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[1] Using the CARIBIC Boeing 767 aircraft, a suite of trace gases and aerosols was

measured between Germany and the Maldives in June 2000 at altitudes between 9.4 and
10 km. In the extratropics, the flight track was located in the tropopause region. A large
variability of trace gases and ultrafine aerosol concentrations was observed while the
aircraft intercepted air masses from the upper troposphere and the lowermost stratosphere,
as well as outflow of deep convection. The correlations of alkanes (C2–C5) observed in
the nonconvective areas point to relatively rapid mixing across the tropopause within
about a day. Unusually high mixing ratios of short-lived alkanes (C4–C6) in the
convective areas indicate rapid transport of boundary layer air masses to cruising altitude.
Using the ratios of the mixing ratios of alkanes (C3–C5) observed in the convective and
nonconvective areas, we estimate the age of air masses in the tropopause region to be
24(±6) days for this event. This timescale is similar to that of vertical transport within the
troposphere. Altogether our observations provide further evidence that the extratropical
tropopause is often not a very effective mixing barrier.
Citation: Rhee, T. S., et al. (2005), A case study of rapid mixing across the extratropical tropopause based on Civil Aircraft for the
Regular Investigation of the Atmosphere Based on an Instrumented Container (CARIBIC) observations, J. Geophys. Res., 110,
D22301, doi:10.1029/2005JD005890.

1. Introduction
[2] The extratropical tropopause slopes downward toward
the poles [Holton et al., 1995] and varies in space and time
[e.g., Appenzeller et al., 1996]. Because of this downward
slope, isentropic surfaces are intersected, in particular near
the subtropical jet stream. This implies that two-way exchange between the extratropical stratosphere and the tropical upper troposphere can occur along the isentropic
surfaces [e.g., Hintsa et al., 1998, and references therein;
Ray et al., 1999]. This part of the extratropical stratosphere,
which is affected by such exchange, is called the lowermost
stratosphere (LMS) and is bounded by the isentropic surface
of q = 380 K and the local tropopause [Holton et al., 1995].
The LMS is ventilated by diabatic subsidence of stratospheric air across isentropic surfaces through ‘‘downward
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control’’ [Haynes et al., 1991; Holton et al., 1995] and also
by adiabatic exchange with the upper troposphere (UT)
[Chen, 1995]. Besides these two large-scale processes,
tropospheric air enters the LMS by episodic upward transport driven by deep convection in the midlatitudes [Fischer
et al., 2003; Lelieveld et al., 1997; Poulida et al., 1996; Ray
et al., 2004].
[3] On the basis of vertical profiles of long-lived tracers,
Ray et al. [1999] argued that the transport of tropospheric
air into the LMS peaks in summer and can even reach the
upper boundary of the LMS (q = 380 K), because of a
weakening of the subtropical jet stream [Chen, 1995]. They
also estimated that the transport time of tropospheric air
from the Earth’s surface into the LMS is less than
1.5 months. Recent observations in the UT and LMS over
Europe and Canada not only confirmed the occurrence of
intrusions of tropospheric air into the LMS, but also
demonstrated the existence of a mixing layer in the lower
part of the LMS [Fischer et al., 2000; Hoor et al., 2002,
2004; Scheeren et al., 2003]. This mixing layer apparently
wanes in winter and waxes in summer, which Hoor et al.
[2002] attributed to the weakening of subtropical jet in
summer, the same process as proposed by Ray et al. [1999].
Scheeren et al. [2003] corroborated the existence of the
mixing layer up to the q = 370 K surface in summer, and
estimated the age of tropospheric air inside the mixing layer
to be 3 – 14 days. Thus observations in the LMS point to
transport and mixing of air from the UT during summer.
Our study aims at testing these arguments using measure-
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Table 1. Photochemical Lifetimes (t) of Selected Hydrocarbons
and CO Under the Conditions of the Extratropical Section of the
Flighta
Compound

t, days

Reference

Ethane
Propane
Butane
Isobutane
Pentane
Isopentane
Hexane
2-Methylpentane
3-Methylpentane
Cyclohexane
CO

154
23
9
7
5
5
4
4
3
3
67

DeMore et al. [1997]
DeMore and Bayes [1999]
DeMore and Bayes [1999]
Talukdar et al. [1994]
DeMore and Bayes [1999]
Atkinson [1986]
DeMore and Bayes [1999]
Atkinson [1986]
Atkinson [1986]
DeMore and Bayes [1999]
DeMore et al. [1997]

a

Photochemical lifetimes are estimated as inverse of the product of the
rate constant (k) of a gas at the temperature of 225 K and the pressure of
251 mbar and the hydroxyl radical number density of 1.0  106 molecule
cm3 [Spivakovsky et al., 2000].

