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Abstract. New generations of space-borne spectrometers for
the retrieval of atmospheric abundances of greenhouse gases
require unprecedented accuracies as atmospheric variability
of long-lived gases is very low. These instruments, such as
GOSAT and OCO-2, typically use a high spectral resolution
oxygen channel (O2 A-band) in addition to CO2 and CH4
channels to discriminate changes in the photon path-length
distribution from actual trace gas amount changes. Inaccu-
rate knowledge of the photon path-length distribution, deter-
mined by scatterers in the atmosphere, is the prime source
of systematic biases in the retrieval. In this paper, we investi-
gate the combined aerosol and greenhouse gas retrieval using
multiple satellite viewing angles simultaneously. We find that
this method, hitherto only applied in multi-angle imagery
such as from POLDER or MISR, greatly enhances the abil-
ity to retrieve aerosol properties by 2–3 degrees of freedom.
We find that the improved capability to retrieve aerosol pa-
rameters significantly reduces interference errors introduced
into retrieved CO2 and CH4 total column averages. Instead of
focussing solely on improvements in spectral and spatial res-
olution, signal-to-noise ratios or sampling frequency, multi-
ple angles reduce uncertainty in space based greenhouse gas
retrievals more effectively and provide a new potential for
dedicated aerosols retrievals.

1 Introduction

The Greenhouse Gases Observing Satellite (GOSAT)
(Hamazaki et al., 2005; Kuze et al., 2009) and the Orbit-
ing Carbon Observatory (OCO) (Crisp et al., 2004) are new
missions dedicated to the retrieval of greenhouse gas column
averaged mixing ratios (denoted XCO2 or XCH4). Owing to
the long atmospheric lifetime of these gases, abundances in
the atmosphere across the globe vary by only a few percent,
warranting sub-percent accuracy and precision to improve
our current understanding of land-atmosphere fluxes on re-
gional scales (Miller et al., 2007). Both spectrometers feature
three high resolution spectral bands, centred around 0.76 µm
(O2 A-band), 1.61 µm (weak CO2 band) and 2.06 µm (strong
CO2 band). As opposed to ground-based direct sun spec-
tra such as from the TCCON network (Wunch et al., 2011),
the exact light-path distribution of recorded photons is not
known from the nadir space-borne viewpoint, causing am-
biguities between light-path and trace-gas amount changes.
To mitigate this general retrieval problem, full-physics algo-
rithms (e.g.,Bösch et al., 2006; Boesche et al., 2009; Butz
et al., 2009; O’Dell et al., 2012) simultaneously fit mul-
tiple channels using radiative transfer calculations, concur-
rently retrieving XCO2, XCH4, surface albedos as well as a set
of aerosol properties, the prime contributor to photon path-
length changes. Also for SCIAMACHY (Bovensmann et al.,
1999), multi-band retrievals have been developed fitting the
O2 A-band and a weak CO2 band at moderate spectral reso-
lution (Reuter et al., 2010).
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Most retrieval errors are related to scattering, causing er-
rors in the forward model with simplified aerosol assump-
tions (Butz et al., 2009; O’Dell et al., 2012). Aerosols in
the atmosphere vary wildly in chemical composition, particle
size and particle vertical distribution (Herman et al., 1997;
Kahn et al., 2001; Maso et al., 2005). A full-physics retrieval,
however, only represents a subset of potential aerosol prop-
erties and even those can be under-constrained. Dedicated
aerosol imagers such as the POLarization and Directionality
of Earth Reflectances (POLDER,Leroy et al., 1997) and the
Multi-angle Imaging SpectroRadiometer (MISR,Diner et al.,
1998) use intensities (and polarization) measured at various
viewing angles along the flight direction to improve their
aerosol retrieval capability. They sample the aerosol phase
function at various scattering angles, providing insight into
their microphysical properties such as particle size distribu-
tion or refractive index (e.g.Hasekamp and Landgraf, 2007;
Lebsock et al., 2007) or cloud structure (Ferlay et al., 2010).
Even for dedicated aerosol sounders, however, a consolidated
view on the global distribution of aerosol properties is not
yet achieved (Mishchenko et al., 2007), underlining the com-
plexity in general, not withstanding its impact on trace gas
retrievals. Any improvement in aerosol retrieval capabilities
will, thus, improve both our understanding of the impact of
aerosols in the climate system and reduce systematic biases
in trace gas retrievals. Both problems are intricately coupled
through the impact aerosols on the diffuse radiation field.

