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Abstract. This paper presents an analysis of observations
of methane and its two major isotopologues, CH3D and
13CHy, from the Atmospheric Chemistry Experiment (ACE)
satellite between 2004 and 2013. Additionally, atmospheric
methane chemistry is modeled using the Whole Atmospheric
Community Climate Model (WACCM). ACE retrievals of
methane extend from 6 km for all isotopologues to 75 km for
12CH,, 35km for CH3D, and 50 km for 13CHj. While total
methane concentrations retrieved from ACE agree well with
the model, values of sD-CH, and §13C—CH, show a bias
toward higher § compared to the model and balloon-based
measurements. Errors in spectroscopic constants used during
the retrieval process are the primary source of this disagree-
ment. Calibrating 8D and §13C from ACE using WACCM
in the troposphere gives improved agreement in 8D in the
stratosphere with the balloon measurements, but values of
813C still disagree. A model analysis of methane’s atmo-
spheric sinks is also performed.

1 Introduction

Methane is an important greenhouse gas, with a global-
warming potential of 72 over 20 years (Denman et al.,
2007). In the troposphere, abundances of methane have in-
creased since the Industrial Revolution, from mixing ratios
of about 700 ppb in the 1800s to over 1700 ppb by the 1990s
(Etheridge et al., 1998). From 1999 to 2006, methane lev-
els remained stable, but have begun to increase again since

2007 (Terao et al., 2011). The mixing ratio of methane in
the atmosphere is controlled by its sources and sinks. All
sources of methane are from surface emissions, including
wetlands (Bartlett and Harriss, 1993), ruminant livestock
(Lassey, 2007), fossil fuel production (Kort et al., 2014),
and biomass burning (Hao and Ward, 1993). Methane is pri-
marily consumed by the OH radical in the troposphere but
may also react with Cl and singlet O (O'D) or be destroyed
by photolysis higher in the atmosphere. With a global life-
time of about 9 years (Denman et al., 2007), methane is well
mixed in the troposphere but decreases rapidly with altitude
in the stratosphere. The distribution of methane is also af-
fected by atmospheric circulation patterns. One major pattern
is Brewer—Dobson circulation, in which equatorial air rises
through the tropopause, travels poleward in the stratosphere,
then descends back into the troposphere at high latitudes and
returns to the equator (Remsberg, 2015).

Knowing the relative strengths of the different sources and
sinks of methane is crucial for understanding its atmospheric
behavior. As these sources and sinks are subject to isotopic
fractionation, measurement of the common stable isotopo-
logues of methane (12CHg4, 12CH3D, and 13CHy) gives more
information about the origin of methane present in the at-
mosphere. Abundances of heavy isotopologues are typically
reported using delta notation, where (for the case of carbon-
13)

13C/12C

sBC=(=—L-"— —1) x 1000%.. 1
(13Cstd/12Cstd ) 8 ” ( )
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In this paper, 8D will refer to the isotopologue CH3D, and
813C will refer to 13CHy,.

Different isotopologues of methane will react at differ-
ent rates, a phenomenon known as the kinetic isotope effect
(KIE). Because of this, the isotopic signature of methane in
an air mass will change over time as methane is consumed.
As is true of most molecules, the heavier isotopologues
of methane react more slowly than unsubstituted methane,
meaning 8D and §'3C will increase as methane is consumed.
KIEs are commonly reported as a ratio of rate constants:
kp/kny and k12/k13 for methane. The KIEs of methane with
OH, O (*D), and Cl at room temperature are listed in Table 2.
Since each methane sink has a different KIE, the values of
8D and §3C can give some information about which species
have reacted with methane.

As with several gases in the atmosphere, there is a strong
inverse correlation between the total mixing ratio of methane
and 8D and 813C. This relation was first noted by Keel-
ing (1958) in samples of COy, so a plot of [CH4] or [CH4] 1
vs. & is often called a “Keeling plot”. This phenomenon
has more recently been demonstrated by, e.g., R6ckmann et
al. (2011) for methane. Plotting [CH4]~! vs. § of a time series
of measurements results in a ellipse rather than a straight line
due to seasonal variation in the sources and sinks of methane
(Allan et al., 2001; Lassey et al., 2011).

