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[1] Definitions of the extratropical tropopause are examined from the perspective of
chemical composition. Fine-scale measurements of temperature, ozone, carbon monoxide,
and water vapor from approximately 70 aircraft flights, with ascending and descending
tropopause crossings near 40�N and 65�N, are used in this analysis. Using the relationship
of the stratospheric tracer O3 and the tropospheric tracer CO, we address the issues of
tropopause sharpness and where the transitions from troposphere to stratosphere occur in
terms of the chemical composition. Tracer relationships indicate that mixing of
stratospheric and tropospheric air masses occurs in the vicinity of the tropopause to form a
transition layer. Statistically, this transition layer is centered on the thermal tropopause.
Furthermore, we show that the transition is much sharper near 65�N (a region away from
the subtropical jet) but spans a larger altitude range near 40�N (in the vicinity of the
subtropical jet). This latter feature is consistent with enhanced stratosphere-troposphere
exchange and mixing activity near the tropopause break. INDEX TERMS: 3334 Meteorology

and Atmospheric Dynamics: Middle atmosphere dynamics (0341, 0342); 3362 Meteorology and Atmospheric
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1. Introduction

[2] Stratosphere-troposphere exchange (STE) in the
extratropics is a key controlling factor for the ozone budget
in the upper troposphere and water vapor variability in the
lower stratosphere. With improved observational capability
for both large and small scales, and with the advance in
modeling tools in recent years, progress has been made in
characterizing STE processes as well as quantifying their
contributions [e.g., Wernli and Bourqui, 2002; Olsen et al.,
2002; Sprenger and Wernli, 2003; Stohl et al., 2003;
Cooper et al., 2004]. Despite this progress, large uncertain-
ties remain in quantifying the effect of STE on trace gas
distributions in the upper troposphere (UT) and lower
stratosphere (LS). In particular, the results of the model
studies mentioned above, many of which are based on
winds from large-scale meteorological data sets, are yet to
be validated by independent observations. Chemical obser-
vations are particularly helpful in this respect.

[3] One of the difficulties of quantifying STE in the
extratropics is the identification and characterization of the
extratropical tropopause. Uncertainties in defining this
boundary often make the quantitative study of STE an ill-
posed problem. The tropopause has been defined using the
temperature lapse rate (thermal tropopause) [World Meteo-
rological Organization (WMO), 1986], potential vorticity
(PV) gradient or values (dynamical tropopause) [Danielsen,
1968; Shapiro, 1978; Holton et al., 1995], and ozone
gradient and values [Browell et al., 1996; Bethan et al.,
1996]. In observational studies all three definitions are used
under various conditions. Model investigations often use a
PV based dynamical tropopause. A range of PV values from
1.5–3.5 PVU are used [Hoerling et al., 1991; Holton et al.,
1995; Dethof et al., 2000; Wernli and Bourqui, 2002]. It has
been shown that these definitions agree qualitatively on the
large scale, but can give different answers to the details of the
tropopause location. The results of STE calculations may
vary depending on what issues one wishes to address. In
particular, the results of stratospheric contributions to upper
tropospheric ozone may vary significantly depending on the
tropopause definition used in the calculations.
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[4] While the difference between the ozone profile based
tropopause and the others have not been examined on the
global scale, the difference between the thermal and dy-
namical definition is more evident in the vicinity of the
subtropical jet (STJ). To illustrate the differences in the
tropopause location given by the thermal and dynamical
definitions, we show in Figure 1 a Northern Hemispheric
cross section of the tropopause heights given by the two
definitions. In Figure 1, the thermal tropopause height is
measured by the Microwave Temperature Profiler (MTP) on
board the NASA DC-8 research aircraft during the Tropical
Ozone Transport Experiment/Vortex Ozone Transport Ex-
periment (TOTE/VOTE). The PVand zonal winds are based
on the Met Office analyses [Swinbank and O’Neill, 1994],
interpolated to the flight cross section. Figure 1 illustrates
that (1) the thermal tropopause and dynamical tropopause, if
chosen as the 2 PVU surface, sometimes differ by more than
2 km; and (2) the difference of the two definitions is more
significant in the vicinity of the STJ. As shown in Figure 1,
the thermal tropopause is discontinuous in the vicinity of the
STJ and can have two values simultaneously (a double
tropopause produced by overlapping tropical and midlati-
tude air masses), whereas the dynamical tropopause is
continuous.
[5] The difference between the two tropopause defini-

