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Abstract. This work presents the methane (CH4) and nitrous
oxide (N2O) products as generated by the IASI (Infrared
Atmospheric Sounding Interferometer) processor developed
during the project MUSICA (MUlti-platform remote Sens-
ing of Isotopologues for investigating the Cycle of Atmo-
spheric water). The processor retrieves CH4 and N2O with
different water vapour and water vapour isotopologues (as
well as HNO3) and uses a single a priori data set for all
the retrievals (no variation in space and time). Firstly, the
characteristics and errors of the products are analytically de-
scribed. Secondly, the products are comprehensively evalu-
ated by comparisons to the following reference data mea-
sured by different techniques and from different platforms as
follows: (1) aircraft CH4 and N2O profiles from the five HI-
APER Pole-to-Pole Observation (HIPPO) missions; (2) con-
tinuous in situ CH4 and N2O observations performed be-
tween 2007 and 2017 at subtropical and mid-latitude high-
mountain observatories (Izaña Atmospheric Observatory and
Jungfraujoch, respectively) in the framework of the WMO–
GAW (World Meteorological Organization–Global Atmo-

sphere Watch) programme; (3) ground-based FTIR (Fourier-
transform infrared spectrometer) measurements made be-
tween 2007 and 2017 in the framework of the NDACC
(Network for the Detection of Atmospheric Composition
Change) at the subtropical Izaña Atmospheric Observatory,
the mid-latitude station of Karlsruhe and the Kiruna polar
site.

The theoretical estimations and the comparison studies
suggest a precision for the N2O and CH4 retrieval products of
about 1.5–3 % and systematic errors due to spectroscopic pa-
rameters of about 2 %. The MUSICA IASI CH4 data offer a
better sensitivity than N2O data. While for the latter the sen-
sitivity is mainly limited to the UTLS (upper troposphere–
lower stratosphere) region, for CH4 we are able to prove that
at low latitudes the MUSICA IASI processor can detect vari-
ations that take place in the free troposphere independently
from the variations in the UTLS region. We demonstrate that
the MUSICA IASI data qualitatively capture the CH4 gradi-
ents between low and high latitudes and between the South-
ern Hemisphere and Northern Hemisphere; however, we also
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find an inconsistency between low- and high-latitude CH4
data of up to 5 %. The N2O latitudinal gradients are very
weak and cannot be detected. We make comparisons over a
10-year time period and analyse the agreement with the ref-
erence data on different timescales. The MUSICA IASI data
can detect day-to-day signals (only in the UTLS), seasonal
cycles and long-term evolution (in the UTLS and for CH4
also in the free troposphere) similar to the reference data;
however, there are also inconsistencies in the long-term evo-
lution connected to inconsistencies in the used atmospheric
temperature a priori data.

Moreover, we present a method for analytically describ-
ing the a posteriori-calculated logarithmic-scale difference
of the CH4 and N2O retrieval estimates. By correcting er-
rors that are common in the CH4 and N2O retrieval products,
the a posteriori-calculated difference can be used for generat-
ing an a posteriori-corrected CH4 product with a theoretically
better precision than the original CH4 retrieval products. We
discuss and evaluate two different approaches for such a pos-
teriori corrections. It is shown that the correction removes
the inconsistencies between low and high latitudes and en-
ables the detection of day-to-day signals also in the free tro-
posphere. Furthermore, they reduce the impact of short-term
atmospheric dynamics, which is an advantage, because re-
spective signals are presumably hardly comparable to model
data. The approach that affects the correction solely on the
scales on which the errors dominate is identified as the most
efficient, because it reduces the inconsistencies and errors
without removing measurable real atmospheric signals. We
give a brief outlook on a possible usage of this a posteriori-
corrected MUSICA IASI CH4 product in combination with
inverse modelling.

1 Introduction

After carbon dioxide (CO2), CH4 and N2O are currently
the most important well-mixed greenhouse gases (GHGs) as
climate-forcing gases. Although they are much less abun-
dant in the atmosphere than CO2, their global warming po-
tentials are significantly larger: CH4 and N2O are about 35
and 300 times, respectively, more efficient than CO2 in trap-
ping outgoing long-wave radiation, on a 100-year time hori-
zon (Stocker et al., 2013). It is well recognized that the
imbalance between their sources and sinks has unquestion-
ably increased during the last few centuries, but the ex-
act location, intensity and nature of CH4 and N2O sources
and sinks are not as well understood as those for CO2
(Crevoisier et al., 2009). The knowledge of today’s CH4 and
N2O sources and sinks, their spatial distribution and their
variability in time are essential for understanding their role
in the carbon and nitrogen cycles and for a reliable predic-
tion of future atmospheric CH4 and N2O abundances. The
latter is important for predicting radiative forcing as well as

ozone recovery (both CH4 and N2O act as ozone-depleting
substances). Existing observations of fluxes of CH4 and N2O
from soils and oceans are still insufficient to adequately ad-
dress these tasks (e.g. Huang et al., 2008; Kort et al., 2011).

Since the late 1980s, surface in situ measurements of CH4
and N2O are systematically taken within the WMO–GAW
programme (World Meteorological Organization–Global At-
mosphere Watch, https://www.wmo.int/, last access: 11 July
2018). These observations have proved to be very precise
and, thus, are indispensable inputs for inverse methods and
chemical transport models (e.g. Bousquet et al., 2011; Cres-
sot et al., 2014). More recently, ground-based remote sensing
FTIR (Fourier-transform infrared spectrometer) experiments
have also routinely provided high-quality CH4 and N2O con-
centrations in the framework of the international networks
NDACC (Network for the Detection of Atmospheric Com-
position Change, https://www2.acom.ucar.edu/irwg, last ac-
cess: 11 July 2018, Schneider et al., 2005; Angelbratt
et al., 2011; Sepúlveda et al., 2014; Ostler et al., 2014)
and TCCON (Total Carbon Column Observing Network,
http://tccon.caltech.edu/, last access: 11 July 2018, Wunch
et al., 2011). However, both surface in situ and ground-
based remote sensing measurements have limited geographi-
cal coverage. In this context, space-based remote sensing in-
struments have an outstanding importance due to their global
coverage, allowing a global monitoring of the GHG distri-
bution and thus improved investigations of sources and sinks
and their variation in time and space.

The potential of space-based instruments to observe global
CH4 and N2O distributions has extensively been reported
in literature. Examples of satellite measurements using dif-
ferent spectral ranges and observing geometries are those
from Envisat MIPAS (Michelson Interferometer for Pas-
sive Atmospheric Sounding, Payan et al., 2009; Plieninger
et al., 2015), Envisat SCIAMACHY (SCanning Imaging
Absorption SpectroMeter for Atmospheric CHartographY,
Frankenberg et al., 2006), SCISAT-1 ACE (Atmospheric
Chemistry Experiment, De Mazière et al., 2008), AURA
TES (Tropospheric Emission Spectrometer, Wecht et al.,
2012; Worden et al., 2012), GOSAT TANSO-FTS (Thermal
And Near infrared Sensor for carbon Observation, Yokota
et al., 2009) or AQUA AIRS (Atmospheric Infrared Sounder,
Xiong et al., 2014, 2015). The thermal nadir instruments
have the advantage of observing under a large variety of
conditions (day and night, over land and ocean), increas-
ing significantly their global coverage (Clerbaux et al., 2009;
Wecht et al., 2012). Among the current thermal nadir sen-
sors, IASI (Infrared Atmospheric Sounding Interferome-
ter, Blumstein et al., 2004) has special relevance, because it
combines high spatial coverage and a relatively good tem-
poral resolution (the requirements for weather forecasting)
and high spectral resolution (needed for trace gas retrievals)
with a long-term data availability. Its mission is guaran-
teed until 2022 through the meteorological satellites MetOp,
the space component of the EUMETSAT (European Orga-
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nization for the Exploitation of Meteorological Satellites,
https://www.eumetsat.int/website/, last access: 11 July 2018)
Polar System (EPS) programme: the first sensor (IASI-A)
was launched in October 2006 on-board MetOp-A, the sec-
ond (IASI-B) was launched in September 2012 on-board
MetOp-B and the third (IASI-C) is expected to be launched
in October 2018 aboard MetOp-C. For the 2020s IASI-NG
instruments (IASI new generation, Crevoisier et al., 2014)
are scheduled. IASI-NG has a further-improved spectral res-
olution and radiometric performance and will be flown on
three successive MetOp-SG (second generation) satellites of
the EPS-SG system, giving a perspective of data records until
the late 2030s. All this is very promising for monitoring at-
mospheric composition in the long term, and IASI and IASI-
NG are key instruments for EUMETSAT’s contribution to
Copernicus, the European system for monitoring the Earth
(e.g. Clerbaux et al., 2009; August et al., 2012).

In the last years, considerable efforts have been made in
developing and improving algorithms for the retrieval of CH4
and N2O concentrations from IASI spectra. The first ap-
proaches provided CH4 and N2O observations using neural
network schemes, but with a limited precision (e.g. Turquety
et al., 2004; Crevoisier et al., 2009; Ricaud et al., 2009).
Recently more sophisticated retrievals, based on optimal es-
timation methods, have been presented (e.g. Xiong et al.,
2013; Masiello et al., 2016; De Wachter et al., 2017; Siddans
et al., 2017), which are able to provide more precise CH4 and
N2O estimations and to derive some information about their
vertical distribution.

Within the European Research Council project MUSICA
(MUlti-platform remote Sensing of Isotopologues for inves-
tigating the Cycle of Atmospheric water) an IASI processor
has been developed for simultaneously retrieving different
water vapour isotopologues, CH4 and N2O (Schneider and
Hase, 2011; Wiegele et al., 2014; Schneider et al., 2016). In
this paper the MUSICA IASI CH4 and N2O products are pre-
sented, characterized and comprehensively validated by us-
ing a multi-platform reference database. As validation refer-
ences we consider (1) aircraft CH4 and N2O profiles from the
five HIPPO (HIAPER Pole-to-Pole Observation) missions,
(2) continuous in situ CH4 and N2O observations recorded
within the WMO–GAW programme, and (3) ground-based
FTIR measurements taken in the framework of the NDACC.
This extensive validation exercise enables us to properly doc-
ument the quality and long-term consistency of the MUSICA
IASI CH4 and N2O products as well as their geographical
uniformity. Moreover, we discuss and analytically charac-
terize the a posteriori-calculated logarithmic-scale difference
between the CH4 and the N2O retrieval products. We present
two different approaches for this a posteriori calculations and
evaluate their usefulness for correcting errors in the CH4 re-
trieval product.

The paper is structured as follows: Sect. 2 presents the
IASI sensor, the MUSICA IASI CH4 and N2O retrieval strat-
egy, and the analytic method for characterizing the CH4 and

N2O retrieval products as well as the a posteriori-corrected
CH4 product. The CH4 and N2O retrieval products as well as
the a posteriori-corrected CH4 product are then characterized
in Sect. 3 (by describing vertical sensitivity and estimating
errors). Sections 4, 5 and 6 extensively evaluate the data by
comparisons to aircraft in situ profiles, continuous surface in
situ data and ground-based remote sensing data. In Sect. 7
we discuss and evaluate an alternative a posteriori correction
of CH4 that only addresses the scales on which the errors are
dominating and Sect. 8 briefly discusses the possible usage
of these observation data in combination with inverse mod-
elling. Section 9 summarizes the main results of this work
and gives an outlook on possible future activities.

2 MUSICA IASI processing

2.1 The MetOp-IASI instrument

The IASI sensor is a Fourier-transform spectrometer de-
veloped by CNES (Centre National d’Etudes Spatiales,
https://cnes.fr/fr, last access: 11 July 2018) in cooperation
with EUMETSAT. It is on-board the EUMETSAT MetOp
satellites, which operate in a polar low-Earth orbit since
2006. With 14 sun-synchronous orbits per day (09:30 and
21:30 Local Solar Time equator crossing) IASI can provide
global observations twice per day. IASI measures thermal in-
frared radiation emitted by the Earth’s surface and the atmo-
sphere between 645 and 2760 cm−1 with an apodized spec-
tral resolution of 0.5 cm−1 and scans the surface perpendicu-
lar to the satellite’s flight track with 30 individual views, cov-
ering a surface swath width of about 2200 km. Each individ-
ual view consists of four individual ground pixels (IFOV) of
about 12 km diameter at nadir. The calibrated IASI radiances
for these 120 fields of view are disseminated by EUMETSAT
as level 1C (L1C), together with additional information about
observation geometry.

2.2 Atmospheric remote sensing retrieval principles

In this subsection we give a brief introduction into the an-
alytic description of the remote sensing measurement that
is in line with the suggestions of Rodgers (2000) and that
follows the notation recommendations of TUNER (Towards
Unified Error Reporting, https://www.imk-asf.kit.edu/, last
access: 11 July 2018). The text is similar to Borger et al.
(2017); however, we think that the repetition here is a very
useful reference for this paper.

We measure y (the measurement vector, e.g. a thermal
nadir spectrum in the case of IASI) and are interested in x

(the atmospheric state vector). This problem can be written
as

y = F (x,b), (1)

where F is the forward model (simulates the interaction of
radiation with the atmosphere) and the vector b represents
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auxiliary parameters (like surface emissivity) or instrumental
characteristics (like the instrumental line shape), which are
not part of the retrieval state vector.

A direct inversion of Eq. (1) is generally not possible, be-
cause there are many atmospheric states x that can explain
the same measurement y. For solving this ill-posed problem
the solution state is constrained by setting up a cost function:

[y−F (x,b)]T Sy,total
−1
[y−F (x,b)]

+ [x− xa]
T Sa
−1
[x− xa]. (2)

Here, the first term is a measure of the difference between the
measured spectrum (represented by y) and the spectrum sim-
ulated for a given atmospheric state (represented by x), while
taking into account the measurement signal that is not under-
stood by the forward model (Sy,total is the covariance matrix
of y−F (x,b)). The second term of the cost function (Eq. 2)
constrains the atmospheric solution state (x) towards an a
priori most likely state (xa), whereby the kind and strength
of the constraint are defined by the a priori covariance matrix
Sa. The constrained solution is reached at the minimum of
the cost function (Eq. 2).

Due to the nonlinear behaviour of F (x,b), the minimiza-
tion is generally achieved iteratively. For the (i+ 1)th itera-
tion it is

xi+1 = xa+Gi[y−F (xi,b)+Ki(xi − xa)]. (3)

K is the Jacobian matrix (derivatives that capture how the
measurement vector will change for changes in the atmo-
spheric state x). G is the gain matrix (derivatives that capture
how the retrieved state vector will change for changes in the
measurement vector y). G can be calculated from K, Sy,total
and Sa as

G= (KT Sy,total
−1K+Sa

−1)−1KT Sy,total
−1. (4)

The averaging kernel is an important component of a re-
mote sensing retrieval product and it is calculated as

A=GK. (5)

The averaging kernel A reveals how a small change in the
real atmospheric state vector x affects the retrieved atmo-
spheric state vector x̂:

x̂− xa = A(x− xa). (6)

The propagation of errors due to parameter uncertainties
1b can be estimated analytically with the help of the pa-
rameter Jacobian matrix Kb (derivatives that capture how the
measurement vector will change for changes in the parameter
b). According to Eq. 3, using the parameter b+1b (instead
of the correct parameter b) for the forward model calcula-
tions will result in an error in the atmospheric state vector
of

1x̂ =−GKb1b. (7)

The respective error covariance matrix Sx̂,b is

Sx̂,b =GKbSbKb
TGT , (8)

where Sb is the covariance matrix of the uncertainties 1b.
Noise on the measured radiances also affects the retrievals.
The error covariance matrix for measurement noise (Sx̂,noise)
is analytically calculated in analogy to Eq. (8) by Sx̂,noise =

GSy,noiseGT , where Sy,noise is the covariance matrix for noise
in the measurement.

Rewriting Eq. (6) and considering the errors 1x̂, the re-
trieved state x̂ can be written as

x̂ = A(x− xa)+ xa+1x̂. (9)

2.3 Retrieval setup for CH4 and N2O

The MUSICA IASI retrieval focuses on the estimation of
tropospheric water vapour concentrations and on the ratio
between the isotopologues HDO and H2O (Schneider and
Hase, 2011; Wiegele et al., 2014; Schneider et al., 2015).
The retrieval analyses the thermal emission spectra recorded
by IASI in the 1190–1400 cm−1 spectral region by using the
thermal nadir retrieval algorithm PROFFIT-nadir (Schnei-
der and Hase, 2011; Wiegele et al., 2014). The PROFFIT-
nadir code has been developed in support of the project MU-
SICA for analysing thermal nadir spectra and recently up-
dated by including water continuum calculations according
to the model MT_CKD v2.5.2 (Mlawer et al., 2012; De-
lamere et al., 2010; Payne et al., 2011). It is an extension of
the PROFFIT code used for many years for analysing high-
resolution solar absorption infrared spectra (PROFile Fit,
Hase et al., 2004). Our processor is the MUSICA PROFFIT-
nadir IASI processor. For simplicity in the following we call
it the MUSICA IASI processor.

In the analysed IASI spectral region CH4 and N2O have
important spectroscopic signatures and are retrieved simul-
taneously to the water vapour isotopologues. The CH4 and
N2O VMR (volume mixing ratio) profiles are derived, on a
logarithmic scale, using an ad hoc Tikhonov–Phillips con-
straint (Tikhonov, 1963) that mimics the inverse of a covari-
ance matrix for a 10 % 1σ variability and a correlation length
of 1.5 km in the free troposphere, 3 km in the tropopause re-
gion and 6 km in the stratosphere. Because the interferences
of the water vapour isotopologues are very strong, the appli-
cation of a sophisticated water vapour isotopologue retrieval
method is indicated. The water vapour and water vapour iso-
topologue concentrations are retrieved by using an optimal
estimation approach, whose settings have been described in
detail in previous publications (Schneider and Hase, 2011;
Wiegele et al., 2014; Schneider et al., 2016; Borger et al.,
2017). In addition, the analysed spectral window contains
HNO3 and very weak CO2 signatures. While HNO3 is also
simultaneously retrieved by a Tikhonov–Phillips constraint,
the weak CO2 signatures are taken into account by scaling a
climatological CO2 profile.
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Figure 1. (a) Example of spectral radiances recorded by IASI and
the corresponding PROFFIT-nadir simulation over a tropical ocean
pixel (≈ 12◦S) in winter. (b) Spectral changes in the IASI radiance
(1R) due to a change in CH4 of 5 %, in N2O of 2 % and in H2O of
100 % (please note the different y-axis scale for H2O).

