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[1] Monitoring of atmospheric methane (CH4) concentrations from space‐based

instruments such as the Scanning Imaging Absorption Spectrometer for Atmospheric
Chartography (SCIAMACHY) and the Greenhouse Gases Observing Satellite (GOSAT)
relies on observations of sunlight backscattered to space by the Earth’s surface and
atmosphere. Retrieval biases occur due to unaccounted scattering effects by aerosols and
thin cirrus that modify the lightpath. Here, we evaluate the accuracy of two retrieval
methods that aim at minimizing such scattering induced errors. The lightpath “proxy”
method, applicable to SCIAMACHY and GOSAT, retrieves CH4 and carbon dioxide
(CO2) simultaneously and uses CO2 as a proxy for lightpath modification. The
“physics‐based” method, which we propose for GOSAT, aims at simultaneously
retrieving CH4 concentrations and scattering properties of the atmosphere. We evaluate
performance of the methods against a trial ensemble of simulated aerosol and cirrus loaded
scenes. More than 80% of the trials yield residual scattering induced CH4 errors below
0.6% and 0.8% for the proxy and the physics‐based approach, respectively. Very few
cases result in errors greater than 2% for both methods. Advantages of the proxy
approach are efficient and robust performance yielding more useful retrievals than the
physics‐based method which reveals some nonconvergent cases. The major disadvantage
of the proxy method is the uncertainty of the proxy CO2 concentration contributing to
the overall error budget. Residual errors generally correlate with particle and surface
properties and thus might impact inverse modeling of CH4 sources and sinks.
Citation: Butz, A., O. P. Hasekamp, C. Frankenberg, J. Vidot, and I. Aben (2010), CH4 retrievals from space‐based solar
backscatter measurements: Performance evaluation against simulated aerosol and cirrus loaded scenes, J. Geophys. Res., 115,
D24302, doi:10.1029/2010JD014514.

1. Introduction
[2] Methane (CH4) is, after carbon dioxide (CO2), the most
important contributor to the anthropogenically enhanced
greenhouse effect [Intergovernmental Panel on Climate
Change, 2007]. Monitoring CH4 abundances in the Earth’s
atmosphere is the dedicated goal of several current and
future satellite missions. Such space borne observations aim
at providing CH4 column concentrations with high sensitivity at the Earth’s surface, with good spatiotemporal coverage, and with sufficient accuracy to facilitate inverse
modeling of sources and sinks. Currently, the Scanning
Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) on board ENVISAT [Bovensmann
et al., 1999] and the Greenhouse Gases Observing Satellite
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(GOSAT) [Yokota et al., 2004; Kuze et al., 2009] have the
capability to achieve these goals. Other satellite missions
such as ESA’s Sentinel‐5 and its precursor will follow in the
midterm future. Their observation strategy relies on measuring spectra of sunlight backscattered by the Earth’s surface
and atmosphere in the shortwave infrared (SWIR) spectral
range. Absorption features of CH4 allow for retrieval of its
atmospheric concentration with high sensitivity to the ground
and the lower atmosphere where the major CH4 sources and
sinks are located. The benefit of such measurements for
estimating source/sink strengths, however, strongly depends
on the precision and accuracy achieved. When correlated on
the regional or seasonal scale, systematic biases of less than
1% can jeopardize the usefulness of satellite‐measured CH4
concentrations for source/sink estimates [Bergamaschi et al.,
2007, 2009].
[3] A systematic bias that is notoriously difficult to handle
for space‐based solar backscatter observations originates
from aerosol and cirrus cloud scattering along the lightpath
through the Earth’s atmosphere [O’Brien and Rayner, 2002;
Mao and Kawa, 2004; Dufour and Bréon, 2003; Houweling
et al., 2005; Frankenberg et al., 2005; Aben et al., 2007].
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Since retrieval methods rely on accurate knowledge of the
actual lightpath, any effect that modifies the lightpath
directly maps into a retrieval error for CH4 if not appropriately accounted for. Scattering by atmospheric particles
may lead to lightpath enhancement or lightpath shortening
in comparison to the direct lightpath from the Sun to the
space‐based observer via reflection at the Earth’s surface.
Thereby, the net lightpath modification strongly depends on
the scattering properties and the height distribution of the
particles, the number of scattering events occurring, and the
albedo of the ground scene. Typically, these parameters are
not readily deducible from prior knowledge of the state of
the atmosphere. Accounting for light path modification due
to scattering therefore remains a challenge.
[4] The “proxy” method dedicated to the retrieval of CH4
from solar backscatter observations relies on inferring a
proxy for lightpath modification simultaneously with the
CH4 concentration. The basic assumptions when using such
a lightpath proxy are that the proxy concentration is a priori
known with better accuracy than the target quantity and that
all deviations between the retrieved proxy concentration and
the prior are a measure of the lightpath modification for
both the proxy and the target retrievals. Appealing candidates for lightpath proxies are gases such as O2 and CO2
whose abundances exhibit little variability in the atmosphere
and are in general more accurately known than the targeted
CH4 abundance. For CH4 retrievals from SCIAMACHY,
Frankenberg et al. [2005] suggested to calculate the column‐
average dry mole fraction of CH4 (XCH4) via
XCH4 ¼

