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The factors determining mechanisms of photochemical formation of ozone in troposphere are
considered. Principal factors are found on the base of estimation of tropospheric ozone budget.
The ozone formation in background and smog conditions is considered. Other photochemical sources
are described. Ozone formation in striking, ionic cycle, and ozone transport from stratosphere

to troposphere are analyzed.

Introduction

As it follows from the previous review,! the
photochemical component of tropospheric ozone is the
most significant and variable. In view of complexity
and variety of ozone formation processes in
troposphere, factors, determining the mechanism of
photochemical formation of Os; and components of
ozone cycle, are considered in this work.

When studying this problem, many researchers
tried to describe such processes in the form of schemes
joining both direct and back bonds and reactions.
Several such schemes are given in Ref. 1a. Such
representation is convenient for specialists in this
region of science. For other specialists it is not clear,
because it combines many ozone cycles, characteristic
for different atmospheric conditions. Therefore, let us
represent the photochemical process of tropospheric
ozone formation in the form of brutto-equation:

CO + CH, + RH + NO—2120.0

—)szCO+k03 +NOQ+H, (1)

where [ is the stoichiometric coefficient of
hydrocarbon transformation; k is the factor of the
ozone yield depending on the concentration of nitric
oxides, which switches the chain of ozone generation;
IT are the products of photochemical reactions, i.e.,
aerosol particles resulting from interaction of gas
components.

The physical sense of Eq. (1) is clear: reaching
the real atmosphere, which contains water vapor
(H,0) and oxygen (O,), primary admixtures (CO,
CH;, RH — non-methane hydrocarbons, NO) are
transformed under the action of UV solar radiation
into more toxic compounds (H,CO, Os;, NO,, and
aerosol (I1), often even into peroxyacetyl nitrates
(PAN) etc.). Equation (1) does not reflect the role of
intermediate compounds, i.e., hydroxyl groups HO,
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and the switching role of nitrogen oxides. However,
it clearly shows the components, forming tropospheric
ozone, and factors, determining the process. The ozone
yield evidently depends on two factors: the
concentration of initial compounds (gas-precursors)
and the intensity and spectrum of solar radiation.
The part of solar radiation in Os formation is the
topic of this work.

1. The role of solar radiation
in tropospheric ozone formation

Describing the mechanism of ozone generation in
pure conditions [Ref. 1, Sec. 2.1], we have noted that
the process begins with photolysis of ozone residing
in air. The appearing oxygen atom in O'D state
interacts with water vapor and forms a hydroxyl
group OH, which begins to oxidize gas-precursors.
Thus, ozone photolysis is a key act for the beginning
of the process. Photolysis of ozone itself and its
mixtures was studied in many laboratory experiments.
Their review is given in Ref. 2 in detail. Since not all
in vitro results can be expanded to atmospheric
conditions; consider only the data applicable to
troposphere.

2. Photolysis of tropospheric ozone
The photodissociation rate of a compound,

undergone to the photolysis, can be calculated by the
equation®:

Ao
J = j FO)sOL T, P)o(\,T, P)da, (2)
M

where F, is the spectral irradiance; A is the radiation
wavelength; o is the gas molecule absorption cross
section at the wavelength A, depending on the air
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temperature and pressure; ¢, is the quantum yield,
characterizing the probability of the molecule
dissociation after photon absorption at the
wavelength A.

The spectral irradiance in troposphere is formed
by the direct solar flux, attenuated by the absorption
and scattering in the upper atmospheric layers, and
radiation, scattered by the atmosphere, underlying
surface, and clouds. The wavelength range between
295 and 1200 nm is the most important for
photochemistry in troposphere. The lower boundary
is determined by attenuation in higher atmospheric
layers and does not exceed 295 nm already at an
altitude of 15 km (see Fig. 1).
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Fig. 1. O3 absorption spectrum in the Hartley band at
263 K [Ref. 4] and spectral flux as a function of height at a
zenith angle of 40° [Ref. 5].

The upper boundary is determined by the energy
of quanta of a longer wave radiation sufficient for
breaking bonds in ozone molecules. When analyzing
ozone photolysis in troposphere, the following chain
of reactions is usually considered®:

O3 + hv » O('D) + O,(aAg) , » < 310 nm;  (3)

O, + /v > O('D) + 02(X3Z;), L <411 nm; (4)

Oy +/v > OCP)+ 0,(b'Y" ), % < 463 nm; (5)

O; + hv > OCP) + Oz(a1Ag), A <612 nm;  (6)

Oy +hv > O(P)+ 0,(X*Y" ), 2 < 1180 nm. (7)
OCP) is rapidly retrieved into ozone [Ref. 1,

Sec. 2.1 and Eq. (3)]; hence, reactions (3) and (4)
are basic in generation of excited oxygen atom O('D).
The radiation flux, determining the
photodissociation at the level z can be described by

the equation’

F(2)=F exp[—(tn + 'c,,)} + FP(z,4), (8
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where Fy is the flux of extraterrestrial solar
radiation; 1, and 1, are optical depths of the
absorption and scattering along a light beam; F} is
the flux of radiation, scattered by molecules of
atmospheric gases, aerosol particles, and underlying
surface with the albedo A.

