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[1] The chemical composition of the mixing layer above the tropopause, which is mainly
influenced by stratosphere troposphere exchange, impacts the chemistry and radiative
balance of the troposphere. A better understanding of its seasonal and spatial variation is
needed to reduce uncertainties of global chemistry-transport models. In this paper, we
use the Measurements of Ozone, Water Vapour, Nitrogen Oxides and Carbon Monoxide
by Airbus In-Service Aircraft (MOZAIC) ozone and carbon monoxide data from 2003.
The five MOZAIC aircraft fly daily between Europe and North America and between
Europe and Asia, at 9–12 km crossing the tropopause when transecting upper level
troughs. We present a new coordinate system consisting of potential vorticity on the y axis
and the angle between the local PV surface and the horizontal on the x axis to study the
mixing that occurs in the tropopause region. This coordinate system allows us to view
the typical distribution of ozone and CO within upper level troughs. Using in situ
measurements and a Lagrangian analysis, we have identified a mixing layer associated
with stirring and mixing in the tropopause region between 2 and 6 pvu. Regional
variations of the ozone and CO distributions and chemical anomalies between the center
and the borders of the upper level troughs are found within the mixing layer.

Citation: Brioude, J., J.-P. Cammas, O. R. Cooper, and P. Nedelec (2008), Characterization of the composition, structure, and

seasonal variation of the mixing layer above the extratropical tropopause as revealed by MOZAIC measurements, J. Geophys. Res.,

113, D00B01, doi:10.1029/2007JD009184.

1. Introduction

[2] The upper troposphere and lowermost stratosphere
(UTLS) is a key region of the atmosphere because it is the
mixing zone between tropospheric and stratospheric air
masses which impacts the chemistry and radiative forcing of
the atmosphere. In the UTLS at midlatitudes, a net mass flux
exists from the stratosphere to the troposphere [Appenzeller
et al., 1996]. The Brewer-Dobson circulation controls the
downward flux from the middle stratosphere to the lower-
most stratosphere, below the 380 K isentropic surface.
Then, processes such as stratospheric intrusions, cutoff lows
and gravity waves allow ozone to enter the troposphere
[Stohl et al., 2003].
[3] As a consequence, a change of the ozone concentration

in this region changes the stratospheric flux of ozone into the
troposphere and then impacts tropospheric chemistry.

Furthermore, variations of ozone concentration in the UTLS
lead to radiative flux variations at the surface, and perturbs
the surface temperature [Forster and Shine, 1997].
[4] Stratosphere troposphere exchange (STE) is com-

posed of stratosphere to troposphere transport (STT) and
troposphere to stratosphere transport (TST). In midlatitudes,
the cross tropopause flux associated with STT is greater
than TST. An accurate knowledge of these transport pro-
cesses is of great importance in quantifying the relative roles
of transport and chemistry in the budgets of trace gases as
diagnosed by global chemistry-transport models (CTM), the
tools used to quantify the tropospheric ozone budget and to
provide information to policy makers and industry. Large
differences in the stratospheric source, from 400 Tg(O3) a

�1

[Hauglustaine et al., 1998] to 1000 Tg(O3) a
�1 [Crutzen et

al., 1999], were apparently responsible for wether or not a
model calculated a chemical source or sink of tropospheric
O3 [Intergovernmental Panel on Climate Change, 2001].
Recent studies [Stevenson et al., 2006; Grewe, 2006] have
shown that the CTMs converge to a lower uncertainty of
stratospheric ozone flux, between 420 and 520 Tg(O3) a

�1,
with intermodel standard deviations of 38%. All these
models predict a net photochemical production of ozone
in the troposphere.
[5] STE is mainly due to mixing occurring on isentropic

surfaces near breaking Rossby waves and by stirring effects
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due to differential advection near the jet stream. Previous
case studies [e.g., Hoor et al., 2002; Pan et al., 2004] have
used ozone and CO relationships to characterize mixing
processes in the tropopause region. They have shown that
transport across the extratropical tropopause produces a
mixed layer with linear relationships between ozone and
CO, in cases of recent mixing events. Trace gas isopleths in
this mixing layer follow the shape of potential vorticity
surfaces (PV [Krebsbach et al., 2006]).
[6] Tracer analyses in the stratosphere are usually based

on a meridional coordinate system because the tropopause
slopes downward and poleward, intersecting isentropic
surfaces at midlatitudes. These analyses use areas encom-
passed by PV contours (equivalent latitude) or with tracer
contours (tracer equivalent latitude [Allen and Nakamura,
2003]). These coordinates are used to study processes
within the polar vortex, initialization of models, and isen-
tropic tracer exchange across the tropopause [e.g., Manney
et al., 1999; Lary et al., 1995; Seo and Bowman, 2001;
Hoor et al., 2004; Hegglin et al., 2006]. Using these
meridional coordinate systems, these studies do not address
the variation of STE fluxes that occurs along a line of
constant latitude. However, the tropopause also intersects
the isentropes zonally in baroclinic waves. In upper level
troughs, the isentropes intersect the dynamic tropopause
near the jet stream where the tropopause is tilted. Sprenger
and Wernli [2003] have shown that STE processes vary
zonally and seasonally. They occur frequently in the storm
track regions near the east coasts of North America and
Asia. Thus, to accurately study the zonal and seasonal
variations of STE processes, it is necessary to study in
detail the STE processes at synoptic scales in baroclinic
waves.
[7] In this paper, we use in situ measurements of ozone and

CO from the Measurements of Ozone, Water Vapour, Nitro-
gen Oxides and Carbon Monoxide by Airbus In-Service
Aircraft (MOZAIC) program [Marenco et al., 1998; Thouret
et al., 1998b] (http://mozaic.aero.obs-mip.fr) to improve our
knowledge of STE processes in midlatitudes.
[8] The MOZAIC aircraft fly at altitudes between 9 and

12 km and most of the time cross the tropopause when they
encounter upper level troughs which have lower tropopause
heights than upper level ridges. The MOZAIC program has
an extensive spatial coverage spanning from Europe to the
west coast of North America, and from Europe eastward to
the east coast of Asia. Flying once or twice per day, the five
aircraft also provide good temporal coverage. A climato-
logical analysis of the UTLS region with MOZAIC data
requires a coordinate system in which the dynamic charac-
teristics of upper level troughs can by synthesized.
[9] We present in this article a new coordinate system to

report in situ measurements from the MOZAIC database
within the context of a composite upper level trough. The
coordinate system is based on PV on the y axis, and on the
angle between the local tropopause and the horizontal along
latitude circles in the zonal direction on the x axis. We focus
on upper level troughs because the MOZAIC flights are
limited to altitudes below 12 km and therefore have a more
extensive depth of sampling of the lower stratosphere above
upper level troughs rather than above upper level ridges.
[10] We use 1 year ofMOZAICmeasurements to (1) reveal

the distribution of ozone and CO within the upper level

troughs, (2) identify a mixing layer within the lower
stratosphere above upper level troughs, and (3) highlight
the zonal and seasonal variations of STE within the troughs.

