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Abstract. The Monitoring Atmospheric Composition and
Climate Interim Implementation (MACC-II) delayed-mode
(DM) system has been producing an atmospheric methane
(CHy4) analysis 6 months behind real time since June 2009.
This analysis used to rely on the assimilation of the CHy
product from the SCanning Imaging Absorption spectroM-
eter for Atmospheric CHartographY (SCIAMACHY) in-
strument on board Envisat. Recently the Laboratoire de
Meétéorologie Dynamique (LMD) CH, products from the In-
frared Atmospheric Sounding Interferometer (IASI) and the
SRON Netherlands Institute for Space Research CH, prod-
ucts from the Thermal And Near-infrared Sensor for carbon
Observation (TANSO) were added to the DM system. With
the loss of Envisat in April 2012, the DM system has to now
rely on the assimilation of methane data from TANSO and
IASI. This paper documents the impact of this change in the
observing system on the methane tropospheric analysis. It is
based on four experiments: one free run and three analyses
from respectively the assimilation of SCCAMACHY, TANSO
and a combination of TANSO and IASI CH4 products in
the MACC-II system. The period between December 2010
and April 2012 is studied. The SCIAMACHY experiment

globally underestimates the tropospheric methane by 35 part
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per billion (ppb) compared to the HIAPER Pole-to-Pole Ob-
servations (HIPPO) data and by 28 ppb compared the Total
Carbon Column Observing Network (TCCON) data, while
the free run presents an underestimation of 5 ppb and 1 ppb
against the same HIPPO and TCCON data, respectively. The
assimilated TANSO product changed in October 2011 from
version v.1 to version v.2.0. The analysis of version v.1
globally underestimates the tropospheric methane by 18 ppb
compared to the HIPPO data and by 15 ppb compared to
the TCCON data. In contrast, the analysis of version v.2.0
globally overestimates the column by 3 ppb. When the high
density IASI data are added in the tropical region between
30° N and 30° S, their impact is mainly positive but more
pronounced and effective when combined with the version
v.2.0 of the TANSO products. The resulting analysis globally
underestimates the column-averaged dry-air mole fractions
of methane (xCHy) just under 1 ppb on average compared
to the TCCON data, whereas in the tropics it overestimates
xCHy by about 3 ppb. The random error is estimated to be

less than 7 ppb when compared to TCCON data.

1 Introduction

Methane (CHy) is well-known to be the third most impor-

tant greenhouse gas in the atmosphere (after water vapour



50

55

60

65

70

75

80

and COy), accounting for 17+ 1.8 % of the enhanced green- es
house effect (Myhre et al, [2013). It also plays a key role
in tropospheric chemistry and, therefore, in air quality issues
through oxidation by hydroxyl (OH) radicals. Methane frac-
tion has increased substantially in the atmosphere since the
pre-industrial period. As an example, atmospheric CH,4 con- s
centrations reached 1813 &2 parts per billion (ppb) in 2011
(WMO, 2012) whereas they varied between 350 and 850 ppb
over the past 650000 yr (Spahni et al. 2005). [Etheridge
et al.| (1992) show that the increase was exponential between
1850 and the late 1970s with values starting from 830 ppb o5
and reaching 1500 ppb. Their study is based on the recon-
struction of atmospheric CH, mixing ratio from air trapped
in polar ice cores and compacted snow. Keeping track of
the evolution of atmospheric CH4 became easier since the
early 1980s with the development of surface-based networks 100
that directly measure CHy in the atmosphere. Since then the
networks have improved with increasing coverage and inter
calibration. The analysis of the collected data from these
networks allowed, for example, [Kirschke et al.[(2013)) to es-
timate the changes in the annual growth rate of the global at- 105
mospheric CH,4 concentration since 1980. They show, in par-
ticular, that the CH,4 atmospheric growth rate was estimated

1in 1998 and to less than zero in

to be more than 10 ppbyr~
2001, 2004 and 2005. Since 2006, the growth rate has started
to increase again. Moreover the annual growth rate as well 110
as its inter-annual variability have strong regional variation
as shown by Dlugokencky et al.|(2009). This argues for the
continuous global monitoring of the atmospheric CH4. More
recently, in addition to surface networks, monitoring can ben-
efit from remotely sensed measurements of atmospheric CHy 115
columns retrieved from the surface or from space.

Observation of CHy and other greenhouse gases from
space is relatively recent compared to the observation of
other minor constituents of the atmosphere. Monitoring at-

mospheric composition from space started with ozone in 1z

1978 when the Nimbus 7 satellite was launched. Nimbus 7
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carried the first Total Ozone Mapping Spectrometer (TOMS)
instrument that helped to confirm the Antarctic ozone hole
discovered by Joe Farman and colleagues in the early 1980s
(Farman et al., [1985). TOMS has since then flown on sev-
eral other satellites and almost continuously monitored the
atmospheric ozone column (McPeters and Labow, |1996).
TOMS was the precursor of a new generation of instru-
ments launched since the mid 1990s. Some of these instru-
ments were designed to continue the monitoring of ozone
and some were designed to also measure other atmospheric
constituents of interest. These constituents were selected for
their link with ozone (especially the gases that are involved
in its depletion) or for their potential impact on Numerical
Weather Prediction (NWP) as, under some assumptions, the
assimilation of chemical constituent observations can bring
information on wind fields (Daleyl [1995). Moreover, NWP
systems assimilate instrument radiances sensitive not only
to temperature but also to atmospheric constituents (Engelen
and Bauer, [2011).

With the arrival of atmospheric composition measure-
ments from space, it became possible to emulate NWP by
providing chemical forecasts and analyses of chemical con-
stituents based on chemical models and data assimilation
techniques. The launch of the Envisat satellite in 2002 was
a breakthrough in the atmospheric composition observing
system (Lahoz et al. 2007). The payload included SCIA-
MACHY (SCanning Imaging Absorption spectroMeter for
Atmospheric CHartographY), the first instrument in space
from which column products of CH4 were derived. Today,
CH, columns can be retrieved from the Tropospheric Emis-
sion Spectrometer (TES) instrument aboard NASA’s Aura
satellite (launched in 2004), from the Infrared Atmospheric
Sounding Interferometer (IASI) instrument aboard the first
European meteorological polar-orbiting satellites, MetOp-
A (launched in 2006) or the Thermal And Near-infrared
Sensor for carbon Observation (TANSO) aboard the Green-
house gases Observing Satellite (GOSAT, launched in 2009).
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SCIAMACHY and TANSO measurements are in the near in-
frared (NIR) while TES and IASI measurements are in the 1eo
thermal infrared (TIR). NIR methane retrievals are sensitive
to the entire tropospheric column, but due to their depen-
dence on reflected sunlight, observations are unavailable at
night. TIR methane retrievals can be performed day and
night, over land and ocean, and for partly cloudy scenes but 1es
they have limited sensitivity to the lower troposphere (due
to lack of thermal contrast) and their precision is limited
mainly by uncertainties in atmospheric temperature and sur-
face emissivity. The combination of all these measurements
of atmospheric CH,4 columns from space are complemen- 170
tary to surface observations to monitor atmospheric CHy, al-
though, they provide only vertically integrated information,
which is also associated with notable uncertainties.

