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Abstract. This paper presents upper tropospheric methane (CH,4) and nitrous oxide (N2 O) concentrations retrieved from ther-
mal infrared spectra as observed by the remote sensor IASI (Infrared Atmospheric Sounding Interferometer) on-board the EU-
METSAT/MetOp meteorological satellites. The CH4 and N5 O mixing ratios are retrieved as side products of the MetOp/IASI
retrieval developed for the European Research Council project MUSICA (MUIti-platform remote Sensing of Isotopologues
for investigating the Cycle of Atmospheric water). The MUSICA/IAST CH, and N5 O retrieval strategy is described in detail
as well as their characterisation in terms of the vertical resolution and expected errors. Theoretically, we document that MU-
SICA/IASI products can capture the upper tropospheric CH4 and N5 O variability (at ~300-350 hPa) with a precision better
than 2%. We compare the remote sensing data to coincident high precision aircraft vertical profiles taken within the HTAPER
Pole-to-Pole Observations (HIPPO) project and empirically estimate a precision of 2.1% (38.2 ppbv) for each individual IASI
CH,4 observation. The precision is improved to 1.7% (32.1 ppbv) for IASI data that have been averaged within 2°x2° boxes.
For N2 O the empirically estimated precision is 2.7% (8.7 ppbv) for each individual observation and 2.1% (6.9 ppbv) for the
2°x2° averages. The empirical study works with data from the missions HIPPO1 and HIPPOS, which cover latitudes between
67°S and 80°N during typical winter and summer conditions in both hemispheres, thus being reasonably representative for
global observation during different seasons.

In addition, we present a product that combines the CH,4 and N»O retrieval estimates. The combination is made a-posteriori
and we theoretically and empirically show that the combined product has a much better precision than the individual CHy
and N> O products. For the combined product the theoretical precision is 0.8% and the comparison with HIPPO data gives an
empirical precision estimate of 1.5% (26.3 ppbv) when considering all individual IASI observations and of 1.2% (21.8 ppbv)
for the 2°x2° averages. In the case that the horizontal, vertical and temporal variation of NoO can be robustly modeled, we can

easily reconstruct CH4 from the combined product and generate high quality IASI CH,4 data.

1 Introduction

After carbon dioxide (CO5), CH4 and N5O are currently the most important well-mixed greenhouse gases (GHGs). Although

they are much less abundant than COz in the atmosphere, their Global Warming Potentials are significantly larger: CH,4 and
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N>O are about 35 and 300 times, respectively, more efficient than COs trapping outgoing long wave radiation, on a 100-yr
time horizon (Stocker et al., 2013). It is well recognized that the imbalance between their sources and sinks has unquestionably
increased during the last few centuries, but the exact location, intensity and nature of CH4 and N2 O sources and sinks are not
as well understood as those for COy (Crevoisier et al., 2009). The knowledge of today’s CH, and N5O sources/sinks, their
spatial distribution and their variability in time is essential for understanding their role in the carbon and nitrogen cycles and for
a reliable prediction of future atmospheric CH, and N2 O abundances. The latter is important for predicting radiative forcing
as well as ozone recovery (both CH, and N, O act as ozone depleting substances). Existing observations on fluxes of CH4 and
N, O from soils and oceans are still insufficient to adequately address these crucial tasks (e.g. Huang et al., 2008; Kort et al.,
2011).

Since the late 1970s, surface in-situ measurements of these GHGs are systematically taken within the GAW programme
(Global Atmospheric Watch-World Meteorological Organisation, www.wmo.int). These observations have proved to be very
precise and, thus, are indispensable inputs for inverse methods and chemical transport models (e.g. Bousquet et al., 2011;
Cressot et al., 2014). More recently, ground-based remote sensing FT'S (Fourier Transform Infrared Spectrometer) experi-
ments also routinely provided high-quality CH4 and N2O concentrations in the framework of the international networks
NDACC (Network for the Detection of Atmospheric Composition Change, www.adc.ucar.edu/irwg, Schneider et al., 2005;
Angelbratt et al., 2011; Septilveda et al., 2014) and TCCON (Total Carbon Column Observing Network, www.tccon.caltech.edu,
Waunch et al., 2011). However, both surface in-situ and ground-based remote sensing measurements sample only a small frac-
tion of the whole atmosphere. In this context, space-based remote sensing instruments have an outstanding importance due to
their global coverage, allowing a comprehensive monitoring of the GHGs sources/sinks and their global distributions as well
as a more complete understanding of the atmospheric processes affecting their flux variations.

The great potential of the space-based instruments to observe global CH4 and NoO distributions has extensively been
reported in literature. Examples of these satellite measurements by using different spectral ranges and observing geome-
tries are those from ENVISAT/MIPAS (Michelson Interferometer for Passive Atmospheric Sounding, Payan et al., 2009;
Plieninger et al., 2015), ENVISAT/SCIAMACHY (SCanning Imaging Absorption SpectroMeter for Atmospheric CHartog-
raphY, Frankenberg et al., 2006), SCISAT-1/ACE (Atmospheric Chemistry Experiment, De Maziere et al., 2008), AURA/TES
(Tropospheric Emission Spectrometer, Wecht et al., 2012; Worden et al., 2012) or GOSAT/TANSO-FTS (Thermal And Near
infrared Sensor for carbon Observation, Yokota et al., 2009). Although the thermal nadir instruments have limited sensitiv-
ity to the CH,4 and N5O concentration variations in the lower troposphere due to the lack of thermal contrast, they have the
clear advantage of observing under a large variety of conditions (day and night, over land and ocean, and for partly cloudy
scenes), increasing significantly their global coverage (Clerbaux et al., 2009; Wecht et al., 2012). Among the current thermal
nadir sensors, IASI (Infrared Atmospheric Sounding Interferometer, Blumstein et al., 2004) has special relevance, because it
successfully combines the meteorology requirements for weather forecasting (high spatial coverage and a relatively good tem-
poral resolution) and the atmospheric chemistry needs (high spectral resolution thereby allowing for trace gas retrievals), with
a long-term data availability. Its mission is guaranteed until 2022 through the meteorological satellites MetOp, the space com-

ponent of the EUMETSAT (European Organisation for the Exploitation of Meteorological Satellites, www.eumetsat.int) Polar
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System (EPS) programme: the first sensor (IASI-A) was launched in October 2006 on-board MetOp-A, the second (IASI-B)
was launched in September 2012 on-board MetOp-B and the third (IASI-C) is expected to be launched in October 2018 aboard
MetOp-C. As a result of its well-recognized great performance, the IASI mission will be starting in the 2020s with IASI-NG
(IASI New Generation, Crevoisier et al., 2014). IASI-NG has a further improved spectral resolution and radiometric perfor-
mance and will flown on three successive MetOp-Second Generation (SG) satellites of the EPS-SG system, giving a perspective
of data records until the late 2030s. All this is very promising for monitoring atmospheric composition in the long term, and
IAST and IASI-NG are key instruments for EUMETSAT’s contribution to Copernicus, the European system for monitoring the
Earth (e.g. Clerbaux et al., 2009; Crevoisier et al., 2009; August et al., 2012).

