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Abstract. This article is the second in a series of stud-
ies investigating the benefits of multispectral measurements
to improve the atmospheric parameter retrievals. In the
first paper, we presented an information content (IC) anal-
ysis from the thermal infrared (TIR) and shortwave in-
frared (SWIR) bands of Thermal And Near infrared Sen-
sor for carbon Observations–Fourier Transform Spectrom-
eter (TANSO-FTS) instrument dedicated to greenhouse gas
retrieval in clear sky conditions. This second paper presents
the potential of the spectral synergy from TIR to visible for
aerosol characterization, and their impact on the retrieved
CO2 and CH4 column concentrations. The IC is then used
to determine the most informative spectral channels for the
simultaneous retrieval of greenhouse gas total columns and
aerosol parameters. The results show that a channel selec-
tion spanning the four bands can improve the computation
time and retrieval accuracy. Therefore, the spectral synergy
allows obtaining up to almost seven different aerosol param-
eters, which is comparable to the most informative dedicated
instruments. Moreover, a channel selection from the TIR to
visible bands allows retrieving CO2 and CH4 total columns
simultaneously in the presence of one aerosol layer with a
similar accuracy to using all channels together to retrieve
each gas separately in clear sky conditions.

1 Introduction

Satellite observations of the earth allow continuous monitor-
ing of the atmosphere from local to global scale. Among
them, passive remote sensing instruments, which span a
broad frequency range from UV to microwave, provide lots
of different information on gas, cloud or aerosol atmospheric

composition. Although major efforts have been made from
dedicated sounders and modeling, many atmospheric con-
stituents are, up to now, estimated with large uncertainties. In
particular, aerosols, which have a high spatiotemporal vari-
ability and physico-chemical diversity, remain the largest un-
certainty in radiative forcing as well as a source of biases in
the greenhouse gas retrieval.

The single channel and viewing angle radiometric obser-
vations such as from the Advanced Very High Resolution Ra-
diometer (AVHRR) (Mishchenko et al., 1999; Ignatov, 2002)
provide only an estimated value of the aerosol optical depth
(AOD). Multi-channel instruments such as MODIS (Tanré
et al., 1996) or OMI (Veihelmann et al., 2007) provide be-
tween 2 and 4 degrees of freedom for signal (DOFSs) at-
tributed to aerosol parameters (e.g., aerosol optical depth,
Ångström exponent, single scattering albedo) using a priori
information for other aerosol parameters such as size dis-
tribution, or refractive index. The aerosol information con-
tent is significantly larger for instruments that perform mea-
surements at multiple viewing angles, such as the MISR
(Diner et al., 1999) and AATSR (Veefkind et al., 1999),
or multi-wavelength polarized radiances such as GOME-II.
Since the light polarization is very sensitive to the aerosol mi-
crophysics (Hansen and Travis, 1974), Hasekamp and Land-
graf (2005) have shown that 6 to 8 DOFSs can be reached
from GOME-II, giving access to the aerosol loading of fine
and coarse modes, the effective radius of at least one mode,
the real and imaginary part of the refractive index, and the
mean height of the aerosol layer. The multi-channel polarized
measurements at multiple viewing angles have been shown
to be the most efficient way for the aerosol characterization
(Lebsock et al., 2007). However, actually only the PARA-
SOL instrument exploits this technique (Deuzé et al., 2000,
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2001). Moreover, the latter operates only in the visible spec-
tral range. Thus their retrieved aerosol parameters can hardly
be extrapolated in the infrared.

The high spectral resolution infrared sounders are ob-
viously designed to the gaseous species retrieval. Never-
theless, these instruments have the advantage, among oth-
ers, of being highly sensitive to the aerosol type. Recently,
many works have been achieved from infrared spectrom-
eters such as AIRS and IASI (Pierangelo et al., 2004,
2005; De Souza-Machado, 2006; Klüser et al., 2011, 2012;
Clarisse et al., 2010, 2013; Quan et al., 2013; Peyridieu
et al., 2013). The aerosol characteristics (AOD, mean al-
titude and size) obtained from infrared appear to be very
promising to complement the aerosol parameters retreived
from visible observations. The other reason to retrieve a
better estimate of the aerosol parameters in the infrared is
due to the large error or bias induced by their presence
in the atmospheric column on gaseous retrieval. Therefore,
several studies on the Thermal And Near infrared Sensor
for carbon Observations–Fourier Transform Spectrometer
(TANSO-FTS) or pre-launch OCO(-2) (Connor et al., 2008;
Butz et al., 2009; Frankenberg et al., 2012; Uchino et al.,
2012; Guerlet et al., 2013; Oshchepkov et al., 2013) have
been conducted to analyze the aerosol sensitivity and its ben-
efit of improving the accuracy of CO2 and CH4 retrievals in
the shortwave infrared (SWIR) spectral range in a scattering
atmosphere.