½CH4 
 XCO2 ;
½CO2 

ð1Þ

where [CH4] and [CO2] indicate vertically integrated total
column number densities of CH4 and CO2 (in units of
molecules/cm2), both inferred under the assumption of the
direct lightpath in a nonscattering atmosphere. XCO2 is the
column‐average dry mole fraction of CO2 in the observed
air column provided from prior knowledge, e.g., through
climatologies or carbon cycle models. While equation (1)
is extensively used for CH4 retrievals [Frankenberg et al.,
2005; Bergamaschi et al., 2007; Meirink et al., 2008;
Frankenberg et al., 2008b; Schneising et al., 2009], the
accuracy of the proxy method in an aerosol and cirrus loaded
atmosphere has hitherto not been assessed systematically.
The accuracy of XCH4 retrieved from equation (1) generally
depends on how accurate the prior knowledge of XCO2 is and
on how well systematic retrieval errors cancel in the [CH4]/
[CO2] ratio. Thereby, error cancellation might not only apply
to errors due to scattering effects but also to other errors such
as instrumental artefacts.
[5] Alternatively, scattering induced lightpath modification can be taken into account by simultaneously inferring
the atmospheric CH4 concentration and physical scattering
properties of the atmosphere. Such “physics‐based” methods
have been suggested for space‐based CO2 measurements
from SCIAMACHY, GOSAT, and the Orbiting Carbon
Observatory (OCO) [Bösch et al., 2006; Connor et al., 2008;
Oshchepkov et al., 2008; Butz et al., 2009; Reuter et al.,
2010] and are, in general, readily adaptable for the purpose
of CH4 retrievals if the considered measurement covers a
CH4 absorption band [Bril et al., 2009]. Retrieval simula-
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tions indicate the capability to reduce residual CO2 errors to
below 1% for scenes with moderate scattering optical
thickness. These physics‐based methods typically aim at
retrieving information on the aerosol and cirrus particle
amount, type, size, and height distribution in order to calculate the actual lightpath through the Earth’s atmosphere as
accurately as possible. Thus the accuracy of the inferred
target gas concentration depends on how well the retrieved
particle properties allow for modeling the lightpath in the
absorption band of the target gas. In contrast to the proxy
method, uncertain prior knowledge of a lightpath proxy does
not contribute to the error budget.
[6] Here, we evaluate the accuracy of a proxy method
(section 2.1) and a physics‐based method (section 2.2)
against a simulated ensemble of aerosol and cirrus loaded
scenes (section 3) as observed by a GOSAT‐like instrument.
For the proxy method, we also consider a SCIAMACHY‐
like observer. GOSAT‐like measurement simulations feature CH4, CO2, and O2 absorption bands in the spectral
range between 0.75 mm and 2.1 mm at high spectral resolution whereas the SCIAMACHY‐like configuration covers
CH4 and CO2 absorption bands around 1.6 mm at low
spectral resolution. The physics‐based method has been
adapted from the approach suggested by Butz et al. [2009]
for CO2 retrievals from OCO and GOSAT. The employed
proxy method is a straightforward implementation of
equation (1). We focus on evaluating the residual CH4
retrieval error due to lightpath modification by aerosol and
cirrus scattering (section 4). Thus other sources of error such
as spectroscopic uncertainties and instrumental effects or,
for the proxy approach, uncertain prior knowledge of the
proxy concentration are not considered.
[7] The two methods are applied to a trial ensemble which
covers cloud‐free aerosol and cirrus loaded scenes over land
as potentially observable by a nadir‐viewing satellite on four
days of the year in different seasons. Ocean surfaces and
scenes with high (>70°) solar zenith angle are not considered. We further neglect scenes (partially) covered by
optically thick water clouds assuming that such cases can be
filtered out reliably before the retrieval. The trial ensemble
of spectra is assembled from measured and modeled aerosol, cirrus, and ground surface properties fed into a simulator radiative transfer model that generates the synthetic
observations. The simulator model exhibits a complex
description of aerosol and cirrus properties that is inconsistent with the approximate description used in the physics‐
based retrieval model as well as with the proxy method that
neglects any scattering. Thus the retrieval trials are designed
to evaluate the retrieval forward model error due to the
approximate treatment of scattering effects for both methods.

2. Retrieval Methods
[8] Given the measurements y with yi the ith spectral
element of the observed spectrum, the retrieval methods aim
at inferring the state vector x with xj the jth retrieval
parameter. Here, the state vector x comprises the partial
column number densities of the target gas vertical profile in
12 equidistant pressure layers and several secondary parameters depending on the employed retrieval method. For the
physics‐based method, the target gas is CH4. For the proxy
method, we perform separate retrievals with either CH4 or
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CO2 as target gas. The measurements y are spectra of the
trial ensemble simulated for the considered spectral ranges
(section 3). A forward model F (x,b) relates the state vector
to the measurements
y ¼ Fðx; bÞ þ y þ F :

ð2Þ

where y and F represent the measurement noise error and
the forward model error, respectively. Parameters that are
not retrieved are given by b. Implementations of the forward
model for the proxy and the physics‐based method are discussed in sections 2.1 and 2.2, respectively. Since the forward model F (x, b) is generally nonlinear in x, the inverse
problem to estimate x from equation (2) is solved iteratively
by replacing F (x, b) through its linear approximation
Fðxnþ1 ; bÞ  Fðxn ; bÞ þ Kðxnþ1  xn Þ;

Kij ¼

@Fi
ðxn Þ:
@xj

ð4Þ

The state vector xn+1 can be found by minimizing the least
squares cost function
xnþ1 ¼ arg min
xnþ1



1
k Sy 2 ðFðxnþ1 ; bÞ



 yÞ k2 ;

ð5Þ

with Sy the measurement error covariance. In linear approximation, equation (5) is equivalent to
xnþ1




~ nþ1  ~y k2 ;
¼ arg min k Kx
xnþ1

ð6Þ

~ = Sy K. The solution
with ~
y = Sy [y − F (xn, b) + Kxn], and K
to equation (6) then reads in terms of the singular value
~ = U S VT
decomposition (SVD) of K
12

12

xnþ1 ¼

N
X
uT ~y
i

i¼1

i

vi ;

ð7Þ

where N is the number of state vector elements, U and V are
orthogonal matrices of the left and right singular vectors ui
and vi, and S is the diagonal matrix of singular values si.
Typically, the measurements do not contain enough information to independently infer all the retrieval parameters
making the inverse problem ill‐posed. Consequently, xn+1
calculated from equation (7) is overwhelmed by noise. Noise
contributions going along with small singular values si can be
damped by introducing filter factors i yielding a regularized
solution ~
xn+1 of the ill‐posed problem [Hansen, 1998;
Rodgers, 2000],
~xnþ1 ¼

N
X
i¼1

i

uTi ~y
vi :
i

profile. For these 11 terms, we set i= 0. Technically, we
ensure that the smallest singular values correspond to target
gas parameters and that the largest singular values correspond
to secondary parameters by weighting the Jacobians of the
secondary parameters with an arbitrarily large number and
the secondary parameters themselves with the reciprocal
arbitrarily small number. This choice of SVD truncation
corresponds to a retrieval with a single degree of freedom for
the target gas vertical profile.
[9] The regularized state vector ~xn+1 can be written in
terms of the averaging kernel matrix A and the contribution
function matrix G as a smoothed version of the true state
vector xtrue affected by measurement noise and forward
model errors
~
xnþ1 ¼ A xtrue þ G ~y þ G ~F ;

ð3Þ

with subscript n indicating the nth iteration and K being the
Jacobian matrix

ð8Þ

The filter factors i can be chosen according to the desired
type of regularization [Hansen, 1998]. Here, we choose a
truncated SVD method. We assume i= 1 for all terms in
equation (8) except for the 11 smallest terms that correspond
to the small singular values of the 12‐layer target gas vertical
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12

ð9Þ

12

where ~y = Sy y and ~F = Sy F. Thereby, the averaging
kernel matrix A filters out the components of xtrue that the
measurement is not sensitive to. For the solution state vector
^xn+1, we add these components through a prior estimate xa
of the true state vector
^
xnþ1 ¼ ~
xnþ1 þ ð1  AÞxa :

