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CHAPTER I

INTRODUCTION

Although a trace constituent, ozone is of
considerable importance to the radiation and heat balance
of the earth's atmosphere. It protects the biosphere from
the sun's deadly ultraviolet radiation. It also controls
the thermal structure of the stratosphere thereby
excercising a considerable control on the earth's climate.
Events in the last two decades have produced an increased
awareneas of ozone's importance especially since the
recognition that human activities can significantly
disturb the ozone layer.

Ozone is a highly reactive molecule and certain
chemical species in the stratosphere can diminish the

ambient concentrations of ozone by increasing its rate of

destruction. Since the 1970's, concern over increased
ozone destruction by some of these species introduced into
the stratosphere by man's activities has been an active
scientific issue. The consequent increased flux of solar
ultraviolet radiation incident on the earth's surface is
known to have far-reaching consequences,

Ozone is also a highly variable constituent of the
atmosphere, with pronounced day-~to-day variations as well
as seasonal changes., This characteristic of ozone makes
detection of any influence on its concentration resulting

from chemical contamination extremely difficult,

., ~
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However, measurements of czone in the Antartic have
revealed a dramatic decrease of the spring ozone values
since 1979. While no clear 1link between man-made
pollutants and this ozone depression or hole has been
established, this is the first pronounced decrease of
ozone that many scientists believe may be indicative of
such a link.

This thesis is a discussion on atmospheric ozone,
particularly ozone in the stratosphere. The photochemical
formation of ozone is briefly described and observations
of ozone resulting from several observational technigques
are presented. Ozone distribution in the natural
stratosphere is also discussed as well as the various
processes which upset or perturb the natural ozone
balance. Finally, observations and current thinking of

the Antartic ozone hole are summarized.
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CHAPTER 11

FORMATION OF THE OZONE LAYER

Ozone is present throughout the earth's atmosphere
from the surface up to at least 100 km. In the mesosphere
(>60 km), densities of ozone are quite low. The largest
concentrations lie in the stratosphere at about 25 km.
Concentrations of ozone in the troposphere are also less
than the stratosphere, but can still play an important
role in the chemical and radiation balance of the lower
atmosphere.

Ozone is indeed the most important atmospheric
constituent which absorbs ultraviolet solar radiation.
Ultraviolet (UV) radiation is the part of the
electromagnetic spectrum with wavelengths under 400
nanometers (nm). The UV portion of the spectrum is
conventionally divided into three parts:

UV=-A = 300 nm to 400 nm

Uv=-B - 220 nm to 300 nm

Uv-C - 190 nm to 220 nm.
Since the energy of a photon of 1light 1is inversely
proportional to its wavelength, photons in this part of
the spectrum have larger amounts of energy than in the
visible region of the spectrum. Wavelengths less than 320
nm have sufficient energy to damage DNA and RNA, the

molecular building blocks of 1living cells, both strong

absorbers of UV radiation below 300 nm (NRC,1983). Ozone

'r (\' G )',:‘ r’}
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absorbs 99% of this energy, protecting plant and animal
life £from exposure to this harmful radiation. The
absorption of solar radiation due to the presence of ozone
and other naturally occuring atmsopheric gases is depicted
by the hatched areas in Fig. 1.

Ozone formation begins by the photodissociation of
molecular oxygen at altitudes of 40 to 100 km. Photolysis
occurs when molecular oxygen absorbs photons with energy
in wavelengths of 130-175 nm (Schuman-Runge continuum),
175-210 nm (Shuman-Runge bands) and 215-240 nm (Herzberg
bands and continuum). Absorption of photons in the
Schuman-Runge bands and continuum is the dominant source
of atmospheric odd oxygen at altitudes greater than 60 km.
Photodissociation of O, in the Herzberg continuum is the
dominant source of odd oxygen below 60 km.

The end products of the photolysis of O, are two
highly reactive oxygen atoms whose lifetime is dependent
on the density of third bodies and of molecular oxygen,
Op. At altitudes of -100 km, the lifetime of atomic oxygen
is long due to this density dependence. However, once
transported downward to the upper stratosphere, where the
densities of third bodies and molecular oxygen are high,
it combines very rapidly with an oxygen molecule through a
collisional process to form ozone, O5. Referred to as the

Chapman mechanism, after the well-known geophysicist who

\ﬂ"‘
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f;f : first proposed these processes (Chapman,1930), the
;; chemical reactions are written:

‘ Oy + hv => 0 + 0 (1)

1 O, + O+ M >0y + M (2)

§¢5 where M indicates the third body and hv represents one
;? cuantum of energy (h is Planck's constant and v is the
;wl frequency of the absorbed 1light). The photolysis of
§$ molecular oxygen essentially absorbs all of the UV-C
;: radiation, thus no radiation of wavelengths less than 220
:;5 nm reaches the earth's surface.

%? Absorption of incoming solar radiation by ozone
;f; occurs in the strong Hartley bands of wavelengths less
Lé; than 308 nm, the weaker, temperature dependent Huggins
'ﬁﬁ bands which extend to ionger wavelengths out to near 360
{$~ nm and the Chappuis bands which lie in the visible from
?F} 410 nm to 850 nm. Absorption in the Hartley region is by
k&{ far the stongest and peaks close to 255 nm with an
‘.} ' absorption cross section of about 1.2 x 10-17 cm2. The
532 absorption is accompanied by the photodissociation
E%f process:

,: 0y + hv => 0, + o('D) (3)

$33 where 0('D) represents a singlet oxygen atom in the first
*ﬁ excited state. This free oxygen atom quickly combines
»# ; with molecular oxygen through reaction (2) to form another
? . ozone molecule. At wvavelengths greater than about 310 nm
:g the vibrational structure of the Huggins bands becomes
".« 6 |
% )
| @4
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g; pronounced and the absorption cross section displays a
?Eﬁ significant temperature dependence. Ozone absorbs weakly
5’* in the visible region of the spectrum via the Chappuis
iﬂ bands that extend from 408 nm and peak near 600 nm with a
% cross section close to 5 x 10'22 cmz. Absorption in these
%ﬂ two bands as well as wavelengths up to about 1100 nm
"K (Craig,1950) produces only ground state oxygen atoms,
%y& 0o(3P), which also combine with molecular oxygen to form
t ozone. The altitudes and regions of the spectrum in which
f: these processes take place are summarized in Table 1l.

,EE Through these processes, the trace amounts of ozone
67 found in the stratosphere are capable of absorbing
:ﬁ virtually all solar ultraviolet radiation. The absorbed
:?& solar energy in the UV is converted to thermal energy and
fﬁ is responsible for the exsistence of the stratosphere's
.u& positive temperature gradient. The maximum rate of energy
il; input per unit mass of ozone occurs at 45 to 50 km and
3) delineates the region of temperature maximum called the
}T stratopause. Between the stratopause and the tropopause,
Jg which is the region of temperature minimum between 10 to
t: 15 km, is the stratosphere which is characterized by a
’22 temperature inversion and dynamically stable air.
!-g Consequently, ozone has a role in determining
- stratospheric and tropospheric weather and climatic
Fég interactions. Figure 2 shows the thermal structure of the
lgz atmosphere.
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te"v
g Maximum production of ozone occurs in the equatorial
N
;&g upper stratosphere based on this photochemical theory.
Bl
:1"‘ The combination of the approximately exponentially
\ié‘ decreasing partial pressure of oxygen with the increasing
p ﬁ' solar flux density as the altitude increases results in
}
?; maximum photodissociation rates of oxygen in this region
L A% ]
L of the atmosphere. Ozone, therefore, forms most rapidly
»
L)
:ﬁ; at this 1level in the atmosphere. As we shall see,
;’l‘:e.
N dynamical and chemical processes determine the latitude
;;f and altitude of maximum ozone concentrations.
Y .!2,4
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CHAPTER III

TOTAL OZONE
3.1 Measuring Total Ozone

A number of different units are usec¢ in expressing
the concentration of ozone in the atmosphere. Number
mixing ratio is given by the number of molecules of the
gas in, say, a million (106) molecules of air and is
expressed as parts per million (ppm). Units of parts per
billion (ppb) and parts per trillion (ppt) are also
commonly used. Mass mixing ratio is given by the gas mass
density over the air density and expressed as parts per
million by mass (ppmm) or micrograms (lois)of the gas per
gram of air ( ug/g). Still another unit ox& gas
concentration is the number density which is the number of
molecules, atoms, or radicals present in a given volume of
air, usually a cubic centimeter. Similarly, the mass
density is the mass per unit volume. The partial pressure
of a trace gas is usually expressed in nanobars (nb). All
these units are used to express ozone concentrations, but
the standard unit of ozone measurement is the Dobson unit
(pbu).

A vertical column of air extending from the earth's
surface to the top of the atmosphere, when reduced to
standard temperature and pressure (STP), contains the

3

number of molecules per cm equivalent to Loschmidt's
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number = 2.69 x 10'9, This column contains a total of 8
X 1018 ozone molecules cm'2 (the global average total
amount of ozone per cm? above sea 1level) occupying a
thickness of approximately 0.3 cm (STP) or 300
milli-atmosphere cm, defined as 300 Dobson units (1 DU =
1073 cm of ozone). This vertical column measurement |is
known as a total ozone measurement. In comparison, under
the same temperature and pressure conditions, the original
vertical column of air would be over eight kilometers high
(Dotto and Schiff,1979). This puts in perspective ozone's
contribution to the atmospheric composition.

" Tctal ozone measurements are made from ground-based
instruments or satellite-borne instruments. The standard
ground instrument is the Dobson spectrophotometer. This
instrument is a double monochromater which measures the
differential absorption of the solar irradiance at two
adjacent wavelengths. A standard set of paired
wavelengths, distinguished as A, B, C, C' and D, has been
incorporated in the measuring technique. Since one
wavelength of the pair absorbs ozone more strongly than
the other, total ozone can be determined by the ratio of
the irradiances measured at each wavelength. Although
measurements made on zenith blue skies are most accurate,
measurements on cloudy days or even in the moonlight are
considered accurate enough to be useful. The Dobson

spectrophotometer is thought to be accurate to within 2-3




percent (London,1984). The instrument is currently out of
production and is being replaced by the Brewer
spectrophotometer which yields comparable results
(WMO,1985).

The M-83 filter instrument is used in the Soviet
Union and in Eastern Europe for total ozone measurements.
This instrument also determines total ozone by the
differential absorption of the solar irradiance at two
different wavelengths. 1In direct comparison measurements,
Bojkov (1969) found differences by as large as 40 percent
between the Dobson spectrophotometer and the M-83. These
differences are based on the quality and calibration of
the optical - filters and the measured ozone absorption
coefficients assumed to be constant throughout the
atmosphere used in the reduction of the data. However,
the overall accuracy of the M83 is considered to be within
3-5 percent (London,1984).

Satellites have greatly enhanced the measurement of
total ozone with the employment of two techniques. One
technique analyzes the solar UV radiation backscattered
from the earth and atmosphere, whereas, infrared emission
at 9.6 m from both the ground and the atmosphere is
monitored in the second technique.

In the backscattered ultraviolet (BUV) method, the
outgoing radiation that has first been absorbed by ozone

along the path of the =solar beam and then scattered back

13




to the satellite by the earth and the atmosphere is
measured (Klenk,1982). Obtaining total ozone amounts is
possible because of the separation of the absorber (ozone)
from the scattcrera (the surface and the troposphere).
The reflecting surface and almost 90 percent of the
. scatterir-, atmosphere lie below the tropopause above which

80 - 9V percent of the ozone lies. Therefore, in the
f wav-.length range of interest, ozone essentially acts as
1 Lhe only attenuator of the direct solar flux and the

diffuse reflected and scattered radiation. Total ozone

- - -

can then be reasonably aprroximated by a method similar to
( the Dobson technique. A shortcoming of the BUV technique

is that the satellite instrument is less sensitive to

. changes in ozone in the lower troposphere than the
{ ground-based system. AlSo, no measurements are available
" in regions of polar dark. Aboard the satellite Nimbus-7

. is the Solar Backscatter Ultraviolet (SBUV) instrument
- which |is an improved version of the Backscatter
R Ultraviolet (BUV) experiment that flew on the Nimbus-4
satellite measuring total ozone from early 1970 to
December 1977. The SBUV is a nadir viewing double
K monochromater designed to measure total ozone and also the
' vertical distribution of ozone (Heath et al.,1978).

. The Nimbus-7 satellite also provides the platform for

, the Total Ozone Mapping Spectrophotometer (TOMS). The

g TOMS is designed to provide daily global coverage of the

.
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;,% | earth's total ozone. Both the SBUV and TOMS measure total
ééz ozone in a similar manner using nearly identical
'V wavelengths. However, the TOMS vyields much finer
{;i resolution. From a nearly polar, sun-synchronous orbit,
3:: TOMS scans in a plane perpendicular to the orbital path to
&3, produce daily global ozone measurements of between 50 and
:EE 100 km resolution (Heath et al.,1978). SBUV's resolution
%rf is about 200 km in the nadir direction only.

