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Abstract. This article is the second in a series of stud- composition. Although major efforts have been made from
ies investigating the benefits of multispectral measurementsledicated sounders and modeling, many atmospheric con-
to improve the atmospheric parameter retrievals. In thestituents are, up to now, estimated with large uncertainties. In
first paper, we presented an information content (IC) anal-particular, aerosols, which have a high spatiotemporal vari-
ysis from the thermal infrared (TIR) and shortwave in- ability and physico-chemical diversity, remain the largest un-
frared (SWIR) bands of Thermal And Near infrared Sen- certainty in radiative forcing as well as a source of biases in
sor for carbon Observations—Fourier Transform Spectromthe greenhouse gas retrieval.
eter (TANSO-FTS) instrument dedicated to greenhouse gas The single channel and viewing angle radiometric obser-
retrieval in clear sky conditions. This second paper presentyations such as from the Advanced Very High Resolution Ra-
the potential of the spectral synergy from TIR to visible for diometer (AVHRR) (Mishchenko et al., 1999; Ignatov, 2002)
aerosol characterization, and their impact on the retrievegrovide only an estimated value of the aerosol optical depth
CO, and CH, column concentrations. The IC is then used (AOD). Multi-channel instruments such as MODIS (Tanré
to determine the most informative spectral channels for theet al., 1996) or OMI (Veihelmann et al., 2007) provide be-
simultaneous retrieval of greenhouse gas total columns antveen 2 and 4 degrees of freedom for signal (DOFSs) at-
aerosol parameters. The results show that a channel seletributed to aerosol parameters (e.g., aerosol optical depth,
tion spanning the four bands can improve the computationAngstrém exponent, single scattering albedo) using a priori
time and retrieval accuracy. Therefore, the spectral synergynformation for other aerosol parameters such as size dis-
allows obtaining up to almost seven different aerosol param4ribution, or refractive index. The aerosol information con-
eters, which is comparable to the most informative dedicatedent is significantly larger for instruments that perform mea-
instruments. Moreover, a channel selection from the TIR tosurements at multiple viewing angles, such as the MISR
visible bands allows retrieving CQand CH, total columns  (Diner et al.,, 1999) and AATSR (Veefkind et al., 1999),
simultaneously in the presence of one aerosol layer with aor multi-wavelength polarized radiances such as GOME-II.
similar accuracy to using all channels together to retrieveSince the light polarization is very sensitive to the aerosol mi-
each gas separately in clear sky conditions. 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,
1 Introduction the real and imaginary part of the refractive index, and the
mean height of the aerosol layer. The multi-channel polarized
Satellite observations of the earth allow continuous monitor-measurements at multiple viewing angles have been shown
ing of the atmosphere from local to global scale. Among o pe the most efficient way for the aerosol characterization
them, passive remote sensing instruments, which span g epsock et al., 2007). However, actually only the PARA-

