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1Introduction
Methane (CH4) constitutes the most abundant hydrocarbon trace gas in the
Earth’s atmosphere. Its present-day globally averaged concentration of around
1850 parts per billion per volume (ppbv) is more than double that estimated for
pre-industrial times (e.g. Stocker et al., 2013). The role of methane in global
climate change is the main reason for this high concentration and growth rate
to be of concern. Efforts to gain a quantitative understanding regarding sources
and sinks of atmospheric methane are of great importance to develop miti-
gation policies for climate change and air pollution. Enabling observations of
atmospheric methane concentrations from space offers great opportunities in
terms of gaining long-term global data coverage to complement ground-based
CH4 measurements. This thesis provides a contribution toward improving the
quality and coverage of global methane observations from space.

1.1 Methane in the Earth atmosphere

Methane is emitted into the atmosphere by various source processes at the
Earth’s surface. In the atmosphere it acts as a potent greenhouse gas. As the
most abundant organic trace gas in the troposphere, CH4 plays a key role in
atmospheric chemistry.

1.1.1 Sources of methane

Methane is released to the Earth’s atmosphere by a wide variety of processes of
both natural and anthropogenic origin. The multitude of methane sources can
generally be divided in three main classes according to the underlying methane
producing process: biogenic, pyrogenic and thermogenic sources.

According to recent work by Kirschke et al. (2013) based on modelling stud-
ies and emission inventories, roughly 40% of all methane emissions in the last
decade came from natural sources. These natural methane emissions are dom-
inated by a biogenic source: single-celled micro-organisms called methanogen
archaea that produce methane as a by-product of their metabolism in oxygen-
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Figure 1.1 – Height-resolved atmospheric methane concentrations measured during the IMECC
aircraft campaign (e.g. Geibel et al., 2010b) near Karlsruhe and Bremen in Germany.

free conditions. Methanogen are present in anoxic environments where organic
matter is available in abundance. Such conditions can be found, for instance, in
wetland environments and other flooded soils but also in landfills or in the diges-
tive tracts of e.g. ruminants, termites and humans. Emissions from flooded soils
in wetlands constitute the single largest natural source of methane, account-
ing for over 70% of natural emissions (Kirschke et al., 2013). These emissions
are governed by various environmental parameters including the availability of
organic matter, vegetation type and cover, water table height and soil temper-
ature. Especially the sensitivity to temperature and inundation conditions are
crucial in light of rising average global temperature and changing precipitation
patterns due to global climate change.

Adding to natural wet land ecosystems, rice paddies under cultivation form
a significant anthropogenic source of biogenic methane. Together with other
biogenic sources related to agriculture i.e incomplete digestion by domestic
ruminants and waste disposal accounting for almost 40% of total methane
emissions.

Apart from being released as a metabolic by-product, methane can also be
released through combustion of biomass. Constituting the largest pyrogenic
methane source, incomplete combustion in smouldering fires can release large
amounts of CH4 and other hydrocarbons into the atmosphere (e.g. Levine et al.,
2000), accounting for about 5% of total emissions (Kirschke et al., 2013). Fi-
nally, thermogenic methane is formed deep within the Earth’s mantle, through
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degradation of organic matter under conditions of high pressure and tempera-
ture. During formation, methane is often trapped in coal seems, making coal
mining operations a major source of methane emissions. Leakages during these
mining operations, combined with emissions from processing and transport of
other fossil fuels contribute almost 20% to the total emissions of CH4 Kirschke
et al. (2013).

1.1.2 Methane as a greenhouse gas

Methane in the Earth’s atmosphere directly and indirectly affects the Earth’s
radiative budget through the greenhouse effect. Like other greenhouse gases,
methane molecules in the Earth’s atmosphere absorb thermal infrared radiation,
emitted by the relatively warm surface of the Earth. The absorbed energy is
subsequently re-emitted in all directions – including back toward the surface –
leading to a net trapping of energy in the atmosphere.

The current concentration of methane in the Earth’s atmosphere is about
two hundred times smaller than that of carbon dioxide (CO2), the most impor-
tant greenhouse gas. Nonetheless, in the first two decades after being emitted,
the global-warming potential (GWP) of methane is about 84 times that of CO2

(Stocker et al., 2013). Although methane is a more effective greenhouse gas
than CO2, this effect is offset by its short atmospheric (perturbation) lifetime
of ∼12.4 years (Stocker et al., 2013), compared to several hundred years for
carbon dioxide (Archer, 2005). In an indirect manner however, methane further
affects global warming since CH4 is eventually oxidised into CO2. Furthermore,
methane oxidation by hydroxyl (OH) in the stratosphere constitutes the largest
source of stratospheric water vapour which also plays a key role in global cli-
mate change.

In light of climate change, atmospheric methane is a suitable subject for
developing mitigation policies. Taking advantage of its relatively short per-
turbation life time, mitigation of methane emissions provide an opportunity
for alleviating climate change in the short-term future (Kirschke et al., 2013).
Moreover, significant technical mitigation potential is available to reduce global
methane emissions in the short term. However, to reduce the impact of global
climate change in the medium and long term, it is essential to address emis-
sions of carbon dioxide as well (e.g. Höglund-Isaksson, 2012; Shindell et al.,
2012).

1.1.3 Atmospheric chemistry involving methane

Methane is a well-mixed constituent of the Earth’s atmosphere, with the major-
ity of it residing in the troposphere. Above the tropopause CH4 concentrations
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rapidly decrease with altitude. The vertical distribution of methane is illustrated
in Figure 1.1, where two typical methane profiles are shown that were collected
over Germany during the IMECC aircraft campaign (e.g. Geibel et al., 2010b).
Additionally, global distribution of CH4 in the Earth’s atmosphere shows a clear
latitudinal dependence with the average Northern Hemispheric methane con-
centration being significantly higher than the average concentration on the
Southern Hemisphere. This latitudinal gradient results from methane being
primarily released by land-based source processes and the uneven distribution
of land mass between the two hemispheres.

While methane is released into the atmosphere by a multitude of source
processes, it is predominantly removed through oxidation by the OH radical
in the troposphere. This process accounts for almost 90% of the total methane
sink. The remaining methane removing capacity is more or less equally divided
between uptake by methane-utilizing bacteria in soil and transport into the
stratosphere where methane is eventually removed through chemical reactions
with chlorine and oxygen (Kirschke et al., 2013).

