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ABSTRACT 

A simple 2-D model is constructed in orde r t o simulate and 

understand global ozone distribution and its seasonal vari a ti on . 

In the model, the Chapman cycle parameterized by Hartmann ( 1 978) 

is used. The time dependence of diffusion coeff i c ient s is 

neglected except in the both polar regions. Effects o f th e 

meridional circulation consisting of the following three com­

ponents are taken into account; 1) an annually varying component 

due to the annual variation of the ozone, oxygen, and water vapor 

heating, which is assumed to be anti-symmetric about the equator, 

2) a nonseasonal, steady component of the transport circulation 

which ascends in the tropics and descends in the middle latitudes 

and high latitudes of the both hemispheres, 3) an annually vary­

ing component of the transport circulation which represents t h e 

planetary wave activity, strong convection in the tropics a nd 

some other seasonally variable factors. Although the employed 

circulations and diffusion coefficients are empirical, and the 

various processes behind them are not sufficiently evaluated ex ­

cept for the first component of the circulation, the simple mode l 

can well simulate the global ozone distribution and its seasonal 

variation. 

The Antarctic ozone hole is discussed from a global point of 

view. A possibility of a weak October minimum of the Antarctic 

total ozone amount without chlorine chemistry is suggested. It is 

shown that a simple chlorine catalytic chemistry taken into ac­

count in the model can induce a depletion of the Antarctic total 
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ozone amount as low as 150 D.U. at a time scale of 1 month. It is 

also shown that the dynamical ozone depletion due to the upward 

motion during the Antarctic spring is thermodynamically impos­

sible. 



1. INTRODUCTION 

Chubachi (1984) and Farman et al. (1985) found unusual 

decrease in ozone during Antarctic spring. Analyzing the Dobson 

spectrophotometer data or the satellite data, many scientists 

reported the fact that the ozone depletion had occurred every 

year since 1980 and become severer (Gardiner and Shanklin, 1986; 

Stolarski et al., 1986; Schoeberl and Krueger, 1986; Chandra and 

McPeters, 1986; Komhyr et al., 1986, 1987, 1988a, 1989a; Krueger 

et al., 1988). Now, the ozone depletion is well known as the An­

tarctic ozone hole. The ozone hole phenomenon has given us an op­

portunity to rethink about the global ozone distribution and the 

behavior of the Antarctic ozone from the dynamical, chemical, and 

radiative . view points. At the early stages, three sorts of the 

hypotheses were proposed in order to explain the sudden decrease 

in ozone during the Antarctic spring. First, we briefly review 

them from the point of view of the seasonal variation of ozone. 

The first one of the hypothesis is the dynamical hypothesis 

proposed by Tung et al. (1986). They thought that the Antarctic 

stratosphere temperature was nearly in a radiative equilibrium in 

late winter and early spring, and the ozone depletion in spring 

might be caused by the upward motion of the air due to the sudden 

increase in the solar heating. The upward motion rather than the 

local temperature increase tends to occur in the Antarctic atmos­

phere, because in September, the temperature of the Antarctic at­

mosphere is prevented from increasing by the flywheel effect of 
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the middle atmosphere through the thermal wind equation and the 

continuity equation (Tung et al., 1986; Mahlman and Fels, 1986; 

Fels et al., 1980). Thus, the local temperature in the Antarctic 

may be controlled predominantly by a longer dynamical time scale, 

so that the evolution of temperature may be suppressed. The in­

duced upward motion brings the ozone-poor air from the tropo­

sphere up to the lower stratosphere, and carries off the ozone­

rich air in the stratosphere out of the polar vortex. Shi et al. 

(1986) showed that if the aerosol loading in the stratosphere was 

large, the upward motion due to the solar heating and the thermal 

heating could occur in the Antarctic spring. However, we should 

note that there is not so much amount of aerosol during the ozone 

hole, because PSCs (Polar Stratospheric Cloud) begin to evaporate 

and disappear in September and October, and we also should note 

that there is much uncertainty of the optical property of the 

stratospheric aerosol (McCormick and Trepte, 1987). Akiyoshi et 

al. (1988, 1989) performed similar radiative calculations more 

accurately by using the NMC (National Meteorological Center) tem­

perature data and the extinction data derived from SAGEn 

(Stratospheric Aerosol and Gas Experiment n ) observations in 

1985. They concluded that the net heating due to the aerosols did 

not exceed 0.1 K d- 1
, even if some ambiguous parameters such as 

the aerosol composition and the size distribution were chosen so 

that they might magnify the heatings. The results of these cal­

culations are shown in Appendix A. The result of the N20 observa­

tion by Parrish et al. (1988) during the ozone hole is also 
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against the upward motion hypothesis. In addition, this 

hypothesis cannot explain such a severe depletion of ozone in the 

narrow altitude range from 11 km to 23 km as observed in the An­

tarctic. Thus, all these results suggest that the upward motion 

hypothesis is irrelevant to the ozone hole. 

The second one is a chemical hypothesis based on the solar 

11-year cycle, which was proposed by Callis and Natarajan (1986). 

When the solar activity is high, more odd nitrogen is produced in 

the polar thermosphere by the reactions of fast electrons with N2 

molecules or by the photodissociation of N2 molecules. N205 and 

NOa are produced, while the produced odd nitrogen is transported 

from the thermosphere into the stratosphere by the downward mo ­

tion in the polar vortex during the polar night. When the sun 

comes up, the NOa and N20a are photodissociated, and NO and N02 

are, as a result, produced. Then, ozone will be destroyed by the 

anomalous high concentration of NO and N02. The downward motion 

in the polar vortex is a key point of the unusual seasonal varia­

tion of ozone in this hypothesis. This hypothesis expects that 

NOx will increase within the polar vortex during the polar night, 

and also expects that ozone will be destroyed severely between 

the altitude of 16 km and 32 km. However, the results of AAOE 

(Airborne Antarctic Ozone Experiment) campaign, which was con­

ducted in 1987, were against this hypothesis. It was found that 

the concentration of NOx was extremely low within the polar vor ­

tex, and the ozone was destroyed severely in the lower strato­

sphere between 11 km and 23 km (Toon et al., 1989; Hofmann et 
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al., 1989; Komhyr et al., 1989b). Thus, this hypothesis is not 

acceptable. And it also seems to be impossible that the decrease 

in ozone at the middle latitude after the final warming is caused 

by the high concentration of NO~ flowing out of the polar vortex. 

The third one is a chemical hypothesis related to some 

chlorine catalytic cycles. People pay much attention to this 

hypothesis, since the production of chlorofluorocarbon has been 

increasing more and more recently. The chlorofluorocarbons 

produced at the ground surface ascend slowly in the atmosphere, 

and are photodissociated and extricate chlorine atoms in the up­

per stratosphere, which destroy ozone catalytically. A catalytic 

cycle 

ClO + 0 -

net 

is well known (e.g. Molina and Rowland, 1974; Cicerone et al., 

1974; Crutzen, 1974; Wofsy et al., 1975). However, this cycle 

does not work effectively in the lower stratosphere, since the 

number density of atomic oxygen is low there. In addition, the 

condition of the low sun elevation in the Antarctic spring may 

prevent the production of the atomic oxygen. Hence, some other 

catalytic cycles must be considered in order to explain the 

destruction of ozone between 11 km and 23 km high. Today, three 
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catalytic cycles are considered to be effective in the lower 

stratosphere. The first one is the chlorine catalytic cycle with 

OH and H02, which was proposed by Solomon et al. (1986). 

net 

OH + Oa -

Cl + Oa -

H02 + ClO -

HOCl + hv -

20a 

H02 + 02 

ClO + 02 

HOCl+ 02 

OH + Cl 

ClO reacts with H02 in stead of atomic oxygen in this cycle, and 

it is assumed that H02 is produced dominantly by the reaction of 

OH with Oa. Austin et al. (1989) reported that this cycle could 

contribute only about 10 % to the net ozone destruction in their 

model. The second one is the chlorine-bromine catalytic cycle 

proposed by McElroy et al. (1986). 

net 

Br + Oa -

Cl + Oa -

BrO + ClO -

20a 

BrO + 02 

ClO + 02 

Cl + 02 + Br 

The reaction of BrO with ClO is the rate limiting step in this 

cycle. This cycle works effectively in very high concentrations 
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of both ClO and BrO. Actually, extremely high concentration of 

ClO (about 1000 ppbv at 18 km) was observed within the Antarctic 

polar vortex (Brune et al., 1989b). But, the concentration of BrO 

was not so high, and about 5 pptv (Brune et al., 1989a). And 

hence, this cycle also can contribute only about 10 % to the net 

ozone destruction (Austin et al., 1989; Ko et al., 1989). The 

third one is the Cl202 (ClO dimer) catalytic cycle proposed by 

Molina and Molina (1987). 

2 ( Cl + Oa 

ClO + ClO + M -

ClOO + M -

net 2 Oa -

ClO + 02 ) 

Cl202 + M 

Cl + ClOO 

Cl + 02 + M 

ClO forms the dimer in the low temperature field within the An­

tarctic polar vortex. This cycle has been believed to be the most 

effective one since AAOE campaign. And many calculations were 

performed based on this catalytic cycle in order to simulate the 

Antarctic ozone hole (e.g. Ko et al., 1989; Austin et al., 1989). 

McGrath et al. (1988) calculated thermochemical stabilities and 

vibrational spectra of the isomers of Cl202 using ab-initio 

molecular orbital calculations. They concluded that an isomer 

ClOOCl, which can produce chlorine atom more easily, is more 

stable than ClOClO, showing the validity of the above ozone 
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destruction catalytic cycle. Eberstein (1990), however, pointed 

out the possibility that more ClO rather than ClOO might be 

produced by the photodissociation of Cl202 in the Antarctic 

spring lower stratosphere, even if the molecular structure of 

Cl202 was ClOOCl. In order to determine accurately the destruc­

tion rate of ozone by the ClO dimer catalytic cycle, it seems to 

be important to investigate the molecular structure of Cl202, and 

the strength of the Cl-0 bond and 0-0 bond empirically and 

theoretically. 

These chlorine catalytic cycles work efficiently, if abun­

dant chlorine atom is supplied by the photolysis of Cl2, ClN02, 

or HOCl, which easily release chlorine atom only by absorbing a 

weak solar radiation just after the polar night. In the normal 

situation of winter lower stratosphere, however, there is not 

enough amount of Cl2, ClN02, or HOCl for the ozone destruction, 

because the chlorine atoms are stored in the form of so called 

reservoirs such as HCl and ClN03. These reservoirs are chemically 

stable, and hard to release the chlorine atoms. Thus, some other 

mechanisms are necessary for changing the reservoirs to some 

sorts of more chemically active species such as Cl2, ClN02, and 

HOCl. Today, some heterogeneous reactions of the reservoir 

species with water, ice, or hydrochloric acid on PSCs are known 

as the mechanisms. These are; 

ClN03 + H20(aerosol) -

ClN03 + HCl(aerosol) -

9 

HOCl + HN03 

Cl2 + HN03 



N205 + H20(aerosol) -

N205 + HCl(aerosol) -

2HNOa 

ClN02 + HNOa 

(Tung et al., 1986; Solomon et al., 1986; McElroy et al., 1986; 

Rodriguez et al., 1986). Sticking coefficients of these 

heterogeneous reactions were measured by Tolbert et al (1987, 

1988) and by Leu (1988). One problem is that they used much 

larger and much more plain ice surface than the real PSC for the 

measurement, which will give a smaller value than the real value 

of it. 

The sudden ozone depletion in the Antarctic spring can be 

explained as follows by the chlorine catalytic cycle; Within the 

cold polar vortex during the Antarctic winter, the reservoir 

species are transformed into more chemically active substances 

such as Cl2, ClN02, and HOCl by the heterogeneous reactions on 

the PSCs, while NOx is decreased by the heterogeneous reactions 

which produce HNOa in the PSCs. When the sun returns in the An­

tarctic in September, Cl2, ClN02, and HOCl are photodissociated, 

and chlorine atoms are released. These chlorine atoms destroy 

ozone catalytically in the low concentration of NOx, because in 

the normal concentration of NOx in the stratosphere a quick reac­

tion of ClO with N02 prevents the catalytic cycle from destroying 

ozone effectively. 

The results of AAOE (1987) support the hypothesis. In this 

experiment, unusually high concentration of ClO, low concentra­

tion of NOx, and nitric acid aerosols were detected within the 

10 



polar vortex where ozone was depleted severely. 

All these dynamical and chemical hypotheses try to explain 

the sudden ozone decrease in the Antarctic during September, 

based on the local return of the sunlight in the Antarctic 

spring: The local, sudden increase in the solar energy input is 

an important factor to explain the unusual seasonal variation of 

the Antarctic ozone. 

Next, we review these hypotheses again from a point of view 

of year-to-year variation. 

The upward motion hypothesis expected that the increase in 

the stratospheric aerosols due to the eruption of Mt. El Chichon 

in 1982 had caused a larger heating in the spring of the An­

tarctic stratosphere since 1982, and thereby, caused stronger up­

ward motion there (Tung et al., 1986). However, this explanation 

is not acceptable, because in spite of the fact that the stratos ­

pheric loading of aerosols in the Antarctic has been decreasing 

since 1983, severer ozone hole events occurred in 1985 and 1987. 

On the other hand, the solar 11-year cycle hypothesis 

stressed that the solar activity, which can be estimated with the 

sun spot number, caused the year-to-year variation of the ozone 

depletion. This hypothesis, however, cannot explain the severer 

ozone hole in 1985 and 1987, when the solar activity was near a 

minimum, than in 1980 when the solar activity reached a maximum. 

Moreover, the ozone hole in 1990 was much severer than the 1980 

ozone hole, although the magnitudes of the solar activity of 

these years are almost same. 
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According to the chlorine catalytic hypothesis, it is 

deduced that the increase in the use of chlorofluorocarbon has 

caused the ozone hole for the last 10 years. So far, this is con­

sistent with the observations, which show chlorofluorocarbons in 

the stratosphere have been increased in the Antarctic (Cronn et 

al., 1986), and still increasing (Aoki et al., 1990). However, 

the relationship between the amount of the Antarctic ozone and 

the chlorofluorocarbons before 1980 is not evident because of the 

lack of the observations. 

More comprehensive insight into the year-to-year variation 

of the ozone hole was first obtained by Mahlman and Fels (1986). 

They showed quantitatively some expected stratospheric con­

sequences, under the necessary requirement of a recent substan­

tial reduction of the wintertime planetary-scale disturbance ac­

tivity in the southern hemisphere troposphere. This requirement 

is based on the measurement of Eliassen-Palm flux convergence 

(Nagatani and Miller, 1987). And the most important consequence 

of them is an increase in the length of the Antarctic winter, 

that is, longer duration of the cold polar vortex. The longer ex­

istence of the polar vortex in spring makes various unusual 

stratospheric conditions: It may strengthen westerly wind in Oc­

tober and November, and the temperature consequently may remain 

cold, under the thermal wind relationship. Besides, the stable 

polar vortex may prevent the diffusion of heat, ozone, NOx and 

other chemical constituents from the middle latitude region. In 

the lower temperature environment formed like this, PSC may be 
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formed easily, and some heterogeneous reactions and the chlorine 

catalytic cycles may destroy ozone more and more effectively. In 

addition, ·a GCM (General Circulation Model) experiment shows that 

the ozone depletion over the Antarctic may extend the period of 

the Antarctic winter, and may delay the breakdown of the An­

tarctic polar vortex, because less ozone amount prevents the in­

crease in temperature during the Antarctic spring (Kiehl et al., 

1988). Thus, it is possible that both less planetary wave ac­

tivity and less ozone amount accelerate further the depletion of 

the Antarctic ozone by enhancing the activity of heterogeneous 

chemistry through the lower temperature. It seems that the in­

crease in the amount of chlorofluorocarbons and the decrease in 

the planetary scale wave activities are the key points of the 

year-to-year variation. Many observations and analyses have been 

performed on these issues (Chandra and McPeters, 1986; Komhyr et 

al., 1986; McCormick and Trepte, 1987; Kawahira and Hirooka, 

1989). 

The year-to-year variation of ozone is, moreover, related to 

QBO (Quasi-Biannual Oscillation) (Hasebe, 1983; Lait et al., 

1988; Gray and Pyle, 1988; Garcia and Solomon, 1987; Dunkerton, 

1988). During the westerly phase of QBO, the induced downward mo­

tion at the equator causes an upward motion in the subtropics. 

Since the descending arm of the Hadley cell extends to middle 

latitude, the suppression of the strength of the Hadley circula­

tion during the westerly phase of the QBO results in a negative 

anomaly of ozone in the middle latitudes. The ozone anomaly is 
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then transferred farther poleward by the eddy motions, so that 

the polar ozone shows a negative anomaly in the westerly phase of 

QBO. In addition to this mechanism, a QBO signal in temperature 

in polar region modulates the formation of PSC, and consequently, 

modulates the destruction rate of ozone. 