In this study, we apply the multi-angle principle to high
spectral-resolution radiances covering absorption features.
Polarization can provide further information (Leroy et al.,
1997; Lebsock et al., 2007) especially on particle size, but
here we focus solely on the benefits of information from re-
solved absorption spectra. OCO-2, planned to launch in late
2014, will deliver multi-angle soundings in target mode, in
which it will stare at validation sites while the satellite passes
over (see Fig.1).

The structure of the paper is as follows: Sect. 2 describes
the retrieval setup, including the forward model and infor-
mation content analysis framework. Section 3 analyses the
information content for aerosols using 3-band and 2-band
retrieval setups for the nadir-only and multi-angle viewing
cases. Section 4 describes the impact of enhanced aerosol in-
formation on the posterior error estimates for CO2 and CH4
total column amounts. Section 5 provides a short outlook into
necessary future steps as well as the overall potential and
Sect. 6 summarises the general findings of this manuscript.

2 Retrieval setup

Retrieval methods often rely on the implementation of a for-
ward modelF , linking the measurement vectory with a set
of state vector elementsx to be retrieved:

y = F(x) + ε, (1)
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Fig. 1.Schematics of a generic multi-angle viewing mode using the
satellite motion in low earth orbit instead of multiple spectrometers
to record the same scene at various angles (similar to the OCO-2
target mode). Satellite viewing azimuth angles in this case are 0◦

and 180◦ for aft and fore viewing modes, respectively (angle with
respect to the north-facing vector).

whereε represents measurement noise. In the optimal esti-
mation approach (Rodgers, 2000), a priori knowledge on the
state vector can be quantified by its a priorixa and a priori co-
variance matrixSa, resulting in a cost function consisting of
weighted deviations between model and measurement vec-
tors as well as retrieved state vector and a priori state vector:

χ2
= (y − F(x))T S−1

ε (y − F(x)) + (xa − x)T S−1
a (xa − x) . (2)

The solution to a nonlinear problem such as ours requires
iterations to solve for̂x, which minimizes the cost function
χ2:

x̂i+1 = xa +

(
KT

i S−1
ε K i + S−1

a

)−1
KT

i S−1
ε

· (y − F (xi) + K i (xi − xa)) , (3)

whereSε represents the measurement vector covariance ma-
trix, diagonal in our case where no cross-talk between indi-
vidual detector pixels is assumed. The derivative of the for-
ward modelF with respect tox, denoted as JacobianK ma-
trix, is also needed:

∂F (x)

∂x
= K . (4)

The greenhouse gas retrievals described inBösch et al.
(2006) andO’Dell et al. (2012) use this approach to derive
column amounts of greenhouse gases alongside aerosol prop-
erties. In this particular case,x comprises elements related to
aerosols (such as aerosol profiles for various types or micro-
physical properties as inButz et al., 2009), trace gas pro-
files, surface albedos and their wavelength dependence for
three separate spectral ranges as well as instrumental effects
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Table 1.State vector elements used in the simulations separated for aerosol parameters for a mono-modal size distribution (spherical) as well
as surface and trace gas parameters. Aerosol size distribution is defined as 2-parameter gamma distribution according toHansen and Travis
(1974). BRDF scaling factors per band are roughly equivalent to the Lambertian albedos observed over Lamont.τ denotes aerosol optical
density AOD.

state vector element a priori a priori 1σ unit
ae

ro
so

lp
ar

am
et

er
s effective radius 1.0 1.0 µm

effective width 0.4 0.4 –
real refractive index 1.4 0.15 –
imaginary refractive index 0.003 0.01 –
aerosol column 9.75× 1010 5× prior m−2