ð10Þ

The iteration is terminated when the update of the state
vector is negligible in comparison to the error terms. For the
physics‐based method, we use a Gauss‐Newton iteration
scheme with reduced step size to improve convergence.
Defining xa= xtrue+ a, the retrieved state vector ^x is given by
^
x ¼ xtrue þ G ~y þ G ~F þ ð1  AÞa ;

ð11Þ

where the error terms on the right‐hand side are due to
measurement noise (G ~y), forward model errors (G ~F), and
inaccuracy of the prior state vector estimate ((1 − A)a).
Equation (11) reduces to
^
x ¼ xtrue þ G ~y þ G ~F ;

ð12Þ

if the prior estimate xa coincides with the true state vector
xtrue. Since we aim at evaluating residual forward model
errors (G ~F) we assume that indeed xa is identical to xtrue.
[10] For convenience, we define a total column operator
h such that hTx yields the vertically integrated total column
number density of the target gas. Hence the elements hj are 1
if j corresponds to a partial column of the target gas vertical
profile and 0 otherwise.
2.1. Proxy Method
[11] The implementation of the proxy method is guided by
equation (1). As suggested by Frankenberg et al. [2005], the
proxy forward model F (x,b) neglects any scattering effects
in the atmosphere and is simply given by Beer‐Lambert’s
law of molecular absorption along the reference lightpath
from the Sun to the space‐based observer via reflection at
the Earth surface. Retrievals are performed separately for the
target absorbers CH4 and CO2 applying the inverse method
outlined above to the simulated measurements. The state
vector x comprises the column number densities of the
target absorber in 12 atmospheric layers, and as secondary
parameters the total column number densities of interfering
absorbers as well as albedo and spectral albedo slope of the

3 of 15

D24302

D24302

BUTZ ET AL.: EVALUATION OF CH4 RETRIEVALS FROM SPACE

Table 1. Summary of the Proxy and Physics‐Based Retrieval Characteristics
Method

Proxy CH4

Spectral window ID
Spectral window, mm
Target absorber
Interfering absorbers
Aerosol parameters

3
[1.629, 1.679]
CH4
H2O, CO2
‐

Proxy CO2
2
[1.591, 1.622]
CO2
H2 O
‐

Physics‐Based

2′
[1.560, 1.594]
CO2
H2 O
‐

1
[0.758, 0.774]
O2 a

2
[1.591, 1.622]

3
[1.629, 1.679]
CH4
CO2, H2O
CO2, H2O
Ns, as, zs

4
[2.042, 2.081]
CO2, H2O

a

Not retrieved, but calculated from pressure.

ground scene. Pressure and temperature profiles as well as
spectroscopic parameters are nonretrieved parameters b. The
measurements y are spectra of backscattered sunlight within
the spectral windows defined in Table 1. Note that our
GOSAT and SCIAMACHY configurations use the same
CH4 retrieval window (ID 3) around 1.65 mm but different
CO2 retrieval windows around 1.61 mm (ID 2) and 1.58 mm
(ID 2′), respectively. This choice is largely due to SCIAMACHY’s instrument performance suggesting a strong
preference for the 1.58 mm CO2 window. Table 1 summarizes the most important implementation features.
[12] The total column densities [CH4] and [CO2] are calculated from the retrieved state vectors by
½c ¼ hTc ^xc  hTc Gc ~y;c ;

ð13Þ

where c refers to either CH4 or CO2. The second term on the
right‐hand side of equation (13) is the measurement noise
error. Since the measurement noise is known from the simulations and since we are not further interested in noise
errors, we readily subtract this error contribution from the
retrieved concentrations. Finally, [CH4] and [CO2] are used
to calculate XCH4 via equation (1) under the assumption that
XCO2 is known with its true value. The XCH4 retrieval error is
evaluated by comparing the retrieved value to the true value
known from the ensemble simulations. Thus we assess here
how well the forward model error term on the right‐hand
side of equation (12) cancels when ratioing [CH4] by [CO2].
In our setup, this error term is purely due to neglecting
scattering effects in the proxy forward model.
2.2. Physics‐Based Method
[13] In contrast to the proxy method, the forward model F
(x,b) of our physics‐based method explicitly considers
atmospheric scattering processes. Our approach has been
extensively described by Butz et al. [2009] for the purpose
of XCO2 retrievals. Thus only a brief summary is given here
focusing on the approximate treatment of scattering processes. The core of the forward model is the vector radiative
transfer model (RTM) developed by Hasekamp and
Landgraf [2002, 2005] and Hasekamp and Butz [2008].
The RTM calculates the Stokes vector of solar radiation
backscattered to space by the Earth’s surface and atmosphere considering molecular and particulate absorption as
well as multiple scattering by molecules and particles in a
multilayer, inhomogeneous, plane parallel atmosphere that
consists of 36 layers. Molecular absorption and scattering
properties are readily derived from spectroscopic databases
and Rayleigh scattering theory. Particle optical properties,
scattering and absorption cross sections and scattering phase
matrices, are computed by Mie theory assuming a spherical
shape of the particles.

[14] The RTM requires as input physical scattering
properties, the total column number density of scatterers Ns,
the real and imaginary parts of the particle refractive index,
the size distribution and the height distribution of particles.
Following Mishchenko et al. [1999] and Butz et al. [2009],
the size distribution ns(r) is parameterized by the parameter
as of a power law distribution
8
< A;
ns ðrÞ ¼ Aðr=r1 Þs ;
:
0;

r  r1
r1 < r  r2
r > r2 ;

ð14Þ

where r is the particle radius, r1= 0.1 mm, r2= 10 mm and the
constant A is determined from normalization of the size distribution. The height distribution of particle optical thickness
t s,k among the atmospheric layers zk is parameterized through
s;k ¼ s hðzk ÞDzk

ð15Þ

where t s is the vertically integrated particle optical thickness
of scatterers and Dzk the thickness of layer k. The height
distribution h(zk) is a Gaussian function of center height zs and
full‐width‐at‐half‐maximum ws (zs) given by
"
hðzk Þ ¼ B exp 

