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Abstract We present variations of methyl chloride (CH3Cl) and nitrous oxide (N2O) in the lowermost
stratosphere (LMS) obtained from air samples collected by the In-service Aircraft for a Global Observing
System-Civil Aircraft for the Regular Investigation of the atmosphere Based on an Instrument Container
(IAGOS-CARIBIC) passenger aircraft observatory for the period 2008–2012. To correct for the temporal increase
of atmospheric N2O, the CARIBIC N2O data are expressed as deviations from the long-term trend at the
northern hemispheric baseline station Mauna Loa, Hawaii (ΔN2O). ΔN2O undergoes a pronounced seasonal
variation in the LMS with a minimum in spring. The amplitude increases going deeper in the LMS (up to
potential temperature of 40K above the thermal tropopause), as a result of the seasonally varying subsidence of
air from the stratospheric overworld. Seasonal variation of CH3Cl above the tropopause is similar in phase to
that of ΔN2O. Significant correlations are found between CH3Cl and ΔN2O in the LMS from winter to early
summer, both being affected by mixing between stratospheric air and upper tropospheric air. This correlation,
however, disappears in late summer to autumn. The slope of the CH3Cl-ΔN2O correlation observed in the LMS
allows us to determine the stratospheric lifetime of CH3Cl to be 35±7 years. Finally, we examine the partitioning
of stratospheric air and tropical/extratropical tropospheric air in the LMS based on a mass balance approach
using ΔN2O and CH3Cl. This analysis clearly indicates efficient inflow of tropical tropospheric air into the LMS in
summer and demonstrates the usefulness of CH3Cl as a tracer of tropical tropospheric air.

1. Introduction

Methyl chloride (CH3Cl) is a predominantly natural trace gas with its main sources considered to be vegeta-
tion [e.g., Yokouchi et al., 2002] and biomass burning [e.g., Lobert et al., 1999]. The global average CH3Cl
mixing ratio is ~540 ppt (parts per trillion = pmolmol�1), and its global atmospheric lifetime is ~1 year being
primarily determined by reaction with hydroxyl radicals (OH) in the troposphere [Carpenter et al., 2014]. CH3Cl
is the dominant natural source of ozone-depleting chlorine in the stratosphere [Carpenter et al., 2014; Santee
et al., 2013]. The local chemical lifetime of CH3Cl in the stratosphere is much longer, enabling its use as a
tracer of stratospheric dynamics [Santee et al., 2013].

Nitrous oxide (N2O) is the third most important greenhouse gas. It is also currently the ozone-depleting
substance with the largest emission from human activities and is expected to remain so throughout this
century [Ravishankara et al., 2009]. The atmospheric N2O mixing ratio is increasing at a rate of ~0.7 ppb yr�1

due to increasing anthropogenic emissions [e.g., Prinn et al., 1990; Hall et al., 2007]. N2O is photochemically
destroyed in the stratosphere, giving an atmospheric lifetime of ~120 years [e.g., Volk et al., 1997]. N2O is a
useful tracer to examine transport processes in the stratosphere and across the extratropical tropopause
[e.g., Hegglin et al., 2006; Ishijima et al., 2010; Assonov et al., 2013].

In the absence of a tropospheric sink, N2O is well mixed in the troposphere and shows a clear vertical
decrease in the stratosphere [Ishijima et al., 2010; Santee et al., 2013]. CH3Cl also decreases with altitude in
the stratosphere [Schmidt et al., 1985; Santee et al., 2013]. However, a particular feature of atmospheric
CH3Cl is its latitudinal gradient in the troposphere with mixing ratios peaking in the tropics due to strong
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tropical emissions [Yokouchi et al., 2000;
Santee et al., 2013; Umezawa et al., 2014].
As a consequence, CH3Cl is a potentially
useful tracer of tropical tropospheric
air in the upper troposphere/lowermost
stratosphere (UT/LMS) [Scheeren et al.,
2003], but this topic has remained
unexamined due to limited availability
of CH3Cl data.

Since air traffic at northern midlatitudes
primarily takes place in the UT/LMS,
measurements onboard commercial
airliners are useful for studying the
budget of trace gases and aerosols in
the UT/LMS, stratosphere-troposphere
exchange and the related processes
[e.g., Thouret et al., 2006; Sawa et al.,
2008; Zahn et al., 2014]. Although com-
mercial aircraft cruise within a narrow
range of pressures (200–300hPa), the
local tropopause height varies with
season, depends on latitude, and is
affected by actual synoptic conditions.
As a consequence, passenger aircraft
have opportunities to scan the UT/LMS
in a vertical sense at altitudes of
effectively up to ~5 km above the tropo-
pause. In this study, we present extensive
CH3Cl and N2O measurements in the
UT/LMS from air samples collected by
the In-service Aircraft for a Global
Observing System-Civil Aircraft for the
Regular Investigation of the atmosphere

Based on an Instrument Container (IAGOS-CARIBIC) passenger aircraft observatory and explore their usability
to distinguish air masses of stratospheric/tropospheric and tropical/extratropical tropospheric origins.

