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1.

Introduction

This chapter describes an optimal estimation retrieval scheme for the derivation of the
properties of atmospheric aerosol from top-of-atmosphere (TOA) radiances measured
by satellite-borne visible-IR radiometers. The algorithm makes up part of the OxfordRAL Aerosol and Cloud (ORAC) retrieval scheme (the other part of the algorithm performs cloud retrievals and is described in detail elsewhere [by Watts et al.] [37]).
The following sections will describe three separate versions of the ORAC algorithm.
The first is the original ORAC aerosol retrieval algorithm, which has already been applied
in producing global aerosol datasets from ATSR-2, AATSR and SEVIRI measurements
(brief descriptions of these instruments are given in Section 2), through the GRAPE and
GlobAEROSOL projects. This algorithm makes use of visible and near-infrared channels
and assumes the Earth’s surface acts as a Lambertian reflector.
The second version improves on the original Lambertian ORAC, by implementing a
new forward model which uses a bi-directional reflectance distribution function
(BRDF) to describe the surface reflectance. This forward model is more accurate and
also allows the use of multiple views of the same scene (as are produced by the
(A)ATSR instruments) to be incorporated into the retrieval.
Thirdly, a version of ORAC is described which makes use of thermal infrared channels,
which greatly improve the detection of lofted dust above desert surfaces.
Finally, example results produced with all three versions of the ORAC algorithm will be
presented and compared, both with each other, ground-based measurements and other satellite aerosol products.

2.

Instrument descriptions

2.1 The ATSR-2 and AATSR instruments
The second and third generation Along-Track Scanning Radiometers (ATSR-2 and Advanced ATSR) were launched on the ESA polar orbit satellites ERS-2 and ENVISAT in
1995 and 2002, respectively. As the instruments are essentially the same in their operation,
with the only major difference being the bandwidth available for data transfer, they can be
described together.
The primary design goal of the ATSR instruments is the measurement of sea-surface
temperature, with a secondary objective of ATSR-2 and AATSR being the determination
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of land surface and vegetation properties. ORAC makes use of the atmospheric component
of the ATSR signal, which is considered contamination in its primary and secondary roles.
Both ATSR-2 and AATSR have seven spectral channels centered at 0.55, 0.67, 0.87, 1.6,
3.7, 10.7 and 12 lm. The instruments use a dual-view system, with a continuously rotating
scan mirror directing radiation from two apertures and two onboard blackbody calibration
targets onto the radiometer. One viewing aperture produces a scan centered on the nadir
direction, while the other views the surface approximately 900 km ahead of the satellite (at
a viewing angle of 55 from the nadir). This continuous scanning pattern produces a nadir
resolution of approximately 1  1 km with a swath width of 512 pixels. The dual-view
system is one of the great strengths of the ATSR instruments, as it allows the atmospheric
and surface contributions to the TOA radiance to be more effectively decoupled than is
possible with a single view. This offers much improved accuracy in both derived surface
and atmospheric parameters. In addition, the instruments are designed to be self-calibrating, with two integrated, thermally controlled blackbody targets for calibration of the thermal channels, as well as an opal visible calibration target (illuminated by sunlight) for the
visible/near-IR channels.
Due to bandwidth limitations on the ERS-2 satellite, ATSR-2 is usually run in a ‘narrow
swath’ mode over the oceans, which produces a swath of only 256 pixels in some of the
visible channels (with the 0.55 lm channel being the most commonly effected, followed by
0.67 lm). In addition, although ATSR-2 is still operational, the ERS-2 satellite developed
a pointing problem in October 2001, which means that post-2001 data from the instrument
has to have a geo-location correction applied before it can be used. Additionally, in June
2003, the data tape recorder on ERS-2 failed, with the result that ATSR-2 data from this
date is only available while the satellite is within range of a data downlink ground station.
ATSR-2 ceased operating in February 2008, when the scan mirror mechanism failed.
ERS-2 and ENVISAT are in similar polar orbits with periods of approximately 100
minutes. Both ATSR-2 and AATSR nominally provide global coverage every 6 days.

