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Abstract. Remote sensing of aerosol from space is a chal-1 Introduction

lenging and typically underdetermined retrieval task, requir-

ing many assumptions to be made with respect to the aerosdlhe determination of spectral aerosol optical thickness
and surface models. Therefore, the quality of a priori in- (AOT) from satellites is of importance for a number of prob-
formation plays a central role in any retrieval process (apariems including global climate change studies, radiative forc-
from the cloud screening procedure and the forward radiativang, air quality, visibility, and influence of aerosols on trace
transfer model, which to be most accurate should include theggas and cloud retrieval techniques based on spaceborne ob-
treatment of light polarization and molecular-aerosol cou-servations. The advances and problems related to aerosol
pling). In this paper the performance of various algorithmsremote sensing from space have recently been reviewed
with respect to the of spectral aerosol optical thickness de{Kokhanovsky and de Leeuw, 2009; Lee et al., 2009). In
termination from optical spaceborne measurements is studparticular, it was found that different algorithms/instruments
ied. The algorithms are based on various types of measureproduce somewhat different results for AOT absolute values
ments (spectral, angular, polarization, or some combinatiorand spatial distributions even if the same location at the same
of these). It is confirmed that multiangular spectropolarimet-time is observed (Kahn et al., 2007; Kokhanovsky et al.,
ric measurements provide more powerful constraints com-2007; Liu and Mishchenko, 2008; Mishchenko et al., 2009;
pared to spectral intensity measurements alone, particularl{<ahn et al., 2009). Li et al. (2009) list the following possible
those acquired at a single view angle and which rely on a priteasons for the discrepancy: (1) cloud masking; (2) instru-
ori assumptions regarding the particle phase function in thement calibration; (3) treatment of the underlying surface; (4)
retrieval process. assumptions on the aerosol model.

The task of this paper is to compare several major AOT re-
trieval algorithms using synthetic top-of-atmosphere (TOA)
Correspondence toA. A. Kokhanovsky  solar backscattered light characteristics over a black sur-
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Fig. 1. Particle size distribution. Fig. 2. Spectral normalized extinction coefficient
kK (A)=Kext(A)/Kext(Ag), Whererg=412 nm.

correctly working algorithms ideally should produce similar

results when applied to the synthetic data. The only remainwherea is the radius of aerosol particles, and wessel and

ing difference is due to the assumptions about the aerosato=100nm. The distribution is shown in Fig. 1. This distri-

model. Clearly, if an incorrect assumption is made, then re-bution is not very representative as far as real multi-modal

trievals will be biased. The best algorithm must retrieve notatmospheric aerosol size distributions are of concern. How-

only AOT but the aerosol model (e.g., the aerosol phase funcever, it is known that the optical parameters of aerosol are

tion) from the measurements themselves. This is not alwaysnostly influenced by the effective size of particles (and to

possible and depends on the type of instrument employed. some extent by the effective variances) and not by the exact
The paper is structured as follows. In the next section weform of the PSD.

introduce the oceanic aerosol model used for the creation of The aerosol optical properties (spectral extinctigy,

the synthetic dataset. Section 3 is aimed at the descriptiogpectral single scattering albedg and also spectral phase

of the vector radiative transfer model applied for the calcu-matrix Z(9), 6 is the scattering angle) of the spherical poly-

lation of the Stokes vector at the top of atmosphere for thedispersion described by the PSD (1) have been calculated us-

case of black underlying surface and the absence of gaseolisg Mie theory for each wavelength assuming the minimum

absorption. Multiple light scattering by aerosol particles radiusamin=0.05 pm and the maximum radiugax=20 pm

and molecules are fully taken into account. The selectedKokhanovsky, 2008). The effective radius; and the ef-

aerosol retrievals algorithms for several satellite instrumentsective variancever are 1.2 pm and 1.5, respectively, for this

currently in operation are briefly outlined in Sect. 4. The final (truncated) distribution. The effective radius is defined as the

Sect. 5 is devoted to the description of the results obtained imatio of the third-to-second moment of the truncated PSD (1)

this work. (aef=(a®)/(a®)) andvef=(a*) (a®)/(a®)?2—1. Here brackets

() mean averaging with respect to the truncated PSD (1).
The normalized extinction coefficient is shown in Fig. 2

(see also Appendix). The single scattering albedo is equal

For this study it is assumed that the aerosol is composed? 1.0 for all channels except channels.at1243 nm, where
of oceanic-type particles with refractive index equal to We used the following values obtained from Mie theory for
1.38-1078; at wavelengths.=400-900 nm. At the longer the refractive indices given aboveig(1243 nmy=0.9959,
wavelengths of 1243, 1632, 1670, and 2119 nm calculation&0(1670 nmj=0.9886,w0(2119 nm}=0.97. The phase func-
have also been done assuming that the real part of the rdion and the normalized phase matrix elemeRys=Z;;/Z11
fractive index is 1.35 and the imaginary part is 0.0003 atat 550 nm are shown in Fig. 3. The phase function is also
1243 nm, 0.001 for the wavelengths close to 1600 nm, andliven in Appendix. The asymmetry parameter is almost
0.003 at 2119 nm. These values of the refractive index wereéspectrally neutral and equal to 0.77-0.78 depending on the
recommended by the World Climate Programme (WCP-112)Wavelength.
for the case of oceanic aerosol. We used the following log- Summing up, it follows that the selected aerosol model is
normal particle size distribution (PSD): characterized by weak absorption in the shortwave infrared.
) Particles are also quite large so the spectral extinction coeffi-
Fla)y= 1 exp[—ln (a/ao)} (1) cient does not vary much in the visible (see Fig. 2). How-
V2rsa 252 |’ ever, it drops significantly (almost by half) at 2119nm as
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Fig. 3. Phase function and normalized phase matrix elements.
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compared to the value at 412 nm. The phase function is also —

only weakly dependent on the wavelength in the visible (see

Fig. 3). The degree of polarizatiop£— P1», see Fig. 3) is

smaller than 30%. Therefore, particles only weakly polarize

incident solar light. The elementy, takes quite large val-
ues in the region 140-160which indicates the large size of

particles and their spherical shape. Generally (with the ex-
ception of P44 around 170) the phase matrix elements do

T T T T T
20 40 60 80 100 120 140 160 180

scattering angle, degrees

the phase matrix is expanded in a series using general-
ized spherical harmonic functions.

the Stokes vector is expanded in a Fourier series with
respect to the relative azimuth.

— the integration with respect to azimuth is performed an-

not have a pronounced spectral dependence, which is char- _

acteristic of large aerosol particles.

3 Radiative transfer model used to create the synthetic
dataset for retrievals

Radiative transfer

steps:

www.atmos-meas-tech.net/3/909/2010/

calculations of the Stokes vector
S(I,0,U,V) of reflected solar light were performed us-

ing the comprehensive software package SCIATRAN devel-
oped at University of Bremen (UB) (Rozanov et al., 2005;
Rozanov and Kokhanovsky, 2006). SCIATRAN employs the
discrete ordinates method (DOM) of solving the vector radia-
tive transfer equation. The method is based on the following

alytically.
integrations over zenith angle use Gaussian quadrature.

the system of differential equations derived in such a
way is solved analytically (separately for casas=1
andwo#1).

the arbitrary constants in the analytical solution of the
system of differential equations are found numerically
using boundary conditions and solving the correspond-
ing system of linear algebraic equations.

the approach given above is valid for homogeneous
atmospheric layers. Therefore, for a realistic verti-
cally inhomogeneous atmosphere, the atmosphere is
divided into a number of thin homogeneous layers.
The technique is followed for each sub-layer with the
requirement of continuity in the solution at the bound-
aries between layers.

Atmos. Meas. Tech., 398292010
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Fig. 4a. The comparison of the reflection function (upper panel) and Fig. 4b. The same as in Fig. 4a except for the third and forth Stokes

the second Stokes parameter (lower panel) for the case of oceanif€Cctor elements gt=90°.

aerosol with the optical thickness 0.3262 (at 412 nm) obtained using

three independent radiative transfer codes. The calculations havF . . )

been performed at the solar zenith ang{g=60° and the relative ollowing equations:

azimuthsp=0°,90°,180C as the function of the viewing zenith an-

gle (SCIATRAN - line, circles -Pstar, crosses — MYSTIC). Ir=m1/poko, Or=7 Q/uoko, (2
Ur=nU/uoFo, VR =7V /uoko.

