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Abstract. The thermal infrared nadir spectra of IASI (In-
frared Atmospheric Sounding Interferometer) are success-
fully used for retrievals of different atmospheric trace gas
profiles. However, these retrievals offer generally reduced
information about the lowermost tropospheric layer due to
the lack of thermal contrast close to the surface. Spectra of
scattered solar radiation observed in the near-infrared and/or
shortwave infrared, for instance by TROPOMI (TROPO-
spheric Monitoring Instrument), offer higher sensitivity near
the ground and are used for the retrieval of total-column-
averaged mixing ratios of a variety of atmospheric trace
gases. Here we present a method for the synergetic use of
IASI profile and TROPOMI total-column level 2 retrieval
products. Our method uses the output of the individual re-
trievals and consists of linear algebra a posteriori calculations
(i.e. calculation after the individual retrievals). We show that
this approach has strong theoretical similarities to applying
the spectra of the different sensors together in a single re-
trieval procedure but with the substantial advantage of be-
ing applicable to data generated with different individual re-
trieval processors, of being very time efficient, and of directly
benefiting from the high quality and most recent improve-
ments of the individual retrieval processors.

We demonstrate the method exemplarily for atmospheric
methane (CH4). We perform a theoretical evaluation and
show that the a posteriori combination method yields a total-
column-averaged CHy product (XCH4) that conserves the
good sensitivity of the corresponding TROPOMI product
while merging it with the high-quality upper troposphere—
lower stratosphere (UTLS) CH4 partial-column information
of the corresponding IASI product. As a consequence, the
combined product offers additional sensitivity for the tro-
pospheric CHy partial column, which is not provided by
the individual TROPOMI nor the individual TASI product.
The theoretically predicted synergetic effect is verified by
comparisons to CHy reference data obtained from collocated
XCH4 measurements at 14 globally distributed TCCON (To-
tal Carbon Column Observing Network) stations, CHy4 pro-
file measurements made by 36 individual AirCore soundings,
and tropospheric CHy data derived from continuous ground-
based in situ observations made at two nearby Global Atmo-
spheric Watch (GAW) mountain stations. The comparisons
clearly demonstrate that the combined product can reliably
detect the actual variations of atmospheric XCHy, CHy in the
UTLS, and CHy in the troposphere. A similar good reliability
for the latter is not achievable by the individual TROPOMI
and TASI products.

1 Introduction
Measurements from different ground- or satellite-based sen-

sors target at the observations of the same atmospheric pa-
rameters (e.g. the same trace gases) but with different charac-
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teristics (e.g. sensitivities for different vertical regions). Of-
ten the different sensors use different observation geometries
(limb scanning, nadir, solar light reflected at the Earth’s sur-
face) and/or different spectral regions (e.g. UV-Vis, near-
infrared, thermal infrared, and microwave). Dedicated ex-
perts and efforts are needed to develop retrieval techniques
that are specifically optimized for an individual sensor. An
algorithm that uses coincident measurements of all the dif-
ferent sensors for a multispectral approach (synergetic use of
level 1 data) for the optimal estimation of the atmospheric
state would exploit the synergies of the different observation
geometries and spectral regions well and thus allows for de-
tection of the atmospheric state in more detail than is achiev-
able by individual optimal estimation retrievals.

There is a variety of studies investigating the multi-
spectral synergism when retrieving atmospheric trace gases
from space. Examples of theoretical studies using synthetic
thermal infrared and UV spectra for a simulated synergis-
tic retrieval of atmospheric ozone (O3) are Landgraf and
Hasekamp (2007), Worden et al. (2007), Cuesta et al. (2013),
and Costantino et al. (2017). These studies considered the
thermal infrared spectra of TES (Tropospheric Emission
Spectrometer) and IASI (Infrared Atmospheric Sounding In-
terferometer as well as its successor IASI — New Generation)
and UV spectra of OMI (Ozone Monitoring Instrument) and
GOME-2 (Global Ozone Monitoring Experiment — 2 as well
as its successor UVNS — Ultraviolet Visible Near-infrared
Shortwave-infrared) and are complemented by studies with
real spectra (e.g. Cuesta et al., 2013; Fu et al., 2013). An-
other example of a study with real spectra is Luo et al. (2013),
who examine the combination of the TES thermal nadir spec-
tra with the MLS (Microwave Limb Sounder) microwave
limb spectra for a synergetic retrieval of atmospheric car-
bon monoxide (CO) profiles. All the different studies clearly
show that the synergetic use of the measured spectra results
in an increased sensitivity with respect to the targeted trace
gases.

However, the development of these multispectral retrievals
requires experts in different remote-sensing techniques to
work closely together. Furthermore, as soon as measure-
ments from a new sensor become available (or as soon as
sensors are modified/improved), such multispectral proces-
sors have to be adapted accordingly; i.e. continuous collabo-
rative retrieval developments are required. While this is cer-
tainly possible, it might not be the most efficient way, in par-
ticular considering the steadily increasing number of avail-
able satellite data products (level 2 retrieval products). The
optimal synergetic exploitation of the level 2 retrieval prod-
ucts that are already available would be much less compu-
tationally expensive than running dedicated multispectral re-
trievals. Such synergetic combination of level 2 products is
the topic of this paper.

There are already several examples of a level 2 prod-
uct fusion discussed in literature (the following list is not
intended to be complete): Worden et al. (2015) combine

https://doi.org/10.5194/amt-15-4339-2022
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the thermal and near-infrared level 2 products of methane
(CHy) of TES and GOSAT (Greenhouse gas mOnitoring
SATellite), respectively, by performing approximative cal-
culations and with a focus on monthly mean data. Data
aggregation is necessary due to the reduced temporal and
horizonal coverage of TES and GOSAT and their imper-
fect collocation. Cortesi et al. (2016) combine the ther-
mal infrared MIPAS-STR (Michelson Interferometer for Pas-
sive Atmospheric Sounding — STRatospheric aircraft) and
microwave MARSCHALS (Millimetre-wave Airborne Re-
ceivers for Spectroscopic Characterization in Atmospheric
Limb Sounding) aircraft-based remote-sensing products of
O3, nitric acid (HNO3), water vapour (H,0O), and atmo-
spheric temperature (applying the so-called “measurement-
space solution” data fusion method of Ceccherini et al.,
2009). Another example is Warner et al. (2014), who use a
Kalman filter for combining the CO data products of AIRS
(Atmospheric Infrared Sounder) — available for a large hor-
izontal area but with weak vertical details — and TES (and
MLS) — available with detailed vertical information but only
for very localized areas.

Here, we present a method for fusing the available level 2
CHy profile product of IASI and the XCH4 (total-column-
averaged methane) product of TROPOMI (Tropospheric
Monitoring Instrument) by means of a Kalman filter ap-
proach. Our objective is a data product with improved ver-
tical profile information (determine tropospheric CH4 inde-
pendently from CHy4 at higher altitudes, which is not possible
by IASI or TROPOMI data alone) by synergetically exploit-
ing the different vertical sensitivities of the two products.

The method allows for a computationally very efficient
generation of global daily maps of the combined data prod-
uct and only needs the individually retrieved states, averag-
ing kernels, and noise covariances provided by the respec-
tive remote-sensing experts in the context of their standard
retrieval work. The proposed method can be used flexibly
for combining measurement information of different satellite
sensors and is in particular interesting for combining a profile
product with a total-column product. The method has strong
theoretical similarities to a dedicated combined optimal esti-
mation retrieval that uses the combined IASI and TROPOMI
spectra as input (synergetic use of level 1 data).

The reliable and global detection of tropospheric CHy4 in-
dependently from CHy at higher altitudes can lead to an im-
proved understanding of the CHy cycle. Respective data al-
low for a more direct investigation of the CH4 boundary layer
source and sink signals than total-column-averaged mixing
ratios (XCH4) provided globally for instance by GOSAT
(e.g. Parker et al,, 2020) or TROPOMI (Lorente et al.,
2021a). This is because XCHy signals are strongly affected
by vertical shifts of the tropopause altitude; i.e. their use for
investigating CHy4 absorption and release at the ground de-
pends on the correct consideration of the tropopause altitude
by model simulations (Pandey et al., 2016).

https://doi.org/10.5194/amt-15-4339-2022

This paper is organized as follows. Section 2 briefly
presents the used IASI and TROPOMI products (generated
by two individual retrievals). Section 3 presents the equa-
tions for the optimal a posteriori combination of the two inde-
pendent retrieval outputs (level 2 product combination) and
performs a theoretical evaluation of the individual and com-
bined products. Section 4 validates the total- column and tro-
pospheric and UTLS (upper troposphere—lower stratosphere)
partial-column products obtained by the individual TAST and
TROPOMI retrievals and by the a posteriori combination by
an inter-comparison to reference data from the Total Carbon
Column Observing Network (TCCON), AirCore, and Global
Atmospheric Watch (GAW). Section 5 discusses the global
consistency of the products and shows global maps. Section 6
resumes the results of our study and briefly discusses upcom-
ing possibilities. Furthermore, in Appendix A we give a brief
overview on retrieval theory, and in Appendix B we discuss
the theory of our a posteriori combination method and show
that the method has strong similarities to performing a full
multispectral optimal estimation retrieval. Appendix C intro-
duces the operator for transferring logarithmic-scale differ-
entials into linear-scale differentials. Appendix D presents
the operators used for converting vertical profile data into
total- and partial-column data. Appendix E examines the dis-
location error, i.e. to what extent the temporal and spatial dis-
location of the IASI and TROPOMI observations (the two
sensors are on two different satellites with different orbits)
impacts the combined data product. Appendix F explains
how we assess the comparability of the satellite products with
the reference data and reveals the reasonable agreement be-
tween the characteristics of the satellite products and the re-
sults of the validation study.

2 Satellite data

In this section we briefly present the satellite data products
that are used for the combination procedure. These are the
XCHy data obtained from the analysis of the near-infrared
and shortwave infrared (SWIR and NIR) spectra measured
by TROPOMI and the CHy profiles derived from IASI ther-
mal nadir (TIR) spectra. In addition, we explain the criteria
used for collocating the two satellite observations.

2.1 RemoTeC TROPOMI XCHy4

The TROPOMI XCH4 data used in this study are gener-
ated by the RemoTeC algorithm (Butz et al., 2011), which
is used for the operational processing of Sentinel 5 Pre-
cursor/TROPOMI XCHy data (Hu et al., 2016; Hasekamp
et al., 2021). Here we work with data of the operational pro-
cessing algorithm version 2.2.0 (which has been presented
and validated in Lorente et al., 2021a). The TROPOMI out-
put files provide the XCHy data together with the a pri-
ori data used (constructed from simulations of the global
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chemistry-transport model TM5; Krol et al., 2005), the col-
umn averaging kernels, and the error values. Here we work
with all TROPOMI data that pass the standard quality filter-
ing (TROPOMI output variable ga_value must be equal
to 1.0, which means a filtering according to Table Al of
Lorente et al., 2021a). In addition, we remove observations
over ground covered by snow (which show a high bias as
discussed in Lorente et al., 2021a) by requiring a blended
albedo (Ap, calculated from the NIR, Anr, and SWIR,
Aswir, albedos according to Wunch et al., 2011b, as Ap =
2.4ANR — 1.13Agwir) that is smaller than 0.85.

2.2 MUSICA IASI CHy profiles

As the TASI CH4 data product, we use the data generated
by the retrieval processor MUSICA (MUIti-platform remote
Sensing of Isotopologues for investigating the Cycle of At-
mospheric water, a European Research Council project be-
tween 2011 and 2016). The MUSICA IASI data full re-
trieval product encompasses trace gas profiles of H,O, the
HDO/H,O0 ratio, N»,O, CH4, and HNO3. The data have been
validated in several previous studies (Schneider et al., 2016;
Borger et al., 2018; Garcia et al., 2018), and it has been
shown that the CHy4 product can detect the CHy4 signals orig-
inating in the upper troposphere—lower stratosphere partic-
ularly well. MUSICA TASI data using processor versions
3.2.1 and 3.3.0/1 are currently available for the 2014 to 2021
period and are presented in Schneider et al. (2022). This
MUSICA IASI data set is best suited for a posteriori data
reusage (e.g. Diekmann et al., 2021) because in addition
to the retrieved trace gas profiles, it contains full informa-
tion on retrieval settings (a priori states and constraints) and
on averaging kernel and error covariance matrices. In order
to ensure the highest MUSICA IASI data quality, here we
require the flag variable musica_fit_quality_flag
to be set to 3 (the spectral fit of the MUSICA TASI re-
trieval has a good quality, and the spectral residuals are
close to the instrumental noise level). Furthermore, we
only use MUSICA IASI data for which the flag variable
eumetsat_cloud_summary_flag is set to 1, which
guarantees that the IASI instrumental field of view is cloud-
free.

