NILU

TECHNICAL REPORT NO
REFERENCE: N-8218
DATE: NOVEMBER 1983

OZONE IN THE TROPOSPHERE

Pystein Hov

by

NORWEGIAN INSTITUTE FOR AIR RESEARCH
N-2001 LILLESTROM

P.0.80X 130,

NORWAY

.:10/1983






OZONE IN THE TROPOSPHERE

1 INTRODUCTION

Most of the solaf utraviolet radiation is absorbed by strato-
spheric ozone before it reaches the troposphere, where approx-
imately 107 of the atmospheric conéent of ozone is found. The
research on the distribution formation and destruction of at-
mospheric ozone has been focused on the stratosphere. For a
long time, ozone in the troposphere was considered to be <che-
mically nearly inert, reflecting the balance between strato-
spheric intrusion and surface removal (1). Junge found that
within the Northern Hemisphere, representative data of tropo-
spheric ozone have a uniform seasonal variation, the phase of
which 1is delayed by about two months with fespect to the in-
jection into the troposphere. He suggested that this delay was
controlled by the rate of destruction of ozone within the tro-

posphere (1).

During the last two decades, it has become clear that the ap-
pearance of tropospheric ozone is much less uniform than pre-
viously thought. Advances in measurement techniques have made
it possible to demonstrate that tropospheric ozone variability
can be résolved 1in a nuhber of spatial and temporal scales.
The variability is partly due to natural processes, but an-
thropogenic impact also perturbs the distribution and abun-

dance of ozone.

It has become clear that ozone near the ground affects living
systems in many important ways, and plays a very important
role 1n numerous processes which affect the chemical composi-

tion of the troposphere.



Exposure to enhanced ozone concentrations may pose a risk to
the public health. In the U.S. the ambient air quality stan-
dard for ozone 1is 120 ppbv as an hourly mean, not to be ex-
ceeded more than once per year. There are indications that
exposure to slightly enhanced ozone concentrations (e.g. 60
ppbv) over a growing season, may cause significant vyield re-
ductions in many crops (2). Enhanced ozone concentrations also
indicate increased photochemical activity, pointing to effici-
ent production of sulphate and nitrate in air rich on nitrogen
oxides and sulphur dioxide. Oxidation of SO2 to sulphate in
the liquid phase through reaction with dissolved ozone contri-
butes significantly to the sulphate levels found in precipi-
tation (3). The formation of the hydroxyl radical in clean air
is determined by the reaction between excited state atomic
oxygen and water vapour,' and the concentration of excited
state atomic oxygen is determined by the photodissociation of
ozone for solar radiation‘of wavelength less than approx. 320
nm.- Tropospheric ozone 1is very important for the infrared
radiation budget of the atmosphere. The pressure broadening
for ozone absorption causes the effective longwave optical
depth of tropospheric ozone, which 1is proportional to pres-
sure, to be nearly the same as that of stratospheric ozone
(&) . Fishman and  colleagues (5) calculated that changes in
tropogpheric ozone due to anthropogenic activities at the end
of the next century may have increased surface temperatures by
nearly 1 K, which is a substantial number compared to the 2-3

K temperature increase calculated for a doubling of COZ.

In this paper the distribution of ozone in different temporal
and spatial regimes in the atmospheric boundary laver and the
free troposphere is discussed. Measurements and model calcula-

tions are used to assess sources and sinks.



2 TEMPORAL AND SPATIAL REGIMES

2.1 Ozone _in the atmospheric boundary laver

The atmospheric boundary 1layer (ABL), is under the direct
influence of the ground through the exchange of heat, momen -
tum, moisture and other gaseous and particulate material. The

layer is mixed by convective activity during daytime over the
continents when the ground is heated by solar radiation. The
height of the mixed layer may extend up to 1-2 km during the
summer, less during the winter. A typical time length between
ABL break down situations is 2-4 d at mid latitudes (6). Break
down may occur as a result of large-scale convective instabi-
lity, at fronts through upsliding motion, in mountainous
regions where the vertical mixing may be considerable, and by
continuous synoptic-scale vertical motion in combination with
the diurnal cycle of the depth of the boundary layer which
causes the contents of the boundary layer to be pumped upwards
in the middle of the day, where it is left behind to be acted

upon by the steady synoptic upward motions.

Features of the ozone distribution which are characteristic
for the ABL appear in a time range comparable to, or shorter
than, the span between ABL break down situations. In Table 1
some characteristic phenomena have been outlined where

enhanced ozone concentrations may be found.



Table 1: Spatial and temporal scales of some features of the ozone
distribution in the atmospheric boundary layer.