Due to its high reactivity with respect to many trace gases, daytime chem-
istry in the troposphere is dominated by the hydroxyl radical. Chain reactions
involving free radicals like OH convert methane, carbon monoxide and other
hydrocarbons to CO2 and water, in essence constituting a low-temperature com-
bustion process. In this process, methane plays an important role because it is
oxidised by OH radicals in the troposphere (e.g. Wayne, 1993):

CH4 + OH −→ CH3 + H2O. (1.1)

The resulting methyl radical (CH3) has the capability to react with molecu-
lar oxygen to yield methylperoxy (CH3O2), a radical species that is involved
in the production of tropospheric ozone (O3). Under atmospheric conditions
where nitrogen monoxide NO is abundant, like polluted areas of the Northern
Hemisphere and the tropical regions, CH3O2 is converted into methoxy (CH3O)
while oxidising NO to NO2. Through a further oxidation reaction, the produced
methoxy radical is chemically transformed into formaldehyde (HCHO), which
is an important species for the removal of hydrocarbons from the troposphere.
Through photolysis (λ < 338 nm) however, formaldehyde may yield radical
species that re-enter the tropospheric oxidation cycles. Hence, the oxidation of
one methane molecule in the polluted troposphere converts NO to NO2 while
preserving the radical species available for oxidation of further CH4 or for the
conversion of more NO to NO2. The produced nitrogen dioxide constitutes a
precursor species for tropospheric ozone which, when present at surface-level,
has adverse health effects in humans, animals and vegetation (e.g. Crutzen
et al., 1999).
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A small fraction of tropospheric methane is transported into the stratosphere
where it is involved in the production of water vapour (e.g. Wuebbles and
Hayhoe, 2002). Stratospheric methane is eventually removed through chemical
reactions with OH, atomic chlorine (Cl) or excited atomic oxygen (O1D) (e.g.
Brenninkmeijer et al., 1995). Especially the reaction path involving Cl is of great
importance in the context of stratospheric ozone destruction.

The stratospheric concentration of atomic chlorine has increased signifi-
cantly during the second half of the 20th century due to emissions of chlorine-
containing halocarbons (CFCs). Through photolysis of CFCs, chlorine radicals
are released. Because of its catalytic role, chlorine itself is not removed or con-
verted during the ozone destroying reaction chain. Hence, a single chlorine rad-
ical can remove a multitude of ozone molecules from the stratosphere. Through
a chemical reaction with methane however, the active chlorine molecule can be
converted into hydrogen chloride, a less reactive reservoir species (e.g. Wayne,
1993):

CH4 + Cl −→ CH3 + HCl. (1.2)

This removes the active chlorine from the atmosphere, directly reducing the
ozone destructing potential. However, hydrogen chloride itself is not very stable
and can be easily converted back into active chlorine by OH that is, among other
processes, produced by oxidation of methane by exited atomic oxygen. Through
these chemical cycles, methane plays an important role in stratospheric halogen
chemistry and the related destruction of ozone.

1.2 Monitoring atmospheric methane concentrations

In situ measurements of atmospheric methane concentrations are available
from the mid eighties of the 20th century onwards at a few remote locations.
Nowadays, such measurements are performed at many more locations on Earth
(e.g. NOAA ESRL, 2015). Generally, these observations provide adequate infor-
mation to constrain the global methane source strength. To enable scientific at-
tempts to disentangle the contributions of individual methane sources however,
the observational network has been extended to include space-borne measure-
ments of methane abundance from satellite-based instruments like SCIAMACHY
on-board ENVISAT or those on-board the Japanese GOSAT satellite.

1.2.1 Assessment of methane emissions

Early measurements of atmospheric methane concentrations were initially per-
formed at isolated islands and the Poles. The remoteness of these locations,
combined with the fact that CH4 is a well-mixed atmospheric constituent, makes
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Figure 1.2 – Top panel: Time series of monthly averaged methane mixing ratios measured at
Mauna Loa, Hawaii, USA. The shaded area indicates measurement uncertainty. A 12-month running
average has been applied (blue line) to highlight the long-term variation in CH4 concentration.
Bottom panel: Inter-annual growth rate of monthly averaged methane concentrations at Mauna
Loa.

that these observations provide a good constraint for the background concen-
trations and methane growth rate on the global scale. A multi-year time series
of monthly averaged methane mixing ratios measured at Mauna Loa, Hawaii
between 1988 and 2014, is depicted in Figure 1.2. It reveals a distinct increas-
ing trend in the background methane concentration. Superimposed is a clear
seasonal cycle, resulting from seasonality in overall source strength and the
abundance of OH in the atmosphere. The growth rate of background levels of
atmospheric CH4 concentration measured at Mauna Loa shows a decreasing
trend between the start of the measurement series until 1998, when the glob-
ally averaged concentration of methane in the atmosphere appeared to stabilise
around 1790 ppbv. A renewed increase in methane concentrations has been
recorded from 2006 onwards.

The observed decadal changes in growth rate must either be caused by an
increase in methane sink strength, a decrease in emissions or a combination of
both. Research into year-to-year variability of atmospheric hydroxyl levels has
shown that the concentration of OH is generally well buffered against perturba-
tions (Montzka et al., 2011). A decrease in emissions therefore is a more likely
cause of the observed decrease in growth rate. Nonetheless, uncertainty over
exact cause of these decadal variations in growth rate still exists (Kirschke et al.,
2013).
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Background methane observations as those performed at Mauna Loa provide
adequate constraints on the globally integrated methane source strength but
little can be learned about the contributions of individual source processes.
Furthermore, although methane sources are very well known in a qualitative
sense, the quantitative contributions of individual sources are uncertain. Various
source processes are strongly driven by climate and meteorological conditions,
making them highly variable. A quantitative insight in the strength of individual
methane sources and sinks can be obtained through two conceptually different
approaches: the bottom-up and the top-down approach.

A bottom-up estimate (e.g. Saatchi et al., 2007) relies on inventories of
emissions and reservoir sizes or direct measurement of methane fluxes across
the Earth’s surface. For this approach, fluxes can be quantified on the scale
of individual processes and point sources by employing the widely used eddy-
covariance method (e.g. Baldocchi, 2003). However, mapping quantified fluxes
from process scale to flux estimates on regional or global level is a major chal-
lenge because of the diversity in sources and processes involved.

The top-down approach on the other hand, uses observed methane concen-
trations in the Earth’s atmosphere to infer the underlying sources and sinks.
To that end, it makes use of a general circulation model (GCM) (e.g. Kaminski
et al., 1999; Bey et al., 2001; Krol et al., 2005; Hourdin et al., 2006) to model
air mass transport and mixing in the Earth atmosphere. Such model is com-
bined with a statistical inverse method (e.g. Tipping, 2002; Ciais et al., 2011)
to estimate surface fluxes that are statistically consistent with observed atmo-
spheric trace gas concentrations, given the atmospheric transport and chemistry
modelled by the GCM. The top-down approach allows observed gradients in
atmospheric trace gas concentrations to be back-traced to variations in fluxes at
the surface-atmosphere boundary (Houweling et al., 1999; Bergamaschi et al.,
2009; Monteil et al., 2013, e.g.).