Here uo is the cosine of the solar zenith angle (SZ#y
In the simulations, it was assumed that gaseous absorption snd Fp is the solar irradiance at the TOA. For these code
negligible and the underlying surface is black. This was donecomparisons the albedo of the underlying surface was zero
to simplify the solution of the inverse problem. The accu- and there were no molecular scattering or absorption effects.
racy of SCIATRAN was studied through comparisons with Similar comparisons have been performed at other illumi-
other radiative transfer codes and it was found that differ-nation/observation conditions and also for other aerosol and
ences are<1% for all cases considered (Kokhanovsky et al., cloudy media (Kokhanovsky et al., 2010). They confirmed
2010). An example of comparisons of SCIATRAN with the the high accuracy of the code used for the simulations per-
Monte-Carlo (MC) radiative transfer model MYSTIC (Emde formed in this work.
et al., 2010; Mayer, 2009) developed at the German Space The first element of the normalized Stokes vector of the
Agency (DLR) and the codBstarbased on the discrete or- reflected light (see E®?) calculated using SCIATRAN for
dinate method developed by Ota et al. (2010) at Nationalthe aerosol model described in the previous section is pre-
Institute for Environmental Studies (NIES, Japan) is givensented in Fig. 5 at the wavelength 412 nm as the function of
in Fig. 4 as the function of the viewing zenith angle (VZA) the aerosol optical thickness.
at A=412 nm for the case of a homogeneous plane—parallel A homogeneous plane-parallel aerosol layer located in the
layer with the aerosol size distribution given by Et) &nd height range 0-2 km above ground was assumed in calcu-
ap=0.3 um,s=0.92, amax=30 pm,m=1.385. The elements lations. Molecular scattering was fully taken into account.
of the normalized Stokes vector were calculated using theThe Rayleigh depolarization factor was assumed to be equal
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The value of the second Stokes parameter decreases with
] the VZA for angles<4(® and then it changes sign (see
- - - - - Fig. 7). The dependence @r on the AOT is not signif-
icant for AOT>1, where the results are very close to those
for a semi-infinite medium. Then they are determined exclu-
Fig. 6. The same as in Fig. 5 except as the function of AOT sively by th_e aerosol model and not by the optical thickness.
(412nm) for the VZA=0°(7°)49° and the discrete points, where 1he behaviorOr(z) depends on the value of VZA. In most
forward calculations were performed. The upper points corre-Of casesQr increases withr reaching its asymptotic value
spond to VZA=49 and the lower system of points corresponds to Qr(occ). However, this is not the case for large VZAs (e.g.,
VZA=0°. 49, see Fig. 7).

The spectral dependence of reflectance is given in Fig. 8
to 0.0295 and independent of wavelength. The vertical profor various values of AOT. It follows that for larger AOTs,
file of the spectral molecular scattering coefficient was takenthe spectral dependence is less pronounced. The spectral de-
from the SCIATRAN database (for the latitude®4%). pendence is quite strong for low aerosol loads, and especially

The data shown in Fig. 5 are re-plotted in Fig. 6 as a func-for the pure molecular atmosphere (the line with ASIO
tion of AOT for several values of the viewing zenith angle. in Fig. 8).
The non-zero values of reflectance at AG0.0 are due to the Clearly, for the most accurate and complete inverse prob-
contribution of molecular scattering, which is quite signifi- lem solution, one must analyze the full Stokes vector and
cant in the blue spectral region. It follows that as one mightits dependence on the wavelength and viewing/illumination
expect the reflectanceR&IR) increases both with AOT geometry. The circular polarization can reasonably be ig-
and viewing zenith angle (VZA). nored under typical atmospheric conditiong=£0). The
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Table 1. The capabilities of modern satellite instruments for aerosol remote sensing.

Instrument  Spectral channels used for Viewing geometry Polarization measurements
aerosol retrievals in this work, nm
MODIS 466, 553, 644, 855, 1 observation angle No
1243, 1632, 2119
MERIS 412, 443, 490, 510, 560, 620, 1 observation angle No
665, 681, 709, 754, 779, 865, 885
AATSR 555, 659, 865, 1610 2 observation angles: No
0°—22°,55°
MISR 446, 558, 672, 866 9 observation angles: No

0°,+£26.1°,+46.1°,£60°,+70.5°
(“+” means forward and
“—* means backward)

POLDER 443, 490, 565, 670, 16 observation angles el at 490,
865, 1020 (in the range{b5°, 55°]) 670, 865 nm

GLORY 412, 443, 555, 670, 865, 180 observation angles el at 9 bands
910, 1378, 1590, 2250 (in the rangeg2°, 50°]) given in the first column

most important information comes from the first two com- The aerosol algorithm has been formulated to derive
ponents [, Q). Practical instruments and achievable ge- global aerosol properties from window-band observations in
ometries from Earth orbit results in a subset of observablethe visible (VIS) near-infrared (NIR) and shortwave-infrared
parameters and locations in the phase space with coordiSWIR). In fact the algorithm is composed of three sepa-
nates (%o, %, ¢, A,i), wherei numbers the Stokes compo- rate algorithms to derive AOT over different types of sur-
nents. Combined spectroradiometric and spectropolarimetrifaces. The dark-target portion refers to the separate re-
observations of the same atmospheric column using differentrievals over “dark” (e.g., vegetated) land (Kaufman et al.,
viewing zenith angles contain the greatest information con-1997) and “dark” (non-glint) deep ocean areas (€agtral.,
tent. The capabilities of some modern satellite instrumentsl997). Recently, a bright-target algorithm has been devel-
are given in Table 1. In the next section, we briefly describeoped based on the Deep Blue retrieval method (e.g., Hsu et
the selected algorithms developed to date for the instrumental., 2006). Here, we concentrate only on the dark-target por-
mentioned in Table 1. tion. Both dark target pieces are conceptually similar, and are
designed for retrieval over targets that are “dark” in the vis-
ible. Since launch, both pieces (land and ocean separately)
of the dark-target algorithms has been continually evaluated,

4 Aerosol retrieval algorithms updated and improved (e.g., Remer et al., 2005; Levy et
al., 2009). While the over-ocean part is fundamentally un-

4.1 MODIS “dark-target” retrievals over land and changed, the over land part has experienced a complete over-
ocean haul (e.g., Levy et al., 2007). The most recent versions of

the algorithms have been used to derive aerosol products
The Moderate resolution Imaging Spectrometer (MODIS; from the entire time series of MODIS spectral observations,
Salomonson et al., 1989) has been flying aboard Terra sincknown as Collection 5 (C005). These products include the
December 1999 and aboard Aqua since May 2002. MODIgotal aerosol optical thickness (AOT oy defined at 550 nm),
observes spectral radiance in 36 wavelength bands, rangin@gd some aspects of fine-sized aerosol contribution to the
from 0.412 to 41.2 um, with spatial resolutions of 250—1 km, total. In practice, because the ocean surface is consistently
depending on channel. From polar orbit (700 km), MODIS “darker” as compared to land for wavelengths larger than
views a 2300km wide swath, providing near daily cover- 660nm, the over ocean algorithm requires fewer assump-
age of Earth’s surface and atmosphere. This combination ofions and is allowed more freedom to find solutions. Global
swath, resolution, and spectral information is great enougtyalidation exercises have indicated expected uncertainties
to enable statistical retrieval of aerosol. By aggregating thefor AOT at 550 nm as(0.05r+0.03) and+(0.15r+0.05)
finer resolution pixels, MODIS can separate cloudy and clea©Ver ocean and land, respectively (Remer et al., 2005; Levy,
sky pixels so that there is enough signal to consistently and?009). These total uncertainties include the uncertainties in

lution (Levy, 2009). fer through the atmosphere, and errors in the computational

Atmos. Meas. Tech., 3, 90932 2010 www.atmos-meas-tech.net/3/909/2010/
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aspects. The total uncertainty also includes uncertainties itthe retrieval codes, which do not require the extensive pro-
assumed land surface optical properties, as well as issues oessing overhead of the operational algorithms. There are no
cloud masking, pixel selection, instrument calibration anduncertainties as to cloud masking, pixel selection, or instru-
precision, etc. For these details, please see Levy (2009). ment calibration. There is also no uncertainty as to surface
Both algorithms are based on the Look Up Table (LUT) reflectance assumptions, as we assume the surface is black at
approach, where top-of-atmosphere (TOA) spectral re-all wavelengths. Thus, we are doing “pure” aerosol retrieval,
flectance is simulated at the appropriate wavelengths (usand focusing only on LUT creation, radiative transfer code,
ing radiative transfer code) for a set of “expected” atmo- and the mathematics of the inversion/fitting processes.
spheric/surface scenarios. These expected conditions include Here, the input to either MODIS retrieval is synthetic ge-
ambient aerosol size distributions comprised of multiple log-ometry and spectral reflectance, in six channels over ocean
normal fine (radius 1 um) and coarse mode. Over the ocean, (all but 0.47 um) and in three channels over land (all but
the LUT is calculated using the Ahmad-Fraser code (Ah-0.55um). In action, both MODIS retrieval codes use mathe-
mad et al., 1982), for four fine-mode aerosol types and fivematical inversion to search the LUT to find the best “match”
coarse-mode aerosol types (all nine are assumed sphericatph the observed conditions. The “solution” is the combina-
For the operational version of the algorithm, ocean surfaceion of total AOT at 0.55 pm, and fine-aerosol contribution
reflectance characteristics are assumed,; for this experimerffine aerosol weighting, FW o) that is associated with
we derived a similar LUT for zero ocean surface contribu- this best match. This FW is defined differently over ocean
tion. Over land, instead of modes, each aerosol type is biand land, where), (ocean) is the ratio of fine-mode to to-
lognormal (e.g., Levy et al., 2007), and based on climatol-tal radiance contributions at 0.55, and(land) is the ratio
ogy of AERONET almucantar retrievals, similar to those de- of fine-dominated model (non dust) to the total. Over land,
scribed by Dubovik et al. (2002). Three of them are sphericalwe “fixed” the fine-dominated model to the least absorbing
and fine-mode dominated, differing mainly by their single aerosol model type (SS20.95) and the coarse type to dust,
scattering albedos (approximatedy—=0.86, 0.91 and 0.95). but over ocean, the retrieval was free to pick the combina-
The scattering properties are calculated with Wiscombe'stion of one fine mode typei) and one coarse typé) that
(1981) “MIEV” code. The fourth is assumed spheroid, and gave the best fit. Over land, thgis incremented at 0.1 in-
modeled based on collection of global coarse-dominated altervals (0.1 to 1.1) to find the best solution, whereas over
muncatur retrievals of desert dust (Dubovik et al., 2006).ocean,), is unconstrained between the 0.0-1.0interval. For
Scattering properties of the spheroid dust is computed usingoth algorithms, the solution also includes the residual of the
the modified T-matrix “NM” code (Dubovik et al., 2006). matching ). In addition to these retrieved solution products,
For all over-land aerosol types, the TOA reflectances arethe algorithm uses the LUT to provide spectral AG{)@nd
simulated using the adding-doubling “RT3” code of Evans Angstrom exponent).
and Stephens (1991). Polarization effects from Rayleigh and The aerosol algorithms described here do not derive the
aerosol are included in both the Ahmad-Fraser codes (ovephase function nor the single scattering albedo. Because
ocean) and RT3 (over land). The coupling of molecular andit operates over a wider spectral range, and the surface re-
aerosol scattering is fully taken into account. Thus, theseflectance is better constrained, the ocean algorithm has better
ocean and land LUTs can be used as inputs to their respegensitivity to the size and phase function. However, both al-
tive aerosol retrieval algorithms. gorithms operate pixel by pixel and have limited choices of
Each algorithm utilizes a subset of 7 MODIS bands in theaerosol type. If “actual” aerosol properties are too different