4 ln 2ðzk  zs Þ2

"
ws ðzs Þ ¼ w0 exp 

w s ðzs Þ2

#
;

4 ln 2ðzs  w0 Þ2
ð2w0 Þ2

ð16Þ

#
ð17Þ

with w0 = 4 km and B a normalization constant. By choosing
the layer width ws(zs) a function of layer height zs, the
parameterization is designed to model a thin layer of particles
close to the ground, a broad elevated layer in the midtroposphere or a thin high‐altitude layer [see also Butz et al., 2009,
Figure 3].
[15] The physics‐based forward model allows for the
retrieval of a state vector x that comprises the column
number densities of CH4 in 12 atmospheric layers, and as
secondary parameters the total column number densities of
interfering absorbers, the surface albedo and its spectral
slope. In addition, the state vector includes as secondary
parameters the total column number density of scattering
particles Ns, the particle size distribution parameter as, and
the height distribution parameter zs. Similar to the proxy
method, nonretrieved parameters b are pressure and temperature profiles, spectroscopic parameters, and further the
real and imaginary refractive index of the scattering particles. The latter are fixed at 1.4 and ‐0.003, respectively, for
all retrievals in all spectral bands. As defined by Table 1, the
measurements y cover the absorption band of CH4 around
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1.65 mm (ID 3), the CO2 absorption bands around 1.61 mm
(ID 2) and around 2.06 mm (ID 4), and the O2 A band
around 0.77 mm (ID 1). The latter three bands are auxiliary
bands providing the information necessary to retrieve the
particle physical properties. Thereby, the O2 number density
is not retrieved but a forward model parameter derived from
atmospheric pressure. Table 1 summarizes the implementation features of the physics‐based method.
[16] Applying our inverse method to the measurements
yields the total column density [CH4]
½CH4  ¼ hT ^x  hT G ~y ;

ð18Þ

where, again, the error contribution from measurement noise
is readily subtracted. From equation (18), XCH4 is derived
under the assumption that the total column density of air is
known accurately from meteorological support data. The
XCH4 retrieval error is evaluated by comparison with the true
value known from the ensemble simulations. The inferred
residual XCH4 retrieval error is due to the forward model
error term on the right‐hand side of equation (12) which
originates from the approximate treatment of scattering by
the physics‐based method.

3. Simulation of the Trial Ensemble
[17] Evaluation of the retrieval methods proposed in
section 2 requires a trial ensemble of atmospheric scenes that
covers the range of atmospheric scattering properties and
surface characteristics that a space‐based observer potentially
encounters. Since we aim at evaluating the residual scattering
induced forward model error, the trial ensemble must not be
consistent with either of the approximations inherent to the
retrieval forward models. Obviously, true observations satisfy these requirements. Evaluation of retrieval performance
for true observations, however, is difficult since the true state
vector is commonly unknown except for a few validation
sites. While such validation must be the final step in assessing
the overall accuracy of the retrieval methods, the present
study uses a simulated trial ensemble that allows for evaluating retrieval performance on the global scale in a well‐
defined setup.
[18] Closely following our precursor study [Butz et al.,
2009], we set up an ensemble of simulated spectra. The
simulated GOSAT‐like spectra cover the retrieval windows
1, 2, 3, and 4 listed in Table 1. We adopt a sinc‐like instrument function assuming 2.5 cm path difference and 15.8 mrad
field‐of‐view of the GOSAT‐FTS yielding a spectral resolution (full‐width‐at‐half‐maximum (FWHM) of the instrument function) of approximately 0.35 cm−1 and 0.25 cm−1
(in wavenumber units) for the O2 A band and the other
windows, respectively. SCIAMACHY‐like spectra cover
windows 2′ and 3 assuming a Gaussian instrument function
with a spectral resolution of 5 cm−1 (FWHM). The instrument functions are sampled by 2.5 spectral points per
FWHM. Although GOSAT has the capability to measure
perpendicular polarization directions of the backscattered
sunlight, our simulations assume that the polarized measurements are added to yield the total radiance backscattered
to the satellite. The simulated measurement noise is 1/300
of the continuum radiance in each spectral window. For
simplicity, we adopt the same noise model for GOSAT and
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SCIAMACHY although the above assumption is only realistic for the former and rather pessimistic for the latter. The
measurement noise model plays a minor role for our purposes since we are not interested in noise errors and since our
inverse method does not rely on deducing the information
content of the measurements from a noise‐related criterion.
For both configurations, GOSAT and SCIAMACHY, we
assume that the trial scenes in January, April, July, and
October are observed in exact nadir and under a solar zenith
angle (SZA) that is typical for local noon in the respective
season.
[19] The heart of the simulation forward model is the same
RTM as used for the physics‐based retrieval method. The
approximate parameterizations and assumptions with respect
to atmospheric scattering properties, however, are replaced
by a sophisticated aerosol and cirrus model that is able to
capture the true variability of atmospheric scattering properties. In comparison to our precursor study, we refine the
simulation forward model by using satellite‐measured aerosol, cirrus, and surface properties as input such that our trial
ensemble is a representative snapshot of the geographic and
temporal occurrence of scenes.
3.1. Aerosol Model
[20] The aerosol part of the simulation forward model
calculates aerosol optical properties from Mie theory given
input aerosol physical properties. As for the physics‐based
retrieval method the latter are aerosol column number density, size distribution, and complex refractive index. These
parameters are provided by the global aerosol model ECHAM5‐HAM in 19 atmospheric layers from the ground to
the midstratosphere on a ∼3° by 3° latitude by longitude grid
[Stier et al., 2005]. In contrast to the physics‐based retrieval
forward model, the aerosol size distribution is not a one‐
parameter power law but a superposition of seven lognormal
size distributions, where the individual modes represent
nucleation soluble, Aitken soluble, accumulation soluble,
coarse soluble, Aitken insoluble, accumulation insoluble,
and coarse insoluble particles. Thereby, each size mode is a
composite of 5 aerosol chemical types (sulfate, black carbon, organic matter, sea salt, mineral dust) of different
complex refractive index. We calculate an average complex
refractive index weighted by the relative mass contribution
of the individual aerosol chemical type for each size mode
and spectral window. These aerosol physical properties
are fed into the Mie model individually for each of the 19
ECHAM5‐HAM layers. The resulting layer‐wise aerosol
optical properties are then interpolated onto the 36 simulation forward model layers.
[21] Here, we pick 4 days in January (JAN), April (APR),
July (JUL), and October (OCT) out of an ECHAM5‐HAM
model run for the year 2015 which was readily available
from previous studies. The ECHAM5‐HAM modeled
aerosol optical thickness (at 0.55 mm) for these 4 days is
then scaled to match the monthly median of the vertically
integrated aerosol optical thickness (at 0.55 mm) observed
by MODIS [Remer et al., 2005] for the respective month in
the year 2007 within the 1° by 1° bin which contains the
center of the ECHAM5‐HAM grid cell. If no matching
MODIS data is found, we adopt the ECHAM5‐HAM
modeled aerosol optical thickness of the respective grid cell
after scaling the entire ECHAM5‐HAM ensemble to a
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Figure 1. Total particle optical thickness (at 1.65 mm) calculated from aerosol optical thickness (AOT)
and cirrus optical thickness (COT) adopted for the trial ensemble. The trial ensemble covers scenes for a
day in January (JAN), April (APR), July (JUL), and October (OCT) as described in section 3.

