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[1] During the Stratosphere-Troposphere Analyses of Regional Transport (START)
experiment in December 2005, the behavior of the extratropical tropopause was examined
under a variety of dynamical conditions. Using in situ measurements of ozone and
water vapor, on board the new NSF/NCAR research aircraft Gulfstream V, and data from
large-scale meteorological analyses, we address issues of the tropopause definitions
and sharpness. Comparisons of the data from two flights show that the sharpness of
chemical transitions across the tropopause varies with the sharpness of the static stability
change across the tropopause. Using tracer correlations, air masses of mixed stratospheric
and tropospheric characteristics are identified. The mixed air mass does not form a
uniform mixing layer near the tropopause, but rather shows strong spatial variation. A
depth of mixed air (!5 km in vertical distribution) is found on the cyclonic side of
the polar jet, where the thermal gradient is weak and significant separation occurs between
the thermal and the dynamical tropopause. Away from the jet or on the anticyclonic
side of the jet, where the stability gradient is strong, the chemical transition across the
tropopause was much more abrupt and shows minimum mixing. In both cases (either
significant or minimal mixing), the thermal tropopause is shown to be approximately at
the center of the mixing layer, and the altitude relative to the thermal tropopause is found
to be an effective coordinate for locating the chemical transition. To further understand the
role of the thermal and dynamical tropopause as a chemical transport boundary, tracer
correlations are used to examine the chemical characteristics, and the trajectory
calculations are used to infer the fate of the air mass between the thermal and dynamic
tropopauses in the region of significant separation. The tracer correlation analysis shows
that the air mass in this region is a mixture of stratospheric and tropospheric air but
predominantly of tropospheric characteristics. Trajectory model calculations show that a
significant fraction of the air parcels in this region ended in the mid to lower troposphere,
which suggest the irreversible nature of the observed stratospheric intrusion.

Citation: Pan, L. L., et al. (2007), Chemical behavior of the tropopause observed during the Stratosphere-Troposphere Analyses of
Regional Transport experiment, J. Geophys. Res., 112, D18110, doi:10.1029/2007JD008645.

1. Introduction

[2] The tropopause, defined as the upper boundary of the
troposphere or ‘‘turning sphere,’’ is a concept devised after
the discovery of the stratosphere [e.g., Hoinka, 1997].
Definitions of the tropopause have evolved over time,

depending on the questions of interest, combined with
increasing observational capabilities. As a boundary surface
between distinct tropospheric and stratospheric air masses,
the tropopause is often considered to be a transport barrier,
across which material transport is inhibited to some degree.
Motivated by the need of explaining the observed chemical
composition in the upper troposphere and lower strato-
sphere (UTLS), especially the distribution of water vapor
and ozone, and the need of predicting stratosphere-
troposphere exchange (STE) in a changing climate, the
concept of the tropopause as a transport boundary has been
revisited in recent years. A particular set of questions of
interest is related to the relationship of the thermal
and dynamic tropopause. The thermal tropopause, defined
using the temperature lapse rate [World Meteorological
Organization (WMO), 1957], considers the change of static
stability as the key indicator of the transition from tropo-
sphere to stratosphere. The dynamic tropopause, defined
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using isentropic potential vorticity (PV), aims to locate a
continuous surface that separates the chemically distinct
stratospheric and tropospheric air masses [e.g., Danielsen,
1968; Shapiro, 1980; Holton et al., 1995]. It is well known
that the two definitions often produce different tropopause
height [e.g., Hoerling et al., 1991], especially in the region
near jet streams where the thermal tropopause often has
multiple levels and discontinuities [e.g., Kochanski,1955;
Palmén and Newton, 1969; Randel et al., 2007].
[3] There is also a question whether the tropopause is

better characterized as a surface or a layer. In the tropics, it
is now generally conceived to be more useful to consider a
transition layer, referred to as the tropical tropopause layer
or TTL, that controls upward transport into the stratosphere
[Highwood and Hoskins, 1998; Sherwood and Dessler,
2000]. In the extratropics, a concept of an Extratropical
Transition Layer (ExTL) has also been put forward [WMO,
2002; Law et al., 2005]. In this work, we focus on the issue
of transport boundary in the extratropics. We examine the
behavior of the extratropical tropopause (ExTP) using
recent research aircraft in situ data and large-scale analyses
with a focus on understanding the meaning of the tropo-
pause when the thermal and PV tropopauses do not coin-
cide. The result is also relevant to the question of whether
the ExTP should be viewed as a layer or a surface.
[4] This work is a follow-up to two types of studies. The

first type consists of analyses of the tropopause, including
the relationship between various definitions, particularly the
thermal and PV definitions. It has long been recognized that
the thermal and PV tropopause behave differently in regions
of cyclonic flow, often resulting in a lower PV tropopause
[e.g., Hoskins et al., 1985; Hoerling et al., 1991; Wirth,
2001]. In addition, analyses of temperature profiles from
radiosondes show that the thermal tropopause is often
indefinite in cyclonic regions; that is, the transition from
the tropospheric static stability to the stratospheric ones
occurs gradually over a larger vertical range [Price and
Vaughan, 1993]. Furthermore, a study using ozonesonde
data showed that if a tropopause definition is devised from
ozone profiles, considering both the magnitude of the ozone
concentration and its vertical gradient, the analyzed ozone
tropopause is often below the thermal tropopause but mostly
when the latter is indefinite [Bethan et al., 1996].
[5] The second type of study deals with the mixing of

