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[1] Intrusions of air from the tropical upper troposphere into the extratropical stratosphere
above the subtropical jet potentially have a significant impact on the composition of the
lowermost stratosphere (the stratospheric part of the “middle world”). We present an
analysis of tropospheric intrusion events observed during the Stratosphere‐Troposphere
Analyses of Regional Transport 2008 (START08) experiment using kinematic and
chemical diagnostics. The transport processes operating during each event are discussed
using high‐resolution model analyses and backward trajectory calculations. Each intrusion
observed during START08 can be related to a Rossby wavebreaking event over the
Pacific Ocean. Trajectory analysis shows that the intruding air masses can be traced back
to the tropical upper troposphere and lower stratosphere. In situ chemical observations
of the tropospheric intrusions are used to estimate the mixing time scales of the observed
intrusions through use of a simple box model and trace species with different
photochemical lifetimes. We estimate that the time scale for an intrusion to mix with the
background stratospheric air is 5 to 6 days. Detailed analysis of small‐scale features with
tropospheric characteristics observed in the stratosphere suggests frequent irreversible
transport associated with tropospheric intrusions. Trace gas distributions and correlations
are consistent with the dynamics of the high‐resolution NCEP GFS analyses, suggesting
that these features are captured by the GFS assimilation and forecast system. A global
analysis of intrusion events observed during the START08 time period (April–June 2008)
is also given.
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1. Introduction

[2] The mechanisms of stratosphere‐troposphere exchange
(STE) continue to be an area of active research. The influ-
ence of STE on the composition of the upper troposphere
and lower stratosphere (UTLS), particularly in the “middle
world” [Hoskins, 1991], has important consequences for
chemistry, climate and the radiation budget. As outlined by
Holton et al. [1995] and Stohl et al. [2003], STE is not fully
understood due to the existence of multiple transport path-
ways in the UTLS and the irregular occurrence of many
exchange events.

[3] STE can occur in both directions: stratosphere‐to‐
troposphere transport (STT) and troposphere‐to‐stratosphere
transport (TST). Stratospheric intrusions (tropopause folds)
are an important STT mechanism, and have been the
focus of many research studies and aircraft experiments
[e.g, Danielsen, 1968; Shapiro, 1980; Browell et al., 1987;
Appenzeller and Davies, 1992; Appenzeller et al., 1996;
Cooper et al., 2004; Pan et al., 2007, 2010]. TST has several
commonly occurring transport pathways. The dominant
method of TST is slow ascent in the tropics associated with
the Brewer‐Dobson circulation [Brewer, 1949; Dobson,
1956]. There are also several important mechanisms for
TST that take place on shorter time scales. For example,
upwelling in the Asian monsoon anticyclone is a topic of
active research [Randel et al., 2010, and references therein].
Additionally, TST through isentropic transport of air from
the tropical upper troposphere into the midlatitude lowermost
stratosphere above the subtropical jet (370–400 K potential
temperature range) has received recent attention [e.g., Olsen
et al., 2008, 2010; Pan et al., 2009, 2010]. Pan et al. [2009]
label these exchange events as tropospheric intrusions, par-
allel to the term “stratospheric intrusions”. They provide
diagnostic methods for identifying tropospheric intrusions by
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using static stability and the occurrence of secondary tro-
popauses. It is well known that tropospheric intrusions have
been observed as low‐ozone laminae in the stratosphere in
many previous studies [e.g., Dobson, 1973]. Irreversibility
and frequency of low‐ozone laminae has received increasing
attention [e.g., Olsen et al., 2010]. At this time extensive
research on the detailed chemical composition, frequency
and dynamical evolution of these events has not been done.
[4] Tropospheric intrusions have been shown to accom-

pany large‐scale Rossby wavebreaking [McIntyre and
Palmer, 1983] events in the UTLS in previous studies [e.g.,
Newman and Schoeberl, 1995; Vaughan and Timmis, 1998;
O’Connor et al., 1999; Pan et al., 2009]. As discussed byPan
et al. [2009], Rossby wavebreaking has not been studied
extensively in the 370–400 K potential temperature range.
However, analyses within the works of Postel and Hitchman
[2001] and Hitchman and Huesmann [2007] suggest that
observations of Rossby wavebreaking on the 350 K isen-
trope have a positive relationship with the occurrence of
Rossby wavebreaking at isentropic surfaces up to the 400 K
level, with the exception of Northern Hemisphere spring.
The frequency and preferential regions of Rossby wave-
breaking illustrated in previous studies suggest that tropo-
spheric intrusions, at least from Rossby wavebreaking, occur
commonly in the central Pacific and western Altantic and have
significant seasonal variability [e.g., Postel and Hitchman,
1999, 2001; Hitchman and Huesmann, 2007]. The frequency
of Rossby wavebreaking at 350 K has been shown to peak in
late spring into summer.
[5] Another possible source for tropospheric intrusions is

through Rossby wavebreaking in the so‐called “westerly
ducts” where mean westerly winds occur in the tropics.
Climatological mean westerlies are found in the tropical
upper troposphere in two regions of the Northern Hemi-
sphere, predominantly in Northern Hemisphere winter and
spring. The southernmost jet is found in the east Pacific
between ∼180° and 225° longitude and centered at ∼15°N
latitude. The second is found over the tropical Atlantic
Ocean and centered at ∼20°N latitude. Figure 1 shows the
climatological mean zonal wind speed on the 350 K isen-
tropic surface for the tropics and Northern Hemisphere
midlatitudes for April–June 1970–2000 from the National
Centers for Environmental Prediction (NCEP)/National
Center for Atmospheric Research (NCAR) Reanalysis
[Kalnay et al., 1996]. The 350 K isentropic surface is often
at the core of the subtropical jet and tropical westerly ducts.
These westerly ducts are favorable for cross‐equatorial
propagation of Rossby waves, while easterly winds, which
occur throughout most of the tropics, inhibit propagation

