INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be
from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper aligimient can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at the back of the book.
Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to
order.

UMI
A Bell & Howell Information Company
300 North Zed) Road, Ann Arbor MI 48106-1346 USA
313/761-4700 800/521-0600

A THREE-DIMENSIONAL MECHANISTIC OZONE
TRANSPORT MODEL: APPLICATIONS TO MIDLATITUDE
TRENDS AND 11-YEAR VARIABILITY

by
John Patrick McCormack

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF ATMOSPHERIC SCIENCES
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA

19 9 6

tJMI Nmnber: 9720677

UMI Microform 9720677
Copyright 1997, by UMI Company. All rights reserved.
This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103

2
THE UNIVERSITY OF ARIZONA ®
GRADUATE COLLEGE

As members of the Final Examination Committee, we certify that we have
read the dissertation prepared by

entitled

John Patrick McCortnack

A Three-dimensional riechanistlc Ozone Transport
Model: Applications to Midlatitude Trends and
11-Year Variability

and recommend that it be accepted as fulfilling the dissertation
requirement for the Degree of

Rnrtnr nf Philnsnphv

Date /

/

/
/

lo//'S r '6
Date

Date

Dat6

'

Di'te ^

Final approval and acceptance of this dissertation is contingent upon
the candidate's submission of the final copy of the dissertation to the
Graduate College.
I hereby certify that I have read this dissertation prepared under my
direction and recommend that it be accepted as fulfilling the dissertation
requirement.

Vke ^

3

STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of requirements for an
advanced degree at the University of Arizona ajid is deposited in the University
Library to be made available to borrowers under the rules of the Library.
Brief quotations from this dissertation are allowable without special permission,
provided that accurate acknowledgment of source is made. Requests for permission
for extended quotation from or reproduction of this manuscript in whole or in part
may be granted by the head of the major department or the Dean of the Graduate
College when in his or her judgement the proposed use of the material is in the
interest of scholarship. In all other instances 1, however, permission miijt-l^e obtained
from the author.
SIGNED

4

ACKNOWLEDGEMENTS

I gratefully acknowledge the guidance and support of my advisor, Dr. Lon Hood,
over the course of my graduate research. Thanks are also due to the members of
my graduate committee, and to Professor Benjamin Herman in particular, for their
constructive comments and guidance.
This work was made possible through the generous cooperation of the Strato
spheric Research Group at the Free University of Berlin, the Earth System Science
Lab at the University of Alabama-Huntsville, and the Ozone Processing Team at
Goddard Space Flight Center. I thank Silke Leder in particular for her help in
obtaining the FUB geopotential height and temperature data.
Michael Leuthold in the Atmospheric Sciences Department and Scottie Cantrell
at the Lunar and Planetary Lab both provided valuable assistance regarding the
handling and storage of data. I also thank Marianne Hamilton, Nancy Emptage,
and Cynthia Malbrough for their valuable assistance in administrative matters.
Most of aJl, I want express my deepest gratitude to my fiancee, Laurie, whose
love and support made this achievement possible.

5

DEDICATION

This work is lovingly dedicated to my parents, John Joseph and Grace Mary
McCormack, who instilled in me the importance of education and hard work. My
achievements are a testimony to their great love and sacrifice over the years.

6

TABLE OF CONTENTS

LIST OF FIGURES

9

ABSTRACT

16

1

18

INTRODUCTION
1.1
1.2

Motivation for the Present Work
Ozone Photochemistry

18
20

1.3 Total Ozone and Stratospheric Dynamics

24

1.4

Natural Sources of Interannual Variability

29

1.4.1

Solar Vaxiability, the TTO, and Total Ozone

30

1.4.2

The QBO and Total Ozone

34

1.5 Outline

37

2 OBSERVATIONS

39

2.1 Data Sources

39

2.2

2.1.1

TOMS Ozone Data

40

2.1.2

MSU Temperature Data

41

2.1.3

FUB Height, Temperature Data

43

Method of Statistical Analysis

2.3 Trends
2.3.1

44
49

Zonal Mean Trends: 1979 - 1991

49

7

TABLE OF CONTENTS -continued
2.3.2
2.4

Longitude Dependence of Trends

The Ten-to-Twelve Yeax Oscillation

68

2.4.1

The Zonal Mean TTO: 1979 - 1991

69

2.4.2

Longitude Dependence of the TTO

77

3 THE MODEL

4

91

3.1

Lower Stratospheric Dynamics

3.2

Ozone and Dynamics

102

3.3

Quasi-Stationary Waves in Total Ozone

110

91

MODEL RESULTS

119

4.1

Interannual Variability

119

4.1.1

Linear Model Calculations

121

4.1.2

Non-Linear Effects

127

4.1.3

Model Results vs. Observations

131

4.2

5

54

Modeled Trends

134

4.3 The Modeled TTO

147

AN EMPIRICAL APPROACH

158

5.1

Eddy-Driven Meridional Transport

159

5.2

The Empirical Model

163

5.3

Application to Trends and TTO in Total Ozone

174

5.3.1

Midlatitude Trends

174

5.3.2

The TTO in Zonal Mean Total Ozone

176

6 SUMMARY AND DISCUSSION

187

TABLE OF CONTENTS -continued

REFERENCES

9

LIST OF FIGURES

1.1 Vertical profiles of ozone mixing ratio and concentration

21

1.2 Seasonal variation of zonal mean TOMS total ozone

26

1.3 Spatial distribution of TOMS total ozone, January and July.

28

1.4 Solar UV variability and stratospheric ozone

32

1.5 The QBO in equatorial zonal wind at the 30 mbar level

36

1.6 The QBO in total ozone derived from TOMS total ozone measurements. 37
2.1 Time series of monthly zonal mean TOMS total ozone for a range of
northern latitudes

45

2.2 Observed and modeled trends in zonal mean total ozone over the 1980's. 50
2.3 Trends in MSU-4 temperatures over the 1979-1991 period

53

2.4 Trends in zonal mean FUB 100 mbar temperature and geopotential
height
2.5

Trends in zonal mean FUB 50 mbar temperature and geopotential
height

2.6

55

56

Trends in zonal mean FUB 30 mbar temperature and geopotential
height

57

2.7

Longitude dependences of NH TOMS trends for January and February. 59

2.8

MSU temperature trends in the NH for January and February

61

10

LIST OF FIGURES -continued
2.9 FUB temperature trends in the NH for Janaury.

62

2.10 FUB temperature trends for February.

63

2.11 Trends in FUB geopotential height in NH for January.

65

2.12 Trends in FUB geopotential height in NH for February

66

2.13 Zonal mean TOMS solar regression coefficients

70

2.14 Zonal mean MSU-4 temperature solar regression coeflficients

72

2.15 Zonal mean FUB 100 mbar solar regression coefficients for tempera
ture and height

74

2.16 Solar regression coefficients for 50 mbar zonal meaai temperature and
height

75

2.17 Solar regression coefficients for 30 mbar zonal mean temperature and
height

76

2.18 Longitude dependences of TOMS solar regression coefficients for Jan
uary and February.

78

2.19 Longitude dependences of MSU solaj regression coefficients for Jan
uary and February.

80

2.20 TOMS solar regression coefficients for July and August

81

2.21 MSU-4 solar regression coefficients for July and August

83

2.22 Solar regression coefficients for FUB temperatures in January. .... 84
2.23 Solar regression coefficients for FUB temperature in February. .... 85
2.24 Solar regression coefficients for FUB heights in January

87

2.25 Solar regression coefficients for FUB heights in February

88

2.26 Solar regression coefficients for FUB heights in February for FUB
heights in February based on 26 years of data

89

11

LIST OF FIGURES -continued
3.1 Januaxy eddy geopotential height fields a t 100, 50, a n d 3 0 m b a r . . . . 9 3
3.2

January eddy temperature fields at 100, 50, and 30 mbar

94

3.3 Critical values of the zonal mean zonal wind as a function of zonal
wavenumber

95

3.4

Values of the zonal mean zonal wind in January

96

3.5

Values of the zonal mean temperature in January.

97

3.6

Meridional and vertical velocity perturbations at 100 mbar

99

3.7

Meridional and vertical velocity perturbations at 50 mbar

100

3.8

Meridional and vertical velocity perturbations at 30 mbar

101

3.9

Deviations of TOMS total ozone from zonal means for January and
February.

103

3.10 Values of the zonal mean ozone mixing ratio in January.

104

3.11 Values of the model parameter A for January.

107

3.12 Values of the model parameter B for January.

107

3.13 Modeled perturbations in the ozone mixing ratio in January

109

3.14 Values of the ozone column density in January.

112

3.15 Vertical profile of the modeled ozone mixing ratio and column density
perturbations
3.16 Modeled and observed total ozone perturbations at 45°N

113
115

3.17 Modeled and observed spatial distributions of total ozone in NH winter.116
3.18 Modeled and observed spatial variance in total ozone for NH winter. . 117

12

LIST OF FIGURES -continued
4.1

Perturbations in temperature, height, and ozone mixing ratio at 250
mbaj

4.2

Perturbations in temperature, height, and ozone mixing ratio at 100
mbar

4.3

4.5 The modeled total ozone density perturbations in January

4.7 The 100 mbar zonal wind perturbations

126

126
129

Values of the ozone mixing ratio perturbations from the linear and
non-linear models

4.9

125

Modeled and observed total ozone perturbations at 50°N and 105°E
in January.

4.8

125

Perturbations in temperature, height, and ozone mixing ratio at 30
mbar

4.6

123

Perturbations in temperature, height, and ozone mixing ratio at 50
mbar

4.4

123

130

Values of the total ozone perturbations from the linear and non-lineax
models

130

4.10 The correlation between observed and modeled total ozone distribu
tions in NH winter

133

4.11 Correlations between the observed total ozone and modeled mixing
ratio distributions in NH winter

135

4.12 Deviations of the TOMS trend coefficients from their zonal mean
values in January and February.

136

4.13 The observed and modeled ozone perturbations at 50° N in January. . 138
4.14 The observed and modeled ozone perturbations in February

139

13

LIST OF FIGURES -continued
4.15 Time series of the observed and modeled spatial variance in total
ozone at 50° N

141

4.16 Trends in the modeled total ozone perturbations for January and
February.

142

4.17 Observed and modeled trends in total ozone at 40°N in January. . . . 144
4.18 Observed and modeled trends in total ozone at 40°N in February. . . 144
4.19 Upper-limit TOMS trend estimates vs. modeled trends in January. . 146
4.20 Upper-limit TOMS trend estimates vs. modeled trends in February. . 146
4.21 The deviations of the TOMS solar regression coefficients from their
zonal mean values for January and February.

148

4.22 The observed and modeled total ozone perturbations at 30°N in Jan
uary.

150

4.23 The observed and modeled total ozone perturbations at 30°N in
February

151

4.24 The observed and modeled ozone perturbations at middle and high
latitudes in February.

152

4.25 The modeled TTO in total ozone perturbations for January and
February

154

4.26 Observed and modeled TTO variability at 30° N in January.

155

4.27 Observed and modeled TTO variability at 30° N in February

155

4.28 Lower-limit estimates of the TTO in TOMS ozone vs. model esti
mates at 30° N latitude in February.

157

14

LIST OF FIGURES -continued
5.1

Radiative equilibrium temperature profile of the middle atmosphere
in January.

160

5.2

The observed stratospheric temperature distribution in January. . . . 161

5.3

A schematic representation of the eddy-driven meridional circulation
in the wintertime stratosphere

5.4

Daily time series of TOMS total ozone, NMC 100 mbaj temperature
and geopotential height at midlatitudes in 1986

5.5

165

Deseasonalized daily time series of ozone, temperature, and geopo
tential height at midlatitudes in 1986

5.6

162

167

Regression coefficients of total ozone vs. temperature and total ozone
vs. geopotential height

168

5.7 The zonally averaged ozone/temperature and ozone/height regression
coefficients
5.8

Anomalies in lower stratospheric zonal mean temperature and geopo
tential height

5.9

170

171

Observed and modeled zonal mean total ozone ajiomalies at 45°N. . . 172

5.10 Observed ajid modeled trends in zonal mean total ozone

176

5.11 Observed zonal mean ozone trends with "dynamical" component re
moved

177

5.12 Anomalies in lower stratospheric zonal mean temperatre and height
at 30''N

179

5.13 Observed and modeled anomalies in zonal mean total ozone at 30°N. 180
5.14 Comparison of the modeled solar-cycle variability in zonal mean total
ozone with the observed variability.

181

15

LIST OF FIGURES -continued
5.15 Anomalies in zonal mean temperature and height at 50 mbar

183

5.16 Anomalies in zonal mean temperature eind height at 30 mbar

184

5.17 Relationship between ozone and temperature/height anomalies at
100, 50, and 30 mbar

185

16

ABSTRACT

Thirteen years of satellite-bcised total ozone measurements, extending from Jan
uary 1979 through December 1991, are analyzed with a multiple regression statis
tical model to isolate the components of interannual variability associated with (1)
linear trends and (2) the ll-year variation in solar ultraviolet irradiance. Lower
stratospheric temperature and geopotential height data obtained from satellite- and
ground-based sources are analyzed in similarly, providing a comprehensive assess
ment of the interannual variability in the lower stratosphere over the 1979 - 1991
period. The results of the statistical analyses indicate coherent variations in ozone,
temperature, and geopotential height at extratropical latitudes in NH winter which
are related to both the trend and solar-cycle components; the amplitudes of these
variations exhibit pronounced spatial dependences.
A three-dimensional mechanistic ozone transport model is used to describe the
spatial distribution of total ozone in NH winter using observed lower stratospheric
temperature and geopotential height fields. Application of this model on a year-toyear basis demonstrates that a large percentage of the observed interannual vari
ability in the spatial distribution of total ozone is directly associated with changes
in the dynamical structure of the lower stratosphere. The influence of dynamical
variability on zonal mean total ozone is also investigated using an empirical ap
proach. From the results of the observational and modeling studies, it is concluded
that changes in the dynamics of the lower stratosphere over the 1979 - 1991 period
have contributed significantly to the observed total ozone trends in the Northern
Hemisphere. In contrast, the observed variability in total ozone associated with the
11-year solar cycle could not be explained in terms of a systematic variation in the
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dynamical forcing of the lower stratosphere in-phase with the 11-yeax cycle.
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Chapter 1

INTRODUCTION

1.1

Motivation for the Present Work

It was first postulated more than two decades ago that the ozone layer is susceptible
to catalytic destruction through reactions involving chlorine and oxides of nitrogen,
and that increasing surface emissions of inert compounds containing these species
(primarily chlorofluorocarbons) can negatively impact stratospheric ozone (Crutzen,
1971; Molina and Rowland, 1974). These concerns became manifest with the re
port of severe springtime ozone losses in the Antarctic (Farman et al., 1985), later
attributed to chlorine-induced ozone depletion (Solomon et al., 1986). Since ozone
shields life on the surface from harmful solar ultraviolet radiation, and in the process
provides the major source of heating in the stratosphere, the detection of globalscale ozone depletion and understanding its potential effect on cUmate has been a
major research issue in atmospheric science over the past decade.
Satellite-based ozone measurements are an excellent source of information on
ozone depletion associated with increasing stratospheric chlorine since they pro
vide continuous global coverage over relatively long periods of time. In general,
significajit decreases in stratospheric ozone have been detected at middle and high
latitudes in both hemispheres over the past 15 years (Stolarski et al., 1991; Hood
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and McConnack, 1992; Hollandsworth et al., 1995). Outside of polar regions, the
leirgest ozone losses have occurred at Northern Hemisphere middle latitudes in win
ter, ranging from 6 to 8% per decade. The majority of this depletion is found in
the lower stratosphere, where the distribution of ozone is governed primarily by
transport. In contrast to the sateUite-derived trends, current photochemical models
estimate a 1.5% - 3% depletion in lower stratospheric ozone in response to strato
spheric chlorine increases over the 1980's at northern middle latitudes in winter
(World Meteorological Organization (WMO), 1995). In addition to long-term nega
tive trends, analyses of satellite measurements also indicate significant variations in
stratospheric ozone which are in-phase with the 11-year cycle in solax UV irradiance
(Hood and McCormack, 1992; Chandra and McPeters, 1994; McConnack and Hood,
1996). The direct photochemical eflFect of solar variability on ozone is expected to be
largest in the upper stratosphere, where most of the solar UV radiation is absorbed.
However, contrary to theoretical expectations, significant ozone variability related
to the 11-year solar cycle has also been detected in the lower stratosphere (Hood,
1996).
The present work investigates the possibility that the observed variability in
lower stratospheric ozone, regarding both the long-term trends and the 11-year
variation, may be at least in part related to long-term changes in the dynamical
structure of the lower stratosphere. The main objectives of this thesis axe as foUows:
(1) To determine the spatial and temporal characteristics of long-term variability
in observed stratospheric ozone, temperature, and geopotential height fields using
multiple regression statistical methods; (2) To model the influence of dynamics on
lower stratospheric ozone in terms of observable quantities (i.e. temperature and
geopotential height) using a mechanistic ozone transport formulation; (3) To use this
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model to help account for the observed long-term variability in lower stratospheric
ozone.
The remainder of this chapter will provide backgroimd information on the phys
ical processes which govern the distribution of ozone in the stratosphere. Section
1.2 contains a description of the basic photochemical processes important for the
production and loss of stratospheric ozone. Section 1.3 describes the influence of
djmainics on total ozone column amounts. Section 1.4 considers the physical origins
of natural sources of long-term ozone variability. Finally, Section 1.5 gives a brief
outline of the remaining chapters.

1.2

Ozone Photochemistry

To understand the origins of interannual variability in stratospheric ozone it is nec
essary to accoimt for the photochemical processes that control the production and
loss of ozone. We begin with a short overview of the chemical sources and sinks for
ozone. The majority of ozone ia the earth's atmosphere is foimd in the stratosphere
between 10 and 50 km, typically having a maodmum molecular concentration near 22
km and a maximum mixing ratio near 35 km (Figure 1.1) The presence of the ozone
layer can be explained qualitatively by the following set of reactions first proposed
by Chapman in 1930:
Oj -|- hv —^ 0

0

O -f- O2 "I" M ^ O3 "i" -A/
O3

hu —> 0 -{• O2

O -|- O3 —> 202-

(1.1)

(1.2)

(1.3)
(1.4)
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Figure 1.1: Vertical profile of the annual average ozone mixing ratio (dashed) and
molecular concentration (solid) for 40"'N latitude.
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In reaction (1.1), molecular oxygen is dissociated by incident solar radiation at
wavelengths less than 242 nm, producing atomic oxygen which then combines with
molecular oxygen to form ozone via a three-body reaction (1.2). Although ozone
is readily photolyzed at wavelengths between 240 and 320 nm (1.3), this produces
atomic oxygen which can produce ozone again by reaction (1-2). This establishes
a rapid exchange between the two forms of odd oxygen, whose concentration is de
fined as [Ox\ = [O] 4- [O3]. Ozone is removed from this cycle by reacting with atomic
oxygen, in effect converting odd oxygen to molecular oxygen. The rates at which
reactions (1-2) and (1.4) proceed are temperature dependent. As temperature in
creases, the formation of ozone through (1.2) decreases while the removal of odd
oxygen through (1.4) increases. In the upper stratosphere, where the photochemical
lifetime of odd oxygen is short compared to advective time scales, changes in temper
ature and ozone concentration are in general negatively correlated. The decrease in
ozone with altitude in the upper stratosphere follows from the exponential decrease
in the concentration of O2 and M necessary for ozone formation. The decrease in
ozone below the concentration peak is a consequence of the increased absorption of
UV radiation by overlying O2 and O 3 .
While the Chapman cycle provides a good qualitative description of the vertical
distribution of ozone, it overestimates the amoimt of ozone present in photochemical
equilibrium by only considering ozone loss through reaction with atomic oxygen
(1.4). In fact, several chemical constituents have been identified which participate
in catalytic cycles that also remove ozone. These constituents include oxides of
hydrogen, oxides of nitrogen, aad chlorine (for a fuU description, see, e.g., Brasseur
and Solomon, 1987). In general, most of the catalytic ozone loss occurs as foUows:
X + Oz—^XO + 02

(1.5)
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XO + O —^ X + 02

(1.6)

N e t : O3 -f- O —* 2O2

(1.7)

{X=^H,NO,Cl)

(1.8)

In the stratosphere, hydrogen oxides are formed primarily through the reaction
of water vapor and methane with excited oxygen atoms [O^D]) produced through
ozone photolysis. Similaxly, nitrogen oxides are formed through the reaction of 0]^D\
with nitrous oxide which is produced at the surface through biological processes and
is eventually transported up to the stratosphere. In the case of chlorine, a natural
source in the stratosphere is the upward transport of methyl chloride from the
oceans, the majority of which is removed in the troposphere by the hydroxyl radical
OH. Anthropogenic sources of stratospheric chlorine include the family of highly

inert compoimds known as chlorofluorocaxbons (CFC's). In contrast to natural
chlorine sources, these compounds have extremely long chemical lifetimes which
allows them to eventually be transported up into the stratosphere and above the
peak in the ozone layer. At altitudes greater than 30 km, CFC's are photodissociated
by UV radiation, which releases chlorine directly into the ozone layer. Once in
the stratosphere, chlorine is removed through reaction with methane, producing
hydrochloric acid. The presence of chlorine reservoirs such as hydrochloric acid are
important in limiting the amount of free chlorine available for catalytic ozone loss.
Increases in CFC emissions over the past several decades are believed to be the
primary cause of global ozone depletion. The recurrence of the springtime Antarc
tic ozone hole and the large ozone depletions observed following major volcanic
eruptions both demonstrate the importance of heterogeneous-phase chemistry in
chlorine-induced ozone loss. In polar regions, wintertime lower stratospheric tem
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peratures are low enough (T < 195 K) for polaj stratospheric clouds (PSC's) to
form. The micron-sized particles within these clouds provide sites for certain reac
tions to occur that simultaneously remove reservoir species for chlorine and produce
chlorine compounds that are easily photolyzed when simlight returns, releasing free
chlorine which catalytically destroys ozone (e.g. Tolbert, 1994).
Similar heterogeneous chemistry can also occur on sub-micron sized sulfate aerosols
found throughout the lower stratosphere between 15 and 25 km (Granier and Brasseur,
1992). These aerosols consist of sulfuric acid dissolved in water droplets formed
through the oxidation of sulfur dioxide, much of which is injected into the strato
sphere during major volcanic eruptions such as El Chichon (March, 1982) and Moimt
Pinatubo (Jime, 1991). Although much smaller than PSC particles, natural backgrotmd concentrations of these aerosols are believed to contribute to heterogeneous
processing of chlorine reservoirs outside of polar regions (WMO, 1991). In the event
of a large volcanic eruption, sulfate aerosol concentrations are increased several or
ders of magnitude within the volcanic plume (Tabazadeh and Turco, 1994). Trans
port of these aerosols throughout the lower stratosphere can lead to significant ozone
losses at middle and high latitudes up to two years following the eruption (Gleason
et al, 1993; Randel and Wu, 1995). The effect of the volcanic event on the ozone
layer will depend on the amoimt of stratospheric chlorine available for heterogeneous
processing (Tie and Brasseur, 1995). Increases in CFC emissions over time should
make the ozone layer more susceptible to depletion from major volcanic events.