A particularity of the MUSICA IASI processor is that the
trace gas inversions are performed on a logarithmic scale.
In Appendix B of Schneider et al. (2022), it is shown that
the MUSICA TASI retrieval can be considered a moderately
non-linear problem, in particular if the differentials (aver-
aging kernels and covariances) are used on the logarithmic
scale. In the following equations, we take special care with
the correct usage of the corresponding logarithmic-scale dif-
ferentials. Nevertheless, all equations are also applicable for
retrievals done on a linear scale by replacing in the following
the operator L (which is introduced in Appendix C) by the
identity operator.

Atmos. Meas. Tech., 15, 4339-4371, 2022
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2.3 Collocation of TROPOMI and IASI observations

As a temporal collocation criterion we use 6 h, for a valid
horizontal collocation the centres of the TROPOMI and IASI
ground pixels must be closer than 50km, and the differ-
ence between the ground pressure at the TROPOMI and
IASI ground pixels must be within 50 hPa. Generally multi-
ple TROPOMI-IASI ground pixel pairs fulfil the aforemen-
tioned criteria. In such cases, we use the pair with the small-
est distance metric. This metric is defined as the Euclidean
distance that considers a norm of 12 h for the temporal dis-
tance, a norm of S0km for the horizontal distance, and a
norm of 5hPa for the vertical distance. The possible small
difference in the TROPOMI and IASI ground pixel pressures
is taken into account by correcting the TROPOMI XCHy4 val-
ues according to Appendix B of Sha et al. (2021).

3 Presentation and characterization of the combination
method

3.1 Calculation of the combined state vector

For this study we use the CHy a priori profile as provided
by the TROPOMI product as the common a priori profile for
all products (these are simulations of the global chemistry-
transport model TMS5; Krol et al., 2005). For this purpose we
modify the MUSICA IASI product and bring it in line with
the TROPOMI a priori profile choice by applying Eq. (B13).

For updating the TASI CH4 profile product using the
TROPOMI XCHy4 observation, we apply a Kalman filter and
obtain the combined CHy4 state as

Al A 1A Ta ~1 T T
Xc=X;+L 'm[x;—a} X1-L ' mw*" —a} )xq. (1)

Here the vector X; and scalar 7 are the MUSICA IASI
CHy profile and the TROPOMI XCH4 column-averaged
products. The row vector a’;T is the total-column-averaged
mixing ratio kernel of the TROPOMI product interpolated to
the vertical grid used by the MUSICA TASI processor, and
the row vector w*” is the operator for converting mixing ra-
tio vertical profiles into total-column-averaged mixing ratios
(for details on the interpolation, see Appendix D). The state
vector fclc represents the logarithmic-scale combined CHy
profile product (i.e. the MUSICA IASI CH4 data updated
with the TROPOMI XCHy observation). The superscript “!”
used with J?lc and £} indicates the use of the logarithmic
scale. Here and in the following, we will mark scalars, vec-
tors, or matrix operators that are in logarithmic scale by the
superscript “1”. The matrix L is the operator for the transfor-
mation of differentials or small changes (as given by averag-
ing kernels or error covariances) from the logarithmic to the
linear scale (for more details, see Appendix C).

The column vector m is the Kalman gain operator, and it
is given by

m =LS§ILTa’;(a"}TLS}qLTa"}+S§T7n)7l, 2
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Figure 1. Visualization of a Kalman gain operator for optimally
combining TROPOMI XCH, data with MUSICA IASI CHy4 profile
data. This is the column vector m according to Eq. (2). The example
shown is for a late summer atmosphere (27 September 2018) over
central Europe.

with the matrix S;I and the scalar S7 =~ being the
logarithmic-scale a posteriori covariance of the MUSICA
IASI CH4 product and the noise error variance of the
TROPOMI XCHy4 product, respectively. The vector opera-
tor a7 is the transpose of the TROPOMI column averaging
kernel; i.e. aj = (a’;T)T.

Except for the logarithmic-scale transformation, Eqgs. (1)
and (2) are analogous to Egs. (B9) and (B10). As demon-
strated in Appendix B, this kind of Kalman filter applica-
tion has a strong similarity to an optimal estimation retrieval
that uses a combined IASI and TROPOMI measurement vec-
tor (synergetic use of level 1 data). The application of this
Kalman filter is possible because the MUSICA TASI data are
provided with full information on a priori states, constraints,
error covariances, and averaging kernels (Schneider et al.,
2022), and because the TROPOMI data are provided together
with their a priori state, averaging kernel, and retrieval noise
error (Lorente et al., 2021a).

The Kalman gain according to Eq. (2) describes how dif-
ferences between the MUSICA IASI and TROPOMI XCHy
product are used to update the MUSICA TASI CHy profile.
An example for a Kalman gain operator is depicted in Fig. 1.
It shows that a positive difference of 41 ppb of [X}: —a’;ch 1]
will lead to a combined CHy profile product that has been
modified with respect to the MUSICA TASI CHy4 product
by almost 43 ppb in the lowermost troposphere, by about
—0.5ppb at 10 km, and by about +1.5 ppb above 20 km.

3.2 Vertical resolution and representativeness
In this section, we compare the vertical resolution and repre-

sentativeness of the individual retrieval products with those
achieved when combining the two retrieval products. Ac-

https://doi.org/10.5194/amt-15-4339-2022

cording to Eq. (1), the averaging kernels for the combined
data product can be calculated as

AL =Al+ L 'm@}" —at"LAIL DL 3)

Here, A} and AlC are the logarithmic-scale averaging ker-
nels of the MUSICA TASI CH4 product and of the combined
product (the MUSICA IASI CHy product after being updated
with the information provided by the TROPOMI XCH4 prod-
uct), respectively. These are the kernels for the profile prod-
ucts represented in the number of atmospheric levels (nal);
i.e. they are matrices of dimension nal x nal. Logarithmic-
scale averaging kernels are also called fractional or relative
averaging kernels (e.g. Keppens et al., 2015).

Figure 2 depicts the rows of typical averaging kernels
for the MUSICA TASI product (Fig. 2a) and the combined
data product (Fig. 2b). Adding the information provided by
TROPOMI clearly improves the sensitivity in the lower tro-
posphere: for the MUSICA TASI product, the lower tropo-
spheric kernels generally peak at the upper limit of the lower
troposphere (at about 5 km a.s.1.). For the combined product,
these peak values are obtained at significantly lower altitudes
(at about 2 km a.s.l.). In the UTLS, we see no significant dif-
ference between the kernels.

In this work we focus on the total-column and the par-
tial columns between the surface and 6 kma.s.l. (the tropo-
spheric partial column) and between 6 and 20kma.s.l. (the
UTLS partial column). The total- and partial-column kernels
are calculated from AlI and AlC by their transformation on
a linear scale (see Appendix C) and the vertical resampling
as explained in Appendix D. Figure 3 depicts the total- and
partial-column kernels corresponding to the row kernels of
Fig. 2.

Total-column amount kernels are available for all three
products (see Fig. 3a): the TROPOMI, the MUSICA TASI,
and the combined product. The TROPOMI kernel is close
to unity for all altitudes, documenting the good sensitiv-
ity for CHy at all altitudes. The combined total-column
amount kernel is even closer to unity than the respective
TROPOMI kernel, which means that the combined retrieval
product does also reflect the actual atmospheric total-column
amounts well. The MUSICA IASI kernel has relatively low
values in the lower troposphere and above 15km; only in
the UTLS region are the kernel values between 0.75 and
1.25. This means that MUSICA IASI can actually not detect
total-column amounts well because it lacks sensitivity in the
lower troposphere. The altitude regions where the MUSICA
IASI product has reduced sensitivities are the regions where
TROPOMTI’s total-column information has the strongest im-
pact on the combined product (see Fig. 1).

Partial-column amount kernels are only available for pro-
file products, i.e. the MUSICA IASI and the combined
product (MUSICA IASI updated with information from
TROPOMI). Figure 3b shows tropospheric partial-column
amount kernels. For the MUSICA TASI product, we observe
values that are generally lower than 0.5. The highest values

Atmos. Meas. Tech., 15, 4339-4371, 2022
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Figure 3. Total-column and partial-column amount kernels corresponding to the TROPOMI, MUSICA IASI, and the combined product for
the same late summer observation as used in Figs. 1 and 2: (a) total-column amount kernels; (b) lower tropospheric partial-column amount
kernels, surface — 6 kma.s.l.; and (¢) upper troposphere—lower stratosphere (UTLS) partial-column amount kernels, 6-20 km a.s.1.

are achieved around 6 kma.s.l., i.e. at the upper

the vertical layer we defined as the tropospheric partial col-
umn. The kernel of the combined product shows a good sen-
sitivity, with peak values of almost 0.95 at 2.5kma.s.l. and
values above 0.75 for almost all altitudes between the surface

and 6kma.s.l.
UTLS partial-column amount kernels are

Fig. 3c. The values are closest to unity for the altitudes that
we attributed to the UTLS layer (altitudes between 6 and

20km a.s.l.). There is almost no difference betw

SICA TASI and the combined kernels, meaning that the infor-
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boundary of

mation provided by TROPOMI has almost no effect on the
UTLS partial column, which is because the MUSICA TASI
product is already very sensitive to this altitude region.

The example kernels document that the combined product
allows for detection of tropospheric CH4 largely independent

from CHy in the UTLS, which is not possible by the TASI

depicted in

een the MU-

product alone. Figure 4 shows a time series of the degree
of freedom for signal (DOFS; it is calculated as the trace of
the averaging kernels and is a measure for the profiling ca-
pability; Rodgers, 2000). It documents that the combination
of TROPOMI with IASI improves the profiling capability of

https://doi.org/10.5194/amt-15-4339-2022
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Figure 4. Time series of the degree of freedom for signal (DOFS;
example for central Europe). Black squares: TROPOMI (please
note that only the total-column data are made available); red dots:
MUSICA IASI; blue crosses: combined product.

IASI rather consistently throughout all seasons. Here we also
show the DOFS values of the TROPOMI retrieval, but please
note that only the total-column data are made available; i.e.
there is no profile information in the provided TROPOMI
CHy data product.

An optimal estimation retrieval updates the a priori knowl-
edge with information provided by a measurement. The a
posteriori uncertainty is the uncertainty achieved by opti-
mally combing the a priori knowledge (captured by the in-
verse of the a priori covariance matrix, i.e. Safl) with the
measurement. As shown in Appendix A, the a posteriori un-
certainty covariance is the sum of the noise covariance and
the representativeness error covariance (called “smoothing
error” covariance in Rodgers, 2000).

According to Eq. (A7) the representativeness error matrix
is calculated from the averaging kernel (A) and the a priori
covariance (S;) as

S, =@A'-DS;A'-D7, )

with I being the identity operator. By using the kernels AlI
and AIC, we can calculate the representativeness error for
the MUSICA ITASI and the combined product, respectively.
The resampling of S;r on total and partial columns is done
according to Eq. (D7). For the TROPOMI total-column-
averaged mixing ratios we can calculate the representative-
ness error by (w*T — a‘}T)Sa(w*T — a"}T)T. For more de-
tails, see Appendix D.

Figure 5 depicts the representativeness error relative to the
retrieved values for the total column and the tropospheric and
UTLS partial columns. Shown are time series for measure-
ments over central Europe, which confirm the observations
made in the context of the example kernels of Fig. 3: for
the total column (Fig. 5a) the representativeness error on the
TROPOMI and the combined products is rather small and
can be neglected; i.e. both products can detect total-column
signals. In contrast the MUSICA TASI representativeness er-
ror is much larger, and the respective data do not represent the

https://doi.org/10.5194/amt-15-4339-2022

total column well; i.e. they provide no independent observa-
tions of the total column. Concerning partial-column prod-
ucts (Fig. 5b and c¢), we can compare the MUSICA TASI and
the combined product (the TROPOMI product has no infor-
mation on the vertical distribution). The tropospheric MU-
SICA TASI partial column has a significant representative-
ness error (and a seasonal cycle with highest values of about
3% in winter). In the combined product, this error is gen-
erally smaller than 1 % throughout all seasons. In the UTLS
both the MUSICA IASI and combined products are strongly
representative of the actual atmospheric methane concentra-
tion signals (representativeness error is generally between
0.5 % and 1 %). In summary, TROPOMI only provides total-
column data. With IASI alone, we can detect signals in the
UTLS well but not in the lower troposphere. The detection of
signals in both altitude regions independently from the a pri-
ori information is only possible using the combined product.