ments of nonmethane hydrocarbons (NMHCs) in the vicinity of the extratropical tropopause obtained during a CARIBIC flight (Civil Aircraft for the Regular Investigation of
the Atmosphere Based on an Instrumented Container)
[Brenninkmeijer et al., 1999].
[4] Because of the wide range of reactivity with OH
(Table 1), the ratios of NMHCs mixing ratios have often
been used to trace and to estimate the photochemical age of
air masses of interest or, conversely, the OH concentration
under defined conditions [e.g., Calvert, 1976; Goldstein et
al., 1995; McKeen et al., 1996; McKenna et al., 1995;
Parrish et al., 1992; Rudolph and Johnen, 1990]. However,
these applications have been mostly limited to the planetary
boundary layer or continental outflow, for which the influence of localized sources complicates the analysis [McKeen
and Liu, 1993]. Perhaps less directly perturbed regions,
such as the free troposphere and the LMS may also be
interesting for the application of NMHC studies owing to
the presence of relatively homogeneous background air
masses [e.g., Scheeren et al., 2003].
[5] To examine the physical and chemical processes
occurring in the extratropical tropopause region in summer,
we analyze multiple chemical tracers observed during one
CARIBIC flight. Among 13 single CARIBIC flights between Germany and the Maldives or Sri Lanka for which
NMHCs were analyzed [Rhee et al., 2002], this flight is
uniquely informative to this end, as the aircraft intersected
convective and nonconvective areas along the extratropical
tropopause region. In particular, the large variability of
NMHCs observed in the extratropics during this flight
allows us to estimate the age of air masses, and the mixing
timescales in the tropopause region in summer.
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[7] The automated CARIBIC instrument container has
equipment for analyzing O3, CO, and aerosol particles in
situ, and for collecting 12 large-volume air samples (21 L at
17 bars) at regular intervals [Brenninkmeijer et al., 1999].
The air sample collection time was 20 min (300 km). O3
and CO were analyzed every 17 s (4 km) and 130 s
(32 km), respectively [Zahn et al., 2002]. Three condensation particle counters measured the aerosol number concentrations in three size ranges (4 nm – 1.3 mm, 12 nm –
1.3 mm, and 18 nm – 1.3mm) every 2 s (0.5 km) [Hermann
and Wiedensohler, 2001]. The number concentration of
ultrafine particles is derived as the difference between the
readings of the first two counters corrected to STP (N4 – 12).
On returning the container to the laboratory, the air samples
were processed to analyze the isotopic composition of CO,
and the mixing ratios of NMHCs, halocarbons, CO2, CH4,
N2O, and SF6. To minimize the effect of sample storage, the
analysis of NMHCs was done within a week of collection.
Nevertheless, alkene mixing ratios were increasing in the
large volume canisters, and therefore are not considered.
Analytical details for NMHC measurements were described
by Mühle et al. [2002]. Analytical uncertainties and detection limits for each compound were calculated on the basis
of calibration runs at 95% confidential level [Mitchell et al.,
1977]. Analytical protocols for other compounds were
described by Krol et al. [2003] for CH3I, HCFC-22, and
HCFC-141b, by Brenninkmeijer et al. [2001] and Zahn et
al. [2002] for CO and O3, by Hermann et al. [2001] for
aerosol concentrations, by Bergamaschi et al. [2000] for
N2O, and by Brenninkmeijer [1993] for 14CO analysis.

3. Meteorological Situation
[8] The description of the synoptic-scale meteorological
conditions along the flight track is based on vertical cross
sections of potential vorticity (PV) and potential temperature (q) calculated from the European Centre for MediumRange Weather Forecast (ECMWF) first guess (6 hour
forecast) fields at a resolution of 1 by 1 (Figure 2). The

2. Experiment
[6] The measurements and air sampling were carried out
by the CARIBIC passenger aircraft (Boeing 767– 300 ER
from LTU International Airways) on 15 June 2000. Departing at 7:30 (GMT), the 9 hour (8100 km) flight from
Male, the Maldives (4.2N, 73.7E) to Düsseldorf, Germany
(51.4N, 6.8E) crossed the Arabian Sea, Iran, the Black
Sea, and Romania (Figure 1) at altitudes between 9.4 and
10 km (Figure 2).

Figure 1. Flight track from Male, the Maldives, to
Düsseldorf, Germany, overlying the wind vectors calculated
from ECMWF data at 250 hPa at 12:00 GMT. The air
sampling periods are marked as solid bars with canister
numbers.