Spatial Temporal
scale scale Description
1-100 km a few hours Enhanced ozone concentrations in the
or less plumes from refineries, petro-
chemical industry, power plants.

100 km a few hours Enhanced ozone concentrations in
plumes from urban areas, forest
fires.

1000 km some days Accumulation of ozone in air trans-
ported over long distances and in re-
gional air masses in stagnant anti-
cyclones.

Enhanced levels of ozone in the ABL are usually formed photo-

chemically from emissions of hydrocarbons (HC), carbon monox-
ide (Co) and nitrogen oxides (NO and N02, the sum denoted
NO e The rate determining step in the oxidation process 1is

thé initial reaction

HC + OH - aldehydes, ROZ' HO2 {R1)
where R-O2 and HO2 are organic and inorganic peroxy radicals.
If the hydrocarbons originate from some anthropogenic acti-
vity, they usually consist of light weight alkenes, alkanes or

aromatic species. Alkenes may initially also react with ozone.
(R1) 1is followed by reactions where NO is converted to NOZ:

NO + RO2 » NO2 + RO (R2)
NO + HO2 - NO2 + OH 2 (R3)

These reactions are fast and compete efficiently with other
loss mechanisms for peroxy radicals in a moderately or strong-

ly polluted ABL. NO2 is photodissociated (M is a third body):



NO2 + hv » NO + O (R&)
and 0 + 02 + M - O3 + M (RS)

Aldehydes formed through (R1) are photodissociated and peroxy
radicals formed. Typically, the half 1life of the reactive
hydrocarbons in moderately polluted air i§ a few hours, while
the half life of slower reacting alkanes (methane not consid-
ered) may be a week or more.
Ozone may also be formed through reactions involving CO and
NOX:
02
CO + OH ~» CO2 + HO2 (R6)
followed by (R3).
Initially, OH may be formed through the photodissociation of
ozone .
0, + hv =+ 0, + o('D) (RT)

for wavelengths below approx. 320 nm, followed by

o('p) «+ H,0 + 20H (RS )

The reaction rate coefficient for (R6) 1s only a few per cent
G2 1% 10-13 cm3 (molecule s)-1) of the reaction rate coeffi-
cients of OH with reactive hydrocarbons. Reaction (R6) is not
a main contributor to ozone which is formed within the ABL,
even thoqgh the concentraton of CO and the sum of nonmethane
hydrocarbdns may be comparable on a C-atom basis (of the order
of 100 ppbC) in moderately polluted air. Only hydrocarbons
which are reactive enough to " decompose significantly during
the time period between ABL break down situations, contribute

much to ABL ozone formation.

There are numerous accounts of observations of ozone features
listed in Table 1. In Norway, ozone plumes from a petro-
chemical factory which emits ethene, propene and other hydro-
carbons, have been detected. The factory 1is at Rafnes 1n

Southern Telemark (map see Figure 1), at a fjord where the
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wind follows the land sea breeze pattern in the valley fJjord
system 1in fair weather during the summer. On two consecutive
days during the summer of 1979, probably during accidentally
high hydrocarbon emissions from the factories, nearly 200 ppbv
as hourly maximum ozone concentration was observed in the sea
breeze at Haukenes. The distance from the emissions was 12-15§
km, and the wind speed was about 2 m/s, indicating a transport
time of 2 h. The local build up was striking when comparing
with the upwind ozone concentrations measured at the coastal
station Langesund (Figure 1). A chemiluminescence techniqgue

was used to monitor ozone continuously (7).

High ozone concentrations in the smoke from a forest fire was
observed in southern Telemark 26th and 27th August 1976
(Figure 2). On the 25th August 1976 there was a land sea
breeze wind pattern (cpr. Figure 1) and the concentration of
ozone peaked as the sea breeze front came in over the measure-
ment site at Bjernstadjordet in the morning hours, carrying a
‘mixture of the emissions of the surrounding urban area and the
the industrial emission from Heroeya (NOX, SOZ, Clz).

An extensive forest fire took place approx. 60 km north-north-
west of Porsgrunn near Notodden (see Figure 1). At night 25th
August the wind changed to a steady northnorthwest or north-
east direction, both day and night (Figure 2 s There was an
impairment of the visibility due to smoke, and the smell was
noticeable (8). At the same time the ozone concentration at
the monitoring site in southern Telemark rose to more than 100
ppbv, and remained high for the next day or so. Trajectories
calculated backwards 48 h, 850 mb, originated in the North
Atlantic and did not cross pollution sources, It 1is 1likely
that the excess ozone concentraton in the forest fire plume
was seve;al tens of ppbv. This is in agreement with findings

made elsewhere (9, 10).
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Power ,plant emission probably account for about one third of
the NOx emissions and half of the SO2 emissions in western
industrialized countries (11). During winter or in clean,
stable air the chemical activity in a power plant plume is
usually low. In fair weather situations with good atmospheric
mixing, however, the formation of sulphate and nitrate may be
significant in a power plant plume embedded in air moderately

or heavily polluted with urban emissions.