3.3 Retrieval noise error

After documenting the representativeness error in the previ-
ous subsection, here we investigate the retrieval noise error.
We compare the retrieval noise errors of the individual re-
trieval products with those achieved when combining the two
retrieval products. According to Eq. (1), we can calculate the
retrieval noise covariance matrix for the combined data prod-
uct by

Ston=0T—-L"'ma} L), (I-L 'ma} )"

XC,n

+ L7 m) S, (L )T (5)

Here S% , 1s the retrieval noise covariance matrix of the MU-
SICA IASI retrieval. The error covariances resampled to the
total and partial columns are then determined according to
Appendix D. Figure 6 shows the retrieval noise errors (which
are the square root values of the error variances) relative to
the retrieved values for the total column and the tropospheric
and UTLS partial columns.

The errors for the total columns (Fig. 6a) are generally be-
low 0.2 % for the TROPOMI product. For the MUSICA IASI
product, they are rather stable at about 0.6 %. Concerning the
combined product, the retrieval noise error is very similar to
the retrieval noise error of the TROPOMI data.

For the tropospheric partial columns (Fig. 6b), the error
is in general above 1 % for the MUSICA IASI product and
below 1 % for the combined product. For the UTLS partial
columns (Fig. 6¢), we observe an error of generally below
1 % and no significant difference between the MUSICA TASI
and the combined data products. This suggests that the error
in the combined product is dominated by the error in the MU-
SICA TASI data, which reveals the very limited impact of the
TROPOMI data on the combined UTLS data product.

Atmos. Meas. Tech., 15, 4339-4371, 2022
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Figure 6. Time series of estimated relative noise error for the retrieved products (example for central Europe). Colours are as in Fig. 5. (a)
Total column, (b) tropospheric partial column, and (¢) UTLS partial column.

3.4 Dislocation error

As mentioned in Sect. 2.3, we allow for small dislocations
between the TROPOMI and IASI observations of up to 6h
and 50km. As derived in Appendix E, the dislocation error
covariance matrix is calculated by

St =AL .Sy AL " ©)

%c,dl C,dIPAgCdl

where AIC! dl is the dislocation kernel, and SlAdl is the covari-
ance matrix for the CHy dislocation uncertainty, whose main
characteristics are visualized in Figs. E1 and E2. The low
entry of the dislocation kernel at low altitudes (for a typi-
cal example, see Fig. E4) reduces the impact of the spatial
and temporal dislocation on the total and tropospheric partial
columns of the combined product.

Over central Europe, we estimate an error in the combined
product due to the dislocations between IAST and TROPOMI
as shown in Fig. 7. For the total column, the error is below
0.1 %, and for the tropospheric and UTLS partial columns,
it is generally below 0.8 %. If compared to the noise error
(see Fig. 6), the dislocation error is of secondary importance.

Atmos. Meas. Tech., 15, 4339-4371, 2022

Details on the estimation of these dislocation errors and ex-
amples for other locations are given in Appendix E.

4 Validation

In this section we empirically evaluate the quality of the
TROPOMI, MUSICA IASI, and combined products by their
inter-comparison to different reference data products. As ref-
erence for the total-column-averaged mixing ratio (XCHy),
we use TCCON (Total Carbon Column Observing Network;
Waunch et al., 2011a) ground-based remote-sensing data from
14 sites located in different climate zones. As reference for
the total and the partial columns, we use in situ profiles mea-
sured by the AirCore system (Karion et al., 2010) at two geo-
physically different European locations. Furthermore, we use
in situ data measured at two nearby central European Global
Atmospheric Watch (GAW) mountain stations.

Figure 8 depicts the geographical location of the reference
observations. Figure 8a shows that the considered TCCON
stations are distributed around the globe (more detailed in-
formation on these sites is given in Table 1). Figure 8b gives
details on the different European reference sites and the areas

https://doi.org/10.5194/amt-15-4339-2022
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partial column.

accepted for a valid collocation. For collocation with TC-
CON, the satellite ground pixels should fall within a circle
around the stations with a radius of 100 km (red crosses and
circles). For the comparison to the GAW data, the colloca-
tion circle has a radius of 150 km (grey circle) and is cen-
tred in the middle of the two GAW stations (Jungfraujoch in
Switzerland and Schauinsland in south-western Germany, in-
dicated by the grey dots). For the comparison with AirCore,
we relax the radius of the collocation circle to 500 km in or-
der to achieve a sufficient high number of coincidences be-
tween AirCore and satellite observations. The two AirCore
sites (Trainou in France and Sodankyl4 in Finland) and the
collocation circles are indicated by the blue stars and circles.

Appendix F reveals that the following validation results
are in reasonable agreement with sensitivities and errors of
the different satellite data products as shown in Sects. 3.2—
34.

4.1 TCCON XCHy4

We use TCCON ground-based remote-sensing data from 14
sites located in different climate zones representative of high,
middle, and low latitudes. Details on the locations of these
sites, the respective data amounts, and references are given in
Table 1. We use the TROPOMI a priori setting for the com-
parison between the ground-based TCCON and the satellite-
based remote-sensing products. For this purpose the TCCON
product is adjusted to the TROPOMI a priori settings accord-
ing to Eq. (B13), which ensures the usage of the same a priori
data for all the remote-sensing products. As spatial colloca-
tion criteria, we require the TROPOMI and IASI ground pix-
els to be located within 100 km of the TCCON station (where
we consider the viewing direction of the TCCON spectrom-
eter by using as location, the TCCON’s line of sight {lati-
tude, longitude} at 5 km altitude). Differences in the satellite
and TCCON ground pressures are taken into account by cor-
recting the TCCON XCHy values according to Appendix B

https://doi.org/10.5194/amt-15-4339-2022

of Sha et al. (2021). For collocation with respect to time, as
TCCON reference we use the median XCHy4 value calculated
from all TCCON data measured within 2 h of the TROPOMI
observation. Furthermore, we require stable conditions for
atmospheric CHy. This is achieved by performing the com-
parisons only if there are at least three individual TCCON
observations that fulfil the collocation criterion, if the times-
tamps of these observations have a 1o standard deviation of
1 h, and if the 1o standard deviation of the respective XCHy
data is smaller than 0.5 %.

In Fig. 9 the TROPOMI, MUSICA IASI, and combined
XCHy products are compared to the TCCON XCHy4 data.
The crosses represent the daily mean data, and the filled sym-
bols in the background show all data corresponding to all
individual valid collocations (between all single pixel satel-
lite observations and individual TCCON observations). Fig-
ure 9a—c show time series of the differences with respect to
the TCCON references. The daily mean data have error bars,
which is the 1o standard deviation of the data used for cal-
culating the daily mean.

Statistics in form of the median of the difference and the
scatter around the median difference are given in each panel
(for statistics using daily mean data in black fonts and for
statistics using all individual valid collocations in grey fonts).
Here we use the median in order to be less affected by out-
liers. For the same reason, as metric for the scatter we use
the half inter-percentile range between the 15.9 and 84.1 per-
centiles (h[PR68.2, which is analogous to the 1o standard
deviation in case of a pure Gaussian distribution). Concern-
ing TROPOMI (Fig. 9a), we observe a good agreement. For
daily mean data as well as for the statistics based on all in-
dividual differences, the median difference is within 0.1 %,
and the scatter lies below 0.7 %.

A similar good agreement and low values for median dif-
ference and scatter are also achieved for the combined prod-
uct (Fig. 9¢). For the MUSICA IASI product (Fig. 9b), we
have reduced sensitivity in the lower troposphere (see Figs. 3

Atmos. Meas. Tech., 15, 4339-4371, 2022
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Figure 8. Maps showing the location of the reference measurements used for the validation. (a) Global map with the 14 TCCON stations
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Table 1. Locations of TCCON sites, amount of the satellite data compared to TCCON, and references. “Number” gives the total number of
single satellite footprint collocations and “Days” the number of days with collocations.

Station (ID) Location Period (mm/yyyy) Number Days References
Eureka (EUR) 80.1°N, 86.4° W; 610 ma.s.l. 06/2020-06/2020 271 5 Strong et al. (2019)
Sodankyld (SOD) 67.4°N, 26.6°E; 190 ma.s.l. 05/2018-09/2020 17453 107  Kivietal. (2014),

Kivi and Heikkinen (2016)
East Trout Lake (ETL) 54.4°N, 105.0° W; 500ma.s.l.  02/2018-08/2020 8549 122 Wunch et al. (2018)
Karlsruhe (KAR) 49.1°N, 84°E; 120 ma.s.l. 02/2018-11/2020 21208 167 Hase et al. (2015)
Orleans (ORL) 48.0°N, 2.1°E; 130ma.s.l. 02/2018-09/2020 16 094 128  Warneke et al. (2019)
Park Falls (PAR) 46.0°N,90.3° W; 440 ma.s.l. 11/2017-12/2020 7808 87  Wennberg et al. (2017)
Rikubetsu (RIK) 43.5°N, 143.8°E; 380 m a.s.l. 11/2017-09/2019 730 25  Morino et al. (2018)
Lamont (LAM) 36.6°N, 97.5°W; 320ma.s.l. 12/2017-12/2020 21548 171  Wennberg et al. (2016)
Edwards (EDW) 35.0°N, 118.9°W; 700 ma.s.l.  06/2018-12/2020 36821 438  Iraci et al. (2016)
Saga (SAG) 33.2°N, 130.3°E; 10ma.s.l. 11/2017-12/2020 916 67 Kawakami et al. (2014)
Burgos (BUR) 18.5°N, 120.7° E; 40 ma.s.l. 11/2018-03/2020 37 11 Velazco et al. (2017)
Darwin (DAR) 12.5° S, 130.9°E; 40 ma.s.l. 06/2018-04/2020 2841 59  Griffith et al. (2014a)
Wollongong (WOL) 34.4°8S, 150.9°E; 30 ma.s.l. 03/2018-06/2020 1657 86  Griffith et al. (2014b)
Lauder (LAU) 45.0°S, 169.7°E; 610ma.s.l. 11/2017-12/2020 1437 115  Sherlock et al. (2014),

Pollard et al. (2019)

and 5). Because of uncertainties in the a priori assumptions,
the agreement with the TCCON XCHy data is weaker (uncer-
tainties in the a priori assumption are less well detected; see
Fig. F2). We observe no significant systematic negative or
positive difference for the satellite versus TCCON compar-
isons; i.e. the satellite data sets seem to be in good absolute
agreement with TCCON. In general the observed scatter val-
ues are within the range that can be expected from the data
uncertainties and the data comparability (for more details,
see Appendix F).

Figure 9d—f depict the correlation plots. In order to re-
duce the effect of outliers, we apply a robust linear regres-
sion model (the iteratively reweighted least-squares algo-
rithm with Tukey’s bisquare weight function and the respec-
tive tuning parameter set to the commonly used value of

Atmos. Meas. Tech., 15, 4339-4371, 2022

4.685). For daily mean data the obtained coefficients of de-
termination (R?2) are larger than 80 % for the TROPOMI and
the combined product. The slope of the obtained linear re-
gression line is very close to unity. When considering all in-
dividual coincidences, the R? values are about 70 %. The er-
ror bars on the daily mean data are the 1o standard deviations
of the data used for calculating the daily mean. For the MU-
SICA TASI product, we observe a similar good correlation
as for the TROPOMI and the combined products. However,
concerning the MUSICA IASI data, part of the common sig-
nal might be due to the a priori data on which the MUSICA
TASI total-column product is not independent (the MUSICA
IASI data have a reduced sensitivity, i.e. an increased repre-
sentativeness error; see Fig. 5a).
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Figure 9. Comparison of the different XCHy satellite products with TCCON XCH, data from 14 globally representative stations (the different
colours correspond to the stations as shown in Fig. 8a). Data for all individual coincidences are plotted in the background as squares, and
daily mean data are depicted as crosses with error bars representing the 1o standard deviation (daily means are only calculated if there are at
least three observations per day): (a—c) time series of the differences. (d—f) Correlations between TCCON and satellite data (the black line is
the one-to-one diagonal). (g—i) Correlations between the a priori free TCCON data (A, TCCON = XCH4(TCCON) — XCHy (a priori)) and
the a priori free satellite data (A, Satellite = XCHy (Satellite) — XCHy (a priori)). The inserted text reports median and scatter (hIPR68.2;
a—c) and the coefficients of determination, the slope, and the intercept of the robust linear regression model (R2, m, and b; d-i). Black and
grey fonts represent the values for the daily mean data and for data from all individual collocations, respectively.