The MUSICA/IASI retrieval focuses on tropospheric water vapour isotopologues (Schneider and Hase, 2011; Wiegele et al.,
2014; Schneider et al., 2016), but also provides upper tropospheric CH4 and N2O as side products. The presentation of the
MUSICA/IASI CH4 and N-O products as well as their empirical validation using the HIAPER Pole-to-Pole Observations
(HIPPO) database are the main goals of this paper. In addition, we will use the HIPPO data to empirically validate EUMET-
SAT’s operational Level 2 (L2) IASI CHy and N5O products and briefly discuss their quality in comparison to the quality of
the MUSICA products.

The paper is structured as follows: Section 2 presents the MUSICA/IASI CHy4 and N2 O products (retrieval strategy and the-
oretical characterisation in terms of vertical sensitivity and error estimation). Section 3 discusses the possibility of combining
the CHy retrieval data with the co-retrieved N2 O product and demonstrates that the combined product has theoretically a sig-
nificantly higher precision than the individual CH, and N5 O products. Section 4 addresses the empirical validation of the MU-
SICA/IASI products, detailing the validation dataset and the comparison strategy used as well as the inter-comparison results.
Section 5 presents the spatial and temporal coverage of the MUSICA/IASI products and very briefly discusses the observed
latitudinal gradients and seasonal cycles. Section 6 shows a consistency assessment between the MUSICA/IASI products from
the two IASI sensors currently in orbit (MetOp-A/IASI and MetOp-B/IASI). Section 7 briefly extents the validation exercise
showing respective results for the EUMETSAT operational L2 IAST CH, and N»O products. Section 8 summarizes the main

results and conclusions of this work.

2 MUSICA/IASI CH,4 and N5 O products
2.1 MetOp/IASI sensor

The IASI sensor is a nadir-viewing Fourier Transform spectrometer developed by CNES (Centre National d’Etudes Spatiales,
www.cnes.fr) in cooperation with EUMETSAT. It is on-board the EUMETSAT MetOp satellites, which operate in a polar and
low Earth orbit since 2006. With 14 orbits per day in a sun-synchronous orbit (09:30 and 21:30 Local Solar Time equator
crossing) IASI can provide global observations twice per day. IASI measures thermal infrared radiation emitted by the Earth’s
surface and the atmosphere between 645-2760 cm™! with an apodized spectral resolution of 0.5 cm™! and scans the surface
perpendicular to the satellite’s flight track with 30 individuals views, covering a surface swath width of about 2200 km. Each

individual view consists of 4 individual ground pixels (IFOV) of about 12 km diameter at nadir. The calibrated IASI radiances
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for these 120 field of views are disseminated by EUMETSAT as Level 1C (L1C), together with additional information about

observation geometry.
2.2 CHj4 and N, O retrieval strategy

MUSICA MetOp/IASI retrieval focuses on the optimal estimation of tropospheric water vapour concentrations and on the
ratio between the isotopologues HDO and HyO (Schneider and Hase, 2011; Wiegele et al., 2014; Schneider et al., 2015). The
retrieval analyses the thermal emission spectra recorded by IASI in the 1190-1400 cm ™! spectral region and uses the thermal
nadir retrieval algorithm PROFFIT-nadir (Schneider and Hase, 2011; Wiegele et al., 2014). In the analysed spectral region
CH,4 and N5O have important spectroscopic signatures and are retrieved simultaneously to the water vapour isotopologues.
The PROFFIT-nadir retrieval code has been developed in support of the project MUSICA for analysing thermal nadir spectra.
It is an extension of the PROFFIT code used since many years for analysing high resolution solar absorption infrared spectra
(PROFile Fit, Hase et al., 2004).

The CH4 and N2O VMR (Volume Mixing Ratio) profiles are derived, on a logarithmic scale, using an ad-hoc Tikhonov-
Philips slope constraint (TP1 constraint, Tikhonov, 1963) with a strong regularisation. This is almost equivalent to a scaling
retrieval and only allows for very small changes in the shape of the a-priori profile. The CH4 and N3O retrievals are made
simultaneously to retrievals of the water vapour isotopologues as well as to retrievals of the minor interfering species CO4
and HNOj3. While the minor interferences of CO, and HNOg3 can be well accounted for by scaling the a-priori CO5 and
HNOj3 profiles (scaling retrieval), the interferences of the water vapour isotopologues are very strong and the application
of a sophisticated retrieval method is needed. The MUSICA retrieval performs an optimal estimation of isotopologues on a
logarithmic scale (Schneider and Hase, 2011; Wiegele et al., 2014).

A high quality water vapour isotopologue retrieval is crucial for obtaining a CH4 and N5 O product with a reasonable quality.
This is illustrated in Fig. 1, which shows an example of the radiance measured by IASI and simulated by PROFFIT-nadir in the
spectral region used for the CH,4 and N5 O retrievals as well as the change in IASI radiances due to a change of CH,4 by +5%,
of N3O by +2%, and of H2O by +100%, whereby 5%, 2% and 100% are typical values for the respective trace gas variations
(please note the different y-axis scale for HoO spectral signatures). As observed, the spectral signatures of HoO variations are
very strong if compared to the signatures of CH4 and N5 O variations, meaning that the quality of the CH, and NoO products
depends on a correct interpretation of the spectroscopic interferences of the water vapour isotopologues.

For all the fitted species we use the same a-priori profiles for all retrievals, i.e. they do not vary on a daily, seasonal or
latitudinal basis. Thereby, all the observed atmospheric variations are induced by the TASI observations rather than the a-
priori information. The a-priori profiles of the different species are typical low-latitudes profiles taken from WACCM (Whole
Atmosphere Community Climate Model-version 5, http://waccm.acd.ucar.edu) provided by NCAR (National Center for Atmo-
spheric Research, J. Hannigan, private communication). They are climatologies provided at a spatial resolution of 1.9°x2.5°
and averaged for the 2004-2006 period. The HyO isotopologues a-priori data are averages obtained from the isotopologue

incorporated global general circulation model LMDZ (Risi et al., 2012).
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Together with the gaseous species, surface skin and atmospheric temperatures are also retrieved simultaneously. As a-priori
atmospheric temperature profiles, we use the EUMETSAT IASI L2 temperature profiles distributed by the EPS Ground Seg-
ment, which are updated for each retrieval. To constrain the a-priori variability, we consider typical variations of 0.25 K for the
atmospheric temperature profile, except for the lowermost atmospheric grid point, where variations of 1 K are allowed for. The
surface skin temperature retrieval is not constrained.