2. Method

2.1. Dynamic Coordinate System

[11] The MOZAIC program provides on board measure-
ments of ozone, CO, NOy and water vapor from commer-
cial aircraft. MOZAIC was funded to have comprehensive
and continuous observations, for the purpose of assessing
climate change. The five MOZAIC aircraft fly almost daily
and provide a high horizontal resolution of about 1 km. On
the basis of the dual-beam UV absorption principle, the
ozone measurement accuracy is estimated at ±2 ppbv ±2%
[Thouret et al., 1998a] for a 4s response time. On the basis
of an infrared analyzer, the carbon monoxide measurement
accuracy is estimated at ±5 ppbv ±5% [Nédélec et al., 2003]
for a 30 s response time. In this study, we use the MOZAIC
data at midlatitudes (�20�). We also define the extratropical
tropopause as the 2 pvu surface.
[12] Upper troughs are known to be regions where STT

(predominantly through tropopause folds) and TST (pre-
dominantly through WCB) occur frequently, the magnitude
of the transport depending on the baroclinic life cycle
[Polvani and Esler, 2007]. In upper troughs, the tropopause
intersects the pressure and isentropic surfaces. This fact
prevents the use of pressure or potential temperature to
define the tropopause or to evaluate the position of a
measurement in the lowermost stratosphere relative to the
local tropopause. Furthermore the tropopause intersects
different isentropic surfaces depending on the magnitude
of the PV anomaly [Hoskins et al., 1985], the latitude or the
season. Therefore we use PV in this paper to define the
tropopause. In addition, the mixing layer between tropo-
sphere and stratosphere follows PV surfaces rather than
isentropic surfaces [Hoor et al., 2004; Krebsbach et al.,
2006]. Hence PV can also be used as a coordinate to
indicate the position of an in situ measurement within the
mixing layer and the lowermost stratosphere. PV in this
study is calculated from gridded model output at much
coarser resolution that the 1 km MOZAIC measurements
and uncertainties may arise from the interpretation of fine
scale in situ measurements with modeled parameters.
[13] Figure 1a presents the potential temperature (q) and

PV surfaces in a zonal cross section (10–60�E) at 55�N. An
upper level trough with two lobes is at the center of the
cross section. In this PV anomaly, the PV surfaces are
deformed by dynamic processes such as Rossby waves on
the synoptic scale or upper level frontogenesis on the
mesoscale.
[14] The principle of our dynamic coordinate system is to

use the angle a calculated between the local PV surface and
the horizontal in the zonal direction to specify if an
observation has been measured on the east side, the west
side or the center of a trough. We also use PVas a parameter
for evaluating the depth of the observations within the
lowermost stratosphere relative to the local tropopause.
By convention, when cross cutting from east to west, a is
positive when the horizontal PV gradient is negative (the
right side of Figure 1) and negative when the horizontal PV
gradient is positive (the left side of Figure 1). The three-
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dimensional PV fields are retrieved using model-level data
from the European Centre for Medium-Range Weather
Forecasts (ECMWF) with a temporal resolution of 3 h
(analyses at 0000, 0600, 1200, and 1800 UTC; forecasts
at 0300, 0900, 1500, and 2100 UTC), with a horizontal
resolution of 0.5� � 0.5�, and 60 vertical levels. Thus, the
PV values in the next sections are calculated with a
horizontal resolution of 0.5�.

[15] At 0.5� of resolution, positive or negative a values
lie respectively on both sides of the upper level trough
because of the lobes caused by upper level frontogenesis
and mesoscale PV features. Thus a coordinate (ao, PVo)
may be related to positions on both sides of the upper level
trough, and cannot be considered as a frame of reference. A
low-pass filter is applied in the Fourier domain to retain PV
zonal wavelengths longer than 25� in longitude while

Figure 1. (a) PV surfaces (black contours, from 1 to 7 pvu) and potential temperature surfaces (blue
contours, from 300 to 370 K) and (b) wind speed (green contours, from 20 to 60 m s�1), relative vorticity
(red contours, from 1 to 21 10�5 s�1), and angle a of PV surfaces with the horizontal after filtering the
PV fields (color code, from �0.5 to 0.5) in a zonal vertical cross section at 55�N latitude. The outer grey
lines represent the position where the second derivative of the filtered PV surfaces is zero in the cross
section, while the inner grey lines (Figure 1b) represent the position of the center of the trough, defined
by jaj � 0.5. The area encompassed by the grey lines represents the region of the upper level trough. In
Figure 1a, the aircraft pathway of the MOZAIC flight on 9 March 2003 at about 2100 UTC in the upper
level trough region is colored by the ozone mixing ratio (colored dots, ppbv).
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discarding mesoscale features. The choice of 25� is a
compromise between the fact that the threshold is large
enough to filter the mesoscale PV features, and small
enough to calculate a within a realistic upper trough.
Threshold values of 18� and 32� were also used but the
results were similar to those obtained with 25�. Then, using
the filtered PV field, a values are based on the zonal PV
gradient calculated over a length of 5�, and the vertical PV
gradient calculated over three model levels (about 1.5 km in
depth near the extratropical tropopause). The a values are
not sensitive to this length. As a consequence, using the
filtered PV surfaces, a values in Figure 1b are positive on
the east side (red color) and negative on the west side (blue
color) and close to zero along the axis of the upper level
trough (white color).
[16] Above 8 or 9 pvu (above 12 km of altitude), the

vertical PV gradient is sometimes zero or negative, increas-
ing the a variability. However, as the maximum altitude of
MOZAIC aircraft is 12 km and the minimum altitude of the
extratropical tropopause is 6 km, the MOZAIC aircraft fly at
relatively low altitudes in strong PV anomalies most of the
time in a positive vertical gradient for PV values greater

than 8 pvu. Thus, PV can still be used as a vertical
coordinate when values are greater than 8 pvu. To select
the MOZAIC data in upper level troughs, we retain only the
positive values of the second derivative of PV (Figure 1a,
between the two grey lines), calculated over a length of 40�
of longitude. Negative values, related to upper level ridges
are discarded. The results in the following sections are not
sensitive to this length.
[17] The MOZAIC flight track on 9 March 2003 around

2100 UTC, colored by the ozone mixing ratio, is shown in
Figure 1a. The aircraft crossed the upper level trough from
west to east. The aircraft pathway is represented in an (ao,
PVo) coordinate system in Figure 2a and in an (ao, Qo)
coordinate system in Figure 2b. It shows that the aircraft has
entered the upper level trough in a steep a region (a �
�0.4) on the west side and then flew between 5 and 7 pvu
across the upper level trough. The a values are small, with
an absolute value less than 0.6�, because the horizontal
scale of the PV features is a few hundred kilometers while the
vertical scale is just a few kilometers. Notice that the average
ozone mixing ratio at the center of the upper level trough
(�0.05 � a � 0.05, 6 pvu � PV � 7 pvu, Q ’ 335 K) is

Figure 2. MOZAIC ozone measurements from Figure 1, shown in cross section 1 with a on the x axis
and (a) PV (pvu) and (b) potential temperature (K) on the y axis.

D00B01 BRIOUDE ET AL.: MIXING LAYER ABOVE THE TROPOPAUSE

4 of 17

D00B01



less than at the western border (a � �0.2). This negative
anomaly of ozone in the upper level trough is studied in
detail at the seasonal timescale in section 3.1 and in section
5 with hundreds of MOZAIC flights. Commercial aircraft
follow a northward curve across midlatitudes because they
follow great circle routes between continents. Thus, the
MOZAIC aircraft most often cross the tropopause at the
northern extent of upper level troughs, where they are
zonally wider than at more southerly latitudes. By selecting
only the wide upper level troughs, we constrained the
MOZAIC data to be located in the northern part of upper
level troughs. Furthermore, along a latitude circle, an
aircraft crossing a wide upper level trough will spend more
time at low zonal angle a (the center) than large zonal
angles a (the borders). As a consequence, the number of
MOZAIC observations plotted in a (ao, PVo) coordinate
system are biased toward low zonal angles.

