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Mechanism and factors determining the ozone content in troposphere, as well as factors
participating in the ozone formation and sink are discussed. Photochemical formation of ozone in
clear atmospheric conditions, during smogs and lightnings, other photochemical sources of ozone,
transport of ozone from stratosphere to troposphere, as well as the ionic cycle are considered.

Introduction

It was considered for a long time that ozone
enters the atmosphere mostly from superstrata, i.e.,
from troposphere, where it is generated under action
of the solar UV radiation.! However, it has been
discovered in the 60s that a significant part of ozone
can be formed during photochemical processes
directly from precursor gases,? as well as there are
other mechanisms of ozone formation® in troposphere:
lightnings, ™ ion cycle,%” charged cosmic particles,®
and so on. This paper is devoted to consideration of
these mechanisms and factors.

1. The estimation of tropospheric
ozone budget

The estimation of factors involved in processes
of ozone formation and sink are presented in Table 1.

As is seen, in Southern and Northern
hemispheres almost double difference between
individual components can be reached. However, if
the difference in ozone sink onto the Earth surface
can be explained by different land and sea areas, then
it is not clear why the ozone transfer from
stratosphere to troposphere in Dboth hemispheres
differs so strongly. The comparison of each

component in any hemisphere shows that
photochemical formation and desruction are of more
importance than other factors. Of interest is the
difference between estimates of the same components
made by different authors.

Later the authors of the listed works tried to
improve the first estimates with the use of global and
regional models of different complexity. Some results
are listed in Table 2.

However, even more sophisticated model
methods (Table 2) did not smooth the above
difference, although Table 2 contains only a part of
available estimates. For example, in Ref. 28 the
difference in photochemical generation estimates
varies from 2300 to 5300 Tg/year. The same
varitaions are seen between other components.

Among other sources of tropospheric ozone
lightnings are the most significant. This source is
rather  variable and its contribution differs
significantly depending on the region. So, estimates
of contribution of different components to the ozone
total Dbalance in the open troposphere in the
Mediterranean show that if the ozone total content in
the tropospheric air column is 50 DU, then 30% of
this magnitude is of stratospheric origin, 13% is
formed by lightnings, and 29% have a photochemical
origine.? Even greater value (37%) was received for
Southern Atlantic.*

Table 1. The estimations of source and sink power of ozone in troposphere (10'? g /year) and its budget (10"’ g)

Factor | Noythern Soqthern Globe References
hemisphere hemisphere

Inflow from stratosphere 420 230 650 9
430 220 650 10
Photochemical formation 770—2050 320—450 990—2500 11
330—1240 180—690 310—1930 12
Photochemical sink 1330 1110 2440 12
Sink onto the Earth surface 940—1300 360—760 1300—2100 13
650 430 1080 14
Budget 94 47 141 15
158 83 241 16
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Table 2. The estimation of ozone balance (10'? g /year) and budget (10'? g) by models
Model Transport fI“OHl Photoch'emical componeflts Depositi9n onto Budget | Reference
stratosphere formation | destruction the surface

UTO 846 — — 1178 370 17
GEOS-CHEM 470 4900 4300 1070 315 18
MATCH 480 3940 3120 1300 — 19
UCI 473 4230 3885 812 288 20
HGISS 400 4100 3680 820 310 21

MATCH-MPIC 540 4560 4290 820 294 22, 23

ECHAM4 590 4375 4300 668 294 24, 25
MCGAT 565 3314 3174 705 216 26
ECHAMS,/MESSy1 — 4854 4467 780 319 27

2. Photochemical formation of ozone
in troposphere

Photochemistry studies physical and chemical
changes of molecules interacting with light.!
According to the Grotthuss—Draper law, molecular
chemical changes are caused only by the light
absorbed by a molecule. Chemical changes in
molecule occur when it reaches an excited state with
the energy sufficient for breaking bonds. The
dissociation energy of bonds varies from 1 eV in
ozone to 11 eV in carbon dioxide. The corresponding
radiation wavelengths are 1.24—0.001 pm and lower.
The radiation of microwave (1—10 cm) and IR
(1—10 pm) ranges, absorbed by molecule, causes its
rotational or vibrational excitation, which is not
efficient enough to cause a chemical change.

The second law of photochemistry was
formulated by Stark and Einstein.*? Each molecule
participating in a photochemical reaction changes its
state when absorbing a single light quantum (the
primary photolysis act proceeds under action of one
quantum). Further, secondary reactions or even chain
processes can proceed,® involving in reaction any
number of molecules. This number is defined by the
character of secondary processes and by the reaction
conditions. For example, average number of
dissociated molecules of ozone attributed to a single
absorbed quantum varies from zero to several tens.*

The lifetime of an exited molecule (after the
absorption of a light quantum) is usually about
10~% sec. Under standard illumination density, they
react or deactivate before absorbing the second
quantum, even if the process section is large.®

Evidently, all these laws hold for ozone. The
theory of ozone photochemical formation was created
virtually from two parallel branches: the study of
processes of the stratospheric ozone formation and
analysis of mechanism of the “dry” smog formation.

Photochemical theory of stratospheric ozone
formation has passed several stages in its
development. First, S. Chapman has proposed a
theory of ozone formation in reactions with
participation of particles containing only oxygen®:

Oy +hv—> O+ 0O, 150 <L <300 nm,
O+0,+M—->0O3+M,

O3 + hv —» 0x('Ag) + O('D), 180 < A < 300 nm,
03+ O - 20,.

Further, the reactions of vibrational and
electron-exited states of the particles were added to

this process®®:

05+ O('D) - 20 + O,
— 20'Ag),
03 + Oy("Ag)— O + 20,,
Ox('Ag) + M— Oy + M,
0x('Ag)— Oy + hv,
o'D)+M - O+ M,
O+0+M —>0O,+ M,
- 0y + ('Ag) + M,
0,('Ag) + 0> 0, + O,
20,('Ag) — 20,.

The Chapman reaction for a long time was
sufficient  for theoretical analysis of oxygen
photochemistry and explanation of a few known
facts. The appearance of new experimental data has
shown the reaction to be insufficient.

For example, calculations of global O3
formation, taking into account only oxygenous
reactions, yield a great excess of ozone.” Tt turned
out that in reaction of ozone with atomic oxygen
only 20% of the formed Oj is destructed; and the Oj
transfer through the tropopause makes up only 1%.
Consequently, there should be additional reactions
causing Oz destruction.

According to Ref. 38, two types of redox
transformations are important cycles for ozonosphere:

X+ 03> XO + O, X+ 03> X0+ 0,
XO+O—)X+OQ XO""Oq—)X‘FzOQ
03+O—> 202 Oq"’o—) 30'3

In this case, the original substance X (catalyst)
should be of photochemical origin stipulated by its
source, i.e., solar radiation. The photons of solar
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radiation can take part in catalytic cycle of the
following type

X+03—)XO+02
XO + O3 » XOy + Oy
XOQ+IZV—)X+OQ

203 +hv > 302

At the next stage in the development of
photochemical theory of ozone formation the
hydrogen (hydroxyl) cycle was added to the general
scheme. This cycle was discovered in 1950, when
V.I. Krasovskii and J. Meinel revealed that OH is a
source of the intense infrared radiation of night sky.*
In the same year D.R. Bates and M. Nicolet revealed
an important role of H and OH as catalysts of
chemical reactions.” According to Ref. 41, H,O
photolysis can be a source of H and OH in the
atmosphere:

H,O + hiv > H + OH, % < 242 nm.

As it was noted in Ref. 42, such particles can be
the result of O('D) reactions with methane, water,
and hydrogen. )

J. Hampson and B.G. Hant"™® % added to the
analysis the following hydroxyle cycles, separated by
Bates and Nicolet:

H + 03 — OH + 02
OH+O—->H+ O,
O + O3— 20,
OH + 03—) HOZ + 02
H02 +O— OH + 02
O+ Og—) 202
H02 + 03—) OH + 202
OH + O'g—) H02 + 02
03 + 0'3 g 302,

which made the theoretically derived models of ozone
distribution in the atmosphere significantly closer to
the experimental ones, however, with numerous
discrepancies between them.

Further development of photochemical ozone
formation theory was stimulated by introduction of
nitrogen cycles.

Having analyzed the above discrepancies,
V.N. Konashonok® comes to a conclusion that there
is an additional ozone loss in the layer below 50 km,
caused by the presence of small impurities containing
NO, NO,, and their reactions. Then P. Krutzen have
made an assumption that ozone balance in the
atmosphere greatly depends on NO, formed from
oxidation of N,O, which is released from the
underlying surface.”” . Johnston has attracted
attention to a potential danger of the ozonosphere
partial destruction by the supersonic aviation,
polluting air with nitrogen oxides. Therefore, the
nitrogen cycle was introduced:
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NO + 03—) NOZ + 02
NO, + O—> NO + Oy

O + Og—) 202

In 1968, studies of stationary and non-stationary
ozone concentration in the atmosphere, containing
NO and NO,, allowed adding the NO, photolysis® to
Chapmen’s classical reactions. According to his
calculations, the decrease of ozone density at an
altitude of 20 km under stationary conditions made
50% as compared to classical equilibrium one.*

The second branch of ozone photochemical
generation has been developed due to the necessity to
define the cause of “dry” smog formation. This
special type of atmospheric pollution was first
registered in 1944 in Los-Angeles and was called
photochemical smog.”® Unlike the well known
London smog, i.e., the dense fog with the impurities
of soot and sulfur oxides, the photochemical smog
appears due to the influence of sun light (usually
under conditions of stable stratification of the
atmosphere with low relative humidity). Further
investigation justified and made more precise that
conception and made it possible to form general idea
of smog genesis.”*™!