The understanding of the year-to-year variation of ozone is 

very important, since it makes the prediction of the future trend 

of ozone distribution possible. But we have not yet completely 

solved the problem. At least, a two-dimensional interactive 

dynamical chemical radiative models are necessary for the study 

of the year-to-year global ozone trend. The ozone molecules ab­

sorb the solar energy, heat the atmosphere, and induce the air 

motion. A feedback of the induced motion to the ozone distribu­

tion changes the ozone radiation process, so that an accurate 

calculation of radiation transfer will be necessary. 

Tung and Yang (1988) formulated a nonlinear and non­

geostrophic model in an isentropic coordinate. Although they used 

observed temperature as the input data, both advective transport 

and diffusive transport were determined in a self-consistent man­

ner from the temperature data, together with the prediction of 

ozone and other radiatively important gases. Brasseur et al. 

(1990) also developed a nonlinear interactive chemical dynamical 

radiative two-dimensional model. They used the log-pressure coor­

dinate and specified the vertical wind velocity at 15 km high as 

a function of latitude and season. These interactive type models 

are called as the third generation model (Tung, 1987). 



These phenomena tell us how directly the polar ozone is in­

fluenced by the middle latitude ozone and middle latitude dynami­

cal processes, and how indirectly influenced by the equatorial 

wind. The amount of polar ozone is more dynamically controlled 

than that in the middle latitude and in the equatorial region, 

because of the less amount of sunlight and the smaller area. The 

difference in the severity of ozone depletion between in the 

Arctic and in the Antarctic reveals these factors. It was 

reported by AASE (Airborne Arctic Stratospheric Expedition) Cam­

paign that the Arctic ozone hole was not so severe, not so ex­

tended, and did not last so continuously as the Antarctic ozone 

hole, because of more active atmospheric disturbances due to the 

planetary waves in the northern hemisphere stratosphere (e.g. 

Turco et al., 1990). The AASE campaign and AAOE campaign have 

revealed that the severe ozone depletion over the Antarctic is an 

extreme case which is caused by the combined effects of the 

strong, local chemical ozone sink and the weakened ozone 

transport from the middle latitude region. Thus, in order to un­

derstand the Antarctic ozone hole correctly, we have to under­

stand how the global ozone is produced and distributed 

latitudinally, vertically, and seasonally. 

A theoretical study of the distribution of global ozone was 

recently done by Hou et al. (1991). They explained the difference 

in the distribution of the total ozone amount between the both 

hemispheres, using an interactive 2-D model of Schneider et al. 

(1989). Performing various numerical experiments on some ideal-
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ized hypothetical conditions, they showed that the chemistry and 

dynamics in the lower stratosphere produced a subpolar maximum of 

the total ozone amount in the absence of planetary wave forcing, 

and also showed that a polar maximum of the total ozone amount in 

the winter and spring of the northern hemisphere appeared as a 

result of the stronger wave driving in the northern hemisphere. 

The purpose of this study is to understand the seasonal 

variation of global ozone and in particular to understand the 

seasonal variation of the Antarctic ozone, and to make the first 

step for the dynamical-chemical-radiative comprehensive under­

standing of the Antarctic ozone hole from a global point of view. 

The model used in this study belongs to the second gener­

ation 2-D model, mentioned by Tung (1987) in which the trans­

formed Eulerian mean circulation and a symmetric diffusion tensor 

are specified independently on the calculated ozone distribution. 

However, in some aspects, our model is different from the second 

generation model. In this study, we shall concentrate to under­

stand the seasonal cycle of global ozone and the Antarctic ozone 

hole by introducing a seasonal variation of meridional circula­

tions, eddy diffusion, and chemical reactions. 

In the next chapter, the basic theoretical framework of our 

simple 2-D model is described. In Chapter 3, simulations are 

carried out, in which various factors such as vertical and 

horizontal eddy diffusions and meridional circulations are intro­

duced one by one to the model. Discussing the discrepancy between 

the simulated distributions of ozone and the observation, we try 
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to get essential roles of these factors to the seasonal variation 

of global ozone distribution. In Chapter 4, based on the results 

of the previous section, we focus on the seasonal variation of 

ozone in the Antarctic, and show how dramatically the Antarctic 

spring ozone decreases if we consider the effect of ozone 

destruction due to the chlorine catalytic cycle. In Chapter 5, we 

discuss the Antarctic ozone hole from a global point of view. The 

capacity of our model and its limitations are also mentioned. 

Chapter 6 is devoted to the conclusion and remarks. 
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2. THEORETICAL FRAMEWORK AND GENERAL MODEL DESCRIPTION 

The mixing ratio of odd oxygen ( = O+Oa) fo llowing t h e motion 

of an individual air parcel is expressed by the f o llowi ng e qua-

tion, 

dX 
dt s 

' (2. 1 ) 

where, x is the volume mixing ratio of the odd oxygen, and S the 

source and sink of the odd oxygen. In Eulerian framework, equa -

tion (2.1) is expressed as follows, 

dX 
dt 

+ u dX 
"dX s 

' ( 2 . 2) 

where dx=a·cos¢ ·dA , dy=a·d¢ , a is the radius of the earth, A 

longitude, ¢ latitude, and z altitude. The continuity equation 

of the atmosphere for the synoptic scale motions on log- pressure 

coordinate is 

dU + 
d:x, 

+ _1 2.(pur) 
p d~ 0 

• ( 2. 3) 

Combining equation (2.2) and (2.3), the equation written by a 

flux form, 
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is obtained. Separating x into the zonally averaged part x and 

the deviation from it x ' and taking the zonal average of the 

above equation, we get the following zonal-mean equation, 

dX + 1f ax + rw- dX 
at 'd1t 'd~ 

s- - 1- .1._ (-cost'~.. kyy ;;);f - cos¢ krz dX ) 
cos~ a~ r C)}! dZ 

-
I d ( v "dX p k ;)X ) p dl -, ki!y dY, - il d~ 

' (2.4) 

where second order correlation terms, x 'v'cos¢ and Px 'w', are 

expressed by an eddy diffusion form, 

· dX 
- coscf> kYY d 'lf 

and 
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respectively. Kyy, Kyz, Kzy, and Kzz are eddy diffusion coeffi­

cients. In the presence of planetary waves, most part of the 

anti-symmetric part of the eddy diffusion tensor can be expressed 

by the Stokes' drift (Matsuno, 1980). Thus, in the transformed 

Eulerian framework, in which the mean meridional circulation is 

replaced by the residual mean circulation defined by Andrews and 

Mcintyre (1976), only the symmetric part of the eddy diffusion 

tensor is needed. The residual mean circulation can be estimated 

directly from the knowledge of the Eulerian mean diabatic heating 

and static stability (Dunkerton, 1978). In this model, in addi ­

tion to the Eulerian mean meridional circulation we consider 

transport meridional circulations, so that only the symmetric 

eddy diffusion tensor is considered. The value of eddy diffusion 

coefficients and the meridional circulations in the present model 

will be described specifically in each numerical experiment in 

Chapter 3. 

If the residual mean circulation, the eddy diffusion coeffi ­

cients, and the zonally averaged chemical source term are given 

as a function of latitude, altitude, and time, we can calculate 

numerically the odd oxygen mixing ratio x as a function of 

latitude, altitude, and time. In the real atmosphere, the cir­

culation and the eddy diffusion are closely related each other, 

and related to the ozone distribution. In the present model, 

however, the circulation and the eddy diffusion are prescribed as 

some external parameters, and hence, this model is not a consis­

tently closed system. But, this model is adequate to the present 

20 



purpose. 

We shall solve equation (2.4) on the uniform grid points 

with horizontal resolution of 5 degrees of latitude and vertical 

resolution of 2.5 km. The region of the numerical integration is 

between -90 degrees and +90 degrees of latitude and between the 

surface and 70 km high on the log-pressure coordinate. The equa­

tion (2.4) is solved every 20 minutes. However, the sun elevation 

and the duration of sun shine are calculated and renewed every 10 

days. The eddy diffusion coefficients are renewed every month. 

These time-intervals are sufficient to study the seasonal varia­

tion of ozone. The horizontal fluxes of the odd oxygen at the 

both poles are assumed to be zero. At the ground level, a fixed 

(latitudinally independent) deposition velocity of ozone is used 

(=0.08 em s- 1
; Cunnold et al., 1975). It can be assumed that this 

value is nearly equal to the deposition velocity for odd oxygen, 

since the concentration of atomic oxygen is much smaller than 

that of ozone at the ground surface. Above 70 km, the concentra­

tion of ozone is fixed at the calculated value by a one­

dimensional radiative convective photochemical model (Brasseur 

and Solomon; 1986, Appendix D), because the chemistry used in the 

present model is not applicable to the simulation of ozone at the 

higher altitude. The diurnal variation of the photochemistry is 

not considered. But, the diurnal average of the photon number ab­

sorbed by ozone and oxygen molecules is calculated. 



3. SIMULATIONS OF SEASONAL VARIATION OF GLOBAL OZONE DISTRIBUTION 

In this chapter, we show the results of some simulations 

which are performed by introducing some factors one by one which 

control ozone distribution. Comparing them to the observations, 

we try to understand the seasonal variation of ozone comprehen­

sively. 

3-a) Photochemical Equilibrium 

Model Description 

Although there are many chemical reactions in the atmosphere 

which are involved with ozone production or destruction (e.g. 

Brasseur and Solomon, 1986), only the Chapman cycle is con­

sidered. That is, 

02 + hv 2 -

03 + hv 3 -

0 + 02 + M -

0 + 

2 0 (q2) 

(q3) 

(k12) 

(k13), 

Where h is Planck's constant, v 2 the spectral frequencies of 

Schumann-Runge continuum absorption (126 nm<A <175 nm), Schumann­

Runge bands absorption (175 nm<A <205 nm), and Herzberg continuum 

absorption (205 nm<A <240 nm), and v 3 the spectral frequencies 
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of Hartley continuum absorption (175 nm<A <320 nm), Huggins bands 

absorption (320 nm<A <350 nm), and Chappius bands absorption (450 

nm< A <750 nm). 

The ozone mixing ratio in photochemical equilibrium is es-

timated by the formula 

' (3a.l) 

where nm and na2 are the number density of any arbitrary atom or 

molecule, and oxygen molecule, respectively, and q1 (i=l, 2, 3) 

the photon number absorbed by a molecular 01 (i=l, 2, 3) per unit 

time. q1 is expressed as 

~c ( cf>, 'R, t, A.) = Fo (II., t) ~ 00t(A) 

• exp [ -J; </o2 <A.) no2(c:f>,z,t) d1.- J:o-~<A> 'n.VJ(tP,l,t) de] 

+ (~ jwm & AWzjacv ) IJ 

(3a.2) 

where Fa(A ,t) is the solar flux at the top of the atmosphere at 

wavelength A and timet, a o1(A) (i=l, 2, 3) the absorption 

cross section of a molecular 01 (i=l, 2, 3) at wavelength A , 

and na1(¢ ,z,t) the number density of 01 at latitude ¢ , altitude 
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z, and time t. The data of F o ( A ) , a o2 ( A ) , and a Oa ( A ) are 

taken from Strobel (1978). The quantities of a o2 "no2 and 

a oa·noa are integrated over the light path between the point in 

question and the top of the model atmosphere (100 km), and the 

integration depends on the zenith angle as well as altitude. The 

first term of equation (3a.2) is written in a more practical form 

as follows, 

CF= 

fo (/l.,t) ~ O"Oi (A.) 

1.- e)(p [- <fol(,t)'n~(cR~2,t) L1u/Jt - Cf<>3~) 71o3(ilt,t) A~.a./JJQ 1 
o-o2 <A) n~(~rt,tl tJ~P.IP.t + a-o3 c~t> no3C<1',ZQ,t} Ll~u. /Pi. 

(3a.3) 

'} 

where 1 is the layer number of the homogeneous atmospheric layer 

in question, ~ 1 cosine of the zenith angle of the direct solar 

beam at the lth layer, and N the total number of the layers. CF 

in equation (3a.3) is the correction factor for the optical thick 

layers in which the solar beam is extinguished seriously. Equa­

tion (3a.3) gives accurately the layer-averaged number of photons 

absorbed by an ozone molecule or an oxygen molecule in the lth 

uniform layer per unit time. (See Appendix B.) 



The effect of the reflection of the sunlight at the surface 

is also considered. At first, photochemical equilibrium ozone 

concentration without the reflection is predicted from the top of 

the atmosphere to the surface. Then, the ozone concentration is 

corrected by considering the reflection light at the surface and 

the optical depth from the surface to the altitude in question 

which can be temporarily estimated by the first approximation of 

ozone concentration. And the correction is iterated until the 

value converges. We assume that the surface is a Lambertian 

reflector and the albedo is fixed at 0.3. Integration over the 

zenith angle is executed by using 3-point Gaussian integral for­

mula, for the sake of saving CPU time. The value of 0.3 is a 

little high for the globally averaged surface albedo, but more 

appropriate for the planetary albedo, which includes the effects 

of the reflection by the ground surface, sea surface, clouds, the 

atmosphere, etc. Although we use the value as a surface albedo in 

this model, the calculated values of the ozone heating and ozone 

photochemical source term will not be so seriously different from 

the values which are calculated by using a more realistic value 

of the surface albedo (a lower value than 0.3) and by using a 

complex radiative transfer scheme which includes the cloud ef­

fect, because most of clouds exist below 10 km high, while most 

of ozone exists above that altitude, and the ozone below 10 km is 

predominantly controlled by dynamics. For the ozone calculation, 

it is possible to consider the value of 0.3 as a planetary albedo 

including the effects of cloud reflection. 
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We consider the dependence of the zenith angle on altitude, 

but sunrise and sunset occur simultaneously at all altitudes. The 

diurnal variation of q~ is not considered, but the diurnal 

average of q~ is used. The diurnal average is obtained by averag­

ing the number of the absorbed photons over four zenith angles 

spaced between sunrise and noon, multiplying the double of this 

average by the proportion of daytime to 24 hours. And this value 

is applied over the entire day. 

Although the Chapman cycle is very simple and useful for the 

qualitative understanding of the ozone photochemistry, it is 

known that the predicted ozone concentration is twice or three 

times larger than the observed value in the stratosphere and 

mesosphere. In order to avoid this quantitative defect of the 

Chapman cycle, we use the Chapman cycle parameterized by Hartmann 

(1978), in which the catalytic destructions of ozone due to HO~ 

and NO~ are included. In the parameterization, the rate constant 

k1a is adjusted such that the following conditions are satisfied; 

1) The temperature dependence of ozone concentration is ap­

proximately that expected from more complete chemistry and from 

observations. 

2) Ozone and temperature distributions of the radiative 

photochemical equilibrium state are realistic. 

The normal value of 1.5x 10-11 ·e- 2218 /T cm3 s- 1 for k1a is 

replaced by the larger value of 3.5x 1Q- 12 ·e-1300 /T cm 3 s- 1 . 

Then, the value of 1.1x 10- 34 ·e~ 1 o/T cm6 s- 1 is used for k12· The 

Photochemical equilibrium profile is consequently much better 
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than the profile of the normal Chapman cycle as shown in Figure 

3.1. 

Solar elevation angle a at the ground surface and the dura-

tion of sunshine T are calculated by considering the day of year 

and the latitude, and by using the formula 

sin a 

and 

T 

sin¢ ·sino + cos¢ ·coso ·cosh , 

2¥- CoS -1 (- Sin.cp 
7t coscp 

sino ) 
coso 

' 
where ¢ is latitude, o declination angle, and hour angle h is 

expressed by 

In order to calculate the seasonal variation of the 

photochemical equilibrium ozone, we need the seasonal variation 

of temperature. Seasonal variation of temperature and the zonal-

mean circulation are calculated by the linear quasi-geostrophic 

system on the log-pressure coordinate. That is, 

I d ( dtl) L -- - - -\ P- - RM l.L p d"l y..- d ~ ' 
(3a.4) 
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' (3a.5) 

I d ( ~-) I d ( p-) 
-c-os--:-rf> d~ cos, 1f' + p di!. w 0 ' 

(3a.6) 

(3a.7) 

where u, v, and w are eastward, northward, and upward wind 

velocity, respectively. ~ the perturbation of geopotential 

-height which is related to the atmospheric temperature T by d~ 

-R · T·dlnP, Qe~t the external heating function by the absorption 
1111 •• •• 

of the solar radiation, f Coriolis parameter, N Brunt-Vaisala 

frequency, v vertical eddy diffusion coefficient, kM Rayleigh 

friction coefficient, and kH Newtonian cooling coefficient . 