chemical tracers near the tropopause using tracer correla-
tions. Tracer correlation analysis is a widely used method,
especially for in situ aircraft observations of the UTLS
region [e.g., Hintsa et al., 1998; Marcy et al., 2004; Ridley
et al., 2004; Hegglin et al., 2006]. Measurements with high
spatial resolution in the extratropical UTLS region appear to
show persistent mixing between stratospheric and tropo-
spheric air near the tropopause, as indicated by the corre-
lations of long-lived chemical tracers [Fischer et al., 2000;
Zahn et al., 2000; Hoor et al., 2002]. Using a PV tropo-
pause definition of 2 pvu (1 pvu = 10"6 K m2 kg"1 s"1), a
mixing layer can be identified above the tropopause
[Fischer et al., 2000; Zahn and Brenninkmeijer, 2003; Hoor
et al., 2004]. If the thermal tropopause is used, the mixing
layer appears to be approximately centered at the tropo-
pause, with a latitude-dependent depth [Pan et al., 2004].
[6] In this work, we examine the mixing of chemical

tracers near the tropopause in more detail and look for

relationships between the mixing behavior and the thermal
gradient of the tropopause region using aircraft measure-
ments from a recent experiment. The rapid increase in static
stability at the tropopause is the main cause for the tropo-
pause to behave like a transport barrier. We expect to see
that the mixing behavior near the tropopause correlates with
the sharpness of the tropopause; that is, the sharpness of the
chemical transition varies with the sharpness of the thermal
transition across the tropopause. In particular, we seek
to make connections between several previous studies to
examine if the region of cyclonic flow, which is known to
have a less distinctive thermal transition in the tropopause
region and tends to have significant differences between the
thermally defined and the PV based tropopause, is associ-
ated with a deeper chemical transition layer.
[7] The in situ observationsweremade on board the newUS

National Science Foundation (NSF) research aircraft, a Gulf-
stream V (GV), known as the High-performance Instrumented
Airborne Platform for Environmental Research (HIAPER).
Prior to the commencement of regular science missions, a
series of flights were carried out with a simple instrument
payload to test and demonstrate the research capability of the
aircraft. These flightswere designated as the Progressive Science
missions (ProgSci). The Stratosphere-Troposphere Analyses of
Regional Transport (START) experiment was one of the four
projects conducted during the ProgSci. Five of the 13 ProgSci
flights were conducted for the START experiment.
[8] The goal of the START experiment was to investigate

stratosphere-troposphere exchange and the impact of
dynamics on the chemical composition of the midlatitude
UTLS. A small suite of chemical tracer instruments, ozone
(O3), water vapor (H2O) and carbon monoxide (CO) were
deployed together with standard meteorological sensors.
With limited instrument payload, the START experiment
targeted specific transport pathways and the chemical char-
acteristics of the tropopause. The results from two selected
flights are presented in this work to address the issues of the
tropopause behavior. In addition to this work, these flights
provided evidence of new particle formation near the
tropopause fold [Young et al., 2007] and a case study of
UTLS chemical distribution influenced by the large-scale
quasi-horizontal flow [Bowman et al., 2007].
[9] In addition to the in situ measurements, the flight plan-

ning and data analyses used large-scale meteorological fields
based on operational meteorological analysis from the Na-
tional Centers for Environmental Prediction (NCEP) data sets.
The experiment also combines aircraft measurements with
global satellite data. The aircraft data are used to examine the
details of the tropopause region and the satellite data are used
to examine the spatial scale of the targeted events. Trajectory
calculations are used to examine the origins and fate of the air
mass sampled during a stratospheric intrusion.

2. Measurements and Data
2.1. In Situ Tracer Measurements

[10] During the ProgSci flights, in situ chemical tracer
measurements included ozone (O3), carbon monoxide (CO),
and water vapor (H2O). The CO instrument began to
perform properly toward the end of the mission, so data
are not available for many early flights. For this reason, only
O3 and H2O data are used for the analyses in this work.
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[11] In situO3wasmeasured using theNOAAEarth System
Research Laboratory (ESRL) dual-beam UV-absorption
ozone photometer with an overall uncertainty of ±5% and
precision of 1.5 # 1010 molecules/cm3 [Proffitt and
McLaughlin, 1983]. The sampling rate is fixed at 1 Hz.
The true time resolution of the O3 instrument was about 2–3 s
for the HIAPER configuration because of a long sample line.
A number of START profiles took place in close vicinity
to NOAA ESRL ozonesondes. These coordinated profile
observations showed agreement to well within their stated
uncertainties.
[12] In situ H2O concentrations were measured using a

MayComm Open-Path Laser Hygrometer (OPLH) sensor.
This inlet-free, dual-channel instrument detects optical ab-
sorption of water vapor at 1.37 mm. Conversions from
concentration/number density to mixing ratio units are
achieved using fuselage mounted static pressure and air
temperature sensors. H2O is quantified with an estimated
accuracy of 5–10% at a time resolution of 20 samples/s.
The data used in the analyses was a binned average at 1 s
sampling rate. The sensor was designed with two optical
paths, 10 cm and 130 cm, to allow quantification in both high-
and low-humidity environments. Information from the two
channels are combined to report a single water vapor mixing
ratio that is valid over a range from 1 to 30,000 ppmv. The
limiting factor in assigning uncertainty is the 5% calibration
system uncertainty. Comparison between the laser hygrometer
and chilled mirror sensors (standard NCAR Research Avia-
tion Facility tropospheric reference hygrometer) showed good
agreement over the overlapping performance range.