It turned out that formation of the
photochemical smog starts under impact of solar
radiation on nitrogen oxides in the presence of
hydrocarbons.” The hydroxyl, resulted from these
photochemical interactions, oxidizes hydrocarbons."3
These  reactions  yield ozone, formaldehyde,
peroxyacetylnitrates, and so on. Thus, the same
substances as in stratosphere participate in smog
formation, except for hydrocarbons.

Both of these branches united, when Demerdjian
first formulated the mechanisms of hydrocarbon
oxidation in the presence of NO, with ozone
formation in polluted air*; and it was found that
relatively high stationary concentrations of HO and
HO, are observed in troposphere under the sun
light.”

Tropospheric  chemistry  began its  rapid
development, when it was discovered that many
results obtained for stratosphere can be applied to
troposphere.

When discussing the data obtained in
background conditions, the mechanisms working at
smog conditions are often used.® However, it was
shown” that the ozone formation under clear and
background conditions differ drastically.

2.1. Photochemical generation
of ozone in clear conditions

Heterogeneous tropospheric chemistry, including
ozone, is widely discussed in recent years.’’™"
Krutzen and Zimmerman stated® that tropospheric
ozone makes up 10% of total content and its
concentration at the ground layer varies from 15 to
30 ppb, however, playing a key role in tropospheric
chemistry, since the photolysis of this small amount
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gives a rise to a chain of reactions, sometimes leading
to smog formation™:

O3 + hv - O'D + Oy, % <320 nm. 1)

Here, the wavelength of solar radiation is of
importance, because at a longer wavelength the ozone
decomposition leads to®'

O;+ v > O°P + Oy, 320 < L < 400 nm. (2)

Interacting with an oxygen molecule the occurred
oxygen atom leads to ozone retrieval:

03P+02+M—) 03 +M, M=N2, 02. (3)

About 90% of O'D, formed through the reaction (1),
goes to a lower state due to the interaction with air
molecules®:

O'D+ M - O°P + M, (4)

then ozone is retrieved through the reaction (3).
Under standard conditions the remained 10% of
O'D react with water vapor, yielding the hydroxyl®:

0O'D + H,0 — 20H. (5)

Note that the reaction (5) is ten-fold faster than
cycles (4) and (3).

Besides, O'D can react with nitrous oxide,
which is present in air, yielding rather reactive
nitrogen oxide®:

N,O + O'D - 2NO (6)
or with methane and hydrogen, yielding hydroxyl
N,O + O'D — CHj; + OH, (N
H, + O'D - H + OH, (8)
as well as with such stable molecules® as CO,:
O'D + CO, —» COs, 9
CO3+ M — CO, + O°P + M, (10)

02+03P+M—)03

with further formation of ozone molecule.

Further behavior of air system depends on the
concentration of trace gases. In the absence of CO
and hydrocarbons, a photochemical balance between
nytrogen oxides and ozone® is established in
troposphere:

NO + O'g g N02 + 02, (11)
NO, + hv = NO + O'P, 12)
O+0,+M —> O3+ M. (13)

If CO or other hydrocarbons are present in the
atmosphere, then this balance becomes broken and
OH becomes the principal reactant, generated
through the reaction (5).

The hydroxyl concentration on the average is
equal to 7.7-10° molec/cm® [Ref. 64]. It increases up
to 2-8-10° molec/cm® due to photochemical
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processes, leading to their self-maintainance or even
strengthening.®® Apparently, the OH is one of the
strongest oxidizers in the atmosphere. Not without
reason it is called the tropospheric cleaner.®
Hydroxyl reacts with CO, CHy, and hydrocarbons of
different origin.

Depending on the nitrogen oxide concentration
in the atmosphere, further transformation of
substances (CO, in particular) can go in two waysr’S:

I. CO + OH - H + CO»
H+O,+ M- HOy+ M
H,O + NO —» OH + NO;,

NO, + iv + NO + O A <400 nm (14)
O+0,+M—>03+M

CO + 2C0O; » COy + O3

II. CO+ OH - H + CO,
H+O,+M - HO,+M
HO; + O3 - OH + 20,
CO + O3 —» COy + O,.

15)

According to the first cycle, ozone concentration
at NO24-107"2(4 ppt) increases from 20 to
100 ppb. The transition to the second cycle occurs at
NO <2-10".

The occurrence of additional ozone by the first
cycle converts NO into other nitrogen oxides®:

day
NO + O3 - NO, (16)
NO, + OH + M - HNO3 + M,
night
NO; + O3 - NO3 + O, 17

N03+N02+M—)N205+M.

A part of reactions can proceed only in the
presence of HO, yielding H,O,, which can be formed
by the following cycle®:

CO + OH -» H + CO,
H+Oy,+M —> HO,+M
HO; + HO; - H,0, + Oy 18)
H,0, + hv— 20H, % < 350 nm
2CO + Oy = 2COs.

Further, H,0O, takes part in the catalytic
reaction

HO, + HO; —» H,0;, + O,
H202 + OH —» H02 + HQO (19)
OH + H02 e HQO + 02.

If only non-organic gases were in the
atmosphere, then in photochemical cycles the
approximate balance NO ~ O3 would hold. However,
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the balance is impossible due to the presence of
hydrocarbons of natural and anthropogenic origin.
One of the most controlled mechanisms is methane
oxidation. This mechanism can also ramify™:

I. NO ~ 1 ppb
CH; + OH - CH; + H
CH; + O, + M — CH;
CH;0, + NO —» CH;0 + NO,
CH;0 + 0, » CH,O + HO, (20)
HO, + NO - OH + NO,
NO, + v - NO + O, & < 400 nm
O+0,+M—> 05+ M
CH; + 40, > CH,O + H,0 + 20;
II. NO<4-107"2 (4 ppt)
CH, + OH - CHj; + H,0O
CH; + Oy + M - CH;0, + M
CH;0, + HO, - CH50,H + O, 1)
CH;30,H + v - CH50 + OH, % < 330 nm
CH;0 + 0, » CH,O + HO,
CH, + O, » CH,O + H,0O
II. NO < 107"
CH; + OH - CHj + H,O
CH;+ O, + M —» CH;0, + M
CH50, + HO, — CH30,H + O, (22)
CH30,H + OH - CH,O + H,O + OH
CH; + OH + HO, - CH,O + 2H,0.

An important fact for the first mechanism is a
formation of two Oz molecules simultaneously with
OH, HO,, NO, and O, molecules, acting as catalysts
in further cycles. Five O'D atoms are formed for one
OH radical.”

Provided the NO content in the atmosphere is
low, the methane reaction proceeds by II type with
formation of such toxic component as formaldehyde.

Finally, if NO concentration is very low, then
the alternative mechanism is realized. According to
this mechanism, OH and HO, are spent, that causes
complete termination of photochemical reactions.

However, under the influence of ultraviolet
radiation the ozone sink by the third mechanism can
be broken because of formaldehyde oxidation with
formation of 0.8 HO, per 1 CH,O. This process can
also ramify:

I. CH,O + v - H + CHO, % <350 nm
H+Oy,+M—> HO,+M
CHO + O, » CO + 2HO,
CH,0 + 20, » CO + 2HO,
II. CH,0 + OH - CHO + H,0O
CHO + O3 » CO + HO, (24)
CH,O + OH + O, - CO + H,O + HO,

(23)
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[I. CH,O + v — CO + Hy, A 350 nm.  (25)

Hydroxyl can react with more complex
carbohydrates. This reaction will be discussed in the
following sections. Here we present the scheme of
ethane oxidation, as an exampleGS:

C,Hg + OH — CyH5; + H,O
CHs + Oy + M —» CyH;0, + M
C,H50, + NO —» C,H50 + NO, (26)
C,H;0 + O - CH3CHO + HO,
CH3CHO + hv - CH3 + CHO

and further the process follows one of the schemes of
the ethane oxidation.

The reaction constants are given in Refs. 66—70.

Now we present the results from Ref. 71 to
demonstrate the complexity of the tropospheric ozone
problem. The author presents the reactions of ozone
generation from classical precursors, which can not
be realized in troposphere.”?”7* It is stated that ozone
formation in real atmosphere proceeds through the
following reactions:

RH + 30, + hv — products + 203, 7
CO + 20, + hv = CO, + Oy, (28)
CH, + 20y + v - H,CO + O, (29)
H,CO + 20, + hiv - H,O + CO + O3.  (30)

Only reaction (30) from the above list can be
taken into consideration, because formaldehyde
photolysis is positively affected here by the solar
radiation with a necessary wavelength. Reactions
(27)—(29) can Dbe actualized only in the upper
atmosphere.

Finally, we should underline that the ozone
generation processes are non-linear, even though some
components behave in time inphasely or are in
antiphase.”>7

2.2. Generation of ozone in photochemical
smogs

The study of ozone formation has always been of
great importance, because the influence of high ozone
concentrations on the living and non-living objects
has a profound negative effect.”™® Numerous
investigations allowed the building of a general
scheme of smog generation followed by the fast
increase of the ozone concentration.

The formation of photochemical smog starts
with the influence of solar radiation on nitrogen
oxides in the presence of hydrocarbons.” In a series
of chemical cycles these primary components
transform  into  different secondary impurities
(especially into such oxidants as ozone, oxygen,
nitrogen dioxide, and peroxyacetylnitrates).

As it was shown above, ozone is generated in the
atmosphere by the following basic cycle:
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NO, + iv - NO + O
O+ 02—)0‘3
O3 + NO - NO, + Os. (31)

However, the transformations of only NO, can
not provide for high ozone concentrations observed in
photochemical smogs, because O3 and NO, constantly
decompose and reduce without any significant change
in their mean concentrations. Consequently, some
process is necessary, which breaks the cycle, i.e.,
nitrogen oxide is transformed into dioxide without
the change in the ozone amount.