tions is caused by the fundamental difference in the con-
cepts behind the two definitions. The thermal definition is
designed to locate the transition point in the thermal
structure, vertically, between troposphere and stratosphere.
The thermal definition therefore allows for multiple tropo-
pause in a given location [e.g., Kochanski, 1955]. In the

vicinity of jets there is often a double tropopause (see
Figure 1), each separating stratospheric and tropospheric
air masses on either side of the jet. On the other hand, the
dynamical tropopause is designed to locate a quasi-material
surface that identifies the chemical transition from strato-
sphere to troposphere, as stated by Holton et al. [1995], ‘‘. . .
the tropopause often behaves, chemically speaking, as if it
were a material surface to a varying degree of approxima-
tion.’’ The PV based dynamical tropopause definition is
established because PV is a conservative stratosphere tracer
under conditions of adiabatic and frictionless flow [e.g.,
Hoskins, 1991].
[6] The primary motivation of this paper is to examine,

using observations, how well the thermal and dynamical
tropopauses identify the chemical transition from tropo-
sphere to stratosphere. Using fine-scale observations of
chemical tracers, we look for answers to a set of questions:
What is a more meaningful definition of the extratropical
tropopause when investigating STE of chemical tracers? Is
the extratropical tropopause better characterized as a surface
or a layer? How do we best define or locate this surface or
layer? We argue that a meaningful definition should be
consistent with the change of chemical composition across
the tropopause region.
[7] Our study is closely related to a group of observa-

tional studies that examined mixing in the vicinity of the
tropopause using tracer relationships [Fischer et al., 2000;
Hoor et al., 2002; Zahn et al., 2000, 2004]. In particular,
using the O3-CO relationship in the midlatitude tropopause
region, Fischer et al. [2000] and Hoor et al. [2002] have
concluded that a mixing layer is formed in the lowermost
stratosphere right above the tropopause, as a result of
troposphere to stratosphere transport. This mixing layer
has later been referred to as the transition layer between
troposphere and stratosphere [WMO, 2003]. We present in
this paper a statistical analysis, using tracer relationships
and simultaneously measured temperature profiles, to show
that this mixing layer is indeed a transition layer between
the stratosphere and troposphere. We further show that the
chemical transition is centered on the thermal tropopause
and that it is more appropriate to interpret the transition
layer as the result of two-way STE, rather than one-way
troposphere to stratosphere transport.
[8] The O3-CO relationship has also been used as a new

way of defining a chemical tropopause [Zahn et al., 2004].
An additional motivation for this work is to further examine
the definition of the chemical tropopause, and its relation-
ship with the transition layer.

2. Description of Data

[9] In Figure 1, the thermal tropopause is derived from
the measurements of the MTP. MTP is a passive microwave
radiometer that measures the natural thermal emission from
oxygen molecules at three frequencies (55.51, 56.66 and
58.79 GHz) [Denning et al., 1989]. The vertical resolution
of an MTP profile is �0.2 km within 2 km of the flight
altitude, and decreases with distance from the flight altitude
so that for altitude differences of 10 km the resolution is
�2km. For the nominal DC-8 cruising altitudes of 10 to
12.5 km, the MTP exhibits a postmission validated accuracy
of <1.0 K throughout the altitude region 8.5 to 16.5 km,

