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ABSTRACT

This paper investigates isentropic ozone exchange between the extratropical lower stratosphere and the sub-
tropical upper troposphere in the Northern Hemisphere. The quantification method is based on the potential
vorticity (PV) mapping of Stratospheric Aerosol and Gas Experiment (SAGE)-I1 0zone measurements and contour
advection calculations using the NASA Goddard Space Center Data Assimilation Office (DAO) analysis for the
year 1990. The magnitude of the annual isentropic stratosphere-to-troposphere ozone flux is calculated to be
approximately twice the flux that is directed from the troposphere into the stratosphere. The net effect is that
~46 X 10° kg yr—* of ozone are transferred quasi horizontally from the extratropical lower stratosphere into
the subtropical upper troposphere between the isentropic surfaces of 330 and 370 K. The estimated monthly
ozone fluxes show that the isentropic cross-tropopause ozone transport is stronger in summer/fall than in winter/
spring, and this seasonality is more obvious at the upper three levels (i.e., 345, 355, and 365 K) than at 335 K.
The distributions of the estimated monthly ozone fluxes indicate that the isentropic stratosphere-to-troposphere
ozone exchange is associated with wave breaking and occurs preferentially over the eastern Atlantic Ocean and
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northwest Africa in winter and over the Atlantic and Pacific Oceans in summer.

1. Introduction

Historically, transport of ozone from the stratosphere
was thought of as the only major source of tropospheric
ozone (e.g., Junge 1962; Danielson 1968). While in-
creasing appreciation has been paid to the importance
of photochemical production and destruction of tropo-
spheric ozone (e.g., Crutzen 1973; Chameides and
Walker 1973; Liu et al. 1987; Davis et al. 1996; Levy
et al. 1997), studies indicate that stratosphere-tropo-
sphere exchange (STE) still contributes 20% ~ 50% of
tropospheric ozone globally (Follows and Austin 1992;
Roelofs and Lelieveld 1997; Lelieveld and Dentener
2000).

A variety of methods have been used to estimate the
ozone fluxes from the stratosphere to the troposphere:
for example, the correlation between the fluxes of O,
and other variables like potential vorticity (PV; Gidel
and Shapiro 1980) and N,O (Murphy and Fahey 1994);
the correlation between column ozone and column PV
above the tropopause (Olsen et al. 2002, 2003); global
three-dimensional chemical-transport modeling (e.g.,
Crutzen 1995; Muller and Brasseur 1995; Levy et al.
1997; Lelieveld and Dentener 2000); and statistical anal -
ysis of the frequency of tropopause folding (Beekmann
et al. 1997). Estimates of stratosphere-to-troposphere
ozone transport vary from 400 ~ 1400 X 10° kg yr—*
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(Houghton et al. 2001). This wide range indicates that
from a globa perspective our understanding of the
ozone STE is incomplete.

In estimating the STE, we are especially interested
in the so-called middle world (Hoskins 1991), where
isentropic surfaces intersect the tropopause, which is
usually located in the lower stratosphere (LS) and upper
troposphere (UT). According to Holton et al. (1995), in
the middle world the STE of air and chemical species
can be accomplished not only by vertical diabatic mo-
tions but also by irreversible mixing along isentropic
surfaces. This quasi-horizontal isentropic exchange oc-
curs on atime scale of days to weeks, while the vertical
diabatic exchange occurs on a time scale of months
(Chen 1995). Observational evidence has shown that
transport on isentropic surfaces varies from large scale
(2000 ~ 3000 km) to small scale (<200 km; Appen-
zeller et a. 1996). Wang et al. (1998a) provided ob-
servational evidence of the cross-tropopause ozone
transport via isentropic processes based on measure-
ments from the Stratospheric Aerosol and Gas Experi-
ment (SAGE)-I1. However, both conventional Eulerian
and Lagrangian numerical methods have practical dif-
ficulties in representing the spatial complexity of the
isentropic flow and at the same time keeping the com-
putation manageable. Therefore, it is still uncertain how
much stratospheric ozone is transported into the tro-
posphere through the isentropic STE processes.

A recently developed Lagrangian technique, contour
advection, has been shown to be able to resolve the
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continuous generation of small-scale structures in two-
dimensional isentropic flows (Norton 1994; Waugh and
Plumb 1994; Baker and Cunnold 2001). Numerical
methods based on contour advection have been used to
quantify the isentropic fluxes of air mass (Dethof et al.
2000a) and water vapor (Dethof et al. 2000b) across the
tropopause in the middle world. These results indicate
that isentropic transport is potentially an important path
for the STE of air and water vapor in the middle world
and that such a process is strongest in summer. The aim
of this paper is to estimate the cross-tropopause isen-
tropic ozone fluxes by applying contour advection.

