
学位論文

Climatology and origin of small-scale vertical
structures in stratospheric ozone

(成層圏オゾンの鉛直微細構造の時空間分布と起源)

平成15年12月博士（理学）申請

東京大学大学院理学系研究科

地球惑星科学専攻

野口 克行





Acknowledgements

I would like to express my sincere appreciation to Professor Koh-Ichiro Oyama
of the Institute of Space and Astronautical Science (ISAS), Japan Aerospace Ex-
ploration Agency (JAXA) for his continuous guidance and encouragement during
my master and doctoral courses. I would like to thank Dr. Takeshi Imamura of
ISAS/JAXA for his useful discussion and comments and for his careful reading of
the manuscript. He also encouraged me during my master and doctoral courses.

I am grateful to Dr. Isao Murata of Tohoku University for his providing ozone
data obtained by the balloon-borne optical sensor (BOS) in the upper stratosphere
at Sanriku and for his useful comments and technical supports of the balloon
experiments. I also thank Dr. Masahiro Okabayashi for his useful advice on BOS.

The trajectory calculation program used in Chapter 2 was developed by Drs.
Yoshihiro Tomikawa and Kaoru Sato at National Institute of Polar Research
(NIPR), Japan. I also wish to express my thanks to them for useful comments
and discussion.

I am deeply indebted to Professor Takamasa Yamagami, Dr. Yukihiko Mat-
suzaka, Dr. Michiyoshi Namiki, Dr. Yoshitaka Saito, Dr. Michihiko Toriumi, and
staff members of the scientific ballooning division, ISAS/JAXA for conducting the
high-altitude balloon experiments.

I would like to thank Professor Katsuhisa Suzuki of Yokohama National Univer-
sity for his providing ozonesonde data, helpful advice, and supports of ozonesonde
experiments. I also thank Professor Takashi Watanabe of Tsukuba College of
Technology for his providing rocketsonde data.

I wish to express my appreciation to Dr. Hideaki Nakane of the National
Institute for Environmental Studies (NIES) for his supplying the NIES trajectory
tool used in Chapter 3. I also thank Mr. Toshihiro Yahagi of Tohoku University
and Ms Izumi Ikeuchi of Fujitsu F.I.P. for technical supports of the NIES trajectory
tool.

I am grateful to Dr. Yasuhiro Murayama of Communications Research Labo-
ratory for his useful comments. I am deeply grateful to Professor Masato Shiotani
of Kyoto University and Dr. Masatomo Fujiwara of Hokkaido University for use-
ful discussion on the climatology of ozone laminae and the effects of atmospheric

i



ii

dynamics. I would like to thank Dr. Takumi Abe of ISAS/JAXA for his useful
discussion and encouragement. I am grateful to Dr. Naomoto Iwagami of the Uni-
versity of Tokyo for his useful discussion and encouragement. I am deeply grateful
to Dr. Yukihiro Takahashi of Tohoku University for his useful comments and
encouragement. I would like to thank Drs. George L. Hashimoto and Yoshiyuki
Takahashi of Kobe University for friendly advice and useful discussion on the plan-
etary science. I am grateful to Dr. H. S. S. Sinha of Physical Research Laboratory,
India for critical reading of the manuscript.

The global ozonesonde data is supplied by World Ozone and Ultraviolet Ra-
diation Data Centre and Japan Meteorological Agency. NCEP Reanalysis data
provided by the NOAA-CIRES Climate Diagnostics Center, Boulder, Colorado,
USA, from their Web site at http://www.cdc.noaa.gov/ through Dr. Kaoru Sato
of NIPR. The U.K. Met Office stratospheric analyses (UKMET) data are supplied
by British Atmospheric Data Centre.

Finally, I would like to thank my family for their continuous encouragement
and supports over the years.



Abstract

To understand the small-scale transport and mixing in the stratosphere which
are not resolved by assimilated meteorological data, the climatology and origin
of vertical structures (λz ≤ 2 km) of stratospheric ozone are investigated. The
data used are the global data of the routine ozonesonde observations in the lower
stratosphere and the optical ozonesonde data obtained in the upper stratosphere
at Sanriku (39.16◦N, 141.83◦E) during about ten years mainly in summer.

Vertical structures of ozone in the lower stratosphere can be attributed to
dynamical processes, i.e. vertical advection and horizontal advection, since ozone
lifetime exceeds several months in the lower stratosphere. A powerful method to
distinguish between vertical advection and horizontal advection as the cause of
ozone laminae is utilized to investigate the correlation between the fluctuations of
ozone mixing ratio and potential temperature. Positive correlation indicates that
vertical advection is responsible for the ozone fluctuation, while no correlation
means that horizontal advection is responsible for the ozone fluctuation. It was
found that the correlation increases with decreasing latitude and such a latitude
dependence is not a local but a global feature. In midlatitudes, there exists a
distinct seasonal variation of the correlation with a maximum in late summer and
a minimum in late winter. The results of the correlation coefficient, the mixing
ratio variability and the gravity wave activity in the midlatitudes suggest that
horizontal advection becomes active and overwhelms vertical advection in late
winter, thereby lowering the correlation in this season.

The contribution of shear instability and convective instability to the irre-
versible vertical mixing of ozone was demonstrated based on a case study with
the aid of meteorological data obtained by ozonesondes. Statistical studies showed
that the vertical mixing under the condition of shear instability occurs frequently
in the lower stratosphere.

In the upper stratosphere, the contribution of vertical advection to ozone fluc-
tuations is limited. Photochemical processes also cannot explain the observed
ozone laminae: the ozone fluctuations expected by the observed temperature fluc-
tuations are much smaller than the observed ozone fluctuations. These results
suggest that horizontal advection will be the principal process of creating ozone
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laminae structures in the upper stratosphere, although the process could not be
confirmed with assimilated meteorological data.
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Chapter 1

General introduction

1.1 Transport and mixing in the stratosphere

It has been recognized that the Brewer-Dobson circulation governs the zonal-mean
meridional distributions of trace gases in the stratosphere. The Brewer-Dobson
circulation consists of the upwelling in the tropical lower stratosphere, the drift flow
from the low latitudes to the high latitudes, and the downwelling in middle and
high latitudes. The time constant of the turnover is implied to be about two years
[Holton et al., 1995]. Wave-induced drag that leads the loss of angular momentum
of air is regarded to drive the Brewer-Dobson circulation. The Brewer-Dobson
circulation is a major component of the transport across the isentropic surfaces.

Another process of the transport is the horizontal advection caused by eddies
along isentropic surfaces. The isentropic transport by eddies is so rapid that it
can deform the mean meridional distribution of tracers prescribed by the Brewer-
Dobson circulation. Such a process is important especially in the midlatitudes
in winter, where the breaking of planetary waves makes the air well stirred and
consequently the meridional distribution of trace gases is rather flattened. This
region, so-called the surf zone, is terminated by the edge of the polar vortex and
the tropical reservoir. Since these edges act as barriers to the transport by eddies,
each regions are thought to be isolated. It is recognized that the exchange be-
tween such regions should be quantified to reveal the characteristics of transport
and mixing in the stratosphere. Haynes and Shuckburgh [2000] estimated quan-
titatively the permeability of eddy-transport barriers across the globe with the
large-scale wind data in meteorological datasets. They could not assess, however,
the effect of small-scale transport which cannot be reproduced by the present as-
similated meteorological datasets. In fact, the effects of such small-scale transport
processes, which are thought to be ubiquitous in the atmosphere, on large-scale
trace gas distributions, are neglected or vaguely parameterized at the present time.
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A similar problem on the limitation of assimilated meteorological data is pro-
posed for vertical mixing across isentropic surfaces. Besides the large-scale vertical
advection associated with the Brewer-Dobson circulation, the vertical mixing by
small-scale sporadic turbulence also causes the transport across isentropic surfaces.
The vertical mixing by turbulence, which is primarily caused by the breaking of
gravity waves in the stratosphere, is not reproduced in assimilated meteorological
data and is only parameterized by eddy diffusivity.

Various attempts to evaluate the eddy diffusivity have been conducted, al-
though it is difficult to estimate it including its variability. Patra and Lal [1997]
derived the eddy diffusivity from the vertical profiles of tracers (N2O and CFC-12)
obtained by a balloon-borne cryogenic air sampler, showing the large variability
of eddy diffusivity with space and time. The authors also discussed the possibil-
ity of the influence of sporadic turbulence, whose existence was suggested from
the Richardson number estimated by simultaneously observed wind data, on the
temporal variability of eddy diffusivity.

Radar measurement is a powerful tool to detect individual turbulent layers di-
rectly although the altitude coverage is limited. The combination of radars and
in situ balloon-borne measurements provides a clear illustration of gravity wave
breaking and turbulent layer occurrence with the high spatial and temporal resolu-
tion [Bertin et al., 1999; Pavelin et al., 2001]. Most of the earlier studies, however,
have primarily focused on the effect of the gravity wave-induced turbulence on the
deposition of momentum and energy into the middle atmosphere rather than the
mixing and transport of various constituents. Studies of the effect of the grav-
ity wave field on a tracer field through turbulence using in situ measurements
[Barat and Aimedieu, 1981; Whiteway et al., 2003] are very limited. The global
climatology of eddy diffusivity based on in situ measurements has not been devel-
oped so far.

1.2 Lamina structures of ozone in the strato-

sphere

The lamina structures of tracers are the direct evidences of the transport of air
from the different regions where tracer concentrations are also different. Among
the tracer gases, ozone is a very popular tracer in the lower stratosphere and a lot
of observational data are available.

The climatology of ozone laminae has been investigated by using the data
obtained with ozonesondes. Dobson [1973] classified ozonesonde profiles into three
groups: almost no laminae, moderate laminae, and heavy laminae. He found
that the occurrence of heavy laminae is high in the mid- and high latitudes from
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winter to spring. He also found that the occurrence of ozone minimum has a good
correlation with that of double tropopause around the subtropical jetstream. He
concluded that the intrusion of low ozone air from the subtropical troposphere to
the stratosphere in the midlatitudes produces the ozone laminae.

Reid and Vaughan [1991] also investigated the climatology of ozone laminae
with a method similar to Dobson [1973] and almost ruled out the suggestion of
Dobson [1973]. They suggested that the ozone laminae are attributed to the in-
trusion of ozone depleted air from the inside of the winter polar vortex, where
ozone concentration is low, to the outside in the midlatitudes. As an evidence of
their suggestion, they showed the fact that ozone minimum prefers to occur in the
higher latitudes of both hemispheres. Appenzeller and Holton [1997] proposed the
diagnostic estimation of ”lamination rate”, which is defined as a temporal change
of the tracer vertical gradient. Some features of the global distribution of lam-
ination rate obtained by using satellite data and large-scale wind field data are
consistent with the previous studies, within the limitations of the methods which
are discussed by Kettleborough and Holton [1999].