2.2. Global Meteorological Analyses Data

[13] The global meteorological analyses used for flight
operations and postmission analyses are from National
Centers for Environmental Prediction (NCEP). Two slightly
different data sets are used: the Global Forecast System
(GFS) operational analysis and the Final Global Data
Assimilation System (FNL) data. Both data sets are prod-
ucts of the NCEP global operational forecast system. The
GFS use observations for 2 hours and 45 min past the
analysis time to create a global analysis, which is then used
to make 16-day forecasts 4 times per day. The FNL analysis
uses data collected up to 6 hours past the analysis time to
create a post hoc global analysis 4 times per day. The
analysis and forecast system is run at the highest resolution,
currently T254 L64. Analyses are provided on a 1! #
1! global grid with 26 pressure levels from 1000 to 10 hPa.
More information on the data sets can be found online at
http://wwwt.emc.ncep.noaa.gov/gmb/para/parabout.html.
For the applications in this work, the differences between
the two data sets are negligible. For simplicity, we refer to
both as GFS data in the rest of this paper.

2.3. Satellite Data

[14] Three-dimensional O3 fields from the Atmospheric
Infrared Sounder (AIRS) on the NASA Aqua satellite were
used in near real time to provide a large-scale background for
the GV flights. The AIRS instrument is a 2378 channel nadir
cross-track scanning infrared spectrometer with a 15 km field
of view (FOV) [Fetzer et al., 2006]. The instrument is
designed to provide high-resolution atmospheric temperature
and water vapor profiles for improving weather forecasts.

A number of trace gas species are also retrieved. Here, we use
the Level 2 ozone profile standard product from the Version 4
retrieval algorithm [Susskind et al., 2006]. The granular data
are given in 45 km pixels and 28 layers. Initial validation
studies have shown that the AIRS ozone profiles in the
extratropical UTLS region are in good agreement with ozo-
nesonde data. The agreement in the northern hemisphere
UTLS is within 40%. Compared to ozonesondes, the AIRS
ozone retrieval tend to have a high bias in the UT and a low
bias in the LS, but the dynamical variability is consistent with
the ozonesondes [Bian et al., 2007; Monahan et al., 2007].
We have also made comparisons using in situ ozone from
START flights. The results will be presented elsewhere (L. Pan
et al., manuscript in preparation, 2007).

2.4. ProgSci Flights 1 and 5

[15] Flight 1 took place on 1 December 2005. Tropopause
folding was expected, according to the forecast, along a jet
streak across the central U.S. (roughly from South Dakota to
Tennessee where the subtropical, polar and Arctic jets
merged) in the region of the large gradient of PV shown in
Figure 1. The main research legs were chosen to be between
Garden City, Kansas (37.55!N, 100.44!W) and Duluth,
Minnesota (46.48!N, 92.10!W). The selected flight path
was not in the area of the strongest folding as judged from
the GFS analysis but in the proximity of the aircraft base (near
Boulder) for more flight time to sample the vertical structure.
Also shown in Figure 1 is the AIRS ozone field at 300 hPa.
The ozone map shows that the jet streak marks the boundary
between stratospheric and tropospheric air at 300 hPa, iden-
tified by the large gradient in ozone along the flight track.
[16] In contrast to the contorted structure of the tropo-

pause region sampled on flight 1, flight 5, which took place
on 9 December, sampled the tropopause in locations of
relatively flat PV surfaces. As indicated in Figure 2, the
flight took place between the main branch of the jet stream
and a cutoff low near the west coast of North America. The
flight path was designed to sample the region near the
hyperbolic point associated with the cutoff low. The case is
discussed in detail in a companion paper [Bowman et al.,
2007]. The AIRS ozone at the 300 hPa level is also given in
Figure 2, indicating the large-scale background chemical dis-
tribution. Horizontal gradients of ozone were generally small
in the region of the flight. As indicated in Figure 2, the region
of flight was in a ridge, between an extended trough (east
of the flight track) and the cutoff low.
[17] Figure 3 shows the flight pattern of flight 1 together

with the 2 pvu surface, based on NCEP GFS 1800 UT
analyses, and provides a 3-D view of the GV track and the
tropopause fold sampled. To sample the structured tropo-
pause, flight 1 was conducted in a stacked flight pattern that
includes six different levels, and sampled the air mass on
both sides of the jet streak and in and out of the strato-
spheric intrusion. The horizontal legs at multiple levels
provided transects across the tropopause fold. Three vertical
soundings were made around the jet (including both the
cyclonic and anticyclonic side) and across the jet core,
providing contrasting observations of dynamical conditions
over a vertical range of 3 ! 14 km. During the last segment
of the flight the aircraft reached the 47 kft level (380 K
isentropic surface, the lower boundary of the ‘‘overworld’’
[Hoskins, 1991]).
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[18] During flight 5, two loops were flown around a
roughly triangular flight path at approximately the 300 and
250 hPa levels (projection of the flight track is shown later
in Figure 5). The anchor points of the triangle were located
at Cheyenne, WY (41!12.70N, 104!46.40W), Fairfield, UT
(40!16.50N, 111!56.40W), and Needles, CA (34!46.00N,
114!28.40W). Three soundings were planned but the tropo-
spheric portion of the sounding was not carried out at the
Fairfield end because of the air traffic near Salt Lake City.