2. Experimental Methods

IAGOS-CARIBIC (In-service Aircraft for a Global Observing System-Civil Aircraft for the Regular Investigation of
the atmosphere Based on an Instrument Container) is a flying observatory carrying currently 15 instruments
in an air freight container (http://www.caribic-atmospheric.com) [Brenninkmeijer et al., 2007]. Series of
(typically) four intercontinental flights have been conducted almost monthly and whole air samples have
been collected into two types of air collectors during flights: 2 sets of TRAC (Triggered Retrospective Air
Collector) housing 14 glass flasks each and HIRES (High-Resolution Sampler) accommodating 88 steel flasks
[e.g., Schuck et al., 2012]. The installation of HIRES in 2010 improved the averaged sampling resolution (28 to
116 whole air samples in total for one flight series). The number of air samples in each 5° longitude and
latitude bin for the period April 2008 to December 2012 is presented in Figure 1a. The air samples have been
analyzed for CH3Cl in the laboratory by using a gas chromatograph coupled with mass spectrometry (GC-MS)
at the University of East Anglia (UEA) since May 2005 [Leedham Elvidge et al., 2015] and a gas chromatograph
with flame ionization detection (GC-FID) at the Max Planck Institute for Chemistry (MPIC) since April 2008
[Baker et al., 2010]. For data analyses in this study, we use the MPIC CH3Cl data analyzed by GC-FID (plotted
in Figure 1) because of their higher density for the tropopause region. Overall uncertainty of the MPIC
measurements is 6% and mixing ratios reported in this study are referenced to the NOAA CH3Cl scale
[Montzka et al., 2011]. An offset of 23 ppt (the MPIC measurements are lower) is taken into account based

Figure 1. (a) Number of air samples collected by CARIBIC for the period
2008–2012 in 5° bins. (b) Time series of N2O mixing ratio north of 25°N.
Tropospheric and stratospheric air samples are shown by red and light blue
crosses, respectively, and the tropospheric data over Europe [Umezawa
et al., 2014] are shown by the black circles. Stratospheric air was identified
by comparing to the long-term trend deduced for the Mauna Loa (MLO)
data (gray line; see text). (c) Time series of CH3Cl mixing ratio north of 25°N.
Symbols are in the same manner as Figure 1b. A best fit curve for the data
over Europe (black circles) is also shown by the black line.
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on intercomparisons with UEA whose measurements are referenced to the NOAA CH3Cl scale [see Umezawa
et al., 2014]. The offset value is comparable to interlaboratory differences found in an intercomparison experi-
ment [Hall et al., 2014]. N2O mixing ratios in the CARIBIC air samples were analyzed by a gas chromatograph
equipped with electron capture detection (GC-ECD) with a precision of 0.15% (<0.5 ppb) [Schuck et al., 2009],
and the N2O data are reported on the NOAA-2006 N2O scale [Hall et al., 2007]. For contrast, this study pre-
sents analysis of the LMS data, whereas Umezawa et al. [2014] focused on variations in the UT; we however
note that both studies explore the CH3Cl and N2O data sets obtained by the ongoing CARIBIC project.

3. Data Analysis
3.1. ΔN2O and Identification of LMS Air Samples

N2O mixing ratios in the CARIBIC air samples are used to identify stratospheric air [Umezawa et al., 2014]. The
method is conceptually similar to that applied by Assonov et al. [2013]. In the present study, the CARIBIC N2O data
north of 25° N were compared with the long-term trend observed at Mauna Loa (MLO, gray line in Figure 1b),
Hawaii (ftp://ftp.cmdl.noaa.gov/hats/n2o/) [Hall et al., 2007], which was deduced by applying a digital filtering
technique [Nakazawa et al., 1997]. The deviation of N2O mixing ratios in CARIBIC air samples from the MLO trend
(ΔN2O) represents the depletion in N2O relative to northern hemispheric baseline air. The main purpose is to cor-
rect N2O data taken in different years for the near-linear increasing trend of atmospheric N2O. If ΔN2O was more
than 1.3ppb (2 standard deviations of the MLO data) below the MLO trend, the air sample was classified as
stratospheric. Accordingly, all the CARIBIC air samples were classified into either stratospheric (light blue in
Figure 1b) or tropospheric (red and black in Figure 1b) air. For the observation period (April 2008 to
December 2012), we identified 1474 stratospheric air samples among 3716 air samples in total. We note that
the N2O-based tropopause is similar to the O3-based chemical tropopause [Zahn and Brenninkmeijer, 2003;
Thouret et al., 2006], which we usedwhenN2O data were not available (only one sample in this study). We prefer
the use of N2O over that of O3 because N2O and CH3Cl are analyzed for the same air samples. A comparison
between the N2O-based tropopause and the dynamical tropopause will be presented in section 4.5.

Two factors contribute to the vertical decrease of N2O in the stratosphere. First, major photochemical loss of
N2O occurs in the middle stratosphere (~30 km) [e.g., Ishijima et al., 2010]. Second, since atmospheric N2O
increases in time, the older (aged) air in the stratosphere is lower in N2O. As described above, we use
ΔN2O, but the method is applied uniformly for all data with different air ages, and thus, this age effect is
not taken into account in this study. We however consider that the chemical sink effect is the dominant
controlling factor of the variability seen in this study. Given that the present N2O increase rate is ~0.7 ppb yr�1

[e.g., Hall et al., 2007], the age effect corresponds to less than ~2ppb, based on the ages of air as deduced
from the CARIBIC SF6 measurements being less than 3 years in the LMS (not shown in this paper). We note
that the age of air calculated from the CARIBIC data is in agreement with previous estimates when compared
in layers with corresponding ΔN2O [Engel et al., 2002] and in corresponding φ-Θ space (described in
section 3.3) [Bönisch et al., 2009].

3.2. Meteorological Data

The meteorological analyses for CARIBIC are based on the European Centre for Medium-Range Weather
Forecasting (ECMWF) meteorological data with a horizontal resolution of 1 in latitude and longitude at 6 h
time intervals. The ECMWF data were interpolated linearly for positions and time along the CARIBIC aircraft
flight tracks [van Velthoven, 2015]. Potential temperature (Θ), potential temperature at the thermal tropo-
pause (ΘTP), potential vorticity (PV), equivalent latitude (φ), and backward trajectories are calculated from
the ECMWF data. The interpolation scheme for the ECMWF data demonstrated excellent agreement between
retrieved andmeasured temperature of�0.45 ± 1.2 K [Dyroff et al., 2014]. For the equivalent latitude potential
temperature (φ-Θ) coordinate plots (described later), we use the potential temperature measured onboard.