τ ≈ 0.100 at 0.77 µm; 0.090 at 1.61 µm; 0.076 at 2.06 µm
aerosol profile centre height 5.0 3.0 km
aerosol profile centre width 2.0 2.0 km

su
rf

ac
e

an
d

tr
ac

e
ga

s
pa

ra
m

et
er

s

Roujean kernel band 1 0.14 0.5 –
Ross thick kernel band 1 0.45 0.5 –
BRDF scaling band 1 0.276 0.5 –
Roujean kernel band 2 0.14 0.5 –
Ross thick kernel band 2 0.45 0.5 –
BRDF scaling band 2 0.2168 0.5 –
Roujean kernel band 3 0.14 0.5 –
Ross thick kernel band 3 0.45 0.5 –
BRDF scaling band 3 0.10 0.5 –
O2 total column 4.5× 1024 0.2 % molec cm−2

24 CO2 sub-columns
∑

= 7.1× 1021 1 % of total, diagonal molec cm−2

CH4 total column 3.75× 1019 5 % molec cm−2

H2O total column 9× 1021 100 % molec cm−2

such as spectral shifts. The full measurement vectory for the
Nadir viewing case is a concatenation of radiances observed
by n spectra recorded by individual spectrometers

ynadir =

[
yT

band1, ..., yT
bandn

]T

, (5)

where in our case (2–3 bands) band1 through band3 represent
the O2 A-band, weak and strong CO2 band, respectively.

To concurrently exploit the information from observations
at multiple angles, we must further extend the measurement
vector, concatenating multiple viewing geometries for nadir,
aft and fore viewing geometries (in our case we choose 3 an-
gles, but the general framework can be extended to an arbi-
trary number):

y =

[
yT

fore, yT
nadir, yT

aft

]T

. (6)

For the comparison of the multi-angle mode with nadir-only
retrievals, we concatenateynadir three times for the nadir-
only retrievals, ensuring that the measurement vector is of
the same size with geometry being the only difference.

Adding bands and/or angles in the measurement vector
does not affect the general structure of the state vectorx

(with the exception of adding instrumental parameters such
as spectral shift per band and viewing angle). For technical
reasons, forward model and Jacobians are first individually

determined per band and then properly concatenated to re-
flect the full measurement vector.

Here, we follow the approach ofButz et al.(2009), repre-
senting aerosol parameters by their microphysical properties.
Table1 lists the set of 7 aerosol state vector elements consid-
ered in this study. The main difference to the current nadir-
only retrievals (Butz et al., 2009; O’Dell et al., 2012), is that
we specifically include a bi-directional surface reflectance
function for each spectral band described by:

BRDF(θs, θv, φ, λ) = fiso(λ) + fvol(λ)Kvol (θs, θv, φ)

+fgeo(λ)Kgeo(θs, θv, φ) (7)

wherefiso describes isotropic scattering and the kernelsKvol
andKgeo describe volume and geometric scattering, respec-
tively (also adapted by the official MODIS BRDF product,
Schaaf et al., 2002). θs, θv andφ denote the solar zenith an-
gle, viewing zenith angle and relative azimuth angle, respec-
tively. Here, we use the kernel model known as the Ross-
Roujean model (see e.g.,Roujean et al., 1992andWanner
et al., 1995). The coefficientsfiso, fvol and fgeo for each
band are included in the state vector as unknown parame-
ters because the angular dependence of the surface albedo
becomes more important in the multi-angle view. A priori
values are chosen to represent a mix of surface and vegeta-
tion (Litvinov et al., 2011). The application of a pure Lam-
bertian albedo, as used in nadir retrievals, would impose an
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implicit hard constraint on the surface type and might thus
lead to an overestimation of the aerosol information content
contained in the multi-angle mode.

2.1 Forward model

The forward model is based on radiative transfer compu-
tations linking optical properties determined by the state
vector x as well as ancillary information on surface pres-
sure and temperature profiles to the measurementy. The
core of the forward model is the vector radiative transfer
model (RTM) developed byHasekamp and Landgraf(2002,
2005) andHasekamp and Butz(2008). The RTM calculates
the Stokes vector of solar radiation backscattered to space
by the Earth’s surface and atmosphere considering molec-
ular and particulate absorption as well as multiple scatter-
ing by molecules and particles in a multilayer, inhomoge-
neous, plane parallel atmosphere that consists of 24 layers.
Molecular absorption and scattering properties are readily
derived from spectroscopic databases and Rayleigh scatter-
ing theory. Particle optical properties, scattering and absorp-
tion cross sections and scattering phase matrices, are com-
puted by Mie theory assuming a spherical shape of the par-
ticles. In this study aerosols are described assuming a mono-
modal log-normal size distribution, yielding 4 microphysical
aerosol parameters: effective radius, effective variance, real
and imaginary part of the refractive index, as well as 3 pa-
rameters related to amount and height distribution (aerosol
number column density, effective height, effective width of
height distribution, see Table1 andButz et al., 2009).