Measuring methane and its isotopologues is most com-
monly done in the troposphere. One large ground-based sam-
pling program is the Global Greenhouse Gas Reference Net-
work, overseen by NOAA’s Earth System Research Labora-
tory (Andrews et al., 2014). Sampling higher in the tropo-
sphere is frequently done by aircraft such as the CARIBIC
program (Brenninkmeijer et al., 2007) or by balloon flights.
In the upper stratosphere, measurements are far less common
as only balloons can reach this height for sampling (Rock-
mann et al., 2011). An alternative to direct sampling at this
altitude is satellite-based remote sensing. Some satellite in-
struments point toward nadir including GOSAT (Yokota et
al., 2009), TES onboard the Aura satellite (Wecht et al.,
2012), and IASI on MetOp (Xiong et al., 2013). Others ob-
serve the limb of the atmosphere including MIPAS (Payan et
al., 2009) and HALOE (Park, 2004). A few, such as SCIA-
MACHY on ENVISAT (Schneising et al., 2009) and TES
can look in either direction. However, these satellite mea-
surements do not include the heavy isotopes of methane, and
many of them have limited vertical sampling or only measure
the total column density.

In this paper we present data on methane and its two
heavy isotopologues from the Atmospheric Chemistry Ex-
periment Fourier transform spectrometer (ACE-FTS). Addi-
tionally, we performed a model run with Whole Atmosphere
Climate Community Model for comparison to the data from
ACE.
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Figure 1. ACE measurement latitude for sunrise and sunset and beta
angle as a function of time of year. For a brief time around each
solstice ACE is unable to make measurements due to the position of
its orbit.

2 Methods

The ACE-FTS is an infrared spectrometer on board the Cana-
dian satellite SCISAT. SCISAT was launched in 2003 and is
still currently active. The satellite orbits the Earth at an in-
clination of 74° and at a height of 650 km. It makes mea-
surements of the atmosphere via solar occultation in which
sunlight is used as a light source as it passes through the
atmosphere at sunrise and sunset. The satellite has an or-
bital period of 97.6 min, allowing it to make measurements
about every 49 min. The latitude of the measurement tangent
point varies slowly with time (Fig. 1) but accumulates a set
of global measurements in about 2 months. The geographic
measurement cycle repeats in latitude annually (with a small
degree of slippage), which provides a framework for deter-
mining trends as a function of time.

The analysis of ACE-FTS spectra begins by deriving alti-
tude profiles for pressure and temperature through the analy-
sis of CO2 lines in the spectra, using an assumed profile for
the CO, volume mixing ratio (VMR) below 60 km (Boone
et al., 2013). The VMR profile for a particular molecule or
isotopologue of interest is then retrieved via the analysis of
a set of microwindows: a collection of relatively small (typi-
cally less than 0.5 cm~1) portions of the spectrum containing
spectral features primarily from the target atmospheric con-
stituent. Spectroscopic data employed in the forward model
calculations in version 3.5 processing come mostly from the
HITRAN 2008 database (Rothman et al., 2009).

Retrievals of ACE-FTS methane data were obtained us-
ing the latest version 3.5 of the ACE-FTS software (Boone
et al., 2013). These retrievals are performed in the same way
as those from version 3.0 (Boone et al., 2005) but include
a fix of a problem with pressure and temperature informa-
tion obtained from the Canadian Meteorological Center for
measurements after September 2010. Briefly, the retrieval
employs a nonlinear least-squares global fitting approach,
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Figure 2. Location of all ACE CH,4 measurements by season.

where the volume mixing ratio altitude profiles for the tar-
get molecule and all significant interferers (molecules or iso-
topologues other than the target that feature significant ab-
sorption within the set of microwindows) are determined si-
multaneously. No constraints from a priori information are
employed in this process, and therefore no averaging kernels
are produced.

The microwindows corresponding to the vg4, 2v4, and v3
vibrational bands of CH4 were used for these retrievals. The
fundamental v4 and v3 bands are used at higher altitudes
while the 2v4 overtone band is used at lower altitudes where
the fundamentals are saturated. A summary of the microwin-
dows used in the current study is given in Table 1 while the
full microwindow list is given in the Supplement.

Note that the microwindow set for the main isotopologue
is different from that employed in normal version 3.5 pro-
cessing. Preliminary results in the current study indicated
problems in the main isotopologue results that yielded sharp,
latitude-independent, systematic features in the derived §D
and 813C plots. Such features were also present in recently
published ACE data of §13C-CO (Beale et al., 2015). There-
fore, a research product was generated for the molecule us-
ing a new microwindow set. This new set featured more mi-
crowindows between 40 and 50 km than the version 3.5 mi-
crowindow set, as well as more microwindows at low alti-
tudes (below 25km). Spectroscopic parameters (positions,
line widths, pressure shifts, and intensities) for CHy4 lines
in the 2v4 band were adjusted to improve fitting residuals
(which are poor when using existing spectroscopic data for
these lines) and to improve the internal consistency between
the intensities of lines in this band and lines in the other
two bands employed in the retrieval. These sharp features
are still present in the data presented here, but their magni-
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tudes are greatly reduced. Some further discussion of these
adjustments are given in Appendix A.