Hereafter, the zonal-mean symbol "-" is omitted for simplicity 

and convenience. Figure 3.2a illustrates the vertical profile of 

N(z) used in this model, while Figure 3.2b illustrates the 

profiles of v (z) and kH(z), respectively. Note that v (z) is a 

global representative of vertical eddy diffusion coefficient and 

it is different from the latitudinally dependent vertical eddy 

diffusion coefficient Kzz(¢ ,z) which will be used to calculate 

ozone transport. The values of kH(z) above 30km are the same as 

those of Matsuno (1982), which were taken from Dickinson (1973) 
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except for the upper part above 70 km high where a constant value 

of 0.03 K d- 1 is used. Below 30 km, the values are similar to 

those used by Trenberth (1973). The linear expression of infrared 

cooling is questionable in the troposphere. However, considering 

the perturbation from the radiative-convective equilibrium tern-

perature due to latent heat, boundary layer heating, and radia-

tion, we use the vertical profile with the minimum value of 0.02 

K d- 1 at 120 mb and the value of 0.08 K d- 1 at 600 mb. The value 

of 0.08 K d- 1 is assumed below 600 mb. Rayleigh friction coeffi-

cient kM(z) which is the same value as Matsuno (1982) is used to 

decelerate the zonal wind near the mesopause. 

Eliminating u, v, and w from equations (3a.4)-(3a.7), and 

using the quasi-geostrophic approximation, we obtain the well-

known quasi-geostrophic potential vorticity equation, 

where 

1 1 d (cos¢ d ) 
~w2az coscp ()p Si'tlcp acp , 

Then ~ (¢ ,z,t) can be solved by a method of separation of vari-
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able in ¢, z, and t (Matsuno, 1982), if we assume a sinusoidal 

time-dependence in ~ , and expand the external heating function 

Qext in terms of the eigenfunctions of the operator L(¢ ), which 

are well known as Hough Functions. Since we are interested in the 

annual oscillation, the time-dependent parts of ~ and Qext are 

assumed to be exp(ia t), where a = 2n /year. This is a zonal­

mean, annual oscillation version of the tidal equation (Sawada 

and Matsushima, 1964; Plumb, 1982; Garcia, 1987). Each mode of 

anti-symmetric eigenfunction of L(¢) and its equivalent depth 

are calculated by applying the tidal theory (Lindzen and Chapman, 

1969) to the annual zonal-mean oscillation. They are tabulated in 

Table 3.1. 

The altitude-dependent parts of the external heating func­

tions Q=(z) corresponding to the nth mode are obtained as 

follows: First, we calculate the atmospheric heating rate due to 

the absorption of the solar radiation by the ozone, oxygen, and 

water vapor as a function of time, latitude, and altitude. The 

calculation of the ozone heating rate is performed in the same 

way as the calculation of photon number described in this sec­

tion, in which we consider the reflection sunlight from the sur­

face, and we use SBUV (Solar Backscattered Ul~raViolet) global 

ozone data in 1979 above 100 mb (McPeters et al, 1984) and ECC 

(Electrochemical Concentration Cell) ozone sonde data in 1985-

1987 below 100mb (obtained by Komhyr et al.) in order to avoid 

the inaccurate satellite ozone data in the troposphere. The solar 

heating due to water vapor is roughly estimated by using the 
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results of Yamamoto (1962), and the solar heating due to oxygen 

molecules is calculated by using oxygen partial pressure and its 

absorption cross section data (Strobel, 1978). Then, we calculate 

the amplitude of annual component of the heating rate as a func-

tion of latitude and altitude by using Fourier transformation. 

The heating rate is subjected to Fourier expansion by using Hough 

modes, and Qn(z) are obtained as the Fourier coefficients. In 

Figure 3.3a, the distributions of the annual component of the 

ozone heating at 15 km at the northern summer solstice are shown. 

The top panel shows the original heating rate, the middle is the 

heating rate represented by the gravest anti-symmetric Hough mode 

alone, and the bottom is the one represented by the sum of the 10 

anti-symmetric Hough modes. And Figure 3.3b shows the distribu-

tions of the annual component of the ozone heating at 50 km. As 

shown in these figures, the expansion using up to 10 anti-

symmetric modes is sufficient to the present heating. 

Above 65.0 km, we assume Qext(¢ ,z)=H0Ua1(¢ )·Qo1(z)/HOUa1( 

¢ =90°), where HODo1(¢) is the gravest mode of the anti-

symmetric Hough function and Qo1(z)=8·exp(-((z-50 km)/17 km) 2
), 

because if we use Qn(z) obtained from the SBUV ozone data or from 

the ozone concentration of a one-dimensional radiative convective 

photochemical model, unusually large amplitude of the annual 

variation of temperature is obtained above 65.0 km, as shown in 

Figure 3.4. Figure 3.4 also shows the revised Qo1(z) (solid line) 

which includes the effect of the water vapor heating below 37.5 
/tl 

km. And Figure 3.5 shows the latitudinal distribution of L Houn( 
1t-=/ 
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¢ ) ·Qn(z) at 15 km which includes the effect of the water vapor 

heating. We use the revised Qn(z) for the following calculations. 

Using the Qn(z), the altitude-dependent part of the nth mode 

of~ n (=A·Un(Z)) can be determined by the equation 

_£_ ) p dUtt(i)} - i<T+ RM u (~) 
+ 3hl1. d.l 'Jh~ n 

= _1 .1 A( b Q~(~J) A 'P dz N , 

where hn is the equivalent depth of mode n, and A is the nor-

malization factor which is chosen 2w a/1.6 (=580.6; Matsuno, 

1~82). Finally, ~, T, u, v, and ware expressed as follows; 
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-

'lJ(~ l,t) = a, Jcp {cos¢ 'WC<P.-zt)- cos"' d?.tr(<{{z,t)}d(aA-) 
, coscp -t:too Ho ' ' I 'd~ 't' 1 

where Ha is the scale height of the atmosphere (=7 km), R the gas 

constant of the dry air, and Ta(z) the vertical temperature 

profile of U. S. Standard Atmosphere (1962). The calculated tern-

perature T is used to calculate the seasonal variation of the 

photochemical equilibrium of ozone concentration. v and w in the 

above equations will be used in subsection 3-c). 

Results and Discussion 

The temperature distribution calculated by the anti -

symmetric Hough functions mentioned above is used for the cal -

culation of the seasonal variation of the photochemical equi -

librium ozone in this experiment. The calculated temperature dis -

tribution at the northern hemisphere summer solstice is shown in 

Figure 3.6. The temperature in the stratosphere and mesosphere is 

well simulated, while in the troposphere, the discrepancy between 

the real temperature and the calculated one is large. But, this 

is not a serious problem in order to simulate ozone in the tropo-

sphere, because real distribution of ozone in the troposphere is 

far from the photochemical equilibrium, and predominantly con-

33 



trolled by some dynamical processes (e.g. see Figure 3.1 and 

Figure 1 of Solomon et al., 1985). 

Figure 3.7 illustrates the time-latitude cross section of 

the calculated total ozone amount in Dobson unit. The calculated 

total ozone amount varies in accordance with the seasonal varia-

tion of the amount of the solar radiation at each latitude. 

Figure 3.8 shows the total ozone amount for 1986 in Dobson unit 

observed by TOMS (Total Ozone Mapping Spectrometer). The observed 

total ozone amount shows more complicated behavior, implying the 

importance of dynamical effects: In the northern hemisphere, 

there is a spring maximum of the total ozone amount in the high 

latitude region. The annual component of the seasonal variation 

of the total ozone amount is dominant except in the tropics. On 

the other hand in the southern hemisphere, there is a spring max-

imum in the middle latitude, and the annual component of the 

seasonal variation in the high latitude is not clear. 

Figure 3.9 shows the latitudinal distributions of the calcu-

lated total ozone amount and the observed ones in January, April, 

July, and October. The observed SBUV data in 1979 are quoted from 

McPeters et al. (1984). The excessive ozone (about 320 D.U.) is 

obtained in the equatorial region, and much less ozone (less than 

100 D.U.) is obtained in the both Polar regions<·>, while the ob-

<•>Non-zero ozone amount during the polar night is due to the 
rather coarse time resolution ~ t=10 days used for the calcula­
tion of the seasonal variation of the solar elevation angle and 
the duration of sunshine in this model, since the time scale of 
ozone production/loss in the Chapman cycle during the polar night 
is infinite, and a small amount of ozone during that time is the 
one at a day between 10 days and 1 day before the polar night 
begins. 
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servation shows the peaks of the total ozone amount (350 D.U.~ 

450 D.U.) in the middle or high latitude regions. 

Figure 3.10 shows the 'seasonal variations of the calculated 

total ozone amount and the observed ones at 85°S, 75°S, the 

equator, and 75oN. We can see that the seasonal variation of the 

total ozone amount at each latitude is considerably different 

from the observation except at the equator. And the amount of 

ozone is far from the observed value in the middle and high 

latitude regions. 

Figure 3.11 illustrates the vertical distributions of the 

calculated ozone concentration and the observed ones in October 

at 85°S, 45°S, the equator, and 75°N. The calculated ozone con­

centration in the troposphere is much lower than the observed 

one, because the Chapman cycle is inactive in this region and the 

vertical transport of ozone is neglected in this calculation. On 

the other hand, the ozone between 10 km and 25 km high is overes ­

timated in the low latitudes. The calculated ozone concentration 

in the lower stratosphere of the high latitude regions is much 

less than the observed one. 

The ozone concentration in the middle and upper stratosphere 

is well simulated at all latitudes. As shown in Figure 3.12, the 

seasonal variation is also well simulated in this region. For ex­

ample, a summer minimum and a winter maximum of the ozone con­

centration at 50 km, and a winter minimum at 35 km are well simu­

lated. The ozone variation at 50 km predominantly results from 

the seasonal variation of temperature at that altitude, and the 
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ozone variation at 35 km results from the seasonal variation of 

the amount of the solar ultraviolet radiation at that altitude. 

Based on the results of the present calculation, it is con­

sidered that Hartmann's parameterization is adequate up to 60 km. 

The large discrepancy between the observed ozone and the calcu­

lated ozone at the troposphere and the lower stratosphere shows 

the importance of the dynamical effects. 

To close this subsection, it is noteworthy that the reflec­

tion of the solar radiation from the surface reduces the ozone 

amount. If the reflection from the surface is neglected, the 

ozone amount increases a little as shown in Figure 3.13. The 

solar radiation at the wavelength less than 240 nm, which can 

produce ozone, is absorbed in the atmosphere and does not reach 

the surface. Thus, the reflected light consists of the spectra 

which cannot produce ozone through the oxygen photodissociation, 

but can photodissociate ozone molecules. Therefore, the surface 

reflection causes the net reduction of the ozone amount. 

3-b) Vertical Transport 

The photochemical equilibrium calculation shown above shows 

the importance of dynamical effects on the ozone distribution in 

the troposphere and lower stratosphere. In this subsection, the 

effect of the vertical eddy transport of ozone is considered. 
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Model Description 

The odd oxygen mixing ratio is calculated by i n t egrat ing the 

following equation numerically over 3 years. 

aXoxC<P,x,t) = S <~ ~ t) _l.E_ (- vk (Al ~) 'dXax<<P,&,t)) 
d t Ox 'tl 

1 f d 'l T li. 
11 d l ' 

(3b.1) 

where X ox(¢ ,z,t) is the zonal-mean odd oxygen (Ox=O+Oa) mixing 

ratio, Sax(¢ ,z,t) the photochemical source term of odd oxygen, 

and Kzz(¢ ,z) vertical eddy diffusion coefficient which is as -

sumed to be independent of time. The photochemical source term is 

calculated by the same method used in the previous subsection. As 

the vertical eddy diffusion coefficients below 30 km, we us e the 

annually averaged values of Kzz(¢ ,z,t), of which monthly values 

were calculated by Plumb and Mahlman (1987) with GFDL 

(Geophysical Fluid Dynamics Laboratory) 11-level GCM. Th e 

meridional distribution of the annual average of Kzz is shown in 

Figure 3.14. Above 30 km, where no Kzz(¢ ,z,t) data are obta i ned 

by the GCM, Kzz is assumed to have the same value as v (z) in 

subsection 3-a) which is used to calculate the seasonal variation 

of temperature. 

Ozone mixing ratio is estimated by assuming photochemical 

equilibrium in atomic oxygen below 60 km and photochemical equi-

librium in ozone between 60 km and 70 km. Above 70 km, atomic 

oxygen and ozone concentration is fixed at a constant value 
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(Brasseur and Solomon, 1986; Appendix D). At the surface, the 

vertical diffusive flux of odd oxygen is specified as a boundary 

condition. Since the odd oxygen concentration at the ground level 

is nearly equal to the ozone concentration, we can use there the 

value of the vertical diffusive flux of ozone in stead of the 

value of the odd oxygen. The boundary condition is obtained by 

equating the downward flux of ozone to the surface destruction 

rate, which is assumed to be proportional to the ozone concentra-

tion, 

k dXo, 
ll d ~ at Z=O • 

(3b.2) 

We use a globally averaged value of 0.08 em s- 1 for f (Cunnold et 

al. , 1975) . 

Results and Discussion 

Figure 3.15 shows time-latitude cross section of the calcu-

lated total ozone amount. In this experiment, the total ozone 

amount is mainly controlled by the amount of the solar radiation 

and the height of tropopause which is parameterized by the height 

of Kzz minimum. A higher tropopause causes less total ozone 

amount on the same photochemical condition, because the ozone is 

rapidly diffused from the high concentration region into the 

troposphere and destroyed at the surface. Thus, the ozone amount 
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in the low latitude region (220 D.U.) is less than that of the 

photochemical equilibrium case (320 D.U.) due to the higher 

tropopause there. On the other hand, the total ozone amount is 

more than the photochemical equilibrium case in the high latitude 

region, because ozone is mainly produced at the high altitude and 

diffused downward to the lower stratosphere where photochemical 

equilibrium concentration of ozone is very low. 

Figure 3.16 shows latitudinal distributions of the calcu­

lated total ozone amount and the observed ones in the four dif­

ferent months. The rather rough latitudinal distribution of the 

total ozone amount is a direct manifestation of the latitudinal 

distribution of the Kzz used in the model. The excess of ozone in 

the low latitudes in the photochemical equilibrium case (Figure 

3.9) is improved by including the eddy transport of ozone and the 

dissipation process at the ground. In the middle and high 

latitude regions, however, the total ozone amount is still much 

less than the observed value. The latitudinal local maximum of 

the total ozone amount corresponds to the latitudinal local mini­

mum of the tropopause height, and vice versa. 

Figure 3.17 shows seasonal variations of the calculated to­

tal ozone amount and the observed ones at the some latitudes. The 

pattern of the seasonal variation at each latitude is basically 

similar to the photochemical equilibrium case, and is not im­

proved by including the vertical transport except at the equator. 

The amplitude of the seasonal variation of the total ozone amount 

is smaller than that of the photochemical equilibrium case. This 
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is due to the use of nonseasonal vertical eddy transport and a 

constant ozone deposition velocity at the surface. 

Figure 3.18 shows the vertical distributions of the calcu­

lated ozone concentration and the observed ones at the some 

latitudes in October. As shown in this figure, the lack of the 

total ozone amount is due to the lack of ozone below 20 km in the 

middle latitudes and below 30 km in the high latitudes. The value 

of the vertical eddy diffusion coefficient used in this model is 

considered to be adequate, so that the lack of ozone in these 

regions must be supplied horizontally from the low latitude 

region. It is also shown that the calculated vertical distribu ­

tion of ozone concentration at the equator are generally im­

proved. The result shows, as the first approximation, that the 

ozone distribution in the tropics is explained by a photochemical 

ozone source in the stratosphere and an ozone sink at the ground . 

3-c) Meridional Circulation and Horizontal Diffusion 

Model Description 

In this model, we consider the horizontal transport of ozone 

by the meridional circulation due to the ozone, oxygen, and water 

vapor heating, and by the horizontal diffusion. The zonal-mean 

continuity equation of the odd oxygen mixing ratio is expressed 

by the following equation (see (2.4)), 
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= S(<P,Z,t)- 1 l_ {-cos A. K (""' l) dXC¢,~,t> - cos~ ~ (~&) dXC<P,i.,t)] 
cos<p d 1/ r YY ., d ~ I Yi ' d X 

(3c.1) 

where KYY(¢ ,z), Kyz(¢ ,z) (= Kzy(¢ ,z)), and Kzz(¢ ,z) are the 

time-independent eddy diffusion coefficients which are obtained 

by averaging annually the Plumb and Mahlman's monthly Kyy(¢ 

, z, t) , Kyz ( ¢ , z, t) ( =Kzy ( ¢ , z, t)) , and Kzz ( ¢ , z, t) . The annually 

averaged Kyy(¢ ,z) in the stratosphere is modified as follows: 

The values of Kyy(¢ ,z) less than 1x 10 6 m2 s- 1 in the strato-

sphere are set at 1x 10 6 m2 s- 1 , because the Kyy of the order of 

10 6 m2 s- 1 is necessary at least at the middle latitudes to simu-

late a realistic distribution of the total ozone amount, and be-

cause the high values of Kyy at the middle latitude were obtained 

by Yang et al. (1990) from an analysis using their model. The 

meridional distributions of Kyy and Kyz used in this model are 

shown in Figure 3.19. 

