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[1] We investigated meridional and seasonal variations in small-vertical-scale
(wavelengths 0.5–3 km) fluctuations of the ozone mixing ratio in the lower stratosphere
using ozonesonde data covering wide longitudinal and latitudinal regions in all seasons.
The generation of mixing ratio fluctuation is attributed to vertical advection and/or
horizontal advection; the former was estimated from the potential temperature fluctuation
and the vertical gradient of background mixing ratio, while the latter was obtained by
subtracting the vertical advection component from the observed value. The results show
that horizontal advection is always the major source of the mixing ratio fluctuation above
the potential temperature of 700 K (�27 km altitude). Below 700 K, the source of the
mixing ratio fluctuation depends on latitude; horizontal advection governs the mixing ratio
fluctuations at high latitudes, vertical advection dominates at low latitudes, and horizontal
advection is relatively dominant in winter–spring, while vertical advection is dominant
in summer–autumn in the midlatitudes. These tendencies were confirmed by analyzing
the correlation between the small-scale structures of the mixing ratio and the potential
temperature. The synthetic distribution of the horizontal advection activity due to
synoptic-scale motions calculated from assimilated meteorological data reproduced the
seasonal, meridional, and altitudinal tendencies of the observed small-scale fluctuations,
suggesting the major contribution of differential advection via large-scale winds.
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1. Introduction

[2] Small-scale layered structures observed in the vertical
profiles of passive tracers are direct evidence of the trans-
port of air from regions of differing background tracer
abundances. Ozone is one of such passive tracer in the
lower stratosphere since it has a lifetime exceeding several
months [e.g., Brasseur and Solomon, 1986]. Figure 1 shows
the seasonal variation of the meridional cross section of the
zonal mean ozone mixing ratio based on satellite-based
observations provided by the Upper Atmosphere Research
Satellite Reference Atmosphere Project (URAP) [see
Swinbank and Ortland, 2003], suggesting the presence of
horizontal and vertical gradients of the mixing ratio. Tem-
poral fluctuations in tracer abundances occur when air
parcels are displaced across such mixing ratio gradients.
In the present study, these displacements of air parcels are
called advection, irrespective of whether the displacements
occur irreversibly. Horizontal and vertical advections are

defined as advection along and across isentropic surfaces,
respectively. When they occur irreversibly, these types of
advection contribute differently to the diffusive transport of
atmospheric constituents and energy.
[3] Previous studies have suggested that horizontal dif-

fusion coefficients range from DH = 105 to 106 m2 s�1 in the
stratosphere [e.g., Lyjak and Yudin, 2005], which corre-
sponds to the time constants of a2/DH = 1–10 years, where
a is the planetary radius. Vertical diffusion coefficients have
been estimated as DV = 0.1–1 m2 s�1 [e.g., Fukao et al.,
1994], corresponding to time constants of H2/DV =
2–20 years, where H = 8 km is the typical scale height.
Because these diffusive transports are not negligible when
compared with transport by the Brewer-Dobson circulation,
which has a time constant of �2 years [Holton et al., 1995],
the process of tracer layering is one of the keys to under-
standing the transport of atmospheric constituents and
energy in the stratosphere.
[4] The dynamical processes that cause the layered struc-

tures of the ozone mixing ratio include differential advec-
tion, i.e., the conversion of filamentary horizontal structures
into layered vertical structures via large-scale horizontal
winds accompanied by vertical shear. This process works
even when small-scale structures are absent in the wind
field [Newman and Schoeberl, 1995; Orsolini et al., 1995;
Schoeberl and Newman, 1995]. Horizontal filamentation of
tracers is frequently caused by planetary wave breaking and
polar vortex erosion [McIntyre and Palmer, 1983; Juckes

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 111, D23105, doi:10.1029/2006JD007232, 2006
Click
Here

for

Full
Article

1Faculty of Science, Nara Women’s University, Nara, Japan.
2Formerly at Institute of Space and Astronautical Science, Japan

Aerospace Exploration Agency, Kanagawa, Japan.
3Institute of Space and Astronautical Science, Japan Aerospace

Exploration Agency, Kanagawa, Japan.
4National Institute of Water and Atmospheric Research, Omakau, New

Zealand.