Figure 9g—i reveal the information gained by the satel-
lite data with respect to the a priori data. The correlation is
depicted between the collocated a priori free TCCON data
(A,TCCON = XCH4(TCCON) — XCHjy(a priori)) and the
a priori free satellite data (A,Satellite = XCHy (Satellite) —
XCHgy(a priori)). The same data as in Fig. 9d—f are shown
but with the a priori knowledge removed. We find that the
TROPOMI and the combined data product add a significant
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amount of information to the a priori knowledge (R? values
for the respective linear correlations of above 32 %). This in-
formation gain is much smaller in the case of the MUSICA
IASI data, which confirms that the good correlation as ob-
served in Fig. 9e is to a large extent due to the good quality
of the a priori data.

Atmos. Meas. Tech., 15, 4339-4371, 2022
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4.2 AirCore in situ CHy4 profiles

We use the AirCore balloon-borne in situ measurements
(Karion et al., 2010) as the reference for CH4 total columns
as well as for the CHy vertical distribution. The AirCore sys-
tem samples the vertical distribution of CH4 with a much
better vertical resolution than the satellite remote-sensing
systems. For this reason, we can generate an AirCore pro-
file (xac) that has the same vertical sensitivity and resolu-
tion characteristics as the remote-sensing data. According to
Egs. (A2) and (A4), for the MUSICA TASI and the combined
retrieval data we can write

#ac=x! + Al ac —x). @)

Here A! and x!l are the logarithmic-scale averaging ker-
nels and the logarithmic-scale a priori state of the satellite
retrieval, respectively, and x'ac is the measured logarithmic-
scale AirCore profile regridded to the atmospheric model
grid used for the satellite retrievals. The resampling of these
data on total and partial columns is done with the linear-
scale data according to Eq. (D5). For the TROPOMI total-
column-averaged mixing ratios, we calculate the adjusted
AirCore total-column-averaged mixing ratio (a scalar) by
e = w*  x, ~|—a’;T(xAc — Xx4). For more details, see Ap-
pendix D.

As spatial collocation criteria, we require that the ground
pixels of the TROPOMI and IASI measurement fall within
a circle with a radius of 500 km around the mean horizontal
location of the AirCore system when sampling between the
450 and 550hPa pressure levels. The temporal collocation
requirements for both satellite observations is 6 h. AirCore
data are typically not available close to the ground and above
the burst altitude of the balloon (approximately 25 hPa). At
low altitudes we extend the profile with the concentrations
closest to the ground. At high altitudes we extend the profile
with the TM5 model data, with a smooth transition between
the measured values and the modelled data.

Table 2 gives an overview of the satellite data amount com-
pared to the AirCore profiles measured at Trainou (France;
48.0°N, 2.1°E) and Sodankyld (Finland; 67.4° N, 26.6° E).
In total we have 36 individual AirCore profiles measured on
31 different days for which collocated satellite observations
exist. The total number of collocated single pixel satellite ob-
servations is 34 784. We estimate that the AirCore data can
serve as reliable references for the validation of the total col-
umn as well as for the validation of the tropospheric and
UTLS partial columns (see Appendix F).

The comparison between the satellite and the AirCore
XCHy4 data is shown in Fig. 10. The differences of collocated
measurements are shown in Figs. 10a—c. The agreement be-
tween the different satellite products and AirCore is good: the
scatter around the median difference is low and similar to the
comparison with TCCON. Furthermore, we observe no sig-
nificant bias in any of the satellite data, which demonstrates
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the good consistency between the RemoTeC TROPOMI and
MUSICA IASI XCHy4 data.

Figure 10d—f depict the correlation between the satellite
and the adjusted AirCore data. Here we apply the same it-
eratively reweighted least-squares as in Sect. 4.1. The ob-
tained R? values are high (for all products above 60 % for
daily mean data) although a bit lower than the R? value
achieved for the correlation with TCCON data; however, we
have to consider that the amplitude in the analysed total-
column signals is much smaller in the AirCore data set (data
from two northern hemispheric sites only) if compared to the
TCCON data set (data from 14 globally distributed sites).
As for the comparison to TCCON, we examine the correla-
tion between the a priori free reference data (A,AirCore =
XCHy4(AirCore) —XCHy(a priori)) and the a priori free satel-
lite data (A, Satellite = XCHy (Satellite) — XCHy(a priori)).
These correlations are visualized in Fig. 10g—i. We find rea-
sonable correlation for the daily mean TROPOMI and com-
bined data products but no significant correlation for the
daily mean IASI product. This indicates that the correlation
as observed between the IASI and the adjusted AirCore data
in Fig. 10e is mainly due to the a priori data; i.e. IASI adds
almost no information with respect to XCHy to what is al-
ready known by the a priori model. These findings are in line
with the vertical resolution and representativeness analyses
of Sect. 3.2.

Figure 11 presents the comparison between the AirCore
and satellite tropospheric partial-column CH4 data. The dif-
ferences between the satellite and the AirCore data are de-
picted in Fig. 11a and b. If compared to the total-column data,
the agreement worsens a bit (increased median difference
and scatter). Nevertheless, the agreement is still good and
close to what can be expected from the uncertainty and the
comparability of the different data (see Appendix F). Con-
cerning the daily mean data, the combined product has a me-
dian difference and hIPR68.2 scatter of below about 0.9 %.
These values increase to about 1.25 % for the IASI product.
These results might indicate a weak systematic bias in the
MUSICA IASI lower tropospheric partial columns.

Figure 11c and d show the correlation plots. In particular
for the combined product we observe a reasonable correla-
tion (R? of about 26 % for daily mean data obtained using the
robust linear regression model). For the IASI product the cor-
relation strength is reduced (R? of about 18 % for daily mean
data). Furthermore, we have to consider that the TASI product
has a rather limited tropospheric sensitivity (see Sect. 3.2),
which means that a large part of the observed correlation is
due to the a priori data: according to Eq. (7), for low entries
in A! the variability in the satellite data as well as in the ad-
justed AirCore data is determined by the variability in the a
priori (xl,). This is confirmed by Fig. 11e and f, which show
the correlations after removing the a priori data. We still ob-
serve a good correlation for the combined product (R? of
about 44 % and regression line slope of 0.93 for daily mean
data) but only a weak correlation for the IASI daily mean data
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Table 2. Locations of AirCore sites and amount of satellite data compared to AirCore. “Number” gives the total number of single satellite
footprint collocations, “Days” the number of days with collocations, and “AC number” the number of collocated AirCore profiles.

Station Location Period (mm/yyyy) Number Days AC number
Sodankyld 67.4°N,26.6°E  04/2018-08/2020 16326 14 14
Trainou 48.0°N, 2.1°E 01/2018-11/2020 18458 17 22
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Figure 10. Comparison of the different satellite XCH, products with adjusted AirCore XCH4 measured at Trainou (black) and Sodankyld
(blue). Data for all individual coincidences are shown in the background as pale crosses, and daily averages are depicted as crosses with
error bars (daily means are only calculated if there are at least three observations per day, which is the case on 29d of the total 31d with
AirCore observations). (a—c) Time series of the differences (error bars represent the daily 1o standard deviation of the difference). (d-f)
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Figure 11. Same as Fig. 10 but for the comparisons of tropospheric partial-column-averaged CHy AirCore and satellite products (IASI and

combined).

(R? of about 11 %). This clearly documents the importance
of combining IASIT and TROPOMI in order to be sensitive to
and reliably detect tropospheric CHy variations.

Concerning the UTLS partial column, we find a very good
agreement between the adjusted AirCore data and the IASI
and combined satellite data products (see Fig. 12a, b): the
median difference calculated from the daily mean data is
about —0.3 %, and the scatter values are within about 0.5 %.
We find no indication of a bias in the satellite data product.
The scatter observed between the AirCore and satellite data
is even better than what we estimate from the data uncer-
tainty and the data comparability analysis (see Appendix F).
Figure 12c and d show that in the UTLS the AirCore and

Atmos. Meas. Tech., 15, 4339-4371, 2022

satellite data are strongly correlated (for daily mean data and
when using the robust linear regression model, we get R>
values of up to about 82 % and regression line slopes of very
close to unity). In this altitude region the MUSICA IASI
and the combined products have a very good sensitivity (see
Sect. 3.2). This means that the entries in A! of Eq. (7) are
large, and any deviation between the a priori and the actual
CHy concentrations in the UTLS are captured well by the
adjusted AirCore and satellite data products. Nevertheless,
the correlation strength observed for the a priori free data
(Fig. 12e, 1) is relatively weak (R? values of 20 %-23 % for
daily mean data). This indicates that the a priori model does
generally capture well the actual variation of the CHy4 con-
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Figure 12. Same as Fig. 11 but for comparisons of UTLS partial-column-averaged CH,4 data.

centration in the UTLS above France and northern Scandi-
navia.

4.3 GAW surface in situ CH4 measurements

At many globally distributed sites, atmospheric trace gas
in situ measurements are made continuously within the
Global Atmospheric Watch (GAW; https://community.wmo.
int/activity-areas/gaw, last access: 5 July 2022) programme.
Appendix A of Sepilveda et al. (2014) presents a method
for filtering common signals in night-time CH4 data of the
two nearby mountain GAW stations Jungfraujoch (46.5° N,
8.0°E; 3580ma.s.l.) and Schauinsland (47.9°N, 7.9°E;
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1205 ma.s.l.). Data were retained as common signals when
deviations of observations (after correction for vertical gra-
dient, i.e. application of an offset, and a temporal shift in the
annual cycles) at both sites were below a certain threshold.
Sepulveda et al. (2014) showed that the common signals are
strongly representative of a broader layer in the lower free
troposphere. Here we follow this approach and use the mean
of the Jungfraujoch and Schauinsland CH4 mixing ratio —
whenever identified as a common signal — as a validation
reference for the remote-sensing data in south-western Ger-
many and northern Switzerland (indicated by the grey cir-
cle in Fig. 8b). We assume that the signals obtained from
this GAW data filtering are strongly representative of the tro-
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pospheric partial-column-averaged mixing ratios (surface—
6kma.s.l.) and compare these data directly to different satel-
lite products as a fully independent data set: we do not adjust
the data to a common a priori data usage as in Sect. 4.1 be-
cause the in situ data represent absolute measurements and
do not depend on any a priori information. Furthermore, we
do not adjust sensitivities as in Sect. 4.2 (see Eq. 7), which
means that here we also validate the sensitivities of the prod-
ucts.

In order to be able to compare TROPOMI data to the
GAW data, we calculate a proxy (fr(TROPOMI)) from
the TROPOMI XCHy4 data that represents the tropospheric
column-averaged mixing ratios:

troXCH4(TROPOMI) ~ f7(TROPOMI) =

Xair - —
X [XCH4(TROPOMI) — XCHy((a priori) | + troXCHy (a priori).  (8)
In Eq. (8) Xair and troX,;; are the dry-air total and tropo-
spheric partial columns, respectively, and troXCHy (a priori)
is the tropospheric column-averaged CHy a priori data. In
the case that the CHy a priori data in the UTLS is of very
good quality, this proxy is strongly representative of the tro-
pospheric CHy variations.

Figure 13 shows the comparison with the different satel-
lite products. For the tropospheric proxy product calculated
from the XCHy4 product of TROPOMI, we observe no sys-
tematic difference and a scatter of the daily mean differences
of within 1.3 % (Fig. 13a). However, the correlation is rather
weak (from the robust linear regression model we get R val-
ues of about 10 % and regression line slope m of below 0.5;
see Fig. 13d), which might suggest that this proxy is affected
by signals in the UTLS, where CH4 values are dominated by
shifts of the tropopause height.

For the MUSICA IASI tropospheric partial-column-
averaged mixing ratio product (Fig. 13b, e) we observe a
smaller median difference than for the comparison with the
TROPOMI tropospheric proxy CH4 data but at the same time
an increased scatter. The R values are larger than for the cor-
relation of TROPOMI proxy data; however, we have to be
careful because in the lower troposphere, the MUSICA TASI
CH,4 data have a limited sensitivity (see Fig. 5b). This means
that the respective data are significantly affected by the a pri-
ori assumptions, and the observed correlation might actually
be due to a correlation with the tropospheric a priori data.
This is confirmed by Fig. 13h, which shows the correlation
after removing the a priori data. Then the correlation strength
is weaker if compared to the data that include the a priori in-
formation (R? decreases from about 25 % to 20 % and from
about 20 % to 10 % for correlations with daily mean and all
individual data, respectively).

