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Abstract. The Michelson Interferometer for Passive Atmo-
spheric Sounding (MIPAS) is an infrared (IR) limb emis-
sion spectrometer on the Envisat platform. It measures trace
gas distributions during day and night, pole-to-pole, over
an altitude range from 6 to 70km in nominal mode and
up to 170km in special modes, depending on the measure-
ment mode, producing more than 1000 profiles day—1. We
present the results of a validation study of methane, ver-
sion V5R_CH4 222, retrieved with the IMK/IAA (Institut
flr Meteorologie und Klimaforschung, Karlsruhe/Instituto
de Astrofisica de Andalucia, Grenada) MIPAS scientific level
2 processor. The level 1 spectra are provided by the ESA (Eu-
ropean Space Agency) and version 5 was used. The time pe-
riod covered is 2005-2012, which corresponds to the period
when MIPAS measured trace gas distributions at a reduced
spectral resolution of 0.0625cm~1. The comparison with
satellite instruments includes the Atmospheric Chemistry
Experiment Fourier Transform Spectrometer (ACE-FTS),
the HALogen Occultation Experiment (HALOE), the Solar
Occultation For Ice Experiment (SOFIE) and the SCanning
Imaging Absorption spectroMeter for Atmospheric CHar-
tographY (SCIAMACHY). Furthermore, comparisons with
MKIV balloon-borne solar occultation measurements and
with air sampling measurements performed by the University
of Frankfurt are presented. The validation activities include
bias determination, assessment of stability, precision valida-
tion, analysis of histograms and comparison of correspond-

ing climatologies. Above 50 km altitude, MIPAS methane
mixing ratios agree within 3% with ACE-FTS and SOFIE.
Between 30 and 40 km an agreement within 3 % with SCIA-
MACHY has been found. In the middle stratosphere, there
is no clear indication of a MIPAS bias since comparisons
with various instruments contradict each other. In the lower
stratosphere (below 25 km) MIPAS CHy is biased high with
respect to satellite instruments, and the most likely estimate
of this bias is 14 %. However, in the comparison with CHy
data obtained from cryogenic whole-air sampler (cryosam-
pler) measurements, there is no evidence of a high bias in
MIPAS between 20 and 25 km altitude. Precision validation
is performed on collocated MIPAS-MIPAS pairs and sug-
gests a slight underestimation of its uncertainties by a factor
of 1.2. No significant evidence of an instrumental drift has
been found.

1 Introduction

Atmospheric methane (CHy) is the third most important
greenhouse gas, after water vapor and CO,. There is no sig-
nificant methane source in the atmosphere. Instead, it is re-
leased at the surface into the troposphere by natural processes
and anthropogenic activity. Therefore, the vertical distribu-
tion of CH4 in the atmosphere is determined by the bal-
ance between the transport of methane upward from the sur-
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face and its chemical destruction. The chemical lifetime of
methane in the troposphere is 8-10 years, which is suffi-
ciently long for CH4 to be transported from the troposphere
into the stratosphere. In the stratosphere, the chemical life-
time of methane is of the same order of magnitude as the
timescale of transport. This implies that throughout the at-
mosphere, the morphology of methane is determined mostly
by dynamical processes, which makes it an excellent tracer
to study transport processes (Brasseur and Solomon, 2005).

A common destruction mechanism for methane in
the stratosphere and the troposphere is the temperature-
dependent reaction with OH, which forms the methyl radical
CHs and water vapor H2O. In the troposphere, the oxidation
scheme of methane starts with the reaction with OH, which
ultimately produces CO». An important intermediate product
in the decomposition of CHy is formaldehyde H,CO. Addi-
tional products of methane oxidation in the troposphere are
CO, and, in the presence of elevated concentrations of NO,,,
ozone. In the stratosphere, methane is oxidized, which, after
a series of reactions, results in the production of water vapor
and molecular hydrogen (Brasseur and Solomon, 2005). Ad-
ditionally, through the reactions with lowly abundant O (1-D)
or Cl atoms, CH3 and OH or HCI are formed, which makes
methane a sink for chlorine atoms in the stratosphere.