Figure 1 illustrates why a high-quality water vapour iso-
topologue retrieval is crucial for obtaining a CH4 and N2O
product with reasonable quality. The figure shows an ex-
ample of the radiances measured by IASI and simulated by
PROFFIT-nadir in the spectral region used for the CH4 and
N2O retrievals as well as the change in IASI radiances due
to a change in CH4 by +5 %, in N2O by +2 % and in H2O
by +100 %, whereby 5, 2 and 100 % are typical values for
the respective trace gas variations (please note the different
y-axis scale for H2O spectral signatures). As observed, the
spectral signatures of H2O variations are more than an or-
der of magnitude stronger than the signatures of CH4 and
N2O variations, indicating that the quality of the CH4 and
N2O products depends strongly on a correct interpretation of
the spectroscopic interferences of the water vapour isotopo-
logues.

For all the fitted species we use a single a priori profile
for all retrievals, i.e. the a priori data are the same for differ-
ent days, seasons, years and locations. Therefore, all the ob-
served atmospheric variations are induced by the IASI mea-
surements and are not affected by varying a priori informa-
tion (please see also discussion in Appendix A). The a pri-
ori profiles of CH4 and N2O are typical low-latitude pro-
files taken from WACCM (Whole Atmosphere Community
Climate Model version 5, https://www2.acom.ucar.edu/, last
access: 11 July 2018) provided by NCAR (National Center
for Atmospheric Research, J. Hannigan, private communica-
tion). They are climatologies provided at a spatial resolution
of 1.9◦× 2.5◦ and averaged for the 2004–2006 period. The
water vapour isotopologue a priori data are averages obtained
from the isotopologue incorporated global general circula-
tion model LMDZ (Risi et al., 2012).

The retrieval also fits the surface (skin) temperature and
the atmospheric temperature profile, whereby the a priori

temperatures are taken from the EUMETSAT IASI level 2
(L2) products and are updated for each IASI retrieval (i.e.
they vary with latitude and time for each IASI pixel). Re-
garding the a priori variability, there is no constraint on the
surface temperature. The allowed atmospheric temperature
1σ variations are 1 K at ground, 0.5 K in the free troposphere
and 0.75 K above the tropopause. This altitude dependency
follows roughly the altitude dependency of uncertainties in
the EUMETSAT IASI L2 atmospheric temperature profiles
(August et al., 2012). Details on the EUMETSAT L2 Prod-
uct Processing Facility (PPF) software version changes that
can affect the EUMETSAT IASI L2 atmospheric tempera-
tures are listed in Table 1.

For the radiative transfer calculations the spectroscopic
line parameters are taken from the HITRAN 2016 database
(Gordon et al., 2017) for all the gases, except for the wa-
ter vapour isotopologues. For the latter we use an improved
spectroscopy based on HITRAN 2016, but modifying the line
intensities (S) for the HDO absorption signatures by +10 %
(Schneider et al., 2016). This modification is introduced to
correct the bias documented in the IASI HDO products re-
ported by Schneider et al. (2015).

Ocean emissivities are calculated according to Ma-
suda et al. (1988) for three different wavenumbers en-
veloping the spectral retrieval range, while emissivities at
land are taken from the Global Infrared Land Surface
Emissivity Database (Seemann et al., 2008) provided as
monthly means by the University of Wisconsin in Madi-
son (http://cimss.ssec.wisc.edu/iremis/, last access: 11 July
2018). The assignation of ground altitude is done using
the Global 30-Arc-Second Elevation Data Set (GTOPO30,
http://eros.usgs.gov/elevation-products, last access: 11 July
2018). Note that the PROFFIT-nadir retrieval code does not
consider the backscatter of solar light at the Earth’s surface,
but this is not critical for simulating the radiances below
2000 cm−1.

In this study we only consider cloud-free scenes, based
on EUMETSAT L2 cloud products. For details about the
EUMETSAT IASI cloud-screening strategy, refer to Au-
gust et al. (2012) and the “Products User Guide” (EUMET-
SAT, 2017). Here we present MUSICA IASI retrieval data
that are filtered with respect to measurement noise and re-
trieval quality (residual-to-signal ratio in the fitted spec-
tral window must be smaller than 0.004), cold scenes (sur-
face temperature must be higher than 275 K) and the sen-
sitivity to CH4 and N2O (see details in Sect. 3.2). All
MUSICA IASI retrieval data (including those correspond-
ing to high residual-to-signal ratio, low surface tempera-
ture, or low sensitivity to CH4 and N2O) are available at
http://www.imk-asf.kit.edu/english/2746.php (last access: 11
July 2018) or by request to the authors.
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Table 1. History of EUMETSAT level 2 PPF software modification and EUMETSAT level 2 data usage that can potentially affect the
MUSICA IASI products.

Start date PPF software Relevance for MUSICA IASI product

27/11/2007 v4.0 Start of EUMETSAT operational level 2 data dissemination.

14/09/2010 v5.0.6 Improvement of the EUMETSAT level 2 middle–upper-tropospheric temperatures (August et al., 2012),
which are subsequently used as a priori data by the MUSICA processor.

20/10/2011 v5.2.1 Change in the radiative transfer model used for EUMETSAT level 2 cloud-free optimal estimation
retrievals of atmospheric temperatures (EUMETSAT, 2017), which are subsequently used as a priori data
by the MUSICA processor.

30/09/2014 v6.0.5 Start using of EUMETSAT level 2 land surface emissivities (instead of IREMIS, Seemann et al., 2008)
for MUSICA processing over land.
Change in pressure gridding used by the EUMETSAT level 2 cloud-free optimal estimation retrievals
of atmospheric temperatures (EUMETSAT, 2017), which are subsequently used as a priori data by the
MUSICA processor.

2.4 A posteriori-calculated difference between CH4
and N2O

2.4.1 Motivation

When aiming for precise CH4 observations from space-based
platforms, the combination of the retrieved CH4 observations
a posteriori with the co-retrieved N2O estimates has been
proposed (Razavi et al., 2009; Worden et al., 2012; Alvarado
et al., 2015; Siddans et al., 2017). Because the N2O concen-
trations show a rather low short-term variability and their
long-term increase is rather smooth (Stocker et al., 2013),
significant variations in the N2O retrieval product are likely
due to errors. Assuming that errors in the simultaneously re-
trieved CH4 and N2O products are correlated, we can gen-
erate a combined product with reduced errors. The combi-
nation also reduces the signals in CH4 and N2O that have
the same origin, like the shift in the tropopause altitude that
similarly affects CH4 and N2O concentrations in the UTLS
(upper troposphere–lower stratosphere) region.

We can work with the retrieved N2O and CH4 state vectors
in the logarithmic scale and write the following in analogy to
Eq. (9):

x̂N2O = AN2O(xN2O− xa,N2O)+ xa,N2O+1x̂N2O,

x̂CH4 = ACH4(xCH4 − xa,CH4)+ xa,CH4 +1x̂CH4 . (10)

If we now calculate the difference between the state vec-
tors (difference in the logarithmic scale), we get

x̂CH4 − x̂N2O = xa,CH4 − xa,N2O+ACH4(xCH4 − xa,CH4)

−AN2O(xN2O− xa,N2O)+1x̂CH4 −1x̂N2O. (11)

The idea is that (i) the difference of the errors 1x̂CH4 −

1x̂N2O is much smaller than the errors in the individual prod-
ucts 1x̂CH4 or 1x̂N2O, and that (ii) as N2O shares the dy-
namical variations of CH4 in the tropopause region, the com-
bined product has a weaker dependency on the tropopause

altitude and potentially an improved representativeness of
source and sink signals.

2.4.2 Theoretical treatment

By a simple matrix multiplication we can make a trans-
formation from the {ln[N2O], ln[CH4]} space into the{

ln[CH4] − ln[N2O], ln[CH4]+ln[N2O]
2

}
space. This transfor-

mation between basis systems has been discussed in de-
tail for water vapour isotopologue states in Schneider et al.
(2012) and the same approach can be applied for the N2O
and CH4 states. The transformation matrix P is

P=

(
−I I
1
2

I
1
2

I

)
. (12)

Here, the four matrix blocks have the dimension (nol× nol),
and I stands for an identity matrix.

The averaging kernel matrix of the transformed states can
be calculated as

AP
= PAP−1

=

(
AP

11 AP
12

AP
21 AP

22

)
. (13)

There are four matrix blocks with the dimension (nol× nol)
and the kernels for the combined product x̂CH4 − x̂N2O are
collected in the matrix block AP

11.
The errors for the transformed states can be calculated in

analogy to Eq. (7):

1x̂P
=−PGKb1b =

(
1x̂P

1
1x̂P

2

)
. (14)

The vector block 1x̂P
1 collects the error pattern of the a

posteriori-calculated product x̂CH4 − x̂N2O.
Similarly the error covariance matrix for the transformed

states are calculated in analogy to Eq. (8):

SP
x̂,b = PGKbSbKb

TGT PT =

(
SP

x̂,b,11 SP
x̂,b,12

SP
x̂,b,21 SP

x̂,b,22

)
. (15)
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The error covariances for the a posteriori-calculated prod-
uct x̂CH4 − x̂N2O are collected in the matrix block SP

x̂,b,11.
The error covariance matrix for measurement noise is calcu-
lated by SP

x̂,noise = PGSy,noiseGT PT . It also consists of four
blocks and SP

x̂,noise,11 represents the errors covariance for the
a posteriori-calculated product x̂CH4 − x̂N2O.

The here-presented formalism enables us to analytically
describe the characteristics and errors of the a posteriori-
calculated product in analogy to the description of the in-
dividual CH4 and N2O retrieval products.

2.4.3 CH4 correction on all scales

Because N2O is relatively stable, the horizontal and verti-
cal N2O distribution might be captured reasonably well by
atmospheric models. The a posteriori-calculated difference
according to Eq. (11) can then be used together with N2O
model data for calculating a corrected CH4 product by

x̂c
CH4 = (x̂CH4

− x̂N2O)+AN2O(mN2O− xa,N2O)+ xa,N2O. (16)

Here mN2O is the N2O distribution as obtained from accu-
rate model simulations. In the corrected state vector x̂c

CH4 , a
large part of the correlated N2O and CH4 retrieval errors will
be removed.

The error of x̂c
CH4 has two contributions. A first error con-

tribution is the uncertainty involved in the interpretation of
the IASI measurement and a second is the uncertainty in-
volved in the N2O model simulations. These second contri-
bution is completely independent on the IASI measurement.
Because we are not interested in the errors that are indepen-
dent on the IASI measurements, we assume mN2O = xa,N2O
(i.e. a uniform N2O distribution without horizontal, vertical
and temporal variations) and get the following from Eq. (16):

x̂∗CH4 = (x̂CH4 − x̂N2O)+ xa,N2O. (17)

In this paper we use the label CH∗4 for the product that has un-
dergone the a posteriori processing according to Eq. (17) and
has subsequently been transferred to the linear scale. A brief
description of CH∗4 in the context of the other CH4 products
used in this paper is given in Table 2.

The variation in the CH∗4 product is driven by IASI mea-
surements and not affected by external data (e.g. model sim-
ulations), and the evaluation of CH∗4 will reveal the errors in
the corrected data that are linked to the IASI measurements.
For analytically characterizing the CH∗4 product we can use
AP

11, 1x̂P
1 , SP

x̂,b,11 and SP
x̂,noise,11 (according to Sect. 2.4.2).

A validation by comparison to reference measurements can
only by made if we have reference measurements of CH4 and
N2O, because the CH∗4 product contains combined informa-
tion on CH4 and N2O variations.

The here-presented correction addresses all temporal and
spatial scales. All the variations in the original CH4 retrieval

product that are correlated to the variations in the N2O re-
trieval product are removed. Please be aware that for the full
reconstruction of CH4 from CH∗4 accurate simulations of a
full N2O model are needed (see Eq. 16 and Appendix A). A
correction of CH4 according to Eq. (17) has already been dis-
cussed by Alvarado et al. (2015) for TES, but using variable
N2O a priori data. Our method works with a single N2O a pri-
ori profile. Performing the correction after the retrieval pro-
cess (a posteriori processing) makes the method rather flex-
ible and allows applying different N2O models for the full
reconstruction of CH4. This flexibility is an important differ-
ence compared to Siddans et al. (2017), where the correction
supported by N2O simulations is firmly implemented within
the retrieval scheme.

3 Representativeness and error assessment

3.1 Averaging kernels

The averaging kernel matrix (A) is an important output of
the retrieval process. Its rows describe the altitude regions
that are mainly represented in the retrieved target gas VMR
profile (see Eq. 6).

Figure 2a shows the rows of A for the state {ln[N2O],
ln[CH4]} for an observation over land during mid-latitude
summer. The grey colour shows all rows and the red and blue
colours represent the rows that represent the 3.6 and 10.9 km
altitude, respectively. The panels in the diagonal of Fig. 2a
represent the ln[N2O] and ln[CH4] kernels and the outer di-
agonal panels the cross kernels (the elements of these cross
kernels have very low values). For the ln[N2O] kernel we
get a degree of freedom for signal (DOFS) value of 1.39.
The DOFS value is calculated as the trace of the averaging
kernel matrix and is a measure of sensitivity and the ver-
tical resolution of the remote sensing data. The higher the
DOFS value the more information is extracted from the mea-
sured radiances. In addition, we calculate the sum along the
averaging kernel rows representing the altitudes of 3.6 and
10.9 km (in the following we call them 6 values). The closer
the 6 value to unity the more sensitive are the retrieved val-
ues to real atmospheric variations. For ln[N2O] we get a 6
values of 0.65 and 1.12 for 3.6 and 10.9 km altitude, respec-
tively. The MUSICA IASI N2O product has a good sensitiv-
ity in the upper troposphere–lower stratosphere (here repre-
sented by the 10.9 km altitude) and is only weakly sensitive
to the free troposphere (here represented by 3.6 km altitude).
For the ln[CH4] kernels the DOFS value is 1.68, i.e. higher
than for ln[N2O]. The 6 values of 0.77 and 1.04 for 3.6 and
10.9 km altitude, respectively, reveal that in the UTLS region
the CH4 retrieval product has a similar sensitivity than the
N2O product; however, in the free troposphere the retrieval
is more sensitive to CH4 than to N2O.

Figure 2b depicts the rows of AP, i.e. the averaging ker-
nel for the state

{
ln[CH4] − ln[N2O], ln[CH4]+ln[N2O]

2

}
, ac-
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- -

Figure 2. Example of an averaging kernel for an observation over the mid-latitude site of Lindenberg (52◦ N) on 30 August 2008 (satellite
nadir angle: 43.7◦; surface skin temperature: 292.3 K; precipitable water vapour: 31.8 mm): (a) for the state vector {ln[N2O], ln[CH4]}
and (b) for the state vector

{
ln[CH4] − ln[N2O], ln[CH4]+ln[N2O]

2

}
.

Table 2. Overview on the different N2O and CH4 remote sensing products discussed in this work.

Name Label Proxy used for Description
characterization

N2O retrieval N2O ln[N2O] The MUSICA IASI optimal estimation retrieval output for N2O.
product

CH4 retrieval CH4 ln[CH4] The MUSICA IASI optimal estimation retrieval output for CH4. Please
product note that the MUSICA IASI processor simultaneously retrieves N2O and

CH4 in a single retrieval step.

Difference between – ln[CH4] − ln[N2O] A posteriori difference (on logarithmic scale) between the CH4 and N2O
N2O and CH4 retrieval products according to Eq. (11).

Product corrected CH∗4 ln[CH4] − ln[N2O] A posteriori correction consisting in removing all the CH4 variations that
on all scales are correlated to N2O variations (see Sect. 2.4.3). For a full reconstruction

of CH4 from CH∗4, accurate N2O full model simulations are required.

Product corrected CH′4 ln[CH4] − ln[N2O] A posteriori correction consisting in removing the CH4 variations that are
on scales where correlated to N2O variations taking place on the scales where the variations
errors dominate are dominated by errors (see Sect. 7). For a full reconstruction of CH4 from

CH′4, an accurate global N2O model climatology is required.

cording to Eq. (13). Here we are mainly interested in the
ln[CH4]− ln[N2O] product (see discussion in Sect. 2.4). The
DOFS value and the 6 values for 3.6 and 10.9 km indicate
reasonable sensitivity in the free troposphere and the UTLS
region.

The example of Fig. 2 indicates that the MUSICA IASI
retrieval product can capture atmospheric variations of CH4

and N2O between about 2 km above ground and about 16 km
altitude with a vertical resolution of about 5–8 km (full width
at half maximum, FWHM, of the averaging kernels). The
kernels as shown in Fig. 2 suggest that the MUSICA IASI
product can make invaluable contributions for investigating
atmospheric variations having a vertical dimension of at least
5 km. The limited vertical resolution and sensitivity is an in-
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Morning
Evening

Morning
Evening

Figure 3. Latitudinal cut of the DOFS values of the ln[N2O] (black dots), ln[CH4] (red dots) and ln[CH4] − ln[N2O] (blue dots) products
for the IASI morning and evening overpasses (≈ 09:30 and 21:30 Local Solar Time, respectively): (a) for mid-February 2014 and (b) for
mid-August 2014. The latitudinal cuts are shown separately for observations over ocean and land (only if ground altitude < 500 m a.s.l.).

trinsic characteristic of the remote sensing data product and,
consequently, the product is not suited for addressing scien-
tific questions that need vertically finer resolved data. For
such purposes vertically highly resolved in situ profile data
would be the best choice.

3.2 Latitudinal and vertical dependency of the
representativeness

Figure 2 shows the kernels for an example observation. How-
ever, the altitude ranges that are represented by the remote
sensing products vary with season and latitude. The varia-
tion of the representativeness is revealed by Fig. 3. It shows
a high variability of the DOFS values. The values depend on
latitude, season, the observation scenario (land or ocean) and
the time of satellite overpass (morning or evening), attributed
mainly to the variation of the thermal contrast between sur-
face and the lowermost atmosphere layers. For ln[N2O] the
DOFS values vary between 1.2 and 1.4 (black dots) and for
ln[CH4] between 1.4 and 1.8 (red dots), respectively. For the
combined product ln[CH4]− ln[N2O] the DOFS values vary
between 1.3 and 1.6. Note that only for Fig. 3 the IASI data
have been split into morning and evening observations.