Figure 1. Comparisons of tropopause height given by
thermal and dynamical definitions. The thermal tropopause
heights (indicated by black crosses) are derived from MTP
data, measured aboard the NASA DC-8 during TOTE/
VOTE, 11 December 1995. The cross section is near 155�W
longitude. The PV (solid contours) and zonal wind (dashed
contours) fields are from Met Office data. The two colors
used for the wind contours represent the westlies (blue) and
easterlies (purple). Note the existence of double thermal
tropopauses between 38�N and �41�N.
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<2.0 K from 5 to 21 km, and <3.0 K from 4 to 26 km.
Typical uncertainties in thermal tropopause heights range
from 0.2 km when the aircraft is near the tropopause to
0.5 km when the aircraft is 5 km away.
[10] The statistical study presented in this paper uses in

situ measurements on board the NASA high-altitude ER-2
research aircraft during the Stratospheric Tracers of Atmo-
spheric Transport (STRAT) and Photochemistry of Ozone
Loss in the Arctic Region In Summer (POLARIS) cam-
paigns. The two missions were carried out during 1995–
1997. The STRAT campaign focused on the measurement of
long-lived tracers and dynamical quantities as functions of
altitude, latitude, and season in order to help determine rates
for global-scale transport. The objective of POLARIS was
to understand the behavior of polar stratospheric ozone as it
changes from high concentrations in spring to low concen-
trations in autumn.
[11] In situ CO measurements during STRAT and PO-

LARIS were made by the Aircraft Laser Infrared Absorp-
tion Spectrometer (ALIAS) [Herman et al., 1999]. The
measurement accuracy for CO is better then 10%. The O3

data are from NOAA ultraviolet absorption spectroscopy

instrument [Proffitt and McLaughlin, 1983]. In situ water
vapor data used in this analysis are from the Harvard
Lyman-a hygrometer [Weinstock et al., 1994], which have
been shown to have an accuracy of ±5% [Hintsa et al.,
1999]. Coincident temperature and pressure data on the
ER-2 were obtained by the Meteorological Measurement
System (MMS) [Scott et al., 1990], with accuracies of <1 K
and 0.3 mb, respectively. Tropopause heights were
determined for the ER-2 flights from combinations of
MMS in situ air temperature and MTP remotely sensed
temperature profiles, using the standard WMO definition
for the thermal tropopause.

3. Transition of Troposphere and Stratosphere
Characterized by Static Stability and the Tracer
Profiles

[12] The ER-2 during STRAT and POLARIS made �140
tropopause crossings during the ascending and descending
segments of 71 flights. These crossings occurred in the
vicinity of three locations: Barbers Point, Hawaii (�21�N),
Moffett Field, California (�37�N), and Fairbanks, Alaska
(�65�N). The measurements near California were made
between 1995 and 1997, and sampled all seasons. The
measurements near Alaska were made during 1997 and
sampled Spring to Fall (April to September, but without
August). Figure 2 shows the distribution of the thermal
tropopause height for all flights. As expected, Figure 2
shows a higher tropical tropopause equatorward of 30�N, a
transition from the higher tropical tropopause to the lower
midlatitude tropopause in the vicinity of 40�N, and an even
lower tropopause near 65�N. Because of the influence of the
STJ, the distribution of the thermal tropopause height is
bimodal in the vicinity of 40�N. One component is higher
than 14 km with the peak of the distribution around 16 km,
and the other is below 14 km with its peak around 12 km.
This supports that the thermal tropopause break in the
subtropics, shown by the example in Figure 1, is not an
isolated occurrence but a statistically persistent feature.
Although not a new finding, this is highly relevant to the
trace gas analysis we present later in the paper, because it
shows that, because of the latitudinal meandering of the
STJ, the measurements near 40�N sampled either the
tropical or the extratropical air depending on the position
of the STJ.
[13] To demonstrate that we have selected the thermal

tropopause correctly, we first examine the change in thermal
structure across the thermal tropopause. Since the thermal
definition is designed to separate the troposphere from the
stratosphere according to the air mass’s static stability, we
show in Figure 3 vertical profiles of static stability, repre-
sented by the buoyancy frequency squared, in the coordi-
nates of height relative to the WMO tropopause. We have
divided the data near 40�N into two groups and consider the
group with tropopause heights above 14 km to be charac-
teristic of tropical air, while the group below 14 km is
characteristic of extratropical air. An abrupt change in the
thermal structure at the tropopause is very pronounced for
the mid and high-latitude tropopause (Figure 3, middle and
bottom), but it is less pronounced for the tropical tropopause
(Figure 3, top). Figure 3 demonstrates that we have suc-
cessfully applied the WMO definition and that the thermal