2.2 The SEVIRI instrument
The Spinning Enhanced Visible and InfraRed Imager (SEVIRI) is a line-scanning radiometer and has been the primary instrument onboard the European geostationary1 meteorological satellites since Meteosat-8 began operation. The satellite was launched in 2003
and the first data were available in early 2004. In April 2007 Meteosat-9 took over as the
primary operational satellite.
SEVIRI provides data in four visible and near-infrared channels and eight infrared
channels with a resolution of 3 km at the sub-satellite point. The channels used in the
analysis presented here are the 0.67, 0.87 and 1.6 lm in the visible and near-infrared,
with the 10.8 and 12.0 lm being used from the thermal infrared. A key feature of SEVIRI
is its ability to continuously image the Earth every 15 minutes. This allows the tracking of
fast-moving aerosol events, such as dust storms, which offers a great advantage over polar
orbiting instruments. Also, although SEVIRI lacks the dual-view capability of the ATSR
instruments, in conditions of relatively stable aerosol loading, the change in solar elevation
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The Meteosat sub-satellite point is at 0 longitude, just to the east of the African coastline.

3. The ORAC forward model

195

throughout the day can be utilized to provide repeated views under different angles of
illumination. The difference in the surface BRDF and aerosol scattering phase function
can then be used to decouple the aerosol and surface signals in a way analogous to the
dual-view system. The main disadvantage of this instrument is the susceptibility of the
larger field-of-view to contamination by cloud.

3.

The ORAC forward model

The core of the ORAC retrieval algorithm is the forward model, which uses radiative transfer code to predict the radiance observed at the satellite as a function of aerosol properties,
using assumptions about the atmospheric state and the reflectance of the Earth’s surface.
For the sake of numerical efficiency, ORAC makes use of two forward models: firstly a full
radiative transfer model (referred to here simply as the forward model, FM), which attempts to accurately account for all relevant physical processes effecting the measurement,
is run ‘off-line’ to produce look-up tables of total atmospheric reflectance and transmission
for the plausible range of viewing geometries and aerosol states. These look-up tables are
then used to produce TOA radiances during a retrieval run using a simple arithmetic expression, known as the fast forward model (Fast-FM). This section details the aerosol FM
used with ORAC, which is the same for both the Lambertian and BRDF surface reflectance
versions of the retrieval scheme, as well as describing the extensions needed to incorporate
thermal infrared channels into the retrieval scheme.
The FM can itself be thought of as consisting of three separate elements:
1. A model of aerosol scattering and absorption.
2. A model of atmospheric gas absorption.
3. Radiative transfer code to produce TOA radiance based on the output of the first two
models, Rayleigh scattering and viewing geometry.

3.1 Aerosol scattering and absorption
In a given location, atmospheric aerosols are characterized by their morphology, concentration, size distribution, chemical composition (which determines their complex refractive index), and their vertical profile. With knowledge of these properties, the required
radiative characteristics may be approximated by assuming the particles are spherical
and applying Mie theory [20].
The aerosol optical depth, s, is the primary quantity obtained from ORAC. It is defined
as:
ð1
ð1
be ðz; kÞdz ¼
ðbs ðz; kÞ þ ba ðz; kÞÞdz
ð1Þ
sðkÞ ¼
0