3. Analyses and Results

[19] Flights 1 and 5 were selected because the dynamical
conditions sampled by the two flights provide a good
contrast. Flight 1 observed a stratospheric intrusion around

a jet streak, a region similar to where significant mixing has
been observed in previous studies [e.g., Shapiro, 1980;
Cooper et al., 2004; Pan et al., 2006]. Flight 5 was away
from the jet and sampled a relatively ‘‘flat’’ tropopause. We
begin by examining the sharpness of the chemical transition
under different dynamical conditions. Trace gas profiles and
tracer-tracer relationship between ozone and water vapor are
then used to identify the location and the depth of the
chemical transition layer. We further focus on the air mass
between the thermal and the dynamical tropopause. The
chemical characteristics of these air parcels provide physical
insight into the meaning of the tropopause when the two
definitions give different tropopause heights. Last, we use a
trajectory-model calculation to examine the origin and the
fate of the air masses sampled in the region of the fold to

Figure 1. Synoptic-scale background for flight 1. (top)
Horizontal wind (30, 40, 50 m/s, blue shadings) and PV
field (2, 4, 6 pvu, orange contours) at the 300 hPa level from
the NCEP GFS analyses. (bottom) AIRS ozone for the
300–250 hPa layer from the AIRS ascending data (color
image) and the PV in orange contours. The ground track of
the GV is marked by the dark red line in both panels. The
yellow line in Figure 1 (top) marks the location of the
approximate flight cross section used in analyses, which is
shown in Figures 5 and 8.

Figure 2. Synoptic-scale background for flight 5. (top)
NCEP GFS PV (2,4, 6 pvu in yellow/orange shading) and
the horizontal wind field (30–50 m/s in blue contours) on
the 320 K theta surface. (bottom) Ozone for the 300–
250 hPa layer from AIRS (color image) and PV field (2 and
4 pvu, orange contours). The ground track of the GV is
marked by the dark red line in both panels. The thin black
line in Figure 2 (top) marks the location of the approximate
flight cross section used in analyses, which is shown in
Figures 5 and 8.

D18110 PAN ET AL.: OBSERVATIONS OF THE TROPOPAUSE

4 of 13

D18110



confirm the irreversibility of the observed intrusion, and to
further understand the role of the thermal and dynamical
tropopause as a transport boundary.
[20] Note that both the thermal and dynamical tropopause

used in this section are from the GFS analyses (section 2.2),
interpolated spatially and temporally to the flight track. We
have made comparisons of these GFS interpolated thermal
tropopause heights with that from the in situ temperature
measurements on locations where the GV transected the
tropopause. The agreement typically is within 0.5 km with
the analyzed tropopause being typically lower than the GV
tropopause.

3.1. Chemical Discontinuity Across the Tropopause

[21] Analyses of ozone measurements from the two
flights are presented in this section to examine changes in
the chemical characteristics across the tropopause. It is well
known that the troposphere and stratosphere air masses are
chemically distinct. In terms of ozone and water vapor, the
stratosphere is ozone rich and dry, while the troposphere is
ozone poor and moist. The vertical profiles of ozone and
water vapor are important indicators of the tropopause
location. The manner of the change (abrupt versus gradual)
provides information of the sharpness of the tropopause. We
expect a discontinuity in chemical tracer profiles near the
tropopause and will use this property to evaluation the
thermal and dynamical definitions of the tropopause, as
well as the vertical coordinates suitable for displaying the
chemical transition across the tropopause.
[22] Figure 4 displays ozone profiles measured during

flights 1 and 5 in three different vertical coordinates. They
are pressure-altitude (z), pressure-altitude relative to the
analyzed thermal tropopause (zr), and PV. At each point
along the flight track the thermal tropopause altitude and PV
values are interpolated from the NCEP GFS data. In the
z coordinates (Figures 4a and 4d), profiles are given in two
colors to separate the measurements above (red) and below
(green) the thermal tropopause. Three observations can be

made from Figure 4. First, the difference in the background
dynamical conditions is highlighted by the profiles in
z coordinates. During flight 1, the thermal tropopause
altitude, indicated by the boundary between the red and
the green points, varies from !12 km on the equatorward
side of the jet to !7 km on the poleward side of the jet (see
also Figure 5). The range of tropopause heights along the
track of flight 5, on the other hand, is quite small (11–
12 km). Second, comparisons of the profiles in zr coordi-
nates (Figures 4b and 4e) show that the ozone distribution
changes abruptly at the tropopause in the case of a flat
tropopause, and there is a near first-order discontinuity at
the tropopause. The change of ozone across the tropopause
in flight 1 is more gradual. Third, the profiles in PV
coordinates do not show a sharp change of ozone at any
particular PV value, which reflects the fact that PV and
ozone are both tracers of stratospheric air masses and they
correlate in the tropopause region. Figure 4 shows that
typical stratospheric ozone values (100 ppbv or greater)
occur at PV higher than 4 pvu.
[23] The profiles in Figure 4 lead to the conclusion that

the relative altitude zr is a better coordinate for examining
the chemical transition from the troposphere to stratosphere.
This result is similar to the ER-2 data analyses presented by
Pan et al. [2004], where the chemical transition in trace gas
profiles was more compact by using zr. Figure 4 also
indicates that the chemical transitions are occurring with
different gradients under different conditions. To find
whether this is related to the difference in thermal and
dynamical background, we show in Figure 5 cross sections
of static stability (given in potential temperature (q) lapse
rate, dq/dz) for the two flights from the GFS analyses, along
with additional meteorological variables. Note that these
cross sections are based on 1800 UT analyses for each flight
day and should be viewed as an approximation, since the
research flight were of roughly 8-hour duration. For flight 1,
the cross section is closely aligned with the flight track
spatially (Figure 1). For flight 5 we selected a cross section