2.2 Simulation scenarios

For highly nonlinear retrieval problems, the impact of multi-
angle viewing geometries can vary widely between scenes,
depending on solar zenith angle, surface albedos as well as
aerosol amount and properties. Here, we restrict our analy-
sis to a conceptual study using two scenarios over Lamont,
Oklahoma in summer and winter, respectively. Solar geome-
tries are taken from GOSAT (Kuze et al., 2009) soundings on
3 July 2009 and 27 November 2009, respectively. The aerosol
phase function used in the simulations as well as the scatter-
ing angles corresponding to the two scenarios are depicted in
Fig. 4.

For the surface albedo, we choose typical summer albe-
dos over Lamont for both summer and winter cases (as to not
confuse change in information content due to surface albedo
changes with solar geometry changes). For simplicity, we
only use 3 different viewing geometries; namely strict nadir
as well as 30◦ fore and aft viewing zenith angle at 0 and 180◦

azimuth (i.e., strictly North-South). Table2 summarises the
two scenarios and corresponding scattering angles.

Figures2–3 depict Jacobians with respect to aerosol state
vector elements as well as CO2 for the summer and winter
scenario, respectively. Each row represents the Jacobian of

Table 2. Angles used in the simulation scenarios. Azimuth angles
for the fore and aft satellite viewing are 180◦ and 0◦, respectively
(i.e., straight south and north-looking). Satellites viewing angles for
those off-nadir geometries are always 30◦.

solar zenith solar azimuth scattering angles
(◦) (◦) Nadir, fore, aft (◦)

winter 64.32 200.4 115.68, 142.91, 87.31
summer 19.46 238.8 160.54, 154.53, 136.90

the full measurement vector, subdivided by spectral bands
(different panels) and viewing angles (colour-coded per
panel). Intuitively, the benefit of multiple viewing angles in-
creases with the dissimilarity of Jacobians at different an-
gles. The largest similarity between different viewing angles
is found for the derivative with respect to changes in the CO2
concentration (lowest panel). The derivative with respect to
the real refractive index, however, is very dissimilar, show-
ing largely different radiance changes in the continuum as
well as an opposing change in the shape of the absorption
lines, in particular in the O2 A-band. Since the real refrac-
tive index has a strong impact on the aerosol phase function
and, hence, on the angular distribution of scattering, this be-
haviour is expected, but cannot be exploited in nadir-only
viewing geometries.

The depiction of the reflectances as well as Jacobians is
for purely illustrative purposes and in order to get a more
physical insight why the formally derived information con-
tent, as described in the following section, changes when
adding multiple geometries. However, potential interference
errors can also be easily visualised: e.g., the weak CO2 band
response to aerosol height and CO2 concentration changes
resemble each other, meaning that they cannot be indepen-
dently retrieved if only this band was used. These interfer-
ence errors get more complex once all bands and Jacobians
are considered simultaneously. However, this interference
can be readily investigated using information content anal-
ysis, as described in the following section.

2.3 Information content analysis framework

The formal characterisation of the information content and
retrieval error does not require an actual retrieval step, but
can be evaluated at the linearisation point (the a priori in
our case) under the assumption that the forward model is lin-
ear within the range of measurement noise. In our case, two
matrices characterising the retrieval are of particular interest.
The averaging kernel matrixA links changes in the retrieved
state vector̂x to changes in the true state vectorx (Rodgers,
2000).