. Ozone absorbs strongly in the infrared (IR) at 9.6 um
Aig and measurements of upward-directed infrared radiation at
:i: this wavelength by satellites can estimate the total ozone
‘:} in a vertical column. The Limb Infrared Monitor of the
;§§ Stratosphere (LIMS) also aboard Nimbus-7 operated from
'%s October 1978 to May 1979. Remsberg et al. (1984) reported
ﬁvﬁ that column ozone measurements from 0.1 mb to 70 mb
:Ea calculated using LIMS data are very accurate. Because the
Ny

limb viewing geometry causes high opacity at lower

- O
-

O

h altitudes, ozone measurements below 70 mb, however, may be

“
o . .
yfj in error by as much as 20 percent. Therefore, satellite
A
‘:ﬂ IR measurements to determine total ozone are not as
s . accurate as the other methods, but as discussed in the
S
‘ L2
wﬂ next chapter, IR techniques are used to measure ozone's
~‘$-
2§ . .
5;3 vertical profile.
,7: Total ozone measurements derived from ground-based
8
i; instruments and satellite-borne instruments may not be
Jl
' - . - .
ol similar for a variety of reasons. 1Initial differences may
)‘.h:
)
b
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;Q} ) arise from the ozone absorption coefficients used in the
'.&J

gh algorithms since the two systems use different sets of
N . : .
B wavelengths. There are also calibration differences
!\3 between different ground stations and between the ground
D 3

N

*:: stations and satellite systems. Also important are the
" A

]

r; spatial differences. Satellite observations are almost
R’ ’ -

T completely global whereas there is a great spatial
‘-_‘&\

'\-- Iy - a
}3: inhomogeneity of the ground based system, especially in
I

o the Southern Hemisphere (London,1984). The SBUV and TOMS
AT

.xf total ozone measurements are about 8 and 6 percent lower,
5

;~2 respectively, when compared to ground-based measurements
% .
'e | (Bhartia et al.,1984).
[\ t:‘-\
’{X 3.2 Ozone Transport and its Global Distribution

z*g

'r’ \
{ Maximum local concentrations of ozone are observed in
L

s

Z‘: the lower stratosphere and the maximum values of total
F) '&-J_'\

M

:ﬁp ozone are observed at polar latitudes in late winter and
AN . -

:) early spring. As previously mentiu: 4, ozone is formed in
"~

W

f$¢ the middle and upper stratosphere with maximum production
N over the equatorial regions. The fact that the bulk of
it

e the ozone is well away from 1its source region clearly
)
:§§ suggests that ozone undergoes transport to higher
g .

M latitudes.

SV

[) L.

a The strong latitudinal differences are depicted 1in
g Fig. 3 which shows the global long-term average of total
Cﬁi ozone obtained from the BUV instrument on the Nimbus-4
s
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g;_ : satellite from 1970 to 1977. Within the stratosphere, the
:5& | overall mean mass flow is directed poleward and is
2 . downward outside the tropics. This flow accounts for the
;éi transport of ozone from the region of maximum production
f;§ in the equatorial middle stratosphere to the region of
?? maximum concentrations in the lower stratosphere of the
;%% polar regions (Fig. 4). The seasonal variations of total
f?é ozone are depicted in Fig. 5. High total ozone values 1in
:j- the high latitudes of the winter hemisphere are accounted
ig% for by the strong poleward and downward mass flow at that
{Eg season. The mass flow shown in Fig. 4 should not be
:t} confused with the eulerian mean meridional circulation
 %€5 which at high latitudes in winter is directed upward and
;Ei equatorward (Holton,1979). This apparent paradox may be
(‘ resolved by recalling that planetary waves are very active
B

fé; in the winter stratosphere and that these waves produce
E;é eddy fluxes which contribute to the transport of ozone.
;?i Thus, it is now generally believed that the seasonal
;ﬁé variation of ozone, as shown in Fig. 5, is driven by a
o

ﬁgz Langragian circulation and the interaction between
ﬁﬁ» large-scale planetary waves and the circumpolar vortex
.

:;f (Rood,1983).

Ei The winter polar stratospheric circulation is

characterized by strong westerly winds creating a
circumpolar vortex. This vortex essentially prohibits any

transport of ozone from lower latitudes to the pole during
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FIGURE 3. The global long-term annual average of
total ozone in Dobson units observed during the
period April 1970 to March 1977 as measured by the
BUV instrument on Nimbus-4.
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FIGURE 4. A schematic illustration showing sour-
ces, s8inks and mass transport of ozone.
(Dutsch, 1971).
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the winter months. However, planetary waves work to
decelerate these zonal winds and weaken the vortex by
transporting heat, momentum and among other things, ozone,
into the polar regions. This breaking down of the vortex
and transport of heat into the polar region is known as a
stratospheric warming. A stratospheric warming is defined
as minor if a significant temperature increase is observed
(i.e. at least 25 K in a period of a week) and the
criteria of a major warming is not met. A major warming
is a reversal of the temperature gradient at 10 mb from 60
degrees latitude to the pole and easterlies are observed
(NASA,1978).

Since the Northern Hemisphere has more intense
planetary wave activity due to its land-sea contrast, the
Artic stratosphere experiences several major and minor
mid-winter stratospheric warmings. As a result, the
meridional ozone transport is greater and the mean annual
high latitude maximum is larger than that in the Southern
Hemisphere. On the other hand, the wmuch stronger
westerlies (deeper vortex) in the Antartic vortex account
for the delay of any major or minor warming event to much
later in the spring . Interest in the polar stratospheric
circulation and stratospheric warmings has recently
increased in the advent of the Antartic ozone hole problem

which is discussed in chapter VI.
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‘b{ Ozone }s inversely correlated to pressue patterns in
LS%E the upper troposphere and lower stratosphere
,ﬁﬂ (Gotz,1951:Craig,1965). Within a well-developed  upper
:v level trough at the 50-100 mb region, air parcels flowing
“.} northwesterly, downstream from ridge to trough, undergo
53 subsidence and vertical convergence which increase 1local
:{j ozone concentrations. A horizontal advective effect also
f%&: prevails since the air parcels originate in an area of
S greater ozone content. Similarly, there is also a
'ﬁé longitudinal variation in total ozone which is mostly
;gg associated with quasi-stationary planetary waves. This
i:t variation would be more pronounced in winter and spring
gf when the troughs are deeper.

;ff In the tropical stratosphere, there is a near 2~-year
(ﬁv (gquasi-biennial) oscillation of the zonal wind. Associated
"E with this is a weak, but detectable oscillation of total
E§§ ) ozone and 1local ozone concentration in the 1lower and
" middle stratosphere (Oltman,1982). Observations reveal
:é; that increased ozone amounts are in phase with increases
~ﬁ§ in the westerlies in the tropics while lagging with repect

S to the westerlies in the higher latitudes.

’Ei Chemistry also plays an important part in the
{3 seasonal maximum as a result of the cold polar
~al

stratospheric temperatures slowing down the ozone

‘ depletion rates and the low solar angle reducing

T photodissociation rates. Thus, the relaxation times of




ozone are relatively longer during the late winter and

early spring months (Cunnold et al.,1980).

A.(;&

Pl

O Yo

23

LN

e e o S et e A At e
> o e s Lo ”M -f'.".':-‘_ e N Lo

A S A A N i A A N A N R Y v ,
< A S AL M IR B

» ~\'.r~.
T 2 LI, LN AN AAdh

ey 1

AT, WL . Wy
R

()
‘ M



hadade b dbadi il dad e i S d el b b ol B o Al ana 4l e 4 aa avg aan o o

CHAPTER IV

THE VERTICAL DISTRIBUTION OF QOZONE
4. Measurements of the Vertical Distribution of Ozone

There are several ways to measure the vertical
distribution of ozone based on direct (in-situ) or
indirect (remote) observing technigues. Remote systems
employ either the ground-based spectrophotometer or
satellite platforms while the in-situ measurements are
made by rocket, balloon or aircraft-borne instruments.

The standard ground-based method for determining the
vertical profile of ozone is the Umkehr technigue (Mateer,
1965). Here the spectrophotometer is used to measure the
mean ozone concentration in nine standard 1layers of the
atmosphere to an altitude of about 48 km. Measurement of
scattered zenith light at two different wavelengths are
made while the solar zenith angle is between 60 and 90
degrees. The ratio of the two measured intensities shows
a steady decrease with increasing angle of the sun and
then increases just before the sun sets. Hence, the term
Umkehr which means turning back or reversal. The vertical
ozone distribution is determined by making adjustments to
the ozone amounts in the nine standard layers as obtained
from a standard profile until the calculated and the
obsérved Unkehr curves match sufficiently well, especially

near the reversal point.

24

WY O Y O T VU 7 R SOy S T VO YU T YO G TUW T




;: : A new method for obtaining ozone profiles known as
g the ®"short Umkehr®" method has been tested and accepted
> recently. The short Umkehr method makes use of zenith sky
: measurements in the more restricted range of solar zenith
E angles between 80 and 89 degrees. The shorter method
_ consumes less time and appears to be as efficient as the
? conventional method (WMO,1985).
i: Remote sensing of ozone by satellite are of three
types, two of which are on the Nimbus-7 satellite. The
; SBUV is based on the Umkehr technique and measures the
is backscattered UV radiation from different 1levels in the
atmosphere. The second method is a limb-scattering
5 technique observing atmospheric IR or visible light
i emission in the different layers. This method was
{; demonstrated by the Limb Infrared Monitor of the
2 Stratosphere (LIMS) which operated nearly flawlessly from
: October 25,1974 to May 28,1979, its expected lifetime
(Remsberg et al.,1984). Finally, the Stratospheric
; Aerosol and Gas Experiment (SAGE) measures the absorption
.& in the UV or visible ozone absorption bands as solar
A: radiation is occulted by the earth's atmosphere (Kent and
22 McCormick,1984). SAGE was launched on February 18, 1979 on
g} a dedicated spacecraft and operated until November 1981.
o The non-sun-synchronous orbit of the spacecraft limited
5 the coverage of SAGE to specific latitudes compared to the
;? other two instruments.
‘,"
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SQ Other methods to determine ozone's vertical
:3 distribution are in the developmental stage using IR,
‘?' microwave and LIDAR techniques. 1In fact, a current LIDAR
{ system can measure the ozone distribution to within 3
o
i; percent at altitudes of 30 to 50 km, an important layer
fﬁ for early detection of ozone depletion (Pelon et
" al.,1982).
gﬁ For determinations of vertical ozone profiles with
. good vertical resolution, direct soundings are required.
‘E; In-situ measurements of ozone in the free atmosphere have
izé been made with instrument-laden balloons, rockets and
Ly airplanes. These instruments may use chemical or optical
i; methods to measure ozone (Regener ,1960;:London,1984).
iz While aircraft have definite altitude limitations,
( J balloonsondes and rocketsondes can reach up to 40 and 70
;; km, respectively.
i?. 4.2 Vertical Ozone Profile
?; Figure 6 shows the long term average vertical ozone
E: distribution at Resolute, Canada and Wallops Island, Va.
i; The abscissa showas the partial pressure of ozone and the
35 ordinate shows the atmospheric pressure and approximate
;& height. The tropospheric level of ozone remains
__; relatively constant with height. This is a result of
Y

-

strong vertical mixing due to turbulence. As we continue

oA

S
.

into the lower stratosphere, the ozone partial pressure

N =
U}
rd

o s p
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:@? ._ increases with height. At Resolute, which is the more
:&g northern station, the higher partial pressure, around 175
f“ nb, is reached at an altitude of 20 km, whereas at Wallops
:fﬁ Island a lower maximum ozone partial pressure of 150 nb is
§¥E found at an altitude of approximately 24 km. This height
;;’ of the maximum in the ozone partial pressure varies with
.5§ season and latitude.

’ﬁf The vertical profile may show a well-defined maximum,

a broad flat maximum or, on occasion, one or more

"1 secondary maxima. 1In general, the lower the height of the
,{% stratospheric maximum, the greater the concentration of R
»

® ozone at that level. Again, this is a result of poleward
ﬁE and downward transport from the tropical middle and upper

.

EE{ stratosphere where most of the ozone is produced. Fig. 6

shows that, at higher altitudes, the ozone concentration

[ e W

is greater at Wallops Island, the more southerly station,

This is due to photochemical effects. More ozone is

PRI

Py

produced at this level at the southern station with higher
photochemical equilibrium values than at the northern

station.
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Mean long-term vertical ozone profile
at Resolute (75 N) and Wallops Island (38 N).
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4.3 Tropospheric Ozone

A large amount of ozone is transported into the
troposphere each year by intrusions of stratospheric air
through the tropopause. There’ exists a large positive
correlation between ozone mixing ratio and potential
vorticity deviations in the 1lower stratosphere and upper
troposphere (Hering,1965). Using large scale analysis of
potential vorticity, Danielson (1968) used the term
"folded tropopause” for the intrusion of the stratosphere
into the troposphere. Such folds occur in conjunction
with upper level frontogenesis and are major source
mechanism of tropospheric ozone.

