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School of Earth and Atmosphere Sciences, Georgia Institute of Technology, Atlanta, Georgia, USA

Received 2 September 2004; revised 24 January 2005; accepted 3 February 2005; published 26 May 2005.

[1] The isentropic cross-tropopause ozone transport has been estimated in both
hemispheres in 1999 based on the potential vorticity mapping of Stratospheric Aerosol
and Gas Experiment II ozone measurements and contour advection calculations using the
NASA Goddard Space Flight Center Global and Modeling Assimilation Office analysis.
The estimated net isentropic stratosphere-to-troposphere ozone flux is �118 ± 61 �
109 kg yr�1 globallywithin the layer between 330 and 370K in 1999; 60%of it is found in the
Northern Hemisphere, and 40% is found in the Southern Hemisphere. The monthly average
ozone fluxes are strongest in summer and weakest in winter in both hemispheres. The
seasonal variations of ozone in the lower stratosphere (LS) and upper troposphere (UT) have
been analyzed using ozonesonde observations from ozonesonde stations in the extratropics
and subtropics, respectively. It is shown that observed ozone levels increase in the UT over
subtropical ozonesonde stations and decrease in the LS over extratropical stations in late
spring/early summer and that the ozone increases in the summertime subtropical UT are
unlikely to be explained by photochemical ozone production and diabatic transport alone.
We conclude that isentropic transport is a significant contributor to ozone levels in the
subtropical upper troposphere, especially in summer.

Citation: Jing, P., D. M. Cunnold, E.-S. Yang, and H.-J. Wang (2005), Influence of isentropic transport on seasonal ozone variations

in the lower stratosphere and subtropical upper troposphere, J. Geophys. Res., 110, D10110, doi:10.1029/2004JD005416.

1. Introduction

[2] Isentropic transport has been recognized as an impor-
tant pathway for stratosphere-troposphere exchange (STE)
[Holton et al., 1995; Dethof et al., 2000a, 2000b]. As
opposed to the diabatic STE, in which air mainly moves
upward at the equator and sinks in the extratropics, the
isentropic STE moves quasi-horizontally along isentropic
surfaces and crosses the extratropical tropopause in the
‘‘middleworld’’ [Hoskins, 1991]. This quasi-horizontal is-
entropic exchange occurs on a shorter timescale (days to
weeks) than the diabatic STE (months to a year) [Chen,
1995], and the spatial scales of the isentropic STE vary
widely from small scale (<200 km) to large scale (2000 �
3000 km) [Appenzeller et al., 1996]. The potential vortic-
ities (PV) usually have strong latitudinal gradients on the
isentropic surfaces which intersect the tropopause in the
‘‘middleworld,’’ indicating that the isentropic transport is
hindered around the tropopause because otherwise the
strong PV gradients would be destroyed by vigorous mixing
of stratospheric and tropospheric air [Holton et al., 1995].
The PV gradients along the isentropes which cross the
tropopause are weaker in summer than in winter in part
because of the influence of summertime monsoon circula-
tions and cutoff cyclones [Price and Vaughan, 1993; Chen,
1995; Haynes and Shuckburgh, 2000]. Consequently, the

isentropic STE has been shown to be strongest in summer
and weakest in winter [Chen, 1995; Dethof et al., 2000a,
2000b]. Studies based on aircraft measurements [Dessler et
al., 1995; Tuck et al., 1997, 2003] and a model study based
on contour advection [Dethof et al., 2000b] have suggested
that the summertime increase of water vapor in the northern
midlatitude lower stratosphere (LS) is associated with
isentropic advection from the subtropical upper troposphere
(UT) in the Northern Hemisphere (NH).
[3] While diabatic transport tends to sharpen the latitudi-

nal ozone gradients at midlatitudes by dumping ozone-rich
air at high latitudes and transferring ozone-poor air upward
at the equator, the effect of isentropic transport is to reduce
this latitudinal ozone gradient by exchanging ozone quasi-
horizontally between the subtropics and the extratropics.
Measurements taken by the Stratospheric Aerosol and Gas
Experiments (SAGE) II, for example, have shown a de-
crease of ozone in the extratropical LS accompanied by
ozone increase in the subtropical UT in late spring/summer
[P. H. Wang et al., 1998]. This suggests the possibility that
isentropic transport could be a significant contributor to the
ozone budget in the subtropical UT by spreading the stored
ozone-rich air from the extratropical LS.
[4] Regarding the quantification of ozone STE, the dia-