Copyright 2006 by the American Geophysical Union.
0148-0227/06/2006JD007232$09.00

D23105 1 of 12

http://dx.doi.org/10.1029/2006JD007232


and McIntyre, 1987; Plumb et al., 1994; Waugh et al.,
1994]. Planetary waves and their breaking also cause
vertically sheared horizontal winds [Tomikawa et al.,
2002; Portafaix et al., 2003], which are necessary for
differential advection. In addition to this mechanism,
small-scale horizontal winds of gravity waves directly
produce layered ozone profiles [Gibson-Wilde et al., 1997;
Yamamori et al., 2004].
[5] Vertical advection across isentropic surfaces also

generates small-scale structures in ozone profiles. Holton
[1987] argued that the horizontal variability of ozone
mixing ratios measured from aircrafts can be attributed to
the vertical advection caused by gravity waves on the basis
of the phase correlation between the fluctuations of the
ozone mixing ratio and potential temperature. High corre-
lation, Holton [1987] suggested, indicates a major contri-
bution of vertical advection as it crosses isentropic surfaces
and then causes coherent fluctuations of potential tempera-
ture and the mixing ratio. In contrast, low correlation
indicates a major contribution of horizontal advection,
which is defined as advection along isentropic surfaces
and thus does not cause fluctuations of potential tempera-
ture. Teitelbaum et al. [1994, 1996] examined the correla-
tion between the small-scale structures of the ozone mixing
ratio and the potential temperature in their vertical profiles,
that were obtained by balloon-based measurements at 0–
30 km altitudes in the northern high latitudes (60�N–80�N).
These studies found that mixing ratio fluctuations were
induced by vertical advection due to gravity waves in many
of the ozone profiles.
[6] The latitudinal, longitudinal, and seasonal variations

in the origin of small-scale layered structures need to be
clarified to understand the global climatology of diffusive

transport. Pierce and Grant [1998] and Grant et al. [1998]
investigated statistically the correlation between the vertical
structures of the ozone mixing ratio and potential temper-
ature with vertical wavelengths of �2.5 km. They con-
cluded that the activities of both vertical and horizontal
advection have maxima in winter in the midlatitudes and
that vertical advection dominates throughout the year in the
low latitudes. However, only one measurement station was
available in the midlatitudes, and no station was available in
the high latitudes in their study. Ogino et al. [1997] obtained
the meridional distribution of correlation coefficients be-
tween the ozone mixing ratio and potential temperature over
the latitude range of 43�N–62�S along the 120�E meridian
using ozonesonde data acquired by a research vessel in
November and December. They found higher correlations
near the Equator than in the midlatitudes; however, seasonal
and longitudinal variations could not be derived because of
limited data coverage.
[7] The present study is the first to address the origin of

layered ozone structures in the lower stratosphere over a
wide longitudinal and latitudinal range for all seasons.
Using data from global in situ ozone and temperature
measurements, we examined structures with vertical wave-
lengths less than 3 km. Section 2 describes the nature of the
ozonesonde data used in the analysis. Section 3 provides
the meridional distributions and the seasonal variations of
the mixing ratio variability, the contribution of vertical ad-
vection, the contribution of horizontal advection, and the
correlation between the ozone mixing ratio and potential
temperature. The contribution of vertical advection was
estimated from the potential temperature fluctuation and
the background mixing ratio gradient. The contribution of
horizontal advection was obtained by subtracting the verti-

Figure 1. Meridional distribution of the ozone mixing ratio in ppmv in (a) January, (b) April, (c) July,
and (d) October taken from the URAP data set. The approximate height on the right side of each plot was
calculated from U.S. Standard Atmosphere (1976).
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cal advection component from the observed value. The
origin of horizontal advection is also discussed by using
assimilated meteorological data. Section 4 summarizes the
conclusions.

2. Data Set

[8] The ozonesonde data used in the present study were
provided by the World Ozone and Ultraviolet Radiation
Data Centre (WOUDC) and the Japan Meteorological
Agency (JMA). Approximately 10,000 ozonesonde profiles
with high vertical resolution of R = 10–80 m were obtained
at 24 stations spanning 82.5�N to 70.7�S, as listed in
Table 1. All stations provided vertical profiles of tempera-
ture, pressure, and ozone number density, which were con-
verted to potential temperature and the ozone mixing ratio
in the analysis. The data were resampled onto a regular
vertical grid at 100-m intervals because the band-pass filter
used in the analysis required regularly spaced data points.
[9] The error in the ozone measurement is s � 3%