If the ‘concentration of ozone in the plume is higher than in
the ambient air, the conditions are usually good for the oxi-
dation of SO2 and NOx as well. Field studies in the U.S. have
shown that ozone "bulges” in power plant plumes are fairly

common 1-2 h downwind of the sources (12).

Model studies of the chemistry of power plant plumes in a
moderately or strongly polluted ABL in fair weather, have
shown that zZones of enhanced photochemical activity first
appear on the edges of the plume, later in the plume centre

138 ).

Substantial amounts of ozone..may be generated in polluted air
masses from an urban area. This has been seen most dramati-
cally in the Los Angeles basin, where photochemcial air pollu-
tion has represented a serious threat to the public health
during the last four decades. The pollutant transport from St.
Louis has also been much studied. St. Louis is surrounded- by

fairly flat and unpolluted countryside 1in all directions.

Local sources do not affect the ageing air masses downwind of
the «city. White and coworkers (14) showed how secondary pol-
lutants like ozone were formed, with concentration peaks 2-3 h
downwind, see Figure 3. This has been simulated in a Lagran-
gian type urban plume model where a box volume passed over the

Sit . Louis urban area, accumulated emissions of nitrogen
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oxides, hydrocaTrbons and sulphur dioxide; and was then advec-

ted downwind (15). Each chemical constituent satisfied the

continuity equation

Q
Q

C . gl
t h

T (c-co) = Pc + Pe - (LC + La +

h Ja
h

a
Q

where ¢ was the concentration of the species calculated, h

mixing height of the urban plume, c_, concentration in ambient

0
air, Pc and Lcc chemical production and loss terms, Pe emis-
sions, L a B aerosol adsorption, and vdc/h ground removal
where v was the deposition velocity. In Figure 3 1is shown

d
the results of a St. Louis urban plume calculation for ozone,

kept together with the measured development.

The next step in Table 1 is long-range transport. In Figure 4
is shown an example of flight measurements of long-range
transported ozone coming in from the southeast over the coast
of Southern Norway in the afternoon on July 9Sth, 1981 (16) .
The 96 h, 850 mb trajectory arriving at Birkenes at 18 GMT on
July 9th, 1981 is also shown (17). Long-range transported
ozone can be viewed as a "river” of enhanced ozone in the ABL.
Ozone in plumes from cities, power plants, refineries or
forest fires can also be seen as "rivers” of enhanced ozone in
the ABL, each with characteristic dimensions in space and

time.

A final feature of the distribution of the concentration of
ozone in the ABL, is the diurnal variation seen e.g. in Figure
L Over rural: - areas with 1low or non existent emissions of
nitrogen oxides, ground removal causes the nocturnal decay in
ozone close to the ground. Garland and Derwent (18) found that
over a rural site covered with grass at Harwell in the U.K.,
the decay in the ozone concentration after sunset was nearly
exponential on nice, sunny days. The exponential decay cons-

tants fell in the range 0.08 to 0.6 h-1, corresponding to
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lifetimes between 1 and 10 h. They found that the mean deposi-
tion velocity was 0.6 cm/s by day and 0.3 cm/s by night.
Defining the reciprocal of the deposition velocity, usually

called the resistance, as

r(z) = r (z) + v+ r

a b s
where ra is the resistance to transport in the turbulent
boundary layer, rb an additional resistance through the

laminar layer next to the surface and rs the resistance of the
surface 1itself, they found that both the aerodynamic and
surface components of the resistance increased at night. The
behaviouf of the surface resistance was not consistent with
stomatal control, however. Galbally and Roy (19) found that
the ozone up-take by vegetation was very dependent on stomatal
resistance, and stomata are in general closed during the night
resulting in a high value of rs . In Figure 5 is shown the
diurnal variation of the concentration of ozone at several
heights in the nocturnal ABL at a rural site in New South
Wales, Australia (20). Ground removal controlled the concen-
tration of ozone. Bursts of turbulence gave ri§e to isolated

peaks in ozone near the ground.