We suggest using a simple metric according to Rodgers
(2000) to identify the altitude regions where an individual
data product is representative of atmospheric variations hav-
ing a vertical dimension of at least 5 km. We analyse the un-
certainty (due to limited sensitivity and vertical resolution)
for detecting a Gaussian function like vertical structure with
2σ = 5 km. For this purpose we set up an atmospheric co-
variance matrix C, with unity on the diagonal and the outer
diagonal entries calculated assuming a correlation length of
1σ = 2.5 km, and calculate

Csen = (A− I)C(A− I)T . (18)

A is the averaging kernel and I the identity matrix. We inves-
tigate the diagonal elements of Csen. Because the diagonal of
C is unity, the diagonal elements of Csen (csen) give the por-
tion of the actual variance that is not detectable by the MU-

SICA IASI data product. For documenting the sensitivity of
ln[CH4] − ln[N2O] we use AP

11 from Eq. (13).
Figure 4 depicts latitudinal cuts of the diagonal elements

csen for altitudes between ground and 20 km. This figure is in
good agreement with Figs. 2 and 3. We find that the sensitiv-
ity is generally limited to the altitudes between 2 and 16 km.
The ln[CH4] product has the best sensitivity (lowest csen val-
ues). At low latitudes the altitude regions with good repre-
sentativeness have the largest vertical extension. Concerning
middle and high latitudes and the product ln[CH4], csen < 0.5
is limited to altitudes between 2 and 12 km, whereas at lati-
tudes between 30◦ S and 30◦ N such low csen values are gen-
erally found between 2 and 15 km. Since at these low lati-
tudes the DOFS values for the ln[CH4] product are close to
2.0, it can be concluded that between 30◦ S and 30◦ N the
MUSICA IASI processor can detect CH4 profiles, i.e. CH4
amounts in the free troposphere around 4 km independently
from CH4 amounts in the UTLS region around 12 km. For
the products ln[N2O] and ln[CH4] − ln[N2O] we observe a
similar dependency, but the lower csen and DOFS values in-
dicate a weaker profiling capability.

In the following we will work with retrieval products for a
certain altitude only if the respective diagonal element (csen)
is smaller than 0.5, i.e. if the vertical resolution and the sen-
sitivity of the remote sensing data are sufficient to detect at
least 50 % of 5 km broad variances that take place around
these altitudes in the actual atmosphere.

3.3 Error assessment

The theoretical error estimations consist in calculating the
error profiles 1x̂ and the error covariance matrices Sx̂,b
and Sx̂,noise. For the ln[N2O] and ln[CH4] product the cal-
culations are done according to Sect. 2.2. For ln[CH4] −

ln[N2O] we calculate 1x̂P
1 , SP

x̂,b,11 and SP
x̂,noise,11 according

to Sect. 2.4.2, which ensures that the error correlations be-
tween N2O and CH4 are fully considered.

A description of the assumed uncertainty sources (matrix
Sb used in Eqs. 8 and 15) is given in Table 3. For surface
emissivity we assume an uncertainty of 1 % and a corre-
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Figure 4. Latitudinal cuts of the vertical dependency of the sensitivity (defined as csen values according Eq. 18): (a–c) for mid-February and
the products ln[N2O], ln[CH4] and ln[CH4] − ln[N2O], respectively; and (d–f) for the same products, but for mid-August. The latitudinal
cuts are shown separately for observations over ocean and land (only if ground altitude < 500 m a.s.l.).

Table 3. List of uncertainty assumptions used for the error estimation.

Uncertainty source Uncertainty value

Measurement noise according to Pequignot et al. (2008)
Surface emissivity 1 %, with a spectral frequency correlation length of 100 cm−1

Temperature in lower troposphere (0–2 km) 2 K
Temperature in middle troposphere (2–5 km) 1 K
Temperature in upper troposphere (5–10 km) 1 K
Temperature in upper atmosphere (above 10 km) 1 K
{H2O,δD} variations {100 %,100‰}, with 2.5 km vertical correlation length
Water vapour continuum 10 % underestimation of model MT_CKD v2.5.2
Line intensity N2O +2 %
Pressure-broadening N2O +2 %
Line intensity CH4 −2 %
Pressure-broadening CH4 −2 %
Opaque cumulus cloud 10 % fractional cover with cloud top at 1.3, 3.0 and 4.9 km
Cirrus cloud particle properties according to OPAC “Cirrus 3”;

1 km thickness; 50 % fractional cover with cloud top at 6, 8, 11 and 14 km
Mineral dust cloud particle properties according to OPAC ”Desert”;

homogeneous coverage for layers: ground–2, 2–4 and 4–6 km

lation of the uncertainty between different frequencies de-
caying Gaussian-like with a σ -value (correlation length) of
100 cm−1. Regarding atmospheric temperatures we assume

an uncertainty of 2 K between ground and 2 km a.s.l. and 1 K
for higher altitudes, whereby we work with independent un-
certainties in four different layers: ground–2, 2–5, 5–10 km

Atmos. Meas. Tech., 11, 4171–4215, 2018 www.atmos-meas-tech.net/11/4171/2018/



O. E. García et al.: MUSICA IASI CH4 and N2O products 4181

Figure 5. Example of estimated errors for an observation over the mid-latitude site of Lindenberg (52◦ N) on 30 August 2008 (same as
Fig. 2): (a) for the state vector ln[N2O], (b) for the state vector ln[CH4] and (c) for the state vector ln[CH4]− ln[N2O]. The left panels show
errors due to statistical uncertainty sources and the right panels errors due to uncertainty sources that are not Gaussian (unrecognized clouds
or systematic uncertainty sources like spectroscopic parameters/parameterizations).

and above 10 km. This atmospheric temperature uncertain-
ties are in agreement with August et al. (2012). Different
water vapour isotopologues dominate the spectral signatures
in the fitted spectral region and we have to consider cross-
dependency on the water vapour isotopologue variations. We
assume a variation of 100 % of humidity and of 100 ‰ of δD
(the strongest varying water vapour isotopologue ratio) and
a vertical correlation length of these variations of 2.5 km. As
measurement noise we use the noise covariances of Pequig-
not et al. (2008).

All the aforementioned uncertainty sources are assumed to
have a Gaussian distribution. We refer to them as statistical
uncertainty sources and they can be reduced by calculating
the mean of many data points. In the following we discuss
uncertainty sources that are systematic (like spectroscopic
parameters/parameterizations) or are far away from being
Gaussian distributed (like clouds). We hypothetically as-
sume that calculations based on the model MT_CKD v2.5.2
(Mlawer et al., 2012; Delamere et al., 2010; Payne et al.,
2011) only partly capture the full water vapour continuum

effect (we consider an underestimation of 10 % of the ef-
fect). For the spectroscopic parameters (line intensity and
pressure-broadening parameter) of N2O and CH4, we assume
an uncertainty of 2 %. These error values are in concordance
with those reported in the HITRAN database (Rothman et al.,
2009): for N2O a positive uncertainty and for CH4 a nega-
tive uncertainty (actually the uncertainties are uncorrelated;
i.e. they can all be positive, all negative or all different).
Uncertainties in the spectroscopic parameters of the water
vapour isotopologues of about 1 % have no significant effect
on the retrieval of N2O and CH4. Finally, we consider the
effect of unrecognized clouds on the retrieval products. We
assume 10 % coverage with opaque cumulus clouds, 50 %
coverage with cirrus clouds and mineral dust at different alti-
tudes. For more details on the cloud assumptions please refer
to Borger et al. (2017).

The left part of Fig. 5 shows the square root values of
the diagonal elements of Sx̂,b and Sx̂,noise (according to
Sect. 2.2) and SP

x̂,b,11 and SP
x̂,noise,11 (according to Sect. 2.4.2)

for the errors caused by statistical uncertainty sources. For
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the ln[N2O] and in particular for the ln[CH4] product atmo-
spheric temperatures are the dominating uncertainty source
(see yellow and red lines Fig. 5a and b). For the ln[CH4] −

ln[N2O] product (Fig. 5c) the error due to atmospheric tem-
perature uncertainties is significantly smaller than in the
ln[CH4] product, because the atmospheric temperature errors
in ln[N2O] and ln[CH4] are significantly correlated. Mea-
surement noise errors in ln[N2O] and ln[CH4] are almost
completely uncorrelated and thus particularly large in the
ln[CH4] − ln[N2O] product. Errors due to emissivity or in-
terferences from varying {H2O,δD} distributions are of mi-
nor importance. However, please note that the effect of vary-
ing {H2O,δD} distributions might become significantly large
when using a different retrieval setup (recall that the MU-
SICA processor has been especially designed for correctly
capturing the atmospheric {H2O,δD} variations).

The right part of Fig. 5 depicts the error profiles 1x̂ (ac-
cording to Eq. 7) and 1x̂P

1 (according to Eq. 14) for the
errors caused by non-Gaussian uncertainty sources (spec-
troscopic parameters/parameterizations and unrecognized
clouds). An unrecognized cirrus cloud has the most pro-
nounced effect. It causes significant negative errors in the tro-
pospheric ln[N2O] and ln[CH4] products. The error is espe-
cially large for the ln[CH4] product (see black line Fig. 5b).
Because this error is correlated in ln[N2O] and ln[CH4], it is
much smaller in the ln[CH4]−ln[N2O] product. However, for
the ln[CH4] − ln[N2O] product the uncertainty in the spec-
troscopic parameters can cause especially large systematic
errors (see grey lines in Fig. 5c).

Similar to the sensitivity the errors depend on latitude and
season. This is demonstrated in Fig. 6 showing the latitudi-
nal cuts of the root square sum of the leading statistical er-
rors, which are the errors due to atmospheric temperature un-
certainty and measurement noise. The error sum is larger in
the ln[CH4] product than in the ln[N2O] product (in agree-
ment with Fig. 5). The error sum is in particular small for
the ln[CH4] − ln[N2O] product (see Fig. 6c and f). This is a
theoretical demonstration that the a posteriori correction of
CH4 with co-retrieved N2O can significantly reduce the un-
certainty of the data product.

4 Comparison to in situ profile references

In order to experimentally validate the MUSICA IASI CH4
and N2O products we use in situ profile measurements made
during the project HIPPO (http://hippo.ucar.edu/, last access:
11 July 2018). HIPPO investigated carbon cycle and green-
house gases by sampling the atmosphere from approximately
67◦ S to 80◦ N mostly over the Pacific Ocean, from the sur-
face up to a maximum altitude of 14 km (∼ 150–300 hPa)
and spanning all the seasons between 2009 and 2011 (Wofsy
et al., 2011). In total five measurement missions were con-
ducted aboard HIAPER, a modified Gulfstream-V (G-V) air-
craft: January 2009 (HIPPO1), November 2009 (HIPPO2),

March–April 2010 (HIPPO3), June 2011 (HIPPO4) and
August–September 2011 (HIPPO5). During these missions,
CH4 and N2O in situ measurements were performed using a
QCLS (quantum-cascade laser spectrometer) instrument at
1 Hz frequency with a precision of 0.5 and 0.09 ppbv for
CH4 and N2O, respectively, and an accuracy of 1.0 ppbv for
both trace gases (Santoni et al., 2014), i.e. a relative precision
and accuracy of about 0.25 and 0.5 ‰ for CH4 and of about
0.25 and 3 ‰ for N2O, respectively.

Here we define as an individual HIPPO profile any mea-
surement sequence with continuous measurements between
at least 2 and 8 km a.s.l. Consecutive ascents and descents
are considered as two individual profiles. In total we identi-
fied 441 of such individual profiles with available CH4 and
N2O data. The grey stars in Fig. 7 indicate the areas of all
these profile measurements.

4.1 Collocation

IASI and HIPPO observations are sensing areas of different
size with different acquisition times; therefore, appropriate
spatial and temporal collocation criteria have to be defined
to ensure a feasible inter-comparison. Similarly to previ-
ous studies using HIPPO aircraft observations (Wecht et al.,
2012; Xiong et al., 2013), each HIPPO vertical profile (cov-
ering typically 2◦×2◦ and 20 min) is characterized by a mean
location (latitude and longitude) and a mean time. Firstly, we
require that the IASI observations have to be made ±12 h
with respect to the HIPPO mean time. Secondly, we only
consider the IASI observations that fall within a 2◦× 2◦ lati-
tude× longitude box around the mean location of the HIPPO
profile measurement. Typically there are about 5–15 individ-
ual cloud-free IASI observations for one individual HIPPO
profile measurement that fulfill these coincidence criteria.

We want to compare the IASI products and the HIPPO
data for two different altitude regions: the free troposphere
(using the 4.2 km retrieval level) and the upper troposphere–
lower stratosphere (using the 9.8 km retrieval level). For the
comparison to the 4.2 km retrieval we require that HIPPO
data are available up to at least 8 km altitude and for the
comparison to the 9.8 km retrieval we require data up to at
least 12.5 km (which drastically reduces the number of avail-
able profiles). Furthermore, we want to compare to MUSICA
IASI data that are significantly sensitive to the actual atmo-
spheric state. For this purpose, we only make a comparison
to an MUSICA IASI product if the csen value (according to
Eq. 18) at the respective level is smaller than 50 %, i.e. if the
MUSICA IASI data are able to detect at least 50 % of the ac-
tual atmospheric variances (actual atmospheric variances are
assumed to have a Gaussian-like shape with 2σ = 5km).

These requirements leave us with comparison to 165 indi-
vidual HIPPO profiles for the 4.2 km retrievals. The locations
of these profile measurements are indicated by the green
crosses in Fig. 7. For the comparisons to 9.8 km retrievals
we can work with 23 individual HIPPO profiles, which are
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Figure 6. Latitudinal cuts as in Fig. 4, but for the leading statistical errors (atmospheric temperature and measurement noise).

Figure 7. Overview on the locations and time periods with reference measurements used for validating the MUSICA IASI N2O and CH4
products.
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indicated as blue crosses in Fig. 7. For N2O the number of
valid profile comparisons is smaller than for CH4, because
the sensitivity criterium (csen < 0.5) is more frequently ful-
filled for CH4 than for N2O.

4.2 HIPPO data treatment

HIPPO provides vertically highly resolved CH4 and N2O
profile data. From those, the CH∗4 HIPPO profiles are cal-
culated in analogy to Eq. (17):

h∗CH4 = (hCH4 −hN2O)+ha,N2O, (19)

where h is the state vectors containing the HIPPO data and
ha,N2O is the same as xa,N2O, but interpolated to the vertical
grid that corresponds to the HIPPO measurements. Note that
the calculations are done on a logarithmic scale.

The HIPPO aircraft profiles are limited to a certain ceiling
height. Similarly, the profile measurements typically start a
few hundred metres above the surface. This is a difference
compared to the IASI remote sensing data, which are ob-
tained from radiance measurements that are affected by the
whole atmosphere. For all the altitudes where there are no
HIPPO data (i.e. first levels above the surface and above the
ceiling altitude), we extend the HIPPO data using the a priori
data used by the MUSICA IASI processor.

For the comparison we have to consider that the remote
sensing products have a much lower sensitivity and vertical
resolution than the in situ profiles. For this purpose, the ver-
tically highly resolved HIPPO profiles are degraded by ap-
plying the averaging kernels as obtained from the IASI re-
trievals:

ĥ= A(h− xa)+ xa. (20)

These calculations are done for the three products and N2O,
CH4 and CH∗4 by considering the respective averaging ker-
nels (for CH∗4 this is the kernel AP

11 from Eq. 13). The usage
of a priori data for altitudes without HIPPO data guarantees
that these altitudes do not affect ĥ, which are the data that
can be compared to the IASI data.

4.3 Correlation of data

Figure 8 shows the comparison for the two altitude levels (a–
c for the 4.2 km and d–f for the 9.8 km altitude level, respec-
tively). Each dot represents one HIPPO profile and the aver-
ages of all the MUSICA IASI data that fulfill the coincidence
criteria and passed the sensitivity filter. Each panel shows the
number of the individual HIPPO profiles used and the R2

values obtained by a linear least squares regression fit be-
tween HIPPO and MUSICA IASI data. The latitude regions
that are represented by the different data points are indicated
by a colour code (red for high southern latitudes, green for
tropical latitudes and blue for high northern latitudes).

Concerning N2O (Fig. 8a and d) the MUSICA IASI data
vary around the unique a priori value used (represented as

yellow star). A similar variation is not seen in the HIPPO
data at 4.2 km and only weakly seen in the HIPPO data at
9.8 km, leading to very low values of the correlation coeffi-
cient R2. At 9.8 km there are much fewer coincidences, be-
cause there are only a few HIPPO profiles that provide data
above 12.5 km.

For CH4 (Fig. 8b and e) the MUSICA IASI and HIPPO
data have a similar variation. For 4.2 km we find a corre-
lation coefficient R2 of 48 %. In both data sets the highest
CH4 concentrations are found at high northern latitudes (blue
dots) and the lowest CH4 concentrations are encountered at
middle southern latitudes (red and yellow dots). There is a
higher number of coincidences if compared to N2O, because
at 4.2 km more CH4 than N2O data pass the sensitivity filter.
For 9.8 km we find an R2 value of 29 % and no clear cluster-
ing with respect to the latitude.

Figures 8c and f show the comparison for the CH∗4 product.
For both altitudes the R2 values are higher than for the CH4
comparisons. At 4.2 km the data point clustering with respect
to latitude is further improved (if compared to the clustering
of the CH4 plot). At 9.8 km the MUSICA IASI data indi-
cate the lowest concentrations in the tropics and highest con-
centration at higher latitudes. This is similarly observed in
the HIPPO data; however, the concentration increase at high
southern latitudes seems to be weaker in the HIPPO data than
in the MUSICA IASI data.

4.4 Bias and scatter

In order to experimentally evaluate the accuracy and preci-
sion of the MUSICA IASI data we analyse the difference
with respect to the HIPPO data. For each product (N2O, CH4
and CH∗4) we calculate the median of the difference as an es-
timator of the bias, and the IP68 value of the difference as an
estimator of the scatter. The IP68 value is the semi-distance
between the percentiles 84.1 and 15.9. We work with median
and IP68, because they are less sensitive to the presence of
outliers and extreme values than mean and standard devia-
tion, allowing for more robust conclusions on the bias and
scatter.