Data assimilation provides the ability to combine all the
information from different instruments and observing net- 175
works with a model in an optimal way. This study presents
one of the two data assimilation products provided by the
Monitoring Atmospheric Composition and Climate Interim
Implementation (MACC-II) project and using CH, measure-
ment from space. The first product combines satellite mea- 1s0
surements of CH4 with inverse modelling in order to op-
timise the surface sources and sinks of CH, (Bergamaschi
et al., 2009). The second product combines the satellite mea-
surements with a forward transport model in order to monitor
tropospheric CHy. In this paper, we will focus on this sec- 1ss
ond product. It uses the European Centre for Medium-Range
Weather Forecasts (ECMWF) Integrated Forecasting System
(IFS). Methane satellite measurements and all the other op-
erational meteorological data are assimilated in the IFS to
produce the best estimate of the atmospheric state, referred s
to hereafter as the analysis. However, unlike most of the data
assimilated in NWP, CH, data are not yet available in near
real time, mainly due to their partial reliance on auxiliary
data. As a consequence, the assimilation system is run with

a 6 month lag in a so-called “delayed mode” (DM). 195

The MACC-II DM system started producing a CHy4 anal-
ysis from 1 June 2009 onwards.

tially based on the CH,4 product from SCIAMACHY pro-

This analysis was ini-

vided by the SRON Netherlands Institute for Space Research
in collaboration with the Jet Propulsion Laboratory (JPL,
Frankenberg et al.,[2005) and the version v00.50 CH, prod-
uct from TANSO provided by the Japan National Institute
for Environmental Studies (NIES). This TANSO product was
not mature enough at this time and its assimilation increased
the bias and the variability of the analysis. Therefore the
SCIAMACHY CHy product remained for a while the only
CH, product assimilated in the DM system. With the loss of
Envisat in April 2012, the methane analysis of the DM sys-
tem had to rely on other instruments. To continue the moni-
toring of the atmospheric CH4 with the DM system, TANSO
and TASI CHy products were included in the assimilation
system. TANSO has similar characteristics as SCCAMACHY
but provides about 10 times less data than SCTAMACHY
during a given assimilation window. Its data are neverthe-
less more accurate than that from SCIAMACHY. Since our
first attempt at assimilating TANSO data, several retrieval al-
gorithms processing the TANSO data have been developed
by several teams (Parker et al.l 2011} [Schepers et al., 2012
Yoshida et al.l 2013). The MACC-II product is jointly de-
veloped by SRON and the Karlsruhe Institute of Technology
(KIT, Butz et al., [2010). As a TIR sounder, IASI provides
complementary information on the mid-troposphere during
day and night over land and over sea. The MACC-II TASI
product is from the Laboratoire de Météorologie Dynamique
(LMD). Currently the product can be used in the tropics only
(Crevoisier et al.l [2009). The assimilation of TES was not
considered because its data cannot be assimilated in the DM
system as it is not available within the expected a 6 month
latency period.

The aim of this paper is to document the impact of the as-
similation of TANSO and IASI CH4 products compared to
the assimilation of the SCTAMACHY product in order to de-
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termine how the change in the observing system would im-
pact the DM analysis. Section 2] provides more details on s
the assimilated data and describes the assimilation system as
well as the experiments we ran to assess the impact of each
data set on the analysis. Section [3|presents the results of our
assimilation experiments and their comparison with indepen-
dent measurements of atmospheric CH,. The last section ad- 235
dresses the question of whether the combination of TANSO
and TASI products is a good candidate to continue the moni-

toring of methane in our analysis system.

240
2 Analysis experiments

For the period between November 2010 and April 2012 we
ran three data assimilation experiments based on the follow-
ing CHy products: 1. SCIAMACHY; 2 TANSO; 3 TANSO
and IASI. These experiments are referred hereafter as to “
SCIA, TANSO and IASI+TANSO, respectively (Fig. [I). To
properly assess the impact of the assimilation of each prod-
uct, we also ran an experiment for this period without the as-
similation of CH4 observations. This experiment is referred
to as the free run FREE. The free run and the assimilation e
system are described in the following subsection. Then we

present the three assimilated data sets. The last subsection

details the experiments we ran.

2.1 Analysis system 2%
The MACC-II greenhouse gases DM system is based on
ECMWEF IFS. It runs at a global horizontal resolution of
T511 (=40 km) with 60 vertical levels from the surface up
to 0.1 hPa. Because this horizontal resolution is too costly 2e0
for long assimilation experiments, we chose in this study to
keep the configuration of the DM system but to decrease the
horizontal resolution to T255 (= 80 km), which is sufficient
for resolving the large scale horizontal structures of the at-

mospheric CH, fields. 265
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Based on the default IFS configuration, all the observa-
tions (operational and methane) are assimilated within the
12 h 4-D-Var window to constrain the meteorological vari-
ables as well as atmospheric CH,. Methane mass mixing
ratio is directly transported within IFS as a tracer and is sub-
ject to fluxes and chemical sinks. Methane fluxes are pre-
scribed in IFS using inventory and climatological data sets.
These fluxes are consistent with those used as prior infor-
mation in the CHy flux inversions from [Bergamaschi et al.
(2009). The anthropogenic fluxes are from the EDGAR 4.2
database (Janssens-Maenhout et al., 2012) for the year 2008,
i.e. the last available year. All the anthropogenic categories
are based on annual mean values, except for rice, which
has been modulated with the seasonal cycle from Matthews’
monthly inventory for rice (Matthews et al.,[1991). The wet-
land fluxes are from the Kaplan climatology described in
Bergamaschi et al.| (2007). The biomass burning emissions
are from the MACC-II GFAS dataset (Kaiser et al.| [2012).
The other sources/sinks include wild animals (Houweling
et al., [1999), termites (Sanderson, |1996), oceans (Houwel-
ing et al., [1999; Lambert and Schmidt, |1993) and a soil sink
(Ridgwell et al., [1999). For the chemical sink in the tropo-
sphere and the stratosphere, the climatological chemical loss
rates from [Bergamaschi et al.| (2009) are used. These are
based on OH fields optimised with methyl chloroform using
the TMS5 model (Krol et al., 2005) and prescribed concentra-
tions of the stratospheric radicals using the 2-D photochemi-
cal Max-Planck-Institute model.

The background and observation error covariance matrices
for the CH, assimilation are specified as for all the IFS me-
teorological variables. The background error is derived from
the National Meteorological Center (NMC) method (Parrish
and Derber, [1992)) and is set to be constant in time. Its stan-
dard deviation (diagonal of the covariance matrix) is about
20 ppb in the troposphere and increases to a value of 150 ppb
at the surface. The correlations are constant over the whole

domain with a representative length scale of about 200 km.
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The system does not account for the spatial or temporal cor- s
relation between the errors of the observations. The obser-
vation error standard deviation is provided with the data and
are specified later on for each used data set.

2.2 Assimilated data

305

The MACC-II DM system is able to assimilate various kinds
of data sets like radiances or geophysical products with and
without averaging kernels. For methane, the choice was
made to assimilate retrieval products in order to lower the
level of complexity compared to assimilating radiances.

For each CH, products, we used the data at all the quality
flagged pixels of the instrument. Because the pixel size of the
instruments is lower compared to the size of the model grid
cells, we could have the situation of several observations per
model grid cell during an assimilation window. The correla- "
tion between the observation errors should then be taken into

account. To avoid this situation, we thinned the observations

ona 1° x1° grid.

2.2.1 SCIAMACHY 320

SCIAMACHY measured the direct light from the sun as
well as the solar light reflected by the Earth. The difference
provides information on the atmosphere through which the
Earth-reflected light has passed, especially information on 45
the concentration of trace gases and aerosols in the tropo-
sphere and stratosphere. SCIAMACHY measured the light
between 240 and 1700 nm, and in certain spectra between
2000 and 2400 nm at a moderate spectral resolution (0.2 to
0.5nm). 330
Envisat flew in a sun synchronous polar orbit at an alti-
tude of 790 km. It orbited the Earth in about 101 min with
a repeat cycle of 35 days. Along the orbits, SCTAMACHY
used different observation modes: nadir, limb, and solar or
lunar occultation. For the nadir mode which is used in this

study the swath was 960 km. For the methane product, the sss

pixel size on the ground was 30km (along track) by 60 km
(across track). Per 12 h assimilation window SCIAMACHY
provided about 1200 CH, data points with a distribution as
shown in Fig. 2] In autumn, the best observed places are
the continents over a large tropical band. For example, over
Australia more than 10 observations per model grid point are
provided for the whole month of October 2011. North Africa
is also well observed with several model grid points having
about 25 observations. Oceans south of 30° S are better ob-
served than other oceans, but they have on average less than
5 observations per month. Later on in the season and until
January, the coverage shifts to the South due to the depen-
dence of the instrument on sunlight. Early on, and until June,
the coverage shifts to the North but the main features of the
coverage remain the same as for October 2011, the month
displayed in Fig.[2]

The column-averaged dry-air mole fractions of methane
(xCHy) product from SCIAMACHY used in this study is
provided by an algorithm based on the proxy method devel-
oped at SRON in collaboration with JPL (Frankenberg et al.,
2005, 201 1). The algorithm uses the 1600 nm band of SCIA-
MACHY. In this paper, we used version v5.5 of the product.
The product provides a column-average dry-air mole frac-
tions of CH, with an a priori profile of CH,4 and its corre-
sponding averaging kernel. Both the a priori and the aver-
aging kernel have 12 vertical levels from the lower tropo-
sphere to the top of the atmosphere (Fig. [3). As shown by
the shape of the averaging kernel, the retrieved xCH, from
SCIAMACHY are more sensitive to the lower troposphere.