In anticyclonic weather when a low nocturnal inversion is
established, ozone from the previous day may be trapped aloft.
When convective elements erode the nocturnal inversion after
suhrise, ozone rich air can be mixed down to the surface, at
the same fime as the photochemical activity may cause genera-
tion of ozone. The diurnal variation in the turbulent struc-
ture of the ABL in anticyclonic weather together with ground
removal therefore give rise to the typical diurnal profile of

the concentration of ozone.
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The reaction
NO + 03 -+ NO_. + O {R9)

removes ozone at night. During daytime (R9) is followed by the
photodissociation of NO2 {R4) followed by (R5) causing no nett
loss of ozone. During daytime, the peak in the ozone concen-

traton can be reinforced by the "smog” reactions (R1-RS).

2.2 Qzone in the free troposphere -

The mixing time for a tracer released at the ground to reach
the tropopause is 1-2 months as a global average. The exchange
between the ABL and the free troposphere to a large extent
takes place through the ascent in depressions, fronts, orogra-
phic systems, and penetrative convective systems like large
cumulus and cumulonimbus clouds (6). The air which 1is drawn
into vyoung cumulus clouds originates close to the ground.
Secondary products like ozone, or fresh emissions of hydro-
carbons and nitrogen oxides can be transported by the vertical
currents that feed these clouds from the ground level to alti-
tudes well above the top of)the mixed layer in one steady, up-
ward motion. In the process, little or no mixing with aged
pollutants in the mixed layer occurs. At night, cumulus clouds
usually evaporate, leaving behind produc%s of 1liquid phase
reactions which can be transported over long distances by the
nocturnal jet. The nocturnal jet is often established 300-500
m above the ground and appears when the stable layer next to
the ground eliminates the transport of vertical momentum,
hence the frictional drag on the horizontal flow disappears

(21).

The exchange between the ABL and the free troposphere thus
takes place through very efficient updrafts covering a limited
area. Species of limited chemical lifetime, like ozone, nitro-

gen oxides and nonmethane hydrocarbons may penetrate through
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the lower troposphere into the upper troposhere in vigorous,
deep but infrequent cumulus transport. This is the only pro-
cess rapld enough to move certain species into the upper tro-
posphere before they are decomposed, and can give rise to 1in

situ ozone production (22).

Table 2: Spatial and temporal scales of some features of the ozone
distributiom in the free troposphere.

Spatial Temporal .
scale scale Description

10 km 1 h Cumulus cloud updrafts.

100 km 10 h Stratospheric intrusion in

tropopause folds (frontal zones).

100 km Some h Horizontal, shallow {(a few
hundred m thick) layers ("bands”}
of ozone rich air.

As indicated in Table 2, the temporal and spatial scales of
typical features in the ozone concentration distribution in
the free troposphere represent a complex picture. Ozone rich
air of stratospheric origin may be exchanged with tropo-
spheric air in a number of ways, discussed by Reiter (23) and
summarized by Shapiro (24). Vertical mass exchange during tro-
popause folding events associated with extratropical cyclonic
systems has been much studied, and can give rise to enhanced
ozone concentrations all the way to the ground. From aircraft
measurements, Danielsen and Mohnen (25) deduced that ozone
transport took place during tropopause folding events by
pointing to the positive correlation between the ozone mixing

ratio and potential vorticity and between potential vorticity
90

and Sr radioactivity. Potential vorticity is defined as
60
Rg ®'= 18y # 4 B
Ov Su A
where Z = s - 53— , u and v are the zonal and meridional
¢} 6 x Sy
components of the wind, f the vertical component of the
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earth’'s vorticity, Ze is the relative vorticity on an isentro-

pic surface 606/86p the tﬁermal stability. The tropopause

appears as a zero-order discontinuity in PB' with a one to two
orders of magnitude drop in its value passing into the tropo-
sphere (24). 9OSr is an Sr-isotope which 1is a unique tracer of

nuclear bomb debris, and consequently of stratospheric air.

Danielsen and Mohnen (25) concluded that ozone-rich air is
transported into the troposphere with each major «cyclonic
development. Ozone~-rich air can occasionally reach the ground
with concentrations exceeding air quality standards. The
appearance at the ground was strongly asymmetrical due to the
narrowness of the folded structure and the deformation of the
descending air. Some local regions were influenced by the

ozone-rich layers for 2-3 h, others for 1-2 d, cpr. Table 2.