Here, we present, for the first time, an information con-
tent analysis on (1) aerosol parameters, and (2) greenhouse
gas columns in the presence of an aerosol layer, considering
a high-resolution multispectral observing system. In partic-
ular, we discuss the interest of using several spectral bands
simultaneously according to the surface type and state vector
composition. This synergetic approach is evaluated from the
four bands of the TANSO-FTS instrument covering a large
spectral range from thermal infrared to visible, thanks to a
new radiative transfer algorithm developed at the Laboratoire
d’Optique Atmosphérique (LOA).

Since this paper is the second in a series describing the
effects of spectral synergy on the atmospheric observations,
the basic specifications of the Greenhouse gases Observing
SATellite (GOSAT) instrument (Kuze et al., 2009) and the
theoretical bases of the information content were outlined al-
ready in Part 1 (Herbin et al., 2013) and are not recalled here.
Therefore, the paper is organized as follows: Sect. 2 details
the forward model, the state vector composition and error
description. Section 3 is dedicated to an information content
(IC) analysis of the gaseous profiles in the presence of one
aerosol layer. The aerosol IC and channel selection are pre-
sented in Sect. 4. The benefit of multispectral synergy for si-
multaneous aerosol and gas retrieval is discussed in Sect. 5.
Finally, Sect. 6 summarizes our results and presents perspec-
tives for future applications.

2 The multispectral simulation of TANSO-FTS in the
presence of an aerosol layer

2.1 The forward model

Accurate calculations of the radiances observed by TANSO-
FTS are achieved with the high spectral resolution (up to
0.0001 cm−1) code LBLDOM (Dubuisson et al., 1996, 2005)
over the thermal and solar spectral regions (0.2–16 µm). Ra-
diances at the top of the atmosphere are calculated by solving
the radiative transfer equation (RTE) in a horizontally homo-
geneous scattering atmosphere, using the discrete ordinate
method (DOM) (Stamnes et al., 1988). Gaseous absorption
is calculated with a line-by-line code based on STRANSAC
(Scott, 1974) and the HITRAN 2008 database (Rothman et
al., 2009). The absorption lines are computed at 0.01 cm−1

spectral resolution assuming a Voigt line shape. Absorption
continua (H2O, CO2, and N2) are also included from the MT-
CKD parameterization (Clough et al., 2005). The solar irradi-
ance database reported by Kurucz (http://kurucz.harvard.edu/
sun/irradiance2008/) is used as the incident solar spectrum.
The RTE resolution using DOM approach allows taking into
account absorption, emission, Rayleigh and multiple scatter-
ing processes for aerosol and gaseous species. Aerosols are
defined from their optical parameters: optical depth, single
scattering albedo and phase function. These parameters are
obtained from a Mie scattering code assuming spherical par-
ticles with a bi-modal and lognormal distribution. A Lam-
bertian surface is assumed, and the effect of surface polar-
ization is therefore disregarded. The albedos in the SWIR
and visible bands are estimated from MODIS Terra product
(Moody et al., 2008) and chosen as desert and seawater in or-
der to cover high and weak surface reflectivities, respectively.
The corresponding surface emissivity for the thermal infrared
(TIR) band is estimated from the MODIS UCSB library
(http://www.icess.ucsb.edu/modis/EMIS/html/em.html). We
assumed a nadir viewing angle geometry, with a solar zenith
angle of 30◦. Although the sensitivity is correlated to view-
ing geometry, this assumption does not alter results or the
discussion of the present study. The total intensities of
TANSO-FTS spectra are simulated using the instrumental
line shape (ILS) provided for all four bands by the GOSAT
user interface gateway (https://data.gosat.nies.go.jp/gateway/
gateway/MenuPage/open.do), and no post-apodization is ap-
plied, which allows the exploitation of the full spectral reso-
lution.