For the radiative transfer calculations the spectroscopic line parameters are taken from HITRAN 2012 database (Rothman et al.,
2013) for all the gases, except for the HoO isotopologues. For the latter we use an improved spectroscopy based on HITRAN
2012, but modifying the line intensities (S) for the HDO absorption signatures by +10% (Schneider et al., 2016). This modifi-
cation is introduced to correct the bias documented in the IAST HDO products reported by Schneider et al. (2015).

Ocean emissivities are calculated according to Masuda et al. (1988) for three different wavenumbers enveloping the spectral
retrieval range, while emissivities at land are taken from the Global Infrared Land Surface Emissivity Database (Seemann et al.,
2008) provided as monthly means by the University of Wisconsin in Madison (http://cimss.ssec.wisc.edu/iremis/). The assig-
nation of ground altitude is done using the Global 30 Arc-Second Elevation Dataset (GTOPO30, http://eros.usgs.gov/elevation-
products), in agreement with August et al. (2012). Note that the PROFFIT-nadir retrieval code does not consider the backscatter
of solar light at the Earth’s surface, but this is not critical for simulating the radiances below 2000 cm ™.

In this study we only consider cloud-free scenes, based on EUMETSAT L2 cloud products. For details about the EUMET-
SAT IASI cloud screening strategy, refer to August et al. (2012) and the Products User Guide (EUM/OPSEPS/MAN/04/0033,
EUMETSAT).

2.3 Vertical resolution and sensitivity

The vertical structures that are detectable by the IASI sensor are given by the averaging kernel matrix (A, avks) obtained in the
retrieval procedure. The rows of this matrix describe the altitude regions that mainly contribute to the retrieved target gas VMR
profile and, thus, the vertical distribution of the IASI sensitivity. For & being the actual atmospheric state (the actual trace gas

profile) and x,, the a-priori state it is:
E=A(x—x,)+x,+x. (1

Here & is the retrieved state and x. are the retrieval errors (see Sect. 2.4).

Figure 2 shows the rows of A for typical CH4 and N2O observations over ocean pixels in the tropics and polar regions
in winter and summer. Since we are applying a strong regularisation on the CH4 and N5O retrieval, the estimated response
of TASI to the real atmospheric variability of CH4 and N5O is almost the same for all altitudes, i.e. all the row avks have
almost the same shape and peak at almost the same altitude. As observed in Fig. 2, the IASI sensitivity shows a latitudinal
dependency and a weak seasonal dependency. The sensitivity is best in the upper troposphere, i.e. ~8 km in polar regions and
~14 km in tropics both in summer and winter (intermediate altitudes in middle latitudes, not shown). The full width at half

maximum (FWHM) of the row kernels is about 12 km for the tropics and about 10 km for polar latitudes. The kernels indicate



10

15

20

25

30

Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-326, 2017 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Published: 18 January 2017 Techniques
(© Author(s) 2017. CC-BY 3.0 License.

Discussions

that the MUSICA/IASI retrieval strategy is able to provide CH4 and N5 O global distributions of the upper troposphere, which
is consistent with the sensitivities obtained by other IASI CH, retrievals (e.g. Crevoisier et al., 2013; Xiong et al., 2013).

2.4 Theoretical error estimation

The theoretical error estimations are based on evaluating the error covariance matrices, S, for each uncertainty source consid-

ered. Following the formalism given by (Rodgers, 2000), S, is calculated as:
S. = GK,S. . K,”GT 2

Here G is the gain matrix sampling the changes in the retrieved VMR profile, &, for changes at the spectral bin y, K, is
the parameter Jacobian sampling the changes at the spectral bin y for changes in the parameter p, and S, , is the uncertainty
covariance matrix for the uncertainty of p. We calculate the parameter Jacobians K, for the error source parameters as listed
in Table 1. The calculation consists in simulating two spectra using different values of the parameter p. Then, the differences
between the two simulated spectra are divided by the difference applied in the parameter p.

The different S, ;, are given in Table 1. As instrumental errors we consider (i) an conservative IASI radiometric noise of
2x10~2 pW/em?srem ! (Clerbaux et al., 2009), which corresponds to a measurement noise of 5%o (noise-to-signal ratio), and
(ii) a deviation in the observing geometry (swatch angle) of 0.01 rad. Regarding to model parameters, we assume uncertainties
for (i) the surface skin temperature (2 K) and atmospheric temperature profile (2 K between 0-2 km, and 1 K above) in
agreement with August et al. (2012), (ii) the ground altitude (20 m) since the IASI pixels may cover complex terrain, (iii) the
surface emissivity (1%), and (iv) the spectroscopic parameters (line intensity and pressure-broadening parameter) of 2% for
CH, and N2 O. For the major interfering species, the water vapour isotopologues, we assume an uncertainty of 1% in the line
intensity parameter and an uncertainty of 5% in the pressure broadening parameter. These error values are in concordance with
those reported in the HITRAN database (Rothman et al., 2009). Finally, to account for the humidity interference (so-called
cross-dependence on humidity) we assume a variation of 100% of the water vapour isotopologues concentrations.

The error patterns or error vertical profiles are calculated as the square root of the diagonal of the error covariance matrix
S, for each uncertainty source. Figure 3 shows the estimated error profiles. Because we apply a very strong constraint to the
shape of the CH,4 and N»O profiles, the errors only weakly depend on the altitude. Note that the total random error is estimated
as the root-squares-sum of the measurement noise, the cross dependency on humidity, and all the parameter errors, except for
spectroscopy.