3.3. Vertical and Latitudinal Coordinates

To present vertical distributions of ΔN2O and CH3Cl, we use potential temperature with respect to the ther-
mal tropopause (ΔΘTP =Θ�ΘTP). It has been shown that the use of ΔΘTP as a vertical coordinate corrects for
variations of potential temperature at the tropopause, giving significantly improved compactness of trace gas
profiles in the tropopause region [Hoor et al., 2004; Sawa et al., 2008]. It should be noted that these two studies
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used the dynamical tropopause at
2 PVU (1 PVU=10�6 Km2 kg�1 s�1) to
calculate ΔΘTP, being different from
this study in which we use the thermal
tropopause defined by the World
Meteorological Organization [WMO,
1957]. The WMO thermal tropopause
at midlatitudes on average coincides
with the 3.5 PVU isosurface in the
extratropics [Hoerling et al., 1991] and
is thus at higher altitudes than the
2PVU isosurface.

We also use an equivalent latitude (φ)
and potential temperature (Θ) coordi-
nate system to better present
climatological distributions. Equivalent
latitude is calculated based on the area
enclosed by the specific PV contour on
a given isentrope. Previous studies
demonstrated that the illustration of
data in a φ-Θ coordinate system
effectively removes trace gas variations
in the extratropical LMS due to synop-
tic (Rossby-wave driven) meridional
excursions of the jet streams [Hoor
et al., 2004; Sawa et al., 2008; Bönisch
et al., 2009]. Since PV is not conserved

under diabatic processes, the φ-Θ coordinate system works exclusively for conditions dominated by adiabatic
air parcel motion. Manney et al. [2011] indicated that the φ-Θ coordinate system could obscure fine structures
of trace gas distributions around a jet. Pan et al. [2012] showed that the φ-Θ coordinate system does not work
equally in the UT and the LMS and at all latitudes, due to the steep gradients of Θ isentropes in the subtropics.
We note that the low-latitude data presented in this study are obtained only in the UT, that is, the low-latitude
data are correctly allocated to the troposphere in the φ-Θ coordinate system, but φ gives a realistic value only
in the region adjacent to the tropopause where a significant gradient of the PV-defined φ still exists. In this study,
we examine global climatological distributions of N2O and CH3Cl in the LMS and use of the φ-Θ coordinate
system suits this purpose even given its aforementioned limitations.

4. Results and Discussion
4.1. Time Series of N2O and CH3Cl in the UT/LMS

Figure 1b shows time series of N2O observed by CARIBIC for 2008–2012. We highlight data over Europe
where CARIBIC has the highest data density to depict a continuous time series in the UT [Umezawa et al.,
2014]. A near-linear increase of the N2O mixing ratio is visible in the UT over Europe (black circles) with no
significant seasonality over the years. The observed N2O increase is in good agreement with the long-term
trend at MLO (gray line). In contrast, the stratospheric samples north of 25°N (light blue crosses) show clear
depletions in N2O especially in spring when the CARIBIC aircraft frequently encounters deeper stratospheric
air. It is also noted that the installation of an additional air sampler in 2010 (see section 2) increased the sam-
ple density considerably. The increased number of stratospheric samples since then is also due to the CARIBIC
aircraft flying more frequently at higher northern latitudes because of changes in flight destinations [see also
Umezawa et al., 2014]. The CH3Cl mixing ratio in the UT over Europe observed by CARIBIC (black circles with a
black line in Figure 1c) varies with clear seasonality and without significant interannual variations [Umezawa
et al., 2014]. In general, stratospheric samples are lower in CH3Cl, showing a curtain-like seasonal pattern
similar to N2O.

Figure 2. Seasonal variations of (a) ΔN2O and (b) CH3Cl at different potential
temperature layers with respect to the thermal tropopause (ΔΘTP) in the
UT/LMS observed by CARIBIC. The CARIBIC data north of 25°N were analyzed.
Each bin in color has more than five data points.
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4.2. Seasonal and Vertical
Variations of ΔN2O and CH3Cl

Overviews of vertical gradients and
seasonal variations of ΔN2O and
CH3Cl are illustrated using ΔΘTP as a
vertical coordinate (Figure 2). As
clearly seen in this figure, ΔN2O
undergoes pronounced seasonal var-
iations in the LMS (ΔΘTP> 0) with a
minimum in spring, while it reaches
a maximum in autumn. The seasonal
ΔN2O variations in the respective
ΔΘTP layers are plotted in Figure 3,
which shows that the amplitude of
the seasonal ΔN2O variation increases
going deeper into the LMS (i.e., upward
from the tropopause). For instance,
in the highest ΔΘTP layer that the
CARIBIC aircraft covers most of the
year (30 K<ΔΘTP ≤ 40 K), ΔN2O mini-
mizes at �30.2 ± 8.5 ppb in May and
reaches a maximum of �6.1± 2.4 ppb
in October. In contrast, no significant
seasonal variation ofΔN2O is observed
in the UT (ΔΘTP< 0), which gives the
annual average and the standard
deviation of +0.17 and 0.65 ppb,
respectively. It is apparent that air

subsiding from the stratospheric overworld during winter-spring measurably leaks across the tropopause
shaping a small seasonal depletion even below ΔΘTP = 0 in April–July (Figures 2a and 3a). The largest
vertical gradient of ΔN2O in the LMS occurs in spring (March–May) with an almost linear decrease of
�0.58 ±0.09 ppb K�1 (Figure 4a). In the subsequent months, the vertical gradient of ΔN2O in the LMS
lessens and reaches its seasonal minimum of �0.11 ± 0.06 ppb K�1 for October–December.