0

The total extinction coefficient, b e , is defined as the sum of the extinction due to absorption, b a , and scattering, bs . The vertical profile of ba and bs along with the scattering phase
function, PðhÞ, which determines the angular distribution of the scattered radiation, and the
degree of polarization as a function of scattering angle, fully describe the aerosol radiative
characteristics. Other convenient ways of defining aerosol optical properties are the single
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scattering albedo, xo , which is the ratio of bs to be , and the asymmetry parameter, g,
which is the integral of PðhÞ over all possible scattering angles (0  h  180 ), weighted
by cos h (i.e. it is the first moment of the phase function). For a given aerosol model
(shape, size, and refractive index), be is proportional to the aerosol concentration while
PðhÞ is not.
Mie theory shows that the extinction coefficient is given by:
ð1
Qe ðz; m; xÞpr2 nðz; rÞdr;
ð2Þ
bðz; kÞ ¼
0

where Qe is the Mie extinction efficiency factor, and is dependent on the Mie size parameter x ¼ 2pr=k, and the refractive index of the particles (m ¼ mr þ imi ), nðrÞ is the number size distribution.
The lognormal distribution is the most suitable representation for characterizing the size
distribution of the atmospheric aerosols [4]. The distribution, in terms of number density as
a function of radius nðrÞ, is described by its median radius ðrm Þ, standard deviation ðrÞ of
ln r, and total number density ðN0 Þ:
"
#
N0 1
ðln r  ln rm Þ2
exp 
nðrÞ ¼ pﬃﬃﬃﬃﬃﬃ
ð3Þ
2r2
2p rr
The primary source of aerosol properties used in the retrieval is the OPAC (Optical Properties of Aerosols and Clouds) database [11]. The database provides optical (most importantly, the complex refractive index as a function of wavelength) and physical properties
(such as the size distribution and vertical distribution) for a set of aerosol components from
which representative aerosol types can be built.
The quantity used to define the size of the aerosol particles in ORAC is the effective
radius, defined as the the ratio of the third and second moments of the size distribution:
Ð1 3
r nðrÞ dr
ð4Þ
re ¼ Ð01 2
0 r nðrÞ dr
In order to produce radiance look-up tables from this database the scattering properties of
each aerosol type are calculated. Scattering properties are calculated for the central wavelength of each channel across a range of effective radii from 0.02 to 20 lm. Two assumptions are made during this step:
* That the radiative properties of the aerosol are constant across the width of each instrument channel. As the features of aerosol extinction spectra are very broad in comparison with gas features this is a reasonable approximation.
* Assumptions must be made in determining both the form of the aerosol size distribution
and how its shape varies with changing aerosol effective radius. To model aerosol distributions with different effective radii to those prescribed by the OPAC database, the
relative concentration of the different-sized aerosol components which make up each
aerosol class are changed. For example, if the effective radius needs to be decreased, the
relative concentration of the smallest component of the aerosol (the accumulation
mode) will be increased, while the larger components will be decreased.

3. The ORAC forward model
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If the required effective radius is equal to that given by the smallest or largest component of a given aerosol type, then the type effectively becomes a single component aerosol.
If the size is outside of this range, then the mode radius of the smallest/largest components
is shifted (while keeping the width of the component’s distribution constant). Clearly, in
such situations, the accuracy of the model can be called into question, so we are relying on
the prescribed effective radius being relatively close to that found in the real world. It
should also be pointed out that in the case of very small aerosol particles, the composition
of the particles become less important in determining their scattering effects, since they
will act more like Rayleigh scatterers.
These scattering properties are then used to generate a vertical profile of aerosol extinction
and phase function, based on vertical profiles of number density, N:
N ðzÞ ¼ N ð0Þexpðz=ZÞ;

ð5Þ

where z is the height and Z is a scale height, defined by the aerosol type. For each layer at
which the aerosol distribution is defined, the extinction coefficient, single scattering albedo and the coefficients of a Legendre expansion of the scattering phase function are
calculated for each instrument channel and over 20 logarithmically spaced effective radii
between 0.01 and 10 lm.

