included into the present model.
Unfortunately, the more heavily clustered ions can not be included into the model
because of shortage of necessary thermodynamic data.

The discussion presented in this Article can be summarized as follows: the
present model of the evolution of positive ions yields the results oftentimes
significantly close to the results obtained by means of measurements, still, certain
discrepancies appear particularly when ions at the age of about 1 s are
concerned, likewise, the quantitative accordance is not sure. Most of the discrep-
ancies are likely to be due to shortage or inaccuracy of necessary initial data.

Besides, some results about evolution of ions at lower temperatures are
presented as well: it seems as if at lower temperatures the ions of earlier stages of
evolution (ions H0 HH0)K) are more abundant. Unfortunately, this result can
not be assessed because the measurement results about the dependence of
composition of ions on temperature are actually absent.

In addition, some illustrative results are depicted in Figures 4.1 and 4.2.

The content of Figure 4.1 is somewhat analogical to that of Tables 4.2 and
4.3 in Tables 4.2 and 4.3 the relative parts of ions at the ages of 1 s and 3 s were
presented for many cases, at the same time in Figure 4.1 the aU-seale
time-variations of relative parts of ions are depicted for case A only. As we can
see from Figure 4.1, buffer ions Hz0 HHO0)k become dominant already at very
early stages of the evolution of ions, henceforth, the buffer ions stay dominant
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until the age of about few seconds when terminal ions become apparent. Figure
4.2 has the same content as Table 4.1 has, only the form of presentation of data

is more expressive.

time, s 10~n (T 10~9 1(T8 1(T7 10-6 1.0 10

Figure 4.1. Time-dependence of concentrations of positive ions. Case A;
(legend to cases: see Table 4.1).

Figure 4.2. Dependence of steady-state abundances of positive ions on con-
centrations of some neutral gases; (legend to cases: see Table 4.1).
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4.2. Evolution of negative ions
Some quantitative results obtained by virtue of simulation of the evolution of
negative ions are presented in Tables 4.4, 4.5, and 4.6; some illustrative results
are depicted in Figures 4.3 and 4.4. In the first place, let us consider certain
common problems not evident in the Tables but resulting from the model
presented in Article 2.5.5.2.

First, in conformity with the model a large number of ions
NGOz (HNO3k (HCI)n should be formed. The result accords with the results of
measurements regarding the information reviewed in Article 2.4.4: composition
of negative ions has indeed been found to be significantly dependent on the
concentration of HCL True, the results of measurements contain only a
qualitative description of the effects, ions NO3(HNO3k(HCI)n have not been
mentioned anywhere, but according to the discussion presented in Article 2.5.5.2
these ions are very likely to occur because there is very few data about other ions
which may be regarded as the ions due to HCL On the other hand, the results
concerning a large number of ions NO3*(HNO3k (HCn do not accord with
several other results: as to natural air, the ions have not been observed, according
to the observations either ions NO3(HNO3(H2)mor ions HS04 XY, where X
and Y denote either HD, HS040r HNO3molecules, should be dominant. True,
the observed ions NO3-X-Y might, in effect, contain not only HD and/or HNO3
molecules, but also HCL molecules because of the problems of identification of
ions described in Chapter 2. All the same, the fact deserves to be mentioned: the
ions including HCL molecules have been reported only very exceptionally. For
comparison, the model results in the composition of ions containing ions
NO3(HNO3r(H2) miess than ions N03(HNO3K(HCI)n which is quite unlike as
to the results of observations.

The mathematical reason of the problem is obvious: the large number of ions
NO3(HNO3k-(H)n is conditioned by very fast reactions

NO3'HNO3+HC1+ M ->NO3 HNO3HCL+ M
and

NO3(HNO32+ HCL+ M -> NO3(HNO32HCL + M,

introduced in Article 2.5.5.2. The data about these reactions have been taken
from (lkezoe, 1987), the author of the present work can not assess these data.
Anyway, the problems described above are mainly due to these two reactions.

In order to get a better accordance with the results of observations, we will
use the decreased concentration of HC1: the concentration considered normal is
henceforth equal to 1.2x107cm3 Actually, the concentration should be decreased
about 10 more times, as it can be seen from the comparison between case A and
case B. Nevertheless, in the present work we confine ourselves to the decrease
mentioned above, since in the opposite case the concentration of HC1 would be
too different as compared with the concentration found out in Chapter 3. As a
matter of feet, concentrations of HC1 are quite well known (see Chapter 3),
therefore, the decrease applied above can not be sufficiently motivated: it is true
that in this way the model becomes closer to the other results, still, this is the sole
motivation. In effect, the set ofthe data about ion-molecule reactions employed in
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the present work should be improved, yet, this can not be done because of
shortage of data.