broad frequency range from UV to microwave, provide lots 5oL instrument exploits this technique (Deuzé et al., 2000,
of different information on gas, cloud or aerosol atmospheric
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2001). Moreover, the latter operates only in the visible spec2 The multispectral simulation of TANSO-FTS in the
tral range. Thus their retrieved aerosol parameters can hardly presence of an aerosol layer
be extrapolated in the infrared.
The high spectral resolution infrared sounders are ob-2.1 The forward model
viously designed to the gaseous species retrieval. Never-
theless, these instruments have the advantage, among otAecurate calculations of the radiances observed by TANSO-
ers, of being highly sensitive to the aerosol type. RecentlyFTS are achieved with the high spectral resolution (up to
many works have been achieved from infrared spectrom0.0001 cnm!) code LBLDOM (Dubuisson et al., 1996, 2005)
eters such as AIRS and IASI (Pierangelo et al.,, 2004,0ver the thermal and solar spectral regions (0.2—16 pm). Ra-
2005; De Souza-Machado, 2006; Kliser et al., 2011, 2012diances at the top of the atmosphere are calculated by solving
Clarisse et al., 2010, 2013; Quan et al., 2013; Peyridieuhe radiative transfer equation (RTE) in a horizontally homo-
et al.,, 2013). The aerosol characteristics (AOD, mean al-geneous scattering atmosphere, using the discrete ordinate
titude and size) obtained from infrared appear to be verymethod (DOM) (Stamnes et al., 1988). Gaseous absorption
promising to complement the aerosol parameters retreiveds calculated with a line-by-line code based on STRANSAC
from visible observations. The other reason to retrieve a(Scott, 1974) and the HITRAN 2008 database (Rothman et
better estimate of the aerosol parameters in the infrared isl., 2009). The absorption lines are computed at 0.01%cm
due to the large error or bias induced by their presencespectral resolution assuming a Voigt line shape. Absorption
in the atmospheric column on gaseous retrieval. Thereforegontinua (HO, CO, and N\b) are also included from the MT-
several studies on the Thermal And Near infrared SensofCKD parameterization (Clough et al., 2005). The solar irradi-
for carbon Observations—Fourier Transform Spectrometelance database reported by Kurulttif://kurucz.harvard.edu/
(TANSO-FTS) or pre-launch OCO(-2) (Connor et al., 2008; sun/irradiance2008is used as the incident solar spectrum.
Butz et al., 2009; Frankenberg et al., 2012; Uchino et al.,The RTE resolution using DOM approach allows taking into
2012; Guerlet et al., 2013; Oshchepkov et al., 2013) haveaccount absorption, emission, Rayleigh and multiple scatter-
been conducted to analyze the aerosol sensitivity and its bering processes for aerosol and gaseous species. Aerosols are
efit of improving the accuracy of C{and CHj retrievals in  defined from their optical parameters: optical depth, single
the shortwave infrared (SWIR) spectral range in a scatteringscattering albedo and phase function. These parameters are
atmosphere. obtained from a Mie scattering code assuming spherical par-
Here, we present, for the first time, an information con- ticles with a bi-modal and lognormal distribution. A Lam-
tent analysis on (1) aerosol parameters, and (2) greenhoudeertian surface is assumed, and the effect of surface polar-
gas columns in the presence of an aerosol layer, consideringation is therefore disregarded. The albedos in the SWIR
a high-resolution multispectral observing system. In partic-and visible bands are estimated from MODIS Terra product
ular, we discuss the interest of using several spectral bandéMoody et al., 2008) and chosen as desert and seawater in or-
simultaneously according to the surface type and state vectader to cover high and weak surface reflectivities, respectively.
composition. This synergetic approach is evaluated from thel'he corresponding surface emissivity for the thermal infrared
four bands of the TANSO-FTS instrument covering a large(TIR) band is estimated from the MODIS UCSB library
spectral range from thermal infrared to visible, thanks to a(http://www.icess.ucsb.edu/modis/EMIS/html/em.Htnwe
new radiative transfer algorithm developed at the Laboratoireassumed a nadir viewing angle geometry, with a solar zenith
d’'Optique Atmosphérique (LOA). angle of 30. Although the sensitivity is correlated to view-
Since this paper is the second in a series describing theng geometry, this assumption does not alter results or the
effects of spectral synergy on the atmospheric observationgjiscussion of the present study. The total intensities of
the basic specifications of the Greenhouse gases ObservinBANSO-FTS spectra are simulated using the instrumental
SATellite (GOSAT) instrument (Kuze et al., 2009) and the line shape (ILS) provided for all four bands by the GOSAT
theoretical bases of the information content were outlined al-user interface gatewatitps://data.gosat.nies.go.jp/gateway/
ready in Part 1 (Herbin et al., 2013) and are not recalled heregateway/MenuPage/open)dand no post-apodization is ap-
Therefore, the paper is organized as follows: Sect. 2 detailplied, which allows the exploitation of the full spectral reso-
the forward model, the state vector composition and errorution.
description. Section 3 is dedicated to an information content
(IC) analysis of the gaseous profiles in the presence of on.2 The state vector and error definition
aerosol layer. The aerosol IC and channel selection are pre-
sented in Sect. 4. The benefit of multispectral synergy for si-The IC analysis is performed on TANSO-FTS simulated
multaneous aerosol and gas retrieval is discussed in Sect. Hinpolarized radiances for Band 1 (visible), Bands 2 and 3
Finally, Sect. 6 summarizes our results and presents perspe¢(SWIR), and Band 4 (TIR). The £ CO, and CH, vertical
tives for future applications. concentrations of the a priori state vecigrare 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 (V\?/(rmf%tr)) for clear sky conditions (blue lines), in the presence of biomass
burning particles (green lines) witfia40 nm)= 0.55, and dust (red lines) with1020 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 anglé&.of 30