3.2 Modelling atmospheric gas absorption
Once aerosol scattering properties have been calculated, gas absorption over the instrument band passes is calculated in terms of an optical depth, and convolved with the instrument filter transmission functions, using MODTRAN [1]. MODTRAN provides tropical, mid-latitude summer and winter, subarctic summer and winter, and US Standard
Atmosphere climatological atmospheres for the following gases: H2O, CO2, O3, N2O,
CO, CH4, plus single profiles for: HNO3, NO, NO2, SO2, O2, N2, NH3 and the heavy molecules (CFCs). ORAC look-up tables are generated using the mid-latitude summer atmosphere only. This simplification can be made as gas absorption is weak compared to aerosol extinction in the visible and the (A)ATSR channels are free from strong absorption
features of gases which show large spatial and temporal variability (most notably, H2O).
Although the 1.6 lm channel of SEVIRI is slightly affected by H2O, the effect on aerosol
retrievals has been found to be negligible.

3.3 Modeling atmospheric transmission and reflectance
The final step in the FM is the prediction of atmospheric transmission and bi-directional
reflectance, based on the aerosol phase functions and gas optical depth calculated in the
previous two steps. The ORAC FM uses the DIscrete Ordinates Radiative Transfer (DISORT) software package [34] to perform this step.
The DISORT algorithm solves the equation for the transfer of monochromatic light at
wavelength k as described by the equation
l

dLk ðsk ; l; fÞ
¼ Lk ðsk ; l; fÞ  LSk ðsk ; l; fÞ;
ds

ð6Þ
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where Lk ðsk ; l; fÞ is the intensity along direction l; f (where l is the cosine of the zenith
angle and f is the azimuth angle) at optical depth sk measured perpendicular to the surface
of the medium. LSk ðsk ; l; fÞ is the source function.
It should be noted that DISORT still makes some important approximations, which can
limit its accuracy in certain circumstances. The most important of these are:
* It assumes a plane parallel atmosphere, which makes it inapplicable at viewing or zenith
angles above approximately 80 , where the curvature of the Earth has a significant influence on radiative transfer.
* It is a one-dimensional model, so cannot reproduce the effects of horizontal gradients in
the scattering medium. This is important where strong gradients exist, such as near
cloud edges.
* It does not model polarization effects and hence cannot be used to model measurements
made by instruments which are sensitive to polarization and does not take the polarization introduced into the diffuse component of radiance by Rayleigh scattering.2
DISORT is provided with the aerosol-scattering properties defined by the Mie scattering calculations and the gas absorptions defined by MODTRAN and a series of 20 logarithmically spaced aerosol optical depths (defined at a wavelength of 0.55 lm) between
0.008 and 5.6. Although DISORT has the ability to include a surface of arbitrary reflectance ‘below’ the modeled atmosphere, no surface reflectance is included at this step.
Rather, the transmission and reflectance of the atmosphere alone is computed for both
direct beam and diffuse radiation sources separately. These calculations produce five
look-up tables for each aerosol type/channel combination:
* Bidirectional reflectance of the atmosphere, from the top of the atmosphere,
RBD ðh0 ; hv ; fÞ.
* Diffuse reflectance of the atmosphere to diffuse radiance, from the bottom of the atmosphere, RFD .
#
* Diffuse transmission of an incident beam, T
BD ðh0 Þ.
#
"
* Direct transmission of the beam, T
DB ðh0 Þ, or TDB ðhv Þ.
"
* Total transmission in the viewing direction, T ðh Þ.
v
Here, a # denotes transmission from the top to the bottom of the atmosphere, while "
indicates the reverse. h0 , hv and f indicate a dependence on the solar zenith, viewing zenith
and relative azimuth angles, respectively. Each of these files contains tabulated transmission or reflectance (depending on the file) values for each of the twenty effective radii, nine
0.55 lm optical depths and sun/satellite geometry (specified by 20 equally spaced zenith
angles and 11 equally spaced azimuth angles).
Effects of molecular absorption and Rayleigh scattering are included by adjustment of
the layer’s optical depth and the particle’s single scattering albedo and phase function with
the following:
s ¼ sa þ sR þ sg ;

ð7Þ

sR þ xa sa
;
sg þ s R þ sa

ð8Þ

x¼

2

It should be noted that DISORT has now be superseded by the vectorized VDISORT code [31], which
does include polarization effects. However, this code has yet to be implemented in the ORAC scheme.