The inverse problem involved with this top-down approach is ill-posed. In
essence this means that the number of (regional) surface fluxes that are be-
ing estimated exceeds the information content of the atmospheric observations.
Adding to that, the coverage of such observations in space and time may be
sparse, varying from region to region and the observations themselves suffer
from measurement errors. Dealing with these factors constitutes the major
challenge regarding the top-down approach of estimating methane surface
fluxes.

1.2.2 Ground-based observations of the atmosphere

Various atmospheric observatories around the globe provide observations of
atmospheric trace gas concentrations with a very high accuracy and precision.
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Ground-based in situ surface measurements comprise continuous trace gas mon-
itoring (e.g. Van der Laan et al., 2009) or periodic sampling by means of flask
measurements (e.g. Turnbull et al., 2012). Moreover, by means of a measure-
ment tower, trace gas concentrations can be measured at different altitude lev-
els in the tropospheric boundary layer (e.g. Thompson et al., 2009; Popa et al.,
2010). Measurement equipment installed on (commercial) aircraft (e.g. Schuck
et al., 2009; Machida et al., 2008) can sample the free troposphere and enable
vertical trace gas profiling. Nonetheless, the current network of in situ obser-
vatories is limited by sparse geographical coverage, leaving many areas of the
globe poorly sampled. The latter severely hampers the top-down approach for
estimating surface fluxes. In case of CO2, Peters et al. (2007) showed that feed-
ing an already ill-posed flux inversion problem with observations with sparse
spatial sampling leads to large uncertainties in the inferred regional surface
fluxes, even when averaged over a multi-year period.

While in situ observations are highly localised in nature, ground-based re-
mote sensing techniques exist that sample the complete atmospheric column.
For instance, the Total Carbon Column Observing Network (TCCON) (Wunch
et al., 2011) comprises a global network of ground-based Fourier spectrome-
ters (FTS) recording short-wavelength infrared solar spectra by looking directly
at the sun. Trace gas species like CH4 absorb incoming solar radiation at cer-
tain wavelengths, resulting in a unique spectral signature of absorption lines.
The relative depth of these absorption features provides an accurate measure
for the total amount of trace gas that is present along the line of sight of the
instrument.

1.2.3 Satellite solar back-scatter radiometers

The same principle of exploiting molecular absorption features in radiance
spectra to infer trace gas concentrations can be applied to satellite-borne ob-
servations. Satellite-borne observations in solar backscatter geometry record
spectrally resolved measurements of solar radiation that is back-scattered by
the Earth’s atmosphere and surface. For remote sensing of CH4, these spectral
measurements generally cover the near and short-wavelength infrared (NIR and
SWIR) spectral regions of the electromagnetic spectrum between 750 - 2400
nm.

In this spectral range, the Earth-radiance emitted from the top of a cloud-
free atmosphere constitutes solar radiation that is backscattered by molecules
or aerosols or reflected at the Earth’s surface. For nadir-looking satellite in-
struments operating in the NIR and SWIR spectral regions, the total methane
column can be sampled with good sensitivity to near-surface methane. This
significant sensitivity near the Earth’s surface, combined with the spatial cover-
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age provided by a measurement platform in low Earth orbit, makes that satel-
lite observations are very suitable for measuring large-scale gradients in trace
gas concentrations due to non-local transport. Satellite-based remote sensing
observations can thus be considered complementary to ground-based and in
situ observations, from an inverse modelling point of view (Houweling et al.,
2004).

Because methane has a relatively long life time compared to the time scales
of atmospheric transport, it is generally a well-mixed atmospheric trace gas.
Hence, gradients in atmospheric methane concentrations tend to occur on large
spatial scale and are generally small in magnitude. It is exactly these gradients
that are exploited in inverse modelling of methane sources and sinks. In the
context of surface flux inversions, a measurement uncertainty in the order of
one percent of the vertically integrated methane abundance is generally consid-
ered sufficient (e.g. Bergamaschi et al., 2009), with spatiotemporally correlated
retrieval errors being the most critical. Hence, a major challenge – and the focus
of this thesis – is to deliver satellite observations of methane concentrations to
such high precision and accuracy.

The first satellite-borne radiometer to measure atmospheric methane abun-
dances was the SCIAMACHY instrument on-board the European Environmental
Satellite (ENVISAT) that was launched in 2002 (Bovensmann et al., 1999). It
measured Earth reflectances in a wide spectral range from ultraviolet (UV) to
SWIR, in order to improve our understanding of the Earth’s atmosphere in terms
of composition, chemistry, transport and global climate change. Using SCIA-
MACHY SWIR reflectance measurements, Frankenberg et al. (2005) successfully
performed the first methane total column measurements from space.

1.2.4 The GOSAT mission

The Greenhouse Gas Observing Satellite (GOSAT) is the world’s first dedicated
satellite mission for observing atmospheric methane and carbon dioxide con-
centrations from space. It constitutes a joint effort of the Japan Aerospace
Exploration Agency (JAXA), the Japanese Ministry of Environment (MOE) and
the National Institute for Environmental Studies (NIES). GOSAT was launched
on 23 January 2009 into a Sun-synchronous orbit at 666 km altitude crossing
the Equator around 1 p.m. local time with a three-day revisit period. The GOSAT
platform carries two instruments: a Fourier transform spectrometer (FTS) re-
ferred to as TANSO-FTS and TANSO-CAI, a spectral imager for detecting cloud
and aerosol (Kuze et al., 2009).

TANSO-FTS, a Michelson interferometer with a maximum optical path dif-
ference of ± 2.5 cm enables high-resolution spectral observations of Earth-
radiances in the near- to thermal infrared region of the electromagnetic spec-
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Figure 1.3 – Typical spatial coverage throughout the year of GOSAT nadir (left panels) and glint
observations (right panels) during a single 3-day repeat cycle. Observation footprints are not to
scale.
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trum. The FTS instrument has an instantaneous field of view (IFOV) of 15.8
mrad (∼10.5 km radius at the sub-satellite point) and is coupled to a pointing
mechanism that allows for cross-track scan angles of ±35◦. The TANSO-CAI
radiometer images the complete FTS cross-track scanning range in four narrow
spectral bands in the ultraviolet, near- and short-wavelength infrared regions
of the electromagnetic spectrum. With a spatial resolution of 0.5 km in the UV
and near-infrared and 1.5 km in the short-wavelength infrared, TANSO-CAI is
used to provide spatial distribution characteristics of aerosol and clouds.