Turning our attention to seasonal variations of CH3Cl in the LMS, we see a similarity with ΔN2O (Figure 2b),
namely, a spring minimum and an autumn maximum. In the high layer (30 K<ΔΘTP ≤ 40 K), the minimum
and maximum are found to be 425± 54 ppt in March and 534 ± 31 ppt in September (Figure 3b). In analogy
with ΔN2O, the vertical gradient of CH3Cl in the LMS peaks in spring (�2.8 ± 0.7 ppt K�1 in March–May), and
CH3Cl in the LMS forms an almost uniform profile (�0.5 ± 0.2 ppt K�1) in October (Figure 4b). In contrast to
the LMS profiles, in the UT, a seasonal variation with a late summertime minimum is observed [Umezawa
et al., 2014], which is opposite in phase to the LMS. As a result of the different seasonal variations in the
LMS and UT, the vertical profiles of CH3Cl in spring and autumn intersect each other around the
tropopause (Figure 4).

It has been shown that N2O mixing ratios in the stratosphere represent well the age of stratospheric air
[e.g., Andrews et al., 2001; Waugh and Hall, 2002], and the observed seasonal variations of ΔN2O are attri-
butable to the seasonally varying descent of air from the stratospheric overworld [e.g., Appenzeller et al.,
1996]. As described above, the springtime minima of ΔN2O and CH3Cl in the LMS are well in phase, indi-
cating that these minima are governed by stratospheric dynamics, i.e., the downward branch of the
Brewer-Dobson circulation bringing aged stratospheric air depleted in N2O and CH3Cl. This is consistent with
the expectation that long-lived tracers shape the same patterns of isolines in the stratosphere [Plumb and Ko,
1992]. Indeed, distributions of CH3Cl and N2O reported by satellite observations that cover up to the middle
stratosphere showed similar spatial patterns [Santee et al., 2013]. However, as described above, CH3Cl in the
LMS varies somewhat differently from ΔN2O in summer-autumn. CH3Cl at layers ΔΘTP> 20 K in the LMS

Figure 3. Seasonal variations of (a)ΔN2Oand (b) CH3Cl at differentΔΘTP layers
(shown by different colors). Also shown in Figure 3b is the best fit curve
deduced for the UT data over Europe. As in Figure 2, the CARIBIC data north of
25°N were analyzed and only bins with more than five data points are shown.
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reaches its maximum ~1month earlier (September) than ΔN2O (Figures 2b and 3b), and the difference could
be attributable to signals from the troposphere. In the following sections, we will argue that CH3Cl variations
to a degree reflect transport of air from the tropical UT into the LMS.

It is also noteworthy that, in some months, the vertical profiles of ΔN2O and CH3Cl have apparent “kinks”
(rapid changes in the vertical gradients in Figure 4). This likely represents the presence of a transition layer,
which is partly tropospheric and partly stratospheric in chemical characteristics, i.e., the extratropical transi-
tion layer (ExTL), as empirically characterized based on aircraft and satellite data of CO, O3, H2O, and CO2

[Hoor et al., 2004; Pan et al., 2004; Sawa et al., 2008; Hegglin et al., 2009]. Consistent with these studies, such
a sharp change in vertical gradient can be found more clearly in the CARIBIC CO (not shown) and acetone
[Sprung and Zahn, 2010] data, and the kinks observed for ΔN2O and CH3Cl are coincident with those of CO
when discernible. It is noteworthy that the phenomenon is seen here for ΔN2O and CH3Cl, although
shorter-lived trace gases (e.g., CO and acetone) can reflect mixing with tropospheric air occurring over shorter
timescales [Sprung and Zahn, 2010; Gettelman et al., 2011].

4.3. Correlations Between CH3Cl and ΔN2O

In the stratosphere, two long-lived tracers (local chemical lifetimes being distinctly longer than transport
timescales) form compact linear relations under the assumption of slope equilibrium (faster quasi-horizontal
versus vertical transport in absence of sources and sinks) [Plumb and Ko, 1992]. Waugh et al. [1997] further
pointed out that an anomalous mixing line connecting reservoirs of different chemical lifetimes may lead
to a curved correlation of the two tracers. The concept of mixing lines on a tracer-tracer scatterplot has been
also applied for identifying the ExTL in which air composition is a mixture of stratospheric and tropospheric
air [e.g., Hoor et al., 2002]. Given that both N2O and CH3Cl are long-lived compared to timescales of transport
processes in the UT/LMS, the correlation of ΔN2O and CH3Cl in the LMS is determined by mixing of the
reservoirs “LMS air” and “tropospheric air” and effective horizontal mixing within the LMS.

Figure 5 presents CH3Cl-ΔN2O scatterplots for different seasons along with the number of data points shown
as colors of individual bins. The correlation plots exhibit a fair amount of scatter, but to a large extent, they
can be considered to represent climatological distributions by virtue of the fact that they include multiple
years of CARIBIC measurements in the LMS. During December–February (DJF), March–May (MAM), and
June–August (JJA), we find linear relationships between CH3Cl and ΔN2O in the LMS with significant correla-
tion coefficients (R2> 0.60). In particular, in spring (MAM) when the wintertime downward mass transport
accumulates aged stratospheric air in the LMS [Appenzeller et al., 1996], the scatterplot reaches the lowest
ΔN2O and CH3Cl values with a slope of the correlation of 5.77 ± 0.15 ppt ppb�1 (Figure 5b). In the following
season (JJA), the slope remains almost the same (5.76 ± 0.15 ppt ppb�1) (Figure 5c). In this respect, the vertical
gradients of ΔN2O and CH3Cl in JJA remain the same as those in MAM (Figures 2 and 4). However, during

Figure 4. Vertical profiles of (a) ΔN2O and (b) CH3Cl as a function of ΔΘTP in each month (colored). Error bars represent
standard deviations within the respective ΔΘTP bins. As in Figure 2, the CARIBIC data north of 25°N were analyzed and
only bins with more than five data points are shown.
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August (late JJA), the LMS data are distributed closer to the N2O-based tropopause than in the preceding
2months and slightly lose compactness of the correlation, eventually forming the collapsed linear relations
in autumn (September–November, SON) (Figure 5d).