The proxy method provides xCH4P"°*¥ based on the ra-
tio between the CH4 number column (vCH,) and the CO,

number column (vCO»),

CH X
xCH4pTO$y:7U 4 -xCOP™T,
2

1
vCO 1)
The prior column-averaged dry-air mole fraction of COq
(xCO4PT) is computed from CO5 mole fractions provided

by CarbonTracker (carbontracker.noaa.gov). The Carbon-
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Tracker CO4, fields are gridded on cells of 1° x 1° over North
America and 3° x 2° elsewhere. For each SCTAMACHY
pixel, the CO4 value in the nearest neighbour cell of the Car-
bonTracker grid is used to calculate xCH,4. At the time of
writing this paper, CarbonTracker provides COy for 2011. a7
But in 2010, when the 2010 xCH4 SCIAMACHY product
was produced, the available data set from CarbonTracker
was from 2007. Assuming a yearly increase in COgy of
0.4 %, a multiplicative factor of (1.004) was applied to the
2007 CarbonTracker COs fields in order to produce the 2010 3s0
xCH, product. When the 2011 xCH, SCIAMACHY prod-
uct was produced, the 2010 release of CarbonTracker was
available. So a multiplicative factor of 1.004 was applied to
the 2010 CarbonTracker CO- fields in order to produce the
2011 xCHy4 product. The standard deviations of the obser- s
vation error provided with the data do not vary much in time

during the study period. Its average value is 60 ppb.

It is well known that SCIAMACHY NIR channels suf-
fered from severe radiation damage (Kleipool et al., [2007;
Frankenberg et al., |2011), thereby affecting its performance 3%
by increasing the measurement noise error (Gloudemans
et al., 2008). This becomes worse towards the end of the

mission which is the period used in this study.

2.2.2 TANSO 395

GOSAT is a joint effort from the Japan Aerospace Explo-
ration Agency (JAXA), the National Institute for Environ-
mental Studies (NIES) and the Japanese Ministry of the En-
vironment (MOE) as part of the Global Change Observation ,,
Mission (GCOM) program of Japan. GOSAT was launched
on 23 January 2009, into a sun synchronous orbit at an alti-
tude of 666 km. This implies that the satellite comes back to

the same location with a 3 day period.

GOSAT carries the TANSO observing instrument, which 4os
consists of a Fourier Transform Spectrometer (TANSO-FTS)
and a Cloud and Aerosol Imager (TANSO-CAI). Two out
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of the four bands measured by TANSO-FTS are sensi-
tive to CHy, one in the short wave infrared (SWIR) and
one in the thermal infrared (TIR) (for more details see:
www.gosat.nies.go.jp/eng/gosat). Each detector has the same
circular field of view of 10.5km when projected on the
Earth’s surface (at exact nadir), and a swath of 750 km. Com-
pared to SCTAMACHY, which had a continuous coverage
across the swath (for clear sky condition) and thus 16 obser-
vations, TANSO makes only 5 observations across the swath
due to the measurement time.

The xCH4 TANSO product used in this study is also pro-
vided by SRON using the proxy setup of the RemoTeC algo-
rithm (Butz et al., 2010), a joint development between SRON
and KIT. In this paper, we use version v.l (from Novem-
ber 2010 to September 2011) and version v.2.0 (from Oc-
tober 2011 onward) of the product. These products also
consist of column-average dry air mole fractions of CHy
with an a priori profile and its corresponding averaging ker-
nel. The a priori and the averaging kernel have 6 vertical
levels for version v.1 and 4 vertical levels for version v.2.0
(Fig.3). Note that the TANSO averaging kernels have a sim-
ilar shape as the SCTAMACHY ones as they both measure
in the near infrared. That makes TANSO also sensitive to
the lower troposphere. The given values of the observation
errors are lower than the ones from SCIAMACHY. Their av-
eraged value is 12.6 ppb which means that the assimilation
algorithm will give more confidence to the TANSO data than
to the SCTAMACHY ones.

The coverage of both versions of the product is similar
over land even when the solar zenith angle limit was changed
from 70° to 75° (Fig. . As for SCTAMACHY, the cover-
age of the Northern Hemisphere is larger during the sum-
mer reaching 70° N or 75° N (depending on the version of
the product), and smaller during the winter, reaching 50° N.
Contrary to SCIAMACHY, the coverage of the Southern
Hemisphere does not vary much with the season. The mea-

surements are mainly located north of 45° S with few points
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over Antarctica. Version v.2.0 of the product provides data
over the oceans (sunglint instrument pointing) where no data
were retrieved in version v.1. These observations over oceans s
are located in a tropical band that varies with the season,
with more measurements in the Northern Hemisphere dur-
ing June-July-August (JJA) and more measurements in the
Southern Hemisphere during DJF. These observations allow
increasing the number of assimilated data per 12 h assimila- 40
tion window from about 200 observations (for version v.1) to
about 360 observations (for version v.2.0). This nevertheless
remains more than 3 times less than the number of assimi-

lated SCIAMACHY observations.

455

2.2.3 IASI

The first Infrared Atmospheric Sounding Interferometer
(TASI) developed by the Centre National d’Etudes Spatiales
(CNES) in collaboration with the European Organisation for
the Exploitation of Meteorological Satellites (EUMETSAT) *
was launched in October 2006 onboard the European MetOp-
A platform. IASI is a Fourier Transform Spectrometer based
on a Michelson Interferometer coupled to an integrated imag-
ing system that measures infrared radiation emitted from the

465
Earth from 645 to 2760 cm~!, with a spectral resolution of

0.5 cm ™~ apodized and a spectral sampling of 0.25 cm 1.

MetOp-A flows in a sun synchronous polar orbit at an al-
titude of 817km. IASI is an across track scanning system
with a scan range of +48.3° (symmetrically with respect to
the nadir direction). A nominal scan line covers 30 scan posi-
tions towards the Earth. Each instantaneous field of view has
a ground resolution of 12km at nadir. This provides about

4,000 observations to assimilate per 12 h window.

The CH,4 IASI retrievals used in this study are provided
by a non linear inference scheme based on Multilayer Per-
ceptron neural networks (Crevoisier et al., 2009, 2013)). This 475
method relies on the simultaneous use of synchronised ob-

servations from IASI and the Advanced Microwave Sound-

ing Unit (AMSU) to disentangle CH, from atmospheric
temperature in the IASI radiances. IASI provides sub-
column of CH4 in the mid-to-upper troposphere, with associ-
ated weighting functions having their maximum at 250 hPa
(Fig.[3). In this study we restricted the data to a large tropi-
cal belt (30° N-30° S) where higher-quality data are expected
compared to higher latitudes because of the low variability of
the temperature profiles, which facilitates the decorrelation
between CHy and temperature signals. In that region, the
given mean observation error is 37 ppb. It is slightly higher
during spring (2011 and 2012) and slightly lower during the

summer 2011.

Compared to SCIAMACHY, which provides dense infor-
mation mainly over land, and compared to TANSO, which
provides sparse information, IASI provides a very dense ob-
servation pattern both over land and ocean, for clear-sky con-
ditions only. For example, in October, each grid point is ob-
served on average 11 times (less than for SCTAMACHY and
TANSO) but most of the grid points are observed (Fig. [2).
Only North Africa and Asia have some gaps because of spe-
cific surface conditions over the Sahara and of the persistence
of cloudy conditions, especially during the monsoon. One
can note that the observational coverage over the oceans is

slightly better than over the land.