visible (VIS), near-IR (NIR) and shortwave-infrared (SWIR) from those assumed, then the retrieved products will be less
thatincludes 0.47, 0.55, 0.66, 0.87, 1.2, 1.6 and 2.1 um. Thewccurate.

are also known as channels 3, 4, 1, 2, 5, 6 and 7, respectively.
Over ocean, LUTs are created at all seven channels, whereas2 MERIS
over land, the LUT is created at only four (channels 3, 4, 1,
and 7). Over ocean, the LUT is calculated for each of theFor many years, all main operational techniques to retrieve
nine aerosol types, for six loadings (AOT at 0.55 um of 0.0, spectral aerosol optical thickness from satellite data include
0.2,0.5, 1.0, 2.0 and 3.0), and at multiple geometrical condi+adiative transfer (RT) in the data processing using look-up-
tions (9 solar zenith angles up to°7246 view zenith angles, table. As is known the main advantage of this technique is
and 16 relative azimuths angles). Over land, the LUT is cal-time saving. But increasing information provided by satellite
culated for seven loadings (AOT at 0.55 um of 0.0, 0.25, 0.5,sensors (multi-angle, multi-spectral data, polarization mea-
1.0, 2.0, 3.0, and 5.0) for each of the four aerosol types, alssurements) opens the possibility to use various statistical op-
at multiple geometrical conditions (similar to ocean). For timizations in satellite data processing. With this in view a
both land and ocean LUT, spectral AOT is reported based orfew years ago the aerosol retrieval techniques that use ra-
model extinction ratios to AOT at 0.55 pm. diative transfer computations in the process of the AOT re-
For our experiment here, we are retrieving aerosol prop-rieval rather than LUT have been developed. In this case the
erties from synthetic data. We use “standalone” versions ofderivatives of radiative characteristics over retrieved values
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should be computed in the process of the retrieval. Such ap- The layer “2” (upper layer, i.e. the atmosphere above the
proach can be applied operationally only if the accurate andaltitude H) includes the stratosphere and upper and mid-
extremely fast radiative transfer code is used. The RAY codealle troposphere. Naturally, the layer “2” is characterized
(Tynes et al., 2001; Katsev et al., 2009) for simulation of the by the vertical stratification of aerosol and gases concentra-
radiative transfer in the atmosphere-underlying surface systions, pressure and temperature profiles. For computation,
tem was used. This code is fast. Also it has a high accuracythis layer is presented & homogenous sub-layers with op-
RAY’s high processing speed allows use of iterative radiationtical characteristics averaged over each sub-layer. For exam-
transfer computations in the processing of satellite data foiple, the used LOWTRAN Mid-Latitude Summer atmosphere
the AOT retrieval, eliminating the need for LUT techniques. model consists of 48 layers. The radiation characteristics of
The RAY code is assigned to calculate radiance and pothe stratified layer “2” are computed one time for all pixels
larization of radiation in UV, visible and IR spectral ranges of the processing frame. This feature reduces the computa-
in atmosphere-ocean and atmosphere-land systems includirigon volume considerably. For the layer “2”, the reflectances
any aerosol and gas models and bi-directional reflectivity ofat the illumination from the tomR2(u, o, ¢) and from the
underlying surfaces. It has been applied with success fobottom R3 (1, 1o, ¢) as well as the transmittance at the illu-
the solution of many problems. Accurate and extremely fastmination from the botton¥. (i, 1o, ¢) are computed with
computations with RAY along with a possibility of detailed the RAY code. Hergig andu are cosines of the incidence
and realistic modeling of light scattering media are due to theand observation zenith anglesjs a difference between the
used original algorithm, which couples the earlier developedazimuth angles of the incidence and observation directions.
two-component approach (Zege et al., 1993) of the vector raJo be more specific, the azimuth Fourier harmonics of the
diative transfer theory with the traditional adding-doubling reflectance®y" (1, 0), Rz (11, 110), and the transmittance

techniqu_e. The b_asi_c method used, the tw_o-component_ apT;(k)(M,MO) (k counts the azimuth harmonics) are computed
proach, is the principal source of the saving computationiy the doubling scheme and used in the retrieval procedure to

time practically without a loss of accuracy. The accuratéincjyde the radiative interaction between the layers “1” and
semi-analytical solution is used for the small-angle part ofuy»

the Green’s matrix (Zege et al., 1996). Additionally a few
findings of RT theory are used to speed up the traditional
adding-doubling technique. As a result RAY meets the spee

requirements for including RT computations in the AOT re- . . .
q 9 b land spectral albede(}) is taken as a linear combination

trieval processing. Validation of the RAY code has demon- . X .
strated (Tynes et al., 2001) that it provides highly accurateOf some basic spectra of the vegetatingg() and soil
data in a fraction of the time required by the Monte Carlo /s0l(!): 7 (R)=crveg(M)+(1—c)rsoil(2), where we used the
and other methods. For instance, the difference betweerEIaS'C SPectraveg(%) andrsoi(2) given by von Hoyningen-
RAY and SCIATRAN computations for aerosol atmosphere ! uene et al. (2003). Thus, the spectral albedo of the surface

is smaller than 0.5% for all Stokes vector components (seéS characterized by the only parametemn the framework

} : . - of our retrieval approach. The possible surface bidirectional
E:'31Inecxhk)mark results dtttp:/fwww.iup.physik.uni-bremen.de/ reflectance effects are ignored. The normalized differential

The first simple implementation of the idea of using RT vegetation index for the *land” pixels serves as a zero ap-

computations in the process of the retrieval was realized a8rXimation for the mixing parameterand is estimated for
the ART code for AOT and Angstrom exponent retrieval each pixel.

from MERIS data with least mean square optimization (Kat- With the assumption of the Angstrom law for the aerosol
sev et al., 2009). In the ART algorithm developed at the Na-0ptical thickness of the layer “11(1)=1"¢, the only three
tional Academy of Sciences of Belarus (NASB) the model of Values should be retrieved, namely aerosol optical thickness
the stratified atmosphere is taken as two coupled layers. Bot1(*) at some wavelength, Angstrom exponentfor the

layers include aerosol scattering and absorption, moleculaldyer “1”, and the parameter. In our algorithm, parame-
scattering, and gas absorption. ters t1(412nm),«, ¢ are computed using MERIS data for

The layer “1” (lower layer) of the atmosphere is a compar- RToa(d) in 7 spectral channels centered at 412.5, 442.5, 490,
atively thin layer of the lower troposphere up to the height 910, 560, 620, and 665 nm.
H. As the aerosol in this layer is characterized by maximal The core of the ART algorithm is the optimization of
spatial and temporal variations, the AOT of this layer is sup-the parameterssi12, «, ¢ in the iteration process. These
posed to vary from pixel to pixel and is retrieved for each parameters do not depend on the wavelength by definition
pixel independently. Stratification in this layer is neglected. and are derived with use the least mean square method by
The performed computations showed that the ignorance ofhe iteration process as described by Katsev et al. (2009).
the stratification inside the layer “1” leads to the relative er- The spectral albedo of langi() is calculated with the
ror of calculations of the reflectance at the top of atmospherenew corrected model of tropospheric aerosol and retrieved
less than 0.2% for any wavelength in the visible. dependence;(1). The described iteration process with use

The spectral optical thickness of the total aerosol atmo-
phere is the sum of the aerosol optical thicknesses of the
ayer “1" and layer “2”, respectively. The model of the
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of least mean square technique and derivatives is very effecsurface and atmosphere given measured TOA reflectances
tive due to use of the RT code in the process of the retrieval.and a priori information on the state. All measurements are
Thus, the AOT retrieval with ART being comparable in used to simultaneously retrieve all state parameters. The
the processing time with other operatonal techniques has theetrieved parameters are the aerosol optical thickness at
following peculiarities: 550 nm, the aerosol effective radius (ratio of third to second
moments of the number size distribution) and the white-sky
— ART uses minimal simplifications in the computation of syrface albedo at each of the four wavelengths used. The
the radiative transfer through atmosphere, for instanceforward model uses a bidirectional reflectance distribution
accurately accounts for the interaction between atmo-fynction (BRDF) approach to model the surface reflectance;
spheric layers, for the effect of polarization on radi- the white-sky albedo is the retrieved quantity, although the
ances; BRDF and black-sky albedo for the pixel geometry can also
be reconstructed. For this intercomparison the BRDF and
talbedo were fixed at zero. Additionally, an indication of the
aerosol type is provided. Knowledge of the two retrieved
aerosol parameters and the aerosol type allows the derivation
of other quantities, such as the AOT at other wavelengths or
— any set of wavelengths and also data of many satelthe Angstrom exponent, and the results of the retrieval are
lite optical instruments can be processed without manyindependent of which two aerosol parameters are derived.
changes in ART code; The robust statistical basis of the optimal estimation

, , ) framework provides the following advantages:
— atmospheric model can be easily changed in the re-

— the AOT and Angstrom exponent are optimized using
the least mean square technique (RAY provides fas
computation of the derivatives with respect to retrieved
values);

trieval process. 1. pixel-by-pixel estimates of the quality of the retrieval
solution (the retrieval “cost”). This is essentially an
error-weightedy 2 test of the retrieval solution. This
provides a level of confidence for the results of any re-
trieval.