For the main isotopologue of methane, random errors from
the least-squares fitting process are in the range of 2 to 6 %
over the range of altitudes employed in the current study. For
13CHy, fitting errors range from 2 to 6 % below 30 km, and
the errors increase for altitudes above 30 km, reaching 10 %
near the upper-altitude limit of the retrieval. For CH3D, fit-
ting errors range from 4 to 12 % below 15km and increase
for higher altitudes, approaching 30 % near the upper-altitude
limit of the retrieval.

Spacing of retrieval altitudes for VMR profiles of the iso-
topologues of methane varies from ~ 2 km (low altitudes) to
6 km (high altitudes) and averages around 4km. The pro-
files were interpolated onto a 1 km grid using a piecewise
quadratic interpolation. Then, the profiles were placed into
seasonal bins and 10° latitude bins. Figure 2 shows the spa-
tial distribution of the profiles by season. Most of the profiles
are at higher latitudes, but there are at least 40 profiles in
each equatorial bin every season. The binning process aver-
ages the results from many occultations in order to reduce
the impact of the random error on the results (the random er-
ror decreases according to the square root of the number of
elements included in the average).

Model calculations were performed using version 4 of the
Whole Atmospheric Community Climate Model (WACCM),
a component of the Community Earth System Model
(Marsh et al., 2013). WACCM extends from the surface
to 5x 10~®hPa (~140km) and includes fully interactive
chemistry and circulations patterns for the whole atmo-
sphere. WACCM can be run as a standalone model or as the
atmospheric component of CESM.

Atmos. Meas. Tech., 9, 1095-1111, 2016
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Table 1. Summary of microwindows used by ACE for retrieval of CHy.

Isotopologue  Number of Altitude Wave number ranges (cm™—1)
microwindows  range (km)
CHg 74 5-75 1139, 1219-1374, 1672, 1876, 1950, 2610-3086
CH3D 45 5-35 923-1480, 2623-3096
13¢cH, 36 5-50 1202-1339, 1950, 2566—2839

Table 2. Kinetic isotope effect ratios of methane with OH, OlD, and CI.

Reactant Kn/kp k12/k13 Temperature  Ref.

OH 1.294+0.018 1.0039+0.0004 296K Saueressig et al. (2001)
olb 1.06 1.013 296 K Saueressig et al. (2001)
Cl 1.47+0.03 1.06 £0.01 298K Feilberg et al. (2005)

Out of the box, WACCM does not support molecular iso-
topologues, but the two isotopologues of CH,4 can be inserted
as separate species with a few modifications. First, the re-
actions of the first step of methane oxidation are duplicated
and their rate constants adjusted by the kinetic isotope effects
kp/ky and ki12/k13. The KIE of methane with each oxidant
is given in Table 2 and the full set of modified reactions is
listed in Table 3. No further reactions or molecules are mod-
ified as only the isotopic composition of methane is studied
here. Next, new photolytic cross sections were added for all
three isotopologues (Lee et al., 2001; Nair et al., 2005). The
blue shifts of the cross sections are approximately 1 nm for
CHsD and 0.04 nm for 13CHy. Finally, boundary conditions
representing surface emissions were calculated for the two
heavy isotopologues. Keeling plots presented by Réckmann
et al. (2011) were used to derive relations between [CH4] vs.
8D and 813C:

4
_ 180107 o b @)
[CH4]/(ppm)
1.29 x 10*
sBC= """ 151.4%.. 3
[CHa]/(ppm) ” ®)

These relations were applied to the existing CH4 boundary
conditions used by WACCM (Lamarque et al., 2010) to de-
rive boundary conditions for CH3D and 13CHj.

WACCM was run as a standalone model with a resolu-
tion of 4 x 5° (latitude/longitude) and 66 vertical levels. The
model was run as a perpetual year 2000 for a total of 20 years:
17 years of spin-up time followed by 3 years that were ana-
lyzed. Data from WACCM was analyzed in two ways. First,
to observe general trends, the entire data set from the final
3 years was averaged monthly and placed into 10° latitude
bins. Second, to remove sampling bias from ACE when com-
paring to WACCM, a smaller data set was constructed by
measuring “profiles” from the whole WACCM data set at the
same times and locations as each ACE profile. This data set
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was averaged seasonally and placed into 10° latitude bins to
match the analysis of ACE data.