Figure 2. Histogram of the tropopause height sampled by
ER-2 during STRAT and POLARIS.
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tropopause marks the sharp discontinuity in the thermal
structure in the extratropics.
[14] Although it is not the focus of this paper, it is worth

noting that the sharp discontinuity across the thermal
tropopause, from N2 values of �1 � 10�4 in the upper
troposphere to �5 � 10�4 immediately above the tropo-
pause, is very similar to the results of Birner et al. [2002],
who used a high-resolution radiosonde based climatology
from two midlatitude locations (48�N and 49�N) to show
that there is a maximum of N2 �6 � 10�4 immediately
above the tropopause. The stability maximum is associated

with a sharp temperature inversion above the tropopause.
Our results indicate that the inversion discussed by Birner et
al. [2002] occurs not only at high-latitude locations but also
at subtropical locations.
[15] We are interested in determining whether tracers also

exhibit a sharp discontinuity at the thermal tropopause.
Figure 4 presents the vertical profiles of CO (a tropospheric
tracer) and O3 (a stratospheric tracer), measured near 65�N,
as function of height (top), potential vorticity (middle), and
relative height with respect to the thermal tropopause
(bottom). PV is obtained from a large-scale NASA Goddard
model and was generated as part of mission support. Figure
4 shows the contrast of the air mass’s variability when
grouped by different criteria: The tracers as function of
altitude (top) show the natural variability of tracer profiles
in altitude coordinates. A comparison of Figure 4 (bottom)
with Figure 4 (top and middle) shows that the data become
much more compact when plotted as a function of height
relative to the thermal tropopause. This indicates that the
thermal tropopause not only marks the sharp change in the
thermal structure, but also identifies the discontinuity in
chemical composition.
[16] We next examine whether the sharpness of the

transition varies with latitude. Figure 5 shows profiles of
carbon monoxide, ozone, and water vapor as functions of
altitude relative to the thermal tropopause height for both
40�N and 65�N locations. All three tracers show an orga-
nized change when plotted with respect to height relative to
the thermal tropopause. There is, however, a marked dif-
ference between the two latitudes, with the 40�N group
showing a less abrupt change at the tropopause. Note that
there are some sampling differences between the measure-
ments at these two latitudinal locations. There are more
samples in the 40�N location and all seasons are covered.
The 65�N location was sampled by fewer flights and only
during April to September. We have examined and con-
firmed that the characteristics of 40�N profiles do not
change if the measurements during late fall and winter
months are removed. Also note that there are two groups
of thermal tropopauses in the 40�N region (as shown in
Figure 2), and the thermal transition of the two groups are
different (as shown in Figure 3). To isolate the potential
cause of the less abrupt change in the tracer profiles near
40�N, we show only the tracer profiles across the lower
tropopause (height < 14 km) in Figure 5. The differences
between the 40�N and 65�N groups may be due to more
frequent STE activities in the vicinity of the tropopause
break. The transition and the latitudinal variation are further
examined in terms of tracer relationships in the following
section.

4. Transition Between Stratosphere and
Troposphere Characterized by Tracer
Relationships

[17] As discussed in the introduction, tracer relationships
from airborne measurements, the O3-CO relationship in
particular, have been used [Fischer et al., 2000; Hoor et
al., 2002; Zahn et al., 2000] to infer STE. In particular,
using measurements from the STREAM campaign, Fischer
et al. [2000] and Hoor et al. [2002] identified a mixing layer
above the local tropopause. Using CARIBIC campaign