2.3 Set-up of experiments

We decided to start the study period the 1st November 2010
in order to have more than one year of SCIAMACHY data
to assimilate before April 2012, the month the contact with
Envisat was lost. When we started the study, the MACC-II
DM system was running since June 2009 assimilating SCIA-
MACHY CH, products. This run was the reference at that
time and we decided to use it to build the initial conditions
for the SCIA experiment. We thus extracted the meteoro-
logical parameters and the methane concentration from the

DM analysis for the 1st November 2010 and used them as
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initial conditions. The SCIA experiment is then a clone of
the DM but at a different resolution. The two other analysis
experiments use the same initial condition so we can assess sis
the impact of the change in the observing system. The FREE
run also uses this initial condition in order to better evaluate

the impact of the assimilation.

The study period runs from the beginning of Novem-
ber 2010 to the end of April 2012 (18 months), when SCIA- 520
MACHY stopped producing data (Fig.[I). Occasionally we
split the period studied into seasons to interpret the results.
Note that the first completed season studied, i.e. Decem-
ber 2010, January and February 2011 (DJF 2010/2011) starts
one month after the beginning of the study period. This first 525

month can thus be regarded as a spin-up period.

2.4 Evaluation data

The non-satellite CH; data are mainly measurements,,

of the near surface concentrations. For example,
in situ measurements are provided by the National
Oceanic and Atmospheric Administration (NOAA) net-
work (www.esrl.noaa.gov/gmd) and the pre-operational In-
tegrated Carbon Observation System (ICOS) network (icos-
atc-demo.lsce.ipsl.fr). As the assimilated data are columns,
they do not constrain the surface level well in the analysis, sss
therefore, we decided to carry out the validation of the analy-
ses using profiles and column measurements. We chose some
campaigns from the HIAPER Pole-to-Pole Observations
(HIPPO, Wofsy et al., 2011, hippo.ornl.gov) and the mea-
surements from the Total Carbon Column Observing Net-
work (TCCON, Wunch et al., 2011}, tccon-wiki.caltech.edu). .,
The flight data cover 3 months of the studied period with
a good vertical resolution while the ground-based data cover

the whole period but provide only the vertically integrated

information in a few places over the Globe.

During the period under study, four HIPPO campaigns ss
took place between 16 June and 9 September 2011. Three
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of them have a similar trajectory for the flights over the Pa-
cific ocean (Fig. ). The second campaign from 28 June to
11 July 2011 has its flights more towards the West and cross-
ing Australia and Indonesia. In this paper, the 10 s merged
methane product was used (Wofsy et al., 2012).

At the time of writting, twenty one stations of the TCCON
network have reported data for the period we are interested
in. We chose to compute global statistics using all these sta-
tions and additionally differentiating them by regions and by
period. Most of the used data are located north of 20° N
(about 70 %). The data collected over the tropical region rep-
resent 8 % and only 4 % for the period before October 2011.
Moreover, eight stations were chosen to present time series
(Fig.[). Some stations were retained because they provided
the most continuous data set (e.g. Park Falls). We also kept
the stations located in the tropical area in order to assess the
impact of the assimilation of the IASI data. The two stations
located at the two highest latitudes (north and south) were

also selected (e.g. Lauder and Sodankyla).

3 Results

In the following, we present the results of the FREE exper-
iment and the three assimilation experiments by comparing

the latter to the free run.
3.1 Freerun

Unlike for a CTM, the FREE experiment consists here of
forecasting both the CH4 mole fraction and the meteorolog-
ical parameters. The meteorological parameters are free to
evolve without any constraint during the forecast. In order to
have more accurate meteorological parameters, we replaced
them each 12 h by the ones from one of our assimilation ex-
periment (all our analyses presented in this paper having the
same meteorological parameters). These analysed meteoro-
logical parameters result from the assimilation of all the op-

erational meteorological data in IFS.


http://www.esrl.noaa.gov/gmd/
https://icos-atc-demo.lsce.ipsl.fr
https://icos-atc-demo.lsce.ipsl.fr
https://icos-atc-demo.lsce.ipsl.fr
http://hippo.ornl.gov/
https://tccon-wiki.caltech.edu
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Methane is free to evolve without any constraint by ob-
servations in the FREE experiment. Its evolution is subject

to the transport, the fluxes and the chemical loss rates. The

fluxes are the largest source of uncertainty for CH, in this sss

experiment and they are also the main driver of its evolution.
Even if there is no constraint on the fluxes or on the CHy
mole fraction, the forecast CH, is realistic enough to pro-

vide us the reference to assess the effect of the assimilation

of CH,4 data. This simulation represents the main features of seo

atmospheric CH, like the north—south gradient as well as the

seasonal variability of the Northern Hemisphere (Fig. [3)).

One can notice an increase in the global trend of the

methane total column. This is due to the modelled CHy

growth, i.e. a net positive balance of the sources and the 5%

sinks.

3.2 SCIAMACHY analysis

Due to the fact that SCIAMACHY measures reflected so-

lar light, SCTAMACHY can only provide daytime measure-
ments. This leads to gaps into the global coverage during
local winter periods (Fig. [6p). To assess how the analysis

deals with these gaps, we computed the seasonal averages of

the analysis increment as a total column (difference between

xCH,4 computed from the analysis and xCH4 computed from
the background state, Fig. [7p). An averaged increment is
representative of a systematic mismatch between the back-

ground state (computed by a 12 h forecast from the previous

analysis) and the observations. We do not discuss here the

values of the averaged increment as the biases are not the fo-
cus of this paper. We use this diagnostic to present where the

observations add information through the analysis.

The structure of the averaged increment shows that the

analysis of SCIAMACHY brings information mainly overseis

land in the tropical region and at mid-latitudes but not over
the ocean. Depending on the season, the analysis brings in-

formation at high latitudes (Northern Hemisphere in JJA and

Southern Hemisphere in DJF) over ocean and land. The di-
rect impact of the assimilation of the SCIAMACHY product
should therefore be found over the tropics to mid-latitudes
and at higher latitudes of each hemisphere during summer-
time. When the CH,4 total columns from the SCIA experi-
ment are compared to the ones from the FREE experiment,
the main difference is at high latitudes of the Northern Hemi-
sphere in June (Fig.[5b). Total columns from the SCIA ex-
periment are locally more than 50 ppb lower than those from
the FREE experiment. This difference corresponds to a lower
CH,4 mole fraction in the range from the surface to the lower
stratosphere, up to 50 hPa in the analysis. (Fig. [8] left pan-
els). The difference is largest in the troposphere and particu-
larly at levels close to the surface.

At high latitudes in the Southern Hemisphere, the main
differences are observed during DJF which corresponds to
the local summer. There, the SCIA experiment has less CHy
than for the FREE experiment from the surface up to 100 or
50hPa (depending on the year). The largest differences of
more than 30 ppb are found from the near surface to the up-
per troposphere. This corresponds to differences of about 20
to 30 ppb in terms of averaged total columns. One can no-
tice that during the winter-time of each hemisphere, there is
an indirect impact of SCIAMACHY as xCH,4 remains lower
in the SCIA experiment compared to the FREE experiment.
This is due to both the transport that spreads the observation
information in space and time, and the model adjustment to
its equilibrium state.

Over the tropical region, the analysis also has lower
methane concentrations than the FREE experiment. The dif-
ferences are higher in March-April-May (MAM) and JJA
2011 with values between 15 and 25 ppb, and in MAM 2012
with values between 30 and 40 ppb. The result of these
seasonal differences as well as the differences at highest
latitudes is a modification of the north—south gradient and
the seasonal cycle in the SCIA experiment compared to the

FREE experiment. In the SCIA experiment the gradient is



620

625

630

635

640

645

650

10

steeper in DJF and flatter in JJA, and the seasonal cycle is

more pronounced. 6
3.3 TANSO analysis

The TANSO data are available during most of the period un-
der study, apart for a few days in August 2011 (Fig. @)).6
The Southern Hemisphere is less well sampled as there is
little or no coverage of the oceans and the coverage mostly
stops for latitudes south of 45° S. SCIAMACHY has thus an
added value in this region south of 45° S as its data impact the
analysis during the local-summer period as seen previously6
(Sect.[3.2). The averaged increments of the TANSO experi-
ment show however that the TANSO data have an influence
over Antarctica similar to the SCIAMACHY data (but to
a lesser extent) in DJF 2011/2012 (Fig. [7). They also have
an influence over oceans at southern mid-latitudes while the
SCIAMACHY data have an influence further south. In JJA, ’
where both datasets are available, their region of influence is
similar. At mid and high northern latitudes, SCIAMACHY
data have additionally an influence over oceans. In summary,
the averaged increments show that even if the TANSO data
are sparser than the SCIAMACHY data, their region of in—6

fluence is similar over the tropics and mid-latitudes.