In the troposphere, methane is well mixed and its volume
mixing ratio (vmr) is quite uniform. Due to larger sources
of methane in the Northern Hemisphere, an interhemispheric
gradient can be observed, with Northern Hemisphere (NH)
values being ~10% higher (National Oceanic and Atmo-
spheric Administration , NOAA,; Dlugokencky et al., 2009),
and this hemispheric asymmetry increases with time in
1992-2004 (Youn et al., 2006). There is also a distinct sea-
sonal variation in methane abundance: larger sources and
stronger chemical loss in warmer months lead to the largest
concentrations in local winter and the lowest concentrations
in local summer. The amplitude of the seasonal cycle is larger
in the northern high latitudes, diminishing towards the equa-
tor. In the Southern Hemisphere (SH) the amplitude of the
seasonal cycle of methane is quite constant with latitude and
is smaller than in the NH (Brasseur and Solomon, 2005; Na-
tional Oceanic and Atmospheric Administration , NOAA).

The Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) is a high-resolution limb emission
Fourier transform spectrometer designed to measure trace
gas distributions from the upper troposphere to the meso-
sphere at global coverage during day and night (Fischer et al.,
2008). From July 2002 to March 2004, the MIPAS instru-
ment took measurements with a maximum optical path dif-
ference of 20 cm; this corresponds to a high theoretical spec-
tral resolution (HR) of 0.025cm~L. Due to problems with
the slide system of the interferometer mirror, very few mea-
surements were performed in April-December 2004. MIPAS
resumed the regular observations in January 2005 with an op-
tical path difference (OPD) of 8 cm, which corresponds to a
reduced theoretical spectral resolution (RR) of 0.0625cm—1.
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Spectral resolutions of MIPAS measurements, theoretical,
apodized and real, are summarized in the Table 1. MIPAS
reduced-resolution nominal-mode data are sampled along the
orbit every 410 km, and a vertical profile contains informa-
tion from up to 27 tangent altitudes between 6 and 70 km
height.

Four MIPAS level 2 processors exist; each one has its own
methane product. A homogenized description of the four
processors and extensive comparison of their ozone prod-
ucts is given in Laeng et al. (2015). In Raspollini et al.
(2014), among other species, methane from the ESA (Eu-
ropean Space Agency) processor is compared with the three
other products. All four products suffer from a positive bias
at heights below 25 km.

The Institut fir Meteorologie und Klimaforschung (IMK)
operates a scientific data processor (von Clarmann et al.,
2003) in cooperation with Instituto de Astrofisica de Andalu-
cia (IAA) which relies on ESA level 1B spectra. The MIPAS
IMK/IAA methane data product covers mixing ratio profiles
of the period 2002-2004 when MIPAS operated in its origi-
nal high spectral resolution mode (Glatthor et al., 2005), as
well as data from 2002 to 2004 when MIPAS measured at
reduced spectral resolution (Chauhan et al., 2009; von Clar-
mann et al., 2009b). This paper reports the validation of
the methane data retrieved from reduced spectral resolution
measurements in nominal mode, which is version number
V5R_CH4_222. The version of level 1 spectra is V5R. The
analysis is limited on the reduced-resolution measurements
only because the corresponding baseline was developed for
reduced resolution only. Detailed descriptions of the inver-
sion algorithm used by the MIPAS IMK/IAA scientific re-
trieval processor can be found in von Clarmann et al. (2003),
von Clarmann et al. (2009b) and Laeng et al. (2015). Its first
application to stratospheric CH, is documented in Glatthor
et al. (2005). The CH4 MIPAS product from the IMK/IAA
Scientific Processor, together with 22 others species retrieved
from MIPAS spectra, is publicly available from the processor
group page, https://www.imk-asf.kit.edu/english/308.php.

Figure 1 shows the temporal evolution of the latitudinal
distribution of CH4 vmrs in ppmv at 12 km as seen by MIPAS
in 2002-2004.

IMK/IAA MIPAS products are characterized by uncer-
tainty estimates, as well as vertical averaging kernels. The
latter are used to estimate the altitude resolution of the
retrievals. In addition, the horizontal smoothing informa-
tion is calculated for sample cases on the basis of the
two-dimensional averaging kernels, computed from two-
dimensional Jacobians (von Clarmann et al., 2009a). The
random error covariance matrices of the retrieved quanti-
ties are provided. The vertical resolution of a typical MIPAS
IMK/IAA methane retrieval, derived from the full width at
half maximum (FWHM) of the rows of the averaging kernel
matrix, varies between 2 and 5km, as seen in Fig. 2.

www.atmos-meas-tech.net/8/5251/2015/
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Table 1. Optical path differences and spectral resolutions of MIPAS measurements.