batic ozone STE has been estimated since the 1960s [e.g.,
Junge, 1962; Danielson, 1968; Gidel and Shapiro, 1980;
Murphy and Fahey, 1994; Müller and Brasseur, 1995;
Gettelman et al., 1997; Olsen et al., 2002, 2003]. Estimates
of the global net diabatic cross-tropopause ozone flux are
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between 400 � 500 � 109 kg yr�1. On the other hand, the
isentropic ozone STE has not been well quantified until a
recent study by Jing et al. [2004]. On the basis of contour
advection and the correlation between ozone mixing ratio
and potential vorticity, Jing et al. [2004] estimated the
isentropic cross-tropopause ozone fluxes between 330 and
370K in the NH. Their net stratosphere-to-troposphere ozone
flux is estimated to be approximately 50� 109 kg yr�1. This
indicates that from a global viewpoint, the isentropic ozone
STE seems to be a smaller contributor to the total ozone
budget in the troposphere than the diabatic exchange. How-
ever, the isentropic ozone transport from stratosphere to
troposphere (S!T) in the NH mostly occurs around 30�–
40�N latitude [Jing et al., 2004] and the maximum diabatic
S!T mass transport in the NH is located around 60�N
latitude [Schoeberl, 2004]. Therefore the isentropic STE
could be significant in controlling regional ozone levels in
the subtropical UT. For example, ozone-rich laminae ob-
served in the UT over the tropical Indian Ocean have been
shown to be transported quasi-horizontally from the strato-
sphere near the subtropical jet stream [Zachariasse et al.,
2000]. High ozone anomalies derived from the Measurement
of Ozone and Water Vapor by Airbus In-Service Aircraft
(MOZAIC) observations occurred mostly in the subtropical
North Atlantic and the Mediterranean, and they were shown
to be coincident with filaments of isentropic transport from
the stratosphere [Morgenstern and Carver, 2001]. It has been
acknowledged that it takes ozone to produce ozone
[Davis et al., 2003] and thus the influence of this
stratospheric source on the tropospheric ozone production
could be amplified.
[5] Jing et al. [2004] have examined the magnitude and

geographical distributions of the NH isentropic ozone flux
across the tropopause. The purpose of the present study is
to provide a global estimate of the isentropic ozone STE
and to investigate its association with the seasonal ozone
variations derived from ozonesonde observations in the
LS/UT. As described by Jing et al. [2004], PV is used to
define the tropopause and to distinguish between strato-
spheric ozone and tropospheric ozone, because PV is
conserved in isentropic transport and has larger absolute
values in the stratosphere than in the troposphere. By
applying contour advection, the development of filaments
on PV contours during the isentropic transport is well
depicted, and the cross-tropopause transport ozone fluxes
from troposphere to stratosphere (T!S) and from S!T
are determined by calculating the amount of ozone within
the filaments poleward and equatorward of the tropo-
pause, respectively.
[6] Our quantification method follows the contour advec-

tion technique to estimate isentropic mass fluxes as given by
Dethof et al. [2000a]. A recent study by Schoeberl [2004]
used a different approach to estimate the isentropic mass
flux by calculating the difference between the net cross-

tropopause mass flux and the net diabatic cross-tropopause
mass flux. His estimated adiabatic mass flux is always
directed from T!S, which is in the direction opposite to
that of the mass fluxes of Dethof et al. [2000a] based on
contour advection. However, this does not necessarily mean
that the two methods are in conflict.
[7] The isentropic mass flux given by Schoeberl [2004] is

the bulk isentropic mass flux, which indicates mass fluxes
along all the isentropic levels that cross the tropopause. The
isentropic mass flux given by Dethof et al. [2000a] and
the isentropic ozone flux given by Jing et al. [2004], on
the other hand, are estimated only on isentropic surfaces
between 330 and 370 K. According to Seo and Bowman
[2001], using a Lagrangian method, their estimated net
isentropic mass fluxes on 330 and 350 K are both from
S!T except in late fall in the NH, and this is not
inconsistent with the results of Dethof et al. [2000a]. In
addition, the geographical distributions of the isentropic
mass flux on 330 and 350 K given by Seo and Bowman
[2001] are consistent with those of the isentropic ozone
fluxes by contour advection [Jing et al., 2004]; both the
isentropic mass flux and the isentropic ozone flux pref-
erentially occur over the Pacific and the western Atlantic
Oceans and over northwest Africa. It is possible that the
net mass isentropic flux below 330 K is directed from
T!S. The isentropic surfaces below 330 K intersect the
tropopause at higher latitudes, and air could be substan-
tially transported from T!S along isentropic surfaces in
subpolar regions via stationary waves in wintertime
[Hoerling et al., 1993].
[8] We think that the contour advection method should

capture most of the isentropic exchange around the sub-
tropical tropopause and it is reliable for studying isentropic
transport along isentropic surfaces above 330 K. Isentropic