reflect the natural diversity in terms of atmospheric aerosolshi-modal lognormal distribution and an aerosol optical depth
we used the general properties of two different aerosol types(AOD) of 7(440 nm)= 0.55 andr(1020 nm)= 0.25, respectively.
dust and biomass burning particles, which are the most com- As stated in the first paper (Herbin et al., 2013), two ma-
mon tropospheric aerosol. The aerosol microphysical propirices @ andS,) allow a full characterization of the informa-
erties are described by seven state vector elements deriva@n provided by the observing system.

from Dubovik et al. (2002) climatology as follows: total op- A, which is the averaging kernel matrix, gives a measure
tical depth ¢), which is the sum of the fine- and coarse- of the sensitivity of the retrieved state to the true state, and is
mode optical depth calculated from particle concentraion defined by

(in partnT3), the altitude and geometrical thickness of the

aerosol layer, mean radius r (inpum) and standard deviatiod\ = % /dx = GK, (2)
logarithm Ing) for fine and coarse mode (subscripted f and ] ] o

¢, respectively). Moreover, we assumed one homogeneou¥nerek is the Jacobian matrix, given by = @F [x), the
aerosol layer with a 2 km geometrical thickness, located be9ain matrix whose rows are the derivatives of the retrieved
tween 3-5km for biomass burning and 7-9 km for dust. I State with respect to the spectral points is defined by
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 p

G=0%/dy=(K'SK+SH KIS, @)

. . I Avhere S, is the error covariance matrix describing our
rameters and are discussed in detail in Sect. 2.2.3. All the @nowledge of the state space prior to the measurement, and

_'?”gl” Vflues and ;[jhelr ?bpr:jo” Vsr'ab'“t'ils ar:e sur;:ma_rllﬁed 'ndSE represents the forward model and the measured signal er-
able 1 and are described subsequently hereafter. The radz =\ - oo o

ance spectra for each TANSO-FTS band, illustrated in Fig. 1, Ata given level, the peak of the averaging kernel row gives

2re comp ut(fad froSm tr? url fo(rjwarg 'EEOdeI Wlltggrlef;actk;ye N" the altitude of maximum sensitivity, whereas its full width
€x coming from sutheriand an anna ( ) for I0MAaSS;¢ half maximum is an estimate of the vertical resolution.

particles, and from Volz (1973) for sand dust, assuming aRodgers (2000) demonstrated that the tracé oépresents
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Table 1. Summary of assumed aerosol parameters adapted from Dubovik et al. (2062)umber of particles in partT?, r mean radius
inum, and> deviation of the radius in um. The f and c indices are for fine and coarse mode respectggly.andz44q 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 concentratioGs (part ni-3) 1.58x 10° +7.92 x 10°7(1020 6.97x 107440 /13 100
Fine-mode radius; (um) 0.088 0.08%8 x 10_3r(440) 100
Fine-mode deviation, liaf) 0.42 0.40 100
Coarse-mode concentratiofg (partnT™3)  —7.8 x 10°+3.573x 10’ 11029 3.598x 10°7440) /73 100
Coarse-mode radiuse (1Lm) 0.832 0.503- 0.0897 (440 100
Coarse-mode deviation, ) 0.61 0.79 100
Aerosol center height (km) 8 6 50
Aerosol layer width (km) 2 2 100
(o)) US standard 0.2

the total degrees of freedom for signal (DOFSs), which in-whereo, ; stands for the standard deviation in the Gaussian
dicate the amount of independent pieces of information pro-statistics formalism. The subscriptepresents thigh param-
vided by the observing system as regards the state vector. eter of the state vector.