The common problem discussed last is not the last one: namely, the model
results in superfluous amount of ions NO2-X-Y. As regards the mathematical
aspect, the situation is due to the following very fast reactions:

02 (H0) + S02-> S04+ H0,

02 (H0)2 + S02 -> SOa" (H0) + H0,

02 (H0)3+S02->SQu (H0)2+Hd
and

02 (H0)4 +S02-> S04 (H0)3 + H0.

The reactions produce ions SO4 ¢(H20)k, which, in their turn, will be transformed
both into ions N 02-X*Y (about 70%), and into ions NOs -X-Y (about 30%).
Respective reactions were introduced in Article 2.5.5.2, and the author of the
present work can not assess them. Nevertheless, it is clear that the reactions
result in a superfluous number of ions NO2-X-Y As we have no additional
information about the reactions, the discrepancy can be eliminated in two ways:
first, we can exclude the very fast reactions producing ions SO4 (H0)K;
secondly, we can decrease the concentration of SO2. In the present work the
decreased concentration of SO2 is used: the concentration considered normal is
henceforth equal to 3,0x108cm3 As to motivation, this method can be motivated
only by the feet, that, due to it the outcomes of the model become closer to the
results obtained by means of measurements.

The changes described above in this Article result in a new normal case of the
model outcomes of which are presented in Tables 4.4 - 4.6 as case A.

Next, let us discuss the outcomes presented in Table 4.4. As we can see,
provided that the discrepancies discussed above are discarded, the outcomes are
quite close to the results of observations of the natural composition of negative
ions. True, ions NO3 (HNO3k (H20)k should be substantial both according to
model and according to the results of observations. As regards observations,
besides ions NO3 (HNOsV~OX, ions HSCVXY should be substantial,
whereas X and Y denote either HX0, HNO3 or H2S04 molecules. As to the
model, the latter ions become substantial in case of increased concentrations of
H2S04. in case the concentration of H2S04 is equal to 4,0xI08cm'3 the part of
ions HS04 'X*Y makes up about 26%, and it increases along with a further
increase in the concentration of H2SO4. In order to conclude the quantitative
assessment, the actual concentrations of H2S04 are to be known. Unfortunately,
the actual concentrations of H2SO4 are not well known, as shown in Chapter 3.
Consequently, with certain reservations not only the concentration derived in
Chapter 3, but also the concentration of 4,0x108cm'3 can be considered normal.
If so, the outcomes presented as case C can be regarded as the outcomes of the
normal case, which also accord well with the results of observations: true, both
ions HSO4 XY and ions NO3m(HNO 3k,(H20)k have been found out by
observations, whereas the observed variations of their relative abundances ran be
simulated by means of respective variations in the concentration of H2S04.
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Nevertheless, the conclusions are mostly qualitative, the quantitative assessment
can not be terminated because of shortage of data.

Table 4.4. The steady-state abundances of negative ions.

lons A
CO03 (HD)K 0
02 (HD)K 1
HCO3 (HD)k 1
CPCHaOX 0
HS04X Y 0
SO4 (H20)k 0
NO2 (H2)k 15

55
NO3HCI(HNO3k 27
(H20)k

All abundances in per cents.
Legend to cases:

>

Paragraph 4.3;

—IOTMMOoOOm

©O O O b b O

78

Case

D

A ©O O b O R |1 ©

(e0]
=

The concentration of HC1 decreased 10 times;
: The concentration of H2SO4 increased 100 times;
The concentration of HNO3 increased 100 times;
The concentration of NO2 increased 100 times;
The concentration of SO2increased 100 times;
The concentration of water decreased 2 times;
The concentration of water increased 2 times;
The evolution of ions at temperature 243K, case A.

© b O |1 o o

32
51

All concentrations of neutral gases according to Table 3.1 and

r O B LB O O o

82

Next, let us assess the outcomes describing the time-dependence of the
concentrations; the outcomes are presented in Tables 4.5 and 4.6. For

comparison, we will mainly apply the results reviewed in Article 2.4.4.