The verification of the ART retrieval technique performed
by comparing with AERONET data and results of AOT re-
trieval obtained with use of other retrieval techniques have
shown ART reasonable accuracy. The ART technique is at
least as accurate as other widely used approaches (for details,2
see Katsev et al., 2009). :
It is important that using RT calculations with the statis-
tical optimization in the satellite data processing is the more
efficient the more information (polarization, angular, spec-
tral) is available.

pixel-by-pixel estimates of the random error on each re-

trieved parameter. These arise through knowledge of the
uncertainty on the measurements and any a priori data,
propagated through the forward model, and show how
well the measurements constrain the state.

4.3 AATSR 3. the ability (but not requirement) to use any a priori
data available on the state parameters. Operationally,

4.3.1 Oxford University algorithm MODIS BRDF data (Wanner et al., 1997) are used over
the land to fix the angular shape of the BRDF, and as an

The aerosol component of the Oxford-RAL Aerosol and a priori value for the white-sky albedo. Similarly, each

Cloud (ORAC) retrieval scheme has been described in de-  of the possible aerosol classes has its own a priori AOT
tail by, most recently, Thomas et al. (2009a,b). In this work and effective radius.
the algorithm is applied to synthetic data generated using the
profile of the Advanced Along Track Scanning Radiometer The retrieval forward model, presented in Thomas et
(AATSR). The algorithm makes use of top-of-atmosphereal. (2009b), calculates the TOA reflectance for a given view-
reflectance measurements at four bands in the visible/neaing geometry and state vector. It makes use of pre-calculated
infrared (centred near 555 nm, 660 nm, 879 nm and 1.6 umjookup tables of atmospheric transmission and reflectance
and two viewing geometries; namely, a nadir-looking view using the DISORT radiative transfer code (Stamnes et al.,
with a zenith angle of up to 22and a forward-looking view  1988). These LUTSs are linearly interpolated during the re-
with a zenith angle of approximately 55 These measure- trieval. A selection of aerosol models is used in the retrieval
ments are acquired near-simultaneously in time, with the for{with LUTs calculated for each), corresponding to typical
ward scan of a scene around 2min before the nadir scarcontinental, desert, or maritime aerosol, using aerosol com-
Spatial resolution is approximately 1 km at nadir, and swathponents drawn from the OPAC database of Hess et al. (1998),
width 500 km. and additionally a model for biomass burning aerosol drawn
ORAC is an optimal estimation retrieval (Rodgers, 2000) from Dubovik et al. (2002). These models consist of mix-
making use of Levenburg-Marquardt iteration (Levenberg,tures of aerosol components, and different effective radii are
1944; Marquardt, 1963) to find the most probable state of theobtained by altering their mixing ratios during the retrieval.
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The retrieval is attempted for each aerosol model in turn.the main feature of the algorithm was switched off and the
The aerosol type is then chosen by examination of the resquare of the inverted surface reflectance was simply mini-
trieval cost statistic for each model. The model resulting inmized. The minimisation involves the following steps:
the retrieval with the lowest cost is the best-fitting type; for
low aerosol loadings, however, this measure may be unreli-
able as a variety of models can often fit the measurements to

— selection of one of the 5 predefined aerosol models of 6S
(continental, maritime, urban, desert, biomass burning).

within their expected errors. — selection of the initial AOT and optimising AOT by it-
) ) ) eratively inverting the TOA reflectance to surface re-
4.3.2  Swansea University algorithm flectance using Brent 1D minimisation to minimise the

error function simultaneously for all wavelength and

The Swansea University retrieval algorithm was designed viewing directions.

to retrieve the aerosol optical thickness using AATSR dual-
view measurements in the spectral range 550-1610 nm. The — this second step is repeated for all 5 aerosol models and
corresponding LUTs have been calculated using the scalar  the model with the smallest value for the error function
version of 6S code (Vermote et al., 1997) for a range of is selected to be the optimal result of aerosol model and
atmospheric aerosols such as the smoke aerosol, continen- AOT.
tal aerosol, dust aerosol, maritime aerosol, and urban (black . . : :
carbon) aerosol. The optimum value of AOT and aerosol Thus _th's version of the retrieval did not use the LUT de-
model is selected on the basis of best-fit of surface re-SCrIbeOI in Grey (20_0 t_Sa,b) and B?"a” (.2009)' Instead the 6S
flectances to the model implemented in the algorithm (Northmom.:lI was run expllqltly for each inversion. However the use
et al., 1999; North 2002), and adapted for efficient process-Of _thls retrieval version is merely a result of the necessary
ing of global data by Grey et al. (2006a). Global validation adjustments for the black.surface and should not bg signifi-
with AERONET and other satellite sensors was presentecfantly deviated from possible results of the LUT version.
by Grey (2006b) and Kokhanovsky et al. (2007). The al-4_4 MISR
gorithm has also been adapted to use the 5-angle sampling
of the CHRIS-PROBA instrument (Davies et al., 2010). Re-4.4.1  JPL retrieval algorithm
cently Bevan et al. (2009) demonstrate the impact of atmo-
spheric aerosol from biomass burning in the Amazon regioriThe MISR Jet Propulsion Laboratory (JPL) retrieval algo-
in an analysis spanning the full 13-year ATSR-2/AATSR datarithm is based on the look-up-table approach. Synthetic TOA
set. The retrieval procedure was implemented within ESAsbidirectional reflectance factors (BRFs) were used for the
GPOD high-performance computing facility for global re- retrievals at the nominal MISR camera angles {026.1°,
trievals of AOT and bi-directional reflectance from ATSR- 46.1°, 60.C°, and 70.58) in the principal plane (Dand 180
2 and AATSR. Further details on the algorithm are given in azimuth). BRFs were given for four wavelengths: 443 nm,
Grey and North (2009). 560 nm, 670 nm, and 865 nm, which are close to the MISR
The fundamental idea of this algorithm is the retrieval band centers. The retrieval was performed using a modi-
of atmospherically corrected surface reflectance without theied version of the MISR Research Aerosol Retrieval algo-
explicit use of a priori assumptions on surface type or re-rithm described in Kahn et al. (2001, 2007). Like the MISR
flectance spectrum. In fact the strength of the original algo-Standard Aerosol Retrieval algorithm, which is used oper-
rithm lies in the use of a simple model of the light scatter- ationally to produce the global MISR aerosol product (see
ing properties of the surface as described in detail in NorthMartonchik et al., 1998), the radiative transfer model is based
(1999, 2002) and Grey (2006b). This model defines spectrabn the Grant and Hunt (1968) matrix operator method, which
variation of reflectance anisotropy accounting for variationis an implementation of the doubling/adding approach. The
in diffuse light from atmosphere and multiple scattering at production version of the MISR aerosol retrieval code is not
the surface. The algorithm uses the combined set of the foudesigned to handle datasets such as the one supplied for the
wavelength channels and the two viewing directions (nadir,analysis in this paper (see Sects. 2 and 3). The Research
55° forward) to invert the given TOA reflectance to surface Aerosol Retrieval, on the other hand, provides greater flexi-
reflectance employing the 6S model (version 4.1, Vermotebility in terms of both data input and output.
1997). This inversion takes into account the aerosol contri- For the purposes of the analysis, it was assumed that the
bution of the TOA reflectance. The a priori aerosol param-Sun was to the south of the instrument, so an azimuth angle
eters (AOT and aerosol model) are optimized using an erroof 0° represented forward scattering and 186presented
function based on fit of the derived surface reflectance to thdackward scattering. This geometry is never observed by
surface model. This is in contrast to many aerosol retrievalsthe MISR instrument from the Terra orbit, so the Research
which optimise the atmospheric path radiance directly. For aAerosol Retrieval algorithm was adapted to handle this ge-
study on synthetic AATSR spectra with the unique situationometry. In practice, the retrieval allows either an ocean sur-
of knowing the surface reflectance exactly (black surface)face or a reflective surface with specific constraints on the
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scattering properties to be used as the lower boundary condfer studies in complex domains. A novel algorithm devel-
tion. Minor modifications were made to enable a completelyoped at the Paul Scherrer Institute (PSI, Switzerland) is capa-
black surface and to include cameras that would normally beble of retrieving simultaneously ground level extinction coef-
excluded because of Sun glitter. In the MISR Standard (opAicient (for the assumed boundary layer height), AOT, aerosol
erational) Aerosol Retrieval algorithm the two longest wave- mixture and surface reflectance on a resolution of 1.1km.
lengths are currently used over ocean, and all four bands arBetails are given in Keller et al. (2007).
used over land. All four bands were used for this study. The The algorithm is based on the scalar radiative transfer
MISR radiative transfer code is not a vector code, but it doesnodel MODTRAN 4 (Berk et al., 1999, 2003). Aerosol op-
include a correction for polarization due to Rayleigh scatter-tical and microphysical properties are specified in the model
ing in the path radiance field. This is done by subtracting theinput. In the MISR data set used for this inter-comparison
scalar Rayleigh scattering contribution and then adding backhere are 11 pre-defined aerosol models, which are combined
its contribution as calculated from a vector code. to 24 aerosol mixtures. Radiance look-up tables are calcu-
MISR aerosol retrievals are performed by comparinglated for each MISR mixture, spectral band and for the view
observed equivalent reflectances to TOA equivalent re-geometry of each cameragir). The basic aerosol related
flectances generated from the forward radiative transfer calquantity used as variable input is the aerosol extinction co-
culation with specified aerosol models. The current versionefficient at 550 nm Kext (550 nm), specified for the lowest
of the operational MISR aerosol retrieval (Version 22) usesaerosol layer (currently kept constant at 1500 m above the
a set of 74 aerosol mixtures that are made up of combinaground level). The variable surface reflectapegs is sup-
tions of up to three individual aerosol components. Thesegposed to be Lambertian in this study.
“pure particles” represent a single aerosol component type In the next step, characteristic functiongyr= fi cam
(e.g., sulfate) with a specific refractive index and a lognor-(Kext (550 nm)) are generated for each camera and spectral
mal size distribution. The archived parameters describing théand. These functions are derived from observed camera
distributions include the characteristic widéh the natural and wavelength dependent radiandegi, cam) by inter-
logarithm ofo is thes parameter shown in Eql The 74  polating the LUT radiances at the specified reference values
aerosol mixtures are based on a total of eight pure particleKextref (550 nm). They mutually intersect at 36 data pairs
components: 3 non-absorbing spherical aerosol models witliosurf, Kext (550 nm)). In theory, i.e., if the model assump-
particle effective radii of 0.06, 0.26, and 2.80 um; 3 spheri-tions are the same as in reality, those intersections coincide
cal aerosol models with particle effective radius of 0.12 umin one single point. In reality, however, the intersections may
and green band single scattering albedos of 1.0, 0.9, and 0.8catter substantially depending on the choice of the (usually
and 2 nonspherical dust models. TOA radiances for aerosalinknown) parameterization. For each wavelengif and
mixtures use the modified linear mixing algorithm described Kext (550 nm) are averaged, the number of intersections used
in Abdou et al. (1997). This approach is more accurate tharbeing usually less than 36.
standard linear mixing when there is a large variation in the Note thatKex (550 nm) should not vary with wavelength
single scattering albedos of the component aerosols. The Resince it controls the ground level aerosol concentration in
search Aerosol Retrieval was configured to take each of thdfODTRAN 4. Hence, those aerosol properties are taken as
74 aerosol mixtures and generate a lookup table based on thealistic for which the fouK ex: (550 nm) values scatter least
given geometry with each mixture incremented in green bandbest fit mixture). Eventually, the extinction coefficients of
aerosol optical thickness steps of 0.02 in the range 0.0 to 5.@he 4 spectral bands are averaged. A MODTRAN 4 run in
However, as discussed in Sect. 5 (Results), the goodness of fine transmission mode yields AOT (550nm). The spectral
metrics for the cases where moderate to high optical depthgdependence&ey: () and AOT @) relative toKey: (550 nm)
were retrieved show that the standard 74 mixtures producé@nd AOT (550 nm) are specified in the MODTRAN 4 inpult.
poor fits. Consequently, in an attempt to find a better agree- The retrieved extinction coefficient depends on the choice
ment with the synthetic data, we supplemented the aforemeref the top height of the lowest aerosol layer. For instance, if
tioned pure particles with distributions having effective radii this height were 1000 mKeyx; (550 nm) would be about 1.5