2 of 12

D22301

RHEE ET AL.: MIXING ACROSS EXTRATROPICAL TROPOPAUSE

D22301

convection that occurred before and during the flight. In
particular, dense high cloud cover and a large ice water
content in the clouds around this segment (ECMWF analysis) points toward recent influence by deep convection.
The deep convection systems encountered during the flight
will be discussed in detail below on the basis of the
measurements of chemical compounds, aerosols, and satellite observations.

4. Results

Figure 2. Vertical distribution of potential vorticity (solid
line) and potential temperature (dash-dotted line) along the
flight track based on an interpolation of the ECMWF data
for 6:00, 12:00, and 18:00 GMT. The tropopause region
between PVU = 1 and 3.5 is gradually stippled. The air
sampling periods are marked as solid bars with canister
numbers.
local tropopause can be diagnosed as the location of the
sharp gradient in PV [e.g., Danielsen, 1968; Reed, 1955]. A
number of studies have proposed different PV values
to optimally represent the dynamical tropopause [Bethan
et al., 1996; Hoerling et al., 1991; Hoinka et al., 1993;
Wirth, 2000], but consensus about this is lacking [Danielsen
et al., 1987; Hoerling et al., 1991; Hoinka et al., 1993;
Holton et al., 1995; Tuck et al., 1985; Zahn et al., 2004] and
the ‘‘optimal’’ value may depend on season and latitude. For
the present study we define the ‘‘tropopause region’’ by the
range of 1 – 3.5 PVU (1 PVU = 106 Km2kg1s1).
[9] As shown in Figure 2, the aircraft entered a deep
tropopause fold at 30N below the subtropical jet stream,
and flew mostly in the tropopause region afterward. Hence
we will use 30N as the latitude which delimits the tropics
from the extratropics. At the northwestern side of the upper
level trough, the aircraft sampled another weaker fold (at
39N). The upper level trough was associated with a
decaying upper level PV filament connecting a cutoff low
centered over Sardinia, Italy, with a large trough over
Kazakhstan (see http://www.knmi.nl/samenw/campaign_
support/CARIBIC/150600/index.html for additional meteorological information). Between 40N and 47N the aircraft
passed once again the upper level PV filament. At 45.5N
(14:30 GMT) the aircraft was forced to climb to avoid
intense turbulence associated with a deep convective system
over the Carpathian Mountains in Romania (see also satellite image in Figure 5). The irregular undulation of the
tropopause therefore seems to be partly related to the deep

4.1. Deep Convection in the Extratropics
[10] A striking feature observed in the extratropical
section of the flight is the strong enhancement of shortlived alkanes, C4 to C6, between 42N and 47N (samples 9,
10, and 11), but not at 34N (sample 6) and 40N (sample 8)
where high mixing ratios of relatively long lived alkanes
(C1 to C3) were encountered (Figure 3). Even cyclohexane,
which is usually below the detection limit, was detected at
45N (sample 10). Since these short-lived alkanes are
emitted in the boundary layer, the observation of relatively
high mixing ratios points to rapid transport of boundary
layer air to cruising altitude. Accounting for the ‘‘natural’’
dilution by entrainment of environmental air from the free
troposphere during the convection event [e.g., Fischer et al.,
2003; Fridlind et al., 2004] and by the ‘‘artificial’’ dilution
due to the long sampling distance (300 km), these high
mixing ratios of short-lived alkanes suggest the transport of
substantial amounts of polluted air from the boundary layer
(‘‘vacuum cleaner’’ process) [Chatfield and Crutzen, 1984;
Mullendore et al., 2005].
[11] The segment of the flight track between 42N and
47N also exhibits episodic increases of N4 – 12 and CO, and
simultaneous decreases in O3 (Figure 4). In particular, the
two large peaks in N4 – 12 during the air sampling periods of
9 and 10 coincide with sharp decreases in O3 and concomitant increases in CO, witnessing the recent injection of
boundary layer air masses, which can trigger new particle
formation in the outflow [de Reus et al., 2001; Krejci et al.,
2003; Ström et al., 1999; Twohy et al., 2002]. The increase
of N4 – 12 during the collection of sample 11 is not so
pronounced as that observed during the sampling periods
of 9 and 10, however. The corresponding mean fraction of
N4 – 12 to all submicrometer particles (10%) is lower than
that for samples 9 (20%) and 10 (40%), suggesting that
the low N4 – 12 in sample 11 may result from the rapid
growing of particles in the outflow of deep convection due
to a large supply of precursors (see section 4.2.3). The in
situ observations of CO, O3, and aerosol are therefore
consistent with the occurrence of high mixing ratios of
short-lived NMHCs between 42N and 47N, both of which
have been driven by deep convection.
[12] There is further evidence that indicates events of
deep convection. First, the variability of PV does not follow
the sharp change in O3 during the deep convection events.
This is attributable to problems in properly simulating
changes in mesoscale meteorology during deep convection
in the ECMWF model likely due to its coarse resolution (1
by 1). Second, the satellite visible (Figure 5) and infrared
(not shown) images clearly show the presence of deep
convective clouds (cumulonimbus) along the Dinaric Alps
in the Balkans and over central Italy and Corsica, which
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Figure 3. Spatial distribution of selected hydrocarbons and halocarbons, N2O, and 14CO. Units are ppt
except for CH4 (ppb), N2O (ppb), and 14CO (molecule cm3). Shading indicates the extratropics and
hatching represents the detection limit. The canister numbers are denoted at the top. Note that the
detection limit of 3-methylpentane is higher than that for 2-methylpentane. Horizontal and vertical error
bars designate the sample collection period and the uncertainty of measurement at 95% confidence level,
respectively.
clearly demonstrates the convective meteorological conditions along and near the flight track.
4.2. Rapid Mixing Across the
Extratropical Tropopause
4.2.1. Identification of Continuous Mixing
[13] CO and O3 together have been used as tracers for
tropospheric and stratospheric air masses. In this way the
transport of stratospheric air into the UT [e.g., Hipskind et
al., 1987] and the mixing of tropospheric air inside the LMS
[e.g., Hoor et al., 2002, 2004] has been diagnosed. Furthermore, a new concept of the chemical tropopause was
suggested on the basis of the CO-O3 relation [Pan et al.,
2004; Zahn et al., 2004]. As shown by observations near the
tropopause, mixing between the UT and LMS leads to linear
mixing lines with negative slopes of the CO-O3 relation,