1.3

Total Ozone and Stratospheric Dynamics

The amoimt of solax UV radiation that reaches the surface depends on the vertically
integrated ozone concentration overhead, which is commonly described in terms of
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the total ozone column depth normalized to standard temperature and pressure.
The global average total ozone colimm depth is equivalent to ~0.3 cm, or 300 Dobson Units. It can be seen from the ozone concentration profile in Figure I.l that
the largest contribution to the total ozone column comes from levels below approx
imately 30 km. At the ozone concentration peak near 22 km, the photochemical
lifetime of odd oxygen (the majority of which is in the form of ozone) is on the
order of months, while advective time scales are on the order of days (Brasseur and
Solomon, 1986). Because ozone photochemistry is slow compared to transport pro
cesses in the lower stratosphere, the distribution of total ozone is controlled largely
by dynamics (Salby and Callaghan, 1993).
Figure 1.2 shows the variation in total ozone with latitude and season based on
13 years of Nimbus-7 Total Ozone Mapping Spectrometer (TOMS) measurements.
Although ozone production (and thus the ozone miYing ratio) is greatest in the
tropics above 35 km throughout the year, the largest total ozone column amounts
in each hemisphere are foimd at high latitudes during late winter and early spring.
This observed seasonal variation in total ozone is the result of a mean meridional
circulation consisting of rising motion in the tropics and sinking motions at middle
and high latitudes in the winter hemisphere. This circulation tends to draw lowlatitude ozone-rich air (i.e. air with high ozone mixing ratio) out of the tropics and
directs it poleward and downward toward lower altitudes where the photochemical
lifetime of ozone is relatively long. This circulation should not be regarded as a
zonally-s3rmmetric thermally driven cell, but rather as the Eulerean mean represen
tation of parcel displacements which are driven by eddy motions in the extratropical
stratosphere (Andrews et al., 1987; Holton et al., 1995). A more detailed description
is presented in Chapter 5.
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Figure 1.2: Distribution of zonal mean total ozone as a function of latitude and
season obtained from 13 years of TOMS measurements (1979 - 1991). Contours are
drawn every 20 Dobson Units (DU).
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Eddy motions in the extratropical stratosphere are dominated by planetary-scaJe
Rossby waves which originate in the troposphere and are forced by flow over topog
raphy and pronounced land-sea temperature contrasts (van Loon et £il., 1973). An
important feature of these waves is that they can only propagate upwards when the
background zonal wind field is westerly. The amplitude of these vertically propa
gating waves increases with altitude as the density of the air decreases imtil the flow
becomes dynamically unstable and the wave "brealcs". In a detailed numerical sim
ulation, Salby and Garcia (1990) showed that such a disturbance acts to redistribute
low latitude ozone-rich air along isentropic surfaces toward higher latitudes and lower
altitudes. The cumulative effect of the horizontal and vertical motions arising from
a nimiber of these disturbances over the course of a season, when zonally averaged,
gives rise to the mean meridional circulation described above. Because these waves
only propagate upwards under conditions of westerly flow, their influence on the
lower stratosphere is greatest in winter months, when such conditions occur; these
disturbances are virtually absent in simuner when the zonal flow is easterly. Thus
the eddy transport of ozone is strongest in winter and weakest in summer, which is
consistent with the seasonal behavior of total ozone column amounts presented in
Figtixe 1.2.
The influence of planetjiry-scale eddy motions on lower stratospheric ozone is fur
ther illustrated by examining the longitude dependence of extratropical total ozone.
Figure 1.3 displays the climatological Northern Hemisphere (NH) total ozone field in
Januaxy and July obtained from TOMS measurements. In NH winter, total ozone
amounts at middle and high latitudes display a pronounced wave-like structure
which consists of a broad maximum over Eastern Siberia (120° - 160° E), a sec
ondary maximum over Central and Eastern Canada (60° - 90° W), and a miniTnnm
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Figure 1.3: Zonal and meridional distributions of total ozone in January (top) and
July (bottom). Contour interval is 25 DU. The stereographic projection extends to
IS'N latitude, and grid lines are drawn every 15°.
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extending over the Atlantic Ocean ajid Eastern Europe (30°W - 30°E). In contrast to
winter, the summertime ozone distribution reveals virtually no wave-like structure.
As first shown by Kurzeja (1984), and later Wirth (1993), this zonal asymmetry in
wintertime total ozone can be explained by perturbations in the zonal mean ozone
distribution eirising from horizontal and vertical motions forced by quasi-stationary
planetary waves. ["Quasi-stationary" indicates that there is little month-to-month
variability in the structure of these waves over the course of a season.] As will be
described further in Chapter 3, the longitude dependence in wintertime total ozone
at middle and high latitudes can be reproduced with a simple mechanistic ozone
transport model in which the dynamics are specified from the directly measurable
quantities, i.e. temperature and geopotential height. This model wiU be used to
determine whether long-term changes in the longitudinal structure of total ozone, as
deduced from satellite observations, can be attributed to changes in the dynamics
of the lower stratosphere.

1.4

Natural Sources of Interannual Variability

As the two preceding sections have shown, the distribution of ozone throughout the
stratosphere depends on the interaction of photochemical and dynamical processes.
As a result, total ozone amounts exhibit very strong zonal, meridional, and seasonal
dependences. When considering trends in total ozone on interannual time scales
associated with increasing stratospheric chlorine, it is also necessary to consider
natural sources of vaxiability in total ozone over comparable time scales. This section
gives a brief description of the two most important natural sources: the ll-year solar
cycle variation and the quasi-biennial oscillation (QBO).
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1.4.1

Solar Variability, the TTO, and Total Ozone

The production of ozone in the stratosphere is primarily dependent on the photolysis
of molecular oxygen by incident solar ultraviolet radiation at wavelengths between
200 and 240 mn. Radiation at wavelengths shorter than 200 nm is absorbed higher
up in the mesosphere, while radiation at wavelengths longer than 240 nm is absorbed
by what little ozone is present in the upper stratosphere. Solar radiation between
200 and 240 nm originates from the region of the sim^'s visible surface, known as the
photosphere. Because absorption in this region of the solax atmosphere increases
with decreasing wavelength, the effective emission layer of solar UV radiation in the
photosphere is generally lower for longer wavelengths. When considering the sen
sitivity of ozone photochemistry in the upper stratosphere to long-term changes in
solax UV irradiance, a conventional point of reference is the solar irradiance at 205
nm, which lies near the peak of the Herzberg continuum in the absorption spectrum
of moleculai oxygen. Due to the lack of long-term solar irradiance measurements in
this spectral region, it is necessary to use measurements of solar irradiance at other
wavelengths as proxies to describe solar UV forcing in the upper stratosphere. One
such proxy is the Mg II index, which is defined as the ratio of the observed solar
irradiance at the core of the 280 nm magnesium absorption line to the irradiance at
nearby wavelengths in the solar continuum (Heath and Schlesinger, 1986; DeLand
and Cebula, 1993). Although the irradiance at the core of the 280 nm line originates
at a different level than the shorter-wavelength irradiance important to ozone pho
tochemistry, the changes in the ratio of the irradiances at the core and the wing of
the Mg II line have been shown to be well-correlated with changes in solar irradiance
near 205 nm (Heath and Schlesinger, 1986). An advantage of the Mg II index as a
proxy for solar UV variations is that it is a ratio between irradiances, and therefore
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it will not be sensitive to wavelength-independent instrument drift over time, which
is important for studies of long-term changes in solar activity.
Periodic fluctuations in solax UV irradiance between 200 and 240 nm influence
stratospheric ozone amounts through changes in the photolysis rate of molecular
oxygen. Such fluctuations

are associated with the 27-day solar rotation period,

the 11-year sunspot cycle related to oscillations in the sun's magnetic field, and a
variety of short-lived disturbances such as solar flaxes. Since this section focuses
on sources of natural ozone variability on interaimual time scales, we will focus
on the 11-year solax cycle. Figure 1.4 depicts the relationship between changes
in solax activity, as indicated by the Mg II index, and variations in global ozone
in both the upper stratosphere and the total colvunn amounts obtained from the
combined Solar Backscattered Ultraviolet (SBUV) and SBUV/2 data set (Chandra
and McPeters, 1994). For illustrative purposes, the ozone data are presented as
deviations from the long term mean and any linear trends have been removed. As
the amoimt of solax UV irradiance increases between solax TniniTrmm (1985 - 1986)
and solax maximum (1990 - 1991), ozone in the upper stratosphere also increases,
consistent with the expected rise in the photolysis rate of molecular oxygen. Total
ozone column amounts also vary in-phase with changes in solar irradiance. The
contribution of the upper stratospheric ozone signal (Figure L4.b) to the total ozone
column signal (Figure 1.4.c) is discussed below.
Based on available observations, the variation in solax UV irradiance over the
11-yeax cycle is largest near the Lyman a line (120 nm) and decreases with in
creasing wavelength from roughly 50% at Lyman a to less than 5% at wavelengths
greater than 250 nm (e.g., Brasseur, 1993). At wavelengths near 205 nm important
for ozone photochemistry in the upper stratosphere, estimates of the change in ir-
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Figure 1.4: (a) Monthly values of the Mg EE index (dashed line) and the 13-month
ninning average (solid line), (b) Deviations in the globally averaged (SS'S to 65°N)
ozone time series near 2 mbar from the long-term monthly mean (dashed line) and
corresponding 25-month running mean (solid line), obtained from SBUV-SBUV/2
data; the linear trend in the ozone time series has been removed, (c) Same as in
(b), but for SBUV-SBUV/2 total ozone.
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radiance over the 11-year cycle range from 6 to 10% (DeLand and Cebula, 1993).
The wavelength dependence of the change in solar UV irradiance implies that its
direct photochemical effect on stratospheric ozone should be largest in the upper
stratosphere, where most of the shorter wavelength UV radiation is absorbed by
molecular oxygen.
Recent analysis of sateUite-based ozone profile measurements over 15 years indi
cates that ozone amoamts near the stratopause (45 km) increased by 4 - 5% between
solar minimum and solar maximum, while no significant ozone variation was detected
in the middle stratosphere between 25 and 35 km (McCormack and Hood, 1996).
Owing to the sharp decrease in ozone concentration with height above 35 km alti
tude (Figure 1.1), the contribution of this observed increase in upper stratospheric
ozone to total ozone colimin amounts is relatively small (less than 1% of t3T)ical total
ozone values). However, statistical ajialyses of ground-based total ozone measure
ments extending over several decades have found small but significant increases in
global total ozone between solar TniniTniiTn and solar maximTim (Reinsel et al., 1987,
Angell, 1988; Zerefos, et al., 1996). Similarly, analyses of sateUite-based total ozone
measurements over little more than one solar cycle have indicated increases of 1.5%
- 2 % (Hood and McCormack, 1992; Chandra and McPeters, 1994). This residt
agrees with the theoretical total ozone response to solar UV forcing calculated by
Brasseur (1993). But while the observed amplitude of solar variability in total ozone
agrees with theoretical estimates, the observed vertical structure of this variability
is not consistent with the modeled stratospheric ozone response of Brasseur (1993).
Comparison of sateUite-based total ozone and ozone profile measurements indicate
that the majority (~85%) of the 11-year signal in total ozone originates in the lower
stratosphere, below 25 km altitude (Hood, 1996). This lower stratospheric variation
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cajanot be explained by current photochemical models.
The term "Ten-to-Twelve Yeax Oscillation", or TTO, was first used by Labitzke
(1982, 1987) to describe a modulation of stratospheric temperatures at the North
Pole in winter which is in-phase with the ll-year solar cycle. Subsequent investi
gations have revealed a strong correlation between NH temperatures/geopotential
heights and the 11-year solar cycle throughout the stratosphere and upper tropo
sphere which extends back more than three decades (Labitzke and van Loon, 1995).
Although the influence of solar UV variability on the physics and chemistry of the
upper stratosphere has been fairly well established, no direct physical Unk has been
identified between the 11-year solar cycle and the dynamics of the lower strato
sphere and troposphere. Throughout the present work, terms such as "solar-cycle
variabUity" and "11-year variability" axe often used when discussing variations in
lower stratospheric ozone, temperature, or geopotential height which are in-phase
with the 11-yeax solar cycle. However, it may be more appropriate to refer to this
behavior as a manifestation of the TTO, since the link between the observed vari
ability and any external forcing mechanism has yet to be established. This TTO is,
in turn, identified by its relationship with the 11-year solaj cycle described by the
Mg II index.
1.4.2

The QBO and Total Ozone

Another natural component of interannual ozone variability is the quasi-biennial
oscillation, which refers to the alternating regimes of easterly and westerly shear
in the equatorial zonal wind found between roughly 20 and 35 km. As its name
implies, the period of this oscillation has an average value of 26 months, although
individual cycles can have periods ranging from from 22 to 34 months. The QBO in
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zonal wind is generally confined to latitudes of ±15° and is driven by the absorption
of vertically propagating Kelvin and Rossby-type waves (Holton, 1992). This wave
driving induces a secondary circulation in the latitude-height plane which consists
of downward (upward) motion over the equatorial regions and upward (downward)
motion in the subtropics during periods of westerly (easterly) shear (Andrews et al.,
1987). Since the photochemical lifetime of ozone increases with decreasing altitude,
the net downward (upward) motion resulting from this circulation implies higher
(lower) total ozone amounts.
The vertical structure of the QBO in equatorial zonal wind is chaxacterized by
alternating periods of easterly and westerly shear which extend over the region
between 10 and 50 mbax in the lower stratosphere. Changes in the phase of the
QBO first appear in the region near 10 mbar, and are observed to descend at a
rate of approximately 1 km per month. Although this zonal wind oscillation occurs
over a broad range of altitudes, in general the total ozone QBO shows the highest
correlation with the equatorial zonal wind field at the 30 mbax level (approximately
25 km ailtitude). Therefore, a common index of the influence of the zonal wind
QBO on total ozone is the observed Singapore (1°N, 104°E) 30 mbar zonal wind
time series obtained from radiosonde measurements (Figure 1.5).
Statistical analyses of satellite-based total ozone measurements (see Chapter 2)
shows the QBO in total ozone near the equator has an amplitude of ~10 DU per
cycle (Figure 1.6).

There is also a significant extratropical QBO signal in both

hemispheres which is opposite in sign to the tropical total ozone QBO and is most
pronounced during the winter-spring period (Yang and Tung, 1994). Although the
exact origin of this variability has not yet been determined, it has been proposed
that the plajietaxy-wave propagation characteristics of the extratropical stratosphere
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Figure 1.5: The QBO in equatorial zonal wind at the 30 mbar level observed at
Singapore (1°N, 104°E).
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Figure 1.6: The QBO in total ozone derived from TOMS total ozone measurements
over the 1979 - 1991 period using a linear regression model. The contour interval is
3 DU, with dashed Unes indicating negative values. The zero contour line has been
suppressed.
may be sensitive to the phase of the zonal wind QBO at low latitudes, which could
modulate the eddy transport of ozone towards higher latitudes (Holton, 1994).

1.5

Outline

This concludes the overview of the basic photochemical and dynamical processes
which govern the spatial and temporal distribution of stratospheric ozone, including
the origins of the primary nattiral sources of long-term variability in total ozone. The
remainder of the thesis wiU be organized as follows: Chapter 2 provides a detailed
description of decadal variability in total ozone derived from satellite measurements
using multiple regression statistical methods, as well as results of similar analy
ses of stratospheric temperature and geopotential height data. A quasi-geostrophic
ozone transport model is introduced in Chapter 3 which is used to illustrate, both
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qualitatively and quantitatively, the relationship between lower stratospheric ozone
and dynamics as specified by the temperature and geopotential height fields.

In

Chapter 4 the model is applied on a year-to-year basis to simulate the interannual
variability in total ozone wave structure at northern midlatitudes, in order to de
termine the extent to which changes in lower stratospheric dynamics can account
for the observed longitude dependences of the trend and TTO signals. Chapter 5
discusses the observed relationship between zonal mean ozone, temperature, geopo
tential height in the lower stratosphere. Chapter 6 presents a summary of the results
and identifies areas for further study.
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Chapter 2

OBSERVATIONS

The goal of the present work is to investigate how long-term changes in the dynam
ics of the lower stratosphere contribute to the observed interannual variability in
total ozone, particularly at midlatitudes in the Northern Hemisphere. This chapter
focuses on the main components of interannual variability in total ozone, tempera
ture, and geopotential height in the lower stratosphere derived from observations. In
particular, observational evidence for significant long-term trends and ten- to twelveyear oscillations (TTO) in these quantities is presented. The strong dependences
of these signals on latitude, longitude, and season axe highlighted. To place these
results within the context of current understaading of the middle atmosphere, the
observed components of interaimual ozone variability are compared with estimates
provided by recent photochemical modeling studies.

2.1

Data Sources

For our piirposes, it is necessary to have continuous observations of total ozone,
temperature, and geopotential height on a global (or hemispheric) scale extending
more than a decade. These observations must be relatively free of uncertainties in
troduced by operational changes or long-term calibration drifts or, failing the latter
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condition, ajiy effects caused by instrumental drift must be accounted for and re
moved from the data prior to analysis. In the present study, we analyze 13 years of
monthly mean ozone, temperature, and geopotential height data covering the period
from January 1979 to December 1991. Total ozone data are provided by Nimbus7 Total Ozone Mapping Spectrometer (TOMS) measurements; lower stratospheric
temperatures are provided by the series of NOAA satellite-based Microwave Sound
ing Unit (MSU) instruments; additional temperature and geopotential height fields
are obtained from the radiosonde-based analyses provided by the Stratospheric Re
search Group at the Free University of Berlin (FUB). The sources of each of these
data sets and their long-term stability are described below.

2.1.1

TOMS Ozone Data

The TOMS instrument determines total ozone column depth by the differential
absorption of backscattered near-ultraviolet radiation. The earth's albedo in the UV
portion of the spectrum, as viewed from space, is essentially a function of the amount
of UV-absorbing constituents present in the atmosphere. At wavelengths between
310 - 380 run, in the Huggins band of the ozone absorption spectnmi, ozone is the
primary absorbing constituent in the atmosphere. The TOMS instrument measures
backscattered near-UV irradiance at six different wavelengths. Measurements at
360 and 380 nm, where ozone absorption is negligible, provide estimates of the
background surface reflectivity. Measurements at 312.5, 317.5, 331.2, and 339.8 rmi
are used in pairs along with surface reflectivity measurements to determine total
ozone axaounts (Bowman and Kreuger, 1985).
The Nimbus-7 TOMS instrument operated from November, 1978 until May,
1993. In the present study 13 years worth of data are analyzed, extending from
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1979 through 1991. The Version 6.0 TOMS data was made available on CD-ROM
by the NASA Goddard Ozone Processing Team (P. Guimaraes and R. McPeters,
eds.), and contains both daily and monthly mean total ozone values on a 1° latitude
by 1.25° longitude grid. Because the TOMS instrument measures backscattered
solar UV irradiance, data are limited to simlit regions only.
While most of the absorption between 310 and 380 nm is attributable to strato
spheric ozone, the presence of strong UV-scattering constituents such as sulfate
aerosols can affect retrieved total ozone amounts (Bhaxtia et al., 1993). Since
aerosol-related effects on total ozone measurements have been observed mainly in the
tropics over short time scales (i.e. a few months), they should have little influence
on long-term total ozone trends deduced from TOMS data (WMO, 1995). Another
source of imcertainty is the error in TOMS retrievals at high solar zenith angles,
when incident solar near-UV radiation no longer makes it completely to the surface.
This can reduce TOMS trend estimates at high winter latitudes (> 60°) by 1-2%
(WMO, 1995). The major difficulty with the evaluation of interannual variability
in total ozone obtained from TOMS data is the degradation of the diffuser plate
used to calibrate the instrument. This degradation introduces a drift in calibration
over time that is the same order of magnitude as estimates of ozone depletion due
to anthropogenic effects. In the reprocessed Version 6 TOMS data used here, the
effects of this calibration drift have been reduced to within ±1.3% over the length
of the data record (Stolarski et al., 1991).
2.1.2

MSU Temperature Data

The nadir-viewing MSU instrument measures temperature through the emission
of microwave radiation by molecular oxygen. Radiances measured by the MSU
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channel 4 (57.95 GHz) originate from the 150 - 50 mbar layer of the atmosphere,
with a peak response near 90 mbar. These measurements axe converted into an
effective brightness temperature for the layer using theoretical weighting functions
which determine the instrument's sensitivity to the vertical temperature profile (e.g.,
Grody, 1983). Because the weighting function used to determine the brightness
temperature varies little with temperature, and because the microwave emission is
relatively free of aerosol scattering, changes in the air temperature itself within the
layer are the only major source of changes in the measured brightness temperature
(Spencer and Christy, 1993). As the instrument scans across its path, the peak of the
weighting function moves upwaxd with increasing scan angle due to the increased
path length of the radiation. This makes the measured brightness temperature
vary slightly with the scan angle, owing to the vertical temperature gradient in the
lower stratosphere. This effect is corrected by using a linear regression model to
interpolate between the non-nadir measurements and the nadir measurement.
The main advantage of the MSU instrument is that it provides global lower
stratospheric temperature measurements that axe relatively free from instrumental
drift or changes in operational procedure. Each instrument is self-calibrated using
measurements of both the background space brightness temperature and on-board
heat sources with known temperatures (Spencer et al., 1990). Thus the instru
ment calibration is independent of any outside data sources such as ground-based
observations. Identical versions of the MSU instrument have operated on seven dif
ferent platforms (TIROSN, NOAA-6, -7, -9, -10, -11, -12), providing coverage from
late 1978 up through 1994. Since different instruments axe used, inter-calibration
between them is crucial for accurate determination of any long-term variability in
the combined data sets. The use of periods with simultaneous measurements from
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two different instruments determines the calibration offset between the instruments.
Comparison of measurements during overlap periods also provides estimates of cali
bration drifts over time between the two instruments. For overlap periods extending
over the ajanual cycle, it has been shown that the long-term trend in the combined
MSU record arising from calibration drift is approximately 0.01 Kelvin per year
(Spencer and Christy, 1993).
The MSU data used in the present work extend from January 1979 up through
April 1995 and have recently been corrected for spurious trends in the data induced
by the orbital drift of the NOAA-11 satellite (Christy et al., 1995). The gridded
data offer global coverage with a resolution of 2.5°. The chaimel 4 temperatures
were supplied by M. Newchurch at the Earth System Science Lab, University of
Alabama HuntsviUe.
2.1.3

FUB Height, Temperature Data

Daily radiosonde observations over the Northern Hemisphere (NH) have been an
alyzed by the Stratospheric Research Group at the Free University of Berlin since
1964. These analyses provide continuous geopotential height and temperature time
series at 100, 50, and 30 mbax which extend over three decades. The analysis
technique described in the published climatology of Pawson et al. (1993) is briefly
summarized here. Wind, geopotential, and temperature observations from a net
work of NH radiosondes axe combined with rocket measurements to provide a first
guess of the height and temperature fields assuming hydrostatic and geostrophic
balance. In 1984, satellite-derived pressure layer thicknesses over polar and oceanic
regions were added to supplement the analyses where data coverage is poor. The
resulting height and temperature fields for each pressure level, representing obser
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vations at 00 UT, axe smoothed in order to represent only large-scale features. The
main advantage of the FUB data set is its miprecedented length and the absence of
any major operational changes over the course of the record.
Monthly mean temperature and geopotential height fields at 100, 50, and 30
mbar are used in the present work to help chaxacterize long-term changes in the
dynamics of the lower and middle stratosphere. The data at 50 and 30 mbar have
a 5° by 5° resolution extending from 0° to 90°N; the 100 mbar data have a 10° by
10® resolution extending from 10° to 90° N. The height and temperature fields were
provided by S. Leder, Meteorological Institute, Free University of Berlin.