[e.g., Webster and Holton, 1982]. The westerly ducts also
have a strong association with the El Niño–Southern Oscil-
lation (ENSO). In particular, the Pacific westerly duct is
considerably stronger during the ENSO cold phase (or La
Niña) and equatorward Rossbywave propagation is increased
[Matthews and Kiladis, 1999]. Horinouchi et al. [2000]
show that within these ducts Rossby wavebreaking creates
distinct transport routes for tropical air near the tropopause
into the midlatitude lower stratosphere, particularly during
the winter season. Waugh and Polvani [2000] further
associate intrusions of midlatitude air into the tropics, which
are often accompanied by tropospheric intrusions, with the
strength of the westerly ducts and ENSO phase. Although
this method of transport also involves Rossby wavebreak-
ing, equatorward propagating waves breaking in the west-
erly ducts are responsible for transport in this case.
[6] In this study, we analyze tropospheric intrusions

sampled during the Stratosphere‐Troposphere Analyses of
Regional Transport 2008 (START08) experiment [Pan
et al., 2010]. One goal is to study the transport mechan-
isms associated with tropospheric intrusions in further detail.
In our analysis, we show the dynamical evolution of each
event by using high‐resolution meteorological analyses
from the operational NCEP Global Forecast System (GFS)
model. We also use back trajectories to show the source
region and transport pathway of each air mass and its rela-
tionship to the local meteorological and dynamical field.
Another goal of this study is to characterize the chemical
properties of the observed intrusions. We use trace con-
stituents with various sources to relate the observed atmo-
spheric composition to the large‐scale dynamical fields.
Also, by using a simple box model and a selection of gases
with tropospheric sources and varying lifetime, we provide
an estimate of the mixing time scale for the observed tro-
pospheric intrusion events. A short global analysis of tro-
pospheric intrusions in the 370–400 K potential temperature
range during the START08 experiment period is also given.

2. Data

2.1. START08 Data

[7] In April to June 2008, the START08 project used
the National Science Foundation (NSF)–NCAR Gulfstream
V (GV) aircraft to investigate trace gas distributions for a
variety of meteorological situations. The focus was on tro-
pospheric and stratospheric intrusions, but research flights
also targeted gravity wave events and convection. For
START08 the GV payload was designed to measure in situ
atmospheric trace species in the UTLS and to study their

Figure 1. Climatological mean zonal wind speed (u) on the 350 K potential temperature surface from the
NCEP/NCAR reanalysis for April to June 1970–2000. White areas represent regions of climatological
mean easterlies.
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relationship to the observed atmospheric dynamics. The GV
aircraft flew 18 flights during the project and sampled strong
tropospheric intrusions during two flights: Research Flights 1
and 14 (RF01 and RF14). Additionally, during several
flights the aircraft encountered air with tropospheric char-
acteristics in the extratropical lower stratosphere that were
not part of tropospheric intrusions observed in the model
analyses within a week prior to the observation time.
[8] The START08 flights reached from the Gulf of

Mexico to Canada (∼25° to 65°N) and from ∼120° to 85°W
while reaching a maximum altitude of ∼14.3 km. A descrip-
tion of the instrument payload can be found in the work of
Pan et al. [2010]. Many of the parameters measured by
instruments on the GV are sampled at 1 Hz, although some
trace gas instruments measured less frequently, such as the
Advanced Whole Air Sampler (AWAS). The spatial reso-
lution of the 1 Hz data is about 200 m at standard cruise
speed.
[9] In our analysis we use selected trace constituents that

are useful for diagnosis of large‐scale transport. These
include ozone (O3), carbon monoxide (CO), and several
additional trace species with anthropogenic and/or natural
sources at the surface. Ozone data are from the National
Oceanic and Atmospheric Administration (NOAA) dual‐
beam ultraviolet (UV) absorption ozone photometer [Proffitt
and McLaughlin, 1983]. The NOAA ozone instrument has a
precision of 0.6 ppbv and an accuracy of 3%. Carbon
monoxide data are from the NCAR Research Aviation
Facility (RAF) vacuum UV resonance fluorescence instru-
ment (similar to that given by Gerbig et al. [1999]). The
RAF carbon monoxide instrument has a precision of 2 ppbv
and an accuracy of 5%. For the remaining constituents, we
use measurements from the AWAS instrument. The AWAS
instrument captures up to 60 samples per flight in stainless‐
steel canisters, with each canister pressurized to ∼3 atmo-
spheres. The time required for AWAS to collect a sample is
between ∼10 and 40 s, depending on altitude. Samples are
analyzed following each flight by using gas chromatography
and mass spectrometry to determine the mixing ratio of a
large number of trace species. A list of the AWAS trace
gases used in our analysis, their approximate lifetimes, and
estimates of precision and accuracy is given in Table 1.

2.2. GFS Data

[10] For dynamical analysis and trajectory calculations,
we use the gridded analyses produced by the NCEP Global
Data Assimilation System (GDAS) for the high‐resolution
Global Forecast System (GFS) spectral model. The GFS
analyses are assimilated on a Gaussian grid with a longitude‐
latitude resolution of 0.3125° × ∼0.3125° (∼35 km) and
64 hybrid sigma‐pressure levels in the vertical. In the UTLS
the vertical resolution is typically ∼500–1000 m. Analyses
are provided daily at 00, 06, 12, and 18 UTC on a 47‐level
pressure grid. For comparison with in situ observations from
START08, the GFS analyses are linearly interpolated in
space and time to each flight track.