∂x̂

∂x
= A = GK (8)

whereG, the retrieval Gain matrix reads
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Fig. 2.Top panels: simulated spectral radiances at top-of-atmosphere for the O2 A-band (left, 0.04 nm FWHM), the weak CO2 band (centre,
0.075 nm FWHM) and the strong CO2 band (right, 0.1 nm FWHM) in the large SZA (65◦) case. Rows below: spectral Jacobians with respect
to various aerosol microphysical, amount and vertical distribution properties. Bottom panels: Jacobian with respect to a change in CO2
concentration near the surface.
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Fig. 3.Top panels: simulated spectral radiances at top-of-atmosphere for the O2 A-band (left, 0.04 nm FWHM), the weak CO2 band (centre,
0.075 nm FWHM) and the strong CO2 band (right, 0.1 nm FWHM) in the small SZA (20◦) case. Rows below: spectral Jacobians with
respect to various aerosol microphysical, amount and vertical distribution properties. Bottom panels: Jacobian with respect to a change in
CO2 concentration near the surface.
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G =

(
KT S−1

ε K + S−1
a

)−1
KT S−1

ε . (9)

In other words, the averaging kernel matrix quantifies the
ability of the retrieval to infer deviations of state vector el-
ements from the linearisation point. IfA was an identity
matrix, it would represent a perfect retrieval, reproducing
changes for all state vector elements without any interfer-
ences. The trace ofA represents the degrees of freedom
(DOF), i.e., the amount of independent pieces of information
a retrieval provides.

The a posteriori error covariance matrixŜ describes the
statistical uncertainties in retrieved̂x due to measurement
noise and smoothing:

Ŝ =

(
KT S−1

ε K + S−1
a

)−1
. (10)

Table1 lists all state vector elements used in the retrieval
and their respective a priori and a priori covariance, neces-
sary to derive the quantities described above.

For the measurement error covariance matrixSε , we de-
fine the signal-to-noise ratio SNR as the ratio at the contin-
uum level, i.e., outside of the absorption bands. We assume
a grating spectrometer, for which the noise level within the
absorption lines scales with

√
signal and we assume a noise

floor (at zero signal) of 0.02 % of the absolute continuum
level radiance level.

3 Information content for individual aerosol
parameters

In this section, we analyse the information content with
respect to aerosol state vector elements only. In the
standard setup, we use OCO-2 like spectral resolution
(FWHM = 0.04 nm, 0.075 nm and 0.1 nm in the O2 A-band,
weak CO2/CH4 band and strong CO2 band, respectively; 2.5
spectral samples per FWHM). The inclusion of the strong
CO2 band in OCO-2 and GOSAT was motivated by the abil-
ity to derive more aerosol properties, especially the wave-
length dependence of scattering properties (determined to a

large extent by the size distribution). Since SCIAMACHY
(Bovensmann et al., 1999) and potentially future missions
provide spectra in the O2 A-band and weak CO2/CH4 band
only, we also consider a case where the strong CO2 band is
dropped. In the following, these two cases are referred to as
3-band and 2-band retrieval.

3.1 The standard 3-band and 2-band retrieval

The ability to retrieve microphysical aerosol properties can
be largely explained by the averaging kernel. Figures5–6
show the diagonal elements of the averaging kernel for all
aerosol state vector elements using the two different obser-
vation scenarios (Lamont summer and winter case). For this
case, we use an SNR=200 for all bands and viewing angles
(i.e., comparable to a

√
3 · 200≈ 350 SNR for a nadir-only

sounder).
Considering the 3-band case, the multi-angle retrieval pro-

vides significant additional information, but for the aerosol
height, for which all other setups already achieve averaging
kernels close to 1. The additional information in multi-angle
mode is most striking for the real and imaginary part of the
refractive index. The improvement is also more striking for
the large solar zenith angle case (Fig.6), mostly because a
larger range of scattering angles is sampled (see Table2). In
general, especially aerosol parameters which alter the phase
function (see Fig.4) will be retrieved with higher accuracy
as the potentially dominant single-scattering contribution is
sampled at various angles. The added value, however, de-
pends on the range of sampled scattering angles. The dis-
crepancy between nadir and multi-angle mode is larger at the
larger solar zenith angle, where the ability to retrieve aerosols
drops in the nadir mode while it increases in the multi-angle
mode (compare, e.g., the size distribution width). In fact, all
averaging kernels are close to unity for the 3-band multi-
angle case at the large solar zenith angle. This underlines the
potential to independently retrieve 7 aerosol parameters in-
cluding two parameters for the height distribution, which are
crucial parameters for the radiative impact of aerosols, but
not retrievable without the use of absorption bands.