1.2.1 Ozone laminae by horizontal advection

Dobson [1973] and Reid and Vaughan [1991] attributed the occurrence of ozone
laminae to differential advection, which is the exchange of air parcels of differ-
ent geographical origins with different tracer concentrations by horizontal wind
field. As the process of differential advection, planetary waves are considered to
be important in the stratosphere. Juckes and McIntyre [1987] showed by numer-
ical experiments that the breaking of planetary waves causes the horizontal fine
structures.

Although horizontal differential advection generates both vertical structure and
horizontal structure, vertical structure seems to be more closely associated with
the mixing in the stratosphere. Haynes and Anglade [1997] pointed out that the
vertical scale and the horizontal scale of atmospheric tracer fields decrease with
time without changing the ratio of the former to the latter when the tracer fields
are distorted by horizontal differential advection which is caused by the large-
scale wind field. Since the horizontal scale of tracer fields is much larger than the
vertical scale in general, the vertical scale would attain the scale where molecular
diffusion is important before the horizontal scale does. Therefore, the dissipation
of small-scale vertical structures caused by horizontal advection has an important
role for mixing in the stratosphere.

Recent progress of the computational ability enables us to simulate horizontal
transport of trace gases through differential advection by adopting the large-scale
wind field in assimilated meteorological data. The estimation of the geographical
origins of air parcels and the reconstructions of the perturbed structures of tracer
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fields has become popular.
The horizontal transport of ozone and other trace gases has been sim-

ulated for the high and midlatitudes in winter to spring, where the active
exchange of air parcels across the edge of the polar vortex and the mix-
ing in the surf zone are expected to occur [Waugh et al., 1994; Plumb et al.,
1994; Newman and Schoeberl, 1995; Orsolini et al., 1995; Orsolini et al., 1998;
Tomikawa et al., 2002]. Manney et al. [1998] reconstructed ozone vertical pro-
files by the reverse-trajectory calculations adopting large-scale satellite ozone data
and compared the reconstructed profiles with ozonesonde and lidar observations
in the Canadian arctic. The authors were successful in reconstructing the distinct
features of ozone laminae qualitatively, but they could not show a quantitative
agreement and could not reconstruct small-scale vertical structures.

Subtropical regions are also focused on from the viewpoint of the exchange of air
parcels between the midlatitudes and the tropics. Portafaix et al. [2003] suggested,
by calculating the potential vorticity field in a event study, that the origin of a
thick ozone lamina observed in the southern subtropical region is a planetary
wave breaking. In the subtropics, however, few studies have been conducted to
investigate the origin of ozone laminae.

1.2.2 Ozone laminae by vertical advection

Vertical advection across the material surface is also important for generating
ozone laminae. In the stratosphere, gravity waves are the primary source of the
vertical advection which is responsible for ozone laminae.

Chiu et al. [1978] investigated the linear response of a layer structure to a
gravity wave to interpret the wave-like structures in ozone and sporadic-E layer
profiles. They attributed the observed fine structures to the vertical advection
across the steep vertical gradient of tracer and electron concentration due to a
gravity wave.

Ehhalt et al. [1983] introduced the ”equivalent displacement height” (EDH),
which is a normalization of the observed tracer variance by the vertical gradient of
the tracer, to interpret the temporal variance of trace gas concentrations observed
in the stratosphere, showing that the EDHs for the trace gases have similar values.
Although it is shown that the temporal variance of tracers is too large to be
attributed to the vertical displacement of isentropic surfaces as compared with the
EDH for potential temperature, and should be primarily attributed to horizontal
advection on isentropic surfaces [Andrews et al., 1987], the normalization of tracer
variance by the vertical gradient is useful to distinguish between the effects of
vertical advection and horizontal advection.

Teitelbaum et al. [1994] and Teitelbaum et al. [1996] examined the correlation
between the fluctuation components of ozone and potential temperature nor-
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malized by their vertical gradients in order to investigate whether the ozone
laminae structures are induced by gravity waves or not. There exists some
event studies on whether gravity waves cause ozone laminae [Reid et al., 1994;
Newman and Schoeberl, 1995; Gibson-Wilde et al., 1997]. However, the global cli-
matology of the effect of gravity waves on the small-scale structures of ozone has
not been revealed.

1.3 Purpose and outline of the thesis

It is recognized that transport and mixing caused by small-scale dynamical pro-
cesses which cannot be resolved by assimilated meteorological data have not been
understood and that the study of the ozone lamination is a key to understand the
transport and mixing in the stratosphere. The purpose of the present study is to
reveal the climatology and origin of ozone laminae with small vertical-scales in the
stratosphere using worldwide in situ measurements.

The present thesis is composed of four chapters. In Chapter 2, the climatology
and the origin of the ozone laminae in the lower stratosphere (below the altitude
of ∼30 km) are investigated using the data of worldwide ozonesonde observations.
The correlation between ozone and potential temperature is used to infer the origin
of the ozone laminae observed by ozonesondes. The latitudinal and seasonal varia-
tions of horizontal advection and vertical advection are discussed. An event study
on the instabilities and subsequent vertical mixing due to gravity wave breaking
is also presented.

In Chapter 3, the origin of the ozone laminae observed in the upper stratosphere
(altitudes of 30–40 km) at Sanriku (39.16◦N, 141.83◦E) during past ten years by
balloon-borne optical sensors are investigated. We examined the effects of not only
dynamical processes but also photochemical processes, which are considered to be
important in the upper stratosphere, on ozone laminae.

Chapter 4 gives the summary, conclusion and future work of the present thesis.





Chapter 2

Small-scale vertical structures of
ozone in the lower stratosphere

2.1 Introduction

Ozone laminae in the lower stratosphere can be attributed to dynamical processes,
i.e. vertical advection and horizontal advection, since ozone lifetime exceeds sev-
eral months in the lower stratosphere. A powerful method to distinguish between
ozone laminae caused by vertical advection and horizontal advection is to investi-
gate the correlation between the fluctuations of ozone mixing ratio and potential
temperature [Teitelbaum et al., 1994; Teitelbaum et al., 1996].

Pierce and Grant [1998] and Grant et al. [1998] investigated the correlation be-
tween the small-scale (≤ 2.5 km) structures in ozone and potential temperature
profiles in the mid- and low latitude. The authors concluded that in the midlat-
itude, both vertical advection and horizontal advection are active in winter, and
in the low latitude, only vertical advection is active throughout the year. They
focused only on the ozone fluctuations with large amplitudes (greater than 10 % of
background density) to avoid the effect of the measurement error in ozone density.
This criterion, however, let the authors to analyze exclusively special cases rather
than typical small-scale structures. As is shown in the present study, the corre-
lation coefficient averaged for all observations without limiting the amplitude of
ozone fluctuation is higher in late summer than in late winter. The authors have
probably overlooked such features due to their severe criterion.

Ogino et al. [1997] revealed the meridional distribution of the correlation coef-
ficient between ozone and potential temperature over the latitude range 43◦N-62◦S
along 120◦E longitude by using the ozonesonde data acquired during the Shirase
cruising. The authors found that ozone and potential temperature show higher
correlation near the equator than in the midlatitude. However, the seasonal and

7
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longitudinal variations of the correlation are still unknown due to the limited data
coverage.

The present study aims to reveal the global climatology of the correlation
between ozone and potential temperature to investigate the origin of small-scale
vertical structures of ozone distribution. The ozonesonde data used here covers
broad longitude and latitude regions for all seasons.

2.2 Data

The ozonesonde data which are used in the present thesis are provided by World
Ozone and Ultraviolet Radiation Data Centre (WOUDC) and Japan Meteorologi-
cal Agency (JMA). The data with high vertical resolution (≤ 100 m) are provided
from 24 stations, which are listed in table 2.1. Each station, except several sta-
tions, provides the vertical profiles of ozone number density, temperature, pressure,
and wind velocity and direction. The provided data are assimilated to regularly
spaced interval (100 m) for the following analysis.

2.3 Climatology of the correlation between ozone

and potential temperature

2.3.1 Method

When a vertical gradient of a tracer mixing ratio exists in the background at-
mosphere, any vertical advection brings about a fluctuation in the mixing ratio.
Vertical advection also perturbs the vertical distribution of potential temperature
(Figure 2.1). If the fluctuations of ozone and temperature are caused by a vertical
advection, assuming that the chemical production/loss of ozone is negligible and
the motion is adiabatic, the vertical displacement of the air parcel can be estimated
as [Teitelbaum et al., 1996; Ogino et al., 1997]

δZθ ≡ δθ

(
∂θ̄

∂z

)−1

, δZO3 ≡ δχ

(
∂χ̄

∂z

)−1

(2.1)

where δZ is the vertical displacement, θ the potential temperature, χ the observed
ozone mixing ratio, δθ the fluctuation component of θ, δχ the fluctuation compo-
nent of χ, θ̄ the background component of θ, χ̄ the background component of χ,
and z the vertical coordinate. If δZθ, which is derived from potential tempera-
ture, shows good correlation with δZO3 , which is derived from ozone mixing ratio,
the fluctuations of ozone and temperature can be attributed to vertical advection.
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Table 2.1: List of observation stations
ID Latitude E. Longitude Altitude [m] Observation station Country
018 82.50 -62.33 66 Alert CAN
262 67.39 26.65 179 Sodankyla FIN
077 58.74 -94.07 30 Churchill CAN
021 53.55 -114.11 766 Stonyplain CAN
076 53.18 -60.22 36 GooseBay CAN
053 50.80 4.35 100 UCCLE BEL
156 46.49 6.57 491 Payerne CHE
012 43.05 141.33 19 Sapporo JPN
014 36.05 140.13 31 Tsukuba JPN
418 35.28 -86.59 196 Huntsville USA
007 31.55 130.55 31 Kagoshima JPN
401 28.46 -16.26 36 Santa Cruz ESP
190 26.20 127.68 27 Naha JPN
435 5.810 -55.21 7 Paramaribo SUR
434 -0.92 -89.60 8 San Cristobal ECU
175 -1.27 36.80 1795 Nairobi KEN
437 -7.57 112.65 50 Watukosek (Java ) IDN
328 -7.98 -14.42 91 Ascension Island COG
191 -14.23 -170.56 77 Samoa ASM
432 -18.00 -149.00 2 Papeete ( Tahiti ) PYF
438 -18.13 178.40 6 Suva FJI
436 -21.06 55.48 24 La Reunion Island REU
265 -25.90 28.22 1524 Irene ZAF
256 -45.04 169.68 370 Lauder NZL
323 -70.65 -8.20 42 Neumayer ATA

The fluctuation component (δθ, δχ) and the background component (θ̄, χ̄) of ozone
mixing ratio and potential temperature are obtained with the 2 km high-pass filter
and 5 km low-pass filter, respectively. The correlation coefficient between δZθ and
δZO3 at a given altitude (1 km step) is calculated using data within 4 km altitude
span.