4.4. Stratospheric Lifetime of CH3Cl

In this section, we estimate the stratospheric lifetime of CH3Cl based on the slope of the correlation plot
between ΔN2O and CH3Cl in the LMS, before examining quantification of air mass origins (discussed in the
next section). From the viewpoint of ozone destruction, the stratospheric lifetime represents how rapidly
the reactive degradation product is released. The impact of a chemical on stratospheric ozone (i.e., the
ozone-depleting potential or ODP) is proportional to the total atmospheric lifetime [e.g., Solomon et al.,
1992]. The stratospheric lifetime is part of the total atmospheric lifetime, which is a prime factor determining
abundance of an atmospheric compound given global emissions [e.g., Carpenter et al., 2014].

Stratospheric lifetimes of two long-lived trace gases are related as follows [Plumb and Ko, 1992]:

τ1
τ2

≅
σ1=σ2

dσ1=dσ2
; (1)

where τi and σi are the lifetime and the average mixing ratio at steady state for a specie i and dσ1/dσ2 is a
slope of the correlation at the tropopause.

Figure 5. Scatterplots of CH3Cl as a function of ΔN2O for (a) December–February (DJF), (b) March–May (MAM), (c) June–August
(JJA), and (d) September–November (SON). Data in the first, second, and third months are shown by circles, triangles, and
squares, respectively. Geometric mean regression lines for the stratospheric data and their slopes with errors of 67% confidence
intervals are also shown. Colors of individual bins (2.5 ppb in ΔN2O×20 ppt in CH3Cl) indicate the number of the CARIBIC data
points. The horizontal solid lines show the N2O-based tropopause. We also examined a bootstrap method with 1000 iterations
to confirm robustness of the regression slopes, obtaining insignificantly different values.
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For σi, we applied the global surface average values in 2010: 323.1 ± 0.1 ppb for N2O (http://ds.data.jma.go.jp/
gmd/wdcgg/pub/global/globalmean.html) and 541 ±2ppt for CH3Cl (based on the NOAA data [Montzka
et al., 2011]). Plumb and Ko [1992] proposed to assume values at the tropopause for σ1/σ2 to represent the
troposphere, but the later studies more rigorously calculated the global average (not only in the troposphere)
mixing ratios [Volk et al., 1997; Brown et al., 2013]. Comparisons with the global average CH3Cl and N2O values
calculated by Brown et al. [2013] indicate that σ1/σ2 could change by< 10% by approximating the global
average with the surface average. We therefore consider that use of the surface average values is a practical
approximation, given the larger uncertainties stemming from other factors (discussed below).

We use the slope dσ1/dσ2 = 5.77 ± 0.15 ppt/ppb for the LMS data in MAM because the correlation in this part
of the year is entirely governed by mixing with aged stratospheric air that has subsided [Bönisch et al., 2009]
and is negligibly affected by recent in-mixing around the subtropical jet. We do not correct the slope for
species’ growth rates [Volk et al., 1997; Brown et al., 2013], since the ΔN2O data we use have already been cor-
rected for the trend, and since for CH3Cl, no significant long-term trend has been observed over the observa-
tion period [Montzka et al., 2011; Umezawa et al., 2014]. Previous studies estimated slopes at the tropopause
by extrapolating those calculated from subsets of the data obtained just above the tropopause [Volk et al.,
1997; Laube et al., 2013; Brown et al., 2013]. We also applied this method to our CH3Cl-ΔN2O relationships
(not shown), but, due to the scatter of the CARIBIC data, the result indicated a slope value insignificantly
different from that simply deduced from the regression for the entire LMS data set (Figure 5). We therefore
consider that the average slope obtained for the LMS data described above is the best available estimate
at present. We note that our passenger aircraft data cover multiple years but are restricted to air approxi-
mately up to ~5 km above the tropopause, whereas the above cited studies used campaign data up to higher
altitudes obtained by high-altitude research aircraft [Volk et al., 1997; Laube et al., 2013] or satellite data with
large geographical coverage but relatively large uncertainty [Brown et al., 2013].

Given the lifetime estimate of N2O of 122 ± 24 years [Volk et al., 1997], we calculate the lifetime of CH3Cl to be
35± 7 years. To our knowledge, only Brown et al. [2013] calculated an observation-based stratospheric CH3Cl
lifetime. They arrive in the same manner at 69+65�23 years but use satellite observations. Their lifetime estimate
is twice ours, although their uncertainties are large. Based on the value by Brown et al. [2013]; SPARC [2013]
assessed the best estimate of the empirical stratospheric lifetime of CH3Cl to be 83 (28–∞) years, while a
model-based stratospheric lifetime in SPARC [2013] was 30.4 years. The total atmospheric lifetime of CH3Cl,
including the partial stratospheric lifetime, is currently assessed to be 0.9 year based on the model-derived
stratospheric lifetime value of 30.4 years [Carpenter et al., 2014], which is now supported by our
observation-based estimate. To support our estimate, we also calculated stratospheric lifetimes of other trace
gases measured by CARIBIC in the same way, resulting in, e.g., 143 ± 28 years for CH4 and 57± 14 for CFC-11.
The calculated lifetime for CH4 falls between previous estimates of 93 ± 18 years [Volk et al., 1997] and of
195+75�42 [Brown et al., 2013] and that for CFC-11 is in good agreement with the current estimate of 52
(43–67) years [SPARC, 2013; Carpenter et al., 2014].