Figure 3. Static stability (N2) as a function of altitude
relative to the thermal tropopause. This figure demonstrates
that the thermal tropopause successfully locates the sharp
discontinuity in static stability for both 65�N and 40�N
locations. It further shows that the transition in thermal
structure is more gradual for the upper (tropical) tropopause
near 40�N.
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data, Zahn et al. [2004] has proposed using the O3-CO
relationship to identify the location of the chemical tropo-
pause. The analysis presented here provides new informa-
tion and different perspectives with two main advantages.
First, the ER-2 data used in this work cover a much greater
altitude range (approximately 5–20 km in altitude, com-
pared to 9–12 km in CARIBIC [Zahn et al., 2000, 2004]
and 8–12.5 km in STREAM [Hoor et al., 2002]). This
greater ER-2 coverage allows a clear characterization to be
made of the stratosphere, the troposphere and the transition
region in tracer space. Second, the vertical crossings of the
tropopause region during ascents and descents with colo-
cated temperature measurements allow an accurate identifi-
cation of the thermal tropopause and as well as an
examination of the change in tracer relationships with
respect to the change in the thermal structure.

[18] Building upon these recent analyses [Fischer et al.,
2000; Hoor et al., 2002], we explore the use of tracer
relationships in the upper troposphere and lower strato-
sphere (UTLS) as a way of characterizing the transition
between stratosphere and troposphere. Figure 6 is a sche-
matic that illustrates the connection between tracer profiles
in altitude space and tracer-tracer space in the UTLS region.
As indicated in Figure 6, if we have a tracer of stratospheric
origin (e.g., ozone) and a tracer of tropospheric origin (e.g.,
CO or H2O), while tracer profiles across the tropopause
show a decrease away from the source region, the tracer
relationship form an ‘‘L’’ in tracer-tracer space. The strato-
spheric air parcels form the upper branch of ‘‘L’’, because
there is a rapid increase of stratospheric tracer accompanied
by a small value and small variability of the tropospheric
tracer in the stratosphere. Similarly, the tropospheric air

Figure 4. CO and O3 profiles near 65�N as functions of altitude, potential vorticity, and relative altitude
with respect to the thermal tropopause.
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parcels form the lower branch of the ‘‘L’’. We suggest that
the transition point between the two branches should be
considered as the chemical tropopause. The nature of the
connection between the two branches provides information
on the characteristics of the transition, that is, the sharpness
of the tropopause.
[19] To illustrate the concept represented in the schema-

tic, we have selected a specific case using data from a
POLARIS flight on 10 July 1997 (970710). This was a
‘‘stacked flight’’(consisting of flight at many altitudes at the
same location) designed to study the upper troposphere.
Both ascending and descending portions of the measure-
ments are shown in Figure 7. The thermal tropopause
height, marked by the dash lines, was 10.8 km for both

ascending and descending profiles. Figure 7a displays
temperature and PV profiles. Figure 7b displays CO and
O3 profiles. Figure 7c shows the O3-CO correlation in this
case, with the data points above the thermal tropopause in
red and below in green. As shown in Figure 7, the
temperature profile supports our identification of the tropo-
pause height. Both tracer profiles go through a rapid change
across the thermal tropopause, indicating the thermal tro-
popause in this case marks the chemical boundary between
the stratosphere and troposphere. This is further supported
by the O3-CO correlation, where the two branches of the
‘‘L’’ shape are formed by a strong negative correlation in the
stratosphere and a small positive correlation in the tropo-
sphere. The positive correlation is due to the fact that the

Figure 5. Trace gas profiles as a function of altitude relative to the thermal tropopause height in two
extratropical locations. For the 40�N location, only the lower tropopause (tropopause height <14 km)
profiles are included here.
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two trace gases share common sources in the troposphere
and are chemically related [Fishman and Seiler, 1983].
Figure 7 also shows that the ‘‘corner’’ of the ‘‘L’’ is cut off
by ‘‘mixing lines’’, formed by air parcels with a mixture of
stratospheric and tropospheric composition. In this case,
the mixing lines are well approximated by a straight line.
The mixing lines have a stratospheric end point with
�380 ppbv for ozone and �30 ppbv for CO, and a
tropospheric end point with 50–100 ppbv for ozone and
�100 ppbv for CO. If we decide to choose a ‘‘chemo-
pause’’ on the basis of the tracer relationships, we could
choose the midpoint of the mixing line, which is very