The error budgets for MUSICA/IASI CH,4 and N2 O products are very similar. The total random error reaches about 2% and
is dominated by uncertainties in the atmospheric temperature profile, the measurement noise and spectral interferences with
the strong spectral signatures of HoO (cross-dependence on humidity). For more humid tropical conditions it can be even by a
factor of 1.5 larger (Fig. 3 is representative for a typical mid-latitudinal scenario), which reveals the importance of retrieving
the CH4 and N5 O observations simultaneously with HoO. The spectroscopic parameter uncertainties provide errors of 2%,
which is mainly due to the uncertainties in the line intensity parameters of CH4 and N2 O. Uncertainties in the spectroscopic

parameter of the water vapour isotopologues do not significantly contribute to the CH4 and N2 O errors.
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2.5 Dependence on the CH,4 and N, O a-priori profiles

The here presented CH,4 and N2 O retrievals are made on a logarithmic scale with a very strong constraint on the shape of the
profiles and we use a single a-priori for all retrievals. The CH4 and NoO a-priori profiles are shown in Fig. 4(a) as solid cyan
and green lines, respectively. If we assume linearity, the a-priori and the averaging kernel fully describe the characteristics of
our data. We can assimilate the remote sensing data characteristics to any model data (or vertically resolved in-situ data) by

applying the averaging kernel to the model data (or in-situ data) in analogy to Eq. (1):
m=A(m-—x,)+x, 3)

Here m is the modeled atmospheric state (or the state as measured by vertically high resolving in-situ instruments) and 1
the smoothed model state (or the smoothed in-situ state) that has the same characteristics as the remote sensing product &.
According to Egs. (1) and (3) we can calculate the smoothed state for any other a-priori state simply by adding (A —I)(x, —
T4 new) to & and M, whereby T, new is the new a-priori state and I an identity matrix.

However, we have to be aware that all the here mentioned operations assume linearity, i.e. it is assumed that A does not
depend on &. This is actually not true, because strictly speaking A is calculated for the retrieved state & and might differ for a
slightly different &, which would be obtained by using a new a-priori state. In order to estimate the effect of the non-linearities
we test the effect of changing the a-priori data for a typical mid-latitude and polar retrieval. Please recall that we use a low-
latitude climatology as single a-priori for all retrievals, so the impact of an inadequate a-priori is statistically larger at middle or
high latitudes than at low latitudes. For the typical mid-latitude retrieval we change the a-priori to a mid-latitude climatology
(depicted in Fig. 4(a) as dashed blue and dark yellow lines for CH,4 and N, O, respectively) and for the typical polar retrieval
we change the a-priori to a polar climatology (depicted in Fig. 4(a) as dotted navy blue and dark green lines for CH4 and
N5 O, respectively). We use two methods for determining the retrieval results with the new a-priori: firstly, we assume linearity
and add (A —I)(x, — T4 new) to the original retrieval states and, secondly, we perform full retrievals using the new a-priori,
thereby considering eventual non-linearities. The difference between the two methods is a good estimate for the importance
of non-linearities. These differences are depicted in the two right panels of Fig. 4 (panel (b) for the mid-latitude example and
panel (c) for the polar example). For the mid-latitudes the differences are smaller than 0.1% throughout the troposphere. For
the polar regions it is a bit larger, but still within 0.5% throughout the troposphere.

If we used a varying a-priori we would also need to work with Eq. (3) before comparing remote sensing with model or in-situ
data. However, with a varying a-priori we can better consider seasonal or latitudinal climatologies. Then the a-priori state would
statistically be closer to the actual atmospheric state. This means that in average « — x, (and similarly m — x,) is smaller for
a varying a-priori than for a single a-priori, consequently non-linearities would be of less importance (statistically speaking,

because there still might be individual situations where the atmospheric state significantly differs from the climatological state).
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3 Combination of the N5 O and CHj retrieval products

In this section we present a combination of the N3O and CH,4 retrieval products, with the final objective to generate a more

precise CH4 product.
3.1 Motivation

When aiming at precise CH,4 observations from space-based platforms, a successful method to reduce CH, errors is to combine
the retrieved CHy4 observations a-posteriori with the co-retrieved NoO estimates (Razavi et al., 2009; Worden et al., 2012).
This approach relies on two key issues: (i) CH4 and N5O retrievals similarly behave to many uncertainties sources, such as
temperature, clouds and emissivity; and (ii) the atmospheric NoO concentrations are rather stable and have continuously grown
at an almost constant rate (Stocker et al., 2013).

In analogy to Eq. (1) we can work with the retrieved N2O and CH, state vectors in the logarithmic scale and write:

Zn,0 = AN, 0(ZN,0 — Ta,N,0) + o, N20 + Te N0

Ten, = Acu, (Ton, — Ta,cH,) + Ta,cH, + Te,CH, 4

Here & is the retrieved state vector, x, the a-priori state vector, « the state vector that describes the actual atmosphere and
z. = GKp, captures the errors due to uncertainties in the retrieval parameters p. (for instance, uncertainties in temperature
or spectroscopic parameters). As before, the matrices A are the averaging kernels.

If we now define the combined product as the difference between the state vectors (difference in the logarithmic scale), we

get:

Tcn, — TN,0 = Ta,CH, — La,N,0 + AcH, (TcH, — Ta,cH,) — AN,0(TN,0 — Ta,N,0) + Te,CH, — Te,N,0 ©)

The idea is that (i) the error of this combined product {z. cu, — T N,0} is much smaller than the errors in the individual
products {&¢ cn, or . N,0}, and (ii) as N2 O shares the dynamical variations of CH in the tropopause region, the combined
product has a weaker dependency on the tropopause altitude and potentially an improved representativeness of source/sink

signals.

3.2 Theoretical treatment of the combined CH, product

By a simple matrix multiplication we can make a transformation for the {In[N,O], In[CH,4]} space into the {w

b}

In[CH4] — In[N3O]} space. This transformation between basis systems has been discussed in detail for water vapour isotopo-

logue states in Schneider et al. (2012) and the same approach can be applied for the NoO and CHy states. The transformation

matrix P is:
i i
P=| 2 . 211 (©6)

Here, the four matrix blocks have the dimension (nol x nol), and I stands for an identity matrix.
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3.2.1 Theoretical error estimation

The error covariance matrix for the transformed states can be easily calculated in analogy to Eq. (2):

!/ /
S.=PGK,S. p,K, G'P" = [ " Sjlz )
Sca1 Scaz

There are four matrix blocks with the dimension (nol x nol). The error covariances for the combined product o, — £ n,0
are collected in the matrix block S/, (for more details and discussion please refer to Sect. 4.1.2 of Schneider et al., 2012).

The bottom panel of Fig. 3 shows the square root values of the diagonal of the matrix block S’,, obtained for the different
uncertainty sources. It demonstrates that in the combined product the impact of many uncertainty sources is indeed signifi-
cantly reduced: for atmospheric temperatures, cross dependencies from water vapour, surface temperature, etc. These are the
uncertainty sources that are common for NoO and CHy4. The uncertainty due to measurement noise is of course increased,
because the measurement noise of NoO and CH,4 are independent uncertainty sources and in the combined products the errors
are larger than in the individual products. However, the total random error is significantly reduced by a factor of 2 (from 2% to
less than 1%). Measurement noise and uncertainties in the atmospheric temperature profiles are the leading error sources.