Conformably to the results reviewed in Article 2.4.4, at the ages of ions
between about 0.2 s and 1 s, the nature of negative ions should change: the
earlier class of ions should be replaced by a new class of ions, whereas the actual
age for the process to take place depends on the concentration of water (see also

Figure 2.1).
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Table 4.5. The abundances of negative ions at the age of about 0.25 s.

Case
lons A B C D E F G H |1
C03"(H0)k 5 B 15 7 o 3 23 5 2
02 (HO)k 69 69 69 69 2 4 23 8 23
HCO03 (H0)k 1 1 1 ! 1 1 1 1 0
cr-o”ox 0 0 0 1 0 0 0 0 0
HS04 XY 0 0 0 0 0 0 0 0 0
S04"(H0)k 0 0 0 0 o 29 1 0 0
NO2 (H0)k 4 4 4 4 8 4 14 13
NOs (HNO3k(H0)k 11 11 1 18 9 10 40 4 41

All abundances in per cents.
Legend to cases: See Table 4.4.

A certain change in the nature of negative ions can also be observed as compared
the results in Table 4.5 with the results in Table 4.6: true, the earlier ions
02 (HO)Kkare replaced by ions NO3 (HNO3)k(H20)k, and the actual age for the
process to take place depends on the concentration of water, as it can be seen
from cases G and H. As regards the individual ion species, most of ions
02 (H0)k are actually in form 02 (H0)5 most of ions NO3 (HNO3)k(H0)k
are either in form NO3 (H0)3 or NO3'(H0)2 As the masses of the respective
ion species are 122 a.m.u., 116 a.m.u., and 98 a.m.u., the change in the nature of
ions should be accompanied by a decrease in the masses of ions, which, likewise,
accords with the results reviewed in Article 2.4.4. On the other hand, proceeding
from the results depicted in Figure 2.1, and from Formula (1.2), the mobilities of
the respective classes of ions should be about 1.8 cm2(V s) and 2.0 cm2(Vs),
which should be equivalent to masses of about 90 a.m.u. and 65 a.m.u.
Consequently, the masses obtained by virtue of the model exceed the ones
expected on the ground of the data depicted in Figure 2.1. Nevertheless, Formula
(1.2) does not represent the exact nexus between the mobility and the mass of an
ion as described in Chapter 2, therefore, the mobilities mentioned last may, in
effect, be conditioned not by the masses expected last, but by some other masses,
that is why, the ion species expected on the ground of the model may be right.
Moreover, the actual number of water molecules clustered around the core of an
ion strongly depends both on the temperature and on the concentration of water,
therefore, the differences in masses mentioned above may actually be due to

128



different conditions. Thus, it seems as if the outcomes of the present model of
negative ions are comparatively close to the results of measurements, as to the
ageing of ions and effects conditioned by variations in the concentration of water.

Next, let us scan the data about effects conditioned by variations in the
concentrations of certain neutral gases. As it is known from Article 2.4.4,
composition of ions at the age of about 1 s significantly depends on the
concentrations of NO2, HCl, certain sulfur oxides, chloracetic acid, and several
amines; less substantial effects can be observed due to the large number of gases,
e.g. HNOg; whereas HeSOs has been found to have no significant effect on the
composition of ions at the age of about 1s.

Effects conditioned by variations in the concentrations of several gases have
been studied also by means of the present model, some outcomes are presented in
Tables 4.5 and 4.6. Differently from Table 4.4, ions Cr-(H2)k have not been
included in Tables 4.5 and 4.6 in form of a separate row, because the actual
concentrations of ions Cr-(H2)k were very low. Instead of that, “ions” CI’ X Y
have been introduced denoting both ions NO3'HCI (HNo3)k(H2D)ic and ions

CT(H0)k

Table 4.6. The abundances of negative ions at the age of about 1s.

Case

lons A B C D E F G H |

COs (H~™ 15 15 15 3 0 7 1 12 1
02 HO)k 26 25 25 26 0 4 1 68 0
HCO: (H:0)k 1 1 1 1 1 1 1 1 o0
CI'XY 0 0 0 11 0 0 2 0 2
HS04 XY 0 0 0 0 0 0 0 0 0
S04 (H0)k 1 1 1 1 0 42 0 0 0
NO2 (HO)k 11 11 1 1 90 14 18 3 16

NOs (HNOjV~AOk 47 47 47 48 9 32 78 17 8l

All abundances in per cents.
Legend to cases: See Table 4.4.