Though it is supposed that the integral flux
of the extraterrestrial radiation is sufficiently
accurately determined (1.5—2%) and slightly variable
in time, data for separate spectral ranges are
insufficiently unambiguous. The ambiguity is 15% for
295 <A <400 nm and 8% for A > 550 nm.® Therefore,
when studying processes of the ozone photolysis, the
authors take into account both the spectral interval
and the presence of aerosol, water vapor, and clouds
in the atmosphere, attenuating the flux F,(2);
variations of the quantum yield (&, T, P) are of their
primary interest in this case.

Models for calculating photolysis rates and
quantum yield of photodissociation products have been
developed.g_14 Validation of 29 such models, carried
out within the International Photolysis Frequency
Measurement and Modeling Intercomparison (IPMMT)
program in Bowlder,'> has shown that estimates of
the photolysis rate could be calculated with an error
not worse than 10% when measuring the solar
radiation flux with an accuracy of about 5% at high
Sun, clear weather, and low aerosol concentration.
As it follows from the comparison of calculated and
measured results, the calculated coefficients of
quantum yield of Oz and NO, are significantly higher
than the observed ones.

To precise the photolysis parameters in the actual
atmosphere, dozens of experiments were carried out;
they are partly described along with the used
equipment in Refs. 16—28. It has turned out that the
ozone photolysis rate lies within 1072—107> s™! limit,
and a wavelength of 360 nm, at which the maximum
quantum yield is observed, can be accurately
distinguished. As it is evident from Fig. 2, the rate
decreases below this wavelength due to a sharp drop
of incoming solar radiation intensity; and above it
the ozone absorption cross section decreases.

Therefore, the range of wavelengths longer than
306 nm has been studied in a number of works.
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Fig. 2. The normalized quantum yield of O('D) relative to
the maximally possible as a function of the wavelength.
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Table 1. O('D) quantum yield of ozone photolysis at 298 K

%, nm | [Ref. 24]|[Ref. 20] [ [Ref. 30] | [Ref. 31]|[Ref. 32] | [Ref. 33] | [Ref. 34] | [Ref. 35]| Average
306 0.85 0.85 0.89 — 0.86 0.90 0.84 0.91 0.87
307 0.85 0.84 0.89 0.87 0.83 0.91 0.80 0.85 0.86
308 0.78 0.79 - 0.83 0.81 0.73 0.79 0.74 0.78
309 0.67 0.71 0.75 0.72 0.62 0.66 0.70 0.61 0.68
310 0.55 0.56 0.60 0.51 0.40 0.52 0.62 0.48 0.53
311 0.40 0.42 0.39 0.42 0.32 0.37 0.44 0.38 0.39
312 0.33 0.35 0.30 0.32 0.26 0.31 0.35 0.32 0.32
313 0.27 0.32 0.26 0.24 0.24 0.29 0.34 0.28 0.28
314 0.22 0.30 0.22 0.22 0.22 0.29 0.27 0.27 0.25
315 0.21 0.29 - 0.23 0.24 0.25 0.22 0.26 0.24
316 0.25 0.27 0.21 0.21 0.22 0.22 0.28 0.24 0.24
317 0.23 0.26 - 0.21 0.22 0.23 0.26 0.21 0.23
318 0.19 0.23 0.18 0.16 0.21 0.21 0.24 0.20 0.20
319 0.21 0.26 - 0.14 0.22 0.20 0.27 0.22 0.22
320 0.15 0.21 0.12 0.13 0.15 0.19 0.19 0.09 0.15
321 0.14 0.20 - - 0.14 0.09 0.17 0.07 0.14
322 0.11 0.15 0.11 - 0.11 - 0.15 0.03 0.11
323 0.09 0.13 - - 0.09 - 0.13 0.04 0.10
324 0.08 0.13 0.09 - 0.09 - 0.13 0.04 0.09
325 0.09 0.10 - 0.06 0.08 0.07 0.11 0.01 0.07
326 0.09 0.11 0.13 - 0.08 - 0.10 - 0.10
327 0.09 0.12 - - 0.07 - 0.10 - 0.10
328 0.08 0.09 0.11 - 0.06 - 0.12 - 0.09

The results are generalized in Table 1. It is
evident that there is a spread in O('D) quantum yield
obtained by different authors, reaching 3 times at
individual wavelengths. Near the maximum of O('D)
quantum yield, the difference is significantly less.
Many authors notice the air temperature dependence
of the O('D) quantum yield.???* A detailed analysis
of laboratory experiments in Ref. 36 allowed authors
to develop a corresponding model of the dependence
and obtain explicit data for building Fig. 3.
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Fig. 3. Recommended® values of O('D) quantum yield at
T =321 (1), 253 (2), and 203 (3) K.