In the combined product the error due to uncertainties of spectroscopic parameter is increased, because we assume that the

uncertainties in the spectroscopic parameters of NoO and CH, are independent.
3.2.2 Dependence on the a-priori profile

As already mentioned in several sections of the paper we use a single NoO and CHy4 a-priori state for all the retrievals, which
are averaged from a low-latitude climatology. In particular for higher latitudes this a-priori state might be significantly different
from the retrieved state. As a consequence non-linearities can become important. In Sect. 2.5 we describe how the importance
of such non-linearities can be estimated for the individual NoO and CHy4 products. The respective estimation for the combined
product is depicted as navy blue line in Fig. 4 (left panel for mid-latitudes and right panel for polar latitudes). We found that the
non-linearity can cause misinterpretations in the troposphere of 0.06% and 0.50% for a typical mid-latitude and polar situation,

respectively.
3.3 Possibility for generating a high quality CH,4 product

Since N2 O is relatively stable it might be possible that the horizontal and vertical NoO distribution is reasonably well captured
by atmospheric models. For example, by assimilating high quality N2O observations at a few reference locations, it might in
the future become possible to generate reliable three dimensional N5O fields on a global scale. If xn,0 is reasonably well
know on a global scale, we could add An,0(ZN,0 — a,N,0) + Za,N,0 t0 Eq. (5), thereby reconstructing a CHy product from

the combined product. This reconstructed CH4 product would have an improved precision (see Fig. 3).
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In the following and for simplicity we assume that n,0 = T4,N,0, Which means that we calculate an a-posteriori corrected

CH4 product (a;’ CH,) as:

z'cn, = (@cn, — £8,0) + ZTa,N,0 )
Please be aware that here we use a very simple x, n,0 assumption (temporarily and horizontally not varying data), which
disregards the horizontal, vertical and seasonal variations of N2O. In this context the here used x' cH, 1s not a pure CHy
product, instead it contains combined information on CH4 and N5O variations. In the following we will refer to x' cH, as the

product "CH4 combined with N2 O".

4 Empirical validation of the MUSICA/IASI products
4.1 CH,4 and N, O HIPPO vertical profiles

The project HIPPO (http://hippo.ucar.edu/) investigated carbon cycle and greenhouse gases by sampling the atmosphere from
approximately 67°S to 80°N mostly over the Pacific Ocean, from the surface to 14 km (~ 150-300 hPa) and spanning all
the seasons between 2009-2011 (Wofsy et al., 2011). In total five measurement missions were conducted aboard HIAPER,
a modified Gulfstream-V (G-V) aircraft: January 2009 (HIPPO1), November 2009 (HIPPO2), March/April 2010 (HIPPO3),
June 2011 (HIPPO4) and August/September 2011 (HIPPOS). During these missions, CH, and N5O in-situ measurements
were performed using a QCLS (quantum-cascade laser spectrometer) instrument at 1Hz frequency with a precision of 0.5 ppbv
and 0.09 ppbv for CH4 and N4 O, respectively, and an accuracy of 1.0 ppbv for both trace gases (Santoni et al., 2014). Here,
we focus on HIPPO1 and HIPPOS missions in order to span the maximal/minimal CH4 and N5O annual concentrations, and
from these, we only consider the research flights and disregard measurements taken during HIPPO training phases.

Figure 5 displays the geographical distribution of the HIPPO flights during the HIPPO1 and HIPPOS missions as well as
the latitudinal distribution of CH4 and N, O vertical profiles (for HIPPOI flights only). The rightmost panel shows the "CH4
combined with NoO" profile product, where the high variability observed in the tropopause region is partly dampened, because
of CH4 and N»O showing similar dependencies of the tropopause altitude.

For the HIPPO data the "CH,4 combined with NoO" product is calculated in analogy to Eq. (8):

h'cn, = (hcn, — hn,0) + o N0 )

Whereby h are the state vectors containing the HIPPO data and h, n,0 is the same as x, ~,0, but interpolated to the vertical

grid that corresponds to the HIPPO measurements. Note that the calculations are made on a logarithmic scale.
4.2 Validation Strategy

IAST and HIPPO observations are sensing areas of different size with different acquisition times, thereby appropriate spatial

and temporal collocation criteria have to be defined to ensure a feasible inter-comparison. Similarly to previous studies using
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HIPPO aircraft observations (Wecht et al., 2012; Xiong et al., 2013), each HIPPO vertical profile (covering ~220 km, 2.2°
latitude, and ~20 minutes) is characterisated by a mean location (latitude and longitude) and a mean time. Then, we consider
all the TASI observations within the box +2° latitude/longitude centred at each HIPPO mean location and £12h around every
HIPPO mean profile. In order to quantify the real spatial resolution captured by the MUSICA/IASI CH,4 and N2O products,
the TASI-HIPPO comparison will be performed (i) considering all the valid IASI retrievals within the validation box, so that
all the TASI variability is kept, and (ii) averaging all the valid IASI retrievals within the validation box, so that the IASI noise
is reduced and the results are more comparable to the typical spatial resolution of the global climate models.

Another key issue when validating remote-sensing vertical profiles is to take into account the low vertical resolution and
limited sensitivity of these data. For this purpose, the vertically highly-resolved HIPPO CH,4 and N,O profiles (hcp, and

hn,0) are degraded applying the averaging kernels of the vertically poorly resolved profiles obtained from IASI retrievals:

hn,0 = Any,0(BN,0 — Ta,N,0) + Ta, N0

how, = Acu, (how, — ®a,cn,) + Ta.cH, (10

When comparing hcn , and szzo with the corresponding IASI retrievals the different sensitivities are accounted for. Note that,
the calculations are made on a logarithmic scale.

Because the HIPPO aircraft profiles only reach 14 km, beyond this altitude they have to be extended before applying Eq. (10)
in order to span the vertical range covered by IASI retrieval scheme. For this purpose we use the monthly and zonally averaged
CH, and N3O climatology from the Atmospheric Chemistry Experiment-Fourier Transform Spectrometer (ACE-FTS) obser-
vations between February 2004-February 2009 (Jones et al., 2012). The ACE-FTS climatological profiles are computed by
using ACE-FTS version 2.2 and are provided as averages of 5° latitudinal bands and from 500 to 0.1 hPa. Since the ACE-FTS
climatology presents some latitudinal gaps, specially in the tropics, we have averaged these climatological profiles in bands of
30° covering from 90°N to 90°S and distinguishing the seasons. Consequently, the smoothed HIPPO profiles are a combination
of two experiments: the HIPPO in-situ profiles and the averaged ACE-FTS climatology.