close to the thermal tropopause (transition of red and
green). This is consistent with Figure 7b, indicating the
thermal tropopause in this case also marks the chemical
transition. Using 2 PVU as the tropopause in this case
would have placed the tropopause about 1 km lower.
Similarly, using the O3 profile alone to define the tropo-
pause would likely locate a tropopause �1 km below the
thermal tropopause (similar to that observed by Browell et
al. [1996] and Bethan et al. [1996], which are � 500–
800 m below the thermal tropopause), and using the CO
profile alone (approaching from the stratospheric side) would
likely to identify a tropopause �1 km above the thermal

Figure 6. Schematic illustrating the concept of identifying the tropopause location using tracer
relationships: (a) stratospheric tracer and a tropospheric tracer in altitude space and (b) their relations in
tracer-tracer space.

Figure 7. Profiles from POLARIS flight 970710 near Fairbanks. Data from both ascending and
descending portions of the flight are shown. The thermal tropopause, represented by dashed lines, is at
10.8 km.
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tropopause. This example demonstrates that the ‘‘chemical
tropopause’’ is not equivalent to the ‘‘ozone tropopause’’,
and a better way of defining the ‘‘chemopause’’ is to use
stratosphere-troposphere tracer relationships. When the
tracers are examined together, it becomes evident that the
chemical transition has a finite depth of 1–2 km.
[20] We next examine the transition statistically. Figure 8

shows the O3-CO relationship for all STRAT and POLARIS
flights near the two extratropical locations. Similar to the
schematic and the example, CO and O3 in the UTLS form
‘‘L’’-shaped relationships. The relationships are fairly com-
pact. The upper branch, formed by stratospheric air parcels,
is marked by large ozone mixing ratios (typically greater
than 300 ppbv) and small CO mixing ratios (typically less
than 30 ppbv), and it is also marked by a strong negative
correlation of the two tracers. The lower branch of the ‘‘L’’,
formed by tropospheric air parcels, is marked by an en-
hanced CO (50–200 ppbv) and low O3 (less than 100
ppbv). In the case of 65�N, the lower branch exhibits
positive correlation (shown more clearly in Figure 9),
indicating that the air parcels are largely of tropospheric
origins, but the 40�N group has a negative O3-CO correla-
tion, indicating enhanced influence of stratospheric air.
[21] It is evident from Figure 8 that the transitions

between the stratospheric and tropospheric branches do
not form a sharp ‘‘corner’’ in general. The modification of
the corner by a gradual transition indicates the existence of a

transition layer. A detailed examination of data show that
the transition layer in tracer-tracer space consists of many
mixing lines, formed by air parcels of different ratios of
stratospheric and tropospheric air. The lengths of the mixing
lines appear to be characteristically different for the two
locations. The mixing lines at 65�N are more distinct and
can be approximated by straight lines, which indicate that
the mixing activity is between distinct air masses that are
separated by long range in tracer space. This is consistent
with the indications given by Figures 5 and 7, where the
65�N tracer profiles exhibit abrupt change across the tropo-
pause. The mixing lines in the 40�N region, on the other
hand, are less distinct. Closer examination reveals that they
are generally much shorter. The transition region, in tracer-
tracer space, therefore appears to be curved and more
compact. This is an indication that the mixing in this region
is more vigorous so that the mixing is continuous and
between similar air masses, or air masses closer in tracer
space. This is also consistent with Figure 5, where the 40�N
profiles show a gradual change across the tropopause.
Physically, these two situations are very similar to what
have been discussed by Plumb et al. [2000] for the mixing
in the vicinity of the polar vortex, where both types of
mixing are discussed on the basis of observations.
[22] To further examine the location and the spatial