However, a big challenge is to obtain global ozone
mixing ratio distributions with spatial and temporal res-
olutions comparable to those of the analyzed advecting
wind fields. To solve this problem, this paper utilizes
the relationship between the potentia vorticity (PV)
field and the ozone field, which have been noticed to
be tightly correlated (e.g., Danielson 1968; Gidel and
Shapiro 1980; Danielson et al. 1987; Morgenstern and
Marenco 2000). Twelve monthly relationships between
analyzed potential vorticities and ozone mixing ratios
from SAGE Il observations are derived on several is-
entropic surfaces. These monthly PV—-O, relationships
are then used to derive daily ozone distributions from
daily analyzed PV maps. It is shown in section 4a of
this paper that the PV-O, correlation is a convenient
and effective way to obtain global ozone maps in the
LSand UT.

Combining the contour advection technique and the
ozone maps derived from the monthly PV-O, relation-
ships, this paper estimates the monthly and annual is-
entropic ozone fluxes across the tropopause on four is-
entropic layers between 330 and 370 K in the Northern
Hemisphere (NH) for the year 1990. The geographical
distributions of the monthly ozone fluxes are also in-
vestigated and are shown to be associated with the lo-
cations of Rossby wave breaking identified in other
studies (e.g., Postel and Hitchman 1999; Scott and Cam-
mas 2002).

2. Data

The meteorological data source is the Data Assimi-
lation Office (DAQ) at National Aeronautics and Space
Administration (NASA) Goddard Space Flight Center.
They provide Goddard Earth Observing System (GEOS)
assimilated products. At the time of this study GEOS-1
datafor 1980 to 1993 were available; we have used data
for 1990. Theisobaric dataare available 6-hourly (0000,
0600, 1200, and 1800 UTC) at 18 pressure levels (1000,
950, 900, 850, 800, 700, 600, 500, 400, 300, 250, 200,
150, 100, 70, 50, 30, and 20 hPa) with a horizontal
resolution of 2.0° latitude by 2.5° longitude (Schubert
et a. 1993). We interpolated the data vertically from
pressure surfaces onto 11 isentropic surfaces from 320
to 370 K at 5-K resolution using the interpolation meth-
od in Edouard et al. (1997).
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The ozone data are from the SAGE |l measurements.
SAGE Il has been measuring stratospheric ozone pro-
files since October 1984. It provides up to 15 sunrise
and 15 sunset profiles every 24 h. Version-6.1 ozone
retrievals are used in this study. The SAGE 1l V6.1
0zone mixing ratios below 20 km altitude have been
shown to be more accurate than previous retrievals
(Wang et al. 2002). The agreement between SAGE Il
V6.1 and ozonesonde data in the mean is approximately
10% or better down to the tropopause. In the region
between 8 km altitude and 2 km below the tropopause,
the SAGE ozone is approximately 30% low relative to
the ozonesonde climatology (Wang et al. 2002).

3. Approaches
a. Tropopause definition

There are two conventional ways to define the tro-
popause: the thermal definition based on the lapse-rate
criteria and the dynamical definition based on a PV
threshold value. We use PV to define the tropopause in
this study for two reasons: 1) the PV tropopause reflects
the dynamical property differences between the strato-
sphere and troposphere better than the thermal tropo-
pause; and 2) PV is conserved in isentropic frictionless
flow. According to Hoerling et al. (1991), for global
assimilated datasets with coarse vertical resolution, 3.5
PVU (1 PVU = 10°* m? K s * kg~*) represents an
optimal value for the tropopause outside the Tropics.
As the DAO data employed in this study have coarse
vertical resolution, we chose 3.5 PVU to represent the
tropopause. The dependence of the calculated monthly
isentropic ozone STE on the PV tropopause definition
is discussed in section 5b.

b. Derivation of daily ozone distributions from
monthly PV-O, relationships

A major difficulty in estimating the isentropic ozone
fluxes is the lack of global ozone mixing ratio distri-
butions with spatial and temporal resolutions compa-
rable to the advecting wind fields. It has been noted that
the PV field and the ozone field are tightly correlated
(e.g., Danielson 1968; Gidel and Shapiro 1980; Dan-
ielson et al. 1987; Morgenstern and Marenco 2000); this
correlation is applied in this paper to derive the ozone
maps.

A monthly relationship between potential vorticities
and SAGE ozone mixing ratios is devel oped statistically
on each of four isentropic surfaces (i.e., 335, 345, 355,
and 365 K) for each month in 1990. There are therefore
48 scatterplots of potential vorticities and 0zone mixing
ratios altogether. The scatterplot on 345 K in January
1990 (Fig. 1) isincluded in this paper. It should be noted
that the y axis (0zone mixing ratio) uses logarithmic
scaling. Thisis because PV and In(O,) are found to be
somewhat better correlated than PV and O,. Thus, we
assume



1070

100 F T T T T
. JAN 1990 . v
> L
€
Q.
k=2
2
T
oc
o 0.10F .
£ F
= 1
= ]
[} L e 4
c .
o % 1
N L]
le]

0.01 1 1 1 1

0 2 4 6 8 10

Potential Vorticity (PVU)

Fic. 1. Scatterplot of PV and ozone mixing ratio at 345 K in Jan
1990. The straight line is the linear regression line of PV and In(O,).