Table 4 resumes the statistical analyses made for the
4.2 and 9.8 km retrieval level. Interestingly, at 4.2 km the
percentage scatter values found for N2O are even slightly
smaller than those found for CH4 (1.7 % for N2O and 2.0 %
for CH4, respectively), despite the fact that we find a sig-
nificant correlation for CH4 but no correlation for N2O (see
Fig. 8). This indicates that the MUSICA IASI N2O and CH4
products have a similar precision. However, while this preci-
sion is sufficient to detect free-tropospheric latitudinal CH4
variations, the latitudinal variations of free-tropospheric N2O
are so small that their detection would need a precision of
better than a few per mill. At 9.8 km we obtain similar scat-
ter values for N2O and CH4 (2.5 and 2.0 %, respectively).
At the same time Fig. 8 reveals a weak correlation for N2O
and a stronger correlation for CH4. In this UTLS altitude re-
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Figure 8. Correlation plots between MUSICA IASI products and HIPPO data: (a–c) for the altitude of 4.2 km a.s.l.; (d–f) for the altitude of
9.8 km a.s.l.; (a) and (d) for N2O; (b) and (e) for CH4; and (c) and (f) for CH∗4. The colour code indicates the latitudinal region, the yellow
star represents the a priori data used for the retrievals and the black dashed line is the one-to-one diagonal. Number of considered HIPPO
profiles (N ) and R2 values are given in each panel, black colour indicates significant positive correlations (95 % confidence level) and grey
indicates no significance.

Table 4. Statistics on the difference with respect to HIPPO data
(MUSICA IASI−HIPPO). The bias is the median and the scatter is
the IP68 value (i.e. the semi-distance between the percentiles 84.1
and 15.9). The statistical estimators are shown for comparisons at
4.2 and 9.8 km.

Altitude N2O CH4 CH∗4

4.2 km Profiles 148 165 165
Bias +2.0 % −2.0 % −3.7 %
Scatter 1.7 % 2.0 % 1.7 %

9.8 km Profiles 23 23 23
Bias −0.5 % +1.5 % +1.5 %
Scatter 2.5 % 2.0 % 1.6 %

gion the variations in the HIPPO N2O data are higher than
at 4.2 km, but still below the precision level of the MUSICA
IASI data and thus hardly observable in the MUSICA IASI
data. Concerning upper-tropospheric CH4 the MUSICA IASI
data precision seems to be just a bit better than the typical
magnitude of variation; i.e. the real atmospheric variations
are partly observable in the MUSICA IASI data. These ex-
perimentally found scatter values are in good agreement with
the theoretical error estimation of Sect. 3.3.

We found indication of a negative bias of MUSICA IASI
CH4 at 4.2 km, of positive biases of MUSICA IASI N2O at
4.2 km and of MUSICA IASI CH4 at 9.8 km. According to
our error estimation of Sect. 3.3, this bias can be explained
by the spectroscopic parameters used in the MUSICA IASI
retrievals (HITRAN 2016 database).

The comparison of Fig. 8b and e with Fig. 8c and f reveals
that by an a posteriori combination of the simultaneously re-
trieved CH4 and N2O values one can reconstruct a product
(CH∗4) whose latitudinal variation can be better observed in
the MUSICA IASI data than the latitudinal variation in CH4.
This is in agreement with the lower scatter we observe be-
tween HIPPO and MUSICA IASI CH∗4 if compared to the
scatter for CH4. Table 4 documents CH∗4 scatter values of 1.7
and 1.6 % for 4.2 and 9.8 km altitude, respectively. However,
at the same time the bias in CH∗4 at 4.2 km is much larger than
the respective bias in CH4. The improvement of the precision
and the possibility of an increased bias have been predicted
by the error estimation of Sect. 3.3.

Figure 9 shows how the difference between MUSICA
IASI and HIPPO reference depends on the latitude; i.e. it in-
vestigates the latitudinal dependency of the MUSICA IASI
data in more detail. For the 4.2 km retrieval altitude we ob-
serve that the difference between MUSICA IASI and HIPPO
N2O and CH4 concentrations increases from low latitudes to
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Figure 9. Latitudinal dependence of the difference between MUSICA IASI products and HIPPO data: (a–c) for the altitude of 4.2 km a.s.l.;
(d–f) for the altitude of 9.8 km a.s.l.; (a) and (d) for N2O; (b) and (e) for CH4; and (c) and (f) for CH∗4. Blue crosses and red circles are for
IASI observations over ocean and land, respectively.

high latitudes. For N2O the mean difference is about +1 %
in the 30◦ S–30◦ N latitudinal belt, but about +3.5 % south
of 40◦ S and north of 40◦ N. For CH4 the mean difference
is about −3 % in the 30◦ S–30◦ N latitudinal belt and about
+2 % at high latitudes (inconsistency of 5 %). In the CH∗4
product this latitudinal inconsistency is effectively reduced
and the mean difference between 60◦ S and 50◦ N is consis-
tently at about −3.5 %. North of 50◦ N the mean difference
in CH∗4 is about 0 %, whereby the respective measurements
are done over land surface. Actually it seems that the MU-
SICA IASI CH∗4 data obtained from spectra measured over
land surface have a different bias than the MUSICA IASI
CH∗4 data corresponding to measurements over the ocean.

For comparison at the 9.8 km retrieval altitude the limited
number of HIPPO profile data available make it difficult to
draw robust conclusions on the latitudinal dependencies. We
find no clear indication that the difference between the 9 km
MUSICA IASI and HIPPO CH4 data depends on the latitude.
However, it seems that there is some latitudinal dependency
in the N2O and CH∗4 data.

4.5 Discussion

There already have been comparisons between aircraft in situ
and IASI CH4 products obtained by other research groups.
For example, Xiong et al. (2013) found a low bias com-
pared to HIPPO aircraft profiles of −1.69 % (approximately
30 ppbv) with a residual scatter of 1.13 % (approximately
23 ppbv) in the integrated 300–374 hPa layer (which typi-
cally corresponds to about 8–10 km altitude) for a collocation
window with a distance of 200 km. In a study limited to the
tropics Crevoisier et al. (2013) compared IASI and CARIBIC

aircraft measurements of CH4 at 11 km for 4◦× 4◦ averages
and found a high bias of 7 ppbv (approximately 0.5 %) with
a scatter of 13 ppbv (approximately 0.8 %).

Similar to our study Siddans et al. (2017) compared the
HIPPO profile data to IASI retrieval results for different al-
titude regions. They worked with averaged mixing ratios for
two layers: from the surface to 6 km a.s.l. and from 6 km to
12 km a.s.l.. For the near-surface layer they report a scatter
of about 40 ppbv (corresponding to about 2.1 %) and for the
upper layer of about 30 ppbv (corresponding to about 1.7 %),
respectively. These scatter values are close to what we found
for the retrieval altitudes of 4.2 and 9.8 km (see Table 4).
Close to the surface their bias (IASI–HIPPO) is negative and
in the upper layer it is positive. This behaviour is in agree-
ment with our findings; however, their bias values are smaller
than our values as listed in Table 4.

Concerning N2O, Masiello et al. (2016) has recently
shown that N2O global distributions could be obtained for
each single IASI IFOV with a theoretical precision of better
than 1–2 %. To our knowledge our study is the first where an
extensive IASI N2O data set is experimentally validated, and
it is interesting to see that our validation results are close to
the theoretical estimations of Masiello et al. (2016).

With the comparison to the HIPPO data we can document
to what extent the MUSICA IASI products are able to detect
the latitudinal gradients of N2O and CH4 in the free tropo-
sphere and in the UTLS region (at 9.8 km). We can prove
that the MUSICA IASI CH4 data do reasonably capture the
latitudinal gradients well as present in the real atmosphere.
On the other hand the MUSICA IASI N2O product is ap-
parently not precise enough to reflect the very small latitudi-
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nal variations in the real atmosphere well. Nevertheless, the
MUSICA strategy of retrieving N2O concentrations simul-
taneously with CH4 concentrations is very helpful, since by
combining the N2O product with the CH4 product it is pos-
sible to create an a posteriori-corrected CH∗4 product, whose
latitudinal gradient agrees even better with the HIPPO refer-
ence than the latitudinal gradient of CH4. In Appendix B we
present example maps of the global distribution of the MU-
SICA IASI CH4 and CH∗4 products.

5 Comparison to references covering long time periods

In this section we analyse continuous time series and inves-
tigate the capability of the MUSICA IASI products for de-
tecting the variations with time. We analyse 10 years of MU-
SICA IASI data (between the end of 2007 and the end of
2017) at three different locations that are representative for
low, middle and high latitudes. Appendix C shows the time
series of daily mean data obtained for our low-latitude refer-
ence site situated in the subtropical northeastern Atlantic. As
reference data we use WMO–GAW in situ data and NDACC
ground-based remote sensing data. Figure 7 indicates the ge-
ographical locations of the GAW in situ instruments (green
diamonds) and the three NDACC sites (red circles).

The comparisons are shown for the N2O, CH4 and CH∗4
products. In addition, the following figures contain compar-
isons of the CH′4 product. This is an a posteriori-corrected
product that is presented and discussed in Sect. 7.

5.1 Free-tropospheric in situ data

In the framework of the WMO–GAW programme, ground-
level in situ atmospheric measurements of the main green-
house gases have been routinely carried out at different glob-
ally distributed sites since 1980s. In particular, CH4 and
N2O amounts have been mainly measured by the gas chro-
matography technique with flame ionization detection (GC-
FID) for CH4 and with electron capture detection (GC-
ECD) for N2O. In recent years, optical techniques like cavity
ring-down spectroscopy (CRDS) and off-axis integrated cav-
ity output spectroscopy (OA-ICOS) have been introduced,
showing similar or even better precision than the traditional
GC systems (Sepúlveda et al., 2014, and references therein).
As a reference of the required data quality of the WMO–
GAW records, the GAW network compatibility among labo-
ratories and central facilities is defined as ±2 ppbv for CH4
and ±0.1 ppbv for N2O (for global background troposphere,
WMO, 2016).

The WMO–GAW stations selected for this study are the
Izaña Atmospheric Observatory (28.3◦ N), representative of
the subtropical region; and the Jungfraujoch (46.5◦ N) and
Schauinsland (47.9◦ N) sites, representative of middle lati-
tudes. Izaña is a high-mountain observatory on Tenerife Is-
land, above a well-established thermal inversion layer and

affected by the quasi-permanent subsidence regime typical
of the subtropical regions. This makes the in situ and re-
mote sensing observations taken at Izaña representative of
the North Atlantic free troposphere (particularly at nighttime,
Cuevas et al., 2015). Jungfraujoch is also a high-mountain
observatory, located in the centre of Europe and surrounded
by highly industrialized regions at much lower altitudes. This
special location offers the opportunity to investigate the at-
mospheric background conditions over central Europe and
the mixing of air masses between the planetary boundary
layer and the free troposphere (Bader et al., 2017, and ref-
erences therein). The European regional signal is also mon-
itored at Schauinsland, which is located in the southern part
of the Black Forest mountain range near the top of mount
Schauinsland, surrounded by forests and meadows (Nien-
erowski, 2004) and about 170 km north of Jungfraujoch.

5.1.1 Collocation and data filtering

The remote sensing IASI data represent large-scale signals
well, so the GAW in situ data have to be conveniently fil-
tered to ensure a feasible intercomparison. At Izaña GAW
CH4 and N2O nighttime data (from 20:00 to 08:00 UTC) are
reasonably representative of background regional signal and
well suited for their comparison to remote sensing observa-
tions (e.g. Sepúlveda et al., 2012). We pair these data with
all IASI observations made between 15.8 and 17.2◦W and
between 27.2 and 28.4◦ N during the coinciding evening at
about 22:30 UTC and the next morning at about 10:30 UTC.
The filtering for the Jungfraujoch GAW data is done by com-
paring it to the nearby GAW station Schauinsland. We iden-
tify the regional-scale signals as the signals that are common
in the Schauinsland and Jungfraujoch data (filtering of corre-
lated variations, Sepúlveda et al., 2014). In addition, we only
work with nighttime data (from 19:00 to 07:00 UTC). Similar
to Izaña we then pair the GAW data with IASI observations
made between 7.4 and 9.5◦ E and between 47.9 and 49.4◦ N
during the coinciding evening at about 21:00 UTC and the
next morning at about 09:00 UTC.

Since we want to evaluate the MUSICA IASI data in the
free troposphere, we only work with MUSICA IASI data
that have sufficient sensitivity at these altitudes (i.e. retrieval
products that are mainly affected by the measured IASI spec-
tra and not the a priori information). We analyse the MU-
SICA IASI sensitivities according to Eq. (18) and filter out
data if the csen value at 4.2 km is smaller than 50 %. For all
valid coincidences we calculate the daily night means.

5.1.2 Correlation, bias and scatter

Figure 10 shows the correlation between the MUSICA IASI
and GAW data. The yellow star represents the unique a pri-
ori data used for all MUSICA IASI retrievals. For N2O and
for Tenerife we observe very weak correlations (R2 values
of about 5 %). In particularly the 3 years 2012–2014 (indi-
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Figure 10. Correlation plots between daily night mean MUSICA IASI 4.2 km retrieval products and GAW in situ data from high-mountain
observatories: (a–d) for the surroundings of Tenerife Island; (e–h) for the surroundings of Karlsruhe; (a) and (e) for N2O; (b) and (f) for
CH4; (c) and (g) for CH∗4; and (d) and (h) for CH′4. A description of the CH∗4 and CH′4 products is given in Table 2. The colour code indicates
the year of observation, the yellow star represents the a priori data used for the retrievals and the black dashed line is the one-to-one diagonal.
Number of considered days (N ) and R2 values are given in each panel (all correlations are positive and significant on the 95 % confidence
level).

Table 5. Similar to Table 4, but for the difference with respect to
GAW data (MUSICA IASI−GAW), for all daily mean data in the
2007–2016 time period and for MUSICA IASI retrievals at 4.2 km.

Site N2O CH4 CH∗4 CH′4

Izaña Days 1170 1632 1505 1505
(2007–2016) Bias −0.4 % −4.9 % −4.5 % −5.5 %

Scatter 1.3 % 1.4 % 1.4 % 1.1 %

Jungfraujoch Days 462 484 379 379
(2007–2013) Bias +6.9 % −2.9 % −5.6 % −5.5 %

Scatter 2.1 % 2.7 % 2.3 % 2.4 %

cated by dark green and bright blue colours) deviate from the
one-to-one diagonal (indicated by black dashed line). There
seems to be an inconsistency in the MUSICA IASI data from
different years. For a brief documentation and discussion of
possible long-term inconsistencies or discontinuities please
refer to Appendix C. Table 5 collects the bias and scatter
value obtained from the daily mean differences. Similarly to
Table 4 we estimate the bias by calculating the median of
all differences and the scatter by calculating the IP68 val-
ues of all differences. We get a scatter for N2O of 1.3 %,
i.e. even smaller than the scatter observed for the difference
with respect to HIPPO data. The fact that a scatter of only
about 1 % is still not sufficient for achieving a good correla-
tion is partly due to the weakness of the temporal variations
of lower-tropospheric N2O.

For CH4 and at Tenerife a linear correlation between GAW
and MUSICA IASI is clearly visible (see Fig. 10b). The R2

value is 31 %. Data corresponding to the beginning of the
time series (before 2009, red, orange and yellow colours)
form clusters corresponding to low CH4 concentrations and
vice versa, and data corresponding to the end of the time se-
ries (after 2015, blue colours) cluster at high CH4 concen-
trations. Apparently, an important part of the CH4 variations
is due to the continuous free-tropospheric CH4 increase and
it is similarly observed in the GAW and the MUSICA IASI
data. For CH∗4 (Fig. 10c) the R2 value is only 12 %, i.e. sig-
nificantly smaller than for CH4. All data points cluster in the
form of a single data point cloud. It seems that removing the
variations as present in the retrieved N2O data from the re-
trieved CH4 data (see Eq. 11) does not only reduces the er-
rors, but instead also removes most of the long-term CH4
signals.

The comparison at Karlsruhe is limited to the 2007–2013
time period. In this time period we observe a reasonable cor-
relation for N2O (R2 value of 23 %), which is similar to
Tenerife, where the correlation is also reasonable if we limit
to the 2007–2013 time period. For CH4 and CH∗4 there are
positive correlations that are clearly significant at the 95 %
confidence level; however, the correlation coefficients R2 are
only 4 and 7 %, respectively.

As aforementioned the Izaña nighttime GAW measure-
ments represent the free troposphere well; however, a strict
quantitative interpretation of the bias and scatter of the dif-
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ference between a GAW measurement at an altitude of about
2.4 km and a remote sensing measurement, which is typi-
cally representative for the altitudes between 2 and 8 km,
is not possible. Nevertheless, the bias and scatter values as
collected in Table 5 are a helpful confirmation of the results
obtained by the comparison to the HIPPO profiles. For the
comparison with the GAW data we find a scatter of 1.4 %
for CH4 and CH∗4, which is even smaller than the respec-
tive scatter as observed when comparing to the HIPPO pro-
files (see Table 4). And in agreement with the comparison
to HIPPO we find clear indications of a negative bias in the
free-tropospheric MUSICA IASI CH4 and CH∗4 products.

The scatter between Jungfraujoch GAW and MUSICA
IASI data is 2.1, 2.7 and 2.3 % for N2O, CH4 and CH∗4, re-
spectively. These high values indicate important differences
between the two data sets and a more detailed analysis is
needed to be able to draw conclusions from this comparison.