The assimilation of the TANSO data has less impact on
the analysis than the assimilation of the SCTAMACHY data
when compared to the FREE experiment (Fig. [5¢). The dif-
ference between the CH,4 column from the TANSO exper-
iment and from the FREE experiment is mostly less thans
10 ppb but here the analysis has higher CH4 values than the
FREE experiment. This is the main characteristic of this ex-
periment compared to the SCIA one. The exception is for the
summer period at northern high latitudes. As for the SCIA
analysis, the TANSO analysis reduces the lower atmospherics
CH,4 compared to the FREE experiment. But whereas the
reduction exceeds 50 ppb for the SCIA experiment, it is here

less than 40 ppb. The TANSO measurements are limited to
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82° N, but due to the transport and the background error cor-
relation, the information is spread to higher latitudes. This

compensates the lack of TANSO data at the high latitudes.

The TANSO data influence the vertical distribution of the
analysed CH, compared to the vertical distribution from the
FREE experiment mainly over the northern extra tropical
region from MAM to September-October-November (SON,
Fig.[8] central panels) as for the total columns. The differ-
ences reach their maximum in JJA with a CH,4 mole fraction
lower for the analysis (compared to FREE). The maximum
value of the difference is more than 30 ppb and it is found
from the surface to 500 hPa. The TANSO data constrain the
whole troposphere, as is the case for SCCAMACHY.

Note that the difference between the TANSO experiment
and the FREE experiment in the stratosphere is similar to the
one between the SCIA experiment and the FREE experiment.
This is likely due to the transport of higher CH, concentra-
tion from the tropics to high latitudes by the meridional circu-
lation in the stratosphere. The CH,4 concentration is higher in
the stratosphere over the tropics for the analysis experiments
compared to the FREE experiment due to systematic positive

increments in regions of deep convection (Figs. [7h and[7f).

3.4 TANSO and IASI analysis

When the IASI data are added to the TANSO data in the
analysis, their effect is evaluated by comparing the resulting
analysis with the TANSO analysis (Fig.[5d). The comparison
emphasizes the impact of the change in the version of the as-
similated TANSO data in October 2011. The IASI+TANSO
experiment has between 5 and 15 ppb less methane in total
column after October 2011 than for the TANSO experiment.
Before this date, the difference is mainly between —5 and
5 ppb, except for DJF 2010/2011 when the total column from
the IASI+TANSO experiment are 15 ppb higher. The differ-
ence between the two experiments is mainly located in the

tropical and mid-latitudes regions south of 30° N and north
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of 30° S where the IASI data are provided. The transport and
the background error correlation, however, spreads the infor- 72s
mation to the higher latitudes but there the difference is never

much more than 2 ppb.

The weighting function of the IASI product peaks at about
250hPa. It reaches half of its maximum respectively at
100 hPa and 500 hPa. One can expect to see the influence 73
of the assimilation of the IASI data mainly in this vertical
region between 100 and 500 hPa. But looking at the dif-
ferences between the zonal and seasonal averages from the
TASI+TANSO experiment and from the TANSO experiment,
the influence is observable from the surface up to 10 hPa
(Fig.[8] right panels). This could be explained by the vertical
transport as well as by the vertical correlation in the back- 735

ground error statistics or the interaction with the TANSO

data.

From December 2010 to April 2011, the TASI data con-
strain the analysis so that it has higher values of methane con-
centration in the middle troposphere over the tropics com- ”
pared to the TANSO analysis. For the extra-tropical regions,
the impact is more dependent on the season. The TASI anal-
ysis tends nevertheless to decrease CH, in the middle tropo-
sphere and to increase it in the lower stratosphere. For the last
two seasons (DJF 2011/2012 and MAM 2012) the shape of "
the difference between the two experiments (IASI+TANSO
and TANSO) differs substantially from the previous seasons.
The previously described decrease in terms of xCHy during
these two seasons is associated with a decrease of CH,4 by
more than 15 ppb from the surface to 100 hPa in the trop- "
ics and at the same time an increase (less than 10 ppb) above

100 hPa. Due to the transport, these differences spread to the

extra-tropical regions.
3.5 Comparison with independent measurements 755

The three CH,4 analyses showed their own features in term of

CH, spatial and temporal distribution when compared to the

11

simulation without data assimilation. To further document
the features of each analysis, they are compared to evalua-
tion data, i.e. data that have not been directly included in the
assimilation process. One can notice that these evaluation
data are not always fully independent as, for example, satel-
lite products are bias-corrected using the measurements from

the TCCON network.

3.5.1 Comparison with HIPPO

For each CH,4 concentration measured during the campaigns,
we computed the model equivalent for each of our four ex-
periments. Top panel of Fig. [9] presents the measurements
for the four campaigns as a function of latitude and altitude
(in pressure units). And for each experiment, we present the
same figure but for the difference between the model and the
measurement (Fig. E] lines 2 to 5). We removed for each ex-
periment the average difference between the model and the
measurements to better compare the spatial gradient between
the experiments. These differences are spatial and temporal
averages over the four campaigns and are detailed in Table ]
We also computed the average differences for three spatial
regions: the Northern Hemisphere north of 20° N, the trop-
ics between 20° S and 20° N and the Southern Hemisphere
south of 20° S.

From the four campaigns, we can identify in the HIPPO
data the north-south gradient in the CHy distribution with
lower values in the Southern Hemisphere (Fig.[9]line 1). We
can also clearly assess the vertical gradient when the flight

crosses the tropopause at around 200 hPa at high latitudes.

The FREE experiment represents the north—south gradi-
ent reasonably well for the two last campaigns (Fig. [9] line
2). But it fails to represent correctly the gradient for the two
first campaigns with an underestimation over the Southern
Hemisphere and an overestimation over the Northern Hemi-
sphere. On average for the campaigns, the underestimation

over the Southern Hemisphere is around 13 ppb (Table [T).
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The underestimation is lower in the tropics with a value of

6 ppb, whereas the experiment overestimates CHy4 by 3 ppb
over the Northern Hemisphere. One can notice from Fig. [9]
than the difference between the experiment and the HIPPO
data over the Northern Hemisphere is positive for the firstsoo
two campaigns and negative for the two last ones. This is
likely due to a seasonal bias in the model.

As shown in the previous section, the SCIA analysis re-
duces the north—south gradient during the summer. This
leads to a similar inter-hemispheric gradient to that in the sos
HIPPO data (Fig.[9]line 3). The SCIA experiment has a bet-
ter simulated gradient than the FREE experiment. But overall
the analysis underestimates CH4 by about 35 ppb on aver-
age (Table [T). This indicates the presence of a bias in the
SCIAMACHY product. The average differences between sio
the SCIA experiment and the HIPPO data are similar in the
Northern Hemisphere and Southern Hemisphere, and slightly
lower in the tropics. This is consistent with the weak de-
pendence of the bias with the latitude found in the work of
Bergamaschi et al.| (2009) during the summer months. 815

We already mentioned the change in the north—south gra-
dient in the TANSO experiment due to a reduction of the
tropospheric CHy in the Northern Hemisphere (Sect. [3.3).
When compared to the HIPPO data this reduction appears
to be slightly too large (Fig.[9]line 4). The Northern Hemi- e20
sphere overestimation in the FREE experiment (3 ppb) is re-
placed by a larger underestimation of 28 ppb in the analysis
(Table [I). In the Southern Hemisphere, the impact of the
assimilation of the TANSO data is mainly positive (from an
underestimation of 13 ppb for the FREE experiment to anszs
underestimation of 9 ppb for the analysis) even at high lat-
itudes where there is no data to constrain the model. This
suggests a latitude dependent bias in the version v.1 of the
TANSO product. Row 4 of Fig. 9] also suggests a seasonal
variation of the bias. The differences are indeed larger during sso
the end of the summer (last two campaigns) in the Northern

Hemisphere.