In this experiment, as the first approximation, we only con-
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sider the anti-symmetric circulation caused by the atmospheric 

heating due to the ozone, oxygen, and water vapor. The quasi­

geostrophic meridional circulations v(¢ ,z,t) and w(¢ ,z,t) are 

calculated by the method mentioned in subsection 3-a). Figure 

3.20 illustrates the circulation at the summer solstice. The air 

ascends in the summer hemisphere, crosses the equator, descends 

in the winter hemisphere, and comes back to the summer hemisphere 

in the lower altitude. The representative values of u, v, w, and 

T at the summer solstice are tabulated in Table 3.2. 

The calculation method of photochemical term and boundary 

conditions are the same as those of the previous subsections. 

Results and Discussion 

The time-latitude cross section of the calculated total 

ozone amount is shown in Figure 3.21. Compared to the vertical 

transport case, the maxima in the spring at the middle latitudes 

and the minima in the fall at the both polar regions are clearly 

seen. It is also noted that in the both polar regions ozone in 

the winter increases due to the downward motion of the circula­

tion, while in summer hemisphere, the no ozone decrease due to 

the upward motion of the circulation is appreciable, since the 

ozone is controlled photochemically as well as dynamically in 

summer. 

The observed and calculated latitudinal distributions of the 

total ozone amount in the four different months are shown in 
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Figure 3.22. The latitudinal distribution of the total ozone 

amount is smoother than the vertical transport case because of 

the inclusion of the horizontal diffusion. The ozone amount 

around 25°N and 25°8 is reduced, while the ozone at the equator 

and in the high latitude is increased instead. As a result, it 

has weak local maxima around 45°N and 45°8. In the tropics, the 

calculated total ozone amount is in good agreement with the ob­

served values, while there is still serious discrepancy between 

them especially in the high latitudes. 

The observed and calculated seasonal variations of the total 

ozone amount at the some latitudes are shown in Figure 3.23. As 

shown in this figure, the total ozone amount and its seasonal 

variation is in fairly good agreement with the observation over 

the equator. The total ozone amount at the polar region shows the 

fall minimum, while the total ozone amount is very low as men-

tioned earlier. A weak "October minimum" of the total ozone 

amount occurs between the summer maximum due to the active 

photochemistry and the winter maximum due to the enhanced 

downward motion of the anti-symmetric circulation. But, this min­

imum is very small even at 85°8, that is, only about 20 D.U. 

lower than the winter maximum and only about 5 D.U. lower than 

the summer maximum. 

The observed and calculated vertical distributions of ozone 

concentration at the some latitudes in October are shown in 

Figure 3.24. The calculated vertical distributions of ozone con­

centration at the equator and 45°8 are generally improved, while 
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the ozone concentration in the lower stra t osph e r e a t t h e h i gh 

latitudes is still lower than the observed one . 

The present results clearly show that the ozone in the hi gh 

latitudes is insufficient if we consider the global circulat i on 

alone which is caused by the differential heating o f the atmos ­

phere between the summer hemisphere and the winter hemisphere due 

to the ozone, oxygen, and water vapor. We conclude that the anti ­

symmetric circulation caused by the ozone, oxygen, and water 

vapor heating is not the primary factor of the global ozone 

transport. 

3-d) Annual-Mean Transport Circulation 

In the previous section, we have shown that the combination 

of the ozone photochemistry with the circulation due to the 

ozone, oxygen, and water vapor heating and the horizontal and 

vertical diffusion fails to explain the amount of ozone and its 

seasonal variation below the lower stratosphere (below 20-30 km 

high) except the equatorial region. At the lower altitude, where 

the ozone is predominantly controlled by dynamics, the meridional 

circulation due to the ozone, oxygen, and water vapor heating is 

less effective to cause the observed seasonal variation of ozone. 

The accurate simulation of the low altitude ozone is indispen­

sable for the simulation of the total ozone amount and its 

seasonal variation, because the ozone amount below 30 km accounts 

for the almost 90 % of the total ozone amount. 
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Model Description 

In this experiment, in addition to the meridional circula­

tion used in the previous subsection, we add nonseasonal, steady 

circulation (VT, WT) below 30 km which ascends in the tropics and 

descends at the high latitudes in the both hemispheres. However, 

it is not easy to estimate this circulation, because not only the 

global heat balance but also very complex processes such as the 

cumulus convections due to the latent heat released in the 

tropics, sea surface temperature, and non-stationary planetary 

wave activities at the middle latitudes and high latitudes may 

have a considerable influence on the circulation (Kida, 1983). It 

is impossible to calculate the circulation in the present 

simplified 2-D model, so that the transport velocity obtained by 

Plumb and Mahlman (1987) from a 3-D model is used. 

At first, using their monthly, global data of the transport 

velocity and symmetric diffusion tensor, a simulation is per­

formed. The calculated time-latitude cross section of the total 

ozone amount is shown in Figure 3.25. The result shows the less 

total ozone amount in the tropics and at the middle latitude in 

the southern hemisphere. Although Plumb and Mahlman obtained a 

realistic N20 distribution (of which main source region is con­

sidered to be at the ground surface) using their transport 

Velocity and diffusion coefficients, there are some questions 

about the applicability of the original monthly data of the 
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transport velocity and the diffusion coefficients for the simula-

tion of the seasonal variation of global ozone (of which main 

source region is in the equatorial stratosphere), as shown by the 

above result; The monthly transport velocity cannot give us the 

reasonable seasonal variation of ozone. So, their transport 

velocity is used with some modifications. 

As shown in Figure 3.26, the annually averaged transport 

velocity has relatively stronger upward motion near the tropics 

(region A) and relatively weaker downward motion at the middle 

latitude in the southern hemisphere (region B). In addition, it 

has unusual downward motion over the tropics (region C). Thus, 

the annually averaged transport velocity is modified at those 

latitudes; We weaken the upward motion in the tropics and 

strengthen the downward motion at the middle latitude in the 

southern hemisphere. The actual modification is done as follows: 

The factor 0.5 is multiplied to the values of WT(¢ ,z) in the low 

latitude region (region A), and in the southern hemisphere middle 

latitude region B, the values of WT are set to -0.5 mm s - 1 if the 

absolute value is less than 0.5 mm s- 1
• Finally the values of WT( 

¢ ,z) at the grid points in the equatorial region C are adjusted 

so that WT(¢ ,z) can satisfy the following condition 

0. 

VT(¢ ,z) is calculated by integrating the continuity equation 
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(3a.7) from the South Pole. The resulting circulation (VT(¢ ,z), 

WT(¢ ,z)) is shown in Figure 3.27. 

In this experiment, we calculate the odd oxygen mixing ratio 

by using equation (3c.l), but, v(¢ ,z,t) and w(¢ ,z,t) are re­

placed by v(¢ ,z,t)+VT(¢ ,z) and w(¢ ,z,t)+WT(¢ ,z), respec­

tively. The seasonal variation of the transport velocity is 

neglected in this simulation. 

Results and Discussion 

Figure 3.28 shows time-latitude cross section of the calcu­

lated total ozone amount, and the observed and calculated 

latitudinal distributions of the total ozone amount in the four 

different months are shown in Figure 3.29, and the observed and 

calculated seasonal variations of the total ozone amount at the 

some latitudes are shown in Figure 3.30. 

As shown in these figures, the ozone amount in the middle 

latitudes and high latitudes of the both hemispheres is increased 

by adding the steady transport circulation (VT(¢ ,z), WT(¢ ,z)). 

But there still remain some discrepancies between the calculated 

result and the observation. In the high and middle latitudes of 

the northern hemisphere, and in the middle latitude of the 

southern hemisphere, the amplitude of the seasonal variation of 

the total ozone amount is still insufficient. In the higher 

latitudes than 70°S, the pattern of the observed seasonal varia­

tion is different from that at the other latitudes. And the dis-
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crepancies exist not only in the amplitude but a l so i n t h e phase. 

The more irregular variation (containing high e r fr equency 

components) (Bowman and Krueger, 1985) is also seen. This is r e­

lated to the fact that the ozone advection cannot reach the 

southern hemisphere high latitude, because of less activity o f 

planetary wave in the southern hemisphere. 

In this experiment, we use the horizontal diffusion coeffi ­

cient Kyy(¢ ,z) of the values more than lx 10 6 m2 s - 1 everywhere 

in the stratosphere. The values seem too large for the Antarctic 

region, since the calculated Antarctic ozone continues to in­

crease during the winter, corresponding to the increase in the 

middle latitude ozone as shown in Figure 3.28. In the other ex­

periment, Kyy in the stratosphere of the latitude between 75°S 

and soas is reduced to 2x 10~ m2 s- 1 • In this case shown in 

Figure 3.31, the ozone variation in the Antarctic is more inde ­

pendent of that at the southern hemisphere middle latitude, and 

more realistic during the winter. 

The results of this subsection show that both the seasonal 

variation of the transport velocity and the seasonal variation of 

the horizontal diffusion are necessary for the explanation of the 

observed data. 
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3-e ) Time - dependent Transport Circu l a t ion and Hor izo n tal Eddy 

Diffusion 

Model Description 

As shown in the previous subsection by taking into account 

the transport velocity, the total ozone amount in the middle and 

high latitudes is increased. However, the amplitude of the 

seasonal variation is still smaller than the observed one. In or -

der to explain larger amplitude of the seasonal variation of 

ozone in the middle and high latitudes, we consider the effect of 

the seasonal variation of the transport velocity (VT'(¢ ,z,t), 

WT'(¢ ,z,t)). WT'(¢ ,z,t) is assumed to have a variable separa -

tion form in ¢ , z, and t, as follows; 

w.;.i1 (cf>) W;z1 (b) e i<rt-tfl 

+ w;nccpJ w;n(l) eitrt-01.' 

(3e.1) 

where a is 2n /year, o phase lag from the summer solstice when 

the atmospheric heating due to the ozone, oxygen and water vapor 

takes its maximum. o :1. and o 2 are 2n x (40/365) and 2n x 

(10/365), respectively. The first term of equation (3e.1) is the 

seasonal variation up to 10 km high, and the second term is that 

in the region higher than 10 km. WTY:L'(¢ ), WTz:L'(z), and o :1. are 
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determined by considering the results of Fourier transformation 

of Plumb and Mahlman's transport velocity (VT(¢ ,z,t), WT(¢ 

,z,t)). They are illustrated in Figures 3.32 and 3.33. The posi­

tive peak of WTY1' (¢) near 20°N is caused by the shift of the 

strong convection area to the north in summer. The next negative 

peak near 50°N is also caused by the same effect, as a reaction 

on the intensified upward motion near 20°N. The positive peak 

near the North Pole in summer is regarded as an upward perturba­

tion of transport relative to the negative one in winter when the 

activities of planetary waves are large and intensify the 

poleward and downward transport. In the southern hemisphere, 

these seasonal variations are also seen with somewhat smaller 

amplitude and with almost reversed phases. The 40 day phase lag 

o 1 corresponds to the phase of the seasonal variat i on of sea 

surface temperature. 

In the upper atmosphere between 10 km and 30 km, as men­

tioned earlier, the applicability of the transport velocity is 

questionable, and neither the latitudinal structure of the varia­

tion nor the phase is clear. Therefore we assume WTY2'(¢) rather 

empirical so that it can well simulate the observed variation of 

ozone. The assumed WTY2'(¢) is also illustrated in Figure 3.32. 

It has positive perturbation in the summer hemisphere and nega­

tive perturbation in the winter hemisphere. This means that the 

negative perturbation of WT' may be caused by the intensified 

Planetary wave activities in the winter hemisphere and the shift 

of the equatorial strong upward motion to the summer hemisphere. 
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But i n the Antarctic region, a pos i tive p e r t urbati o n o f WT' in 

winter is added to simulate the seasonal variat ion of o z one more 

realistically. This issue will be discussed later . These vert i cal 

components are imposed the constraint 

The altitude-dependent parts, WTz1' (z) and WTz2' (z) are 

determined by averaging the vertical structure of Plumb and 

Mahlman's transport velocity at each latitude, weighted by the 

amplitude of the annual component at the latitudes, but the data 

which have evidently unusual amplitude or phase are excluded. 

Figure 3.34 illustrates the assumed component of seasonal varia -

tion of transport velocity (VT'(¢ ,z,t), WT'(¢ ,z,t)) on June 20 . 

Replacing v(¢ ,z,t) and w(¢ ,z,t) in equation (3c.l) by v(¢ 

,z,t)+VT(¢ ,z)+VT' (¢ ,z,t) and w(¢ ,z,t)+WT(¢ ,z)+WT'(¢ ,z,t), 

respectively, we simulate the odd oxygen mixing ratio as a func -

tion of latitude, height, and time. Figures 3.35a and 3.35b il-

lustrate the composite circulation on June 20 and December 19, 

respectively. The lower panel of each Figure is the magnification 

below 30 km of the upper panel. 

Since the time dependence of Kyy seems to be essential for 

the seasonal variation of ozone in the polar region of the north-

ern hemisphere and in the high latitude region of the southern 

hemisphere, we take into account the time-dependence of Kyy in 
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this experiment at the altitudes between 16.25 km and 28 . 75 km in 

70°N-90°N and 55oS-75°S, which is shown in Figure 3.36 . The small 

value of Kyy at 55aS-75oS during the southern hemisphere wi nter 

is due to the formation of the Antarctic polar vortex, and the 

following sudden increase in Kyy on October 18 corresponds to the 

breakdown of the polar vortex. The large value in the winter of 

the northern hemisphere is due to the intensified planetary wave 

activities. The other conditions such as the photochemistry, 

boundary conditions, etc. are all the same as the previous cal -

culations. 

Results and Discussion 

Before going to the simulation of the odd oxygen, the dis -

tribution of N20 of which source region exists at the ground sur -

face is simulated in order to examine the validity of the cir -

culation and diffusion coefficients in the model, in particular, 

to examine the circulation in the lower atmosphere. The N20 

mixing ratio at the surface is set at a constant value of 300 

ppbv, and the value in the atmosphere is calculated numerically 

by 

"dXNzO 
'dt 
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where kN2o1=6.1x 10-11 cm3 s-1 , and kN2o2=4.9x 10 - 11 cm 3 s - 1 , and 

JN 20 is the photon number absorbed by a N20 molecule per unit 

time. The simulated latitude-altitude cross sections of N20 

mixing ratio are shown in Figure 3.37. We can see that the ridge 

of the contour in the low latitude and middle latitude regions 

tilts to the summer hemisphere. The result is consistent with the 

observation. (e.g. see Jones and Pyle, 1984.) 

Figure 3.38 shows the time-latitude cross section of the 

calculated total ozone amount. The observed and calculated 

latitudinal distributions of the total ozone amount in the four 

different seasons are shown in Figure 3.39. The observed and cal­

culated seasonal variations of the total ozone amount at the some 

latitudes are shown in Figure 3.40. The seasonal variation and 

latitudinal distribution of the global total ozone amount are 

considerably improved. The spring maximum of 410 D.U. and the 

fall minimum of 240 D.U. in the northern hemisphere high 

latitude, the spring maximum of 340 D.U. in the southern hemi­

sphere middle latitude, the fall minimum of 220 D.U. in the south 

polar region, and the almost constant value of 200 D.U. at the 

equator are well simulated, although these values are a bit smal­

ler than the observed values. 

The observed and calculated vertical distributions of ozone 

concentration at the some latitudes in October are shown in 

Figure 3.41. The vertical distributions in the high latitudes are 

improved. 

We use two different latitudinal components of WT' below and 
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above 10 km, as mentioned previ ously , becaus e we obtain a quite 

dif f erent seasonal variation of ozone from the ob se r vati on when 

we use WTY1'C¢) alone between the surface and 30 km h i gh . The 

time-latitude cross section of the total ozone amount is s hown i n 

Figure 3.42. The result tells us that WTY2, (¢ ) predomi nan tly 

controls the seasonal variation of the total ozone amoun t . 

However, WTY1, (¢) is also necessary in order to simulate the 

circulation of the lower atmosphere. 