The TANSO-FTS instrument was not designed to achieve continues spatial
coverage. In its default operating mode, it continuously sweeps back and forth
over the ±35◦ cross-track range. With every sweep, three to five nadir obser-
vations are obtained, creating a raster pattern of observation footprints on the
Earth’s surface. This raster pattern is clearly visible in the left panels of Fig. 1.3,
in which the footprints of all nadir observations collected during a single 3-day
repeat cycle are plotted for four different months.

In addition to nadir operation, two special observation modes are available.
At request, the TANSO-FTS instrument can be pointed toward a region of inter-
est, locally increasing data coverage. Furthermore, when overflying ocean areas
in suitable observation and solar geometry, the instrument can operate in solar
glint mode. In this observation mode, the instrument is pointed directly toward
the specular solar reflection on the water surface. Because GOSAT is placed
in a Sun-synchronous orbit and glint observations are limited to geometries
allowing specular reflection of Sunlight toward the instrument, spatial coverage
of glint observations is limited to a narrow latitude band. Also, geographical
coverage and availability shift with the seasons. This effect is clearly visible in
the right panels of Fig. 1.3, in which the footprints of GOSAT glint observations
for a single 3-day repeat cycle are plotted.

The TANSO-FTS instrument measures Earth-radiances in several spectral
windows between 758 and 2080 nm. These measurements are characterised by
a high spectral resolution of ∼0.27 cm−1 enabling the instrument to capture in-
dividual absorption lines of various atmospheric trace gases (Kuze et al., 2009).
Figures 1.4 to 1.7 show simulated TANSO-FTS observations in selected spectral
ranges. In the same figures, Earth-radiances are plotted that were simulated
under assumption of a single-species atmosphere containing either only oxygen,
methane, carbon dioxide or water vapour (H2O).

Following the Beer-Lambert law, the depth of a trace gas absorption line is
directly related to the amount of molecules of that particular trace gas that are
present along the light path of the measurement. Consequently, correctly esti-
mating the length of the effective light path is crucial when inferring trace gas
concentrations from spectral absorption features. As a first order approximation,
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Figure 1.4 – Top panel: Simulated Earth-radiance observation as it would be measured by the
TANSO-FTS instrument, covering the oxygen absorption features in the NIR.
Bottom panel: A simulated, infinite resolution Earth-radiance observation in the same spectral
window under assumption of a single-species atmosphere containing only oxygen.
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TANSO-FTS instrument, covering the moderately strong carbon dioxide absorption features in the
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Figure 1.8 – Schematic representation of possible light paths in nadir observation geometry. The
left panel illustrates the theoretical geometrical light path, from the sun to the satellite observer via
a single reflection at the surface. In the right panel two possible light paths are drawn that include
multiple scattering events, combined with a reflection at the surface.

the light path may be assumed to constitute the direct path from the sun to the
measuring satellite instrument, via a single reflection at the Earth’s surface, as
is illustrated in the left panel of Fig. 1.8. This assumption uniquely determines
the light path such that the methane concentration can be easily inferred from
the absorption line depth. However, in the short-wavelength infrared region of
the electromagnetic spectrum, light scattering by aerosols – and molecules to a
lesser extent – is significant, causing the incident solar radiation to deviate from
the geometric light path. Consequently, light that eventually is backscattered
toward the instrument, may have travelled along widely varying light paths that
differ from the assumed direct light path, as is illustrated in the right panel of
Fig. 1.8.

The effective light path may be either shorter or longer than the direct one,
governed by two counteracting light path effects (e.g. Houweling et al., 2005;
Bril et al., 2007). One such effect can be described as light path shortening and
applies when the majority of the observed radiation is backscattered to space by
aerosol in the upper atmosphere, never reaching the Earth surface. The oppo-
site effect, light path lengthening, is mostly caused by incoming solar radiation
undergoing multiple scattering events between the surface and atmospheric
scatterers. The net results of these two effects depends on the properties of
the scattering particles, their distribution in the atmospheric column and the
reflectivity of the Earth’s surface. Aerosol type and size strongly influence the
angular scattering distribution, the height at which a scattering event takes
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place directly affects the light path length. The surface reflectivity, generally de-
scribed by the Lambertian albedo, plays a major role in arbitrating between the
two counteracting effects, with highly reflective surfaces promoting light path
lengthening over shortening and the opposite being the case for low albedo sur-
faces. In the latter case, light path lengthening is strongly limited by absorption
at the surface, thereby promoting the shortening effect.

Failing to properly account for light path effects in a methane retrieval results
in biassed estimates of the total CH4 abundance (e.g. Aben et al., 2007; Butz
et al., 2010). Unaccounted light path lengthening leads to an overestimation
of methane concentrations while the opposite holds in case of shortened light
paths. As such, the main challenge regarding trace gas retrievals from satellite-
borne NIR and SWIR radiance measurements in backscattering geometries is
properly estimating and accounting for light path modification effects and to
accurately capture its effect in the form of an effective light path.

The global distribution and physical characteristics of aerosol and clouds
that cause light path modification are highly variable in space and time. Hence
it is generally not possible to estimate the effective light path from a priori
knowledge. Therefore, effort is generally focused on retrieving the effective light
path from the radiance measurement simultaneously with the methane total
column abundance. To that end, atmospheric constituents whose abundances
are well known a priori can be added to the retrieval. For methane retrievals,
oxygen is often used in this respect.

Oxygen has absorption features around 760 nm (Fig. 1.4) and its atmo-
spheric abundance can be considered tightly constrained by meteorological and
topographic data. Between the observed absorption by oxygen and its known
abundance, the retrieval can extract information on the effective light path and
estimate atmospheric scattering conditions. Similarly, carbon dioxide can also
be used to constrain the effective light path in a methane retrieval. CO2 has
multiple absorption features in the SWIR region of the electromagnetic spec-
trum and although its abundance is not as tightly constrained as oxygen, there
has been sustained effort to constrain global CO2 sources and sinks, providing
accurate estimates of atmospheric carbon dioxide concentrations (e.g. Peters
et al., 2007).

Additional information on the effective light path can be obtained by adding
both the weak CO2 absorption around 1600 nm and the strong CO2 absorption
around 2060 nm (Figs. 1.5 and 1.7) to the retrieval. By additionally considering
these absorption lines in the retrieval, slight differences in the effect of light
path modifications on weak and strong absorption lines can be exploited to gain
further information on the effective light path.
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1.3 A general retrieval scheme

A suitably chosen spectrally resolved Earth-radiance measurement collected by a
space-born spectrometer contains information on the composition of the Earth’s
atmosphere. To extract this information, a forward model is required to simulate
the observation as a function of the atmospheric state. Subsequently the forward
model is inverted to infer the atmospheric state – i.e. trace gas concentration –
that is statistically most likely to underlie the measured radiance.