4. Surface reflectance

PðhÞ ¼

sa xa Pa ðhÞ þ sR PR ðhÞ
;
sa x a þ sR
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ð9Þ

where sa , sR and sg are the contributions to the total optical depth s due to aerosol scattering, Rayleigh scattering and gaseous absorption within each layer respectively. The aerosol
single scattering albedo is denoted xa .
For each layer bounded by lower and upper pressure levels pl and pu, respectively and
ground-level pressure p0 , sR is calculated from
sR ¼

sRT ½pl  pu 
;
p0

ð10Þ

where sRT , the wavelength-dependent Rayleigh scattering optical depth for a column of
atmosphere extending from the ground surface to the top of the atmosphere, is obtained
from [15]:
sRT ðkÞ ¼

p0
1

;
4
ps 117:03k  1:316k2

ð11Þ

where ps is the standard pressure (ps ¼ 1013:25 hPa), p0 is the ground pressure in hPa and
k is in lm.

4.

Surface reflectance

Of crucial importance in the retrieval of aerosol properties from ‘near-nadir’ visible/nearinfrared satellite measurements (i.e. measurements in which the Earth’s surface contributes to the measured radiances) is an accurate description of the surface reflectance.
Both the Lambertian and BRDF surface reflectance versions of ORAC retrieve the surface
reflectance in addition to the aerosol optical depth and effective radius, however, it is still
necessary to have accurate a priori knowledge of it.
The methodology used to produce an a priori surface reflectance differs between measurements made over sea or land. Over the sea a surface reflectance model based on the
method presented by Koepke [17] is used. This model includes upwelling radiance from
volume scattering within the water itself [22], specular reflections from the wind-roughened surface (as modeled by the Cox and Munk method [4, 5]) and reflection from white
caps [21, 23]. The model uses ECMWF reanalysis wind fields to determine wave statistics
and white cap coverage and can also make use of chlorophyll concentrations and gelbstoff
loading from MERIS products. A detailed description of the model is given by Sayer [30].
Over land the MODIS3 land surface bidirectional reflectance product [14] is used to
define the a priori surface reflectance. The product consists of a set of three parameters
for the MODIS AMBRALS (Algorithm for Modelling Bidirectional Reflectance Anisotropies of the Land Surface) surface reflectance model [36], which itself consists of three
simple reflectance kernels for different surface types:
3

MODerate resolution Imaging Spectrometer.
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Isotropic kernel. Lambertian reflectance, for which the kernel is  1.
Ross-thick kernel, KRt ðh0 ; hv ; fÞ. Parameterizes densely packed, randomly oriented reflectors, such as leaves.
* Li-sparse kernel, K ðh ; h ; fÞ. Parameterizes the shadowing effects of isolated large
Li 0 v
objects, such as scattered trees.
The three coefficients, piso , pvol and pgeo for the isotropic, Ross-thick and Li-sparse kernels
respectively, provided by the BRDF product weight these models to reproduce the atmospherically corrected bi-directional surface reflectance observed by MODIS over a 16-day
period.
The MODIS BRDF product has as specified uncertainty of 0:02 in the white sky
albedo derived from the AMBRALS model coefficients. Validation work [13, 28] has
shown this to be a reasonable estimate of the true accuracy of the product in general,
although accuracy can decrease for scenes with a highly heterogeneous surface.
Since the Ross-thick and Li-sparse kernels are both dependent only on the solar and
viewing directions, the AMBRALS model can be written in the form:
*
*

RSBD ¼ piso þ KRt ðh0 ; hv ; fÞpvol þ KLi ðh0 ; hv ; fÞpgeo :

ð12Þ

These coefficients can also be combined to form either a black-sky albedo:




RSLB ¼ piso þ bbs1 þ bbs2 h20 þ bbs3 h30 pvol þ cbs1 þ cbs2 h20 þ cbs3 h30 pgeo ;

ð13Þ

or a white-sky albedo:
RSLW ¼ piso þ bws pvol þ cws pgeo ;

ð14Þ

where the quantities bws , cws , bbs1 , etc. are constant coefficients published by the MODIS
BRDF team [32].
Sunglint
A major problem encountered in making nadir satellite measurements is the specular reflection of sunlight off the ocean surface, usually referred to as sunglint. Sunglint has two
detrimental impacts:
1. The TOA signal becomes dominated by the directly reflected radiance from the surface.
2. Consequently, the Lambertian surface reflectance approximation (usually valid for the
ocean surface) becomes wholly inadequate. For these reasons, a retrieval using the
Lambertian Fast-FM (see Section 5) will not produce accurate results in regions of sunglint and they must be masked out, resulting in significant loss of data. The BRDF
forward model is able to successfully model the radiative transfer in sun-glint regions.
However, it becomes highly dependeant on accurate modeling of the surface reflectance
(which in turn depends on the accuracy of the assumed surface wind conditions), due to
the relatively small contribution of the atmosphere to TOA radiance in these regions.

5. The Lambertian fast forward model

5.
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The Lambertian fast forward model

The Fast-FM uses the transmission and reflectance look-up tables produced by the FM to
predict a top-of-atmosphere radiance using the scheme shown diagrammatically in
Fig. 7.1. The solar beam is incident on the atmosphere and the first contribution to the
TOA observed radiance is the direct bi-directional reflectance, RBD , of the atmosphere.
Transmission through the atmosphere is partly by direct transmission of the beam,
#
#
, and partly by diffuse transmission of scattered radiance, TBD
. As an underlying LamTDB
bertian surface is assumed, any preferred directionality of the radiance is lost on reflection
and these transmitted terms can be combined to give the total transmission downward
#
#
þ TDB
. Radiation reflected by the surface (with reflecthrough the atmosphere, T # ¼ TBD
tance Rs ) is partially transmitted by the atmosphere into the viewing direction. This transmission, again with the direct and diffuse components combined, is denoted by T ". The
atmosphere also reflects downwards (with reflectance RFD ) so there is a set of multiple
reflections and transmissions giving rise to a series of rapidly decreasing contributions to
the TOA reflectance. This process is represented in the following equation:
Rðh0 ; hv ; fÞ ¼ RBD ðh0 ; hv ; fÞ þ T # ðh0 ÞRs T " ðhv Þ

ð15Þ

þ T # ðh0 ÞR2s T " ðhv ÞRFD
þ T # ðh0 ÞR3s T " ðhv ÞR2FD
þ ...:
This expression can be simplified to give


Rðh0 ; hv ; fÞ ¼ RBD ðh0 ; hv ; fÞ þ T # ðh0 ÞRs T " ðhv Þ 1 þ Rs RFD þ R2S R2FD þ . . .

ð16Þ

which, in turn, can be simplified further in terms of a geometric series limit,
Rðh0 ; hv ; fÞ ¼ RBD ðh0 ; hv ; fÞ þ

T # ðh0 ÞT " ðhv ÞRs
:
1  Rs RFD

ð17Þ

It is this equation that is used to calculate the top-of-atmosphere radiances seen by the
satellite.