S. Massart et al.: Assimilation of atmospheric CHy products

When comparing the difference between the
IASI+TANSO analysis and the HIPPO data, with the
difference between the TANSO analysis and the HIPPO
data, we see the impact of the IASI data on the analysis.
Globally the TASI+TANSO experiment is similar to the
TANSO experiment (TabldI). In the tropics and in the
Southern Hemisphere, the difference compared to the
HIPPO data is nevertheless reduced by about 1.5 ppb. In
contrast, the difference increased by about 2 ppb in the
Northern Hemisphere. In terms of vertical distribution, the
difference between the experiments is located mainly above
700 hPa (Fig.[9] last row).

In order to have another picture of how well the exper-
iments are able to represent the CH, features as measured
during the HIPPO campaigns, we computed the standard de-
viation of the difference between the measurements and the
model equivalent (Table [2). The standard deviation quanti-
fies the random component of the difference. In the follow-
ing, we will refer to it as the error.

The FREE experiment presents a global error of about
14 ppb which mainly comes from the Northern Hemisphere,
the error being respectively 10 ppb and 8 ppb in the tropics
and in the Southern Hemisphere. The SCIA experiment has
a global lower error (less than 12 ppb), meaning that the as-
similation system correctly uses the information content of
the SCTAMACHY data. The error has a different regional
distribution compared to the FREE experiment, being lower
over the Northern Hemisphere and the tropics but slightly
higher in the Southern Hemisphere. The TANSO experiment
has a similar error as the error of the SCIA experiment in the
Northern Hemisphere, a slightly lower error in the tropics,
but a higher error in the Southern Hemisphere. This means
that the output of the analysis in this region should be used
with caution. Even if the assimilation of the IASI data al-
lows reducing the difference compared to the HIPPO mea-

surements, it increases the error in the tropics with a value of

12 ppb for the error of the IASI+TANSO experiment when
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the FREE experiment has an error of 10 ppb there. Adding
the high density IASI data in the system thus results in in-
creasing the variability on the tropospheric methane in the
analysis.

We saw in Sect. [3.4] that the impact of the IASI data in the
vertical distribution of CH4 changed when the data are com-
bined with version v.1 or version v.2.0 of the TANSO data

(left column of Fig.[§). Unfortunately we do not have other

profile measurements for the second period to document if *”°

the TASI+TANSO experiment presents better profiles with
the version v.2.0 of the TANSO data.

3.5.2 Comparison with TCCON

For each TCCON measurement we computed the model
equivalent using the TCCON a priori profiles and averag-
ing kernel. To summarise the behaviour of each experiment

compared to the TCCON measurements, we then computed

the monthly averaged differences between the model and the sss

measurements and the monthly standard deviation of the dif-
ferences. Figure |10 presents the time series of the monthly

differences for several stations.

Following Bergamaschi et al| (2009), we computed the

best fit of the monthly differences with a quadratic function #°

of latitude. Figure[IT] presents the time series of the monthly
quadratic functions. This figure is truncated to the latitude
range from 45° S to 80° N that corresponds respectively to

the latitudes of the southernmost and northernmost TCCON

sites. Figure[T Tk shows a very distinctive behaviour between 8

the two periods of the TANSO experiment (version v.1 of the
data before October 2011 and version v.2.0 after) in terms
of difference against the TCCON data. This comes from the

change in the a priori profile and averaging kernel informa-

tion between the two versions of the product, xCH, being soo

similar in the two versions. Due to this, we split the discus-
sion of the comparison with the TCCON data into the period
before October 2011 and after October 2011.

13

Period before October 2011

The initial condition of all the experiments comes from the
methane analysis of the DM which is known to have a nega-
tive bias of about 20 ppb in terms of total column when com-
pared to independent measurements (Massart et al., [2013)).
Therefore, at the beginning of the period, the FREE ex-
periment underestimates xXCH4 when compared to the mea-
surements of the selected TCCON stations (black lines of
Fig.[10). The underestimation varies from 10 to 30 ppb de-
pending on the station. We previously described an increase
over time of xCHy in this experiment (Sect. [3.1)and Fig. [5h).
This increase allows reducing the difference with the TC-
CON measurements after the first few months and leads to
a global underestimation of about 5.5 ppb on average be-
tween November 2010 and October 2011 (Table ), that is
consistent with the global underestimation found in the com-
parison with the HIPPO data (5 ppb). The increase is larger
in the Northern Hemisphere and the FREE experiment starts
to overestimate XCH, from March to August 2011 (Fig.
and black lines of the last four panels of Fig.[I0). This is
again consistent with the comparison against the HIPPO data
for which the difference between the FREE experiment and
the evaluation data was significantly contrasting between the
two first campaigns (end of June to mid-July) and the two
last (mid-August to mid-September). The standard devia-
tion of the difference between the FREE experiment and the
TCCON data also increases the first few months (figure not
shown) to reach an average value of 8 ppb (Table [d). This
value is much lower than the one obtained when compared

against the HIPPO data (14 ppb).

The assimilation of the version v.1 of the TANSO data or
the SCTAMACHY data globally results in increasing the un-
derestimation respectively up to 15 ppb or 28 ppb with re-
spect to the TCCON measurements (Table [3). These under-
estimations are lower during the winter and increase in spring

for both experiments and in summer for the TANSO exper-
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iment (Figs. [[Ip and [[Tk). The values of the underestima-
tion are consistent with the values found in the comparison
with the HIPPO data. The error in the north-south gradient is
close to zero for the SCIA experiment similarly to the value
found with the HIPPO data (Tables [T and B). The error isss
higher for the TANSO experiment but less pronounced than
the one found with the HIPPO data. The TANSO experiment
has an increased underestimation starting from March 2011,
similar to the one of the SCTAMACHY experiment (Fig. [TTk
and four last panels of Fig. cyan — TANSO - and green os0
— SCIA - lines). This suggests a larger latitude-dependent
bias in the TANSO experiment compared to the SCIA one.
The standard deviation of the differences between the exper-
iment and the TCCON data are similar for the TANSO and
SCIA experiments with value just lower than 6 ppb, more
than 2 ppb less than for the FREE experiment (Table [d). As
for the FREE experiment, the error is lower in the tropics.  %°
The effect of the assimilation of IASI data combined with
TANSO data was found to be mainly located in the tropi-
cal band where the TASI data are available (Fig. [5). When
the TASI+TANSO analysis (red lines of Fig. is com-
pared to the measurements from stations situated north of °°
20° N (Park Falls, Garmisch, Karlsruhe and Sodankyla) there
is hardly any significant difference with the TANSO analy-
sis. On average over all the stations of the Northern Hemi-
sphere, the difference is slightly increased by one ppb with
the assimilation of the IASI data (Table [3). In contrast,°®
for the stations situated south of 20°S (Lauder and Wol-
longong), IAST has a positive impact as the underestimation
of the TASI+TANSO experiment (6 ppb) is lower than for
the TANSO experiment (9 ppb) and the FREE experiment
(13 ppb). In the tropical region, the statistics are influenced 7
by the behaviour of the experiment at the Darwin station.
There, the IASI+TANSO experiment slightly overestimates
xCH, during DJF 2010/2011 (red and green lines, Darwin
panel, Fig. [I0). This is related to the previously discussed

increase of the methane column in the IASI+TANSO experi- o75
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ment during this period (Sect.[3.4). On average in this region,
the effect of adding the IASI data in the assimilation system
is positive and leads to an overestimation just above 1 ppb.
The improvement due to IASI is effective only during the
winter period. Then IASI seems unable to counterbalance
the higher bias found in the TANSO experiment from March
2011 (Figs. and [ITd). Overall the standard deviation of
the differences between the IASI+TANSO experiment and
the TCCON data is sightly larger than the one of the TANSO
analysis, enhenced in the tropics where the error is further

increased and reaches about 1 ppb.

Period after October 2011

During the period between SON 2011 and DJF 2011/2012,
the underestimation of the FREE experiment continuously
decreases (Fig. ) and leads to an overestimation of 5 ppb
on average (Table[3]). The behaviour of the SCIA experiment
is the same as for the previous period. The TANSO exper-
iment presents a contrasting behaviour due to the change of
version of the assimilated product in October 2011. While
the analysis underestimates XCH, in September 2011 by al-
most 20 ppb for example at Park Falls, it only slightly over-
estimates it by 5 ppb in October 2011 and later (green line
of Park Falls panel, Fig.[I0). The same behaviour can be ob-
served for the other selected stations of the Northern Hemi-
sphere (Fig.[ITk). On average over the Northern Hemisphere,
assimilating the version v.1 of the TANSO product conduces
to an underestimation of xCH,4 by about 17 ppb, whereas as-
similating the version v.2.0 of the data conduces to an over-
estimation of 4 ppb. We have a similar picture for the other

regions.