2.2 The state vector and error definition

The IC analysis is performed on TANSO-FTS simulated
unpolarized radiances for Band 1 (visible), Bands 2 and 3
(SWIR), and Band 4 (TIR). The O2, CO2 and CH4 vertical
concentrations of the a priori state vectorxa are based on US
standard profile discretized on 21 vertical levels, extending
from the ground to 20 km height with 1 km step. In order to
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Fig. 1. Simulated TANSO-FTS spectra in radiances (W/(m2 cm−1str)) for clear sky conditions (blue lines), in the presence of biomass
burning particles (green lines) withτ(440 nm)= 0.55, and dust (red lines) withτ(1020 nm)= 0.25. Each band is calculated from our line-by-
line forward model on US standard profile with nadir viewing angle and solar zenith angle of 30◦.

reflect the natural diversity in terms of atmospheric aerosols,
we used the general properties of two different aerosol types:
dust and biomass burning particles, which are the most com-
mon tropospheric aerosol. The aerosol microphysical prop-
erties are described by seven state vector elements derived
from Dubovik et al. (2002) climatology as follows: total op-
tical depth (τ), which is the sum of the fine- and coarse-
mode optical depth calculated from particle concentrationC

(in part m−3), the altitude and geometrical thickness of the
aerosol layer, mean radius r (in µm) and standard deviation
logarithm ln(σ) for fine and coarse mode (subscripted f and
c, respectively). Moreover, we assumed one homogeneous
aerosol layer with a 2 km geometrical thickness, located be-
tween 3–5 km for biomass burning and 7–9 km for dust. In
addition, the humidity and temperature profile, surface re-
flectivity, TIR surface emissivity, and the real and imaginary
parts of the refractive index are treated as non-retrieved pa-
rameters and are discussed in detail in Sect. 2.2.3. All the a
priori values and their a priori variabilities are summarized in
Table 1 and are described subsequently hereafter. The radi-
ance spectra for each TANSO-FTS band, illustrated in Fig. 1,
are computed from our forward model with refractive in-
dex coming from Sutherland and Khanna (1991) for biomass
particles, and from Volz (1973) for sand dust, assuming a

bi-modal lognormal distribution and an aerosol optical depth
(AOD) of τ(440 nm)= 0.55 andτ(1020 nm)= 0.25, respectively.

As stated in the first paper (Herbin et al., 2013), two ma-
trices (A andSx) allow a full characterization of the informa-
tion provided by the observing system.

A, which is the averaging kernel matrix, gives a measure
of the sensitivity of the retrieved state to the true state, and is
defined by

A = ∂x̂
/
∂x = GK , (1)

whereK is the Jacobian matrix, given byK = (∂F
/
∂x), the

gain matrix whose rows are the derivatives of the retrieved
state with respect to the spectral points is defined by

G = ∂x̂
/
∂y = (KTSεK + S−1

a )−1KT S−1
ε , (2)

where Sa is the error covariance matrix describing our
knowledge of the state space prior to the measurement, and
Sε represents the forward model and the measured signal er-
ror covariance matrix.

At a given level, the peak of the averaging kernel row gives
the altitude of maximum sensitivity, whereas its full width
at half maximum is an estimate of the vertical resolution.
Rodgers (2000) demonstrated that the trace ofA represents
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Table 1.Summary of assumed aerosol parameters adapted from Dubovik et al. (2002).C is number of particles in part m−3, r mean radius
in µm, andσ deviation of the radius in µm. The f and c indices are for fine and coarse mode respectively.τ(1020) andτ(440) correspond to the
optical depth at 1020 and 440 nm, respectively.

Dust Biomass Paw (%)

Real refractive index Volz (1973) Sutherland and Khanna (1991) 10
Imaginary refractive index Volz (1973) Sutherland and Khanna (1991) 10
Fine-mode concentration,Cf (part m−3) 1.58× 109

+ 7.92× 109τ(1020) 6.97× 107τ(440)/r3
f 100

Fine-mode radius,rf (µm) 0.088 0.087+8× 10−3τ(440) 100
Fine-mode deviation, ln(σf) 0.42 0.40 100
Coarse-mode concentration,Cc (part m−3) −7.8× 105

+ 3.573× 107 τ(1020) 3.598× 105τ(440)/r3
c 100

Coarse-mode radius,rc (µm) 0.832 0.503+ 0.089τ(440) 100
Coarse-mode deviation, ln(σc) 0.61 0.79 100
Aerosol center height (km) 8 6 50
Aerosol layer width (km) 2 2 100
O2 US standard 0.2

the total degrees of freedom for signal (DOFSs), which in-
dicate the amount of independent pieces of information pro-
vided by the observing system as regards the state vector.