Fig. 7.1. Atmosphere surface interactions.
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5.1 Forward model gradient
The gradient of the forward model ð@y=@xÞ where y is a radiance measurement in a single
channel and x is one of the state variables is required for the following two purposes:
1. The gradient with respect to parameters which are to be derived from the measurements
(state parameters) is a vital quantity for the inversion of the non-linear reflectance model by the Levenberg–Marquardt algorithm.
2. The gradient with respect to parameters which might be considered known and not part
of the inversion procedure (model parameters), e.g., surface reflectance spectral shape,
is used to judge the sensitivity to these parameters and thus to estimate their contribution to the retrieval error.
If Eq. (17) is rewritten as
ð18Þ
R ¼ RBD þ S;
then without reproducing the algebra it can be simply stated that the gradient of the model
with respect to optical depth or effective radius is given by:
 # "0

@R
T T þ T #0 T "
RS R0FD
0
¼ RBD þ S
þ
ð19Þ
@x
T #T "
1  RS RFD
where all 0 indicate @=@x and x is either s or re.
The gradient with respect to surface reflectance is given by:
@R
T #T "
¼
:
@Rs ð1  Rs RFD Þ2

6.

ð20Þ

The BRDF fast forward model

Although the approximation of a Lambertian surface reflectance is reasonable for many
surface types, it can be grossly inaccurate in some situations. For this reason a new FastFM has been developed for the ORAC retrieval system that, while using the same reference
forward model and look-up tables as the Lambertian forward model, no longer makes this
assumption. Dropping the assumption of a Lambertian surface reflectance has two consequences on the derivation of the Fast-FM:
1. The surface reflectance can no longer be described by one value. Rather, three values
are required:
* A bi-direction reflectance, R
SBD , is needed to characterize the reflection of the direct
solar beam into the viewing angle. This is a function of both solar and viewing angles.
* An equivalent black-sky albedo, or hemispherical reflectance, R
SLB , is needed to
characterize the diffuse reflection of the direct beam over the whole hemisphere.
This is only a function of the solar angle.
* An equivalent white-sky albedo, or bi-hemispherical reflectance, R
SLW , is needed to
characterize the reflection of diffuse downwelling radiation. This is independent of
solar and viewing angles, since it assumes reflection is isotropic.
#
, and the diffuse
2. The combination of the direct transmission of the solar beam, TDB
#
transmission of the scattered radiance from the solar beam, TBD , into a single term

6. The BRDF fast forward model
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T # is no longer possible, because the direct beam and diffuse radiance are subject to
different reflectances at the ground.
This means Eq. (15) becomes:
#
"
ðh0 ÞRSBD ðh0 ; hv ; fÞTDB
ðhv Þ
Rðh0 ; hv ; fÞ ¼ RBD ðh0 ; hv ; fÞ þ TDB


#
"
ðh0 ÞRSLB ðh0 Þ T " ðhv Þ  TDB
ðhv Þ
þ TDB

ð21Þ

#
þ TBD
ðh0 ÞRSLW T " ðhv Þ
#
ðh0 ÞRSLB ðh0 ÞRFD RSLW T " ðhv Þ
þ TDB
#
ðh0 ÞRSLW RFD RSLW T " ðhv Þ
þ TBD
#
ðh0 ÞRSLB ðh0 ÞRFD RSLW RFD RSLW T " ðhv Þ
þ TDB
#
ðh0 ÞRSLW RFD RSLW RFD RSLW T " ðhv Þ
þ TBD