The TASI and HIPPO inter-comparison can only be performed for the altitude regions that are sufficiently well detectable
by IASI, i.e. the CH4 and NoO VMR concentrations in the upper troposphere (see Fig. 2 and corresponding discussion). In
this study we do all the comparisons for the altitude of 10 km. This is a good compromise between the altitude of the IASI
maximum sensitivity and the number of available HIPPO observations. In order to ensure that the reference data are mainly
based on HIPPO observations, we only consider the HIPPO flights with CH4 and N5 O records up to at least 10 km (88 out of
304 valid aircraft profiles during HIPPO1 and HIPPOS).

4.3 Comparison between MUSICA/IASI and HIPPO products

Figure 6 summarizes the straightforward comparison of the MUSICA/IASI CH4 and N> O retrievals with the corresponding
HIPPO records smoothed by the IASI avks. The MUSICA/IASI products show a fairly good agreement with the in-situ data:
correlation coefficient (R) of 0.51 and 0.60 for CHy and N2O, respectively, when considering all the IASI-HIPPO pairs.

The agreement significantly increases for the 2°x2° averages (R of larger than 0.70). The scatter of the differences between
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MUSICA/IASI and HIPPO data (Table 2), which can be used as a conservative estimate of the IASI error. It is about 3%
(2% for 2°x2° averages) for both GHGs, meaning a scatter in absolute values of 38.2 ppbv (32.1 ppbv for 2°x2° averages)
for CH4 and 8.7 ppbv (6.9 ppbv for 2°x2° averages) for NoO. These values are in good agreement with the theoretical error
estimation as shown in section 2.4, which documents the confidence of the theoretical assessment. The IASI-HIPPO inter-
comparison also indicates that while the IASI N, O retrievals do not show any significant bias, the CH,4 estimates are biased
high by about 2%. According to our error estimation, this bias can be explained by the spectroscopic parameters used in the
MUSICA/IASI retrievals (HITRAN 2012 database). Note that as statistical estimators of MUSICA/IASI’s bias and precision
we have computed the median, the semi-distance between the percentiles 84.1*" and 15.9*" of the difference between IASI
and HIPPO (IP68), and the standard deviation. The former two values are less sensitive to the presence of outliers and extreme
values, allowing for more robust conclusions on the inter-comparison result.

There already have been empirical validation studies of IAST CH4 products obtained by other research groups. For example,
Xiong et al. (2013) found a low bias to HIPPO aircraft profiles of -1.69% (approximately 30 ppbv) with a residual scatter of
1.13% (approximately 23 ppbv) in the integrated 300-374 hPa layer for a collocation window with a distance of 200 km. In a
study limited to the tropics Crevoisier et al. (2013) compared IASI and CARIBIC aircraft measurements of CHy at 11 km for
4°x4° averages and found a high bias of 7 ppbv (approximately 0.5%) with a scatter of 13 ppbv (approximately 0.8%).

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

The rightmost panels of Fig. 6 empirically confirm that the a-posteriori combination considering the co-retrieved NoO
estimates can successfully be used to reduce common errors in the CH4 and N5O retrievals and part of the effect of the
tropopause shift, which importantly affects the upper tropospheric CH4 and NoO concentrations that are observed by the
remote sensor IASI (recall Fig. 2). The coefficients R for the correlation between the MUSICA and HIPPO "CH,4 combined
with N2 O" data are 0.86 and 0.89 when considering all the IAST observations and the 2°x2° averages, respectively, which are
significantly higher than the correlations of the individual CH4 and N3O data. Furthermore, there is also a noticeable decrease
in the bias and the scatter of the combined product (see Table 2). Therefore, when correcting the CH, retrievals with the co-
retrieved N O values according to Eq. (8), IASI can provide very robust data and is able to detect upper tropospheric patterns
on rather small scales (every morning, every evening and globally at all cloud-free scenarios).

The differences between the MUSICA/IASI and HIPPO data have been analysed as a function of the different parameters,
such as the latitude or the HIPPO missions, which were taken in different seasons and during different years. These analyses
are summarised in Fig. 7. We find no significant differences between the two HIPPO missions and no significant dependency on
latitude. In particular for the "CH4 combined with NoO" product the IASI and the HIPPO data show a very uniform agreement
(see Fig. 7(c)).
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5 Global distribution of the MUSICA/IASI products

The previous theoretical and experimental quality assessment points out that the CH4 and N5 O estimates for individual IASI
observations are much more noisy than for 2°x2° averages. In order to identify reliable CH,4 and N5 O patterns on a global scale
we should consider the averages. The combined product has also a good precision without averaging, however for consistency
reasons in the following we also use the 2°x2° averages. Figure 8 illustrates the coverage at ~350-300 hPa for a morning
observation in boreal winter and summer. These global maps can be produced from MetOp/IASI spectra every day and for
each morning and evening overpass. The areas with missing data are the ones that are identified by EUMETASAT as cloudy or
did not pass the MUSICA MetOp/TASI spectral fit quality criterion (for more details see Schneider et al., 2016). The obtained
CH,4 and N> O distributions show the well known latitudinal gradient with a tendency to higher concentrations in low latitudes
than in high latitudes. In addition, the well known seasonal cycle can be observed: the concentrations are higher in summer than
in winter. This seasonal cycle is more pronounced for CH, than for N3O and in the northern hemisphere than in the southern
hemisphere due to the location of the stronger emission sources (e.g. Huang et al., 2008; Bousquet et al., 2011; Worden et al.,
2012; Stocker et al., 2013, and references therein). Highest CH,4 concentrations are found in the northern hemispheric summer.

The global maps for the combined product are shown in the bottom panels of Fig. 8. It should be noted that although
the seasonal signals captured by the CH,4 product and the product "CH,4 combined with NoO" seem to be comparable, both
products present slightly different global patterns. For example, the combined product exhibits a more defined latitudinal
gradient and the regional features as seen during boreal summer over the southeast Asia and India in the original CH,4 product,

almost disappear in the global maps of the combined product.

6 TASI-A and IASI-B consistency assessment

Since the end of 2012 two IASI sensors (IASI-A and IASI-B) are in operation simultaneously on-board the EUMETSAT
MetOp-A and MetOp-B meteorological satellites. Their respective overpasses take place typically within 30 minutes, which
offers very good possibilities to cross-validate the IASI-A and -B products (Schneider et al., 2016). The continuous inter-
comparison of both sensors also offers important diagnostics for identifying instrumental issues and for documenting the
long-term temporal stability of IASI records (Garcia et al., 2016).