The error covariance matri, describes the knowledge of In order to take into account their influence on the infor-
the state space posterior to the measurement. Rodgers (200@ation and errors about the gas column, we have to specify
demonstrated that this error covariance matrix can be writterthe uncertainty of each aerosol parameter needed in the for-

as ward model computation (e.g., to compute the maSx.
_ The prior knowledge of aerosol parametets £, In(c)AZ)
St = Ssmoothingt Smeas.+ Swd.mod. G s supposed to be known with an uncertainty of Pah00 %

whereSsmoothingls the smoothing error covariance matrix and (Frankenberg et al., 2012), and 50 % for aerosol layer center
represents the vertical sensitivity of the measurements to thB€ight Zm). The prior knowledge of the other atmospheric

retrieved profile. The latter is given by parameters are identical to the first paper and are recalled
T in Table 2. The CQ profile a priori error is estimated from
Ssmoothing= (A — S, (A —1)". (4)  schmidt and Khedim (1991) and is very similar to the one

used by Christi and Stephens (2004). The4GHpriori er-

ror is fixed to Perror= 5 % (see Eq. 7), which corresponds to
an under-constrained version of the error covariance matrix
used by Razavi et al. (2009).

Sheas IS the contribution of the measurement error covari-
ance matrixSy associated with the spectral noise, and is
given by

Sieas=GSmG'. () : :
) o 2.2.2 Measurement error covariance matrix
Stwd.mod. is the contribution of the forward model error co-

variance matrixSs associated with uncertainties from non- In order to compute the measurement error covariance ma-
retrieved model parameters expressed by the covariance m#ix, we need to estimate the radiometric calibration and
trix Sp. radiometric noise, usually given as a signal-to-noise ratio
(SNR). This error covariance matrix is assumed to be diago-

_ T_ T
Stwd.mod. = GK»S(GKp) " = GG, 6 hal, and theth diagonal element can be computed as follows:
whereK,, is the forward model derivative as regards non- yi

retrieved model parametersy(), andS, the error covariance  Sm,ii = Gr%,i with om; = = (8)

matrix attached ta,. SN
whereoy ; is the standard deviation of thith measurement
(y;) of the measurement vector, representing the noise

To be consistent with the first paper (Herbin et al., 2013), theequwalent spectral radiance. For the TIR Band 4, the SNR

a priori error covariance matri®, is assumed diagonal with Is estimated as 300 for a 280K blackbody light input (Kuze
p‘ ; ) 9 et al., 2009). For the SWIR and visible bands, we have ap-
theith diagonal elements, ;;) defined as

plied an identical SNR. The latter is estimated from the Band
Derror @ 2 SNR values given by Yoshida et al. (2011). According to
100’ the different surfaces types, the SNR was set to 500 and 150,

2.2.1 A priori error covariance matrix

2 N
Saii = 04 with o, = x4.;.

Atmos. Meas. Tech., 6, 33133323 2013 www.atmos-meas-tech.net/6/3313/2013/
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Table 2. State vector parameters.

State vector HO CO CHy Interfering Surface Profile Emissivity/
elements species temperature  temperature reflectivity
A priori values &) US standard MODIS database

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

representative of high (desert-like) and low (seawater-like) The real and imaginary parts of the refractive index are

surface reflectivity cases. considered with a priori uncertainties of 10 %. The latter is
suitable, for instance, if we consider that we know the aerosol

2.2.3 Non-retrieved parameter characterization type, but not exactly the mineralogical composition. Its con-
and accuracy tribution to theith diagonal element of the model parameter

) error covariance matrix is as for the other non-retrieved pa-
For the temperature profile and surface temperature, we a$zmeters:

sumed a realistic uncertainty of 1 A" = 1K), compatible
with the typical values used for the ECMWF assimilation, oF; , D,

. Ot m,.i = ——Amy, With Am, = My,
on each layer of the temperature profile as well as on surface”"*"  9m, 100

temperature. The contribution to thi diagonal element of ) ] ]
the forward model error covariance matrix from it level ~ Where the subscript stands for the real part and imaginary

(12)

temperature can be computed as parts of the refractive index. .
Finally, the total forward model parameter error covari-
oF; ance matrix &), assumed diagonal in the present study, is

of Tj,i = —AT, (9) . . . . .
AT given by summing all these error contributions for each di-

agonal element, and thi¢gh diagonal elements ;;) is given
where j stands for thejth level andi for the ith measure-  py

ment.