of 0.57 and 1.28 pm. times the value for 1500 m. AOT, however remains roughly
the same.
4.4.2 PSl retrieval algorithm It is worth mentioning that the multiangle view algorithm

yields a best fit surface reflectance as well. Hence, the sur-
Numerous MISR operational products are available, in parface reflectance for this inter-comparison is supposed to be
ticular geo-rectified radiance (275 and 1100 m resolution, delLambertian, but not necessarily black. The retrieved best fit
pending on camera and spectral band), optical and microsurface reflectance should be close to zero due to the assump-
physical properties of standard aerosol components and mixtions in the forward model used in this study. Actually, from
tures, best fit aerosol optical thickness and best fit aerosathe algorithm very small values pf,, s were derived. If there
mixture (Diner et al., 1998; NASA/ASDC, 2002). The MISR is no clustering of the intersections (e.qg., if the model param-
aerosol product (17.6 km resolution), however, is too coarseeterization substantially differs from reality), only the nadir

www.atmos-meas-tech.net/3/909/2010/ Atmos. Meas. Tech., 398292010



920 A. A. Kokhanovsky et al.: The inter-comparison of major satellite aerosol retrieval algorithms

viewing camera is used and =0 is set. This happenedat — The mode of large particles (L) consists of a mixture

t>1 for the cases specified in this work. of lognormally-distributed spherical particles of refrac-
tive indexm_, with non-spherical particles. The model

4.5 POLDER/PARASOL of non-spherical particles is the mean model given in

\olten et al. (2001). For the large mode of spherical par-
ticles, we assume that=0.69, ap=0.75 pum and three
real refractive indicesn{=1.33, 1.35 and 1.37). Ac-
cordingly, two optical thicknesses for the large mode
at 865nm are derivedy__s and 7 _ns, With 7| =
TL—-S+TL—NS-

45.1 LOA-1 algorithm

The inversion is based on the LUT approach, where the re-
flected radiances are simulated for a large range of atmo-
spheric conditions. Then the aerosol parameters are adjusted
to provide the best agreement between the measurements
and the LUT values. The forward model uses the succesOutputs of the algorithm are:
sive orders of scattering method to solve the radiative trans-
fer within the atmosphere (Lenoble et al., 2007) consider- — total aerosol optical thickness and the fraction of fine
ing realistic surfaces as boundary conditions (Cox and Munk, ~ Particles within the accumulation mode,
1954; Nadal and Eron, 1999). The combination of spectral-
directional and polarized signatures provides a very strong
constraint to invert the aerosol load and characteristics. As — when the viewing geometry is suitable,
for all Earth observing radiometers that operate in the visible POLDER/PARASOL can discriminate large spherical
spectral range, the measurements can be interpreted in terms  marine aerosols from non-spherical desert aerosols,
of aerosol load but the number of derived column aerosol retrieve the effective radius of the accumulation and the
properties depends on the surface type. total size distribution. An estimate of the real part of
the refractive index is also provided(tentative).

— Angstrom coefficient, as an indicator of particle size,

Retrievals over ocean Limitations of the algorithm are:

The inversion scheme mainly uses the normalized radiances — when the aerosol content is low, we consider a fixed
in the 865 nm channel, where the ocean color reflectance is ~ aerosol model for which the aerosol optical thickness
assumed to be zero, and in the 670 nm channel with a con-  is derived.

stant water reflectance of 0.001. The polarized Stokes pa-
rameters at 865 and 670nm are also used for deriving the
best aerosol model. Given a smal)and a large ) mode

of particles with optical thickness=1| +rs, the correspond-

ing reflectance is calculated according to the approximation
of Wang and Gordon (1994) by

— the retrieval of the refractive indices and modal radii of
the small and large spherical particles depends on the
viewing conditions since it requires a scattering angle
coverage larger than 125155,

R(t) = cRs(t) + (1— )R (1) 3) Retrievals over land

whereRs is the reflectance for the small mode aRdis the Aerosol remote sensing over land from visible radiance mea-
reflectance for the large mode, both calculated for the opticaPurements is more difficult than over ocean because the sur-
thickness of the mixture:=ts/7 is the concentration of the face reflectances are generally muph larger than .the aerosol
small mode in terms of the optical thickness. Similar equa-ones’ except over dark surfaces like vegetation in the blue

tions can be written for the normalized Stokes parameers channel, for instance. Airborne experiments have shown that
andUg. the relative contribution of the surface compared to the atmo-

Computations are usually performed with a rough ocearsPhere is less important in polarized light than in total light.
surface (Cox and Munk, 1954) and a wind speed of S0, the present aerosol algorithm over land is based on a best
5msl. The foam contrib,ution is calculated according to fit between polarized measurements and data simulated for

the Koepke’s model (1984) and a constant value 0.22 of foanflifferent atmospheres (aerosol models and optical thickness)
reflectance. A glint mask is also applied based on the Comg:lnd ground surfaces conditions. The surface contribution is

putation of the reflectances using the wind speed as an inp fePending on the surface type, bare soils or vegetated areas.
to the Cox and Munk model. It can be estimated from a relationship using empirical coef-

Concerning the aerosol models, the parameters are ficiepts adjusted f_or the diﬁgrent classes of Ianq surfaces ac-
cording to the main International Geosphere-Biosphere Pro-
— For the small mode, we assume that the PSD (1) widthgramme biotypes and the Normalized Difference Vegetation
parametes=0.46, four radiiag (0.04, 0.06, 0.08, and Index (Nadal and Byon, 1999).
0.13pm) and 3 real refractive indicem+£1.35, 1.45 Ground-based measurements of sky polarized radiances
and 1.60). show that the aerosol polarization mainly comes from the
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small spherical particles with radii less than about 0.5 um.Forward model
The aerosol models used in the land algorithm consider the
accumulation mode only; the contribution of the coarse modeAerosol single scattering properties modeling
is neglected. ) .