because of their different sources and sinks in the two
reservoirs [Hoor et al., 2002].
[14] As shown in Figure 6a, the CO-O3 relationship for
the extratropics does have a negative slope, be it with rather
large scatter. This scatter can be attributed to a large
variability of CO resulting from local surface emissions
and to a lesser extent from its oxidation during transport.
Nonetheless, the negative slope of the CO-O3 relation
suggests mixing across the tropopause to be dominant. In
contrast to the large scatter in the CO-O3 correlation, the
compact curves of O3 and 14CO versus N2O unambiguously
indicate a continuous mixing between the UT and LMS in
the extratropical tropopause region (Figures 6b and 6c).
N2O is emitted at the surface and is destroyed in the
stratosphere by photolysis and reaction with O(1D), while
O3 and 14CO are predominantly produced in the strato-
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Figure 4. Time series of O3 (blue line), CO (inverse scale, red line), ultrafine aerosol (N4 – 12) (gray
filled), and potential vorticity calculated from ECMWF data (black line) along the flight track. Arrows
indicate pronounced deep convection events. Yellow shading indicates the extratropics, and gray bars at
the top indicate the air sampling periods.
sphere and destroyed in the troposphere. These three tracers
are distributed relatively homogeneously in the UT and
LMS, and therefore are well suited for mixing diagnosis.
Even the data points obtained in the convective areas
(samples 9, 10, and 11) lie on the linear mixing line of data
observed in the nonconvective areas.
4.2.2. Correlation Between Alkanes Observed
in Nonconvective Areas
[15] Analyzing the spatial or temporal distribution of
trace gases with a similar life cycle but different lifetimes
provides insight into the roles of chemistry and mixing.
Alkanes are the best known example, being generally
emitted from common sources and removed by reaction
with OH at different rates. This property has been used to
estimate the concentration of OH or the photochemical age
of an air mass. In a Lagrangian framework the rate of
change in mixing ratio of a tracer is given by [McKeen and
Liu, 1993, and references therein; McKeen et al., 1990]:
dX
¼ Lx X  YðX  XB Þ
dt

ð1Þ

where X and XB are actual and background mixing ratios
respectively, while Lx and Y denote the chemical loss and
mixing rates. The chemical loss rate is the product of the
rate constant of a compound and the OH concentration (its
inverse equals the lifetime of a chemical species). Assuming
that Lx and Y are constant, one can derive the analytical
solution [see also McKeen and Liu, 1993]:


YXB
YXB
eðLx þYÞt
X¼
þ X0 
Y þ Lx
Y þ Lx

ð2aÞ

X0 ¼ X00 eKx t

ð2bÞ

or:

where
X0 ¼ X 

YXB
Y þ Lx

K x ¼ Lx þ Y

ð3Þ

ð4Þ

Equation (2) can also be used for another compound, Y with
a different chemical loss rate and background mixing ratios.
Combining the equations for X and Y results in:
ln Y0 ¼