As we can see from Tables 4.5 and 4.6, variations in the concentrations of both
NOz and SOz have remarkable effects on composition of ions. In the first case a
laige number of ions NO2 (HO0)k is formed, while the concentrations of other
ions become negligible (case E); in the second case a considerable amount of ions
S04'(H0)k is formed, whereas the latter ions are indeed heavier as compared
with the other ions in the system. The result accords quite well with the effect
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depicted in Figure 2.3 (case F). As regards the strong effects conditioned by HC1
observed by measurements, similar effects result from the model as well: as
discussed above, the effects due to HCL1 are even too strong. Next, HNO3 has an
effect, although weaker, indeed: an increase in the concentration of HNO3
induces an increase in abundance of ions ClI -X-Y (case D). As to the influence
due to H2504, the respective influence on ions which are about 1s of age, can be
considered negligible (see case C). Consequently, all the effects presented in
Tables 4.5 and 4.6 accord, in principle, with the ones found out by virtue of
measurements. Nevertheless, certain effects reviewed in Article 2.4.4 can not be
simulated nowadays because of shortage of the data about necessary
ion-molecule reactions.

Figure 4.3. Dependence of steady-state abundances of negative ions on

the concentrations of some neutral gases (legend to cases: see
Table 4.1).

In addition, Tables 4.4 - 4.6 present the results describing the composition of
ions which should be at lower temperatures (case I). At lower temperatures, the
terminal ions should be formed faster: already at the ages of about 1 s the main
ions should be NO3-(HNO 3k(H20 )k while in the steady state, ions
NO3*HCI-(HNO3JK-(H20)k should be dominant. Unfortunately, these outcomes
can not be assessed because of shortage of respective measurement results.

Besides, some illustrative results are depicted in Figures 4.3 and 4.4.

The contents of Figure 4.3 and Table 4.4 are identical. Similarly, Figure 4.4
has the same content as Table 4 6 has, only the forms of presentation of data are
more expressive in the latter variants. The fact that the effects due to the changes
in the concentration of neutral gases depend on the age of the ions, becomes
evident specially while comparing Figure 4.3 with Figure 4.4.
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Figure 4.4. Dependence of abundances of negative ions of the age of
about 1 s on concentrations of some neutral gases (legend to
cases: see Table 4.1).

The results of the model of negative ions can be summarized as follows. On the
one hand, several outcomes ofthe model are quite close to the results obtained by
measurements, at least as to qualitative aspects. On the other hand, certain
problems discussed above remain unsolved. Nevertheless, it seems as if the core
ofthe present model is comparatively accurate, it would be quite easy to improve
the model as soon as the new data of interest becomes available.
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aeroioonide EVOLUTSIOONI MATEMAATILINE
MODELLEERIMINE

KOKKUVOTE

Kaesolevas toos on tegeldud ohus leiduvate kergete ioonide moodustumise
matemaatilise modelleerimise probleemidega.

Esimeses peatiikis on antud ulevaade ulesande matemaatilist kulge
puudutavatest probleemidest ja nende probleemide lahendusvoimalustest.
Selgub, et ioonide moodustumist kiijeldava mudeli lahendamine on upris
komplitseeritud, seda isegi siis, kui jargida antud probleemi kasitlemisel
tavaliselt alati tehtavaid lihtsustusi (pohiline lihtsustus: mudelis esinevate
neutraalsete ainete kontsentratsioone kasitletakse muutumatutena, mis viib
vorrandsiisteemi lineaarseks). Komplikatsioonid on tingitud sellest, et vastav
vorrandsiisteem on suur (vdrrandite arvuga tile 100) ja jaik (vorrandites
esinevate liilkmete suurusjargud erinevad kuni 1012 korda). Vastava ulesande
paremaks lahendamiseks on valja tootatud senistest efektiivsem
lahendusmeetod, milline voimaldab rahuldava ajakuluga modelleerida nii
ioonkoostise ajalist muutumist kui ka statsionaarset ioonkoostist. Lisaks on
analiiiisitud andmeid, millised on vajalikud ioonide tekkimist ja
rekombinatsiooni kiijeldavate suuruste korrektseks maaramiseks.
fiiusikalis-keemilisi andmeid: teadaolevaid mudeleid, erinevates tingimustes
saadud mootmistulemusi ioonkoostise kohta, mootmistulemusi ioonkoostise
muutumist tingivate faktorite kohta ja ioonide moodustumist maaravate
ioonkoostis on vagagi muutlik, Kkusjuures markimisvaame osa 5hus
esinevatest ioonidest on siiamaani identifitseerimata. Siiski on teada moned
ioonid, millised esinevad koige sagedamini: positiivsetest ioonidest piiridiini
sisaldavad ioonid ja ioonid NH4+(HD)k(NH3n negatiivsetest ioonidest
ioonid NO3'(HN03)n(H20 )mja ioonid HS04'X Y loonkoostis soltub vaga
tugevasti mitmete neutraalsete gaaside kontsentratsioonidest, nagu naiteks
mitmed halogeenid, NO2, SO2, klooraadikhape, mitmed amiinid, atsetoon,
triklooretiileen, dimetuulsulfoksiid, atsetonitriil ja puridiin. Suur osa teises
peatiikis kasitletavatest andmetest parineb mitte mass-spektromeetriast. vaid
liikuvusspektromeetriast, mistottu on antud ulevaade ka liikuvusspektrite
interpreteerimise probleemidest.