Comparing the 2-band and the 3-band mode, we now for-
mally quantify what has always been implicitly assumed:
The strong CO2 band in the nadir-mode contributes substan-
tially to the aerosol retrieval. However, the 2-band multi-
angle retrieval setup outperforms the 3-band nadir retrieval,
showing that a loss of the strong CO2 band could be more
than compensated by recording multiple viewing geometries.

3.2 Degree of freedom (DOF) analysis for aerosol
parameters using diverse spectrometer
specifications

In this section, we investigate how the degrees of freedom for
the aerosol state vector elements depend on the spectral reso-
lution (FWHM) as well as SNR of the respective parameters.
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For this purpose, we iterate through SNR and FWHM for
each individual band while keeping the other 2 bands at the
nominal specifications. Important to note is that we keep the
spectral sampling interval constant at the highest spectral res-
olution considered. Otherwise, we would confuse a loss of
information at increasing FWHM due to less detector pix-
els with a loss of information due to the decreasing abil-
ity to sample the individual absorption line-shapes. At large
FWHM, the spectra are, thus, heavily oversampled.

Figure7 shows the contour plots of the aerosol DOFs as
a function of SNR and FWHM in the small solar zenith an-
gle case. DOF is determined by the trace ofA considering
aerosol elements only (i.e., the sum of the diagonal elements
depicted in Figs.5–6). The top row shows the multi-angle

mode and the lower row the nadir-only mode. The change of
DOF for a vanishing SNR is equivalent to a change caused
by a loss of the respective channel. This is, non-surprisingly,
most striking for the O2 A-band, where contour lines at
low SNR become very dense and indiscernible, indicating
a rapid loss of DOF. To some degree, this is also seen in
the strong CO2 band, but not at all in the weak CO2 band.
This is formally confirming another assumption often made
for greenhouse-gas retrievals, viz. that the weak band hardly
adds aerosol information.

Somewhat surprising is the behaviour of DOF with
FWHM, especially for the O2 A-band as well as the strong
CO2 band. Especially at lower SNRs, a degradation of spec-
tral resolution hardly affects the ability to retrieve aerosols.
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Fig. 7. Small solar zenith angle case (≈ 20◦): contour plot visualisation of the degrees of freedom (DOF) for aerosol state vector elements
as a function of signal-to-noise ratio (SNR) and spectral resolution (in full width at half maximum (FWHM) of the instrument line-shape –
ILS). Note that oversampling of the ILS increases with FWHM in order to keep the amount of detector pixels used in the retrieval constant.
In each panel, specifications of only one spectrometer (left panel: O2 A-band, middle panel: weak CO2 band, right panel: strong CO2 band)
were changed while the remaining two were kept at nominal levels: FWHM = [0.04 nm; 0.075 nm; 0.1 nm], SNR = [150; 150; 150] for the O2
A-band, weak CO2 band and strong CO2 band, respectively. The top row shows the multi-angle case, the bottom row the pure Nadir viewing
case. Black lines indicate a 0.25 unit change in DOF.

In our case, we fit the entire band and the plot suggests that
the broad-band continuum variations caused by the far line-
wings of strong O2 and CO2 lines contribute substantially to
DOF and that the ability to actually fully sample individual
absorption lines is not necessarily required. For the strong
CO2 band, the spectral resolution appears to be somewhat
more important than for the O2 A-band (larger gradients in
the FWHM axis). It also appears that the added value of high
spectral resolution can only be fully exploited at high SNR
(iso-lines are more curved instead of vertical at high SNR),
underlining that fully resolved lines also have to be sampled
at high SNR in order to be useful. An important caveat is
that higher spectral resolution facilitates the detection of sys-
tematic residuals (e.g., due to interfering species and/or line-
shape misrepresentation), potentially hidden in lower reso-
lution spectra. However, these general tradeoffs could play a
role in the design of future instruments where moderate spec-
tral resolutions could be more cost-effective.