In(O;) = By + B.(PV), @)

inwhich In(O,) isthe natural logarithm of ozone mixing
ratio, B, and B, are the intersection and slope of the
linear regression line of PV and In(O,), O, has a unit
of ppmv and PV isin PVU. The monthly slopes for the
four isentropic surfaces are shown in Fig. 2 and they
exhibit similar seasonal cycles. It should be noted that
the large scatter in the Fig. 1 plots, which may reflect
measurement uncertainties in individual SAGE ozone
and PV profiles, is not producing large uncertainties in
the slopes of the regression lines shown in Fig. 2. Using
these 48 monthly PV -0, relationships, daily ozone mix-
ing ratio maps are derived based on daily analyzed PV
maps. The accuracy of this method is discussed in sec-
tion 4a.

¢. Quantification of the isentropic ozone fluxes across
the tropopause

The isentropic cross-tropopause ozone fluxes are cal-
culated for the following isentropic surfacesin the mid-
die world: 335, 345, 355, and 365 K. Following Dethof
et a. (2000a), a control volume is considered around
each of the four isentropic surfaces 6 (Fig. 3). Its hor-
izontal boundary is the tropopause and its vertica
boundaries are # + A6 and § — AO(AH = 5 K). The
depth of the volume is 2A6 (=10 K). Therefore, the
vertical bounding levels for the selected four isentropic
surfaces are 330, 340, 350, 360, and 370 K. The rate
of change of ozone in the control volume is determined
by three terms: 1) the net isentropic advection of ozone
across the tropopause; 2) the vertical ozone flux due to
diabatic transport; and 3) the chemical formation or de-
struction of ozone. Dethof et al. (2000a) used contour
advection to quantify the net isentropic advection of air
mass across the tropopause in the middle world. Fol-
lowing their approach, we developed an algorithm to
estimate the net isentropic cross-tropopause ozone flux.
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FiG. 2. Seasonal variation of slopes [AIn(O;)/APV] on four
isentropic surfaces in 1990. Error bars are two standard deviations.

The contour advection code used in this study was de-
veloped by Waugh and Plumb (1994).

On each of the four isentropic surfaces, we selected
five PV contours (1.5, 2.5, 3.5, 4.5, and 5.5 PVU) for
the contour advection calculation. The initial locations
(determined by the longitude and latitude) of these five
contours on each isentropic surface are generated from
DAO analysis on day 0, by choosing the longest con-
tinuous contours (i.e., neglecting the smaller blobs; Fig.
44). The 3.5-PVU contour on day 0 is identified as the
initial dynamical tropopause, which acts as a quasi-hor-
izontal boundary of the initial control volume.

Next, thefiveinitial DAO PV contourswererun using
contour advection for 5 days. The wind field was re-
newed every 6 h. The duration of a 5-day calculation

Diabatic Flow

6+A0

Isentropic Flow

0-A0

Potential Temperature (K)

Dynamical Tropopause
(3.5 PVU)

Equator Pole Equator

Fic. 3. A schematic illustration of a control volume around the
surface 0 (adapted from Dethof et al. 2000a).
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4.5 55 PVU

Fic. 4. An example of the algorithm results for calculating the isentropic ozone flux across the
dynamical tropopause at 345 K. (a) Initial PV field from DAO analyses on 1 Feb 1990 after
neglecting smaller blobs of PV contours. The thick black contour represents the initial tropopause
defined by 3.5 PVU. (b) Final PV field on 6 Feb 1990 after 5-day contour advection calculation.
The thick black contour is the final tropopause determined by running the surgery routine of
contour advection on the 3.5-PVU contour. In (a) and (b) NP represents the North Pole and the
outside circle is the equator. The S — T transport is represented by those structures equatorward
of the final tropopause with PV values > 3.5 PVU. The T - Stransport is associated with those
structures poleward of the final tropopause with PV values < 3.5 PVU.

islong enough for the full development of the filaments
(Dethof et al. 2000a) and is short enough for the PV to
be considered as a quasi-conservative tracer (Andrews
et al. 1987). Because the chemical lifetime of ozonein
the LS and UT is about 100 days (Wang et al. 1998b),
ozone can also be considered as conserved over the 5-
day period.