Analiiiisitud on ioone moodustavate reaktsioonide Kkiiruste soltuvust
rohust ja temperatuurist. Selgub, et molemad soltuvused on tegelikult vaga
individuaalsed, kusjuures soltuvuse konkreetne kuju pole tavaliselt teada,
mistottu kaesolevas mudelis arvestatakse nimetatud soltuvuste mdju vaid
teatavatel erijuhtumitel. Temperatuuristsoltuvust arvestatakse klasteri-
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seerumisreaktsioonide juures, samal ajal jaetakse see soltuvus arvestamata
enaniiku teist jarku reaktsioonide juures, kuna viimatinimetatud reaktsioonide
soltuvus temperatuurist on iildjuhul palju norgem. Reaktsioonide Kiiruste
soltuvust rohust arvestatakse mudelis pohiliselt reaktsioonide tasakaalu-
konstantide vaartuste ja keskkonna tiheduse muutumise kaudu.

Kolmandas peatiikis on antud ulevaade teadaolevatest andmetest
neutraalsete gaaside kontsentratsioonide kohta. Selgub, et mitmete
teadaolevalt oluliste gaaside tegelikud kontsentratsioonid on kiillaltki halvasti
teada, mis tahendab uhtlasi, et nende gaasidega seotud mudeli osad on
paratamatult maaratud kiillaltki ebatapselt.
oelda, et algandmete praeguse taseme juures ei ole ioonide evolutsiooni vaga
tapne modelleerimine sisuliselt voimalik, mistottu tuleb pidada tehtud
lihtsustusi mitte ainult paratamatuteks, vaid ka moistlikeks.

Neljandas peatiikis on antud luhiiilevaade koostatud mudeli abil saadud
pohilistest tulemustest ja pohilistest probleemidest; piirdutud on
luhiiilevaatega, kuna oluline osa saadud tulemustest on juba publitseeritud.
Koostatud mudel sisaldab 207 positiivset iooni, 151 negatiivset iooni, 150
neutraalset gaasi ja 1605 ioonmolekulaarreaktsiooni. Koostatud mudel on
taiuslikum kui teadaolevates toodes esitatud teised mudelid: 1) Kui teised
mudelid on uurinud ioonkoostist vaid mingites konkreetsetes vanuses, siis
kaesolevas toos on modelleeritud ioonkoostist peaaegu kogu ioonide eluea
jooksul, 2) Kaesolevas toos saadud tulemused on vahemalt kvalitatiivses
kooskolas nii noorte ioonide, umbes 1 s vanuste ioonide kui ka statsionaarse
ioonkoostise kohta teada olevate katseandmetega, samal ajal pole teada iihtki
teist mudelit, mis oleks sedavord heas kooskolas koigi eelpoolnimetetud
katseandmetega, 3) Kuna kaesolevas toos uuritakse ioonkoostist peaaegu
kogu ioonide eluea jooksul, siis on voimalik modelleerida ka mitmeid
taiendavaid teadaolevaid efekte, eriti neid, millised esinevad umbes 1 s
vanuses, uhtlasi on selle kaudu voimalik margata ning parandada mudeli
moningaid puudusi. Mis puutub teistesse toodesse, siis nimetatud efekte pole

modelleeritud ja mitmed mudelites tegelikult esinevad puudused on jaanud
markamata.

kiijeldab kergete aeroioonide moodustumise pohiprotsesse iildjoontes oigesti,
mis voimaldab uute andmete saamisel mudelit iipris holpsasti kaasajastada.
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