Period OPD  Theoretical spectral resolution  Apodized spectral resolution  Real spectral resolution
HR (2002-2004) 20cm  0.025cm~1 0.05cm~1 0.035cm~1
RR (2002-2004) 8cm  0.0625cm~1 0.121cm~1 0.0875cm~1
V5R CH4 12 km ppmy periment Fourier Transform Spectrometer (ACE-FTS), the
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Figure 1. Temporal evolution of latitudinal distribution of CHy
vmrs at 12 km as seen by MIPAS.
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Figure 2. Vertical resolution of CH4 profiles along one orbit. The
oscillation nature of the altitude resolution is caused by the fact that
the altitude resolution is better at a tangent altitude than between
two adjacent tangent altitudes.

2 Reference instruments and comparison methodology

The reference data sets and their main characteristics are
presented in Table 2. All reference data sets except for
the cryosampler measurements are publicly available. The
cryosampler measurements were provided by A. Engel
from the University of Frankfurt. The MIPAS reduced-
resolution period covers the years 2002—-2004. During this
time, five other satellite instruments measured the verti-
cal profiles of methane: the Atmospheric Chemistry Ex-
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HALogen Occultation Experiment (HALOE), the SCanning
Imaging Absorption spectroMeter for Atmospheric CHartog-
raphY (SCIAMACHY), the Solar Occultation For Ice Exper-
iment (SOFIE), and the Tropospheric Emission Spectrome-
ter (TES); see, for example, the list of trace gases measured
by atmospheric sensors collected on the Belgian Institute for
Space Aeronomy (BIRA) website (Network for the Detec-
tion of Atmospheric Composition Change , NDACC). The
comparison with four of these instruments is presented here.
TES data were not used because the coarse vertical resolution
of TES makes it less suited for validation of a limb data set.
Similarly, no ground-based Fourier transform infrared mea-
surements were used because of their coarse (10 km) vertical
resolution. Instead, we have used methane vertical profiles
from two balloon-borne instruments: the MkIV solar occul-
tation interferometer and the cryogenic whole-air sampler,
called a cryosampler, operated by the University of Frank-
furt.

The MKIV interferometer from Jet Propulsion Labora-
tory (JPL) is a high-resolution solar absorption spectrometer
which is deployed on stratospheric balloon platforms with
a typical float altitude of 37 km (Toon, 1991). MKIV mea-
sured three methane vmr vertical profiles during the MIPAS
reduced-resolution period, all of them from flights launched
at (35° N, 100° W). The data set is provided on a 1 km height
grid between 10 and 40 km. The vertical resolution of the
MKIV balloon profiles varies between 2 and 4 km.

The cryosampler instrument collects high-volume whole-
air samples in stainless containers, and freeze out the air by
means of liquid neon. After the flight, the air is left to evap-
orate which provides high-pressure whole-air samples from
different altitudes. The species CH4 is analyzed at Heidel-
berg University using a gas chromatograph with a flame ion-
ization detector (Hammer et al., 2008). The error provided by
CHg cryosampler data is 3 ppbv or 0.2 %, whatever is larger.

The choice of the collocation criteria was a result of the
tradeoff between the collocations being as close as possible
and the resulting sample being sufficiently large, at least a
few hundreds measurements, distributed homogenously over
the measured part of the globe. For ACE-FTS, half of the
measurements lie at latitudes over 60°. Thus the colloca-
tion criteria of 9 h and 800 km have been chosen. For SCIA-
MACHY and SOFIE, which have a denser sampling pattern,
this was tightened to 5h and 500 km. For HALOE, whose
time overlap with the MIPAS reduced-resolution period is
less than 8 months, the criteria were relaxed to 24h and