2.2

Method of Statistical Analysis

Figure 2.1 presents monthly zonal mean TOMS ozone time series, with the seasonal
cycle removed, for a range of northern latitudes. On interannual time scales, the
main sources of variability in total ozone include: (1) The increase in stratospheric
chlorine over time due to anthropogenic emissions which can lead to enhanced cat
alytic destruction of ozone; (2) the internal oscillation in the dynamical structure
of the stratosphere associated with the QBO; and (3) the variation in solar UV
irradiance over the 11-year cycle at wavelengths important to ozone photochemistry
(WMO, 1991). A simple and effective tool for quantifying the contribution of each
of these competing processes to the observed total ozone variability is the multiple
linear regression model (e.g., Neter et al., 1985). Specifically, we assimie that the
temporal variability of monthly mean total ozone can be represented by a model of
the form
03{i) = fi{i) + hi + ^Q^QBoit — L) + 0s^suN{t)

(2.1)
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Figure 2.L: Time series of monthly zonal mean TOMS total ozone for a range of
northern latitudes. The long-term monthly mean values have been subtracted from
the data.
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where t represents time in months. In this model, //(i) represents the seasonal cycle
in total ozone obtained from the long-term monthly-meaai values for each month
i = 1,2, ...,12 (see Figure 1.2). The term XQBO is a time series of the equatorial

QBO represented by the observed Singapore 30 mbar zonal wind. Because the QBO
extends over the region of the equatorial stratosphere between 10 and 50 mbar, the
choice of one particular layer or level where the wind is used to describe the total
ozone QBO at vaxious latitudes can be somewhat problematic (Yang and Tung,
1994). Therefore, the XQBO time series is allowed to lag the total ozone series by
a number of months L, which is chosen so as to maximize the correlation between
the zonal wind QBO and the ozone time series at a given location. The term XSUN
is a time series of the variation in solar UV irradiance represented by the composite
Mg II index. The coefficients /^Ti /?q, and

are determined by the method of least

squares. To allow for seasonally varying trend, QBO, and solar cycle components,
each coefficient has the form
/? = Ai + A2Cosu}t + Azsinut + A^cos2u}t + AssinTiiit + A%cosZu)t + ArsinZut (2.2)

where t*' = ff months"^. The model therefore has a total of 28 parameters to be
estimated by least squares regression. Uncertainty estimates for each regression
coefficient P are determined from the sum of the squares of the variance estimates
(denoted by a) for each parameter obtained from the least squares fit.
Applying this model to monthly mean total ozone time series will in general
yield a residual time series 6{t) (i.e. observed minus modeled) which is first order
auto-correlated. That is to say the ozone value for a given month is to some degree
related to the ozone value of the previous month. This effect is removed by including
an error term e{t) = r6{t — 1) in (2.1), where r is the autocorrelation coefficient of
the model residual 6 determined from an initial application of (2.1). The main effect
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of including this error term is to reduce the variance estimates for each regression
coefficient by removing any systematic "noise" from the data.
Other natural sources contributing to the interannual variability of stratospheric
ozone have been identified which axe not explicitly included in the statistical model
outlined above. These factors include high energy solar proton events (SPE's), the
El Nino-Southem Oscillation phenomenon (ENSO), and large volcanic eruptions
(WMO, 1991). For the case of SPE's, their sporadic nature aind limited impact
on ozone outside of polar regions diminishes their importance in the present study,
which focuses on regions between 65°S and 65° N latitude where year-round satellite
ozone measiurements are available. While observational studies have indicated a
relationship between the spatial distribution of total ozone and ENSO events (e.g.,
Randel and Cobb, 1994), this relationship is highly localized within the tropical and
subtropical regions of the Pacific basin during winter, and is not readily apparent
in zonaUy averaged total ozone measurements. Over the 13-yeax period of analysis
(1979 - 1991) two major volcanic eruptions took place: El Chichon in March 1982
and Mount Pinatubo in June 1991. The initial effect of a low-latitude volcanic per
turbation in the lower stratosphere is to locally enhance radiative heating within
the aerosol cloud, which lies below the peak in the ozone profile. This warms the
lower stratosphere, and the resulting vertical motions draw ozone-poor air up from
lower altitudes, which decreases total ozone amounts (Granier and Brasseur, 1992).
Ozone amounts at higher latitudes can also be affected as the cloud eventually
disperses, increasing the amount of sulfate aerosols globally. This can introduce ad
ditional sites for the heterogeneous chemical conversion of chlorine reservoirs, which
is known to enhance the catalytic destruction of ozone in the lower stratosphere
(Tie and Brasseur, 1995). Such effects on global total ozone have been observed
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up to two years following the Pinatubo event (Gleason et al., 1993; WMO, 1995).
However, for the purposes of the present study, the relatively simple model used to
assess the trend and TTO in total ozone is sufficient.
The statistical model (2.1) used to describe the primary components of interannual variability in monthly mean total ozone can also be applied to monthly
mean lower stratospheric temperature and geopotential height time series. There
is ample observational evidence for significant modulation of these fields related
to both the QBO and the ll-year solar cycle (Holton and Tan, 1980; van Loon
and Labitzke, 1990; Randel and Cobb, 1994). There is aJso evidence of negative
trends in lower stratospheric temperatures obtained from both ground-based and
satellite measurements (Miller et al, 1992; Randel and Cobb, 1994). One possible
source of these trends is the increase in the concentration of radiatively-active trace
gases such as CO2 and CH4 which could contribute to a net warming of the tropo
sphere and cooling of the stratosphere. Reductions in stratospheric ozone over time,
and subsequent decreases in radiative heating, could also contribute to the nega
tive temperature trends in the lower stratosphere (McCormack and Hood, 1994).
Since lower stratospheric geopotential heights axe related to the mean temperature
of the underl5dng atmosphere through hydrostatic balance, any warming of the tro
posphere would imply geopotential height increases as well. Positive trends in zonal
mean geopotential heights at midlatitudes over the past three decades have been
documented by Perlwitz and Graf (1995). Dynamical processes are also important
in maintaining the observed temperature distribution in the lower stratosphere and
upper troposphere through the poleward transport of heat by eddy motions (Holton,
1992; James, 1994). It is possible that changes in the "dynamical heating" of the
lower stratosphere may also contribute to the observed temperature trends.
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Since total ozone amonnts are influenced by the dynamics of the lower strato
sphere, the multiple regression model is applied to time series of monthly mean
TOMS total ozone, MSU temperature, and FUB height and temperature fields
throughout the lower stratosphere in order to isolate the trend and TTO compo
nents of variability. The results of the regression analysis will be used to identify
coherent variations in the dynamics of the lower stratosphere and total ozone on
decadal time scales.

2.3

Trends

The multiple regression statistical model described in the previous section is applied
to 156 months (13 years) of TOMS total ozone measurements covering the period
from January 1979 through December 1991. The model is also applied to contem
poraneous MSU Chaimel 4 temperature measurements, as well as FUB temperature
and geopotential height data at the 100, 50, and 30 mbar levels. The resulting
estimates of the linear trends in these quantities axe presented in this section. In
general, these estimates are considered to be "statistically significant" if the mag
nitude of the derived regression coefficient is greater than twice its corresponding
uncertainty estimate (denoted by 2o-). Throughout this chapter, any quoted uncer
tainty estimates represent this 2(t value.
2.3.1

Zonal Mean Trends: 1979 - 1991

The latitude and seasonal dependences of the lineax trend estimates derived from
zonally averaged TOMS data axe presented in Figure 2.2. The shaded regions indi
cate where the derived trends axe not statistically significant. Because of uncertain
ties in the TOMS measurements due to the calibration drift over time, uncertainty
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Figure 2.2: (a) Latitude and seasonal dependences of TOMS total ozone trends over
the period 1979-1991. Contour interval is 5 DU per decade for values greater than
—25, and 10 DU per decade for values less than —25. Negative contours are dashed.
Shaded regions indicate where trend estimates are not statistically significant at the
2a- level, (b) Ozone trend estimates in response to stratospheric chlorine increases
obtained with the NCAR-2D model of the middle atmosphere (Granier and Brasseur,
1992).
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estimates for the derived trend coeflScients represent the root sum of squares of the
statistical error plus an estimated instrumental error of 1.3 % per decade, follow
ing Stolarski et al. (1991). Outside of the polax regions, where year-roimd ozone
measurements are available, significant negative trends in total ozone are found in
both hemispheres at latitudes greater than 30°. Equatorward of 30° latitude virtu
ally no significant ozone trends are detected throughout the year. In the Southern
Hemisphere (SH), the rate of ozone loss increases with latitude, reaching —50 ± 10
DU per decade at 65°S in October. The occurrence of this peak coincides with the
rapid ozone destruction associated with the return of sunlight to the southern polar
regions in late winter (i.e. the Antarctic ozone hole). Since the Arctic polar vor
tex is considerably warmer than its Antarctic coimterpart, the formation of polar
stratospheric clouds (PSC's) necessary for the ozone hole to form is relatively raxe.
Subsequently, there is no evidence for a similar rapid destruction of ozone at high
northern latitudes late winter/early spring. In fact, the largest ozone losses in the
NH axe found at midlatitudes in winter.
It is useful to compare the TOMS-derived trends with estimates of total ozone
loss that axe based on current knowledge of stratospheric chemistry. Figure 2.2.b
shows the total ozone losses which axe associated with observed increases in strato
spheric chlorine loading between 1980 and 1990. These theoretical estimates were
produced by the National Center for Atmospheric Research 2-dimensional (NCAR
2-D) interactive model of the middle atmosphere (for a description see Brasseur,
1990). Unlike many other such models in which the dynamical fields are specified,
the NCAR 2-D model allows for interaction between photochemical, radiative, and
dynamical processes, thereby providing a self-consistent representation of the middle
atmosphere. This approach is well-suited for studies involving long-term changes in
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the state of the middle atmosphere.
The NCAR 2-D model accounts for catalytic ozone loss via gas-phase chemistry
as well as heterogeneous-phase chemistry associated with PSC's. When the effects
of heterogeneous chemical reactions on background sulfate aerosols are included in
the model, the resulting ozone losses (Figure 2.2.b) exceed 10 DU per decade at
high northern latitudes and 50 DU per decade at high southern latitudes in late
winter and early spring (Granier and Brasseur, 1992). In the SH, the latitude
dependence of the modeled trends are quite similar to that of the observed trends;
they both exhibit a general increase in the rate of ozone loss with latitude. In
the NH, however, the largest ozone losses are observed at midlatitudes in winter,
contrary to model predictions. Neair 45°N in February, the TOMS-derived trend is
—25 ±5 DU per decade, whereas the model estimates are approximately —8 DU per
decade. Uncertainties in the TOMS trend estimates alone cannot account for this
discrepancy.
One major drawback of the NCAR 2-D model is that it employs a fixed lower
boimdary condition in which the vertical velocity field at the 15-km level, repre
senting the dynamical forcing of the lower stratosphere, is held constant throughout
the calculation. In reality, the forcing of the wintertime stratosphere from below by
vertically propagating planetary waves has a high degree of interannual variability.
That the major disagreement between the observed and modeled ozone trends occurs
at NH midlatitudes in winter, when the effect of dynamics on totaJ ozone is largest,
suggests a possible role for changes in dynamics contributing to the unexplained
ozone losses.
To investigate this possibility, a similar trend analysis is performed on lower
stratospheric temperature and geopotential height data. Trends in zonal mean lower
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MSU-4 Trends 1979 - 1991
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Figure 2.3; Trends in MSU channel 4 temperatures over the 1979-1991 period.
Contour interval is 0.5 Kelvin per decade. Negative contours are dashed. Shaded
regions indicate where trend estimates are not statistically significant at the 2<r level.
stratospheric temperature measured by the MSU Channel 4 are shown in Figure 2.3.
For the sake of comparison with the derived ozone trends of Figure 2.2, results
from 65° S to 65° N axe presented, although the available data extend from pole to
pole. The shaded regions indicate no statistically significant trends at most latitudes
throughout the year, yet significant cooling is found at middle and high latitudes
in the late winter/early spring months. In the NH, the largest trends of —1.6 ± 0.7
K per decade occur in February between 35°N and 45°N latitude. In the SH, a
maximum cooling of —2.2 ± 1.3 K per decade is found at 65°S in November, which
extends southward reaching —3±2 near the pole (not shown). Marginally significant
negative temperature trends within the 50 - 150 mbax layer are also present at SH
midlatitudes from December to February, and NH midlatitudes from May to July.
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As noted by Randel and Cobb (1994), the patterns of the derived TOMS total
ozone and MSU temperature trends are well-correlated in NH winter/spring, with
the largest negative trends occurring in Februaxy for both cases. The close agree
ment between the ozone and lower stratospheric temperature trends is supported
by the derived trends in FUB 100 mbar temperatures, which are shown in Figure
2.4.a. Significant cooling of 1.8 ± 0.7 K per decade occurring in February at 40''N
is detected, in good agreement with the MSU-derived trends. Analysis of the FUB
zonal mean 100 mbar geopotential heights (Figure 2.4.b) shows significant positive
trends in NH winter between 30° N and 50° N of up to 36 ± 20 meters per decade. In
contrast to the midlatitude results, heights at high northern latitudes show strong
negative trends of —180 ± 100 meters per decade in both late fall and late winter.
The patterns in the 100 mbar height and temperature trends shown in Figure 2.4
are also present in the 50 mbar and 30 mbai analyses (Figures 2.5 and 2.6, re
spectively).

The wintertime temperature trends at NH midlatitudes at 50 mbar

and 30 mbar are statistically significant, indicating a robust signal throughout the
lower stratosphere. Midlatitude trends in geopotential height at the upper levels
are not statistically significant, owing to the extreme year-to-year variability in the
wintertime height fields.
2.3.2

Longitude Dependence of Trends

To better characterize the spatial dependences of the changes in total ozone, lower
stratospheric temperature and geopotential height described in the previous section,
the multiple regression model is applied to gridded data at extratropical latitudes
in the NH where the FUB data are available. Analysis of the gridded TOMS data
shows that the longitude dependence of the derived trends is most pronounced dur-
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Figure 2.4: (a) 100 mbax temperature trends derived from Northern Hemisphere
Radiosonde data compiled by the Stratospheric Research Group at the Free Uni
versity of Berlin. Contour interval is 0.5 K per decade, (b) 100 mbar geopotential
height trends also derived from FUB stratospheric analyses. Contour interval is 20
meters per decade, with additional contours at ± 10 meters per decade. Shaded
regions denote where temperature and height trends are not statistically significant.
Negative contours axe dashed.

56

(a) FUB 50 mb Trend (K/decade)
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(b) FUB 50 mb Trend (m/decade)
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Figure 2.5: Trends in zonal mean FUB 50 mbar temperature (a) and geopotential
height (b). See Figure 2.4 for description.
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(a) FUB 30 mb Trend (K/decade)
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(b) FUB 30 mb Trend (m/decade)
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Figure 2.6: Trends in zonal mean FUB 30 mbar temperature (a) and geopotential
height (b). See Figure 2.4 for description.
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ing the NH winter. This is not surprising given the strong wavelike structure in
the climatological total ozone distribution present in the winter (see Figure 1.3).
Therefore this section focuses on the NH winter months in particular.
The longitude dependences of the TOMS total ozone trends for the months of
January and February are shown in Figure 2.7. Regions where the trend estimates
are statistically significant are enclosed by the heavy black Unes. Total ozone trend
estimates at northern midlatitudes vary greatly with longitude. For example, near
45°N latitude in January (Figure 2.7.a) negative trends of more than 30 DU per
decade extend across Eastern Asia and the Western Pacific (approximately 100° E to
120® W longitude), with losses of up to 40± 15 DU per decade occurring near 145°E.
Between 0 "and 45°E, however, no significant trends are detected. For reference, the
trend in the zonal mean total ozone at 45°N latitude is approximately — 20 ± 6 DU
per decade. Other areas of pronoimced ozone loss in January include the eastern
coast of the U.S. (40°N, 75°W), and Central Europe (35° to 45°N, 10° to 40°E).
In contrast to the results from the zonal mean analysis, significant positive ozone
trends are found near 55°N over the region from 15°W to 90°W.
The spatial patterns in the trend estimates for February (Figure 2.7.b) are sim
ilar to those in January, but with ozone loss rates that generally exceed January
estimates by approximately 10 DU per decade. Regions where the February losses
are greater them 40 DU per decade are much larger than in January and extend
further north. The positive trends detected near 55° N in January are also present
in February, and the region of maximum increase also appears to have shifted pole
ward. These results are in agreement with those of an earlier study by Niu et al.
(1992), which examined the longitude dependences of TOMS total ozone trends
using a slightly shorter data record.
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(a) Jan TOMS Trend

(b) Feb TOMS Trend

Figure 2.7: Longitude dependences of TOMS total ozone trends in the NH for (a)
January and (b) February. Negative values are shaded. Heavy black contours enclose
areas where derived regressions coefficients axe statistically significant. Contour
interval is 10 DU per decade. Stereographic projection extends from the pole to
15°N; latitude ajid longitude grid lines are spaced every 15°. For reference, the
International Dateline is located on the left haind side of the plot.
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Trends in lower stratospheric temperatures measured by the MSU Channel 4
also show strong longitude dependences in winter. Figure 2.8 presents the trends
in the weighted 50 - 150 mbar temperatures for January and February. Significant
cooling is found over much of the hemisphere in January between 15°N and 45°N
latitude, exceeding 2 K per decade over the regions of 60° E to 150° W and 60° W to
90°W. This pattern is qualitatively similar to the January ozone trends in Figure
2.7.a. Midlatitude MSU temperature trends in February are somewhat smaller and
are statistically significant over a more limited region than the January trends. At
higher latitudes, however, there is a dramatic increase in the rate of cooling centered
on 120°E. There is also evidence of a significant warming of the lower stratosphere
in February located near 65°N and 15°W.
Comparison of the TOMS total ozone trends and MSU temperature trends for
the month of Februaxy (Figures 2.7.b and 2.8.b, respectively) shows a strong cor
relation between the locations of the maximum positive and negative trends. This
relationship has been documented previously by Randel and Cobb (1994), who note
that the large negative ozone trends in NH winter occurring over Eastern Asia co
incide with the cUmatological maximum in the total ozone field (Figure 1.3.a) while
the positive ozone trends occurring over the North Atlantic coincide with the cUma
tological minimum in total ozone. This pattern suggests a weakening of the zonal
wavenumber 1 structure in the wintertime ozone distribution over time.
The longitude dependences of the temperature trends at the LOG, 50, and 30
mbar levels derived from the FUB analyses for January and February are shown in
Figures 2.9 and 2.10, respectively.

As with the zonal mean temperature trends,

there is good qualitative and quantitative agreement between the trends in MSU-4
temperatures and the FUB 100 mbar temperatixres. In both January and February,
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(a) Jan MSU Trend

(b) Feb MSU Trend

Figure 2.8: MSU temperature trends in the NH for (a) January and (b) Februajy.
Contour interval is 1 Kelvin per decade. Negative values are shaded. Heavy black
contours enclose areas where trends are significant at the 2<r level.
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Figure 2.9: FUB temperature trends for January at (a) 100 mbar, (b) 50 mbax, and
(c) 30 mbar. Contour interval is 1 Kelvin per decade. Negative values are shaded.
Heavy black lines enclose areas where trends are significant at the 2<r level.