On thefifth day of each calculation on eachisentropic
surface, the final PV field distribution is represented by
the position of the five PV contours following the con-
tour advection. This PV field is characterized by the
presence of filaments (Fig. 4b). To determine the new
position of the dynamical tropopause, a separate 5-day
run of the contour advection calculation is done only
on the 3.5-PVU contour but this time running with sur-
gery. The surgery routine removes those filaments on
the 3.5-PVU contour by merging or disconnecting two
structures within a specified cutoff scale é every 24 h.
The cutoff scale increases 0.008R (R is the radius of
the earth) every 24 h. The final cutoff scale is 0.04R
(~250 km), which is close to the grid resolution of the
initial DAO PV field. Structures below this scale are
assumed to have been dissipated and irreversibly trans-
ported into the troposphere or stratosphere. In the end,
the final dynamical tropopause is represented by the
coarse-scale 3.5-PV U contour on day 5 produced by the
contour advection with surgery (Fig. 4b).

“Overlapping’”’ this coarse final tropopause onto the
PV field from the contour advection calculations on day
5 (Fig. 4b) yields small-scale structures in this PV field

poleward and equatorward of the tropopause. For the
equatorward structures, if the PV values within them
are greater than 3.5 PVU, we infer that they represent
stratosphere-to-troposphere (S - T) transport. On the
other hand, for the poleward structures, if their PV val-
ues are smaller than 3.5 PVU, we assume that they
represent troposphere-to-stratosphere (T — S) transport.
Gridding those finescale structures onto a regular 0.25°
X 0.25° (latitude by longitude) grid, we can calculate
the mass of the ozone (M) being transported either from
S - TorfromT - Sglobaly by summing over the
grid boxes

Ms.r = 2 o BAXAY2A0 if B = —1 (2a)

M; s = 2, oil,BAXAY2A0 if B, = +1, (2b)
in which o; is the isentropic density of the air in grid
box i; r; is the isentropic ozone mixing ratio by mass
obtained from the PV—O, monthly relationships; B, is
set to be —1if PV in grid box i is >3.5 PVU and +1
if PV <3.5 PVU; Ax and Ay are the grid sizes; and
2A 0 (=10 K) is the isentropic depth of the grid boxes.
The daily isentropic flux of ozone, either fromS - T
or fromT - S, is obtained by dividing M by the cal-
culation time (5 days). Adding the fluxes in the two
directions, we get the net isentropic ozone flux. New
calculations are started every day. To yield the monthly
and annual fluxes, the daily fluxes are summed over
time. Sensitivity analysis, which is described in section
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TABLE 1. Medians and standard deviations of the differences[(*‘ PV
mapped’’ -sonde)/sonde] between ozone mixing ratios from PV-O,
relationships and from ozonesonde observations at Hohenpeissen-
berg, Germany, in 1990.

Hohenpeissenberg (47.5°N, 11.0°E)
120 collected profiles

Potential
temperature (K) Medians (%) Standard deviations (%)
365 K 5.9 31.8
355 K 6.2 27.4
345 K —4.2 27.3
335K —14.7 26.3

5¢, shows that approximately 90% of the isentropic
ozone transport across this dynamically defined tropo-
pause (i.e., 3.5 PVU) is associated with PV values be-
tween 1.5 and 5.5 PVU.

4. Results
a. PV-mapped ozone

The accuracy of the relationship between SAGE |1
ozone and PV on each isentropic surface has been as-
sessed by comparing the inferred ozone values against
o0zone mixing ratios from ozonesonde observations at
Hohenpeissenberg, Germany (47.5°N, 11.0°E), in 1990.
To make the comparisons coincident, the PV-mapped
ozone mixing ratios are linearly interpolated both in
space and in time to match the locations and times of
the observations. The ozonesonde data are vertically
interpolated onto the four isentropic surfaces using the
interpolation method in Edouard et al. (1997).

The differences between PV-mapped ozone mixing
ratios and the ozonesonde measurements are listed in
Table 1. The median agreement is within 10% except
on the 335-K surface (—14.7%). This indicates that PV-
mapped 0zone mixing ratios are underestimated on 335
K. Figure 5 shows the comparison between the time
series of PV-mapped and ozonesonde-measured ozone
mixing ratios on 345 K. It demonstrates that the PV-
mapped ozone mixing ratios are highly correlated with
ozonesonde measurements. The correlation coefficients
on all four isentropic surfaces over Hohenpeissenberg
are greater than 0.85. It isalso evident that the mappings
have captured the magnitudes and the seasonal varia-
tions in ozone mixing ratio at midlatitudes (i.e., Hoh-
enpeissenberg). In the Tropics, for example, at Hilo,
Hawaii (19.7°N, 155.6°W), the median agreement be-
tween PV-mapped ozone mixing ratios and ozonesonde
measurements (not shown) is still around 10%, but a
smaller correlation coefficient (~0.60) and a bigger
standard deviation (~50%) of the differences are ex-
hibited. Fortunately, the uncertainties in the Tropics are
of little concern in this study, as the isentropic cross-
tropopause transport mostly occurs at midlatitudes (ad-
dressed in section 4d).