Atmos. Meas. Tech., 8, 5251-5261, 2015
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Table 2. Reference data sets.
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Reference instrument/ Version  Viewing geometry  Heightrange  Time overlap ~ Collocation criteria  Number of ~ Reference Recent validation
source matches
ACE-FTS http:  v3.5 solar occultation 10-70km 2005-2012 9h —800km 14200 Boone et al. (2013) Waymark et al. (2013)
Ilwww.ace.uwaterloo.
ca/data.html
HALOE http:  v19 solar occultation 12-70km Jan-Aug 2005 24 h - 1000 km 783 Russell Il etal. (1993)  Park et al. (1996)
IIhaloe.gats-inc.com/
download/index.php
SCIAMACHY  http:  v3.3.6 solar occultation 20-40km 2005-2010 5h—-500km 5636 Noél et al. (2011) Noél et al. (2011)
/Iwww.iup.uni-bremen.
de/~noel/Data/ONPD/
SOFIE http:  v1.2 solar occultation 45-70 km 2007-2012 5h —500km 29124 Gordley et al. (2009)
I/sofie.gats-inc.com/
sofie/index.php
MkIV http:  n/a solar occultation 10-40km 2005-2007 24h -1000 km 3 Toon (1991) Toon et al. (1999)
/Imark4sun.jpl.nasa.
gov/médata.html
Cryosampler nla nla 10-35km 2005-2009 24 h —1000 km 58 Engel et al. (1997);
an.engel@iau.uni- Levin et al. (1999);
frankfurt.de Hammer et al. (2008)
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Figure 3. Monthly latitudinal distributions of collocated measurements of MIPAS with reference instruments, in percent.

1000 km, which remains acceptable in terms of the physics
of CHy in the stratosphere. These choices led to the num-
ber of matched pairs as listed in Table 2. Figure 3 shows
the latitudinal distributions over months of collocated mea-
surements of MIPAS with each satellite reference instrument.
Figure 3 suggests that the correlative measurements are avail-
able primarily in regions where small-scale natural variabil-
ity is an issue. An assessment of the precision of the pairs be-
tween MIPAS and each reference instrument is usually done
by comparing the standard deviation of the differences with
the combined estimated random error (von Clarmann, 2006).
Here in all cases except HALOE, most collocations are con-

Atmos. Meas. Tech., 8, 5251-5261, 2015

centrated at high latitudes, where the atmospheric variabil-
ity contribution into the standard deviation of the differences
is significant. To assess the quality of uncertainty estimates
of MIPAS CH, data, the structure functions as described
in Laeng et al. (2015) will be constructed in Sect. 5. The
matched pairs were chosen in such a way that none of the MI-
PAS (or reference instrument) measurements participated in
two pairs. Such a choice reduces the number of matches, but
produces pairs that are independent. For MkIV and cryosam-
pler measurements, the collocation criteria were also relaxed
and chosen to be 24 h and 1000 km. In cases where no MI-
PAS data were available around the flight within the colloca-

www.atmos-meas-tech.net/8/5251/2015/
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tion criteria, zonal means of MIPAS data for the correspond-
ing month, season and latitude range were compared with the
reference instrument profiles.

Cryosampler measurements do not provide continuous
profiles but a series of independent point measurements. This
means that not even smeared information about the atmo-
spheric state between two sampling points is available. Thus
no regridding has been performed and no averaging kernels
applied; instead, these data have been used as they are and
on the height where they were measured. The cryosampler
measurements are taken at 10-30 km height, with steps from
1to 3km.

All profiles from the reference instruments that provide
continuous vertical profiles of methane, satellite-borne and
MKIV, were interpolated to the MIPAS grid for intercompar-
ison. Rodgers and Connor (1999) suggest application of av-
eraging kernels of the poorer resolved profiles to the better
resolved profiles during the regridding of atmospheric pro-
files. However, for all satellite or MKkIV comparison instru-
ments, the vertical resolution of typical MIPAS IMK/IAA
methane profiles differs from the vertical resolution of ref-
erence instrument profiles by less than a factor of 2-2.5 and
often is close to 1. Thus the application of averaging kernels
appears unnecessary. To be on the safe side, sensitivity stud-
ies were performed to assess the impact of the application
of the averaging kernels; this was done for all reference in-
struments providing continuous profiles of methane, i.e., all
satellite instruments and MKIV. When no averaging kernels
were available for the coarser resolved reference instrument,
the smoothing was done with a Gaussian filter of correspond-
ing width. Application of the averaging kernels changed the
significant parts of the profiles by less than 2 %. Hence, the
differences in vertical resolution were chosen to be neglected
and no averaging kernels were applied.