5.2 Ground-based remote sensing network data

Since the late 1990s changes in the atmospheric composi-
tion have been routinely monitored by FTIR experiments dis-
tributed worldwide in the framework of the NDACC Infrared
Working Group (IRWG, De Mazière et al., 2018). From the
global ground-based FTIR stations we have selected three
sites covering very different atmospheric conditions in the
Northern Hemisphere: Izaña (28.3◦ N), Karlsruhe (49.1◦ N)
and Kiruna (67.8◦ N) at subtropical, middle and polar lati-
tudes, respectively. Their location is marked in Fig. 7 by the
red circles. The Kiruna FTIR instrument is located at the
Swedish Institute of Space Physics (IRF) in the boreal for-
est region of northern Sweden, which is not significantly af-
fected by regional anthropogenic pollution. This site is well
suited for the study of the Arctic polar atmosphere since
the stratospheric polar vortex frequently covers Kiruna dur-
ing the winter and early spring (Blumenstock et al., 2006;
Bader et al., 2017). The Karlsruhe site is located in a flat ter-
rain inside the Karlsruhe Institute of Technology (KIT, Cam-
pus North, Germany) and, thus, is representative of the Eu-
ropean continental background. The Izaña FTIR instrument
is placed at the Izaña Atmospheric Observatory, already de-
scribed in Sect. 5.1. Izaña and Kiruna are recording middle
infrared spectra within NDACC since 1999 and 1996, respec-
tively (Blumenstock et al., 2006; Schneider et al., 2006). Al-
though Karlsruhe is not a NDACC site, it has been an official
TCCON station since 2010 and also measures down to the
middle infrared (≈ 2000 cm−1), a region that is traditionally
covered by NDACC spectrometers (Sepúlveda et al., 2014,
and references therein).

The evaluation of the FTIR high-resolution infrared so-
lar absorption spectra gives information about the vertical
distribution of many different atmospheric trace gases, in-
cluding CH4 and N2O. In contrast to the MUSICA IASI pro-
cessing the NDACC FTIR CH4 and N2O products are gen-
erated by two independent retrieval procedures and, for the

selected FTIR sites, the retrieval code PROFFIT (PROFile
FIT, Hase et al., 2004) is used. The NDACC FTIR retrievals
analyse the 2481–2541 cm−1 and the 2611–2943 cm−1 spec-
tral regions for N2O and CH4, respectively, and account for
the different interfering absorption signatures of H2O, CO2,
O3 and CH4 for the N2O retrieval and H2O, HDO, CO2,
O3, N2O, NO2, HCl and OCS for the CH4 retrieval. As
a priori profiles of the target gases, the climatological en-
tries from WACCM (https://www2.acom.ucar.edu/, last ac-
cess: 11 July 2018) provided by NCAR (National Centre
for Atmospheric Research) are used. This a priori informa-
tion varies from site to site but for an individual site it is
kept constant through the whole considered period; i.e. it
does not vary depending on season. All the FTIR stations
apply the 12:00 UTC temperature and pressure profiles from
the NCEP (National Centers for Environmental Prediction)
database. The spectroscopic line parameters have been taken
from HITRAN 2008 database (Rothman et al., 2009). The
good quality of the long-term NDACC FTIR N2O and CH4
data has been documented by theoretical and experimental
validation studies (e.g. Schneider et al., 2005; Angelbratt
et al., 2011; Sepúlveda et al., 2012, 2014). Because NDACC
FTIR provides information on the vertical distribution of
N2O and CH4 with a precision estimated to be better than
1 % (Sepúlveda et al., 2014; García et al., 2016), it is an indis-
pensable reference for validating IASI N2O and CH4 profile
retrievals. However, the NDACC FTIR N2O and CH4 data
can have systematic errors of about 2 % (Sepúlveda et al.,
2014) due to uncertainties in the used spectroscopic parame-
ters.

5.2.1 Collocation and data treatment

The spatial collocation of IASI and NDACC FTIR observa-
tions is done according to Wiegele et al. (2014); i.e. we work
with all IASI observations that fall within a box of approxi-
mately 110km× 110 km south of the FTIR stations (for the
surroundings of Tenerife and Karlsruhe it is the same box
as that used in Sect. 5.1). Then we pair the MUSICA IASI
observations with all the NDACC FTIR observations made
between 8 h before and after the IASI observation.

We adjust the NDACC FTIR data to the unique a priori
data used by the MUSICA IASI retrieval and properly ac-
count for the different vertical resolution and sensitivity of
the two remote sensing products. Details on this NDACC
FTIR data treatment are given in Appendix D.

In a second step we filter out all the pairs with MUSICA
IASI data having reduced sensitivity by requiring csen < 0.5
(according to Sect. 3.2). This is done individually for the
three products N2O, CH4 and CH∗4; the altitude of 4.2 km;
and the altitudes representing the UTLS region (12.0, 10.9
and 9.8 km for Tenerife, Karlsruhe and Kiruna, respectively).
For the remaining data pairs we calculate daily averages. This
leaves us with about 750, 600 and 200 data pairs for Tenerife,
Karlsruhe and Kiruna (please note that the sensitivity filter
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Figure 11. Same as Fig. 10, but for correlation between the daily mean MUSICA IASI products (4.2 km retrievals) and NDACC FTIR
products (4.2 km retrievals): (a–d) for the surroundings of Tenerife Island; (e–h) for the surroundings of Karlsruhe; (i–k) for the surroundings
of Kiruna; (a), (e) and (i) for N2O; (b), (f) and (j) for CH4; (c), (g) and (k) for CH∗4; and (d), (h) and (l) for CH′4. R2 values in black indicate
significant positive correlations (95 % confidence level) and grey indicate no significance.

generally removes more data for the altitude of 4.2 km than
for the UTLS region and more data for the N2O product than
for the CH4 product).

5.2.2 Correlation, bias and scatter

Figures 11 and 12 show the correlation between the NDACC
FTIR and the MUSICA IASI data for 4.2 km altitude and for
altitudes representing the UTLS region, respectively.

For 4.2 km altitude (Fig. 11) we find best correlations for
the CH4 product at Tenerife and the CH∗4 product at Karl-
sruhe and Kiruna, with R2 values between 20 and 45 %. The
colour code represents the years of the measurements and in-
dicates that the MUSICA IASI and the NDACC FTIR CH4
and CH∗4 concentrations are generally lower at the beginning
of the analysed period (red-yellow, i.e. 2007–2009) than at its
end (blue, i.e. 2016–2017). A similar clustering is also seen
in the N2O data; however, there the correlation coefficients
are significantly weaker. We get a significant positive correla-
tion (significance at the 95 % confidence level) for CH∗4 at all
three sites and for N2O and CH4 at Tenerife and Karlsruhe.
Table 6 collects the bias (median of the difference between

MUSICA IASI and NDACC FTIR) and the scatter (IP68 of
the difference). We find a scatter for CH∗4 of about 1.3 %,
which is generally smaller than the scatter of 1.3–1.9 % we
find for CH4 or N2O. This is in agreement with Table 4 (al-
titude 4.2 km) and Table 5. Concerning the bias, at all three
sites MUSICA IASI N2O concentrations are systematically
higher than NDACC FTIR concentrations. The bias in CH4
is significantly negative at the low-latitude site (Izaña), not
significant at the mid-latitude site (Karlsruhe) and signifi-
cantly positive at the high-latitude site (Kiruna). The latitu-
dinal inconsistency of the CH4 bias confirms the results ob-
tained from the comparison to HIPPO data (see Table 4 and
Fig. 9a–c). For CH∗4 this inconsistency is strongly reduced
(bias is negative at all sites), which is also in agreement with
the HIPPO comparison results.

For the UTLS altitude region (Fig. 12) at all sites and for
all products the correlations are positive and significant at
the 95 % confidence level. The correlations are stronger for
CH4 than for N2O, with R2 values being situated between
37 and 55 % and between 16 and 26 %, respectively. For
CH∗4 the correlations are rather weak. As briefly discussed
in Sect. 5.1 the calculations according to Eq. (11) seem to
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Figure 12. Same as Fig. 11, but for correlations at altitudes representing the UTLS regions.

Table 6. As Table 5, but for the difference with respect to NDACC
FTIR data (MUSICA IASI−NDACC FTIR) at the three sites of
Tenerife, Karlsruhe and Kiruna and for retrievals at 4.2 km.

Site N2O CH4 CH∗4 CH′4

Izaña Days 563 762 745 745
(2007–2017) Bias +2.9 % −5.8 % −6.2 % −7.7 %

Scatter 1.3 % 1.6 % 1.3 % 1.2 %

Karlsruhe Days 540 566 561 561
(2010–2017) Bias +5.1 % +0.1 % −4.4 % −4.7 %

Scatter 1.5 % 1.9 % 1.3 % 1.5 %

Kiruna Days 200 206 206 206
(2007–2016) Bias +7.3 % +2.7 % −4.1 % −4.6 %

Scatter 1.9 % 2.3 % 1.4 % 1.6 %

reduce not only the errors, but instead they also remove a
lot of real atmospheric CH4 signals. Table 7 gives the bias
and scatter obtained for the different MUSICA IASI prod-
ucts by comparison to the NDACC FTIR data for the UTLS
altitude region. We observe that the scatter in CH∗4 is not re-
duced if compared to the scatter in CH4 and that MUSICA
IASI CH4 and CH∗4 values are systematically higher than the
respective NDACC FTIR values. Such positive bias is also
observed when comparing to the HIPPO data at 9.8 km (see

Table 7. As Table 6, but for retrievals in the UTLS region (Tenerife:
12 km; Karlsruhe: 10.9 km; Kiruna: 9.8 km).

Site N2O CH4 CH∗4 CH′4

Izaña Days 735 769 761 761
(2007–2017) Bias −0.5 % +2.8 % +3.2 % +2.6 %

Scatter 1.3 % 1.3 % 1.4 % 1.4 %

Karlsruhe Days 557 569 563 563
(2010–2017) Bias +1.5 % +5.1 % +5.2 % +4.6 %

Scatter 1.5 % 1.5 % 1.5 % 1.5 %

Kiruna Days 202 206 203 203
(2007–2016) Bias +1.8 % +2.3 % +3.9 % +4.3 %

Scatter 1.5 % 1.4 % 1.5 % 1.5 %

Table 4). For N2O we found indications of a weak negative
bias, which is also in agreement with the HIPPO comparison
(see Table 4).

6 Timescale analyses of detectable signals

In this section the N2O and CH4 variations on different
timescales are analysed. The objective is to use the long time
period comparisons as presented in the previous section for
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Figure 13. Seasonal cycle as obtained from the daily night mean MUSICA IASI products (4.2 km retrieval, red) and coinciding GAW
high-mountain observatory in situ data (black): (a–d) for the surroundings of Tenerife Island; (e–h) for the surroundings of Karlsruhe;
(a) and (e) for N2O; (b) and (f) for CH4; (c) and (g) for CH∗4; and (d) and (h) for CH′4. A description of the CH∗4 and CH′4 products is given
in Table 2. The yellow line indicates the a priori data (fixed a priori value, i.e. no seasonal cycle signal). The N2O GAW signals (a and e) are
multiplied by a factor of 20.

documenting the kind of signals that can be observed in the
MUSICA IASI data. For this purpose we break down the
time series signal x(t) step by step into signals belonging
to different timescales.

x(t) = xm([t1, t2])+ [x(t)− xm([t1, t2])]

= xm([t1, t2])+ s(t)+ [x(t)− xm([t1, t2])− s(t)]

= xm([t1, t2])+ s(t)+ l(t)+ [x(t)− xm([t1, t2])

−s(t)− l(t)]

= xm([t1, t2])+ s(t)+ l(t)+ d(t) (21)

Firstly, we calculate the mean value xm([t1, t2]) for a refer-
ence period [t1, t2]. In order to ensure that the mean value
of the reference period is not affected by irregularly sam-
pled data (e.g. there might be more days with measure-
ments in summer than in winter) we use a time series model,
which is similar to the one used in Gardiner et al. (2008)
and Sepúlveda et al. (2014). The time series model consid-
ers a mean value and variations on different timescales: a
linear trend, intra-annual variations and inter-annual varia-
tions (details on the model are given in Appendix C). The
model is fitted to the time series, and with the fit results
we can calculate a regularly sampled time series and thus
an xm([t1, t2]) value being best representative for the refer-
ence period [t1, t2]. Resting the mean reference value from
the time series we get a residual signal (in square brackets
in Eq. 21, first line) that represents all the variations with re-
spect to the reference period. These variations are dominated
by two signals: the long-term increase and the seasonal cy-
cle. The fit results of the aforementioned time series model

are now used for a first-guess separation of the seasonal cycle
and long-term signals. By removing the modelled variations
that take place on timescales longer than the seasonal cycle
(mean value, the linear trend and the inter-annual variations)
from the time series data we get a signal that is mainly due to
the seasonal cycle. From this signal we calculate the mean
for each month (independently from the year). This gives
us the mean seasonal cycle s(t). In the next step we calcu-
late a new residual [x(t)−xm([t1, t2])−s(t)], i.e. the residual
signal after removing the seasonal cycle (the deseasonalized
time series). Then we calculate monthly mean values from
the deseasonalized data, which gives us the deseasonalized
long-term signal l(t). The residual signal after removing the
seasonal cycle and long-term signal represents the variations
on a daily timescale d(t)= [x(t)−xm([t1, t2])− s(t)− l(t)].
This time series separation is done identically for all products
and all the data pairs, i.e. for the MUSICA IASI and GAW
pairs, and for the different MUSICA IASI and NDACC FTIR
pairs.

Please note that we use the time series model only for
calculating a representative value for the reference period
and to ensure that the seasonal cycle calculated from an ir-
regularly sampled data does not significantly interfere with
changes that take place on long timescales. The seasonal cy-
cle s(t), the deseasonalized long-term signals l(t) and the
day-to-day variations d(t) are exclusively obtained from the
data and are not subject to constraints introduced by the time
series model. This approach avoids the fact that the MUSICA
IASI and the reference data show correlations on different
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Figure 14. Same as Fig. 13, but for the daily mean MUSICA IASI products (4.2 km retrieval, red) and coinciding NDACC FTIR product
(4.2 km retrieval, black): (a–d) for the surroundings of Tenerife Island; (e–h) for the surroundings of Karlsruhe; (i–k) for the surroundings
of Kiruna; (a), (e) and (i) for N2O; (b), (f) and (j) for CH4; (c), (g) and (k) for CH∗4; and (d), (h) and (l) for CH′4.

timescales that are artificially introduced by the constraints
of the time series model used.

6.1 Seasonal cycles

Figure 13 shows the seasonal cycle signals s(t) as obtained
for Tenerife and Karlsruhe from the paired MUSICA IASI
and GAW data (red for MUSICA IASI and black for GAW).
For the comparisons in the surroundings of Tenerife Island
we observe a very good agreement for CH4 in phase as well
as amplitude. However, for N2O the agreement is very poor.
Both the phase and the amplitudes are different (please note
that in the figure the GAW values have been multiplied by a
factor of 20). For CH∗4 there is some agreement (minimum in
July–August and high values in October–November); how-
ever, the agreement is clearly poorer than for CH4. It seems
that the calculations according to Eq. (11) introduce incon-
sistencies between MUSICA IASI and GAW data on the sea-
sonal cycle timescale. For the comparisons in the surround-
ings of Karlsruhe we get no agreement. For N2O both phase
and amplitude are strongly different (please note that in the
figure the GAW values have been multiplied by a factor of
20). For CH4 and CH∗4 the GAW and MUSICA IASI am-
plitudes only differ by a factor of 2. However, the phases

are very different. While the GAW data show a minimum in
summer and a maximum in spring, for MUSICA IASI it is
almost the other way round: they show a minimum between
November and April and a maximum in summer.

Figure 14 shows the seasonal cycle signals as obtained
from the paired MUSICA IASI and NDACC FTIR data for
the three locations at Tenerife, Karlsruhe and Kiruna (red
for MUSICA IASI and black for NDACC FTIR) for the
4.2 km altitude. At all three locations the agreement for N2O
is rather weak – in particular at Kiruna, where the maxima
and minima of MUSICA IASI and NDACC FTIR are al-
most anti-correlated. At Tenerife and Karlsruhe there is a
good agreement for CH4. At Tenerife the CH4 minimum
is in both data sets in July and the maximum in Novem-
ber. This cycle is also observed in the paired MUSICA IASI
and GAW data (recall Fig. 13b). In the NDACC FTIR data
the July minimum is less pronounced than in the MUSICA
IASI (and GAW) data, which we think is due to the fact that
the upward-looking FTIR instrument on Tenerife is situated
at about 2400 m a.s.l., thus missing the variations that take
place at lower altitudes. At Karlsruhe the CH4 maximum of
MUSICA IASI and NDACC FTIR is in August–September
and the minimum in winter, i.e. almost anti-correlated to
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Figure 15. Same as Fig. 14, but for the seasonal cycles at altitudes representing the UTLS region.

the Jungfraujoch GAW data (recall Fig. 13f). The MUSICA
IASI and the NDACC FTIR data offer similar vertical reso-
lution and sensitivity and their good agreement demonstrates
the reliability of the Karlsruhe MUSICA IASI data. How-
ever, at this site the vertical resolution and the sensitivity
is not sufficient to correctly detect the seasonal cycle in the
lower free troposphere, where the Jungfraujoch GAW data
are the best reference. At Kiruna the agreement for CH4 is
rather weak, whereby the differences are especially strong
in April and October (first and last measurements after and
before winter). For CH∗4 and at Tenerife and Karlsruhe we
observe a poorer agreement of the seasonal cycles than for
CH4; i.e. there the calculations according to Eq. (11) intro-
duce seasonal timescale inconsistencies between MUSICA
IASI and NDACC FTIR data. This is in contrast to Kiruna,
where the agreement for CH∗4 is significantly better than for
CH4. At Kiruna we can use the combined product accord-
ing to Eq. (11) for investigating seasonal cycle signals. The
seasonal cycles as detected by the individual N2O and CH4
products seem unreliable.