3 Results

Figure 3 shows the total concentration of methane as a func-
tion of latitude and altitude as measured by ACE. In the well-
mixed troposphere, the concentration of methane is nearly
constant at around 1750 ppb. Above the tropopause, methane
concentrations decrease steadily at higher altitudes to about
300 ppb at 20-25km above the tropopause. Methane near
the equator extends higher into the atmosphere primarily
due to the higher tropopause, as well as the transport of
air containing elevated levels of methane from the tropo-
sphere to the lower stratosphere in the tropics (as part of
the Brewer—Dobson circulation). Some seasonal variation is
visible. Pockets of methane-depleted air are present over the
poles especially during the summer and fall months: Decem-
ber to May over the South Pole and June to November over
the North Pole.

ACE data for 6D as a function of latitude and altitude
are plotted in Fig. 4. CH3D data are available from 5 to
30-35km, depending on latitude. Above 12 km, values of
3D steadily increase with altitude from tropospheric values
around 0 %o, then sharply increase at the highest few kilome-
ters of the available data to between +250 and +400 %o. This
sharp increase occurs at the same altitudes where the fitting
errors during retrieval are the highest. In addition, high lev-
els of CH3D are noticeably present over the South Pole from
June to November. Below 12 km, the §D data are much nois-
ier and average around +35%.. This “step function” in the
plot, with a sharp change in 6D at a particular altitude that
does not vary with latitude, likely indicates a problem in the
retrieval below 12 km for either CH3D or the main isotopo-
logue. An additional horizontal line is present around 20 km
and is discussed with §13C below. Finally, there is another
artifact present below 80°S in June-August: a single alti-

www.atmos-meas-tech.net/9/1095/2016/
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Table 3. Kinetic constants of reactions modified to include the heavy isotopologues of methane used with WACCM. Temperature-independent
reactions use a single rate constant A in units of cm3 molecule=1 51, Temperature-dependent reactions have a rate constant given by the

equation k(T) = Ax exp(—E/RT). The factor E/R has units of K~1.

Reaction A E/R Ref.
CHg+ OH — CH3+ H,0 245x 10712 1775  Sander et al. (2006)
13CHy+ OH — CH3+H,0 244 x 10712 1775  Sander et al. (2006)
CH3D + OH — CH3+H,0 350 x 10712 1950  Sander et al. (2006)
CHg+ Cl — CHz+ HCI 730 x 10712 1280  Sander et al. (2006)
13CH4+ Cl — CH3+HCI 6.89 x 10712 1280  Sander et al. (2006)
CH3D + Cl — CHz+ HCI 7.00x 10712 1380  Feilberg et al. (2005)
CHs+ O(*D) — CH3+ OH 1.31x 10710 Sander et al. (2006)
CHy+O(*D) - CH,0 + H +HO, 3.00 x 10711 Sander et al. (2006)
CHa+ O(*D) — CH20 4 Hy 7.50 x 10712 Sander et al. (2006)
13CH,4+ O(tD) — CH3z+ OH 1.11x 10710 Saueressig et al. (2001)
13CH4+0O(*D) - CH)O +H +HO,  2.96 x 1011 Saueressig et al. (2001)
13CH4+ O(*D) — CH»0 +Hy 7.40 x 10712 Saueressig et al. (2001)
CH3D +0(*D) — CH3z+ OH 1.06 x 10~10 Saueressig et al. (2001)
CH3D +0O(*D) - CH,0 +H +HO, 283x1071 Saueressig et al. (2001)
CH3D +0(*D) — CH,0 +H, 7.08 x 10712 Saueressig et al. (2001)
CHy+ hv — products Lee et al. (2001)
13CH4+ hv — products Lee et al. (2001)
CH3D + hv — products Nair et al. (2005)
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Figure 3. ACE total methane concentration by season.
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tude with a very low §D. This is due to the low number and
quality of measurements taken over the poles caused by the
satellite’s non-polar orbit.