3. Methods

[11] Trajectory analysis of the observed tropospheric
intrusions follows the methods given by Bowman et al.
[2007]. In this study higher‐resolution, three‐dimensional
GFS analysis wind fields are used with the TRAJ3D tra-
jectory model of Bowman [1993] and Bowman and Carrie
[2002]. The trajectories for this analysis are computed
with 48 time steps per day.
[12] We use a simple box model to help understand the

evolution of the mixing ratios of trace species in the tro-
pospheric intrusions observed during START08. The goal
of this exercise is to develop some quantitative insight into
the relative importance of the various processes that affect
the composition of the intrusion. In particular, we are
interested in estimating the time scale for mixing of these air
masses with the surrounding stratospheric air. The trace
species of interest have natural or anthropogenic sources in
the lower troposphere or at the surface. This model is similar
in concept to previous studies that estimated mixing time
scales for entrainment of midlatitude air into the tropical
lower stratosphere, although in this case we apply the model
to individual intrusions, rather than the climatological effect
of multiple transport events [e.g., Minschwaner et al., 1996;
Volk et al., 1996; Flocke et al., 1999].
[13] We model the evolution of the composition of an air

parcel that originates in the tropical upper troposphere or
lower stratosphere and moves into the extratropical lower
stratosphere. The mixing ratios of the species of interest,

Table 1. AWAS Trace Constituents Used in the Analysis, Their Lifetimes and Destruction (Loss) Processes Considered, and Estimates
of Measurement Precision and Uncertaintya

Name Formula tt(weeks) ts(weeks) Loss Precision Uncertainty (%) Absolute Error (%)

3 Pentyl Nitrate C5H11ONO2 1 <1 OH + hn 0.1 ppt ±5 10
2 Butyl Nitrate C4H9ONO2 1 1 OH + hn 0.1 ppt ±5 10
Isobutane i‐C4H10 1 1 OH + Cl 1 ppt ±5 10
Benzene C6H6 2 2 OH + Cl 2 ppt ±5 10
Ethyne C2H2 3 4 OH + Cl 2 ppt ±5 10
Methyl Nitrate CH3ONO2 4 5–7 hn 0.2 ppt ±5 10
Bromoform CHBr3 5 4–6 hn 0.1 ppt ±10 15
Carbon Monoxide CO 8 12 OH 5 ppb ±5 10
Ethane C2H6 10 15 OH + Cl 2 ppt ±3 5
Methylene Chloride CH2Cl2 15 42 OH + Cl 0.5 ppt ±5 10
Chloroform CHCl3 20 45 OH + Cl 0.5 ppt ±5 10

aThe tropospheric and stratospheric photochemical lifetimes are given by tt and ts, respectively. Lifetimes are given using Jet Propulsion Laboratory
(JPL) recommendations for reaction rates [Sander et al., 2006]. We use [OH] = 106 molecules cm−3, [Cl] = 103 molecules cm−3 and T = 223 K when
approximating stratospheric lifetimes and T = 253 K for tropospheric lifetimes. Absolute error is applied in addition to measurement uncertainty when
values get near the limits of detection.
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which have no sources in the UTLS, change due to photo-
chemical losses and in‐mixing of stratospheric background
air as the intruding air masses move from the tropics into the
extratropics. The background stratospheric air normally has
a lower mixing ratio than the relatively young air in the
intrusion. We model the change in mixing ratio of a given
species as

d�

dt
¼ � �

�s
þ �s � �

�m
ð1Þ

where c is the mixing ratio of the species of interest in the
intrusion, cs is its background stratospheric mixing ratio, ts
is its chemical lifetime in the lower stratosphere (known
from experiment), and tm is the time scale for mixing of
background stratospheric air into the intrusion. The second
term on the r.h.s. of (1) represents the dilution of the
intruding air mass by background stratospheric air. The
initial mixing ratio in the tropical upper troposphere and
lower stratosphere at t = 0 is c(0) = cTTL.
[14] The general solution to (1) is

� tsð Þ ¼ �TTL e�
1
�s
þ 1

�mð Þts þ �s

1þ �m
�s

1� e�
1
�s
þ 1

�mð Þts� �
ð2Þ

The mixing ratios inside and outside of the intruding air
mass, c(ts) and cs, are obtained from in situ measurements
by the GV aircraft as it flew through the intrusions and the
surrounding stratospheric air. The time since the intruding
air mass left the tropical upper troposphere, ts, is estimated
from back trajectories of parcels in the core of the intrusion.
[15] During START08 the GV measured trace gas mixing

ratios in the extratropical troposphere, but not in the tropical
upper troposphere where the intrusion started. Therefore, we
model cTTL as

�TTL ¼ �t e
� 1

�t
tt ð3Þ

where ct is the average extratropical tropospheric mixing
ratio (measured by the GV), tt is its chemical lifetime in the
troposphere, and tt is the transit time to the tropical upper
troposphere. This assumption for cTTL is appropriate for
atmospheric constituents that are emitted in midlatitudes and
transported to the tropical upper troposphere. It may be
inappropriate for species with primary sources that are
oceanic and/or tropical (e.g., bromoform and methyl nitrate).
Modeling studies suggest, however, that concentrations of
these species over the tropical Pacific and Continental
United States may be comparable [e.g., Warwick et al.,
2006].
[16] The complete solution is then

� tsð Þ
�t

¼ e�
1
�t
tt

� �
e�

1
�s
þ 1

�mð Þts þ �s

�t
�m
�s
þ 1

� � 1� e�
1
�s
þ 1

�mð Þts� �
ð4Þ

which is written here in terms of the ratio of the mixing ratio
of the trace gas remaining in the air mass to its initial mixing
ratio in the midlatitude troposphere. In this system, c(ts), ct,
cs, tt, ts, and ts are known. The mixing time tm and tro-
pospheric transit time tt are unknown. We estimate tm and tt
by computing c(ts)/ct for multiple species and fitting a
curve of the form in (4) as a function of chemical lifetime ts

and tt. We use the nonlinear curve‐fitting routine MPFIT in
IDL to find tm and tt [Markwardt, 2009]. We also estimate
the sensitivity of tm to uncertainties in tt.
[17] For plotting purposes only, in order to display the fit

of the box model as a function of a single parameter, we
assume a simple relationship between the tropospheric and
stratospheric lifetimes. The Arrhenius equation represents
the temperature dependence of the rate constant, k, of a
chemical reaction as

k ¼ Ae
�Ea
RT ð5Þ

where A is the preexponential factor, Ea is the activation
energy, R is the gas constant, and T is temperature. The
lifetime, t, of a given compound is then related to the rate
constant k by t = 1/(k[C]), where [C] is the concentration of
the reactant (e.g., oxidation by OH). For a single reaction,
the tropospheric and stratospheric lifetimes can then be
related using the relationship between t, k, and the
Arrhenius equation by