In addition to the correlation coefficient, the agreement of the absolute magni-
tudes of δZθ and δZO3 should also be examined. For this purpose, the ratio

R =
〈δZO3〉 − 〈δZθ〉
〈δZO3〉+ 〈δZθ〉 (2.2)

is calculated, where 〈δZO3〉 and 〈δZθ〉 are the root-mean-square (RMS) of δZO3 and
δZθ, respectively. We expect R ∼ 0 when δZθ and δZO3 have similar magnitude,
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Figure 2.1: Schematic of the disturbance of tracer isopleth surface by atmospheric
gravity waves.

while |R| ∼ 1 when they have completely different magnitudes. 〈δZO3〉 and 〈δZθ〉
at a given altitude (1 km step) are calculated using data within 4 km altitude
span.

Figure 2.2 shows an example of data processing procedure to derive the corre-
lation coefficient between ozone and potential temperature from the original data
provided by WOUDC and JMA. This procedure derives the vertical profile of cor-
relation coefficient between δZθ and δZO3 for each observation. The correlation
coefficients for all of the data at each observation station are monthly averaged to
derive the seasonal variation. Other observed quantities such as the RMS of ozone
fluctuation and R are also monthly averaged to investigate the climatology. The
next subsection shows the results obtained by the procedure above and discusses
their implications.

2.3.2 Results

Figure 2.3 shows the seasonal and latitudinal variation of the RMS of ozone fluc-
tuation with the vertical wavenumber λz ≤ 2 km. At almost all the stations
the RMS of ozone fluctuation peaks around the tropopause (10–20 km), although
in the equatorial region the peak is not prominent. In the midlatitudes of both
hemispheres, ozone fluctuation is large in winter.

Figure 2.4 shows the seasonal and latitudinal variation of the correlation coef-
ficient between ozone and potential temperature. The correlation coefficient has a
clear dependence on latitude, with higher coefficients at lower latitudes. Figure 2.5
shows that such a latitude dependence is not a local but a global feature. Seasonal
variation is clear only in the midlatitude, with higher correlation in late summer
than in late winter. One may expect that the season of high correlation corre-
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Figure 2.2: An example of the data processing procedure to derive the correlation
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Fluctuations of ozone mixing ratio (blue line) and potential temperature (red line)
with λz ≤ 2 km. (Right) Vertical displacement lengths of ozone (blue line) and
potential temperature (red line) and the correlation coefficient between ozone and
potential temperature (green line).

sponds to the season of large ozone fluctuation; however, the comparison between
Figures 2.3 and 2.4 shows that the correlation coefficient and the magnitude of
ozone fluctuation vary with season in an opposite way in the midlatitude. Such a
tendency is presented more clearly in Figure 2.6.

The regions of high correlation coefficient should represent the regions where
vertical advection dominates. To check the validity of such an interpretation,
the ratio R defined by (2.2) was calculated (Figure 2.7), showing that the high
correlation regions in Figure 2.4 have R ¿ 1, i.e., high equality of 〈δZO3〉 and
〈δZθ〉. Therefore, the present method is successful in finding the region where
vertical advection occurs.

To investigate the cause of the seasonal variation of the correlation coefficient
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in the midlatitude, the activity of gravity waves is estimated from temperature
data, since gravity waves will be the principal mechanism of vertical advection.
As the index of gravity wave activity, the potential energy

Ep =
1

2

g2

N2

(
T ′

T̄

)
, (2.3)

where g is the gravitational acceleration, N the Brunt Väisällä frequency, T ′ the
fluctuation component of temperature, and T̄ the background component of tem-
perature, is adopted. Figure 2.8 shows that the monthly mean of Ep is greatest in
the equatorial region and the monthly mean of Ep is larger in winter than in sum-
mer in the midlatitude, being consistent with the recent result of GPS occultation
[Tsuda et al., 2000]. The decrease of the Ep value above ∼20 km altitude is seen
in all seasons of many stations. Such a tendency was also reported by Tsuda et al.
[2000], although the authors focused on temperature fluctuations with larger scales
(horizontal wavelength > 300 km and λz = 2–10 km) as compared to the present
study.

From Figures 2.4 and 2.8, it is found that the regions with high correlation do
not necessarily correspond to the regions with high activity of gravity waves in
the midlatitude. Therefore, the seasonal variation of the correlation coefficient in
the midlatitude cannot be attributed to the seasonal variation of the activity of
gravity waves.
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Figure 2.6: Seasonal and annual variation of the RMS fluctuation of the ozone
mixing ratio with λz ≤ 2 km normalized by the background value (upper panel)
and the correlation coefficient between the fluctuations of ozone and potential
temperature with λz ≤ 2 km (lower panel).
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2.3.3 Discussions

Possible scenario of the seasonal variation in the midlatitude

This subsection gives a possible explanation for the seasonal variation in the cor-
relation coefficient observed in the mid-latitude. The findings in the previous
subsection and their implications are listed below.

• The correlation coefficient between ozone mixing ratio and potential tem-
perature becomes large in late summer (Figure 2.4). This suggests that the
ratio of the contribution of vertical advection to the contribution of hori-
zontal advection becomes large in this season, since only the former brings
about the correlation.

• The amplitude of the mixing ratio fluctuation is large in late winter (Fig-
ure 2.3), i.e., in the season where horizontal advection overwhelms vertical
advection according to the finding above. This suggests that the horizon-
tal advection increases in late winter and bring about the maximum of the
mixing ratio fluctuation in this season.

• The seasonal variation of the amplitude of vertical advection can be inferred
from the seasonal variation of gravity wave activity (Figure 2.8). It has a
weak maximum in late winter and a weak minimum in late summer. This
suggests that the seasonal variation of vertical advection does not contribute
to the increase of the correlation coefficient in late summer. Then, the oc-
currence of the maximum correlation in late summer should be attributed
to the decrease of the correlation in the opposite season (late winter) due to
vigorous horizontal advection.

The suggested scenario is illustrated in Figure 2.9. Both horizontal advection
and vertical advection have maxima in late winter and minima in late summer,
but horizontal advection has a larger seasonal variation and primarily controls
the seasonal variation of the correlation coefficient. The characteristics of the
horizontal advection, which may appear in assimilated meteorological data, will
be investigated next.

Estimation of horizontal advection using meteorological data

The magnitude of the ozone mixing ratio fluctuation due to horizontal advec-
tion can be estimated with assimilated meteorological data, although vertical-
wavenumber selection is not applied since the vertical resolution of meteorological
data is as coarse as ∼4 km in the stratosphere. Assuming that the mixing ratio
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Figure 2.9: Schematic of the seasonal variations of the amplitudes of horizontal
advection and vertical advection.

fluctuation is caused by the horizontal displacement of air parcels on isentropic
surfaces, the RMS of the mixing ratio fluctuation 〈δχy〉 can be estimated as

〈δχy〉 =
∂χ̄

∂y
〈δy〉, (2.4)

where y is the northward coordinate, ∂χ̄/∂y is the zonal-mean meridional gradient
of ozone mixing ratio, and 〈δy〉 is the RMS meridional displacement of air parcels.
∂χ̄/∂y is taken from the ozone observation data of UARS Reference Atmosphere
Project (URAP). 〈δy〉 is estimated by using the potential vorticity as

〈δy〉 = 〈δζ〉
(

∂ζ̄

∂y

)−1

, (2.5)

where 〈δζ〉 is the monthly RMS of potential vorticity fluctuations with periods
of 10 days or less at a given latitude and longitude and ∂ζ̄/∂y the zonal-mean
meridional gradient of potential vorticity. Note that in both (2.4) and (2.5) the y-
derivative is calculated on isentropic surfaces. The ∂ζ̄/∂y and 〈δζ〉 are calculated
by using the data of National Centers for Environmental Prediction (NCEP) /
National Center for Atmospheric Research (NCAR) Reanalysis.

Figure 2.10 shows the seasonal variation of ∂χ̄/∂y and 〈δy〉 on the 500 K surface
at Huntsville (35.28◦N) as an example in the midlatitude. Since both ∂χ̄/∂y and
〈δy〉 have maxima in winter, both of them will be responsible for the observed
seasonal variation of the RMS ozone mixing ratio fluctuation.

Figure 2.11 compares 〈δχy〉 with the observed RMS ozone fluctuation 〈δχobs〉
on the 500K surface at Huntsville, showing that the seasonal variation of 〈δχobs〉 is
qualitatively reproduced by 〈δχy〉. However, 〈δχobs〉 is about a few times smaller
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than 〈δχy〉 probably due to the difference of vertical scale considered. The vertical
scale of 〈δχy〉 is limited by the vertical resolution of NCEP/NCAR Reanalysis
data, and it is λz ≥ 8 km. Since the vertical scale of 〈δχobs〉 is λz ≤ 2km, 〈δχy〉
should exceed 〈δχobs〉 if larger kinetic energy exists at larger scales.
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Figure 2.10: Seasonal variations of the meridional gradient of ozone mixing
ratio (solid line) and the RMS of the meridional displacement of air (broken
line) on the 500 K isentropic surface at Huntsville (35.28N, 86.59W). The for-
mer was taken from UARS reference atmosphere, and the latter was estimated
using NCEP/NCAR meteorological data.
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Direct comparison with ozone and MPV

In the previous subsection, it was suggested that the seasonal variation of the
RMS ozone fluctuation observed by ozonesondes is caused by the seasonal vari-
ations of the background gradient of ozone mixing ratio and the magnitude of
meridional displacement. In this subsection, we examine the correlation of the
small-scale vertical structure of ozone in each profile with meridional displacement
using meteorological data.

If the observed ozone structure in each profile is caused by meridional advection,
it should correlate to the vertical structure of modified potential vorticity (MPV).
The present meteorological data, however, do not have the vertical resolution which
can resolve the observed ozone structure. Therefore, in order to reconstruct finer
vertical structures of MPV, reverse domain filling (RDF) method is adopted to
compare directly the observed ozone structure in each profile with MPV.