Figure 3 shows the rise of O('D) quantum yield
with the air temperature increase, especially in 310—
320 nm wavelength range.

As it follows from the analysis of Eq. (8), the
tropospheric ozone photolysis rate is influenced by
aerosol particles, scattering the solar radiation. Many
works are devoted to study of this process. Consider
some of them.

The authors of Ref. 37, analyzing 14 tropospheric
photolytic reactions, came to conclusion that in the
absence of clouds at the average concentration of
sulfates in urban air the photolysis rate decreases
by 11—185 times. Similar calculations®® with the
ADIFOR model gave even higher value, namely,
the photolysis rate in polluted air decreased by 70%.
The study with the use of the 3D GEOS-CHEM
model® has shown that the presence of aerosol
decreases the photolysis rate in the ground air by
5—20% in the Northern Hemisphere. This value is to
double in places of vegetation burning. Contribution
of the mineral component was studied in Ref. 40.
An increase of photolysis rate by 11% was obtained
for average conditions and by 20% for increased air
turbidity. A contribution of soot was distinguished®!
for polluted conditions of Huston, which could
decrease the photolysis rate by 5—20%.

Clouds, especially cumulus, essentially change
solar radiation flux, where spots appear and the
photolysis is enhanced above clouds.** Similar results
have been experimentally obtained in Ref. 43.

Simultaneous accounting for clouds and aerosol
shows that the effects can change with height. Thus,
it is shown in Ref. 44 that contribution of clouds in
the change of the photolysis rate can vary from —90
to +200% relative to aerosol, which has a maximum
of +20%. The authors of Ref. 45 have found out that
the rate of photolysis decreases by 20% under clouds,
observed in the 1—8 km layer, while grows by 30%
above them. The global contribution into the
decrease of photolysis rate has been estimated®® as
—20% by clouds (—30% in a storm zone), —10% by
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soot in urban areas, +40% above clouds, up to —17%
by the mineral aerosol fraction.

Thus, along with variations of the ozone
photolysis rate, depending on solar radiation flux, it
can vary due to external conditions, temperature,
clouds, and aerosol as well.

3. Contribution of integral
and UV radiation

As it follows from Eq. (2), the rate of ozone
photodissociation, initiating photochemical processes
in the atmosphere, depends not only on the quantum
yield and gas absorption cross section, but on the
solar radiation flux as well.

As it is evident from the data on daily variations
of total solar radiation and ozone concentration for
a certain date (Fig. 4a) and monthly mean data
(Fig. 4b), the increase in solar radiation intensity is
accompanied by the almost synchronous increase in
the ozone concentration.

Figure 4 is built by the measurements at the
TOR-station (Tomsk).% Attenuation of solar radiation
in the afternoon results in a decrease in the ozone
concentration; and the decrease in ozone concentration
is slightly behind the decrease of the solar radiation
intensity. This is evidently caused by the fact that
ozone destruction is less influenced by photochemical
processes.

On the base of experimental data obtained in
laboratory conditions in special chambers,? it is
established that the rate of chemical yield at different
radiation intensity of the initial mixture in the chamber
depends on the type of the proceeding reactions.
Namely, some matter is photochemically generated as
a result of direct transformation in primary reactions
or in secondary reactions through intermediate cycles.

If a matter is generated in the primary cycle, the
rate of chemical yield is

dN /dt ~ I(hv). )
If there are some intermediate mechanisms, then
dN /dt ~ 1V *(hv). (10)

However, the relation dN/dt ~ f(I(hv)) was
obtained?” in laboratory conditions, i.e., at known
initial substances and products of their chemical
reactions. A limiting amount of matters was used in a
restricted volume, and the process was under control.
Therefore, the extension of the regularities” to the real
atmosphere seems unjustified, as it is an open system
with variable composition and unknown concentrations
of matters.