global median aerosol optical thickness of roughly 0.2 (at
0.55 mm). Thus for most cases, the overall aerosol load of
our trial scenes follows MODIS observations, while aerosol
type, size, and height distribution follow the ECHAM5‐
HAM model. Figures 1 and 3 show the simulated global
distribution of total particle optical thickness (including
aerosol and cirrus) and its height distribution in the spectral
range of the CH4 retrieval window (around 1.65 mm).
3.2. Cirrus Model
[22] In contrast to the retrieval methods, the simulation
forward model explicitly considers nonspherical particles in
the form of ice crystals such as occurring in cirrus clouds.
Their optical properties are calculated from input physical
properties by the ray tracing model of Hess and Wiegner
[1994] and Hess [1998] assuming randomly oriented particles with hexagonal shape. Half of the crystals have columnar
shape with sizes between (1.4 mm, 3.5 mm) and (110 mm,
1300 mm) where the first length refers to the side of the
hexagon and the second length to the column. The other half
of the crystals are plates with sizes between (15 mm, 9 mm)
and (650 mm, 47 mm). Following Hess and Wiegner [1994,
Table 1], we calculate cirrus optical properties for several size
pairs and aggregate composite optical properties according to
a power law size distribution ns(c) (equation (14)) with c1=
3mm and c2= 1300mm and power as= 3.35 [Heymsfield and
Platt, 1984]. Thereby, the size distribution parameter c is
the length of the column for columnar ice crystals and twice
the hexagonal side length for plate crystals.
[23] Cirrus optical thickness (at 0.55 mm) is specified to
match the monthly median (thin) cirrus optical thickness
observed by the CALIOP instrument aboard the CALIPSO
satellite within a 2.5° by 2.5° grid cell [Winker et al., 2007].
Time (month) and place (grid cell) are chosen to contain the

ECHAM5‐HAM scenes used for simulating aerosols. The
CALIOP monthly median (thin) cirrus optical thickness is
calculated by statistically processing the CALIOP 5 km
cloud products for the year 2007 which indicate cirrus
optical thickness less than 0.4. Thereby, we assume that
cirrus optical thickness greater than 0.4 can be filtered out
reliably for real space‐based measurements. For the height
distribution of cirrus optical thickness, we use the same
statistical CALIOP data set to calculate monthly mean cloud
top height and cloud geometrical depth and to generate a
box‐like cirrus layer that covers the entire observed scene in
addition to the aerosol particles. Our cirrus simulations thus
rely on CALIOP measurements for cirrus optical thickness
and cirrus height distribution and assume a fixed scenario
for particle types and sizes. The latter assumption is largely
due to the lack of global data on these cirrus properties.
Figures 2 and 3 depict cirrus optical thickness (at 1.65 mm)
and its height distribution.
3.3. Suface Albedo
[24] Surface albedo for the trial ensemble is provided by
the MODIS LAND albedo product. MODIS albedo is distributed in 16‐day bins on a 0.5 km by 0.5 km grid; we pick
the data point which coincides closest in time and space with
the selected ECHAM5‐HAM scene. We consider MODIS
band 2 (0.841 to 0.876 mm) as Lambertian albedo in spectral
window 1, MODIS band 6 (1.628 to 1.652 mm) as mean
Lambertian albedo in windows 2, 2′, and 3, and MODIS
band 7 (2.105 to 2.155, mm) as Lambertian albedo in window 4. We further estimate the spectral variation of albedo
among windows 2, 2′, and 3 from SCIAMACHY spectra by
calculating a mean albedo slope in the considered spectral
range. To this end, we create a lookup table of the (Sun‐
normalized) radiances measured by SCIAMACHY during
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Figure 2. Cirrus optical thickness (COT) (at 1.65 mm) adopted for the trial ensemble.

the year 2005 at the nonabsorbing wavelengths 1.559 mm,
1.595 mm, 1.631 mm, and 1.663 mm. For each of the trial
scenes, we calculate the albedo slope among windows 2, 2′,
and 3 from the SCIAMACHY measurement which satisfies
the following requirements. The measurement lies within 1°
of the ECHAM5‐HAM grid cell center; the measurement
has been conducted in the month of the ECHAM5‐HAM
scene; among the matching scenes we pick the one where
the (Sun‐normalized) radiance at 1.631 mm fits best the
MODIS band 6 albedo. If no matching SCIAMACHY data
are found, the albedo slope is assumed zero. Figures 4 and 5
illustrate the albedo and albedo slope ensemble. For high‐
latitude America and Siberia in April and for Antarctica in
January and October, SCIAMACHY data have limited
coverage and therefore the adopted albedo slope ensemble is
unrealistically patchy there.

and (18), the only error term evaluated here is the forward
model error (G ~F) due to neglecting or approximating scattering effects. In the following, we consider four cases. For
reference, we first discuss the performance of a “nonscattering” retrieval (Figure 6) that infers XCH4 without applying any
correction for scattering effects. First and foremost, the proxy
and physics‐based methods aim at performing better than the
nonscattering retrievals. Performance of the proxy method is
assessed for the GOSAT‐like and the SCIAMACHY‐like
setup (Figures 7 and 8). The physics‐based method is evaluated for GOSAT‐like spectra only (Figure 9). Test runs
have shown that SCIAMACHY measurements do not allow
for retrieving the scattering properties proposed by the
physics‐based approach simultaneously with XCH4. This is

3.4. Other Parameters
[25] CO2 and CH4 vertical profiles for the day and location of each ECHAM5‐HAM scene are taken from concentration fields modeled for the year 2007 on 3° by 2° by
CarbonTracker [Peters et al., 2007] and TM4 [Meirink
et al., 2006], respectively. While leaving the total column
concentrations as modeled, we enhance the tropospheric
(>250 hPa) profile variability by a factor 3 and 5 for CO2 and
CH4, respectively, in order to simulate profile variability on
the ∼10 km horizontal scale of a GOSAT footprint [Tolk
et al., 2008]. Pressure and temperature as well as water
vapor vertical profiles are adopted from the ECHAM5‐HAM
scenes.