Ky
Ky
ln Y00 
ln X00 þ
ln X0
Kx
Kx

ð5Þ

Note that McKeen et al. [1996] have derived an equation
similar to (5) while assuming the background mixing
ratios to be zero, unlike the present expression. In the
absence of mixing, equation (5) yields the slope Ky/Kx as
the ratio of the rate constants. When mixing dominates,
however, the logarithm of the mixing ratios of the two
compounds obeys a one-to-one relation, independent of
their chemical lifetimes. Thus, by exploring this relationship one can infer the extent to which each of these two
processes controls the atmospheric variability of the trace
gases considered.
[16] As shown in Figure 7, the least squares fits (black
dotted lines) for the alkanes observed in the nonconvective
areas (samples 6, 7, 8, and 12) result in a slope of 0.6 to
1.6. The large difference from the photochemical oxidation line (black solid lines) points to the dominance of
mixing. The scenarios with different background mixing
ratios show clearly that photochemistry is of little importance (see several scenarios shown in Figure 7). Thus it can
be concluded that mixing is a major process controlling the
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Figure 5. Meteosat-5 visible image obtained at 15:00 (GMT) (EUMETSAT, Darmstadt, Germany).
Double line arrows indicate the midlatitude jet (north) and the subtropical jet (south) streams. Single line
arrows indicate deep convection outflow on the basis of the ECMWF wind map (Figure 1) and the image
shown. Rectangular boxes indicate the air sampling locations of 9, 10, 11, and 12.
distribution of the NMHCs observed in the nonconvective
extratropical tropopause region.
[17] To approximate the rate of mixing, we applied 3-day
(blue dashed lines) and 15-day (red dashed lines) mixing
timescales to the model, implying that the slope (Ky/Kx) in
equation (5) is not necessarily one. These two timescales
bracket the range of transport times from the troposphere to
the mixing layer of the LMS as estimated by Scheeren et al.
[2003] (see Figure 10). As shown by the correlation of
propane and ethane in Figure 7, the data points obtained in
the mixing layer of the LMS by Scheeren et al. [2003]
(‘‘TSE events’’) indeed follow the model scenarios with
these mixing timescales, indicating consistency between the
two calculations. All correlations of the alkanes, except that
for propane, clearly show that the mixing time in the
tropopause region was less than 3 days for this flight.
[18] Scheeren et al. [2003] measured NMHCs of air
samples collected at the altitudes of 7.5 to 13 km spanning

from the UT to the LMS. Defining the tropopause at an O3
mixing ratio of 120 ppbv in conjunction with a potential
vorticity of 3.5 PVU, they grouped their measurements into
the UT, the mixing layer of the LMS, and the LMS. The
upper boundary of the mixing layer was defined at 30 K
higher than the potential temperature at the tropopause, in
accord with Hoor et al. [2002]. The results of the summer
campaign in July 1998 are shown in Figure 7. Note that, in
terms of potential vorticity, their choice of tropopause forms
an upper boundary to the tropopause region we defined (1 –
3.5 PVU) and lies within the tropopause region on the basis
of the O3 mixing ratio (Figure 6a). This is quite consistent
because the range of NMHCs for the UT overlaps with our
measurements in the tropopause region. The interesting
point is that in Figure 7, Scheeren et al.’s [2003] mean
values of NMHCs observed in the mixing layer of the LMS
indicate mixing dominance comparing with the values of
the UT. Although the large variability of measurements and

Figure 6. Correlations of (a) O3 versus CO, (b) O3 versus N2O, and (c) 14CO versus N2O. Symbol keys
are shown in Figure 6b. Mean O3 mixing ratios for the air sampling segments are used in Figure 6b.
Dashed lines are the least squares fits for all data obtained in the extratropics and dotted lines indicate the
confidence bands at 95% probability.
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Figure 7. Correlations between selected alkanes and ethane from observations and model simulations.
The regression equations are shown in the corner. Linear regressions are calculated with weighting
uncertainties for the baseline data. As indicated in the index box, six scenarios of model simulations are
plotted. Three background mixing ratios of ethane were prescribed: zero, low background matching the
value observed in the LMS by Scheeren et al. [2003] (144 ppt), and high background being twice that
(288 ppt). Those of the other alkanes were calculated by inserting the ethane background values to the
least squares fits. The data points of Scheeren et al. [2003] are taken from their Table 2 for the upper
troposphere (UT), the mixing layer (ML: Dq = 0 – 30 K), and the LMS (Dq > 30 K) in July 1998, and
TSE (troposphere-to-stratosphere exchange) events are taken from their Table 5. Gray hatching represents
the detection limits of our instrument for the compounds.
the low mixing ratios of short-lived NMHCs (near the
detection limit) in the mixing layer reduce the significance
of the mean values, it suggests considerable influence of
mixing on the distribution of NMHCs in the mixing layer of
the LMS in summer, which Scheeren et al. [2003] also
argued on the basis of the transport timescales of the
tropospheric air masses. Therefore application of (5) appears
to be useful to discriminate physical and chemical processes
occurring in the region of the tropopause and the LMS.
[19] We further confine the mixing timescale based on
the slope in equation (5). Since the mixing line extends to