The median PV-mapped/sonde ozone differences
shown in Table 1 contain contributions from a range of
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Fic. 5. Ozone from sonde observations vs ozone from monthly
PV—0O, relationships at 345 K over Hohenpeissenberg, Germany, in
1990.

PV values on each isentropic surface. Since SAGE
ozone is known to be biased low in the troposphere,
with the bias reaching —30% approximately 2 km below
the tropopause (Wang et al. 2002), we need to see wheth-
er this will bias the ozone flux results. For just the
tropospheric PV-mapped/sonde comparisons on 335 K,
PV-mapped tropospheric ozone values are calculated to
be 3% larger than the ozonesonde values at Hohen-
peissenberg. This unexpected result occurs because of
the overestimation of the low SAGE tropospheric ozone
values by the linear regression based on the PV mapping
procedure (see where PV < 1 PVU in Fig. 1). The
difference between the PV-mapped ozone in both the
troposphere and the stratosphere and the sondes are
therefore sufficiently small (=10%) that no corrections
for possible 0zone measurements bi ases have been made
to the calculated ozone fluxes.

b. Estimated monthly isentropic cross-tropopause
ozone fluxes

Figure 6 shows the estimated monthly isentropic
cross-tropopause ozone fluxes at 335, 345, 355, and 365
K. According to the plot of the net fluxes, the S - T
fluxes are greater than the T — S fluxes in magnitude
in every month at all four isentropic levels except for
April on 355 and 365 K. Thismeansthe net ozone fluxes
are aimost always directed from the extratropical LS to
the subtropical UT. It is shown that both the S — T and
T - Sfluxesare stronger in summer/fall than in winter/
spring. This agrees with the mixing properties of the
isentropic flow in the middle world. The isentropic mix-
ingintheLSand UT isstrongest in summer and weakest
in winter because the extratropical tropopause barriers
are strongest in winter and are considerably weakened
by the monsoon circulations in summer (Haynes and
Shuckburgh 2000). For the four layers combined, the
maximum net S - T ozone flux occurs in August and
the minimum occurs in April (not shown). This is op-
posite to the seasonality of the downward diabatic ozone
flux between 30° and 60°N, which has a maximum in
April and a minimum in September (Olsen et al. 2002).
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Fic. 6. Estimated monthly isentropic ozone fluxes across the tro-
popause for four isentropic layers in 1990. Negative values are from
the stratosphere to the troposphere and positive values are from the
troposphere to the stratosphere.

Wang et al. (1998a) showed that from spring to sum-
mer, the SAGE Il measurements in the NH display a
rapid decrease in the ozone columns poleward of 30°N,
accompanied by an increase in the ozone columns at
low latitudes in the layer between 330 and 380 K, and
the extratropical ozone continues to decrease in the fall.
In winter, the ozone-rich air is transported from higher
atitudes into the extratropical LS by the strong large-
scale diabatic circulation (Holton et al. 1995), and it
will be stored there because the photochemistry isweak
and the extratropical tropopause barrier is strong. This
ozone-rich air will spread into the subtropical UT via
isentropic transport in summer because the PV gradients
are the smallest in summer and they thus act as weaker
barriers to the cross-tropopause transport (Chen 1995;
Haynes and Shuckburgh 2000). However, as the pho-
tochemistry of ozone is also more active in summer, it
is hard to infer a direct connection between the ozone
changes in the UT and the isentropic transport.

It may be noted from Fig. 6 that the seasonality of
the ozone fluxes is more obvious on isentropic surfaces
above 340 K (i.e., 345, 355, and 365 K) than on 335
K. For 335 K, there is a secondary maximum of net
ozone flux around February/March. This is because the
barrier posed by the horizontal PV gradients in winter
is not as strong on lower surfaces as it is on the upper
ones and therefore the cross-tropopause transport can
occur all year-round at lower levels. This is consistent
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with the characteristics of the two mass transport re-
gimes in the middle world found by Chen (1995) and
Dethof et al. (20008).

¢. Annual isentropic cross-tropopause ozone fluxes

The estimated S - T annua ozone flux for al the
four levels (i.e., in the layer between 330 and 370 K)
is 100 Tg yr* (1 Tg = 10° kg). It is approximately
twicethe T - Sflux (54 Tgyr-*) in magnitude. There-
fore, the net effect is that 46 Tg yr—* of ozone are
isentropically transported from the extratropical LSinto
the subtropical UT in the NH.

We are unaware of any other studies that have pro-
vided estimates of the isentropic cross-tropopause ozone
transport. However, Olsen et al. (2003) estimated the
downward ozone flux including diabatic effects across
the tropopause at midlatitudes in the NH, but they did
not consider the upward flux. Their annual downward
S - T ozone flux is ~260 Tg yr—* in the NH, which
istwice theisentropic S - T flux (100 Tg yr—1) in this
study. This emphasizes that, from a global perspective,
large-scale diabatic transport processes make important
contributions to the ozone STE.