�t ¼ eln �sð ÞTsTt ð6Þ

where tt is the tropospheric lifetime, ts is the stratospheric
lifetime, Ts is the stratospheric temperature, and Tt is the
tropospheric temperature. For our analysis we use Ts =
223 K and Tt = 253 K. This is a reasonable assumption for
species that undergo loss predominantly through oxidation
processes but would not apply to species whose losses are
dominated by photodissociation.

4. Results

4.1. Research Flight 1

[18] Research Flight 1 (RF01) took place 18 April 2008
and targeted a large mass of tropospheric air that intruded
into the stratosphere ∼5–8 days earlier. The intrusion is
associated with a large‐amplitude Rossby wavebreaking
event over the western Pacific that occurred from 11 to 16
April. Figure 2 shows potential vorticity (PV) on the 380 K
isentropic surface from the GFS analysis at 24 h intervals,
illustrating the evolution of the tropospheric intrusion. In
Figure 2 the division between red and blue colors is located
at 6 pvu, which is representative of the boundary between
tropical upper troposphere air and midlatitude lower‐
stratosphere air at 380 K during this time period. On 11
April the incipient intrusion can be seen just east of Japan
(Figure 2a). The intrusion becomes more deformed and
stretches farther north until it breaks off from the tropical
reservoir around 15 April (Figure 2e). This evolution is
consistent with the characteristics of a blocking anticyclone
[e.g., Hoskins et al., 1985].
[19] Figure 3a shows the 380 K PV field at 18 UTC on

18 April and the flight track taken by the GV aircraft. To
focus on the core of the intrusion, which has the lowest PV
values, in Figure 3a the red‐blue division is located at 4 pvu.
Figure 3b shows the flight track and PV estimated from a
5 day reverse domain filling (RDF) back‐trajectory calcu-
lation from the analysis time in Figure 3a [Sutton et al.,
1994]. The similarity of the analyzed PV and the RDF
calculation indicates that the PV in the intrusion was largely
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conserved between the time it intruded into the stratosphere
and when it was sampled by the GV.
[20] Figure 4 shows atmospheric parameters from the GFS

analysis along a curtain that follows the GV flight track. The
intrusion can be seen as air near the 380 K level with
lower static stability (lighter colors) and lower values of
PV (2–4 pvu), which lies ∼3 km above the tropopause. This
intrusion of low‐stability air may contribute to the strato-
spheric stability minimum often found above the tropopause
inversion layer (TIL), which is defined as the stability
maximum within 2–3 km above the tropopause [e.g., Birner
et al., 2002; Birner, 2006, 2010; Randel et al., 2007a]. The
tropospheric intrusion was sampled multiple times during
the first half of the flight along the flight segments labeled 1,
2, and 3. Another stability minimum is observed in the
second half of the flight (∼1945–2045 UTC), but this is
related to a strong cyclone over the central United States, not
a tropospheric intrusion [e.g., Bethan et al., 1996; Wirth,
2003; Randel et al., 2007b; Homeyer et al., 2010]. The
flight segment labeled 4 sampled air outside the intrusion in
the background stratosphere near the 380 K isentropic sur-
face. These four segments are also labeled along the flight
track in Figure 3a.
[21] For a different view of the evolution of the intrusion,

we examine back trajectories of air parcels from the core of
the intrusion. Figure 5, left, shows maps of the locations of

∼200 parcels that have ∣PV∣ < 4 pvu at both the analysis
time for RF01 and 15 days earlier. Figure 5, right, shows
vertical sections through the group of parcels. The locations
of the vertical sections were chosen subjectively and are
shown by the thick black line on each map. The parcels
colored red in Figure 5 are those located within 1° of the
vertical section at each analysis time. Parcels located more
than 1° from each vertical section are shown on the maps in
blue, but are omitted from the vertical section plots for
clarity. Because of this selection criterion, the particular
parcels colored red and blue are different at each time. In the
atmospheric sections, the tropopause altitudes (orange) are
calculated by applying the WMO tropopause algorithm to
the GFS pressure grid [World Meteorological Organization,
1957]. These tropopause altitudes are consistent with the
GFS model output tropopause except in cases of misiden-
tification by the model algorithm near the subtropical jet
[Homeyer et al., 2010]. All other variables are from the GFS
analysis. On 11 April (Figure 5a), 8 days before the intru-
sion was sampled, back trajectories show that the parcels are
predominantly in a filament in the tropical upper tropo-
sphere that stretches westward from the western Pacific
where the Rossby wavebreaking event is beginning (see
Figure 2). A few parcels are located above the tropopause.
On 12 April (Figure 5b), 24 h later, the air mass has moved
north into the region of the tropopause break, identified by

Figure 2. Evolution of the tropospheric intrusion event sampled during research flight 1 (RF01). The red
colors represent ∣PV∣ < 6 pvu on the 380 K isentropic surface from high‐resolution GFS analyses. Black
arrows identify the intruding air mass.
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the overlapping (double) tropical and extratropical tropo-
pauses, along the edge of the subtropical jet stream [e.g.,
Palmén, 1948; Danielsen, 1959; Randel et al., 2007a]. By
13 April (Figure 5c) the air mass has moved through the
break and into the midlatitude lower stratosphere, where it
remains until observed on 18 April. The air mass reaches its
highest latitude in the midlatitude lower stratosphere on 15
April (Figure 5d) and then moves east and somewhat south.