distribution of the transition layer, we use a set of rules to
select the points that belong to the transition layer. The
range and distribution of this layer can then be character-
ized. The strategy is to first establish empirical O3-CO
relationships for the stratosphere and troposphere in the
tracer space. Those data that are outside of both relation-
ships will then be considered to be part of the transition
layer. Specifically, the stratospheric relationship is estab-
lished by a polynomial fit to all data with CO mixing ratio
less than 25 ppbv. The tropospheric relationship is estab-
lished by a linear fit to all points with O3 less than 70 ppbv.
The resulting regression lines and the range of 3s (where s
is the standard deviation of the residuals) are shown in
Figure 9. The transition layer, that is, the data points outside
the 3s boundaries of both stratospheric and tropospheric
relationships, is identified in the tracer space and shown as
blue points in Figure 9. The distribution of the transition
points in altitude space can then be calculated and plotted
relative to the altitude of the thermal tropopause, as shown
in Figure 9 (middle). Similarly, the distributions of transi-
tion points in PV are given in Figure 9 (bottom).
[23] Figure 9 confirms the observations of Figures 7 and

8 that the transition layer, as defined above, is centered on
the thermal tropopause with a sharp peak in the distribution
for both locations. At 65�N the transition layer spans �2–
3 km and exhibits a slightly higher population above the
tropopause. One possible source for the skewed distribution
is identified as the group of data circled (by the black oval).
These data appear to depart from the compact relationship.
Preliminary investigation shows that these points are mea-
sured in the 350 to 370 K potential temperature range,
several kilometers above the local tropopause, and represent
an air mass very different from the local environment. They
are likely to originate from a deep intrusion event due
to Rossby wave breaking, similar to that discussed by
O’Connor et al. [1999] and Bradshaw et al. [2002]. An
additional factor that could contribute to the apparent bias

Figure 8. Relationship of stratospheric tracer O3 and
tropospheric tracer CO for the two extratropical locations
sampled by ER-2 during STRAT and POLARIS. Measure-
ments below the thermal tropopause are green and
measurements above are red.
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toward above-tropopause altitudes is that there is an en-
hanced troposphere to stratosphere exchange for the sam-
pled time period (note again that the 65�N region are
sampled during April to September).
[24] For the measurements at 40�N, we have presented

the distribution as two populations depending on the height
of the thermal tropopause with which each measurement is
associated. The distribution for the lower layer is skewed
toward higher altitudes, with a possible secondary peak
around 3 km above the local thermal tropopause. The
distribution of the upper layer is skewed toward lower
altitudes. This indicates that the active mixing in the region
of the STJ occurs mostly through the tropopause break, that
is, above the lower (extratropical) tropopause and below the

upper (tropical) tropopause. Note that the centers of these
two groups are separated �4 km in altitude, statistically, as
shown in Figure 2. As a result, the transition layer in the
vicinity of the STJ spans a wider range of altitude and is
approximately 6 km (the blue points in Figure 9 (top right)
cover from 10 to 16 km in altitude).
[25] Figure 9 (bottom) show that distributions of transi-

tion layer as a function of PV span a broad range of PV
values (roughly 1–10 PVU). This can be attributed to two
factors. One is that PV is calculated from large-scale
meteorological data and may not resolve features at the
small scales captured by the observed chemical tracers.
The other is that the transition from the troposphere to the
stratosphere may be better characterized by the isentropic

Figure 9. Location and thickness of the transition layer. (top) Same data as in Figure 8, with solid lines
representing the empirical stratospheric and tropospheric O3-CO relationships, derived using data points
with CO < 25 ppbv for stratospheric and O3 < 70 ppbv for tropospheric. The points outside 3s (marked
by the dotted lines) of both relationships are considered transition points. The stratospheric, tropospheric,
and transitional points are represented by red, green, and blue, respectively. (middle) Altitude distribution
of transition points (blue) relative to the thermal tropopause. In the case of 40�N the distributions are
given as two populations, depending on whether the respective thermal tropopause height is below or
above 14 km. (bottom) PV distribution of the transition points. The 40�N distributions are given as two
populations.
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gradient of PV, rather than a specific constant value of PV.
Figure 1 is an example of how the transition can occur at
different PV values.