In the RDF method, the backward trajectory of an air parcel which is observed
at a given location is estimated with meteorological data (Figure 2.12) to deter-
mine the MPV value at the source region where the air parcel was located several
days before. Then, assuming that MPV is conserved along the trajectory, we can
reconstruct the vertical profile of MPV at the observation point. This procedure,
RDF method, provides us a finer vertical profile of MPV than the original meteo-
rological data. The period in which PV can be treated as a tracer is a few weeks
in the lower stratosphere [Andrews et al., 1987]. RDF method assumes that hor-
izontal structures are converted to vertical structures by vertically sheared flows.
In the calculation, the present study uses NCEP/NCAR Reanalysis data with
the trajectory calculation program developed at the National Institute of Polar
Research, Japan [Yamanouchi et al., 2002]. An example of estimated MPV with
RDF method is shown in Figure 2.13, demonstrating that the vertical structures
of MPV become finer and deeper as the period of backward trajectory become
longer.

After applying a high-pass filter to the MPV profile obtained by RDF method,
the correlation between ozone and MPV is investigated. One should note that
the sign of the expected correlation depends on the altitude and season, since
the sign of the meridional gradient of MPV is usually positive and that of ozone
mixing ratio is dependent on altitude and season (Figure 2.14). The correlation
coefficient is calculated separately for the lower altitude region (430-540 K), where
positive correlation is expected throughout the year, and for the upper altitude
region (540-650 K), where negative correlation is expected in summer.

Figure 2.15 shows the calculated correlation coefficient between ozone mixing
ratio and MPV at Payerne (46.49◦N) for two different vertical scales. One is for
λz ≤ 2 km, which is the scale of interest in the present study, and the other is
for λz ∼2–4 km. The ozone structures with λz ≤ 2 km virtually have no correla-
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Figure 2.12: Schematic of the estimation of the original locations of air parcels
with the backward trajectory method.
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Figure 2.13: An example of the MPV profile calculated with RDF method at
Payerne (46.49◦N). Thin curves are MPV profiles. Numerals above the curves
indicate the period of backward calculation in days. Red curve on the right-hand
side indicates the ozone mixing ratio observed by ozonesonde at that time.
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Figure 2.14: Meridional gradient of the zonal-mean ozone mixing ratio at Payerne
(46.49◦N).

tion with MPV, suggesting that the present meteorological data cannot reproduce
such small-scale structures. The situation is a little different for the structures
with λz ∼2–4 km. In the lower region the average correlation is slightly positive
throughout the year, while in the upper region a slightly negative correlation is
seen in summer. These features are qualitatively consistent with the prediction
when meridional advection is dominant. It is concluded that the reproduction of
transport processes using assimilated meteorological data gradually becomes dif-
ficult as we focus on smaller scales. The present approach can probe the vertical
scale which is inaccessible to such meteorological data.
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Figure 2.15: Correlation between the fine structures of ozone and MPV at Pay-
erne (46.49◦N). Each red dot indicates the correlation coefficient for a pair of
profiles. Blue solid circles indicate the monthly mean of the correlation coefficient.
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The RDF method assumes that horizontal structures of ozone distribution
are converted to small-scale vertical structures by vertically sheared flows with
much larger vertical scales. One may have a question whether the assumption
is physically probable or not. In order to give some suggestion, we estimate the
RMS of ozone fluctuation from the RMS of the MPV fluctuation with λz ≤ 2
km calculated by the RDF method. For the estimation of the RMS of MPV
fluctuation, we use the RDF results at Payerne (46.49◦N), which were used in
obtaining Figure 2.15. Replacing 〈δζ〉 in (2.5) by the MPV fluctuation mentioned
above and using (2.4), we calculate the RMS of small-scale ozone fluctuation which
are expected to be caused by meridional advection.

Figure 2.16 compares the estimated RMS of ozone fluctuation with the ob-
served one at each altitude at Payerne in March, the season when the effect of
meridional advection is large (Figure 2.9). The estimated RMS is on the same
order of magnitude as the observed one in the lower stratosphere, implying that
the physical process assumed in the RDF method is probable. However, the alti-
tude variation of the estimated RMS is much larger than the observed one. This
difference will be an artifact caused by the utilization of the meridional gradient of
the zonal mean ozone mixing ratio for the estimation: the meridional gradient of
ozone mixing ratio approaches zero near θ ∼600 K (Figure 2.14), thereby reducing
the estimated ozone fluctuation in this region. In the real atmosphere, since MPV
and ozone mixing ratio depend not only on the latitude but also the longitude,
MPV fluctuation should be accompanied by ozone mixing ratio fluctuation at all
altitudes.

2.4 Vertical transport and mixing by gravity waves

It is difficult to say to what extent the horizontal advection which has been dis-
cussed contributes to the irreversible transport and mixing. As for the vertical
advection is concerned it can, however, be shown that irreversible transport and
mixing subsequently occur frequently. In this section, the contribution of insta-
bilities to the vertical mixing is discussed using meteorological data obtained by
ozonesondes. A case study is conducted in late summer when vertical advection
is seen most clearly of all the seasons.

2.4.1 Conditions of instabilities

As the process of vertical mixing, shear instability and convective instability are
important. The condition for convective instability is given by ∂θ/∂z < 0, and the
condition for shear instability is Ri < 0.25, where Ri is the Richardson number
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Figure 2.16: Comparison of the RMS of ozone mixing ratio fluctuation estimated
by RDF-based MPV reconstruction (solid line) and the RMS of the ozone fluctua-
tion with λz ≤ 2 km observed by ozonesondes (broken line) at Payerne (46.49◦N)
in March. The RMS of the ozone and MPV fluctuation at each altitude (1 km
step) is calculated from data within 4 km altitude span.
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Figure 2.17: Schematic of the regions of shear instability and convective insta-
bility in the field of a gravity wave whose group velocity is upward.

defined by

Ri = N2

(
∂u

∂z

)−2

(2.6)

with N being the Brunt Väisälä frequency defined by

N2 = g
∂ ln θ

∂z
(2.7)

and u = ū+u′ is the horizontal wind, where ū and u′ are the background component
and the fluctuation component of u, respectively. In the middle atmosphere, these
instabilities are usually initiated by gravity waves as illustrated in Figure 2.17.
Taking the coordinate of u′ in the direction of horizontal propagation, convective
instability occurs around the regions where u′ peaks, while shear instability occurs
around the regions where u′ ∼0. The regions where these instabilities occur should
have vertically-smoothed distributions of tracers and potential temperature due to
vigorous vertical mixing. Such regions are easily found in ozonesonde data, as next.

2.4.2 Case study of vertical mixing

Figure 2.18 shows an example of the case where temperature and ozone distribu-
tions are strongly affected by the vertical transport and mixing associated with
gravity waves. At altitudes of 15–25 km, vertical displacement lengths derived
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Figure 2.18: Ozonesonde data on August 11, 1999 at Santa Cruz (28.46◦N).
(Left) Ozone mixing ratio (blue) and temperature (red). (Middle) Zonal wind
velocity (red) and meridional wind velocity (blue). (Right) Vertical displacement
lengths derived from ozone mixing ratio (blue) and potential temperature (red)
for vertical scale λz ≤ 2 km, and their correlation (green).

from ozone mixing ratio (δZO3) and potential temperature (δZθ) are in phase and
have similar magnitudes, implying that these small-scale features are caused by
vertical advections. Wavelike structures are also observed in the wind velocity
profile in the corresponding region and guessed to be caused by gravity waves.

To investigate the relationship between these small-scale structures and insta-
bilities, ozone mixing ratio and potential temperature are compared with N2 and
Ri in Figure 2.19. The z-derivatives which appear in N2 and Ri are calculated as

∂a

∂z
' ai+1 − ai−1

zi+1 − zi−1

, (2.8)

where a is the field variable, i.e. θ or u, and i is the grid number. N2 and Ri

are calculated from the original data whose vertical spacing is ∼ 20 m without
any smoothing. The vertical distributions of ozone mixing ratio and potential
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temperature tend to be locally flat in the regions where N2 ∼ 0 and/or Ri < 0.25,
i.e., the condition of convective and/or shear instability is satisfied. Then, it is
suggested that vertical mixing has occurred in those regions due to instabilities.
Considering that these regions have thicknesses of 200–300 m and typically include
10–15 data points in each layer, the features should not be artificial.

In order to relate the regions of instability to the gravity wave field, a hodograph
analysis is applied to the data adopting the procedure described by Hamilton
[1991]. Figure 2.20 shows the hodograph of the observed wind profile and the
phase relationship between temperature and wind velocity, suggesting that the
observed fluctuations of wind and temperature are attributed to an inertio-gravity
wave with horizontal wavelength λx = 410 km, λz = 1.0 km and the intrinsic
period of 19.8 hours.

From this analysis the propagation direction was determined, and the wind
component u′ in this direction is compared with other variables in Figure 2.19.
Considering the expected phase where instabilities occur (Figure 2.17), the mixing
regions A–C are attributed to shear instability, while the region D, convective
instability.

It can also be shown that the amplitude relationship between the observed wind
and temperature in Figure 2.20 is consistent with the solution of an inertio-gravity
wave. Substituting the derived parameters of the gravity wave and |T ′| ∼ 1.5 K
and Ts ∼ 210K into (A.7) in Appendix A, |u′| is calculated to be 4.8 m s−1, which
agrees with the observed |u′|.

2.4.3 Probability of occurrence of shear instability

The result in the previous subsection implies that instabilities and subsequent
mixing can be detected by using the criterion Ri < 0.25. Then, the question
of how often such instabilities occur can be answered by evaluating the ratio of
the number of data which satisfy Ri < 0.25 to the total number of data in each
altitude region. The probability of the occurrence of shear or convective instability
is calculated at each altitude (1 km step) by using data within 1 km altitude span.
The z-derivative in Ri is calculated as (2.8). It should be noted that the probability
tends to decrease as (zi+1 − zi−1) in (2.8) increases and the (zi+1 − zi−1) of the
original data depends on the observation station. Therefore, the probabilities at
different stations are not compared with each other in this study. Here we focus
only on the seasonal variation of the probability at one station.