The surface emissivityef,) uncertainty is set ta?, = nevel nmolecules i, )
2%, which corresponds to an average value of the albedo ab*-ii = Zl AN /;1 ot T Z"fvmwi 050 (13)
solute accuracy from MODIS and IASI (Capelle et al., 2012), = B B

model error covariance matrix is line-mixing, continua or calibration errors.
oF; .

Of i = —L Ag, with Ae = ﬁsm. (20)
e 100

3 Greenhouse gas IC analysis in the presence

The O a priori error is fixed toPco, = 0.2%, which of aerosols
corresponds to the prior variability used by Frankenberg et _ _
al. (2012). BO is assumed to be known from ancillary data, It is notoriously known tha'F the clear sky observations are
and its a priori error profile is set tBcp,0 = 10 %. This er- only a small part of the entire set of measurements (Eguchi
ror value is compatible with typical a posteriori uncertainties @1d Yokota, 2008). Moreover, the aerosol and/or cloud scat-

from operational Level 2 products of a dedicated instrument€ing is @ major source of error for greenhouse gas retrievals
such as IASI (Clerbaux et al., 2007). using backscatter measurements (Frankenberg et al., 2012;

For the other interfering molecule concentrations, we con-BUtZ €t al., 2009; and references therein). The goal of this
sider a weak prior knowledge, and their uncertainti@s o) section is therefore to study the effect of the presence of one
are fixed to 100 %. The prior contribution to tit diagonal ~ 2€rosol layer on the C{and Ch column information con-

element of the forward model error covariance matrix can bel€nt and errors. The aerosol layer parameters are assumed
computed as 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
wherecfnol represents the concentration of #ie interfering  and ocean surfaces selected from a channel selection proce-
molecule in ppmv. dure in clear sky conditions. In this particular case, the model
parameter error covariance matrgs) has to be updated with
uncertainties on aerosol parameters in order to understand the

JdF; . PCmol
OF Conobe i = TmolkAcmO'k’ with ACf'l’10|k = Wcmolkv

(11
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CO, and CH, 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
CO, and CH; 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

/CliSxco,Cair (15)

cli1

air

OXCO, =

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

These errors are respectively 1.28% and 1.36 % fos CO
and CH, 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 £,), and the a posteriori uncertainty will be
limited by the a priori variability, but potentially with large

in blue lines and CHllis in red lines. Case 1 and Case 2 are dotted biases.

and

dashed lines, respectively.

4 Aerosol IC analysis and channel selection

impact of aerosol parameters on the error budget and infor- _ N

mation content of gas column concentration. We need thereln this section, we analyze the ability of spectral synergy to
fore to update Eq. (13) by adding the following error contri- get information on microphysical aerosol properties. There-
butionto & ;;:

npara

2,

w=1

F;

d
2
F 4 .i where ot 4, i = 3

ay

Aa,, andAa,, = &a

100 "

Herea,, stands for thavth aerosol parameter.

Figure 2 shows the DOFSs and errors on,Gmd CHy
columns as a function of aerosol optical thicknessfom

(14)

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:

0.05 to 1.45. This figure aims at illustrating information and (1) TANSO-FTS is a nadir-only sounder, and it has already
error sensitivity of greenhouse gas column to aerosol typeeen shown that without multi-viewing or polarized infor-
and loading. In the present study two cases are considerednation, the real and imaginary part of the refractive index
(1) the aerosol parameters are assumed to be perfectly knowia difficult to determine, and (2) in the TIR band the re-
(all Pawr = 0%), which is an ideally theoretical case (called fractive index is highly variable. Figure 3 shows the DOFS
Case 1 hereafter); and (2) the uncertainties from Table 1 arand posterior error evolution with AOD for total aerosol op-
used, which represent a realistic case (called Case 2 herdical depth, mean radius and deviation for coarse and fine
after). If we compare Case 1 (shown by the dashed-dotteanode ¢, In(oc), rf, In(of)), mean altitude of the aerosol
lines) with the clear sky condition results (Herbin et al., layer (Zn) and aerosol layer widthAZ). The general trend
2013), we observe that the presence of aerosol decreasésthat the information on individual aerosol parameters in-
the gaseous information even if the aerosol parameters arereases with AOD, whatever the surface or particle type.
perfectly known. This is explained by the fact that, in the More specifically, the mean aerosol layer height should be al-
presence of an aerosol layer, the Jacobians with respect tmost perfectly retrieved (DOFS 1) in all cases. Moreover,