The error covariance matrixSx describes the knowledge of
the state space posterior to the measurement. Rodgers (2000)
demonstrated that this error covariance matrix can be written
as

Sx = Ssmoothing+ Smeas.+ Sfwd.mod., (3)

whereSsmoothingis the smoothing error covariance matrix and
represents the vertical sensitivity of the measurements to the
retrieved profile. The latter is given by

Ssmoothing= (A − I)Sa(A − I)T. (4)

Smeas. is the contribution of the measurement error covari-
ance matrixSm associated with the spectral noise, and is
given by

Smeas.= GSmGT. (5)

Sfwd.mod. is the contribution of the forward model error co-
variance matrixSf associated with uncertainties from non-
retrieved model parameters expressed by the covariance ma-
trix Sb.

Sfwd.mod.= GKbSb(GKb)
T

= GSfGT, (6)

whereKb is the forward model derivative as regards non-
retrieved model parameters (xb), andSb the error covariance
matrix attached toxb.

2.2.1 A priori error covariance matrix

To be consistent with the first paper (Herbin et al., 2013), the
a priori error covariance matrixSa is assumed diagonal with
theith diagonal element (Sa,ii) defined as

Sa,ii = σ 2
a,i with σa,i = xa,i .

perror

100
, (7)

whereσa,i stands for the standard deviation in the Gaussian
statistics formalism. The subscripti represents theith param-
eter of the state vector.

In order to take into account their influence on the infor-
mation and errors about the gas column, we have to specify
the uncertainty of each aerosol parameter needed in the for-
ward model computation (e.g., to compute the matrixSb).
The prior knowledge of aerosol parameters (C, r, ln(σ)1Z)
is supposed to be known with an uncertainty of Paw= 100 %
(Frankenberg et al., 2012), and 50 % for aerosol layer center
height (Zm). The prior knowledge of the other atmospheric
parameters are identical to the first paper and are recalled
in Table 2. The CO2 profile a priori error is estimated from
Schmidt and Khedim (1991) and is very similar to the one
used by Christi and Stephens (2004). The CH4 a priori er-
ror is fixed toPerror = 5 % (see Eq. 7), which corresponds to
an under-constrained version of the error covariance matrix
used by Razavi et al. (2009).

2.2.2 Measurement error covariance matrix

In order to compute the measurement error covariance ma-
trix, we need to estimate the radiometric calibration and
radiometric noise, usually given as a signal-to-noise ratio
(SNR). This error covariance matrix is assumed to be diago-
nal, and theith diagonal element can be computed as follows:

Sm,ii = σ 2
m,i with σm,i =

yi

SNR
, (8)

whereσm,i is the standard deviation of theith measurement
(yi) of the measurement vectory, representing the noise
equivalent spectral radiance. For the TIR Band 4, the SNR
is estimated as 300 for a 280 K blackbody light input (Kuze
et al., 2009). For the SWIR and visible bands, we have ap-
plied an identical SNR. The latter is estimated from the Band
2 SNR values given by Yoshida et al. (2011). According to
the different surfaces types, the SNR was set to 500 and 150,
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Table 2.State vector parameters.

State vector H2O CO2 CH4 Interfering Surface Profile Emissivity/
elements species temperature temperature reflectivity

A priori values (xa) US standard MODIS database

A priori uncertainty (Perror ) 10 % 1.3–8 % 5 % 100 % 1 K 1 K/layer 2 %

representative of high (desert-like) and low (seawater-like)
surface reflectivity cases.

2.2.3 Non-retrieved parameter characterization
and accuracy

For the temperature profile and surface temperature, we as-
sumed a realistic uncertainty of 1 K (1T = 1 K), compatible
with the typical values used for the ECMWF assimilation,
on each layer of the temperature profile as well as on surface
temperature. The contribution to theith diagonal element of
the forward model error covariance matrix from thej th level
temperature can be computed as

σf,Tj ,i =
∂Fi

∂Tj

1T, (9)

wherej stands for thej th level andi for the ith measure-
ment.