Figure 2.21 shows the probability of the occurrence of shear or convective insta-
bility at Santa Cruz (28.46◦N). The altitude where the probability of ∼0.25 occurs
varies with season similarly to that of the tropopause, below which the instability
occurs more frequently than above. This result is consistent with the fact that the
background atmosphere is less stable in the troposphere than in the stratosphere,
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suggesting that the present analysis is reliable.
The probability decreases above the tropopause more sharply in summer than

in winter. Figure 2.22 shows that the activity of gravity waves above the tropopause
is higher in winter than in summer. Comparison of the probability distribution
with the Ep distribution suggests that the gravity waves enhancement around the
tropopause cause more instability in winter than in summer.
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Figure 2.19: An altitude section of the ozonesonde observation shown in Figure
2.18. (a) Ozone mixing ratio (blue) and potential temperature (red). (b) Static
stability. (c) Richardson number. (d) Wind velocity fluctuation with λz ≤ 3 km
along the direction of horizontal propagation. Pink and blue regions indicate the
regions where shear instability and convective instability are expected to occur,
respectively.
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Figure 2.20: (Left) Hodograph of the wind velocity shown in Figure 2.18 for
λz ≤ 3 km. Red arrow indicates the propagation direction determined by the
phase relationship between wind and temperature. V ′

x and V ′
y indicate fluctuation

components of zonal and meridional wind, respectively. Letters B and T indi-
cate the data points at the bottom and top of the region, respectively. (Middle)
Relationship between V ′

x (blue), V ′
y (green), and the fluctuation component of tem-

perature T ′ (red). (Right) Relationship between u′ (green) and v′ (blue), which
are the fluctuation components of wind velocities in the direction of horizontal
propagation and in the direction of 90◦ to the left of the horizontal propagation,
respectively, and T ′ (red).
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Figure 2.21: Probability of the occurrence of shear or convective instability at
Santa Cruz (28.46◦N). White circles indicate tropopause.
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Figure 2.22: Same as Figure 2.21, but for the monthly mean of the potential
energy of gravity waves with λz ≤ 2 km defined by (2.3).
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2.5 Concluding remarks

The global climatology of the correlation between the small-scale vertical struc-
tures of ozone and potential temperature was revealed to investigate the origin of
such small-scale structures, i.e. the contributions of vertical advection and horizon-
tal advection. It was found that the correlation increases with decreasing latitude
and such a latitude dependence is not a local but a global feature. In midlatitudes,
there exists a distinct seasonal variation of the correlation with a maximum in late
summer and a minimum in late winter. The results of the correlation coefficient,
the mixing ratio variability and the gravity wave activity in the midlatitudes sug-
gest that horizontal advection becomes active and overwhelms vertical advection
in late winter, thereby lowering the correlation in this season.

The contribution of shear instability and convective instability caused by a
gravity wave to the irreversible vertical mixing of ozone was investigated based
on a case study with the aid of meteorological data obtained by ozonesondes.
Statistical studies showed that the vertical mixing under the condition of shear
instability occurs frequently in the lower stratosphere.



Chapter 3

Small-scale vertical structures of
ozone in the upper stratosphere

3.1 Introduction

Although the small-scale structures of ozone distribution in the lower stratosphere
have been well observed, the difficulty of in-situ measurements in the upper strato-
sphere has prevented one from knowing the detailed distribution of ozone laminae
in this region.

Hilsenrath [1983] investigated the ozone depletion over two weeks observed by
rocketsonde and Nimbus-7 SBUV at the altitudes of 28–38 km at Wallops (37.8◦N)
with the geopotential height analysis. He concluded that the depletion was caused
by the changes in meridional flow over Wallops and that the changes of flow were
resulted from the displacement of the polar vortex. Subbaraya et al. [1994] reported
the wave-like ozone structures with λz ∼ 20 km above altitude 30 km at Thumba
(8.5◦N) in April using rocket-borne optical ozonesonde, suggesting that pertur-
bations were associated with the equatorial waves and Rossby waves. Although
the wave-like structures in the upper stratosphere appears in the ozone profiles
of other studies [McCormick et al., 1984; McDermid et al., 1990], the authors did
not mentioned the structures.

Nagahama et al. [2000] showed that the day-to-day variations of ozone mixing
ratio observed at Tsukuba (36◦N, 140◦) and Nagoya (35◦N, 137◦) correlated with
each other at the altitude 38 km during a few weeks in winter. The agreement
suggests that such variations with the amplitude ≤ 1 ppmV had the horizontal
structure with the scale ≥ ∼ 300 km, although they did not discussed the ori-
gin of the variations. Leblanc and McDermid [2000] suggested the existence of
the ozone day-to-day variability involving laminae in the upper stratosphere at
Table Mountain (34.4◦N) and Mauna Loa (19.5◦N) using differential absorption
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lidars. Calisesi et al. [2001] investigated ozone perturbations at altitudes of 25–40
km over Bern (46.95◦N) during several years using ground-based millimeter-wave
spectrometer with the vertical resolution of 2–3 km. Using assimilated meteoro-
logical data, the authors statistically showed that the large episodic perturbations
of ozone in winter were attributed to the meridional transport under significant
deformations of the polar vortex in association with strong planetary wave activity.

In the present study, we investigate the fine structures which appear in the
ozone vertical profiles obtained by the optical sensors onboard balloons which can
attain altitudes higher than 42 km [Okabayashi, 1997]. In the upper stratosphere,
not only dynamical processes, which are dominant in generating ozone laminae
in the lower stratosphere, but also photochemical processes can affect the ozone
distribution. The effects of dynamical processes, which are classified into vertical
advection and horizontal advection, and photochemical processes on generating
the observed ozone laminae are discussed.

3.2 Data

The Observation of the upper stratospheric ozone with the balloon-borne optical
sensor (BOS) developed by Tohoku University was started in 1993 at Sanriku
Balloon Center (39.16◦N, 141.83◦E) of Institute of Space and Astronautical Science
(ISAS) / Japan Aerospace Exploration Agency (JAXA). For monitoring the annual
variation of ozone in the upper stratosphere, the observations are repeated during
about 10 years, mainly in summer. The observations are conducted with thin-film
high-altitude balloons developed by ISAS/JAXA, and fourteen vertical profiles
of ozone were obtained until 2002. Ozone number density was measured at the
altitudes 10–42 km with the vertical resolution of 1 km. Temperature, pressure
and wind velocity were also measured simultaneously with the vertical resolution
of 100 m for temperature and pressure and 300 m for wind.

The observations frequently detected laminae structures in ozone profiles with
the amplitude of 10 % or more (Figure 3.1), which is larger than the measurement
error (less than 6 %)[Okabayashi, 1997].
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Figure 3.1: Ozone profiles observed at Sanriku (39.16◦N) with balloon-borne op-
tical sensors (provided by Tohoku University). On September 4, 1998 two profiles
were obtained simultaneously with two gondolas (’lower’ and ’upper’).
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3.3 Validation of optical ozone sensor

In order to validate the accuracy of BOS observations at Sanriku, simultaneous
observations using BOS and ECC were conducted at Sanriku. Two balloons were
launched in the morning and the afternoon on June 1, 2002 with the configurations
shown in Figure 3.2. The first balloon (BS02-02P) had both ECC and BOS and
the second one (BS02-03G) had only ECC, and the type of ECC is KC-96 provided
by Meisei corporation. In the following we will show and discuss only the result of
the first balloon, which had both BOS and ECC. With this balloon, ozone number
density, temperature, pressure and wind velocity were measured simultaneously
(Figures 3.3). Wind velocity was derived from the temporal movement of the
balloons.

Since the ascent speed of the balloon was ≤5 m s−1 in the stratosphere and the
sampling interval was 4 s for ECC ozone and temperature and 8 s for pressure, the
vertical resolution is ≤20 m for ozone and temperature and ≤40 m for pressure.
The vertical resolution of BOS ozone is 1 km although the sampling interval of
raw BOS data is 1 s, since a running average is applied to improve the S/N ratio.
The vertical resolution of wind velocity is 300 m since the balloon is tracked with
60 s intervals.

The results of the simultaneous observations by ECC and BOS onboard BS02-
02P are compared in Figure 3.4, together with the difference between ECC and
BOS and its ratio to the total ECC. The vertical resolution of ECC was lowered
to 1 km, i.e., the vertical resolution of BOS. At altitudes 11–23 km, the difference
in the ozone number density between ECC and BOS is about 4 × 1011 cm−3 or
less, which corresponds to about 10 % of the total value, although the maximum
of the difference is 19 %. The results are reasonable because ECC has the random
and bias error of ≤ 3–5 % below the altitude of 30 km [Komhyr et al., 1995] and
BOS has random error of 5.8 % and bias error of -9.2 % [Okabayashi, 1997].

From 23 to 28 km the difference between ECC and BOS is greater 10 %, and
above 28 km the number density by ECC suddenly falls to zero. ECC sensor might
have some trouble around this altitude. It is probable that the KI solution of ECC
overflowed due to the swaying of the gondola and/or the insufficient removing of
air bubbles in the solution.

Below the altitude of 11 km, the difference between ECC and BOS is also
large (>10 %). The disagreement in this region was anticipated since the vertical
gradient of the ratio of ultra violet intensity to visible intensity becomes very small
in this regions (Figure 3.3(a)). Small vertical gradient of the ratio enlarges the
error of the vertical differential of the ratio, which is proportional to the ozone
number density.

Figure 3.5 compares the small-scale structures observed by ECC and BOS for
the vertical scale λz = 1–5 km. The phase and amplitude in ECC and BOS results
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Figure 3.2: Configuration of balloon BS02-02P, which was launched at 10:04 JST
on June 1, 2002 and attained an altitude 44.2 km.

are in accord with each other in the altitude region of 15–23 km, where both ECC
and BOS have enough sensitivity. The error of BOS seems to be large below 15
km, while the error of ECC seems to be large above 23 km. Based on this result,
it is concluded that the small-scale structures, which have been observed in the
BOS ozone profiles at Sanriku, are real phenomena.
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(a) (b) (c) (d)

Figure 3.3: Results of the observation by BS02-02P. (a) Ratio of ultraviolet
intensity to visible intensity. (b) Ozone number density observed by ECC (red)
and BOS (blue). (c) Temperature (red) and pressure (blue). (d) Zonal wind
velocity (red) and meridional wind velocity (blue).
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Figure 3.4: Comparison of ozone number densities measured by ECC (solid)
and BOS (long-dashed). The difference of number density between ECC and BOS
(short-dashed) and the ratio of the difference to the total number density measured
by ECC (dash-dotted) are also plotted.
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Figure 3.5: Comparison of small-scale structures with λz = 1–5 km in the ozone
number density profiles measured by ECC (solid) and BOS (dashed).
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3.4 Origin of the small-scale vertical structures

of ozone observed at Sanriku

The previous section showed that the small-scale vertical structures in ozone pro-
files in the upper stratosphere observed at Sanriku will be real phenomena. In this
section, such observed structures are analyzed from the viewpoint of atmospheric
transport as Chapter 2. Contribution of photochemical processes is also discussed.