Figure 2.10: FUB temperature trends at (a) 100 mbar, (b) 50 mbar, and (c) 30
mbar, as in Figiire 2.9, for the month of February.
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the temperatures at the 50 mbax and 30 mbax levels exhibit broad regions of signifi
cant cooling at midlatitudes, as well as a significant warming at higher latitudes over
the North Atlantic. In general, the amplitudes of the temperature trend coefficients
tend to increase from the 100 mbax level to the 50 mbax level. From the 50 mbar
level to the 30 mbax level, the negative trends estimates decrease slightly while the
positive trend values continue to increase. A notable exception occurs in February
near 65°N and 150°E (Figure 2.10.c), where a large negative temperature anomaly
is present exclusively at the upper levels. However, because of the uncertainties in
the trend coefficients obtained with the multiple regression model, the differences
in the values of the trends from one level to the next are marginally significant at
best.
As Figures 2.11 and 2.12 show, the trends in geopotential height at the 100,
50, and 30 mbar levels in NH winter also exhibit strong longitude dependences.
At the 100 mbax level in January (Figure 2.11.a), significant positive height trends
exceeding 60 ±30 meters per decade occur near 30° N latitude at 160° E and 70° W
longitude. Similar increases are also present between 10°E and 30°E over a broad
range of latitude. In contrast to the positive trends at midlatitudes, geopotential
height values at high latitudes in winter tend to decrease over the 1979 - 1991
period, with trends of —140 ± 90 meters per decade present near 65°N and 60°W.
Height trends at the 50 mbax and 30 mbax levels in January (Figure 2.11.b,c) reveal
a tendency for the positive 100 mbax trends over the United States to become
increasingly negative at the upper levels. In contrast, the positive height trends
over Western Europe tend to become more positive at the upper levels.
The trends in FUB geopotential heights for February (Figure 2.12) bear many
similarities to the January trends. At the 100 mbar level (Figure 2.12.a), the largest
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Figure 2.11: Trends in FUB geopotential height for January at (a) 100 mbaj, (b) 50
mbar, and (c) 30 mbar. Contour interval is 20 meters per decade. Negative values
are shaded, and statistically significant trends are enclosed by heavy black contours.
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20.

Figure 2.12: Trends in FUB geopotential height at (a) 100, (b) 50, and (c) 30 mbar,
as in Figure 2.11, for the month of February.
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positive height trends are found at midlatitudes while the largest negative height
trends axe found at high latitudes. The height trends at the 50 mbar and 30 mbar
levels (Figure 2.12.b,c) resemble those in January, with one major exception: of the
two negative trend maxima present at high latitudes near 175®E and 50°W at 100
mbar, one becomes less negative and reverses sign at the upper levels (near 50° W)
while the other becomes more negative (neax 175°E) and increases in size at the
upper levels. This negative height anomaly could be associated with the substantial
cooling detected in this region at the 50 mbar and 30 mbar levels in February (Figure
2.10.b,c).
Comparing the patterns in the height trends at the three different levels with the
TOMS total ozone trends in January and February (Figure 2.7) indicates that the
total ozone trends are closely related to the height trends at the 100 mbar level. The
spatial distribution of the 100 mbar height trends tend to be negatively correlated
with the corresponding TOMS trends. Specifically, the increases in total ozone
detected over the North Atlantic coincide with substantial decreases in geopotential
height. Similarly, the negative ozone trend maxima over Europe near 45°N latitude
correspond with the large positive height trends at midlatitude between 10° E and
30° E longitude.
In summary, the multiple regression analyses have shown that, over the period
1979 - 1991, laxge zonal mean ozone losses have occurred at NH midlatitudes ia
winter which cannot be explained by current photochemical models. These ozone
losses axe accompanied by decreases in lower stratospheric zonal mean temperature
and increases in zonal mean geopotential height at the 100 mbar level. The longitude
dependences of the total ozone trends axe most pronounced in winter, when the
large midlatitude trends occur. The spatial pattern of the ozone trends in January
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and February resembles a weakening of the wavelike structure, particularly at high
latitudes. There is, in general, a strong correlation in the patterns of the total
ozone and temperature trends throughout the lower stratosphere. Trends in the
geopotential heights at 100 mbar tend to be anti-correlated with total ozone trends
in regions where the height trends are statistically significant.

2.4

The Ten-to-Twelve Year Oscillation

Like the long-term downward trends in total ozone observed at NH midlatitudes,
the apparent TTO observed in stratospheric ozone also exceeds theoretical pre
dictions. Although the primary motivation for inclusion of a solar cycle term in
multiple regression models is to isolate and remove any long-term signal which may
interfere with the assessment of trends, such information may also be of importance
in its own right. Variations in total ozone over the 11-year cycle could represent
an important link between changes in solar output and the radiative forcing of the
troposphere/surface climate system (e.g., Haigh, 1994; 1995; 1996).
For the relatively short time series (13 years) analyzed here, however, extract
ing a signal varying in-phase with the 11-year solar cycle is somewhat problematic.
For example, there is the possibility of aliasing between an actual correlation with
the 11-year solar cycle and potentially non-linear (i.e."fattening") trends. Like
wise, the method used here cannot distinguish between true signals in response to
solar UY forcing and possible signals in response to other geophysical forcings on
quasi-decadal time scales. In the upper stratosphere, where ozone photochemistry
dominates over transport, solar UV forcing does appear to be the likely mechanism
behind the 11-year variation illustrated in Figure 1.5.b. Grovmd-based measure
ments of total ozone and lower stratospheric geopotential heights extending back
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more than two decades also indicate significant in-phase variations with the 11-year
solar cycle (Reinsel et al, 1987; van Loon and Labitzke, 1990; Labitzke and van
Loon, 1995a,b; Zerefos et al., 1996). Therefore it is assumed in the present work
that the physiccil origin of the TTO derived from the total ozone, temperature, and
geopotential height fields is related, either directly or indirectly, to variations in
solar UV irradiance. Resolution of such ambiguities wiU require high-quality data
sets extending over two or three cycles at least.

2.4.1

The Zonal Mean TTO: 1979 - 1991

The solar regression coeflScients obtained from the zonal mean TOMS data are
presented in Figure 2.13 as a function of latitude and season. Again, shaded regions
are not statistically significant at the 2<r level. There is a tendency for total ozone
values to be higher during periods of solar maximum than periods of solar mim'Tmim,
although in general this variability is rather small (<5 DU). Significant changes in
total ozone of more than 10 ± 3 DU over the solar cycle are present near 30° N
and 60° N latitude during January and February, and also near 65° S latitude during
October and November.
Figure 2.13.b shows the theoretical response of total ozone amounts to increases
in solar UV flux from minimum to maximum in the 11-year cycle calculated with the
NCAR 2-D model (Brasseur, 1993). For this calculation, a 6.6% increase in solar UV
irradiance at 205 nm was assumed; an increase of 5% was adopted throughout the
wavelength interval between 208 and 265 nm. The latter value represents an upper
limit on the observed ll-year variation in UV irradiance at the longer wavelengths
which are important for ozone photochemistry in the middle and upper stratosphere.
The modeled total ozone response is found to be laxgest at high latitudes in both
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Figure 2.13: (a) Solax regression coefficients derived from 1979-1991 zonal mean
TOMS total ozone data expressed in terms of the difference in total ozone between
periods of solax maximum and solar minimum. Contour interval is 5 DU. Negative
contours are dashed. Shaded regions axe not significant at the 2<t level, (b) The
zonal mean total ozone response to an assimaed 6% change in solax UV irradiance
over the 11-yeax cycle calculated with the NCAR 2-D model [See text for details].
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hemispheres during late winter and early spring. This results from the eddy-driven
meridional transport of ozone-enhanced air from higher levels in the tropical strato
sphere towards lower levels in the extratropical stratosphere under simulated solar
maximum conditions. The largest modeled total ozone response is 7 DU, which
is slightly less than the largest TOMS-derived solar regression coefficients. In the
SH, the timing of the modeled ozone response at high latitudes is consistent with
observations. In the NH, however, the observed TTO in total ozone does not re
semble the model estimates. Specifically, the observed high latitude ozone variation
is foimd only in February, while a substantial response exceeding 10 DU is observed
between 25°N and 40°N latitude, which is almost twice as large as corresponding
model estimates.
To determine if the observed TTO in TOMS total ozone is related to changes
in the dynamics of the lower stratosphere, concurrent records of temperature and
geopotential height are also analyzed for evidence of similar TTO signals. The values
of the solar regression coefficients derived from the MSU Chaimel 4 temperatures are
shown in Figure 2.14. In contrast to the trends in zonal mean TOMS ozone and MSU
temperature, there is little correlation between the patterns of solar cycle variability
in total ozone and lower stratospheric temperature. Increases in temperature of
0.9 ±0.4 K between solar minimum and maximum are foimd between approximately
35°N and 35°S latitude from November to January and June to August. This
positive signal extends to near 60®S latitude during SH spring. At higher latitudes
in winter months, however, a significant negative temperature response appears in
both hemispheres, representing a cooling from solar minimum to maximimi, which
exceeds 4.0 ± 2.5 K in the northern polar regions (not shown). The pattern of
variabiUty in MSU temperatures over the solar cycle indicates a strengthening of
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Figure 2.14: The latitude and seasonal dependences of solax regression coefficients
derived from zonal mean MSU-4 temperatures, expressed as the change between so
lax minimum and solax maximimi. Contour interval is 0.4 Kelvin. Negative contours
are dashed. Shaded regions indicate where results are not statistically significant.
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the meridionai temperature gradient in winter, i.e. warm regions become warmer
ajid cool regions become cooler at solar maximimi.
Regression analysis of zonal mean FUB temperature and geopotential height data
indicates that the pattern of the TTO present in the MSU temperatures extends
throughout the lower stratosphere. For example, zonal mean 100 mbar tempera
tures exhibit significant increases of 0.8 ± 0.4 K between solar rm'TiirmiTn ajid solar
maximum at midlatitudes as well as decreases of up to 5.4 ± 2.7 K at high latitudes
in January (Figure 2.15.a). Changes in zonal mean geopotential height at the 100
mbar level (Figure 2.15.b) over the 11-year cycle also show increases at midlatitudes
of 50 ± 19 meters and high-latitude decreases of 190 ± 90 meters in winter. Results
for the 50 mbar and 30 mbar levels (Figures 2.16 and 2.17, respectively) indicate
that the amplitudes of these wintertime temperature and height signals grow with
altitude.
From the MSU Channel 4 measurements and the FUB stratospheric data, pos
itive responses in both zonal mean temperature and geopotential height have been
foimd throughout the lower stratosphere at NH midlatitudes in winter. This con
trasts with the derived lineax trends in temperature and height, which are of opposite
sign at NH midlatitudes in winter (Figure 2.4). The apparent TTO in lower strato
spheric temperature and geopotential height deduced from the multiple regression
analyses points to a strengthening of the meridional temperature gradient in winter
centered on midlatitudes. Under the a.ssimiption of geostrophic flow, the meridional
temperature gradient is related to the rate of change in the geostrophic wind in
the vertical direction (Holton, 1992). Through this relationship, an intensification
of the meridional temperature gradient at a given level implies stronger westerlies
overhead. Such a modulation of NH zonal winds in winter over the 11-yeax solar
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Figure 2.15: (a) Solax regression coefficients for FUB 100 mbax zonal mean tem
peratures. Values represent the difference in temperature between solar maximum
and solar
Contour interval is every 0.4 K for values less than ±2 K and
every 1 K for values exceeding 2 K. (b) Solar regression coefficients for 100 mbar
zonal mean geopotential heights. Contours are drawn every 20 meters for values be
low ±100 meters and every 50 meters for values over ±100 meters. Shaded regions
indicate where the temperature and height responses axe not significant at the 2cr
level.
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(b) FUB 50 mb Solar (m, Max — Min)
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Figure 2.16: Solax regression coefficients for 50 mbar zonal mean (a) temperatures
and (b) geopotential heights. See FigTire2.15 for description.
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(a) FUB 30 mb Solar (K. Max - Min)
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(b) FUB 30 mb Solar (m, Max - Min)
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Figure 2.17: Solar regression coefficients for 30 mbar zonal mean (a) temperatures
and (b) geopotential heights. See Figure 2.15 for description.
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cycle hais been documented previously by Kodera ajid Yama^aki (1990), and Hood
et al. (1993). Since the vertical propagation of planetaxy scale waves from the tro
posphere into the stratosphere is sensitive to the background zonal wind field, this
modulation could, in theory, effect changes in the dynamical structure of the lower
stratosphere in winter through changes in the wave-propagation characteristics of
the background flow. This could, in ttim, alter the transport of ozone to higher
latitudes in winter by the wave-driven meridional circulation.

2.4.2

Longitude Dependence of the TTO

If planetary wave activity in the lower stratospheric does indeed vary with the 11year solar cycle, such changes should affect the zonal distribution of total ozone,
which is determined primarily by the effects of planetary waves (Kurzeja, 1984;
Wirth, 1993). Examination of the solar regression coefficients derived from gridded
TOMS total ozone data for the month of January (Figure 2.18.a) reveals statistically
significant increases of more than 10 DU between solar minimtmiand solar maximum
over the latitudes 25° N to 35° N. At 30° N latitude, values of the solar coefficients
range from 16 ± 7 DU at 18G°W to near zero at 125°E. Little significant variation
in total ozone is foimd poleward of 35°N latitude in January. In February (Figure
2.18.b) significant increases in total ozone are evident over much of the hemisphere
between 5°N and 30°N latitude. At midlatitudes this positive ozone response exceeds
20 ± 8 DU over the Eastern Pacific (120°W to 180°W) and the Middle East (15°E
to 45°E). Large ozone increases are also present at high latitudes near 60°N over
the North Atlantic (30°W) and Siberia (150°E). Comparing the results of the zonal
mean total ozone analysis (Figure 2.13.a) with the analysis of the gridded TOMS
data for February (Figure 2.18.b), we find that the large positive zonal mean ozone
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(a) Jan TOMS Solar

(b) Feb TOMS Solar

Figure 2.18: Longitude dependences of TOMS solax regression coefficients for (a)
January and (b) February. Negative values are shaded. Heavy black contours enclose
statistically significant values. Contour interval is 10 DU.
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response neax 30°N latitude is in fact present at most longitudes, while the positive
response near 60® N is highly localized over the North Atlantic and Eastern Asia.
Changes in zonal mean lower stratospheric temperatures between solar minimnTn
and solar maximum derived from MSU Channel 4 measurements (Figure 2.14) con
sist of significant increases at midlatitudes and decreases at high latitudes in NH
winter. The longitude dependences of these variations axe shown in Figure 2.19. In
January, increases of more than 1 K are present near 30°N latitude over a wide range
of longitude. On the other hand, temperature decreases in excess of 5 K are present
in polar regions. Comparison of the January MSU solar regression coefficients with
the January TOMS coefficients (Figure 2.18.a) shows a rather weak correlation be
tween the maximum temperature and ozone responses, unlike the trend results for
January in which the ozone and temperature patterns were quite similar. The MSU
solar coefficients for February (Figure 2.19.b) show that the regions of significant
positive temperature response centered on 30° N are greatly reduced compared to
January. Similarly, the large negative response at high latitudes has become much
smaller and is no longer statistically significant. A region of significant warming
appears in February near 15°W which extends from 30°N to 60°N latitude, accom
panied by a smaller peak near 60° N and 180° W. The resulting pattern of solar-cycle
variability in MSU temperatures for the month of February shows a fair degree of
similarity with the TOMS February results (Figure 2.18.b), especially near 60°N.
The longitude dependences of the TOMS solar regression coefficients for NH
smnmer are shown in Figure 2.20. Note that the summertime ozone response, which
ranges from 5 to 10 DU at most, is generally smaller than the wintertime response. In
both July and August, virtually no statistically significant ozone variations are foimd
poleward of 30°N latitude and, unlike the winter case, there is little zonal structure
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(a) Jan MSU Solar

Figure 2.19: Longitude dependences of MSU solar regression coefficients for (a)
January and (b) February. Contour intervad is 1 Kelvin, with additional contours at
±0.5 K.. Negative values are shaded. Heavy contours enclose regions where results
axe statistically significant.
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(a) Jul TOMS Solar

(b) Aug TOMS Solar

Figure 2.20: TOMS solar regression coefficients as in Figure 2.18 but for (a) July
and (b) August.
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in the derived ozone response at those latitudes. Similarly, MSU temperatures in
summer show little variation over the Il-year cycle at latitudes greater than 30°N
(Figure 2.21). Equatorwaxd of 30°N, what significant temperature variability is
present does not vary appreciably with longitude. Therefore, the remainder of this
section will focus on results for NH winter, where the observed ozone Veiriability is
largest and its longitude dependence is most pronoimced.
The longitude dependences of the solar regression coefficients derived from FUB
lower stratospheric temperatures in NH winter are shown in Figures 2.22 and 2.23.
In general, the differences between the MSU-4 temperature coefficients in Jan
uary and February are borne out at the three different levels. These differences are
comprised of decreases in the amplitude of the temperature response at both lower
latitudes (neax 30°N) and higher latitudes (poleward of 65°N) between January and
February. It is interesting to note that, for February in particular, the negative tem
perature response at high latitudes is largest at 100 mbar and diminishes noticeably
at the 50 and 30 mbar levels. On the other hand, the large positive temperature
response found in February near 60®N and 15®W appears to amplify at the upper
levels, increasing from 1.5 ± 1.0 K at 100 mbar to 4.5 ± 2.1 K at 30 mbar. This be
havior is similar to that of the positive temperature trends observed at the 50 mbar
and 30 mbar levels in the same region. Based on their variation with altitude, it is
likely that different physical processes are contributing to the high-latitude positive
and negative temperature responses in the lower stratosphere.
It was found that zonal meaui lower stratospheric temperatures and geopotential
heights exhibit similar behavior over the 11-year solar cycle, i.e. increases in both
quantities at midlatitudes and decreases at high latitudes between solar minimum
and solar maximum. An examination of the longitude dependences in the FUB-
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(a) Jul MSU Solar

51^

(b) Aug MSU Solar

Vo

Figure 2.21: MSU solar regression coefficients as in Figure 2.19 but for (a) July and
(b) August.
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Figure 2.22: Solar regression coefficients derived from FUB temperatures in January
at (a) 100 mbar, (b) 50 mbar, and (c) 30 mbax. Contour interval is 1 K, with
additional contours drawn for ±0.5 K. Negative values are shaded. Heavy contours
enclose statistically significant values.
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Figure 2.23: Solax regression coefficients derived from FUB temperatures, as in
Figure 2.22, for February at (a) 100 mbar, (b) 50 mbar, and (c) 30 mbar.
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derived solar regression coefficients in geopotential height at the three levels (Fig
ures 2.24 and 2.25) shows that the maxima in the height response do not necessarily
align geographically with the maxima in the temperature response (Figures 2.22 and
2.23).

In January, significant height increases are found at the 100 mbar level in

three distinct regions, with the largest increases of 120 ±35 meters found near 45°N
and 180°W, while decreases of more than 200 ± 100 meters between solax

mim'Tmim

and solax maximum occur over the North Pole. The results of the regression analysis
at 100 mbar in February axe very similar to those for January, although the midlatitude height increases are somewhat laxger in February. The vertical structure
in the variability of the height fields is also similar for both months. In general,
the values of the regression coefficients increase proceeding from 100 mbar up to
30 mbar. Interestingly enough, the negative height response at high latitudes also
increases with altitude. This differs with the negative temperature response noted
at high latitudes, which appears to decrease in amplitude with altitude.
Because the FUB stratospheric analyses extend back in time almost 3 decades,
it is possible to study the structure of the observed TTO-type behavior over more
than two solar cycles. The multiple regression statistical model (2.1) is applied to
27 years of FUB geopotential height data covering the period from 1965 through
1991. The 10.7 cm solax flux time series, obtained from over forty years of continuous
grovmd-based observations, is used in place of the Mg II index as an indicator of solar
UV variability (Stolarski et al., 1991; Hood and McCormack, 1992). The resulting
longitude dependences of the solax regression coefficients in winter, derived from the
extended 30 mbar geopotential height time series, are shown in Figure 2.26. At this
level, where the TTO in geopotential height is most pronounced, the patterns of
the TTO variability derived from the extended time series agree with the results
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Figure 2.24: Solar regression coefficients derived from FUB geopotential heights
in January at (a) 100 mbar, (b) 50 mbar, and (c) 30 mbar. Contours are drawn
every 30 meters. Negative values axe shaded. Heavy contours enclose statistically
significant results.

Figure 2.25: Solar regression coefficients derived from FUB geopotential heights, as
in Figure 2.24, for February at (a) 100 mbar, (b) 50 mbar, and (c) 30 mbar.
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(a) Jan 30 mbar Solar

(b) Feb 30 mbar Solar

Figure 2.26: Solax regression coefficients derived from 26 years of FUB 30 mbar
geopotentiai heights (1965-1991) for (a) January and (b) February. Negative values
axe shaded. Contours are drawn every 30 meters.
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obtained from the shorter 13-yeax record (Figures 2.24.0 and 2.25.c). This suggests
that the TTO in geopotential height concurrent with the observed TTO in total
ozone is representative of a long-term periodic variation.
Although the longitude and altitude dependences of the geopotential height solax
regression coefficients makes interpretation of the results rather complicated, com
paring the changes in the height fields with changes in. total ozone over the solar
cycle in. NH winter suggests a weak anti-correlation between the height and ozone re
sponses. Specifically, the negative ozone responses at 15°E and 180®W (Figure 2.18)
coincide with height increases at those longitudes between 40° N and 60® N. However,
there appears to be little to no correlation between the height and ozone responses
in regions where the total ozone regression coefficients aie statistically significant.
In summary, the regression analyses have identified variations in total ozone,
lower stratospheric temperature, and geopotential height over the 11-year solar cycle,
with the largest variations present during winter months in the NH. The behavior
of the temperature and height fields over the 11-year cycle indicates a strengthening
of the meridional temperature gradient during periods of solar maximum that is
centered on midlatitudes. This in turn implies changes in the lower stratospheric
zonal wind field over the solar cycle through thermal wind balance. The largest
total ozone changes are found near 30° N and 60° N latitude in February. The highlatitude positive ozone response arises from two specific locations, whereas the lowlatitude positive response is widely distributed in longitude. This suggests that
the physical origins of these two features are fundamentally different. While there is
some degree of correlation between the observed TTO in zonal mean total ozone and
the TTO in lower stratospheric temperature/geopotential height, this relationship
is less pronoimced in comparison to the trends case.
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Chapter 3

THE MODEL

The results presented in Chapter 2 have shown that the observed trend and TTO
components of interannual variability in total ozone are accompanied by significajit
variability in lower stratospheric temperature and geopotential height. In the NH
winter, the longitude dependences of the observed total ozone variability tend to
be positively correlated with the observed temperature changes and inversely cor
related with the observed height changes, particularly for the trends case. In this
chapter, a simple mechanistic ozone transport model is outlined which enables one
to quantitatively describe total ozone perturbations in terms of directly observable
dynamical quantities, i.e., temperature and geopotential height perturbations. This
model will be used to investigate to what degree the observed decadal total ozone
changes can be directly attributed to changes in the djmamical structure of the lower
stratosphere.