At the time the aircraft sampled the tropospheric intrusion,
trajectory calculations show that it was completely separated
from its tropical source by a strong subtropical jet and the air
had been in the lower stratosphere for ∼7 days.
[22] Observations of long‐lived trace species made by the

GV provide additional insight into the evolution of the
intrusion. Figure 6a is a scatterplot of all O3‐CO observa-
tions during the flight. The relationship between O3 and CO
can be used to identify the stratosphere, troposphere and
extratropical transition layer [e.g., Fischer et al., 2000; Hoor
et al., 2002; Pan et al., 2004]. Observations during the four
horizontal flight segments labeled in Figure 4 are colored by
PV to illustrate their relationship to the observed dynamics.
Air with low PV (<5.5 pvu, red) has the strongest tro-
pospheric characteristics, with CO mixing ratios of ∼40–
60 ppbv (double that of the background stratosphere sam-
pled) and O3 mixing ratios of ∼100–200 ppbv. This air is not
typical of the free troposphere, which has higher CO, but it
has much lower O3 than typical stratospheric air. In previous
studies, the lower bound of the stratospheric branch is
∼200–300 ppb O3 and ∼30–40 ppb CO [e.g., Pan et al.,
2004]. Although this low‐pv air is not characteristic of the
free troposphere, it suggests that the primary origin is in the
tropical upper troposphere. Annual mean concentrations of
CO in the tropical upper troposphere and lower stratosphere
(the tropical tropopause layer or TTL) are 80–90 ppbv and
∼40 ppbv, respectively [e.g., Tuck et al., 1997; Fueglistaler
et al., 2009]. Air near the boundary of the intrusion (6 pvu
from Figure 2) is shown in black and is also found in the
lower half of the stratospheric branch, with significantly
higher O3 and lower CO than the low‐PV air. Air with high
PV (>6.5 pvu, blue) represents the normal stratospheric
branch of the O3‐CO scatterplot. This comparison gives
chemical evidence of air in the lower stratosphere with
significant tropospheric influence and agrees with the
observed PV fields. This relationship is in agreement with
that illustrated by Pan et al. [2009].
[23] AWAS data are used to estimate the mixing time

scale of the observed intrusion by fitting the model
described in section 3 to the measurements. The trajectories
for RF01 give an approximate stratospheric transit time ts of
1 week. Figure 7a shows the ratio of mean trace gas con-
centrations in the intrusion to mean tropospheric con-
centrations for several species, c(ts)/ct, as a function of
stratospheric lifetime ts for RF01 (black dots). A list of
the trace species used is given in Table 1. The values of the
model fitted to these ratios by simultaneously varying the
two unknown parameters tt (the tropospheric transit time)
and tm (the mixing time) are shown by black diamonds. The
solid line is the model fit following our assumed relationship
between stratospheric and tropospheric lifetimes using the
Arrhenius equation (see section 3). Table 2 gives the number
of observations used in this analysis and the fitted para-
meters. For RF01, there are 9 AWAS samples in the intru-
sion and 8 in the troposphere. The values for tt and tm given
by the fit are 0.38 weeks and 0.73 weeks, respectively. The
fit is not sensitive to the value of tt. If tt is varied by ±1 week
(long/short dashed lines in Figure 7a), tm changes by less
than a day (Table 2). This insensitivity arises because the
longer‐lived species, which have a strong influence on the
shape of the curve, do not undergo significant losses
between their source regions and the tropical upper tropo-

Figure 3. Maps for the 380 K isentropic surface showing
the flight track taken during research flight 1 (RF01) with
(a) analysis PV field for 18 April 2008 at 1800 UTC and
(b) 5 day reverse domain PV from the analysis time in
Figure 3a. The red colors represent ∣PV∣ < 4 pvu from
high‐resolution GFS analyses. The black portions of the
flight track correspond to the horizontal segments labeled
in Figure 4. The flight direction is from Colorado to Hudson
Bay to southeast Wisconsin to Colorado.
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sphere. The low sensitivity of tm to changes in tt is a direct
result of this relationship and thus the exact value of tt is not
important for our analysis. On the other hand, varying tm
while holding tt fixed causes significant changes to the fit.
Increasing or decreasing tm by a factor of 2 gives the gray
envelope in Figure 7a. This indicates that the data constrain
tm well for RF01.

4.2. Research Flight 14

[24] Research Flight 14 (RF14) took place 18 June 2008
and targeted a mass of tropospheric air that intruded into the
stratosphere ∼4–6 days prior. Unlike RF01, the tropospheric
intrusion sampled during RF14 is associated with a slow
northward migrating jet in the tropical east Pacific. As dis-
cussed briefly in section 1, a persistent westerly jet is
observed in this region, particularly during Northern
Hemisphere winter and spring. Rossby waves propagate
equatorward in the westerlies and break, providing a trans-
port route to midlatitudes. As the jet migrates north, air in
the tropical upper troposphere and lower stratosphere above
and north of the jet is transported across the tropopause into
the midlatitude stratosphere. Figure 8 shows PV on the
390 K isentropic surface from the GFS analysis at 48 h
intervals, illustrating the evolution of the observed intrusion.
In Figure 8, the division between red and blue colors is
located at 4 pvu, which is representative of the boundary
between tropical upper troposphere air and midlatitude
lower‐stratosphere air at 390 K during this time period. It
should be noted that the 390 K isentropic surface is fre-