ACE data for §13C are plotted in Fig. 5. These data are
available from 6 to 50 km except over the poles during some
seasons. Overall the data are noisier than for 5D, but values of
813C still increase with altitude. Tropospheric values average
near —20 %o , while lower stratospheric values average near
0 %o. Seasonal changes are also more apparent than in D.
Enrichment of 13C is strongest during the summer and fall
months. Values of §13C as high as +100 %o are present over
both poles between 35 and 50 km. Higher §13C values are
present in two bands at 22 and 40 km. Since these bands show
no variation in altitude as a function of latitude, they are also
believed to be artifacts of the retrieval process.

Note that there was a very large step function in the orig-
inal version 3.5 §13C results around 22 and 40km, a con-
sequence of poor internal consistency between the spectro-
scopic data for the CHy4 lines used to derived CH; VMR at
low altitudes and the CHy4 lines used for the high-altitude
portion of the retrieval. This also affected 6D, resulting in
a band at around 20 km. For the CHy4 research product em-
ployed in the current study, the intensities of CHy4 lines in the
2v4 band (the lines that contribute to retrieved CH4 VMR at
low altitude) were adjusted in an effort to improve the agree-
ment with other CH,4 bands employed in the retrieval (i.e.,
the bands that contribute to the retrieved VMR at higher alti-
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tudes). The step function in the ACE §13C results was greatly
reduced, but the “bump” in §13C near 22 km suggests that
there may remain a spectroscopic compatibility problem for
CHy lines in different bands. These features also appear in
ACE observations of §13C—CO (Beale et al., 2015) for the
same reason, suggesting that they are artifacts of the retrieval.

The ACE-sampled WACCM data set is presented in Fig. 6
(total CHy), Fig. 7 (8D), and Fig. 8 (§*3C). Figures of the
full WACCM data set are present in the Supplement. The
model output of total methane agrees well with ACE’s obser-
vations. Tropospheric methane fluctuates slightly by season
but is steady around 1700 ppb. The plume of methane-rich
air over the equator in the stratosphere is also present, and
mixing ratios of methane decrease with higher altitudes in
the stratosphere and mesosphere. Seasonal variation is no-
ticeable here; air masses low in methane form over each pole
around 50 km during the summer, then sink and become fur-
ther depleted during the fall.

These seasonal trends are especially visible in D and
813C. The polar air masses of depleted CHy4 are enriched in
both CH3D and 13CH, and become further enriched as they
sink. Enrichment in the southern air mass reaches a lower al-
titude and lingers for a longer period, February to June, than
the northern air mass which is enriched only from July to
October. This difference in altitude is also shown in ACE;
enrichment in the Southern Hemisphere reaches low enough

www.atmos-meas-tech.net/9/1095/2016/



E. M. Buzan et al.: Global methane isotopologues from ACE-FTS

1000 -

8D (%o)

500 o t 1 - : 1
0 1 2 3

[CH,I" (ppm™)

513C (%)

1103

Altitude (km)

[CH,I" (ppm™)

Figure 9. Keeling plots of ACE data for §D (left) and §13C (right). Each data point is color-coded by its measurement altitude. The streaks of
data present in the right figure are artifacts; ACE measurements are retrieved to three significant figures, causing a sharp change in precision

around 10 ppm~1 (e.g., 9.99 ppm vs. 10.1 ppm).

to be detected by ACE, while enrichment in the Northern
Hemisphere remains too high to be measurable by ACE.

4 Discussion
4.1 Keeling plots of ACE data

As mentioned previously, the total concentration of atmo-
spheric methane has an inverse relationship with 8D and §13C
as shown in a Keeling plot. Keeling plots for both isotopo-
logues are given in Fig. 9 by plotting the reciprocal of the
methane mixing ratio against §D and §3C for each altitude
in every ACE profile. In these figures, the expected relation-
ship should appear as a sloped line. Such a slope is visible for
8D at stratospheric altitudes. However, there is still a signifi-
cant range of 5D values for a given mixing ratio of methane,
especially in the troposphere where methane has little spa-
tial variability due to being well mixed. For 13CHy, a rela-
tionship between total methane and §13C is much more dif-
ficult to distinguish. This is not surprising considering that
the 813C data have a larger range of values than the 5D data.
Several streaks are also visible in the §13C data but are con-
sidered artifacts; since molecular concentrations from ACE
are reported to three significant figures, a sharp change in
precision occurs at multiples of 10, causing the data points
to clump together into lines at just above 10 ppm. A similar
artifact is slightly visible in §D at 1 ppm.
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4.2 Comparison to WACCM output