The surface emissivity (εm) uncertainty is set toPεm =

2 %, which corresponds to an average value of the albedo ab-
solute accuracy from MODIS and IASI (Capelle et al., 2012),
and its contribution to theith diagonal element of the forward
model error covariance matrix is

σf,ε,i =
∂Fi

∂ε
1ε, with 1ε =

pε

100
εm. (10)

The O2 a priori error is fixed toPCO2 = 0.2 %, which
corresponds to the prior variability used by Frankenberg et
al. (2012). H2O is assumed to be known from ancillary data,
and its a priori error profile is set toPCH2O = 10 %. This er-
ror value is compatible with typical a posteriori uncertainties
from operational Level 2 products of a dedicated instrument
such as IASI (Clerbaux et al., 2007).

For the other interfering molecule concentrations, we con-
sider a weak prior knowledge, and their uncertainties (PCmol)

are fixed to 100 %. The prior contribution to theith diagonal
element of the forward model error covariance matrix can be
computed as

σf,cmolk ,i =
∂Fi

∂cmolk
1cmolk , with 1cmolk =

pCmol

100
cmolk , (11)

whereCk
mol represents the concentration of thekth interfering

molecule in ppmv.

The real and imaginary parts of the refractive index are
considered with a priori uncertainties of 10 %. The latter is
suitable, for instance, if we consider that we know the aerosol
type, but not exactly the mineralogical composition. Its con-
tribution to theith diagonal element of the model parameter
error covariance matrix is as for the other non-retrieved pa-
rameters:

σf,mx ,i =
∂Fi

∂mx

1mx, with 1mx =
pmx

100
mx, (12)

where the subscriptx stands for the real part and imaginary
parts of the refractive index.

Finally, the total forward model parameter error covari-
ance matrix (Sf), assumed diagonal in the present study, is
given by summing all these error contributions for each di-
agonal element, and theith diagonal element (Sf,ii) is given
by

Sf,ii =

nlevel∑
j=1

σ 2
f,Tj ,i +

nmolecules∑
k=1

σ 2
f,cmolk ,i +

j∑
x=r

σ 2
f,mx ,i + σ 2

b,ε,i . (13)

Here, we did not consider the spectroscopic line parameter,
line-mixing, continua or calibration errors.

3 Greenhouse gas IC analysis in the presence
of aerosols

It is notoriously known that the clear sky observations are
only a small part of the entire set of measurements (Eguchi
and Yokota, 2008). Moreover, the aerosol and/or cloud scat-
tering is a major source of error for greenhouse gas retrievals
using backscatter measurements (Frankenberg et al., 2012;
Butz et al., 2009; and references therein). The goal of this
section is therefore to study the effect of the presence of one
aerosol layer on the CO2 and CH4 column information con-
tent and errors. The aerosol layer parameters are assumed
to be known from ancillary data and are treated as nonre-
trieved parameters, but they are explicitly taken into account
in the forward model. To be consistent with the first part of
the study (Herbin et al., 2013), the IC analysis is based on the
694 most informative channels representative of the desert
and ocean surfaces selected from a channel selection proce-
dure in clear sky conditions. In this particular case, the model
parameter error covariance matrix (Sf) has to be updated with
uncertainties on aerosol parameters in order to understand the
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Fig. 2. Gaseous column DOFSs and errors (in %) vs. AOD. CO2 is
in blue lines and CH4 is in red lines. Case 1 and Case 2 are dotted
and dashed lines, respectively.

impact of aerosol parameters on the error budget and infor-
mation content of gas column concentration. We need there-
fore to update Eq. (13) by adding the following error contri-
bution to Sf,ii :

npara∑
w=1

σ 2
f,aw,i where σf,aw,i =

∂Fi

∂aw

1aw and1aw =
paw

100
aw. (14)

Hereaw stands for thewth aerosol parameter.
Figure 2 shows the DOFSs and errors on CO2 and CH4

columns as a function of aerosol optical thickness (τ) from
0.05 to 1.45. This figure aims at illustrating information and
error sensitivity of greenhouse gas column to aerosol type
and loading. In the present study two cases are considered:
(1) the aerosol parameters are assumed to be perfectly known
(all Pawr = 0 %), which is an ideally theoretical case (called
Case 1 hereafter); and (2) the uncertainties from Table 1 are
used, which represent a realistic case (called Case 2 here-
after). If we compare Case 1 (shown by the dashed-dotted
lines) with the clear sky condition results (Herbin et al.,
2013), we observe that the presence of aerosol decreases
the gaseous information even if the aerosol parameters are
perfectly known. This is explained by the fact that, in the
presence of an aerosol layer, the Jacobians with respect to