Compared to the previous period with the version v.1 of
the TANSO data, the benefit of the IASI data is here more
persistent over the period. There is an unexpectedly positive
impact at mid-latitudes, north of 20° N and south of 20° S.
At the end, the IASI+TANSO experiment globally underes-
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timates the xCH4 by just less than 1 ppb. As for the previousioto
period, the error is slightly increased on average with respect
to the TANSO experiment but still much lower than the error
of the FREE experiment.

Whole period

1015

The TANSO experiment and accordingly the IASI+TANSO
experiment showed a very different behaviour before and af-
ter October 2011. Their statistics over the whole period are
therefore not relevant. The FREE experiment was also differ-
ent during the two periods. It shows a constant characteristic'®
which is a wrong north-south gradient with an error between

8 and 10 ppb. The statistics of the SCIA experiment are con-
stant over time with global underestimation of 27 ppb which

is consistent but lower compared to the value of 37 ppb found
by Houweling et al.| (2014) for 2009 when they directly com-'%%°
pare the SCTAMACHY data with the TCCON ones.

The standard deviation of the differences between the
FREE experiment and the TCCON data marginally increases
from the first period to the second one. The error is al-
ways lower in the tropics, almost half the error found in the'®°
Northern Hemisphere. The value of the error for the South-
ern Hemisphere is between the value for the Northern Hemi-
sphere and for the tropics. The error of the SCIA experiment
has a similar behaviour but not for the second period where
the error for the Southern Hemisphere is lower than the er-'%*

ror for the tropics. Overall, the average error is always lower

than that of the FREE experiment.

4 Conclusions
1040

After the loss of Envisat in April 2012, the MACC-II de-
layed mode system for methane had to rely on the assim-
ilation of the TANSO and the IASI products. In order to
assess the impact of this change in the observing system,
we have documented how the assimilation of the productsios

of each of these instruments constrains the model. First,

15

the model without any assimilation of methane data showed
a good behaviour even if the initial condition was negatively
biased. It nevertheless overestimates the inter hemispheric
gradient in June and July 2011 when compared to the HIPPO
aircraft measurements. This was due to an underestima-
tion of the methane concentration in the Southern Hemi-
sphere and an overestimation in the Northern Hemisphere,
the difference between them being 15 ppb. This was con-
firmed when the experiment was compared against measure-
ments from the TCCON network but with a value of 10 ppb.
The CH,4 sources and sinks are climatological in the model
and their sum produces a positive global budget. As a con-
sequence, the free run model will have the same positive
methane growth each year and therefore it will deviate from
the observed growth. Using data assimilation is thus needed
in order to properly monitor atmospheric CHy.
SCIAMACHY provided dense and global measurements
but only during daylight hours. This limited the amount of
data to assimilate, especially during the winter period of each
hemisphere. When the data were available, the largest impact
of the assimilation of the SCIAMACHY data was found dur-
ing MAM and JJA at high latitudes in the Northern Hemi-
sphere. There the assimilation decreased the methane con-
centration from the surface up to 50 hPa. This improved
the north—south gradient in the analysis. On the other hand,
this also produced a global underestimation of 35 ppb for the
tropospheric CH4 concentration when compared to HIPPO
data and 28 ppb for the column when compared to TCCON
measurements. These estimations of the SCIAMACHY bias
are in good agreement with the value of 37 ppb found by
the study of Houweling et al.[|(2014). In the context of the
DM system, the bias of the assimilated product could not be
computed as there are not enough independent data in the re-
quired time frame to anchor a bias correction scheme. For
this reason, the SCTAMACHY product as the other products
have not been bias corrected in this study. However, if the

same version of the satellite products have to be assimilated
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again in the future for a reanalysis purpose, a bias correction
would therefore have to be envisaged. 1085

TANSO also provides measurements only during daylight
hours. But compared to SCIAMACHY, the data are much
less dense (about 3 times less) and cover only land in ver-
sion v.1 of the used product and partially the ocean in ver-
sion v.2.0. Over land, the density of the TANSO data isios
nevertheless sufficient to produce a similar constraint on the
analysis as the SCIAMACHY data owing to the background
error correlations. Over tropical oceans, the density of SCIA-
MACHY data was too low to affect the analysis and to have
any appreciable difference compared to TANSO. The changeioss
of version for the TANSO product had a significant impact
on the analysis. While the analysis of the first version pre-
sented an underestimation of 15 ppb on average compared
to the measurements from the TCCON network, the analy-
sis of the second version presents an overestimation of onlyioo
3ppb. The underestimation of the first analysis is con-
firmed by the comparison with the measurements from the
HIPPO campaigns that produced a value of 18 ppb on the
tropospheric CH,4 concentration. For both comparisons (TC-
CON and HIPPO), the biggest part of the underestimationiios
lies in the Northern Hemisphere and the comparisons sug-
gest a latitude-dependent bias in the data. For the version
v.2.0 of the TANSO data, the comparison with the TCCON
data suggests a more constant bias in time of about 3 ppb but
still latitude-dependent. Part of this bias could be explainediiio
by the use of prior CO5 concentrations derived from Carbon
Tracker in the proxy retrievals. This will shortly be evaluated
using the CO3 MACC-II forecast instead of an extrapolation
of the Carbon Tracker COs product.

IASI has a completely different design than the two otheriis
instruments as it measures in the thermal infrared. It pro-
vides data during day and night, over land and ocean, and
with a very high spatial density. The measurements provide
information in the middle troposphere, while the other in-

struments are more sensitive to the lower troposphere. Butiizo
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only data situated in a large tropical belt are currently assim-
ilated. The data in this region are expected to have higher
quality than the data at high latitudes. In this paper, the TASI
data are assimilated together with the TANSO data. The re-
sulting experiment was found to be different for the first four
seasons compared to the last two, which is likely due to the
change in the version of the TANSO product. During the first
period, we showed an increase of the methane concentration
mainly in the middle troposphere and over the tropics due
to the assimilation of the IASI data. The impact was found
mainly during the winter and led to a better agreement with
the TCCON data over the tropics with an averaged differ-
ence of 1.5 ppb, while the difference was —11 ppb for the
TANSO experiment. During the summer, the middle tropo-
spheric increase was smaller and did not change much the
methane profile on average. On the other hand, the variabil-
ity was increased from 8 ppb (TANSO experiment) to 12 ppb
(IASI+TANSO experiment) in the tropics when compared to
the HIPPO data. The increase is not as pronounced when
compared to the TCCON measurement (1 ppb). After the
change of the version of the assimilated TANSO data, the
impact of the IASI data on the methane profile changed con-
siderably. Unfortunately we do not have profiles of indepen-
dent measurements to evaluate the change in the profile of
the analysis. In terms of total column the impact of the IASI
data was positive during the whole period providing a low
biased analysis with a error between 4 and 7 ppb depending
on the region.

The combination of the IASI data and the version v.2.0
of the TANSO data has been shown to be a good candidate
to continue the monitoring of the tropospheric methane in
the MACC-II system. Despite residual biases present in the
products, the main concern is the deficiency of data to con-
strain the system south of 45° S and north of 45° N in winter
or 80° N (in summer), this last region being also not observed
by SCIAMACHY. Extending the coverage of the IASI CH,4

data to the extra-tropical regions could help by increasing the



1125

1130

1135

1140

1145

1150

1155

S. Massart et al.: Assimilation of atmospheric CH4 products

number of data points in these regions.
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Table 1. Average difference (in ppb) between the free run or the analyses and the HIPPO data. The average is computed for the four
campaigns and for data below 300 hPa in height. It is also split into regions: Northern Hemisphere above 20° N (NH); tropics between 20° S
and 20° N (Trop); Southern Hemisphere below 20° S (SH).