1.3.1 Forward model

A critical first step toward retrieving atmospheric methane abundance from
an Earth-radiance observation is to establish a functional relationship between
the two. In other words, we need model to map the atmospheric state – the
methane abundance, among others – into an upwelling Earth-radiance at the
top of the atmosphere. In the retrieval scheme, this mapping is accomplished
through a forward model.

Technically, the state of the Earth’s atmosphere at the location of the obser-
vation is captured in an N -dimensional retrieval state vector x with elements xn
denoting the retrieved state variables. The state vector contains at least methane
partial column concentrations in several vertical layers of the atmosphere. The
state vector is generally augmented with parameters to describe light scattering,
concentrations of interfering trace gases that absorb radiation in the modelled
spectral region (Figs. 1.4 to 1.7) and – for retrievals in cloud-less conditions –
the surface reflectivity.

The relation between the observation and the retrieved state vector is de-
fined by

y = F (x,b) + εy. (1.3)

where F denotes the forward model that maps the atmospheric state described
by x and b to an Earth-radiance spectrum. The vector b contains parameters
needed by the forward model that are not retrieved from the observation but
are known a priori. Examples include atmospheric temperature and pressure
profiles, molecular absorption spectra and observation geometry. Finally, to
account for measurement and forward model errors, εy is introduced. Within
the forward model, the instrument response characteristics are accounted for
by an instrument model R that affects the incoming Earth-radiance I,

Fm = Rm ∗ I, (1.4)

with ∗ denoting the convolution operator and m indicating the m-th element of
the spectral observation to be simulated.
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When modelling the measured radiance, a radiative transfer simulation ac-
counts for all physical processes affecting solar radiation while it travels through
the Earth’s atmosphere or is reflected at the surface. Ideally, the forward model
should be accurate to well within the measurement noise level to prevent for-
ward model errors from propagating onto the retrieved state. To model GOSAT
radiance observations as depicted in Figs. 1.4 to 1.7 the Earth-radiance I in
Eq. (1.4) is simulated on a very fine spectral grid with a typical sampling of
10−2 cm−1. Such fine sampling is necessary to resolve the highly structured
rotational-vibrational absorption lines in the short-wavelength infrared region
of the spectrum. These finely sampled monochromatic radiative transfer calcu-
lations are referred to as line-by-line calculations and in total, the modelled
spectra in Figs. 1.4 to 1.7 require about 75000 of these calculations. This illus-
trates the demanding requirement for an efficient radiative transfer model to
enable a numerically feasible forward model implementation.

The complexity and computational effort involved with a single radiative
transfer calculation depends heavily on the state of the modelled atmosphere,
especially the potential for scattering to take place along the light path. To illus-
trate this, let us assume an atmosphere in which no scattering takes place. Under
that assumption, solar radiation entering at the top of the atmosphere travels
along a straight light until it is completely absorbed or reflected by the Earth’s
surface toward the satellite-based observer. In this simple case the radiative
transfer equation essentially simplifies to the application of the Beer-Lambert
law and the radiative transfer equation can be solved in a straightforward and
computationally inexpensive manner.

In the short-wavelength infrared region of the electromagnetic spectrum
from which the CH4 concentration can be retrieved, atmospheric scattering by
either molecules and aerosol is significant. Hence, a non-scattering atmosphere
cannot be assumed and the radiative transfer model should account for light
being scattered multiple times within the atmosphere or at the surface, in any
possible order and combination. Accounting for multiple scattering in the model
atmosphere significantly complicates the radiative transfer calculations. For in-
creasing number of successive scattering events – or order of scattering – the
number of possible light paths increases dramatically. As a result, the computa-
tional effort it takes to model a radiance measurement increases rapidly with
increasingly scattering atmospheric conditions. Therefore, to enable trace gas
retrievals from the NIR and SWIR regions of the electromagnetic spectrum with
explicit modelling of multiple scattering, a computationally efficient radiative
transfer model is indispensable.

The LINTRAN radiative transfer model (Landgraf et al., 2001; Hasekamp
and Landgraf, 2002) has been extensively used for scattering radiative transfer
calculations in the NIR, SWIR and UV. It constitutes a linearised line-by-line
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radiative transfer model developed to model the transfer of light in a multi-
ply scattering atmosphere, including polarisation. It provides linearisations of
the modelled radiance with respect to trace gas profiles, atmospheric scatter-
ing properties as well as surface reflection using the forward-adjoint radia-
tive perturbation theory (e.g. Bell and Glasstone, 1970; Landgraf et al., 2002;
Hasekamp and Landgraf, 2005). The LINTRAN model was originally developed
to enable height resolved ozone retrievals from spectrally resolved ultra violet
Earth-radiance observations measured by the GOME instrument on-board the
ERS-2 satellite (e.g. Hasekamp and Landgraf, 2001). The spectrally smooth
Hartley and Huggins ozone absorption bands in the UV made that the line-by-
line calculations were sufficiently fast for their purpose.

Nonetheless, to extend the use of the radiative transfer model to highly
structured absorption features in the NIR and SWIR, the model was updated to
include the linear-k method (Hasekamp and Butz, 2008), to help avoid costly
line-by-line calculations. The linear-k method essentially orders the lines in the
radiance spectrum according to optical thickness, creating a smoother function
that can be more easily interpolated. As such it reduces the computational
effort involved with modelling the O2 A-band with typical aerosol scattering
by two orders of magnitude (Hasekamp and Butz, 2008), enabling its use in
multiple trace gas retrievals from satellite-borne NIR and SWIR Earth-radiance
observations (e.g. Hasekamp et al., 2011; Butz et al., 2011; Schepers et al.,
2012; Guerlet et al., 2013).

Despite the great reduction in computational effort brought about by the
introduction of the linear-k method, the use of the LINTRAN radiative transfer
model is effectively limited to cloud-free atmospheres with a moderate aerosol
load. In cases with greater scattering optical thickness, like those containing an
optically thick water cloud would, the increased computational effort renders
trace gas retrieval from such observations practically infeasible.

1.3.2 Inversion method

With the forward model in place to map the atmospheric state to a simulated
Earth-radiance observation, the inversion subsequently aims to extract the atmo-
spheric state that is statistically most likely to underlie the measured radiance.
For the sake of a clear discussion of the inversion, let’s assume that the retrieved
state constitutes only the atmospheric methane abundance.

To capture pressure and temperature dependence of methane absorption
and to allow for altitude dependent scattering, the radiative transfer model as-
sumes a multi-layer model atmosphere. The total column methane abundance
is consequently represented as a vertical profile of sub-column abundances, one
for each layer of the model atmosphere. By introducing this profile representa-
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tion in the forward model, the inversion has the freedom to adjust the vertical
distribution of methane in the atmosphere.