Considering the large solar zenith angle case (Fig.8), the
DOF for the multi-angle mode saturates to its maximum
value of 7 (as only 7 state vector elements were considered).
A more complex aerosol setup (e.g., bi-modal and/or inclu-
sion of cirrus clouds) would enable us to quantify the full

potential of the multi-angle mode. As this is a conceptual
study outlining the benefits of multiple viewing modes for
potential future measurements in general and the OCO-2 tar-
get mode in particular, this is beyond the scope of the current
study.

4 Impact on greenhouse gas posterior errors

So far, we have only focused on the ability to retrieve aerosol
properties, but not on the impact of this capability on the
greenhouse gas retrieval itself, which is the primary focus
of the missions under consideration in this study. For this
purpose, we evaluate the posterior error covariances of the
standard cases described in Sect.3.1. Interference errors in
a statistical sense are implicitly included inŜ, esp. as we as-
cribe large a priori uncertainties for the aerosol parameters.
This could potentially lead to instabilities in the real retrieval;
thus, they would be more constrained if we were to actually
perform a full fit (such as in the simplified parameterisation
in Butz et al.(2009), where the amount of fitted aerosol pa-
rameters is reduced while maintaining the ability to fit the
spectra within the noise). For the purpose of the quantifica-
tion of the impact of aerosols on errors in greenhouse-gas
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Fig. 8. Large solar zenith angle case (≈ 65◦). Otherwise like Fig.7. Note that the theoretically maximum of DOF in our setup is 7, i.e., the
total amount of aerosol state vector elements.

retrievals, our setup with larger prior uncertainties reflects
reality more closely. The true interference error will be even
larger as we only considered a mono-modal size distribution
and did not account for potential thin cirrus clouds or multi-
ple aerosol layers.

Figures9–10 show the square-root of the diagonal of the
posterior covariance matrix of the retrieved total greenhouse
gas column amounts (for CO2, the variance in the total col-
umn was calculated ashT Ŝh, whereh = 1 for CO2 sub-
column indices and 0 elsewhere). As in Sect.3.1 we con-
sider a 3-band, 2-band as well as multi-angle and nadir-only
retrieval. The respective errors as % of the background to-
tal column are shown for O2, CO2 and CH4, respectively.
For the sake of completeness covering all major greenhouse
gases, we added a methane fit window in band 2, allow-
ing us to determine this uncertainty in addition. The wide
coloured bars indicate the posterior error of our full retrieval
while the hashed area indicates the error in the absence of
aerosol interference (equivalent to a perfect a priori knowl-
edge of aerosols). To quantify this purely measurement noise
related error, we zero’ed out Jacobian elements related to
aerosols and BRDF kernels and subsequently computed a
modifiedŜ. The figures convey several crucial aspects: (I) in
multi-angle mode, the retrieval error is very close to the the-
oretical limit without aerosol interference, (II) the 2-band
nadir-only retrievals clearly show the largest error contribu-
tion from the uncertainly in aerosol parameters, (III) CH4

2-band, but multi-angle retrievals outperform 3-band nadir-
only retrievals.

It is important to note that the quantification of the aerosol-
related error in greenhouse gas retrievals is an underestimate
of what will happen in reality as we only considered 7 aerosol
state vector elements. The improvement in the posterior error
should also be evaluated in terms of discrepancy to the theo-
retical minimum precision error (interference-free, hashed),
not in absolute terms only. In addition, aerosol related errors,
unlike the purely noise related errors indicated by the hashed
bars, will not be statistical in nature unless the true aerosol
scenarios would indeed be properly described by our a priori
value and a priori covariance choice. Thus, the standard er-
ror in aggregated averages ofN samples will not be reduced
by a factor

√
N , but remain constant and exhibit spatial vari-

ability. Since the amount of samples from space can be in-
creasingly large, standard errors based on purely statistical
noise can become entirely misleading, resulting in a substan-
tial underestimation of the true error. However, the results
presented here show that we can dramatically reduce the sys-
tematic interferences using a multi-angle technique, ensuring
that the largest error contribution is random. Instead of fly-
ing multiple greenhouse gas satellites in nadir-only mode,
it would, thus, be more worthwhile to think about differ-
ent viewing strategies, which directly tackle the fundamental
source of error, i.e., aerosols.
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5 Outlook