Figure 3. GV flight track for flight 1, 1 December 2005. The 2 pvu surface (orange), based on NCEP/
GFS analyses at 1800 UT, indicates the spatial structure of a tropopause fold sampled by the GV. Colors
on the flight track indicate the in situ ozone value from measurements on board the GV.
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approximately parallel to the long side of the triangular
flight track, not directly coincident with that flight leg but
representative of the region of flight (Figure 2).
[24] The layer we focus on is where the q lapse rate is

between 6 and 15 K km"1 (blue and green colors). This is
the transition zone from tropospheric to stratospheric static
stability. Part of this layer, roughly between 6–10 K km"1,
is similar to the range of the temperature (T) lapse rate
(dT/dz) previously used to define the sharpness of tropo-
pause from radiosondes [Price and Vaughan, 1993; Bethan
et al., 1996]. In that work, the tropopause was considered
sharp or definite if the layer of T lapse rate changed from
6 K/km (characteristic of upper troposphere) to 2 K/km (base
of the WMO tropopause) was less than 0.5 km, and indef-
inite if the layer was thicker than 1.2 km. In this work, the
GFS data we use have a much coarser vertical resolution and
are inappropriate for quantitative analyses in subkilometer
vertical scales. We inspect this layer qualitatively to note that
this layer is generally !1–2 km, with the exception of the
frontal zone in Figure 5a, where this layer shows a fold
structure and expands to a much broader vertical range in
this region. Together, Figure 5a shows strong contrast
between the cyclonic (poleward) and anticyclonic (equator-

ward) side of the jet in the static stability gradient. The sharp
gradient on the anticyclonic side suggests that the tropopause
there forms a strong transport barrier. The much weaker
gradient on the cyclonic side suggests that the tropopause in
this region is less definite. The abrupt change in thermal
tropopause height near 44 N shows the location of the
tropopause break. This is also the region where the thermal
and dynamical tropopauses (using 2 pvu surface) are signif-
icantly different; that is, the weakly defined thermal tropo-
pause does not coincide in any simple way with any
particular PV isopleth.
[25] The ozone profiles (Figure 4, in zr coordinates) show

clear correlations between the sharpness of the thermal and
the chemical transitions. A sharp chemical transition is
found in flight 5 and the data for the anticyclonic side of
the flight 1 (not shown but is similar to the flight 5 result),
where ozone mixing ratios increase at the rate of 100–
150 ppbv/km right above the tropopause. In contrast, the
data from the cyclonic side of the jet measured on flight 1
show !50 ppbv/km ozone mixing ratio gradient near the
tropopause. This is further examined using tracer correla-
tions in the following section.

Figure 4. Ozone profiles measured on (a–c) flight 1 and (d–e) flight 5 in three sets of coordinates:
pressure altitude (z), pressure altitude relative to the thermal tropopause altitude (zr), and PV. For the
profile in pressure altitude (z) (Figures 4a and 4d), the measurements are separated according to whether
they are above (red) or below (green) the thermal tropopause.
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3.2. Chemical Transition in the Tracer-Tracer Space

[26] In this section, we examine the chemical transition
and the relationship between the thermal and dynamical
tropopause using a pair of stratospheric and tropospheric
tracers. The most frequently used parameters for this type of
study are O3 and CO [Fischer et al., 2000; Zahn and
Brenninkmeijer, 2003; Hoor et al., 2002, 2004; Pan et al.,
2004, 2006], because both tracers have strong gradients
across the ExTP, and their chemical lifetimes are longer than
the transport timescale in this region. Here, O3 and H2O
vapor are used. Note that H2O is not a perfect long-lived
tracer in this region, because it is not conserved if air parcels
encounter temperatures low enough for phase transitions. It
is nevertheless an excellent tropospheric tracer with a strong
gradient across the tropopause and a long history in STE
studies across the ExTP [e.g., Dessler et al., 1995; Pan et
al., 1997; Hintsa et al., 1998; Ray et al., 1999]. O3-H2O
correlations have shown to be effective in identifying
mixing of stratospheric and tropospheric air near the tropo-

pause region [e.g., Patmore and Toumi, 2006; Karpechko et
al., 2007; Pan et al., 2007].
[27] Figure 6 shows the O3-H2O correlation for flight 1,

with axes scaled to emphasize the tropopause region. Two
color schemes are used to display the same data. Figure 6
(top) highlights the position of the thermal tropopause,
while Figure 6 (bottom) highlights the air mass between
the thermal tropopause and the 2 pvu surface. The chemical
transition between the stratosphere and troposphere forms
an ‘‘L’’ shape in the tracer-tracer space, with a stratospheric
branch and a tropospheric branch. This result is very similar
to the O3-H2O correlation from the measurements on board
the NASA ER-2 research aircraft [Pan et al., 2007]. This
L-shaped tracer correlation is the natural consequence of
the strong gradients of the tracers across the tropopause.