Figure 9 depicts an example of the IASI-A and IASI-B consistency assessment on global scale for 16.08.2014 (left columns
for the morning overpass and right columns for the evening overpass) with IASI-A and IASI-B observations being paired
within 0.25°x0.25° boxes. We find a reasonable global consistency of the IASI-A and IASI-B products, thereby the CH,4 and
N3O observations from both sensors could be merged into a unique IASI database. A particular good consistency is found for

the combined product, which confirms the feasibility of the a-posteriori combination of CH4 with the co-retrieved N5 O.
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7 EUMETSAT/TIASI CH,4 and N> O products

The EUMETSAT Polar System (EPS)/Core Ground Segment has operationally provided the IASI Level 2 trace gas products
since 2008. In addition to humidity and temperature profiles among other parameters, EUMETSAT IASI L2 include total
column amounts (TC) of CH4 and N5O. They are retrieved using an inversion algorithm based on artificial neuronal networks
(ANN) with an expected theoretical uncertainty between 10-20% (August et al., 2012, and references therein). These products
benefit from the improvements in the ANN design introduced by the different IASI processors (Version 4 -V4-, Version 5 -V5-,
and Version 6 -V6-), but they have not been specifically optimised and still are considered as aspirational products.

To compare the EUMETSAT CH, and N,O TC to the HIPPO in-situ data, the total column-averaged dry air mole fractions
of CHy (XCHy) and N5O (XN5O) are calculated dividing the respective TC by the dry pressure column (DPC) above each

IASTI ground pixel. The DPC is calculated converting the ground pressure to column air concentration as follows:

P,
DPC = ———  g(p) = —2% . H,0, an
Mdryair Mdryair

where P, is the surface pressure at ground level, mg,yqsr the molecular mass of the dry air (~28.96 gmol_l), mg,o the
molecular mass of the water vapour (=18 gmol~1), HyO,,,; the water vapour total column amount, and g(y) the latitude-
dependent surface acceleration due to gravity. The ground pressure was taken from the EUMETSAT IASI L2 products.

Similarly to MUSICA/IASI, EUMETSAT/TASI CH, and N, O products are expected to reflect the concentration variations
in the tropopause region, thereby the operational IASI XCH,4 and XNO retrievals are compared to HIPPO VMR records at
10 km. Note that, as the EUMETSAT/IASI CH4 and N2O are estimated using ANN, the averaging kernels are not available
and, thus, the HIPPO data can not be smoothed by the corresponding IASI avks.

Figure 10 summarizes the comparison between EUMETSAT/IASI and HIPPO, where the two HIPPO mission have to
be considered separately, since the IASI V5 (introduced in September 2010) significantly improved the quality of the IASI
CHy and N5O observations (Garcia et al., 2013). Considering only the IASI V5 data (i.e. HIPPOS), the agreement between
EUMETSAT/IASI and HIPPO data is moderately good (R of 0.67 and 0.60 for XCH,4 and XN3O, respectively).

Interestingly, we can also combine the EUMETSAT L2 XN5O and XCH, and thereby generate a combined product accord-
ing to Eq. (8) with significantly improved precision. For the correlation between the combined EUMETSAT L2 product and
the respective HIPPO product we calculated a correlation coefficient R of 0.79 (see right panel in Fig. 10).

8 Conclusions

Monitoring CH4 and N2O by thermal nadir remote sensing is a challenging task. CH4 and N2O vary only weakly. In the
thermal nadir radiances the spectral signatures of these weak variations are rather difficult to observe, because they interfere
with the strong spectral signatures of the highly variable tropospheric H,O amounts. In the last years, the satellite community
has made considerable efforts in developing and improving respective retrieval strategies and the scientific discussion is still
on-going. In this context, we propose to retrieve NoO and CH, simultaneously with HoO and use the retrieval strategy that has

been developed in the framework of the European project MUSICA.
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We demonstrate that the MUSICA/IASI N>O and CH4 products are representative for the upper troposphere and that their
theoretical precision is about 2%. These values are empirically confirmed by comparisons to merged HIPPO/ACE-FTS data.
The theoretical estimation identifies the atmospheric temperature considered in the retrieval procedure, the IASI measurement
noise and the cross dependency on tropospheric humidity variations as leading error sources.

We present a combined CH4 and N3O retrieval product. We estimate its theoretical precision to be 1% (i.e. much bet-
ter than for the individual CH4 and N5O products) and the comparison to the HIPPO/ACE-FTS reference data empirically
confirms this estimation. Interestingly the a-posteriori combination also works with the EUMETSAT Level 2 NyO and CHy4
products, suggesting that it can be applied to any NoO and CH, data that have been simultaneously retrieved from thermal
nadir measurements.

A unique potential of IASI is the twice daily global coverage and long-term mission strategy. This paper demonstrates the
quality of the MUSICA MetOp/IASI CH,4 and N5O products and also briefly discusses respective EUMETSAT L2 products.
These products are mainly sensitive to the upper troposphere. In the next step it should be examined to what extent IASI
observations of upper tropospheric CH4 and N5O variations can help to investigate the emission source patterns, transport
pathways and sinks of CH4 and N2O, and whether the provision of a highly precise product ("CH,4 combined with N3O")

offers additional benefits for such research purposes.

9 Data availability

The here presented MUSICA MetOp/IASI data are currently prepared for dissemination in a database. This work has still not
finished and currently the data are only available by request to the author.

The HIPPO data are publicly available at http://hippo.ucar.edu/. This HIPPO site is maintained by the National Center for
Atmospheric Research (NCAR) Earth Observing Laboratory (EOL), which is a laboratory within the National Center for
Atmospheric Research (NCAR). NCAR is managed by the University Corporation for Atmospheric Research (UCAR) under
sponsorship by the National Science Foundation (NSF).