Table 1. Sonde Data Used in the Analysis

Identification Station Latitude Longitude Period Profiles

99 Hohenpeissenberg 47.8 11.0 1979–2001 2806
67 Boulder 40.0 �105.3 1979–2000 811
7 Kagoshima 31.6 130.6 1991–2001 401
190 Naha 26.2 127.7 1991–2000 408
256 Lauder �45.0 169.7 1986–2000 974

Table 2. Correlation Coefficients (R) Between PV and ln(O3) in

1999a

Month

335 K 345 K 355 K 365 K

NH SH NH SH NH SH NH SH

1 0.83 0.88 0.88 0.91 0.89 0.92 0.89 0.93
2 0.83 0.88 0.89 0.91 0.91 0.92 0.90 0.93
3 0.87 0.87 0.91 0.91 0.91 0.91 0.89 0.91
4 0.86 0.74 0.91 0.79 0.93 0.81 0.92 0.81
5 0.78 0.73 0.81 0.79 0.81 0.81 0.71 0.79
6 0.85 0.85 0.92 0.91 0.94 0.92 0.94 0.93
7 0.47b 0.89 0.55b 0.92 0.55b 0.91 0.47b 0.89
8 0.88 0.84 0.94 0.86 0.94 0.85 0.94 0.84
9 0.76 0.85 0.84 0.86 0.88 0.84 0.89 0.82
10 0.90 0.79 0.93 0.88 0.94 0.87 0.94 0.84
11 0.71 0.81 0.78 0.81 0.80 0.73 0.80 0.87
12 0.88 0.85 0.90 0.86 0.89 0.79 0.86 0.68
aNH is Northern Hemisphere; SH is Southern Hemisphere.
bBecause of these small values of the correlation coefficients the PV and

ozone relationships in the NH for June are used instead (see section 2.2).
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surfaces below 330 K do not always intersect the tropo-
pause and the tropopause contour would thus not always
appear on these surfaces. We therefore do not include the
isentropic surfaces below 330 K in this paper.
[9] Section 2 describes the data and method used to

diagnose isentropic ozone STE and assesses the accuracy
of the PV/O3 mapping. The principal results are presented in
section 3, in which the isentropic ozone fluxes and its
seasonality and interhemispheric differences are revealed.
Section 4 reveals the seasonal variations of ozone from

ozonesonde observations. A discussion and concluding
remarks are provided in section 5.

2. Data and Method

2.1. Meteorological and Ozone Data

[10] This study employs Goddard Earth Observing Sys-
tem Version 3 (GEOS-3) assimilated products for 1999 from
the Global Modeling and Assimilation Office (GMAO) at
NASA’s Goddard Space Flight Center, whereas our previ-

Table 3. Differences Between PV-Mapped Ozone and Ozonesonde Data in 1999a

q, K
Hohenpeissenberg N = 105 Boulder N = 40 Kagoshima N = 45 Lauder N = 52

m, % s, % R m, % s, % R m, % s, % R m, % s, % R

365 6.9 29.4 0.85 3.9 39.5 0.89 13.1 25.0 0.91 1.8 21.1 0.91
355 5.2 32.5 0.86 1.3 36.6 0.92 13.7 25.4 0.91 2.3 22.4 0.88
345 �1.8 23.7 0.90 1.9 32.8 0.90 9.5 24.2 0.90 1.6 25.3 0.91
335 �10.3 27.7 0.87 �8.1 38.2 0.80 �0.5 24.9 0.87 �3.9 20.9 0.95

aN is the number of collected ozonesonde profiles; m and s are the median and standard deviation of their differences ((PV-mapped � sonde)/sonde),
respectively; R is the correlation coefficient of the time series of PV-mapped ozone and ozonesonde data.

Figure 1. Estimated monthly average isentropic ozone fluxes (in Tg d�1) (1Tg = 109 kg) across the
tropopause in the Northern Hemisphere (NH) (left column) and Southern Hemisphere (SH) (right
column) in 1999. Negative (positive) net fluxes indicate S!T (T!S) net ozone transport. Note that the x
axis is shifted by six months in the SH.
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ous study [Jing et al., 2004] used GEOS-1 products for
1990. The assimilated data fields are available every 6 hours
with a horizontal resolution of 2.5� longitude by 2.0�
latitude on 36 isobaric surfaces [Data Assimilation Office,
1997]. They were vertically interpolated onto nine isentro-
pic surfaces from 330 to 370 K at 5 K resolution using the
interpolation method of Edouard et al. [1997].
[11] The ozone data are from SAGE II measurements and