CO2 and CH4 concentration at each level are weaker, and
decrease with increasing aerosol optical depth. The dashed
lines, which represent Case 2, show that the IC depends on
aerosol optical depth and on aerosol type. For instance, the
CO2 and CH4 DOFSs are divided by a factor of 2 for AOD
of 0.25 in the presence of dust layer whatever the surface and
tend to zero for higher AOD. Important to note is that the
impact on the gas column errors is limited by the high a pri-
ori constraint assumed for each gas. Indeed, the gas column
errors increase systematically with AOD, and almost reach
the a priori errors computed from the a priori error profile as
Herbin et al. (2013) and given by

σXCO2 =

√
CT

airSXCO2Cair

CT
air1

, (15)

whereCair is the vector containing the air molecule concen-
tration at each level, and1 is a column vector with unity ele-
ments.

These errors are respectively 1.28 % and 1.36 % for CO2
and CH4 column concentration. For instance, above seawa-
ter, the DOFSs present values less than 1, even for low AOD.
This is due to the weak information provided by the mea-
surements from SWIR and visible bands over ocean. In con-
sequence, a retrieval algorithm should converge close to the
a priori values (xa), and the a posteriori uncertainty will be
limited by the a priori variability, but potentially with large
biases.

4 Aerosol IC analysis and channel selection

In this section, we analyze the ability of spectral synergy to
get information on microphysical aerosol properties. There-
fore, we performed an IC analysis considering all channels
from the four bands spanning TIR to visible spectral range,
with respect to the seven aerosol state vector elements (Ta-
ble 1). The analysis is focused on dust and biomass burning
particles. The real and imaginary parts of the refractive in-
dex are treated as non-retrieved parameters with 10 % uncer-
tainty and are taken into account in the forward model error
covariance matrix. This is justified by the following facts:
(1) TANSO-FTS is a nadir-only sounder, and it has already
been shown that without multi-viewing or polarized infor-
mation, the real and imaginary part of the refractive index
is difficult to determine, and (2) in the TIR band the re-
fractive index is highly variable. Figure 3 shows the DOFS
and posterior error evolution with AOD for total aerosol op-
tical depth, mean radius and deviation for coarse and fine
mode (rc, ln(σc), rf , ln(σf)), mean altitude of the aerosol
layer (Zm) and aerosol layer width (1Z). The general trend
is that the information on individual aerosol parameters in-
creases with AOD, whatever the surface or particle type.
More specifically, the mean aerosol layer height should be al-
most perfectly retrieved (DOFS∼ 1) in all cases. Moreover,
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Fig. 3. DOFSs and total error (in %) for each aerosol parameter of
the state vector.τ is AOD, r mean radius, and ln(σ) deviation of the
radius. The f and c indices are for fine and coarse mode respectively.
Zmid and1Z are center height and width of the aerosol layer.

the remaining DOFSs are almost always higher than 0.5, in-
dicating that the information on aerosol mostly comes from
the measurement. In the worst case (e.g., biomass above sea),
the total aerosol parameter DOFS is 5.34 for an aerosol op-
tical depth at 440 nm of 0.55. On the other hand for the best
case (e.g., dust above desert), the total DOFS is 6.2 for an op-
tical depth at 1020 nm of 0.25, which means that the observ-
ing system should provide enough information to retrieve al-
most all aerosol parameters. This DOFS is comparable to the
best DOFS values obtained from dedicated instruments (see
Sect. 1). These results highlight the potential of the TANSO-
FTS instrument used in spectral synergy to retrieve aerosol
parameters independently.

As stated in the first paper (Herbin et al., 2013), the use
of all the channels measured by TANSO-FTS in an inver-
sion scheme has two disadvantages: (1) it requires a huge
computational time, and (2) it increases the systematic errors
from correlation of the interfering molecules. As emphasis
by Rodgers (2000), the SIC framework is very well suited
to optimize the selection of channels that carry the great-
est amount of information. The channel selection was per-
formed by following the procedure described by L’Ecuyer et
al. (2006). Some previous works used the channel selection
to optimize the retrievals from high-resolution infrared

Fig. 4. DOFSs and total error (in %) for each aerosol parameter of
the state vector vs. number of selected channels.

sounders, and in particular from TANSO-FTS (Herbin et al.,
2013; and references therein). However, the channel selec-
tion for retrieving aerosol parameters using IC from the TIR
to visible spectral range (Bands 4, 3, 2 and 1) is presented
here for the first time.