The combined product has a good sensitivity in the tro-
posphere (see Fig. 5b); i.e. the respective partial-column-
averaged mixing ratio product is practically independent
from the a priori assumptions. We find a good agreement and
correlation between the GAW data and the combined prod-
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ucts as illustrated in Fig. 13c and f: for instance, for daily
mean data, the difference and scatter is +0.28 % £1.05 %,
the R? value is about 37 %, and the regression line slope is
very close to 1.0. This demonstrates that the combined prod-
uct can reliably capture actual tropospheric CHy variations
independently from the UTLS CHy4 variations and from the a
priori assumption. The latter is confirmed by Fig. 13i, which
shows the correlation after removing the tropospheric a priori
information. We observe that the good correlation remains,
even after removing the a priori information (for daily mean
data the R? value is about 39 % and the regression line slope
close to 1.0). A similar good correlation is not achieved by
the TROPOMI tropospheric proxy and the TASI product.

5 Global data
5.1 Discussion on global data consistency

The TCCON and AirCore comparisons of Sects. 4.1 and 4.2
suggest that the combined total-column and UTLS partial-
column products have no significant bias with respect to ref-
erence data. However, there might be a weak bias in the tro-
posphere (see discussions in the context of Fig. 11). In gen-
eral we have to consider that the study on biases in the profile
data is limited to the two sites where AirCore references are
available: Sodankyld in northern Scandinavia and Trainou in
France. In this section, we argue that it is reasonable to as-
sume similar insignificant or low biases also for other loca-
tions.

According to Eq. (A2) a varying error in the a priori state
together with a poor sensitivity (i.e. an averaging kernel be-
ing very different from an identity matrix) can cause a vary-
ing bias. If the error in the a priori state is latitudinally depen-
dent, the bias will also be latitudinally dependent. Similarly,
a systematic error source (like an error in a spectroscopic pa-
rameter) can have a variable impact on the remote-sensing
product, if the sensitivity is variable. If the sensitivity has
a dependency on latitude, a systematic error source can thus
also cause a latitudinally dependent bias. In this context, vari-
abilities (e.g. latitudinal dependencies) of biases are likely
for a low or variable sensitivity. In contrast, inconsistencies
in the bias are unlikely in the case of a high and constant
sensitivity (as observed in Fig. 5 for the total column and tro-
pospheric and UTLS partial columns of the combined data
product).

Figure 14 depicts the overall mean total- and partial-
column values obtained at the 14 TCCON and two Air-
Core observation sites. For total-column data (Fig. 14a), we
achieve a good latitudinal coverage by the TCCON observa-
tion sites and can investigate possible latitudinal inconsisten-
cies in the satellite data products. We find that the TROPOMI
product and the combined satellite data product capture a lat-
itudinal dependency that is similar to the dependency as seen
in the TCCON data.
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Figure 13. Comparison of GAW measurements made at Jungfraujoch and Schauinsland with the TROPOMI tropospheric CH4 proxy prod-
uct according to Eq. (8) and the IASI and the combined tropospheric CHy products. Data for all individual coincidences are shown in the
background as squares, and daily averages are depicted as crosses with error bars representing the daily 1o standard deviations (daily means
are only calculated if there are at least three observations per day). (a—c) Time series of differences. (d—f) Correlation between GAW and
satellite data (the black line is the one-to-one diagonal). (g-i) Correlations between the difference of GAW and a priori data (A,GAW =
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individual collocations, respectively.

Figures 3a and 5a reveal that for the TROPOMI and the
combined XCHy4 products, the sensitivities are very high and
stable, in contrast to the MUSICA TASI data product, which
has a relatively weak and seasonally (and supposed latitudi-
nally) varying sensitivity. This explains that in Fig. 14a the
latitudinal dependency of the MUSICA TASI XCHy data is
different from the TCCON data. Table 3 resumes the statis-
tics done with the overall mean XCH,4 values obtained for
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the 14 TCCON observation sites. For the TROPOMI and the
combined data product, the 1o standard deviation calculated
from the mean difference of the 14 stations is about 0.4 %.
A standard linear least-squares fit results in R? values of al-
most 100 % and regression line slope values of close to unity,
which confirms the very good latitudinal data consistency of
the TROPOMI and combined data products. The MUSICA
IASI XCHy4 product shows poorer performance with regard
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Figure 14. Latitudinal dependency of the overall mean values obtained at the 14 TCCON and two AirCore observation sites. Grey colour
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to the values of standard deviation and RZ, which is in line
with its weak and varying sensitivity.

A similar study of the latitudinal consistency of the partial-
column data products is compromised by the lack of profile
references for low latitudes and southern hemispheric sites
(Fig. 14b). Nevertheless, because the combined product has
a rather high and constant sensitivity for the tropospheric as
well as the UTLS partial column (see Figs. 3 and 5), we ex-
pect —as for XCH4 — a good latitudinal consistency, i.e. a bias
at low and/or southern latitudes that is similarly insignificant
or as low as the biases observed at two AirCore stations in
the middle and high northern latitudes.

5.2 Example of global maps

The proposed synergetic use method needs no extra retrievals
and is thus computationally very efficient. This makes it ideal
for combining the large TROPOMI and IASI data sets on
global scale. Figure 15 shows monthly mean global maps
(1° x 1° resolution) of TROPOMI XCH4 data and the tropo-
spheric and UTLS partial-column CHy4 data of the combined
product. The maps are generated from about 1.62 million and
3.77 million individual data points in January and July 2020,
respectively. These are the data that remain after requiring
collocation of the quality filtered IASI and TROPOMI data
according to Sect. 2. TROPOMI alone only reports the XCHy
data (Fig. 15a, b). We observe low XCHy values at high lati-
tudes. The lowest values are encountered in the summertime
Southern Hemisphere. The highest XCH4 values are present
between northern low and middle latitudes. Here Fig. 15a
and b show the TROPOMI data (the XCH4 data of the com-
bined product are very similar). The combined product of-
fers the most reliable tropospheric partial columns. Respec-
tive maps are shown in Fig. 15¢ and d. We observe partial-
column-averaged CH4 mixing ratios that are almost mono-
tonically increasing from south to north. In northern hemi-
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spheric winter (January 2020), this gradient is significantly
stronger than in northern hemispheric summer (July 2020).
The latitudinal patterns of tropospheric CHy are significantly
different from the respective patterns of XCH,4, which might
indicate to an extra potential of this tropospheric CHy4 data
when investigating the CHy sources and sinks. Figure 15e
and f show the respective maps of the UTLS partial columns
(here we depict the combined data product; the respective
MUSICA IASI data are very similar). We observe the high-
est partial-column-averaged mixing ratios at low latitudes (in
January 2020 around the Equator and in July 2020 in the
northern subtropics). The mixing ratios are lowest in high lat-
itudes. This latitudinal pattern is in line with the tropopause
height, which increases from high to low latitudes.

6 Summary and outlook

We present a method for a synergetic combination of the
IASI vertical profile and TROPOMI total-column level 2 re-
trieval products. It is computationally very efficient because
it is based on simple linear algebra calculations that work
with the output already available from individual TASI and
TROPOMI retrievals. Nevertheless, theoretically it approx-
imates closely to a computationally expensive multispectral
retrieval that uses the TROPOMI and TASI level 1 data (see
Appendix B). We apply the method to CHy level 2 products.
By providing a compilation with all important equations, we
support its application to other data products.

We theoretically examine the sensitivity, vertical resolu-
tion, and errors of the individual TROPOMI and TASI prod-
ucts and of the combined product. The TROPOMI product
consists of reliable total-column CH4 data but does not of-
fer information on the vertical distribution. The IASI prod-
uct offers some information on the vertical distribution and
has the best sensitivity in the UTLS region but lacks sensitiv-
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Table 3. Statistics based on the comparisons between satellite and TCCON data of the overall mean XCHy values obtained for the 14 TCCON

sites of Table 1.

Product Difference (mean &= SD) R? Slope (m) Intercept (b)
TROPOMI —0.04% +0.41 % 94.2 % 1.09 —174 ppb
MUSICA TASI +0.71% +0.67 % 79.2 % 0.88 +237 ppb
Combined +0.02% +0.41 % 94.2 % 1.09 —173 ppb
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Figure 15. Global maps with 1° x 1° (longitude x latitude) resolution of monthly mean data for January and July 2020. (a, b) XCHy as
observed by TROPOMLI. (¢, d) Tropospheric partial columns of CHy as obtained by the combined product. (e, f) UTLS partial columns of

CHy4 as obtained by the combined product.

ity in the lower troposphere and in consequence to the total
column. We show that the combined product combines both
strengths: it is a reliable reference for the total column and
also for the UTLS partial column. In addition, we found as
a clear synergetic effect that the combined product is theo-
retically able to distinguish variations of CH4 that take place
in the troposphere from variations at higher altitudes (it is a
reliable reference for the tropospheric partial columns). We
empirically demonstrate the functionality of the synergetic
use method by comparing the different satellite CH4 prod-
ucts to reference data of TCCON, AirCore and GAW.

https://doi.org/10.5194/amt-15-4339-2022

The TCCON data offer good references for XCHy4. In this
study we use data from 14 stations covering different climate
regions in the Northern and Southern Hemisphere. For the
TROPOMI and the combined data products, which are highly
sensitive for XCHg4, we get an agreement with the TCCON
data within about 0.7 % (the agreement is slightly poorer with
the IASI satellite product due to its reduced sensitivity).

AirCore offers XCH4 references as well as references for
the vertical distribution of CHy. For this study 36 individual
AirCore profiles measured at two sites in the northern hemi-
spheric high and middle latitudes are available. Concerning
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XCHy, the comparisons to AirCore data confirm the results
obtained by the comparison to TCCON data and in addition
demonstrate a very good consistency between the TROPOMI
and the IASI product. Concerning CH4 in the UTLS — where
the MUSICA TASI and the combined data product are highly
sensitive — we find that both products agree well with the re-
spective AirCore references (agreement within 0.7 %).

The validation study with the TCCON and AirCore refer-
ences shows that the total column and the UTLS partial col-
umn of the combined product has almost the same good qual-
ity as the respective products of TROPOMI and MUSICA
IASI. This allows two conclusions: firstly, the assumption of
the moderate non-linearity — required for a reliable function-
ality of the level 2 product combination according to Eq. (1)
—is valid, and secondly, the combined product’s tropospheric
data are also of good quality (good total column and UTLS
data quality is an indirect proof of a good tropospheric data
quality).

The good quality of the combined product in the tropo-
sphere is in addition directly proven by the comparison to
tropospheric reference data. We find an agreement of the
daily mean tropospheric AirCore and combined product data
within 1 %. This validation result is confirmed by the statis-
tically very robust comparison with CH4 data observed con-
tinuously at two nearby GAW stations (the collocated GAW
reference data cover all seasons for more than 3 years and
represent more than 186 different days). The GAW and the
combined product’s data capture very similar tropospheric
CHy short-term variabilities and seasonal cycles. Similar
good agreements are not achieved by comparisons to the in-
dividual MUSICA IASI or TROPOMI data products; i.e. we
empirically and directly prove the synergetic effect of the
level 2 product combination.

The proposed method takes benefit from the outputs gen-
erated by the dedicated individual TROPOMI and IASI re-
trievals; it needs no extra retrievals and is thus computation-
ally very efficient. This is ideal for an operational combina-
tion of IASI and TROPOMI products in an efficient and sus-
tained manner. This has a particular attraction because IASI
and TROPOMI successor instruments will be jointly aboard
the upcoming Metop-SG (Meteorological operational — Sec-
ond Generation) satellites (guaranteeing observations from
the 2020s to the 2040s). IASI and TROPOMI successor in-
struments will have globally distributed and perfectly collo-
cated observations (over land) in the order of several hundred
thousands per day, for which a combined product can be gen-
erated in a computationally very efficient way.

Appendix A: Basics on retrieval theory

In this appendix, we give a brief overview of the theory of
optimal estimation remote-sensing methods and follow the
notation as recommended by the TUNER activity (von Clar-
mann et al., 2020), which is closely in line with the nota-
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tion used by Rodgers (2000). The overview focuses on the
equations that are important for our work, i.e. the a posteri-
ori combination of two independently retrieved optimal es-
timation remote-sensing products. For a more detailed and
general insight into the theory of optimal estimation remote-
sensing methods, we refer to Rodgers (2000).