4. Retrieval Trials
[26] The trial ensemble generated according to section 3 is
used to evaluate performance of the proxy and physics‐based
methods outlined in section 2. Recalling equations (12), (13),

Figure 3. Mean (solid symbols, solid lines) and standard
deviation (open symbols, dashed lines) of (left) aerosol
(AOT) and (right) cirrus (COT) optical thickness as a function of pressure height among the trial ensemble. For calculating the statistics, surface pressure is scaled to 1013.25 hPa
in order to avoid artefacts due to surface topography.
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Figure 4. Surface albedo in the CH4 retrieval window (around 1.65 mm) adopted for the trial ensemble.

mainly due to the fact that SCIAMACHY’s channel 7, which
could be used as a surrogate window 4, suffers from severe
calibration uncertainties.
4.1. Nonscattering Retrievals
[27] The aerosol and cirrus induced XCH4 error (Figure 6)
of the nonscattering retrievals shows a distinct geographic
pattern and exceeds ±2% in a large fraction of the globe in

all seasons. Comparing Figure 6 with the geographic distribution of total particle optical thickness (Figures 1 and 2)
and surface albedo (Figure 4) hints at a strong correlation of
the XCH4 error with these parameters. In general, the nonscattering retrievals suffer from the counteracting scattering
effects of unaccounted lightpath shortening and lightpath
enhancement with respect to the direct lightpath [Bril et al.,
2007]. The former will lead to underestimation of the

Figure 5. Relative albedo difference between the CH4 window (around 1.65 mm) and the CO2 window
(around 1.58 mm) adopted for the trial ensemble in the SCIAMACHY‐like configuration. Positive
numbers indicate higher albedo in the CH4 band than in the CO2 band. For the GOSAT‐like configuration, the relative albedo difference between the CH4 window (around 1.65 mm) and the CO2 window
(around 1.61 mm) is approximately half the values shown here.
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Figure 6. Aerosol and cirrus induced XCH4 error for a nonscattering retrieval method applied to the
GOSAT‐like trial ensemble. The color code indicates the relative retrieval error with negative numbers
referring to underestimation and positive numbers to overestimation of the true XCH4. White indicates
scenes which are not processed (ocean and scenes with SZA >70°) or which do not converge.

retrieved nonscattering XCH4, the latter to overestimation.
The dominating lightpath shortening effect occurs when the
incoming solar radiation is directly backscattered to space
by atmospheric particles without penetrating the lower
atmosphere. Lightpath enhancement is mostly due to the
incoming solar radiation undergoing multiple scattering
between the atmospheric particles and the ground. Clearly,
the importance of these effects depends on the properties of

the scattering particles and of the ground surface. The
scattering probability is governed by particle optical thickness. Type and size of the scatterers define the most likely
scattering directions through the scattering phase function.
Scattering height controls how large the lightpath shortening
and enhancement is per scattering event. The overall
importance of scattering effects with respect to the direct
lightpath is dictated by surface albedo. Low albedo favors

Figure 7. Same as Figure 6, but for the proxy method applied to the GOSAT‐like trial ensemble.
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Figure 8. Same as Figure 6, but for the proxy method applied to the SCIAMACHY‐like trial ensemble.

lightpath shortening since multiple scattering between the
atmospheric particles and the ground is inefficient. Conversely, high albedo renders this multiple scattering process
efficient and thus favors lightpath enhancement. Typically,
there is a range of albedo where both effects cancel.
[28] These lightpath modifying effects are readily observed
in the geographic patterns of the nonscattering XCH4 error.
Over the Sahara desert, for example, where surface albedo is
high throughout the year and scattering optical thickness
particularly elevated in April and July, lightpath enhancement
dominates and thus the retrieved XCH4 is substantially over-

estimated. XCH4 over Siberia and Alaska, in contrast, is
underestimated by more than 2% in April even for low
aerosol and cirrus load since the low (infrared) albedo of
snow favors lightpath shortening. In July, snow has melted
and the vegetation surface with albedo between 0.15 and
0.25 yields overestimation of XCH4 and for a substantial
number of cases even allows for apparently accurate XCH4
retrievals since the lightpath shortening and enhancement
effects cancel to a large extent. This cancellation effect for
vegetated surfaces also applies to parts of the tropical areas
covered by evergreen forest.

Figure 9. Same as Figure 6, but for the physics‐based method applied to the GOSAT‐like trial
ensemble.
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Figure 10. Aerosol and cirrus induced XCH4 error for the proxy method applied to the SCIAMACHY‐
like trial ensemble for April (APR). (top left) The net XCH4 retrieval error. Contributions from error types
(top right) (1) (spectral variation of scattering optical properties), (bottom left) (2) (spectral variation of
surface albedo), and (bottom right) (3) (differing height sensitivity) are shown as discussed in the text.
Note that the color scale is different from Figures 6 through 9 in order to highlight fine structure.

4.2. Proxy Retrievals
[29] The proxy method is able to reduce the aerosol and
cirrus induced XCH4 errors (Figures 7 and 8) to mostly less
than 0.6% around the globe in all seasons for both the
GOSAT‐like and the SCIAMACHY‐like trials. Residual
errors greater than 0.6% occur over snow covered regions
such as Siberia and northern America in April where errors
occasionally are larger than 2%. Cirrus clouds over surfaces
with very low albedo are the most problematic scenes. For
the SCIAMACHY configuration, also residual errors over
bright surfaces with high aerosol load such as the Sahara in
July can exceed 0.6%. Thereby, high albedo surfaces typically show underestimation of true XCH4 while low albedo
leads to overestimation. Globally, the SCIAMACHY‐like
trials tentatively show a larger range of residual errors than
the GOSAT‐like configuration. In particular, underestimation occurs more frequently and more substantially.
[30] The proxy method relies on the idea that lightpath
modifying effects as observed for the nonscattering retrievals
linearly scale the retrieved [CH4] and [CO2] by the same
factor and thus cancel in the [CH4]/[CO2] ratio. We discuss
three typical reasons why this cancellation of errors does not
work perfectly and leads to residual errors as shown in
Figures 7 and 8. (1) Optical properties of the scattering
particles and molecules are different for the CH4 and CO2
retrieval ranges. (2) Optical reflection properties of the
ground surface differ between the CH4 and the CO2 window.
(3) The CH4 and CO2 retrieval sensitivities to scattering
effects at particular heights are different. The relative
importance of error types 1 through 3 depends on the
observed scene as well as on the setup of the observation and

data reduction methods through the choice of retrieval ranges
and profile sensitivities.
[31] In order to disentangle these error sources, we perform sensitivity runs for the SCIAMACHY‐like trial
ensemble in April which reveals the largest range of residual
errors. In addition to the base run which covers the net effect
of error sources 1 through 3, we rerun the ensemble simulations with error source 1 artificially switched off by
assuming the same scattering optical properties (given at
1.639 mm) for the CH4 and CO2 retrieval windows. Next, we
additionally switch off error source 2 by adopting the same
surface albedo (given at 1.639 mm) in the CH4 and CO2
bands. Assuming that error sources 1 through 3 are independent, the contribution of error type 1 can be calculated by
subtracting residual errors found by the first sensitivity run
from the base run. The contribution of error type 2 can be
estimated by subtracting residual errors of the second sensitivity run from the first one. Contributions of error type 3
are the leftover errors after switching off error sources 1 and
2 and thus are readily given by the second sensitivity run.
Figure 10 illustrates the net error and the contributions from
the considered error sources.
[32] Overall, error types 1 and 2 mostly cause an overestimation of true XCH4, which in some parts of the world
compensates for error type 3 that globally yields underestimation. Error source 1 generally is a small contributor.
Errors of type 2 are largest where a nonvanishing albedo
slope coincides with high particle load or low surface albedo
such as occurring in the vegetated regions of equatorial
South America and Africa and the snow covered regions of
Siberia and North America. Error type 3 is driven by the
spectroscopic parameters describing the CH4 and CO2
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here, the XCO2 uncertainty might actually dominate the
overall error budget of the proxy method.