ozonesonde observations. SAGE II has been continuously
measuring ozone profiles since October 1984. Version 6.1
ozone retrievals have been used in this study even though
they have large error bars at low altitudes; for example, a
significant number of the profiles have reported retrieval
errors of 300% below 13 km altitude. However, Wang et al.
[2002] have shown that the set of measurements with less
than 300% error bars have a mean bias of less than 10%
down to the tropopause. Moreover, at 11 km altitude this set
of measurements exhibits a distribution of variability similar
to that from ozonesonde measurements at the same location
[Wang et al., 2002]. This suggests that the error bars are
being overestimated. Figure 5a from Wang et al. [2002]
clearly demonstrates that filtering the measurements using a
more restrictive percentage error (e.g., 50%) will preferen-
tially eliminate the smaller concentrations (which have less
measured variance than larger concentrations) thus produc-
ing an undesirable upward bias in the means. Ozonesonde
data were obtained from the World Ozone and Ultraviolet
Radiation Data Center (WOUDC) for five stations: Hohen-
peissenberg in Germany; Kagoshima and Naha in Japan;
Boulder in the United States; and Lauder in New Zealand
(Table 1).

2.2. Derivation of Daily Ozone Distributions
From Monthly PV////O3 Relationships

[12] The correlation between PV and ozone fields has
been used to diagnose diabatic ozone STE for decades
[Danielson, 1968; Gidel and Shapiro, 1980; Danielson et
al., 1987; Morgenstern and Marenco, 2000; Olsen et al.,
2002, 2003]. Jing et al. [2004] took advantage of the
relationship between the two variables to derive daily ozone
maps on isentropic surfaces for 1990. They had previously

noted that PV was better correlated with ln(O3) than with O3

on isentropic surfaces and they assumed a linear relation-
ship between PV and ln(O3): ln(O3) = b0 + b1 � PV. This is
consistent with the fact that the linear fit between PV and
ozone is different for different latitude bands as illustrated
by Waugh et al. [1997], because the edge of the polar vortex
and the tropopause would hinder the air from being well
mixed between high and middle latitudes and between
middle and low latitudes. Because the isentropic transport
between these regions is rather random and sporadic, it is
more consistent for us to use the PV/ln(O3) fit than to try to
develop PV/O3 fits for different latitude bands. The PV/
ln(O3) relationship is thus used in this paper. The linear
regression line with parameters b0 and b1 is determined by
the scatterplot of SAGE II V6.1 ozone and the coincident
GMAO analyzed PV. The scatterplots were made monthly
on isentropic surfaces for 1999 and the relationships were
derived separately for the NH and SH. The correlation
coefficients between PV and ln(O3) are provided in Table 2.
It was found that the correlation between PV and ozone was
low in July in the NH. This occurred because all the SAGE
observations collected on these isentropic surfaces in the NH
in July 1999 were located in a narrow band between 60�–
70�N, where ozone had small variations and was perhaps
poorlymixed. Therefore they cannot well characterize the PV
and ozone relationships at midlatitudes, where the isentropic
STE occurs. In practice, the PV and ln(O3) relationships for
June have been employed for July. Using these monthly
PV/O3 relationships, daily ozone distributions were de-
rived from daily PV maps. The accuracy of the
PV-mapped ozone for 1990 has been discussed by Jing
et al. [2004] using comparisons against ozonesonde

Figure 2. Estimated monthly average ozone fluxes after combining those fluxes on the four isentropic
surfaces in Figure 1. Dashed lines represent S!T fluxes, dash-dotted lines represent T!S fluxes, and
solid lines represent net ozone fluxes.

Table 4. Estimated Annual Isentropic Ozone Fluxes in the Layer

Between 330 and 370 K Across the Tropopausea

NH SH Global

S!T 127.8 ± 36 82.4 ± 23 210.2 ± 59
T!S 58.0 ± 10 34.4 ± 6 92.4 ± 16
Net �69.8 ± 37 �48 ± 24 �117.8 ± 61

aFluxes are given in 109 kg yr�1.
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observations. As the ozone and PV data used in this
study are for a different year, similar comparisons for
1999 are shown in Table 3. It is shown that the median
of the difference between the PV-mapped ozone and
ozonesonde data is approximately 10%.

2.3. Calculation of Isentropic Ozone STE

[13] The calculation of isentropic ozone STE is based on
contour advection. Contour advection is able to depict the
continuous formation of small-scale structures in a passive
tracer field following two-dimensional isentropic flows with
a resolution much finer than that of the analyzed data
[Waugh and Plumb, 1994; Baker and Cunnold, 2001]. Its
surgery routine removes the fine-scale structures smaller
than a prescribed cutoff scale d. These cutoff small-scale
structures are assumed to have been irreversibly mixed with
the air in which they are now located. Contour advection
with surgery has been employed to diagnose the isentropic
exchange of air mass, water vapor, and ozone [Dethof et al.,
2000a, 2000b; Jing et al., 2004] and to address the mixing
during Rossby wave breaking [Scott and Cammas, 2002].
[14] The tropopause is defined by the PV value 3.5 PV