The CH4 absorption lines around 1600 nm provide information about the in-
tegrated absorption along the light path. For a cloud-free SWIR Earth-radiance
observation this translates into a high measurement sensitivity to the total col-
umn methane abundance because backscattered radiances are generally dom-
inated by radiation that penetrated the atmosphere all the way to the surface.
However, this also means that virtually no information is available on the ver-
tical distribution of methane. Consequently, the partial column abundances
cannot be individually constrained by the inversion. Instead, the total methane
column is retrieved, assuming a strong correlation between the sub-column
abundances.

Attempting to retrieve all partial columns despite the lack of profile infor-
mation will result in a solution that is overwhelmed by noise and therefore
may contain physically unlikely or even negative partial CH4 columns. This
results from the inversion interpreting measurement noise as spectral informa-
tion which causes an enhanced propagation of measurement noise onto the
retrieved state vector. At this point, one might be tempted to reduce the num-
ber of unknowns by reducing the number of atmospheric layers in the forward
model such that all atmospheric sub-columns can be individually constrained
by the measurement. However, the extent and nature of the information that is
present in the measurement cannot be known in advance. It depends on many
factors among which are the measurement geometry and the atmospheric state.
Thus, one can never know a priori the extent to which to reduce the number of
unknowns in order to make the inverse problem well posed.

As an alternative solution, a regularisation scheme can be used to stabilise
the inversion. Regularisation constitutes a means of introducing a side con-
straint to the inversion to regulate the propagation of measurement noise onto
the retrieved state. In a properly regularised inversion all available spectral
information on the atmospheric CH4 abundance is extracted while propagation
of noise is minimised. The side constraint can come in many forms, from pre-
scribing the profile shape to prior estimates of the state (co)variance. In case of
methane total column retrievals, the inversion is stabilised by enforcing a strong
correlation between sub-column methane abundances. This effectively forces
the methane profile to vary smoothly with altitude, which is representative for
a well-mixed trace gas like methane.

Technically, the side constraint is introduced into the inversion by minimis-
ing the Tikhonov (e.g. Tikhonov, 1963) cost function,

x̂ = argmin
x

(
||Sy

− 1
2 (y −F (x)) ||2 + ||W 1

2 (x− xa) ||2
)
, (1.5)
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which explicitly minimises the noise propagation into (x− xa) in addition to a
standard least squares cost function. Here Sy denotes the (M byM) observation
error covariance matrix, W a suitably chosen regularisation matrix and xa an a
priori estimate of the state vector. Due to the non-linear nature of the forward
model, Eq. (1.5) is solved iteratively using a linearised forward model.

After solving for x, the retrieved state vector constitutes a weighted sum of
the true state vector and the a priori estimate xa:

x̂ = Axtrue + (1−A) xa + εx, (1.6)

were εx was introduced to denote measurement and forward model errors
that propagate into the retrieved state. Also introduced in Eq. (1.6) is the
averaging kernel A that describes the smoothing of the true methane profile as
a result of the regularisation. Additionally, the second term in Eq. (1.6) describes
the part of the retrieved state that cannot be inferred from the measurement.
The latter is added to x̂ from a priori knowledge. Technically, the rows of A
can be interpreted as governing the vertical resolving power of the retrieval.
The trace of A constitutes the rank of the averaging kernel i.e. the number of
independent pieces of information that can be retrieved from the measurement.
The latter is generally referred to as the degree of freedom for signal (DFS) of
the retrieval. Methane retrievals from GOSAT SWIR observations typically have
a DFS between 1 and 1.5, reflecting the fact that the total column abundance is
well constrained but very little additional profile information is available.

Because of the limited profile information in the measurement and the
strongly regularised retrieval, there is little point in providing the full profile as
the retrieval product. Hence, retrieved methane profiles are generally presented
in the from of column-integrated methane abundances. Accordingly, the aver-
aging kernel A collapses into its column-average equivalent ac. This so-called
column averaging kernel describes the sensitivity of the retrieved CH4 column
to changes in the true methane profile. Hence, it effectively describes the sen-
sitivity of the total column retrieval throughout the true atmospheric column.
The column averaging kernel is thus essential for correctly interpreting the total
column methane retrieval because it captures the retrieval sensitivities resulting
from particular measurement and atmospheric conditions.

To illustrate different retrieval sensitivities and the role of the column av-
eraging kernel in interpreting a total column retrieval, a few typical column
averaging kernels for methane retrievals from GOSAT SWIR are depicted in
Figure (1.9). Looking at the typical column averaging kernel from a CH4 re-
trieval in a cloud-free atmosphere, the vertical distribution of the retrieval sen-
sitivity is striking. The contribution to the total column from methane in the
upper atmosphere is clearly underestimated (ac <1). The relative lack of re-
trieval sensitivity in the upper atmosphere can be explained by the fact that
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Figure 1.9 – Left panel: Typical column averaging kernel for a methane retrieval in a cloud-free
atmosphere.
Right panel: Column averaging kernels for three methane retrievals in an atmosphere containing a
cloud at different altitudes. The markers indicate the centre of the layers of the model atmosphere.

narrow absorption lines resulting from relatively sparse methane molecules in
the high atmosphere are masked – at least within measurement noise level – by
the broader lines resulting from the lower atmosphere where methane is more
abundant. Because the retrieval can only effectively constrain the total methane
column (DFS ∼ 1), this underestimation is compensated by an overestimation
of the contribution of methane in the lower atmosphere.

Looking at the column averaging kernels associated with a retrieval in a
cloudy atmosphere, we see a similar behaviour of increasing sensitivity with
increasing pressure above the cloud layer. Underneath the cloud, sensitivity is
virtually null because hardly any light travels through the cloud down to the
surface and back to the satellite instrument. Therefore, the measurement is
effectively insensitive to the atmosphere below the cloud. Due to the required
correlation between methane sub-column abundances introduced by the regu-
larisation, sensitivity above the cloud is used to scale the methane concentration
below cloud level, leading to an overestimated sensitivity (ac >1) of the total
CH4 column to sub-column abundances above cloud level.
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1.4 From Earth-radiance to methane concentration

Assuming that light path modification is appropriately accounted for, infor-
mation on methane concentrations in the atmosphere can be retrieved from
a SWIR Earth-radiance measurement by using the methane absorption lines
around 1600 nm. To account for light path effects, two conceptually different
approaches currently exist: the physics-based approach (also referred to as the
full-physics approach) and the so-called proxy approach. Both methods will be
briefly introduced in this section.