3.1

Lower Stratospheric Dynamics

As discussed in Chapter 1, eddy motions in the wintertime lower stratosphere arise
primarily through the upward propagation of planetary-scale Rossby waves origi
nating in the troposphere. (The term "eddy" is used here to refer to the deviation
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of a quantity from its zonal mean). Figure 3.1 shows the eddies in the monthly
meaji geopotential height field at the 100, 50, and 30 mbar levels calculated from
13 years worth of FUB analyses (1979 - 1991) for the month of January. The eddy
geopotential height fields at the three levels are dominated by long wavelengths, i.e.
disturbances having zonal wavenumbers of 3 or less. Previous observational studies
have indicated that these long wavelengths accoimt for almost all of the spatial vari
ance in the wintertime geopotential height fields (e.g., Randel, 1992; Pawson and
Kubitz, 1995). A comparison between the eddy height fields for January and Febru
ary (not shown) indicates that the locations of the maxima and minima change little
from month to month. The same conclusions can also be drawn from the observed
deviations in the long-term monthly mean temperature fields (Figure 3.2) obtained
from the MSU Channel 4 instrument (~100 mbar) and the FUB analyses (50 and
30 mbar).
These zonally asymmetric features in the geopotential height and temperature
fields can be regarded as quasi-stationary planetary waves superimposed upon a
background zonal mean flow (Andrews et al., 1987). The vertical propagation of
these waves, described by the so-called "Chamey-Drazin" theory, is dependent on
both the spatial scale of the disturbance and the strength of the background zonal
wind. Under the conditions of adiabatic and inviscid flow, the quasi-geostrophic po
tential vorticity is assumed to be conserved following the motion. Wavelike solutions
of the linearized quasi-geostrophic potential vorticity equation can only propagate
vertically (i.e. the wave's vertical group velocity is > 0) when the backgroimd flow
is westerly {u > 0) and less than some critical value Uc (e.g., Andrews et al. 1987;
James, 1994). The value of Uc in turn depends on the horizontal scale of the dis
turbance. This condition holds for stationary disturbances, whose horizontal phase
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Figure 3.1: The eddy geopotential height fields, in decameters, for the month of
January at (a) 100 mbax, (b) 50 mbar, and (c) 30 mbar, based on 13 years of FUB
stratospheric analyses (1979-1991). Contour interval is 10 dam. Negative values are
shaded.
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Figure 3.2: The eddy temperature fields for the month of January at (a) approxi
mately 100 mbar obtained from MSU Channel 4 measurements, (b) 50 mbar and (c)
30 mbax fr-om the FUB stratospheric analyses, based on 13 years of data (1979-1991).
Contour interval is 2 Kelvin.
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Figure 3.3: Critical values of the zonal mean zonal wind (uc) as a function of zonal
wavenumber (see text for details). Values of Uc are calculated from the dispersion
relation for Rossby waves at 45°N latitude assuming a meridional wavelength of 10^
m. [After James (1994), p. 194]
speed is zero. The relationship between the vertical propagation of Rossby waves
and the strength of the backgroimd zonal flow is illustrated in Figure 3.3. Tjrpical
values of the zonal wind in the wintertime lower stratosphere are shown in Fig
ure 3.4 (Randel, 1992). An important feature of this theory is that only disturbances
with the lowest wavenumbers will propagate vertically; shorter wavelengths become
evanescent (i.e. no vertical propagation) in the regions where the flow exceeds ap
proximately 20 m s~^. This is consistent with the observed eddy geopotential height
and temperature fields in NH winter, in which the longer wavelengths (wavenumbers
1-3) axe most apparent.
Stationary planetary waves propagate upwards from the troposphere at the rate
of several kilometers per day for typical spatial scales at midlatitudes. The time
required for these oscillations to travel upwards to the middle and upper stratosphere
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Figure 3.4: Latitude - height section of the zonal mean zonal wind in January from
the climatology of Elandel (1992).
is on the order of several days. At the same time, for typical values of the zonal
mean zonal wind at midlatitudes in the winter stratosphere, the chaxacteristic time
required for an air paxcel to circle the globe is also several days. In contrast, the net
diabatic heating rate in the wintertime lower stratosphere is relatively weak (~0.1
K per day), and the radiative damping times are on the order of between 50 and
100 days. Since the time scales associated with these waves are short compared to
radiative processes, it is reasonable to neglect diabatic heating. Furthermore, the
long wavelengths of these vertically propagating waves implies that their resultant
motions are in geostrophic balance to a good approximation (Hess, 1979). Therefore,
under the assimiption of adiabatic and geostrophic conditions, it is possible to infer
the vertical and meridional velocity perturbations associated with these waves from
observed geopotential height and temperature eddies.
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Figure 3.5: Latitude - height section of the zonal mean temperature in January
(Fleming et al., 1988).
The steady-state thermodynamic energy equation for an adiabatic process, when
linearized about a zonal mean basic state, is simply
vT'^ + v'Ty + w'(Tz + g/cp) = 0

(3.1)

where overbaxs denote zonal mean quantities, primes denote deviations from the
zonal means, and subscripts represent partial derivatives with respect to the Carte
sian coordinates. Monthly zonal mean temperatures (T) in the wintertime strato
sphere, taken from the global climatology of Fleming et ai. (1988), are shown in Fig
ure 3.5. Under the assumption of geostrophic balance, the meridional perturbation
velocity v' is related to the zonal derivative of the geopotential height perturbation
Z', evaluated on a constant pressure surface:
/

9

yt

(3.2)
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The vertical perturbation velocity xv' can then be determined by substituting (3.2)
into (3.1) and solving for iw', giving
(r,+s/<v)

(3.3)
Jo

Note that the vertical velocity w' depends on both the temperature and the height
perturbations. Eaxlier studies concerning dynamical perturbations to the ozone
layer in the SH winter (e.g., Newman and Randel, 1988), generally neglect the
meridional advection term in (3.3). This is justified because the lower stratospheric
geopotential height fields are, in general, fairly zonally symmetric in SH winter. In
the NH winter, however, the height fields exhibit a much higher degree of zonal
asymmetry, and therefore the contribution to w' from meridional advection should
not be neglected.
Using the observed geopotential height and temperature perturbations for the
month of January (Figures 3.1 and 3.2), the meridional and vertical perturbation
velocities axe calculated from (3.2) and (3.3). The resulting motion fields associated
with the quasi-stationary planetary waves at the 100, 50, and 30 mbar levels aie
shown in Figures 3.6, 3.7, and 3.8, respectively. At the 100 mbar level, the largest
meridional velocities are calculated near 65°N latitude, with amplitudes exceeding
10 m/s. The locations of the maxima and minima in v' at 100 mbar closely match
those locations where the zonal gradient in geopotential height is strongest (Figure
3.1a), which follows from (3.2). Similarly, the largest vertical perturbation velocities
at the 100 mbar level are also found at high latitudes.

An examination of the

derived v' and w' fields for January at the 50 and 30 mbar levels shows that while
the locations of the maxima and minima in the perturbation velocities change very
little with altitude, the amplitudes of v' ajid w' increase significantly at the upper
levels. This is to be expected for waves which propagate upward in a compressible

99

a)

(b)

Figure 3.6; (a) Estimates of the geostrophic meridional perturbation velocities at
100 mbar in January derived from the eddy geopotential heights. Contour interval
is 5 m/s. (b) The adiabatic vertical perturbation velocities at 100 mbar in Jajiuary.
Negative values are shaded. Contour interval is 0.25 mm/s.
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Figure 3.7: Same as in Figure 3.6 but at the 50 mbax level.
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Figure 3.8: Same as in Figure 3.6 but at the 30 mbar level.
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atmosphere.
Based on observations of the lower stratosphere provided by the MSU Channel
4 and the FUB radiosonde analyses, it has been shown that the temperature and
geopotential height fields in NH winter are characterized by large zonaUy asymmetric
feattires forced by upward propagating planetary waves. The meridional and vertical
perturbation velocities associated with these disturbances can be computed diagnosticaUy from the observed height and temperatTire perturbations. These results will
be important when considering the influence of djmamics on lower stratospheric
ozone in the following sections.

3.2

Ozone and Dynamics

It was discussed in Section 1.3 that the photochemical lifetime of odd oxygen in the
lower stratosphere is long compared to dynamical time scales, and so the spatial dis
tribution of total ozone is determined primarily by transport. Because of this, total
ozone fields in NH winter exhibit large deviations from zonal symmetry. Figure 3.9
depicts the long-term monthly mean total ozone distributions in the NH winter for
both January and February based on 13 yeajs of TOMS measurements. In this sec
tion, a simple mechanistic model is outlined which explains, both quantitatively and
qualitatively, the presence of quasi-stationary waves in lower stratospheric ozone in
terms of the observed geopotential height and temperature perturbations.
In the previous section, it was shown that the wintertime lower stratosphere is
strongly influenced by upward propagating stationary planetary waves, and that the
meridional and vertical perturbation velocities associated with these waves can be
estimated from the observed height and temperature fields. Climatological zonal
mean ozone mixing ratio profiles for the month of January are shown in Figure 3.10,
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(a) Jan

(b) Feb

Figure 3.9: Deviations of TOMS total ozone from zonal means for the month of (a)
JaJiuary and (b) February, bcised on 13-years of measurements (1979-1991). Negative
values axe shaded; contour interval is 20 Dobson Units (DU).

104

January Ozone Mixing Ratio (ppmv)
45
40
6

35

0)

30

T)
S

85

<

20

20

30

40

50

60

70

Latitude
Figure 3.10: Climatological values of the zonal mean ozone volume miYi'ng ratio
(ppmv) in January. See text for references.
and are taken from the Middle Atmosphere Program Handbook (Keating and Young,
1985) for levels above 20 mbar, and from the World Survey of Climatology (Diitsch,
1969) for levels below 20 mbar. Figure 3.10 indicates that considerable meridional
and vertical gradients in the ozone mixing ratio are present in the lower stratosphere.
In the limit that ozone photochemistry can be neglected in the lower stratosphere,
ozone in this region can be regarded as a passive trax:er for time scales of a month
or less (Wirth, 1993). As a resiilt, the presence of vertical and meridional motions
of air parcels superimposed on background spatial gradients in ozone wiU introduce
perturbations in the ozone mixing ratio at a given location.
To describe this quantitatively, consider the continuity equation for the ozone
m i x i n g r a t i o r ( x , y , z ,t ) :
|
|
=
+ V. V r = P - i

.

(3.4)

105

Neglecting photochemical production and loss terms (P aad L, respectively), the
continuity equation reduces to the following under steady-state conditions when
linearized about a zonal meaji basic state:
/—

ur'j. + v'vy + w'r^ = 0.

(3.5)

Using (3.2) and (3.3) to eliminate v' ajid w\ respectively, and solving for
RR.

gives
(3.6)

Upon rearranging of like terms in (3.6), one can express the zonal derivative of the
ozone mixing ratio in terms of the temperature and height perturbations T' and Z'
as follows:
rpf

[r. + g / c p ]

"

9

Ufo

Tz->rglc^

(3.7)

Integrating (3.7) gives the following relation for the zonally asymmetric compo
nent of the ozone mixing ratio at a given location:
r' = AT' -BZ' + C

(3.8)

where
rzTy
T.+glc^\

(3.9)

and C is a constant of integration. Since r', T\ and Z' all have zero zonal means by
definition, the value of C must be zero. Therefore, deviations of the ozone

miving

ratio from the zonal mean can be estimated directly from the eddies in the tempera
ture and height fields in the lower stratosphere under steady state conditions, when
photochemistry can be neglected and the motions are adiabatic and in geostrophic
balance.
The functions A and B are determined by the basic state ozone, temperature, and
zonal wind distributions. Because (3.8) describes perturbations in the ozone mixing
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ratio from the zonal mean value, the solution applies when r' is much less than f.
In particular, note that this solution is invalid at low latitudes (i.e. < 20®N) where
fo becomes large, as well as at levels where u approaches zero. This latter point
reminds us that the simple assumptions upon which the Chamey-Drazin theory
relies no longer apply in the presence of these "critical lines" (i.e. regions where
u = 0). Specifically, the conditions of linear, adiabatic, and inviscid flow break
down in these regions. Additional physical effects such as wave transience and
dissipation become important in the vicinity of critical lines (Andrews, 1987). In
the present study, which is concerned with the stratosphere in NH winter, values of
the zonal mean zonal wind axe positive throughout the stratosphere at extratropical
latitudes, and so the simple linear perturbation model (3.8) is approximately valid.
The values of A and B calculated from the January climatological u, T, and f
fields are shown in Figure 3.11 and Figure 3.12, respectively. Below 35 km altitude,
the temperature parameter A is positive in NH winter, which indicates that the
ozone mixing ratio perturbation Z in this region is positively correlated with the local
temperature perturbation. The geopotential height parameter B is also positive
throughout the lower stratosphere but changes sign above ~25 km altitude, owing to
the reversal in the sign of Fy, the meridional gradient in the ozone miviTig ratio. Total
ozone perturbations, which are weighted heavily towards the lower stratosphere (i.e.
below ~25 km), should therefore be negatively correlated with geopotential height
perturbations. The same is true for the values of A and B computed for the month
of February (not shown). Note that the value of the parameter B is related to the
value of A through (3.9). However, the dependence of 5 on A is rather weak since
f y

is generally a n o r d e r of magnitude greater t h a n t h e product of A a n d

T y .

Using the observed long-term mean eddy height and temperature fields for Jan-
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Figure 3.11: Values of the parameter A ia equation (3.8) derived from the model
climatology for the month of January, which expresses the sensitivity of the ozone
mixing ratio perturbation to the local temperature perturbation in terms of ppmv
per degree Kelvin.
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Figure 3.12: Values of the parameter B in (3.8) representing the sensitivity of the
ozone mixing ratio perturbation to the local geopotentiaJ height perturbation in
ppmv per 100 meters.
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uaxy ajid Febniaxy at 100, 50, and 30 mbax and the values of A ajid B for each month,
the resulting perturbations in the ozone mixing ratio at each level axe computed us
ing (3.8). For this calculation, the following reference values for the approximate
altitudes of each pressure level axe adopted: 16 km (100 mbax), 20 km (50 mbar),
and 24 km (10 mbax). Figure 3.13 shows the values of r' for January at each of
the three pressure levels. Results for latitudes equatorward of 25°N are not shown
since the model is not valid at low latitudes, where the CorioUs parameter becomes
large. At 100 mbax, the ozone perturbations resemble a zonal wavenumber 2 pat
tern, with positive ozone perturbations found between 45°N and 60°N extending
from QO^E to 180°E and 60°W to 90°W; negative perturbations axe centered on
135°W and 15°W. Similar patterns in r' are seen at the 50 mbar level, although the
amplitude of the perturbations decreases somewhat. At the 30 mbax level, the ozone
mixing ratio perturbation more closely resembles a wavenumber 1 pattern (i.e. one
maximum/minimum around a latitude circle).
Comparison of the model ozone miviTig ratio perturbations with the eddy height
and temperature fields for Januaxy (Figures 3.1 and 3.2, respectively) shows that,
at the 100 mbax level, the ozone maxima axe closely linked to both the negative
geopotential height perturbations and the positive temperature perturbations. At
the upper levels, the maxima/minima in the height and temperature fields appear
to be more closely aligned with each other. At greater altitudes, the contributions
to the ozone perturbation from each of these fields tend to cancel one another to a
degree, and so the resulting value of r' at the 50 and 30 mbax levels is less than at
the 100 mbar level. Similar results axe also found when (3.8) is used to compute the
ozone mixing ratio perturbations in February (not shown).
In this section we have shown that in the wintertime lower stratosphere, where
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Figure 3.13: Perturbations in the ozone mixing ratio for the month of January at
(a) 100 mbar, (b) 50 mbar, and (c) 30 mbar calculated with the ozone transport
model. Negative values are shaded.
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ozone is controlled primarily by transport, the eddy motions associated with upward
propagating plajietary waves can introduce perturbations in the ozone miving ratio.
Using climatologicai values of the background zonal mean ozone, temperattire, and
zonal wind, quantitative estimates of the ozone perturbation at a given location can
be obtained from a simple linear model using observed deviations in the temperature
and geopotential height fields from the zonal means as input.

3.3 Quasi-Stationary Waves in Total Ozone
It remains to be shown how the simple ozone perturbation model outlined in the
previous section can be used to explain the quasi-stationary waves in total ozone
observed in NH winter (Figure 3.9). It should be emphasized that the applicability
of this model is limited to conditions under which the adiabatic and geostrophic
approximations axe valid and ozone photochemistry can be neglected. Previously,
scaling arguments were used to justify these assumptions. A more rigorous test
of these asstmiptions is to investigate whether or not the model can be used to
reproduce the observed features in the wintertime total ozone fields solely from the
observed eddy temperature and height fields. In this section, the model wiU be used
to estimate total ozone perturbations, and these results wiU be compared to TOMS
observations for both the January and February cases.
The total ozone column abundance (or simply "total ozone") is defined as the
vertically integrated number density of ozone

normalized to standard tempera

ture and pressure (STP). From this definition, the total ozone abimdance Cl can be
expressed mathematically as
n=

TI q

,

(3.10)

where Ug is Loschmidt's number (i.e., the number density of dry air at stamdard

Ill

temperature and pressure). The quantity fl represents the total number of ozone
molecules overljdng a unit area. Because

has units of length, total ozone is

commonly expressed as a column depth in Dobson Units (DU), where 1 DU =
lxlO~® m. Global average values of total ozone are on the order of 300 DU; this is
equivalent to an overlying ozone abimdance of roughly 8x10^^ molecules m~^.
If the ozone volume mixing ratio r = nosfriair axid the atmospheric density
Pair

= PI^ axe known throughout the stratosphere and upper troposphere, then

the total ozone fl can be determined from the relation
(3.11)
where ma.r = 4.83 x 10

kg is the molecular weight of dry air, Uo = 2.69 x 10^®

m~^, and the limits zi and Z2 are the upper and lower bounds on the integration over
geometric height z. Following Wirth (1993), the integrand in (3.11) can be referred
to as the total ozone density e, and is expressed in units of DU/km. Unlike the
number density or the mixing ratio, the total ozone density provides an estimate of
the direct contribution from ozone at a given level to the total column abimdance.
Figure 3.14 shows the total ozone density as a function of latitude and altitude for
the month of January. At northern midlatitudes in winter, more than 50% of the
total ozone cohimn abundance resides below 25 km and more than 75% lies below
30 km.
Using the observed eddy height and temperature fields, the ozone transport
model (3.8) provides estimates of the ozone mixing ratio perturbation r' at the 100,
50, and 30 mbar levels. These results are interpolated with a cubic spline, and
the resulting profiles of
ozone perturbation

in the lower stratosphere axe used to compute the total

from (3.11). In order to correctly model the amplitude of the

total ozone perturbation, it is necessary to include the contribution to Cl' from the
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Figure 3.14: Latitude - height section of the ozone column density calculated from
the Januaxy ozone mixing ratio climatology.
region near the tropopause. Therefore, cUmatological values of the eddy geopotential
heights and temperatures at the 250 mbar level (~I0 km altitude) provided by the
National Meteorological Center (NMC) gridded analyses were incorporated into the
model calculations. The NMC data were made available on CD-ROM by K. P.
Bowman at Texas A&M University.
To illustrate this method, the values of r' at 250, 100, 50, and 30 mbar computed
for January 45®N 115°E are shown in Figure 3.15.a, along with the interpolated pro
file of r'. Using (3.11), these are converted into estimates of the total ozone density
i (Figure 3.15.b), which are then siunmed to give the total ozone pertiirbation fl'.
As Figure 3.15.b shows, a significant fraction of the total ozone perturbation comes
from levels between 10 and 20 km; this is true in general, regardless of the location
or the sign of the perturbation.
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Corresponding values of the ozone column density perturbations e' (solid line), with
the four altitude levels indicated for reference to (a).
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The total ozone perturbations determined from the 1979-1991 mean values of
the eddy height and temperature fields at 45''N in both January and February are
compared with the observed 1979-1991 TOMS total ozone perturbations in Fig
ure 3.16. It can be seen that the model reproduces the observed zonaJ asymmetry
in total ozone to a high degree. Specifically, the observed "ridge" between 120° W
axid 180°W and the observed "troughs" near 120°W and 30°W axe simulated well by
the model. The largest discrepancies between the modeled and the observed total
ozone distributions, which occur near 60°W in Januaxy and 0° in February, axe no
more than 15 DU. Extending the model calculations to other latitudes (Figure 3.17)
shows that the total ozone perturbations in NH winter determined from the lower
stratospheric geopotential heights and temperatures agree well with the observed
total ozone perturbations between 30°N and 65°N.
A useful measure of the spatial variability in total ozone forced by quasi-stationary
planetary waves is the root mean square standard deviation of the total ozone dis
tribution around a latitude circle (Wirth, 1991). This quantity, denoted as

is

calculated from the total ozone perturbation n'(x, y) as foUows:
^^03 =

,

(3.12)

where the overbar represents the zonal average. Figure 3.18 compares the values of
the total ozone wave variance

calculated from the 1979-1991 mean TOMS total

ozone distribution with model estimates of o-oj as a function of latitude for both
January and February. Between 35°N and 65°N latitude, the total ozone distribution
shows a high degree of spatial variability. Equatorwaxd of 35° N, the dynamical
forcing of total ozone is minimal. Overall, the mechanistic ozone transport model
accurately describes the observed spatial variance of the total ozone distribution in
NH winter at extratropical latitudes.
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Figure 3.17: A comparison of the modeled spatial distribution of total ozone (left
panel) with the 1979-1991 mean TOMS distribution (right panel) for (a) January
and (b) February. Negative values are shaded. The contour interval is 20 DU.
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This modeling approach was first used by Kurzeja (1984) to explain the origin
of quasi-station«iry waves in total ozone observed in NH winter using climatological
values of the geopotential height perturbations to estimate both the horizontal and
vertical motions associated with planetary wave activity. This requires that the
vertical gradient of geopotential be used in place of temperature in (3.8), assuming
hydrostatic balance. This method has also been used by Wirth (1993) to simulate
the total ozone waves observed in the Southern Hemisphere winter, and by Hood
and Zaff (1995) in a preliminary investigation of the dynamical origin of the ob
served longitude dependence in TOMS ozone trends. These later studies also used
geopotential height to infer both the horizontal and vertical perturbation velocities.
The version of the model outlined in this chapter maJces direct use of both tem
perature and geopotential height perturbations. This avoids any potential errors
which may be introduced when evaluating vertical gradients of geopotential in finite
difference form. The latter point is important since the goal of the present work is
to quantitatively estimate the dynamical contribution to the observed patterns of
interannual variability in total ozone in NH winter.
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Chapter 4