3.4.1 Vertical advection

The correlation between ozone and potential temperature is calculated for λz =1–
5km using (2.1) to investigate the contribution of vertical advection. Figure 3.6
shows the correlation coefficient between ozone and potential temperature for all
observations at Sanriku. Above the altitude of ∼27 km virtually no correlation is
found, while below ∼27 km the average correlation coefficient is slightly positive.
The ratio of R defined by (2.2) is plotted in Figure 3.7, showing that the amplitude
of δZO3 is much larger than that of δZθ. This means that the vertical advection
cannot make such a large ozone fluctuation probably because this altitude region
is near the peak of the ozone mixing ratio. The results suggest that the vertical
advection is not the main source of the small-scale ozone fluctuations in the upper
stratosphere observed at Sanriku.
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Figure 3.6: Correlation coefficient between ozone and potential temperature for
all observations at Sanriku (39.16◦N).
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Figure 3.7: Same as Figure 3.6, but for the ratio R defined by (2.2).
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Figure 3.8: Meridional gradient of the zonal-mean ozone mixing ratio at Sanriku
(39.16◦N).

3.4.2 Horizontal advection

To examine the contribution of horizontal advection to the observed small-scale
structures, the RDF method described in subsection 2.3.3 is applied to compare
the ozone structure and MPV. It should be noticed, however, that the upper
stratosphere is not suitable for the isentropic analysis since strong radiative cooling
hinders the conservation of potential vorticity.

The U.K. Met Office stratospheric analyses (UKMET) data is used for the
backward trajectory calculation program, and the program was supplied by the
National Institute for Environmental Studies, Japan. The vertical profiles of MPV
corresponding to the ozone observations were obtained by RDF method. After
the small-scale structures of ozone mixing ratio and MPV with λz = 1–5 km
are extracted by high-pass filter, the correlation coefficients between them are
calculated. The correlation coefficient is calculated for the data below the altitude
of θ = 1400 K (≤ 40 km), where negative correlation is expected throughout the
year since the sign of the meridional gradient of MPV is usually positive and that
of ozone mixing ratio is negative in this region (Figure 3.8).

Figure 3.9 shows the calculated correlation coefficient between ozone mixing
ratio and MPV, suggesting that the correlation is widely scattered and has no
tendency. The probable reasons for the complete disagreement between MPV and
observed ozone structures are:

• Poor assumption of the conservation of potential vorticity in the upper strato-
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Figure 3.9: Correlation between ozone and MPV at Sanriku for λz =1–5 km.
Each dot indicates the correlation coefficient for a given observation.

sphere

• Low spatial resolution of meteorological data in the upper stratosphere

• Low quality or insufficient number of observation data which are used to
produce the assimilated meteorological data

A previous study in Switzerland showed that the correlation coefficient between
ozone and MPV ranges from -0.1 to 0.1 at the altitude of 30–40 km in summer
[Calisesi et al., 2001]. The present study shows that a similar tendency prevails in
Japan.

3.4.3 Photochemical processes

Another mechanism of the ozone fluctuations observed in the upper stratosphere
is the change of photochemical reaction rates due to temperature fluctuations.
According to Froidevaux et al. [1989], odd oxygen destruction processes (O+O3,
O+NO2, O+HO2 and O+ClO) are considered. Under the equilibrium condition
in the daytime, the stratospheric ozone density depends on temperature as

χ′

χ0

= −C0

T0

T ′

T0

, (3.1)
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Table 3.1: Photochemical processes and the rate coefficients taken from
Froidevaux et al. [1989] except j∗3 , which is taken from Froidevaux et al. [1985]

Reaction Rate coefficient a

O2 + hν → O+O (Not used in the calculation.)
O3+ hν → O2+O j∗3

= 2.2 ×10−5 at 20 km
= 1.2 ×10−3 at 40 km

O+O2+M → O3+M k5 = 7.5× 10−35e620/T

O+O3 → 2O2 k6 = 8.0× 10−12e−2060/T

O+HO2 → OH+O2 k8 = 3.0× 10−11e200/T

O+NO2 → NO+O2 k16 = 9.3× 10−12

O+ClO → Cl+O2 k19 = 7.7× 10−11e−130/T

aj∗3 is for a solar zenith angle of 45 ◦. Units are s−1 for j∗3 , cm6 s−1 for k5, and cm3 s−1 for
k6, k8, k16, and k19.

where χ′ and χ0 are the fluctuation component and the background component
of ozone mixing ratio, respectively, and T ′ and T0 are the fluctuation component
and the background component of temperature, respectively. C0, K0 and K1 are
defined as

C0 =
K0[T − d ln K0/d(1/T )]

2K0 + (K1/χ0)
+

(K1/χ0)[T − d ln K1/d(1/T )]

2K0 + (K1/χ0)
, (3.2)

K0 = k6/k5, (3.3)

K1 = (k16/k5)fNO2 + (k19/k5)fCLO + (k8/k5)fHO2, (3.4)

where fNO2, fClO and fHO2 are the mixing ratios of NO2, ClO and HO2, respectively,
and k is the rate coefficient whose notation follows Froidevaux et al. [1989]. The
photochemical processes and k involved here are listed in Table 3.4.3. Equation
(3.1) suggests that the ozone fluctuation should have a negative correlation with
the temperature fluctuation under the photochemical equilibrium.

Since fNO2, fClO and fHO2 have not been measured simultaneously, the reactions
including these species are ignored (Chapman mechanism). The comparison with
the estimation with the typical mixing ratios of these species showed that the
assumption of Chapman mechanism leads to the error of χ′ by about 20 %. As is
shown later, such a difference does not affect the conclusions.

Firstly, it is examined whether the photochemical equilibrium can be achieved
in response to temperature fluctuations. Since the temperature fluctuations with
λz ∼ 1 km in this region are expected to be caused by the adiabatic vertical motion
associated with gravity waves, which typically have periods of several hours, ozone
lifetime needs to be several hours or less so that photochemical equilibrium can be
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assumed. The lifetime of odd ozone family, τOx , based on the Chapman mechanism
is estimated as

τOx =
k5

2k6j∗3

n2
airfO2

nO3

, (3.5)

where j∗3 is rate coefficient of ozone photodissociation which is given in Table 3.4.3.
Since j∗3 is given only at 20 and 40 km, the value of j∗3 is interpolated or extrapo-
lated in the altitude region of 30–45 km. Figure 3.10 shows that the calculated τOx

is longer than 1 day below the altitude of 40 km, indicating that the photochemical
equilibrium will not be achieved under the temperature fluctuations due to gravity
waves. Therefore, even when vertical advection is the primary process of creating
small-scale structures, the relationship between ozone mixing ratio and temper-
ature fluctuations is not necessarily a negative correlation and depends on the
period of the gravity wave which causes the temperature fluctuation. The result
also suggests that the amplitude of ozone fluctuations observed should be smaller
than the one expected from (3.1) if photochemical processes are responsible for
the ozone fluctuations.
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Figure 3.10: Lifetime of odd ozone family under the Chapman mechanism for
each temperature profiles observed.
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The fluctuations of ozone mixing ratio and temperature are compared in Figure
3.11. The amplitude of ozone fluctuation expected from the photochemical rela-
tionship (3.1) based on the observed temperature fluctuations (1–2 K) is 0.2–0.4
ppmV, which is much smaller than the observed ozone fluctuations (1–2 ppmV).
This suggests that the photochemical process is not the primary source of small-
scale structures in the ozone profiles observed in the upper stratosphere.
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Figure 3.11: Comparison of the small-scale structures of ozone mixing ratio
(dashed) and temperature (solid) observed at Sanriku. Fluctuation components
of ozone and temperature are obtained by extracting third-order-fitted curve from
the original data.
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3.5 Concluding remarks

The origin of the ozone laminae structures in the upper stratosphere which have
been observed at Sanriku (39.16◦N) with optical ozone sensors onboard thin-film
high-altitude balloons was investigated. The contribution of vertical advection
seems to be limited in this altitude region. Photochemical processes also cannot
explain the observed ozone laminae since the ozone fluctuations expected by the
observed temperature fluctuations are much smaller than the observed ones. These
results suggest that horizontal advection will be the principal process to induce
ozone laminae structures in the upper stratosphere, although the process could
not be confirmed by using assimilated meteorological data.

It should be noted that the observations were conducted mainly in late summer.
Since the easterly zonal wind in the summer stratosphere prohibits stationary
planetary waves from propagating vertically, other processes should be considered.
Wagner and Bowman [2000] suggests that the breaking of free traveling planetary
waves propagating westward in summer caused the ozone perturbations which were
observed at 20–30 km altitudes around 60◦N by the POAM II onboard the SPOT-3
satellite. Kar et al. [2002] attributes a significant number of ozone laminae above
20 km in the high latitude observed by SAGE II to the frozen-in remnants after the
breaking of polar vortex. Both satellite observations described above have a poor
horizontal resolution of 200–300 km, which is much lower than that of present
balloon-borne observation. More in-situ observations are required to reveal the
mixing processes in the upper stratosphere.





Chapter 4

Summary and conclusions

4.1 Summary

The present thesis has investigated the climatology and origin of small-scale ver-
tical structures of stratospheric ozone by using in situ measurement data. In
addition to the global data of the routine ozonesonde observation in the lower
stratosphere, the optical ozonesonde data in the upper stratosphere, where the
routine ozonesonde observation is not conducted, are utilized for the present anal-
yses.

4.1.1 Lower stratosphere

Firstly, we investigated the global climatology of the correlation coefficient between
ozone and potential temperature in the lower stratosphere, in order to reveal the
origin of small-scale (λz ≤ 2 km) vertical structures of ozone distribution. Ozone
laminae in the lower stratosphere can be attributed to dynamical processes, i.e.
vertical advection and horizontal advection. The correlation coefficient between
ozone and potential temperature enables us to distinguish between vertical advec-
tion and horizontal advection as the cause of ozone laminae.

It was found that the correlation increases with decreasing latitude and such
a latitude dependence is not a local but a global feature. The seasonal variation
of the correlation was found to be large in the mid-latitude with a maximum in
late summer and a minimum in late winter. Contrary to the expectation, in the
mid-latitude, the correlation coefficient and the magnitude of ozone fluctuation
varies with season in an opposite way. The seasonal variation of the activity of
gravity waves, which will be the principal mechanism of vertical advection, was
also examined, and it was found that the regions with high correlation did not
necessarily correspond to the regions with high activity of gravity waves. There-
fore, the seasonal variation of the correlation coefficient in the midlatitude cannot
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be attributed to the seasonal variation of the activity of gravity waves. The above
results suggest that horizontal advection becomes active and overwhelms vertical
advection in late winter in the midlatitudes, thereby lowering the correlation in
this season. This scenario was examined by two methods.