This process exists due to the presence of
hydrocarbon compounds in automobile and industrial
emissions.  The interaction  between  organic
compounds and hydroxyl radicals leads to the
consecutive reactions’:

RH + OH - R + H,O
R+0y,+M— RO, +M
RO, + NO —- RO + NO,
RO + Oy » HO, + RCHO (32)
HO; + NO - OH + NO,
2(NOy + v - NO + O)
200+ 0,+ M- O3+ M)
Total: RH + 4052hv — RCHO + 2H,0 + 20s.

In order to continue the chain, the active center
OH should constantly return to the beginning of the
cycle (32), because the hydroxyl concentration in the
atmosphere is low (see the previous section). This can
be realized through photolysis of the formed
aldehydes (usually, formaldehyde) or by the
scheme” 10!

CH,O + hv -» HCHO
H+0;+M— HO,+ M
CHO + Oy —» CO + 2HO, (33)
Total: CH,O + 205, — CO + 3HO..

And then the formed HO, rapidly reacts with
nitrogen oxide

H02 + NO —> N02 + OH (34)

or follows the above scheme of CO oxidation.
Studying the process of photochemical smog
formation, V.A. Isidorov pointed to several ways of
its possible development.!” At a relatively high
content of aromatic hydrocarbons in air the ozone
concentration and the rate of ozone accumulation
decrease to some extent because of low outcome of
peroxide radicals and elimination of a part of
nitrogen oxides in the form of nitrophens. The same
result takes place at formation of alkylnitrates and
nitrites, peroxyacetylnitrates and inorganic nitrogen
compounds, such as water-soluble N,Os and HNOs.
Consequently, the ozone accumulation depends on
the relation between initial concentrations of organic
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compounds, i.e., precursors of peroxide radicals and
nitrogen oxides:

D[O3]/dt = R[NO, + RO,]/[NO]J[RO,]. (35)

At a low ratio the speed of NO conversion into
NO, is also low and nitrogen oxide becomes involved
in the process of ozone destruction [the last reaction
in the system (31)]. Ozone is not accumulated also at
very high ratio due to nitrogen dioxide binding with
organic radicals:

RO + NO, - PAN (36)

or due to reaction of the formed O; with
hydrocarbons:

O3 + RH — products.

Apart from this basic mechanism, one more
mechanism has been considered,'® which suggests
that free radicals, formed in the reaction of the
atomic oxygen with hydrocarbons, can be bound with
molecular oxygen, yielding the organic peroxyl
radicals RO, which then react, yielding ozone

RO, + Oy - RO + Os. (37

This could explain the effect of the increase of
ozone equilibrium concentrations in the presence of
hydrocarbons. The reaction of molecular oxygen in
singlet  state  with  olefines, yielding the
hydroperoxides, is also possible:

010)51
O;+R—CH=CH—CHQR—>1£—CH—CH=CHR.
(38)

This reaction is followed by hydroperoxide
decay and generation of radicals of RCO type. After
that the following reactions can proceed'*:

RCO + O, » RCO3
RCO;3 + NO —» RCO, + NO,
RCO; + Oy - RCO, + Os. (39)

To the present, smog situations are studied
rather thoroughly in natural and model experiments,
conducted in smog chambers. Let us consider some of
them.

So, it was informed in Ref. 104 on generation of
10 ozone molecules from each emitted NO, molecule
in the period of smog formation (Tenessee, USA).

Of interest are results of comparison of
compositions of organic compounds in air and in
industrial emissions!® (Table 3).

As is seen, the initial, intermediate, and final
transformation products are present in atmospheric
air simultaneously. Only 7 organic compounds were
under monitoring; and 6 of them were in the
emissions, while only one in products of
transformation. % Consequently, it is impossible to
improve the situation with photochemical smog
without monitoring reactive organic gases and
decreasing NO emissions. 1°
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Table 3. The composition of organic compounds in emissions of industrial plants and in atmospheric air'®
Emissions m"tl?r atmospheric Identified in atmospheric air in the city
Compound M Number Coinciding The absence
ass, ton Total . - A
of substances with emissions of coinciding
Hydrocarbons 298.7 32 55 28 27
Including:
saturated — — 29 — —
unsaturated — — 16 — —
cyclic - - 10 - -
aromatic 535.7 13 31 9 22
clorinated 2.3 1 3 — 3
spirits 211 2 4 1 3
Ethers 6.9 3 — — —
organic oxides 0.4 1 — — —
aldeghydes — — 11 — —
Ketones 66.5 2 4 2 2
Esters 291 3 4 3 1
nitrocompounds 53.3 1 2 — 2
volatile oils, terpenes — — 3 — 3
Total 1014 58 117 43 74
Table 4. Concentration of olefines (ppb) in clear (*) and polluted cities
Compound | Ayantepau* | Budja* | Amsterdam* | Pariagun | Kantaura (39chi?ies)
Ethane 1.06 1.31 0.40 37.7 57.4 21.4
Ethylene 0.60 1.52 0.54 1.08 3.53 —
Acetylene 0.13 — - - - -
Propane 0.10 0.32 0.15 19.30 27.30 7.7
Propylene 0.38 0.63 0.31 0.43 0.85
Isobutane 0.03 0.09 0.02 4.27 6.21 2.95
n-butane 0.04 0.02 0.05 5.59 8.61 2.95
Isopentane 0.11 0.10 — 2.05 3.10 1.70
n-Pentane 0.06 0.11 0.07 1.53 2.16 3.60
Hexane 0.04 - - 0.43 0.30 0.50
Isoprene 1.60 — — 0.59 3.20 -
References 107 107 108 107 107 109
The data on the concentration ozone cycle or
components in smog and standard situations are SO,CB)) + 0y - SO3 + OCP) (44)

presented in Table 4.

Note that processes of smog formation can
proceed not only in the atmosphere but also in the
polluted room air.'"°

2.3. Other photochemical sources of ozone

As it is known, a certain amount of sulfur
dioxide is present in troposphere (even in the
background one). The following mechanism of ozone
generation in the process of photochemical oxidation
of this gas!!"! is possible:

SO, + v + Oy = SO,, & <390 nm,  (40)
SO, + Oy - SO3 + Os. (41)

A similar mechanism is described in Ref. 112. It
starts with transition of SO, molecules into active
state through the reaction

SO, + hv = SO, (®B)), 340 < & < 400 nm, (42)
and then reacts with 0,SO;

SOQ(3B1) + 02504 —> SOq + 03, (43)

with following formation of ozone
OCP)+ 0y + M > O3+ M.

Apparently, the mechanisms of sulfur dioxide
oxidation are not efficient for troposphere, because
we failed to find in literature any estimates of their
significance.

A great number of researchers studied the role of
halogens in ozone destruction in stratosphere in
connection with formation of ozone holes. It was
found in a series of works that under conditions close
to tropospheric ones, ozone can be formed in
reactions with bromine compounds!*®

HO, + BrO - HBr + O3,

which can proceed at the room temperature.

The authors of Ref. 114 investigated the
oxidation of ethylene and acetylene in the presence of
bromine oxides. It turned out that after a series of
chain reactions, OH and O3 are also formed along
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with organic products. The measurements conducted
in Alerto have shown that the behavior of C,Ho,
C,Hy, and Oj is synchronous. This can indicate the
importance of such mechanisms for tropospheric
pollution.

3. Ozone formation at lightnings

The connection between ozone and
thunderstorms was noticed in the past century.
According to the recent conceptions,® the ozone
formation in troposphere can occur under the
influence of electric discharges of two types: silent
(corona) and thunderstorm (lightning). Lightning
discharge  produces a  wide  spectrum  of
electromagnetic radiation, including ultraviolet. At
A <250 nm the latter can generate excited molecules

of oxygen in 02(32+u), state, which are then

involved in the reaction:

0,S*1) + Oy = O3+ O + 41.9 kJ- mol ™,
O+0,+M — O3+ M.

The initial estimates of ozone amount produced
by that scheme were done in Refs. 115 and 116,
where the presented high values were comparable
with those for the ozone content in the atmosphere.

However, it was later shown that the main
source of ozone is just the silent discharge, because
the ozone concentration rises long Dbefore the
beginning of a thunderstorm.!” The increase in the
magnetic field intensity in thunderstorm situations
leads to producing of silent discharges in tops of
trees, bushes, and even grass. The discharge initial
intensity is 8—9 V/ecm. Three hours before
thunderstorm about 3—10° pg/sec is generated in a
volume of 1 liter in the ground layer, i.e.,
0.03 ug/m®. Taking into account a high possibility of
ozone loss in the ground layer, this process can be
considered as locally significant and not important
for the total balance of tropospheric ozone. The
scheme of its formation can be the following.

Electrons with the energy higher than 5.09 eV
can dissociate oxygen molecules both in silent and
lightning discharges

1/20+ e > e+ O.

The energy, spent for this process, is equal to
109.5 kJ - mol™!, Then ozone is formed through its
typical reactions. If the energy of an electron is lower
(3—5 eV), then the dissociative adherence can take
place

e+ 0y > O+ 0O —347.8 kJ-mol .

Then either the classical reaction or the reaction of
the type follow

O +0; »>03+e—41.9kJ - mol .
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The following processes can proceed in parallel:
O +0,+ 03 >03+ Oy + 54.5k] - mol !
e+ 0y+ 0y—»> O + O3 —251.4 kJ - mol ",

Ions and electrons of atomic oxygen can break
ozone through the reactions

O + 03> Oy, + 03 +347.8 kJ - mol 1,
e+ 03— Oy + O +41.9 kJ - mol .

On the whole, as it was found out later, these
processes have only a local significance,''® therefore
they are ignored in calculations of the total ozone
balance in the atmosphere (Table 5, borrowed from
Ref. 119).