4.5. Seasonal Change in the Fraction of Tropical Tropospheric Air in the LMS

The LMS is the extratropical transition region between the troposphere and stratosphere and thus subject to
dynamical and chemical influences of the troposphere and the stratospheric overworld. Previous studies
[e.g., Ray et al., 1999; Hoor et al., 2002; Hegglin et al., 2006; Bönisch et al., 2009; Zahn et al., 2014] show that
the LMS changes its chemical composition with season. In this section, we apply a mass balance method
to the ΔN2O and CH3Cl data to quantify fractions of air of different origins in the LMS and discuss the
merits of the two tracers.

In Figure 6, distributions of ΔN2O (Figures 6a–6d) and CH3Cl (Figures 6e–6h) obtained by CARIBIC are pre-
sented on a φ-Θ coordinate system for different seasons. PV isolines of 2, 4, 6, and 8 PVU are also shown
(black lines). ΔN2O is well mixed in the troposphere and shows a sharp gradient around the tropopause, with
lower values in the LMS throughout the year. Clearly visible is the subsidence of N2O-depleted stratospheric air
with correspondingly higher ages of up to ~2.5 years in spring. In contrast, in the LMS, highest ΔN2O values
are sampled in autumn, which reflects the efficient in-mixing of N2O-rich tropospheric air, a process named
“flushing of the LMS” [Hegglin and Shepherd, 2007; Bönisch et al., 2009]. The contours of ΔN2O lie almost
in parallel to the PV isolines as were observed in the SPURT campaigns [Engel et al., 2006]. In general,
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theN2O-based tropopause defined in this study (ΔN2O=�1.3ppb colored in orange) is located between the 2 and
4PVU isolines year round; for comparison the thermal tropopause generally lies near 3.5 PVU as mentioned earlier.

CH3Cl is high in the tropical troposphere and decreases going deeper in the stratosphere. At first glance, the
distributions of ΔN2O and CH3Cl are very similar. Indeed, the decrease of CH3Cl in the LMS is similar to that of
ΔN2O in DJF and MAM; the CH3Cl contours are distributed almost in parallel to the PV isolines and the
gradient between the UT and LMS is large. However, for JJA, the gradient of CH3Cl with PV becomes unclear
(importantly in contrast to ΔN2O), and the CH3Cl contours obviously extend across the PV isolines on the
isentropic surfaces around Θ= 340 K. This feature becomes less distinct in SON, but the overall CH3Cl level
in the LMS becomes elevated and the CH3Cl gradient across the tropopause is smallest in this season as
observed in ΔN2O. Similar features have been observed in CO2 data also obtained by passenger aircraft
[Sawa et al., 2008] and can be interpreted in terms of meridional air transport on isentropic surfaces from
the tropical UT to the LMS in summer to autumn [Chen, 1995; Berthet et al., 2007; Sawa et al., 2008; Bönisch
et al., 2009]. Beyond this, we claim that CH3Cl in the LMS is disproportionately high in summer-autumn
compared to other tracers and that the isopleths do not run in parallel to the tropopause.

In order to quantify fractions of tropospheric and stratospheric air in the LMS, we utilize ΔN2O according to
the mass balance equation:

ΔN2O½ � ¼ αtrop ΔN2O½ �trop þ αstrat ΔN2O½ �strat; (2)

αtrop þ αstrat ¼ 1; (3)

where the square brackets represent mixing ratio, α is the tropospheric/stratospheric fraction, and subscripts
“trop” and “strat” specify the troposphere and stratosphere, respectively. This concept has been applied
before [Ray et al., 1999; Bönisch et al., 2009]. We assume [ΔN2O]trop = 0 ppb (recall that ΔN2O=0 represents
northern hemispheric baseline air, i.e., the long-term trend at MLO). [ΔN2O]strat should be defined as the
value at the upper boundary of the LMS (Θ=380 K) or in the overworld. Bönisch et al. [2009] fixed the

Figure 6. Equivalent latitude potential temperature (φ-Θ) cross sections of ΔN2O, CH3Cl, fraction of tropospheric air based on ΔN2O, fractions of tropical UT air, and
extratropical surface air based on CH3Cl (from left to right) for different seasons (DJF, MAM, JJA, and SON). Sets of solutions with unreasonable fraction values
(e.g., below 0 or above 1) in a few bins are omitted (middle to right). Black lines show PV isolines (PV = 2, 4, 6, and 8 PVU). Note that the N2O-based tropopause
(ΔN2O =�1.3 ppb) is represented by orange in Figures 6a–6d.
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mean age of air to be 3 years as the upper boundary in a similar mass balance method. The 3 year mean
age of air is translated to approximately ΔN2O=�70 ppb according to polynomial relationships between
N2O and mean age of air in the stratosphere [Andrews et al., 2001; Engel et al., 2002]. We accordingly set
[ΔN2O]strat =�70 ppb. From the SPURT campaigns [Engel et al., 2006], an N2O mixing ratio of 263.2 ppb
at Θ=378.2 was observed in April 2003, which corresponds to ΔN2O=�54.8 ppb. Werner et al. [2010] also
reported N2O data obtained by using high-altitude aircraft, in which ΔN2O reached approximately down
to �60 ppb outside the Arctic vortex. These previous measurements imply that our upper boundary is
located somewhat above 380 K isopleth, being consistent with Bönisch et al. [2009]. We note that, with
the above boundary conditions, the N2O-based tropopause (�1.3 ppb) defined in this study corresponds
to αtrop = 0.98.