The folds develop by a steepening of the tropopause
at the Jjet core followed by a downward and southward
stretching of the jet (Fig.7). The descending air on the
north side of the jet is stratospheric in origin and rich
in ozone. The air on the south side is tropospheric. The
atmosphere adjusts to this rapid downward and southward
transport of horizontal momentum by forcing warmer air
downward on the southside and c¢old air upward on the
northside of the jet (WMO,1985). This 1leads to a
thermally indirect circulation which folds the tropopause
and irreversible transport of ozone from the stratosphere
to tropogphere.

The tropospheric contribution to the total ozone is

relatively small ( ~10%) but 1is very important in urban
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é areas. Ozone is the major oxidant in smog and the amount
;i formed in the lower troposphere has a complex dependence
] on time of day, meteorological conditions, and the amount

- of pollutants in the air.
rg In the morning, ozone concentrations are very low.
i' Since nitric oxide 1is a by-product of combustion, early
;{ morning rush hour traffic results in a rapid increase of
‘3 nitric oxide. 1In the ambient air, NO is converted to NO,.
& As depicted in fig. 8, the photodissociation of NO, by
j sunlight forms equal numbers of nitric oxice molecules and
é oxygen atoms. The ozone reacts with nitric oxide on a 1l:1
: basis, to reform nitrogen dioxide. Only a small steady
f state concentration of ozone results from this cycle.
§ When combustion by-products in the form of hydrocarbons
K are present, they form peroxy radicals that oxidize the
‘ﬁ nitric oxide directly into nitrogen dioxide. This leaves
i _ very little of the nitric oxide to react with the ozone,
? so the ozone concentrations build up.

't The concentration of ozone in the polluted atmosphere

)

0 is controlled by the intensity of the sunlight and the

A
1» ratio of NO, to NO. Once the sun sets, ozone is lost by
=
j} reactions with various trace species in the atmosphere and
J? concentrations go down.

: While the geographical,  seascnal, and day-to-day
:§ variations are mostly due to transport, there are many
;3 diverse physical and chemical factors which have a
30
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S FIGURE 8. The NO-NO3-O3 cycle in air contaminated
Rl with NOx only (above) and with NOx and hydrocar-
) bons (below).
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CHAPTER V

PERTURBATIONS OF THE OZONE LAYER
5.1 Natural Perturbations

Since the generation of an oxygen containing
atmosphere, a delicate chemical balance had maintained
ozone levels in an approximate steady state with only
relatively small natural variations. The ultimate source
of stratospheric ozone is the sun. Any factor disturbing
the solar UV output has an impact on the ozone layer by
changing the temperature, photochemistry, and dynamics of
the stratosphere from the resulting change in heating.

Investigators have observed a decrease in ozone with
decreased solar UV fluxes due to the solar ll-year cycle
of sunspot activity and the 27-day solar rotation. An
analysis of seven years of Niwbus 4 BUV data by Chandra
(1983) has shown that the globally averaged ozone in the
upper stratosphere decreased vy 3 to 4 percent from 1970
(solar maximum) to 1976 (solar minimum). Others have
suggested changes of up to 8 percent in the layer between
32 and 48 km due to the change in solar activity (Penner
and Chang,1978: Gille et al.,1984), with negligible
effects below 30 km.

Solar Proton Events (SPE) are an influx of high
energy protons released by the sun and channeled by the

geomagnetic field 1into the polar region. The incoming
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particles collide with and ionize atmospheric molecules
producing oxides of nitrogen (NOx) and hydroxyl radicals
(OHx) which destroy ozone. The effects of several SPEs
have been studied (Heath et al.,1977:Solomon et al.,1981:
Thomas et al.,1983: Weeks et al.,1972) and ozone
depletions from 30 to 70 percent have been observed at
altitudes from 50 to 70 km. Both short term (1 day or
less) and long term (1 week of more) ozone responses have
been observed. These responses are understood to result
from HOx (shortlived) and NUx (longlived) related
chemistry (WMO,1985). Changes above the stratopause are
expected to be that due to HOx radicals, while NOx
production effects become important mostly below that
level.

Other cosmic events may also generate NOx and HOx in
the upper reaches of the atmosphere. Thorne (1977)
suggests important ozone perturbations can occur when high
energy electrons from the earth's outer radiation belts
produce NOx when they bombard molecular nitrogen in the
mesosphere and upper stratosphere during geomagnetic
storms. In these cases, however, the bulk of the ozone
lies below the depletion region, thus there is very little
effect (<2%) on the total ozone column by these
extraterrestrial events (Turco,1984).

There are other extraterrestrial events which may

have a greater influence on the ozone layer. Turco et al.
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(1981) studied the Tunguska meteor fall of 1908 and

estimated that for several months local ozone depletions
of up to 85 percent above 10 km within ten degrees of
latitude from the impact area due to the generation of NOx
when the meteor entered the atmosphere. Some researchers
(Clark et al.,1977) believe that the most catastrophic
cosmic event responsible for ozone depletions could be a
supernova occurring within 100 light years of earth. The
resulting shower of intense UV, gamma and cosmic rays
might well destroy 80 percent of the ozone layer. Reid et
al. (1976) believe this to be a possible mechanism for
previous mass extinctions of terrestrial and marine
animals.

Events such as volcanic eruptions, natural gas
emissions and even the hydrologic <cycle can upset the
ozone balance. Large injections of gases and dense
volcanic particles effect ozone chemically and can alter
photodissociation rates and stratospheric temperatures.
Water vapor has a role in the thermal balance of the
stratosphere which, if altered, can effect ozone amounts.
Also, water vapor and natural gas emissions can eventually
be transported into the stratosphere, broken down
photochemically and then react with ozone. Warming of the
stratosphere due to the absorption of heat by aerocsol

particles changes stratospheric dynamics. After the

volcanic eruption of E1l Chichon in March-April 1982, an
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ozone decrease on the order of 10 percent was observed
between 100 and 30 mb (Dutsch,1985). Vupputuri (1985a,b)
estimated roughly a two percent decrease depending on
latitude and season as a result of ozone photochemistry
interacting with the El1 Chichon stratospheric aerosol
cloud.

A major El Nifno event which was associated with
extraordinary climatic anomalies took place in 1982 and
1983. A series of wintertime stratospheric warmings with
possible ozone perturbations also took place at this time.
However, Quiroz (1983a,b) found difficulty in separating
any stratospheric temperature change from the El1 Chichon
event from that due to El Nino to determine the effect on

ozone.
5.2 The Catalytic Cycle

There are many processes responsible for the
perturbations of ozone in the stratosphere. Ozone can be
transported into the troposphere by tropopause folding
where, in addition to photolysis, it can eventually react
with one of the layer's gas constituents or the earth's
surface. This process is relatively slow and accounts for
about a percent of the ozone loss (NRC,1983). Another
method is the removal by the classical reaction:

O + 03 => 0p + Co. (4)
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- Again, this process is slow dque to the cold stratospheric
MRD
‘;ﬂ temperatures and is responsible for a fraction (<l%) of
Db the ozone destroyed. By far, the most efficient and

. . . . .
:}q dominant process of ozone reduction is by catalytic
"

o reaction.
W 95

0 A substance is a catalyst if it serves to drive or
i; enhance a process or reaction without being consumed in
poav
'%? the process. Chemical catalysis can be an extremely
R X

efficient process and can occur naturally, as in the case
-iﬁ of SPEs producing NOx which catalytically attacks ozone.

e
EA’ However, it was the realization that certain atmospheric
"

@ pollutants could generate catalysts to destroy the ozone
'jq layer that caused the ozone -sntroversy of the
S mid-Seventies.

{

o 5.3 Anthropogenic Influences
...:“::

o In the 1last fifteen years, it has been recognized
:? that human activities can have a pronounced effect on the
B ozone balance. The first concern of man's influence on the
P~

o
:j: ozone layer related to the effects of nitrogen oxides
‘;l (NOx) and H,0 generated in the stratosphere by supersonic
o transport aircraft (ssT) exhaust (Johnston,
o
(v 1971:Crutzen,1971).

A The nitrogen oxides NO and NO,, taken together are
Lo
{b} generally referred to as NOx, while the total odd nitrogen
?,:J
o= family (NO + NO, + NOz + N,Oo + ClONO, + HNO4 + HNO4) that
F.:h‘:

g
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interchange photochewically with one another on a
relatively short time scale (weeks) are known as NOx. The
oxides of nitrogen (NOx) react with ozone by the catalytic

cycle:

NO + 03 -> NO, + O

NO,_+ O => NO + Q5 (5)

Net O + O3 =-> 0, + P

This cycle repeats itself over and over again and one
molecule of NOx can destroy many molecules of ozone.
Between 25 and 45 km, these reactions dominate processes
controlling the ozone balance in the contemporary
stratosphere, contributing to most (45 - 60%) of the
natural ozone chemical loss mechanism (WMO,1985:NRC,1983:
Johnston and Podolske,1Y81;Turco, 1978).

Studies of the odd nitrogen family must also include
the longer lived reservoir species (NyOg5,ClONO2, HNO,4, HNQy
which play a role in the variability of NOx because of
their wunique chemical properties. For example, the
production of N;Og via the reaction:

NO, + 03 => NO3 + O2 (6)
NOg + NOp + M => NyOg + M
occurs almost exclusively at night sequestering nearly 50
percent of the NO, at 10 mbar as N205 (wWMO,1985).
Photolysis of N»Og in the sunlit atmosphere is on a

timescale of hours to days thru the reaction:
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N2Og + hv -> NO; + NO5 (7)

o el

NO3 + hv =-> NOp + O.

.o
..'.:'.

The product NOgj is photolysed rapidly in the sunlit

2 atmosphere yielding a second NO, molecule. Thus, the

00

a8

reservoir species of odd nitrogen in the atmosphere can

N

control NOx concentrations.
Injections of NOx into the troposphere by subsonic
jet aircraft can increase the column total of ozone. The

subsiding NOx reacts photochemically with rising

-,

hydrocarbons to produce ozone by a mechanism equivalent to

.
N
LI AP
.

that operating in the production of photochemical smog.

¥

o
-

The ozone thus formed tends to prevent the early detection

by total ozone column measurement of any ozone depletion

,"-."-.' AT )

at higher altitudues.

-
&, 8

{ Large nuclear explosions can deposit large gquantities
of NOx into the stratosphere. Although analysis of the

- effects of such NOx injections by the atmospheric nuclear

5\

;) tests of the 1950's and 1960's are inconclusive, it
f appears that the effect on the ozone layer was minimal
;ﬁ; (Bauer ,1979;:Turco,1978). A full scale nuclear war,
however, may deposit up to 50 million nmetric tons
(megatons) of NO in the upper atmosphere. The resulting
depletion of ozone could be in the range of 70 percent.
It is estimated that a five year recovery period would be
required before the original ozone levels would be

restored (Turco, 1984).
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Y Besides its important role in the thermal balance of
™
P the stratosphere, water vapor also plays a role in the
N
¢ .
N ozone balance. The HOx family consists of OH, HO, and 5202
'}j plus their major source gases Ho0 and CH4. The effects of
-J
‘:: HOx on ozone destruction are both direct and indirect.
Py
;* Water vapor is the dominant source of the hydroxyl radical
-& (OH) through reaction with atomic oxygen. The direct
.
a effect is thought to dominate ozone destruction in the
1%,
! mesosphere and upper stratosphere through the reaction
f; sequence (WMO,1985):
::3 OH + 03 -> HOp + 02 (8) .
P HQO> + Q3 => OH + Q5
- Net 203 =-> 305.
:% In addition, at lower altitudes the hydroxyl free radical,
( OH, can decrease NOx through the reaction:
\-.
» NOo + OH + M -> HNO3 + M (9)
NO + OH + M => HNOD + M.
D Thus, OH may indirectly reduce the ozone loss by
o
T:: sequestering NOx in the lower stratosphere (Turco,1984).
[l
i,
- While Johnston at the University of California,
.,
o Berkeley is credited to alerting the scientifc community
)
X to possible high ozone depletions due to SST exhaust
20
:} emissions, two other University of California (uc)
researchers are credited for starting the spray can
.. - controversy of the mid-Seventies. It has been over twelve
;I years since Molina and Rowland (1974) of UC Irvine
~
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T
o published their classic paper pointing out the possible
Ny
D danger to stratospheric ozone by chlorofluoromethanes
‘W2,
fﬁf (also called fluorocarbons or chlorofluorocarbons).
AN
1:3- Chlorofluoromethanes or CFMs are an extremely inert family
PN
{) of man-made compounds used as spray can propellants
o (banned since 1978 in the USA, except for essential
e usage), refrigerants and foam blowing agents. In their
\. .
paper, Rowland and Molina revealed that CFMsa, while
.f-:'.
O released at the surface, eventually diffuse upwards into
.f:‘.
" the stratosphere where they photodissociate and
. catalytically attack ozone. CFMs absorb UV 1light at
s
=5 wavelengths snort of 240 nm in the case of CFM-1ll, and 220
..
Ef nm in the case of CFM-12 (Finlayson-Pitts and Pitts,1986).
( At altitudes between 20 and 30 km, the light absorption
- L
:i% releases a chlorine atom which catalytically destroy ozone
f& via the cycle:
| Cl + 03 => Cl0 + O
o + -> + 10
o 2 (10)
-_E. Net Og + O => Op+ Oa.
*f' At first, these reactions were thought to be capable of
S
Eﬂ depleting the ozone concentrations by up to 20 percent
s
:% (Rowland and Molina,1975). Now, under current chemistry,
. this process is thought to be the principle loss mechanism
\ia ]
SN
‘:}. of ozone at levels of 30 - 50 km and capable of a 5 to 9
\ n
LN
] percent reduction in stratospheric ozone by the year 2000
G (Prather et al.,1984).
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A major temporary reservoir of chlorine in the middle