MODEL RESULTS

4.1

Interannual Variability

The results of the multiple regression analyses in Chapter 2 show significajit longi
tude dependences in both the trend and the ten-to-twelve year oscillation (TTO)
in lower stratospheric temperature, geopotential height, and total ozone during NH
winter. In an earlier analysis of TOMS total ozone and MSU-4 temperatures by
Randel and Cobb (1994), it was noted that the spatial patterns in the ozone and
temperature trends at higher latitudes in NH winter were consistent with long-term
changes in the cUmatological stationary wave structure. Specifically, the large neg
ative ozone trends in regions where the cUmatological total ozone perturbation is
positive, and the positive ozone trends in regions where the total ozone perturba
tion is negative, suggest a weakening of the wave structure in toteil ozone over the
1980's. More recently, Hood and Zaff (1995) investigated the longitude dependence
of total ozone trends during NH winter with a modeling approach similar to that
described in Chapter 3. It was shown that changes in the wave structure of the
mean January total ozone distribution between the early 1980's and the late 1980's
could be approximately reproduced from the observed changes in the amplitudes
and phases of stationary planetary waves over that period. These changes in plan-
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etaxy wave structure appear to have originated in the troposphere, and frona these
findings it was proposed by Hood and Zaff (1995) that decadaJ-scale variability in
the forcing of stationary planetary waves near the surface was primarily responsible
for the observed longitude dependence of total ozone trends in NH winter over the
L980's.
Turning to the issue of solar cycle variations, recent observational studies have
indicated that the majority of the TTO in total ozone originates from the lower
stratosphere, where ozone is primarily controlled by dynamics (Hood, 1996; Wang
et al., 1996). The significant longitude dependence of the derived solar regression
coefficients in total ozone during NH winter, when the largest response is observed,
suggests a possible dynamical origin. However, the spatial correlations between
the observed TTO in total ozone, temperature, and geopotential height are not as
pronounced as in the trends case.
The preceding chapter introduced a mechanistic ozone transport model which
simidates the zonally asymmetric component of the climatological total ozone dis
tribution in NH winter. This model uses observed lower stratospheric temperature
and geopotential height perturbations to represent the effects of linear, conservative,
stationary planetary waves which propagate upwards from the troposphere. In this
chapter, the model is applied on a year-to-year basis for the months of January and
February. The goals of this investigation are: (1) To accurately reproduce the interannual variability ta the total ozone perturbations forced by stationary planetary
waves; (2) To investigate whether or not the observed longitude dependences of the
trends and TTO in total ozone can be explained by the observed changes in lower
stratospheric temperature and geopotential height.
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4.1.1

Linear Model Calculations

To simulate the interannual vaxiability of eddies in NH winter total ozone fields, the
mechanistic ozone transport model described in Chapter 3 is applied to 13 individuai
years (1979 through 1991) using the observed eddy temperature and geopotential
height fields for the months of January and February. From equation (3.8), the
ozone mixing ratio perturbation at a particular location forced by the adiabatic and
geostrophic motions associated with stationary planetary waves is given as
r' = AT'-BZ' .

(4.1)

The paxameter A is dependent on the vertical gradients in the background zonal
mean temperature ajid ozone miYing ratio. The parameter B depends on the merid
ional gradient in the zonal mean ozone miving ratio, the value of the zonal mean
zonal wind, ajid the Coriolis parameter. Using the eddy temperature and geopoten
tial height fields for a given month and year, along with the appropriate values of A
and

the ozone mixing ratio perturbation r' is calcidated at the 250, 100, 50 and

30 mbar levels. The resulting estimates of r' are then interpolated and summed in
the vertical to provide an estimate of the total ozone perturbation.
The MSU Channel 4 measurements are used to represent the temperature per
turbations at the 100 mbar level. Temperature perturbations at the 50 and 30 mbar
levels are taken from the FUB stratospheric analyses, as are the geopotential height
perturbations at the three uppermost levels. For the 250 mbar level, the height and
temperature perturbations axe specified using the monthly mean NMC analyses.
Unlike the MSU-4 measurements and the FUB analyses, the NMC analyses have
undergone significant changes in both data collection and data assimilation over the
1979 - 1991 period (see Randel, 1992, and references therein). The discontinuities in
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troduced by such changes make the evaluation of the long term trends or the TTO in
NMC products inherently unreliable. However, in the context of the present study it
is the perturbations (i.e. deviations from the zonal mean) in the height and temper
ature fields at a particular location and time which are of interest. These quantities
should not be directly affected by any discontinuities in the analyses. As noted in
Chapter 3, information on the temperature and geopotential height perturbations
near the tropopause region (i.e. 250 mbax) is important for correctly simulating the
magnitude of the observed total ozone perturbation. For the purpose of describing
the interamiual variability of the total ozone perturbations in NH winter, the use of
the NMC analyses at the 250 mbar level should not be problematic, provided that
the modeled year-to-year behavior of the total ozone perturbation is not dominated
by the contribution from this level.
Figure 4.1 shows the interannual variability in the temperature and geopoten
tial height perturbations at the 250 mbar level {T250 and Z^ , respectively) for the
SQ

month of January at 50''N latitude and 105°E longitude. At this location, temper
atures are roughly 5 K below the zonal average value (Figure 4.1.a); the am.plitudes
of the temperature perturbations are smallest in January of 1981, 1984, and 1988.
Both positive and negative geopotential height perturbations occur at this location
(Figure 4.1.b), ranging from —80 meters to 50 meters. Figure 4.1.c depicts the ozone
mixtug ratio perturbation for each January at the 250 mbar level (r^go) calculated
from (4.1). Note that the sign of rjso is negative in every year except 1984. During
years when Tjsq and Zjso axe of opposite sign (e.g. 1983 and 1987), Tjsq is most neg
ative. When 7^250 and

have the same sign, the ozone mixing ratio perturbation

Tjso is close to zero.
The observed temperature and geopotential height perturbations at 100 mbar
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Figure 4.1: Time series of perturbations in (a) temperature, (b) geopotential height,
and (c) model ozone mixing ratio at 250 mbar for 50°N latitude, 105°E longitude in
Jaaiuary.
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{T[ and Z[ ) for the same month and location are shown in Figure 4.2. In contrast
OQ

QQ

to the temperature perturbations at the 250 mbar level, T[

QQ

is positive for most

years (Figure 4.2.a). The height perturbation (Figure 4.2.b) at 100 mbar in each
year is negative and larger than

The model ozone mixing ratio perturbation

rJoQ for each year (Figure 4.2.c) is positive and considerably larger than r^^Q. This
latter point is to be expected since both the amplitudes of Z' and T' and the values
of the parameters A and B increase with height in the lower stratosphere.
Figures 4.3 and 4.4 depict the temperature, geopotential height, and model ozone
mixing ratio perturbations at the 50 and 30 mbar levels, respectively, in January
at 50°N latitude and 105°E. T^ and
Q

are positive in each yeax and indicate an

increase in the amplitude of T' with height. The year-to-year changes in

and

axe well-correlated with the temperature perturbations at 100 mbar. The values
of Zgo are negative in each year, while Z'^ ranges from large negative values (—266
meters in 1990) to slightly positive values (34 meters in 1985). The calculated ozone
mixing ratio at 50 mbar (Figure 4.3.c) is comparable in size to r'^QQ, while the size
of

is substantially less. This reflects the decrease in the values of the A and B

parameters with altitude above the 50 mbar level (~20 km) at 50°N in January.
The contributions to the total ozone perturbation from each pressure level at
50°N and 105°E in January, expressed in terms of the total ozone density (DU per
km), are shown in Figure 4.5. It follows from the definition of the total ozone den
sity (equation 3.10) that the contribution to the total ozone perturbation depends
on both the magnitude of the ozone miying ratio perturbation and the value of the
atmospheric density at a given level. At the 250 mbar level, where values of the
backgroimd ozone mixing ratio are small, the ozone mixing ratio perturbation rjso is
also quite small (Figxire 4.1.c). However, the contribution of rjso to the total ozone
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perturbation (Fignre 4.5) is qiiite substantial, owing to the larger atraospheric den
sity at lower altitudes. Since the magnitude of the ozone mixing ratio perturbation
increases with altitude above 250 mbar, t^qq and r'^Q both contribute significantly
to the total ozone perturbation, even though the atmospheric density has decreased
by a factor of 2 to 4 compared to the 250 mbax level. For northern midlatitudes in
winter, the peak in the ozone mixing ratio lies near the 30 mbax level. However, the
contribution of

to the total ozone perturbation is minimal, since the atmospheric

density at this level is now roughly 6 times less than the density at 250 mbar.
The interannual variability of the modeled total ozone perturbation for January
at 50°N latitude and 105°E is compared with the observed TOMS ozone pertur
bations in Figure 4.6. At this location, the model reproduces the majority of the
observed total ozone variability. The total ozone time series (Figure 4.6) appears
to show the highest degree of correlation with the ozone Tniving ratio time series
at the 100 and 50 mbar levels (Figure 4.5). This suggests that observed changes in
dynamics from year to year between 100 and 50 mbar are primarily responsible for
the observed total ozone variability at this location.

4.1.2

Non-Linear Effects

The simple mechanistic ozone transport model used here is derived from the lin
earized steady-state ozone continuity equation under the assumptions of adiabatic
and geostrophic balance. The linear relationship which describes the ozone mi-iring
ratio perturbations in terms of the temperature and geopotential height perturba
tions (4.1) assumes that the perturbation (i.e. primed) quantities are much smaller
than the background zonal mean values. The linear model's ability to reproduce the
main climatological features of the total ozone perturbations as well as the interan-
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nual variability in the total ozone perturbation at a given location suggests that the
assumption of linearity is a fair approximation.
In reality, however, the NH wintertime lower stratosphere is seldom "linear"
in the strict mathematical sense. The best examples of this non-lineaxity are the
stratospheric sudden warmings which occur sporadically and are found most often
during the months of Januaxy and February (Andrews et al., 1987). These events
are characterized by rapid growth in the amplitude of planetary waves in the lower
stratosphere which alters the normal circulation patterns at high latitudes. The
center of the circumpolar jet is displaced by these disturbances, which leads to a
sudden warming of the polar stratosphere by the resulting meridional flow. In the
event of a major warming, the meridional temperature gradient is reversed, and the
zonal flow can become easterly over the polar regions for a brief period of time. More
generally, the effect of smaller but more common distxirbances often leads to values
of the zonal wind perturbation u' at northern middle and high latitudes which are
not small when compared to the value of the backgroimd zonal mean zonal wind u.
This is illustrated in Figure 4.7, which depicts values of the 100 mbax zonal wind
perturbation u' at 50°N and 105°E in January. The climatological value of the 100
mbar zonal mean zonal wind at 50°N is 20 m/s. In several yeaxs the value of u' is
not smadl compared to it.
To account for possible non-linear contributions to the ozone miying ratio per
turbation, the continuity equation for ozone can be written in full form, after Wirth
(1991):
(if -h U')T'^ + V\RY -h r'j,) -|- ^'(fj + r'^) = 0.

(4.2)

As Figure 4.7 shows, the zonal wind perturbation u' cannot always be neglected
in comparison with u when considering the dynamics of the lower stratosphere in
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Figure 4.7: Values of the 100 mbar zonal wind perturbation at 50°N and 105°E in
January.
NH winter on a yeax-to-year basis. An initial application of the linear model (4.1)
to estimate the climatological ozone mixing ratio perturbation (see Figures 3.14,
3.15) yields values of r'y which axe of the same magnitude as Ty at certain locations,
and values of

that are much less than fz. Therefore, neglecting the non-Hnear

contributions to r' associated with the u' and

terms may not always be justified.

The magnitude of these non-linear terms can be estimated by solving (4.2) for
and integrating, as described in Chapter 3. The resulting "non-linear" solution has
the form

where r' and

are determined from an initial application of (4.1). Figure 4.8

compares the estimates of t^qo

January at 50° N and 105° E calculated from both

the linear and non-linear formulations. The effect of the non-linear terms in (4.3)
is largest in 1984, when the zonal wind perturbation u' was largest (Figure 4.7).
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The contribution of the non-lineax effects towards the total ozone pertiirbation at
the same location is shown in Figure 4.9. In this case, inclusion of the non-linear
terms has little impact on the modeled year-to-year variability in the total ozone
perturbation. This is consistent with the findings of Wirth (1991), who showed
that, in general, the non-linear forcing of the ozone mixiag ratio perturbations in
NH winter is largest above the 30 mbax level, and therefore does not significantly
affect the total ozone perturbation. Although the dynamics of the NH wintertime
lower stratosphere may not be strictly linear in the mathematical sense, the linear
model (4.1) can be used in the present work to describe the djmamical contributions
to the observed interannual variability in total ozone.

4.1.3

Model Results vs. Observations

To see if the good agreement between the modeled ajid observed total ozone pertur
bations at 50°N and 105°E in January holds throughout the NH winter in general,
the linear model is applied on a 5° latitude/longitude grid extending from 30° N to
65° N latitude for both January ajid February. Small values of the Coriolis param
eter equatorward of 30°N latitude limit the model's applicability at low latitudes,
while the TOMS observations needed for comparison are limited to sunlit regions in
NH winter equatorward of 65° N latitude. The temporal behavior of the model time
series is compared with that of the TOMS observations by calculating the coefficient
of correlation R between the two time series at each grid point. For two arbitrary
time series X and V of length N, the correlation coefficient is given by
(4.4,
0'x(Ty
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where a is the standard deviation and cov[XY\ is the covariance of X and Y:
(4.5)
For the time series of length ^ = 13 years examined here, values of R greater than
roughly 0.7 are significant at the 1% level, meaning that only once in one hundred
trials would two uncorrelated time series of this length give a value of /? as high as
0.7 by chance (Mills, 1955).
Figure 4.10 shows the values of the correlation coefficient R as a. function of
location for both January and February. In general, values of R exceeding 0.7 are
found over most of the model domain, indicating that the linear model reproduces
much of the observed interannual variability in the total ozone perturbations. In
the January case (Figure 4.10.a), values of R exceeding 0.9 occur between 40°N
and 60° N latitude, extending from 105°E eastward to 135°W, and from 0° to 60°W.
In February (Figure 4.10.b), correlation coefficients exceeding 0.9 axe found over a
somewhat smaller range of latitudes, from 105°E to 180°E, and from 40°W to 60°E.
Regions where the correlation coefficients are low (less than 0.6), are centered on
90°W and 60°E in January. Similarly, low correlations are also foimd in February
near 90° W and 90° E. Examination of the observed climatological total ozone pertxirbations in NH winter (Figure 3.11) reveals that these regions of low correlation
between the modeled and observed ozone time series coincide with regions where
the total ozone perturbation is near zero. Therefore, the model appears to repro
duce the observed interannual variability in the total ozone perturbations in those
regions where the forcing by quasi-stationary planetary waves is most pronounced.
In regions where the effects of these waves are minimal, other processes not included
in the simple mechanistic model may be of importance in explaining the observed
interannual variability.
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(a) Jan

(b) Feb

Figure 4.10: Values of the coefficient of correlation between the modeled and ob
served total ozone perturbation time series for (a) January and (b) February. The
contour interval is 0.1. Values greater than 0.7 are shaded.
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Finally, Figure 4.11 compares the correlation between the TOMS total ozone
perturbations and the modeled ozone mixing ratio perturbations at the four indi
vidual pressure levels: 250, 100, 50, and 30 mbar. Regions where the correlation
coefficient exceeds 0.7 extend over much of the model domain (i.e. 30°N to 65°N lat
itude) at the 100 and 50 mbar levels. It appears that over most of the extratropical
NH in winter, the observed year-to-year variability in the total ozone perturbations
are closely linked to changes in the eddy temperature and geopotential height fields
between 50 and 100 mbar.

4.2

Modeled Trends

It has been shown that much of the observed interannual variability of total ozone
perturbations in NH winter can be explained by changes in the dynamical forcing
of these perturbations using a simple mechanistic ozone transport model. In this
section, the model results axe discussed in the context of the observed total ozone
trends in NH winter presented in Chapter 2.
Taking the TOMS total ozone trends over the period 1979 - 1991 and subtracting
the zonal mean trend value emphasizes the longitude dependences of the trend esti
mates in NH winter. Figure 4.12 shows the residting zonaJly asymmetric component
of the TOMS total ozone trends for both January and February. In the January
case (Figure 4.12.a), regions where the derived trend values are more than 20 DU
per decade below (i.e. more negative than) the zonal mean value extend from 40°N
to 60° N latitude between 90° E and 180° E longitude. Trends which are more than 20
DU per decade above the zonal mean value are centered on 50°N and 25°W. In the
February case, (Figure 4.12.b), negative trend estimates exceeding their zonal mean
value occur at high latitudes near 120° E and 140°W, as well as at lower latitudes

Figure 4.11: Values of the coefficient of correlation between TOMS total ozone
perturbations and the modeled ozone mixing ratio perturbations in February at (a)
250 mbar, (b) 100 mbar, (c) 50 mbar, and (d) 30 mbar.
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Figure 4.12: Deviations of the TOMS trend coefficients from their zonal mean values
for (a) January and (b) February. Contours are drawn at 0, ±5, ±10, ±20, and ±30
DU per decade. Negative values are shaded.
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between 30°N and 40°N from 110®W to 30°W. Note that the geographic distribution
of the total ozone trends presented in Figure 4.12 differs markedly between Januaxy
and February, particularly at higher latitudes.
By appljdng the ozone transport model on a year-to-yeax basis, it can be deter
mined whether or not the observed longitude dependences of the total ozone trends
result from the observed trends in the geopotential height and temperature fields.
Figure 4.13 compares the observed and modeled total ozone perttirbations for two
locations at 50° N in January, corresponding to regions where large negative (160°E)
and positive (25°W) trends are observed. At 50°N and 160°E in January (Figure
4.13.a), the modeled total ozone perturbations forced by quasi-stationaiy planetary
waves are large and positive, consistent with the cUmatological ozone distribution
in NH winter. The model calculations show the amplitude of this perturbation to
decrease over time, particularly in the latter portion of the record. This behavior
is identical to the observed total ozone variability. At 50° N and 25° W in January
(Figure 4.13.b), the modeled and observed total ozone perturbations are both neg
ative, and are seen to increase over time. Similax results axe obtained in February
regarding the negative trends at 55°N, 120°E (Figure 4.14.a), and the positive trends
occurring at 50°N, 15°W (Figure 4.14.b). These results indicate that the wave forc
ing of the total ozone distribution in NH winter decreased over the 1980's, causing
total ozone values to decrease in regions where the ozone perturbation is positive,
while total ozone increased in regions where the perturbation is negative. In gen
eral, the model explains most of the observed interannual vaxiability in total ozone
at these locations.
The root mean square standard deviation

was introduced in Chapter 3 as

a measure of the wave forcing of the total ozone distribution at a given latitude.
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Figure 4.13: Time series of the observed (solid line) and modeled (dashed line) total
ozone perturbations in January for two locations at 50° N where significant trends
axe present.
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Figure 4.14: Time series of the observed (solid line) and modeled (dashed line) total
ozone perturbations in Februajy at (a) 55°N and (b) 50°N where significant trends
axe present.

140

Using the model results for each year, the time series of o-Qj was produced for 50°N
latitude. Figure 4.15 compares the modeled and observed values of <703 for both
January and February. In the January case, the wave forcing of the total ozone
distribution shows a steady decline throughout the 1980's. In Februaxy, the year-toyear variability in the wave forcing is more pronounced than in January, but overall
there appeaxs to be less wave forcing in the late 1980's compared to the early 1980's.
This demonstrates that changes in the dynamical forcing of the wintertime lower
stratosphere are an important component of the observed interannual variability in
total ozone in NH winter.
It is desirable to have quantitative estimates of the trends in the modeled total
ozone distributions in January and February for comparison with observational resxilts. However, since the model time series consist of only 13 points, it is difficult to
acquire robust results using the statistical method outlined in Chapter 2. Instead,
simply taking the difference in the 3-year mean ozone value at the end of the record
(1989, 1990, 1991) with that from the beginning of the record (1979, 1980, 1981)
gives a crude estimate of the magnitude of the model trends. Values of the model
ozone trends for January and Februaxy obtained with this method are shown in Fig
ure 4.16. Comparisons between the observed and modeled trends (Figures 4.12 and
4.16, respectively) show good qualitative and quantitative agreement, in support
of the earlier findings of Hood and Zaff (1995). Notable exceptions occur at 45° N
between 45° E and 110°E in both January and February, as well as near 45° N and
120°W in February.
One of the primary motivations for the present work is the presence of large
negative trends in total ozone at northern midlatitudes in winter, which cannot be
explained by current photochemical models in terms of chlorine-induced depletion.
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Figure 4.15: Observed (solid line) and modeled (dashed line) values of the root meaji
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142

(a)

(b)

Figure 4.16; Trends in the modeled total ozone perturbations for (a) January ajid
(b) February. Contours are drawn at 0, ±5, ±10, ±20, and ±30 DU per decade.
Negative values are shaded.
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The model results presented in this chapter show that the dynamics of the winter
time lower stratosphere dominate the observed interannual variability in total ozone
perturbations at middle and high latitudes. Subsequently, much of the observed
longitude dependences in the total ozone trends can be reproduced with this model.
Since the model describes perturbations in total ozone, i.e. deviations from the
zonal mean, as such it cannot be used to explain trends in zonal mean total ozone.
The results from this model can, however, offer some insight regarding the character
of these imexplained midlatitude trends.
Consider the TOMS total ozone trends (with the zonal mean value included)
at 40°N latitude in January as a function of longitude (Figure 4.17).