units (PVU) (1 PVU = 10�6 m2 K s�1 kg�1) because the PV
surface of 3.5 PVU best corresponds to the thermal tropo-
pause defined by lapse rate outside the tropics [Hoerling et
al., 1991; Schoeberl, 2004]. We consider a control volume
around an isentropic surface q. The vertical boundaries of
this volume are q ± 5 K and the horizontal boundary is the
tropopause. The stratosphere is located inside the volume
(i.e., poleward of the tropopause) and the troposphere is

outside the volume (i.e., equatorward of the tropopause).
Using the quantification method based on contour advection
and PV/O3 mapping as described by Jing et al. [2004], daily
isentropic cross-tropopause ozone fluxes both from S!T
and from T!S are estimated on regular 2.5� � 2.0�
(longitude by latitude) grids by calculating the ozone fluxes
within the filaments formed on PV contours equatorward
and poleward of the tropopause, respectively. The net ozone
flux is the difference between the T!S and the S!T
fluxes. For a given ozonesonde site, the daily net isentropic
ozone fluxes are calculated by taking the average value of
the daily net ozone fluxes on the nine horizontal grid points
that are closest to that location (i.e., averaged over an area of
5� longitude by 4� latitude).

3. Estimated Isentropic Cross-Tropopause
Ozone Fluxes

[15] The daily cross-tropopause ozone fluxes both from
S!T and from T!S are estimated using contour advection
and PV/O3 mapping on four isentropic surfaces (i.e., 335,
345, 355, and 365 K) for 1999. The monthly average ozone
fluxes and the annual ozone fluxes in both hemispheres are
calculated from these daily fluxes. In this section, we study
the seasonality and the interhemispheric difference of the
isentropic ozone STE.

3.1. Seasonal Variations of the Isentropic Ozone STE

[16] The calculated monthly average isentropic ozone
fluxes for the four isentropic surfaces between 330 and

Figure 3. (left) Monthly means and (right) changes of the monthly means of the column ozone (Dobson
units) in the layer between 340 and 360 K from ozonesonde observations. Error bars are percentiles.
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370 K in each hemisphere are plotted in Figure 1. Negative
net isentropic fluxes indicate net S!T ozone transport and
positive ones indicate net T!S ozone transport. It is shown
that the S!T ozone fluxes are greater than the T!S ozone
fluxes. This is not only because the isentropic flux of air
mass is larger in the direction from S!T than in the
direction from T!S [Dethof et al., 2000a] (and confirmed
in both direction and amplitude by calculations we have
made for February 1990) but also because the stratospheric
air has higher ozone mixing ratios than the tropospheric air
[Bethan et al., 1996; P. H. Wang et al., 1998]. Combining
those ozone fluxes on the four isentropic surfaces in Figure 1,
it is shown that the estimated net ozone fluxes are
directed from the extratropical LS to the subtropical UT
in the layer between 330 and 370 K in every month in
1999 (Figure 2).
[17] The isentropic ozone transport displays a similar

seasonality in each hemisphere. It is strongest in summer
and weakest in winter (Figure 2). In the NH, both the S!T
and the T!S fluxes are maximum in June/July/August

(northern summer) and minimum in December/January/
February (northern winter). In the SH, they are strong in
January/February/March (late austral summer) and weak in
June/July/August (austral winter). The seasonality of the
isentropic ozone STE is opposite to that of the downward
cross-tropopause diabatic ozone flux at midlatitudes, which
is strongest in winter and weakest in summer [Olsen et al.,
2002, 2003]. This is because the two ozone STE pathways
have different mixing properties. The diabatic STE is part of
the Brewer-Dobson circulation, which is driven by wave-
induced forces. These forces are strongest in winter, and the
downward diabatic flux is therefore greatest in winter
[Holton et al., 1995]. On the other hand, cross-tropopause
evens along isentropes are restrained in winter as indicated
by the large PV gradients in the vicinity of the jet stream. In
summer, however, the cross-tropopause activity along isen-
tropes increases because the jet stream is weaker [Holton,
1992; Chen, 1995; Haynes and Shuckburgh, 2000]. The
ozone-rich air, which has been dumped into the extratrop-
ical LS from higher altitudes in winter, will spread quasi-

Figure 4. Distributions of ozone mixing ratio (in ppbv) within the layer between 340 and 360 K, when
it is in the stratosphere, based on the observations between 1979 and 2000 over Hohenpeissenberg. N is
the number of ozonesonde profiles. The sixteen ozone mixing ratio bins are 1, (0, 40]; 2, (40, 80]; 3, (80,
120]; 4, (120, 160]; 5, (160, 200]; 6, (200, 240]; 7, (240, 280]; 8, (280, 320]; 9, (320, 360]; 10, (360,
400]; 11, (400, 440]; 12, (440, 480]; 13, (480, 520]; 14, (520, 560]; 15, (560, 600]; and 16, (600, +1).
Tropospheric and stratospheric ozone bins are represented by open and shaded boxes, respectively.
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horizontally into the subtropical UT via isentropic transport
in summer.