The EUMETSAT IASI L2 total column amounts of CH,4 and N3O are generated by the EUMETSAT Polar System Core
Ground Segment and publicly available at the EUMETSAT Data Centre at www.eumetsat.int.
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Figure 1. Top: example of spectral radiances recorded by IASI and the corresponding PROFFIT-nadir simulation over a tropical ocean pixel
(~12°S) in winter. Bottom: spectral changes of the IASI radiance (AR) due to a change of CH4 of 5%, of N2O of 2% and of H2O of 100%

(please note the different y-axis scale for H2O).
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Figure 3. Top panel: N3O error patterns over a mid-latitude pixel in summer (~45°N), given by the square root of the diagonal of the error
covariance matrix (Se, Eq. 2) for all the uncertainties sources as listed in Table 1. "Total" means the root-squares-sum of the measurement
noise and all the parameter errors, except for the spectroscopy ("SCH4" and "SN2O"). "x-dep. humidity" means the cross-dependence on

humidity. Middle and bottom panels: same as top, but for CH4 and CH4 combined with the co-retrieved N2 O product.
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Figure 5. Overview of the HIPPO data used in this study. Left panel: geographical distribution of the aircraft profiles selected for validation:
HIPPOLI in red and HIPPOS in blue. Middle panels: latitudinal cross sections of NoO and CHy vertical profiles as measured during the

HIPPOI1 mission. Right panel: latitudinal cross section of vertical profiles of the combined product.
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Figure 6. Correlation plots for the comparison between MUSICA/IASI and HIPPO data. Top panel: (a) scatter plot of the IASI NoO VMR
versus the HIPPO smoothed NoO VMR at 10 km considering all IASI-HIPPO coincidences (N=1408); (b) same as (a), but for CHy; (c)
same as (a), but for the combined CH4 VMR with the simultaneous NoO VMR observations. Bottom panel: same as top panel (d, e, and f),
but averaging all the IASI observations within the collocation box of £2° latitude/longitude centred at each HIPPO mean location (N=36).
The stars indicate the a-priori VMR at 10 km used for the IASI retrievals, while the solid and dashed black lines represent the least squares
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fits and the diagonals (x=y), respectively. The fit parameters are shown in the legend.
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Figure 7. Difference between MUSICA/IASI and HIPPO products [in ppbv] versus latitude and HIPPO mission. (a) N2O, (b) CHy, and (c)

combined product CH). The solid black lines represent the respective bias for the 2°x2° averages.
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Figure 8. Upper panels: example of the MUSICA/IASI-A N, O global maps at ~350-300 hPa in winter (16.02.2014, left panels) and in

summer (16.08.2014, right panels). Middle and bottom panels: same as upper panels, but for CH4 and for the combined product, respectively.

28



Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-326, 2017 Atmospheric

Manuscript under review for journal
Published: 18 January 2017

Atmos. Meas. Tech.

(© Author(s) 2017. CC-BY 3.0 License.

Measurement
Techniques

Discussions

N,O N,O
380 ————————— 380 —————————

= R=0.76 e = R=0.79 e

2 Slope=0.75 2 Slope=0.79

5 360 |- |ntercept=81 s 360 [~ Intercept=69

o, o

Zz 340 - =" 340 -

j2} o

£ £

£ 320 E § 320 E
>

£ 5]

g 300 1 20 g
< < (b)
280 1 1 1 1 280 k=1 1 1 !

280 300 320 340 360 380 280 300 320 340 360 380
IASI-A morning N,O [ppbv] IASI-A evening N,O [ppbv]
CH, CH,
2100 ——7— ——— 2100 ————————7—
— R=0.77 — R=0.79
3 Slope=0.77 3 Slope=0.79
g 2000 [~ Intercept=427 2 2000 [~ Intercept=396
Iq ;; L]
O 1900 - O 1900 -
(= [
£ £
S 1800 & 1800 q
>
£ )
) o
@ 1700 > 1700 E
< , (© S @
1 1 1 1 1 1 1 1

600
1600 1700 1800 1900 2000 2100

2100 : : : : 2100 ; : : :
[~ R=0.87 7/ = R=0.84 e
o Slope=0.90 a Slope=0.84
S 2000 - |nigreept=170 S 2000 - jntercept=203
> -

I
5 1900 S 1900 4
o o
£ £
£ 1800 g 1800 -
>
1S 5
[1:]
2 1700 2 1700 4
[} [}
< @1 < M
" 1 " 1 " 1 " 1 " " 1 " 1 " 1 " 1 "

600
1600 1700 1800 1900 2000 2100

IASI-A morning CH, [ppbv]

CH, combined with N,O

600
1600 1700 1800 1900 2000 2100
IASI-A evening CH, [ppbv]

CH, combined with N,O

IASI-A morning CH, [ppbv]

600
1600 1700 1800 1900 2000 2100
IASI-A evening CH, [ppbv]

Figure 9. Example of IASI-A and IASI-B consistency assessment on 16.08.2014 for the IASI-A and IASI-B observations at a global scale

being paired in 0.25°x0.25° boxes. The starts indicate the a-priori used for the IASI retrievals, while the solid and dashed black lines represent

the least squares fits and the diagonals (x=y), respectively. The fit parameters are shown in the legend.
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Figure 10. Same as Fig. 6, but for the EUMETSAT/IASI XCH4 and XN2O products (2°x2° averages only) versus the HIPPO products at
10 km averaging all the IASI observations within the collocation box of +2° latitude/longitude centred at each HIPPO mean location. The

solid and dashed black lines represent the least squares fits and the diagonals (x=y), respectively. The fit parameters are shown in the legend.
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Table 1. Uncertainty sources and values used for the CH4 and N2O error estimation. "LTT", "MTT", "UTT", and "STT" represent the
lower (0-2 km), middle (2-5 km), upper tropospheric (5-10 km), and the stratospheric temperature (above 10 km), while the spectroscopy

parameters are the line strength (S), and the air pressure broadening coefficient ().

Error source Uncertainty
Measurement Noise (NOI) 2x1072 uW/cm2 srem ™ *
Swath angle (SWA) 0.01 rad
Ground Temperature (GNT) 2K
Atmospheric temperature (< 2 km) (LTT) 2K
Atmospheric temperature (> 2 km) (MTT, UTT, and STT) 1K
Emissivity (EMI) 1%

Ground altitude (GNA) 20 m
Spectroscopy for CH4 and N2O (S, and ) 2%, and 2%
Spectroscopy for H2O (S, and ) 1%, and 5%
Cross-dependence on humidity 100% humidity variation
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Table 2. Summary of statistics for MUSICA/IASI-HIPPO comparison. Bias, IP68, and STD corresponds to the median, the semi-distance
between the percentiles 84.1'" and 15.9'", and the standard deviation of the difference between IASI and HIPPO products (IASI-HIPPO).
The statistical estimators are shown for the absolute differences [in ppbv] as well as for the relative differences with regard to the HIPPO

values [in %]. R is the correlation coefficient, and CH/, represents the combined product.

All coincidences  2°x2° averages

[ppbv] [%] [ppbv]  [%]

Bias 2.8 0.9 34 1.1

N.O  IP68 8.7 2.7 6.9 2.1
STD 9.5 3.0 6.2 1.9
R 0.60 0.76

Bias 39.4 2.2 33.7 1.8
CH; P68 38.2 2.1 32.1 1.7

STD 472 2.7 28.9 1.6

R 0.51 0.71

Bias 244 1.4 20.7 1.2
CH, 1P68 26.3 1.5 21.8 1.2

STD 247 14 20.3 1.1

R 0.86 0.89
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