It is seen that ozone inflow from stratosphere is
equal to 15—25%.

Table 5. The balance of ozone generation and sink

in troposphere (10 mol - cm™ - sec™)
Northern Southern
Process hemisphere hemisphere
generation| sink |generation]| sink
Transfer from
stratosphere 6.5 — 4.5 —
Photolysis - —10 - 7
Photochemical
formation 29 — 15.5 —
cO 15.5 6.2 — —
CH; 5.5 5.3 - -
Hydrocarbons 8 4 — —
Photochemical sink — —12 — 8
Sink onto the surface — —13.5 — 5
Total 35.5 —35.5 20 10

Thus, data of Table 5 prove that basic amount
of tropospheric ozone is resulted from photochemical
processes; and the initial impurities indicated for the
northern hemisphere are simultaneously the source
and the sink of ozone. The second significant source
of the ozone formation is its transfer from
stratosphere.

4. The ozone transfer from
stratosphere to troposphere

Stratosphere is one of the main perpetually
acting sources of tropospheric ozone. The knowledge
of ozone characteristics is important both for
estimation of Oj content balance in troposphere and
from the practical point of view. For example, to
develop the high-altitude aviation, it is necessary to
know mechanisms of O3 transfer and chemical
interaction with aircraft emissions.!'*

The inflow of *P, "Be natural radionuclides
formed in stratosphere!?’~'?° proves the fact that
ozone is transferred from stratosphere into
troposphere sinking onto the underlying surface.
More accurate methods based on isotope analysis of
the components, which directly take part in ozone
cycles, are used at present. 27131
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As is known, ' most ozone amount is formed in
the upper tropical stratosphere. The main areas of
ozone formation are located between 10°S and 35°N in
summer and between 38°S and 12°N in winter. Further
distribution in the atmosphere of the formed ozone can
be considered based on three different mechanisms:
molecular diffusion, stipulated by a high concentration
gradient; transfer by meridian and vertical downstream
ordered air motions in the Bruer—Dobson circulation
system; and forcing through tropopause with formation
of its folds in jet flow zone.'*

The idea of ozone turbulent transfer from
stratosphere into troposphere was formulated long
ago."®" However, later investigations have shown that
this mechanism unlikely is significant in stable
conditions of upper troposphere — lower stratosphere.
Open atmosphere in this layer is laminar and the
turbulent zones are of small horizontal (hundreds of
kilometers) and vertical (hundreds of meters)
dimensions, appearing in regions with significant
wind shifts.!® 3¢ However, significant turbulence
and transfer coefficients were obtained by numerical
modeling for some situations. 13 However, they
were not justified experimentally. Therefore, in case
of ozone vertical difference the molecular diffusion in
the direction of this difference gradient should be
observed.

The ozone, soaked through tropopause, should
then Dbe captured downwards by a very strong
turbulence in the atmospheric boundary layer." In
this case, the ozone distribution in the atmosphere in
the absence of advection can be described by the
following equation:

02 (k) o
ot 0z 0z

where O3 is the ozone concentration; K is the
molecular diffusion coefficient; O is the sink power,
g/(g.sec).

The development of the Bruer—Dobson
circulation theory has passed several stages.?® First,
they noticed the ozone flow from the equator to the
pole,"™ and explained this fact by disturbing waves
originating in troposphere. The wave sources they
thought the flow interaction with mountains,
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synoptical ~weather conditions, and convection
penetrating  into  stratosphere.  Entering  the
stratosphere, the waves dissipate. In the case of
thermal wind balance the waves initiate movements
directed to the pole, as well as downstream
movements in high-latitude troposphere.'"! The mass
balance in stratosphere remains stable due to
upstream  movements in  tropical  tropopause.
P. Fabian was the first who estimated the Bruer—
Dobson circulation parameters.' It turned out that
the meridional speed of the transfer was equal to
0.4 cm/sec and the speed of downstream movement
was about 0.1 cm/sec. It was clear that accurate
estimating of such quantities was impossible.

To solve this problem, both complex!'"* 8 and
simple models have been tried, which could elucidate
at least a part of the process or only one
phenomenon. ™~ All existing methods can be
divided into 4 groups'™*:

1) methods based on the Eiler equation for the
flows through tropopause and on estimates of
individual members of the equation155’157;

2) the method using estimates of non-advective
part of the movement through tropopause'?;

3) trajectory methods based on
approach 3160,

4) the methods using transfer schemes with
physical parameterization and estimations of tracer
transfer through tropopause. '%161:162

The calculation results by these and some other
models are presented in Table 6.

As is seen, on the whole the yearly globe flow is
estimated differently by different authors, sometimes
with a four-folde difference: minimum is equal to
343 Tg/year and maximum is equal to 1492 Tg/year.
Evidently, such a scatter is conditioned by initial
meterological parameters taken for different periods,
as well as by different estimates of ozone precursors
in models.

Detailed  studies of ozone flows from
stratosphere into troposphere for different seasons in
northern hemisphere!®” 8! have shown that a latitude
zone of 25—40°N in the area of tropopause
discontinuity and subtropic jet stream is most
favourable for the stratospheric ozone transfer.

Lagrange

Table 6. Annual ozone flow (Tg/year) from stratosphere into troposphere

Model TFlow ’ References Model Flow, References
g/ year Tg/year

UI1O 846 17 HGISS-GHM 390 169
GEOS-CHEM 470 18 STOCHEM 432 170
MATCH 1440 19 GISS-GCM 750 171
UCI 473 20 CHASER 593 172
HGISS 400 21 MAZART?2 343 173
MATCH-MPIC 630—540 22, 23 LMDz-INCA 523 174
ECHAM-4 459 24, 25 UMD-CTM 479 175
ECHAM-3.2 575 163 IMPACT 663 176
IMAGES 550 164 STOCHEM 395 177
ECHAM/TMS3 740—768 165 FRSGC/UCT 519 178
CTMK 1092—1429 166 SUNYA-GCCM 606 179
MOZART 391 167 MIN 343

MATCH-MPIC 1103 168 MAX 1492
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The contribution of photochemical and
stratospheric sources of tropospheric ozone in 30—
60°N zone is roughly equal. In the seasonal behavior
the winter and spring transfer is maximal.!8*~184

The ozone transfer in tropopause folds 619 was
revealed in the 60s based on the data of radiolocation
and inverse trajectories.'*! Aircraft experiments
confirmed this phenomenon.!®~' The lidars capable
of detecting the phenomena with greater temporal
and  spatial  resolution  gave even  more
information.'941%

For a long time only downstream branch of
spiral circulation, where ozone was transferred, has
been fixed. At the present time, there are numerous
data, which confirm the existence of the upstream
branch and the transfer of minor air components:
water Vapor,zm’203 methane, nitrous oxide and
others?*=2% from troposphere to stratosphere.

Discussions of any atmospheric phenomenon
require the knowledge of its repetition and power,
i.e., its general significance. This data can be found
in Ref. 207, where it is also shown that the largest
number of tropopause fold phenomena in the
Northern hemisphere is registered in the period from
December to January, reaching 700 cases per month.
The smallest number is registered in the period from
June to July and does not exceed 400 cases per
month. The number of such folds in the Southern
hemisphere is much less. Their maximum is registered
in the cold period from April to June, reaching 340—
360 cases per month. The repetition minimum is
registered in summer in December and is equal to 260
cases per month.

In a series of research works, ozone flows from
stratosphere into troposphere through the tropopause
fold were estimated. Some of these estimates are
collected in Table 7.

The data of Table 7 reveals 3 peculiarities. The
first of them is a great spread of values. The second
is the existence of the seasonal trend. The third one
states that the method of ozone flow estimation is not
important for close seasons. Similar results are
presented in Ref. 214.

5. Ion cycle

Charged particles produced under the influence
of galactic cosmic rays, solar wind, and radioactive
nuclear decay of atmospheric impurities are always
present in the atmosphere.?’> The concentration of
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free electrons in the atmosphere is very small due to
the rapid reaction of their adherence to aerosol
molecules or particles*®:

e+t Oy +M—> 0O, + M.

Therefore, the charged part of tropospheric air mainly
consists of positive and negative ions.

When considering the ozone formation with the
charged particles, the authors of Ref. 6 underline a
possibility of the existence of two O3 generation cycles
in the atmosphere:

0, +0 > 03 +e,
e+ 20, »> O; + 0,

and
O +0 - 05+ 03
0; +20, - O + Oy
Although, according to their estimates, the

contribution of these cycles is very small in
comparison with standard reaction of the ozone
formation

O+0,+M — O3+ M.
It is noted*'® that the role of nitrogen in the

processes of ozone formation and decay is very
important. Nitrogen molecules are involved in the

trimolecular process. Besides, the excitation of N3
molecule can transfer energy to O, molecules:
N3 + Oy - N, + O3
— N, + 20.
Ions N3 are involved in recharging of O, molecules,

which results in formation of ions O3:

N§+02 —)N2+O§.

Oxygen atoms are formed as a result of reaction
of nitrogen atoms and ions:

N "+0, > NO+O
N* + O, - NO*O.

These processes lead to absorption of radiant
energy by nitrogen, which in turn leads to formation
of ozone and to processes conditioned by the direct
influence of radiation on oxygen. The authors of
Ref. 216 point out that this radiochemical process
essentially differs from the photochemical one.

Table 7. The estimates of ozone flows from stratosphere
to troposphere through tropopause (10* molec /day)

Determination method Month | Flow |References
Mesoscale model February 1.8 208
> > February 7.9 209
» » April/May 10.4 210
Ozone lidar + Inverse trajectories March 10.0 211
Radio probing + Inverse trajectories October 4.0 212
Ozone lidar + Inverse trajectories November 6.5 213
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Conclusion

The analysis of mechanisms and factors
determining the ozone content in troposphere shows
that the main sources of ozone are: ozone transfer
from stratosphere to troposphere, its photochemical
formation from precursors, and ozone generation at
lightnings.