3.2. Interhemispheric Difference in the Estimated
Annual Isentropic Ozone Fluxes

[18] Although the seasonal phase of the isentropic ozone
STE is similar in both hemispheres, it is noted that the
estimated annual ozone fluxes (both from S!T and from
T!S) are more than 50% greater in the NH than in the SH
(Table 4). For the S!T flux, this is mainly because the
ozone mixing ratios in the LS in the NH are greater than in
the SH [P. H. Wang et al., 1998], and the transport of
reduced springtime ozone air from high latitudes in the SH
is likely to be one of the reasons that ozone mixing ratios in
the SH lower stratosphere are lower than those in the NH.
There may also be a contribution from a greater number of
Rossby wave breaking events in the NH than in the SH
[Postel and Hitchman, 1999] and the subtropical UT and
extratropical LS are therefore better mixed in the NH.
Globally, the annual T!S ozone flux is estimated to be
92 ± 16 Tg yr�1 and the annual S!T flux is 210 ± 59 Tg yr�1.
The net amount of ozone that is transported globally into the
subtropical UT is 118 ± 61 Tg yr�1. The error bars reflect the
major uncertainties in the estimates [see Jing et al., 2004]: a
possible bias (±10%) of the PV-mapped ozone, an uncertainty
(±5%) induced by a change of ±60 km in the cutoff scale used

in the surgery routine of contour advection, and an uncertainty
(±26% in S!T; ±13% in T!S) resulting from ±1 PVU in the
tropopause definition.
[19] It is noted that the estimated net annual S!T ozone

flux in the NH in this paper (Table 4) is approximately 40%
higher than the value (�50 Tg yr�1) given by Jing et al.
[2004]. There are two main reasons for the difference. One is
that we have used different assimilation data set in this paper
(GEOS-3 for the year 1999) whereas Jing et al. [2004] used
GEOS-1 for the year 1990. Another important reason is that
observed ozone mixing ratios (both from SAGE II and from
ozonesondes at Hohenpeissenberg) at midlatitudes in the
northern LS are �20% higher in 1999 than in 1990 (not
shown in this paper). Hood et al. [1997] showed that the
negative total column ozone anomalies at 45�N in 1990 could
have been due to horizontal advective transport from the
subtropics.

4. Seasonal Variations of Ozone From
Ozonesonde Observations

[20] The seasonality of isentropic ozone STE would tend
to increase ozone levels in the subtropical UT in spring and
summer, particularly in the NH (Figure 2). Monthly ozone
columns in the layer between 340 and 360 K have therefore
been calculated using ozonesonde observations over Hohen-

Figure 5. Similar to Figure 4 but for the observations between 1986 and 2000 over Lauder.
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peissenberg (1979–2001), Lauder (1986–2000), Kagoshima
(1991–2000), and Naha (1991–2000). Their seasonal varia-
tions are shown in Figure 3. The layer between 340 and 360K
is chosen rather than 330 and 370 K because the 340–360 K
layer is usually located in the extratropical LS over Hohen-
peissenberg and Lauder and in the subtropical UT over
Kagoshima and Naha. For the calculations in Figures 3–7,
we excluded cases inwhich the thermal tropopausewas above
340 K over the first two ozonesonde stations or when the
thermal tropopause was below 360 K over the latter two. The
calculations and presented values therefore are not influenced
by the effects of the seasonal cycle in the height of the
tropopause. Overall, approximately 10% of the total profiles
were excluded for each station, and �30% of the summer
profiles were excluded over Hohenpeissenberg and Lauder.
The layer ozone between 340 and 360 K in the extratropical
LS (i.e., over Hohenpeissenberg and Lauder) is largest in
spring and smallest in fall, while the layer ozone in the
subtropical UT (i.e., over Kagoshima and Naha) is largest
in summer and smallest in winter. The seasonal trends of the
layer ozone over Kagoshima and Naha are of about the same
magnitude but of opposite sign to those over the LS stations.
The seasonality is consistent with the concept that ozone first
increases in the extratropical LS in winter because of the
strong diabatic downward flux and it then spreads into

the subtropical UT via isentropic transport in summer.
The increase of ozone levels in the UT starts almost
immediately after the PV gradient around the tropopause
weakens, probably because isentropic STE occurs rela-
tively rapidly, on a timescale of days to weeks [Chen,
1995].
[21] P. H. Wang et al. [1998], using SAGE II measure-