In general, ACE and WACCM have good qualitative agree-
ment with each other. The most noticeable shared feature be-
tween the two is the presence of masses of enriched isotopes
over the poles. In the ACE data for CH3D, the only visible
seasonal change is an increase in 8D over the South Pole dur-
ing the winter (JJA). WACCM also shows this enrichment at
the same time. Enrichment over the North Pole is not visible
in the ACE data, but WACCM shows that CH3D enriched
air does not descend to altitudes low enough to be measur-
able with ACE. In addition, the rapid increase in enrichment
at the highest altitudes, 30-35 km, measured by ACE at all
latitudes is not present at the same location in WACCM. In-
creased enrichment is observable above 40 km in WACCM,
but the magnitude of this increase is much smaller. This sug-
gests that the feature in ACE is not a real phenomenon, but
rather it is possibly some systematic effect associated with
the data near the upper-altitude limit of the CH3D retrievals,
a consequence of pushing the retrievals to altitudes where the
spectra contain minimal signal from the isotopologue.

Though §13C data from ACE are much noisier than for 8D,
seasonal enrichment over both poles is visible as the §13C
data extend to high altitudes. In both ACE and WACCM,
enrichment over the South Pole is most visible in the fall
(MAM) months with slightly lower enrichment during the
winter (JJA) and spring (SON). The same trend is present
over the North Pole in the fall (SON), but again the amount
of enrichment fades more rapidly with time as it did with
CH3D.

Atmos. Meas. Tech., 9, 1095-1111, 2016
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Figure 10. The difference in D between ACE and WACCM. Negative values are given when ACE reports a larger value than WACCM.

However, ACE and WACCM disagree greatly over the val-
ues of 8D and §13C. ACE reports values of §13C of over
+100%o in highly enriched areas, while WACCM reports
813C values only up to +5%o at the altitudes measured by
ACE. Tropospheric values are closer, but there is still a dis-
parity: ACE measures §13C around —20 %o while WACCM
reports it at around —45%o.. The difference is more pro-
nounced with §D. Tropospheric values of 8D differ by 100 %o
between ACE and WACCM. A quantitative comparison of
8D in the stratosphere is more difficult due to the sharp in-
crease seen in ACE.

Systematic errors in the ACE CHy results are clearly dom-
inated by errors in the spectroscopic constants. Although dra-
matically improved compared to the preliminary results that
used the version 3.5 processing, there remain sharp latitude-
independent features at particular altitudes in the fractiona-
tion plots in the current study using the research product for
main isotopologue CH4. While the new spectroscopic param-
eters derived for the main isotopologue of CHy4 significantly
improve the fitting residuals and reduce the magnitudes of
the sharp features in the fractionation plots, further work is
clearly required to refine the quality of these spectroscopic
constants. It is not clear at this time what contributions to the
systematic features are from the main isotopologue vs. the
subsidiary isotopologues. With the magnitudes of the uncer-
tainties involved, there seems little value in generating a for-
mal, quantitative estimate of the systematic error; the errors
are large enough (the §D curve was more than 9 % different
from expectations, and the §13C curve was more than 2 % dif-
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ferent) to necessitate generating new spectroscopic constants
for at least some portion of the CHy4 lines in the microwin-
dows employed for the ACE-FTS retrievals.

4.3 Calibration of ACE data

In the troposphere, WACCM’s predictions of 8D and §3C
agree with previous measurements. For §13C, WACCM pre-
dicts a tropospheric value of —47 %o, while measurements
range from —48 to —46 %o (Conny and Currie, 1996; Sug-
awara et al., 1997; Umezawa et al., 2012). Tropospheric
3D measurements have a larger range, between —100 and
—75%o (Rice et al., 2003; Umezawa et al., 2012). WACCM
lies on the high end of this, between —81 and —78 %o , with
more a negative §D in the Northern Hemisphere. Based on
this agreement, WACCM can be used to calibrate ACE by
accounting for the unknown systemic error in the ACE re-
trievals of CH3D and 13CHjy. These calibration factors, one
for each isotopologue, are a shift applied to 8D and §13C
from ACE and are equivalent to a multiplication factor ap-
plied to the CH3D and 13CH4 VMR profiles retrieved by
ACE. The calibration factors were derived by taking the dif-
ference of the median tropospheric § value for both isotopo-
logues of ACE and WACCM. The height of the tropopause
for each ACE profile was taken from derived meteorologi-
cal products provided by Manney et al. (2007) and was be-
tween 8 and 16 km for most profiles. The calculated calibra-
tion shifts are —92.4 %o for §D and —21.8 %o for §13C.
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The effect of this calibration at one location, the 60° S
ACE latitude bin during the spring (SON), is shown in
Fig. 12. Also shown here are error bars on the post-
calibration ACE data. These error bars represent 1 standard
deviation of measurements from the entire data set at that al-
titude and latitude bin. The calibration is effective for CH3D
as ACE and WACCM now agree with each other up to 26 km
where the sharp increase in 8D is observed in ACE. How-
ever, this calibration does not function as well for 13CHj.
After the calibration, ACE and WACCM agree up to a height
of about 20 km, but the bump in the ACE results between 20
and 25 km (associated with the latitude-independent band in
the 813C plots near 22 km mentioned previously) yields sig-
nificantly poorer agreement in that altitude range. The ACE
results also show a stronger increase of §13C with increasing
altitude above 20 km compared to WACCM.