5. Conclusions and Discussions

[26] We have examined trace gas profiles and tracer-tracer
relationships in the extratropical UTLS region using high-
resolution in situ measurements. Analyses of how the
chemical transition is related to the thermal transition are
given both statistically and with a selected profile. These
analyses are motivated by the need to better characterize the
extratropical tropopause, which should lead to improvement
of quantitative investigation of the STE of chemical tracers,
such as ozone and water vapor.
[27] On the basis of the trace gas analyses presented, we

conclude that in the extratropics the chemical transition
occurs in the vicinity of the thermal tropopause. Our results
show that mixing of stratospheric and tropospheric air
masses in the vicinity of the tropopause form a transition
layer, indicating the effect of two-way exchange between
stratosphere and troposphere. This layer has been previously
observed [Fischer et al., 2000; Hoor et al., 2002], but
considered a mixing layer, located above the local tropo-
pause (when 2 PVU is used as the tropopause) as a result of
troposphere to stratosphere transport. Our analyses provide
a better characterization of this transition layer, largely
because of the much greater altitude coverage in data and
the inclusion of colocated temperature profiles. This con-
clusion is consistent with the results of Logan [1999], where
the ozonesonde data were used to show that the seasonal
cycle of UTLS ozone changes from the June–July maxi-
mum below the thermal tropopause to the March maximum
above the thermal tropopause, indicating that the thermal
tropopause characterizes the transition between the
upper troposphere to the lower stratosphere in chemical
composition.
[28] The existence of this transition layer argues that, in

regards to chemical composition, the extratropical tropo-
pause should be characterized as a layer, not a surface. The
center of this transition layer is statistically associated with
the thermal tropopause. The thickness of this layer varies
with latitude. It appears to be �2–3 km for locations away
from the STJ region, however, it expands into a thicker
layer in the vicinity of the STJ due to enhanced mixing
activity near tropopause break. More extensive measure-
ments are required to characterize the seasonal variability of
the transition layer.
[29] Our analyses show that tracer-tracer relationships are

a powerful tool for characterizing the extratropical UTLS
region. It has significant advantages over using a single
tracer, such as ozone, in locating the tropopause. We show
that the ‘‘chemical tropopause’’ is not equivalent to the
‘‘ozone tropopause’’, and a better way of defining the
‘‘chemopause’’ is to use stratosphere-troposphere tracer
relationships. Figure 7 gives a good example. Although
this approach is similar to that of Zahn et al. [2004], our
analysis is different in that we rely upon a statistical
characterization of the transition layer instead of attempting
to identify the tropopause as a single point. Our results
therefore provide new perspectives on the transition from
stratosphere to troposphere. One of the new perspectives is

that air with �100 ppbv of ozone, commonly considered to
be stratospheric air, is more likely to be at the bottom of this
transition layer.
[30] In addition to these conclusions, our analyses raise

several issues in using PV to define the tropopause,
especially when interpreting in situ measurements. While
the transition layer identified by tracer relationships coin-
cides with the thermal tropopause, it spans a broad range of
PV values. This reflects two contributing factors. The first
is that the dynamical tropopause definition, fundamentally,
was not based on specific values of PV, but on
the discontinuity in the PV field on isentropic surfaces
[Danielsen, 1968]. It is very likely that the PV values that
mark the air mass transition from troposphere to strato-
sphere vary with latitude and season. The second is that PV
is not a measurable quantity at the scale of in situ measure-
ments [Hartmann et al., 1989]. Although it often works
well as a stratospheric tracer in model studies, our results
show that it can lead to misinterpretation of experimental
data if not used carefully. In addition, it needs to be
recognized that like chemical tracers, PV is not perfectly
conserved. That is, conditions under which it is conserved
(adiabatic, frictionless flow) are not always good assump-
tions in the tropopause region. Under what conditions and
timescales these are good assumptions in the UTLS region
warrants future investigation.
[31] Finally, the conclusions we have drawn are based on

limited observations. We hope that the new generations of
satellite data, those from the AURA satellite in particular
(since the instruments are designed to have high vertical
resolution data in the UTLS region), will provide global
perspectives on these issues. Future airborne observations
focused on the tropopause region are also needed to help
better characterize the mechanisms of chemical mixing in
the transition layer.
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