Atmospheric remote-sensing instruments measure radi-
ance spectra (written as state vector y), which can be sim-
ulated by models (F) well whenever the actual atmospheric
state (the vector x) is known. Using the a priori atmospheric
state vector x, we can linearize and write

F(x)—F(x,)=Ay=K(x —x,). (AD)

Here, K is the Jacobian matrix, i.e. derivatives that capture
how the measurement vector (the measured radiances) will
change for changes of the atmospheric state (the atmospheric
state vector x). A remote-sensing retrieval inverts Eq. (A1)
and provides an estimation of the difference between the
atmospheric state and the a priori atmospheric state. For a
moderately non-linear problem (according to Chapter 5 of
Rodgers, 2000), the retrieved optimal estimation product (X)
can be written as

X —x4=GAy=G[K(x —x4)]. (A2)

G is the gain matrix and realizes the inversion from the
measurement domain (radiances) to the domain of the atmo-
spheric states. It consists of derivatives that capture how the
retrieved atmospheric state vector will change for changes in
the measurement vector:

G=K'Sy, 'K+8, HKTSy 7!
= SaK7 (KS.K” +Sy.) 7", (A3)

with Sy, and R= Sa~! being the retrieval’s noise covari-
ance and the constraint matrices (in a strict optimal estima-
tion sense, the constraint matrix is the inverse of the a priori
covariance matrix S,), respectively. The equivalence of both
lines in Eq. (A3) is demonstrated in Chapter 4.1 of Rodgers
(2000), where the first line is called the n form and the second
line the m form.
The averaging kernel,

A =GK, (A4)

is an important component of a remote-sensing retrieval be-
cause according to Eq. (A2), it reveals how changes of the
actual atmospheric state vector x affect the retrieved atmo-
spheric state vector X.

A valuable diagnostic quantity is the a posteriori covari-
ance matrix, which can be calculated as follows:

S¢ = (K'Sy, 'K+S,~ . (A5)

The linearized formulation of the retrieval solution accord-
ing to Eq. (A2) is very useful for the analytic characterization
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of the product. The retrieval state’s noise error covariance
matrix for noise can be analytically calculated as

S¢n = GSy G
=S:K”Sy,'KSq (A6)

where Sy , is the covariance matrix for noise on the measured
radiances y. The second line of Eq. (A6) is obtained by sub-
stituting G by S,;KTSy’n*1 according to Egs. (A3) and (AS).
The representativeness error reveals the deficit of the retrieval
product in representing the actual variations of the state vec-
tor x. In Chapter 3 of Rodgers (2000), it is called the smooth-
ing error and can be calculated as (with I being the identity
matrix)

Sir=A-DS;(A-D"
=S¢Sa 'S¢ (A7)

The second line of Eq. (A7) is obtained using
Sg =T —A)S,, (A8)

which in turn follows from Eqgs. (A3)—(A6).

Using Egs. (AS5)—(A7) reveals that the a posteriori covari-
ance is the sum of the noise error covariance and the repre-
sentativeness error covariance:

Sg =830+ Sk (A9)

Appendix B: Theory on the optimal combination of
retrieval data products

In this section, we discuss an optimal estimation retrieval that
uses a combined measurement vector (two measurements
from different instruments). First we show that the retrieval
output of two profile retrievals performed on the same verti-
cal grid can be used in a way that yields the same results as
performing a retrieval with the combined measurement vec-
tor. Then we present an approach for combining the outputs
of a retrieval that provides profiles and another retrieval that
provides column data. We show that the combination of pro-
file and column data can be realized in a computationally
efficient manner via a Kalman filter. Finally, we discuss the
validity of the methods and the requirements on the individ-
ual retrieval products.

B1 Inversion of a combined measurement vector

According to Egs. (A2), (A3), and (AS) the retrieval product
obtained from measurement y can be written as

%—x0=K'Sy, TK+S, H KT Sy ' K(x —x4). (B1)

In the case of two individual measurements (measurement 1
and 2), from using a combined measurement vector {y, y,}
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we obtain
F—xa=K Sy 0 K1 + K3 Sy, n 'Ky + 8, H !
x (K17 Sy;.n'Ki + Ko7 Sy, n ' Ka) (x — x4)
=S ' +S, =S H!
x (K1 Sy;.n K1 +Ka" Sy, n 'K2)(x —x4),  (B2)

where Sy, » and Sy, , are the respective measurement noise
covariances, K; and K; the respective Jacobians, and Sg, and
S;, the respective a posteriori covariances. The second line
follows from Eq. (AS). According to Eqs. A3—AS5 we can
substitute KTSy,nflK(x —Xxg4) by S,fl(fc —Xx4) and write
Eq. (B2) as

X—x4= (S)}171 +S§(271 _Sail)il
X [Sg, (1 —xa) + Sz, ' (F2—x4)]. (B3)

Using Eq. (B3) we can realize an optimal combination of
the two retrieval products that only needs the a priori co-
variance, the a posteriori covariances, and the two retrieval
products. The Jacobians are not needed. This combination is
mathematically equivalent to using the Jacobians of a com-
bined measurement vector {yy, y,}; i.e. within a linear sub-
space (validity of moderate non-linearity according to Chap-
ter 5 of Rodgers, 2000), it is equivalent to a synergetic use of
level 1 data in the form of a multispectral retrieval.

B2 Combining profile and column data products

Equation (B3) requires two retrieval results on the same ver-
tical grid and can be used to combine two profile products.
Here we will develop a method for combining a profile and a
column data product. For a column retrieval we can write in
analogy to Eq. (A1)

Ax* =a*T (x — xa), (B4)

where a*7 is the column-averaged mixing ratio according to
Appendix D2. Equation (B4) poses an inverse problem of the
same kind as Eq. (A1), and in order to optimally estimate a
profile from an available column product, we can apply the
same solution approach as in Eqs. (A2) and (A3). A similar
application of this approach is also presented in Sect. 4.2 of
Rodgers and Connor (2003). For the application here we sub-
stitute in Eq. (A3) K by a*” and Sy n by the scalar S;n (the
noise error variance of the column data product) and get the
profile

*—xq=(aS} n_la*T —}—Sa*l)*la*Sj?< n_la*T(x —Xa)
= (@*st, T w T SKTSy K +8, )
X “*S;nq w*TS;(KTSy,n_lK(x —Xaq).
(B5)
For the second line of Eq. (B5) we use a*’T = w*TA —ac-
cording to Eq. (D6) —and A = S;(KTSy,n_lK — according to
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Egs. (A3—AS5). We write this second line to discuss similari-
ties with Eq. (B1). The comparison of Eq. (BS) with Eq. (B1)
reveals that for a retrieval providing only a column product,
the Jacobian information provided by K is vertically aggre-
gated according to the operator a*S7 ~“lw*TS;. The term
S; is the vertically resolved a postenon covariance, which
exists for a retrieval that internally inverts profiles but only
distributes the column products; however, it is only an inter-
nal measure of the retrieval and not actually available.

Instead of the term of Eq. (B4), we now invert the term
Ax* =aj T(x—%1);ie we replace x, by the profile product
xjpofa ﬁrst retrieval (retrieval 1) on the right side of Eq. (B4)
and use a§T and S* , for the column averaging kernel and
the noise error varlance of a second retrieval (retrieval 2), re-
spectively. Here and in the following, retrieval 1 is the profile
retrieval and retrieval 2 the retrieval that provides only col-
umn products. The solution can easily be achieved by substi-
tuting in Eq. (B5) S, by S, , which is the a posteriori covari-
ance of retrieval 1:

IS —1 *T —1\—
r—x (aZ Xo,n +SX1 )

xas: ! *T(x x1). (B6)

xzn

We modify Eq. (B6) using X1 = A1(x —Xx4) +X4:

E—xo=A1(x —xo) + S, ' +a35;,, Tla3)!
X3Sz, a3 (I— A1) (x — X4)
:(qu_l *szn 1 *T)—l
x [Sg, A1 +a3S;) n_l e —xa)
Z(Sf(fl—I—a;‘sz ey
x [Sg, ' (R1—xq) +a} szn_l( —w* x)].  (B7)

In the third line of Eq. (B7) we use the column product
X = aﬁT(x —x4) + w*T x,. Similarly to Eq. (B3), we can
generate a combined product without the need of the Jaco-
bian matrices. The combination is possible using the profile
and the column product (¥ and X3, respectively), together
with the a posteriori covariance of the profile product and the
noise error and averaging kernel of the column product.

If we substitute in the second line of Eq. (B7) Sg,~
by KITSyl,n_lKl +8S.7! |, according to Eq. (A5), a;T
by w*T A, according to Eq. (D6), and then A, by
S,;ZKzTSyZ,n_le, according to Egs. (A3)-(AS5), we get

X —Xq=

(KlTSy1 n71K1 +a;S’f - w*TS;(ZKzTSyZ,nfle -I—Safl)*l

[Ki" Sy 0~ 'Ky +a3st, ,~ Lw*T'S, Ka T Sy, n 1Kol (x — x4).
(B8)

This equation has strong similarities to the first line of
Eq. (B2), i.e. the retrieval product obtained when using the
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combined measurement vector {y;, y,}. The only differ-
ence is that in Eq. (BS8), the information provided by Jaco-
bian K, is vertically aggregated according to the operator
a*S: -1 w* TSA

2%%,n X2*

B3 Linear Kalman filter

Here we show that the approach developed in Appendix B2
is equivalent to a Kalman filter. An important application of a
Kalman filter (Kalman, 1960; Rodgers, 2000) is data assimi-
lation in the context of atmospheric modelling. There, the fil-
ter operates sequentially in different time steps. Kalman filter
data assimilation methods determine the analysis state (x%)
by optimally combining the background (or forecast) state
(%?) with the information as provided by a new observation

(x%):
£ = 2P + M[£° — HZ?]. (B9)

“Optimal” means here that the uncertainties of both, the
background state and the observation, are correctly taken into
account by the Kalman gain matrix (M):
M = SupH? (HSgpH” + Sg0 )7, (B10)
with S¢p and Sgo , being the uncertainty covariances of back-
ground state and the new measurement, respectively. The ma-
trix H is the measurement forward operator, which maps the
background domain into the measurement domain.
By rearranging the n form of Eq. (B6) as the m form —

analogy to Eq. (A3) — and using X1 = A1(x — x4) + x4 and
5= a*T (x — x4) + w*T x, again, we get

A

X =X1+8;,a5(a3 Tleaz—i-S* )la (x —%1)

= %1+ ;a3 (a} TSX1a2 +55 07"

X[xz—az 1—(w x —a xa)]

=X1+m(x; —a; %) —m(w* xa—aiTxa), (B11)
with

_ T * -1
m= leaz(a2 leaz + S)?M) . (B12)

Disregarding the term that accounts for the a priori infor-
mation (m(w*” a;Txa)), Egs. (B11) and (B12) are the
same as the Kalman filter equations, Eqgs. (B9) and (B10):
retrieval 1 provides the background state and retrieval 2 the
new observation. Compared to Egs. (B7) and (B8) the form
of Eq. (B11) has the advantage that no matrices have to be
inverted, only the scalar (azTS,}la2 + S* W)

We have shown that Eq. (B11) is mathematlcally the same
as Eqgs. (B7) and (B8). The latter is in turn very similar to the
synergetic use of level 1 data in the form of a multispectral
retrieval as discussed in the context of Eq. (B3).
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B4 Discussion and requirements

In Appendix B2 and B3, we assume the usage of the same a
priori state for the two individual retrievals. Since generally
two individually performed retrievals use two different a pri-
ori settings, we have to perform an a priori adjustment. Using
the a priori state of retrieval 2 as the reference (x2,4, = X4),
we can adjust the output of retrieval 1 by (see Eq. (10) of
Rodgers and Connor, 2003)

' =%14 A1 —D(x1,a — X2,4), (B13)

where x1,, is the a priori state used by retrieval 1.

For a combination according to Eq. (B3), we need re-
trieval 1 and 2 outputs obtained using the same constraint
(the inverse of the a priori covariance S,). This has to be
accounted for before applying Eq. (B3), by adjusting the
constraint according to the formalism as presented in Chap-
ter 10.4 of Rodgers (2000) or Sect. 4.2 of Rodgers and Con-
nor (2003). By applying Eq. (B7) or the Kalman filter ac-
cording to Eq. (B11) the common constraint is automatically
set to the constraint of the retrieval 1 product, and no extra
modification is necessary.

The synergetic combination of remote-sensing profile and
column products according to Eq. (B7) or Eq. (B11) is pos-
sible whenever (1) the two remote-sensing observations are
made at the same time and detect the same location, (2) the
problems is moderately non-linear (according to Chapter 5
of Rodgers, 2000), and (3) the individual retrieval output as
listed by Eqgs. (B7) or (B11) is made available: for the pro-
file retrieval, we need the a posteriori covariances (Sg, which
might also be reconstructed from A and R = S, ! according
to Eq. (A8)), the averaging kernels (A), and the retrieved and
a priori state vectors (x and x4, respectively). For the column
retrieval, we need the noise variances (the scalar S;”), the

column averaging kernels (the row vector a*T), the column
product (£3), and the a priori column data (w*Txa), respec-
tively.