2.2. Validation

[18] In this section, we first describe the variations of
potential temperature, relative vorticity and wind speed with
respect to the angle a along a layer near the tropopause
within the upper trough of Figure 1. Then, in order to
validate the method, we compare these variations to the
seasonal-scale variation shown on Figure 3.
[19] On Figure 1b, the relative vorticity is calculated with

a resolution of 1� using the ECMWF wind fields. On a

given PV surface in Figure 1b, the shorter the distance to the
core of the jet stream, the steeper the angle a between
the horizontal and the local PV surface. At the center of the
anomaly, a is zero with a local wind speed minimum. Then,
on a PV surface, the smallest q values lie at the center of the
positive PV anomaly, while the greatest q values lie on the
borders. Furthermore, on a given PV surface, the curvature
component of the relative vorticity is positive everywhere
and the shear component of the relative vorticity is positive
and at a maximum on the cyclonic shear side of the jet
stream [Bell and Keyser, 1993]. Thus, on a given PV
surface, the relative vorticity is positive everywhere and at
a maximum on the borders of the trough.
[20] To validate the method on the seasonal scale, we use

the MOZAIC measurements of potential temperature and
wind speed. In addition, we use the relative vorticity and the
vertical gradient of potential temperature (dq/dz, represent-
ing the local static stability) calculated from the ECMWF
fields. The variations of these parameters are studied with
respect to a and averaged over PV values ranging from 2 to
4 pvu. To obtain the values of a, PV, relative vorticity and
dq/dz at each MOZAIC data point, we interpolate the
diagnostic fields linearly in space and time using the two
nearest ECMWF fields. This method assumes that advection
of PV features varies linearly in space and time.
[21] Figure 3 presents the average wind speed (Figure 3a),

relative vorticity (Figure 3b), the potential temperature

Figure 3. Mean values of (a) wind speed (m s�1), (b) vorticity (s�1), (c) potential temperature (K), and
(d) vertical gradient of potential temperature (10�3 K m�1) averaged over PV ranging between 2 and
4 pvu and for a angles ranging between �0.6 and 0.6 in January–February–March (JFM), April–May–
June (AMJ), July–August–September (JAS), and October–November–December (OND).
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(Figure 3c) and dq/dz between 2 and 4 pvu (Figure 3d), for
the four seasons in 2003. These plots represent the varia-
tions of these parameters near the tropopause within the
composite upper trough at the seasonal scale. The wind
speed, relative vorticity and potential temperature are high-
est at the borders, and smallest at low a, while dq/dz is
smallest at the borders and highest at the center. The greatest
MOZAIC wind speeds are associated with the largest
a values, confirming that the angle of a PV surface is related
to the wind speed, and the cores of the upper jet streams are
associated with the largest a. The relative vorticity is
positive, and the greatest vorticity is associated with the
largest a values, near the cyclonic shear side of the upper jet
streams. The behavior of dq/dz is the opposite of the relative
vorticity behavior which is expected on a PV surface as the
static stability must be reduced near the cyclonic shear side
to compensate for the increase of relative vorticity to have
the PV conserved. The greatest MOZAIC potential temper-
ature values are associated with the largest a values. On a
given PV surface, the center of the trough is associated with
lower potential temperature than the borders, confirming
that the PV surfaces are located at a lower altitude at low a,
and at higher altitude at large a.

[22] By comparing the behavior of these 4 dynamic
parameters in the (ao, PVo) coordinate system described
above with the zonal cross section of the upper trough
(Figure 3), we show that the dynamic coordinate system
provides a coherent picture of the MOZAIC measurements
within a composite upper level trough. The lowest values of
wind speed, relative vorticity and the greatest values of
potential temperature are found during summer, while the
greatest values of wind speed and vorticity and the lowest
values of potential temperature are found in winter.
[23] The fact that the strongest relative vorticity is found

on the edges at the seasonal scale shows that the MOZAIC
aircraft fly more frequently in asymmetric PV anomalies
because of the position of jet streaks upstream or down-
stream of the upper troughs. At the cutoff low stage, which
is not discarded by our method, the cyclonically curved jet
makes the shear component and curvature component
overlap, with a maximum of relative vorticity along the
axis of the trough [Bell and Keyser, 1993].
[24] Figure 4 presents MOZAIC wind speed (first row), q

(second row), and the number ofMOZAIC flights in each 0.1�
and 1 pvu (ao, PVo) grid cell (third row), for four time periods
in 2003: January–February–March (JFM, 264 flights)

Figure 4. MOZAIC wind speed (m s�1) (first row), potential temperature (K) (second row), number of
MOZAIC flights (third row), ozone mixing ratio (ppbv) (fourth row), CO mixing ratio (ppbv) (fifth row),
and ozone/CO correlation in the dynamic coordinate system (a, PV) (sixth row) associated with
MOZAIC flights between JFM (first column), AMJ (second column), JAS (third column), and OND
(fourth column) in 2003. The data are plotted in a coordinate system with the angle of the local PV
surface a on the x axis and the PV value on the y axis.
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defined as winter, April–May–June (AMJ, 365 flights)
defined as spring, July–August–September (JAS, 434 flights)
defined as summer, October–November–December (OND,
512 flights) defined as fall. For each grid cell in the
coordinate system (ao, PVo), a parameter is plotted if it is
averaged using at least 10 different MOZAIC flights. Thus,
each plotted parameter is the average of at least 10 different
meteorological situations over a time period of 3 months.
The number of empty grid cells diminishes with time from
January–February toNovember–December as the frequency
of MOZAIC CO observations increased during 2003.
[25] In Figure 4 the general distribution of data is narrow

below the 6 pvu surface, and broader above the 6 pvu
surface because of the smaller vertical gradient of PV that
MOZAIC aircraft encounter above 6 pvu.
[26] On a given PV surface, the greatest MOZAIC wind

speeds (greater than 40 m s�1) are associated with the
largest a values, confirming that the angle of a PV surface
is related to the wind speed. For angle values near zero, the
wind speed is low (between 10 and 20 m s�1). This region is
associated with the axis of upper level troughs.
[27] The distribution of MOZAIC flight frequency in the

coordinate system (Figure 4, third row) shows a common
aircraft pathway between 6 and 8 pvu in winter, spring and
fall. In summer, the observations are homogeneous between
1 and 8 pvu. This is due to the seasonal variation of the
tropopause height at midlatitudes linked to the average
latitudinal position of the jet stream. The tropopause is
lower in winter and spring and therefore the aircraft fly
frequently above the tropopause. During summer, the tro-
popause height is higher and airliners cross the tropopause
more frequently when they fly between upper level troughs
and ridges.
[28] Furthermore, as discussed in the previous section, the

aircraft fly often at the center of the upper level troughs,

because of the great circle routes and also to avoid clear air
turbulence.
[29] Ozone (fourth row) and CO (fifth row) averaged in

(a, PV) grid cells for the four seasons in 2003 are presented
in Figure 4. The seasonal cycles of ozone and CO and the
existence of a mixing layer are discussed in section 3.
Differences of ozone and CO between the center and
borders of the composite upper level trough are discussed
in section 5. Differences of ozone and CO between the east
side and west side of the composite upper level trough are
discussed in section 6.