The transfer of O3z from stratosphere into
troposphere is a stable source with seasonal
modulation. In the process of ozone photochemical
formation and destruction in troposphere much more
O3 can be generated and decayed than transferred
from stratosphere. However, this source has daily and
seasonal components. The processes of O3 generation
in background and smog situations should be
distinguished.

The amount of ozone, generated during
thunderstorms, in some areas can be compared with
that generated photochemically and the transfer from
stratosphere. However, this phenomenon is of
regional character.

Other mechanisms are of less importance.

It is evident that in the open system (like the
atmosphere) all the mentioned mechanisms can be
realized simultaneously competing with each other in
the photochemical component. This fact will be
considered in detail by us in future.

New available works on the issue can be of

interest to readers, therefore we give their
references.?!’ 2%
Acknowledgements

This work was financially supported by
Presidium RAS (Program No. 16), as well as by the
Earth Science Department (Programs Nos. 9 and 11),
Russian Federation for Basic Research (Grants
Nos. 07-05-00645 and 08-05-10033), and the ISTC
(Project No. 3032).

References

1. V. Grewe, Atmos. Chem. Phys. 6, No. 6, 1495—1511
(2006).

2. V. Marecal, E.D. Riviere, G. Held, S. Cautenet, and
S. Freitas, Atmos. Chem. Phys. 6, No. 6, 1567—1584
(2006).

3. A.P. Mitra, Indian J. Radio and Space Phys. 19, Nos. 5—
6, 383—399 (1990).

4. J.-H. Ruy and G.S. Jenkins, Atmos. Environ. 39, No. 32,
5799—-5805 (2005).

5. D. Singh, V. Gopalakrishnan, R.P. Singh, A.K. Kamra,
S. Singh, V. Pant, R. Singh, and A.K. Singh, Atmos. Res.
84, No. 2, 91—110 (2007).

6. I.K. Larin and V.L. Tal’reze, Dokl. Akad. Nauk SSSR
233, No. 3, 410—413 (1974).

7. B.M. Smirnov, Usp. Fiz. Nauk 117, Is. 2, 313—332
(1975).

8. K.Ya. Kondratyev, L.S. Ivlev, and S.N. Khvorostovskii,
Dokl. Ros. Akad. Nauk 373, No. 3, 383—387 (2000).

9. J.D. Mahlman, H. Levy, and W.J. Moxim, J. Atmos.
Sci. 37, No. 3, 655—685 (1980).

10. G.D. Robinson, Quart. J. Roy. Meteorol. Soc. 106,
No. 448, 227—253 (1980).

B.D. Belan

11.J. Fishman, S. Solomon, and P.J. Crutzen, Tellus 31,
No. 5, 432—446 (1979).

12.S.C. Liu, D. Kley, M. Mc Farland, J.D. Mahlman, and
H. Levy II, J. Geophys. Res. C 85, No. 12, 7946—7952 (1980).
13.1.E. Galbally and C.R. Roy, Quart. J. Roy. Meteorol.
Soc. 106, No. 449, 599—620 (1980).

14.W.J. Williams, J.N. Brooks, and D.G. Murcra, J.
Atmos. Sci. 29, No. 7, 1375—1379 (1972).

15.P.G. Pruchniewich and P. Fabian, J. Geophys. Res. D
82, No. 15, 2063—2073 (1977).

16.F. Routhie, J. Geophys. Res. C 85, No. 12, 2848—2960
(1980).

17.T. Berntsen, I.S.A. Isaksen, W.C. Wang, and
X.Z. Liang, Tellus B 48, No. 1, 13—32 (1996).

18.1.D. Rey, J. Jacob, J.A. Logan, and R.M. Yantosca, J.
Geophys. Res. D 106, No. 19, 23097—23114 (2001).

19.P.J. Crutzen, M.G. Lawrence, and U. Poschel, Tellus A
31, No. 1, 123—136 (1999).

20.0. Wild and M.J. Prathe, J. Geophys. Res. D 1053,
No. 20, 24647—24660 (2000).

21.Y.H. Wang, D.J. Jacov, and J.A. Logan, J. Geophys.
Res. D 103, No. 9, 10713—10726 (1998).

22.R. Van Kuhlmann, M.G. Lawrence, P.J. Crutzen, and
P.J. Rash, J. Geophys. Res. D 108, No. 9, 4294, doi:
10.1029,/2002 JD 003348 (2003).

23.R. Van Kuhlmann, M.G. Lawrence, P.J. Crutzen, and
P.J. Rash, J. Geophys. Res. D 108, No.9, doi:
10.1029,/2002JD002893 (2003).

24.G.J. Roelofs and J. Lelieveld, J. Geophys. Res. D 103,
No. 18, 2269722712 (2000).

25.G.J. Roelofs and J. Lelieveld, in: Chemistry and
Radiation Changes in the Ozone Layer. NATO ASI Series
(Netherlands, 2000), pp. 25—43.

26.J. Lelieveld and F.J. Dentener, J. Geophys. Res. D 105,
No. 3, 35313551 (2000).

27.P. Jochel, H. Tost, A. Pozzer, C. Bruhl, J. Buchholz,
L. Ganzeveld, P. Hoor, A. Kerkweg, M.G. Lawrence,
P. Sander, B. Steil, G. Stiller, M. Tanarhte,
D. Taraborrelli, J. Van Aardenne, and J. Levieved, Atmos.
Chem. Phys. 6, No. 12, 5067—5104 (2006).

28.Sh. Wu, L.J. Mickley, D.J. Jacob, J.A. Logan,
R.M. Yantosca, and D. Rind, J. Geophys. Res. 112,
D05302, doi: 10.1029,/2006JD007801 (2007).

29.G.J. Roelofs, H.A. Screeren, J. Heland, H. Ziereis,
and J. Lelieveld, Atmos. Chem. Phys. 3, No. 4, 1199—1210
(2003).

30. B. Sauvage, R.V. Martin,
J.R. Ziemke, J. Geophys. Res. 112,
10.1029,/2006JD008008 (2007).

31.H. Okabe, Photochemistry of Small Molecules [Russian
translation] (Mir, Moscow, 1981), 450 pp.

32.J. Calvert and J. Pitts, Photochemistry
translation] (Mir, Moscow, 1968), 672 pp.
33.N.N. Semenov, Chain Reactions (Nauka, Moscow,
1986), 508 pp.

34.V.V. Lunin, M.P. Popovich, and S.N. Tkachenko,
Ozone Physical Chemistry (MSU, Moscow, 1998), 480 pp.
35.S. Chapman, Phil. Mag. Ser.7 10, No. 64, 369—385
(1930).

36.J.A. Kerr, Usp. Khimii 59, Is. 10, 1627—1653 (1990).
37.H.S. Johnston, Rev. Geophys. Space Phys. 13, No. 5,
637—649 (1975).

38.V.L. Tal’roze, A.I. Poroikova, I.K. Larin,
P.S. Vinogradov, and E.S. Kosimovskaya, Izv. Akad. Nauk
SSSR, Fiz. Atmos. i Okeana 14, No. 4, 355—365 (1978).
39.S.P. Perov and A.H. Hrgian, Actual Problems of
Atmospheric Ozone (Gidrometeoizdat, Leningrad, 1980),
288 pp.

A. Van Donkeraar, and
D11309, doi:

[Russian



B.D. Belan

40.D.R. Bates and M. Nicolet, J. Geophys. Res. 55, No. 2,
301—310 (1950).

41.K.H. Welge, Can. J. Chem. 52, No. 8, Part 2, 1424—
1435 (1974).

42.R.D. Cadle, Dise. Faraday Discuss. Soc. 37, No. 1, 66—
71 (1964).

43.J. Hampson, in: M. Nicolet., ed., Les Problems
Meteorologiques de la Stratosphere et de la Mesosphere
(Presses Universitaires de France, Paris, 1965), pp. 393—
340.

44.B.G. Hunt, J. Atmos. Sci. 23, No. 1, 88—95 (1966).
45.B.G. Hunt, J. Geophys. Res. 71, No. 5, 1385—1398
(1996).

46.V.N. Konashenok, Izv. Akad. Nauk SSSR, Fiz. Atmos. i
Okeana 4, No. 7, 797—799 (1968).

47.P.J. Crutzen, Quart. J. Roy. Meteorol. Soc. 96,
No. 408, 320—325 (1970).

48.G.P. Gushin, “The research of ozone in the Earth
atmosphere,” Doct. Phys.-Math. Sci Dissert., Leningrad
(1968), 436 pp.

49. G.P. Gushin, Atmos. Oceanic Opt. 16, No. 2, 103—110
(2003).

50.A.J. Haagen-Smit, Ind. Eng. Chem. 44, 1342—1346
(1952).

51.T.P. Oke, Climates of Boundary
(Gidrometeoizdat, Leningrad, 1982), 360 pp.
52.A.C. Compric, Progr. Phys. Geogr. 14, No. 3, 295-316
(1990).

53. W.L. Chameides,
J. Cardelino, J. Martinez, D. Parrsh, J. Greenberg,
P. Middeton, T. Wang, W. Lonneman, R.A. Hadson,
R.A. Basmussen, and P. Zimmerman, J. Geophys. Res. D
97, No. 5, 6037—6055 (1992).

54.K.L. Demerdjian, J.A. Kerr, and J.G. Calvert, Adv.
Environ. Sci. Technol. 4, No. 1, 1—6 (1974).

55.H.Levy II, Science 173, No. 3992, 141—143 (1971).
56.V.P. Butukhanov, G.S. Zhamsueva, V.S. Zayakhanov,
Yu.L. Lomukhin, and B.Z. Tsydypov, Atmos. Oceanic Opt.
15, No. 7, 545—548 (2002).