Appendix C: Operator for transformation between
linear and logarithmic scales

Linear-scale differentials and logarithmic-scale differentials
are related by dx = xdInx. For transforming differentials or
covariances of a state vector with the dimension of the num-
ber of atmospheric levels (nal) from logarithmic to linear
scale, we define the nal x nal diagonal matrix L:

£ 0 - 0
0 % - 0

L=| . . . . . (CD)
0 0 - X

Here X; is the value of the ith element of the retrieved state
vector (i.e. in the case of an atmospheric CHy state vector the
CH4 mixing ratios retrieved at the ith model level).
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Approximatively, a logarithmic-scale averaging kernel
matrix A! can then be expressed in the linear scale as

A~LA'LL (C2)

This is an approximation here because on the right side,
the operator L should contain the actual instead of the re-
trieved mixing ratios. It is a valid approximation as long as
the a priori data are reasonable, and there is no large bias in
the retrieval data.

Similarly, a logarithmic-scale covariance matrix S! can be
approximately expressed in the linear scale as

S~LS'L”. (C3)

Here the approximation is because Ax &~ xAlnux.

Appendix D: Operators for column data

This appendix explains the calculation of operators for partial
(and total) column data. Although some sections are similar
to Appendix C of Schneider et al. (2022), we think it is a very
useful reference here because it facilitates the reproducibility
of our results.

For converting mixing ratio profiles into amount profiles,
we set up a pressure weighting operator Z, as a diagonal ma-
trix with the following entries:

Api
MH,0 ~AHy0, °
Mair xi )

Zii= (D1)
gimair(1 +

Using the pressure p; at atmospheric grid level i we set
Apr= @ — P1, APnal = Pnal — Ms and Ap; =
Pl Pl PPl for 1 <i < nal. Furthermore, g; is the
gravitational acceleration at level i, m,i; and my,o the molec-
ular mass of dry air and water vapour, respectively, and )?IH 20
the retrieved or modelled water vapour mixing ratio at level
i.

We define an operator W for resampling fine gridded at-
mospheric amount profiles into coarse gridded atmospheric
partial-column amount profiles. It has the dimension ¢ x nal,
where ¢ is the number of the resampled coarse atmospheric
grid levels and nal the number of atmospheric levels of the
original fine atmospheric grid. Each line of the operator has
the value “1” for the levels that are resampled and “0” for all
other levels:

| T | 0 v v v . 0
wi=({o - 0 1 -~ 1 0 - 0}]. (D2
0 v cer eee e 0 | T |

In analogy we can define a row vector w’ (with the dimen-
sion 1x nal) with all elements having the value “1”, which
allows for the resampling of the total-column amounts.
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D1 Column amounts

The kernel that describes how a change in the amount at a
certain altitude affects the retrieved partial (or total) column
amount can be calculated as

A =WTzAzZ . (D3)

For the total column, we replace W” by w’ and get the
row vector @'’ (dimension 1x nal). This is the total-column
kernel provided by the TROPOMI data, and it is typically
written as a’ . Figure 3 shows examples of such total and
partial-column amount kernels. The total-column amount
kernel can be interpolated to different altitude grids. For the
applications in Sects. 3 and 4 we interpolate the TROPOMI
total-column amount kernel to the vertical grid used by the
MUSICA IASI retrieval. For all vertical interpolations, we
use the logarithmic pressure values as the reference for the
vertical dimension.

D2 Column-averaged mixing ratios

We can also combine the operators Z and W7 for the calcu-
lation of a pressure weighted resampling operator by

w*l = Wlzw)~'w’Z. (D4)

This operator resamples linear-scale mixing ratio profiles
into linear-scale partial-column-averaged mixing ratio pro-
files. The respective total-column operator w*” can be cal-
culated in analogy to Eq. (D4) by replacing W by w’ .

With operator W+ we can calculate a coarse gridded
partial-column-averaged state x* from the fine gridded lin-
ear mixing ratio state X by

=Wz, (D5)

The kernels matrix of the partial-column-averaged mixing
ratio state can then be calculated from the fine gridded linear-
scale kernel matrix (A) by

A*=WTA. (D6)

This kernel describes how a change in the mixing ra-
tio at a certain altitude affects the retrieved partial-column-
averaged mixing ratio. Covariances of the partial-column-
averaged mixing ratio state can be calculated from the corre-
sponding covariance matrices of the fine gridded linear scale

(S) by
S* = W SW*. (D7)

The respective calculations for total-column-averaged
mixing ratios can be done by replacing wrT by w*” . For
the total-column-averaged mixing ratios, the covariance is a
simple variance (the scalar $*), and the kernel has the dimen-
sion 1x nal; i.e. it is a row vector a*’.
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The total-column amount kernel (a7 ) provided with the
TROPOMI data set can be converted into a total-column-
averaged mixing ratio kernel a‘}T by the following calcu-
lation (using Eqgs. D3, D4, and D6):

ay’ =w Ar =" Zw) ar"Z. (D8)

The total-column-averaged mixing ratio kernel a”;T used
in Sects. 3 and 4 is valid for the vertical grid used by
the MUSICA IASI retrieval. It is calculated from the
TROPOMI total-column amount kernel (az’) provided in
the TROPOMI output files according to Eq. (DS8), after its
interpolation onto the MUSICA IASI grid (see also Ap-
pendix D1).

Appendix E: Dislocation of TROPOMI and IASI

IASI is on an orbit with descending node Equator crossing
at 9:30 mean local solar time. TROPOMI is on an orbit with
ascending node Equator crossing at 13:30 mean local solar
time. In this work we require a temporal collocation within
at least 6 h. This requirement causes the following typical
time difference (IASI-TROPOMI) for observing the same
location: at northern high latitudes —0.6 to +3.7 h, at north-
ern middle latitudes —3.3 to —2.2 h, at the Equator —4.5 to
—3.5h, at southern middle latitudes —5.4 to —4.3 h, and at
southern high latitudes —5.9 to —4.5h. This means that at
all latitudes, we find data that fulfil the temporal colloca-
tion requirements and that in the Southern Hemisphere the
temporal collocation is typically larger than in the North-
ern Hemisphere. Furthermore, there are horizontal disloca-
tions. In this work we use a horizontal collocation threshold
of 50km. In this appendix we estimate the impact of these
spatial and temporal dislocations on the combined product.

E1 Uncertainty source

For investigating the spatial and temporal variability of
the atmospheric CHy fields, we use the CAMS (Coper-
nicus Atmospheric Monitoring Service; https://atmosphere.
copernicus.eu/, last access: 5 July 2022) CH4 forecast prod-
uct at the highest available resolution (= 9 km; Barré et al.,
2021). By analysing the profiles forecasted for the same loca-
tion but different timestamps, we can determine the temporal
covariance of the vertical CHy fields. Similarly, by analysing
the profiles forecasted for the same timestamp but differ-
ent locations, we get the spatial covariance of the vertical
CHy fields. The analyses are done with CAMS data between
November 2017 and December 2020 for central Europe in an
area around Karlsruhe. The results are depicted in Figs. El
to E3.

Figure E1 shows the root-mean-square (rms) of the differ-
ence between the forecasted reference methane profile and
forecasted profiles that are dislocated with respect to the ref-
erence by different spatial distances and time differences.
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with respect to the reference: (a) horizontal dislocation of 50 km and (b) temporal dislocation of 6 h.

These are the square root values of the diagonal entries of the
respective dislocation covariance matrices (S o> Weuse here

the superscript “” for logarithmic scale because we work
with relative covariances: Alnx =~ Ax/x). The dashed black
lines indicate our collocation threshold values used for the
combination of TROPOMI and IASI (TROPOMI and IASI
are only combined as long as the horizontal distance of their
ground pixels is within 50km, and the time difference is
within 6 h). Naturally, the respective rms values increase with
increasing horizontal distance and time difference. The val-
ues are largest in a small layer close to the surface and in
the stratosphere but relatively small in the free troposphere.
For a horizontal dislocation of 50 km, the rms value is about
2 % very close to the surface and between 0.3 % and 0.5 %
for the rest of the troposphere, and then it increases again
to about 2 % above 25 km altitude. For a time difference of
6 h, the rms value is about 2.5 % in a very small layer above
the ground and 0.6 %—0.8 % in the free troposphere below

https://doi.org/10.5194/amt-15-4339-2022

10km, and it reaches about 1.5% at 15km and 3.5 % at
30km altitude.

Figure E2 reveals to what extent the dislocation uncertain-
ties as shown in Fig. El are vertically correlated. Depicted
are the vertical correlations for the example of a spatial dis-
location of 50km (Fig. E2a) and a temporal dislocation of
6h (Fig. E2b). We observe that for both spatial and tempo-
ral dislocations, the vertical behaviour of the vertical corre-
lation length (distance where correlation coefficient decays
to 0.5) is similar. The vertical correlation lengths are rather
short close to the surface (only 100200 m). They are larger
for higher altitudes: in the middle and upper troposphere and
in the stratosphere they increase to about 1000 and 6000 m,
respectively.

The dislocation error for total and partial columns can be
calculated by resampling the spatial and temporal disloca-
tion covariance matrices according to Eq. (D7) (for more de-
tails, see Appendix D). The results of these resampling cal-
culations are shown for the spatial dislocation in Fig. E3a
and for the temporal dislocation in Fig. E3b. Naturally the

Atmos. Meas. Tech., 15, 4339-4371, 2022



4364 M. Schneider et al.: Synergetic use of IASI and TROPOMI level 2 products

@ ],
1.04 !
4 |
— 1
X !
= [} ..ll.l'..
2 ! "==.y s
g 0549 _ e __“_“..-.-.-----.-u-
-
Jartan
Il
144"
17
0.0 L—L

L B R LI LR B LI B
100 200 300 400
Horizontal Distance [km]

(b) : o
1.0 ! e
| _/'
— | / .
X .o —
sl
r - —
€ 05 / v e e
= —
g
7t |—=— Total column
U |—=— Trop. partial column
! |—=— UTLS partial column
0.0 1tV
0O 3 6 9 12 15 18 21 24

Time Difference [h]

Figure E3. Same as Fig. E1 but for column-averaged data: total column, tropospheric partial column, and UTLS partial column.

25

Dislocation

20

Altitude [km]

Row Kernel [%/%]

Figure E4. Example of dislocation kernel AlC a1 — calculated ac-
cording to Eq. (E3) — for the same late summer observation as used
in the context of Figs. 1 to 3.

dislocation uncertainties increase with increasing horizontal
distance and time difference. For our horizontal collocation
threshold values of 50 km, the uncertainty (rms value is used
as the metric) is about 0.2 % for the total-column data. For
our time difference collocation threshold of 6 h, it is about
0.3 % for the total-column data. For the tropospheric and up-
per tropospheric—lower stratospheric partial columns, the re-
spective relative uncertainties values are slightly larger.

E2 Impact on the combined CH4 product

For calculating the error in the combined profile due to
the horizontal and spatial dislocation between IASI and
TROPOMI, we substitute x; in Eq. (1) by X; + AjAq,
where Agqj is the dislocation uncertainty of CH4, as shown
in Figs. E1 and E2. This results in a new term in Eq. (1) that
gives the dislocation error in the combined profile:

Aail = A—L 7 'mat " L)ALAL,. (E1)
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The respective error covariance matrix is

1 1 1 1 T
Sic.a =Ac.aSazAca (E2)

where SlAcll is the covariance matrix for the CH4 disloca-
tion uncertainty, whose main characteristics are visualized in
Figs. E1 and E2. Here,

Al g = A—-L 'ma} LA} (E3)

is the dislocation averaging kernel. Figure E4 shows an ex-
ample of this dislocation averaging kernel. For the altitudes
where the dislocation uncertainty of CHy is largest (close to
the ground and above 20km; see Fig. El), the dislocation
kernel has rather low values (i.e. there the combination pro-
cedure has only limited sensitivity to the dislocation uncer-
tainty).

We calculate the dislocation error covariance matrices ac-
cording to Eq. (E2) for different locations and then deter-
mine the corresponding total- and partial-column dislocation
errors by summing up the temporal and spatial dislocation
covariances and performing an subsequent resampling of the
covariance matrices according to Eq. (D7) (for more details,
see Appendix D). Figure ES depicts this dislocation error in
comparison to the noise error (respective resampling of the
covariance matrices obtained by Eq. (5); see also Fig. 6). We
focus here on three different latitudinal locations: Sodankyla
(northern high latitudes), Darwin (low latitudes), and Lauder
(southern middle latitudes). We find that for the northern
high-latitude site (where horizontal and temporal disloca-
tion are of similar importance) but also for the tropical and
southern hemispheric middle-latitude sites (where the tem-
poral dislocation is dominating), the dislocation uncertainty
is generally much smaller than the noise error.