3 Bias assessment
3.1 Comparison with satellite reference instruments

Figure 4 represents the percentage bias of MIPAS CHg re-
trievals with respect to the satellite reference instruments. We
should keep in mind that the percentage bias is tricky to in-
terpret when the reference values are low, which is the case
for methane at the heights above 40-45 km. The patterns of
comparisons with ACE-FTS and HALOE are quite similar at
heights below 25 km, where MIPAS has a known high bias.
At the same heights, SCIAMACHY has a known low bias,
which explains the rightward position of the green curve at
the plot.

The agreement with ACE-FTS at 20-65km height is
within 12 %, while in the lower stratosphere MIPAS vmrs
are consistently higher than those of ACE-FTS. The largest
bias found is 15 % at 17 km altitude. A secondary maximum
of the differences is found at 38 km altitude, where MIPAS

www.atmos-meas-tech.net/8/5251/2015/
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Figure 4. Bias estimation of MIPAS methane retrievals with respect
to satellite reference instruments. The quantity shown is the mean
estimate over all latitudes of MIPASZREE , 10095,

methane mixing ratios are higher by 12 %. The standard devi-
ations of methane profiles from MIPAS and ACE-FTS in dif-
ferent seasons were studied. They have a pronounced max-
imum (up to 0.4 ppmv) at about 30 km altitude in fall, win-
ter and spring, when the polar vortex is formed, persists and
breaks down, respectively, which causes enhanced variabil-
ity. One might speculate that different viewing geometries
(with a larger north-south component for MIPAS and a larger
east-west component for ACE-FTS) or different sensitivity
to temperature variations along the line of sight might turn
the enhanced random variability into a bias. The reduced
variability actually leads to a smaller bias between MIPAS
and ACE-FTS. In summer, when the meteorological situation
in the stratosphere is quite calm, no such enhanced variabil-
ity is observed. Another region of enhanced variability is the
lowermost altitudes: the large variability there is attributed to
tropopause height fluctuations.

Between 30 and 40 km altitude, the agreement between
the global mean MIPAS and SCIAMACHY CHjy profiles is
within 3 %. Below this altitude, MIPAS methane mixing ra-
tios are higher than those of SCIAMACHY. The largest bias
found is 17 % at the lowest SCIAMACHY altitude, 20 km.

HALOE data are considered as a reference in the atmo-
spheric science community and have been extensively used
for scientific analysis (Ruth et al., 1997; Randel et al., 1998,
1999; Gray and Russell Jr., 1999; Shu et al., 2013). Unfortu-
nately the time overlap between MIPAS reduced-resolution
period and HALOE operations is only 8 months, during
which there were gaps in the MIPAS data. Even after relaxing
the collocation criteria to 24 h and 1000 km, only 783 inde-
pendent matched pairs were found. The blue curve on Fig. 4
exposes the agreement within 10 % of MIPAS and HALOE
at 20-30 km. Over almost the whole height range, the bias
does not change sign and stays positive. Below 25km, the
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Figure 5. MKIV profiles and MIPAS CH4 vmr vertical profiles
— collocated profiles when they exist, otherwise mean profiles in
September 2007 and September of 2005-2011 in the 30°-40° N
latitude band where the three balloon flights took place.

high bias of MIPAS methane is confirmed. Largest mean rel-
ative differences are about 20 %.

At the heights between 45 and 60 km, the agreement be-
tween MIPAS and SOFIE is within 8 %. The maximum dif-
ferences of 15% are observed at 63 km. Let us recall that
the relative differences become difficult to interpret when the
reference values are getting small. This is particularly true
for SOFIE whose delivered methane profiles start at 45 km
height.

3.2 Comparison with MKIV balloon interferometer
profiles

Figure 5 presents the three MKIV balloon profiles recorded
within the MIPAS reduced-resolution period. The first two
MKIV profiles, from 20 September 2005 and 22 Septem-
ber 2007, were measured when MIPAS was temporary in-
active and no matches were found within 24 h and 1000 km.
The MKIV profiles were hence compared to the monthly
(September) and seasonal (September—October—-November,
SON) means of MIPAS at 30°-40° N latitudes. For the pro-
file from 20 September 2005, the agreement is very good
from 20 to 24 km and 28 to 31 km, while a positive MIPAS
bias in the order of 0.2 ppmv is present at 12-20 and 31-
37 km heights. For the profile from the sunset of 22 Septem-
ber 2007, the agreement is very good at 23-36 km, while a
positive MIPAS bias in the order of 0.1 ppmv is present at
14-18 km heights and a negative MIPAS bias of the same
order is present at 18—-23 km heights.