Shepherd et al. (2000) have suggested that the ability
of contour advection to reproduce small-scal e structures
from low-resolution wind fields may be restricted to
regions such as the winter stratospheric polar vortex or
the upper stratosphere, where the dynamics are known
to be dominated by large-scale processes. Near the tro-
popause there is more energy at smaller scales and the
dynamics are more controlled by local processes. It is
possible therefore that the contour advection technique
does not capture all the small scales evolving around
the tropopause using the coarse-resolution (~250 km)
wind fields from the GEOS-1 assimilation model and
of the observed fields on which these wind fields are
based. Higher-resolution winds might yield larger es-
timates of the isentropic fluxes at the tropopause. The
possibility that the air near the tropopause could undergo
““fake’ cross-tropopause transport when the transported
air had a very short residence time has not been inves-
tigated.

d. Relationship of the isentropic ozone fluxes to wave

activities

Figure 7 shows the geographical distributions of the
estimated monthly isentropic ozone fluxesfromS - T
and from T - S at 345 and 355 K for February and
August. The S — T fluxes are larger thanthe T -~ S
fluxes. Therefore, the distributions of the net fluxes
(which are not shown in this paper) are very similar to
those of the S - T fluxes. In February, the S - T ozone
fluxes occur predominantly in the midlatitude regions
of the eastern Atlantic Ocean and northwest Africaboth
at 345 and 355 K. There is a secondary ozone flux
maximum over the eastern Pacific Ocean at 345 K.



1074

Aug

Feb

Aug

Feb

JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 61

S-to-T

:

............

0.4

355 K

355 K

345 K

345 K

1.2

Feb

Aug

Feb

1.6

T-to-S

:

..... L Ny | 355K

_____ | edrs o gs5K

345 K

345K

2.0 10~ 6 kg/mon

Fic. 7. Distributions of the magnitudes of the estimated monthly isentropic ozone fluxes from'S - T and from T - Sin Feb and Aug
1990. The upper four plots are for the isentropic surface of 355 K and the lower four are for 345 K.



1 May 2004

JING ET AL.

1075

TaBLE 2. Estimated monthly isentropic cross-tropopause ozone fluxes (in 10° kg month—*) between 330 and 370 K in Feb and Aug 1990
for different cutoff-scale values. The shaded values are for the 250-km cutoff scale chosen in this study. The tropopause is defined by 3.5

PVU.
ST T-S Net
190 km 250 km 320 km 190 km 250 km 320 km 190 km 250 km 320 km
Feb —5.55 -6.20 —6.56 3.24 3.36 3.55 —231 —2.84 —-3.01
Aug —14.25 —14.60 —15.38 8.65 8.90 9.01 —5.60 —5.70 —6.37

These results are consistent with the distribution of the
wave breaking intensity in winter proposed by Scott and
Cammeas (2002). In August, the S - T ozone fluxes are
located primarily over the Pacific and Atlantic Oceans,
where Rossby wave breaking preferentially occurs
around 350 K in summer (Postel and Hitchman 1999;
Scott and Cammas 2002). Although they are smaller in
magnitude, the T - S fluxes are shown to occur more
frequently over midlatitude Europe and Asia both in
February and in August and over North America in
August. This indicates that wave breaking is also as-
sociated with T - S transport.

5. Sensitivity analysis
a. Cutoff scale in contour advection

The surgery routine in contour advection removesthe
filaments below a prescribed cutoff scale 8. Dethof et
al. (2000a,b) used a final cutoff scale of 0.05R (~320
km), which was close to the grid size of the analyzed
PV field they employed. In this work, the cutoff scale
is set to be 0.04R (~250 km) because this is the res-
olution of DAO analyzed data. To test how sensitive the
estimated ozone fluxes are to the cutoff-scale values,
we ran the model in February and August with three
different 6 values: 0.03R (~190 km), 0.04R (~250 km),
and 0.05R (~320 km). Thetest resultsarelisted in Table
2. They show that the differences in the monthly ozone
fluxes (bothS — Tand T - S) in February and August
are less than 10%.

It was indicated earlier that small blobs in the ana-
lyzed PV maps have been neglected in the initialization
of the contour advection calculations. These small blobs
typically coincide with filaments of PV from earlier-
initiated contour advection calculations. Therefore the
contribution of the blobs to the fluxes will have been
included in the calculations made a few days earlier.

b. PV value used to define the tropopause

The flux cal culations have been compared using three
different PV values to define the tropopause: 2.5, 3.5,
and 4.5 PVU. It isshown in Table 3 that the magnitudes
of the estimated ozone fluxes (bothS - Tand T - S)
decrease with increasing tropopause PV values in Au-
gust. This is mainly because the areas of the filaments
that areidentifiedasS — T or T - Stransport decrease
as higher PV values are chosen to represent the tro-
popause (Scott and Cammas 2002). In February, how-
ever, the fluxes increase with increasing tropopause PV
values. Thisis in part because ozone mixing ratio in-
creases more dramatically with PV in winter than in
summer (Fig. 2). It is also noted that the changes in
S - T fluxes are more pronounced than those of the
T - Sfluxes. This is because the ozone mixing ratio
increases exponentially with PV [Eq. (1)]. Therefore,
the ozone fluxes increase faster with increasing PV at
higher PV values (S — T) than at lower PV values
(T - 9).