[Komhyr et al., 1995] and that in the temperature measure-
ment is s � 0.2 K [Lamsal et al., 2004] for electrochemical
concentration cell (ECC) ozonesondes in the lower strato-
sphere. To lower the noise level, the structures with vertical
wavelengths less than 500 m were smoothed out by apply-
ing a low-pass filter. As a result, the error was reduced to
s/

ffiffiffiffiffiffiffiffiffiffiffiffiffi
500=R

p
= 0.4–1% for the ozone mixing ratio and 0.03–

0.08 K for temperature. In most of the filtered profiles, the
observed fluctuation amplitudes were much larger than
these improved noise levels.

3. Characteristics of Small-Scale Structures

3.1. Observed Small-Scale Fluctuation in the Ozone
Mixing Ratio

[10] The fluctuation components of the observed ozone
mixing ratio c, denoted by dcobs, and of the potential

temperature, dq, were extracted from the original profiles
using a 3-km high-pass filter after applying a 500-m low-
pass filter to reduce the noise level as described in section 2.
An example of this procedure is given in Figures 2a and 2b.
The root mean squares (RMSs) of dcobs, denoted by hdcobsi,
were calculated from dcobs at each altitude (1-km steps) in
a given month throughout the measurement period at each
station. These values are displayed in Figure 3 as a function
of the month and altitude for all stations.
[11] The hdcobsi tends to be larger above the potential

temperature of 700 K (�27 km altitude) than below that
potential temperature at most of the stations. Seasonally,
hdcobsi increases in winter–spring and decreases in
summer–autumn in the midlatitudes and high latitudes.
Near the Equator, however, seasonal variation is unclear.
These results confirm earlier statistical studies on ozone
laminae in the lowermost stratosphere [e.g., Reid and
Vaughan, 1991].
[12] Local minima of hdcobsi exist around 600 K

(�24 km) in the winter in midlatitude and high-latitude
areas of both hemispheres and descend to�500 K (�20 km)
in other seasons, especially in the Northern Hemisphere.
Ehhalt et al. [1983] and Röth and Schmidt [1990] found that
variances in tracer mixing ratios have local minima at
altitudes of approximately 22 km (550 K) in March and
April on the basis of balloon-borne observations of long-
lived trace gases (CH4, N2O, CFCl3, and CF2Cl2) in
southern France (44�N) and ozone in southern Germany
(48�N). The present study shows that the occurrence of such
local minima in the tracer profiles is not a local but a global
feature.
[13] If heterogeneous chemical reactions occur on the

surfaces of polar stratospheric cloud particles, the chemical
lifetime of ozone can become as short as 10 days [Cariolle
et al., 1990; Hofmann et al., 1995]. The ozone fluctuations
observed in the polar winter and spring (e.g., the increase of
ozone fluctuations around 500 K in September shown in

Table 1. List of Observation Stationsa

ID Station N Lat. E Lon. Alt., m Data Period Number of Profiles Data Provider

a Alert 82.5 �62.3 66 1997, 2000–2002 186 WOUDC
b Sodankyla 67.4 26.7 179 1988–1998 713 WOUDC
c Churchill 58.7 �94.1 30 2000, 2001 97 WOUDC
d Stonyplain 53.6 �114.1 766 2000–2002 97 WOUDC
e Goose Bay 53.2 �60.2 36 2000–2002 116 WOUDC
f UCCLE 50.8 4.4 100 1990–2001 1709 WOUDC
g Payerne 46.5 6.6 491 1990–2002 1755 WOUDC
h Sapporo 43.1 141.3 19 1990–2000 422 JMA
i Tsukuba 36.1 140.1 31 1990–2000 594 JMA
j Huntsville 35.3 �86.6 196 1999–2002 127 WOUDC
k Kagoshima 31.6 130.6 31 1995–2000 259 JMA
l Santa Cruz 28.5 �16.3 36 1996, 1999, 2000–2002 297 WOUDC
m Naha 26.2 127.7 27 1990–2000 408 JMA
n Paramaribo 5.8 �55.2 7 1999–2002 153 WOUDC
o San Cristobal �0.9 �89.6 8 1998–2001 183 WOUDC
p Nairobi �1.3 36.8 1795 1998–2001 182 WOUDC
q Watukosek �7.6 112.7 50 1999–2002 112 WOUDC
r Ascension Island �8.0 �14.4 91 1998–2001 174 WOUDC
s Samoa �14.2 �170.6 77 1995–2002 303 WOUDC
t Papeete �18.0 �149.0 2 1995–1999 168 WOUDC
u Suva �18.1 178.4 6 1997–2002 205 WOUDC
v Irene �26.0 28.2 1524 1998–2002 112 WOUDC
w Lauder �45.0 169.7 370 1989–2002 880 WOUDC
x Neumayer �70.7 �8.2 42 1992–2003 840 WOUDC