stratosphere (25-35 km) is chlorine nitrate, ClONO,. It

-
B 4

is formed at night by the recombination of ClO0 with NO

>, A

and dissociates slowly in the daytime. Therefore,
measurements of ClONO> are important for assessments of
:ﬁ impacts on ozone since it may either sequester or release
chlorine radicals as well as NOx.
The proposed large fleet of SSTs and, therefore, the
. source of ozone destroying oxides of nitrogen never
i materialized for a variety of reasons, but this is not the
q case for CFMs. It is generally agreed that CFMs are the
‘i current major anthropogenic threat to the ozone layer. The
production of some types of CFMs dropped after the spray
( can controversy of the mid-Seventies but, since 1982, a
: resurgence has been seen. Fig. 9 shows the estimated
worldwide release rates of two of the most extensively
. used CFMs, CFM-1ll and CFM-1l2.
'i One cause for concern with CFMs is their 1long
; atmospheric lifetimes of 40 to 150 vyears. The ozone
depetion resulting from CFM release today may not become
evident until well into the twenty-first century. A
L second concern is that as CFMs are strong absorbers in the
infrared atmospheric window (8.3 wym - 12.5 um), their
. increasing concentrations tend to exacerbate the

K, greenhouse effect.
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Other chemical agents such as bromine, methane,

fluorine and carbon dioxide have direct or indirect
effects on the ozone layer. Bromine species. have the
potential to destroy ozone more efficiently than the
analogous chlorine compounds, but they are emitted mainly
from natural sources (in particular the oceans) and
anthropogenic contributions are small (<10%) (Bauer,
1979;:Prather,1984). Methane is oxidized in the
stratosphere yielding HOx species which can influence the
mixing ratio of ozone. Carbon dioxide increases can cause
the stratosphere to c¢ool and, as a result, slow the
catalytic reaction rates offsetting the o©zone loss
{WMO,1985). A summary of natural and anthropogenic
perturbations of stratospheric ozone are presented in
tables 2 and 3.

As new knowledge 1is gained, major changes have
occurred in the predictions of ozone reduction resulting
from man-made perturbations. The changes in ozone
depletion predictions from CFMs at 1974 release rates and
emissions of NOx by high-altitude aircraft are depicted in
figure 10. Research has also revealed that interactions
of simultaneous perturbations yield considerably different
results from individual perturbations acting alone.

The earth's ozone layer responds to the various

influences of many chemical and dynamical processes.

Recent attempts to predict the effects on atratospheric
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Prather et al,1984:Turco,1985). So far, the natural
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variability of the ozone layer has masked any changes in

Yoo the total ozone. Or has it?
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CHAPTER VI

THE ANTARTIC OZONE HOLE
6.1 Formation of the Ozone Hole

Recently, Farman et al. (1985) reported on a
remarkable depletion of total ozone measured at Halley
Bay, Antartica (76S 26W). Total ozone measurements have
been taken at Halley Bay since 1957. However, the
scientists noticed a steady decline in the mean October
(Antartic spring) values. The measured ozone content was
30 percent lower in the springs of 1980 thru 1984 than in
the springs of 1957 to 1973,

Earlier, Chubachi (1984) reported a decrease in total
ozone with the largest reductions occurring at altitudes
14 to 24 km during September and October of 1982 at Syowa
(69s 40E), the Japanese Antartic Station. Analysis of
TOMS data (Stolarski, 1986) confirmed these ground-based
measurements. The region of minimum ozone covered the
whole polar region extending out to about 60-70S,
corresponding to the area enclosed by the southern
stratospheric polar vortex. This apparent thinning in the
ozone layer has been popularly named the "QOzone Hole",

The depletion occurs in September after the polar
region is sunlit, with ozone decreasing at a rate of 0.6
percent per day (Stolarski et al.,1986), reaching a

minimum value about mid-October. Fig 11 depicts mean
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,%b October total ozone values for Halley Bay from 1957 to
Gy
T 1984. Gardiner and Shanklin (1986) reported a mean
o
N October 1985 total ozone value of 192 DU, 2 DU lower than
o
A
»;; that of 1984. Fig. 12 shows October monthly mean TOMS
P> >
V) total ozone maps for the Southern Hemisphere in each of
R ,:,".
HS the seven years from 1979 to 1985. The October monthly
J*\.
& mean total ozone value, as measured by TOMs, declined from
5N
] a about 260 DU in 1979 to 150 DU in 1985.
ng ‘ A similar, albeit smaller, ozone hole has since been
B
?5 observed in the Artic. Here the minimum ozone content
.'!

occurs in February and is equivalent to a decrease of
about 2.6 percent per year (Weisburd, 1986). The depleted
:}i region 1is centered over Spitsbergen, Norway and is
- approximately one-third the areal extent of its Antartic
}[n counterpart. Climatalogically, this 1is the position and
size of the Northern Hemisphere winter vortex, which is

displaced off the pole by the Aleutian High.

s
N
:ﬁj The observed differences of the two regions of ozone
e
'f} depletion result largely from hemispherical differences in
X ; the thermal structure and dynamics of the winter
o \.-l
}K stratospheres. In the northern hemisphere, large
I \:_\
W
‘xﬁ amplitude planetary scale waves induced by orographic
gf‘ features and land-sea contrast propagate upward into the
:ii winter stratosphere. This tropospheric forcing distorts
;ﬁf the polar vortex and transports heat and momentum
xgi poleward. The heat partially compensates that lost by
f ~
o b
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EE radiative cooling, allowing the vortex to remain

f‘ relatively warm and less stable. In contrast, there is
EQ less tropospheric forcing in the Southern Hemisphere. The
Ei absence of large amplitude waves allow for a deeper, more
?? stable and much colder vortex which maintains its
% integrity well into s8pring. The strength and timing of
.f the vortex breakdown has a large effect on total ozone
. concentrations measured in the spring.

-i Low total ozone amounts at the poles in the spring
Eé have been observed since the late 1950's (Dobson,1966;
> Wexler,1960). This is a natural result of decreased
FS production during the 1long polar night and a lack of
:§ transport from the equatorial source region. Stolarski et

{ . al. (1986) state that ozone values in the Antartic before

entering the polar night are very close to those values
measured as the region leaves the polar night. It now

appears that there are processes which cause the depletion

.< \ _. A
‘ C R
. b "a e T et

'\.

~ of ozone after the start of the polar day (September). The
S identities of these important processes have been
- discussed by the various theories on the formation of the
"

» ozone hole.
", 6.2 Theories on the Formation of the Ozone Hole

T Three basic theories of the formation of the ozone
v hole in the Antartic region have so far been put forward.
L
These three theories are:
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o a) The ozone 1loss is caused by enhanced
) concentrations of odd chlorine and possible

LA heterogenous chemistry associated with
At polar stratospheric clouds.

e

NN b) Rising air motions induced by radiative
s heating of aerosols within the polar vortex
.4.\

P

.(;:

carries ozone-poor air from the troposphere
to the stratosphere.

Wiy c) Extraterrestrial phenomena such as increased

: ;- solar activity or meteors produce catalytic

W agents in the atmosphere which destroy the ozone

W and develop the hole.

g Farman and his colleagues (1986) noted that the only
‘{; difference between the present day atmosphere from that of
Pl

o

oo previous decades 1is in the higher concentrations of
@ ’

Vi: chlorine. Their report suggested that the increasing
MY

o levels of chlorine may be affecting ozone. Indeed,
- R “’ )
(fﬂ observations by Rasmussen and Khalil (1986) confirmed that
~n concentrations of CFM-1l and CFM-12 at the South Pole have
-\.':-:'

N increased by a factor of two since 1975. Cronn et al.
-

.'t

’
o

(1986) report annual rates of increase of CFM-1l1l and

ur

CFM-12 at Palmer Station, Antartica of 5.87 and 5.45

,.
7
Y
"’

e

l‘ “l
SRS

percent, respectively, between 1982 and 1985.

\.‘_::
~
- In the lowver stratosphere, chlorine is primarily
:i contained within reservoir species such as C1N03 and HCL,
-"-
A .
'Q? the former produced through the reaction:
o
”
- Cl0 + NOp -> C1NOj (11)
-{ﬁ The British Antartic Survey scientists suggested that
s
%"‘. .
"GN during the long polar night, chemical interactions between
+ 9
,~f
t NOx and Clx, enhanced by the extreme cold of the polar
Vgl
:i- winter, could cause a build-up of reservoir species that
e
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;zf would rapidly release chlorine at the onset of the polar
b day. The low solar angle in the polar spring results in
- attenuation of ultraviolet light at high latitudes. This

restricts photochemical reactions for those molecules

;) which absorb UV radiation (such as Op) but still allows
?3? photolysis of Cl, at near UV and visible wavelengths.
;3’ This process would provide a rapid source of ozone
e destroying chlorine provided 1levels of NOx are low.
Wii Otherwise, reaction (11) producing ClONO, would result.

Ea Solomon et al. (1986) support these ideas. However,
‘.ﬁ they and others (Halakeyama and Leu,1986;: Friedl et
Eé al.,1986) state that these reactions are too slow in the
ﬂéf gas phase and occur above the bulk of the ozone layer (>25
(‘ km). Solomon et al. (1986) suggest heteorogenous reaction
Afé processes in the presence of polar stratospheric clouds.
3

’%& One reaction:

* HC1 + CINO3 =-» HNOg + Cl,  (12)

3;5 produces the chlorine free radical through the photolysis
‘Eg of Clp. Another reaction is:

H,O + CINO3 -> HNO3 + HOC1 (13)

réﬁ Both of these reactions tie up NOx in the form of nitric
JE; acid (HNO3). The production of HOCl leads to HOx radical
 : formation as well as a chlorine free radical, so that the
Eﬂﬂ effect on ozone would be greater than that of chlorine
EE& alone. For these reactions to be effective, however, they
=

o~ <o
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must take place on aerosol surfaces auch as those provided
by polar stratcapheric clouds.

Polar stratospheric clouds (PSCs) are optically thin
clouds which occur in the winter polar stratosphere and
were first sighted by . the Stratospheric Aerosol
Measurement II (SAM II1) instrument aboard Nimbus-7
(McCormick et al.,1982). Since then, PSCs have been
observed by SAM II to be a regular feature in the winter
of both polar regions whenever the ambient temperature
falls below 195 K. 1In fact, McCormick et al. (1982) found
an excellent <correlation between the occurence of PSC
sightings and low stratospheric temperatures. PSCs were
observed in more than 90 percent of the cases where the
minimum temperature was 185 K or less, and at least 45
percent of the cases where the temperatures were 197 K or
less. Since these kinds of low temperatures are more
frequent in the Southern Hemisphere winter stratosphere,
PSCs are more prevalent in the Antartic than in the Artic.

The SAM 111 system has observed PSCs in the Northern
Hemisphere to occur at altitudes of about 20 km. The
Antartic PSCs occur at about 15 to 17 km, and possibly
iower. McCormick and Trepte (1986), wusing SAM 1II
satellite data, show that in the Antartic stratosphere,
PSCs slowly descend in altitude during the winter wmonths.

The data revealed possible transport down to 10 km in late

September. The Antartic stratcosphere commences warming in
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fg; September and continues to do so more rapidly in October,
& during which time the clouds evaporate.

ﬁéﬂ The composition of PSCs i3 still uncertain.
ESZ Originally thought to be composed of water ice and small
‘Ci amounts of sulfuric acid (NASA,1984), some investigators
EE} believe that the <clouds are composed of supercooled
ég droplets or ice crystals of nitric acid or hydrochloric
ey acid (Toon et al.,1986:Hamill,1986). The presence of PSCs
.if at the altitudes and time of the ozone depletion suggest a
izﬁ more than casual relationship.

:; Hamill et al. (1986), continuing on the theory of
?i Solomon et al. (1986), pointed out that reaction (12), as
é{_ a gas phase reaction on the surface of a PSC particle, is

” a relatively slow reaction. However, if HCl1 and CINOy
'f were both in an aqueous state (HCl dissolved in a water
f&' droplet and ClNO3 condensing into an aqueous aerosol),
= then reaction (12) would lead to a rapid production of Cl2
J_ and HNOg5.