Atmos. Meas. Tech., 8, 5251-5261, 2015
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Figure 6. Four cryosampler profiles and MIPAS CH4 vmr profiles
— collocated, monthly and seasonal means in corresponding latitude
bands. JJA stands for June-July—August; MAM stands for March—
April-May.

For the profile from the sunrise of 23 September 2007,
three collocated MIPAS profiles were found (gray lines).
Maximum deviation of those three profiles from the MkIV
profile is 0.3 ppmv. Note that the positive MIPAS bias below
25 km, shown in the comparison with satellite instruments, is
less pronounced in the comparison with MKIV profiles.

3.3 Comparison with cryosampler profiles

In Fig. 6 the comparison of MIPAS methane and the
cryosampler measurements is shown. Besides the closest M-
PAS profile (orange line) and the set of all MIPAS profiles
meeting the coincidence criteria (gray lines; mean value:
green line) also the climatological mean of the season and
latitude is shown (green line). For the first two flights (upper
panel of Fig. 6) the agreement between 23 and 32 km heights
is excellent. As expected, the individual collocated profiles
agree better than the corresponding means. Below 20 km,
the high MIPAS bias of about 0.2 ppmv (less than 10 %) is
present. Unlike in the satellite—satellite comparisons, at 20—
25 km height, the MIPAS measurements agree very well with
the cryosampler measurements.

The third flight (bottom left panel of Fig. 6) of the
cryosampler instrument gave rise to only four measurements,
none of which is situated between 18 and 32 km. The two
measurements above 32 km agree well with MIPAS. The two
data points below 18 km reveal that the MIPAS CH4 vmr is
larger by 0.1 and 0.2 ppmv than the cryosampler measure-
ment.
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Figure 7. Drifts of MIPAS with respect to ACE-FTS methane mea-
surements as a function of height and latitude. The bins where the
significance is less than 2o are hatched.

The last flight (bottom right panel of Fig. 6) stands out by
a pronounced local CH4 minimum in the cryosampler data at
approximately 22 and 24 km, which is also partly reproduced
by the MIPAS data. At the other altitudes, the cryosam-
pler profile agrees reasonably well with both the collocated
and the zonal mean MIPAS profiles. This suggests that at-
mospheric variability on small spatial and temporal scales
is much smaller there; thus the different sampling charac-
teristics have less impact on the comparison. Below 20 km
the tendency of MIPAS towards higher CH4 mixing ratios
is confirmed also here. The amplitude of the bias is smaller
for cryosampler than for satellite comparisons: 10 % for the
cryosampler, compared to 16-17 % for satellites. This com-
parison of the bias estimations from different type of refer-
ence instruments should however be treated with caution be-
cause the samples on which the comparisons are made are
quite different: three isolated profiles as opposed to hundreds
or thousands of matched pairs. However, while the small
number of coincident measurements is a limitation of the
comparison of MIPAS with the cryosampler measurements,
the scientific merit of this data set is the high precision of the
cryosampler data.

4 Stability

Based on the monthly distribution of coincident measure-
ments (see Fig. 3) and altitude coverage (see Table 2), only
with ACE-FTS was there a chance to analyze the temporal
evolution of the bias as a measure of instrument stability.
Note however, that the stability of ACE-FTS itself has not
yet been investigated. As to MIPAS, a recent study by Kiefer
et al. (2013) showed that the way the detector nonlinearity is
corrected in level 1B spectra (up to version 5, used for the
present MIPAS data set) could be a potential source for the
drift in MIPAS data products.
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To assess the temporal evolution of the bias of MIPAS with
respect to ACE-FTS (i.e., drifts), the monthly means of dif-
ferences MIPAS-ACE were calculated, then the multilinear
parametric trend model from von Clarmann et al. (2010) with
extensions by Stiller et al. (2012) and Eckert et al. (2014) was
applied. Figure 7 shows the values of the linear term of the
drifts of MIPAS with respect to ACE-FTS as a function of
height and latitude. Most of the obtained drift estimates on
Fig. 7 are insignificant at the 2o level due to the small num-
ber of months for which collocations were found. Therefore,
although a drift is to be expected due to theoretical consider-
ations (Kiefer et al., 2013) and the analysis of other species
(Eckert et al., 2014), we have not found any empirical evi-
dence of a drift in MIPAS methane, using the available com-
parison data.