Figure 11. Column‐averaging kernels (hT A) of the CH4
(black, solid symbols) and CO2 (red, open symbols) proxy
retrievals for three exemplary scenes as inferred from the
(left) SCIAMACHY‐like and (right) GOSAT‐like setup.
For clarity, column averaging kernels for different scenes
are offset by ±0.5 as indicated by the vertical dotted lines.
From left to right, the scenes correspond to SZA=70° and
surface albedo 0.10 at 1.65 mm (boxes, solid lines, offset‐
0.5), SZA=10° and surface albedo 0.23 (circles, dashed
lines, no offset), and SZA=45° and surface albedo=0.08
(triangles, dash‐dotted lines, offset +0.5).

absorption lines, by the vertical concentration profiles of
CH4 and CO2, and by the profile sensitivity of the retrievals.
The absorption lines of CH4 and CO2 chosen for the proxy
retrievals are of moderate and comparable optical thickness
for typical observations. Doppler broadening of the absorption lines, however, most important in the stratosphere, is
quite different, the CO2 molecule being almost three times as
heavy as the CH4 molecule. Further, the CH4 vertical concentration profile reveals a strong decrease above the tropopause, which is not the case for CO2. In the boundary
layer, CH4 and CO2 concentrations can vary considerably
and uncorrelatedly over local source/sink regions. Overall,
the height sensitivity of the CH4 and CO2 retrievals can be
illustrated by the column averaging kernels shown in
Figure 11. The CH4 retrievals reveal a more uniform height
sensitivity than the retrievals of the lightpath proxy CO2.
Above ∼500 hPa, the proxy is less sensitive, below ∼500 hPa
it reveals enhanced sensitivity. For the GOSAT‐like setup,
CH4 and CO2 retrieval sensitivities are more uniform
throughout the atmosphere than for SCIAMACHY which is
mainly due to the better spectral resolution. By using spectrally closer retrieval windows at higher spectral resolution
than SCIAMACHY, the GOSAT setup generally minimizes
error types 1 through 3 as confirmed when comparing
Figures 7 and 8.
[33] We point out that the residual errors found here are
purely due to scattering effects not canceling in the [CH4]/
[CO2] ratio. Our study does not assess errors originating
from uncertain knowledge of XCO2 that is necessary to calculate XCH4 according to equation (1). Here, XCO2 is assumed
known with its true value. For real retrievals, this source of
error has to be considered in addition to scattering induced
retrieval errors of the [CH4]/[CO2] ratio. Given the findings

4.3. Physics‐Based Retrievals
[34] The physics‐based method yields residual aerosol
and cirrus induced XCH4 errors (Figure 9) that are generally
less than 1% except for selected scenes where the method
either fails to converge or produces unacceptably large
residual errors occasionally exceeding 2%. Nonconvergence
in particular occurs for scenes with very high particle load.
Moreover, the physics‐based method performs poorly for
scenes where the retrieval finds high optical thickness of
large particles in an elevated layer such as over the Sahara
and Arabic Asia in April and July and over southern Australia in January and October. Empirically, we can define a
criterion (t s × 1/as × zs/1000 m) > 0.6 that rejects such
scenes based on the retrieved parameters Ns, zs, and as where
t s is the vertically integrated particle optical thickness calculated from Ns and as. Chances to be rejected are greater the
more and the larger particles are found the higher up in the
atmosphere. In total, 17% out of the roughly 7500 processed
scenes fail to converge, another 6% are filtered out by the
proposed filtering criterion. Figure 12 shows the resulting
ensemble of filtered retrieval simulations. Very few scenes
remain where the residual retrieval errors exceed 2%.
[35] The residual forward model errors originate from the
approximate treatment of scattering in the physics‐based
forward model. Although scattering is explicitly considered,
its parameterization is highly simplified in comparison to the
aerosol and cirrus variability of the trial ensemble. In particular, the proposed method assumes a single particle type
with physical and optical properties that are well described
by Mie theory and by ad hoc parameterizations of particle
size (equation (14)) and height (equation (15)) and prescribed refractive indices. The simulated scenes, alike the
true atmosphere, are typically loaded by a mixture of different particle types with rather complicated particle size
and height distributions. The aerosol‐related state vector
elements Ns, as and zs compensate for these approximations
to a large extent but a residual error of retrieved XCH4 remains
(Figures 9 and 12). Test runs have shown that results are not
contingent on the exact choice of the fixed‐value parameters
such as the refractive indices or on the detailed parameterization of particle size and height distribution. Using a particle height distribution with fixed instead of variable width
as suggested by equation (17), for example, does not alter our
conclusions.

5. Discussion and Conclusion
[36] Evaluation of a proxy and a physics‐based method
for the retrieval of XCH4 from space‐based solar backscatter
measurements shows that both methods are able to reduce
the aerosol and cirrus induced retrieval errors to less than
1% for a large part of the Earth for all seasons. Figure 13
statistically summarizes the results found in this study.
Without considering atmospheric scattering effects (nonscattering), XCH4 retrievals exhibit a wide distribution of
residual errors with 30% to 40% of the trials underestimating or overestimating the true CH4 abundance by
more than 2%. As argued in section 4, overestimation occurs
more often than underestimation depending on the correla-
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Figure 12. Aerosol and cirrus induced XCH4 error for the physics‐based method applied to the GOSAT‐
like trial ensemble as in Figure 9 but filtered according to the criterion described in the text.

tion of particle and surface properties. Both the proxy and
the physics‐based methods improve substantially over the
nonscattering assumption in all seasons. More than 80% of
all proxy and physics‐based trials yield residual errors

smaller than 0.6% and 0.8%, respectively. Less than 3% of
the retrievals yield overestimation or underestimation by
more than 2% with the exception of the retrievals in April
where errors larger than 2% occur in roughly 5% of the