Appendix F: Data comparability

The satellite data products are representative of broad vertical
layers of the atmosphere (see averaging kernels as shown in
Figs. 2 and 3). Also the TCCON and AirCore reference data
are sensitive to atmospheric CHy at different vertical regions.

https://doi.org/10.5194/amt-15-4339-2022
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If we furthermore assume that the TCCON and the AirCore
data offer a stable absolute calibration reference, their inter-
comparisons with the satellite data as shown in Sect. 4 can in
principle be used for empirically validating the characteris-
tics (sensitivity and error) of the satellite data products. The
level of agreement that can be expected between the refer-
ence data and the satellite products depends on the reliability
of the references and the characteristics of the satellite data
products. In Appendix F1 and F2 we estimate the reliability
of the TCCON and AirCore data, respectively, to serve as ref-
erence for the satellite data products. Then in Appendix F3
we show that the results of the inter-comparison as shown
in the context of Figs. 9 to 12 are in a reasonable agreement
with the reliability of the references and the characteristics of
the different satellite data products. This confirms the valid-
ity of the sensitivity of the satellite data products as shown in
Sect. 3.2 and the validity of the errors of the satellite data as
documented in Sect. 3.3.

F1 TCCON versus satellite

For estimating the reliability of the TCCON data as refer-
ence for the satellite data products we consider the TCCON
retrieval noise errors, the incomparableness of TCCON and
satellite data caused by their different averaging kernels, and
the collocation mismatch between the TCCON and the satel-
lite observations. The total-column uncertainty variance (the
scalar S} ;) for using the TCCON data as reference for the

Ie:
satellite data can be estimated by

T T T T\T
Sret = Satc +(@*" —atc )Saa(@*’ —ayc’)

+ ahe” (San+Saakc. (F1)

The first term (the scalar SZTC) is the TCCON retrieval er-
ror variance (the TCCON error is provided with the TCCON
data is typically 1%o). The second term accounts for the dif-
ferent averaging kernels. The row vectors a*T and a%CT are
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the total-column-averaged mixing ratio kernels of the satel-
lite and the TCCON retrievals, respectively (calculated ac-
cording to Appendix D). The matrix Sa, describes the un-
certainty covariances of the a priori data used and the matri-
ces San and Sa. the covariances for horizontal and temporal
collocation mismatches.

For estimating Sa, we use the difference between the CHy
state as modelled by TMS5 (xTms) and provided by the high-
resolution CAMS forecast (xcams; e.g. Barré et al., 2021).
Figure F1 shows the results of these calculations for the sur-
roundings of Karlsruhe documented by the rms values of the
differences in the vertical profiles (Fig. Fla) and the vertical
correlation matrix of the differences (Fig. F1b). We estimate
an uncertainty of the TMS5 a priori model of about 6 % close
to the surface, about 2% up to the middle troposphere, a
gradual increase to about 7.5 % between the UTLS and about
23 km altitude, and a maximum value of about 27 % in the
stratosphere at about 30 km. The vertical correlation lengths
(altitude range where the correlation coefficient decreases to
about 0.5) are a few hundred metres close to the surface,
about 5000 m in the middle troposphere, about 2500 m in the
UTLS, and about 7500 m in the stratosphere above 30 km
altitude. We find that this relatively large disagreement be-
tween the TMS a priori data and the high-resolution forecast
of CAMS is significantly influenced by inconsistencies be-
tween TM5 and CAMS in the years 2019 and 2020: after
2018 the TM5 model shows an increase of about 1% per
year, but the CAMS high-resolution forecast shows no sig-
nificant increase.

Figure F2 shows the value of the term (a*T —
a%CT)(xTMs —xcams) for the different satellite data prod-
ucts; i.e. it reveals the uncertainty in the comparison with TC-
CON data due to differences in the averaging kernels and the
a priori model uncertainty, which in Eq. (F1) is represented
by the square root value of the term (a*” —a;CT)S Aa(a*T —

a’fCT)T. Because the TROPOMI and the TCCON kernels
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Figure F1. Comparison of the CHy4 state obtained from the TROPOMI a priori model TMS5 (xpm5) and the collocated CAMS high-resolution
forecasts (xcams)- (@) The rms of the relative differences; (b) Matrix showing the correlations of TM5-CAMS differences at different

altitudes.

= TROPOMI
* MUSICA IASI
24| » Combined

Sensitivity mismatch error
wrt TCCON [%)]

-1 T T T
0 6 12 18 24 30 36

Months since 1.1.2018

Figure F2. Error in the comparison of TCCON and satellite prod-
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values are calculated as (a*' — a%CT)(xTMS — XCAMS) and are
represented in Eq. (F1) t;y the square root value of the term (a
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both have a similar good column sensitivity throughout the
troposphere, the respective uncertainty is generally within
0.1 % (see black squares in Fig. F2). The same is true for
the validation of the total column of the combined product
(see blue crosses in Fig. F2). For the validation of the total
column of the MUSICA IASI product, this error is larger be-
cause the total-column sensitivity of IASI is significantly dif-
ferent from the respective sensitivity of the TCCON product
and the other satellite products (see Fig. 3a). For the compar-
ison of the IASI and TCCON total-column data, we estimate
that the error due to the different sensitivities (of IASI and
TCCON) can occasionally be even above 2 % (see red dots
in Fig. F2). This error is largest to the end of the time se-
ries because then the TMS a priori model error is largest (in-
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Figure F3. Theoretically predicted and observed 1o scatter for the
comparison of single pixel satellite data with individual TCCON
and AirCore reference data. Black, red, and blue colours represent
TROPOMI, MUSICA IASI, and combined satellite data, respec-
tively. The squares and vertical crosses are for XCHy comparisons
with TCCON and AirCore references, respectively. The diagonal
crosses and stars are for tropospheric and UTLS partial-column
comparisons, respectively, with AirCore references.

creasing difference between the TM5 model and the CAMS
high-resolution forecast after 2018).

The collocation mismatch covariances Sap and Sa; are
the linear-scale versions of the matrices Sl Au (characterized
in Figs. E1 and E2) interpolated to the actual temporal and
horizontal mismatch of the satellite and the TCCON mea-
surements. The effect of this collocation mismatch on the
comparison of the total columns (i.e. the term a}CT(S Ah+
Savate) is estimated to be between 0.1 % and 0.4 %.
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F2 AirCore versus satellite

Similar to the TCCON data, we estimate the reliability of
the AirCore profile data as reference for the satellite obser-
vations. For this estimation we consider an AirCore measure-
ment noise covariance (Saac,n). It is calculated assuming
an uncertainty for altitudes with AirCore CH4 data of 0.3 %
(Karion et al., 2010) and the uncertainty according to Saa
from Sect. F1 for all other altitudes. The outer diagonal ele-
ments are determined by assuming the same vertical correla-
tion as derived for Saa. In addition, we consider uncertain-
ties in the height attribution, which is according to Wagen-
hiuser et al. (2021) below 10 m close to ground, about 200 m
at 20kma.s.l., and about 1 at 27 kma.s.1.

We construct a respective height attribution uncertainty co-
variance (Saac,v) by assuming a very strong correlation of
the height attribution uncertainties between different altitude
levels. The temporal and spatial collocation mismatch covari-
ance between the AirCore and the satellite observations (San
and Sa, respectively) is calculated as described in Sect. F1.

All the aforementioned uncertainties are independent, and
we can calculate the total uncertainty as

Saac =Saac,n +Saac,y +San + Sac. (F2)

The reliability of the AirCore data — after its adjustment
according to Eq. (7) — as reference for the MUSICA IASI
and combined satellite data can then be estimated by

T
Srer = A'SjacAl (F3)

Here and in Eq. (F2), the covariances are determined for
the full vertical profile. Respective covariances for total or
partial columns can be derived according to Appendix D. The
reliability for the TROPOMI total-column-averaged mixing
ratio data can be calculated by S7; = a"}TS AACAT.

In order to get a reasonable number of collocated AirCore
data, we relax the collocation criteria: we require a temporal
collocation within 6 h and a spatial collocation within 500 km
(see Sect. 4.2). In particular, a loose spatial collocation re-
quirement results in theoretically large collocation mismatch
uncertainties. For instance, Fig. E3 reveals that a spatial mis-
match of 400 km clearly dominates the temporal mismatch,
whose threshold is set to 6 h, but it is actually only typically
greater than 3 h in the Southern Hemisphere. The spatial mis-
match uncertainty also dominates the uncertainties in the Air-
Core data due to measurement noise and uncertain height
attribution; i.e. it is the term that most affects the compa-
rability of the AirCore and satellite measurements. We esti-
mate a spatial mismatch error that has to be considered for
the AirCore satellite inter-comparison of about 0.5 % for the
total-column data and of about 0.6 % for the tropospheric and
UTLS partial-column data.
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F3 Summary

The sum of the uncertainty (co)variance of using TCCON
or AirCore as the reference (Sr*ef or Sief; see Sects. F1
and F2, respectively) and the noise and dislocation error
(co)variances of the satellite data products (see Sects. 3.3
and 3.4, respectively) gives the covariance that can be the-
oretically expected for the scatter between the TCCON or
AirCore reference data and the satellite data products.

Figure F3 shows the correlations between the theoretically
expected scatter (mean value of the scatter expected for the
individual data points) and the actually observed scatter (the
hIPR68.2 of the individual differences between the reference
data and the satellite data products). Shown is one data point
for the XCHy4 comparisons with the TCCON references, for
the XCH4 comparisons with the AirCore references, and fur-
ther data points for the comparisons of the tropospheric and
UTLS partial columns with the AirCore references. A de-
tailed contemplation suggests that the scatter observed for
the total-column data of the TROPOMI and the combined
data products, as well as the scatter observed for the tropo-
spheric partial-column data of the IASI and combined prod-
ucts, is slightly larger than their theoretically expected coun-
terparts. Conversely, in the UTLS the scatter observed in the
IAST and combined data products seems to be a bit smaller
than the theoretically expected scatter values. However, the
data points group reasonably well around the one-to-one di-
agonal; i.e. there is overall a good agreement between the
theoretically expected scatter and the actually observed scat-
ter. This means that the inter-comparison results as shown in
Sect. 4 confirm the satellite data quality characterization of
Sects. 3.2-3.4.

Data availability. The MUSICA IASI data are described
in (Schneider et al., 2022) and can be accessed at
https://doi.org/10.35097/408 (Schneider et al., 2021a) and
https://doi.org/10.35097/412  (Schneider et al, 2021b).
The TROPOMI XCH; data used in this study are de-
scribed in Lorente et al. (2021a) and can be accessed at
https://doi.org/10.5281/zenodo.4447228 (Lorente et al., 2021b).
The TCCON data are available via the TCCON data archive,
hosted by CaltechDATA (Total Carbon Column Observing Net-
work Team, 2014, https://doi.org/10.14291/TCCON.GGG2014).
For Trainou AirCore data, please contact Michel Ramonet
(michel.ramonet@lsce.ipsl.fr), and for Sodankyld AirCore data,
please contact Huilin Chen (huilin.chen@rug.nl). The Jungfraujoch
GAW surface in situ CH4 data are available via the World Data
Centre for Greenhouse Gases (WDCGG) and can be directly
accessed at https://doi.org/10.50849/WDCGG_0023-6036-1002-
01-01-9999 (Steinbacher, 2022). The Schainsland GAW surface in
situ CHy4 data up to 31 December 2018 are available via the WD-
CGG at https://gaw.kishou.go.jp/search/station#SSL (Meinhardt,
2019). For the Schauinsland CH, data for 2019 and 2020, please
contact Frank Meinhardt (frank.meinhardt@uba.de). The fused
“MUSICA IASI/RemoTeC TROPOMI” example data presented in
Fig. 15 are accessible at https://doi.org/10.35097/689 (Schneider
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and Ertl, 2022a). As already stated in Sect. 2.1, in this work
we use the TROPOMI XCHy data generated by the operational
processing algorithm version 2.2.0 as input for the data fusion. For
the example months of Fig. 15, we make additional data fusion
calculations using the TROPOMI CH4 operational processing
algorithm version 2.3.1, which among others offers additional
coverage over ocean using glint mode observations. These fused
“MUSICA IASI/RemoTeC TROPOMI” data are accessible at
https://doi.org/10.35097/690 (Schneider and Ertl, 2022b).
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