ments, showed spring to summer ozone decreases in the LS
extratropics and ozone increases in the subtropics in the
NH, of similar magnitude to those in Figure 3, without
the restriction that the 340–360 K was in the LS for the
extratropics or in the UT for the subtropics. They also
discussed these changes in terms of isentropic ozone STE
but without quantitative estimates of the effect. They
showed that the monthly mean height of the 340–360 K
layer above the tropopause possessed a relatively insignif-
icant seasonal variation, less than approximately 1 km.
Therefore there is little impact on the 340–360 K layer
from the vertical movement of the layer relative to the
tropopause. Furthermore, they demonstrated that seasonal
changes in layer thickness (in their case, for the 330–380 K
layer) made only a small contribution to the ozone
changes. Both P. H. Wang et al. [1998] and the Lauder
ozonesonde data indicate smaller ozone changes in the
southern LS than in the northern LS in late spring/early

Figure 6. Similar to Figure 4 but for the observations between 1991 and 2001 over Kagoshima when
the 340–360 K layer is in the troposphere. Note that the scale of the y axis is different from those in
Figures 4 and 5.
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summer (i.e., November/December/January in the SH and
May/June/July in the NH). This may be, at least in part,
the result of dilution of LS ozone at SH midlatitudes
produced by the spreading of reduced ozone following the
break up of the Antarctica vortex.
[22] The monthly distributions of the observed ozone

mixing ratios within the 340–360 K layer for Hohenpeis-
senberg, Lauder, Kagoshima, and Naha are shown in
Figures 4–7. Ozone mixing ratios greater than 110 ppbv
are considered to have stratospheric origin for the subtropical
UT locations, and ozonemixing ratios less than 80 ppbv are of
tropospheric origin for the extratropical LS locations, based
on the definition of the ozone tropopause given by
Bethan et al. [1996]. Figures 4–7 then confirm that, for
the profiles studied, the 340–360 K layer ozone is mostly
of stratospheric origin over Hohenpeissenberg and Lauder
(Figures 4 and 5) and of tropospheric origin over
Kagoshima and Naha (Figures 6 and 7). During summer,
there are increasing cases of ozone mixing ratio <80 ppbv
over Lauder (Figure 5), indicating the influence of some
T!S transport from the UT. These T!S transport cases
could have been associated with isentropic transport
because the diabatic upward T!S transport occurs mainly
in the subtropics/tropics [Holton et al., 1995; Schoeberl,
2004].
[23] In comparison, there are more ozone mixing ratios

>110 ppbv observed during late spring and early summer

over Kagoshima and Naha (Figures 6 and 7), suggesting the
influence of S!T transport from the LS. Because the
downward diabatic ozone flux between 30� and 60� latitude
decreases rapidly during this time of the year [Olsen et al.,
2002, 2003], these S!T transport cases are probably
isentropic. For example, on 16 June 1999 the observed
ozone profile at Naha shows an ozone peak (>110 ppbv and
thus considered to be stratospheric) around 360 K and this
ozone peak is located in the troposphere according to the
temperature profile (Figure 8). At the same time, the PV
field at 360 K from contour advection calculations demon-
strates that there is a stream of stratospheric air with PV >
3.5 PVU over Naha (Figure 9), indicating the influence of
isentropic S!T transport. It should be noted that the histo-
grams over Kagoshima show a tail of stratospheric ozone
bins in spring. This may be because the 340–360 K layer
over Kagoshima is 6� of latitude farther north than Naha
and it is in the vicinity of the subtropical jet stream in
spring. Stratospheric air could be transported into the
subtropical UT quasi-horizontally in the vicinity of the jet
stream [Tuck et al., 2003].
[24] For 1999, we have calculated the isentropic cross-

tropopause ozone fluxes over Kagoshima and Naha using
the contour advection procedure. They are found to be 0.5�
1.5 DU month�1 over Naha and 2 � 3 DU month�1 over
Kagoshima in May and June 1999 (Figure 10). Maximum
downward diabatic fluxes occur in winter [Olsen et al., 2002,

Figure 7. Similar to Figure 6 but for the observations between 1991 and 2000 over Naha.
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2003] and therefore the observed maximum ozone in-
crease in the subtropical UT in late spring may be caused
by isentropic motions which maximize at that time of
year. In contrast, Y. Wang et al. [1998] have calculated
the zonally averaged rate for net photochemical ozone
production in July around 30� N above 200 hPa to be
�0.5 ppbv d�1 (�0.3 DU km�1 month�1). In the 340–
360 K layer, which is 2� 4 km thick, photochemistry would
thus provide a column ozone source of 0.6� 1.2DUmonth�1

at the latitudes of Kagoshima and Naha. On the basis of our
calculations, this suggests that isentropic ozone transport
makes a significant contribution to UT ozone changes in the
subtropics in summer.