Figure 6. Correlation of ozone and water vapor measured
during flight 1, with a range selection to focus on the
stratosphere-troposphere transition region. The colors are
used to identify the location of the thermal and dynamical
tropopause in the tracer-tracer space. (top) Focuses on the
thermal tropopause and the measurements above (red) and
below (green) the thermal tropopause are highlighted.
(bottom) Focuses on the dynamical tropopause (2 pvu
surface). The measurements made between the thermal
tropopause and the dynamical tropopause are highlighted
(blue).

Figure 5. Static stability (color image, given in potential
temperature lapse rate) of the approximate flight cross
section for (a) flight 1 and (b) flight 5 in latitudinal
projection. Other fields displayed are PV (white solid
contours) zonal wind (white dash contours), isentropes
(black lines) and the thermal tropopause (black dots). The
flight tracks are shown in dark red. The map locations of the
cross sections are given in Figures 1 and 2.

D18110 PAN ET AL.: OBSERVATIONS OF THE TROPOPAUSE

7 of 13

D18110



[28] It is readily apparent from the corner of the L that the
chemical transition sampled by this flight has two different
regimes, marked by the two distinct groups of points, one
connects the stratospheric and tropospheric branches along
curved mixing lines and the other approximately forms the
corner of the L. These two regimes can be identified as
chemical transitions with and without significant mixing,
respectively, and will be further discussed in the next
section. The transition between the green and red points
in Figure 6 (top) indicates that the thermal tropopause is
located in the tracer space roughly around the corner of ‘‘L’’
in the region without significant mixing, and spans the
entire range of the mixing region where mixing is extensive.
[29] The air mass between the thermal and dynamical

tropopause, highlighted in blue in Figure 6 (bottom), spans
the entire mixing region in the tracer space and has almost
no overlap with the stratospheric branch, but does have
extensive overlap with the tropospheric branch. In other
words, in tracer space, the air mass between the thermal and
PV tropopause appears to be a mixture of stratospheric and
tropospheric air, but predominantly of tropospheric charac-
ter. Since a significant fraction of the mixed air parcels lie in
the layer between the two definitions of the tropopause, this
result also explains the difference in the location of the
chemical transition layer identified using PV and thermal
definitions of the tropopause [Fischer et al., 2000; Hoor et
al., 2002, 2004; Pan et al., 2004, 2007]. That is, the mixing

region is often above the 2 pvu surface, and using that
surface to define the tropopause would classify the mixed
air as part of the stratosphere.
[30] Figure 6 provides a perspective that the choice of

tropopause definition may result in different views of how
STE alters the chemical composition of the UTLS region.
Using the thermal definition, the flight 1 results show that
the mixing across the tropopause enhanced the CO value
in the lower stratosphere (indicated by the red mixing lines
in Figure 6) and also enhance the ozone value in the upper
troposphere (indicated by the green mixing lines in the
Figure 6). Using the 2 pvu definition, the mixing mainly
influence the air mass above the tropopause, because, by
this definition, most of the mixed parcels (blue points in
Figure 6) are above the tropopause. To go beyond the
subjective choice of whether the mixing layer is a part of
the stratosphere or partly within the troposphere depending
on the choice of reference level, we present a diagnostic,
in section 3.3, to characterize the depth of air mass that
is influenced by mixing, and a trajectory analysis, in
section 3.4, to examine the transport origins and fate of
these air parcels.

3.3. Mixing Diagnoses

[31] As shown in the previous section, neither the thermal
nor the dynamical tropopause can serve to isolate effectively
the stratosphere from the troposphere in the tracer-tracer

Figure 7. (top) Stratospheric branch (red), tropospheric branch (green) and the mixed air mass (blue)
defined using linear regressions to the observed O3-H2O correlation for both flights. The black solid and
dash lines mark the fit and the 3s distribution of the fit, respectively. (bottom) Histograms showing the
distribution of the mixed samples (blue points) in altitude relative to the thermal tropopause (1 km bins).
The pink ovals mark the air mass that was sampled !4–5 km altitude range during take off and is
identified as a fragment of stratospheric intrusion. See Figure 5. The thermal tropopause heights are based
on the GFS analyses. The uncertainty of the heights compared to the heights from aircraft temperature
profiles are discussed in the text.
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space where extensive mixing is present. In this section, we
focus on the mixed air parcels, and examine where they are
observed, as well as the distribution of these measurements
in the flight cross section and relative to the thermal and
dynamical tropopause.
[32] Following the method described by Pan et al. [2004,

2007], the observed air parcels can be categorized empiri-
cally as stratospheric, tropospheric, or mixed, on the basis
of their locations in the O3-H2O tracer space. This analysis
for flights 1 and 5 is shown in Figure 7 (top). Here the
identification of the stratospheric branch is made by a linear
fit to data points with H2O < 12 ppmv. The tropospheric
branch is identified by a linear fit to data points with O3 <
65 ppbv. The data points within 3s of the fit are categorized
as stratospheric (red) or tropospheric (green). The data
points outside the 3s of the both branches are considered
mixed (blue). These critical values are somewhat arbitrary.