NH Trop SH  Global
FREE 2.68 —643 —12.55 —4.98
SCIA —36.38 3141 3445 —34.64
TANSO —27.55 —13.98 —8.80 —17.65

TANSO+IASI  —29.68 —12.56 —-735 —17.69
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Table 2. Same as Table[I]but for the standard deviation.

NH Trop SH  Global
FREE 16.139 9.833 7.806 14.071
SCIA 15504  7.792 8.049 11.850
TANSO 15610  7.616 8.553 14.647
TANSO+IASI 15466 12232 8941 16.319
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Table 3. Average difference (in ppb) between the free run or the analyses and the TCCON data. The average is computed for all available
TCCON stations and split into regions as for Table[T]and into periods: from November 2010 to April 2012 (top block), before October 2011
(middle block) and after October 2011 (bottom block).

NH Trop SH  Global
FREE 1.19 —6.61 —7.60 —1.22
SCIA —26.53 —28.88 —30.34 —27.50
TANSO —8.34 —-3.11 —-3.90 —7.04
TANSO+IASI —11.05 2.28 —3.92 —8.61
Before Oct. 2011
FREE —-2.79 —-16.04 —12.67 —5.52
SCIA —27.50 —30.43 —30.35 —28.24
TANSO v.1 —16.67 —10.97 —8.65 —14.71
TANSO v.1+IASI —17.74 1.49 —6.07 —14.33
After Oct. 2011
FREE 7.03 0.12 —1.00 4.62
SCIA —25.09 —-27.76 —30.33 —26.49
TANSO v.2.0 3.91 2.42 2.26 3.41

TANSO v.2.0+IASI -1.19 2.85 -1.09 —0.79
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Table 4. Same as Table[3]but for the standard deviation.

NH Trop SH Global
FREE 9.04 4.37 6.63 8.20
SCIA 6.69 3.96 4.61 6.06
TANSO 6.14 3.60 4.49 5.61
TANSO+IASI 6.51 5.20 5.13 6.12
Before Oct. 2011
FREE 8.26 4.14 7.60 7.92
SCIA 6.20 3.24 5.15 5.84
TANSO v.1 5.72 3.61 5.08 5.48
TANSO v.1+IASI 5.87 4.63 5.75 5.79
After Oct. 2011
FREE 10.18 4.52 5.35 8.59
SCIA 7.41 448 3.91 6.36
TANSO v.2.0 6.75 3.60 3.73 5.79
TANSO v.2.0+IASI 7.45 5.61 4.32 6.59
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Nov 2010

Dec 2010

Mar 2011
Jun 2011
Sep 2011
Oct 2011
Dec 2011
Mar 2012
May 2012

DJF 2011 MAM 2011 JJA 2011 SON 2011

DJF 2012
Exp. id.: SCIA

Data: SCIAMACHY

Exp. id.: TANSO
Data: TANSO

Exp. id.: IASI+TANSO
Data: TANSO +ASI

Exp. id.: FC
Data: None

Fig. 1. Configuration of the experiments. Each line represents an experiment and the box represents the time-line when the experiment was

run. The name of the experiment is given by “Exp. 1d.”. The assimilated data is given by “Data”. The text near the boxes is the version of
the data that were assimilated.
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(a) SCIAMACHY,
=3

g

0° 120°W
(b) TANSO v.1

b

0° 120°W
(c) TANSO v.2

90?80" 120°W

1 3 6 9 12 15 18 21 24

Fig. 2. Number of assimilated observations in October 2011, for (a) SCTAMACHY, (b) TANSO v.1 and (¢) TANSO v.2.0, and (d) IASI. The
observations are gridded on a 0.7° x 0.7° grid.
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Fig. 3. Example of averaging kernels (cyan: SCTAMACHY, dotted green: TANSO v.1 and full green: TANSO v.2.0) and weighting function
normalised by it maximum value (red: TASI) of the CH4 products from the different instruments.
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Fig. 4. Location of few TCCON stations used in this paper (blue points) and trajectories of the 2011 HIPPO campaigns. The campaign
periods are respectively: 16 June-29 June (blue), 28 June—11 July (green), 19 August-30 August (red), 29 August—09 September (cyan).
Note that for the plot, some trajectories are shifted one or two degrees east or west in order to avoid superposition between them.
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Fig. 5. Time series of xCH4 zonal mean (in ppb). From top to bottom: FREE free run, SCIA analysis — FREE, TANSO analysis — FREE,
IASI+TANSO analysis — FREE. The vertical dotted line corresponds to the date when version v.2.0 of the data replace version v.1.
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Fig. 6. Time series of xCH4 zonal mean (in ppb) from SCTAMACHY, TANSO and IASI products (from top to bottom).
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Fig. 7. Seasonal average of the increment in terms of CHy4 total column, for JJA 2011 (left) and DJF 2011/2012 (right) in ppb per 12 h. From
top to bottom: SCIA analysis and TANSO analysis.
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Fig. 8. Seasonal and zonal mean difference between the CH4 mole fraction (in ppb): from the SCIA experiment and the FREE free run
(left); from the TANSO experiment and the FREE free run (middle); from the IASI+TANSO experiment and the TANSO experiment (right).
The seasonal means are from top to bottom row: DJF 2010/2011, MAM 20111, JJA 2011 and SON 2011, DJF 2011/2012 and MAM 2012.



32

(a) HIPPO data
16/06/2011-29/06/2011 _ 28/06/2011-11/07/2011 __19/08/2011-30/08/2011 _ 29/08/2011-09/09/2011

Pressure (hPa)

CRED S0 0 30 ED 0 S0 30
Latitude Latitude Latitude Latitude

(b) FC - HIPPO data
16/06/2011-29/06/2011 19/08/2011-30/08/2011 29/08/2011-09/09/2011

Pressure (hPa)

CRE 0 30 S0 0 E OED
Latitude Latitude Latitude Latitude

(c) SCIA - HIPPO data

100,.16/06/2011-29/06/2011 28/06/2011-11/07/2011 19/08/2011-30/08/2011 29/08/2011-09/09/2011

Pressure (hPa)

5
s

800

g
T

000 60 30 60 60 30 60

CIED 0 30 60
Latitude Latitude

0 30
Latitude

(d) TANSO - HIPPO data

100, 16/06/2011-29/06/2011 28/06/2011-11/07/2011 19/08/2011-30/08/2011 29/08/2011-09/09/2011

Pressure (hPa)

a00)
500 b
3
600 1
2, & ZiES 53 g=ige s
800 i S8 | F
! i i i
1000 4 §
w0 30 0 30 60 60 30 0 3 £y TS S0 30 0 30
Latitude Latitude Latituge Latitude

(e) (TASI+TANSO) - HIPPO data

100, 16/06/2011-29/06/2011 28/06/2011-11/07/2011 19/08/2011-30/08/2011 29/08/2011-09/09/2011

Pressure (hPa)

g 8

AU

L | j{ i N h
1000 0 30 60 60 30 )

500 I
%0 30 0 % @ 0 30 % @ 3 0 3 &
Latitude Lattude Latitude. Lattude

S. Massart et al.: Assimilation of atmospheric CHy products

Fig. 9. Top row (a): HIPPO CHy data (latitude vs. pressure, in ppb) for the four campaigns (from the leftmost panel for the first campaign
to rightmost panel for the last campaign). The beginning and end dates of each campaign is detailed on top of each panel. From row 2 to
5: difference between the experiments and the HIPPO data (in ppb): (b) FREE minus HIPPO, (c) SCIA analysis minus HIPPO, (d) TANSO
(v.1) analysis minus HIPPO and (e¢) TANSO+IASI analysis minus HIPPO. A global bias has been removed from the FRRE run and from
each analysis (see Table[T). The grey shade means there is no observation.
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Fig. 10. Time series of the monthly differences (in ppb) between xCH4 measurements from the TCCON network and xCH4 from the free
experiment (black) and from the analyses (cyan: SCIA, green: TANSO, red: IASI + TANSO). The stations are ordered from top to bottom
panel by their latitude, from south to north: Lauder, Wollongong, Reunion, Darwin, Park Falls, Garmich, Karlsruhe, Sodankyla.
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Fig. 11. Time series of the monthly average smooth xCH difference (in ppb) between the experiments and the measurements from the

TCCON network: (a) FREE, (b) SCIA, (c) TANSO and (d) TANSO + IASI experiments.
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