Figure 15 depicts the seasonal cycle signals from paired
MUSICA IASI and NDACC FTIR data for altitudes that are
representative for the UTLS region. We find a reasonable
agreement and similar seasonal cycles for N2O and CH4 at
all three sites: the concentrations are typically low in late

winter and spring, then almost continuously increase until
the maximum concentrations at the end of summer. This sea-
sonal variation is due to the seasonal cycle of the tropopause
altitude. It is lowest after winter when N2O and CH4 at the
considered altitudes are affected by the stratosphere, where
the concentrations of both trace gases significantly decrease
with increasing altitude. From spring until the end of sum-
mer the tropopause altitude increases and more and more
tropospheric N2O and CH4 concentrations are detected. The
agreement is particularly good for CH4 and at Tenerife,
where we observe a peak-to-peak increase in both MUSICA
IASI and NDACC FTIR data between March and August of
about 2 %. At higher altitudes the peak-to-peak amplitudes
increase, which is however only partly captured by the MU-
SICA IASI data (at Karlsruhe and Kiruna the MUSICA IASI
data show lower peak-to-peak amplitudes than the NDACC
FTIR data). In the CH∗4 data we see generally weaker sea-
sonal cycle signals than in the CH4 data. Because both the
N2O and CH4 seasonal cycles are mainly a consequence of
the seasonal cycle in the tropopause altitude the calculation
according to Eq. (11) partly cancels out these signals.
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Figure 16. Correlation plots for deseasonalized monthly mean data (MUSICA IASI 4.2 km retrieval products versus GAW high-mountain
observatory in situ data): (a–d) for the surroundings of Tenerife Island; (e–h) for the surroundings of Karlsruhe; (a) and (e) for N2O;
(b) and (f) for CH4; (c) and (g) for CH∗4; and (d) and (h) for CH′4. A description of the CH∗4 and CH′4 products is given in Table 2. The colour
code indicates periods with the different EUMETSAT L2 PPF software versions according to Table 1, the yellow star represents the a priori
data used for the retrievals and the black dashed line is the one-to-one diagonal. Number of considered months (N ) and R2 values are given
in each panel (all correlations are positive and significant on the 95 % confidence level).

6.2 Long-term variations

After removing the seasonal cycle signal from the time se-
ries we calculate monthly mean data and get a deseasonal-
ized monthly mean time series (xm([t1, t2])+ l(t), according
to Eq. 21). These data reflect long-term signals and we com-
pare respective MUSICA IASI and reference signals in order
to document the reliability of the MUSICA IASI data for de-
tecting the long-term variation of N2O and CH4 concentra-
tions.

Figure 16 correlates deseasonalized MUSICA IASI
monthly mean data with respective data from the two GAW
high-mountain observatories. The colour of the data points
identifies data belonging to four different EUMETSAT L2
Product Processing Facility software versions, which might
have an effect on the MUSICA IASI retrieval products (for
a discussion refer to Appendix C). At Tenerife the compari-
son period is more than 9 years (between October 2007 and
December 2016). This period covers data belonging to the
L2 PPF software v4, v5.0–5.1, v5.2–5.3 and v6. At Karl-
sruhe the comparison is limited to the period between 2007
and 2013, which does not consider data belonging to the L2
PPF software v6. At the two sites we find significant positive
correlations for all products (at the 95 % confidence level).
At Tenerife we find an R2 value for N2O of 21 %, whereby
the respective correlation is clearly affected by an inconsis-
tency between data belonging to L2 PPF software v5.2–5.3
and v6. In the CH4 comparison the inconsistency between
the L2 PPF software versions is not discernible, leading to an

R2 value being larger than 50 %. At Karlsruhe the aforemen-
tioned inconsistency cannot be observed, because the com-
parison period does not cover v6. In consequence we get a
very high R2 value for CH4 and N2O of 42 and 65 %, respec-
tively. While the previous section has demonstrated the lim-
its of the Karlsruhe MUSICA IASI data for detecting lower-
tropospheric N2O and CH4 seasonal cycles, here we find that
the Karlsruhe MUSICA IASI data are sensitive to the lower-
tropospheric long-term N2O and CH4 increase. This good
agreement between MUSICA IASI and GAW data for a low-
and middle-latitude site clearly demonstrates the reliability
of the MUSICA IASI data for detecting long-term changes
in free-tropospheric N2O and CH4 concentrations. Concern-
ing CH∗4, the long-term signals are strongly reduced if com-
pared to N2O and CH4, because the calculations according
to Eq. (11) cancel out a significant part of these signals. In
consequence R2 values for CH∗4 are weaker than for CH4.

Figure 17 shows the correlation with NDACC FTIR
data for 4.2 km. For Tenerife the comparison covers almost
10 years (between October 2007 and July 2017) and con-
firms the results obtained from the comparison with GAW
in situ data: the correlation is positive and very significant
for all products; the N2O correlation is affected by an in-
consistency between L2 PPF software v5.2–5.3 and v6; the
CH4 correlation is not affected by this inconsistency, leading
to an R2 value above 50 %; and the long-term signal in the
CH∗4 data is much smaller than in the CH4 data. For Karl-
sruhe the comparison covers the 2010 to 2017 time period

www.atmos-meas-tech.net/11/4171/2018/ Atmos. Meas. Tech., 11, 4171–4215, 2018



4196 O. E. García et al.: MUSICA IASI CH4 and N2O products

Deseasonalized

D
es

ea
so

na
liz

ed

Figure 17. Same as Fig. 16, but for MUSICA IASI products (4.2 km retrieval) and coinciding NDACC FTIR product (4.2 km retrieval): (a–
d) for the surroundings of Tenerife Island; (e–h) for the surroundings of Karlsruhe; (i–k) for the surroundings of Kiruna; (a), (e) and (i) for
N2O; (b), (f) and (j) for CH4; (c), (g) and (k) for CH∗4; and (d), (h) and (l) for CH′4.R2 values in black indicate significant positive correlations
(95 % confidence level) and grey indicate no significance.

(more than 7 years between April 2010 and December 2017).
In the N2O correlation the inconsistency between L2 PPF
software v5.2–5.3 and v6 becomes weakly visible. The Karl-
sruhe R2 value for CH4 is 8 %, which is significantly lower
than the respective R2 value for Tenerife. Between 2011–
2014 (L2 PPF v5.2–5.3) and 2015–2017 (L2 PPF v6) the de-
seasonalized Karlsruhe MUSICA IASI CH4 concentrations
keep constant or even slightly decrease, while in the respec-
tive NDACC FTIR data they show a clear increase. It seems
that the inconsistency between v5.2–5.3 and v6 is observ-
able at Karlsruhe at 4.2 km altitude in the N2O as well as
the CH4 data. When performing the calculations according
to Eq. (11) part of these inconsistencies are cancelled out,
which explains why at Karlsruhe we get higher R2 values for
CH∗4 than for CH4. In Kiruna there is no significant correla-
tion for N2O and CH4 and a weak significant correlation for
CH∗4. A similar observation has been made for the seasonal
cycle analyses at Kiruna. It seems that we need to calculate
a combined product according to Eq. (11), because the un-
certainties in the individual N2O and CH4 products are too
high.

The correlations for the UTLS region are depicted in
Fig. 18. At three sites we find significant positive correla-
tions for N2O and CH4 and no significance for CH∗4. The lat-
ter means that the variations in the deseasonalized N2O and
CH4 data are largely in phase, because they are mainly due
to the shifts in the tropopause altitudes. As a consequence
the calculations according to Eq. (11) cancel out a significant
part of the respective signals. For N2O and CH4, the corre-
lations would be stronger without the inconsistency between
the L2 PPF software v5.2–5.3 and v6. This inconsistency is
very clearly observed in the Tenerife and Karlsruhe data and
weakly indicated in the Kiruna data.

6.3 Day-to-day signals

In this section we examine the reliability of the MUSICA
IASI day-to-day signals (d(t) of Eq. 21). Figure 19 depicts
the R2 values obtained for correlating the MUSICA IASI
d(t) data with the d(t) data obtained from the GAW and
NDACC FTIR reference data. The R2 values document to
what extend the MUSICA IASI data can capture the same
signals as present in the reference data. The higher the R2
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Figure 18. Same as Fig. 17, but for correlations at altitudes representing the UTLS regions.

value the better the MUSICA IASI data can detect the re-
spective signal. The crosses represent the R2 coefficients for
the correlation between MUSICA IASI and GAW data (red
for Tenerife and green for Karlsruhe). The circles represent
the coefficients for the correlation between MUSICA IASI
and NDACC FTIR (red, green and blue for Tenerife, Karl-
sruhe and Kiruna, respectively). Large symbols indicate sig-
nificant positive correlations (significance at the 95 % con-
fidence level) and small symbols indicate no significance.
For 4.2 km altitude the day-to-day N2O signals show no sig-
nificant correlation. For CH4 there is no significant correla-
tion at Kiruna and weak significant correlations at Tenerife
and Karlsruhe (R2 values between 5 and 8 %). For CH∗4 the
R2 value increases to about 15 % at Tenerife, almost up to
50 % at Karlsruhe (for correlation with NDACC FTIR) and
to about 25 % at Kiruna. At 4.2 km we cannot detect N2O and
CH4 day-to-day signals, but we can detect part of the CH∗4
day-to-day signals. For the UTLS region the situation is the
other way round. We find significant correlation with R2 val-
ues above 15 % only for CH4, while for CH∗4 the correlation
is very weak or even not significant. For the UTLS region we
also observe significant correlations for N2O; however, the
respective R2 values are below 12 %.

Highest R2 values for day-to-day variations at 4.2 km are
found for CH∗4 and we investigate the respective correlations

in more detail. Figure 20 shows the correlations between the
MUSICA IASI and GAW data separately for four different
seasons: northern hemispheric winter (December, January
and February), northern hemispheric spring (March, April
and May), northern hemispheric summer (June, July and Au-
gust) and northern hemispheric autumn (September, Octo-
ber and November). The day-to-day variations are relatively
small. At Tenerife the 1σ scatter in the GAW data is only
slightly above 0.7 %. In spring the GAW day-to-day signal is
slightly stronger than during the other seasons as indicated by
the colour of the data points (the colour indicates the 1σ scat-
ter in the GAW data during the considered season). Spring is
also the season when the best agreement between the GAW
and MUSICA IASI signals is found (we get an R2 value of
20 %). At Karlsruhe the day-to-day signal in the GAW data
is about 0.85 %, i.e. only weakly stronger than at Tenerife.
For Karlsruhe the GAW and MUSICA IASI signals show the
best agreement in winter and spring, although the 1σ scatter
in the GAW data is similar during all four seasons. An expla-
nation of the better agreement in winter and spring might be
that in those seasons the atmosphere is relatively stable and
the day-to-day signals as seen in the GAW high-mountain
observatory in situ data represent the large-scale variations
that take place in the free troposphere well.
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Figure 19. Correlation coefficients R2 between the MUSICA
IASI and reference intra-month day-to-day variations (d(t) of
Eq. 21): (a) and (b) for 4.2 km retrieval altitudes; (c) and (d) for
altitudes representing the UTLS region; (a) and (c) for N2O;
and (b) and (d) for CH4, CH∗4 and CH′4. A description of the CH∗4
and CH′4 products is given in Table 2. The crosses are for correla-
tions with GAW high-mountain observatory in situ references and
the circles for correlations with NDACC FTIR references. Large
symbols indicate significant positive correlations (95 % confidence
level) and small symbols indicate no significance. Red, green and
blue colour for analyses in the surroundings of Tenerife Island (TF),
Karlsruhe (KA) and Kiruna (KI), respectively.

Figure 21 presents the correlations of the 4.2 km day-to-
day signals between MUSICA IASI and NDACC FTIR. At
Tenerife the NDACC FTIR day-to-day 1σ scatter is only 0.3–
0.5 %, which is even smaller than the 1σ scatter as observed
in the GAW data (the colour of the symbols indicates the 1σ
scatter in the NDACC FTIR data during the considered sea-
son using the same colour code as in Fig. 20). This reduced
signal might be due to the fact that the upward-looking Tener-
ife FTIR instrument is sensitive to variations that take place
in a broad layer above 2400 m a.s.l. The strongest day-to-day
signal in the NDACC FTIR data is observed in spring, when
the 1σ scatter value is about 0.5 %. Similar to the comparison
to GAW data it is the in spring season when the best agree-
ment with the MUSICA IASI is achieved (R2 value of 21 %).
In Karlsruhe the FTIR instrument is located at 110 m a.s.l. It
is able to detect a larger part of the free-tropospheric day-to-
day signals than the Tenerife instrument. For Karlsruhe the
1σ scatter in the NDACC FTIR day-to-day signals is about
0.5 % in winter, more than 0.8 % in spring and summer and
about 0.7 % in autumn. These day-to-day signals are signifi-
cantly stronger as compared to Tenerife (indicated also by the
colours of the respective data points). We find the best agree-
ment between the MUSICA IASI and NDACC FTIR day-to-

day signals in spring and summer and the poorest agreement
in winter, which is in line with the strengths of the NDACC
FTIR day-to-day signals. An explanation of this result can
be that in spring and summer the atmosphere is better ver-
tically mixed and large-scale signals have a larger vertical
extension than in winter. Because the remote sensing sys-
tems are in particular sensitive to signals that occur in broad
vertical layers, the spring and summer signals can be better
detected than the winter signals. For Kiruna the 1σ scatter in
the NDACC FTIR day-to-day signals is stronger in autumn
than in spring or summer. And it is late summer and autumn
when the best agreement between NDACC FTIR and MU-
SICA IASI is achieved (presumably due to an atmosphere
being vertically better mixed in summer and autumn than in
spring). We can conclude that the MUSICA IASI CH∗4 data
can capture day-to-day signals corresponding to the 4.2 km
retrieval altitude whenever the signals are larger than about
0.6 %.

The correlations between the MUSICA IASI and NDACC
FTIR CH4 day-to-day signal in the UTLS region are shown
in Fig. 22. At Tenerife the 1σ scatter in the NDACC FTIR
day-to-day signals is below 0.5 %. Only a small part of these
weak signals can be detected by the MUSICA IASI data (R2

values are below 15 %). At Karlsruhe (in winter and spring)
and at Kiruna (during all investigated seasons) the 1σ scat-
ter is larger than 1 %. Such day-to-day signals are reason-
ably detectable in the MUSICA IASI data and we get R2

values between 23 and almost 60 %. In the UTLS region the
CH4 day-to-day signals are mainly due to variations in the
tropopause altitude and important at Kiruna and Karlsruhe
(during winter and spring), where the stratosphere is close to
the considered altitudes of 9.8 and 10.9 km, respectively. At
Tenerife the CH4 variation is smaller, which might be due to
the stratosphere being significantly above the considered alti-
tude of 12 km, a tropopause altitude that is only weakly vary-
ing or a relatively weak vertical CH4 gradient in the lower
stratosphere above Tenerife. We can conclude that the MU-
SICA IASI CH4 data can capture UTLS day-to-day signals
that are larger than 0.8 %.

6.4 Discussion

Because the seasonal cycles in the free troposphere and in
the UTLS region are different, their analyses are very useful
for investigating the profile characteristics of the MUSICA
IASI data. Concerning CH4 and low latitudes, where we use
Tenerife as an example location, the free-tropospheric sea-
sonal cycles of MUSICA IASI, GAW and NDACC FTIR
reference data agree well and are different than the seasonal
cycles as consistently observed in the UTLS region by the
MUSICA IASI and the NDACC FTIR references, demon-
strating the profiling capability for CH4 well. At middle lat-
itudes, where Karlsruhe serves as an example, the MUSICA
IASI CH4 data are sensitive to the seasonal cycle in the UTLS
region (good agreement with NDACC FTIR data). However,
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winter spring summer autumn

Figure 20. Correlation plots for intra-month day-to-day variations in CH∗4 (MUSICA IASI 4.2 km retrieval products versus GAW high-
mountain observatory in situ data): (a–d) for the surroundings of Tenerife Island; (e–h) for the surroundings of Karlsruhe; (a) and (e) for
northern hemispheric winter; (b) and (f) for spring; (c) and (g) for summer; and (d) and (h) for autumn. The colour code indicates the 1σ
scatter in the GAW references (1σRef) during the considered season, the yellow star represents the a priori data used for the retrievals and
the black dashed line is the one-to-one diagonal. Number of considered days (N ) and R2 values are given in each panel (all correlations are
positive and significant on the 95 % confidence level).

the free-tropospheric seasonal variations cannot be fully re-
solved, as revealed by the comparison to GAW and NDACC
FTIR data. At our high-latitude reference site Kiruna we find
good agreement of MUSICA IASI and NDACC FTIR sea-
sonal cycles of CH4 in the UTLS region, but no agreement
in the free troposphere. Concerning N2O, the MUSICA IASI
data do not reproduce the free-tropospheric seasonal varia-
tions well as observed in the GAW and NDACC FTIR data.
However, the MUSICA IASI product can monitor N2O in
the UTLS region as demonstrated by the reasonable agree-
ment of the respective MUSICA IASI and NDACC FTIR
seasonal cycles. In summary, the MUSICA IASI processor
provides N2O and CH4 data that can detect variations in the
UTLS region on a global scale. In addition, it provides use-
ful free-tropospheric CH4 data for low latitudes and some in-
formation on free-tropospheric CH4 variations in the middle
latitudes.

The evaluation of deseasonalized monthly mean data be-
tween 2007 and 2017 shows that MUSICA IASI N2O and
CH4 data are sensitive to long-term changes. However, we
find that this capability is strongly affected by changes in
EUMETSAT L2 PPF software versions, which affect the EU-
METSAT L2 temperatures used as the a priori data for the
MUSICA IASI temperature retrievals. We find that the pe-
riod of L2 PPF software version 5 has a particularly strong
impact on the MUSICA IASI N2O and CH4 time series,
whereby for CH4 the impact seems to be stronger in the
UTLS region than in the free troposphere.

The a posteriori calculation of CH∗4 does remove a lot
of seasonal cycle and long-term signals. For the remaining
weak seasonal cycles we find generally a poorer agreement
between MUSICA IASI, GAW and NDACC FTIR than for
CH4. An exception is the comparison in the free troposphere
at the high-latitude site of Kiruna where the MUSICA IASI
and NDACC FTIR seasonal cycles differ strongly for CH4
but agree reasonably well for CH∗4. Concerning the long-term
deseasonalized signals, CH∗4 is less affected than CH4 data by
the L2 PPF software changes. However, CH∗4 contains much
less information on real atmospheric long-term changes than
CH4.

When day-to-day variations in the free troposphere are
of interest, the CH∗4 product is better than the CH4 prod-
uct. The comparison between MUSICA IASI and NDACC
FTIR CH∗4 data suggests that the free-tropospheric day-to-
day signals are stronger in summer than in winter and might
thus be explained by vertical mixing of lower-tropospheric
air into the free troposphere. The MUSICA IASI data cannot
detect the extremely weak free-tropospheric day-to-day vari-
ations of N2O. In the UTLS region the day-to-day variations
of N2O and CH4 concentrations are mainly due to vertical
shifts in the tropopause altitude and particularly important for
higher latitudes and the winter and spring seasons. Upward
and downward shifts of the tropopause altitude cause concen-
tration increases and decreases, respectively. The a posteriori
calculation of CH∗4 removes a lot of this signal, so day-to-day
variations in the UTLS can be detected in the MUSICA IASI
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winter spring summer autumn

Figure 21. Same as Fig. 20, but for MUSICA IASI products (4.2 km retrieval) and coinciding NDACC FTIR product (4.2 km retrieval): (a–
d) for the surroundings of Tenerife Island; (e–h) for the surroundings of Karlsruhe; (i–k) for the surroundings of Kiruna; (a), (e) and (i) for
northern hemispheric winter; (b), (f) and (j) for spring; (c), (g) and (k) for summer; and (d), (h) and (l) for autumn.