5 Precision validation

The uncertainty provided by a data set usually contains the
random component of the error (random error). Validation
of the random error is needed when the measurement uncer-
tainty cannot be fully characterized or is based on assump-
tions. This is especially important for remote-sensing mea-
surements, which use retrievals of atmospheric parameters
by solving inverse problems. The random error of the remote-
sensing measurements is usually estimated via propagation
of instrumental noise and uncertain randomly varying param-
eters through the inversion algorithm. These estimates can be
imperfect due to incomplete forward models or retrieval ap-
proximations. For the MIPAS IMK/IAA CH,4 data set, the
uncertainties provided by the data set are composed of the
measurement noise and randomly varying parameter uncer-
tainties, i.e., parameter errors with a strong random com-
ponent, such as the spectroscopic error, line of sight of the
instrument, horizontal temperature gradient and instrument
calibration error. In order to evaluate how realistic these un-
certainty estimates are, one compares the square of the mean
uncertainty oyandom provided by the data set with the variance
of a sample derived from the data set, performed in a region
with low natural variability onat and converging/intersecting
orbits. Polar summer measurements best met both criteria.
While the direct comparison is often affected by natural vari-
ability within the collocation radius, the approach chosen
here aims at solving this problem by statistically comparing
the differences as a function of spatiotemporal distance. This
approach was used in Sofieva et al. (2014) and Laeng et al.
(2015) for the evaluation of the quality of uncertainty esti-
mates provided by GOMOS (Global Ozone Monitoring by
Occultation of Stars) and MIPAS o0zone measurements.

We work with the sample which is composed of dif-
ferences of collocated profiles, with converging collocation
criteria. Then the variance Sgiﬁ reflects the variability of
(MIPAS-MIPAS) for collocated MIPAS pairs; the natural
variability included in this variance is the small-scale natural
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Figure 8. Structure functions of MIPAS IMK processor in two re-
gions with low atmospheric variability: the North Pole in June-
July-August (JJA, left column) and the South Pole in December-
January-February (DJF, right column). The analysis was run on 430
pairs within 220 km, 7500 pairs within 880 km, going up to 12 400
pairs within more than 2000 km. The colored lines correspond to
Sqiff/~/2 for converging distance » between the air parcels, and the
red line shows oyandom- In the terminology of von Clarmann (2006),
Sqiff/~/2 is the ex post error and orandom IS the ex ante estimate of
the error.

variability: 202, +0:2; = S We expect that the smaller
the separation distance, the smaller the discrepancy between
Orandom and Sdiff/ﬁ is. In particular, when the separation
distance tends to zero, Sgiff/~/2 should approach orandom, if
the latter is realistic (recall that the atmospheric variability
in the selected regions is small). The parameter Sgifr/+/2 is a
direct analogue of the integral of the structure function from
the theory of random functions. More details can be found in
Sofieva et al. (2014) and Laeng et al. (2015). In Fig. 8, we
construct structure functions for MIPAS methane retrieval.
The colored lines in Fig. 8 correspond to Sgitr/+/2 for con-
verging distance r between the air parcels, and the red line
ShOWS orandom- In the terminology of von Clarmann (2006),
Sqiff/~/2 is the ex post estimate of the error and orandom is the
ex ante estimate of the error. As observed in Fig. 8, Sgitf/v/2
nicely converges with decreasing separation distance, but
does not approach oyandom, the values on the limit curve of
Sdiff/ﬁ being approximatively 1.2 larger than oyandom Vval-
ues. This indicates a slight (by a factor of about 1.2) under-
estimation of error estimates in CHs MIPAS IMK/IAA re-
trievals.