Derwent and coworkers (26) reported two springtime.occurrences
at a rural site in the U.K. of elevated ozone <concentration,
100 ppbyv, over periods of 1-3 ' d in circumstances when ABL
photochemical generation could be disregarded {(in March 1974
at Harwell, Oxfordshire and 1in March 1977 at Sibton in
Suffolk). The temperatures were low, with high cloud cover,
moderate wind and absence of nocturnal inversions. The synop-
tic situations were characteristic for the types giving rise
to intrusions of stratospheric air. Furthermore, the high
concentrations of bzone were observed at a single site only
each time. Simultaneous measurements of an anthropogenic tra-
cer, F-11, showed concentrations typical of <c¢lean Northern
Hemispheric background air, the sulphate levels were low, and
measurements of radon (which is emitted continuously from the
ground) showed low values with little evidence of nocturnal
accumulation typical of increased atmospheric stability. The
low concentrations of radon were taken as indication that the
vertical mixing was efficient, with a significant source of
ozone aloft necessary to account for the high ground level
concentrations. Even more chemical evidence was collected: the
episodes occurred roughly at the same time as the maximum to-
tal ozone during 1974 and 1977 near the measuring ;ites was

observed, and they probably also coincided with the measured
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annual peak in ground level air concentrations of radioactive

debris from the stratosphere.

Shapiro (24) reported a case study of a tropopause folding
event over the western part of the U.S., where aircraft was
used to measure meteorological and chemical parameters {(con-
densation nuclei and ozone). In Figure 6 is shown the ozone
concentration analysis in the tropopause fold. The condensa-
tion nuclei count (typical concentrations were 103-104 parti-
cles/cm3 in the ABL, 102 particles/cm2 or less in the strato-
sphere) showed that the tropopause fold contained concentra-
tions of condensation nuclei comparable to what is found in
the ABL. Shapiro concluded that the tropopause folds are mix-
ing regions with chemical characteristics somewhere between
those of the troposphere and the stratosphere. Analysis of
traces of ozone, condensation nuclei count and potential tem-
perature through the lower part of the tropopause fold showed
that the 10 km wavelength perturbations of the traceg were the
primary contributors to the turbulent fluxes within the fold.
Turbulent mixing was found to be of first-order importance as
a mechanism for stratospheric-tropospheric chemical exchange

in the vicinity of tropopause folds.

Turbulent entrainment within tropopause folds takes place
almost exclusively within the latitude belt most dominated by
anthropogenic sources of chemicals. The time between release
and stratospheric injection is of the order of a few h, with
little time for tropospheric photochemical or precipitation
processes to modify and reduce the effect on the stratosphere.
It 1is not known how important this exchange mechanism is com-
pared to others, e.g. the Hadley circulation in the subtropics
where typicdlly several weeks may pass for an air parcel to
migrate from its chemical source region, into the Hadley cir-
culation and 1into the stratosphere, allowing tropospheric
chemical processes sufficient time to modify the composition

of the air parcel (24).
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A third feature of the distribution of ozone in the free tro-
posphere is mentioned in Table 2. "Bands"” of ozone-rich air
have been discovered using fast response ozone instruments in
aircraft. In the GAMETAG experiment,\ mostly horizontal but
also some vertical transepts, were taken in the free tropo-
shere. over the Pacific Ocean from Alaska southwards to New
Zealand at GOOS in 1977 and 1978. Significant layering was
found, and it was said that "from the horizontal and vertical
0 gradients observed, one is led to the tentative conclusion

3
that a three-dimensional projection of a given O layer 1is

3
likely to define a shallow river in its geometric configura-
tion” (27). Also found was a significant anti-correlation
between the concentration of ozone and the dew point tempera-

ture (27).

Fishman and coworkers (28, 2S8) published the results of air-
craft measurements of the simultaneous vertical distribution
of CO and 03 over the North Atlantic as far north as 870N and
along the west coast of the American continent as far south as
5705. A significant layering of ozone was found to be present,
but almost exclusively in the Northern Hemisphere. Elevated
concentrations of 03 and CO were often found concurrently, see
Figure 7. It has been speculated that a significant in situ
source of tropospheric ozone exists, cpr. reaction R7 followea

by R8, R6, R3 and R4 (30).

2.3 Tropospheric_ozone budget

The  concentraton distribution of ozone in the troposphere has
been shown to be nonuniform, both in time and space. The vari-
ation uncovered both in the ABL and the free troposphere,
gives information about the production and loss mechanisms for
ozone. The global, or <climatological role of ozone in the
troposphere can be investigated by looking at the distribution
of ozone averaged over a time period of interest for global

transport, e.g. one month. Averaged over one month there are
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important variations in the tropospheric ozone distribution.