aID refers to plots in Figures 3–7. Lat. is latitude, Lon. is longitude, and Alt. is altitude.
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Figure 3x) are possibly attributed to chemical processes as
well as dynamical processes.

3.2. Contribution of Vertical Advection

[14] The contribution of vertical advection to the ozone
mixing ratio fluctuation in each profile, dcv, was estimated
from the potential temperature fluctuation dq as

dcv ¼
@�c
@z

� �
dZq; ð1Þ

where @�c/@z is the background gradient of the ozone
mixing ratio and dZq is the vertical displacement length
estimated as [Teitelbaum et al., 1994, 1996]

dZq 	 dq
@�q
@z

� ��1

ð2Þ

with @�q/@z being the background gradient of the potential
temperature. The background components (�q, �c) were
calculated for each profile using a 5-km low-pass filter. The
RMS of dcv, denoted by hdcvi, was calculated at each
altitude (1-km steps) for each station from all profiles in a
given month throughout the measurement period.
[15] Figure 4 shows hdcvi as a function of month and

altitude at all stations. The hdcvi tends to decrease above
700 K (�27 km) because the ozone mixing ratio approaches
its peak and the vertical gradient is small in this region.
Below 700 K, hdcvi is larger in the low latitudes than in the
high latitudes, because both dZq and @�c/@z are larger at

lower latitudes in the altitude region of 500 to 700 K, and
dZq is larger at lower latitudes below 500 K.
[16] The hdcvi varies significantly with season with

maxima in winter around 400–700 K (15–27 km) in the
midlatitudes, primarily because of the winter maximum of
hdZqi. Pierce and Grant [1998] also observed a similar
tendency in data collected at Wallops Island, VA (38�N,
75�E); the present study showed that such a seasonal
variation occurs over wide longitudinal regions. The
seasonal variation in hdcvi may be attributable to the
seasonal variation in gravity wave activity, which reaches a
maximum in winter in the midlatitudes [Kitamura and
Hirota, 1989; Allen and Vincent, 1995; Ogino et al., 1999].

3.3. Contribution of Horizontal Advection

[17] The contribution of horizontal advection to the mix-
ing ratio fluctuation in each profile, dch, was obtained by
subtracting the contribution of vertical advection dcv from
the observed value dcobs. The RMS of dch, denoted by
hdchi, was calculated at each altitude (1-km step) of each
station from all profiles in a given month throughout the
measurement period.
[18] Figure 5 shows hdchi as a function of month and

altitude. The comparison of hdcvi (Figure 4) to hdchi suggests
that horizontal advection is always the major source of the
mixing ratio fluctuation above 700 K (�27 km). Below
700 K, however, the source of the mixing ratio fluctuation
depends on latitude, as described below. Horizontal advec-
tion governs the mixing ratio fluctuation at high latitudes
(50�N–90�N and 50�S–90�S), while vertical advection

Figure 2. Example of the data processing procedure. (a) Altitude profiles of temperature (solid curve)
and ozone number density (dotted curve). (b) Fluctuation components of potential temperature (solid
curve) and ozone mixing ratio (dotted curve) extracted from the original profiles by a 3-km high-pass
filter. (c) Vertical displacement lengths derived from potential temperature (solid curve) and ozone mixing
ratio (dotted curve) and the correlation coefficient between them (dashed curve). The data were obtained
at Sapporo (43.1�N, 141.3�E) on 24 November 1999.