Eg Toon et al. (1986) postulated that PSCs sequester
;f{’ large quantities of odd nitrogen from the lower
‘ﬁ:i stratosphere in the form of condensed HNOz. As mentioned
'&i above, chlorine chemistry is most effective in the
A depletion of ozone when low levels of NOX are mainteined.
tl The slow downward displacement (sedimentation) of PSCs
éﬂ towards the end of winter could lead to the removal of odd
.‘ 58
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nitrogen from the lower stratosphere allowing the chlorine

4
=

free radical to attack ozone catalytically.

A
L=

However, Austin et al. (1986) have reported that LIMS

v

ra
F N R T )

a0y

LR R}

data indicates virtually no PSCs at 20 km in the southern

vortex after September 10, 1979. This absence of PSCs,

s
s

v
o

and the associated heterogenous reactions would place more

. ~
AR T I Tl ’
B ’ L §

:’j* constraints on the chemical explanations for the ozone
o hole.
McElroy et al. (1986) have proposed an explanatory
fil mechanism based wupon the mutual interaction of BrO and
A Clo. If both <chlorine and bromine are present in the
- stratospheric vortex in the form of their reactive oxides,
Cl0 and BrO, then ozone concentrations can fall through
S the catalytic reactions:
;i BrO + Cl10 -> Br + Cl + 0O,
- Br + O3 -> BrO + O, (13)

Cl + Q3. => ClO .+ Q5
Net 203 -> 302
S Note that these reactions proceed in the absence of
- sunlight. Low levels of odd nitrogen are regquired to
7} maintain the high concentrations of ClO, otherwise ClONQ,
et will form. Thus, a mechanism, such as PSC sedimentation,
is required to lower odd nitrogen levels.

While some investigators seek a photochemical

AN . q.'.'d
M .

e v N

solution to the problem, others (Tung et al.,1986:;Mahlman

and Fels, 1986:;Rosenfield and Schoeberl,1986:Bojkov, 1986;
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Chandra and McPeters,1986) believe that the dynamics of

A
Kl

vy

»

‘ Ea

the Antartic stratosphere play an important part in this
seasonal depletion of ozone. As shown in Fig. 4, the mean
lower stratospheric circulation normally takes the form of
two diabatic cells with rising motion in the tropics and
subsidence at the poles. Tung et al. (1986) were the
first to propose a reversal in the circulation near the
pole in which rising motions in the polar stratosphere
would bring ozone-poor air from the lower layers to the
stratosphere. Tung and his colleagues contend that during
the south polar winter, dynamical transport of heat into
the circumpolar vortex is so weak that radiative cooling
approximately balances diabatic heating and the ambient
temperature approaches radiative equilibrium. After the
sun rises, absorption of solar radiation by ozone in the
lower stratosphere leads to an increase in local heating.
Since the radiation «cooling to space is temperature
sensitive, it remains close to the 1low values attained
during the long polar night. However, the net heating
offsets the radiative balance and rising motions result
(Fig. 13). Tropospheric air with low ozone mixing ratios

would then be brought into the lower stratosphere and

thus, ozone concentrations would be reduced. This upward
transport of ozone is thought to have a close relationship

with the thermal structure of the stratosphere.
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Many investigators (Sekiguchi,1986:;Chubachi and
Kajiwara,1986:Newman and Schoeberl,1986:Angell,1986:
Iwasaka and Kondoh,1986) believe a general cooling of the
winter polar stratosphere has taken place with the
decrease in total ozone. South polar October mean
temperatures may have declined by as much as 18 K at 24 km
over the last several years (Newman and Schoeberl,1986).
Angell (1986) has noticed a 6-8 K decrease in the lower
stratospheric temperature associated with the 30 percent
depletion of ozone. 1In Fig. 14, interannual changes of
100 mb temperatures mwmeasured in November at Syowa,
Antartica are shown. The positive correlation between
total ozone and lower stratospheric temperatures has been
known since ozone observations first began (Meetham,1937).
However, the depression of these temperatures is
considered to be too large to result from the change in
heating rates due to the depleted ozone levels observed in
the lower stratosphere alone (Rosenfield and Schoeberl,
1986), but may be 2xplained by the upward motions
described by the reverse circulation theory. An upward
circulation will produce adiabatic cooling of the
stratosphere. (Newman and Schoeberl,1986).

Absorption of solar radiation by aeroscls may enhance
this upwelling of lower stratospheric air. Tung et al.
(1986) believe that the current observed ozone depletion

is a result of increased absorption of heat by the aerosol
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loading of the Antartic stratosphere. Aerosol loading had
increased, principally from the El1 Chichon volcanic
eruption of 1982. Although, stratospheric concentrations
have been decreasing by a factor of two since 1983 (Hofman
et al.,1986), the present levels are still much higher
than pre-1982 levels (McCormick and Trepte,1986). The
additional absorption of heat by PSCs is also thought to
enhance these rising air motions.

Mahlman and Fels (1986) propose that since 1979 there
has been a substantial decrease in planetary wave activity
and tropospheric forcing in the Southern Hemsiphere. As a
result, the stratospheric vortex is colder with stronger
westerly winds, and thus maintains its integrity longer.
Transport of ozone from Jlower latitudes s therefore
delayed, and PSCs remain within the vortex until the sun
rises. Since the ambient polar temperatures are near
radiative equilibrium, absorption of heat by the PSCs,
once the sun is up, initiates the necessary rising motions
to bring ozone-poor air up from the troposphere. Mahlman
and Fels (1986) roughly calculated vertical velocities of
up to 50 m/day due to the absorption by PSCs. Rosenfield
and Schoeberl (1986) simulated an upward polar vertical
motion using & radiative transfer model. Their model
suggests that the required upward motion within the vortex
could be sustained if an additional heat source of at

least 0.5 K/day could be provided. It 1s quite possible
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that radiative absorption by PSCs and aerosols could
provide this additional heat source,.

The redistribution of ozone from the pole to
mid-latitudes (Stolarski and Schoeberl,1986) also tends to
support the dynamical explanations. TOMS data revealed
that the total amount of ozone south of about 44 S is
conserved from August through November for any one vyear.
Thus ozone appears to be transported up and away from the
south polar and equatorial regions and move towards the
mid-latitude region during the spring (Fig 13). However,
the value of total ozone in this region has been
decreasing from year to year.

Extraterrestrial phenomena producing catalytically
attacking radicals are proposed as the basis for the third
explanation of the ozone hole. Callis and Natarajan
(1986) related the depletion of ozone to the sun's ll-year
cycle and postulated that the depletion is principally due
to catalytic destruction by growing odd nitrogen

concentrations caused by increases in solar activity.

They hypothesize that during periods of ascolar maxima,
large amounts of NOx are produced in the thermosphere, and
are then transported through the mesosphere to the
stratosphere during the polar night,. within the
stratosphere, these concentrations are transported further
downward, to altitudes of 25-30 km within the confineas of

the polar vortex of the Southern Hemisphere. During the
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continuing downward motion within the stratosphere, the
odd nitrogen of thermospheric and mesospheric origin is
mixed with the odd nitrogen of stratospheric origin.
During the long polar night, high levels of N,Og and Nq3
are formed. After the sun rises, these molecules rapidly
photodisscciate producing NO and NO, to deplete the ozone.

Solar maximum for the current sclar cycle (cycle 21)
occurred in 1979 and Callis and Natarajan (1986) believe
that the transport of odd nitrogen from the thermosphere
to the lower stratosphere is very aslow. They assume that
the largest amounts of odd nitrogen produced by this cycle
have finally, in 1985, reached the level of maximun
concentrations of ozone in the lower stratosphere,
producing the greatest effect on the ozone. Therefore,
the next several years should see the odd nitrogen levels
decrease and the springtime Antartic ozone depletions not
as severe as that in 1985, In contrast to the dynamical
theories, Callis and Natarajan's theory requires that the
stratospheric circulation maintains its diabatic downward
motion over the southern pole.

Sekiguch: (1986) alaoc suggests that the year to year
change 1in south polar ozone and lower stratospheric
temperatures results primarily from the influence of solar
activity. Another extraterrestrial theory 1s that of
Ailkin and McPeters (1986) who theorize that the polar

ozone perturbation is a result of i1ncreased levels of
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chlorine which eventually develop in the lower
stratosphere from the constant bombardment of meteoraic
atoms on the constituents of the mesosphere.

Ozone replenishment occurs 1in conjuction with both
the sudden warmings of the stratosphere and the breakdown
of the vortex 1n the period between mi1d-~October and
mid-November. During this period, the stratospheric
circulation undergoes a transition from a winter to a
summer pattern, the temperatures at 10 mb rise by as much
as 20 K 1n four days, the circumpolar westerlies are
replaced by easterlies (Farrara and Mechoso,1986) and
totai ozone jumps up to its annual maximum value. Fig. 15
shows daily total ozone measurements from 10 October 1985
to 3U November 1985 at Amundsen-Scott, Antartica (90s;.

From 1C October to 28 October, total ozone values were

under 116G DU. At the onset of vortex breakdown, total
czZone values climb to over 150 DU 1n less than a week {28
Lctover - 4 November) due to transport trom lower
latitudes. Luring the rest of November, total ozone

vaiiles fluctuate as translient waves, with Jditferent oczone

Tontent, move over the station.

~.J Kecent Ubservations

To observe the formation ot the ozone hoie, the
National Uzone Expedition (NUZE, deplcoyed to McMurido

Station, Antartica i1n August 1986 . Preliminary reports
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2 (Lctover 198t news release  stated that the observed
depieticn of 4u percent of the total ozone took place 1n
i tc 3u days. Balloonsonde Jdata revealed fine vertical
structure 1n the o©ozone mixing ratic profile, with large
chnanjes (. to 8. percent  1in ozone concentration taking
Fiace over hei1gnt differences of a few hundred meters, anc
mosl <l tne depietion taking place at aititudes betweer ..
an: .. kr .Marg.tan,l%87 |, This bLehavior wou.3 support
tne czcne depleticn due to  FPSla. However , it does not
Support the sviar activity theory, which rejulres larger
Je, .et10n at higher aititudes. Aithough, 1t shousd e
ncteld that T M- data has s.nce revea.ed a second depletion
re,.:n retween 4 and 5. kr McPeters et ai;., labet .

Me:surements of trace Jases by the NL.L team reveale:
thnat concentrations of NU and Nu. are very low. In fact,
the measurements are the i0west ever measured cf these
Ja3%es anywhere on earth. This findiny alsc does not
8upport the soc.iar activity theory, LUt 1t 18 consistant
with the chiliorihe catalysis thecry. However , chlorine
concentrations were a.so L 'wer than exrected <ippbv .
s1nZe some models (so0iomon et al.,iYESY sujyest chicrine
Cconcentrations between C.9% tu (. ppbv, 1t would appear
that cniorine chemistry 1s not the ma:n me-hanlsm.

The N_ZE scientists aisc report the lack of any
evijence needeJ tc support the reverse circulation theory.

Not only does the ozone deplete from high altitudes to
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lower altitudes, vertical motions needed to support the
thecrlies were not observed. Dynamic models showed that

upwar3d mctions of .02 cm' s ,Rosenfieid and Schoeber.,

i¥ne "Mar.men and Fe.s, 196¢b are needed to reproduce the
c2one Jep.etion eve.s observed. Therefore, dynamica.
me '.anisms, as suggyested by Tung et al. (.198€ , mMah.mar
anl te.s .. <-t, and others appears to be 1nadequate te
ex;.a.n a.. ot the observations currently obtainec.
‘onsileration of tne dynamics of the Antartic stratosghere

Tartnll be r.uied out, however, as 1! 18 genera.l, agreea
ttes [ LA, a critica. ro.e 17 estabiishing the unijue

“iLtL s res; 8.7 le for tnhe ozune depieticons.
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CHAPTER VI

The Antartic cione ho.e fprz-t.em 18 one of the mos:t
Per. .ex ity tazing atmos, ner < sacientisls today. THe

;roCess wr Cr fcrae the hC.e 18 SLill unNKNoOwn. many more

Teas.reTe- s are neejel thr_oughout  the continent <t
Arzartica. Tre N.J: Ubservalilns were ON.y &% ohe

LoTAtLIT near tne ele o £ the vortex sc that tre.

ry

Teas .reTe" 18 TA. N

r~
9]
L}

reresentive . {f the de;.el.>r .=

2le Tt neg. 4. ellert s tme dJec-.iine 1n Gune wlioa.

Li

VI ten. As e 8.7 alvanles pi.ewar? eflectla wi..C
8, res ) 0t tte vIirtex. A lvmamica, CcAaLsSe wO.u.! SLliesl a
et oLe i Ute slrati®;, €er.. JirT..atiorn and 4 mire eve-

.o, e, v Ut the ozIne 17 Antarica ree- nct te

Loler,Tele T an a4 [regoniTL ! the destruction ! the
e~ . re .1 e LA,er . A chemi~a. Ca.se wiu.3 MOSL .ike., Te
rlinet 4 tre ANl gue conZiticnag o f the Antart.