Conceming the accumulation mode, the parameters ardn€ algorithm by Dubovik et al. (2010) does not use
s=0.403, a set of ten radiio, from 0.05 to 0.15um, and a LUTs. Instead the algorlthm retrieves an gxtended set
refractive indexn=1.47—0.01i. The output of the algorithm ~ ©f @erosol parameters following the approach implemented

is the spectral optical thickness and Angstrom coefficient of? the AERONET algorithm (Dubovik and King, 2000;
the fine mode (over land). Dubovik et al., 2006), retrieving the detailed aerosol prop-

The limitations of the algorithm are: erties from ground-based sun-photometer observations. In
this approach, the aerosol is modeled as a mixture of two
— surface models are less accurate over deserts near tfaerosol components (spherical and non-spherical). The non-
horizon. spherical component is a mixture of polydisperse randomly-
oriented spheroids (Mishchenko et al., 1997) with a size-
independent shape (axis ratio) distribution fixed to one
achieved by a best fit of spheroid mixtures to laboratory mea-
surements (Volten et al., 2001) as described by Dubovik et
4.5.2 LOA-2 algorithm al. (2006). The scattering matrices of both spherical and
non-spherical components are driven by values of aerosol
The new retrieval algorithm was developed by Dubovik etvolume size distributionV (a;)/dIna in 22 (this number
al. (2010) as an attempt to enhance aerosol retrieval by emean be changed) logarithmically equidistant pointsand
phasizing statistical optimization in inversion of data from values of realx and imaginaryk parts of complex refrac-
satellite sensors with high observational capabilities. Suchtive indices given at the wavelengths of the observations.
optimization improves retrieval accuracy relying on pro- The calculations are performed using a software package de-
nounced data redundancy (excess of the measurements nuweloped by Dubovik et al. (2006). It uses the look-up ta-
ber over number of unknowns) that is not common in presenbles of quadrature coefficients for the extinction and absorp-
satellites observations of aerosol with rather few exceptionstion cross-sections and scattering matrices computed using
For example, the POLDER imager on board of the PARA-the exact T-matrix method (Mishchenko et al., 2002), and
SOL micro-satellite registers, over each observed pixel, thehe approximate geometric-optics—integral-equation method
characteristics of the reflected atmospheric radiation at up t@f Yang and Liou (1996). The calculations were done
16 viewing directions in six spectral channels not affectedfor spheroids with axis ratio ranging from0.3 (flattened
by any essential gaseous absorption: 0.443, 0.49, 0.565pheroids) to~3.0 (elongated spheroids) and for 41 narrow
0.675, 0.87, 1.02 um. In addition, the polarization of the re-size bins covering the size-parameter range frebn012 to
flected radiation is measured in three channels: 0.49, 0.675625. The look-up tables were arranged into a software
0.87 um. Even more complete characterization of radiationpackage, which allows fast, accurate, and flexible modeling
from space over single pixel will be provided by Aerosol Po- of scattering by randomly oriented spheroids with different
larimetry Sensor (APS) that is a part of currently plannedsize and shape distributions. Thus, the algorithm is driven
Glory mission (Mishchenko et al., 2007). APS will conduct by:
polarimetric measurements at up¥80 viewing direction in
nine channels covering spectrum from 0.41 to 2.1 pm. — 22 values otV (a;)/dIna;

In terms of spectral, polarimetric, and angular sampling,
PARASOL, and even more so, GLORY observations have
more channels than most currently operating passive satel-
lite aerosol sensors. This provides an opportunity for more — N, values of compleX(x;) part of the refractive index
profound utilization of statistical optimization principles in (0.0005<k<0.5);
satellite data inversion. Based on this strategy, the algorithm
can be driven by larger number of unknown parameters and — the “sphericity parameter” characterizing the proportion
aimed at retrieval of larger number of aerosol parameters  Of spherical particles in the aerosol mixture.
compare to most of conventional satellite retrievals.

— the coarse mode can contribute to the polarization for:
very intense events.

— N, values of realn(x;) part of the refractive index
(1.33<n<1.6); N, is the number of channels;

Accounting for multiple scattering effects

Accounting for multiple scattering effects in the atmosphere
is performed using successive orders of scattering radiative
transfer code (Lenoble et al., 2007) in a similar way as is im-
plemented in the LOA-1 algorithm, with the difference that
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Table 2. The radiative transfer models used in this study.

Instrument Team Code Reference Polarization Retrieval
MODIS NASA RT3 adding-doubling Evans and Stephens (1991) yes LUT/goodness of fit
(over land algorithm)
MODIS NASA  Gauss-Seidel iterative Ahmad and Fraser (1982) no LUT/goodness of fit
(over ocean algorithm) technique
MERIS NASB  RAY fast adding-doubling Katsev et al. (2009) yes direct RT calculations/
least square method
AATSR SuU 6S successive orders Vermote et al. (1997) no direct RT calculations/
of scattering goodness of fit
AATSR ou DISORT discrete ordinates Stamnes et al. (1988) no LUT/optimal estimation
MISR JPL Matrix operator Grant and Hunt (1968) Rayleigh LUT/ goodness of fit
doubling-adding correction only
MISR PSI MODTRANA4 discrete ordinates  Berk et al. (2003) no LUT/an optimum intersection
search
POLDER LOA-1 SOS successive orders Lenoble et al. (2007) yes LUT/ goodness of fit
of scattering
POLDER LOA-2 SOS successive orders Lenoble et al. (2007) yes direct RT calculations/statistical
of scattering optimization (multi-term LSM)

the retrieval algorithm over land uses measurements of botlhesulted from the multi-year efforts on developing inversion
polarized and total reflectance. The effects of land surfacelgorithms for retrieving comprehensive aerosol properties
reflectance are simulated using the models of bi-directionafrom AERONET ground-based observations.

total reflectance similar to those that currently utilized in the  The inverse procedure is adopted with some modifications
MISR and MODIS retrieval algorithms. The directionality of from AERONET inversion algorithm (Dubovik and King,
polarized surface reflectance is accounted for in the similar2000). Similarly to AERONET code, the algorithm includes:
way as the current PARASOL algorithm (Nadal and:@&n,

1999; Deuze et al., 2001). The parameters of both the total — accounting for different levels of accuracy in the obser-
and polarized reflectance are retrieved together with aerosol ~ vations (e.g., for total and polarized radiances);

parameters. . Lo . .
— various a priori constraints on retrieved aerosol prop-

erties, such as, on variability of aerosol sizes, spectral

. dependencies of real and imaginary refractive indices.
Inversion

In difference with the AERONET retrieval, the algorithm

In contrast to most of the existing satellite retrieval algo- retrieves (over land) both non-polarized and polarized sur-
rithms, this is one of the first attempts to develop aerosolface reflectance together with aerosol properties. Therefore,
satellite retrieval as statistically optimized multi-variable fit- it includes additionally constraints on the retrieved surface
ting. Itis based on the inversion methodology of Dubovik properties, e.g., a priori constraints on the spectral variability
and King (2002) and Dubovik (2004) that has several orig-of the parameters describing non-polarized surface reflection
inal (compare to standard inverse methods) features optisimilarly as in the studies by Sinuyk et al. (2007) and polar-
mized for remote sensing applications. This methodologyized directional reflectance as in studies by Nadal and Breon
unifies the principles addressing such important aspects 0f1999).

inversion optimization as accounting for errors in the data The algorithm described above was run both for PARA-
used, inverting multi-source data with different levels of ac- SOL and Aerosol Polarimetry Sensor (APS) on board
curacy, accounting for a priori and ancillary information, es- planned NASA GLORY mission set-ups. We report here
timating retrieval errors, clarifying potential of employing only results for PARASOL because the extension of re-
different mathematical inverse operations (e.g., comparingrievals using more wavelengths and viewing geometries (as
iterative versus matrix inversion), accelerating iterative con-for APS) did not bring any noticeable difference as compared

vergence, and so on (Dubovik et al., 2010). The describedg those reported for PARASOL for the case under consider-
concept uses the principles of statistical estimation and sugation.

gests a generalized multi-term Least Square-type formula-

tion that complementarily unites advantages of a variety of4.6 Summary

practical inversion approaches, such as Phillips-Tikhonov-

Twomey constrained inversion, Kalman filter, Newton-Gaussin total, in this paper we consider the comparison of 8 algo-
and Levenberg-Marquardt iterations. This methodology hagithms for 5 instruments currently operating in orbit. Three
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Fig. 9a. The correlation plot between the retrieved and
AOT (550 nm).
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algorithms use direct radiative transfer calculations during'etrieval teams. The results of AOT retrievals tat550 nm
retrievals (no LUTS, see Table 2). Other algorithms are base@'® shown in Figs. 9-12. The following conclusions can be
on the look-up-table approach, where simulated radiance&gached from the analysis of these figures:

(or Stokes vector for the codes, which account for polar-
ization) are pre-calculated at the intermediate stage before
the retrieval process for a range of different aerosol mod-
els, which include both spherical and nonspherical models.
The search in the LUT for the most suitable aerosol model
is performed using various minimization techniques, includ-
ing standard least squares methods and optimal estimation.
In most codes LUTs are calculated only for the basic aerosol
models and it is assumed that the Stokes vector (or intensity)
of reflected light can be represented as a linear combination
of corresponding characteristics for single modes. The pa-
rameters of the mixture are sought during the retrieval pro-
cess. The radiative transfer models used in the algorithms de-
scribed are quite diverse and include the following methods
of the radiative transfer equation solution: adding-doubling,

discrete ordinates, and successive orders scattering method.