The contribution of solar radiation in ozone
generation in the surface tropospheric layer was
estimated in Refs. 48 and 49 from measurements in
the real atmosphere, presuming the proportionality of
UV solar radiation influx.’™® The results of hourly
measurements of ozone concentration and total solar
radiation near Tomsk at TOR-station in 1996—1998
were used.
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Fig. 4. Daily variations of total solar irradiation (curve 1)

and ozone concentration (curve 2) on March 22, 1996 (a)
and in July, 1998 on average (b).

The total ozone generation is determined not
only from solar radiation, but also from concentrations
of ozone-forming species, amount of which strongly
varies in real atmosphere, especially at changing of
air masses. Hence, to obtain the correct estimation, it
is necessary to distinguish certain situations, when the
air composition varies insignificantly. These situations
realize, when the anticyclone center or a flat are set
above the measurement region. In this case, an
intensive mass advection is absent here and, hence,
the air composition is invariable due to the absence
of local sources of ozone-forming species.

To process the whole data array, 88 such situations
were selected, each including several measurement days.
To separate the contribution of the solar radiation in
the ozone generation, we used the following equations:

1t:tmax
I= 5 > 5 (11)

t=to
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AOS = OS(trnax) - OS(tmin)v (12)

where I is the half-sum of solar radiation in a current
day by hourly counts from minimum to maximum;
AQs is the ozone increment during a current day from
the morning minimum to day maximum. It is assumed
that the higher the solar radiation intensity, the higher
the ozone concentration (at other factors being equal).

To assess quantitatively the possible ozone yield
per unit of the incoming solar radiation, we used the
equation

tl\l}lX tmax
Al /AO; = Hz I - ZIH]

t=ty t=ty

/(AO3; = AOs; ), (13)

where subscripts i and i —1 designate half-sums of
solar radiation and the daily ozone amplitude in a
current and previous days.

Calculation for two seasons gave the following
results:

O3 = 0.0897°7° (winter), (14)
O3 = 0.2731°7* (summer). (15)

It is seen from the above equations that the
dependence of ozone generation on the intensity of
solar radiation income in the real atmosphere has an
intermediate form relative to photochemical chambers
(I' and I'?) [Ref. 17] independently of the season.
This is evidence of the fact that the ozone generation
in natural conditions occurs simultaneously in direct
and intermediate cycles.

Physical sense of the coefficients in the above
empirical relations is the following. The proportionality
coefficient reflects the annual variation of ozone
concentrations and ozone-forming species at a
particular point. It can be supposed that the coefficient
varies significantly both in time and space. The
exponent has more general physical sense and is
determined by the dependence of photochemical
processes on the intensity of solar radiation initiating
these processes. This is more conservative parameter
and its variability stronger depends on the ratio
between primary and secondary photochemical cycles
in the real atmosphere.

It follows from Section 2 that the influx of UV
portion of the solar radiation A =290—320 nm is more
important for the ozone generation, than the influx
of the solar radiation itself (see Fig. 2). Figure 5
shows variations of the surface ozone concentration
and UV solar radiation near Tomsk in three central
months of seasons.

The UV-B radiation was measured at the TOR-
station®® with an UVB-1 piranometer (Yankee
Environmental ~Systems, Inc.) and the ozone
concentration — with a chemiluminescent ozonometer
3-02P (OPTEC, St. Petersburg).

A strong time modulation of the ozone
concentration by the UV-B solar radiation influx
follows from Fig. 5. One-day shifts, observed in some
periods, are rather caused by the fact that the plots
present the daily-average data. Note that variation
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amplitudes of ozone and UV-B radiation are not
synchronized in value, seemingly, due to the
contribution of the air composition in the ozone
formation, which is defined by the left part of Eq. (1)
and reflected by the coefficients in Egs. (14) and
(15). This means that the rate and frequency of ozone
formation in troposphere is determined by the UV-B
solar radiation income, while the concentration of the
generated ozone — by content of gas-precursors in air.
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Fig. 5. Variations of UV—B radiation (/) and ozone
concentration (2) near Tomsk in 2006.

We do not consider the UV-B radiation mode
here. Note only that the appearance of information
about ozone holes over poles and possible biospheric
backlash®®*> made the study of this characteristic of
solar radiation an urgent problem all over the world
now. Monitoring networks have been developed in a
number of countries to control probable enhance of
UV-B radiation.’* %' Measurements are performed at
many Earth’s points; incomplete list of them is given
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in Refs. 62—74. Satellite monitoring of UV radiation
is carried out.”””"

The performed to date investigations allow one
to find the dependence of UV-B solar radiation
influx on geophysic factors®; albedo of underlying
surface®™®; aerosol concentration together with its
particle size distribution and chemical composition®~;
the presence and type of clouds.”' =% All these factors
undoubtedly affect significantly the UV solar radiation
income. However, the main factor is the state of
stratospheric ozone layer, which determines, like a
filter, the amount of UV-B solar radiation, modified
then by the above factors.