$°7A7 s "ere. LvnamioCa., tactors rroratay Ca.se a
rTe . st (Lt oun c ! the cIone trom the pe.e [N
me t-.,a%.% . €9, Jontinuedl menitoring from the Zround, a.r

an.i s, a’e 1% nNneressar, tc have a teltter understanding z

re

wha' 18 na;;enini 1in the soutn po.ar sgring. Already
s:nedu.ed for next year 18 NASA'S ER-. high alZitude

researcn aircraft to gather i1n-si1tu sampies of FSUs. NZ

“ e
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douot, a similar expedition to that of NOZE will also take

place next year. It is imperative that the data obtained

fror NCIE e analyzed as quickly as possible so that

revised theories of ozone depletion in Antartica can be

¢t-rx..ated, and relevant field experimental programs

Jes,. nel.

72

LR

RO A -t 'A".‘..'-_". e q-.-'..“_-_
S S S YA TR IR RS YA Py i T VNPV e




APk A A AL A el A e A lia ke Aal A A Bl R Sal B i dndiliad Sl SaluAd Sl Aalhy e Ania Sade bl el it Rty g e - At R e e i~ i iiaciiie Sle i oo SRS At B ke 8 |

REFERENCES

There are many excellent references on atmospheric
ozone, however, I found Whitten and Prasad's Qzone_ip
the Free Aimosphere an excellent starting point of the
ozone problem. The November 1986 issue of Geophysical
Research Letters contains 45 articles addressing the
Antartic ozone hole problem. Also, the World
Meteorological Organization (WMO) Report No. 16 on
atmospheric ozone is an excellent reference containing
many facts and figures and is available by writing to:

National Aeronautics and Space Administration
Earth Science and Applications Divieion, Code EE
Washington, D.C. 20546.

Aikin,A.C. and R.D.McPeters,1986,Meteoric material and the 5
behavior of upper stratospheric polar ozone,Gegophys. :

Res. Ltrs..13:1300-1303.

Angell,J.K.,1986,The close relation between Antartic total
ozone depletion and cooling ofthe Antartic low

stratosphere,Gecphys., Res, Let.,13:1240-1243.

Austin,J.,E.E.Remsberg,R.L.Jones, and A.F.Tuck,1986,Polar
stratospheric clouds inferred from statellite data,

Geophys. Res, Let.,13:1256-1259.

Bauer ,E.,1979,A catalog of perturbing influences in

stratospheric ozone,J. Geqophys, Res.,84:1955-1970.

Bhartia,P.K.,K.F.Klenk,C.K.Wong and D.Gordon,1984,
Intercomparison of the NIMBUS 7 SBUV/TOMS data sets with
Dobson and M83 results,J, Geophys, Rez. 89:5239-5243.

Bojkov, R. D.,1969,Some characteristics of the total ozone
deduced from Dobson spectrophotometer and filt-,
oczonometer data and their application to the determination
of the effectiveness of the ozone station network,Ann.

Geophys,, 25:293-299.

Bojkev, R. D.,1986,The 1979-1985 ozone decline in the
Antartic as reflected in ground based observations.

Geophys. Res, Ltrs.,13:1.:1236-1239,

Callis,L.B. and M.Natarajan,1986,The Antartic ozone
minimum: rel.tionship to odd nitrogen, odd chlorine, the
final warming, and the ll-year solar cycle,l. Geophys.
Feg., 91:10,771~-10,796.

73




Chandra,S.,1983,An assessment of possible ozone-solar
cycle relationship inferred from Nimbus-4 BUV data,Jd.

Geophys. Res.,89:1373-1379,

Chandra,S.,1985,S0lar-induced oscillations in the

stratosphere, a myth or reality,J. Geophys, Res.
90:2331-2339.

Chandra,Ss. and R.D.McPeters,1986,Some observations on the
role of planetary waves in determining the spring ozone

distribution in the Antartic,Geophys. Res, Ltrs.,13:12:
1224-1227.

Chapman,S.,1930,A theory of upper atmsopheric ozone,
Mem, Roy, Met. Soc.3:103-125,

Chubachi,$.,1984,Preliminary results of ozone observations
at Syowa Station,Mem. Natl. Inst. Polar Res,34:13-19.

Chubachi,S. and R.Kajiwari,1986,Total ozone variations at

Syowa, Antartica,Geophys, Res, Ltrs.,13:12:1197-1198.

Cicerone,R.J.,S.Walters and S.C.Liu,1983,Nonlinear
response of stratospheric ozone column to chlorine

injections,J, Geophys. Res,,88:3647-3661.

Clark,D.H.,W.H.McCrea,F.R.Stephensen,1977,Frequency of
nearby supernovae and climatic and biological
consequences,Nature,265:318-319.

Craig,R.A.,1965,The Upper Atmogphere:Meteorology and
Physics,Academic Press,New York.

Craig,R.A.,1950,The observation and photochemistry of
atmospheric ozone and the meteorological significance.
Met. Mono.,1l:2.

Cronn,D.R.,W.L.Bamesberger,F.A.Menzia,S.F.Waylett,T.W.
Ferrara,H.M.Howard and E.Robinson.,Atmospheric trace gas

trends at Palmer Station, Antartica,Geophys. Res. Ltrs.
13:1272-1275.

Crutzen,P.J.,1971,0zone production rates in an
oxygen-hydrogen-nitrogen oxide atmosphere,J, Geophys.
Reg.,76:7311-7327

Cunnold,D.F.M.,F.N.Alyea and R.G.Prinn,1980,Prliminary
calculations concerning the maintenance of the zonal mean
ozone distribution in the Northern Hemisphere,PAGEQPH,
118:329-354.

74

IR A
.F'b. ‘-’~ g

.....




2% 4’
v ‘e ‘s %

Ko7

"
a2 0 4 a¥a’s

Pl i

S
& a A2 4,

BT YRR

, .‘I "‘- '.l '.l

. « " ¥
AR

. ;.‘ A SR

St RN

N,

()Y .\-_’.

PR
oS

‘il

Danielson,E.F.,1968,Stratospheric~-tropospheric exchange
based on radiocactivity,ozone and potential vorticity,
J. Atmos. Sci.25:502-518.

Dobson,G.M.B.,1966,Annual variation of ozone in Antartica,
Q. J. R. Met. Jour.,92:394:549-552,

Dotto,L. and H.Schiff,H.,1979,The Ozone War,Doubleday and
Co. Inc.,Garden City,New York.

Dutsch,H.U.,1978,Vertical ozone distribution on a global
scale, PAGEOPH,116:511-529,

Dutsch,H.U.,1985,Total ozone trends in the light of ozone
soundings,the impact of El Chichon,in Atmospheric Ozone,
edited by C.S.Zerefos and A.Ghazi,pp.263-268,D.Reidel,
Dordrecht.

Eckman,R.S.,1986,Response of ozone to short-term
variations in the solar ultravioclet irradiance. 2.

observations and interpretation,J, Geophys, R,,91:
6705~4721.

Farman,J.C.,B.G.Gardiner and J.D.Shanklin,1985, Large
losses of total ozone in Antartic reveal seasonal Cl0/NO
interaction,Nature, 315:207-210.

Farrara,J.D. and C.R.Mechoso,1986,An observational study
of the final warming in the Southern Hemispere spring,

Geophys. Res. Ltrs., 13:12:1232-1235.

Finlayson-Pitts,B.J. and J.N.Pitts,1986,Atmospheric

Chemistry: Fundamental and Experimental Techniquesg,John
Wiley & Sons, Inc.,Chapter 15.

Gardiner,B.G. and J.D.Shanklin,1986,Recent measurements of

Antartica ozone depletion,Geophys. Res., Ltrs., 13:12:
1199-1201.

Gille,J.C.,C.M.Smythe and D.F.Heathe,1984,0bserved ozone
response to variations in solar radiation, Science,
225:315-317.

Gotz,F.W.P.,1951,0zone in the atmosphere,Comp. of Met.,
275-291.

Hatakeyama,S. and Leu,M,1986,Reactions of chlorine nitrate

with HC1l and Hy0,Geophys. Res. Ltrs.,13:1343-1344.

Hamil ,P.,0.B.Toon, and R.P.Turco,1986,Characteristiscs of
polar stratospheric clouds during the formation of the

Antarctic ozone hole,Geophys., Res, Ltrs.,13:1288-1291.

75

...................

NI I R o OO



AP R WARRESTRT WY RITRRTRY ™ WOV 0 LTTR TP  BR BT AT IR AR TR T T T R RS "‘1

‘S Heath,D.F.A.J.Krueger,P,J, Crutzen,1977,Solar proton
L event: influences stratopheric ozone,Scjence,197:886-889.

Heath,D.F.,A.J.Krueger,and A.Park,1978,The Solar
Backscatter Ultraviolet (SBUV) and Total Ozone Mapping
Spectrophotometer (TOMS) experiment,The Nimbus-7 User's
Guidep. 175-211, NASA Goddard Space Flight Center,
Greensbelt, MD.

Hering ,W.S.,1965,02one and atmospheric transport
processes,Tellus,XVIII:329-335.

Hofman,D.J.,J.M.Rosen,J.A.Harder and S.R.R0lf,1986,0z0one
and aerosol measurements in the springtime Antartic
stratosphere in 1985, Geophys. Res. Ltrs.,13:1252-1255,

Holton,J.R.,1979,An Introduction to Dynamic Meteorology:
Academic Press,N.Y.,11.7:313-317.

Howard,J.N.,J.I.F.King, and P.R.Gast,1960,Thermal

radiation,Handbook of Geophysics,United States Air
Force,Chapter 16.

Hsu,C.P.F.,1980,Air parcel motions during a numerically
simulated stratospheric warming,J, Atmos., Sci.,37:2768

Isaksen,I1.S.A. and F.Stordal,1986,Antartic ozone

depletion: 2-d model studies,Geophys, Res. Ltrs..,
13:1327-1330.

; Johnston,H.F.,1971,Reductions of stratospheric ozone by
nitrogen oxide catalyst from SST exhaust,Science,
173:517-522.

Johnston,H.F. and Podolski,J.,1981, Interpretations of
stratospheric photochemistry,Revy, Geophys. Space Phys..
l6:491-519.

Kent,G.S. and M.P.McCormick,1984,SAGE and SAM II
measurements of global stratospheric aerosol optical depth

and mass loading,J, Geophys. Res.,89:5303-5314.

Klenk,E.F.,P.K.Bhartia,A.J.Fleig,V.G.Keveeshwar ,R.D.
McPeters and P.M. Smith,1982,Total ozone determination
from the backscatter ultraviolet (BUV) experiment,J. APPp.
Met,,21:1672-~-1684.

London,J.,1984,The Observed distribution of atmospheric

ozone and its variation,Qzone in the Free Atmosphere.
11-63.

76

e, < el e o sy e . I S SO P T
..... e P 4 N P AN R SCADRLE
,..fI-LJ r.bl\ Py 1‘4.1_1.*1.‘.1. g Y AW, v




PPN A
Dl .‘".'d L ISR

N
e

)

AR |

-
rl

L RE0

.

< -“c" F A

¢.f o ‘-5."5‘. J\I -¢~<'

Mahlman,J.D. and S.B.Fels,1986,Antartic ozone decreases: a

dynamical cause?,Geophys. Res, Ltrs.,13:1316-1319.

Margitan,J.J.,1987,Causes and effects of a hole,Nature.
325:297-298,

Mateer,C.L.,1965,0n the information of Umkehr
observations,J, Atm. S¢i.,22:370-381.

McCormick,M.P.,H.M.Steele,P.Hamill ,N.P.Chu and
T.J.Swissler, 1982,Polar stratospheric cloud sightings by
SAM II,J. Atmos, Sci.,39:1387-1397.

McCormick,M.P. and C.R.Trepte,1986,Antarctic springtime
measurements of ozone, nitrogen dioxide and aerosol

extinction by SAM II,Geophys. Res, Ltrs.13:1280-1283.

McElroy,M.B.,R.J.Salawitch,S.C.Wofsy and J.A.Logan,
1986,Reductions of Antartic ozone due to synergistic
interactions of chlorine and bromine,Nature,321:759~762.

McPeters,R.D.,R.D.Hudson,P.K.Bhartia and S.L.Taylor, 1986,
The vertical ozone distribution in the Antartic ozone

minimum measured by SBUV,Gecphys. Res. Ltrs.,13:1213-
1216,

Meetham, A. R.,1937,The correlation of the amount of ozone
with other characteristics of the atmosphere,Q. J. Roy.
Met. Soc.,63:289-307.

Molina,M.J. and Rowland,F.S.,1974,Stratospheric sink for
chloromethane: chlorine-atom catalysed destruction of
ozone,Nature,249:810-812,

NAS (National Academy of Science),1977,Medical and
biclogical effects of enviormental pollutants, ozone and
other photochemical oxidants.

NASA,1978,Stratospheric warmings: synoptic, dynamic and
general circulation aspects,NASA Reference Publication

NASA,1984,Polar stratospheric clouds - their roles in
atmospheric processes,NASA Reference Publication 2318.