The variation of them will change the detail but not the
overall characteristics of the resulting mixed region. In
comparison, the mixed region in flight 1 is more extensive
than flight 5.
[33] The second part of Figure 7 (bottom) shows the

distributions of the mixed parcels in zr (altitude relative to
the thermal tropopause). In the case of flight 1, the mixed
parcels are found in a range approximately "3 to +2 km
around the thermal tropopause. In other words, there is a
mixing layer with a depth of !5 km. For flight 5, on the
other hand, mixed parcels are found to be within roughly
±1 km of the thermal tropopause. There is also a group of
mixed air parcels found !5 km below the tropopause. These
parcels were observed during the initial ascent after takeoff
when the aircraft passed through a fragment of stratospheric
intrusion, as indicated by high PV (40! and in the 4–5 km
altitude range, shown in Figure 5, also see Figure 8). These
parcels correspond to the scattered blue points above the
tropospheric branch in Figure 7 (top right). It is important
to note that in both cases the thermal tropopause approxi-
mately marks the center of the mixing layer. The contrast
between the two flights further indicates that the larger
depth of the mixing layer occurs near the jet stream, where
turbulence due to shear instability and wave breaking often
occurs [e.g., Danielsen, 1968; Cho et al., 1999; Haynes and
Shuckburgh, 2000; Scott and Cammas, 2002].
[34] Figure 8 displays the distributions of these three

categories of air parcels along the flight tracks, together
with the cross section of dynamical variables from the
1800 UT analyses (which is an approximation to the flight
cross section, as explained before). It is readily apparent
from Figure 8 that significantly more mixed air was
observed on flight 1 than on flight 5. On flight 1, mixed
parcels were preferentially observed on the cyclonic side of
the jet, where the thermal tropopause is weakly defined. The
mixing on flight 5 and the anticyclonic side of the jet on
flight 1 is at a minimum. This result shows that if the ExTP
is treated as a layer, or ExTL, this layer is spatially
inhomogeneous. Mixing occurs prevalently on the cyclonic
(poleward) side of the jet, creating a less abrupt chemical
transition between the stratosphere and troposphere and is
consistent with the profile analyses in section 3.1. The fact
that the PV tropopause and the thermal tropopause separate
significantly in this region can be viewed as an indication of
a less distinct tropopause. Mixing brings high ozone mixing
ratios to the layer below the thermal tropopause (also
indicated in Figure 4), which could explain the previously
observed lower ozone tropopause in the region of indefinite
thermal tropopause [Bethan et al., 1996].
[35] Note that it is difficult to pinpoint when and where

mixing occurred using these observations alone, as the
mixed parcels are the cumulative effect of mixing that could
have occurred locally or upstream during previous mixing
events.

3.4. Trajectory Analyses

[36] Trajectory calculations are used to examine the
origins and the fate of the air mass in the region of the
intrusion observed during flight 1. The primary motivation
for the analyses is to see whether the air mass in the
intrusion, i.e., between the thermal and dynamical tropo-
pause, subsequently entered the troposphere irreversibly.

Figure 8. Air mass identification based on tracer correla-
tion analyses, shown in Figure 7, mapped to the flight track.
The stratospheric, tropospheric and mixed air masses are
shown in red, green, and blue, respectively. The dynamical
background of the flights is shown by PV (black contours),
isentropes (purple contours), the thermal tropopause (black
dots) and the zonal wind field (50 m/s, gray shade), all
based on the GFS data. Note that the GFS data are 1800 UT
analyses and the in situ measurements on GV are asynoptic
and took place over !8-hour durations. The display of the
background relative to the GV track is therefore an
approximation.
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The calculations used a 3-D trajectory model (TRAJ3D),
based on Bowman [1993], driven by NCEP GFS wind
fields. Trajectories are calculated kinematically in pressure
coordinates using three-dimensional winds (u, v, w) from
the 6-hourly NCEP GFS operational analysis.
[37] Figure 9 shows forward and backward three-dimen-

sional 3-day trajectories for air parcels in a cross section
through the intrusion. Figure 9a shows the initial locations
of the parcels, which were initialized on 1800 UT 1
December along an approximately southwest to northeast
cross section through the fold. The location of the cross
section is marked by the black line in Figure 9c (the map
view of the trajectories), where the backward trajectories
(west of the line) and the forward trajectories (east of the
line) connect. The cross section, also indicated by the black
box in the 3-D view (Figure 9b), approximately coincides
with the aircraft flight track. The potential temperature, PV,
and tropopause height in Figure 9a are from the 1800 UT
GFS analysis on 1 December. The parcels plotted in Figure 9

lie on the cross section and are restricted to the area between
40! and 47!N latitude and between the thermal tropopause
(orange line) and the 2 pvu surface (heavy purple line). The
shape of the intrusion is apparent in the deformation and
folding of the PV surface.
[38] Parcels are classified and color-coded subjectively by

their upstream regions of origin, which can be seen most
clearly in Figure 9c. Within the preceding 3 days, parcels
colored dark blue moved primarily across the Pacific
following the polar jet. Parcels colored light blue came
from the high-latitude branch of the jet (the Arctic jet) and
merged into the polar jet stream approximately 1 day before
the time of the cross section. Parcels colored red came
primarily from the subtropics, indicating the influence of the
subtropical jet at a higher altitude. Some red parcels
ascended from near the surface in warm conveyor belts
[e.g., Stohl and Trickl, 1999] associated with synoptic-scale
systems over the Pacific. These parcels traveled in the jet
just below the thermal tropopause.