3. Evidence for a Mixing Layer in the Tropopause
Region

3.1. Ozone and CO Distributions

[30] In this section, we describe the seasonal cycle of
ozone and CO and show the existence of a mixing layer in
the tropopause region by investigating the spatial distribution
of ozone and CO and ozone/CO correlations in the (ao, PVo)
coordinate system.
[31] Figure 5 presents the average ozone (Figure 5a) and

CO mixing ratio (Figure 5b) calculated for each 2 pvu
interval from 0 to 10 pvu and for each month in 2003.
[32] Above the 6-pvu surface, the ozone mixing ratios

show a seasonal cycle with a maximum in April at 640 ppbv
and a minimum in October at 265 ppbv, in accordance with
the Brewer Dobson circulation. For PV values less than
2 pvu, ozone mixing ratios show a seasonal cycle with a
maximum in May and June at 83 ppbv, and a minimum in
November to January at 47 ppbv, according to the seasonal
cycle of the photochemical production of ozone in the
troposphere. Between these two regions, the ozone seasonal
variability is the product of these two cycles.

Figure 5. Mean (a) ozone(ppbv) and (b) CO(ppbv) for each month (abscissa), calculated for each 2 pvu
interval from 0 to 12 pvu. Normalized standard deviation of (c) ozone and (d) CO. (e) Mean ozone/CO
correlation for each month. (f) Percentage of observations with an ozone/CO correlation less than �0.6.
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[33] Below the 2-pvu surface, the CO mixing ratios show
a maximum in April and May of 125 ppbv and a minimum
from September to November of 91 ppbv. This cycle is due
to two different processes. (1) Vertical transport in the
troposphere of CO emissions follows seasonal and zonal
variations [Stohl et al., 2002] with an increase of trace gas
export from the boundary layer to the free troposphere from
wintertime to springtime. (2) CO accumulates gradually in
the troposphere from the end of the fall season to the
beginning of spring because of reduced oxidation. Then,
CO is rapidly oxidized by OH radicals between April and
June [Novelli et al., 1998]. This tropospheric cycle is visible
up to 4 pvu. Because of the efficiency and frequency of STE
near the tropopause, the tropospheric cycle of CO is
predominant up to 4 pvu.
[34] Above 8 pvu, a stratospheric cycle of CO is also

visible. A minimum of 37 ppbv occurs during April, with a
maximum in August of 45 ppbv. This cycle may be
explained by the fact that the lowermost stratosphere is
more influenced by air descending from above 380 K
during springtime than at the end of summer [Ray et al.,
1999]. It may also be due to the ‘‘shorter pathway’’ of the
Brewer-Dobson circulation [Rosenlof et al., 1997; Hoor et
al., 2005; Hegglin et al., 2006]. Quasi-horizontal mixing
along isentropic surfaces may rapidly transport air masses
from the tropical tropopause to the lowermost stratosphere
at midlatitudes [Rosenlof et al., 1997]. Tropical convection
may contribute to the chemical composition of the upper
part of the lowermost stratosphere from 35% in spring to
55% in autumn [Hoor et al., 2005]. Transport from the
subtropics (with a CO background of about 55 ppbv)
reduces the impact of the stratospheric contribution from
above 380 K (with a CO background of about 15 ppbv) and
thus increases the CO mixing ratios in the lowermost
stratosphere [Hoor et al., 2005].

3.2. Ozone and CO Relationship

[35] The stirring effect due to upper level jet stream
dynamics can produce filaments such that sampling by
aircraft along an isentropic surface over a distance of
50 km can cross successively different air masses of both
tropospheric and stratospheric origin. Over 50 km, the
stirring of filaments is the dominant process which homog-
enizes the chemical gradients. Diffusion dominates homog-
enization at a horizontal scale smaller than 20 km (e.g., 13 km
in the work by Haynes and Anglade [1997]). In the case of
measurements in the UTLS region, the horizontal branch in
an ozone/CO scatterplot is related to the tropospheric
reservoir and the vertical branch to the stratospheric reser-
voir [Hoor et al., 2002]. Within a mixing region, recent
mixing between these two reservoirs creates in an ozone/CO
plot the so-called mixing lines, defined by a negative slope
and thus a linear correlation coefficient close to �1. As time
goes by, further diabatic and photochemical processes
destroy this linear relationship between ozone and CO and
the compactness of ozone/CO scatterplots, resulting in a
reduction of the linear correlation between ozone and CO.
The diabatic processes arise from radiative cooling and deep
convection. As a consequence, looking at the ozone and CO
relationship over 50 km, the linear correlation between
ozone and CO can be used to indicate the existence of
recent mixing governed by stirring between the troposphere

and the stratosphere, with stronger anticorrelations related to
more recent stirring and mixing.
[36] In this study we use measurements along 50 km

flight segments to calculate the ozone/CO correlations, as a
compromise between the fact that the segment length must
be short enough to assume that each MOZAIC segment is
located on an isentropic surface, and long enough to sample
the linear relationship produced by stirring and mixing.
However, the following results are insensitive to segment
lengths which varied from 20 km to 100 km (not shown).
[37] In Figure 4 (sixth row), the strongest anticorrelations

(��0.6) are observed between 2 and 6 pvu, and particularly
at the largest a values and strongest wind speed, near the
edges of the upper jet streams. This region encompasses all
isentropic surfaces crossing the upper level jet streams,
which means that the stirring effect is likely the dominant
process in this region compared to diabatic and small-scale
diffusive processes. This region is related to the compact
shape of ozone/CO scatter plots [Hoor et al., 2002; Pan et
al., 2004] where mixing lines with negative slopes between
the troposphere and the stratosphere are observed. The
weakest anticorrelations are encountered under 2 pvu and
above 6 pvu, and almost 8 pvu in July–August. Under 2 pvu
the correlations are weakest probably because convective
mixing in the troposphere destroys the chemical signature of
mixing governed by stirring (up to 4 pvu in summertime).
Above 6 pvu, the mixing governed by stirring is no longer
dominant and photochemistry and diabatic processes influ-
ence the chemical distribution of ozone and CO. In July–
August, the depth of the domain where mixing governed by
stirring is dominant reaches 8 pvu, while the weakest
anticorrelations are found below 4 pvu.
[38] Figure 5d shows the normalized standard deviation

of CO (sCO) calculated for each interval of 2 pvu from 0 to
10 pvu. sCO is at a maximum in June between 0 and 8 pvu.
For PV greater than 8 pvu, two relative maxima of sCO
occur in May and August. In the troposphere (PV � 2 pvu,
dark blue), a maximum of variability is found in June,
which may be due to deep convection penetrating into the
lowermost stratosphere in summertime. The seasonal cycle
of the CO variability in the troposphere is visible in the
stratosphere up to 8 pvu. For PV greater than 8 pvu, the CO
variability in the stratosphere is no longer in phase with the
tropospheric cycle.
[39] For PV greater than 8 pvu, the normalized standard

deviation of ozone (sO3) (Figure 5c) is at a maximum in the
stratosphere between November and April, and at a mini-
mum between May and September. This stratospheric
variability is influenced by the Brewer-Dobson circulation
which is at a maximum in wintertime and a minimum in
summertime.
[40] We confirm here the results from Krebsbach et al.