5. Discussion and Conclusion

[25] Isentropic cross-tropopause ozone fluxes between
330 and 370 K have been estimated using contour advection
and SAGE ozone measurements. The estimated ozone
fluxes both from the stratosphere-to-troposphere (S!T)
and from the troposphere-to-stratosphere (T!S) are stron-
gest in summer and weakest in winter. The net isentropic
ozone flux is directed from S!T and it is also the greatest in
summer. Although both hemispheres display similar sea-
sonality of the isentropic ozone transport, the ozone fluxes
in the Northern Hemisphere (NH) are approximately 50%
greater than those in the Southern Hemisphere (SH). This is
mainly because the lower stratosphere in the NH has higher
ozone mixing ratios than in the SH [P. H. Wang et al.,
1998]. It may also be because there are more Rossby wave
breaking events in the NH than in the SH [Postel and
Hitchman, 1999]. The potential effect of the isentropic
mixing around the tropopause is to increase ozone concen-
trations in the subtropical/tropical upper troposphere (UT)
and decrease them in the extratropical lower stratosphere
(LS) and this effect should be more pronounced in summer
than in winter.
[26] The tropopause crosses the isentropic surfaces be-

tween 330 and 370 K in the subtropics. The results in this
paper thus reflect the isentropic cross-tropopause transport
of ozone between the LS and subtropical/tropical UT. We
have not considered the isentropic surfaces lower than 330 K,
which would intersect with the tropopause at higher latitudes.
The direction and magnitude of the isentropic ozone flux

Figure 8. Ozone (shaded) and temperature (dash-dotted)
profiles over Naha on 16 June 1999.

Figure 9. Potential vorticity field at 360 K on 16 June
1999 at 1200 UTC after 5 day contour advection
calculations. The bold black line represents the 3.5 PV
units tropopause determined by the surgery routine of
contour advection. ‘‘N’’ represents the location of Naha. See
color version of this figure at back of this issue.

Figure 10. Estimated monthly ozone tendencies between
340 and 360 K over Kagoshima and Naha in 1999 due to
the net isentropic S!T transport.
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below 330 K is not clear. It has been indicated that air
could be transported from the UT to the LS isentropically
in subpolar regions [Hoerling et al., 1993]. However, the
net isentropic ozone flux might still be from S!T,
because of the large ozone mixing ratio gradient between
the LS and UT.
[27] The net amount of ozone transported across the

tropopause into the subtropical/tropical UT is estimated to
be 118 ± 61 Tg yr�1 in this study. It should be noted,
however, that this uncertainty range might be underesti-
mated. The contour advection technique has limited ability
to capture all the small-scale structures that evolve near the
tropopause in the UT. Local dynamical processes might not
bewell depicted by contour advection using coarse-resolution
wind fields, and PV contours might be eroded by sporadically
strong diabatic heating in the UT [Bithell et al., 1999;
Shepherd et al., 2000].
[28] According to Houghton et al. [2001], present model

estimates of the total stratospheric source of the tropospheric
ozone are 400 � 1000 Tg yr�1. From a global and annual
viewpoint, diabatic processes seem to dominate the exchange
of ozone. However, for the regionswhere the isentropic ozone
STEmostly occurs (i.e., over the northern Pacific andAtlantic
Oceans and northwest Africa), the isentropic transport of
ozone may be larger than the diabatic ozone transport and be
regionally important.
[29] The observed seasonal variations of ozone within the

isentropic layer between 340 and 360 K have been analyzed
using ozonesonde data. Over those extratropical stations
such as Hohenpeissenberg in Germany and Lauder in New
Zealand, ozone within the 340–360 K layer is mostly
stratospheric. Ignoring those days when this layer is not
completely in the stratosphere, maximum ozone in this layer
is found in spring and the minimum is in the fall, and most
cases of ozone of tropospheric origin (<80 ppbv) are
observed in late summer. This may suggest the influence
of isentropic T!S flow from the subtropics. Over the
subtropical stations such as Kagoshima and Naha in Japan,
ozone within the 340–360 K layer is mostly tropospheric;
ozone in this layer is highest in summer and lowest in winter;
and increasing cases of stratospheric ozone (>110 ppbv) are
observed in early summer. On the basis of our calculated
isentropic ozone STE fluxes in the layer above these two sites,
and the reported magnitude of the photochemical source, it is
unlikely that photochemistry alone can explain the seasonal-
ity and variability in ozone. We conclude that the isentropic
ozone exchange across the tropopause is an important source
for ozone in the subtropical/tropical upper troposphere during
summertime.
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Figure 9. Potential vorticity field at 360 K on 16 June 1999 at 1200 UTC after 5 day contour advection
calculations. The bold black line represents the 3.5 PV units tropopause determined by the surgery routine
of contour advection. ‘‘N’’ represents the location of Naha.
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