Figure 9. (a) Initial locations and (b–d) 3-day forward and backward trajectories for air parcels
initialized along a cross section through the jet at 1800 UT on 1 December. In Figure 9a the potential
temperature (black), PV (purple), and tropopause height (orange) are from the 1800 UT GFS analysis.
The gray line is the aircraft flight track projected onto the cross section. The location of the cross section
is also marked on the map projection (Figure 9c) by the gray line. Parcels are color coded by their
upstream region of origin: dark blue, main jet; light blue, high latitudes; red, subtropics. See text for more
details.
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[39] Figures 9b and 9d show three-dimensional and
longitude-altitude views of the trajectories, respectively.
The upstream ascent of some red and dark blue parcels into
the upper troposphere can be seen in these panels. The
forward trajectories, which are downstream and east of the
location of the cross section, show that many of the light
and dark blue parcels from the intrusion descended into the
middle and lower troposphere, while the red parcels and
some dark blue parcels remained in the jet and moved
rapidly across the Atlantic. By 4 December, 3 days after
arriving in the fold, the PV for significant fraction (!50%)
of the parcels becomes less than 2 pvu. This is a strong
indication of the irreversibility of the intrusion.
[40] It is important to note that as the trajectories con-

verge, air from different origins would have likely mixed.
The chemical composition of the parcels along their paths
would change. The colors of the trajectories, therefore, do
not indicate that the parcels remain unmixed as their
trajectories diverge downstream. A more detailed study of
mixing would require models more sophisticated than
simple trajectory calculations [e.g., McKenna et al., 2002;
Pan et al., 2006; Konopka et al., 2006].

4. Conclusions and Discussions

[41] We have presented an analysis of in situ measure-
ments of ozone and water vapor on two HIAPER flights
during December 2005. Using these observations and large-
scale meteorological analyses, we address the problem of
characterizing the transport boundary between the strato-
sphere and troposphere. The results of our observations and
analyses lead to the following conclusions.
[42] The sharpness of the chemical transition across the

ExTP, observed during the START experiment, correlates
with the sharpness of static stability change in the tropo-
pause region. Abrupt chemical transitions were observed
both on flight 5, sampled in a region away from the jet
stream, and at the anticyclonic (equatorward) side of the jet
on flight 1. Mixing near the tropopause was found to be
minimal in these regions of sharp thermal tropopause. In
other words, the thermal tropopause in these locations
appears to behave as a transport barrier to some degree,
and it marks the boundary of chemically distinct strato-
spheric and tropospheric air masses.
[43] A much more gradual chemical transition was ob-

served on the cyclonic (poleward) side of the jet during
flight 1, associated with a less definite thermal tropopause,
as indicated by the much weaker static stability gradient
across the tropopause (Figure 5), and a significant separa-
tion of the thermal and dynamical tropopause (represented
by 2 pvu surface). An extensive layer (!5 km) of mixed
stratospheric and tropospheric air, identified by the tracer
correlation between O3 and H2O vapor, was found in this
region.
[44] These observations suggest that, if the ExTP is

treated as a transition layer, the thickness of the layer
appears to have strong spatial variation. The jet location
where an extensive mixing layer was observed on flight 1 is
known as the preferred location of STE from both obser-
vations and model studies [e.g., Shapiro, 1980; Wernli and
Bourqui, 2002; Stohl et al., 2003]. The layer of mixed air
indicates the impact of active two-way exchange on the

distribution of chemical tracers. Since neither the thermal
nor the dynamical tropopause simply separate the strato-
spheric and tropospheric air masses in this region, the
difference of the two definitions here may be viewed as
an indication that the tropopause as a transport barrier exists
to a much lesser degree under these conditions.
[45] Stratosphere-to-troposphere transport in the region of

cyclonic flow has been discussed in detail previously by
Price and Vaughan [1993], with emphasis on midlatitude
cutoff lows. Various PV nonconservative processes, includ-
ing convective erosion, turbulent mixing and radiative
heating/cooling are considered necessary for the irreversible
exchange to occur. The presence of the mixed parcels from
our analyses here is evidence of irreversible exchange and
the presence of turbulent mixing, likely associated with the
wind shear of the jet stream. Our analyses also suggest that
the previously observed lower ozone tropopause in the
cyclonic region [Bethan et al., 1996] may be a result of
mixing.
[46] We chose 2 pvu as the dynamical tropopause in this

study, because it has been the most popular choice of
dynamical definition in STE studies. Our results, however,
indicate that using this surface as the transport boundary
will tend to under estimate the influence of STE to the upper
troposphere. The tracer correlation analysis, shown in
Figure 6, indicates that the air mass between the thermal
tropopause and 2 pvu is largely of tropospheric chemical
characteristics. Furthermore, the ozone–PV correlations
given in Figure 4 indicate that stratospheric ozone values
correlates with air mass of 4 pvu or greater.
[47] These conclusions are based on a small number of

aircraft flights and limited trace species measurements and
as such need to be investigated further in future field
missions. For this application the use of tracers of different
chemical lifetimes would be extremely valuable.
[48] We note that the ozone mixing ratio measured within

the fold during flight 1 is relatively low, mostly 100 ppbv or
lower (Figures 3 and 4). This is well correlated with the
relatively low ozone concentration in the lowermost strato-
sphere during the month of the START experiment. This is
consistent with the known seasonal cycle of lowermost
stratospheric ozone. Observations from satellite, ozone-
sondes, and aircraft all indicate that the maximum is in
Spring and the minimum is in Autumn [e.g., Pan et al.,
1997; Logan, 1999; Krebsbach et al., 2006]. The low ozone
observation made on flight 1 reflects the near minimum in
the seasonal cycle. In a future experiment we plan to verify
that ozone transport in tropopause folding events is more
efficient in the Spring season when lower stratospheric
ozone levels are higher.
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