Figure 13. Cumulative histogram of the aerosol and cirrus induced XCH4 errors (absolute value of the
relative errors) found by the retrieval trials in the four seasons. Note that due to non‐convergence, the
total number N of trials going into the cumulative histogram differs among the considered data sets. In
each 0.2% wide bin, bars from left to right correspond to the nonscattering retrievals (black, N=7514),
the GOSAT‐like proxy retrievals (light blue, N=7430), the SCIAMACHY‐like proxy retrievals (dark
blue, N=7025), the GOSAT‐like physics‐based retrievals without filtering (light red, N=6269), and the
GOSAT‐like physics‐based retrievals with filtering (dark red, N=5772).
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cases for the proxy methods and the unfiltered physics‐
based approach. Most noticeably, the proxy retrievals yield
substantially more cases than the physics‐based retrievals
where residual errors are very small (<0.2%).
[37] Performance is particularly convincing for the proxy
method in a GOSAT‐like setup that uses the spectrally close
CH4 and CO2 absorption bands around 1.65 mm and 1.61 mm,
respectively, at high spectral resolution. In SCIAMACHY‐
like configuration assuming coarse spectral resolution and
using the CO2 band around 1.58 mm instead of the CO2 band
at 1.61 mm, the proxy method reveals a tendency to underestimate XCH4 more often than for the GOSAT trials and
therefore generally shows a wider range of residual errors.
The main error sources for the proxy method are the differing
height sensitivities of the CH4 and CO2 retrievals and the
spectral variability of surface albedo between the considered
CH4 and CO2 bands. Owing to its better spectral resolution
and the selection of spectrally closer CH4 and CO2 bands, the
GOSAT‐like setup reveals better performance of the proxy
method than the SCIAMACHY setup. Besides depending on
the observational configuration and the covered absorption
lines, the height sensitivities of the CH4 and CO2 retrievals
also depend on the employed inverse method. Here, we use a
truncated SVD method which yields CH4 and CO2 retrieval
sensitivities as illustrated in Figure 11. Other inverse methods
such as total column scaling methods [Schneising et al., 2009]
or optimal estimation methods [Frankenberg et al., 2005]
might exhibit different sensitivities and thus slightly different
error budgets.
[38] Given the small scattering induced retrieval errors of
the proxy method, its overall accuracy depends largely on
the quality of the estimate for XCO2 that rescales the [CH4]/
[CO2] ratio in order to calculate XCH4 according to equation
(1). Thus the proxy method intrinsically relies on highly
accurate measurements of atmospheric CO2 that can be fed
into modeling tools which then provide the prior estimate of
XCO2. Errors on the order of 0.6% in XCO2 would dominate
the proxy retrieval error in a large part of the world. In case
the XCO2 estimate also relies on satellite remote sensing, one
might argue that the overall accuracy of the proxy method
can only be as good as the accuracy of XCO2 retrieved by a
physics‐based method [Connor et al., 2008; Oshchepkov et
al., 2008; Butz et al., 2009; Reuter et al., 2010]. If a physics‐
based method performs well for XCO2 retrievals from space,
however, it is likely to also provide accurate XCH4 retrievals
as shown here and in our precursor study [Butz et al., 2009]
as well as by others [Oshchepkov et al., 2008; Bril et al.,
2009] for a GOSAT‐like observer. In conclusion, the benefit of using the proxy method for XCH4 retrievals from
space‐based observations is largest when these observations
do not allow for physics‐based retrievals that improve the
XCO2 estimate over current knowledge. In order to avoid
biases due to the calculation of XCH4 via an uncertain estimate of XCO2, one might further consider the [CH4]/[CO2]
ratio as direct input for simultaneous inverse modeling of
source and sinks of both CH4 and CO2. Assuming that
sources and sinks of the two gases are largely uncorrelated,
the [CH4]/[CO2] ratio can potentially yield independent
constraints on the surface fluxes of both species. Though, it
needs to be investigated what the accuracy requirements for
the [CH4]/[CO2] ratio are when aiming at direct inverse
modeling.
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[39] An appealing practical advantage of the proxy
approach is its low computational cost and conceptually
simple implementation. Thereby, the [CH4]/[CO2] ratio
potentially cancels lightpath modification due to scattering
by particles as well as instrumental errors such as uncertain
knowledge of the instrumental lineshape, radiometric calibration errors, and artefacts due to spectral and spatial
straylight or optical misalignment. Moreover, the proxy
method has been shown to perform reasonably [Frankenberg
et al., 2005] for partially cloudy scenes and scenes with low‐
altitude clouds, which are not discussed here. Thus the proxy
method provides considerably more numerous retrievals than
the physics‐based method which relies on a strict cloud filter.
[40] For a GOSAT‐like observer, the physics‐based
method can provide highly accurate XCH4 measurements.
The error distribution of the physics‐based method is
broader than for the proxy methods which can be partially
remedied by introducing a filtering criterion for scenes with
a high load of coarse particles in an elevated layer based on
the retrieved scattering parameters Ns, zs, and as. In particular,
the physics‐based method shows substantially less cases with
vanishing residual errors than the proxy approach. Further, a
sizable number of nonconvergent physics‐based retrievals
occur which typically correlate with scenes exhibiting very
high particle load.
[41] The physics‐based method does not rely on a lightpath
proxy and thus an uncertain prior estimate of the lightpath
proxy does not contribute to the overall error budget as is the
case for the proxy method. The physics‐based method,
however, does rely on the accuracy of meteorological data
from which the dry air column is calculated. Uncertainties of
the latter directly map into errors of the retrieved XCH4. Further, the physics‐based method seems more susceptible to
errors from typical instrument deficiencies than the proxy
method in particular since it requires consistency of the
radiometric calibration among the four considered retrieval
windows. Real observations might suffer from calibration
errors that mask the spectral variability of atmospheric scattering properties and thereby impact the accuracy of retrieved
XCH4. Likewise, spectroscopic uncertainties and inconsistency of spectroscopic parameters among the considered
spectral windows could impact the retrieval of atmospheric
scattering properties and thus XCH4.
[42] In general, the residual errors found here are promising
in the view of using the proxy or physics‐based retrievals for
inverse modeling of sources and sinks. The residual aerosol
and cirrus induced biases are generally small but correlate in
time and space according to particle load and surface properties. Recently, Frankenberg et al. [2008a, 2008b] and
Bergamaschi et al. [2009] found that erroneous CH4 and H2O
spectroscopic parameters had a sizable impact on source/
sink estimates based on SCIAMACHY retrievals. For instance,
∼3% overestimation of XCH4 found by SCIAMACHY in
tropical latitudes yielded ∼20% overestimation of tropical
emissions. The impact of scattering induced residual errors
found here on source/sink estimates remains to be investigated.
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