The positive perturbation of WT' in the Antarctic winter 

which is shown in Figure 3.36 seems to be necessary, because an 

unusual deep fall minimum in the Antarctic appears in some 

numerical experiments in which a negative or zero perturbation of 

WT' in the south of 70°S in winter is assumed. It should be noted 

that the positive perturbation of WT' nearly cancels out the 

anti - symmetric circulation almost all the year in the Antarctic . 

(See Figures 3.35a and 3.35b.) We have not completely yet under ­

stood the necessity and cause of the positive perturbation in the 

Antarctic winter. It may be due to some defects of the model such 

as the insufficient modeling of the photochemistry in the An ­

tarctic atmosphere, the use of the constant ozone deposition 

velocity at the Antarctic ground surface, incorrect values of the 

steady component of the transport velocity in the Antarctic, or 

insufficient diffusion process of the ozone from the middle 

latitude in that season. It may be possible that the par ­

ticularity of the circulation involved with the transient, local 

radiative process within the isolated polar vortex or the strong 

54 



downward motion at the southern hemisphere middle latitude due to 

the planetary wave activities causes the necessity of the posi­

tive perturbation in the Antarctic winter in this model. This is 

a limitation of the global ozone simulation using the annual com­

ponent of the anti-symmetric global circulation caused by the 

ozone, oxygen, and water vapor heating. Then, we must construct 

and use more sophisticated, consistent, and interactive 2-D model 

in order to study the dynamics and chemistry in the Antarctic 

region. 

Figure 3.43 shows the time-latitude cross section of the to­

tal ozone amount which is calculated by using a constant value of 

KYY (=lx 10 6 m2 s- 1
). The Antarctic ozone unrealistically con­

tinues to increase according to the ozone increase at the middle 

latitude. Considering this result, we understand that the inclu­

sion of the time dependence of Kyy leads to the more realistic 

seasonal variation of the total ozone amount in the Antarctic 

region, especially leads to the more realistic rapid increase in 

ozone in October as shown in Figure 3.38. In the northern hemi­

sphere, the inclusion of the time dependence of Kyy in the high 

latitude leads to a little more amount of the total ozone in the 

Arctic region. 

According to the estimation of Kyy by Yang et al. (1990) 

using NMC temperature data and SBUV ozone data, Kyy in January 

and April at the high latitude in the northern hemisphere is a 

factor of 2 or 3 lager than that in July. At the latitudes be­

tween 55°S and 75°S, however, the significant seasonal difference 
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in KYY cannot be seen. Our assumption that the value o f K yy s i g ­

nificantly increases after the breakdown of the polar vortex i s 

inconsistent with the Yang et al. 's result. Although both advec ­

tive and diffusive ozone transport from the middle latitude into 

the Antarctic region may actually occur after the breakdown of 

the polar vortex, it is possible to simulate the observed ozone 

increase in the Antarctic region only by a large horizontal dif ­

fusion coefficient, because in the southern hemisphere, a maximum 

of the total ozone amount exists at the middle latitude in 

spring, and a steep down gradient of the total ozone amount from 

the middle latitude to the Antarctic region is formed at that 

time. Thus, in the southern hemisphere, we cannot conclude 

whether or not the diffusion transport is more dominant than the 

advection transport after the breakdown of the Antarctic polar 

vortex, only by judging from the variation of the zonal-mean 

ozone distribution. On the other hand, in the northern hemisphere 

the maximum of the total ozone amount exists at higher latitude 

than in the southern hemisphere. This is still one of the 

evidence that in the northern hemisphere ozone is effectively 

transported to the middle latitude and farther to the high 

latitude by advection rather than by diffusion, even if the ef­

fect of the more total ozone amount due to the lower tropopause 

in the higher latitude is taken into account. 

The total ozone amount in October calculated in this section 

is much more than the observed one during the ozone hole (about 

150 D.U.). Hence we must consider some other processes such as 
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heterogeneous chemistry on PSCs and the following chlorine 

catalytic cycle in order to simulate a severe ozone depletion in 

the Antarctic spring. 
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4. SIMULATION OF THE ANTARCTIC OZONE HOLE IN THE 2-D MODEL 

In Chapter 3, we tried to simulate the global ozone dis­

tribution and its seasonal variation using a simple 2-D model, 

and we could simulate them well except for the lack of severe 

depletion of the Antarctic ozone in September and October by 

employing the seasonally varying transport velocity and horizon­

tal eddy diffusion. In this Chapter, the effect of a chlorine 

catalytic cycle is taken into account in order to simulate the 

sudden and severe depletion of the Antarctic ozone in September 

and October. 

Model Description 

The catalytic process of ozone destruction considered in 

this model is very simple one; 

Cl2 + hv c12 

2( Cl + Oa 

ClO + ClO + M -

ClOO + M 

HNOa + hv HNoa -

ClO + N02 + M -

2 Cl 

ClO + 02 ) 

Cl202 + M 

Cl + ClOO 

Cl + 02 + M 

OH + N02 

ClNOa + M 
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ClN03 + hv c1No3 - (4.8) 

where v c12 is the spectral frequencies at which the 

photodissociation of Cl2 into two chlorine atoms occurs (240 nm< 

A <450 nm), v c1202 the photodissociation frequencies of Cl202 

(200 nm<A <360 nm), v HNo3 the photodissociation frequencies of 

HN03 (190 nm<A <330 nm), and v c1No3 photodissociation 

frequencies of ClN03 (190 nm<A <450 nm). HN03, Cl2, and Cl202 

have their absorption bands in the ultra violet and visible 

spectra where the absorption bands of ozone and oxygen molecule 

exist. The extinction effect of HN03, Cl2, and Cl202 on the solar 

radiation is very small compared to the effects of the ozone and 

oxygen molecules, even if the zenith angle approaches to 90°. 

Therefore, we neglect the extinction effects of these minor 

species when we calculate the photon number absorbed by 03, 02, 

HN03, Cl2, and Cl202. Of course, the extinction effects of ozone 

and oxygen molecules are taken into account when we calculate the 

photon number absorbed by these minor species. It is estimated, 

on the condition of the normal concentration of the minor 

species, that the neglect of the extinction effects of the minor 

species leads to at most a few percent excessive photon number at 

each spectrum at the altitudes above 10 km. 

Cl2 is not the only substance which can supply chlorine 

atoms in the Antarctic spring. Increased ClN02 and HOCl by some 

heterogeneous reactions may also supply a considerable amount of 

Chlorine atoms through their photodissociation in the Antarctic 
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spring. (Tung et al., 1986; Solomon et al., 1986; McElroy et al., 

1986; Rodriguez et al, 1986; Salawitch et al., 1988). In spite of 

this rather complicated situation, we assume that Cl2 is a 

representative substance which supplies abundant chlorine atom in 

the Antarctic spring. 

We neglect the reaction 

ClO + NO -

which may decrease concentration of ClO. But the produced Cl atom 

reacts with ozone and produces ClO again. In addition, NOx 

concentration in the Antarctic polar vortex is very low. These 

may be enough reasons for the neglect of the above reaction. 

The reactions (4.2)-(4.5) represent the catalytic 

destruction of ozone due to Cl202 (ClO dimer), which was proposed 

by Molina and Molina (1987). As the time goes on from early 

spring to late spring, more HN03 are photolyzed and consumed only 

to produce N02 in this model. The N02 reacts rapidly with ClO, 

and produces ClN03. (See reactions (4.6) and (4.7) .) Then, the 

ClO concentration is decreased and the efficiency of the ozone 

destruction by the ClO dimer cycle is weakened. Thus, HN03 in 

this model controls the ClO dimer cycle. We include these 

reactions at the altitude grid points of 12.5 km, 15.0 km, 17.5 

km, and 20.0 km, and at the latitude grid points of 90°S, 85°S, 

80os, 75°S, and 70°S in the model. 

In order to calculate the seasonal variation of ozone 
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inc ludi ng the chlorine chemistry, a ClOx family is defined as 

f ollows, 

We calculate the mixing ratio of Ox, ClOx, N02, Cl 2, and ClNOa by 

the numerical integration of the following equations wi t h r espect 

to time, 

d 'XNo2(c/J,l,t) 

dt 

dX cr2 (¢, b, t) _ 
dt 

where J1 represent the photon number received by an !-molecule 

Per unit time, and x 1 the volume mixing ratio of i, nm the 

number density of any arbitrary atom or molecule, and 0 . 9 the 

quantum yield of ClNOa photolysis into Cl and NOa (react i on 

(4.8)); The rest 10 % of ClNOa photolyzes into 0 and ClONO. 
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(DeMore et al., 1990). 

The concentration of Cl, ClO, ClOO, and Cl202 is estimated 

by assuming their photochemical equilibrium, and by solving the 

following set of linear simultaneous equations, 

[ct] k13CoJ -
[CQO] k9 [ 03J f 

[ C!zO~J kto [ CQO] 

[ CQO J J~zOz 
' 

[ CQOO] [ a?20zJ 
X 

Ja2o2. 
[ CQ,O] ( CQO] k, [M] 

' 
( Ol.O] 1 

2 [ (lJ20.zJ 
[CQOx] 1 + ( ClJ + 

[CQOOJ 
+ ( (QO] [~0] (CJl,O) • 

Here, [Cl], [ClO], [ClOO], and [Cl202] are unknowns to be solved. 

J1 are calculated by using the absorption cross section data 

recommended by DeMore et al. (1990), and by considering the 

extinction effects of the solar radiation due to the ozone and 

oxygen in the upper atmospheric layers. The reaction coefficients 

k1 are tabulated in Table 4.1. These values are the same as 

DeMore et al. ( 1990) . 

Ozone destruction due to the chlorine catalytic cycle is 

expressed by 
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( 4. 9) 

because one cycle of reactions (4.2)-(4.5) can destroy two ozone 

molecules. And the above expression is based on the assumption 

that most of ClO and Cl202 may be produced by reaction (4.2) and 

(4.3), respectively. 

Equation (4.9) is combined with the chemical term of 

equation (3c.1), assuming that concentration of atomic oxygen is 

negligible compared to the concentration of ozone in the lower 

stratosphere of the Antarctic spring. The diffusion and advection 

of the constituents except for O~ are neglected. 

The initial conditions of the chlorine chemistry are set on 

June 19. They are; 

x c12 at 12.5 km 

x c12 at 15.0 km 

x c12 at 17.5 km 

x c12 at 20.0 km 

0.30 ppbv, 

0.45 ppbv, 

0.60 ppbv, 

0.60 ppbv, 

x HNo3 at 12.5 km, 15.0 km, and 17.5 km 

x HNo3 at 20.0 km = 3.0 ppbv, 

2.0 ppbv, 

and x No2 = x c1No3 = x c1 = x c1o = x c1oo = x c1202 = 0 at all 

altitudes. The initial latitudinal distributions of all the above 
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chemical species are assumed t o be constant b etween go es and 

67.5oS. 

The assumed value of Cl2 (0.6 ppbv) is t oo h i gh fo r the 

stratosphere in the normal situation. However, heterogen e o us 

chemistry on PSCs may easily lead to the high concentration o f 

Cl2 in the stratosphere during the polar night (Salawitch et al . , 

1988). The heterogeneous chemical reactions on the PSCs are not 

included in this model, because the experimentally determ i ned 

reaction coefficients have large uncertainty, and hence, may have 

large error. Another reason is that our model cannot simulate 

very low temperature within the Antarctic polar vortex which is 

essential to the formation of the PSCs. Thus, we have to start 

our photochemical calculations by assuming the high concentration 

of Cl2 . 

The value of 2 ppbv of HNOa mixing ratio much lower than the 

normal value in the stratosphere is used in the model, since HNO a 

in the polar vortex may freeze in the very low temperature, and 

then, the concentration of gas phase HNOa may be reduced. The 

concentration of the gas phase HNOa is in equilibrium with so l id 

phase HNOa, and the low concentration will continue until the 

Antarctic polar vortex breaks down and HNOa outside the polar 

vortex flows or diffuses into the Antarctic stratosphere. Hence, 

the mixing ratio of HNOa is fixed artificially at the initial low 

Value in spite of its photodissociation during spring. And the 

HNOa mixing ratio is increased artificially on September 28. 

The ozone destruction process due to the ClO dimer cycle is 
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set off from the model on October 18 wh e n t h e Antarctic po lar 

vortex breaks down. 

Results and Discussion 

Figure 4.1 shows time-latitude cross section of the 

calculated total ozone amount. The total ozone amount in the 

Antarctic decreases to 150 D.U. in mid-October due to the 

chlorine catalytic cycle included in this model. 

In order to see more clearly the total ozone depletion in 

the latitude section and in the time section, we show the 

observed and calculated latitudinal distributions of the total 

ozone amount in August, September, October, and November in 

Figure 4.2, and the observed and calculated seasonal variations 

of the total ozone amount at 85°S, 75°S, 65°S, and 55°S in Figure 

4 . 3. As soon as the chlorine chemistry is switched on, the ozone 

in the Antarctic begins to decrease rapidly and the steep 

gradient of the total ozone amount in the southern hemisphere 

high latitude is formed. 

The observed and calculated vertical distributions of ozone 

concentration at 85°S, 75°S, 65°S, and 55os in October are shown 

in Figure 4.4. The concentration of ozone between 11.25 km and 

21.25 km on October 17 falls quite less than 50 % of the 

observed normal value shown in this figure. These results are 

consistent with the recent observations at the ozone hole event. 

(e.g. see Figure 1 of Hofmann et al.; 1987, or Figure 13 of 
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Komhyr et al.; 1988b.) 

If the Antarctic ozone between 11.25 km and 21.25 km were 

completely destroyed, the total ozone amount would be about 100 

n.u., because the Antarctic ozone amount between 11.25 km and 

21.25 km is about 170 D.U. in August, 1987 (Komhyr et al. 

1988a), and the total ozone amount in the Antarctic is about 270 

D.U. at that time. Since the chlorine chemistry is considered 

only within the altitude range between 11.25 km and 21.25 km in 

this model, it is no wonder that the total ozone amount in the 

Antarctic of the model reaches such a low value as 150 D.U. due 

to an effective ozone destruction mechanism. 

The maximum reduction rates of the total ozone amount are 

5.7 D.U. d- 1 at goes, 3.1 D.U. d- 1 at 85°S, 2.0 D.U. d- 1 at soas, 

1.4 D.U. d- 1 at 75°S, and 0.6 D.U. d- 1 at 70°S in mid-September . 

The latitude dependence of the total ozone destruction rate is 

mainly due to the diffusion of ozone from the middle latitude. In 

this model, a large part of the ozone between 11.25 km and 21.25 

km is destroyed at the time scale of 1 month. 

Tables 4.2a and 4.2b show the mixing ratio of ClO, Cl202, 

N02, and HN03 at 85°S and 75°S, respectively. Figures 4.5a-4.5d 

also show the time evolutions of ClO and Cl202 mixing ratio 

calculated at 85°S and 75°S. The ClO mixing ratio is increased as 

high as 700 pptv at 20 km high in late September, while Cl202 

continues to decrease due to its photodissociation after reaching 

its maximum concentration earlier than ClO. Comparing the results 

With those of more sophisticated models which include the 
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heterogeneous chemistry (Salawitch et al., 1988; Rodriguez et 

al., 1989; Rodriguez et al., 1990), we see that the increase in 

ClO and Cl202 just after the polar night is too fast. We think 

that the omission of the heterogeneous chemistry, that is, the 

omission of the simultaneous progress of both the heterogeneous 

reactions and the dimer cycle leads to such a fast increase in 

ClO and Cl202 just after the polar night. We also see that the 

concentration of ClO and Cl202 is kept high until just before the 

breakdown of the polar vortex, because N02, which reacts with ClO 

and decreases ClO concentration, is produced only by the 

photodissociation of HN03 in this model. In the actual situation, 

it is also considered that N02 is produced from N03 and H02N02, 

and diffused from the outside of the polar vortex. Thus, in this 

model, the mixing ratio of N02 is so low that the ClO 

concentration remains high, and hence, the ClO dimer cycle can 

work effectively during the period, even though the concentration 

of HN03 is artificially increased on September 28. 

The results also show that Cl2 mixing ratio of 0.6 ppbv is 

necessary for the decrease in the total ozone amount to 150 D.U. 

at the time scale of 1 month if the ozone depletion during the 

the Antarctic spring is limited between 11.25 km and 21.25 km and 

if the ozone is destroyed by the catalytic cycle (4.2)-(4.5). 

However, there is a question about the ClO dimer catalytic cycle. 

Eberstein (1990) shows that the photolysis of Cl202 at wavelength 

longer than 250 nm may produce ClO as the primary product rather 

than Cl and ClOO, although the Cl202 absorption spectrum in the 
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visible region has not been well known yet. In the Antarctic 

spring, the photodissociation at the longer wavelength which may 

produce more ClO is important, since the path length of the 

sunlight through the atmosphere is larger at that time, and the 

ultraviolet radiation may be extremely extinguished. In that 

case, the destruction of ozone will be much reduced than expected 

by our calculation, and then, in order to simulate the Antarctic 

ozone hole realistically, we will have to assume a higher 

concentration of Cl2 or ClN02, or will have to assume some other 

catalytic cycles. 