National Research Council, 1983, (NRC),Causes and effects of
changes in stratospheric ozone: an update 1983.

Newman, P. A. and Schoeberl, M. R.,1986,0ctober Antartac
temperature and total ozone trends from 1979-1985,

Ggophys. Res, Ltrs.,13:12:1206-1209.

R P e e e )
IR NPT TN PR IR TN D PR P P S




T —p o a ) v v nat hd b Sl A St Sl
SN Wy v (O At At - e Nl s adv b asle Seidc-adid afiCadil sl . B > T - - ¢ alit . - B Bacdhi® of Ao et T yry—w h "

- Oltman,S. J. and London, J.,1982,The quasi-biennial

oscillationin atmospheric ozone,l. Geophys, Reag.,87:
8981-8919.

Ozone Data of the World,Atmospheric Enviorment Service,
Ontario,Canada,26:5-6.

Pelon,J. and G.Megie,1982,0zone monitoring in the
troposphere and lower stratosphere: Evaluation and
. operation of a ground based lidar station,Geoph.

. Res, ,87,4947-4955,

= Penner,J.E. and J.S.Chang,1978,Possible variations in
’, atmospheric ozone related to the eleven-year cycle.

Geophys. Res, Ltrs.,5:817-820.

" Pollack, J. B. and McKay, C. P.,1985,The impact of polar
. stratospheric clouds on the heating rates of the winter
'j polar stratosphere,Jour. Atm. Sci.42:3:245-262.

Prather ,M. J.,McElroy, M. B., Wofsy, S. C.,1984,Reductions
< in ozone at high concentrations of stratospheric hologens,
= Nature,312:227-231.

Quiroz,R.S.,1983a,The isolation of stratospheric
temperature change due to the El Chichon volcanic

signals,l. Geophys. Res.,88:6773-6780.

- Quiroz,R.S5.,1983b,the climate of the El1 Nino winter of
_ 1982-83 - a season of extraordinary climatic analomies,
. Mono. Wea. Rev.,111:1685-1706.

Rassmussen,R.A. and M.A.K.Khalil,1986,Atmospheric trace
o gases: trends and distribution over the last decade,
- Science,232:1623-1624.

Regener, V. H.,1960,0n a sensitive method for the

recording of atmospheric ozone,J. Geqphys. Res..
65:3975-3977.

Re1d,G.C.,I.S.A.Isaksen,T.E.Holzer and P.J.Crutzen,1976,
Influence of ancient solar proton events on the evolution
of life,Natuge,259:177-178.

Remsberq ,E.E.,J.M.Russell III,J.C.Gi1lle,L.L.Gordley,
P.L.Bailey,W.G.Planet,J . E.Harries, (1954 ,The validation of

Nimbus 7 LIMS5 measurements of oczone,l. ufuiliya. Rea.89:
S5iul=-517H,

RO , K, B, 1o, Traneport and the seas . .na. veristion of
s2une  fhAgkal i T vl Q@0 Lt S,

b M‘“-.-—-*‘“A




R
L S

hY

L

PP W §
i )

Rosenfield,J.E. and M.R.Schoeberl,1986,A computation of
stratospheric heating rates and the diabatic circulation

for the Antarctic spring,Geophys, Res, Ltres.13:1339-1342.

Rowland,F.S. and M.J.Molina,1975,Chlorofluoromethanes in

the environment,Rev. Geophys. Space Phys.,13,1-36.

Schoeberl, M. R.,Krueger, A. J. and Newman, P. A.,1986,
The morphology of Antartic total ozone as seen by TOMS,

Geophys,. Res, Ltrs.,13:12:1217-1220

Sekiquchi,Y¥.,1986,Antartic ozone correlated to the

stratospheric temperature field,Geophys, Res. Ltrs.,
13:12:1202-1205.

Sclomon,S. and P.J.Crutzen,1981,Analysis of the August
1972 solar proto n event including chlorine chemistry,

J. Geophys Res.,86:1140-1146.

Soloman,S.,Garcia,R.R.,F.S.Rowland, and D.J.Wuebbles,
1986,0n the depletion of Antartic ozone,Nature.,
321:755~758.

Stolarski,R.S.,A.J.Krueger,M.R.Schoeberl,R.D.McPeters,P.A.
Newman, and J.C.Alpert,1986,Nimbus~7 satellite
measurements of the spring time Antartic ozone decrease,
Natuyre, 322: 808-811.

Stolarski,R.S. and Schoeberl,M.R.,1986,Further
interpretations of satellite measurements of Antartic

total ozone,Geophys., Res, Ltrs.,13:12:1210-1212.

Thomas,R.J.,C.A.Barth,G.J,Rottman,D.W.Rusch,G.H.Mount,G.M.
Lawrence ,R.W.Sanders,G.E.Thomas, and L.E.Clemens,1983,
Mesospheric ozone depletion during the solar proton event

of July 13,1982 part I: measurement,Gea. Phys, Res.,
10:253- 255.

Thorne ,R.M.,1977,Energetic radiation belt electron
precipitation,Science,295:287-289.

Toon,0.B.,P.Hami1ll,R.P.Turco, and
J.Pinto,1986,Condensation of HN(,3 arnd HUl 1n the winter

polar stratospheres.yeopnyd, Kead. LLLd. 13:lJHd-1ldn",

Tung , K. K., M K. w. Ko, . M kodrijue?z. an:d N.. . .re ..+t Ate
Antarti ovlone vat iatiune & meti‘estat i o ! 3,001 8 '
tew ity NGL JL® e n,, 0,4

D B " w' ' e oo R ., T .

LS 's . ¢ e far ! s 3 - ’ » . : .
'8 L., ? “




2 4 ';' h :'.,- AR .‘-
‘-‘S"r‘{.g’ S

e

Turco,R.P.,0.B.Toon,C.Park,R.C.Whitten,J.B.Pollack and
P.Noerdlinger,1981,Tunguska meteor fall of 1908: effects
on stratospheric ozone,Science,214:19-23,

Turco, R. P.,1984,Stratospheric ozone perturbations,

Qzone in the Free Atmosphere,l195-232.

Vaughan, G.,1982,Diurnal variation of mesospheric ozone,
Nature,296:133-135.

Vupputuri,R.K.R.,1985a,The effect of ozone photochemistry
on atmospheric and surface temperature changes due to CO,,
NO, CHqy , and volcanic aerosols in the atmosphere,in
Atmospheric Ozone,edited by C.S.Zerefos and A.Ghazi,
pp.263-268,D.Reidel, Dordrecht.

Vupputuri,R.K.R.,1985b,Study the effect of El Chichon
volcanic cloud on the stratospheric temperature structure
and ozone distribution in a 2-D model,in Atmospheric
Qzone,edited by C.S.Zerefos and A.Ghazi,
pp.59-60,D.Reidel, Dordrecht.

Weeks,L.H.,R.S.CuiKay and J.R.Corbin,1972,0zone
measurement in the mesosphere during the solar proton
event of 2 Nov 1969,J, Atm, S¢i.29:1138-1142.

Weisburd, S.,1986,0zone hole at southern pole,Science
Newsg,129:9:133.

Wexler,H.,1960,A preliminary report of ozone observations
at Little America, Antartica,Mon, Wea, Rev.,88:43-54,

WMO,1985,Atmospheric ozone - assessment of our
: ¥ 3 113

diatribution and change.,World Meteorological Organization

Global Ozone Research and Monitoring Project - Report No.
16.




AR A i 2R S Al et Al aad & A -0 A AAL AR SR Al o' Sie ol arl ard gl o o e - o \"""""-"‘II"'I"I"t"")l'""I""wv'-‘l'~'V‘1"Y""

YN
AN
A 5 & 3

A

REFERENCES

There are many excellent references on atmospheric
ozone, however, I found Whitten and Prasad's Qzeope in
the Free Atmosphere an excellent starting point of the
ozone problem. The November 1986 issue of Geophysical
Research Letters contains 45 articles addressing the
Antartic ozone hole problem. Also, the World
Meteorological Organization (WMO) Report No. 16 on
atmospheric ozone is an excellent reference containing
many facts and figures and is available by writing to:

National Aeronautics and Space Administration
Earth Science and Applications Division, Code EE
Washington, D.C. 20546.

Aikin,A.C. and R.D.McPeters,1986,Meteoric material and the
behavior of upper stratospheric polar ozone,Geophys.

Res. Ltrs.,13:1300-1303.

Angell,J.K.,1986,The close relation between Antartic total
ozone depletion and cooling ofthe Antartic low

stratosphere,Geophys. Res., Let.,13:1240-1243.

Austin,J.,E.E.Remsberg,R.L.Jones, and A.F.Tuck,1986,Polar
stratospheric clouds inferred from statellite data,

Geophys. Res, Lel.,13:1256-1259.

Bauver ,E.,1979,A catalog of perturbing influences in

stratospheric ozone,Jl. Geophys, Res.,B84:1955-1970.

Bhartia,P.K.,K.F.Klenk,C.K.Wong and D.Gordon, 1984,
Intercomparison of the NIMBUS 7 SBUV/TOMS data sets with

Dobson and M83 results,J, Geophys, Res. 89:5239-5243,

Borkov, R. D.,19b9,S5Some characteristics of the total ozone
geduced from Dobson spectrophotometer and filter
viunumeter data and their application to the determination
0ol the effectiveness of the ozune station network, Aup -

T I100Y VEPEEPEIPE IR PR AN

’ Ry, kL L e The el e 4 nmrone Je line 1 the
LR A as ref e tet 1 T it LAade ' LS@TVAllhA,
“€.p 18 R®A, Llla P ot L
. L} ’ R . R A . ?
" - - - ¢ ' v . ! .
. - LI - w8 A * e, wlew ia
L 3] !




e S ~Alami e At D e b 2an ae v 8 an ZM Ade e B Ate dia SAe Bas tiw Bbe s Aen b on 4d A b vv‘-\"7

Chandra,S.,1983,An assessment of possible ozone-solar
cycle relationship inferred from Nimbus-4 BUV data,J.
Geophys. Res.,B89:1373-1379,

Chandra,S.,1985,S0lar-induced oscillations in the

stratosphere, a myth or reality,J. Geophys, Res.
90:2331-2339.

Chandra,S. and R.D.McPeters,1986,Some observations on the
role of planetary waves in determining the spring oczone

distribution in the Antartic,Geophys, Res., Ltrs.,13:12:
1224-1227.

Chapman,S.,1930,A theory of upper atmsopheric ozone,
Mem, Roy, Met, Soc.3:103-~125.

Chubachi,S.,1984,Preliminary results of ozone observations

at Syowa Station,Mem., Natl., Inst. Polar Res,34:13-19.

Chubachi,S. and R.Kajiwari,1986,Total ozohe variations at

Syowa, Antartica,Geophys, Res. Ltrs.,13:12:1197-1198.

Cicerone,R.J.,S.Walters and S.C.Liu,1983,Nonlinear
response of stratospheric ozone column to chlorine

injections,J, Geophys. Res.,88:3647-3661.

Clark,D.H.,W.H.McCrea,F.R.Stephensen,1977,Frequency of
nearby supernovae and climatic and biological
consequences,Nature,265:318-319.

Craig,KR.A.,1965,The Upper Atmosphere:Meteorelogy anyd
Physlics,Academic Press,New York.

Craig,k.A., 1950, The observation and photochemistry of
atmospheri1c nzone and the meteorvlojical significance.
tel. Monow..l:<.

fronn, i k. W, . harestier Jer b . A . Mernzia, . P .mayiett . T w.
Pertava.t .MM 1 war ! and b .kt ina i, Atm:s, fer | tra e 4as
trendis A ta,mer ltaty oy Art At i A Buguias hed, L1098
I Vo 4
T . e ¢ [ ' tA'e-=~ a
sy » ¢ el t 4 i - A ", - - - . i'-.»u.“
I.$a
1
} A - [ ] - + L] L]
. L] L4 . - a - . 4 L] ¥ e a
- - - - . R W)




Danielson,E.F.,1968,Stratospheric-tropospheric exchange
based on radioactivity,ozone and potential vorticity,
J. Atmos. Sci.25:502-518.

Dobson,G.M.B.,1966,Annual variation of ozone in Antartica,
Q. J, R. Met. Jour.,92:394:549-552.

Dotto,L. and H.Schiff,H.,1979,The Ozone War,Doubleday and
Co. Inc.,Garden City,New York.

Dutsch,H.U.,1978,Vertical ozone distribution on a global
scale,PAGEQPH,116:511~-529.

Dutsch,H.U.,1985,Total ozone trends in the light of ozone
soundings,the impact of El Chichon,in Atmogpheric Ozone,

edited by C.S.Zerefos and A.Ghazi,pp.263-268,D.Reidel, |
Dordrecht.

Eckman,R.S.,1986,Response of ozone to short-term
varliations in the solar ultraviolet irradiance. 2.

observations and interpretation,J, Geophys. R,,91:
6705-4721.