We performed this channel selection considering the state
vector elements corresponding to the mean aerosol optical
thickness derived from Dubovik et al. (2002):τ(440 nm)=

0.55 for biomass particles andτ(1020 nm)= 0.25 for dust. Fig-
ure 4 shows the DOFS and error evolution with the number
of selected channels from all spectral bands for each surface.
We have limited the number of channels to 1000, which cor-
responds roughly to 90 % of the total information when using
all available channels.

For each parameter, the DOFS increases sharply with the
first selected channels and then very steadily. It may be no-
ticed that in all cases the information is significantly im-
proved compared to the a priori uncertainties, which are fixed
to 50 % for aerosol layer center height (Zm) and 100 % for
all other parameters (see Table 1). Therefore,Zm can be sys-
tematically retrieved with a good accuracy (posterior error
mainly less than 10 %). Nevertheless, the other parameters
are estimated with a posterior error between 10 % and 20 %
larger than if we had used all the available channels (see
Fig. 3). Table 3 gives the number of selected channels needed
to reach 75 % of the total information for each aerosol type
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Table 3. Number of selected channels for 75 % total IC on aerosol
parameters.

Desert Seawater All surfaces

Dust 347 439 652
Biomass 407 222 492

and surface. The last column of Table 3 gives the total num-
ber of different channels for all the surfaces. The latter are
652 and 492 for dust and biomass respectively, which corre-
spond to the numbers of channels necessary to obtain 75 %
of the total IC. The distributions (in %) by spectral band
of the previously selected channels are reported in Table 4.
From this Table, we can remark that if the band-by-band
distribution of the information is dependent on the aerosol
type and surface, the use of all the bands simultaneously ap-
pears essential to improve the aerosol parameter retrieval. Ta-
ble 5 illustrates, in the case of dust above desert, the informa-
tion distribution by band for each parameter. It can be seen
that Band 1 is predominant to retrieve the total aerosol op-
tical depth and the fine-mode granulometry (rf and ln(σf));
the coarse-mode granulometry (rc and ln(σc)) information is
mainly provided by Bands 3 and 4, with the aerosol height
(Zm) and width (1Z) parameters coming mostly from Bands
2 and 3. This demonstrates the usefulness of channel selec-
tion on multispectral measurements to retrieve the aerosol
parameters with a good accuracy and independently of the
surface.

5 IC for simultaneous retrieval of gas and
aerosol parameters

Section 3 pointed out that one of the major sources of
uncertainties concerning the retrieval of gas column in a
scattering atmosphere comes from a lack of information
about the aerosol parameters. Moreover, the previous section
(Sect. 4) has shown that high spectral measurements from
the TIR to visible provide information about aerosol micro-
physics. Therefore, in the present section we study the abil-
ity of TANSO-FTS measurements to retrieve simultaneously
greenhouse gas total columns and aerosol parameters in order
to reduce posterior errors on gas columns. Since the chan-
nel selection for aerosol parameters is almost independent
of the AOD (not shown here), we performed an IC analysis
using the 694 selected channels to get CO2 and CH4 simul-
taneously in clear sky (Herbin et al., 2013), and add the 652
and 492 selected channels from the previous section to obtain
dust and biomass particle information.

Figure 5 shows the evolution of DOFSs and associated er-
rors with AOD for each aerosol parameter described in the
previous section. In comparison to Fig. 3, the information is
higher for each parameter. This is explained by the use of
more spectral channels and the improvement of greenhouse
gas accuracy.

Fig. 5. DOFSs and total error (in %) for each aerosol parameter of
the state vector considering selected channels (see text for details).
τ is AOD, r mean radius, and ln(σ) deviation of the radius. The f
and c indices are for fine and coarse mode respectively.Zmid and
1Z are center height and width of the aerosol layer.

Figure 6 gives the DOFS and total error evolution on CO2
(straight blue lines) and CH4 (straight red lines) column con-
centrations with AOD. In regards of Fig. 2, we can see that
the inclusion of aerosol parameters in the state vector in-
creases significantly and systematically the information on
the retrieved gaseous columns. In particular, over desert sur-
face, the total DOFS values are always higher than 1, what-
ever the AOD. As pointed out previously, this is due to a bet-
ter knowledge of the aerosol microphysics, which reduces the
error coming from the forward model. This is highlighted by
the error panels, which show that the posterior uncertainties
are now very close to those computed in clear sky conditions.