This study quantifies the potential of multi-angle high-
spectral resolution retrievals to both improve aerosol re-
trievals and reduce interference errors in trace gas retrievals.
We have currently not yet implemented a full iterative re-
trieval, but evaluated the information content around the lin-
earisation point. In the future, the full iterative multi-angle
retrieval technique will have to be tested against simulated ra-
diances such as inButz et al.(2009) andO’Dell et al. (2012)
in order to evaluate the impact of forward model errors us-
ing a wider variety of aerosol types and distributions, view-
ing angles as well as surface albedos. The impact of vari-
ous viewing angles will also have to be evaluated. Larger
viewing angles should in principle carry more independent

information (increased variety of airmass and scattering an-
gles), but would demand higher fidelity in spectroscopic pa-
rameters as airmass increases (because line-wing effects get
more important if absorption lines saturate in the core). Fur-
ther, ground-pixel sizes as well the area of the atmospheric
light-path distribution projected on the ground largely in-
creases, potentially violating the assumption of horizontal
homogeneity used in this study. However, if entire areas are
imaged with this technique using multiple footprints, tomo-
graphic methods could be envisioned. We find 30◦ to be a
good compromise as both airmass and footprint size increase
only marginally (≈ 15 %), yet already substantially improv-
ing the information content.

Given the higher fidelity of the multi-angle retrieval, the
OCO-2 target mode could in principle also be used to
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validate nadir-only retrievals in regions devoid of TCCON
ground-based validation sites. While this internal retrieval
validation is certainly not the ideal validation strategy, it may
be the only viable one in regions where ground-based vali-
dation is not possible and observed CO2 variability contro-
versial (e.g., showing large model-measurement mismatches
with ambiguity as to whether it is a true signal or a measure-
ment bias).

6 Conclusions

We have investigated the capability of multiple-viewing mea-
surements of near-infrared intensities at high spectral reso-
lution (covering O2, CO2 and CH4 absorption features) for
the retrieval of aerosol properties and mitigation of inter-
ference errors with trace gas retrievals. For the simulations,
we retrieve 7 parameters of a mono-modal aerosol size and
height distribution as well as total column trace gas amounts
of CO2 and CH4. We find that for 3 along-track viewing an-
gles (± 30◦, nadir) the degrees of freedom for signal (DOF)
for retrieved aerosol parameters increase by 2–3 compared
to a nadir-only retrieval. The largest improvements occur for
real and imaginary refractive indices. We further quantify the
information content as a function of spectral resolution and
signal-to-noise ratio for the O2 A-band (765 nm), the weak
CO2 band (1600 nm) and the strong CO2 band (2000 nm) and
find that the O2 A-band is dominating the aerosol informa-
tion, followed by the strong CO2 band and almost negligi-
ble information from the weak CO2 band. We find that at
low SNR, spectral resolution of the O2 A-band as well as the
strong CO2 band hardly affects the aerosol DOF.

The impact of aerosol interferences on CO2 and CH4 to-
tal column amounts is quantified by comparing the posteri-
ori error for multi-angle and nadir-only retrievals with the
error in the absence of aerosols. We find that the interfer-
ence error due to aerosol uncertainty is largely reduced in the
multi-angle retrieval, approaching the theoretical minimum
random error in the absence of aerosols. We acknowledge
that, given the nonlinearity of the problem and the simplicity
of our conceptual case study, the full potential regarding the
reduction in interference errors induced in greenhouse gas
retrievals can not yet be quantified in a general way. Towards
that goal, more complex aerosol scenarios and full simula-
tions will have to be considered for multi-angle retrievals
(such as inButz et al., 2009) in subsequent studies. However,
this study conceptually shows that both aerosol and trace gas
retrievals can benefit from multi-angle hyperspectral mea-
surements covering strong absorption features. The method
is directly applicable to the OCO-2 target mode and can pave
the way towards future aerosol and greenhouse gas missions.
Instead of multiple nadir-only greenhouse gas missions suf-
fering from the very same systematic errors per geographic
region (literally rendering enhanced sampling frequency ad

absurdum), a multi-angle approach would provide an entirely
independent view.
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