1.4.1 Proxy method

First proposed by Frankenberg et al. (2005) and applied to SCIAMACHY obser-
vations, the proxy approach simultaneously retrieves methane and CO2 abun-
dances under the assumption of a direct light path i.e. neglecting all light scat-
tering by molecules and aerosols. The error on the retrieved CO2 total column
with respect to prior knowledge of CO2 provides information on the effective
light path that is used to subsequently correct the retrieved methane concentra-
tion.

The proxy method can be applied to GOSAT observations between 1590 and
1680 nm (Figs. 1.5 and 1.6) to infer methane and carbon dioxide total column
abundances, denoted [CH4] and [CO2]. The retrieval assumes the direct light
path from sun to the satellite-born instrument via the Earth’s surface, neglecting
all atmospheric scattering. Due to significant scattering in SWIR, the retrieved
concentrations of both species are very likely to be biassed with respect to their
true abundances. Using prior knowledge on the true CO2 concentration at the
time and location of the GOSAT sounding, the biassed non-scattering methane
retrieval can be corrected:

XCH4
=

[CH4]

[CO2]
Xa

CO2
, (1.7)

Here XCH4 denotes the corrected methane total column mixing ratio and
Xa

CO2
denotes the CO2 total column mixing ratio that is known from an a priori

source. The basic assumption underlying the proxy method is that neglecting
light path modifications has similar multiplicative effects on [CH4] and [CO2]
such that the introduced errors cancel by taking the ratio. Furthermore, the
prior knowledge on XCO2

should be available with significantly better accu-
racy than what is required for XCH4 . The first condition is generally satisfied
when target and proxy species are retrieved from absorption features that are
spectrally close to each other and of similar strength. This ensures that surface
reflection, scattering properties and retrieval sensitivities – and hence light path
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modification effects – only vary to a minimal degree between the retrievals of
the two trace gas species.

Neglecting all atmospheric scattering in the trace gas retrievals makes the
proxy approach very computational efficient, even when applied to soundings
taken in heavily scattering atmospheres or observations that include a cloud
layer. As an additional benefit, multiplicative retrieval biases due to instrument
features also cancel in the ratio term. Consequently, the proxy method has been
extensively used for methane retrievals from SCIAMACHY and GOSAT short-
wavelength infrared soundings, (e.g. Frankenberg et al., 2005; Frankenberg
et al., 2008; Bergamaschi et al., 2007; Schneising et al., 2009).

Most applications of the proxy retrieval method focus on nadir observations
over land. In the context of increasing spatial data coverage, Frankenberg et al.
(2006) briefly touched upon using the proxy method to retrieve XCH4

from
SCIAMACHY soundings over oceanic boundary layer clouds. The approach uses
the cloud top as a reflecting surface to provide sufficient backscattered radiance
over an otherwise non-reflecting ocean surface. Doing so however introduces
an extra error source because the [CH4]/[CO2] is retrieved above the cloud
top and is subsequently extrapolated to the total column through Xa

CO2
in Eq.

(1.7).
In practice, light path effects do not cancel out completely in the ratio of

[CH4] over [CO2], introducing a residual error on the retrieved methane total
column mixing ratio. Butz et al. (2009) mention the slight variations in scat-
tering and surface properties between the CH4 and CO2 spectral windows and
differences in vertical sensitivities of the [CH4] and [CO2] retrievals as the main
reasons for the non-perfect cancelling of light path induced biases. When in-
dividually assessed, differences in surface albedo and vertical sensitivity cause
the largest residual errors on XCH4

: up to 1% over- and underestimation of the
true methane mixing ratio, respectively. However, both effects show a strong
(spatial) correlation, thus cancelling each other to a great extent. Nonetheless,
significant errors may remain and propagate into the retrieved XCH4 . Moreover,
the uncertainty on the prior knowledge of XCO2

has to be added to the over-
all error budget. Based on the study by Butz et al. (2009), it is likely that the
latter dominates the overall error budget of methane retrievals using the proxy
method.

1.4.2 physics-based method

In contrast to the proxy method, the physics-based retrieval strategy (e.g. Butz
et al., 2009; Bosch et al., 2006; Connor et al., 2008; Oshchepkov et al., 2008)
explicitly accounts for modifications of the light path due to atmospheric scatter-
ing. Because the distribution and physical characteristics of scattering particles
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in the atmosphere are highly variable in space and time, it is generally not pos-
sible to prescribe the correct scattering conditions based on a priori knowledge.
Hence, the physics-based retrieval strategy aims to retrieve the atmospheric
scattering conditions from the radiance measurement, simultaneously with the
methane total column.

RemoTeC constitutes one particular implementation of the physics-based
retrieval strategy that is extensively used for methane and carbon dioxide re-
trievals from satellite-born SWIR Earth-radiance observations (e.g. Butz et al.,
2011; Butz et al., 2012; Guerlet et al., 2013). It explicitly retrieves the effective
light path by including a simple scattering model in the inversion that accounts
for light scattering by aerosol. The aerosol’s physical characteristics, amount and
vertical distribution are described by a set of effective scattering parameters: a
real and imaginary refractive index, aerosol total column number density, mean
and variance of the effective volume size distribution and the mean height of
the aerosol layer as well as its width. In case of physics-based CH4 retrievals
from GOSAT SWIR observations, a single layer of aerosol parameterised with a
Gaussian height distribution is included in the retrieval. The effective aerosol
radius, the average height of the aerosol layer and the aerosol total column
number density are subsequently retrieved from the observation.

To access the scattering information, the physics-based retrieval generally
covers a wide spectral range that includes absorption features of several atmo-
spheric (trace) gases. For example, the oxygen absorption features around 760
nm (Fig. 1.4) are used because oxygen abundances can be considered tightly
constrained by meteorological and topographic a priori data. Introducing the
predetermined oxygen abundance as a constraint allows the retrieval to es-
timate the effective light path by exploiting the mismatch between the prior
oxygen abundance and the observed absorption line depth. As such, the oxygen
absorption lines provide the inversion with information on the amount and the
vertical distribution of scattering particles.

Additionally, the strong absorbing CO2 lines around 2060 nm (Fig. 1.7) can
be added to the retrieval to gain even more information on atmospheric scat-
tering. In combination with the weakly absorbing CO2 band around 1600 nm
(Fig. 1.5), CO2 absorption provides the retrieval with additional information on
the effective light path. Absorption by CO2 in the atmosphere quickly saturates
the strong absorption lines, such that they only contain information on the CO2

abundance along the beginning of the light path, effectively limiting their sen-
sitivity to the atmosphere above the mean scattering height. Weak absorption
lines on the other hand constrain CO2 abundance along a larger part of the light
path, having a significant sensitivity throughout the atmosphere in moderate
scattering conditions. Under the assumption of a geometrical light path, the
total column CO2 abundances retrieved from either the weak or the strong ab-
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sorption lines would greatly differ. Combining both bands in one retrieval forces
the forward model to reproduce the measurement in both spectral regions using
the same total column CO2 abundance. This is only possible with a CO2 profile
that is highly variable in altitude. The low vertical resolution of the retrieval
which is enforced trough the regularisation (DFS ≈ 1) does not allow for such a
structured profile to be resolved. By subsequently adding scattering parameters
to the state vector, the retrieval can exploit the apparent mismatch between the
weak and strong absorption bands to estimate the effective light path.