[2006] who also found a maximum of water vapor vari-
ability during summer and a maximum of ozone variability
during spring in the lowermost stratosphere. A stronger
impact of stratospheric air in the lowermost stratosphere is
found in winter/spring and a greater impact of tropospheric
air in summer/autumn [Krebsbach et al., 2006; Hegglin et
al., 2006].
[41] In the troposphere, there is no evidence of a seasonal

cycle of the ozone variability which is consistent with the
previous study of Logan [1999a] at midlatitudes. The
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maximum of ozone variability is observed between 2 and
4 pvu.
[42] The normalized standard deviations of ozone and CO

show that the layer between 3 and 8 pvu is a transition layer
between the chemical variability in the tropospheric and the
stratospheric reservoirs.
[43] Figure 5e presents the monthly mean ozone/CO

correlations. The most negative correlations occur between
4 and 6 pvu. Figure 5f shows the percentage of observations
with an ozone/CO correlation less than �0.6, which is
proportional to the percentage of observations where the
mixing is governed by stirring. This percentage maximizes
between 4 and 6 pvu (50%). Between 0 and 2 pvu, the
ozone/CO correlations and the percentage of observations
with the strongest anticorrelations are very low and have no
seasonal variation. Between 2 to 4 pvu, these parameters are
at a maximum in March and a minimum in August. This
seasonal variation is probably due to a lower static stability
near the tropopause during summertime (Figure 3). The
diabatic mixing across isentropic surfaces (due to convec-
tive intrusions in the stratosphere) is more efficient and the
timescale on which the signature of mixing governed by
stirring remains visible becomes shorter. Between 6 and
8 pvu, the ozone/CO correlations and the percentage of
observations with the strongest anticorrelations are at a
maximum between July and September (�0.5 and 50%,
respectively), and a minimum in February and April (�0.3
and 20%).
[44] Using the (ao, PVo) coordinate system and the

ozone/CO correlations, we confirm for hundreds of flights
the existence of a mixing layer above the tropopause where
the mixing led by stirring is dominant. We have shown in
this section the stratospheric and the tropospheric seasonal
cycles of ozone and CO in the (ao, PVo) coordinate system.
We also note that the strongest ozone/CO anticorrelations,
denoting the existence of recent stirring in the mixing layer
above the tropopause, correspond to the part of the coordi-
nate system where the ozone and CO variabilities are related
to a coupling between the tropospheric and stratospheric
seasonal cycles of ozone and CO. On a PV surface, the
strongest correlations are found for the largest a and the
strongest wind speed, providing further evidence that the
ozone and CO distributions in the mixing layer are domi-
nated by the stirring from upper jet streams. Using an
analysis with 1 pvu intervals (not shown), the mixing layer
is located between 3 and 6 pvu in winter, spring and fall,
and between 3 and 8 pvu between July and September.
These results are in agreement with the results from Hoor et
al. [2004] who have found a mixing layer with a thickness
of 25 K between 2 and 6 pvu. They found a strong influence
of stratospheric transport from the tropics to midlatitudes
above the mixing layer, with a CO value of 35 ppbv
representing the CO transported from the tropics. Below
the mixing layer, convective mixing destroys the linear
relationship between ozone and CO (up to 4 pvu during
summertime). The ozone and CO distributions are mainly
influenced by tropospheric chemistry and tropospheric
transport. Above the mixing layer, diabatic processes and
photochemistry reduce the relationship between ozone and
CO. The ozone and CO distributions are mainly influenced
by the stratospheric circulation [Hoor et al., 2004] and
stratospheric chemistry.

3.3. Lagrangian-Based Analysis

[45] Lagrangian-based studies have been used to analyze
case studies of STE [Hoor et al., 2002; Pan et al., 2006] or
to understand the seasonal and global variability of STE
[Sprenger and Wernli, 2003; James et al., 2003]. Using
15 years of ECMWF data, Sprenger and Wernli [2003] have
studied stratosphere to troposphere transport (STT) and
troposphere to stratosphere transport (TST). Concerning
TST, they confirm the important role played by the polar
and subtropical jet streams.
[46] We employ a Lagrangian technique to determine the

origin of air parcels along the MOZAIC flight tracks, using
back trajectories calculated with the LAGRANTO model
[Wernli and Davies, 1997]. In this section we use different
Lagrangian parameters to confirm the validity of the
dynamic coordinate system and the results found in the
previous section. We use a set of 5-day backward trajecto-
ries to study recent mixing.
[47] We used analyses of the European Centre for Medi-

um-Range Weather Forecasts (ECMWF) available on
60 vertical levels from the surface up to 0.01 hPa for the
description of the meteorological situation, analysis of the
dynamical processes and calculation of backward trajecto-
ries. The 6-hourly analyses were supplemented with inter-
mediate 3-hourly forecasts. Using 3-hourly wind fields with
a good resolution (about 0.5� latitude-longitude) is essential
for calculating trajectories as accurately as possible [Stohl,
1998]. However, the use of successive analysis and forecast
for calculating trajectories can result in an overestimation of
mixing along the trajectories [Stohl et al., 2004]. A set of
5-day backward trajectories initialized along the flight
tracks at 1-km intervals (approximately corresponding to
the spatial resolution of the MOZAIC data) was calculated
for each flight. To initialize backward trajectories at the
exact location and time along the aircraft path, the wind
fields were interpolated linearly in space and time using the
two nearest ECMWF fields. This method assumes that the
advection speed of features varies linearly in space and
time.
[48] Figure 6 (top) presents three Lagrangian parameters

in the dynamic coordinate system. The Lagrangian param-
eter tst represents the residence time in the stratosphere,
calculated over 5 days, of the air masses having a tropo-
spheric origin (PV � 2 pvu) at the end point of the
backward trajectory. The pyramid shape of tst in the
dynamic coordinate system means that the greater the angle,
the lower the depth of the ventilation (or longer). This
pyramid shape is consistent with the fact that on a PV
surface, the lowest potential temperatures are found in the
center of the composite upper level trough, and thus, the
tropospheric air masses are mixed deeper in the stratosphere
at the center of the composite upper level trough than at the
borders.
[49] The Lagrangian parameter STT represents the frac-

tion of observations with PV greater than 6 pvu at the end of
the 5-day back trajectories. This parameter represents the
stratospheric transport from the stratosphere to the mixing
layer. We use a threshold of 6 pvu since the upper limit of
the mixing layer was defined by a value of 6 pvu in the
previous section. The STT distribution is consistent with the
observations in the previous section. The STT value is close
to 100% for PV greater than 6 pvu, and close to 0 for PV
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values less than 2 pvu, defining the lower part of the mixing
layer at about 2 pvu.
[50] The Lagrangian parameter TST represents the fraction

of observations which have PV less than 2 pvu at the end of
the 5-day backward trajectories, representing the tropospheric
intrusions in the mixing layer. The TST parameter is
significantly different from zero up to 6 pvu, confirming
the location of the upper part of the mixing layer at about
6 pvu.
[51] The region where the STT and TST values are

significantly higher than 0% and lower than 100% is
associated with a region where mixing is relatively fast
(less than 5 days) between the troposphere and the strato-
sphere. This region matches the same mixing layer found in
the previous section where recent mixing governed by
stirring is dominant.
[52] Figure 6 (bottom) presents the TST and STT param-

eters values found in the mixing layer after 1, 2, 3, 4 and
5 days of backward transport. As no convective or turbulent
parameterizations are implemented in the LAGRANTO
Lagrangian model, the STT and TST temporal evolution
is mainly influenced by the resolved transport processes in
the ECMWF fields, ie with a resolution no better than 0.5�
in longitude/latitude. The temporal evolution of the STT and
TST parameters, due to exchange between the troposphere
the mixing layer and the stratosphere, is clearly reduced
after 4 days. The intermingling between the mixing layer

and the tropospheric and stratospheric reservoirs due to
stirring is relatively fast as it can intermingle 80% of the
mixing layer with the stratosphere and the troposphere at the
upper and lower part of the mixing layer, and 40% at
the center in 4 days. The stirring effect is probably the
main process that drives stratospheric and tropospheric
transport into the mixing layer over a time period of at
least 4 days.