The first method is the estimation of the magnitude of the ozone mixing ratio
fluctuation due to horizontal advection. The mean magnitude was represented
as the product of the mean meridional gradient of ozone, which was taken from
UARS Reference Atmosphere Project, and the mean meridional displacement of air
parcels, which was estimated by the potential vorticity analysis using the National
Centers for Environmental Prediction (NCEP) / National Center for Atmospheric
Research (NCAR) reanalysis data. The mean magnitude estimated above showed a
seasonal variation similar to that of the ozone fluctuation observed by ozonesondes.

The second method is the direct comparison of the small-scale structures of
ozone with those of modified potential vorticity (MPV), which are caused by hori-
zontal advection. Since the assimilated meteorological data do not have a vertical
resolution fine enough to resolve the structures under consideration, the reverse
domain filling (RDF) method was utilized with NCEP/NCAR reanalysis data to
reconstruct finer vertical structures of MPV. The results showed that the small-
scale structures of ozone virtually have no correlation with those of MPV, suggest-
ing that even RDF method with the present meteorological data cannot reproduce
such small-scale structures of ozone.

The irreversible vertical mixing of ozone due to the breaking of an inertio-
gravity wave was investigated based on a case study with the aid of meteorological
data obtained by ozonesondes. The conditions of shear instability and convective
instability were examined in order to investigate the contribution of such instabil-
ities to the irreversible vertical transport and mixing. The altitude regions where
the condition of instabilities was satisfied had locally flat vertical distributions
of ozone mixing ratio and potential temperature. A hodograph analysis showed
that such unstable regions could be related to the gravity wave field, suggesting
that the gravity wave observed simultaneously caused instabilities and the vertical
mixing of potential temperature and ozone. Statistical studies showed that the
vertical mixing under the condition of shear instability occurs frequently in the
lower stratosphere.

4.1.2 Upper stratosphere

Secondly, we investigated the origin of the small-scale (λz =1–5 km) vertical struc-
tures of the ozone distribution in the upper stratosphere, using the ozone profiles
at Sanriku (39.16◦N, 141.83◦E) obtained with the balloon-borne optical sensor
(BOS) by Tohoku University. The validation experiment of BOS with electro-
chemical concentration cell ozonesondes confirmed that such small-scale vertical
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structures of ozone observed at Sanriku are real phenomena.
The correlation between ozone mixing ratio and potential temperature were

examined, showing that above the altitude of ∼27 km virtually no correlation is
found, while below ∼27 km the average correlation coefficient is slightly positive.
The results suggest that the vertical advection is not the main source of the small-
scale ozone fluctuations observed in the upper stratosphere at Sanriku.

The RDF method was utilized to compare the vertical structures of ozone mix-
ing ratio with those of MPV using the U.K. Met Office stratospheric analyses data,
although the upper stratosphere is not suitable for the isentropic analysis due to
strong radiative cooling which hinders the conservation of potential vorticity. The
calculated correlation coefficient between ozone and MPV was widely scattered
and has no tendency.

As another mechanism of the ozone fluctuation observed in the upper strato-
sphere, the change of photochemical reaction rates due to temperature fluctuation
was discussed. However, photochemical processes also cannot explain the observed
ozone laminae: the ozone fluctuations expected by the observed temperature fluc-
tuations are much smaller than the observed ozone fluctuations. These results
suggest that horizontal advection will be the principal process of creating ozone
laminae structures in the upper stratosphere, although the process could not be
confirmed with assimilated meteorological data.

4.2 Conclusions and future work

The present study developed a new method of probing the small-scale transport
processes in the stratosphere. We focused on the small-scale vertical structures
of the stratospheric ozone, regarding such structures as the product of the atmo-
spheric advection due to small-scale dynamical processes, and revealed the global
climatology of such advection for the first time. We have revealed the latitudi-
nal and seasonal variations of small-scale horizontal and vertical advections in the
lower stratosphere, which cause the ozone laminae with the scale of λz ≤ 2 km.
It was also suggested that horizontal advection will be the principal process of
producing ozone laminae in the upper stratosphere. Since our method does not
require additional observation tools other than routine ozonesonde observations,
we can easily perform a long-term and continuous study: this is another merit of
the present method. Further studies are needed to identify the dynamical pro-
cesses which cause horizontal advection. The candidates will be planetary waves
and the turbulence caused by the breaking of such waves.

It is recognized that small-scale dynamical processes which cause diffusive
transport in the middle atmosphere affect much larger-scale chemical fields and dy-
namical processes. For example, the vertical distributions of chemical constituents
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are greatly affected by such processes [Garcia and Solomon, 1983]. The horizontal
distributions of chemical constituents in the regions where the horizontal gradi-
ents of their mixing ratios are large, such as the edge of the polar vortices, will
also be sensitive to such diffusive transport. Furthermore, the kinetic energy of
large-scale motions may be determined by the energy dissipation at small-scales
[Tung and Orlando, 2003]. Thus, it is necessary to take into account small-scale
transport as well as synoptic or global-scale motions in order to understand the
structure of the stratosphere. In global circulation models the transport by such
small-scale processes are parameterized by the diffusion coefficient since the spatial
resolutions of the models are limited. However, the value of the diffusion coeffi-
cient and its spatial/temporal variation are highly uncertain due to the lack of
observational data. The present study will, for example, help us to quantitatively
estimate the contribution of horizontal advection and vertical advection to irre-
versible transport and mixing, leading to the evaluation of the diffusive coefficient.



Appendix A

Wind and temperature
fluctuations caused by
inertio-gravity wave

The relationship between the wind and temperature fluctuations associated with
an inertio-gravity wave is derived by the perturbation method. We adopt the
log-pressure vertical coordinate

z ≡ −H ln(p/ps),

where p is the pressure, ps the standard reference pressure (usually taken as 1000
hPa) and H the standard scale height (≡ RTs/g0, where R is the gas constant
for dry air, Ts the standard reference temperature, and g0 the global average
of gravitational acceleration at mean sea level). The governing equations, i.e.
the horizontal momentum equation, hydrostatic equation, continuity equation and
thermodynamic energy equation are written as

Du

Dt
− fv +

∂Φ

∂x
= 0, (A.1a)

Dv

Dt
+ fu +

∂Φ

∂y
= 0, (A.1b)

∂Φ

∂z
=

R

H
θe−κz/H , (A.1c)

∂u

∂x
+

∂v

∂y
+

1

ρ0

∂

∂z
(ρ0w) = 0, (A.1d)

Dθ

Dt
= 0 (A.1e)

[Andrews et al., 1987; Holton, 1992], where D/Dt = ∂/∂t + u ∂/∂x + v ∂/∂y +
w ∂/∂z, x the eastward coordinate, y the northward coordinate, t the time, u the
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x-component of the wind, v the y-component of the wind, w ≡ −(H/p) Dp/Dt
the vertical wind, f the Coriolis parameter, T the temperature, θ = T (ps/p)κ the
potential temperature, ρ0(z) ≡ ρ0(0) exp(−z/H) the basic density, and κ ≡ R/cp,
where cp is the specific heat of dry air at constant pressure. The geopotential Φ is
defined as

Φ =

∫ z∗

0

gdz∗,

where z∗ is the geometric height and g the gravitational acceleration. With the
aid of (A.1c), we can transform (A.1e) as

(
∂

∂t
+ u

∂

∂x
+ v

∂

∂y

)
∂Φ

∂z
+ wN2 = 0, (A.1e′)

where N2 ≡ (R/H)(∂T/∂z + κT/H) is the Brunt Väisällä frequency squared in
log-pressure coordinate.

Assuming that a basic state is motionless and that temperature varies only with
height, we now linearize (A.1a), (A.1b), (A.1d) and (A.1e′), by letting the field
variable A be separated into the background component Ā and the perturbation
component A′, as

∂u′

∂t
− fv′ +

∂Φ′

∂x
= 0, (A.2a)

∂v′

∂t
+ fu′ +

∂Φ′

∂y
= 0, (A.2b)

∂u′

∂x
+

∂v′

∂y
+

1

ρ0

∂

∂z
(ρ0w

′) = 0, (A.2c)

∂2Φ′

∂t∂z
+ w′N2 = 0. (A.2d)

We let

(u′, v′, w′, Φ′, T ′) = ez/2HRe
[
(û, v̂, ŵ, Φ̂, T̂ ) exp i(kx + ly + mz − σt)

]
, (A.3)

where k, l and m are the wavenumbers in x, y and z directions, respectively, and
σ the frequency. Taking N constant and substituting (A.3) into (A.2a)–(A.2d),
we obtain the dispersion relation

σ2 = f 2 +
N2(k2 + l2)

m2 + 1/4H2
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and the relationship between field variables

û =
σk + ilf

σ2 − f 2
Φ̂, (A.4)

v̂ =
σl − ikf

σ2 − f 2
Φ̂,

ŵ = − σ

N2

(
m− i

2H

)
Φ̂.

The temperature disturbance T ′ is related to Φ′, from (A.1c) and the definition
of θ, as

∂Φ′

∂z
=

R

H
T ′,

thus we obtain

Φ̂ =
R

H

(
1

2H
+ im

)−1

T̂ . (A.5)

Substituting (A.5) into (A.4), we obtain the relationship between û and T̂ as

û =
σk + ilf

σ2 − f 2

R

H

(
1

2H
+ im

)−1

T̂ . (A.6)

Taking the x-coordinate in the direction of horizontal propagation, we can set
l = 0 in (A.6). Moreover, we focus on gravity waves with m À H−1. Then, the
relationship between û and T̂ is given by

û ∼ −i
kσ

m(σ2 − f 2)

R

H
T̂

= −i
g0kσ

m(σ2 − f 2)

T̂

Ts

. (A.7)

Considering (A.3), we can displace û and T̂ in (A.7) by u′ and T ′, respectively.
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Ehhalt, D. H., E. P. Röth, and U. Schmidt, On the temporal variance of strato-
spheric trace gas concentrations, J. Atmos. Chem., 1, 27-51, 1983.

Froidevaux, L., M. Allen, and Y. L. Yung, A critical analysis of ClO and O3 in the
mid-latitude stratosphere, J. Geophys. Res., 90, 12,999-13,029, 1985.