They are summarized in Table 2.

5 Results

In this section we consider the results of retrievals with
selected algorithms as described above using the synthetic
reflected light characteristics generated for the case of
a plane-parallel aerosol layer (0—2km) immersed in the
molecular atmosphere. The aerosol model used is de-
scribed in Sect. 2. The value of AOT(412nm) was set
to t=0(0.01)0.05,0.1(0.1)0.5,1(1)5 depending on the sce-
nario.

The retrieval teams for different instruments (see Table 2)
were supplied only with simulated radiances and polarized

radiances relevant for the given instrument; the characteris- —

tics of the underlying aerosol model were not provided to the

www.atmos-meas-tech.net/3/909/2010/

the best retrievals are achieved if not only the spec-
tral reflectance but also the spectral second Stokes pa-
rameter is used in retrievals (for several observation di-
rections in the principal plane). In case of reflectance
only measurements, it is crucial to have a multi-angular
observation capability to retrieve AOT accurately from
space. MISR JPL retrievals and especially the Oxford
University AATSR algorithm (the latter based on the
visible and shortwave IR measurements and combining
two VZAs) give very accurate results.

methods relying on the measurements of single-angle
spectral reflectance have larger theoretical retrieval er-
rors especially if the shortwave IR measurements (as
in retrievals over land for MODIS and MERIS) are not
available (see, e.g., red points on Figs. 11 and 12). The
MODIS retrieval algorithm over ocean does use near
IR channels and, therefore, retrievals are more accurate
then. As a matter of fact, the spectral methods based
on the measurements in the visible only are not able to
retrieve the aerosol model (at least for the case consid-
ered). Instead, they use prescribed models in the re-
trieval (e.g., as for NASA MODIS over land and NASB
MERIS algorithm). Therefore, retrievals have been per-
formed by the corresponding teams (NASA, NASB) for
several aerosol models and those which provide results
for weakly absorbing particles have been selected for
plotting in Figs. 9—12. As previously mentioned, syn-
thetic data were prepared for a weakly absorbing aerosol
as well.

the errors grow with the aerosol optical thickness (e.g.,
at AOT>1.0). This is related to several effects but

Atmos. Meas. Tech., 398292010
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Fig. 10. The same as in Fig. 9a, b except the NASA MODIS over ocean satellite aerosol retrieval algorithm was used.

28 e NASE T T T T light depolarization). On the other hand, multiple light
»ol. ® MERISINASB-2 i scattering makes it easier to determine the single scat-
LS MameeSA tering albedo because absorption effects become more
15 & MISRAPL - pronounced due to their accumulation during repeated
+ POLDER/LOA-1 i i i
ol % POLDERLOAR ] passage of light through the same absorbing particles.
% AATSR/SU .
*  AATSR/OU — AATSR, POLDER and MISR absolute retrieval errors

absolute error
o
(4]

are smaller than:0.054+0.15z. Absolute errors of re-
trievals for MODIS are somewhat larger, if the short-
wave IR channels are not used in retrievals.

i ' ' ' ' - — NASA has two independent algorithms: one runs only
0 1 2 3 4 5 for oceanic surfaces and yet another for land surfaces.
reference AOT The comparison of Figs. 9 and 10 shows that the oceanic

algorithm performs better for the case studied. This is

due to the fact that the oceanic aerosol model was se-

lected for this inter-comparison study. This model is
— not in the list of the candidate aerosol models for the
MODIS over land retrievals. Therefore, one can not ex-
pect high retrievals for the case considered in the case of
MODIS over land algorithm, which is based on the pre-
described aerosol models characteristic for continental
aerosols.

Fig. 11. The absolute errors of retrievals.

0.15 ————————F——————

0.10 -

absolute error

The accuracy of the spectral AOT retrieval is presented in
Fig. 13a. The results of LOA-2 retrievals are almost indis-
tinguishable from the reference spectral AOT (dashed line).

020 - 7 LOA-1 retrievals, AATSR and MISR/JPL/PSI retrievals give
025 L . - . s s somewhat smaller values of AOT as compared to the refer-
e ence cases. The spectral AOT is reproduced in a correct way
for the case of LOA-1,2 and also MISR/JPL and AATSR/SU
Fig. 12. The same as in Fig. 11 except for a smaller range. of retrievals. Note that MISR does not use a polarization capa-
bility but gives results similar to the LOA-1 method. This
shows that not only instrumental capabilities but also the ac-
mostly due to the general decrease of information con-curacy of the inversion algorithm and the logic behind it play
tent as resulted from the increased multiple scatteringan important role in reducing the errors (see, for example,
effects (smoothing of angular patterns in reflected light, the curve for LOA-2). The methods based on the analysis
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Fig. 13a. The spectral AOT according to different retrievals (the Fig. 13b. The spectral reflectance calculated using derived aerosol

case with the reference AGI0.2 at 412nm). NASB-1 retrievals Mmodels (NASB-1,2) and the “true” one (solid line).

have been for the oceanic aerosol and NASB-2 retrievals have been

done for the water soluble aerosol (WCP-112, 1986; Kokhanovsky,

2008). The legend is the same as in Fig. 11 and the true spectrdfievals there is a problem at-1 and the multi-view PSI

AOT is given by the pink line. retrieval method is not very reliable then. This is not the case
for MISR/JPL retrievals, which produce reliable results up to
AOT=5.

of single-angle spectral reflectance are not always capable of LOA-1 and LOA-2 methods give results very close the

reproducing the AOT spectral slope in a correct way (See,referen_ce AOT with somewhat better performance of LOA-

e.g., red points in Fig. 13a). This is due to the fact that2 @lgorithm. We found that the LOA-2 method produces a

the correspondent aerosol model is not retrieved but rathe®light overestimation of the AOT at large This is due to
prescribed. Excellent retrievals of the spectral AOT for the the fact that the current version cannot distinguish cases with
case MERIS/NASB-1 (see open circles in Fig. 13a) is duen© absorption and weak absorption of radiation by aerosol
to the fact that (by chance) a correct model of the aerosoParticles. As a matter of fact, it is assumed in the frame-
was selected in advance. If the wrong model is a prioriWork of this algorithm that some dissipation of light energy
selected, then the retrievals are biased (see filled circles iRways exists in the aerosol particles. Thick layers without
Fig. 13a). An interesting point is that the spectral MERIS @bsorption are brighter as compared to those with absorption.
reflectances calculated for both spectral AOTs (NASB-1, 2, Therefore, POLDER LOA-2 algorithm based on absorbing
see Fig. 13a) coincide (see Fig. 13b) one with another and@erosol models need thicker aerosol layers to produce the
also with the reference reflectance within the MERIS cali- Same level of brightness as nonabsorbing layers do. This is
bration error. This confirms that the spectral measurement§€ reason for the discrepancy in the case of synthetic model
in the range 400-900 nm (as for MERIS) can not be used tdased on the artificial nonabsorbing aerosol case studied in
recognize the aerosol type for the case under study. Ther#1is work.

is a chance that the aerosol type can be better-constrained if It is known that optically thick nonabsorbing and weakly
shortwave IR measurements are used (see Fig. 2). This i@bsorbing media have very different reflectances. This is not
used, in particular, by the ORAC algorithm for AATSR and the case for thin aerosol layers. However, this plays only a

also by the NASA MODIS algorithm over ocean. minor role in the retrievals because (with the exception of
dust outbreaks) AOT(550 nm) is rarely above 0.4.

The results shown in Fig. 13a are just for the reference . .
AOT(412nm}=0.2. In Fig. 14, the results for the spectral It.follows from Figs. 15 and 16 that the LOA-2 algorithm
aerosol optical thickness are given at AOT(412nm) in theretrleves an accurate aerosol model and also the phase ma-

trix elements. This is the reason behind the success of this

range 0-1.2. Generally, errors grow with AO_T' method in the retrievals. Note that SCIATRAN was not used
The MERIS ART algorithm produces quite accurate re-, o creation of the LOA-2 method look-up-tables. This

trievals if the correct phase function is used in retrievals Sndirectly confirms that both SCIATRAN and also the suc-

shoyvn :)n the upper paneL.of.Flg. 14. 'r\]/'OfDIS ﬁverrl]and cessive scattering method (Lenoble et al., 2007) used in the
retrievals are blaseq and this is due to the fact that the aSzeation of LUTS for the LOA-2 retrieval produce similar re-
sumed phase function is not close to the true one. AATS

retrievals (especially using ORAC) perform much better as
compared to MODIS over land algorithm. For MISR/PSI re-
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Fig. 14. The comparison of retrieved and reference spectral AOTSs for different algorithms.