quently very near or above the tropopause in the tropics
and some of the low‐PV air shown may be in the lower
stratosphere [e.g., Seidel et al., 2001]. On 12 June the
intrusion can be seen north of Hawaii between 200° and
225° longitude (Figure 8a). Two days later on 14 June the
air mass moves farther north and slightly to the east
(Figure 8b). By 16 June the air mass separates from the
source of tropical air and moves just north of 30°N latitude
(Figure 8c). The air mass then moves north and east with
the midlatitude westerlies to the northwestern United States
by 18 June (Figure 8d, centered near 235° longitude and
50°N latitude).
[25] Following our methods in section 4.1 for RF01, we

select horizontal flight segments during RF14 that sampled
intrusion air and the stratospheric background for chemical
analysis. The atmospheric parameters along a curtain fol-
lowing the flight track for RF14 (not shown) are comparable
to those seen for RF01 (Figure 4). The low static stability
and PV fields in this case are centered at about 390 K
(∼3 km above the tropopause). The GV sampled the tro-
pospheric intrusion during two flight segments. The back-
ground stratosphere was not measured at 390 K during the
flight, so we use one flight segment near 370 K to represent
the background stratosphere.
[26] Figure 9 shows maps of parcel locations and vertical

sections for parcels from the core of the intrusion. On 11
June (Figure 9a), nearly 8 days before the intrusion was
sampled, back‐trajectories show that the parcels are above
and north of the tropical westerly jet in the east Pacific and

Figure 4. A vertical cross section (or curtain) of the atmospheric background for research flight 1
(RF01). All variables are given by high‐resolution GFS analyses interpolated to the flight track in space
and time. In the curtain, the background is color‐filled by the potential temperature lapse rate (or static
stability), the orange dots are the NCEP GFS output tropopause height calculated on the model grid,
the purple contours are lines of constant potential vorticity, the black contours are potential temperature,
and the flight track is the thick black line. Horizontal segments of the flight used for chemical analysis are
numbered in white.
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near the tropopause break in the tropical upper troposphere.
By 15 June (Figure 9c) the jet moves north to ∼20°N latitude
and the air mass is in the lower stratosphere. Over the next
4 days the air mass moves north and east with the midlati-
tude westerly flow. During this time the westerlies at mid-
latitudes weaken considerably (Figures 9c and 9d), allowing
the air mass to be transported north of the subtropical jet
where it was sampled with the GV (Figure 9e). At the time
the aircraft sampled the tropospheric intrusion, the air had
been in the lower stratosphere for ∼5 days.
[27] Figure 6b is a scatterplot of O3 and CO observations

during RF14. Observations along flight segments in the
intrusion and background stratosphere are again colored by
PV (as in Figure 6a). The low‐PV air (<5.5 pvu, red) is
again at the lower O3 bound of the stratospheric branch and

has the highest CO concentrations of the branch. Again, this
air is not characteristic of the free troposphere, but the ele-
vated CO concentrations and low O3 (compared to the
stratospheric background) suggest a significant tropospheric
influence.
[28] Results from fitting the box model to the AWAS data

are shown in Figure 7b. Trajectories for RF14 give an
approximate stratospheric transit time tstrat of 0.75 weeks for
our model. The relationship between the observations and
model is similar to the fit for RF01 (Figure 7a). If the tro-
pospheric transit time tt is varied ±1 week, the mixing time
tm also changes ±∼1 day in this case (see Table 2), again
suggesting that tm has low sensitivity to changes in tt. The
data also constrain tm well for RF14. In this case the mixing
time given by the model is 0.84 weeks (∼6 days), slightly

Figure 5. (left) Maps showing positions of parcels in the intrusion observed on 18 April. On the maps,
wind speeds (>30 m s−1) at 350 K are shown in light blue, contours of Montgomery stream function (units
of 103 m2 s−2) are shown in black, trajectory locations are shown as blue and red dots, and the locations of
the corresponding vertical section are shown by the thick black lines (great circle arcs). Parcels shown in
red on the map correspond to the parcels plotted in red on the vertical section (all parcels within 1° of
section). (right) Vertical sections from the GFS analysis of wind speed in m s−1 (blue colors and contours),
potential vorticity in pvu (purple), and potential temperature in K (black). The orange lines are tropopause
locations calculated using the WMO algorithm.
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longer than in RF01. The variability in tm for changes in tt is
slightly, but not significantly, higher for RF14.

4.3. Research Flights 7, 9, and 10

[29] During START08 the GV aircraft observed many
small‐scale features in the stratosphere with tropospheric
chemical characteristics. These features suggest that irre-
versible transport by tropospheric intrusions is important for
lower‐stratospheric composition. Three research flights
observed air with these characteristics in the 370–400 K
potential temperature range at latitudes 10°–15° north of the
subtropical jet (RF07, RF09, and RF10). Unlike the large‐
scale tropospheric intrusions sampled in RF01 and RF14,
there are no obvious features with low stability or low PV in
the GFS analyses at the locations where these small‐scale
chemical variations are observed (not shown). All of the

observed features are found ∼3–5 km above the tropopause
and in regions of PV ≥ 8 pvu and static stability ≥14 K/km
for each flight.
[30] Figures 10a, 10b and 10c show measurements of O3,

CO, and ethyne for RF07, RF09, and RF10, respectively.
For each time series, the small‐scale features with tropo-
spheric characteristics can be seen in significantly decreased
O3 (300–600 ppb lower than the background stratosphere)
and increased CO (10–20 ppbv higher than the background
stratosphere). The relevant flight segments are identified by
a gray background. The features can also be seen in short‐
lived tropospheric trace species such as ethyne, which has a
lifetime of 3 weeks. In RF07 and RF10 the small‐scale
features have nearly double the concentration of ethyne
compared to the surrounding stratospheric air. The feature
observed in RF09 cannot be contrasted with the surrounding

Figure 6. Scatterplot of NOAA ozone (O3) and RAF carbon monoxide (CO) for samples taken during
(a) RF01 and (b) RF14. All observations are shown in gray. Observations from select horizontal segments
(shown for RF01 in Figure 4) are colored by potential vorticity (PV) to illustrate their relationship to the
dynamics of the tropospheric intrusion.