Our model cannot simulate the very low temperature during 

the Antarctic polar night, because the Newtonian cooling 

approximation is used in the dynamics. In the model, temperature 

falls at most to 211 K at 15 km and to 205 K at 20 km in mid­

winter, and temperature in the spring equinox in the Antarctic 

region at 12.5 km, 15.0 km, 17.5 km, and 20.0 km where the 

chlorine chemistry is taken into account is about 217 K. The 

temperature dependence of the reaction coefficient of the time­

limiting step k1o is rather large, for example, the value at 170 

mb (=12.5 km when the scale height is 7 km) increases from 2.55x 

10- 13 cm3 molecule- 1 sec- 1 (at 217 K) to 4.08x l0-13 (at 192 K, 

which is a representative temperature in the cold Antarctic polar 

vortex). Similarly, the value at 120mb (=15 km) increases from 

1.87x 10- 13 to 3.04x 10- 13 , the value at 80 mb (=17.5 km) 

increases from 1.35x 10-13 to 2.24x 10-13 , and the value at 60 mb 

(=20 km) increases from 9.68x 10-14 to 1.63x 10-13 . An additional 
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experiment is performed to examine the sensitivity of the 

reduction of ozone to the temperature. Temperature at 12.5 km, 

15.0 km, 17.5 km, and 20.0 km at the latitudes of goes, 85°S, 

goes, 75°S, and 7oos is fixed at 1g2 K from June 1g to October 

18, which is about 25 K lower than the values of the previous 

experiment. 

Figure 4.6 shows the time-latitude cross section of the 

total ozone amount and the seasonal variations of the total ozone 

amount at 85es and 75°S. Contrary to our expectation, the ozone 

reduction rates calculated in this model are not so sensitive to 

the forced low temperature; The maximum reduction rates of the 

total ozone amount are just about 10 % or 20 % larger than 

those in the previous normal temperature experiment, for example, 

5.7 D.U. d- 1 at goes, 3.4 D.U. d - 1 at sses, 2.4 D.U. d - 1 at soes , 

1.7 D.U. d- 1 at 75°S, and 0.8 D.U. d- 1 at 70°S in mid-September. 

The reason is as follows: The value of the reaction coefficient 

of the time-limiting step is larger at 1g2 K than that at 217 K, 

while the ClO concentration in this model at 1g2 K is smaller 

than that at 217 K (compare Tables 4.3a and 4.3b to Tables 4.2a 

and 4.2b, respectively) because of the temperature dependence of 

the reaction coefficients involved with the ClO production and 

consumption considering in this model, so that the ozone 

destruction rate of (4.g) increases at most by 10 % or 20 % at 

those altitudes except at 20 km, where the increase reaches about 

40 % . The relatively large ozone destruction rate at 20 km also 

does not lead to a severer ozone reduction there, because the 
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ozone is supplied by diffusion from just above altitude where the 

chlorine chemistry is not taken into account. Hence, it is 

concluded by this model that the relatively low temperature in 

the Antarctic polar vortex is not essential for the reduction 

rate of ozone due to the ClO dimer cycle. But, the chemistry in 

the model is so simple that the conclusion about the temperature 

dependence may not be directly applicable to the real atmosphere. 

For instance, the uncertainty of the N02 concentration in this 

model will lead to the uncertainty of ClO concentration, and 

hence will lead to the uncertainty of Oa concentration through 

the reaction (4.7) and the ClO dimer cycle (reactions (4.2)­

(4.5)). 

It should be noted that the temperature dependence of the 

amount of PSC, that is, the formation of more PSC at the lower 

temperature, is very important for the appearance of the unusual 

high ClO concentration in the Antarctic stratosphere and for the 

ozone destruction in the high ClO concentration due to the ClO 

dimer cycle. And this is the most dominant temperature dependence 

of the Antarctic ozone depletion. 

Two other experiments are performed in order to examine the 

Antarctic spring ozone depletion resulting from the competition 

between the local chemical ozone sink and the ozone transport 

from the middle latitude into the Antarctic. In these 

experiments, the seasonal variation of Kyy between 55°S and 75°S 

is changed from that of the previous experiments. In the first 

experiment, Kyy is increased to 3x 10 6 m2 s- 1 on September 19, 
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about a month earlier than the previous experiment, and at the 

same time, the ozone destruction due to the ClO dimer cycle is 

stopped. This situation simulates the earlier breakdown of the 

polar vortex. Figure 4.7 shows the time-latitude cross section of 

the calculated total ozone amount, and also shows the observed 

and calculated seasonal variations of the total ozone amount at 

ssos and 75°S. The results show that the total ozone amount in 

the Antarctic region keeps the value above 200 D.U .. And it is 

evident that the earlier breakdown of the polar vortex prevents 

the severer ozone destruction due to the chlorine chemistry. 

In the second experiment, Kyy is increased to 3x 10 6 m2 s- 1 

on November 17, about a month later than the original experiment, 

and at the same time, the chlorine chemistry is stopped. The 

results are shown in Figure 4.8. The minimum total ozone amount 

is little changed, since most of the ozone between 11.25 km and 

21.25 km was already destroyed by the time of mid-October. The 

recovery of ozone before the breakdown of the polar vortex is due 

to the increase in N02 which is produced by the photodissociation 

of HNOa. But the effect is small. 
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5. DISCUSSION 

Although we have already mentioned the results and 

discussions of each numerical experiment, we will discuss in this 

section our model more comprehensively, and also discuss the 

ability of our model and its limitation. We will also speculate 

the ozone depletion in the polar region. 

1) The use of annually averaged Plumb and Mahlman's Kzz in 

stead of the original monthly Kzz data little changes the 

distribution and seasonal variation of ozone. We have also tried 

to simulate the global ozone by using more idealized Kzz 

distribution which has the vertical distribution similar to v (z) 

in Figure 3.2b, but the altitude of minimum Kzz is changed at 

each latitude. For example, the minimum is located at 17.5 km in 

the tropics and at 10.0 km in the polar regions (Miller et al., 

1981). However, we cannot obtain a realistic value of the global 

total ozone distribution. The more complex distribution of Kzz 

shown in Figure 3.14 seems to be very important for the 

simulation of the globally realistic total ozone amount. On the 

other hand, the use of annually averaged Kyy changes seriously 

the seasonal variation of the total ozone amount in the high 

latitudes. This shows the importance of the seasonal variation of 

the horizontal diffusion, which is closely related to the 

Planetary wave activities. 

2) The calculated zonal-mean temperature perturbation is 

independent on the variation of KYY· In the actual situation, 
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zonal-mean temperature is affected by planetary wave activity. In 

this sense, the present model is not self-consistent. However, 

the temperature change may not seriously affect the ozone 

distribution. 

3) The calculated seasonal variations of the global temperature 

and the global circulation are not completely consistent with the 

ozone distribution calculated in the model, because we do not use 

the model ozone distribution for the calculation of Q~(z), but 

use the observed ozone data. In order to examine the difference 

between the heating by the simulated ozone and the heating by the 

observed ozone, and also in order to examine the effect of the 

difference on the calculated seasonal variation of ozone, we have 

calculated again the annual component of ozone heating rate using 

the ozone distribution shown in Figure 3.38 which is calculated 

by the present model in subsection 3-e). Then, we recalculate the 

seasonal variation of ozone using this heating. And this 

procedure is iterated until Q~(z) converges. 

Figures 5.1a and 5.1b show the Qa~~ua1 (¢ ,z) of ozone at 15 

km and 50 km, respectively, which are consistent with the 

calculated ozone distribution. Comparing Figure 5.1a to Figure 

3.3a, we see that the latitudinal distributions of the ozone 

heating are different at 15 km, while comparing Figure 5.1b to 

Figure 3.3b we see that the latitudinal distributions are similar 

at 50 km although there is a difference in the absolute value. 

The Qol(z) obtained from the ozone distribution of Figure 3.38 is 

also represented by the black triangle marks in Figure 3.4. The 
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large difference above 65 km between Qo 1 ( z ) ob tained fr o m the 

observed ozone and Qo1(z) obtained from the mode l o z one is due t o 

the poor ozone chemistry at the higher al t itudes. So, a s 

mentioned in subsection 3-a), Q~(z) above 65 km is correct e d s o 

that we can simulate a realistic seasonal var i a t ion o f 

temperature at these altitudes. We can also see that there is 

considerable difference between the model ozone Qo1(z) and the 

observed ozone Qo1(z) around 50km. It is evident that the mode l 

underestimates the ozone concentration there. 

Figure 5.2 shows the seasonal variation of the total ozone 

amount which is calculated by using the Q~(z) consistent with the 

calculated ozone distribution. The amplitude of the seasonal 

variation is a little smaller than that of Figure 3 . 38 in the 

middle and high latitudes. But the global pattern is hardly 

changed. The result shows that the feedback of the anti - symmetric 

annual cycle circulation to the global ozone distribution is 

small. 

4) We conclude that the anti-symmetric global circulation which 

is driven by the annually oscillating ozone and water vapor 

heating is not crucially important to the seasonal variation of 

ozone. On the other hand, however, there are some numerica l 

results which show the importance of the ozone heating to the 

circulation and heat budget over the Antarctic region. Kiehl et 

al. (1988) showed by their GCM simulation that the ozone 

depletion over the Antarctic prolonged the duration of the 

Antarctic polar vortex and delayed the breakdown of it. 
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Chipperfield and Pyle (1988) predicted the maximum temperature 

fall of 10 K at 50 mb if the ozone hole was artificially imposed 

over the Antarctic in their 2-D model. These results may be 

caused by a local and transient decrease in the ozone heating due 

to the ozone depletion over the Antarctic. The local, transient 

radiative-dynamical interaction cannot be simulated by our simple 

model, because the anti-symmetric global circulation is 

calculated by prescribing the anti-symmetric annually 

sinusoidally oscillating heating and some latitudinally constant 

parameters such as eddy viscosity v (z), Newtonian cooling 

coefficient a (z), Rayleigh friction coefficient kM(z), and 
,, . ,, .. 

Brunt-Va1sala frequency N(z). This is the most serious defect in 

our simple model. The predicted ozone reduction may induce the 

change of the mean meridional circulation of the same order of 

the perturbation of the transport velocity. This feedback 

mechanism should be included in order to simulate realistically 

the local circulation over the Antarctic region. 

5) Recent 2-D models use the diffusion coefficients consistent 

with the meridional transport circulation in order to calculate 

the transport of the minor constituents in the atmosphere (Tung 

and Yang, 1988; Brasseur et al, 1990). Since the diffusion 

coefficients and the transport velocity in our model are 

determined independently, there is some uncertainty or 

arbitrariness between them. Although in this paper we have only 

showed the ozone distributions which are calculated using a 

combination of the time-independent diffusion coefficients except 
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in the polar regions and the annually sinusoidally oscillating 

meridional circulation, we have also calculated ozone 

distribution using time-dependent diffusion coefficients. 

Generally speaking, the time-dependence of the diffusion 

coefficients does not seriously change the results. It just adds 

a small amount of irregular ozone variation to the smoother 

dominant variation which is obtained by using the time­

independent diffusion coefficients and the annually oscillating 

meridional circulation. Even if the effect of the more total 

ozone amount in the high latitudes due to the lower tropopause is 

taken into account, the ozone maximum apart from the ozone source 

region (the tropics) is evidently formed by the advective 

transport, not by the diffusive transport. However, in the polar 

regions, more precisely, in the higher latitude regions than the 

maximum total ozone latitudes in the both hemispheres, the time ­

dependence of the diffusion coefficients affects the seasonal 

variation of ozone as seriously as the advection. The above 

conclusions are derived from the results using the empirically 

modified transport velocity and diffusion coefficients which were 

originally calculated by Plumb and Mahlman from the GFDL 11-level 

GCM. It is not sure whether the modification of the diffusion 

coefficients and meridional circulation in this model is unique 

or not. 

Since the transport velocity used in this model is somewhat 

empirically modified to simulate the global ozone distribution 

realistically, the physical origin of the variation of the 
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transport velocity is not fully understood. The inconsistency of 

this model prevents us from studying the year-to-year variation 

of the global ozone distribution. For this purpose, more 

comprehensive understanding of the atmospheric system by a more 

sophisticated model will be necessary. But it should be noted 

that by this simple model the seasonal variation of global ozone 

has been well simulated and understood more clearly, and the 

local ozone depletion in the Antarctic has been understood from a 

global point of view. 
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6 . CONCLUSIONS 

Using a two-dimensional dynamical chemical model , we h ave 

simulated the distribution and seasonal variation of g l ob al 

ozone, and the Antarctic ozone hole. The results are summar ize d 

as follows: 

1. The photochemical equilibrium experiment and the vertical 

transport experiment predict the total ozone amount less than 150 

D.U. in the both polar regions all the year. These results show 

the importance of horizontal ozone transport into the polar 

regions. 

2. The height of tropopause is an important factor to simulate 

the realistic distribution of global ozone. This is parameterized 

by the profile of Kzz(¢ ,z) in the model. The parameter i zat i on 

causes less total ozone in the tropics and more total ozone a t 

the high latitudes than those estimated by the photochemical 

equilibrium calculation. The rather complex Kzz distribution 

seems to be very important for the simulation of the globally 

realistic total ozone amount. 

3. The vertical distribution of ozone in the tropics is well 

simulated only by the photochemistry and the vertical diffusion . 

4. The fall minimum of the total ozone amount in the both polar 

regions, especially in the North Pole region, is caused by less 

amount of the solar radiation in fall than in summer, the upward 

motion during the summer, and the ozone accumulation during 

Winter by the downward motion due to the planetary wave 
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ac tivities. 

5. The seasonal variation of global circulati o n whi ch is 

induced by the differential heating of the atmosphere b e twe en t h e 

summer hemisphere and the winter hemisphere due to the o z on e, 

oxygen, and water vapor is not crucially important to t h e 

seasonal variation of global ozone. The net effect on th e 

amplitude of the variation of the total ozone amount is at mos t 

10 D.U.~ 20 D.U. at the high latitudes. 

6. The steady transport circulation from the tropics to the 

high latitudes is important to the transport of ozone from the 

low latitude to the high latitude. This causes more total ozone 

amount at the high latitudes than that calculated by the 

photochemical and vertical transport experiment in subsection 3 -

b) . 

7. In addition to the ozone-inducing anti-symmetric circulat i on 

and the steady transport circulation mentioned above, th e 

seasonally varying transport velocity is considered. The time­

dependent transport velocity between 10 km and 30 km 

predominantly controls the seasonal variation of the total ozone 

amount at the middle latitudes of the both hemispheres and the 

high latitude in the northern hemisphere. This component 

represents the seasonal variation of the planetary wave 

activities and the seasonal variation of the upper branch of the 

cumulus convections in the tropics. 

8. Our simple model can simulate the seasonal variation of 

ozone in the upper and middle stratosphere as well as in the 

79 



lower stratosphere and in the troposphere. Although t h e r e i s a 

little discrepancy of the absolute concentration of ozone , t h e 

summer minimum and the winter maximum of the ozone concentration 

at 50 km, and the winter minimum at 35 km are well simulated. The 

former results mainly from the seasonal variation of temperature 

at 50 km, and the latter results mainly from the seasonal 

variation of the amount of the solar ultraviolet radiation at 35 

km. 

9. The seasonal variation of the horizontal diffusion of ozone 

as well as the seasonal variation of the advection of ozone is 

important to the seasonal variation of the ozone amount in the 

Antarctic. On the other hand, in the middle and high latitudes in 

the northern hemisphere, and in the middle latitude in the 

southern hemisphere, the seasonal variation of the ozone 

advection is more crucial than the ozone diffusion. 

10. An ozone hole simulation without the heterogeneous 

chemistry has been tested by including the ClO dimer cycle at the 

altitude between 11.25 km and 21.25 km in the Antarctic region of 

the model, and by assuming unusually high concentration of Cl2 

before the polar dawn. The result shows that the Antarctic ozone 

rapidly decreases to 150 D. U. by the mid-October at the time 

scale of 1 month. 

11. It was shown by our one-dimensional radiative transfer 

calculation (Appendix A) that the upward motion to cause the 

severe ozone depletion in the Antarctic region could not occur 

during September and October in 1985, even if the aerosol heating 
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in the lower stratosphere was taken into account. 