N2O and CH4 data but not in the CH∗4 data. In this context
CH∗4 can be of interest for studies that involve atmospheric
models, because it reduces the impact of the uncertainty in
the modelled tropopause altitude.

7 CH4 correction on scales where errors are
dominating

In Sect. 2.4 we propose an a posteriori correction of CH4 that
addresses all timescales and all spatial scales. However, the
previous section showed that the MUSICA IASI CH4 sea-
sonal cycles and long-term variations are generally of good
agreement (especially when inconsistencies due to changes
in EUMETSAT L2 PPF software versions can be avoided).
So it is reasonable to exclude these timescales (s(t)+ l(t)
from Eq. 21) for the CH4 correction procedure and we pro-
pose subtracting only the N2O logarithmic-scale signal of
xm([t1, t2])+ d(t) from the CH4 logarithmic-scale data. Be-
cause the N2O day-to-day variations are very weak and can
be neglected (apart from variations caused by the day-to-day
tropopause shift), the reconstruction of CH4 needs then no
full N2O model data instead only a reliable N2O climatology

for the [t1, t2] reference period. Correcting the xm([t1, t2])

signals of the MUSICA IASI data using a reliable clima-
tology ensures that the latitudinal inconsistency is corrected
(such correction is documented by the comparison between
MUSICA IASI and HIPPO data, see Figs. 8 and 9, and by
the comparison between MUSICA IASI and NDACC FTIR
at three sites representing different latitudinal regions, see
Tables 6 and 7). Similar to Eq. (16) we can calculate this
corrected product using

x̂c
CH4

(t)= x̂CH4(t)−
(
x̂m,N2O[t1, t2] + x̂d,N2O(t)

)
+AN2O

(
mN2O[t1, t2] − xa,N2O

)
+ xa,N2O. (22)

Here x̂m,N2O[t1, t2] is the N2O distribution obtained for the
reference period from the N2O retrieval product, x̂d,N2O(t)

the day-to-day signal in the N2O retrieval product and
mN2O[t1, t2] the modelled N2O climatology for the reference
period [t1, t2]. In practice we determine the day-to-day signal
in the N2O retrieval product from the time series model as
described in Appendix C (x̂d,N2O(t)= x̂N2O(t)− x̂m,N2O(t),
where x̂N2O(t) and x̂m,N2O(t) is the time series of the re-
trieval product and the time series obtained by fitting to the
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winter spring summer autumn

Figure 22. Same as Fig. 21, but for correlations of CH4 and at altitudes representing the UTLS regions.R2 values in black indicate significant
positive correlations (95 % confidence level) and grey indicate no significance.

Figure 23. Correlation between daily mean MUSICA IASI and NDACC FTIR CH′4 data for the L2 PPF software v6 period. Shown are the
data that are of particular interest for CH4 cycle research: (a) free-tropospheric volume mixing ratios; (b) column averages between 3.6 and
16 km. Red, green and blue crosses are for comparisons at Izaña and Tenerife, Karlsruhe and Kiruna, respectively. Each plot gives the number
of data (N ), the correlation coefficients (R2), the bias (b), and the scatter (s) of the differences. The thin dashed dark line is the one-to-one
diagonal, the grey line the diagonal shifted by the bias value and the thick black dashed line the regression curve obtained from a linear least
squares fit on all data points.
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time series model, respectively). This proceeding avoids the
more sophisticated calculations as described in the context of
Eq. (21).

Because we are interested in evaluating the errors in the
corrected product that are linked to IASI measurements
(and not to uncertainties of N2O climatologies), we assume
mN2O[t1, t2] = xa,N2O and from Eq. (22) we get

x̂′CH4
(t)= x̂CH4(t)−

(
x̂m,N2O[t1, t2]

+ x̂d,N2O(t)
)
+ xa,N2O. (23)

In this paper we use the label CH′4 for the product that has
undergone the a posteriori processing according to Eq. (23)
and has subsequently been transferred to the linear scale. In
Table 2 it is briefly described in the context of the other CH4
products used in this paper.

The variation in the CH′4 product is driven by IASI mea-
surements and not affected by external data (e.g. model sim-
ulations), and the evaluation of CH′4 will reveal the errors in
the corrected data that are linked to the IASI measurements.
The analytical characterization of the CH′4 data is done in
analogy to the characterization of CH∗4 (using AP

11, 1x̂P
1 ,

SP
x̂,b,11 and SP

x̂,noise,11 according to Sect. 2.4.2). The compari-
son of CH′4 data to references is done in consistency with the
evaluation of CH4 and CH∗4 as presented in Sects. 5 and 6.

At Tenerife and for the free troposphere the CH′4 product
performs better than the CH4 and CH∗4 products: it delivers
the highest R2 values (see Figs. 10 and 11) and the lowest
scatter (see Tables 5 and 6). At Karlsruhe and Kiruna we
find a better performance for CH∗4 than for CH′4, which we
think is due to the inconsistencies in the EUMETSAT L2 PPF
software versions, which are partly corrected in CH∗4 but not
corrected in CH′4. The MUSICA IASI versus NDACC FTIR
comparisons of CH4 at the different sites result in different
biases. This latitudinal variation of the bias is significantly
reduced in the CH′4 data (see Table 6). This improvement is
similar to the CH∗4 data. For the UTLS CH4 has higher R2

values than CH′4 (see Fig. 12), because in CH′4 (like in CH∗4)
the day-to-day signals due to varying tropopause altitudes are
not considered.

Concerning seasonal cycles, the CH′4 product shows a sim-
ilar good agreement with the references as the CH4 product
(see Figs. 13–15), i.e. a better agreement than CH∗4 (except
for the free troposphere above Kiruna).

For the free-tropospheric long-term signals the R2 values
are higher for CH′4 than for CH4 (see Figs. 16 and 17). This is
an advantage with respect to CH∗4, where the long-term sig-
nals are strongly damped, leading to lower R2 values. In the
UTLS the R2 values are slightly lower for CH′4 than for CH4
(see Fig. 18). The reason is that the signals due to anomalies
in the tropopause altitude are partly removed in CH′4 but fully
considered in CH4. Please note that in the CH∗4 UTLS data
no significant long-term signals are observable, because the

respective correction removes all long-term signals, not only
signals due to anomalies in the tropopause altitude.

Concerning day-to-day signals, the CH′4 data have a sim-
ilar performance compared to the CH∗4 data (see Fig. 19):
free-tropospheric day-to-day signals can be detected reason-
ably well and the UTLS day-to-day signals are not affected
by short-term variations in the tropopause altitude.

The here-presented alternative a posteriori correction
method relies on the seasonal cycles and long-term evolu-
tion as given in the MUSICA IASI CH4 retrieval data (which
have a demonstrated good quality) and only addresses the
spatial and temporal scales that are not reliably represented
in the MUSICA IASI CH4 retrieval data: (1) the latitudi-
nal gradient and (2) the day-to-day timescale signal, which
are presumably strongly affected by uncertainties in the EU-
METSAT L2 temperatures. Furthermore, the correction re-
duces the impact of short-timescale atmospheric dynamics
(like the short-timescale variability of the tropopause alti-
tude), which is an advantage for model comparison studies
(short-timescale and small-spatial-scale dynamics are diffi-
cult to capture using global models). With the calculation of
the CH′4 product the simultaneously retrieved CH4 and N2O
data are optimally exploited and we strongly recommend the
usage of CH′4 instead of CH∗4.

8 Prospective usage of the CH′4 product in combination
with inverse modelling

The potential of the MUSICA IASI CH′4 product for in-
vestigating the CH4 cycle on a global scale is revealed by
Fig. 23. It displays correlations between NDACC FTIR and
MUSICA IASI of free-tropospheric CH′4 mixing ratios and
mixing ratios averaged for the layer between 3.6 and 16 km
altitude. The latter are calculated by dividing the layer’s
amount of CH′4 by the layer’s amount of dry air. Shown are
only data for the EUMETSAT L2 PPF software v6 period
(the latest software version and presumably the period pro-
viding the most reliable atmospheric temperature data). We
find a very good agreement between NDACC FTIR and MU-
SICA IASI data and in particular a good consistency between
data from the different sites (Tenerife: low latitudes; Karl-
sruhe: mid-latitudes; Kiruna: high latitudes). The variations
as observed in the CH′4 data are driven by IASI measure-
ments and independent of external data like model data (all
retrievals are done with the same a priori assumption, indi-
cated as a yellow star). This highlights the invaluable contri-
butions that the MUSICA IASI CH′4 retrieval products can
make to inverse modelling in the framework of data assimi-
lation approaches (Bergamaschi et al., 2009, 2013). The as-
similation of free-tropospheric data (CH′4 data shown in the
left panel of Fig. 23) will mainly help for constraining CH4
fluxes between the lower atmosphere and surface at low lati-
tudes (at high latitudes the signal in the 4.2 km retrieval data
is dominated by variations that take place in the UTLS, see
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Sect. 6). The assimilation of the mixing ratios averaged over
the layer between 3.6 and 16 km altitude (CH′4 data shown in
the right panel of Fig. 23) will be in particular useful in com-
bination with total column averaged mixing ratios (Massart
et al., 2014, demonstrated that the combined assimilation of
GOSAT and IASI data very well constrains the atmospheric
CH4 state).

For a MUSICA IASI CH′4 data assimilation in practice
we recommend the following procedure in each assimilation
step:

– Adjust the N2O and CH4 retrieval products to the back-
ground state of the current assimilation step by adding
x̂e,N2O and x̂e,CH4 (according to Eqs. A1 and A2 with
xe,N2O and xe,CH4 being the background state of N2O
and CH4, respectively). This ensures that the measure-
ment information of the retrieval product is correctly
used for updating the background state.

– Calculate CH′4 according to Eq. (23) and then add to the
CH′4 data the vector x̂′e,CH4 (according to Eq. A4, with
mN2O[t1, t2] being a climatology from the model used
within the assimilation system). For these calculations it
should be kept in mind that, due to the previous adjust-
ment to the background state, xa,N2O is the N2O back-
ground state of the current assimilation step. These cal-
culations reduce the impact of short-term atmospheric
dynamics and the atmospheric temperature errors and
correct the latitudinal inconsistencies in agreement with
the model used within the assimilation system.

– Remove the bias in the MUSICA IASI CH′4 data. Fig-
ure 23 reveals that this bias is consistent for different
locations and seasons. However, the absolute value of
the bias cannot be unambiguously determined from the
comparison to NDACC FTIR data, because the NDACC
FTIR data have their own systematic errors. For an ac-
curate bias determination, further investigation of the
NDACC FTIR systematic errors or further comparison
studies to data from more recent aircraft campaigns is
needed.

– Consider the errors in ln[CH4] − ln[N2O] as estimated
in Sect. 3.3 as proxy for the CH′4 errors in order to cor-
rectly weight the observations in the assimilation proce-
dure. The MUSICA IASI products are made available
in the form of netcdf files containing estimates of the
atmospheric temperature and measurement noise errors
for each individual observation (please recall that at-
mospheric temperature and measurement noise are the
dominating statistical errors, see Fig. 5).

9 Summary and outlook

In this paper we present the N2O and CH4 retrieval prod-
ucts as generated by the MUSICA IASI processor and ex-

plore possibilities for an a posteriori correction of the re-
trieved CH4 by using the co-retrieved N2O data. All the here-
presented original retrieval and a posteriori products are ob-
tained by using single N2O and CH4 a priori data (no vari-
ation with respect to time or location), thereby ensuring that
the observed variations reliably indicate the information pro-
vided by the IASI measurement and are not affected by exter-
nal data like other measurements or model simulations. We
extensively evaluate the different products by analytical char-
acterizations (theoretical error estimation and documentation
of vertical representativeness) and by comparisons to dif-
ferent reference measurements (HIPPO, GAW and NDACC
FTIR) that are of reasonable global representativeness and/or
cover the full time period between 2007 and 2017.

9.1 Analytic characterization

All products have good sensitivity between 4 and 10 km at
all latitudes. For CH4 we get DOFS values of 1.8 at low
latitudes, which indicates the possibility for detecting free-
tropospheric CH4 variation independently from the varia-
tions that take place in the UTLS region. Such profiling ca-
pability is weaker at high latitudes where DOFS values of
typically 1.4 are reached. The a posteriori-corrected CH4
products show a similar behaviour, although slightly reduced
DOFS values. For N2O the DOFS values are 1.2 (at high lat-
itudes) and 1.4 (at low latitudes), indicating very limited pro-
filing capability. The total statistical errors for an individual
MUSICA IASI N2O or CH4 product are estimated to 1.5–
3 %. The error assessment identifies atmospheric tempera-
tures and measurement noise as the most important sources
of uncertainty, whereby the former is significantly reduced
and the latter increased in the a posteriori-corrected CH4
products. Furthermore, negative errors in the MUSICA N2O
and CH4 concentrations of about 4 % can be caused by not-
well-recognized cirrus clouds, which are reduced to about
2 % for the a posteriori-corrected CH4 products. The sys-
tematic errors due to spectroscopic parameters are estimated
to be in the range of 2 % and can increase to 4 % in the a
posteriori-corrected CH4 product.

9.2 Comparison to reference measurements

Assuming high accuracy for the HIPPO aircraft in situ pro-
files we can use the data for empirically evaluating the MU-
SICA IASI products. Respective comparisons show bias and
scatter values of about 2 % for N2O and CH4, which is in
very good agreement with the estimated systematic and sta-
tistical errors. The latitudinal variation as observed in the
HIPPO N2O data are very small (less than 0.5 %); i.e. the
latitudinal variation is significantly weaker than the estimated
N2O error and such small variation cannot be observed in the
MUSICA IASI data. For CH4 the signals are much stronger:
HIPPO data show typical CH4 concentrations at low south-
ern hemispheric and high northern hemispheric latitudes of
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1.75 and 1.85 ppmv, respectively, i.e. a difference of more
than 5 %. This difference is larger than the estimated MU-
SICA IASI CH4 error and the latitudinal CH4 gradients can
be detected in the MUSICA IASI CH4 product. However,
we also find an inconsistency in the MUSICA IASI free-
tropospheric CH4 data between low and high latitudes. In the
a posteriori-corrected CH4 products this inconsistency is al-
most completely removed.

The NDACC FTIR N2O and CH4 remote sensing pro-
files are also good references for evaluating the MUSICA
IASI products. The scatter values between NDACC FTIR
and MUSICA IASI data are similar to the scatter values be-
tween HIPPO and MUSICA IASI data and thus also in good
agreement with the estimated statistical errors. The observed
bias is higher than the bias observed with respect to HIPPO.
This is expectable because the NDACC FTIR data have their
own systematic errors of about 2 %. In agreement with the
HIPPO comparison, the NDACC FTIR comparison reveals
a significant inconsistency between free-tropospheric MU-
SICA IASI CH4 from low and high latitudes, which is sig-
nificantly reduced in the a posteriori-corrected CH4 data.

For the time period 2007–2017 the MUSICA IASI data
are compared to GAW and NDACC FTIR data and differ-
ent timescales are investigated. The comparison to GAW is
limited to the free troposphere altitude region and the com-
parison to NDACC FTIR can be performed for the free tro-
posphere region as well as the UTLS region. The compar-
isons of seasonal cycles of CH4 clearly confirm the predicted
good profiling capability at low latitudes and a weak profil-
ing capability at middle latitudes. For N2O the comparison
confirms that the sensitivity is mainly limited to the UTLS
region. The comparisons of deseasonalized monthly mean
data reveal the potential of the MUSICA IASI products for
investigating atmospheric long-term changes and large-scale
anomalies. However, this potential would be much better ex-
plored by using EUMETSAT L2 atmospheric temperatures
generated by a unique EUMETSAT L2 processing software.
The currently available EUMETSAT L2 atmospheric tem-
peratures used in our study are produced by different pro-
cessing software versions, which has a significant impact on
the long-term consistency of the N2O, CH4 and a posteriori-
corrected CH4 products. Moreover, the a posteriori-corrected
CH4 product is best sensitive to the seasonal cycles and
the long-term behaviour, if these timescales are excluded
from the correction procedure. The comparison of day-to-
day timescale signals shows good agreement for CH4 in the
UTLS, where the signals are presumably due to day-to-day
variations in the tropopause altitude. The N2O data show a
limited sensitivity with respect to these variations. For the
free troposphere we find almost no agreement for day-to-
day signals in N2O and CH4, but a good agreement for the a
posteriori-corrected CH4 products.

9.3 Conclusion on a posteriori correction and outlook

The a posteriori correction removes the dominating errors
(inconsistency between low and high latitudes and errors due
to uncertainties in atmospheric temperatures) and reduces the
impact of the small- and short-scale atmospheric dynamics,
which is difficult to capture using atmospheric models. How-
ever, if we perform the correction on all scales (a posteriori-
corrected product CH∗4) a significant part of the measurable
signals is also removed. For this reason we suggest an alter-
native correction (a posteriori-corrected product CH′4) that
only performs the correction on the spatial and temporal
scales where the variations are dominated by errors. This en-
sures that the errors are reduced without removing the mea-
surable signals (seasonal cycles and long-term behaviour).
With the a posteriori calculation of the product CH′4 the si-
multaneously retrieved CH4 and N2O data are optimally ex-
ploited and we strongly recommend the usage of CH′4 instead
of CH∗4.