Farman,J.C.,B.G.Gardiner and J.D.Shanklin,1985, Large
losses of total ozone in Antartic reveal seasonal Cl0O/NO
interaction,Nature, 315:207-210.

Farrara,j.l. and C.K.Mechoso,1986,An observational study
o!f the tinal warming 1n the Southern Hemispere spring,

w€ sphys. kes., Ltrs., 13:12:1232-1235.

tinlayson-bites,B..". and J.N.Fitts, |96t , Atrospheric

wHENA Sy FunJdamental and Lbaxperigenial Tleyhn. .ep.Jonrn
mi.@y & Hons, Inr‘.,l‘he‘,‘tet 15.
Al Jic el vl .. At T shank il lYnt ke err! peas.renerts :
At Aart A iz e e, @l gyl ds hES . whEBR- 0t
.
. - € A Pore s v - e - +
r e A ] ) < L) LI . ] L] « € 3
» L] L] > -'
* ]
. PL *
.« . : H - 4




B
-
S
..
-

)
)
. ™
-

.
N
..~
W\

L XY

Heath,D.F.A.J.Krueger,P,J, Crutzen,1977,Solar proton
event: influences stratopheric ozone,Scjence,197:886-889.

Heath,D.F.,A.J.Krueger ,and A.Park,1978,The Solar
Backscatter Ultraviolet (SBUV) and Total Ozone Mapping
Spectrophotometer (TOMS) experiment,The Nimbus-7 User's

Guidep. 175-211, NASA Goddard Space Flight Center,
Greensbelt, MD,

Hering,W.5.,1965,0zone and atmospheric transport
processes,Tellus,XVIII:329-335,

Hofman,D.J.,J.M.Rosen,J.A.Harder and S.R.Rolf,1986,0z0ne
and aerosol measurements in the apringtime Antartic
stratosphere in 1985, Geophys. Res. Ltrs.,13:1252-1255.

Holton,J.R.,1979,An Introduction to Dynamic Meteorology,
Academic Press,N.Y.,11.7:313-317.

Howard,J.N.,J.I.F.King, and P.R.Gast,1960,Thermal

radiation,dandbook of Gegphysics,United States Air
Force,Chapter 16.

Hsu,C.F.F.,1980,A1r parcel motions during a numerically
simulated stratospheric warming,J. ALMQOS. S€i.r37:2768

oy
-s-/’\".

Isaksen,l.S.A. and F.Stordal,l98¢C,Antartic ozone

de; letion: 2-; model studies, ueguhys,. Kes. Llrsg,
PR TR R SR S S

enhnstorn,n bl i+ T kedurtions of atratos;teric czone by
ittt c.er ¢rlde ~atalysl from o007 extaLst  LLielile .

A O ST YL SR BN W S Loaer L lrter 1etAl N ¢
At < . . i « 3 . > . . A N
“ A ., el , feg 8T, b€y, v, R gt v T ¥
-
v e - . -~ - » - . 3 " I g
- . - A » - “ » A - LY .
* A - ws w¥ws ;2 L 3"




o '/.'?,:.',-.' '..". )

Mahlman,J.D. and S.B.Fels,1986,Antartic ozone decreases: a
dynamical cause?,Geophys. Res, Ltrs.,13:1316-1319,

Margitan,J.J.,1987,Causes and effects of a hole,Nature.,
325:297-298.

Mateer,C.L.,1965,0n the information of Umkehr
observations,J, Atm, S¢i.,22:370-381.

McCormick,M.P.,H.M.Steele,P.Hamill ,W.P.Chu and
T.J.Swissler, 1982,Polar stratospheric cloud sightings by
SAM II,J. Atmos. Sci.,39:1387-1397.

McCormick,M.P., and C.R.Trepte,1986,Antarctic springtime
measurements of ozone, nitrogen dioxide and aerosol

extinction by SAM II,GeQphys, Res, Ltrsg.13:1280-1283.

McElroy,M.B.,R.J.Salawitch,S.C.Wofsy and J.A.Logan,
1986, Reductions of Antartic ozone due to synergistic
interactions of chlorine and bromine,Nature,321:759-762.

McPeters,R.D.,R.D.Hudson,P.K.Bhartia and S.L.Taylor, 1986,
The vertical ozone distribution in the Antartic ozone

minimum measured by SBUV,Geophys,., Res., Ltrg.,13:1213-
1216,

Meetham, A. R.,1937,The correlation of the amount of ozone
with other characteristics of the atmosphere,Q. J. Roy.
Met. Soc.,63:209-307.

:.1na,™... and Rowland,F.S.,1974,Stratospheric sink for

criocrorethane: chlorine-atom catalysed destruction of
vzone  hat.re . Jd4Y:BlU-812,

NA “Nati2na. Acauvsemy cf Science),1977,Medical and
i . .. a., ette:tas ! envicrmental pollutants, ozone and
*Cer .t T tenm; "a, Tkl larnta.
s Talos, e, warTin ;s aynoptic, dynamic and
e A Aav, e '8 N4 L retererce butilicatiorn
a = L) - [ « €. t s

+ - . - * LY 4

- - - LN 2 “ > - -




./,{4‘..ﬂ5’.

$°9*a

o
[ s

H

SRR o 4
[ e Pe I PN

e

Oltman,S. J. and London, J.,1982,The quasi-biennial

oscillationin atmospheric ozone,J. Geophys. Reg.,87:
8981-8919.

Ozone Data of the World,Atmospheric Enviorment Service,
Ontario,Canada,26:5-6.

Pelon,J. and G.Megie,1982,0zone monitoring in the
troposphere and lower stratosphere: Evaluation and
operation of a ground based lidar station,Geoph.
Res,187'4947‘4955-

Penner,J.E. and J.S.Chang,1978,Possible variations in
atmospheric ozone related to the eleven-year cycle.
Geophys. Res. Ltrs.,5:817-820.

Pollack, J. B. and McKay, C. P.,1985,The impact of polar
stratospheric clouds on the heating rates of the winter
polar stratosphere,Jour. Atm. Sci.42:3:245-262,

Prather,M. J.,McElroy, M. B., Wofsy, S. C.,1984,Reductions
in ozone at high concentrations of stratospheric hologens,
Nature,312:227-231.

Quiroz,R.S.,1983a,The isolation of stratospheric
temperature change due to the El Chichon volcanic

signals,J. Geophys. Res.,88:6773-6780.

Quiroz,R.S.,1983b,the climate of the El Nino winter of
1982-83 - a season of extraordinary climatic analomies,
Mon. Wea. Rey.,111:1685-1706.

Rassmussen,R.A. and M.A.K.Khalil,1986,Atmospheric trs.e
gases: trends and distribution over the last decale
Science,232:1623-1624.

Regener, V. H.,1960,0n a sensitive me:* =1 ¢ - '
recording of atmospheric ozone,l. LBe,i;5. L&ka
65:3975-3977.

ke1d,G.C.,1.S.A.lsaxser . 7T .t . . e =
Irnfluence cf ar-1e"* ® ,&at . .
cf osile halalg -t

[ T TS - -

» e »




D-R185 688

UNCLRSSIFIED

WRIGHT-PATTERSON AFB OH

A REVIEW OF ATMOSPHERIC OZONE AND CURRENT THINKING ON
THE ANTARCTIC OZONE HOLECU) AIR FORCE OF TECH

INST
R A FIX 1987 RF!T/CI/ER -87-46T

272,

NL




g Eeis
Bl = e
22 s s

MICROCOPY RESOLUTION TEST CHART
wiru AL BUREAU OF STANDARDS-1963-A




s Rosenfield,J.E. and M.R.Schoeberl,1986,A computation of
stratospheric heating rates and the diabatic circulation

for the Antarctic spring,Geophys, Res. Ltrs.13:1339-1342.

Rowland,F.S. and M.J.Molina,1975,Chlorofluoromethanes in
the environment,Rev. Geophys., Space Phys.,13,1-36.

Schoeberl, M. R.,Krueger, A. J. and Newman, P. A.,1986,
The morphology of Antartic total ozone as seen by TOMS,
Geophys. Res,. Ltrg.,13:12:1217-1220

QL

S

o "3 X

Sekiguchi,Y.,1986,Antartic ozone correlated to the

stratospheric temperature field,Geophys. Res. Ltrs.,
13:12:1202-1205.

o

O Solomon,S. and P.J.Crutzen,1981,Analysis of the August
. 1972 solar proto n event including chlorine chemistry,
L J. _Geophys Res.,86:1140-1146.

Soloman,S.,Garcia,R.R.,F.S.Rowland, and D.J.Wuebbles,
1986,0n the depletion of Antartic ozone,Nature.
321:755-758.

Stolarski,R.S.,A.J.Krueger,M.R.Schoeberl ,R.D.McPeters,P.A.
. Newman, and J.C.Alpert,1986,Nimbus~7 satellite
‘ measurements8 of the spring time Antartic ozone decrease,

y Nature, 322: 808-811.

Ny Stolarski,R.S. and Schoeberl,M.R.,1986,Further
%g interpretations of satellite measurements of Antartic

total ozone,Geophys, Res, Ltrs.,13:12:1210-1212.

L : Thomas,R.J.,C.A.Barth,G.J,Rottman,D.W.Rusch,G.H.Mount ,G.M.
v Lawrence ,R.W.Sanders,G.E.Thomas, and L.E.Clemens, 1983,

. Mesospheric ozone depletion during the solar proton event
> of July 13,1982 part I: measurement,Gen. Phys, Res..,

10:253- 255.

Thorne,R.M.,1977,Energetic radiation belt electron
precipitation,Science,295:287-289.

Toon,0.B.,P.Hamill ,R.P.Turco, and
J.Pinto,1986,Condensation of HNO3 and HCl in the winter

polar stratospheres,Geophys, Res. Ltrs.,13:1284-1287,

Tung /K. K. M. K.W.Ko,J.M.Rodriguez, and N.D.Sze,1986,Are
Antartic ozone variations a manifestation of dynamics or
chemistry?,Nature,322:811-814.

L SN AN

sl

Tt

Turco,R.P.,R.C.Whitten,I.G.Poppoff and L.A.Capone,
1978,8STs,nitrogen fertiliser and stratospheric ozone,
Nature,296:805-807.

- -
) "-

.;.n:.- e
A-

¥ - o .- : g ‘ - ‘ RUR P . . ! . AG% 3 ™)) N 5
e ‘.l.'.t".' (A Q.t.".‘.’ AP 1 % “ : TR St I, 7% < -t ‘if’b”-'*ﬁh‘\‘&."laﬁ'h}‘ s..ttn ‘!&I..?‘;.ii; .




.';

'

B

#‘3‘“‘

3% Turco,R.P.,0.B.Toon,C.Park,R.C.Whitten,J.B.Pollack and

gg P.Noerdlinger,1981,Tunguska meteor fall of 1908: effects

RGN on stratospheric ozone,Science,214:19-23.

}ﬁ Turco, R. P.,1984,Stratospheric ozone perturbations,

gﬁ Qzone in the Free Atmosphere,195-232,

|9

2;' Vaughan, G.,1982,Diurnal variation of mesospheric ozone,

i

3“} Vupputuri,R.K.R.,1985a,The effect of ozone photochemistry

\ﬁ on atmospheric and surface temperature changes due to CO,,

B NO, CH4 ., and volcanic aerosols in the atmosphere,in

ey Atmospheric Ozone,edited by C.S.Zerefos and A.Ghazi,

Ml pp.263-268,D.Reidel, Dordrecht.

N Vupputuri,R.K.R.,1985b,Study the effect of El Chichon

-7 volcanic cloud on the stratospheric temperature structure

Ko and ozone distribution in a 2-D model,in Atmoapheric

&y Qzone,edited by C.S.Zerefos and A.Ghazi,

RIS pPpP.59-60,D.Reidel, Dordrecht.

e Weeks,L.H.,R.S.CuikKay and J.R.Corbin,1972,0zone

At measurement in the mesosphere during the solar proton

e event of 2 Nov 1969,J, Atm. Sci.29:1138-1142.

1h":v

e Weisburd, S.,1986,0zone hole at southern pole,Science

{( News,129:9:133.

-

52 Wexler,H.,1960,A preliminary report of ozone observations

e at Little America, Antartica,Mon. Hea. Rev.,88:43-54.

N,

:;» WMO,1985,Atmospheric ozone - assessment of our

o distribution and change,World Meteorological Organization

‘,j Global Ozone Research and Monitoring Project - Report No.

o ::. 16.

I

'":

N

b

«

S

F.'\" !
&

N |
3.’t3 ]
¥ 80 |
o |
0 |

c., ") |.h‘u B0 R

*

BRSNS 5 byf S 0y 4‘.5.)“'!..



o- @ 9 o o @ L -@ . . . ) . \
." . ,;‘gf. s ‘n .". \ T‘ N ,_. f. ':;1‘.;1.\"‘" . ;:':"‘i ';u"‘lf'; -l"‘.‘ ‘w *e l.;.'" N : ; '. ‘ ' ‘0'.‘; .' ..l:; :I Y

OURNSHy g‘i
s R R