4.4 Comparison to balloon profiles

ACE data were compared with balloon profiles analyzed by
Réckmann et al. (2011). This data set consists of 13 balloon
profiles, all of which have data for §13C and all but two have
data for D. The balloon launches were performed at Hyder-
abad, India (17.5° N, 78.60° E), Kiruna, Sweden (67.9° N,
21.10° E), Aire-sur-I’Adour, France (43.70°N, —0.30°E),
and Gap, France (44.44° N, 6.14° E). The balloon profiles
from each location were compared to ACE profiles from the
same season and the 10° latitude bin the balloon launches are
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located in. Both locations in France were considered together
since only one launch was performed at Gap.

Figure 13 shows the comparison of D among ACE
(shown in red), WACCM (gray and black), and the balloon
profiles (blue). The profiles over India and both locations
in France show strong agreement among all three data sets
to above 25km. Over India, the balloon profiles end below
30 km, so there are no data to compare to the highest altitudes
of ACE where D rapidly increases. Over France, the balloon
profiles reach as high as 33 km, slightly higher than ACE, but
do not show the spike in §D present in ACE. This, along with
the high amount of random error present in the retrieval at
this altitude, supports the notion that the rapid increase in D
at the highest altitudes in the ACE results is a retrieval arti-
fact. One profile, ASA9309, does show increased §D at the
single highest point, but this is not conclusive. However, the
profiles over Sweden do not show such agreement. Above
20 km, the balloon profiles show a large increase and notice-
able month-to-month changes in 8D, whereas ACE shows a
more gradual rise. The sharp increase is likely due to strong
influence from the polar vortex during the 2 years of mea-
surements. The ACE data are a combination of 10 years
of profiles, so years of strong vortex influence are balanced
by years with less influence. Also, the run of WACCM does
not include any interannual variation, so the effect of an av-
erage polar vortex is expected.

Figure 14 shows the comparison of the three data sets
for 813C. Quantitatively, agreement is generally poorer be-
tween ACE and the balloon profiles than was observed for

Atmos. Meas. Tech., 9, 1095-1111, 2016
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8D. Excluding the apparent artifact in the ACE §3C re-
sults (the bump between 20 and 25 km), there is reasonable
agreement for the balloon measurements over India. For the
higher-latitude measurements over France and Sweden, ACE
indicates a smaller isotopic fractionation in the troposphere
than was measured by the balloon campaign or predicted by
WACCM. Interestingly, the balloon measurements in Swe-
den show fairly good agreement with the bump between 20
and 25km in the ACE §13C results, but since this bump in
the ACE results is thought to be an artifact, this agreement is
probably a coincidence.

4.5 Distribution of methane sinks

A second set of WACCM runs was performed to further ex-
plore the effects of the different sinks of methane on its iso-
topic composition. The model was run an additional year past
the initial 20 years. Then, several 1-day branch runs were
performed on the first day of each month of the extra year.
In these runs, the reactions for methane with OH, O (D),
Cl, and sunlight (photolysis) were modified to additionally
produce an inert dummy molecule. The abundance of this
“molecule” at a specific location shows how much methane
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reacted with a specific molecule or via photolysis at that lo-
cation. Since the model reports molecular concentrations as
mixing ratios, the abundance of the dummy molecules is rel-
ative to the number density of air at that location. The mixing
ratios of the dummy molecules are on the order of 10~ or
smaller, so their presence does not have a large effect on the
pressure or other dynamics in the atmosphere.