In Figure 8 is shown the monthly average ozone concentration

for three ozonesonde stations, at the 200 and 800 mb level
(30). At 200 mb, a distinct annual maximum was present in the
late winter and early spring. The amplitude of the annual

cycle and the absolute concentrations of all three data sets
were very similar, as a result of downward transport from the
stratosphere combined with the fact that the average tropo-
pause height was lower during that part of the year. The 800
mb data sets were less similar. The seasonal variation was
very marked in the Northern Hemisphere and virtually nonexis-
tent at Aspendale. Also the Southern Hemisphere concentration
at Aspendale was much less than what was measured at Northern
Hemisphere mid-latitudes. The hemispheric difference has also
been demonstrated by aircraft measurements, see Figure 8, the

lower part. A minimum was found near41005 in all profiles.

The tropospheric ozone budget can be divided into four compo-
nents, each of comparable magnitude: transport from the stra-
tosphere, destruction at the ground, photochemical production
and photochemical destruction. Fishman (31) reviewed the esti-
mates available from measurements and model calculations of
the components of the tropospheric ozone budget, and summa-

rized the results as shown in Table 3.

Table 3: Tropospheric ozone budget (31).

Northern Southern
Hemisphere Hemisphere
3 11 -2 -1
(in 10 molecules cm s ) References
Transport from the
stratosphere 0.5-0.8 0.3-0.4 25, 32, 38
Destruction at the
ground 0.7-1.4 0.4-0.8 19, 33
Photochemical
destruction 1.9-2.2 1.1-1.2 30, 34-36
Photochemical
production 1.9-3.1 1.1-2.9 30, 34-36
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Danielsen and Mohnen (25) estimated ‘the stratospheric flux
through simultaneous aircraft measurements of 9OSr and ozone.
Mahlman et al. (32) applied the Princeton General Fluid
Oynamics Laboratory (GFDL) general circulation modei (37) to
calculate the transport of ozone through the tropopause. Gidel
and Shapiro (33) combined calculations of potential vorticity
fluxes with observed ozone distributions to estimate average
nett vertical fluxes of ozone of .49 and .25 x 1011 molecules
cm_2 5-1 for the Northern and Southern Hemispheres, respec-

tively. There is a high correlation between zonal means of

ozone and potential vorticity. Gidel and Shapiro (33) also
estimated the surface deposition fluxes for ozone, and found
0.82 and 0.48 x 10'' molecules ecm % s~ ' for the Northern and

Southern Hemispheres, respectively. They concluded that there
seemed to be a hemispherically asymmetric photochemical source
of ozone in the troposphere. Fishman (31) reevaluated the
deposition estimates by Galbally and Roy (19) on the basis of
improved knowledge of ozone concentration distributions, sur-
face type and ozone deposition velocities, and found a

Southern Hemispheric average deposition flux of 5.6 x 1010

molecules cm.2 5-1, 16.9 X 1010 in the Northern Hemisphere.
The large difference reflected both the greater abundance of
ozone in the Northern Hemisphere and the greater amount of

landmass where the ozone ground removal is efficient.

Fishman {31) concluded on the basis of the investigations
summed up in Table 3, that mechanisms in addition to strato-

spheric 1injection and surface removal of 11: 8 x 1010 mole-
-2 =1

cules cm s were needed to balance the tropospheric ozone
budget in the Northern Hemisphere, 3 : 5 x 1010 molecules
cm_2 5-1 in the Southern Hemisphere. Photochemical destruction

of tropospheric ozone mainly takes place through the reaction

(R7) followed by (R8), and through

03 + O == HO2 + 02 {R10)

followed by
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03 + HO2 -+ OH + 202 (R11)

Fishman et al. (30) estimated that integrated through the

Northern Hemisphere wusing a photochemical model for tropo-

spheric ozone, reaction (R8).accounted for 527 of the photo-
chemical loss of tropospheric ozone, (R11) 427 and (R10) 67.
In Table 3 it is shown that on the basis of several investi-
gations, a photochemical loss rate of 21 28 X 1010 molecules
cm =l s"1 is calculated for the Northern Hemisphere, 11 u
3 x 1010 for the Southern Hemisphere.

The calculation of the photochemical production rate of ozone
in the troposhere is more controversial than the calculation
of 'the photochemical destruction rate, which relies mostly on
the data for the ozone concentration distribution and the
a photolysis at short wavelengths. To estimate the production
of ozone, however, the NOx concentration distribution must be
known. This point is clearly seen from Figure 8, where model-
derived, annual mean photochemical production and destruction
rates of tropospheric ozone in the Northern Hemisphere as a
function of the prescribed NOx concentrations, are shown (30).
It can be seen that at approx. 25 pptv of average NOX, there
is a balance between production and destruction, a somewhat
higher average NOx concentration wouid be required to balance

the tropospheric ozone budget (Table 3).