Atmos. Meas. Tech., 6, 33133323 2013

www.atmos-meas-tech.net/6/3313/2013/



H. Herbin et al.: Multispectral information from TANSO-FTS instrument — Part 2 3319

DUST DUST BIO

|
— rof
— In(sigof)
— roc | |
— In(sig0c)
— tau
tau =0.25 zmid tau =0.55

— deltaz

0.75 —  In(sig0c)
0.70 — tau

zmid
= deltaz

Desert
Desert

Errors (%)

Sea water
Sea water

& 50
£ 40
e
520
20
10

[

Errors (%)
3

00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14 9 200 200 600 800 1000 0 200 200 600 800 1000
Aerosol optical depth (1020 nm) Aerosol optical depth (440 nm) Selected channels Selected channels

Fig. 3. DOFSs and total error (in %) for each aerosol parameter ofFig. 4. DOFSs and total error (in %) for each aerosol parameter of
the state vector. is AOD, r mean radius, and la( deviation of the the state vector vs. number of selected channels.
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Zmid andA Z are center height and width of the aerosol layer. sounders, and in particular from TANSO-FTS (Herbin et al.,
2013; and references therein). However, the channel selec-
the remaining DOFSs are almost always higher than 0.5, intion for retrieving aerosol parameters using IC from the TIR
dicating that the information on aerosol mostly comes fromto visible spectral range (Bands 4, 3, 2 and 1) is presented
the measurement. In the worst case (e.g., biomass above sehgre for the first time.
the total aerosol parameter DOFS is 5.34 for an aerosol op- We performed this channel selection considering the state
tical depth at 440 nm of 0.55. On the other hand for the beswector elements corresponding to the mean aerosol optical
case (e.g., dust above desert), the total DOFS is 6.2 for an oghickness derived from Dubovik et al. (2002440 nm)=
tical depth at 1020 nm of 0.25, which means that the observ0.55 for biomass particles ango20 nm)= 0.25 for dust. Fig-
ing system should provide enough information to retrieve al-ure 4 shows the DOFS and error evolution with the number
most all aerosol parameters. This DOFS is comparable to thef selected channels from all spectral bands for each surface.
best DOFS values obtained from dedicated instruments (se@/e have limited the number of channels to 1000, which cor-
Sect. 1). These results highlight the potential of the TANSO-responds roughly to 90 % of the total information when using
FTS instrument used in spectral synergy to retrieve aerosoall available channels.
parameters independently. For each parameter, the DOFS increases sharply with the
As stated in the first paper (Herbin et al., 2013), the usefirst selected channels and then very steadily. It may be no-
of all the channels measured by TANSO-FTS in an inver-ticed that in all cases the information is significantly im-
sion scheme has two disadvantages: (1) it requires a hugproved compared to the a priori uncertainties, which are fixed
computational time, and (2) it increases the systematic erroro 50 % for aerosol layer center heigti,() and 100 % for
from correlation of the interfering molecules. As emphasisall other parameters (see Table 1). Theref@ig can be sys-
by Rodgers (2000), the SIC framework is very well suited tematically retrieved with a good accuracy (posterior error
to optimize the selection of channels that carry the great-mainly less than 10%). Nevertheless, the other parameters
est amount of information. The channel selection was per-are estimated with a posterior error between 10 % and 20 %
formed by following the procedure described by L'Ecuyer et larger than if we had used all the available channels (see
al. (2006). Some previous works used the channel selectiofrig. 3). Table 3 gives the number of selected channels needed
to optimize the retrievals from high-resolution infrared 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 10 DusT R | —
parameters. o
0.6 — of /]
Desert Seawater All surfaces ‘gm — Intsigoh
Dust 347 439 652 02
Biomass 407 222 492 £ .
g

and surface. The last column of Table 3 gives the total num- sof

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¢ 20|
of the total IC. The distributions (in %) by spectral band
of the previously selected channels are reported in Table 4 P