Figure 15 shows the results of these runs for the months
of January, April, July, and October. The plots in the left col-
umn show which of the four sinks destroys the most methane
at a given latitude and altitude. The right column shows the
total rate of methane destruction. At the most abundant rad-
ical in the atmosphere, OH is the most important oxidant in
the troposphere and most of the stratosphere outside of the
polar regions. From 50 to 65km, singlet oxygen becomes
the largest oxidant. It is also the largest oxidant between 30
and 40km at the equator, likely due to the presence of the
ozone layer below which readily photolyzes to give oxygen
atoms. Above 65 km, photolysis becomes the major source
of methane destruction as the atmosphere becomes thinner,
making chemical reactions more difficult and allowing the
increased penetration of UV radiation.

Atmos. Meas. Tech., 9, 1095-1111, 2016
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Figure 15. Dominant oxidizing species of CH4 by location and sea-
son (left) and total methane oxidation (right).

The reaction of methane with chlorine atoms demonstrates
strong seasonal variation. Oxidation via chlorine is only
major over the poles in the stratosphere around the winter
months. At the same time over the poles, methane destruction
reaches its lowest rates. This is due to the presence of the po-
lar vortex. The isolated air inside the vortex is not exposed to
sunlight, so oxidizing radicals are quickly consumed and are
not regenerated. Meanwhile, active chlorine-containing com-
pounds build up within the vortex, providing a small source
of chlorine atoms even with minimal sunlight.
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5 Conclusions

The ACE data set presented in this paper greatly expands the
number of observations of methane and its isotopologues in
the stratosphere. The data for CH3zD have been shown to be
consistent with both model predictions and existing balloon-
based measurements after calibrating the ACE results using
tropospheric D calculated from the WACCM model. How-
ever, the data for 13CHy still show large discrepancies. The
addition of new microwindows and adjustment of spectro-
scopic parameters for CH4 lines in the 2v4 band significantly
reduced the large step function observed in §13C when using
the spectroscopic parameters for this band that are currently
available in the HITRAN database. However, a systematic
latitude-independent bump near 22 km in the §13C profiles
derived from ACE in the current study suggests that further
refinement of these spectroscopic constants will be required
to improve the retrieval results for the isotopologues CHy
from ACE.
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Appendix A

The adjusted spectroscopic parameters generated for CHy
from ACE-FTS spectra are collected in the Supplement. Only
those parameters that differ from the values in HITRAN 2004
are included. All units are the standard HITRAN units (Roth-
man et al., 2005). Spectroscopic parameters were adjusted
primarily for the CH4 lines contained in the main isotopo-
logue microwindow set. One adjustment made was an in-
crease of the intensities in the low-altitude lines by more than
3%. Not all CH4 in the given wave number region were ad-
justed, and no changes were made to the parameters for the
subsidiary isotopologues.

It should be stressed that although these new parameters
do significantly improve the fitting residuals and give vol-
ume mixing ratio profiles that yield variations with altitude
that match more closely with expectations, an occultation
sounder is not the ideal platform for generating spectroscopic
parameters. Rather than a static cell, as one would have in
a laboratory, there is a variation along the line of sight for
pressure and temperature. Contribution to the residuals from
imperfectly modeled interferences (i.e., molecules other than
CHj) would impact the determination of CH,4 spectroscopic
parameters. The range of temperatures for the measurements
is insufficient to properly generate spectroscopic parameters
that describe temperature dependence, and so such parame-
ters were all fixed to the values in HITRAN 2004.

www.atmos-meas-tech.net/9/1095/2016/

It is clear that CH4 would benefit greatly from new labo-
ratory studies, particularly in the 2650 cm~1 region for the
main isotopologue. The sharp features at a particular alti-
tude in the fractionation plots indicate that problems with
the spectroscopic parameters are the dominant source of sys-
tematic error in this study. For all isotopologues, retrievals
for CHy4 in different altitude regions are derived from dif-
ferent spectroscopic bands, and inconsistencies in the spec-
troscopy for the different bands generate sharp “steps” in the
retrieved profiles. Isotope studies are sensitive to these sys-
tematic steps, making such studies an excellent tool for eval-
uating the internal consistency of the spectroscopy for the
isotopologues involved.

This study illustrated a significant problem with the inter-
nal consistency of spectroscopic constants in different bands
of CH,4. The new CHy4 spectroscopic parameters reported
here reduce that inconsistency, but problems remain. At this
time, it is unclear whether the remaining systematic features
in the fractionation plots arise primarily from the subsidiary
isotopologues, from the main isotopologue, or some combi-
nation thereof.

Atmos. Meas. Tech., 9, 1095-1111, 2016
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The Supplement related to this article is available online
at doi:10.5194/amt-9-1095-2016-supplement.
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