the short-lived isopentane, the mixing timescale must be
smaller than that for the photochemical oxidation of
isopentane. Since the photochemical lifetime of ethane
is 30 times that of isopentane (Table 1), the slope
becomes:
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Figure 8. Scatterplots of the selected alkanes and ethane. Shown are the baseline relations and the
graphical definition of ‘‘excess’’ mixing ratios. The regression equations for the baseline are presented in
each panel. Shaded hatching represents the detection limits.
When defining the upper limit of the mixing timescale at
1/e2 of photochemical lifetime of isopentane, we obtain:
KiC5H12
KC2H6

1 þ e2

ð7Þ

Accordingly, we expect mixing timescales of less than
0.7 days in the extratropical tropopause region in summer. A
sensitivity test to the OH concentration shows that the upper
limit of the mixing timescale varies by one day for assumed
OH concentrations of 0.5 to 1.5  106 molecule cm3.
4.2.3. Chemical Clock
[20] The occurrence of unusually high mixing ratios of
short-lived alkanes over the convective areas (samples 9,
10, and 11) provides additional evidence of rapid mixing
across the tropopause between the UT and the LMS. To this
end, we first constrain the alkane sources feeding into the air

parcels in the convective areas, and next estimate the age of
air masses at the extratropical tropopause.
[21] As mentioned earlier, the chemical compositions of
the air samples collected in the convective areas represent a
combination of the air masses lifted from the boundary
layer, those entrained in the free troposphere, and those
stayed in the tropopause region. When the volume fraction
of the boundary layer air mass in the air sample is f, the
observed mixing ratio of a compound (X) can be described
as:
X ¼ f XBL þ ð1  f ÞXT

ð8Þ

The subscript BL designates the boundary layer, and T the
free troposphere plus the tropopause region. Since the
fraction of the boundary air mass for other compounds (Y)
should be the same, we derive the following relationship
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Figure 9. Correlations of the excess alkanes observed in
the convective areas. Open symbols are for sample 9 and
10, and solid symbols are for sample 11.

between the observed mixing ratios and that in the boundary
layer:
X  XT XBL  XT
¼
Y  YT YBL  YT

ð9Þ

If the mixing ratio of a compound in the boundary layer is
much larger than that in the free troposphere and the
tropopause region, the right-hand side of (9) becomes the
ratio of the mixing ratios of compounds in the boundary
layer. Thus, provided that the NMHCs in the nonconvective
areas represent that in the tropopause region and the free
troposphere, the ratios of the NMHCs in the boundary layer
can be derived. As illustrated in Figure 8, we define the
‘‘excess’’ mixing ratio as the difference in alkane mixing
ratios between the observed and the ‘‘baseline’’ mixing ratio
in the tropopause region. The latter is determined by the
least squares fits between the alkanes and ethane observed
in the nonconvective areas.
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[22] As shown in Figure 9, the excess alkanes in samples 9
and 10 are highly correlated, although we forced the
regression fits to the origin by the definition of the excess
mixing ratio. However, the excess alkanes for sample 11 do
not fall on these lines, suggesting that the air masses
encountered during the collection of sample 9 and 10 are
similar, but different from that of sample 11. Accounting for
the high mixing ratios of HCFC-22 and HCFC-141b (new
refrigerants replacing CFC compounds), and CH3I (a marker
for oceanic emissions [Bell et al., 2002]) in sample 11 (see
Figure 3), we expect that the air masses for sample 11 had
originated in industrial and/or urban areas near the
Mediterranean Sea. This also complies with the scenario
that abundant amounts of anthropogenic SO2 might accelerate the growth of new particles, leading to the reduced
fraction of N4 – 12 in submicron aerosol concentration as
observed during the sampling of 11. Indeed, the satellite
visible image (Figure 5) shows large cumulonimbus clouds
over Corsica and central Italy, of which the outflows are
directed toward the flight track near the segment of
sample 11. In contrast, the air sampling segment 10 is
located at deep convective outflows over the Carpathian
Mountains, and these outflows reach toward segment 9
(see wind vectors in Figure 1). The ratios of the excess
alkanes are compared with those from two characteristic
source categories, namely rural and urban environments
[Goldstein et al., 1995; Warneck, 1999] (Table 2). This
direct comparison indicates that the ratios of the excess
NMHCs straddle between the values observed in those two
environments. This supports strongly that the ratios of
excess NMHCs represent the source signatures of NMHCs
as expressed in (9).
[23] By the definition of the ‘‘excess’’ and ‘‘baseline’’
alkane, we may assume the background mixing ratios to be
zero in (2), which leads to a simple form of the exponential
decay of the excess alkane to the baseline alkane due to
mixing and chemical reaction. Taking the ratio of the
‘‘excess’’ alkanes, the age of air in the tropopause region
(tTP) corresponds simply to the chemical relaxation time for
which the ratio of the excess alkanes collapses to that of the
baseline mixing ratios:
 