The phase functions for other models are given in Fig. 17.trieved weakly absorbing models instead of nonabsorbing (in
This figure confirms once more that the accurate retrieval otthe visible) model assumed in this work. A single-mode log-
aerosol model and especially phase function is of paramounormal distribution was assumed in the creation process and
importance for the accuracy of the aerosol optical thicknesghis was retrieved correctly only by LOA-2 algorithm. Other
estimations using spaceborne observations. algorithms retrieved size distributions containing 2 or even

When the real part of the refractive index is not prescribed,3 modes. As long as the phase function retrieved at a given
it was found that almost all algorithms were able to re- observation geometry was accurate, this did not affect the re-
trieve it correctly (see Table 3). For MISR/JPL, the real trieval accuracy of spectral AOT. The influence of error in
part of the refractive index was not retrieved but rather pre-the retrieved single scattering albedo is of importance only
scribed. MODIS/NASA and POLDER/LOA-2 retrievals re- for thick layers.
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Table 3. The aerosol models retrieved using diverse algorithms and instruments. The parameters of the reference model are also given.

Instrument Team PSD parameters Complex refractive index
of the dominant mode:

MODIS NASA 2 LN-modes 42-0.007;2

MERIS NASB 3 LN-modes B8-108;a

AATSR Su 2 LN-modes 1.3880.000%

AATSR ou 3 LN-modes B73-4x1079b

MISR JPL 2 LN-modes 1.45

MISR PSI 2 LN-modes 1.45

POLDER LOA-1 2 LN-modes 1.%7

POLDER LOA-2  Multi-modé 1.38-0.0005°¢

Assumed reference model 1 mode agi=1.21 pm,vei=1.51 138-1078;

@predefined

bThe refractive indices of each component are predefined. The overall aerosol model does not have a predefined refractive index as it
depends on the retrieved mixing ratio of the components; however, the fixed component refractive indices mean it is constrained by them.

¢ Smaller values of Im(m) are not allowed in retrievals in the current version of LOA-2 algorithm.

d The particle size distribution is not prescribed ahead of retrievals.

' ' ' ' ' ' ' ' randomly) with angle and band, implying that the informa-
LOA-2 tion content of the synthetic MISR-like data can be even fur-

747 reference | ) i . .
§\ LOA-1 ther exploited. This would entail further expansion of the
——JPL

set of aerosol particles used in the retrievals. For example,
the MISR database does not include lognormal size distri-
butions with characteristic widths as large as the value asso-
ciated with the reference model assumed in this study. Ad-
justment to the real refractive index — which takes on a fixed,

prescribed value (1.45) in the MISR database — also improves
the fits to the synthetic data.

phase function

01k

0.01 — T v T+ T ‘. T T T " T T T T T T .
0 20 40 60 80 100 120 140 160 180 6 Conclusions
scattering angle, degrees

The primary conclusion of this work is that accurate re-
Fig. 15. The comparison of phase functions used/derived in re-trievals of aerosol optical thickness and also microphysical
trievals with the reference phase functiar=550nm for LOA-1,2,  parameters such as refractive index/chemical composition,
and JPL models. size/shape distributions are possible only with the use of si-

multaneous spectral measurements at several viewing direc-

In the case of the MISR/JPL retrievals, we found that of tions of reflectance and degree of polarization of reflected
the standard 74 models used in the operational algorithmS0!ar light (Herman et al., 1997, 2005; Mishchenko and
even the best-fitting mixture would not have met the standardTraV's’ 1997; Hasekamp and Landgraf, 2007; Schutgens et
MISR operational criteria for being a good model. Using al.,, 2004). )
the MISR Research Aerosol Retrieval on an expanded set of 1€ dual and multi-angular measurements of spectral top-
mixtures (see Sect. 4.4.1), the best fitting result (called nonOf-atmosphere radiance (AATSR and MISR) also produce
absorbing 1) is a mixture (by green band optical depth frac_accuratf—:' res_ults. Howe_ver refractive |n(_jex (qnd especially
tion) of 85% of a particle distribution with effective radius on the imaginary parF) is better constrained in the case of
0.57 um, refractive index of 1.45.0i, andr=1.8 (s=0.59), the spectral and multi-angular Stokes vector measurements
and 15% of a particle distribution having the same refractive(Hfasekamp and Landgraf, 2007).
index and effective radius 2.8 ura=1.90 (s=0.64). This
combination provides a good fit based on the standard crite-
ria used to establish acceptable models. A more sensitive
criterion reveals that residuals between the non-absorbing
model and the synthetic data vary systematically (i.e., non-
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10 Fig. 17. The comparison of phase functions used in retrievals with
ot T oA ] the reference phase functioh=550 nm for ORAC, SU, PSI, and
g reference ] NASB retrievals. The square shows the region, where the retrievals
06 - E are least sensitive to the selection of aerosol model.
04 .
time periods. Therefore, retrievals can have large biases if
a® a different aerosol type is present at a given location and

the retrievals are performed just with the assumed average
properties. MODIS has a capability to measure the spectral
reflectances beyond 885 nm channel (up to 2200 nm). The
use of the complete spectral information as in the MODIS
qol v v ] over-ocean-algorithm made it possible to estimate the aerosol
0 2 40 60 80 100 120 140 160 180 model and perform accurate retrieval of spectral AOT. How-
scattering angle, degrees ever, the algorithm over land can not use this information
_ _ _ . due to high surface reflectance at 2200 nm and, therefore,
Fig. 16. The comparison of the phase matrix elements derived iny, |5 v er.jand-algorithm has the same deficiencies as
retrievals by the LOA-2 algorithm with the reference phase function . .
(=550 nm). MERIS aerosol retrieval algorithm.
One important conclusion of this work is that the robust
aerosol retrieval algorithms must include much more discrete
We found that the single-angle radiance measurements iaerosol models (right now MODIS over land algorithm uses
the spectral range 400—900 nm are not sufficient to derive thgust six models, e.g.). Alternatively, the retrieval must be
aerosol model (at least for the case considerd in this paperbased on the direct radiative transfer calculations with Mie
Currently, the aerosol model is prescribed in retrievals (forcross sections and phase matrices parameterized in terms of
methods based on single-angle spectral reflectance measuteernels as described in Sect. 4.5.2. This will make it possible
ments) using aerosol climatologies (Levy, 2009) with someto transfer from the discrete to the continuous basis in the
success. However, climatologies refer to averages over longerosol retrieval techniques. Another important point is the
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use of adequate radiative transfer codes, which account fofable A2. Tabular data for the aerosol model used. The phase

the electromagnetic nature of light (polarization). function at A=550 nm. The phase function is normalized as
. o T

The results presented here are valid for dark U’?de”y'”glfp(e)sinedezl (see alsittp://www.iup.physik.uni-bremen.de/

surfaces and apply only to the aerosol model studied. The g

case of bright surface (and also surface BRDF effects) re-"alexkfor the phase functions at all wavelengths mentioned in this

quires additional investigations. We also plan to extend theP@Per calculated with the intervalt Lising Mie theory).

range of aerosol models used in our next inter-comparison

study. The synthetic data (input for the retrieval algorithms) 6, degrees  phase function
and also the assumed aerosol model and its parameters can 0 0.23864E-03
be downloaded fronmttp://www.iup.physik.uni-bremen.de/ 20 0.60417E-01
~alexk Atthe same website we provide RT benchmark re- 40 0.15184E-01
sults, which can be used to check the accuracy of forward ra- 60 0.47652E-00
diative transfer algorithms used in corresponding retrievals. 80 0.18694E-00
100 0.10280E-00
120 0.83556E 01
Appendix A 140 0.13914E-00
160 0.28169E-00
Table Al. Tabular data for the aerosol model used. The 180 0.44630E-00

spectral dependence of the normalized extinction coefficient
k=Kext(A)/Kext(ro) (Ao=412nm. The value ofx was
equal 0.58046 at the largest wavelength2119nm used in 1,11e A3 Abbreviations.

calculations.
AATSR Advanced Along-Track Scanning Radiometer
A,Nm k A, Mk AOT Aerosol Optical Thickness
APS Aerosol Polarimetry Sensor
412 1.00000 620 0.98612 BRDF Bidirectional Reflectance Distribution Function
415 1.00012 644 0.98228 BRF Bidirectional Reflectance Factor
427 1.00054 665 0.97865 DISORT Discrete Ordinates Code
443 1.00074 670 0.97778 DFG German Science Foundation
460 1.00056 675 0.97690 DLR German Aerospace Centre
' ' DOM Discrete Ordinates Method
466 1.00053 681 0.97572 ESA European Space Agency http://www.esa.it/
485 0.99986 709 0.97024 export/esaCP/index.htjnl
490 0.99968 754 0.96095 JPL Jet Propulsion Laboratory
500 0.99924 765 0.95848 LOA Laboratoire d’Optique Atmospherique
510 0.99863 779 0.95534 LuT Look Up Table
516 0.99811 855 0.93736 MERIS Medium Resolution Imaging Spectrometer Instru-
ment
534 0.99667 865 0.93484 MISR Multiangle Imaging SpectroRadiometer
550 0.99513 870 0.93361 MODIS Moderate Resolution Imaging Spectroradiometer
553 0.99478 885 0.92988 MC Monte-Carlo
555 0.99463 1243 0.80059 NASA National Aeronautics and Space Administration
560 0.99408 1632 0.69368 NASB National Academy of Sciences of Belarus
NIES National Institute for Environmental Studies
615 0.98689 1670 0.68404 ORAC Oxford-RAL Aerosol and Cloud retrieval
ou Oxford University

PARASOL Polarization and Anisotropy of Reflectances for
Atmospheric Science
coupled with Observations from a Lidar

POLDER POLarization and Directionality of the Earth’s Re-

flectances
PSD Particle Size Distribution
PSI Paul-Scherrer-Institut
SZA Solar Zenith Angle
SuU Swansea University
TOA Top of Atmosphere
VZA Viewing Zenith Angle
WCP World Climate Program
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