Figure 7. The ratio of the mean mixing ratio of trace constituents within the observed intrusion to the
mean mixing ratio in the troposphere for (a) RF01 and (b) RF14. The black circles are the aircraft data and
the black diamonds are values given using parameters from the fit of the model given in equation (4). The
mixing time (tm) and tropospheric transit time (tt) of the fit are given in Table 2. The model fit using the
lifetime relationship given by the Arrhenius equation is shown in black (solid line). Fits for tt ± 1 week are
also shown with +1 week long‐dashed and −1 week short‐dashed. The envelope given by using tt from
the fit and varying tm from 1

2tm to 2tm is shown in light gray.
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air because there is only one AWAS sample during the
interval shown. The timeline for RF10 (Figure 10c) ends at
the point where the aircraft descended to a lower altitude.
[31] To test whether these small‐scale features are pro-

duced by stretching and folding by the large‐scale resolved
flow, we compute 10 day reverse‐domain‐filled (RDF)
maps of equivalent latitude on a high‐resolution 0.1° × 0.1°
grid for flights RF07, RF09, and RF10 at the hour nearest in
time to when the small‐scale features are sampled by the
aircraft. Trajectory methods like RDF can often provide
detailed information about transport and stirring that Eulerian
analyses cannot [e.g., Sutton et al., 1994]. Figures 11a and
11b show RDF maps of equivalent latitude on isentropic
surfaces near the level where the air with tropospheric
characteristics is observed during flights RF07 and RF10,
respectively. The measured CO along the flight track is
plotted in green or yellow during times when the aircraft
potential temperature is within 5 K of the isentropic surface
shown. The narrow gray lines indicate when the aircraft was
flying at other altitudes. For both flights elevated levels of
CO (>30 ppbv, green) coincide well with filaments of air that
has been transported from tropical/subtropical regions,
indicated by their low equivalent latitudes of origin (≤30°,
red colors). Additionally, background stratospheric levels of
CO (<30 ppbv, yellow) are found in air with middle and high
equivalent latitudes of origin (>30°, blue colors).

[32] It is not surprising that the global analyses fail to
resolve these rather small‐scale features. The RDF analysis
shows that they are remnants of intrusions that started more
than a week prior to when they were sampled by the GV.
Although these features are no longer recognizable in large‐
scale Eulerian fields, the source air masses are easily iden-
tifiable in the in situ measurements from the aircraft and in
Lagrangian studies driven by the large‐scale winds [e.g.,
Bowman et al., 2007].

4.4. Global Intrusion Analysis

[33] The following results give a subjective global anal-
ysis of tropospheric intrusions in the 370–400 K potential
temperature range for the START08 experiment period
(April–June 2008) using the GFS analyses. At each model
analysis time parcels are initialized on a 0.5° × 0.5° × 10 K
potential temperature grid over the Northern Hemisphere
and run backward for 10 days. Using 5 and 10 day RDF
maps of equivalent latitude, tropospheric intrusions are
manually identified as air masses with equivalent latitude of
origin ≤30° that are entirely detached from the tropical
reservoir and are advected poleward from the reservoir in
the period following detachment. During the analysis period
19 tropospheric intrusions can be identified using the
aforementioned guidelines. All 19 events are associated with
Rossby wavebreaking in one of the forms discussed in
section 1. The events vary spatially in size and typically

Table 2. Number of Observations Used for and Parameters Given by the Box Model Curve Fit

Flight nint ntrop tt (weeks) tm (weeks) tm((tt − 1) > 0) (weeks) tm(tt + 1) (weeks)

RF01 9 8 0.38 0.73 0.67 0.86
RF14 8 21 1.43 0.84 0.65 1.05

Figure 8. Evolution of the tropospheric intrusion event sampled during research flight 14 (RF14). The
red colors represent ∣PV∣ < 4 pvu on the 390 K isentropic surface from high‐resolution GFS analyses.
Black arrows identify the intruding air mass.
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intrude and detach within ∼3days. The intrusion sampled
during RF01 is one of the largest events observed.
[34] Figure 12a is an example that shows 10 day RDF

equivalent latitude on the 380 K isentropic surface for an
intrusion that resulted from large‐amplitude Rossby wave-
breaking in the central Pacific. The intrusion air mass and
source Rossby wavebreaking event are identified by arrows
in the map. Following the analysis time shown, the intrusion
and source air masses separate as the source air mass col-
lapses back into the tropical reservoir. Additionally, some
of the stratospheric air seen here in the tropics (blue colors
in the east Pacific) is mixed in with the tropical reservoir after
the breaking event collapses [e.g.,Waugh and Polvani, 2000].
We find that the events can be divided into three tropical
source regions: the west/central Pacific (120°–200° longitude),
the east Pacific (200°–260° longitude) and the Atlantic

(280°–340° longitude). The west/central Pacific and Atlantic
regions are associated with high‐frequency Rossby wave-
breaking at 350 K in previous studies (see section 1). The east
Pacific region encapsulates the strongest portion of the Pacific
westerly duct (see Figure 1) that, when coupled with equa-
torward Rossby wavebreaking, can provide transport path-
ways to higher latitudes (see section 1). Figure 12b shows the
source regions and the number of intrusion events observed in
our analysis. The most active region for tropospheric intru-
sions during the START08 period is the west/central Pacific,
with 11 intrusions observed during the 91 analysis days
(a frequency of ∼1 per week). In the eastern Pacific region,
7 intrusions are observed during the time period (a frequency
of ∼1 every 2 weeks). Only 1 tropospheric intrusion has its
source air mass from Rossby wavebreaking over the Atlantic
region in our analysis.