 
X
X
¼
eðLx Ly ÞtTP
Y Baseline
Y Excess

ð10Þ

Table 3 lists the values of tTP that are calculated by
applying two sources from the Carpathian Mountains

Table 2. Comparison of the Ratios of Alkane to Propane (DCi/DC3H8) for Emissions in Rural and Urban Environments and for the
Excess Alkanes in Samples 9 and 10, and 11a
Rural Areas
Ci
Butane
Isobutane
Pentane
Isopentane

Warneck [1999]
0.26
0.16
0.21
0.30

±
±
±
±

0.07
0.03
0.01
0.04

Urban Areas

Goldstein et al. [1995]
0.44 ± 0.01
0.22 ± 0.01
0.12 ± 0.01

Warneck [1999]
0.77
0.46
0.35
0.60

a

±
±
±
±

0.23
0.06
0.16
0.27

Goldstein et al. [1995]
0.63 ± 0.07
0.30 ± 0.04
0.29 ± 0.03

CARIBIC
9, 10
0.75
0.36
0.30
0.35

±
±
±
±

0.03
0.01
0.01
0.01

11
0.50
0.42
0.27
0.45

Warneck [1999, Table 6.8] compiled remote, rural environmental measurements from nine references, and here we left out the results from the
measurement in citrus groves by Lonneman et al. [1978], the observation during high O3 by Colbeck and Harrison [1985], and winter observations. The
annual background observations at Harvard forest by Goldstein et al. [1995, Table 1b] were used for another set of rural emissions. The alkane ratios of
urban areas were estimated from the compilation given by Warneck [1999, Table 6.2] and from Goldstein et al. [1995, Table 1a].
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Table 3. Ages of Air (tTP) at the Tropopause Determined by Using the Ratios of Selected Alkanes (Ci) to Propanea
DCi/DC3H8, ppt ppt1
Ci
Butane
Isobutane
Pentane
Isopentane
Mean

Baseline
0.078
0.045
0.010
0.006

±
±
±
±

0.010
0.004
0.004
0.001

tTP, days

9, 10
0.75
0.361
0.30
0.353

±
±
±
±

11

0.03
0.006
0.01
0.005

0.50
0.42
0.27
0.45

9, 10
31
22
21
24
24

±
±
±
±
±

4
2
10
6
6

11
25
24
20
25
24

±
±
±
±
±

3
2
9
7
5

For the calculation, an atmospheric mean temperature of 240 K and an OH concentration of 1  106 molecule cm3 were assumed.

a

(samples 9 and 10) and the Mediterranean coast (sample 11),
and different sets of alkanes. Whichever source at a given
pair of alkanes is used, the calculated values are the same
within their uncertainty. Averaging the values in Table 3
provides a mean age of air in the tropopause region of 24(±6)
days during this flight. When applying the ratios of NMHCs
at the boundary layer compiled in Table 2, the mean ages of
air in the tropopause region result in 18(±6) and 25(±9) days
on the basis of the rural and urban emissions, respectively.
While the direct comparison of the mean ages alludes to the
occurrence of deep convection over urban areas, large
uncertainty of the estimated mean ages does not allow us
to clearly indicate the source.