57.R. Atkinson, Atmos. Environ. 34, Nos. 12—14, 2063—
2101 (2000).

58.D.J. Jacov, Atmos. Environ. 34, Nos. 12—14, 2131—-2159
(2000).

59.D. Kley, M. Kleinmann, H. Sanderman, and S. Krupa,
Environ. Pollut. 100, Nos. 1—3, 19—42 (1999).

60.P.J. Crutzen and P.H. Zimmermann, Tellus 43, No. 4,
136—151 (1991).

61.D.H. Enhalt, Sci. Total Environ. 144, No. 1, 1—15 (1994).
62.J. Zimmermann and D. Poppe, J. Atmos. Chem. 17,
No. 2, 141—145 (1993).

63.P.J. Crutzen, in: Remote Sens. and Earth’s Environ.
(Noordurjk, 1990), pp. 105—113.

64.R. Prinn, D. Cunnold, R. Rasmussen, P. Simmonds,
F. Alyea, A. Srawford, P. Frazer, and R. Rosen, Science
238, 945950 (1997).

65.Yu.M. Gershenzon, S.G. Zvenigorodskii, and
V.V. Rozenshtein, Usp. Khimii 39, No. 11, 1601—1626
(1990).

66.V.N. Kondratyev, Gaseous-phase Reactions Constants:
Reference Book (Nauka, Moscow, 1970), 352 pp.

67. A. Atkinson, Atmos. Chem. Phys. 3, No. 6, 2233—2307
(2003).

68.R. Atkinson, D.L. Baulch, R.A. Cok, J.N. Crowley,
R.F. Hampson, R.G. Hynes, M.E. Jenkin, M.J. Rossi, and
J. Troe, Atmos. Chem. Phys. 4, No. 6, 1461—1738 (2004).
69.R. Atkinson, D.L. Baulch, R.A. Cok, J.N. Crowley,
R.F. Hampson, R.G. Hynes, M.E. Jenkin, M.J. Rossi, and
J. Troe, Atmos. Chem. Phys. 6, No. 11, 36254055 (2006).

Layer

F. Fehsenfeld, M.O. Rodgers,

Vol. 21, No. 7 /July 2008/ Atmos. Oceanic Opt. 531

70.R. Atkinson, D.L. Baulch, R.A. Cok, J.N. Crowley,
R.F. Hampson, R.G. Hynes, M.E. Jenkin, M.J. Rossi, and
J. Troe, Atmos. Chem. Phys. 7, No. 4, 981—1191 (2007).
71.D. Moller, in: The Problems of Atmospheric Boundary
Layer Physics and Air Pollution (Gidrometizdat,
St. Petersburg, 2002), 252—269 pp.

72.C.J. Walcek and H.H. Yuan, J. Appl. Meteorol. 34,
No. 5, 1056—1069 (1995).

73.D. Poppe and H. Lustfeld, J. Geophys. Res. D 101,
No. 9, 14373—14380 (1996).

74.A.S. Hasson and R.E. Manor, Atmos. Environ. 37,
No. 34, 4735—4745 (2003).

75.L.1. Kleinman, Y.-N. Daum, L.J. Nunnermacker,
S.R. Springton, J. Weinstein-Lloyd, and J. Rudolph, J.
Geophys. Res. 110, D02301, doi: 10.1029,/2004JD005096
(2005).

76.G.S. Tonnesen and Z. Wang, Atmos. Environ. 37,
No. 19, 3060—3087 (2004).

77.H. Hong, A. Yoshiaki, A. Mitsurn, and T. Masamitsu,
Chemosphere 44, 223—230 (2001).

78.0. Poulida, K.L. Civerolo, and R.R. Dickerson, J.
Geophys. Res. D 99, No. 5, 10553—10563 (1994).

79.G. Beig, S. Gunthe, and D.B. Jadhav, J. Atmos. Chem.
57, No. 3, 239—253 (2007).

80.M.C.M. Alvim-Ferraz, S.I.V. Sousa, M.C. Pereira, and
F.G. Martins, Environ. Pollut. 140, No. 3, 516—524 (2006).
81.M.E. Jankin, T. Davies, and J.R. Stedman, Atmos.
Environ. 36, No. 6, 999—1012 (2002).

82.P.H. Doum, L.I. Kleinman, S.R. Sprinston,
L.J. Nunnermacker, Y.N. Lee, J. Weinstein-Lloyd, J. Zheng,
and C.M. Berkowitz, J. Geophys. Res. D 108, No. 23, doi:
10.1029,/2003Jd003552 (2003).

83.B. Rappengluck, P. Ogola, I. Olaeta, and P. Fabian,
Amer. Meteorol. Soc. 39, No. 3, 275—290 (2000).

84.T. Wang, K.S. Lam, A.S. Lee, and S.W. Pang, J. Appl.
Meteorol. 77, Pt. 1, 1167—1178 (1998).

85.B.D. Belan, T.K. Sklyadneva, and G.N. Tolmachev,
Atmos. Oceanic Opt. 13, No. 9, 766—772 (2000).

86.E.P. Dombrovskaya, A.M. Kuklin, S.L. Zhukovskaya,
V.V. Khokha, and V.A. Antonova, Khim. Tekhnol., No. 1,
84—87 (1992).

87.G. Parkinson, Chem. Eng. 102, No. 9, 50—51 (1995).
88.H. Johnston and D. Kinnison, J. Geophys. Res. D 103,
No. 17, 21967—21984 (1998).

89.P. Brimblekumb,  Atmospheric ~ Composition  and
Chemistry (Mir, Moscow, 1988), 352 pp.

90.N. Carslaw and D. Carslaw, Surv. Geophys. 22, No. 1,
31-53 (2001).

91. G.R. Carmichael and L.K. Peters, Atmos. Environ. 13,
No. 6, 1069—1074 (1981).

92.P. Jimenez, J.M. Baldasano, and D. Dabdub, Atmos.
Environ. 37, No. 30, 4179—4194 (2003).

93.S. Bronnimann, W. Eugster, and H. Wanner, Atmos.
Environ. 35, No. 22, 37893797 (2001).

94.L.1I. Kleinman, Atmos. Environ. 34, Nos. 12—14, 2023—
2033 (2000).

95.Ch.L. Blanchard, Atmos. Environ. 34, Nos. 12—14,
2035—2043 (2000).

96. A.C. Compric, TProgr. Phys. Geogr. 14, No. 3, 295—316
(1990).

97. W.L. Chameides, F. Fehsenfeld,
C. Cardelino, J. Martinez, D. Parrish, = W. Lonneman,
D.R. Lawson, R.A. Rasmussen, P. Zimmerman,
J. Greenberg, P. Middleton, and T. Wang, J. Geophys.
Res. D 97, No. 5, 6037—6055 (1992).

98. A.M. Kuklin, S.L. Zhukovskaya, V.V. Khokha, and
V.A. Antonova, in: Thermocatalytic =~ Cleaning and
Reduction of Toxic Emissions in the Atmosphere (Nauk.
dumka, Kiev, 1989), pp. 138—142.

M.O. Rodgers,



532  Atmos. Oceanic Opt. /July 2008/ Vol. 21, No. 7

99. R. Atkinson, Chem. Rev., No. 1, 69—201 (1986).

100.R. Atkinson, A.C. Hoyd, and L. Wingess, Atmos.
Environ. 16, No. 8, 1341—1355 (1982).

101. W.P.L. Carter and R. Atkinson, J. Atmos. Chem. 3,
No. 3, 377—405 (1985).

102.V.A. Isidorov, I.G. Zenkevich, and B.V. Shoffe, Dokl.
Akad. Nauk SSSR 263, No. 6, 893—897 (1982).

103.M. Mac-Iven and L. Phillips, Atmospheric Chemistry
[Russian translation] (Mir, Moscow, 1978), 376 pp.
104.K.J. Olszina, E.M. Bailey, R. Simonatis, and
J.M. Meagher, J. Geophys. Res. D 99, No. 7, 14557—14563
(1994).

105. G.1. Sidorenko, E.N. Kutepov, E.G. Rastyannikov,
E.G. Charyeva, and T.V. Sheremetova, Gigiena i Sanit.,
No. 4, 4—8 (1994).

106.J.B. Milford, A.G. Russel, and G.F.Mc Rae, Environ.
Sci. Technol. 23, No. 10, 1290—1301 (1989).

107.L. Donoso, R. Romero, A. Rondon, E. Fernandez,
P. Oyola, and E. Sanhueza, J. Atmos. Chem. 25, No. 2,
201—214 (1996).

108. B. Bansang, M. Kanakidou, and G. Lambert, J. Atmos.
Chem. 11, No. 2, 169—178 (1990).

109. A.P. Altshuller, J. Atmos. Chem. 13, No. 2, 131—-154
(1991).

110. Ch.J. Weschler and H.C. Shields, Atmos. Environ. 31,
No. 21, 3487—3495 (1997).

111.]J. Bicard, in: Environmental Chemistry (Chemistry,
Moscow, 1982), pp. 260—275.

112.J.G. Calvert and W.R. Stockwell, in: SO, NO, and
NO, Oxidation Mechanism: Atmospheric Consideral
(Boston, 1984), pp. 1—62.

113. A. Mellouki, R.K. Talukdar, and C.J. Howard, J.
Geophys. Res. D 99, No. 11, 22949—22954 (1994).

114. H. Niki, G. Yarwood, and N. Peng, Pollut. Atmos. 33,
No. 2, 121—146 (1993).

115.J.L. Kroning and E.P. Ney, J. Geophys. Res. 67,
No. 8, 1867—1875 (1962).

116.R. Ozville, J. Geophys. Res. 77, No. 14, 3557—3561
(1967).