Figure 9. As in Figure 5, but for RF14.
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[35] Tropospheric intrusion events over the west/central
Pacific and east Pacific regions have very different character
during the time period. In the west/central Pacific intrusions
typically resemble the one sampled by RF01 (see Figure 2).
In the east Pacific, the intrusion events are all similar to that
in RF14 (see Figure 8), with slow evolution dominated by
meridional transport. These different characteristics can be
related to the different Rossby wavebreaking regimes dis-
cussed in section 1. Rossby wavebreaking along the sub-
tropical jet stream and north of the westerly ducts typically
occurs in zonal flow. When Rossby waves propagate
equatorward and break within the westerly ducts, however,
the zonal component is in the deep tropics and intrusions are

transported primarily in the meridional direction. These evo-
lutionary differences have been classified before by [Peters
and Waugh, 1996] as type 1 (tilts downstream, broadens,
wraps up anticyclonically) and type 2 (tilts upstream, thins,
advected cyclonically) poleward breaking events. It is evident
from our analysis that large‐amplitude Rossby wavebreaking
events are predominantly type 1 and Rossby wavebreaking in
the westerly ducts, type 2. It should also be noted that pre-
vious studies suggest that the west/central Pacific and
Atlantic regions should be comparable in Rossby wave-
breaking frequency, at least at 350 K. However, 2008 was
predominantly an ENSO cold phase (La Niña) year which

Figure 10. Timelines for flight segments where small‐scale features of air with tropospheric character-
istics are observed for flights (a) RF07, (b) RF09, and (c) RF10. In each plot, the magenta line is potential
temperature, the blue line is NOAA ozone (O3), the red line is RAF carbon monoxide (CO), and the green
dots are AWAS samples of ethyne (C2H2). The periods containing air with tropospheric characteristics are
identified by a gray background.
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could explain the observed frequency of tropospheric intru-
sions in the east Pacific and Atlantic regions.

5. Summary and Discussion

[36] Tropospheric intrusions observed during START08
show good correspondence between the observed kinemat-

ics from the NCEP GFS analyses and in situ measurements
of trace gases aboard the aircraft. The tropospheric intru-
sions sampled by the GV aircraft can be traced back to
Rossby wavebreaking events. For both RF01 and RF14,
intruding air from the tropical upper troposphere was sam-
pled well north of the subtropical jet and several kilometers
above the extratropical tropopause. Back trajectories show
that transport in these events took place above the sub-
tropical jet and along isentropic surfaces (Figures 5 and 9).
The intruding air masses are characterized by low PV, low
static stability, and chemical composition more typical of
the troposphere.
[37] The mixing time scales of the observed tropospheric

intrusions can be estimated by fitting a simple box model
(section 3) to trace species with varying lifetimes (Table 1).
The model fits for both RF01 and RF14 give a mixing time
scale of 5 to 6 days. This mixing time scale is an important
parameter to understand when considering this type of
transport and mixing in applications such as chemistry‐
climate model validation (CCMVal) [Eyring et al., 2005].
[38] A global analysis of tropospheric intrusions for

April–June 2008 found 19 significant tropospheric intru-
sions. All but one of the intrusion events had its source over
the Tropical Pacific. In our analysis, we found Rossby
wavebreaking in the west/central Pacific and east Pacific
regions to be common, with a higher frequency of occur-
rence in the west/central Pacific. Tropospheric intrusions in
the west/central Pacific are related to high‐frequency large‐
amplitude Rossby wavebreaking events as discussed in the
previous literature [e.g., Postel and Hitchman, 1999, 2001;
Hitchman and Huesmann, 2007]. Tropospheric intrusions in
the east Pacific region are related to equatorward Rossby
wavebreaking in the Pacific westerly duct. The high fre-
quency of tropospheric intrusions in the east Pacific may be
due to La Niña conditions present during 2008.
[39] Several filaments of air with tropospheric properties

were observed in the 370–400 K potential temperature range
during START08. These filaments are seen in the in situ
trace gas measurements by the aircraft, but the Eulerian
analyses fail to represent these small‐scale features. As
discussed in section 4.3, it is likely that these air masses
were part of larger tropospheric intrusion events more than a
week prior to being sampled by the GV aircraft. Therefore,
the intrusions have had time to mix further and deform with
the large‐scale synoptic flow, rendering them indistin-
guishable in large‐scale dynamical and meteorological
fields. The air still possesses, however, characteristics that
are significantly different than the surrounding background
stratosphere (Figure 10). These observations suggest that
irreversible transport by tropospheric intrusion events is
common, at least during the START08 experiment period
(April–June 2008). Further confirmation of a relationship
between the filaments and prior tropospheric intrusion
events was found by using reverse‐domain‐ filled maps of
equivalent latitude (Figure 11). This approach provides a
more detailed representation of tropospheric intrusions and
their filamentation than the diagnostics given by Pan et al.
[2009]. It can also be used for operational forecasts in
future aircraft missions.
[40] It is evident from our analysis during the START08

experiment that tropospheric intrusions are a common
mechanism of STE. These intrusions can have a significant

Figure 11. Maps of 10 day reverse‐domain‐filled (RDF)
equivalent latitude for (a) RF07 on the 390 K isentropic sur-
face and (b) RF10 on the 400 K isentropic surface. The
flight track is shown in gray and colored by carbon monox-
ide (CO) mixing ratio (<30 ppbv, yellow; >30 ppbv, green)
where the aircraft potential temperature is within 5 K of the
isentropic surface for each map. Black tick marks on the
flight track correspond to the timelines shown in Figure 10.
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impact on the composition and distribution of trace species
in the middle world. Although tropospheric intrusions can
be readily related to large‐amplitude Rossby wavebreaking
over the Pacific and Atlantic oceans, breaking of equator-
ward propagating Rossby waves in the westerly ducts appears
to play a significant role, which may be more significant
during the ENSO cold phase (La Niña).
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funded by National Science Foundation grants ATM‐072225 and AGS‐
1016191 to Texas A&M University.
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