c. Cross-tropopause ozone transport outside the 1.5—
5.5-PVU range

Table 4 shows how much of the ozone exchange
across the 3.5-PV U tropopause occurs outside the range
of 1.5-55PVU (i.e, 0 <PV <15PVUor PV > 55
PVU) in February and August 1990. The ozone flux
within the range of 0 < PV < 1.5 PVU (or PV > 55
PVU) is estimated by calculating the amount of ozone
enclosed between the 1.5-PVU (or 5.5 PVU) contour
and the tropopause contour. The amount of ozone trans-
ferred into the stratosphere from PV values less than
1.5 PVU is less than 5% of the estimated total T — S
ozone flux. For PV values greater than 5.5 PVU, it is
~10% of the estimated total S — T ozone flux. This
demonstrates that the isentropic ozone STE mostly oc-
curs between 1.5 and 5.5 PVU in the middle world. This

TasLE 3. Similar to Table 2 for a cutoff scale of 250 km, but for different PV values chosen to define the tropopause. The shaded values
are for the PV value used in this study.

ST TS Net
25PVU 3.5PVU 45 PVU 25PVU 35PVU 45PVU 25PVU 3.5PVU 45 PVU
Feb —4.13 —6.20 —8.01 2.87 3.36 4.04 —1.26 —2.84 —3.97
Aug —18.20 —14.60 —12.25 8.40 8.90 7.97 —9.80 —5.70 —4.28
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TaBLE 4. Estimated monthly isentropic ozone fluxes (in 10° kg
month-1*) across the 3.5-PVU tropopause between 330 and 370 K in
Feb and Aug for PV values less than 1.5 PVU (from T - S) and
greater than 5.5 PVU (from S — T). The percentages in the column
of <1.5 PVU are calculated by comparing to the monthly T - S
fluxes for PV <3.5 PVU. The percentages in the column of >5.5
PVU are with respect to the monthly S — T fluxes for PV >3.5
PVU.

<15 PVU >55 PVU
Feb 0.09 (~ 3%) —0.81 (~ 13%)
Aug 0.46 (~ 5%) —1.66 (~ 11%)

is consistent with the results of Dethof et al. (2000a),
who showed that 80% of theS - T (or T - S) isen-
tropic airmass transport occurs within 15° (or 10°)
equivalent latitude from the 3.5-PVU tropopause con-
tour; the distance between 1.5 and 5.5 PVU is approx-
imately 20° in equivalent latitude.

6. Summary and discussion

The objective of this investigation was to estimate
how much ozone is transported across the tropopause
through isentropic processes. These processes are ac-
knowledged to be an effective mechanism of strato-
sphere-troposphere exchange (Holton et al. 1995; Chen
1995; Dethof et al. 2000a,b). Using SAGE Il ozone
measurements and potential vorticities from the DAO
model, daily ozone maps were derived based on monthly
PV-0, relationships and daily analyzed PV maps. The
procedure for deriving ozone maps from monthly PV—
O, relationships has been shown to be an effective way
to obtain global ozone distributions in the midlatitude
lower stratosphere and upper troposphere. Comparing
the PV-mapped ozone with ozonesondes at Hohenpeis-
senberg (47.5°N, 11.0°E), the agreement in the mean is
approximately 10% [(*‘ PV mapped’ -sonde)/sonde].

The net isentropic ozone fluxes across the tropopause
have been estimated in the Northern Hemisphere for the
year 1990 using contour advection. Although the month-
ly isentropic ozone fluxes from stratosphere to tropo-
sphere and from troposphere to stratosphere are of the
same order of magnitude, the net effect is that ozone is
transported from the extratropical lower stratosphere
(LS) into the subtropical upper troposphere (UT). As
the calculated monthly ozone fluxes are the strongest in
summer, the isentropic stratosphere-troposphere ex-
change tends to produce a decrease of ozone in the LS
and an increase of ozonein the UT in summertime. Such
ozone changes in the LS and UT have been observed
by SAGE Il measurements (Wang et al. 1998a). How-
ever, further modeling studies need to be performed in
order to draw a more definitive conclusion regarding
the relationship between the observed ozone tendencies
and isentropic ozone transport, because our study did
not consider chemically induced ozone changes or dia-
batic processes.