D23105 NOGUCHI ET AL.: ORIGIN OF LAYERED OZONE STRUCTURES

4 of 12

D23105



Figure 3. Seasonal and altitudinal dependence of the RMS of small-scale fluctuation in the ozone
mixing ratio observed by ozonesondes, in units of ppmv. White circles indicate tropopause altitudes.
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Figure 4. Same as Figure 3, but for the RMS of the small-scale mixing ratio fluctuation induced by
vertical advection.
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Figure 5. Same as Figure 3, but for the RMS of the small-scale mixing ratio fluctuation induced by
horizontal advection.
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dominates at low latitudes (20�S–20�N). In the midlatitudes
(20�N–50�N and 20�S–50�S), the contributions of horizon-
tal advection and vertical advection show qualitatively sim-
ilar seasonal variation with maxima in winter– spring.
However, the seasonal variation of horizontal advection is
much larger than that of vertical advection; as a result,
horizontal advection dominates in winter–spring and vertical
advection dominates in summer–autumn. The factors that
determine the activity of horizontal advection are discussed
in section 3.5.

3.4. Correlation Between the Mixing Ratio
and Potential Temperature

[19] To clarify the regions where vertical advection dom-
inates, we examined the correlations between the fluctua-
tions in the ozone mixing ratio and potential temperature.
Instead of directly calculating the correlation coefficient, the
correlation coefficient between the vertical displacement
dZq defined by equation (2) and dZc defined by [Teitelbaum
et al., 1994, 1996]

dZc 	 dc
@�c
@z

� ��1

ð3Þ

was calculated for each altitude (1-km steps) from the data
within the nearest ±3 km (60 points) in each profile. These
correlation coefficient profiles were monthly averaged at
each station. Figure 2c shows typical profiles of dZq and dZc
together with the correlation coefficient between them. High
correlations are found at 14–25 km altitudes, indicating that
vertical advection is responsible for the mixing ratio
fluctuation in this region. In other altitude regions,
horizontal advection is supposed to be responsible for the
mixing ratio fluctuation.
[20] The resultant correlation coefficients are shown as a

function of season and altitude in Figure 6. It is clear from
Figure 6 that high correlation coefficients are found in
regions where vertical advection is dominant according to
the results in section 3.3, i.e., the low latitudes and in the
midlatitudes in summer–autumn. The structures around the
tropopause may have resulted from the sharp curvature in
the temperature and ozone profiles in this region; hereafter,
we do not discuss these structures.
[21] The increase in the correlation coefficients toward

the Equator is consistent with the previous results which are
based on observations at limited longitudes [Grant et al.,
1998; Pierce and Grant, 1998; Ogino et al., 1997]. Al-
though some longitude dependences are evident from the
comparisons of Figures 6d and 6e, 6i and 6j, 6o and 6p, 6q
and 6r, and 6t and 6u, it is less prominent than the latitude
dependence. This suggests that the magnitude of vertical
advection relative to horizontal advection principally
depends on the latitude and tends to be zonally symmetric.

3.5. Horizontal Advection Derived From
Meteorological Data

[22] To examine the factors controlling the horizontal
advection activity, we compared the horizontal advection
component estimated from observations (Figure 5) with the
horizontal advection activity due to synoptic-scale motions
which are reproduced in the National Centers for Environ-
mental Prediction/National Center for Atmospheric Re-

search (NCEP/NCAR) reanalysis data [Kalnay et al.,
1996]. Although the vertical wavelengths resolved by the
NCEP/NCAR reanalysis data in the lower stratosphere
(
4–6 km) are larger than those examined in this paper
(�3 km), the observed basic features can be reproduced
from the coarse NCEP/NCAR data if differential advection
due to large-scale horizontal winds (see section 1) is
responsible for the small-scale fluctuations of the mixing
ratio [Newman and Schoeberl, 1995; Orsolini et al., 1995;
Schoeberl and Newman, 1995].
[23] Assuming that the mixing ratio fluctuation was

caused by the meridional displacement of air parcels on
isentropic surfaces, the RMS of the synthetic mixing ratio
fluctuation hdcsynthi was estimated as

hdcsynthi ¼
@�c
@y

hdyi; ð4Þ

where y is the northward coordinate, @�c/@y is the zonal
mean meridional gradient of the ozone mixing ratio taken
from URAP data (Figure 1), and hdyi is the RMS of the
meridional displacement length. The hdyi was estimated
from NCEP/NCAR reanalysis data as follows:

hdyi ¼ hdzi @�z
@y

� ��1

; ð5Þ

where hdzi is the RMS of the potential vorticity fluctuation
with periods less than 10 days at each altitude, and @�z/@y is
the zonal mean meridional gradient of potential vorticity.
Synoptic-scale transient eddies were extracted by a 10-day
high-pass filter. The y derivatives in equations (4) and (5)
were calculated on isentropic surfaces.
[24] Although hdcsynthi is simply a measure of large-scale

advection and is not necessarily the amplitude of small-
vertical-scale structures, it is expected to have a behavior
qualitatively similar to that of small-vertical-scale structures
caused by differential advection. Large-scale horizontal
advection caused by the breaking of planetary waves and/
or the erosion of polar vortex would bring about filamentary
horizontal structures of tracers if there were background
horizontal gradients in the tracer mixing ratios. Once
filamentary structures of ozone are generated through such
processes, small-vertical-scale structures would be created
via large-scale horizontal winds accompanied by vertical
shear (see section 1).
[25] Figure 7 shows the calculated hdcsynthi as a function

of month and altitude. The basic features of the horizon-
tal advection component estimated from observations
(Figure 5) are reproduced in Figure 7: hdcsynthi tends to
be larger above 700 K (�27 km) than below, hdcsynthi
increases in winter–spring and decreases in summer–
autumn in the middle and high latitudes, and local minima
exist around 600 K (�24 km) in the winter in middle and
high latitudes and descend to �500 K in other seasons. This
suggests that the seasonal behavior and the latitudinal/
altitudinal tendencies of small-scale vertical structures can
be reproduced by the combination of NCEP/NCAR reanaly-
sis and URAP data and that large-scale horizontal advection
has a major contribution to the generation of the observed
mixing ratio fluctuations.
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Figure 6. Same as Figure 3, but for the correlation coefficient between the vertical displacement length
derived from ozone mixing ratio and that derived from potential temperature.
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Figure 7. Same as Figure 3, but for the RMS of the synthetic mixing ratio fluctuation caused by
synoptic-scale horizontal winds, which were calculated from assimilated meteorological data and the
mean meridional distribution of the mixing ratio (see text).
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[26] The distribution and seasonal variations of hdcsynthi
are primarily determined by those of @�c/@y (data not
shown), suggesting tentatively that the horizontal advection
component estimated from observations (Figure 5) is also
controlled by @�c/@y. The local minima of hdchi at 600 K
(�24 km) are attributable to the smallness of @�c/@y in this
region; @�c/@y changes its sign around 600 K from positive
(negative) at lower altitudes to negative (positive) at higher
altitudes in the Northern (Southern) Hemisphere (Figure 1).
Ehhalt et al. [1983] and Röth and Schmidt [1990] ascribed
such minima in the mixing ratio variances around 22 km in
altitude (see section 3.1) to the weakening of the dynamical
activity causing the advection of tracers. However, at least
for ozone, the present results suggest that the lack of the
meridional gradient in the mixing ratio is responsible for the
local minima rather than the weakening of dynamical
activity.

3.6. Contribution of Gravity Waves to Horizontal
Advection

[27] Small-scale horizontal winds associated with gravity
waves may also contribute to the mixing ratio fluctuation,
although gravity waves were considered as the process
causing vertical advection in section 3.2. Under the
assumption that the long axes of gravity waves are aligned
north-south, the maximal magnitude of the ozone mixing
ratio fluctuation caused by the horizontal winds of gravity
waves can be estimated by multiplying the horizontal
displacement lengths by the mean meridional gradient of
the mixing ratio. Typical gravity waves in the stratosphere
have intrinsic periods of T = 2p/3f � 2p/f and horizontal
wind amplitudes of jv0j � 5 m s�1 in the midlatitudes and
high latitudes [e.g., Sato, 1994; Vincent et al., 1997], while
they have T = 20–80 hours and jv0j � 5 m s�1 in the low
latitudes [e.g., Tsuda et al., 1994; Ogino et al., 1995; Sato
et al., 2003], where f is the Coriolis parameter. Letting T =
2p/2f in the midlatitudes and high latitudes and T = 50
hours in the low latitudes, and jv0j = 5 m s�1, mixing ratio
fluctuations are estimated to be less than �20% and �50%
below and above 600 K (�24 km), respectively. This
estimation suggests that small-scale horizontal advection
caused by gravity waves possibly makes a nonnegligible
contribution, although the contribution does not seem to
exceed the contribution of differential advection via large-
scale horizontal winds.