Overall,

the locations of the maxima and minima in the longitude distribution of the model
trends (the dashed line in Figure 4.17) agree reasonably well with the TOMS trend
distribution (solid line). Between 30°E and 120°E, however, the shape of the model
trend distribution differs from the observed trends. According to photochemical
modeling studies, the midlatitude zonal mean total ozone loss between 1980 and
1990, in response to increases in stratospheric chlorine, is on the order of 1.5 to 2%
(Granier and Brasseur, 1992). This translates into a decrease of approximately 5 DU
per decade at 40° N latitude in January. The value of the corresponding zonal mean
TOMS trends is —20 DU per decade. The combination of the chemically-induced
trend estimates with the dynamical model trends (dot - dashed line in Figure 4.17)
shows that current theoretical predictions underestimate the observed midlatitude
losses by a factor of two or more and, at some locations, still predict slight increases
in total ozone.
Comparing the observed and modeled trend distributions at 40° N in February
(Figure 4.18) yields results which axe similar to the January case. While the model
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reproduces most of the observed maxima and minima in the longitude distribution
of the TOMS ozone trends, it does not accurately describe the characteristics of the
observed trends between 20° E and 120° E. Combining the trends from the djmamical
model with the estimated zonal mean trend of —8 DU per decade stiU gives trend
values which are positive over much of this region. In contract, the observed trends
between 20°E and 120°E are negative and approximately constant.
At 40° N latitude in January, the la value of the uncertainty estimate in the
zonal mean TOMS trend coefl&cient is ±12 DU per decade. Adopting the upper
most (i.e. positive) limit in the TOMS regression coefficients specified by the cor
responding 2<t uncertainty estimates yields values that are similar to the combined
chemical/dynamical model estimates at 40°N in January (Figure 4.19).

In this

limit, the major disagreement lies in the region of zero or marginally positive trends
between 60°E and 120°E, where the observed losses stiU exceed 10 DU per decade.
In February (Figure 4.20), when the largest zonal mean losses are observed, this
region of disagreement between the model trends and the upper-limit TOMS trends
extends from 0°E to 120° E.
For both January and February, the dynamical model indicates an increase in
total ozone amoimts over the I980's between roughly 60° E and 120° E which exceeds
the uppermost limits in the TOMS trends coefficients. This increase appears to
be forced primarily by the observed decrease in the geopotential height field at
the 100 and 50 mbar levels. However, no indication of such an increase in the
total ozone perturbation is foimd in the TOMS measurements. If the crude trend
estimates provided by the model are valid, then these results suggest that at least
part of the discrepancy between the TOMS zonal mean total ozone trends and the
photochemical model estimates at NH midlatitudes in winter arises from depletion
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in localized regions which cannot be explained by changes in the stationary wave
structure of the lower stratosphere over time.

4.3 The Modeled TTO
In this section, results from the mechanistic ozone transport model are used to
investigate the nature of the apparent ten-to-twelve year osdllation (TTO) in TOMS
total ozone associated with the 11-year cycle in solar UV irradiance. Based on the
1979 - 1991 TOMS record, the TTO signal is largest in NH winter at 30°N latitude,
and it is accompanied by a significant TTO in both lower stratospheric temperature
and geopotential height. Analyses of available radiosonde data extending back more
than 30 years have shown that the patterns of the TTO in geopotential height
evident in the shorter 13-year time series are consistent with the patterns derived
from the longer time series. This section explores the possibility that the observed
TTO in total ozone in NH winter may be caused by changes in the dynamical forcing
of the lower stratosphere which are in-phase with the 11-year solar cycle.
The longitude dependences of the TOMS solar regression coefficients for January
and February are represented in Figure 4.21 as deviations from the zonal mean value.
The distinct differences in the patterns of variability between the two months suggest
that processes on shorter time scales, namely djnaamics, are primarily responsible for
the observed longitude dependences. At 30°N latitude in January, values of the solar
regression coefficients exceeding their zonal mean value (Figure 4.21.a) are present
over the Pacific Ocean (165°E to 120°W) and the Middle East (30°E to 60°E). For
the case of February (Figure 4.21.b), the total ozone response at 30°N peeiks in the
regions from 180®E to 120°E and 15°E to 45°E.
Figure 4.22 compares the observed and modeled interannual variability in the
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Figure 4.21: The deviations of the TOMS solar regression coefficients from their
zonal mean values for (a) January and (b) February, expressed as the difference
between solar maximum and solar minimum. Contours are drawn at 0, ±5, ±10,
±20, and ±30 DU. Negative values are shaded.
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total ozone perturbation at 30° N latitude in January for two regions where the
peak total ozone response is found. At 180°E (Figure 4.22.a) the observed total
ozone pertTirbations are generally negative. Particularly low values are observed
in 1985, 1986, and 1987, which corresponds to the period of minimiiTn solar UV
irradiance in the ll-year cycle. This behavior is not reproduced by the model,
which instead shows a negligible total ozone perturbation in 1985 at that location.
At 50°E (Figure 4.22.b), both the observed and the modeled time series exhibit a
pronounced minimiiTn in 1985.
The behavior of the total ozone perturbations at 30°N in February for those
locations where the ozone response is largest is illustrated in Figure 4.23. At 160°W
(Figure 4.23.a), the value of the observed ozone perturbations are less negative
compared to the January case, with a large positive value occurring in 1985. At
30°E (Figure 4.23.b), the observed ozone perturbation exhibits a large peak in 1982
which is not described by the model. Subsequent years show smaller values of the
ozone perturbations, which then gradually increase by the late 1980's. The total
ozone perturbation time series at higher latitude locations where the TTO signal is
large are shown in Figure 4.24. At 45°N and 135°W in February (Figure 4.24.a),
both the modeled and the observed time series exhibit a TniniTrmTn in 1985, followed
by a gradual increase which appears to peak in 1990. At 60°N and 30°W (Figure
4.24.b), large negative values of the total ozone perturbation occur in 1983, ajid
large positive perturbations au-e found in 1989 and 1990.
In general, the simple ozone transport model reproduces the observed year-toyear vaxiations in the total ozone perturbations fairly well at locations where the
apparent TOMS TTO signal is large. This is somewhat fortimate, since it was shown
in Chapter 3 that the wave forcing of the total ozone distribution at 'ow latitudes
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Figure 4.22: Time series of the observed (solid line) and modeled (dashed line) total
ozone perturbations at 30° N latitude in January at two locations where a significant
TTO in total ozone is present.
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Figure 4.23: Time series of the observed (solid line) and modeled (dashed line) total
ozone perturbations at 30° N latitude in February at two locations where a significant
TTO in total ozone is present.
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ozone perttirbations in February at (a) 45°N and (b) 60°N for two locations where
a significant TTO in total ozone is present
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is relatively small. Fuxthermore, the model formulation is not deemed to be valid
equatorward of 30° N because of the decreasing value of the Coriolis parameter,
and so model results at 30° N may be only marginally valid. However, the fair
degree of agreement between the modeled and observed time series (Figures 4.22 and
4.23) indicates that the model can be used to approximate the effects of stationary
planetary waves on the year-to-year ozone variability at low latitudes.
To investigate whether or not changes in the dynamical forcing of the wintertime
lower stratosphere can explain the longitude dependences of the derived TOMS solar
regression coefficients, quantitative estimates of the TTO in the modeled ozone per
turbation time series (Figure 4.25) are compared with the TOMS-derived estimates
(Figure 4.21). The modeled TTO is approximated by taking the difference between
the mean ozone value during years at solax maximum (1980, 1981, 1982, 1990, 1991)
and solar minimnm (1985, 1986, 1987), following the method of Kodera (1994). For
both the January and February cases, the modeled TTO captures some of the gross
features of the longitude dependences in the TOMS solar regression coefficients, but
it does not accurately describe these dependences in a quantitative fashion. These
results, in addition to the results presented in Figures 4.22, 4.23, and 4.24, indicate
that there is no TTO present in the wave forcing of the total ozone distribution in
NH winter that is in-phaae with the 11-year solax cycle and coherent in time among
the different locations.
To better illustrate the differences between the longitude distribution of the mod
eled and observed TTO in total ozone, Figure 4.26 compares the values of the TOMS
solar regression coefficients at 30°N (solid line) with the estimates of the modeled
TTO (dashed line) for the month of January.

While both distributions exhibit

peaks near 45° E and 190° E, the longitude dependence of the TOMS coefficients is

Figure 4.25; The modeled TTO in total ozone perturbations for (a) January and
(b) February (see text for details). Contours are drawn at 0, ±5, ±10, ±20, and
±30 DU. Negative values are shaded.
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weaker than the model estimates suggest, particularly in the region between 60°W
and 120°W. The zonal mean value of the TOMS solar regression coefficient at 30°N
in January is 10±5 DU. Theoretical estimates of the zonal mean total ozone re
sponse to changes in solar UV irradiance over the Il-year cycle are on the order of
1.5% at northern midlatitudes in winter, assimdng a 6% change in the 205 nm irra
diance between solaj miniTmnn and solar maximum (Brasseur, 1993). Since current
estimates of the change in irradiance at 205 nm range from 6 to 10% (DeLand and
Cebula, 1993), this value of the zonal mean total ozone response can be considered a
lower limit. A change of 1.5% in total ozone at 30°N latitude in winter translates to
a zonal mean increase of roughly 5 DU between solar

minirnnm and

solar maximum,

which is approximately one-haJf of the observed change. The combined estimates of
the TTO in total ozone from the dynamical model and the calculated zonal mean
ozone response of Brasseur (1993) are also shown in Figure 4.26 (dot - dashed line).
Figure 4.27 compares the TOMS solar regression coefficients and the modeled
TTO estimates for 30°N latitude in February. In contrast to the January case,
the TOMS regression coefficients show a more pronounced longitude variation than
the model estimates. The combination of the photochemical model estimate of the
zonal mean total ozone response with the modeled TTO (the dot - dashed line)
cannot explain the large ozone response observed between 180° E and 120° W. The
zonal mean value of the TOMS solar regression coefficient at 30° N in February is
12±6 DU. Even when considering only the lower-most limit in the TOMS regression
coefficients indicated by the 2a uncertainty estimates (Figure 4.28), the amplitude
of the observed ozone response between 180°E and 120°W stiU exceeds the modeled
response. Therefore, we conclude that while the TTO in total ozone present at
30° N in winter appears to be dynamical in origin, it cannot be explained in terms of
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Figure 4.28: A compaxison of the lower limit values of the TOMS solax regression
coefficients with the combined model estimates of the TTO in total ozone at 30° N
latitude in February.
changes in the distribution of total ozone by quasi-stationaxy planetary waves which
are in-phase with the 11-year solar cycle.
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Chapter 5

AN EMPIRICAL APPROACH

The results of the preceding chapter have shown that changes in the dynamics of the
lower stratosphere in winter have a significant impact on the observed interarmual
variability in total ozone wave structure. It is well established that zonal meaji total
ozone amoimts are also controlled by dynamics. However, the simple mechanistic
ozone transport model introduced in Chapter 3 cajonot describe the influence of
long-term changes in dynamics on zonal mean total ozone, since the modeled total
ozone perturbations depend upon the specified horizontal and vertical gradients in
the background zonal mean ozone and temperature distributions.
This chapter attempts to describe quantitatively the efltects of dynamics on the
observed interannual variability of zonal mean total ozone in NH winter using an
empirical approach. First, the relationship between the dynamics of the wintertime
lower stratosphere and the zonal mean total ozone and temperature distributions
wiU be reviewed. Next, a selected set of daily ozone, temperature, and geopotential height data will be introduced. These will be used to establish a quantitative
relationship between zonal mean total ozone, temperature, and geopotential height
which is similar in form to the simple ozone perturbation model used previously.
This empirical model will be applied to specific cases in order to determine whether
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or not decadal changes in zonal mean temperature and geopotential height can be
used to represent the effects of dynamics on zonal mean total ozone.

5.1

Eddy-Driven Meridional Transport

The dominant heating mechanism in the stratosphere is the absorption of UV ra
diation by ozone, while the stratosphere is cooled mainly through the emission of
infrared radiation by carbon dioxide. Because the globally averaged heating and
cooling rates in the stratosphere are approximately equal, this region is considered
to be close to radiative equilibrium. For a hypothetical atmosphere in which no
meridional transport of heat or momentum takes place, the temperature distribu
tion is determined solely by the balance between radiative heating and cooling over
the course of the annual cycle in solar illumination. Such a temperature distribution
near winter solstice would resemble that which is shown in Figure 5.1 (Fels, 1985).
Note that the maximum temperature is foimd near the summer polar stratopause
(near 50 km altitude), and the TniniTmim temperature occurs in the winter polar
mesosphere (near 80 km).
In fact, the observed stratospheric temperature distribution in January (Fig
ure 5.2) bears little resemblance to the radiative equilibrium temperature distri
bution shown in Figure 5.1. In the tropical lower stratosphere, for example, the
observed temperatures are considerably cooler than the radiative equilibrium val
ues. The reverse is true at high latitudes in the winter hemisphere, where observed
temperatures are much warmer than expected from radiative considerations alone.
These differences are due to the fact that the observed stratospheric temperature
distribution arises from a balance between the net radiative heating or cooling and
the meridional heat transport by eddy motions (Holton, 1992). In the lower strato-
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Figure 5.1: Radiative equilibrium temperatTire profile corresponding to January
15 insolation calculated with a radiative-convective-photochemical model marched
through an annual cycle [from Fels (1985)].
sphere, these eddy motions are dominated by planetary-scale Rossby waves. Thus
temperatures in the wintertime extratropical lower stratosphere are strongly influ
enced. by disturbances which originate in the troposphere.
The eddy motions which drive the stratosphere away iErom radiative balance also
produce net meridional and vertical motions which are important in transporting
long-lived trace constituents such as ozone. The meridional circulation induced by
the eddies is described qualitatively in Figure 5.3. The local convergence of eddy
heat and momentum fluxes combine to exert a zonal mean force per unit mass on the
backgroimd zoned flow. This is most commonly described quantitatively in terms
of the divergence of the Eliaasen-Palm flux vector. The meridional component of
this vector is proportional to the eddy momentum flux, and its vertical component
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Figure 5.2: Distribution of temperature throughout the stratosphere and upper
troposphere in January based on the climatology of Fleming et al. (1988).
is proportional to the eddy heat flux (Andrews et al., 1987). This wave forcing
acts to decelerate the zonal mean flow and at the same time induces a meridional
drift cissociated with the Coriolis torque. The net effect of the eddy forcing is to
push stratospheric air poleward and downward at higher latitudes. Mass continuity
requires that this motion be balanced by large scale ascent in the tropical lower
stratosphere. The downward motion at high latitudes driven by the zonal wave
forcing leads to adiabatic warming which raises temperatures above their radiative
equilibrium values; likewise, the upward motion at low latitudes results in adiabatic
cooling which explains the observed cold tropical tropopause temperatures. The
heavily shaded region in Figure 5.3 marks the region where quasi-isentropic exchange
between the lower stratosphere and troposphere via a number of different processes
can act as a sink for downwelling stratospheric air at extratropical latitudes. In
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Figure 5.3: A schematic representation of the eddy-driven meridional circulation in
the wintertime stratosphere. Contours represent surfaces of constant potential tem
perature. The heavy black line denotes the tropopause. Thin wavy amrows indicate
transport by eddy motions. Broad arrows describe the net large-scale circulation
driven by wave-induced forcing (stipple region). Heavy shciding meirks the area of
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extratropical lower stratosphere [from Holton et al. (1995)].
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winter, when the wave driving is most pronounced, the net transport of ozone-rich
air from the tropical stratosphere poleward and downward to extratropical latitudes,
where the photochemical lifetime of odd oxygen is much longer, leads to the seasonal
buildup of total ozone described in Chapter 1.
The preceding discussion describes the time-averaged meridional transport in
the stratosphere driven by eddy forcing in a qualitative fashion. For a complete
description, the reader is referred to the review by Holton et al. (1995), from which
Figure 5.3 is taken. The aim of this discussion is to emphasize that the zonal mean
temperature and total ozone distributions in the wintertime lower stratosphere are
both influenced by planetary wave activity.

5.2

The Empirical Model

Because the meridional circulation which governs the seasonal evolution of extrat
ropical total ozone is driven by large-scale eddy motions, it is possible in theory to
model the effects of long-term changes in planetary wave structure on the zonal mean
total ozone distribution. With prescribed values of the wave forcing, the observed
temperatTire distribution, and an accurate radiative transfer scheme, it is possible
to perform a diagnostic calcidation of the meridional circulation (e.g., Andrews et
al., 1987; Garcia et al., 1992). In practice, however, calculation of the wave forcing
from observations is problematic due to the limited spatial resolution of available
data sets and the highly derived nature of the quantities to be calciilated. The
temperature and geopotential height data used in the present study are not suflScient for such a calculation. For this reason, an alternative approach is introduced
for describing the influence of long-term dynamical variabiUty on zonal mean total
ozone. This approach makes use of the observed correlations of total ozone with
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lower stratospheric temperature and geopotential height.
Figure 5.4 depicts the daily time series of TOMS total ozone together with
the 100 mbax temperature and geopotential height time series obtained from NMC
analyses for the year 1986 at 42''N latitude cind 60°E longitude. At this location,
the daily TOMS time series (Figure 5.4.a) exhibits a maximum in late March (day
number 85), then reaches a minimum value in late September. This seasonal cycle is
a result of the eddy-driven meridional circulation described above and in Chapter 1.
The daily 100 mbar temperature time series at this location (Figure 5.4.b) reaches
a maximum in mid-winter and then declines through mid-summer. The wintertime
temperature maximum is a consequence of the dynamical heating by the largescale eddy motions which drive lower stratospheric temperatures away from their
radiative equilibrium values. The tendency for temperatures to increase in late
summer, when dynamical heating becomes negligible, can be attributed to the weak
radiative heating of the lower stratosphere via the 9.6 (im absorption band of ozone.
In contrast to the total ozone and temperature time series, the daily 100 mbar
geopotential height values axe smallest in winter and largest in summer (note the
inverted abscissa in Figure 5.4.c). This is consistent with the fact that the height
of the 100 mbar pressure level is linked to the seasonal temperature cycle of the
upper troposphere through hydrostatic balance. Analysis of the temperature and
geopotential height time series jrields correlation coefficients of 0.56 and — 0.63,
respectively, with the TOMS daily time series. These values eire in good agreement
with the results of Henriksen and Rxildugin (1995), who carried out a similar analysis
of daily ozone soundings from a collection of stations centered on 42° N latitude and
60° E longitude.
From Figure 5.4 one can see that the three time series are characterized by short-
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1986 at 42''N latitude and 60''E longitude. Note the inverted vertical scale for the
geopotential height time series.
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term (i.e. 10- to 20-day) variations in which the total ozone values are positively
correlated with 100 mbar temperatures and negatively correlated with 100 mbar
geopotential heights. This short-term behavior is highlighted when the monthly
mean values are subtracted from the daily time series. Figure 5.5 shows the resulting
"deseasonaUzed" total ozone, temperature, and geopotential height values for 1986
at 42°N and 60°E. The correlated behavior of the total ozone time series with the
100 mbar temperature and geopotential height values can be understood in terms
of the mechanistic ozone transport model described in Chapter 3. The total ozone
column over a given location at extratropical latitudes is influenced by the adiabatic
and geostrophic motions associated with planetary-scale disturbances. Although
the effects of these disturbances on total ozone are most pronoimced in winter,
when westerly flow in the stratosphere favors their vertical propagation. Figure 5.5
illustrates that their influence is present to some degree throughout the year.
The effects of this dynamical variability on total ozone values can be quantified
through linear regression with the daily temperature and geopotential height time
series. Values of the ozone-temperature and ozone-height regression coefficients and
their standard 2a uncertainty estimates are shown in Figure 5.6 for a number of
different longitudes at 42° N. The results indicate changes of approximately 4 to 7
DU per Kelvin and —1 to —2.5 DU per decameter. Zonally averaged values of the
temperature and height coefficients at 42°N are 5.5 DU per Kelvin and —1.6 DU
per decameter, respectively. Because of the large number of data points involved
in the regression analysis, the standard uncertainty estimates associated with each
coefficient are rather small. A more conservative estimate of the range of values for
the zonally averaged coefficients is obtained by taking the standard deviation of the
coefficients about their zonal mean value. The zonally averaged temperature and
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height regression coefficients, along with their respective standard deviations, are
presented in Figure 5.7 for a range of northern latitudes. In general, the sensitivity
of total ozone values to changes in 100 mbar temperature is a maximum near 45° N
and remains essentially constant at middle and high latitudes. The response of total
ozone to changes in 100 mbar geopotential height peaks between 40°N and 45°N and
decreases at higher latitudes. These results indicate that total ozone amounts at
northern mid-latitudes are particularly sensitive to dynamical variability.
Consider the deseasonalized monthly zonal mean temperature and geopotential
height time series at 45°N latitude over the period 1979 - 1991 presented in Fig
ure 5.8. Let us assTime that the departures of the temperature and height values
from their climatological monthly mean values are due to the variability in the dy
namical forcing of the upper troposphere and lower stratosphere by the eddy-driven
meridional circulation. Then the effect of this dynamical variability on zonal mean
total ozone may be described quantitatively using the empirical relationship between
total ozone and the "dynamical" variables at 100 mbar shown in Figure 5.7. Under
this assumption, one can estimate the dynamical variability in the zonal mean total
ozone anomaly O in terms of the zonal mean temperature and geopotential height
anomalies T and Z , respectively, with an empirical model of the form
0' = J^ + BT
where

(5.1)

A and B are the zonally averaged temperature and height regression co

efficients derived from observations, and the asterisks denote deviations from the
climatological monthly mean.
Using the regression coefficients derived from the daily 100 mbar NMC analyses
for 45°N (Figtire 5.7), the empirical model can be used to describe the interannual variability in zonal mean total ozone which is associated with the anomalies
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Figure 5.9: Compajisoa of the deseasonalized monthly zonal mean TOMS total
ozone values (solid line) with the time series obtained using the empirical model
(dashed line) at 45°N latitude.
in zonal mejin temperature and geopotential height (Figure 5.8) at the 100 mbar
level. Figure 5.9 compares the behavior of the deseaisonalized monthly zonal mean
TOMS total ozone values with that described by the empirical model. In general,
the observed fluctuations

in total ozone are reproduced fairly well by the empiri

cal model, particularly for the large negative anomalies which occur in the winters
of 1989 and 1990. However, periods of marked disagreement are found through
out the years of 1982 and 1983, as well as in early 1988. While the origins of
this disagreement in 1982 are unclear, the large negative ozone anomaly observed
throughout 1983 is most probably a consequence of the eruption of El Chichon in
March 1982. The conversion of sulfur dioxide to sulfate aerosols within the volcanic
plume, ajid the subsequent dispersal of the aerosols to higher latitudes over the fol
lowing months, is believed to trigger heterogeneous-phase chemical reactions on the
aerosols which lead to substantial ozone losses in the lower stratosphere (Hofmann
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and Solomon, 1989; Granier and Brasseur, 1992; Tie and Brassenr, 1995). Since
the empirical model does not account for photochemical sources or sinks of ozone,
it cannot reproduce such behavior. The availability of additional total ozone mea
surements following the larger Mount Pinatubo eruption in June 1991 would help
to confirm this theory, since one would expect a similar discrepancy between the
modeled and observed ozone behavior at extratropical latitudes over the twelve to
eighteen months following the eruption.
The empirical model outlined above describes the interannual variability of zonal
mean total ozone attributable to the dynamical forcing of the lower stratosphere,
which is described by the temporal behavior of lower stratospheric temperature and
geopotential height anomalies. The basis for this approach is the observed corre
lations of total ozone at a given location with these variables, which in turn are
baaed on the short-term fluctuations in total ozone linked to the temperature and
height fields through advection by adiabatic and geostrophic motions (Henriksen
and Roldugin, 1995). Because this is an empirical model, it cannot offer any insight
concerning the origin of the observed interannual variability in lower stratospheric
temperature and geopotential height, and so its applicability is limited by the as
sumptions upon which it is based, i.e. that this variability is entirely dynamical in
origin. The model's applicability is also limited by the fact that the temperature
and height coefficients A and B are baaed on one particular year's worth of observa
tions. Furthermore, attempting to describe the influence of dynamics on totaJ. ozone
in terms of the temperature and geopotential height anomalies at a single level may
be too simplistic. Nevertheless, the application of the empirical model to describe
the behavior of zonal mean total ozone at northern midlatitudes, where the sensitiv
ity of total ozone to dynamical variability appears most pronounced, provides some
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interesting results. As Figure 5.9 shows, the model offers a quantitative estimate of
the total ozone variability which is linked to the dynamicjd variability of the lower
stratosphere.