In this study, we have obtained some important natures of 

the seasonal variation of global ozone and the Antarctic ozone 

hole. We have also discussed the global transport circulation 

from a view point of the global ozone distribution. Although our 

model has some inconsistencies in itself, we believe that the 

results and the revealed natures of the ozone transport will 

supply the insight for the further study of ozone. In the future 

we have to study the three-dimensional transport problem using a 

more complicated radiative dynamical chemical interaction model. 

we have only concentrated on the ozone transport in this 

study, using a very simplified parameterization of ozone 

production. The distribution of HNOa and HCl is assumed in order 

to calculate the ozone destruction around the Antarctic. However, 

it is necessary to investigate the transport of these chemical 

constituents in the atmosphere in order to develop more 

comprehensive ozone model. For this purpose, we need 

observational studies as well as theoretical investigations of 

transport and chemical processes of these constituents. 
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Appendix A 

Results of 1-D Radiative Transfer Calculati on : 

An evaluation of the upward motion hypothesis 

In this section, results of 1-D radiative transfer 

calculation of the Antarctic atmosphere containing aerosols are 

shown (Akiyoshi et al.; 1988, 1989) to evaluate the upward motion 

hypothesis of the ozone hole. A two - stream approximation 

(Modified Eddington-delta function method) proposed by Meador and 

Weaver (1980) is used in order to include the scattering effects 

of the atmospheric molecules, aerosols and the surface; The 

dependence of radiance I(~ ,cos8) W m- 2 sr - 1 on zenith angle 8 

is assumed by considering the amount and optical propert i es o f 

aerosols in the layer in question. The deviation of the assumed 

scattering property of the layer from Rayleigh scattering 

property is parameterized by using asymmetric factor g and the 

factor ~ (see Meador and Weaver, 1980) of the turbid atmospheric 

layer. Then, the assumed I(~ ,cos8 ), of which absolute value is 

not still determined, is substituted for I(~ ,cos8 ) to be solved 

in the radiative transfer equation, and integrating the equation 

with respect to~ (=cos8 ), the upward and downward fluxes of the 

radiation in the atmosphere and the heat budget of the layer are 

obtained. The number of the linear simultaneous differential 

equations to be solved is reduced to as few as the double of the 

number of the atmospheric layer without any serious error . 
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The possibility of the upward motion is estimated by the 

first low of thermodynamics; 

rlT 
Cp d.t 

d& -dt 

and this is also written as follows; 

Q - aT 
'dt 

(A.al) 

where r ( = ~~ + ; .. ) is the static stability parameter, Q ( = _1 d~) 
o&. "r Cp dt 

is the net heating rate due to radiation, conduction, and latent 

heat release. In this model, the net heating rate is approximated 

by the radiative heating alone, because the other terms are much 

smaller than the radiative heating. If equation (A.al) is 

averaged zonally, the following zonal-mean equation is derived; 

'dT 
dt 

(A.a2) 

Since v is very small during the ozone hole event, the term -uaT 
(}~ 

is neglected. Equation (A.a2) may give us a fairly good measure 

of the possibility of the upward motion (Tung et al., 1986), if 

the observed, in-situ temperature data is used for the radiative 

transfer calculation, and if the calculation has enough accuracy. 
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Although some of the calculation were performed by using equation 

(A.a2) (e.g. Tung et al., 1986), we use equation (A.a1) instead. 

The reasons are as follows: The center of the polar vortex does 

not completely coincide with the South Pole, and usually the 

shape of the vortex is not a perfect circle. The SAGEn satellite 

observed the aerosol extinction at 4 wavelengths by the solar 

occultation method (Limb sounding), and the observation was 

limited in the lower latitude than 73°S, so that even the data at 

the most southern latitude consists of the data both inside and 

outside of the polar vortex. Hence, the zonal-mean temperature 

data and the zonal-mean aerosol extinction data are not a good 

representative of the data inside of the polar vortex where the 

ozone hole occurs. 

We choose one point inside the polar vortex, where the 

temperature is lowest and the PSC is densest between 11 km and 23 

km high, out of 15 data on the same latitude on a day. Then, the 

term -UaT and -u aT can be neglected, and the calculation will 
dX 'a!f 

give a good measure of the possibility of the upward motion 

within the polar vortex. We calculated Q in equation (A.a1) as 

accurately as possible by using the NMC temperature data and the 

SAGEn aerosol extinction data in 1985. The calculated heating 

rates Q are less than 0.1 K d- 1 in the Antarctic stratosphere 

during the ozone hole, as shown in Figure A.1, even if the 

aerosol heating effect is added, and even if some ambiguous 

Parameters such as the aerosol composition and the size 

distribution are chosen so that they magnify the heating effect. 
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The net heating effect of the aerosol in 1985 is also shown in 

Figure A.2. Furthermore, even if is assumed to be zero 

(actually, it has a positive value in spring to have a tendency 

to decrease w), w is estimated to be less than 0.07 mm s - 1 when 

r =9. 8 K km- 1 
( 'dT = 0 ) . The value of w is too small to cause the 
di 

sufficient upward motion for the ozone depletion. The result is 

evidently against the upward motion hypothesis. 
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Appendix B 

The Derivation of the Correction Factor 

----- - .... - ._. - - - - - ---

.lo.1J'l'r 
·. 1 (~-l)th 

--_;3111f---;------+-- T = 0 -- - - -- - - - - - - -

L = T. ':: 7:~z + C:~J I .R, th 
P.o.~r 

't= Ll'L::: A"Coz.. t .£1~0:3-- -- -

The energy absorbed by an ozone molecule at the optical 

depth r '=r 'o3+r 'o2 (see the above figure) in the lth layer per 

unit time is a o3·Fa · exp(-r '/~ 1), where a o3 is the absorption 

cross section of an ozone molecule, Fa is the solar flux at the 

top of the lth layer, and~ 1=cos8 1· Because dr 'o3 is 

proportional to the number of ozone, the absorption energy per an 

ozone molecule averaged over the lth layer can be obtained by 

(A.bl) 

When the layer is uniform, the ratio of the oxygen number density 

to the ozone number density is constant. That is, 
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- R 
' 

Substituting the above expression into equation (A.bl) and 

executing the integration on r 'aa, we get 

or 

003 Fo 1 - exp[~ooz 'Yl.o2t1'le!JJR -002 'n.o3Llltt/f.l.a.] 

CToz. 'no2 ll'ill/JJ-1- + 003 'Yl.o3 A'lP./)J.fl , 
Since a oa(A) ·Fa( A ,t) is the energy absorbed by an ozone 

molecule at the top of the lth layer (r =0), the factor 

1 - ex p [- 002 (;t) 11oz ( <1>, z.i,t) A'la./JJ-t- 003(it) 'Ylo3 (</>, zR.,t) 11"ia/JJJ-] 

CJ02 CA,) 'Yloz.(<"P,Zt,t) tJltt/}Jp, + 003Gl) nD3(¢,~1,tJ Alt/JJ-1 

may be considered as a correction factor for an optical thick 

uniform layer. 
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Figure 3.1. Vertical distributions of photochemical equilibrium 
ozone concentration calculated by assuming the normal Chapman 
cycle and the Chapman cycle parameterized by Hartmann (1978). 
Ozone profile from U. S. Standard Atmosphere (1976) is also 
shown. 
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Figure 3.3a. Latitudinal distribution of the external heating 
function at 15 km high estimated by using observational ozone 
distribution data, the absorption cross section data of ozone and 
oxygen, and a radiative transfer scheme (the top), the one repre­
sented by the gravest anti-symmetric Hough mode alone (the 
middle), and the one represented by the sum of the 10 anti­
SYmmetric Hough modes (the bottom). Note that water vapor heating 
i s not included. (See Figure 3.5.) 
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ozone amount (SBUV, 1979) and the calculated one (same as Figure 
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amount (SBUV, 1979) and the calculated one (same as Figure 3.7) 
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data at 85°S and in the winter period at 75°S and 75°N. 
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Figure 3.11. Vertical distributions of the observed ozone con ­
centration and the calculated one at 85°S, 45°S, the equator, and 
75oN in October. SBUV ozone data (1979) are plotted above 100 mb , 
and ECC ozone sonde data (1985-1987) are plotted below 100 mb 
where the accuracy of SBUV data is questionable. 
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Figure 3.13. Time-latitude cross section of the total ozone 
amount calculated under the condition of photochemical equi­
librium, but the effect of the surface albedo is neglected. 
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Figure 3.14. Meridional distribution of Kzz(¢ ,z) which is cal­
culated by averaging annually Plumb and Mahlman (1987)'s 
Kzz ( ¢ 1 Z 1 t) . 
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Figure 3.15. Time-latitude cross section of the total ozone 
amount obtained by numerical integration of equation (3b.1) for 
three years. The vertical eddy transport of ozone and an ozone 
dissipation process at the surface are considered. The seasonal 
variation of the third year is shown. 
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Figure 3.17. Seasonal variations of the observed total ozone 
(SBUV, 1979) and the calculated one (same as Figure 3.15) at 
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Figure 3.18. Vertical distributions of the observed ozone con­
centration and the calculated one at 85°S, 45°S, the equator, and 
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Figure 3.21. Time-latitude cross section of the total ozone 
amount obtained by numerical integration of equation (3c.1) for 
three years. The horizontal ozone diffusion and the ozone advec­
tion by the circulation illustrated in Figure 3.20 are con­
sidered. The seasonal variation of the third year is shown. 

127 



(0. u. J 

400 

300 

200 

100 

0 

MERIDION AL COLUMN 03 

1!1 [!] 
1!1 [!] 

1!1 

!!! SBUV 
--MODEL 

JANUART 

1!1 t!l 1!1 

[!] 

-90-B0-7Q-60-50-~Q-30-20-l 0 0 10 20 30 40 50 60 70 BO 90 

(0. u.) 
MERIDIONAL COLUMN 03 JULY 

400 

[!] 

t!l 
l!l 1!1 1!1 

l!l 300 

1!1 SBUV 
100 --MODEL 

(0. u. J 
MERIDIONAL COLUMN 03 APRIL 

sao~~~~~~~~~~~~~~~~~~~ 

400 

300 

200 

100 

0 

1!1 1!1 1!1 1!1 
1!1 1!1 

!!! SBUV 
--MODEL 

1!1 
1!1 

l!l 

l!l 

-9o-ao-7o-so-5o-4o-3o-20-1 o o 1 o 20 30 40 50 60 70 eo 90 

(0. u. J 
MERIDIONAL COLUMN 03 OCTOBER 

500 

400 
1!1 

1!1 

1!1 

1!1 1!1 

300 1!1 [!] 1!1 1!1 l!l 

200 

t!l SBUV 
100 --MODEL 

0 0 
-90-80-70-60-50-~0-30-20-1 0 0 10 20 30 40 50 60 70 BO 90 -9Q-B0-70-6Q-50-40-3Q-20-10 0 10 20 30 40 50 60 70 BO 90 

Figure 3.22. Latitudinal distributions of the observed total 
ozone amount (SBUV, 1979) and the calculated one (same as Figure 
3.21) in January, April, July, and October. 

128 



(0. u.) 
SEASONAL VARIATION OF COLUMN 03 ass co. u.) 

SEASONAL VARIA TION OF COLU MN 03 755 
500 500 

400 400 
1!1 

[!] 
1!1 

300 1!1 300 
1!1 1!1 t!l 1!1 

[!] 

200 200 

100 100 1!1 SBUV 
--HODEL --MODEL 

0 0 
3 10 11 12 1 2 3 3 4 5 6 7 B 9 10 11 12 1 2 3 4 5 6 7 B 9 

MONTH MONTH 

co. u.) 
SEASONAL VARIATION OF COLUMN 03 ED. 

(0. u.) 
SEASONAL VARIATION OF COLUMN 03 75N 

SOD 500 

1!1 1!1 
[!] 

400 l 400 
1!1 

1!1 

300 t!l 300 [!] 
1!1 1!1 

!"t 
1!1 (!! 

-'" L!J--:!! ~ ~ u ~ 

"" 
200 200 

100 1!1 SBUV 100 l!l SBUV 
--MODEL --HODEL 

0 0 
7 B 9 10 11 12 1 2 3 3 4 5 6 7 B 9 10 11 12 1 2 3 3 4 5 6 

MONTH MONTH 

Figure 3.23. 
amount ( SBUV, 
at 85°S, 75°S, 

Seasonal variations of the observed total ozone 
1979) and the calculated one (same as Figure 3.21) 
the equator, and 75°N. 

129 



!K11l 03 NUMBER OENSITT 10/17 
(KMJ 

ass 03 NUMBER OENSITT 10/17 455 
70 70 

50 60 

so so 

40 40 

30 30 
l!l SBUV 

ECC SONDE ECC SONDE 

20 
--MODEL 

20 
--HODEL 

10 10 

0 0 
J. EB 1. E9 1· E10 1. E 11 1. E12 1-E13 t. EB 1. E9 1. ElD 1. E 11 1. E12 1. E13 

11/C. C. l (1/C. C. l 

IKMJ 
03 NUMBER DENS ITT 10/17 EQ. 

IKHl 
03 NUMBER DENSITY 10/17 7SN 

70 70 

60 60 

50 so 

40 40 

30 
SBUV 

30 
Cl SBUV l!l 

ECC SONDE ECC SONDE 

20 
--MODEL 

2D 
--MODEL 

10 10 

0 0 
1. El 0 1. E 11 t. E13 [. EB 1. E9 1. E10 1. E 11 1. El2 1. E13 1. EB 1. E9 

11/C. C. l 11/C. c. l 

Figure 3.24. Vertical distributions of the observed ozone con­
centration and the calculated one at 85°S, 45°S, the equator, and 
75aN in October. 
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Figure 3.25. Time-latitude cross section of the total ozone 
amount which is calculated by using Plumb and Mahlman's monthly 
global transport velocity and diffusion coefficients. 
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Figure 3.26. The result of the annual average of the transport 
Velocity which was calculated by Plumb and Mahlman (1987). WT in 
the regions of A, B, and C are modified in the ozone calculation. 
(See text and Figure 3.27.) 
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Figure 3.28. Same as Figure 3.21, but the modified annually 
averaged transport velocity in Figure 3.27 is added to the advec­
tion terms in equation (3c.1). 
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Figure 3.29. Latitudinal distributions of the observed total 
ozone amount (SBUV, 1979) and the calculated one (same as Figure 
3.28) in January, April, July, and October. 

135 



(C), IJ, J 
VARIATION OF ro. u. 1 SEASJNAL COLUMN 03 855 SEASONAL VARIATION OF COLUMN 03 755 SJC sao 

I 

I 
I 

40Q ~ 400 

[!] 

; Cl 
[!] 

3Q~ L 

i 
2ao 1 -1 200 

I 

j 
I 

~ OG '- 100 1!1 SBUV 

I. 
-- MCOE:... --MODEL 

0 0 
3 4 5 6 7 8 9 10 11 12 2 3 3 4 5 6 7 8 9 10 11 12 1 2 3 NO NTH MONTH 

ro . u. 1 m.u. 1 
SEAS ON AL VARIA TION OF COLUMN 03 75N S':A SONAL VARIATION OF COLUMN 03 EQ. 

500 500 

Cl 
[!! t!ll 

I .C'1 I_ 4CO 
[!] . -, 

i 

::ca !-

j 
300 

I t!l 
[!] [!) 

[!] [!] t!l [!] [!) [!] [!) [!) 

i 200 200 ,-

i 
100 ~ 1!1 sauv 100 1!1 SBUV 

l -- MCOEL --MODEL 

0 0 
3 4 5 6 7 8 9 10 11 12 1 2 3 3 4 5 6 7 8 9 :a 11 12 2 3 

MONTH MONTH 

Figure 3.30. 
amount ( SBUV, 
at ssos, 75°S, 

Seasonal variations of the observed total ozone 
1979) and the calculated one (same as Figure 3.28) 
the equator, and 75°N. 

136 



8 0 

6 0 

4 0 

-----2. 40E+02 

-40 

-6 0 

-80 

0 50 100 150 200 250 3 0 0 3 50 

DAY 

Figure 3.31. Same as Figure 3.28, but Kyy in the stratosphere 
at the latitudes between soos and 75°S is reduced to 2x 10 5 

m2 s- 1 all the year. 
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variation component of the transport velocity, WTY1'(¢) and 
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Figure 3.33. Assumed vertical structures of the seasonal varia­
tion component of the transport velocity, WTz1'(z) and WTz2'(z). 
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Figure 3.34. The meridional cross section of the assumed 
seasonal variation component of the transport velocity 
(VT'(¢ ,z,t), WT'(¢ ,z,t)) on June 20. 
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Figure 3.39. Latitudinal distributions of the observed tota l 
ozone amount (SBUV, 1979) and the calculated one (same as F i gure 
3.38) in January, April, July, and October. 