From this Table, we can remark that if the band-by-band s
distribution of the information is dependent on the aerosol s
type and surface, the use of all the bands simultaneously af §M . i
pears essential to improve the aerosol parameter retrieval. Te o //— /

ble 5illustrates, in the case of dust above desert, the informag

tion distribution by band for each parameter. It can be seer2

that Band 1 is predominant to retrieve the total aerosol op-% \\_\_ \

tical depth and the fine-mode granulometry gnd Ings)); v 1 .

the coarse-mode granulometry &nd InE)) information is

mainly provided by Bands 3 and 4, with the aerosol height

(Zm) and width (A Z) parameters coming mostly from Bands

2 and 3. This demonstrates the usefulness of channel sele Soox wi w0 Ip lTe awoer ox es o o d3ae

tion on multispectral measurements to retrieve the aerosol

parameters with a good accuracy and independently of thé&ig. 5. DOFSs and total error (in %) for each aerosol parameter of

surface. the state vector considering selected channels (see text for details).
7 is AOD, r mean radius, and la( deviation of the radius. The f
and c indices are for fine and coarse mode respectivgy and

5 IC for simultaneous retrieval of gas and AZ are center height and width of the aerosol layer.

aerosol parameters

Errors (%)
& 8

Errors (%)

20|

Figure 6 gives the DOFS and total error evolution ornp,CO
Section 3 pointed out that one of the major sources of(straight blue lines) and CHstraight red lines) column con-
uncertainties concerning the retrieval of gas column in acentrations with AOD. In regards of Fig. 2, we can see that
scattering atmosphere comes from a lack of informationthe inclusion of aerosol parameters in the state vector in-
about the aerosol parameters. Moreover, the previous sectiotreases significantly and systematically the information on
(Sect. 4) has shown that high spectral measurements frorthe retrieved gaseous columns. In particular, over desert sur-
the TIR to visible provide information about aerosol micro- face, the total DOFS values are always higher than 1, what-
physics. Therefore, in the present section we study the abilever the AOD. As pointed out previously, this is due to a bet-
ity of TANSO-FTS measurements to retrieve simultaneouslyter knowledge of the aerosol microphysics, which reduces the
greenhouse gas total columns and aerosol parameters in ordefror coming from the forward model. This is highlighted by
to reduce posterior errors on gas columns. Since the charthe error panels, which show that the posterior uncertainties
nel selection for aerosol parameters is almost independerare now very close to those computed in clear sky conditions.
of the AOD (not shown here), we performed an IC analysis These results confirm the capabilities of multispectral
using the 694 selected channels to getb@@d CH, simul- measurements from TANSO-FTS to retrieve greenhouse gas
taneously in clear sky (Herbin et al., 2013), and add the 6520otal columns and up to seven aerosol parameters simultane-
and 492 selected channels from the previous section to obtaiausly depending on the scene conditions. Moreover, less than
dust and biomass particle information. 1500 selected channels spanning the four spectral bands from

Figure 5 shows the evolution of DOFSs and associated erTIR to visible allow retrieving C@ and CH;, column con-