Equations (2) and (3) are then solved for αtrop in each φ-Θ bin, and the result is shown in Figures 6i–6l. The
lowest αtrop is found in spring (MAM) with values reaching down to below 0.4 above the 6 PVU isoline. On
the other hand, in SON, the αtrop value exceeds 0.8 in the entire LMS, including the polar region. Using mean
ages calculated from CO2 and SF6, Bönisch et al. [2009] also estimated the seasonal change of αtrop, which is
consistent in spatial pattern and numbers with this study. Ray et al. [1999] also estimated the fraction of
tropospheric/stratospheric air based on balloon measurements of CFC-11 and water vapor and likewise
indicated dominance of tropospheric air in September and of stratospheric air in May in the midlatitude
LMS. Our long-term measurements support these results from the campaign-based measurements.

As outlined above, CH3Cl contains further information and in addition allows the discrimination of air of
tropical and extratropical origin. Consequently, we further partition the tropospheric term in equations (2)
and (3) using CH3Cl data as follows:

CH3Cl½ � ¼ αtropics CH3Cl½ �tropics þ αex-tropics CH3Cl½ �ex-tropics þ αstrat CH3Cl½ �strat (4)

αtropics þ αex-tropics þ αstrat ¼ 1; (5)

where the subscripts “tropics” and “ex-tropics” denote tropical UT and extratropical surface air, respectively.
Using these two air mass origins, we differentiate between two transport pathways (1) quasi-isentropic
transport from the tropical tropopause layer [Chen, 1995; Berthet et al., 2007; Sawa et al., 2008; Bönisch
et al., 2009] represented by αtropics and (2) transport of midlatitude boundary layer air by warm conveyor
belts [e.g., Stohl, 2001] and/or by deep convection over continents [e.g., Fischer et al., 2003; Anderson et al.,
2012] represented by αex-tropics. This concept is based on the latitudinal gradient of CH3Cl peaking in the
tropical troposphere [Yokouchi et al., 2000; Umezawa et al., 2014]. A similar triple mass balance approach
was also examined by Hoor et al. [2005], who used CO data from the SPURT measurements. According to
the CARIBIC data, the CH3Cl mixing ratios in the tropical UT are taken to be 700 ppt (DJF, MAM, and JJA) or
660 ppt (SON). These values are close to the observed maxima, since we consider that such an extreme
case is worthwhile as a proof of concept of the usefulness of CH3Cl data. The CH3Cl mixing ratios in
extratropical surface air were calculated based on data at the surface site Mace Head (MHD), Ireland
[Montzka et al., 2011]: 545 ppt (DJF), 565 ppt (MAM), 515 ppt (JJA), or 500 ppt (SON). The CH3Cl mixing ratio
of the stratospheric reservoir is set to be 210 ppt, which was estimated by extrapolating the CH3Cl-ΔN2O
line to ΔN2O=�70 ppb (see Figure 5b). Given the αtrop according to the ΔN2O mass balance, i.e.,
equations (2) and (3), equations (4) and (5) can be solved for αtropics and αex-tropics.

Fractions of tropical UT air (αtropics) and extratropical surface air (αex-tropics) are shown in Figures 6m–6p and
Figures 6q–6t, respectively. Note that αtropics + αex-tropics = αtrop (i.e., the second panel from the right + the
rightmost panel = the middle panel). In DJF, the αtropics value is generally higher than 0.4 at the tropospheric
side, but decreases going deeper in the LMS. Namely, the αtropics contours follow the PV isolines, showing that
the tropopause prevents the tropical UT air from being transported into the LMS. The remaining fraction is
compensated by αex-tropics, which occupies a larger fraction (>0.5) almost regardless of the tropopause
location. In MAM, the αtropics contours still hold the gradient following the PV isoline. In the LMS, both αtropics
and αex-tropics drop to below 0.5 and 0.4 above the 4 PVU surface, respectively. In JJA, a high tropical tongue
(αtropics> 0.5) extends from the tropics into the LMS horizontally around Θ= 340 K. The αex-tropics values
appear to be higher in the lower Θ layers and very low going deeper in the LMS. In SON, the tropical tongue
becomes less discernible, but the αtropics stays> 0.5 even above the 8 PVU isoline. In contrast, the αex-tropics
has no distinct features with low values (<0.3) in the LMS. This clearly demonstrates that the elevated
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tropospheric fraction in the LMS in this season (Figure 6l) is predominantly made up of air of tropical origin
(Figure 6p). These features are in general agreement with the results by Hoor et al. [2005]. Using CO budget
calculations with three reservoirs involved in mixing with the LMS (stratospheric overworld, tropical
tropopause region, and extratropical free troposphere), they estimated that the tropical fractions in the
LMS are about 0.35 and 0.55 in winter/spring and summer/autumn, respectively; our αtropics values are 0.37
and 0.61 in MAM and SON, respectively, when averaged over the LMS region above 4 PVU.

As described above, the most distinct feature is the tropical tongue crossing the dynamical tropopause in
summer (JJA) and its expansion in the LMS in autumn (SON). It has been suggested that the LMS is ventilated
by tropospheric air isentropically transported from the tropics in summer to autumn [Chen, 1995; Hoor et al.,
2005; Berthet et al., 2007; Sawa et al., 2008; Bönisch et al., 2009], which is evidenced also by the result obtained
in this study. We also investigated 8 day back trajectories of individual samples [van Velthoven, 2015], which
however did not indicate clear tendency of recent (<5 days) tropical origins in the summer season. This is
plausible because the flushing of the LMS by the tropical tropospheric air is a persistent feature gained over
longer timescales (>weeks) [Chen, 1995; Berthet et al., 2007] and distributions of N2O and CH3Cl reflect these
longer timescale phenomena. We emphasize that the tropical tongue appears only in CH3Cl (Figure 6g), but
not in N2O (Figure 6c), which is a strong indication that CH3Cl acts as a tracer of tropical air.