Figure 9 can be understood as follows:

The predominant production of ozone takes place through reac-
tion R2 or R3 followed by R4 and RS5. The HO2 radical 1s re-
cycled from OH "mainly through R6. Methane 1is a principal
source of OH and HO2 radicals. Other natural and anthropogenic
hydrocarbons contribute. The HO2 radical is involved in both
production (R3) and loss processes of ozone (R11), and the
concentration ratio of 03 to NO is therefore critical for the
nett effect. At low NO concentrations, HOZ radicals may also

be efficiently lost through



HO, + HO_, = H_O, + O (R12)
sz + CH302 =¥ CH302H + 02 {13)

where the products may be photolysed, react with hydroxyl or

dissolved in water droplets.

The concen;ration distribution of NO and NO2 in the tropo-
sphere is highly variable. Concentrations as low as a few pptv
of NO have been measured for noontime conditions e.g. in the
equatorial Pacific region (38). N.Ox concentrations of 13 ppv
{NO 4 pptv) have been measured during daylight at a remote
site in the Colorado mountains (38). In a moderately polluted

ABL, NOx is typically a few ppbv. Over urban areas, the NOx

concentrations typically may reach several hundred ppbv during
daytime, with NO as the dominating species (40). The con-
concentration of NO and N02 in the troposphere may }herefore
span more than three orders of magnitude, and it is not
meaningful to define a representative distribution of tropo-
spheric NOX. An attempt at a source inventory of tropospheric
NOx is shown in Table 4. The anthropogenic source is the domi-
nating one. It should be remembered, however, that NOx injec-
ted into the troposphere from the stratosphere is less affec-
ted by rainout and has a much longer lifetime than ground

level NO .
X

Table &: Sources of tropospheric N0x & An TgN/y.(T=1012) (&1

TgN/y Comments
Anthropogenic . Mainly at mid latitudes,
ground level sources 20 Northern Hemisphere.
Lightning 3.5
Downward flux from " Results from the stratos-
the stratosphere a3 pheric reaction

N,0 + 0('D) + 2NO.

High flying aircraft )




23

This means that NOx of stratospheric origin can participate
longer in the ozone production before it is removed, than what

is the case for low level emissions of NOx (61).

Due to the uneven distribution of NOX, the photochemical pro-

duction of tropospheric ozone is also highly variable with
time and in space, with regions where the NOx deficiency
causes a nett photochemical destruction of ozone, and other
regions with a significant nett production. The positive
correlation of the short term fluctuations of the concentra-
tions of ozone and carbon monoxide as measured by Fishman and

Seiler (28, 29, 42) in the free troposphere between 150N and
LSON led to the conclusion that there is a photochemical
source of ozone in this region. The low levels of NOx in the
equatorial Pacific region indicate a nett ozone sink there.
This is supported by the meridional distribution of the
concentration of ozone, which decreases towards the Inter-

tropical Convergence Zone (43, 44).

Calculations with a 2-dimensional, meridional model of the
photochemistry and zZonally averaged transport of the tropo -
sphere, showed that approx. 507 higher ozone concentrations
were obtained for the lower troposphere at the polluted mid-
latitudes in the Northern Hemisphere than in the Southern
Hemisphere. Outside the regions influenced by pollutant
sources, the low levels calculated for the concentration of NO
did not favour photochemical production of ozone (45). Similar
calculations by Crutzen and Gidel (41) showed that the best
agreement with the global observations of ozone was obtained

if industrial sources of NOx and hydrocarbons were included.
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3 JROPOSPHERIC OZONE AND CLIMATE

Observations of the distribution of the concentration of ozone
in the atmospheric boundary layer and the free troposphere
have revealed a large degree of variability (within an order
of magnitude) over a few hours’' time, some tens or hundreds of
kilometers horizontally and a few hundred meters vertically.
Although the observational support was sparse, the variability
seemed to prevail largely in the Northern Hemisphere. Averaged
over some period of time, e.g. one month, the observations of
tropospheric ozone indicated that there was a spring maximum
at all altitudes in the troposphere, and there was a maximum
in the meridional distribution around 350N.‘Model calculations
have indicated that the Northern Hemisphere excess ozone was
caused by anthropogenic activity, chiefly emissions of CO,

NOx and hydrocarbons from the burning of fossile fuels.

Fishman and coworkers (5) argued on the basis of calculations
with a radiative transfer model (4) that the Northern Hemi-
sphere could be warmer than the Southern Hemisphere by about
0.2 K because of the larger amount of ozone in the Northern

Hemisphere.