rors with AOD for each aerosol parameter described in thecentration in the presence of an aerosol layer with a similar
previous section. In comparison to Fig. 3, the information isaccuracy to using all the available channels to retrieve each
higher for each parameter. This is explained by the use ofjas separately in clear sky conditions.
more spectral channels and the improvement of greenhouse
gas accuracy.
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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
30 DuST Blo ‘ Table 5. Band-by-band repartition of IC (in %) for dust particle
25| parameters above desert surface.
2.0 [ 1
£1s \ ri Ln(ef) rc Ln(oc) 1t Zmigq AZ
m\ Bandl 79 70 17 10 50 27 24
E  w ‘ Band 2 6 1 14 9 7 21 42
g ‘ ‘ Band3 9 18 55 24 33 40 27
135 - : Band4 6 11 14 57 10 12 7
1.30 / b J
fazs
31.20
5 115
o // I impacts the retrieval of C9and CH total columns. The re-
L ‘ sults show that column gas DOFSs are dramatically affected
s ‘ — if we have poor aerosol parameter prior knowledge. More-
12 \ over, the effect increases with optical depth and strongly de-
o pends on aerosol and surface type. Nevertheless, this study
Soe \ , ] also shows that errors in gas columns are less affected by the
S e — I 1 presence of aerosol if we assume a high constraint on the a
§ 00 priori gas profile concentrations.
Y In a second part an IC analysis on aerosol parameters has
° = been conducted to understand the information of such mea-
TP I——— surements related to the mean radius and variance of the two
| j S aerosol modesr{, In(ot), r¢, In(o¢)), total AOD (r), mid-
" altitude (Zn) and geometrical thicknesa¢). The most im-
o ‘ portant result shows that the total aerosol DOFS depends on
S ot st damn (1020w + *° Aeros) opiealcpth (ad0 i) the surface type and aerosol type. In the worst case (e.g.,

_ _ biomass above ocean), the expected total DOFS is 5.3 (for
Fig. 6.Ga_seous C(_)Iu_mn DOFSS and erro_rs_(ln %) ys.AODfor chan-5, average optical depth at 440 nm of 0.55), meaning that
nel selection. CQis in blue lines and Chiis in red lines. the observing system still carries information about the mid-

altitude of the layer, the geometrical thickness, the mean ra-

In this study, the refractive indices are treated as non-dlus and width of the coarse mode and width of the small

1 0, 0,
retrieved parameters. This implies knowing at least roughlymOOIe with errors smaller than 40% and less than 5% for

the type of aerosol particle in the measured column. It is ob-Zm- In the most favorable case (e.g., dust above desert), the

viously a strong constraint of the proposed method, WhicheXpeCted total DOFS is equal to .6'2 (for an average optical
limits its suitability for operational retrievals. Nevertheless, depth at 1020 nm OT 0.25), meaning that almost all param-
this limitation is identical for all unpolarized and nadir view- eters should be retrieved with good acg:uracy. The exp;ected
ing instruments in the TIR, and can be circumvented, for in-S1TOrs f_or_all parameters are below 20% and below 2 /° for
stance, by using an off-line preprocessing of the aerosol typé' ™ Th's.'s comparable fo the best DOFS V_a'“‘?s obtained
(see Clarisse et al., 2013). rom dedicated mstrumen;s. These results .hlghhght the po-
tential of the TANSO-FTS instrument to retrieve aerosol pa-
rameters with a very good accuracy even above a very dark
6 Summary and conclusion surface.
Finally, we have selected the best channels with regard to
The first part of this paper addresses the question of hovaerosol parameters corresponding to 75 % of the total aerosol
the presence of an aerosol layer, in the measured columnC, merged them with the best channels selected for gas
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profiles (see Part 1 — Herbin et al., 2013) and applied an IC Earth observation component, Space Res. Today, 168, 19-24,
on both gas columns together with aerosol parameters. The 2007.
results show unambiguous improvement of thee@@d CH, ~ Clough, S. A, Shephard, M. W., Mlawer, E. J., Delamere, J. S.,
column concentration in the presence of aerosol with an ac- 'acono, M. J., Cady-Pereira, K., Boukabara, S., and Brown, P.
curacy similar to the one reached in clear sky conditions. D.: Atmospheric radiative transfer moc_iellng: a summary of the
This second paper dedicated to the benefits of multi- 'ZAEORSCOdes’ J- Quant. Spectrosc. Radiat. Transfer, 91, 233-244,
spectral measurements concerns only |ntenS|ty.spectra frorEonnor, B. J.. Boesch, H., Toon, G., Sen. B.. Miller, C.. and
TANSO".:TS.' In consequence,. a} future Work will focqs on Crisp, D.: Orbiting Carbon Observatory: Inverse method and
the contribution of SWIR and visible polarized bands, in or- prospective error analysis, J. Geophys. Res., 113, D05305,
der to address the problem of refractive index retrieval. doi:10.1029/2006JD008338008.
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