4. Conclusions

[28] This study investigated the origin of small-vertical-
scale (wavelength 0.5–3 km) fluctuations of the ozone
mixing ratio in the lower stratosphere over a broad longi-
tudinal and latitudinal region for all seasons using data
obtained by ozonesondes launched at 24 stations spanning
82.5�N to 70.7�S. The meridional distribution and seasonal
variation of the mixing ratio variability, its vertical advec-
tion component, and its horizontal advection component
were obtained from the data set. The vertical advection
component was estimated from the potential temperature
fluctuation and the mean vertical gradient of the mixing
ratio. The horizontal advection component was obtained by
subtracting the vertical advection component from the
observed mixing ratio fluctuation.

[29] Horizontal advection is always the major source of
the mixing ratio fluctuation above 700 K (�27 km). The
contribution of vertical advection is small in this region
because the vertical gradient of the mixing ratio is small.
Below 700 K the source of the fluctuation depends on the
latitude: horizontal advection governs the mixing ratio
fluctuation in the high latitudes, while vertical advection
is dominant in the low latitudes. In the midlatitudes,
although horizontal and vertical advection contributions
show qualitatively similar seasonal variations with maxima
in winter–spring, horizontal advection is relatively domi-
nant in winter–spring and vertical advection is dominant in
summer–autumn. This tendency was also confirmed by
analyzing the correlation coefficients between small-scale
structures of the mixing ratio and the potential temperature.
Local minima of mixing ratio variability that are found at
approximately 600 K (�24 km) in the winter in midlatitudes
and high latitudes are attributable to the absence of the
latitudinal gradient in the mixing ratio in this season, which
creates inefficient horizontal advection.
[30] Extended studies are needed to evaluate the extent to

which these small-scale structures lead to irreversible dif-
fusive transport. Studies that estimate the diffusion coeffi-
cients by other methods combined with the observation of
small-scale mixing ratio structures should be conducted.
Legras et al. [2003] estimated the vertical diffusion coef-
ficients by comparing the ozone laminae observed by
ozonesondes and ozone profiles reconstructed from back-
ward trajectory calculations, assuming that the observed
profiles were smeared by vertical diffusion compared to the
reconstructed profiles. More comprehensive analysis can be
achieved by applying this method to global ozonesonde data
and comparing the resultant diffusivity distribution to the
distribution of horizontal advection and vertical advection
revealed in the present study.
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Legras, B., B. Joseph, and F. Lefèvre (2003), Vertical diffusivity in the
lower stratosphere from Lagrangian back-trajectory reconstructions of
ozone profiles, J. Geophys. Res., 108(D18), 4562, doi:10.1029/
2002JD003045.

Lyjak, L. V., and V. A. Yudin (2005), Diagnostics of the large-scale mixing
properties from stratospheric analyses, J. Geophys. Res., 110, D17107,
doi:10.1029/2004JD005577.

McIntyre, M. E., and T. N. Palmer (1983), Breaking planetary waves in the
stratosphere, Nature, 305, 593–600.

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

Ogino, S.-Y., M. D. Yamanaka, and S. Fukao (1995), Meridional variation
of lower stratospheric gravity wave activity: A quick look at Hakuho-
maru J-COARE cruise rawinsonde data, J. Meteorol. Soc. Jpn., 73,
407–413.

Ogino, S.-Y., M. D. Yamanaka, S. Kaneto, T. Yamanouchi, and S. Fukao
(1997), Meridional distribution of short-vertical-scale fluctuations in the
lower stratosphere revealed by cross-equatorial ozonesonde observations
on ‘‘Shirase,’’ Proc. NIPR Symp. Polar Meteorol. Glaciol., 11, 199–210.

Ogino, S.-Y., M. D. Yamanaka, and S. Fukao (1999), Interannual and day-
to-day variations of gravity wave activity in the lower stratosphere over
the eastern part of Japan observed in winter 1989–95, J. Meteorol. Soc.
Jpn., 77, 413–429.

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

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

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

Portafaix, T., B. Morel, H. Bencherif, S. Baldy, S. Godin-Beekmann, and
A. Hauchecorne (2003), Fine-scale study of a thick stratospheric ozone
lamina at the edge of the southern subtropical barrier, J. Geophys. Res.,
108(D6), 4196, doi:10.1029/2002JD002741.

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