4. Regional Differences

[53] Figure 7 (left) presents the mean CO mixing ratios
for each 1 pvu interval for the four seasons in 2003 and for
4 regions: North America (black, 100–20�W), North Atlan-
tic (red, 60–20�W), Europe (green, 20�W–50�E) and Asia
(blue, 60–140�E), for latitudes greater than 20�. For each
PV value, a parametric analysis of variance test of the
distributions of ozone and CO between the 4 regions has
been applied. For each PV interval, the ozone and CO
distribution between the 4 regions are significantly different
at the 99% confidence interval. Thus, the following results
based on the comparison of the CO and ozone means for the
4 different regions are relevant.
[54] Zonal variability of CO exists between these 4 regions.

The seasonal cycle at 1 pvu over the North Atlantic
and Europe is characterized by a maximum in winter and
spring (110 ppbv) and a minimum in summer and fall

Figure 6. (top) Lagrangian parameters (left) STT, (middle) TST, and (right) tst (days) represent the
percentage of stratospheric air masses (PV � 6 pvu), tropospheric air masses (PV � 2 pvu), and residence
time of tropospheric air masses, respectively, over 5 days in the mixing layer in 2003. (bottom)
Percentage of STT and TST in the center of the mixing layer (2 pvu � PV � 6 pvu, �0.1 � a � 0.1) after
1, 2, 3, 4, and 5 days of backward transport.
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(90 ppbv). Above North America, the maximum of CO
occurs in spring (140 ppbv) and a minimum occurs in fall
(90 ppbv). The Asia region is the most polluted during
2003. The maximum of CO occurs in spring (145 ppbv) and
a minimum occurs in fall (100 ppbv). The maximum of CO
over Asia between 1 and 3 pvu is the result of high
anthropogenic surface emissions over Asia and from bio-
mass burning over Russia which made a large contribution
to the CO peaks over Asia in 2003 [e.g., Nedelec et al.,
2005].
[55] The tropospheric zonal variation influences the re-

gional CO mixing ratios in the stratosphere up to 4 or 6 pvu,
i.e., up to the upper part of the mixing layer, confirming the
previous results that identified a tropospheric origin for the
CO variability within the mixing layer. For PV values
greater than 6 pvu, the 4 regions have the same PV/CO
slope. This homogenization may be due to the fact that
above 6 pvu, the mean residence time in the stratosphere is
long enough that successive mixing undergone by the air
masses does not allow the tropospheric chemical differences
to be conserved.
[56] From winter to summer, the PV/CO slope is less

negative between 1 and 4 pvu than between 4 and 6 pvu for
certain regions. In spring and particularly in summer, the
PV/CO slope is almost zero between 1 and 4 pvu over
the North Atlantic and Europe. This zonal variation of the
CO/PV gradient may be the consequence of recent mixing
governed by stirring within the regional tropospheric air
masses (with specific chemical signatures due to zonal and
seasonal variability of surface sources) and the general
stratospheric flow at 6 pvu which has the same chemical

signature over the northern hemisphere. It is also possible
that dynamical differences within the tropopause region
may exist between these regions. These differences may
come from the activity of the polar and subtropical jet
streams in midlatitudes which may influence the efficiency
of STE processes in each of these regions. Another possi-
bility may come from differences of convection which are
known to influence the chemical composition of the lower-
most stratosphere [Rosenlof et al., 1997], and may create
turbulence zones which intensify the local mixing in the
stratosphere and thus influence the CO/PV slope. Notice
that the smallest slope is found in summer when deep
convective intrusions are most efficient.
[57] Figure 7 (right) shows the mean ozone mixing ratios

for each 1 pvu interval for the same time periods and
regions as Figure 7 (left). There is no zonal variability of
ozone for PV values less than 6 pvu.
[58] There are two likely reasons for the presence of a

zonal CO gradient and the nonexistence of a zonal ozone
gradient.
[59] 1. The ozone measurements are made near the

tropopause region where the stratospheric ozone gradient
is strong. A zonal gradient of ozone due to photochemical
production differences in the troposphere might be difficult
to identify because stratosphere-to-troposphere transport
controls the ozone gradient in the tropopause region.
[60] 2. It is also possible that photochemical production

of ozone occurs during the advection of the polluted plumes
through the upper troposphere and the mixing zone. There-
fore, the enhancement of ozone due to photochemical
production does not necessarily match the region of high
CO measurements and might be shifted zonally. For in-
stance, ozone production from Asian emissions may be
encountered over the western Pacific Ocean, far away from
the MOZAIC aircraft pathways.
[61] Between 8 and 10 pvu, the ozone gradient is constant

in spring, and has a zonal variability in winter, with a lower
ozone mixing ratio over Europe. A constant ozone concen-
tration during winter and spring has already been observed
[Logan, 1999b;Wang et al., 2006; Randel et al., 2007], and is
clearly visible 35 K above the tropopause [Hegglin et al.,
2006], and above 40 K for PV higher than 8 pvu [Krebsbach
et al., 2006]. Randel et al. [2007] have shown that the
occurrence of low ozone in the lowermost stratosphere
associated with double tropopause is significantly higher
for cyclonic circulation in the UTLS (such as upper level
troughs) than anticyclonic circulation. In spring, the CO
concentration is also constant above the mixing layer with a
mixing ratio of 40 ppbv indicating a tropical origin [Hoor et
al., 2004]. Several studies [Bradshaw et al., 2002a, 2002b;
Lemoine, 2004] have shown that Rossby waves can break in
winter and spring near the subtropical jet, resulting in a
poleward transport of tropical air into the extratropical
lower stratosphere, resulting in air masses with low ozone
and tropical CO mixing ratios above the mixing layer in
midlatitudes. This process reduces the lower stratospheric
ozone concentrations in winter and spring. This type of
Rossby wave breaking occurs preferentially above the
eastern Atlantic/Europe region, explaining why Europe is
the region where the lowest ozone mixing ratios are
observed in winter. The downward flux from the strato-
sphere to the lowermost stratosphere is greater in spring

Figure 7. (left) Mean CO and (right) ozone mixing ratios
for each 1 pvu interval, for the four time periods and four
regions: North America, North Atlantic, Europe, and Asia.
See the text for details on these regions.
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[Appenzeller et al., 1996], and is probably the reason why
the zonal variability of ozone is lower in spring than in
winter. The region above the jet stream can be turbulent
because of gravity waves generated by the jet streams
[Pavelin et al., 2001; Pavelin and Whiteway, 2002; Koch
et al., 2005], which may be responsible for the absence of a
gradient in ozone and CO above the mixing layer in winter
and spring (PV � 8 pvu).