Model calculations of the future composition of the atmophere
have 1indicated that a significant increase in tropospheric
ozone may take place if the emissions of CO, NO)< and HC are
increasing stegdily. (A doubling by the end of the next cen-
tury, 46). On the basis of these projections, it has been cal-
culated that the global surface temperature may increase by
0.9 K if the tropospheric ozone concentrations were doubled
(5). Angell and Korshover (47) have shown on the basis of
ozone sonde measurements at 2-8 km altitude that there has
been a 20/ increase in the ozone concentrations at mid lati-
tudes in the Northern Hemisiphere from 1970-1980. Measurements
in polar regions have shown a similar increase, which excludes

the possibility of a limited smog effect only.
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The number 0.9 K should be compared with the calculated effect
on the surface temperature of the increase in the atmospheric
burden of several other trace gases which are infrared absor-

bers.

Lacis et al. (48) calculated the change in the surface equili-
brium temperature {the greenhouse effect) for several trace
gases which increase 1in abundance 1in the atmosphere, see

Table 4.

Table 5: Greenhouse effects (ATe in K) of methane, nitrous oxide,
chlorofluorocarbons (F-?1 and F-12) and carbon dioxide (48).

1970-1980 change
Concentration in concentration
Species Initial Final AT 1870 1980 AT

eq eq
CH (ppmv) 1.6 3.2 0.26 1.8 1.65 .032
N O (ppbv) 280 560 0.65 295 301  .016
C%laF(ppbv) 0 2 0.29  .045 135 .020
CCl Fz(ppbv) 0 2 0.386 . 125 s 11 .034
Cozﬁppmv) 300 600 2.9 325 337 0.14

These calculations were based on the assumption th;t the sce-
narios were equilibrium situations. If the atmospheric infra-
red absorption is changed for some period of time which is
short compared to the time required for the planet to approach
a new equilibrium temperature (a few years, 49), the global
warming would be much less than the warming at equilibrium.
The climatic impact of changes in tropospheric ozone on a time
scale of the order of one year or less, would therefore Dbe
small. Long term changes can be climatologically very signi-

ficant, however.
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Hourly average ozone concentrations measured at Haukenes on
June 5-8, 1379, 15 km downwind of the petrochemical industry
at Rafnes. Upwind ozone concentrations measured at the coas-
tal site at Langesund are shown for comparison (7).

Hourly average ozone concentrations measured at Bjernstad-
jordet in Porsgrunn during a period with an extensive forest
fire west of Notodden (see map, Figure 1). The forest fire
smoke was clearly visible and the odour could be felt. The
local wind speed and direction measured at Lakollen (Figure
1) is also indicated (9).

Observed and calculated ozone concentrations in the urban
plume from St.Louis. Primary pollutants .from St.Louis were
emitted between 0600 and 0900 h in the model calculation. The
calculated development of the concentration of ozone outside
the urban plume is also shown (14,15).

Measured concentrations of ozone from aircraft on July 9,
1981, around 1600 h, along the coast between Arendal and
Mandal. The flight level was 100-200 m. The 96 h, 850 mb back
trajectory to Birkenes at 1800 GMT is also shown (17). Com-
pare the map, Figure 1. (16).

The nocturnal variation of the concentration of ozone with
time measured at heights indicated on the curves at a rural
site in New South Wales, Australia. The inversion height was
approx. 140 m (20).

Ozone concentrations in pphmv measured from two flight mis-
sions across a tropopause folding event at 00 GMT 13 March
1878. The troposphere is the stippled area. Two flight tracks
are indicated, the ozone analysis for the upper flight track
is dotted, for the lower flight track solid lines (24).

Vertical profiles of the concentration of 0_ and CO measured
frow an aircraft descent over Frobisher Bay, Northeast Canada
(64 N) 25 July, 1974. Arrows indicate significant altitudes
where anomalously high/low 03 and CO concentration were found
(28).



Figure 8:

Figure 9:

(Upper part) Monthly variation of tge concentration of ozone
at 200 mb and 800 mb at Boulder (40 N), the combined data
from Bedford (42 N) and Wallops 1Island (38 N) and from
Aspendale (48 S) (30).

{Lower part) Measured latitudinal distribution of ozone as
compiled by Seiler and Fishman (29). Open quadrates denote
the tropospheric average obtained in the flights described in
(29), open triangles 480 mb, outbound leg, open circles
480 mb, homebound leg (29), crosses ref. (27}).

Calculated Northern Hemispheric average, annual mean produc-
tion and destruction rates of tropospheric ozone as a func-
tion of average NOx concentration (30).
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