Froidevaux, L., M. Allen, S. Berman, and A. Daughton, The mean ozone profile
and its temperature sensitivity in the upper stratosphere and lower meso-
sphere: An analysis of LIMS observations, J. Geophys. Res., 94, 6389-6417,
1989.

Garcia, R. R. and S. Solomon, A numerical model of the zonally averaged dynami-
cal and chemical structure of the middle atmosphere, J. Geophys. Res., 88,
1379-1400, 1983.

Gibson-Wilde, D. E., R. A. Vincent, C. Souprayen, S. Godin, A. Hertzog, and S.
D. Eckermann, Dual lidar observations of mesoscale fluctuations of ozone
and horizontal winds, Geophys. Res. Lett., 24, 1627-1630, 1997.

Grant W. B., R. B. Pierce, S. J. Oltmans, and E. V. Browell, Seasonal evolution
of total and gravity wave induced laminae in ozonesonde data in the tropics
and subtropics, Geophys. Res. Lett., 25, 1863-1866, 1998.



66

Hamilton, K., Climatological statistics of stratospheric inertia-gravity waves de-
duced from historical rocketsonde wind and temperature data, J. Geophys.
Res., 96, 20,831-20,839, 1991.

Haynes, P. and J. Anglade, The vertical-scale cascade in atmospheric tracers due
to large-scale differential advection, J. Atmos. Sci., 54, 1121-1135, 1997.

Haynes, P. and E. Shuckburgh, Effective diffusivity as a diagnostic of atmospheric
transport 1. stratosphere, J. Geophys. Res., 105, 22,777-22,794, 2000.

Hilsenrath, E., Ozone variations observed during the international ozone rocket
sonde intercomparison, Adv. Space Res., 3, ix-xii, 1983.

Holton, J. R., An introduction to dynamic meteorology, Academic, San Diego,
Calif., 1992.

Holton, J. R., P. H. Haynes, M. E. McIntyre, A. R. Douglass, R. B. Rood, and
L. Pfister, Stratosphere-troposphere exchange, Rev. Geophys., 33, 403-439,
1995.

Juckes, M. N. and M. E. McIntyre, A high-resolution one-layer model of breaking
planetary waves in the stratosphere, Nature, 328, 590-596, 1987.

Kar, J., C. R. Trepte, L. W. Thomason, and J. M. Zawodny, Observations of layers
in ozone vertical profiles from SAGE II (v 6.0) measurements, Geophys. Res.
Lett., 29, 10.1029/2001GL014230, 2002.

Kettleborough, J. A. and J. R. Holton, Limitations of a diagnostic of stratospheric
tracer lamination, J. Geophys. Res., 104, 21,621-21,628, 1999.

Komhyr, W. D., R. A. Barnes, G. B. Brothers, J. A. Lathrop, and D. P. Opper-
man, Electrochemical concentration cell ozonesonde performance evaluation
during STOIC 1989, J. Geophys. Res., 100, 9231-9244, 1995.

Leblanc, T. and I. S. McDermid, Stratospheric ozone climatology from lidar mea-
surements at Table Mountain (34.4◦N, 117.7◦W) and Mauna Loa (19.5◦N,
155.6◦W), J. Geophys. Res., 105, 14,613-14,623, 2000.

Manney, G. L., J. C. Bird, D. P. Donovan, T. J. Duck, J. A. Whiteway, S. R.
Pal, and A. I. Carswell, Modeling ozone laminae in ground-based arctic
wintertime observations using trajectory calculations and satellite data, J.
Geophys. Res., 103, 5797-5814, 1998.

McCormick, M. P., T. J. Swissler, E. Hilsenrath, A. J. Krueger, and M. T. Osborn,
Satellite and correlative measurements of stratospheric ozone: Comparison
of measurements made by SAGE, ECC balloons, chemiluminescent, and
optical rocketsonde, J. Geophys. Res., 89, 5315-5320, 1984.

McDermid, I. S., S. M. Godin, R. A. Barnes, C. L. Parsons, A. Torres, M. P.
McCormick, W. P. Chu, P. Wang, J. Butler, P. Newman, J. Burris, R.



67

Ferrare, D. Whiteman, and T. J. McGee, Comparison of ozone profiles
from ground-based lidar, electrochemical concentration cell balloon sonde,
ROCOZ-A rocket ozonesonde, and stratospheric aerosol and gas experiment
satellite measurements, J. Geophys. Res., 95, 10,037-10,042, 1990.

Nagahama, T., H. Nakane, M. Ninomiya, H. Ogawa, and Y. Fukui, Ground-based
millimeter-wave observations of ozone in the upper stratosphere and meso-
sphere at Tsukuba and Nagoya, Adv. Space Res., 26, 1017-1020, 2000.

Newman, P. A. and M. R. Schoeberl, A reinterpretation of the data from the
NASA stratosphere-troposphere exchange project, Geophys. Res. Lett., 22,
2501-2504, 1995.

Ogino, S., M. D. Yamanaka, S. Kaneto, T. Yamanouchi, and S. Fukao, Merid-
ional distribution of short-vertical-scale fluctuations in the lower strato-
sphere revealed by cross-equatorial ozonesonde observations on ”Shirase”,
Proc. NIPR Symp. Polar Meteorol. Glaciol., 11, 199-210, 1997.

Okabayashi M., A study on balloon-borne optical sensors for ozone measurements
in the upper stratosphere, doctoral thesis, Tohoku Univ., 1997.

Orsolini, Y., P. Simon, and D. Cariolle, Filamentation and layering of an idealized
tracer by observed winds in the lower stratosphere, Geophys. Res. Lett., 22,
839-842, 1995.

Orsolini, Y. J., G. L. Manney, A. Engel, J. Ovarlez, C. Claud, and L. Coy, Layering
in stratospheric profiles of long-lived trace species: Balloon-borne observa-
tions and modeling, J. Geophys. Res., 103, 5815-5825, 1998.

Patra, K. and S. Lal, Variability of eddy diffusivity in the stratosphere deduced
from vertical distributions of N2O and CFC-12, J. Atmos. Sol.-Terr. Phys.,
59, 1997.

Pavelin, E., J. A. Whiteway, and G. Vaughan, Observation of gravity wave gener-
ation and breaking in the lower stratosphere, J. Geophys. Res., 106, 5173-
5179, 2001.

Pierce, R. and W. B. Grant, Seasonal evolution of Rossby and gravity wave in-
duced laminae in ozonesonde data obtained from Wallops Island, Virginia,
Geophys. Res. Lett., 25, 1859-1862, 1998.

Plumb, R. A., D. W. Waugh, R. J. Atkinson, P. A. Newman, L. R. Lait, M. R.
Schoeberl, E. V. Browell, A. J. Simmons, M. Loewenstein, Intrusions into
the lower stratospheric Arctic vortex during the winter of 1991-1992, J.
Geophys. Res., 99, 1089-1106, 1994.

Portafaix, T., B. Morel, H. Bencherif, S. Baldy, S. Godin-Beekmann, and A.
Hauchecorne, Fine-scale study of a thick stratospheric ozone lamina at the



68

edge of the southern subtropical barrier, J. Geophys. Res., 108(D6), 4196,
doi:10.1029/2002JD002741, 2003.

Reid, S. J. and G. Vaughan, Lamination in ozone profiles in the lower stratosphere,
Q. J. R. Meteorol. Soc., 117, 825-844, 1991.

Reid, S. J., G. Vaughan, N. J. Mitchell, I. T. Prichard, H. J. Smit, T. S. Jorgensen,
C. Varotsos, and H. de Backer, Distribution of ozone laminae during EA-
SOE and the possible influence of inertia-gravity waves, Geophys. Res. Lett.,
21, 1479-1482, 1994.

Subbaraya, B. H., A. Jayaraman, S. Lal, S. Venkatramani, T. John, K. S. Zalpuri,
C. R. Sreedharan, S. K. Srivastava, S. P. Perov, G. A. Kokin, S. V. Tishin,
S. A. Vyazankin, O. V. Shtirkov, A. F. Chizhov, V. M. Ignatov, and V.
N. Uvarov, Variability on the vertical distribution of ozone measured over
Thumba during the 1990 DYANA campaign, J. Atmos. Terr. Phys., 56,
1915-1922, 1994.

Teitelbaum H, J. Ovarlez, H. Kelder, and F. Lott, Some observations of gravity-
wave-induced structure in ozone and water vapour during EASOE, Geophys.
Res. Lett., 21, 1483-1486, 1994.

Teitelbaum H, M. Moustaoui, J. Ovarlez, and H. Kelder, The role of atmospheric
waves in the laminated structure of ozone profiles at high latitude, Tellus,
48A, 442-455, 1996.

Tomikawa, Y., K. Sato, K. Kita, M. Fujiwara, M. Yamamori, and T.
Sano, Formation of an ozone lamina due to differential advection re-
vealed by intensive observations, J. Geophys. Res., 107(D10), 4092,
doi:10.1029/2001JD000386, 2002.

Tsuda, T., M. Nishida, C. Rocken, and R. H. Ware, A global morphology of
gravity wave activity in the stratosphere revealed by the GPS occultation
data (GPS/MET), J. Geophys. Res., 105, 7257-7273, 2000.

Tung, K. K. and W. W. Orlando, The k−3 and k−5/3 energy spectrum of atmo-
spheric turbulence: quasigeostrophic two-level model simulation, J. Atmos.
Sci., 60, 824-835, 2003.

Wagner, R. E. and K. P. Bowman, Wavebreaking and mixing in the northern hemi-
sphere summer stratosphere, J. Geophys. Res., 105, 24,799-24,807, 2000.

Waugh, D. W., R. A. Plumb, R. J. Atkinson, M. R. Schoeberl, L. R. Lait, P. A.
Newman, M. Loewenstein, D. W. Toohey, L. M. Avallone, C. R. Webster,
and R. D. May, Transport out of the lower stratospheric Arctic vortex by
Rossby wave breaking, J. Geophys. Res., 99, 1071-1088, 1994.



69

Whiteway, J. A., E. G. Pavelin, R. Busen, J. Hacker, and S. Vosper, Airborne
measurements of gravity wave breaking at the tropopause, Geophys. Res.
Lett., 30, 2070, doi:10.1029/2003GL018207, 2003.

Yamanouchi, T., A. Herber, M. Shiobara, S. Yamagata, K. Hara, K. Sato, R. Tr-
effeisen, M. Yabuki, Y. Tomikawa, R. Schumacher, and O. Schrems, Arctic
study of tropospheric aerosol and radiation (ASTAR2000) campaign: an
overview and first results, Bull. Amer. Meteor. Soc., submitted, 2002.