5. Differences Between the Center and the
Borders of Upper Level Troughs

[62] In this section we examine the differences of the
ozone and CO distributions between the center and the
borders of upper level troughs. we define the center of
composite upper level troughs with jaj � 0.05 and the
borders with jaj � 0.15. The results in this section are not
sensitive to the thresholds used to define the center and
borders.
[63] Figure 8 shows the differences between the center

and the borders by substracting the mean CO mixing ratio
(ppbv) at the center from the CO mixing ratio at the borders
(first column). Similarly, the differences in latitude for each
1 pvu interval that had MOZAIC measurements after 5 days

of backward trajectories (second column), the differences of
ozone(ppbv) (third column), and STT (fourth column) are
also depicted. A positive value means that the parameter is
greater at the center than at the border, and vice versa. The
conclusions found in this section based on the absolute
differences in ozone and CO (in ppbv) are also valid for the
relative differences in ozone and CO (%). For each PV
value, a parametric analysis of variance of ozone and CO
between the center and the borders has been applied. For
each PV interval, the circles in Figure 8 indicate the PV
intervals where the distributions are significantly different at
the 99% confidence interval. We discuss in this section the
most significant differences.
[64] The ozonemixing ratios (Figure 8, third column) at the

borders are higher than at the center (negative values) between
6 and 8 pvu in winter (�40 ppbv), spring (�55 ppbv) and
summer (�27 ppbv). For PV values lower or higher, there is
no significant ozone difference. These chemical differences
are only observed at the upper part of the mixing layer. STT
(Figure 8, fourth column) follows the same behavior as the
ozone, with significant negative differences (up to 10%)
observed between 4 and 8 pvu. In fall, the differences are
less than 6%.

Figure 8. Differences of CO mixing ratio (ppbv) (first column), latitude (degrees) of each measurement
after 5 days of backward transport (second column), ozone mixing ratio (ppbv) (third column), and STT
Lagrangian parameter (fraction) (fourth column) computed by substracting the values at the center from
the values at the borders, for the four seasons in 2003. A positive difference signifies a higher value at the
center. The circles indicate the PV ranges where the distributions between the center and the borders are
significantly different at the 99% confidence interval. See the text for details.
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[65] The CO mixing ratio (Figure 8, first column) at the
center is greater than at the borders (positive values),
throughout the mixing layer, with a relative minimum at
5 pvu, in winter, spring and summer. The relative maximum
of CO for PV higher than 5 pvu can be explained by the
previous explanations regarding the ozone differences. The
stratospheric transport into the mixing layer is stronger at
the borders than at the center. This process preferentially
advects air masses with lower CO mixing ratios to the
borders than to the center, explaining the greater CO mixing
ratios at the center above 5 pvu.
[66] The q field in the (ao, PVo) coordinate system of

Figure 4 shows that the high ozone, high STT and low CO
at the edges are associated with high q, while the low ozone,
low STT and high CO at the center are associated with low
q. This indicates that there is a greater transport of tropo-
spheric air into the center of the trough between 6 and 8 pvu
than into the edges, particularly in spring. While the edges
of the trough are closer to the troposphere in a spatial sense,
the greater q values make it more difficult for tropospheric
air masses (and in particular those from the surface) to be
transported into these regions of the trough. The center of
the trough however has lower q values making it, from the
thermodynamic point of view, closer to the surface emis-
sions. We speculate that a possible transport mechanism is
the same process that causes wrap around moisture to
penetrate into the center of an upper trough when a

midlatitude cyclone reaches a mature phase. Cooper et al.
[2001] has demonstrated such a transport mechanism for a
polluted air parcel in the upper troposphere, just below the
stratosphere. These differences of ozone and CO between
the borders and the center are not visible for PV values
lower than 4 pvu because at the lower part of the mixing
layer, the q values are small enough at both the center and at
the borders to allow quasi-horizontal transport and mixing
across the tropopause in the whole upper level trough,
which reduces the ozone, STT and CO differences between
the center and the borders.
[67] The relative maximum of CO at the center for PV

less than 5 pvu can be explained by the q field in the (ao,
PVo) coordinate system on Figure 4 (second row) that
shows isentropic surfaces have lower q at the center than
at the borders. Figure 8 (second column) shows the differ-
ences of latitude between the center and the borders for each
1 pvu interval that had MOZAIC measurements after 5 days
of backward trajectories. The air masses at the center
originated from higher latitudes for PV lower than 5 pvu.
Figure 9 presents the mean CO and mean latitude after
5 days of backward trajectories in each grid cell of PV and
potential temperature (q), for the four seasons in 2003. For a
given PV surface, the higher the q value, the lower the CO
mixing ratio and the lower the latitude. It confirms the
existence of a meridional gradient of CO in the upper
troposphere.
[68] As a consequence, in the lower part of the mixing

layer, the air masses on the borders of the upper level
troughs predominantly originated within the subtropics
where the mean CO mixing ratio is lower than at midlati-
tudes. The air masses at the center of the upper level troughs
originate mainly in midlatitudes and have more CO.

6. Differences Between the East and West Sides of
Upper Level Troughs

[69] In the presence of a cold front at the surface, the east
side of an upper level trough is associated with a warm
conveyor belt, considered as the main transport mechanism
from the boundary layer to the upper troposphere in
midlatitudes [Stohl, 2001; Cooper et al., 2001; Esler et
al., 2003] and is important for the transport of polluted air
masses [Stohl and Trickl, 1999; Cooper et al., 2002a,
2002b; Eckhardt et al., 2004]. The dry airstream (DA) is
a coherent airstream that descends isentropically from the
tropopause region on the west side of the trough into the
middle and lower troposphere toward the center of the
maturing cyclone, and transports dry and possibly strato-
spheric origin air masses [Wernli, 1997; Cooper et al., 1998;
Stohl and Trickl, 1999]. The irreversible transport from the
stratosphere to the troposphere is related to fine-scale
structures like tropopause folds and filaments [Danielsen,
1968; Shapiro, 1978; Vaughan et al., 1994; Appenzeller et
al., 1996].
[70] In this section we examine the difference of ozone

and CO mixing ratios between the east and west sides of
upper level troughs. We define the east side of the synthetic
upper troughs with jaj � 0.15 and the west side with jaj �
�0.15. The results in this section are not sensitive to the
thresholds used to define the east and west sides. The
conclusions found in this section based on the absolute

Figure 9. (right) Mean CO (ppbv) and (left) latitude
(degrees) after 5 days of backward transport averaged in q
and PV grid cells for the four seasons in 2003.
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differences in ozone and CO (in ppbv) are also valid for the
relative differences in ozone and CO (%).
[71] Figure 10 shows the differences of CO mixing ratios

by substracting the mean CO mixing ratio (ppbv) at the east
side from the CO mixing ratio at the west side (first
column). Similarly, the differences of TST (second column),
the differences of ozone(ppbv) (third column), and STT
(fourth column) are also depicted. A positive value means
that the parameter is higher at the east side than at the west
side, and vice versa. For each PV value, a parametric
analysis of variance of ozone and CO between the east
and the west side has been applied. For each PV interval, the
circles in Figure 10 indicate the PV intervals where the
distributions are significantly different at the 99% confi-
dence interval. We discuss in this section the most signif-
icant differences.
[72] The ozone mixing ratio and STT is greater on the

west side than on the east side (negative value) at about
5 pvu in winter (�26 ppbv and�10%) and spring (�24 ppbv
and �9%). At 5 pvu, the CO mixing ratio is higher on the
east side than on the west (positive value, +5 ppbv) in
spring.
[73] In summer, the ozone mixing ratio and STT is higher