Our estimated annual isentropic stratosphere-to-tro-

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 61

posphere ozone flux between 330 and 370 K in the
Northern Hemisphere is 100 Tg yr—* and the annual
troposphere-to-stratosphere ozone flux is 54 Tg yr-1.
The net amount of ozone that is transported into the
subtropical upper troposphere annually is 46 Tg yr—1.
The possible sources of error in our estimates of isen-
tropic ozone STE have been indicated. A possible bias
of £10% for PV-mapped ozone in the lowermost strato-
sphere and upper troposphere results in an uncertainty
of 10 Tgyr—* (=5 Tgyr*)intheestimated S - T
(T - S) fluxes. The uncertainty induced by a change
of approximately =60 km in the cutoff scale used for
the contour advection cal culations produces =6 Tg yr—*
(£2Tgyr?) inthe estimates and the largest uncertainty
is caused by =1 PVU in the tropopause definition,
which results in £25 Tg yr=* (=6 Tg yr—*) in the es-
timated S - T (T - ) fluxes. The root-sum-square
uncertainties are thus +28% (*=15%) inthe S - T
(T - 9) fluxes and the net isentropic S — T ozone flux
is46 £ 29 Tg yr—1.

These estimated isentropic ozone fluxes are signifi-
cantly smaller than the downward stratosphere-to-tro-
posphere ozone flux including diabatic effects estimate
of 260 Tg yr—* by Olsen et al. (2003), but they did not
estimate the troposphere-to-stratosphere ozone flux.
There is other evidence that diabatic processes may, in
fact, dominate the exchange (Schoeberl 2003, personal
communication). It should also be noted that the cal-
culations in our study could have underestimated the
isentropic ozone fluxes due to the restricted ability of
contour advection to reproduce the small scales at the
tropopause from coarse-resolution wind fields (Shep-
herd et al. 2000).

From a global viewpoint, the isentropic cross-tro-
popause exchange of 0zone may be a smaller contributor
to thetotal ozone budget in the troposphere than diabatic
exchange. However, the two STE processes play dif-
ferent rolesin affecting the ozone budget in the UT. The
diabatic processes transfer stratospheric ozone down-
ward into the UT mainly in the extratropics (Holton et
al. 1995) and they tend to increase the latitudinal gra-
dient of ozone concentrations between the extratropical
LS and tropical UT. On the other hand, isentropic trans-
port tends to decrease this gradient by spreading the
ozone-rich air that is stored in the extratropics into the
Tropics quasi horizontally across the subtropical tro-
popause. Therefore, isentropic transport could be anim-
portant controlling factor for ozone variations in the
tropical/subtropical UT under certain circumstances. For
example, laminae with high ozone mixing ratios (up to
120 ppbv) have often been observed in the upper tro-
posphere over the tropical Indian Ocean during Feb-
ruary—March 1998 (Zachariasse et al. 2000). Back-tra-
jectory analysis indicated that these ozone-rich laminae
had a stratospheric origin and that they were transported
quasi horizontally toward the equator by filamentations
around the subtropical jet stream. In another study, Mor-
genstern and Carver (2001) showed that anomalies of
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0zone mixing ratios derived from the Measurement of
Ozone and Water Vapor by Airbus In-Service Aircraft
(MOZAIC) observations for five winters in 1995 to
1999 occurred most frequently in a belt spanning the
subtropical North Atlantic and the Mediterranean. Ac-
cording to their model studies, isentropic transport of
filamentary structures occurred in this region. However,
neither of these papers quantitatively analyzed how
much ozone was being transported by these filaments.

Qualitatively, it is safe to say that isentropic ozone
transfer across the tropopause is important for sporadic
short-term ozone variations in the subtropical upper tro-
posphere. However, it is difficult at present to corrob-
orate the quantitative contribution of isentropic pro-
cesses to the ozone budget in the subtropical/tropical
UT, due to the lack of ozone observations with global
coverage and fine resolution in the upper troposphere.
Recent modeling studies (Lamarque et al. 1999; Em-
mons et al. 2003) have addressed the influence of STE
on tropospheric chemistry. However, their modeling re-
gime was located below the 300-hPa isobaric surface
(~310 K), where the tropopause seldom intersects is-
entropic surfaces and cross-tropopause transport mostly
occurs diabatically (Hoskins 1991; Holton et al. 1995).

Studies have acknowledged that isentropic transport
is associated with wave breaking events (i.e., Norton
1994; Holton et al. 1995; Postel and Hitchman 1999).
In this paper the isentropic cross-tropopause ozone
transport is found predominantly over the eastern At-
lantic Ocean and northwest Africa in winter and over
the Atlantic and Pacific Oceans in summer, where wave
breaking preferentially occurs (Postel and Hichman
1999; Scott and Cammas 2002). The challenge remains
to seek observational evaluations of the estimates of
isentropic cross-tropopause ozone transport. It is also
important that statistical analysis be carried out on the
relationship between isentropic ozone fluxes and wave
breaking events to understand the driving forces for is-
entropic transport.
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