By simultaneously adding the O2 A-band and the CO2 absorption lines to
the CH4 retrieval, the scatterer total column number density and vertical dis-
tribution is constrained on both the short- and long-wavelength side of the
methane absorption lines. Therefore, information on the effective scatterer size
is accessible by exploiting the wavelength dependence of the effective scattering
cross-section of an aerosol scatterer.

In order to avoid numerically expensive radiative transfer calculations, the
physics-based method relies on an a priori filter to reject observations of a
cloudy or otherwise strongly scattering atmosphere. The effect of such filter
on data yield and geographical coverage is evident in Figure 1.10, showing 5-
year average monthly mean methane total column retrieved from GOSAT SWIR
radiance measurements using the RemoTeC physics-based retrieval method.
Significant data gaps are visible, generally caused by strong scattering by aerosol
(Sahara region) or cloud cover (Tropics and the Indian subcontinent during
August). In case of the Indian subcontinent, August coincides with the local
monsoon season, resulting in virtually no data coverage during that month.
Despite these limitations however, the physics-based retrieval shows a clear
signal of high methane concentrations over regions of China and South-East
Asia where strong methane sources are located. Also, the retrieved abundances
clearly illustrate the latitudinal gradient in atmospheric CH4 concentrations due
to methane sources being predominantly located on the Northern Hemisphere.
Lastly, Figure 1.10 clearly illustrates that the RemoTeC physics-based retrieval
is limited to glint observations over oceans because – in cloud-free conditions –
the non-reflective ocean surface does not provide enough backscattered signal
for a successful retrieval in the nadir observation geometry.

1.5 Objectives and organisation of this thesis

This work comprises an effort to better understand and improve total column
CH4 retrievals from SWIR Earth-radiance measurements collected by GOSAT
and thereby to improve their usefulness for inverse modelling of methane
sources. It revolves around three separate research questions, each of which is
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addressed in a separate chapter.
As discussed, the greatest challenge for satellite-based methane retrievals

lies in accurately accounting for light path modifications caused by scattering of
light in the Earth atmosphere. Two distinctly different retrieval methods have
been developed to deal with this challenge: the proxy method and the physics-
based retrieval approach. In Chapter 2 of this thesis, an in-depth comparison
between these two retrieval approaches is presented, revolving around the
following research question:

Research question 1. What is the difference between the proxy
and physics-based retrieval methods concerning their ability to ac-
count for light path modification in total column methane retrievals
from cloud-free GOSAT SWIR observations over land?

The first part of the work in Chapter 2 comprises a comparison and val-
idation study based on the first 19 months of GOSAT observations. Ground-
based validation measurements provided by 12 stations of the Total Carbon
Column Observing Network are used as a reference. Unfortunately, the network
of TCCON measurement sites available at the time is limited in its global spa-
tial coverage, severely limiting the generalizability of the TCCON-based study.
Hence, it was complemented with a global comparison of methane abundances
retrieved using the two methods using a global chemistry-transport model as a
reference. Both comparison and validation studies identified typical strengths,
shortcomings and potential improvements of both retrieval methods.

In principle, the physics-based method is least affected by inaccuracies in
a priori data and has the better potential to further improvements. On the
other hand, it is clearly limited in cases of strong atmospheric light scattering.
Therefore, the focus of this research shifted toward improving the applicabil-
ity of the physics-based retrieval method to observations with a large aerosol
load or those that contain water clouds. As a prerequisite however, the existing
radiative transfer model would need to be replaced by one that is more numer-
ically efficient when simulating enhanced atmospheric scattering, raising the
following research question:

Research question 2. How to efficiently simulate the pronounced
scattering of short-wavelength infrared radiation in a cloudy atmo-
sphere and thereby enable physics-based methane retrievals from
cloudy GOSAT observations?
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In Chapter 3, a new radiative transfer model is presented that can simulate
cloudy satellite observations and their derivatives with respect to the state of the
Earth’s atmosphere and surface in a numerically efficient manner. At its core lies
a mathematical framework that combines an approximate iterative solver using
the forward-adjoint perturbation theory with separation of the first N orders
of scattering from the diffuse intensity vector field. Thus, contributions to the
Earth-radiance coming from light that has been scattered only N times or less
are recursively solved in an analytical manner, which is numerically efficient
as long as the number of scattering events is small. Contributions originating
from light that is scattered more than N times are subsequently solved in a
numerical manner, under the assumption that the intensity field varies linearly
with the vertical coordinate within each atmospheric model layer.

The newly developed radiative transfer model was implemented in the Re-
moTeC physics-based retrieval method with the aim of enabling methane re-
trievals from cloud-covered GOSAT observations. Hence, the subsequent work
presented in Chapter 4 revolves around

Research question 3. In light of increasing data yield, can the
physics-based retrieval method – using the newly developed radia-
tive transfer model – be successfully applied to retrieve total column
methane abundances from cloudy nadir observations?

It aims to infer total column mixing ratios of methane and carbon dioxide
from GOSAT nadir observations over the cloud-covered ocean. The presented
approach specifically targets cloudy ocean soundings to provide sufficient ra-
diance signal in nadir soundings in ocean areas. Currently, exploiting space-
borne SWIR sounding over oceans relies on observations in sun glint geometry,
observing the specular solar reflection at the ocean surface. The glint observa-
tion mode requires cloud-free conditions and a suitable observation geometry,
severely limiting their number and geographical coverage. The method pro-
posed in Chapter 4 is based on the existing RemoTeC algorithm (e.g. Butz et al.,
2011; Guerlet et al., 2013) that is extensively used to retrieve CH4 and CO2

columns from cloud-free GOSAT SWIR measurements over land. To process
cloudy ocean observations, light scattering in the atmosphere is described by
a single-layer water cloud with Gaussian height distribution.The height and
geometrical thickness of the cloud layer are retrieved together with the droplet
size, the droplet number density and the column abundances of CO2, CH4 and
H2O. The retrieved CO2 and CH4 columns are validated with ground-based
total column measurements performed at 8 stations from the TCCON network
that are geographically close to an ocean coastline.