(+13 ppbv and +4%) on the east side than on the west side,
while the CO mixing ratio is higher on the west than on the

east side (�4 ppbv). No significant difference in ozone and
CO is found during fall season.
[74] Within the lower part of the mixing layer, no

significant ozone difference is found. However, the CO
mixing ratio and TST are higher on the east side than on the
west side in winter (+17.5 ppbv and +13%) and spring
(+7 ppbv and +6%). No CO difference is found in summer
and fall.
[75] Within the upper part of the mixing layer, the ozone

and CO differences, correlated with STT, seem to be the
consequence of stronger stratosphere to mixing layer trans-
port on the west side than on the east in winter and spring.
This transport is stronger on the east side than on the west
side during summer. Within the lower part of the mixing
layer, the CO mixing ratio and TST is higher on the east side
than on the west side, in winter and spring. A stronger
troposphere to mixing layer transport on the east side than
on the west side in winter and spring is probably responsible
for this CO difference.
[76] The ozone and CO differences between the east side

and the west side seem to be the consequence of a
predominantly troposphere to mixing layer transport on
the east side, and a predominantly stratosphere to mixing
layer transport on the west side, which is consistent with
previous studies. These differences are fairly small com-

Figure 10. Differences of CO mixing ratio (ppbv) (first column), TST Lagrangian parameter (fraction)
(second column), ozone mixing ratio (ppbv) (third column), and STT Lagrangian parameter (fraction)
(fourth column) computed by substracting the values on the east side from the values on the west side, for
the four seasons in 2003. A positive difference signifies that the value is higher on the east side. The
circles indicate the PV ranges where the distributions between the center and the borders are significantly
different at the 99% confidence interval. See the text for details.
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pared to the differences found between the center and the
borders of upper level troughs, and further study is required
to more fully understand the dynamic processes and their
variation between winter and summer.

7. Conclusions

[77] MOZAIC ozone and CO measurements from 2003
were mapped into a new dynamic coordinate system which
provides a coherent view of observations within upper level
troughs. The coordinate system is based on the angle a
between the local PV surfaces and the horizontal on the
x axis, and PV on the y axis. This coordinate system allows
the study of the zonal and seasonal variations of the
chemical composition of the tropopause region in midlati-
tude baroclinic waves and allows the identification of the
mixing layer near the tropopause. We have focused our
study on upper level troughs because the MOZAIC flights
have more extensive vertical sampling across upper level
troughs than ridges. The behavior of wind speed, potential
temperature, and relative vorticity in the (ao, PVo) coordi-
nate system confirms the validity of the method.
[78] Using the (ao, PVo) coordinate system, we establish

for the first time the ozone and CO distribution in a
composite upper level trough and identify (1) the seasonal
cycle of stratospheric and tropospheric ozone and CO
mixing ratios in the upper troposphere and lowermost
stratosphere within upper level troughs; (2) a mixing layer
in the tropopause region of upper level troughs, where zonal
differences are characterized and where ozone and CO
anomalies are encountered in the center and along the
borders, and between the east and west sides of upper level
troughs; and (3) seasonal cycles of these chemical anomalies.
[79] The seasonal cycles of ozone and CO in the upper

troposphere and the lower stratosphere have been investi-
gated. The tropospheric ozone cycle has a maximum in
May–June (83 ppbv) and a minimum in November to
January (47 ppbv). The stratospheric ozone cycle has a
maximum in April (640 ppbv) and a minimum in October
(265 ppbv). The seasonal cycle of CO has a maximum in the
upper troposphere in April–May (125 ppbv) and a minimum
in September–November (91 ppbv). The stratospheric CO
(above 7 pvu) has a minimum in April (37 ppbv) and a
maximum in August (45 ppbv).
[80] A mixing layer in the tropopause region was identi-

fied between 2 and 6 pvu and up to 8 pvu in summer. The
strongest ozone/CO anticorrelations calculated over 50 km
are observed in this mixing layer, and particularly near
the strongest wind speed, confirming the hypothesis that the
main process which redistributes ozone and CO in the
tropopause region is the stirring effect generated by upper
level jet streams. The seasonal cycle of ozone and CO inside
this mixing layer is a combination of both the tropospheric
and stratospheric seasonal cycles. Diabatic processes from
convective transport probably dominate the ozone and CO
distribution at the lower part of the mixing layer (between
2 and 3 pvu), particularly during summertime (up to 4 pvu).
[81] Regional differences in the mixing layer have been

observed between 2 and 4 pvu, and up to 6 pvu in
summertime. Asia is the most polluted region especially
in spring (140 ppbv) because of high CO surface emissions

from biomass burning in the north and anthropogenic
pollution in the south.
[82] A Lagrangian-based analysis was applied to each

MOZAIC measurement and placed in the dynamic coordi-
nate system. We estimate that large-scale transport, probably
the stirring effect from upper level jet streams, can mix 40%
of the mixing layer with the tropospheric and stratospheric
reservoirs at the center and 80% at the edges over a time
period of 4 days. The stirring effect is probably the main
process that governs the chemical composition of the
mixing layer over at least 4 days. We still need to improve
our Lagrangian study by using a Lagrangian model with
convective and turbulent schemes.
[83] These Lagrangian parameters were also used to

explain the chemical differences in ozone and CO found
between the center and the borders of upper level troughs.
Within the upper part of the mixing layer, the ozone mixing
ratios are greater at the borders than at the center, while the
CO mixing ratios are greater at the center than at the
borders. This is due to the fact that troposphere to mixing
layer transport occur preferentially at the center. A seasonal
cycle of ozone and CO differences is found, with a
maximum in winter and spring, and minimum in fall.
Within the lower part of the mixing layer, the CO mixing
ratio is greater at the center than at the borders. This is due
to the fact that air masses at the borders of the mixing layer
come preferentially from the subtropics while the air masses
at the center of the mixing layer come preferentially from
the midlatitudes. Furthermore, the Lagrangian analysis and
the CO measurements from MOZAIC show a meridional
gradient of CO from the subtropics to the midlatitudes
which explains this positive anomaly in the mixing layer.
[84] Chemical differences have also been found between

the east and west sides of upper level troughs. Within the
upper part of the mixing layer, the stratosphere to mixing
layer transport occurs preferentially on the west side of the
synthetic upper level trough, especially in winter and spring,
related to greater ozone mixing ratios on the west side, and
greater CO mixing ratios on the east side. Within the lower
part of the mixing layer, the troposphere to mixing layer
transport occur preferentially on the east side, which
enhances the CO mixing ratio on the east side.
[85] We have shown the usefulness of this technique and

the link between STE and the spatial distribution of ozone
and CO in a composite upper level trough. However, in
future work the use of the FLEXPART Lagrangian disper-
sion model will increase the accuracy of the Lagrangian
study in the mixing layer by calculating the turbulent
transport in the stratosphere. Its convection scheme will
allow us to study large tropospheric intrusions into the
mixing layer. Furthermore, the use of the (ao, PVo) coordi-
nate system to study ozone and CO distributions with
chemical transport models will allow us to assess the
representation of STE processes in these models by com-
paring their results with the chemical distributions found
with in situ measurements from MOZAIC aircraft.
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