In the present mass balance analysis, we consider the tropospheric and stratospheric distributions of ΔN2O
and CH3Cl (i.e., the different mixing ratios in different reservoirs). To evaluate uncertainties in our mass
balance method, we examined sensitivity to changes of the boundary conditions.

1. The stratospheric reservoir is fixed with [ΔN2O]strat =�70 ppb and [CH3Cl]strat = 210 ppt. As described
earlier, the stratospheric boundary is estimated using the relationship between N2O and age of air
[Andrews et al., 2001; Engel et al., 2002] along with the age of air assumed by Bönisch et al. [2009]. A change
of ±10 ppb in [ΔΝ2Ο]strat (and a corresponding change of ±60 ppt in [CH3Cl]strat) would on average only
yield up to ±3% change in αstrat and ±1% change in αtropics. It is also noted that the ΔN2O distribution
around the tropopause, which is characterized by relatively uniform mixing ratios below the tropopause
and a sharp decrease above the tropopause, has been well investigated using an ample number of
observations [Engel et al., 2006; Hall et al., 2007; Ishijima et al., 2010; Kort et al., 2011].

2. The midlatitude surface reservoir has seasonally varying CH3Cl mixing ratios ([CH3Cl]ex-tropics) calculated
from the data at MHD. To evaluate the variability of [CH3Cl]ex-tropics, we calculated average CH3Cl mixing
ratios at NOAA’s other midlatitude sites in North America (Park Falls, Wisconsin, LEF; Harvard Forest,
Massachusetts, HFM; and Trinidad Head, California, THD) for the respective seasons. The average CH3Cl
values were within ±10 ppt (±20 ppt) from the assigned values in DJF and MAM (JJA and SON). Such
uncertainties could on average yield ±5% change in αtropics.

3. The tropical UT reservoir is set with [CH3Cl]tropics = 700 ppt (DJF, MAM, and JJA) or 660 ppt (SON), solely
relying on the CARIBIC data. The CARIBIC measurements showed values exceeding 700 ppt, but at the
same time, CH3Cl mixing ratios are highly variable along different flight routes even at similar latitudes
[Umezawa et al., 2014]. The HIAPER Pole-to-Pole Observations (HIPPOs) also indicate high CH3Cl in the
tropical UT over the Pacific, with values up to 600 ppt [Wofsy et al., 2012]. Satellite data indicate that in
the tropical UT (15°N–15°S), CH3Cl mixing ratios stay high (~700 ppt) in boreal winter to spring and reach
a minimum (~550 ppt) in late summer [Santee et al., 2013]. They also illustrate geographically uneven
CH3Cl distributions in the UT likely due to the influence of biomass burning as well as of vegetation
sources [Umezawa et al., 2014]. Therefore, CH3Cl mixing ratios in the tropical UT are most likely subject
to substantial longitudinal variations that have not been well characterized. For instance, assuming
50 ppt lower values in [CH3Cl]tropics, αtropics would be up to 25% higher. On the other hand, 50 ppt higher
[CH3Cl]tropics would result in αtropics values lower by up to 10%. The choice of a single representative CH3Cl
mixing ratio for the tropical UT is therefore the largest source of uncertainty in reliably quantifying the
fraction of tropical air in the LMS. More data in the tropics (in particular aircraft data) will be of help for
more precise determination of a tropical representative value from a statistical viewpoint. However, it is
also noted that CH3Cl mixing ratios in the tropical UT inherently undergo large spatial and temporal
variations due to uneven distribution of regional sources combined with variable strength and location
of convection. Therefore, a truly representative single CH3Cl mixing ratio can only be identified through
extended efforts to investigate varying CH3Cl distributions in neighboring areas, which may be required
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for instance in studying individual tropical air intrusion events. Nevertheless, we note that CH3Cl is a
unique species among measurable gases, with strong tropical emissions and long atmospheric lifetime,
and this study highlights its potential as a tracer of tropical air.

5. Conclusions

We have presented variations of CH3Cl and ΔN2O (deviation from the long-term trend at MLO) in the LMS mea-
sured in air samples collected by the IAGOS-CARIBIC passenger aircraft observatory during 2008–2012.
Systematic decreases of CH3Cl and ΔN2O with potential temperature with respect to the thermal tropopause
(ΔΘTP) are manifest. Vertical gradients in the LMS peak in spring as a result of wintertime strong subsidence of
air from the stratospheric overworld. ΔN2O shows seasonal variations with spring minima, which is more
pronounced in the highΔΘTP layers. CH3Cl varies seasonally similar in phase toΔN2O in the highΔΘTP bins, while
a seasonal minimum in late summer is obvious below the tropopause (ΔΘTP< 0). We found significant linear
relationships between ΔN2O and CH3Cl from winter to early summer, which are governed by mixing between
deep stratospheric air and UT air. Such correlations vanish in late summer to autumn due to summertime
flushing of the LMS by tropical tropospheric air. Based on the slope of CH3Cl over ΔN2O, we estimated the
stratospheric lifetime of CH3Cl to be 35±7 years. We also presented distributions ofΔN2O and CH3Cl on potential
temperature-equivalent latitude (φ-Θ) coordinates. The ΔN2O gradient followed locations of the dynamical
tropopause throughout the year, plausibly reflecting age of air (fraction of deeper stratospheric air). On the other
hand, the CH3Cl isopleths horizontally extend across the dynamical tropopause in summer to autumn, indicating
isentropic air transport from the tropical UT where the CH3Cl mixing ratio is high. A mass balance approach was
applied to theΔN2O and CH3Cl data to partition airmasses originating in the stratospheric overworld, the tropical
UT and the extratropical lower troposphere. The result clearly illustrates the summertime ventilation of the LMS
by tropical UT air, demonstrating that CH3Cl can be an effective tracer of tropical air. More observations of
atmospheric CH3Cl mixing ratios in the tropics are helpful to utilize the mass balance method accurately.
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