146 



(0. u. J 
SEASONAL VARIATION OF COLUMN 03 ass 

(0. u. J 
SEASONAL VARIATION OF COLUMN 03 755 

500 500 

400 400 
l!l 

l!l 
l!l 

300 300 
l!l 

200 200 

100 100 1!1 SBUV 
--HODEL --HODEL 

0 0 
3 4 5 6 7 B 9 10 11 12 1 2 3 3 4 5 6 7 B 9 10 11 12 1 2 3 

MONTH MONTH 

(0. u. J !D. u. I 
SEASONAL VARIATION OF COLUMN 03 EO. SEASONAL VARIATION OF COLUMN 03 75N 

500 

400 

300 

l!l l!l 
l!l l!l l!l 

200 

100 l!l SBUV 
--MODEL 

0 
3 4 5 6 7 

Figure 3.40. 
amount (SBUV, 
at 85°S, 75°S, 

B 

500 

l!l l!l l!l 

400 

300 
l!l 

l!l l!l 1!1 l!l l!l l!l 

--- 200 

100 l!l SBUV 
--MODEL 

0 
9 10 11 12 1 2 3 3 4 5 6 

MONTH 

Seasonal variations of the 
1979) and the calculated one 
the equator, and 75°N. 

147 

7 B 9 10 11 12 1 2 3 
MONTH 

observed total ozone 
(same as Figure 3.38) 



!KHJ 
03 NUM BER OENS ITT rKMJ 

10/17 855 03 NUMBER DENSITT 10/17 455 70 70 

60 60 

so 50 

40 ,- 40 

30 r 30 
[!] SBUV ... ECC SONDE A ECC SO NDE 

20 
-- i1 00EL 

20 
-- HOD EL 

10 10 

0 0 
1. EB 1. E9 1. E10 1. Ell 1. El2 1. E13 1. EB 1. E9 1. E10 1. Ell 1. E1 2 1. El3 

Cl/C. C. l [ l/C. C. J 

!KHJ 
03 NUMBER DENSITT 10 / 17 EQ. [KMJ 

03 NUMBER DENS IT T 10/ 17 75N 
70 70 

60 60 [!] 

50 50 

40 40 [!] 

30 
[!] SBUV 30 

[!] SBUV 
ECC SON OE ECC SO NDE 

20 
--MODEL 

20 
-- HODEL 

10 10 

0 D t. EB 1. E9 1. ElD 1. E 11 t. E12 1. El3 1. EB 1. E9 1. El 0 1. Ell t. El2 1. El3 
Cl/C. C. l ( 1/ C. c . J 

Figure 3.41. Vertical distributions of the observed ozone con ­
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Figure 3.42. Same as Figure 3.38, but WT'(¢ ,z,t) which only 
consists of the product of WTY1'C¢) and WTz1' (z) is used. (The 
component of WTY2'(¢) · WTz2'Cz) is ignored.) 
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Figure 3.43. Same as Figure 3.38, but the time-dependence of 
Kyy is ignored and Kyy is set at a constant value of lx 10 6 

m2 s- 1 in the stratosphere. 
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Figure 4.1. Same as Figure 3.38, but the chlorine catalytic 
cycle is included at the altitudes between 11.25 km and 21.25 km 

in the south of 70°S. 
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Figure 4.5a. Time evolution of mixing ratio of ClO at 75°S. 
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Figure 4.5b. 
Time evolution of mixing ratio of Cl20 2 at 75os. 

156 



cppbv> 
to r--.-----r----r---.------r--.----r-----.--

0.0 .__ _ __._ __ --'--__ ..L--_--li!~--1---..L.---___..l------L-----J 
7{19 7/29 8/8 8/18 8128 9/7 9/17 9/27 10/7 10/17 

DAY 

Figure 4.5c. Time evolution of mixing ratio of ClO at 85°S. 
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Figure 4.5d. Time evolution of mixing ratio of Cl202 at ssos . 
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Figure 4.6. Time-latitude cross section of the total ozone 
amount and the seasonal variations of the total ozone amount at 
85°S and 75°S. Temperature at 12.5 km, 15.0 km, 17.5 km, and 20.0 
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tober 18. The other conditions are the same as Figure 4.1. 
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Figure 4.7. Time-latitude cross section of the total ozone 
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Figure 4.8. Same as Figure 4.7, but KYY is increased on Novem-
ber 17, and at the same time, the chlorine chemistry is stopped. 
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0.0780P1(~ )-0.270Pa(~ )+0.489Ps(~ ) 
-0.590P7(~ )+0.331Pa(~ )+0.443P11(~ ) 
-1.30P1a(~ )+1.01P1s(~ )+P17(~ ) 
-1.92P1a(~ )-1.26P21(~ )+1.99P2a(~ ) 
+3.52P23(~ )+2.79P27(~ )+1.46P2a(~ ) 
+0.571Pa1(~ )+0.177Paa(~ )+0.0433Pas(~ 
+0.00145Pa7(~ ) 

-0.0392P1(~ )+0.136Pa(~ )-0.250Ps(~ ) 
+0.321P7(~ )-0.241Pa(~ )-0.0882P11(~ ) 
+0.570P1a(~ )-0.732P13(~ )+0.0377P17(~ 
+P1a(~ )-0.537P21(~ )-1.27P2a(~ ) 
+0.268P23(~ )+1.82P27(~ )+1.98P2a(~ ) 
+1.29Pa1(~ )+0.610Paa(~ )+0.225Pas(~ ) 
+0.0677Pa7(~ )+0.0170Paa(~ )+0.00299P41(~ 

P1(~ ) are Legendre Polynomials. 

Table 3.1. Eigenfunction and equivalent depth of each Hough 
mode for the zonal-mean annual cycle. 
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T(¢ , Z, June 20) ( K) u(¢ , z, June 20) (m/s) 
30<>N 45<>N 75<>N 30<>N 45<>N 75<>N 

10km 227. 228. 230. -4.01 -2.01 -0.407 
20km 217. 219. 228. -6.64 -6.55 -3.19 
30km 230. 232. 237. -13.0 -14.6 -6.31 
40km 259. 267. 276. -30.0 -26.9 -9.21 
50km 272. 277. 300. -55.2 -52.4 -19.1 
60km 252. 252. 262. -57.6 -62.2 -35.5 
70km 218. 215. 204. -44.4 -64.0 -45.5 

v(¢ , Z, June 20) (m/s) w(¢ , Z, June 20 ) ' (mm/s) 

30<>N 45<>N 75<>N 30<>N 45<>N 75<>N 
10km -3.17E-2 4.12E-3 -1.04E-2 1.67E-1 6.94E-2 1.24E-1 
20km -9.45E-3 -6.88E-4 -7.37E-5 1.46E-1 1.76E-1 2.10E-1 
30km -7.93E-2 -7.11E-2 -2.86E-2 5.09E-1 4.59E-1 4.18E-1 
40km -1.06E-1 -6.85E-2 -2.81E-2 1.35EOO 1.17EOO 9.50E-1 
50km -8.07E-1 -5.90E-1 -1.44E-1 2.21EOO 2.21EOO 3.13EOO 
60km -1.40EOO -1.12EOO -5.05E-1 2.15EOO 2.71EOO 5.22EOO 
70km -2.01EOO -2.05EOO -1.06EOO 6.85E-1 2.23EOO 7.22EOO 

Table 3.2. The values of temperature and anti-symmetric cir-
culation at 30<>N, 45<>N, and 75<>N on June 20. 
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1. 02 + hv -+ 0 + 0 
2. 03 + hv -+ 02 + 0 
3. Cl2 + hv -+ 2 Cl 
4. Cl202 + hv -+ ClOO + Cl 
5. HN03 + hv -+ OH + N02 
6. ClN03 + hv -+ ClO + N02 
1. 0 + 02 + M -+ 03 + M 
8. 0 + 03 -+ 2 02 
9. Cl + 03 -+ ClO + 02 
10. ClO + ClO + M-+ Cl202 + 

11. ClOO + M-+ Cl + 02 + M 

12. ClO + N02 + M -+ ClN03 + 

13. ClO + 0 -+ Cl + 02 

1.1x 
3. 5x 

M 

M 

Jo2 
Jo3 
Jc12 
Jc1202 
JHN03 
Jc1N03 

10 - 34 ·e510 /T Hartmann(1978) 
10-12 ·e - 1300 /T Hartmann(1978) 

2.9x 10-11 . e - 2ao/T 
see JPL 90-1 

(2.7x 10 - 33 · (T/300) - 1 · 5 )/ 
(5.7x 1o-2s.e25oo/T) 

see JPL 90-1 
3.0x 10-11 . e7o/T 

Table 4.1. Photochemical reactions considered in the model with 
reaction coefficients recommended in JPL 90-1 (Jet Propulsion 
Laboratory, 1990). 
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85<>S ClO mixing ratio (ppbv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 10/07 10/17 

z(km) 
12.5 0.00 0.00 0.00 0.087 0.20 0.25 0.26 0.21 
15.0 0.00 0.00 0.00 0.15 0.33 0.41 0.44 0.40 
17.5 0.00 0.00 0.00 0.23 0.50 0.62 0.67 0.62 
20.0 0.00 0.00 0.00 0.31 0.63 0.74 0.75 0.65 

85°S Cl202 mixing ratio (ppbv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 10/07 10/17 

z(km) 
12.5 0.00 0.00 0.00 0.26 0.20 0.17 0.11 0.066 
15.0 0.00 0.00 0.00 0.37 0.28 0.23 0.17 0.12 
17.5 0.00 0.00 0.00 0.48 0.34 0.28 0.20 0.15 
20.0 0.00 0.00 0.00 0.44 0.27 0.20 0.13 0.082 

85<>S N02 mixing ratio (pptv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 10/07 10/17 

z(km) 
12.5 0.00 0.00 0.00 0.005 0.021 0.050 0.32 0.59 
15.0 0.00 0.00 0.00 0.007 0.027 0.060 0.37 0.62 
17.5 0.00 0.00 0.00 0.010 0.038 0.081 0.48 . 0. 77 
20.0 0.00 0.00 0.00 0.026 0.11 0.22 1.10 1.90 

85°S HN03 mixing ratio (ppbv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 · 10/07 10/17 

z(km) 
12.5 2.00 2.00 2.00 2.00 2.00 2.00 6.00 6.00 
15.0 2.00 2.00 2.00 2.00 2.00 2.00 6.00 6.00 
17.5 2.00 2.00 2.00 2.00 2.00 2.00 6.00 6.00 
20.0 3.00 3.00 3.00 3.00 3.00 3.00 7.50 7.50 

Table 4.2a. Time-evolution of the mixing ratio of ClO, Cl202, 
N20, and HN03 at 85<>S in the model. 
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75°S ClO mixing ratio (ppbv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 10/07 10/17 

z(km) 
12.5 0.00 0.14 0.17 0.20 0.22 0.23 0.22 0.20 
15.0 0.00 0.23 0.28 0.33 0.36 0.39 0.39 0.37 
17.5 0.00 0.36 0.44 0.50 0.55 0.60 0.60 0.58 
20.0 0.00 0.46 0.55 0.62 0.67 0.71 0.67 0.60 

75°S Cl202 mixing ratio (ppbv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 10/07 10/17 

z(km) 
12.5 0.00 0.23 0.21 0.19 0.18 0.16 0.12 0.073 
15.0 0.00 0.33 0.30 0.28 0.25 0.23 0.18 0.13 
17.5 0.00 0.42 0.37 0.34 0.30 0.27 0.22 0.16 
20.0 0.00 0.37 0.31 0.27 0.23 0.20 0.14 0.088 

75°S N02 mixing ratio (pptv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 10/07 10/17 

z(km) 
12.5 0.00 0.009 0.017 0.030 0.047 0.071 0.34 0.54 
15.0 0.00 0.012 0.022 0.037 0.059 0.087 0.40 0.58 
17.5 0.00 0.017 0.031 0.052 0.081 0.12 0.52 0.74 
20.0 0.00 0.047 0.085 0.14 0.22 0.32 1.2 1.8 

75°S HN03 mixing ratio (ppbv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 · 10/07 10/17 

z(km) 
12.5 2.00 2.00 2.00 2.00 2.00 2.00 6.00 6.00 
15.0 2.00 2.00 2.00 2.00 2.00 2.00 6.00 6.00 
17.5 2.00 2.00 2.00 2.00 2.00 2.00 6.00 6.00 
20.0 3.00 3.00 3.00 3.00 3.00 3.00 7.50 7.50 

Table 4.2b. Time-evolution of the mixing ratio of ClO, Cl202, 
N20, and HN03 at 75°S in the model. 
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85<=>8 ClO mixing ratio (ppbv) 
Day 8/08 8/18 8/28 

z(km) 
9/07 9/17 9/27 10/07 10/17 

12.5 0.00 0.00 0.00 0.068 0.16 0.20 0.21 0.17 
15.0 0.00 0.00 0.00 0.12 0.26 0.33 0.36 0.32 
17.5 0.00 0.00 0.00 0.19 0.41 0.51 0.56 0.52 
20.0 0.00 0.00 0.00 0.26 0.54 0.64 0.65 0.57 

85<=>8 Cl202 mixing ratio (ppbv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 10/07 10/17 

z(km) 
12.5 0.00 0.00 0.00 0.26 0.22 0.19 0.13 0.077 
15.0 0.00 0.00 0.00 0.39 0.31 0.27 0.20 0.15 
17.5 0.00 0.00 0.00 0.50 0.39 0.33 0.25 0.19 
20.0 0.00 0.00 0.00 0.47 0.32 0.26 0.17 0.12 

85<>S N02 mixing ratio (pptv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 10/07 10/17 

z(km) 
12.5 0.00 0.00 0.00 0.004 0.016 0.037 0.24 0.43 
15.0 0.00 0.00 0.00 0.005 0.020 0.044 0.26 0.43 
17.5 0.00 0.00 0.00 0.008 0.028 0.058 0.33 0.51 
20.0 0.00 0.00 0.00 0.021 0.078 0.15 0.72 1.2 

85°8 HNOa mixing ratio (ppbv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 . 10/07 10/17 

z(km) 
12.5 2.00 2.00 2.00 2.00 2.00 2.00 6.00 6.00 
15.0 2.00 2.00 2.00 2.00 2.00 2.00 6.00 6.00 
17.5 2.00 2.00 2.00 2.00 2.00 2.00 6.00 6.00 
20.0 3.00 3.00 3.00 3.00 3.00 3.00 7.50 7.50 

Table 4.3a. Same as Table 4.2a, but temperature at 12.5 km, 
15.0 km, 17.5 km, and 20.0 km between 70<=>S and 90<=>8 is fixed at 
192 K from June 19 to October 18. 
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75°S ClO mixing ratio (ppbv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 10/07 10/17 

z(km) 
12.5 0.00 0.11 0.13 0.16 0.17 0.19 0.18 0.16 
15.0 0.00 0.18 0.23 0.26 0.29 0.32 0.31 0.30 
17.5 0.00 0.29 0.36 0.41 0.46 0.49 0.49 0.48 
20.0 0.00 0.40 0.48 0.54 0.58 0.61 0.58 0.52 

75°S Cl202 mixing ratio (ppbv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 10/07 10/17 

z(km) 
12.5 0.00 0.24 0.23 0.21 0.20 0.18 0.13 0.084 
15.0 0.00 0.36 0.33 0.31 0.29 0.27 0.21 0.16 
17.5 0.00 0.45 0.41 0.38 0.35 0.32 0.26 0.21 
20.0 0.00 0.40 0.35 0.31 0.28 0.24 0.18 0.12 

75°S N02 mixing ratio (pptv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27 10/07 10/17 

z(km) 
12.5 0.00 0.007 0.013 0.022 0.035 0.052 0.25 0.40 
15.0 0.00 0.009 0.016 0.027 0.043 0.063 0.28 0.42 
17.5 0.00 0.013 0.024 0.039 0.059 0.084 0.36 0.51 
20.0 0.00 0.038 0.066 0.11 0.16 0.22 0.81 1.2 

75°S HN03 mixing ratio (ppbv) 
Day 8/08 8/18 8/28 9/07 9/17 9/27· 10/07 10/17 

z(km) 
12.5 2.00 2.00 2.00 2.00 2.00 2.00 6.00 6.00 
15.0 2.00 2.00 2.00 2.00 2.00 2.00 6.00 6.00 
17.5 2.00 2.00 2.00 2.00 2.00 2.00 6.00 6.00 
20.0 3.00 3.00 3.00 3.00 3.00 3.00 7.50 7.50 

Table 4.3b. Same as Table 4.2b, but temperature at 12.5 km, 
15.0 km, 17.5 km, and 20.0 km between 70°S and 9oos is fixed at 
192 K from June 19 to October 18. 
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Kodak Color Control Patcne 
Blue Cyan Green Yellow .gents White 

1 