Due to the good global consistency of the MUSICA
IASI CH′4 data, their usage in combination with global in-
verse modelling seems promising. Although, it might be
useful to more accurately determine the bias in the MU-
SICA IASI CH′4 data. Moreover, a current obstacle for a
global data assimilation of MUSICA IASI CH′4 data is the
limited availability of retrieved data (currently global MU-
SICA IASI retrievals have only been made for 2 months
in 2014). In this context, we plan the following activities.
(1) We plan to compare MUSICA IASI CH′4 data to aircraft
profile data from ATom (Atmospheric Tomography Mission,
https://espo.nasa.gov/atom/, last access: 11 July 2018). Be-
cause the ATom measurements have been made between
summer 2016 and spring 2018, they exclusively cover the
EUMETSAT L2 PPF software v6 period, thus offering the
possibility to more accurately determine the bias in the CH′4
data retrieved by using EUMETSAT L2 PPF software v6 at-
mospheric temperature data as a priori temperatures (v6 is
the latest software version and presumably provides the most
reliable atmospheric temperature data). (2) We plan to per-
form a large number of MUSICA IASI retrievals on a global
scale. The focus of these retrieval activities will be on the
time period where EUMETSAT L2 PPF software v6 atmo-
spheric temperature data are available (October 2014 on-
ward).

Data availability. The MUSICA IASI data are available at http:
//www.imk-asf.kit.edu/english/2746.php (Schneider, 2018) and by
request to the corresponding authors. The HIPPO data are avail-
able at http://hippo.ucar.edu/ (last access: 11 July 2018) and the
GAW data at http://ds.data.jma.go.jp/ (last access: 11 July 2018).
The NDACC FTIR data are available at ftp://ftp.cpc.ncep.noaa.gov/
(last access: 11 July 2018) and by request to the corresponding au-
thors.
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Appendix A: A posteriori insertion of external data

An optimal estimation remote sensing retrieval updates the
a priori knowledge by using the information as given in the
measurement (e.g. the measured IASI spectra). The retrieval
product depends on the measurement and the used a priori
(or background) data. The MUSICA IASI processor uses sin-
gle a priori profiles for all retrievals (the a priori data are
the same for different seasons and locations). This ensures
that the variation as seen in the retrieval product is an exclu-
sive consequence of the measurements made by the remote
sensing instrument. Often retrievals are done with varying a
priori information; however, then the variation given by the
retrieval product is not an exclusive consequence of the mea-
surement, but instead it depends on the measurement as well
as the a priori data.

Our retrieval product can be adjusted a posteriori for vary-
ing a priori data. According to Rodgers and Connor (2003)
we can calculate a posteriori the remote sensing retrieval
product that would have resulted by using the varying a priori
data xe (externally generated data like model output or other
measurements) instead of our single a priori xa by adding x̂e
to the original retrieval product, whereby the vector x̂e (for
N2O and CH4, respectively) is calculated by

x̂e,N2O = (AN2O− I)(xa,N2O− xe,N2O), (A1)

and

x̂e,CH4 = (ACH4 − I)(xa,CH4 − xe,CH4). (A2)

Here AN2O, ACH4 and I are the averaging kernel matrices of
N2O, CH4 and the identity matrix, respectively.

In Sects. 2.4.3 and 7 we discuss methods for correcting
CH4 by means of co-retrieved N2O data and N2O model sim-
ulations. For evaluating the measurement-related uncertain-
ties in the corrected CH4 data we define the modelled N2O
profile as mN2O = xa,N2O and work with the products CH∗4
and CH′4. The variability as seen in the products CH∗4 and
CH′4 is an exclusive consequence of the measurements made
by the remote sensing instrument (it is not affected by the
model). Similarly to Eqs. (A1) and (A2) we can insert model
data a posteriori, thereby adjusting the products to realistic
assumption for mN2O. We define

x̂∗e,CH4 =−AN2O(xa,N2O−mN2O), (A3)

and

x̂′e,CH4 =−AN2O(xa,N2O−mN2O[t1, t2]). (A4)

Adding x̂∗e,CH4 to x̂∗CH4 from Eq. (17) gives the corrected
CH4 product according to Eq. (16) and adding x̂′e,CH4 to
x̂′CH4 from Eq. (23) gives the corrected CH4 product accord-
ing to Eq. (22).
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Appendix B: Geographical coverage

Section 4 demonstrates that the MUSICA IASI CH4 and CH∗4
products capture geographical variations well. Here we show
examples of the global geographical distribution as seen in
the MUSICA IASI data. We present the situation for two
different altitudes and seasons. For each altitude we require
that the MUSICA IASI data pass the sensitivity filter (csen
calculated according to Eq. 18 must be smaller than 50 %)
and then make 2◦× 2◦ averages for all the data points mea-
sured during six days in the northern hemispheric winter (12–
17 February 2014) and northern hemispheric summer (12–
17 August 2014).

Figure B1 shows the geographical distributions for the re-
trieval altitude of 4.2 km. These products are representative
for the atmosphere between 2 and 8 km (see typical aver-
aging kernels of Fig. 2). Concerning CH4 we observe the
highest concentrations north of 45◦ N. In August the northern
hemispheric atmosphere between 2 and 8 km generally forms
part of the well-mixed troposphere; i.e. Fig. B1b documents
the latitudinal gradient of tropospheric CH4 between the
tropics and high northern latitudes. In February (Fig. B1a)
there is also a gradient in the Northern Hemisphere; how-
ever, it is less pronounced if compared to August. The reason
is that in February the atmosphere between 2 and 8 km of
the middle and high northern latitudes can be affected by
the stratosphere, where CH4 starts to decrease. The vary-
ing stratospheric contribution also explains why the lower-
tropospheric seasonal cycle of CH4; i.e. the minimum of CH4
concentration in July–August and maximum in December–
January, is not observable in the middle and high latitudes.
However, this cycle is observable at lower latitudes as clearly
demonstrated in Sect. 6.

Section 3.3 theoretically predicts smaller errors for free-
tropospheric CH∗4 than for CH4. This is confirmed by the
comparison to the different references, revealing smaller
scatter values for CH∗4 than for CH4 (see Tables 4, 5 and 6).
Furthermore, in the free troposphere the bias in CH∗4 has a
much weaker latitudinal dependency than the bias in CH4
(see Fig. 9 and Table 6), and day-to-day variations can be
detected in the CH∗4 data, but not in the CH4 data. In sum-
mary, in the free troposphere the CH∗4 product is more reli-
able than the CH4 product. Figure B1c and d show the free-
tropospheric CH∗4 distribution for February and August, re-
spectively. Generally we observe smoother signals. For in-
stance, extremes as seen in the CH4 maps – such as the very
local high concentrations in South America (in February and
August), the spot with high concentrations in the ocean south
of Africa (in August), the low concentrations in South Africa
(in February and August) or the strong west-to-east gradients
in the area between the USA and Mexico – almost disappear
in the CH∗4 maps. In August and over Asia at around 60◦ E
we observe different latitudinal gradients in CH4 and CH∗4.
While CH4 concentrations are almost continuously increas-

ing from south to north, CH∗4 is higher over Iran, Pakistan
and Kazakhstan than further north over Russia.

Figure B2 shows the geographical distributions for the re-
trieval altitude of 10.9 km, which is representative for the at-
mosphere between 7 and 13 km. In this UTLS region the CH4
signals mainly depend on the location of the tropopause alti-
tude. If it is high, high tropospheric CH4 concentrations are
measured. If it is low, low stratospheric CH4 concentrations
are detected. The good sensitivity of the MUSICA IASI CH4
data for capturing these signals is demonstrated in Sect. 6.
The variations in the tropopause altitude explain the main
differences between summer and winter hemispheres as ob-
served in Fig. B2a and b.

For CH∗4 the distribution maps as depicted in Fig. B2c and
d are smoother than for CH4, because in CH∗4 the tropopause
altitude signal is strongly reduced (see discussion in the con-
text of Figs. 15 and 19). As a consequence the latitudinal gra-
dient is weaker in CH∗4 than in CH4. The local spots with high
CH4 concentrations in the tropics are very interesting. These
spots disappear in the CH∗4 maps; i.e. they are very likely due
to tropopause dynamics and they might point to events where
tropospheric air is injected into the stratosphere.
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Figure B1. Free-tropospheric MUSICA IASI product retrieved at 4.2 km altitude, filtered for csen < 0.5 (according to Sect. 3.2) and averaged
for an latitude×longitude area of 2◦× 2◦. (a) and (b) for CH4; (c) and (d) for CH∗4. The maps are shown separately for mid-February 2014 (a
and c) and mid-August 2014 (b and d).

Figure B2. Same as Fig. B1, but for the 10.9 km retrieval altitude.
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Appendix C: Continuous data coverage, time series
model and long-term data consistency

In Sect. 6 time series of MUSICA IASI and reference data are
analysed and respective seasonal cycles, long-term signals
and day-to-day variations are compared. Figure C1 shows as
an example the MUSICA IASI time series of daily mean data
for the surroundings of Tenerife. Figure C1a and b show the
time series for the CH4 and CH∗4 products and the 4.2 km re-
trieval altitude, and Fig. C1c and d for the 12 km retrieval
altitude, respectively. The data represent the area between
15.8 and 17.2◦W and 27.2 and 28.4◦ N and have been gener-
ated from spectra measured between 23 November 2007 and
10 December 2017. We only perform retrievals for cloud-free
pixels and, after applying the filter with respect to measure-
ment noise and retrieval quality (residual-to-signal ratio in
the fitted spectral window must be smaller than 0.004) and
the sensitivity filter (csen calculated according to Eq. 18 must
be smaller than 50 %), we have valid MUSICA IASI data on
almost 2900 individual days. This example documents the
very continuous data coverage that can be achieved by the
retrieval of IASI spectra.

In Sect. 6 we use a time series model for estimating the
mean values for a reference period and for a first-guess sepa-
ration of seasonal cycle and long-term signals. The modelled
time series is obtained by a multi-regression fit of different
coefficients that consider variations on different timescales:

xm(t)= xm([t1, t2])+A0+A1t (C1)

+

∑
1≤i≤

1t

2a

{
Asin,i sin

(2πi
1t

t
)
+Acos,i cos

(2πi
1t

t
)}

+

∑
1≤i≤

1j

a/4

{
Bsin,i sin

(2πi
1j

j (t)
)
+Bcos,i cos

(2πi
1j

j (t)
)}
.

The value xm([t1, t2]) defines the reference point with re-
spect to which the variations take place. It is the model
mean for the reference period [t1, t2]. By fitting the coeffi-
cients Ai , the long-term variations with respect to the ref-
erence period [t1, t2] are determined. The coefficients A0
and A1 capture the linear changes and the coefficients Asin,i
and Acos,i the amplitude and phases of a Fourier series that
considers all frequencies between 1/1t and 1/(2a). Here
a stands for 1 year and 1t =max{t}−min{t} is the time
period covered by the whole time series. The coefficients
Bsin,i and Bcos,i capture the intra-annual variation (season
cycle) by fitting amplitude and phases of a Fourier series
that considers all frequencies between 1/1j and 4/a. Here
1j =max{j (t)}−min{j (t)} is the intra-annual Julian day
period covered by the data and j (t) the intra-annual Julian
day (intra-annual Julian day means Julian day starting each
year with 0; i.e j (t) is between 0 and 366).

The thick black line in Fig. C1 shows the estimated model
time series, i.e. the x̂m(t) data due to the multi-regression fit
the coefficients Ai , Asin,i , Acos,i , Bsin,i , Bcos,i as described
in Eq. (C1). The blue line represents the long-term signals,
which are all signals except the seasonal cycle signals; i.e. it
is the time series reconstructed according to Eq. (C1), but
with the coefficients Bsin,i and Bcos,i set to zero. In the CH4
data (Fig. C1a and c) the model identifies clear seasonal cycle
signals and a long-term increase. The seasonal cycle signals
are much weaker in the CH∗4 data (Fig. C1b and d), where
in addition no clear long-term increase is observed. The CH∗4
evolution is much smoother than the CH4 evolution, because
the calculation according to Eq. (11) removes a lot of real
atmospheric signals, e.g. most of the seasonal cycle signal
and the long-term signals (see discussions in Sect. 6).

The MUSICA IASI retrieval processor uses the EUMET-
SAT level 2 atmospheric temperature as the a priori temper-
ature. Changes in the L2 PPF software that affect the EU-
METSAT level 2 atmospheric temperatures can thus also af-
fect the MUSICA IASI data. Dates and details of respective
L2 PPF software changes are listed in Table 1. In addition,
these dates are marked as magenta lines and arrows at the
top of each panel in Fig. C1. Concerning the example time
series, the strongest impact of these software changes is ob-
served for CH4 at 12 km retrieval altitude (Fig. C1c). There
is a clear inconsistency between L2 PPF software v4 and
v5.0–5.1. These inconsistencies have a strong impact on the
long-term signals, which is discussed in Sect. 6. Because the
software changes similarly impact N2O and CH4, they partly
cancel out in the combined product and are thus much more
difficult to observe in CH∗4. Nevertheless, the change from
L2 PPF software v5.2–5.3 to v6 can be clearly observed as
an inconsistency in CH∗4 time series for 4.2 km retrieval alti-
tude.
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Figure C1. Example of continuous time series of MUSICA IASI daily mean data (red crosses) retrieved in the surroundings of Tenerife
Island between 2007 and 2017: (a) and (b) for 4.2 km altitude; (c) and (d) for 12 km altitude; (a) and (c) for CH4; and (b) and (d) for CH∗4.
The yellow line is the a priori data used. The results of the multi-regression fit of the time series model are depicted as the black line and the
time series model components describing the long-term behaviour are represented by the blue line. The periods with different EUMETSAT
L2 PPF software versions that can affect the MUSICA IASI products are indicated by magenta colour.
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Appendix D: Comparison of MUSICA IASI and
NDACC FTIR remote sensing data

In order to ensure an adequate comparison of the MUSICA
IASI and NDACC FTIR remote sensing data we follow the
recommendations of Rodgers and Connor (2003). We take
care that both data sets use the same a priori information.
We use the unique MUSICA IASI a priori data (no variation
in space and time) and adjust the NDACC FTIR data to this
new a priori profile by adding (AFTIR− I)(xa− xa,FTIR) to
the NDACC FTIR retrieval results (with AFTIR and xa,FTIR
being the averaging kernels and a priori state corresponding
to the NDACC FTIR retrieval, respectively).

We investigate the effect of the different MUSICA IASI
and NDACC FTIR averaging kernels. For this purpose we
need MUSICA IASI and NDACC FTIR averaging kernels
on the same vertical altitude gridding. We chose the verti-
cal griding of the MUSICA IASI retrieval. The transference
of the NDACC FTIR averaging kernels on this gridding is
achieved via an eigenvector decomposition of AFTIR:

AFTIR = VFTIRDFTIRVFTIR
−1. (D1)

Here the columns of matrix VFTIR are the eigenvectors and
DFTIR is a diagonal matrix with the eigenvalues. We filter out
only the eigenvectors with eigenvalues of at least 0.025, in-
terpolate these eigenvectors to the MUSICA IASI gridding
and then calculate the regridded NDACC FTIR averaging
kernel by V′FTIRDFTIRV′FTIR

−1 (with V′FTIR being the inter-
polated eigenvectors).

The averaging kernel effects when comparing atmospheric
signals that are characterized by the covariance matrix C can
be estimated by

Ccmp = (A−AFTIR)C(A−AFTIR)
T . (D2)

Here we use the same covariance matrix as in the context
of Eq. (18), because such covariances are theoretically de-
tectable in the MUSICA IASI data, whenever the csen < 0.5
criterium according to Sect. 3.2 is fulfilled.

The DOFS values of the NDACC FTIR N2O and CH4 re-
trievals are generally between 2.5 and 3.5; i.e. the NDACC
FTIR data have a better sensitivity and a better vertical reso-
lution than the MUSICA IASI data. Under this circumstance
it might be useful to apply the MUSICA IASI averaging ker-
nels to the NDACC FTIR averaging kernels and then com-
pare the two data products, i.e. treat the NDACC FTIR data
with the smoothing function as given by the MUSICA IASI
averaging kernel similarly to the data treatment as described
for the HIPPO profile data (see Sect. 4 and Eq. 20). Then the
averaging kernel effects for the comparison between NDACC
FTIR and MUSICA IASI data can be estimated by

Ccmp,sm = (A−AAFTIR)C(A−AAFTIR)
T . (D3)

Figure D1 shows correlation plots between ccmp and
ccmp,sm (the diagonal elements of the matrices Ccmp and

Ccmp,sm, respectively) obtained for the retrieval altitude of
4.2 km for the N2O, CH4 and CH∗4 product at the three
NDACC FTIR stations. Shown are only the coincidences
for which the MUSICA IASI data fulfill the csen < 0.5 cri-
terium according to Sect. 3.2. The ccmp values are mostly
larger than the ccmp,sm values, suggesting that at the 4.2 km
retrieval altitude we should compare the MUSICA IASI data
with NDACC FTIR data that have been smoothed by the
MUSICA IASI averaging kernel.

Figure D2 shows the correlation between ccmp and ccmp,sm
for the retrievals in the UTLS region and for all coincidences
where the MUSICA IASI data fulfill the csen < 0.5 criterium
according to Sect. 3.2. For N2O the ccmp values are still
mostly larger than the ccmp,sm values; however, for CH4 and
CH∗4 it is the other way round. We can conclude that for an
optimal comparison of data in the UTLS region we should
smooth the NDACC FTIR N2O data, but there is no need to
smooth the CH4 of CH∗4 data. Such smoothing might even be
counterproductive and reduce the comparability of the MU-
SICA IASI and NDACC FTIR data set.

In line with these findings we compare MUSICA IASI
N2O data with smoothed NDACC FTIR data at all altitudes
(free troposphere and UTLS region). The free-tropospheric
MUSICA IASI CH4 and CH∗4 data are also compared to
smoothed NDACC FTIR data. However, in the UTLS region
the MUSICA IASI and NDACC FTIR CH4 and CH∗4 data are
directly compared (no prior smoothing of the NDACC FTIR
data).
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Figure D1. Comparability of MUSICA IASI and NDACC FTIR remote sensing data at 4.2 km. Shown are correlations between the ccmp
and ccmp,sm values calculated according to Eqs. (D2) and (D3), respectively: (a–c) for the surroundings of Tenerife Island; (d–f) for the
surroundings of Karlsruhe; (g–i) for the surroundings of Kiruna; (a), (d) and (g) for N2O; (b), (e) and (h) for CH4; and (c), (f) and (i) for
CH∗4. The colour code shows the MUSICA IASI csen values according to Sect. 3.2.

Figure D2. Same as Fig. D1 but for remote sensing data representing UTLS altitude regions.
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