These results confirm the capabilities of multispectral
measurements from TANSO-FTS to retrieve greenhouse gas
total columns and up to seven aerosol parameters simultane-
ously depending on the scene conditions. Moreover, less than
1500 selected channels spanning the four spectral bands from
TIR to visible allow retrieving CO2 and CH4 column con-
centration in the presence of an aerosol layer with a similar
accuracy to using all the available channels to retrieve each
gas separately in clear sky conditions.
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Table 4.Band-by-band repartition of selected channels (in %) for aerosol parameter retrieval.

Dust Dust Dust Biomass Biomass Biomass
desert seawater all surfaces desert seawater all surfaces

Band 1 44 37 38 27 28 28
Band 2 31 13 24 20 1 17
Band 3 7 16 11 32 55 37
Band 4 18 34 27 21 16 18

Fig. 6.Gaseous column DOFSs and errors (in %) vs. AOD for chan-
nel selection. CO2 is in blue lines and CH4 is in red lines.

In this study, the refractive indices are treated as non-
retrieved parameters. This implies knowing at least roughly
the type of aerosol particle in the measured column. It is ob-
viously a strong constraint of the proposed method, which
limits its suitability for operational retrievals. Nevertheless,
this limitation is identical for all unpolarized and nadir view-
ing instruments in the TIR, and can be circumvented, for in-
stance, by using an off-line preprocessing of the aerosol type
(see Clarisse et al., 2013).

6 Summary and conclusion

The first part of this paper addresses the question of how
the presence of an aerosol layer, in the measured column,

Table 5. Band-by-band repartition of IC (in %) for dust particle
parameters above desert surface.

rf Ln(σ f) rc Ln(σc) τ Zmid 1Z

Band 1 79 70 17 10 50 27 24
Band 2 6 1 14 9 7 21 42
Band 3 9 18 55 24 33 40 27
Band 4 6 11 14 57 10 12 7

impacts the retrieval of CO2 and CH4 total columns. The re-
sults show that column gas DOFSs are dramatically affected
if we have poor aerosol parameter prior knowledge. More-
over, the effect increases with optical depth and strongly de-
pends on aerosol and surface type. Nevertheless, this study
also shows that errors in gas columns are less affected by the
presence of aerosol if we assume a high constraint on the a
priori gas profile concentrations.

In a second part an IC analysis on aerosol parameters has
been conducted to understand the information of such mea-
surements related to the mean radius and variance of the two
aerosol modes (rf , ln(σf), rc, ln(σc)), total AOD (τ), mid-
altitude (Zm) and geometrical thickness (1Z). The most im-
portant result shows that the total aerosol DOFS depends on
the surface type and aerosol type. In the worst case (e.g.,
biomass above ocean), the expected total DOFS is 5.3 (for
an average optical depth at 440 nm of 0.55), meaning that
the observing system still carries information about the mid-
altitude of the layer, the geometrical thickness, the mean ra-
dius and width of the coarse mode and width of the small
mode with errors smaller than 40 % and less than 5 % for
Zm. In the most favorable case (e.g., dust above desert), the
expected total DOFS is equal to 6.2 (for an average optical
depth at 1020 nm of 0.25), meaning that almost all param-
eters should be retrieved with good accuracy. The expected
errors for all parameters are below 20 % and below 2 % for
Zm. This is comparable to the best DOFS values obtained
from dedicated instruments. These results highlight the po-
tential of the TANSO-FTS instrument to retrieve aerosol pa-
rameters with a very good accuracy even above a very dark
surface.

Finally, we have selected the best channels with regard to
aerosol parameters corresponding to 75 % of the total aerosol
IC, merged them with the best channels selected for gas

www.atmos-meas-tech.net/6/3313/2013/ Atmos. Meas. Tech., 6, 3313–3323, 2013



3322 H. Herbin et al.: Multispectral information from TANSO-FTS instrument – Part 2

profiles (see Part 1 – Herbin et al., 2013) and applied an IC
on both gas columns together with aerosol parameters. The
results show unambiguous improvement of the CO2 and CH4
column concentration in the presence of aerosol with an ac-
curacy similar to the one reached in clear sky conditions.

This second paper dedicated to the benefits of multi-
spectral measurements concerns only intensity spectra from
TANSO-FTS. In consequence, a future work will focus on
the contribution of SWIR and visible polarized bands, in or-
der to address the problem of refractive index retrieval.
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