5.3
5.3.1

Application to Trends and TTO in Total Ozone
Midlatitude Trends

In Chapter 2 it was pointed out that the large negative zonal mean total ozone
trends occurring at northern midlatitudes in winter over the period 1979 - 1991
were accompanied by negative temperature trends and positive geopotential height
trends in the lower stratosphere having similar latitude and seasonal dependences
to the observed ozone losses. Currently, the presence of the midlatitude ozone
trends cannot be explained by chlorine-induced ozone depletion, even when the
effects of possible heterogeneous chemical processes on background sulfate aerosols
are included (Granier and Brasseur, 1992; Tie et al., 1996). Since the timing of
these unexplained losses coincides with the maximum in the wave-driving of the
mean meridional circulation, which affects both ozone and temperature in the lower
stratosphere, this suggests a possible role for changes in the dynamical forcing of
the lower stratosphere in accoimting for at least part of the observed midlatitude
ozone trends.
The role of dynamics in observed ozone and temperature trends has been investi
gated on a regional scale by Fortuin and Kelder (1996). Their analysis of concurrent
ozone and temperature soimdings from Hohenpeissenberg, Germany, over the 1983
- 1993 period indicates that at one particular location (47®N) the observed lower
stratospheric ozone and temperature trends are both consistent with a long-term
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increase in the average vertical velocity component in winter (i.e. more upwelling).
Chandra et al. (1996) have also investigated the influence of dynamics on observed
total ozone variability over the Mediterranean region for the period 1979 - 1991.
By using the MSU Chaimel 4 temperatures as an index of dynamical variability in
place of the QBO and solar cycle terms in a multiple regression statistical model
(see equation 2.1), the apparent trends in total ozone were reduced by roughly onehalf over this region (35®N to 45®N), bringing the magnitude of the trends in closer
agreement with photochemical model estimates.
The empirical model introduced in the previous section is used here to estimate
the "dynamical" trends in zonal mean total ozone at northern midlatitudes in win
ter, which are based on the observed changes in lower stratospheric temperature and
geopotential height provided by the MSU Channel 4 data and the FUB stratospheric
analyses, respectively. The deseasonalized zonal mean temperature and height time
series for latitudes from 10° N to 60° N are used to construct time series of the total
ozone anomalies via (5.1). The multiple regression statistical model described in
Chapter 2 is then used to determine the linear trend component in the modeled
ozone time series. Figure 5.10 compares the resulting dynamical trend coefficients,
and their associated 2cr uncertainty estimates, to the observed TOMS trends and
the photochemicfj trend estimates of Granier and Brasseur (1992) for the month
of February, when the observed midlatitude ozone loss is most pronounced. The
latitude dependence of these dynamical trends closely matches that of the TOMS
trends, exhibiting a peak at midlatitudes and then decreasing at higher latitudes.
At their peak, the dynamical trends axe approximately one-half as large as the
observed trends. The photochemical model estimates, on the other hand, show a
steady increase in the rate of ozone loss with latitude. Subtracting the trend esti
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Figure 5.10: The 2<t upper- and lower-limit TOMS trend estimates for the 1979 1991 period (solid curves) in February are compared with the trends determined
from the empirical model output for the same period (points); error bars denote
the 2<t uncertainties in the empirical trend estimates. The dashed curve depicts the
estimated chlorine-induced total ozone losses in winter over the 1980's calculated by
Granier and Brasseur (1992).
mates obtained with the empirical model from the TOMS trends, in effect removing
the dynamical trend component, yields a meridional trend profile that more closely
matches the photochemical trend estimates (Figure 5.11). From this we can con
clude that the trends in zonal mean total ozone at northern midlatitudes in winter
inferred from the trends in lower stratospheric temperature and geopotential height
contribute significantly to the observed interannual variability in total ozone.
5.3.2

The TTO in Zonal Mean Total Ozone

The multiple regression analyses described in Chapter 2 reveal significant variations
in zonaJ mean total ozone, temperature, and geopotential height over the 1979-1991
period which are in-phase with the 11-year solar cycle. Since the physical origin of
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Figure 5.11: Compaxisoa of the photochemical model trend estimates (dashed curve)
of Granier and Brasseur (1992) with the upper- and lower-limits of the TOMS trends
(solid curves) in February after the "dynamical" trend component has been removed
(see text for further description).
these variations has yet to be determined, they are referred to as ten- to twelveyear oscillations (TTO's). In the Northern Hemisphere, the largest TTO in zonal
mean total ozone is found near 30°N latitude in winter (Figure 2.13a). Significant
TTO signals are also present in lower stratospheric temperature and geopotential
height records in the region between 25° N and 40° N in winter. Examination of the
temperatTore and height data at different levels in the lower stratosphere indicates
that the amplitude of the TTO increases with altitude between the 100 mbar and
30 mbar levels. In support of these findings, analyses of similax lower stratospheric
geopotential height data extending back more than two solar cycles reveal patterns
of the TTO which are consistent with the results obtained from the shorter 13-year
record.
Unlike the trends Ccise, however, the latitude and seasonal dependences of the

178

TTO in zonal meaji lower stratospheric temperature ajid geopotential height are not
well-correlated with the TTO in zonal mean toted ozone. It was shown in Chapter
4 that the longitude dependences of the TTO signal in total ozone derived from
TOMS measurements cannot be explained in terms of changes in the stationary
wave structure of the lower stratosphere over the 11-year cycle. Here we investigate
whether the empirical model outlined in the previous section can provide further
insight regarding the observed TTO in zonal mean total ozone.
Figure 5.12 depicts the deseasonalized monthly zonal mean MSU Channel 4
temperatures and 100 mbar geopotential heights at SO'N, where the largest TTO
signal in zonal mean total ozone is found. Using the zonally averaged regression
coefiBcients derived from the daily TOMS ozone and NMC temperature and height
fields at 100 mbar for the year 1986 (Figure 5.7), a model ozone time series can
be constructed from the monthly mean temperature and geopotential height time
series (Figure 5.12) via the empirical model (5.1). The resulting model time series
is compared with the deseasonalized monthly mean TOMS time series at 30° N in
Figure 5.13. At this location, the empirical model does a relatively poor job of
reproducing the observed variability in total ozone. In particular, the large negative
ozone anomaly observed in late 1984 and early 1985 cannot be described in terms of
variations in zonal mean temperature and geopotential height at the 100 mbar level.
The presence of this anomaly roughly coincides with the onset of the minimum in
solar UV output (Figure 1.4), and therefore contributes to the large amplitude in the
ozone TTO signal found in this region. It is also noted that the large positive ozone
anomaly observed in early 1982, which also is not reproduced with the empirical
model, coincides with a similar positive anomaly observed at 45°N (Figure 5.9).
The large negative ozone anomaly observed at midlatitudes in 1983, on the other
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Figure 5.13: Comparison of the deseasonalized monthly zonal mean TOMS values at
30°N (solid line) with the corresponding empirical model time series (dashed line).
hand, is not readily apparent at 30''N.
As in the trends case discussed in the previous subsection, the TTO component
in the modeled ozone time series can be assessed using the multiple regression sta
tistical model for a range of northern latitudes. Figure 5.14 shows the differences
in zonal mean total ozone between solar maximimi and solar miTiimiiTn derived
from the empirical model time series for the month of February. Also shown in
Figure 5.14 are the upper- and lower-limit values of the TOMS-derived solar regres
sion coefficients. For comparison, photochemical model estimates of the change in
zonal mean total ozone in response to solar UV variability over the 11-year cycle
calculated by Brasseur (1993) are included in Figure 5.14 (see section 2.4.1). No
significant variations are found in the modeled ozone time series over most lati
tudes, and the marginally significant response near 40°N is opposite in sign to the
observed response. The largest discrepancy between the TOMS-derived ozone re
sponse and the modeled variability in total ozone occurs in the region between 20° N
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Figure 5.14: The solid curves denote the upper- and lower-limit estimates of the TTO
in TOMS total ozone in February. Estimates of the TTO in the empirical model
time series are plotted as points along with their associated 2a- imcertainty estimates.
The dashed curve represents the change in wintertime total ozone calculated for an
assumed 6% change in solar UV irradiance over the 11-year cycle [Brasseur (1993)].
ajid 35° N latitude. This is roughly the same region in which the largest negative
ozone anomalies axe observed throughout late 1984 and eaxly 1985.
The failure of the empirical model to accurately reproduce the observed vari
ability in total ozone at 30° N should not be too siirprising given the fact that the
observed correlations between total ozone and 100 mbar temperature/geopotential
height in this region are considerably smaller than those observed at higher latitudes.
Subsequent!}', the zonally averaged estimates of total ozone's sensitivity to changes
in temperature and geopotential height (Figure 5.7) at 30°N axe approximately onehalf the magnitude of the estimates at midlatitudes, where the largest correlations
are observed. The empirical model's applicability at this location is limited because
total ozone values at lower latitudes are not very sensitive to dynamical variations
at the 100 mbar level.
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An examination of the deseaaonalized zonal mean temperature and geopotential
height time series at 30®N and 50 mbar (Figure 5.15) offers a promising alternative.
At the higher level, the monthly mean temperature time series exhibits behavior
which resembles the behavior of the observed zonal meaji total ozone at 30° N more
closely than the 100 mbar temperatures. Note in particular the laxge negative tem
perature anomaly centered on January 1985. Similar variability is also foimd at the
30 mbar level (Figure 5.16). This suggests that the observed zonal mean total ozone
at lower latitudes may be more sensitive to djmamical variability at higher altitudes,
although this cannot be verified without detailed knowledge of the ozone profile in
the lower stratosphere. A comparison of the daily TOMS observations for the year
1986 with corresponding daily NMC temperature and geopotential height values at
the 50 mbar and 30 mbar levels, however, indicates that the short-term dynami
cal fluctuations at these levels have almost no relation to short-term fluctuations
in total ozone. Figure 5.17 compaxes the zonally averaged temperature and height
regression coeflScients for the 100, 50, and 30 mbar levels. Clearly, no statistically
significant relationship is found between the total ozone behavior and changes in
temperature and geopotential height at the upper levels.
These results are somewhat contradictory. The observed variability in zonal
mean total ozone at the location where the TTO is largest appears to be closely
related to the behavior of zonal mean temperatures at the 50 mbar and 30 mbar
levels. Yet in general, total ozone values are not very sensitive to dynamical vari
ability at these levels. If the negative temperature anomalies coincident with solar
minimum are dynamically forced, then it would seem that the physical origin of
this forcing is quite different from the origin of the short-term dynamical variability
which dominates the observed correlations between total ozone and lower strato-
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spheric temperature/geopotential height at midlatitudes. Finally, it remains to be
seen whether the observed anomalies in total ozone related to the TTO can be at
tributed, either directly or indirectly, to changes in solar UV irradiance. Additional
yeaxs of data will be crucial in determining whether the observed variability is indeed
periodic or merely an isolated event.
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Chapter 6

SUMMARY AND DISCUSSION

Since the discovery that certain chemical compounds can promote the catalytic de
struction of stratospheric ozone, a great deal of effort has been directed towaxds
a better understanding of the effects of himian activity on the earth's protective
ozone layer. SateUite-based measurements of total ozone extending over more than
a decade have proved to be indispensable for monitoring the ozone layer on a global
scale. The interannual variability of total ozone is strongly influenced by natural
long-term variations in the dynamics and photochemistry of the middle atmosphere.
As a resTilt, changes in stratospheric ozone which are directly attributable to an
thropogenic effects are not easily discerned. In order for an accurate assessment of
chemically-induced downward trends in total ozone to be made, the effects of this
natural variability must be taken into account. This work has sought to illustrate
the relationship between the interannual variability in the dynamics of the lower
stratosphere, specifically in Northern Hemisphere winter, and variability in toted
ozone amounts by making use of available satellite- and ground-based data sets.
A multiple regression statistical model was used to quantify the main components
of interannual variability in total ozone as well as lower stratospheric temperature
and geopotential height. In paxticular, the linear trends and ten- to twelve-year

188

oscillations related to periodic solar UV variability were described. The analyses of
the TOMS, MSU, and FUB data sets provided a comprehensive assessment of the
interaimual variability in the lower stratosphere over the 1979 - 1991 period. The
main results from this observational study consist of the following:
• The downward trends in zonal mean total ozone outside of polar regions were
found to be largest at northern midlatitudes in winter, consistent with pre
vious studies. These ozone losses, which cannot be explained solely in terms
of chlorine-induced depletions, are accompanied by significant decreases in
lower stratospheric temperature, as well as increases in geopotential height,
throughout the lower stratosphere.
• The latitude and seasonal dependences of these negative temperature trends
and positive height trends are similar to those of the total ozone trends. The
close agreement between the temperature trends at or near the 100 mbar level
obtained from two independent sources supports the validity of these results.
• The trends in total ozone, temperature, and geopotential height exhibit pro
nounced longitude dependences at northern midlatitudes in winter. The spa
tial distribution of the temperature/height trends are positively/negatively
correlated with that of the ozone trends. At higher latitudes in particular, the
total ozone trends suggest a weaJcening of the wavelike structure imposed by
quasi-stationary planetary waves.
• Regarding the TTO in zonal mean total ozone, a significant ozone variation inphase with the 11-year solar cycle was found in NH winter near 30°N latitude.
Analyses of lower stratospheric temperature and geopotential height data also
revealed TTO-type variability in NH winter characterized by increases in both
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quantities at lower latitudes and decreases at higher latitudes. The amplitude
of the temperature and height solax regression coefficients were foimd to be
largest at the 30 mbar level.
• The longitude dependences of the total ozone solar regression coefficients in
NH winter are considerably weaker compared to the trends case. In general,
the spatial distribution of the total ozone TTO is positively correlated with
that of the lower stratospheric temperatures. Little correlation was foimd
between the variability in total ozone and geopotential height over the 11-yeax
cycle in regions where the total ozone TTO is statistically significant.
A three-dimensional mechanistic ozone transport model was introduced which
describes the spatial variability in total ozone in terms of perturbations in the tem
perature and geopotential height fields in the lower stratosphere. Using a combina
tion of MSU Channel 4 temperatures and FUB temperature and geopotential height
data, in addition to cHmatological distributions of the zonal mean ozone miviTig ra
tio, temperature, and zonal wind, it was demonstrated that the model can reproduce
much of the observed spatial variability in NH winter total ozone fields at extratropical latitudes. Subsequently, the model was applied to individual years in order
to simulate the observed interannual variability in total ozone perturbations, based
entirely on the observed temperature and geopotential height perturbations. From
this modeling study, it is concluded that:
• The model reproduces a great deal of the observed interannual variability in
the total ozone perturbations for the case of NH winter, despite the fact that
the model is based upon the assumption of linearity in the wintertime lower
stratosphere, which is not always the case in reaUty.
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• Compaxison. of the model results at different levels with the TOMS ozone
values suggests that the observed total ozone variability is most closely related
to the dynamical perturbations at the 100 mbar and 50 mbar levels.
• The longitude dependences of the TOMS trend coefficients in NH winter can
be reproduced, both qualitatively and quantitatively, by the modeled ozone
perturbation time series. Therefore, a significant portion of the spatial vari
ability in the observed total ozone trends can be attributed to changes in the
structure of quasi-stationaxy planetary waves over time.
• The longitude dependences of the TOMS solar regression coefficients cannot
be accurately reproduced with the transport model. This is due, in paxt, to
the fact that at lower latitudes, where the TTO in total ozone is largest, the
wave forcing of the total ozone distribution is minimal. Subsequently, changes
in the nature of the wave forcing over time will have little effect on the toted
ozone distribution. Prom the available data, we find no systematic variation in
the wave forcing of total ozone which is in-phase with the 11-year solar cycle.
An obvious extension of this work would be to compare the modeled ozone
variability at a particular level in the lower stratosphere with direct measurements of
the ozone mixing ratio. Currently, no long-term global data set provides information
on the vertical profile of ozone in the lower stratosphere. However, measurements
from more recent sources such as the Microwave Limb Soimder aboard the Upper
Atmosphere Research Satellite may allow such comparisons in the neax future.
Finally, an empirical method of describing the dynamical contribution to the
observed interannual variability in zonal mean total ozone was discussed. From the
observed correlation between total ozone and 100 mbar temperature/geopotential
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height arising from short-term dynamical fluctuations, zonally-averaged estimates of
the total ozone sensitivity to changes in these quantities were used to reproduce the
behavior of monthly zonal mean total ozone in terms of the temperature and height
anomalies. Although this approach is somewhat ad hoc, it is useful in identifying
features of the observed ozone variability that can and caimot be associated with
the behavior of lower stratospheric temperatures and geopotential heights. Using
this approach, the following results were obtained:
• At northern midlatitudes, where the observed correlations between total ozone
and lower stratospheric temperature/height are largest, the empirical model
reproduced much of the month-to-month variability in the zonal mean TOMS
record over the 1979 - 1991 period.
• The meridional projBle of the "djrnamical" trends inferred from the empirical
approach closely resembles that of the TOMS trends, i.e. both exhibit peaJc
values at midlatitudes in winter. When the "dynamical" trend estimates are
subtracted from the zonal mean TOMS trend estimates, the resulting merid
ional profile is in agreement with photochemical model trends, which show a
steady increase in the rate of ozone loss with latitude in winter.
• The empirical model cannot explain the large TTO in total ozone observed
neax 30°N latitude. It is noted that the large TTO signal is associated with
a substantial negative ozone anomaly present through late 1984 and early
1985, near the onset of the solar minimimi period. This anomaly appears to
be related to large negative temperature anomalies observed at the 50 mbar
and 30 mbar levels. The relationship between the low-latitude ozone and
temperature anomalies is inconsistent with the estimates of ozone sensitivity
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to temperature changes derived from the short-term observations.
It should be emphasized that the empirical model does not prove cause and effect
with regard to the observed midlatitude ozone and temperature trends. The issue of
cause and effect is very difficult to handle because of the intricate balance between
radiative, photochemical, and djmajnicaJ processes in the lower stratosphere. Here
we have assumed that the temperature and height trends are dynamically forced.
This assumption is difficult to support based on observations, since we lack data sets
with sufficient resolution and temporal continuity to properly constrain the interan
nual variability in the wave forcing of the zonal mean state of the lower stratosphere.
It can aJso be argued that the zonal mean temperature trends are consistent with a
radiative response to the observed zonal mean ozone trends (McCormack and Hood,
1994; Ramaswamy et al., 1996). One obvious drawback to this theory is that one
still needs to explain the origin of the lajge midlatitude ozone trends; another is
that the ozone trend profile in the lower stratosphere is poorly constrained, and the
radiative response of temperatures to ozone depletion is sensitive to the assumed
trend profile. More detailed observations wiU. be required before such ambiguities
can be resolved.
The appUcation of the mechanistic ozone transport model has illustrated that
long-term changes in the dynamics of the lower stratosphere have a direct impact
on the observed interannual variability in total ozone. The dynamical contribution
to trends in total ozone should be taken into account when assessing the role of
chemically-induced ozone depletion. For the case of variations in total ozone over
the ll-year solar cycle, no clear dynamical contribution was foimd. This may be
due to the difficulty in extracting a long-period signal from a relatively short data
set in which the year-to-year variability is large. Additional years of data may yet
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reveal a robust solar cycle variation in lower stratospheric ozone that is attributable
to dynamical forcing. However, the occurrence of volcanic eruptions such as Mount
Pinatubo near solar maximum in L991, which triggered ozone losses on a global
scaJe, will only complicate matters for the present time.
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