117.]. Papet-Lepine and A. Vassy, Ann. Geophys. 23,
No. 1, 113—115 (1969).

118.D.F. Harchilava and A.G. Amiranashvili, The Research
of Atmospheric Ozone Variation in Georgia (Nauka,
Moscow, 1988), 114 pp.

119. G. Megie, J. Bonte, P. Calier, et al., Rov. Inst. Fr.
Petrole 49, No. 1, 83—104 (1994).

120. M. Dutta, K.O. Patten, and D.J. Wuebbles,
Parametric analyses of potential effects on upper
tropospheric/lower stratospheric ozone chemistry by a
future fleet of high speed civil transport (HSCT) type
aircraft, Report NASA, CR-2005-213646 (2005), 29 pp.
121.E.F. Danielsen, J. Atmos. Sci. 25, No. 5, 502-518
(1968).

122.N.P. Shakina and I.N. Kuznetsova, Dokl. Ros. Akad.
Nauk 356, No. 3, 390—392 (1997).

123.H. Liu, D.J. Jacob, J.E. Dibb, A.M. Fiore, and
R.M. Yantosca, J. Geophys. Res. 109, DO07306, doi:
10.1029,/2003JD003988 (2004).

124. E. Garasopalos, P. Zanis, C. Parastefanou, Ch. Zerefos,
A. Tocinnedou, and H. Wernli, Atmos. Environ. 40, No. 22,
4113—4125 (2006).

125.P. Cristofanelli, P. Bonasoni, L. Tositti, U. Bonafe,
F. Calzolari, F. Evangelisti, S. Sandrini, and A. Stohl, J.
Geophys. Res. 111, D03306, doi: 10.1029,/2005JD006553
(2006).

126. H.N. Lee, L. Tositti, X. Zhend, and P.Bonasoni, J.
Geophys. Res. 112, D05303, doi: 10.1020,2006JD007421
(2007).

B.D. Belan

127.T. Rockmann, Newslett. AFO2000, No. 3, 7—10 (2003).
128.8S. Chakraborty and S.K.Bhattacharya, J. Geophys.
Res. D 108, No. 23, 4724, doi: 10.1020,/2002JD002915
(2003).

129.M.T. Coffey, J.W. Hanngan, and A. Goldman, J.
Geophys. Res. 111, D14313, doi: 10.1029,/2005JD006093
(2006).

130.T.S. Rhee, C.A.M. Brenninkmeijer,
Ch. Bruhl, J. Geophys. Res. 111,
10.1029,/2005JD006760 (2006).

131.R. Chaheen, C. Janssen, and T. Roekmann, Atmos.
Chem. Phys. 7, No. 2, 495—509 (2007).

132. H.U. Dutsch, Pure and Appl. Geophys. 116, Nos. 2/3,
511-529 (1978).

133. A.H. Hrgian, Atmospheric Ozone
(Gidrometeoizdat, Leningrad, 1973), 293 pp.
134.V.H. Regener, J. Geophys. Res. 63, No. 12, 3975—-3977
(1960).

135.N.K. Vinnichenko, N.Z. Pinus, R.M. Shmeter, and
G.N. Shur, Turbulence in Open Atmosphere
(Gidrometeoizdat, Leningrad, 1976), 286 pp.

136.N.P. Shakina, Tr. TsAO, Is. 112, 28—44 (1973).
137.N.M. Gavrilov and S. Fukao, in: Proc. Quadr. Ozone
Symp., Kos, Greece (2004), pp. 748—749.

138.T.N. Rao, J. Geophys. Res. 110, D18102, doi:
10.1029,/2004JD005374 (2005).

139. G.M.B. Dobson and A.W. Brewer, Proc. Roy. Soc.
London 185, No. 1001, 144—175 (1945).

140.J.G. Charney and P.G. Drazin, J. Geophys. Res. 66,
No. 1, 83—109 (1961).

141.J.R. Holton, P.H. Haynes, M.E. Mc Intyre, A.R. Douglass,
R.B. Rood, and L. Pfister, Rev. Geophys. 33, No. 4, 403—
409 (2004)

142.P. Fabian, P.G. Pruchnilwicz, and
Naturwissen. 58, No. 11, 541—546 (1971).

143. 0. Wild, Atmos. Chem. Phys. 7, No. 10, 2643—2660
(2007.

144.Ph.W. Mote, J.R. Holton, and B.A.Boville, J.
Geophys. Res. D 99, No. 8, 16815—16829 (1994).

145.J. Hsu, M.J. Prather, and O. Wild, J. Geophys. Res.
110, D19305, doi: 10.1029,/2005JD006045 (2005).

146.M.A. Obsen, M.R. Schoebert, and A.R. Douglass, J.
Geophys. Res. 109, D24114, doi: 10.1029,/2004JD005186
(2004).

147.D.B. Considine, P.S. Connell, and J.A. Logan, in:
Proc. Quadr. Ozone Symp., Kos, Greece (2004), pp. 739—
740.

148.K. Law, L. Pan, H. Wernli, H. Fischere, P. Hagnes,
R. Salawitch, B. Karcher, M. Prather, S. Doherty, and
A.R. Ravishankara, IGACtivi. Newslett., No. 32, 2-22
(2005).

149.L. De la Torre, L. Gimeno, J.A. Afiel, and R. Nieto, J.
Atmos. and Sol.-Terr. Phys. 68, No. 9, 989—998 (2006).
150.J.G. Levine, P. Braesicke, N.R.P. Harris,
N.H. Savage, and J.A. Pyle, J. Geophys. Res. 112, D04308,
doi: 10.1029,/2005JD006940 (2007).

151.J.M. Chagnon and S.L. Gray, J. Geophys. Res. 112,
D06314, doi: 10.1029,/2006JD007265 (2007).

152.8S. Fueglistaler, H. Wernli, and T. Peter, J. Geophys.
Res. 109, D03108, doi: 10.1029,/2003JD004069 (2004 ).
153.S.L. Gray, J. Geophys. Res. 111, D17113, doi:
10.1029,/2005JD006259 (2006).

154.M.S. Bourqui, Atmos. Chem. Phys. 6, No. 9, 2651—
2670 (2006).

155.M.Y. Wei, J. Atmos. Sci. 44, No. 20, 3079—3086
(1987).

156.V. Wirth, Quart. J. Roy. Meteorol. Soc. 121, 127—147
(1995).

M. Bras, and
D23303, doi:

Physics

A. Zand,



B.D. Belan

157.V. Wirth and J. Egger, Quart. J. Roy. Meteorol. Soc.
125, 635—655 (1999).

158.J.F. Lamarque and P.G. Hess, J. Atmos. Sci. 31,
No. 15, 2246—2269 (1994).

159. A. Stohl, J. Geophys. Res. D 106, No. 7, 7263—7279
(2001).

160.H. Wernli and M. Bourqui, J. Geophys. Res. 107,
D24021, doi: 10.1029,/2001JD003317 (2002).

161.S.L. Gray, J. Geophys. Res. 108, D4590, doi:
10.1029,/2002JD003317 (2003).

162. G.-J. Roefols and J. Lelieveld, Tellus 498, No. 1, 38—
55 (1997).

163. G.-J. Roelofs and J. Lelieveld, J. Geophys. Res. 100,
20983—-20998 (1995).

164.J.F. Muller and G. Brasseur, J. Geophys. Res. D 100,
No. 8, 16445—16490 (1995).

165.S. Houweling, F. Dentener, and J. Lelieveld, J.
Geophys. Res. D 103, No. 9, 10673—10696 (1998).

166. W.M.F. Wauben, J.P.F. Fortuin, P.F.J. van
Valthoven, and H. Kelder, J. Geophys. Res. D 103, No. 3,
3511—3530 (1998).

167.D.A. Hauglustain, G.P. Brasseur, S. Walters,
P.J. Rasch, J.-F. Muller, L.K. Emmons, and M.A. Carroll,
J. Geophys. Res. D 103, No. 21, 28291—28335 (1998).

168. M.G. Lawrence, P.G. Crutzen, P.J. Rasch, B.E. Eaton,
and N.M. Mahowald, J. Geophys. Res. D 104, No. 21,
2624526277 (1999).

169.L.J. Mickley, P.P. Murti, D.J. Jacob, J.A. Logan,
D. Rind, and D. Koch, J. Geophys. Res. D 104, No. 23,
30153—30172 (1999).

170.D.S. Stevenson, C.E. Johnson, W.J. Collins,
R.G. Dervent, and J.M. Edwards, Geophys. Res. Lett. 27,
No. 14, 2073—-2076 (1999).

171.D.T. Shindell, J.L. Grenfell, D. Rind, and V. Crewe,
J. Geophys. Res. D 106, No. 8, 8047—8075 (2001).

172.K. Sudo, M. Takahashi, and H. Akimoto, J. Geophys.
Res. 107, D4586, doi: 10.1029,/2001JD001114 (2002).
173.L.W. Horowitz, S. Walters, D.L. Maugzerall,
L.K. Emnoons, Ph.J. Rasch, C. Granier, X. Tie,
J.-F. Lamarque, M.G. Schultz, G.S. Tyndall, J.J. Orlando,
and G.P. Brasseur, J. Geophys. Res. 108, D244784, doi:
10.1029,/2002JD002853 (2003).

174.D.A. Hauglustain, F. Hourdin, L. Jourdain,
M.-A. Filiberti, S. Walters, J.F. Lamarque, and
E.A. Holland, J. Geophys. Res. D 109, D4314, doi:
10.1029,/2001JD003957 (2004).

175.R.J. Park, K.E. Pickering, D.]J. Aller, G.L. Stenchikov,
and M.S. Fox-Rabinovitz, J. Geophys. Res. 109, D24021,
doi: 10.1029,/2003JD004266 (2004).