The stratospheric ozone layer is formed due to the
absorption of the hard solar radiation.””"*® The intensity
of UV-B radiation, reaching the troposphere, also
depends on the ozone concentration in this layer.”
Hence, this layer should be the first, which reacts to
processes on the Sun, usually characterized as “solar
activity.”

An effect of solar activity on the stratospheric
ozone layer was revealed long ago” ™ and confirmed
by later investigations.'®™'® There is a paradoxal
situation, consisting in the fact that the total amount
of energy, coming from the Sun to the upper
boundary of the Earth’s atmosphere, varies within an
error of 2% [Refs. 105—107]. The authors of Ref. 108
have found the manifestation of 11-year cycle even
inside these 2%. Such situation is caused by the fact
that main changes in solar energy occur in the UV
and X-ray spectra, when changing the solar activity.
When changing the solar activity index from its
minimum to maximum, the radiation flux varies
by 2.1—2.4 times near A = 100 nm and by 4.4—4.6
times — near 2—8 nm.'” The longer wavelength, the
weaker variation of the solar energy flux.

Changes of the stratospheric ozone layer
undoubtedly affect the income of the UV-B radiation
to the Earth’s surface. This is confirmed by Refs. 110—
113, where inphase variations of the total ozone
content (TOC) and UV-B radiation near the surface
are shown on the base of long-term data. Hence, if
the surface ozone concentration (SOC) is mainly
determined by the photochemical component, it is
expectable to be opposite in phase to TOC.

Such investigations are described in Ref. 114,
where the authors analyze the data on TOC and SOC,
measured near Tomsk since the beginning of 1990s.
The TOC was measured with a M-124 ozonometer,
regularly calibrated at the Main Geophysical
Observatory (MGO) by Dobson spectrophotometer,
and SOC — with a 3-02P meter designed by OPTEC
and calibrated by a GS-2 ozone generator, certified
and calibrated at D.I. Mendeleyev VNIIM.

Time variations of SOC (top curve) and TOC
(bottom curve) in 1993—1999 are shown in Fig. 6.

Clearly pronounced opposite trends in SOC and
TOC are evident despite seasonal and long-term
oscillations of the parameters. Thus, SOC decreases
from 41.6 to 20.4 ug/m®, or by 50.7%, while TOC
increases from 320 to 363 D.u., or by 11.8%, in that
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period. Such mutual behavior of the trends allows us
to assume that the decrease in SOC is caused by the
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Fig. 6. Time variation of SOC and TOC near Tomsk.
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Variations of photodissociation rate were
calculated by Eq. (2) and compared with measurement
data. The estimates are given in Table 2.

Table 2. Relative variations of TOC, %,
ozone photodissociation rate (J), and SOC (03)
near Tomsk in 1993—1999

TOCg — TOCy3 Joo — Jo3 O31991 — Osz103
TOCy Jo3 O3193)
+11.8 —55.5 -50.9

It is seen that the increase in TOC by 11.8% can
result in the decrease in tropospheric ozone
photodissociation rate by 55.5% and, hence, in
similar fall of the ozone generation. Factual data give
a value of 50.9%, which is close to the estimated
value with accounting for a number of assumptions.

To test this conclusion, the results!" for the
background Kislovodsk station were used, where
similar trends were observed.

Table 3. Relative variations of TOC, %,
ozone photodissociation rate (J), and SOC (03)
for the Kislovodsk station in 1991—1995

TOCy; — TOCy, Jos — Joi Os1951 — Ospo1)
TOCy; Jot Ospo1)
+4.9 —27.6 —22.2

As it follows from Tables 2 and 3, the increase
in TOC results in the decrease in ozone
photodissociation rate in a spectral range 295—
310 nm and corresponding actual decrease in SOC,
close in value.

Similar assessments of photodissociation rate
were made for the period from 1979 to 1993. Close
results for TOC and SOC comparison were obtained
in Ref. 117 for Uzbekistan. Averaging of many tens
of cases over all Uzbekistan stations for 10 years has
shown that an increase in TOC answers a decrease in
SOC and vice versa. Close modeling results have
been obtained in Refs. 118 and 119.
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Conclusion

The above study allows a conclusion that the
intensity of ozone formation in troposphere is
proportionate to two factors, i.e., the intensity of
incoming solar radiation at A~306nm and
concentrations of gas-precursors. In the long-term
sense, UV solar radiation flow is modulated by the
total ozone concentration or its stratospheric
component.
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