5. Discussion and Conclusions
[24] It has been shown that deep convection can be an
effective pathway to transport polluted air from the boundary layer to the UT and even into the LMS, with consequences for atmospheric chemistry [Dickerson et al., 1987;
Ferek et al., 1986; Lawrence et al., 2003; Lelieveld and
Crutzen, 1994; Prather and Jacob, 1997; Wang and Prinn,
2000]. The present study confirms these observations and
model simulations to the extent that remarkably high mixing
ratios of the short-lived compounds (C4 – C6) were observed in the extratropical tropopause region.
[25] Seasonal observations in the LMS have suggested
the enhancement of troposphere to stratosphere exchange in
summer and the increase of its intensity close to the
extratropical tropopause. For instance, by investigating the
SAGE II data, Pan et al. [1997] found a maximum of
50 ppm water vapor in summer in the lower part of the LMS
(q = 320 K) being 4 – 5 times higher than the mixing ratios
in other seasons at the same isentropic surface, and also
higher than at higher isentropic surfaces. Hoor et al. [2002]
obtained similar results using CO-O3 correlations of data
from the UT/LMS region, showing that their linear mixing
line reached up to higher isentropic surfaces in summer than
in winter. These findings were attributed to the weaker
subtropical jet in summer and the influence of the northern
hemisphere summer monsoon, as predicted by model
studies [Chen, 1995; Dethof et al., 2000]. The same model
studies also showed that stratosphere-troposphere exchange
occurs vigorously on and below the isentropic surfaces of
330 –340 K throughout all seasons, and that the exchange
decreases with isentropic depth from the extratropical
tropopause. Our observations in the tropopause region,
i.e., at the isentropic surfaces of 330– 350 K (Figure 2),
provide an example of such strong mixing, as based on a
single though detailed measurement flight in summer. It will
be useful to extend such analyses to other seasons.

[26] Several transport timescales reported in the literature
and estimated in this study are illustrated in Figure 10. The
estimates of mixing timescales and the age of air in the
tropopause region form a consistent picture with the other
transport timescales. We calculated the age of air in the
extratropical tropopause region to be 24(±6) days. This
timescale is similar to, or less than that of vertical transport
in the troposphere, 1 – 1.2 month [Warneck, 1999]. Actually
this value is based on the mean vertical profiles of 222Rn
observed in 1960s and 1970s in all seasons. Liu et al.
[1984], who compiled these data, separated them seasonally
and found the vertical eddy diffusion coefficient to be larger
in summer than in other seasons, likely because of the
increasing frequency of convective activity. Therefore the
lower limit of the vertical transport timescale, 1 month,
may be representative of summer conditions. Providing that
a rapid mixing across the tropical tropopause occurs within
about a day, our estimate of the age of air in the extratropical tropopause region agrees with the vertical transport
time in the troposphere in summer.
[27] Scheeren et al. [2003] estimated the age of individual
air parcels at 3 – 14 days in the mixing layer after crossing
the tropopause, which is longer than the mixing time across
the tropopause. Since the mixing layer was located above

Figure 10. Schematic representation of transport timescales in the troposphere and the lowermost stratosphere.
The values are from (1) Warneck [1999], (2) Scheeren et al.
[2003], (3) Ray et al. [1999], and (4) this study. LMS,
LMSML, and UT denote the lowermost stratosphere, the
mixing layer in the lowermost stratosphere, and the upper
troposphere, respectively.

10 of 12

D22301

RHEE ET AL.: MIXING ACROSS EXTRATROPICAL TROPOPAUSE

the 330 K isentropic surface near the core of the subtropical
jet stream, it is expected that troposphere to stratosphere
exchange is hindered by a strong gradient of potential
vorticity [Chen, 1995]. This probably leads to longer
transport times, although this barrier effect is the least in
summer. This transport time is capped by the upper limit of
Ray et al. [1999], who estimated it to be 1.5 month from
the boundary layer to the LMS using the seasonality of CO2
and SF6 (thus 15 days from the local tropopause to the
LMS accounting for 1 month vertical transport in the
troposphere). Note that the estimated transport timescales
by Ray et al. [1999] and Scheeren et al. [2003] are based on
summer campaigns, like this study. The intensity of troposphere to stratosphere exchange therefore seems to decline
with the increase of potential temperature, as predicted by
Chen [1995] and Dethof et al. [2000].
[28] In conclusion, the dynamical tropopause in the
extratropics in summer does not appear to be a transport
barrier, but rather to be part of a transient mixing layer
between the UT and the LMS. Although this conclusion is
based on the observations from one CARIBIC flight, it
seems to corroborate other observations in the UT/LMS
region in summer and model studies as discussed above.
Since the CARIBIC flights not only covered from the
central Europe to the Indian Ocean, but also to the Caribbean Sea and to South Africa [Zahn et al., 2002], it will be
worthwhile to apply our analysis to other flight regions.
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