6 Climatology and histogram comparisons
Figure 9 represents the temporal evolution of methane

monthly zonal means of SCIAMACHY (top panel), MIPAS
(middle panel) and the relative difference (bottom panel).
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Figure 9. Monthly mean values of SCIAMACHY (top panel) and
MIPAS (middle panel) and monthly means of differences (MIPAS—
SCIAMACHY)/SCIAMACHY in percent (bottom panel) in 2005—
2010.

The SCIAMACHY instrument was chosen for this study
because of its best agreement in the stratosphere with MI-
PAS methane profiles. The comparison band 45°-75° N is
restricted by the band 50°-70° N where SCIAMACHY mea-
sures in solar occultation mode, from which vertical profiles
of methane are retrieved (Noél et al., 2011). As a dynamical
tracer, CH4 is expected to follow the transport patterns. As
one can see in Fig. 9, MIPAS and SCIAMACHY instruments
see a similar morphology in the structure of atmospheric vari-
ation of methane, in particular a pronounced annual cycle.
The strong red parts in the lower panel of Fig. 9 occur mostly
in wintertime and are most probably due to the polar vortex
edge, i.e., the studied air masses are not always comparable.

www.atmos-meas-tech.net/8/5251/2015/



A. Laeng et al.: Validation of MIPAS IMK/IAA methane profiles 5259

MIPAS at 45 km MIPAS at 60 km
0.08 0.08
3 0.06 0.06
5
3
g
e
= 0.04 0.04
°
2
3
& 002 0.02
0.00 0.00
01 00 01 02 03 04 05 06 -0.1 0.0 0.1 0.2 03 0.4
SOFIE at 45 km SOFIE at 60 km
0.08 0.08
3 0.06 0.06
g
5
]
g
e
= 004 0.04
°
=
]
[}
T 002 0.02
0.00 0.00
01 00 01 02 03 04 05 06 -01 0.0 01 0.2 03 0.4

VMR / ppmv VMR / ppmv

Figure 10. Relative frequency of vmr values of MIPAS (upper line)
and SOFIE (bottom line) at 45km (left column) and 60 km (right
column).

Histograms of collocated MIPAS and SOFIE CH4 mixing
ratios were compared for altitudes 45 km (Fig. 10, left pan-
els) and 60 km (right panels). The corresponding MIPAS and
SOFIE histograms agree with respect to the approximate po-
sition of the main mode, their approximate width and their
skewness. The SOFIE histograms, however, present several
secondary modes. Such a structure is not seen in any compar-
ison of MIPAS with other instruments, which hints at some
systematic or retrieval-related effect in the SOFIE methane
retrievals, causing the numerous positive and negative out-
liers, e.g., turning points of “onion-peeling”-related profile
oscillations (Goldman and Saunders, 1979). Thus these fea-
tures provide no evidence of any spurious characteristics of
the MIPAS data.

7 Conclusions

The MIPAS IMK V5R_CH4_222 data were compared to the
data from four satellite instruments and two balloon-borne
instruments. Precision validation was performed on collo-
cated MIPAS-MIPAS pairs. MIPAS methane has a fairly re-
alistic characterization of its random retrieval errors (a slight
underestimation by about 20 %).

Although a drift is to be expected due to theoretical consid-
erations (Kiefer et al., 2013) and the analysis of other species
(Eckert et al., 2014), analysis performed on the only suitable
comparison data, ACE-FTS, does not provide any empirical
evidence of a drift in MIPAS methane.

The bias of MIPAS methane has been characterized. Be-
low 20-25km, MIPAS methane is biased high. The mag-
nitude of this bias cannot unambiguously be inferred from
the comparisons because results are not fully consistent, but
it varies between 0 and 20, and 14 % seems to be its most
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likely value. Interestingly, contrary to the satellite intercom-
parisons, in the comparison with CH, data obtained from
cryosampler measurements, there is no evidence of a MI-
PAS high bias between 20 and 25km altitude. In the mid-
dle stratosphere, the bias analysis is a little ambiguous but
MIPAS seems to have a slight tendency towards higher val-
ues. In the upper stratosphere and above, excellent agreement
with the other instruments is found, except for altitudes near
70 km, at the upper end of the MIPAS profiles, where MIPAS
tends towards lower values. A high bias in MIPAS methane
in the lower stratosphere, with larger values, has also been
reported for the operational MIPAS data product provided
by the ESA (Payan et al., 2009). Necessary future activities
consist of the investigation and tentative removal of this bias.
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