176.D.A. Rotman, C.S. Atherton, D.J. Bergmann,
C.C. Canceron-Smith, P.S. Chuang, J.E. Connell, J.E. Dignon,
A. Franz, K.E. Grant, D.E. Kinnison, C.R. Molenkamp,
D.D. Proctor, and J.R. Tannahill, J. Geophys. Res. 109,
D04303, doi: 10.1029,/2003JD003155 (2004).

177.D.S. Stevenson, R.M. Doherty, M.G. Sanderson,
W.J. Collins, C.E. Johson, and R.G. Derwent, J. Geophys.
Res. 109, D17307, doi: 10.1029,/2004JD004759 (2004).
178.0. Wild, P. Pochanart, and H. Akimoto, J. Geophys.
Res. 109, D11302, doi: 10.1029,/2003JD003155 (2004).
179.S. Wong, W.-C. Wong, 1.S.A. Isaksen, T.K. Bernstsen,
and J.K. Sundet, J. Geophys. Res. 109, D11309, doi:
10.1029,/2003JD003998 (2004).

180. A.A. Kukoleva, Izv. Ros. Akad. Nauk, Fiz. Atmos. i
Okeana 38, No. 1, 95—101 (2002).

181. A.A. Kukoleva, Izv. Ros. Akad. Nauk, Fiz. Atmos. i
Okeana 38, No. 5, 683—693 (2002).

182. P. Monks, EUROTRAC Newslet., No. 22, 17—20 (2000).

Vol. 21, No. 7 /July 2008/ Atmos. Oceanic Opt. 3533

183. K. Miyazaki and T. Iwasaki, in: Proc. Quadr. Ozone
Symp., Kos, Greece (2004), pp. 776—777.

184.Y.K. Kim, H.W. Lee, J.K. Park, and Y.S. Moon,
Atmos. Environ. 36, No. 3, 449—463 (2002).

185. M. A. Shapiro, Mont. Weather. Rev. 103, No. 3, 244—
253 (1974).

186.M.A. Shapiro and F.J. Kennedy, J. Atmos. Sci. 38,
No. 12, 2642—2652 (1981).

187.M.A. Shapiro and F.J. Kennedy, J. Appl. Meteorol. 21,
No. 11, 1739—1746 (1982).

188.V.V. Osetchkin, in: Proc. of Int. Symp. on Atmos.
Ozone, Thessalonia, Greece (1984), 15 pp.

189. O. Cooper, C. Forster, D. Parrish, G. Hubler,
F. Fehsenfeld, J. Holloway, S. Oltmans, B. Johnson, and
A. Wimmers, J. Geophys. Res. 109, D23509, doi:
10.1029,/2003JD004006 (2004).

190. E.A. Ray, K.H. Rosenlof, D. Richard, D. Parrish, and

R. Jakoubek, J. Geophys. Res. 109, DO08106, doi:
10.1029,/2003JD004143 (2004).

191. O.R. Cooper, A. Stohl, G. Hubler, E.Y. Hsie,
D.D. Parrish, A.F. Tuck, G.N. Kiladis, S.J. Oltmans,

B.J. Johnson, M. Shapiro, J.L. Moody, and A.S. Lefohn, J.
Geophys. Res. 110, D23310, doi: 10.1029,/2005JD005783
(2005).

192.J. Brioude, J.-P. Cammas, and O.R. Cooper, Atmos.
Chem. Phys., No. 8, 2337—2353 (2006).

193. H.L. Clark, M.-L. Cathala, H. Teyssedre, J.-
P. Cammas, and V.-H. Peuch, Tellus 39B, No. 1, 39—49
(2007).

194. H. Eisele, H.E. Scheeb, and T. Tricke, J. Atmos. Sci.
56, No. 2, 319—331 (1999).

195.H. Flentje, A. Fix, and G. Poberaj, in: Proc. Quadr.
Ozone Symp., Kos, Greece (2004), pp. 61—62.

196.N.F. Elanskii, Izv. Akad. Nauk SSSR, Fiz. Atmos. i
Okeana 1, No. 9, 916—925 (1975).

197.N.F. Elanskii and Yu.L. Trutse, Izv. Akad. Nauk
SSSR, Fiz. Atmos. i Okeana 13, No. 1, 119—121 (1979).
198.B.D. Belan, “The influence of jet streams on the
distribution of optical active air components in open
atmosphere,” Preprint IAO SB AS USSR, Tomsk (1981),
No. 33, 56 pp.

199.B.D. Belan, in: Atmospheric Ozone (Gidrometeoizdat,
Leningrad, 1987), pp. 270—274.

200.D.W. Waugh, J. Geophys. Res. 110, D11305, doi:
10.1029/ 2004JD005669 (2005).

201.W.J. Randel, F. Wu, H. Vomel, C.E. Nedoluha, and
P. Forster, J. Geophys. Res. 111, D12312, doi:
10.1029,/2005JD006744 (2006).

202.F. Khosrawi, R. Muller, J. Beuermann, P. Konopka,
and C. Schiller, Tellus 38B, No. 3, 206—217 (2006).

203. A. Karpechko, A. Lukyanov, E. Kyro, S. Khaikin,
L. Korshunov, R. Kivi, and H. Vomel, Atmos. Chem. Phys.
7, 107—119 (2007).

204.E.J. Hintsa, K.A. Boering, M. Weinstein,
J.R. Podolske, J.J. Margitan, and T.P. Bui, Geophys. Res.
Lett. 25, No. 14, 2655—2658 (1998).

205.L.L. Pan, W.J. Randel, B.L. Gary, M.J. Mahoney, and
E.J. Hintsa, J. Geophys. Res. 109, D23103, doi:
10.1029,/2004JD004982 (2004).

206.J.R. Spackmann, E.M. Weinstock, J.G. Anderson,
D.F. Hurst, H.-J. Jost, and S.M. Schauffler, J. Geophys.
Res. 112, D12308, doi: 10.1029,/2006JD007618 (2007).
207.H. Elbern, J. Hendricks, and A. Ebel, Theor. Appl.
Climatol. 59, No. 3—4, 181—200 (1998).

208.J.F. Lamarqye and P.G. Hess, J. Atmos. Sci. 31,
No. 15, 2246—2269 (1994).

209.P. Spaete, D.R. Johnson, and T.K. Schaack, Mont.
Weather. Rev. 122, No. 3, 424—439 (1994).



534 Atmos. Oceanic Opt. /July 2008/ Vol. 21, No. 7

210.A. Ebel, H. Elbern, J. Hendricks, and R. Meyer, J.
Geomagn. and Geoelec. 48, No. 2, 135—144 (1996).

211.G. Ancellet, J. Pelon, M. Beekmann, A. Papagiannis,
and G. Megil, J. Geophys. Res. D 96, No. 12, 22401—22421
(1991).

212.G. Vaughan, J.D. Price, and A. Howells, Quart. Roy.
Meteorol. Soc. 120, 1085—1103 (1994).

213.G. Ancellet, M. Beekmann, and A. Papagiannis, J.
Geophys. Res. D 99, No. 2, 3451—3468 (1994).

214.M. Beekmann, G. Ancellet, S. Blonsky, D.De Muer,
A. Ebel, H. Elbern, J. Hendricks, J. Kowol, C. Mancier,
R. Sladkovic, H.G.J. Smit, P. Speth, and Ph. Van Haver,
J. Atmos. Chem. 28, No. 1, 29—44 (1997).

215.B.M. Smirnov, Usp. Fiz. Nauk 117, No. 10, 313—332
(1975).

216.S.Ya. Pshezhetskii and M.T. Dmitriev, Radioactive
Physico-chemical Processes in Air (Atomizdat, Moscow,
1978), 184 pp.

217.G. Vaughan, F.M. O’Connor, and D.P. Wareing, J.
Atmos. Chem. 38, No. 3, 295-315 (2001).

218.A.A. Kukoleva, Izv. Ros. Akad. Nauk, Fiz. Atmos. i
Okeana 38, No. 3, 376—387 (2002).

219.P. Krizan and J. Lastovicka, Stud. Geophys. Geod. 48,
No. 4, 777—789 (2004).

B.D. Belan

220.R. Lemoine, Atmos. Chem. Phys. 4, No. 4, 1085—1096
(2004).

221.T.P. Marcy, P.J. Popp, R.S. Gao, D.W. Fahey,
E.A. Ray, E.C. Richard, T.L. Thompson, E.L. Atlas,
M. Loewenstein, S.C. Wofssy, S. Park, E.M. Weinstock,
W.H. Swartz, and M.J. Mahoney, Atmos. Environ. 41,
No. 34, 7253—7261 (2007).

222.C.-J. Shiu, S.C. Liu, C.-C. Chang, J.-P. Chen,
C.C.K. Chou, C-Y. Lin, and C.-Y. Young, Atmos. Environ.
41, No. 40, 9324—9340 (2007).

223.F. Li, J. Austin, and J. Wilson, J. Climate. 21, No. 1,
40—57 (2008).

224.J.-U. Grof, R. Muller, P. Konopka, H.-M. Steinhorst,
A. Engel, T. Mobius, and C.M. Volk, Atmos. Chem. Phys.
8, No. 3, 565—578 (2008).

225.G. Zeng, J.A. Pyle, and P.J. Young, Atmos. Chem.
Phys. 8, No. 2, 369—387 (2008).

226.K. Kruger, S. Tegtmeier, and M. Rex, Atmos. Chem.
Phys. 8, No. 4, 813—823 (2008).

227 .M.L. Salby, Dyn. Atmos. and Ocean 44, Nos. 3—4,
143—164 (2008).

228. K. Mohankumar and P.A. Pillai, J. Atmos. and Sol.-
Terr. Phys. 70, No. 5, 764—773 (2008).