þ ...:
#
"
Here the term TDB
ðh0 ÞRSBD ðh0 ; hv ; fÞTDB
ðhv Þ is the direct reflection of the solar beam
into the viewing angle at the surface and thus uses the transmission of the direct
beam for both the downward  and upward paths through the atmosphere.
#
"
ðh0 ÞRSLB ðh0 Þ T " ðhv Þ  TDB
ðhv Þ is the diffuse reflection of the direct beam, i.e. it
TDB
is the radiance seen at the satellite due to the direct beam being diffusely scattered by
the ground. Note that for this term, the upwelling transmission is the total transmission
minus the direct beam transmission, since we are only interested in the diffuse component.
#
ðh0 ÞRS T " ðhv Þ term present in the LamTogether, these two terms are equivalent to the TDB
bertian forward model. Notice also that we require the diffuse-only transmission for the
upwelling radiation from the black-sky (RSLB ðh0 Þ) term.
#
ðh0 ÞRSLW T " ðhv Þ approximates the reflection of the diffusely transmitted
The term TBD
solar radiation into the viewing direction. Ideally, this would be split into two terms:
#
"
#
"
ðh0 ÞRSLW TBD
ðhv Þ þ TBD
ðh0 ÞRSLB ðhv ÞTDB
ðhv Þ, where the first gives the upward diffuTBD
se transmission to the satellite and the second gives the direct transmission. By setting
RSLB(hv) = RSLW these two terms combine to give the above expression and RSLB(hv)
can be eliminated from the equation. This greatly simplifies the formulation of the forward
model and reduces the number of values which must be propogated through the retrieval by
one. The rest of the terms in Eqn.(21) are multiple surface–atmosphere reflections, analogous to those which appear in the Lambertian forward model.
This model makes two simplifying assumptions:
1. The combining of the upwelling direct and diffuse components of the reflected diffusely transmitted solar radiation described above amounts to the approximation that the
surface acts as a Lambertian reflector when diffusely illuminated. That is to say that the
surface will appear the same from all viewing directions if lit by a purely diffuse source.
2. We also assume that when taken as a pair, the surface and atmosphere act as Lambertian
#
ðh0 ÞRSBD ðh0 ; hv ; fÞÞ is
reflectors, so that any directionality left the reflected beam ðTDB
lost in that proportion which is reflected back towards the ground.
Following on from this approximation, after the first surface-atmosphere pair of reflections, the radiation has lost all directionality, and thus the white sky albedo is used for
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Fig. 7.2. Atmospher–surface interactions using the simplified BRDF model.

subsequent surface reflections, and the total atmospheric transmission (T " ðhv Þ) for the
final upward transmission (Fig. 7.2).
Again, Eq. (21) can be simplified:
#
"
ðh0 ÞRSBD ðh0 ; hv ; fÞTDB
ðhv Þ
Rðh0 ; hv ; fÞ ¼ RBD ðh0 ; hv ; fÞ þ TDB

(22)

#
"
ðh0 ÞRSLB ðh0 ÞTDB
ðhv Þ
 TDB


#
#
ðh0 ÞRSLB ðh0 Þ þ TBD
ðh0 ÞRSLW T " ðhv Þ
þ TDB


1 þ RSLW RFD þ R2SLW R2FD þ . . . :

Applying the same series limit as before, our new reflectance value is given by:
#
"
Rðh0 ; hv ; fÞ ¼ RBD ðh0 ; hv ; fÞ þ TDB
ðh0 ÞðRSBD ðh0 ; hv ; fÞ  RSLB ðh0 ÞÞTDB
ðhv Þ


#
#
TDB
ðh0 ÞRSLB ðh0 Þ þ TBD
ðh0 ÞRSLW T " ðhv Þ
þ
:
1  RSLW RFD

ð23Þ

6.1 Retrieving the surface reflectance with the BRDF forward model
Using the Lambertian surface forward model, the magnitude of the surface reflectance
(in particular, the albedo at 0.55 lm) is retrieved. The spectral shape of the surface reflectance (i.e. the ratios between the reflectance in different channels) is fixed by the
a priori surface albedo (from the MODIS white-sky albedo over land and from the surface reflectance model over the ocean), but the magnitude of this reflectance is allowed to
vary. When using the BRDF forward model we are faced with having three separate re-
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flectances for each channel. How then do we include the surface reflectance as a retrieved
parameter?
As has been described already, the black-sky albedo describes the amount of radiation
scattered into the entire hemisphere for a single incoming beam at a given zenith angle.
Hence it can be derived from the BRDF:
Ð 2p Ð p=2
RSBD ðh0 ; hv ; fÞ cos hv sin hv dhv df
ð24Þ
RSLB ðh0 Þ ¼ 0 0 Ð 2p Ð p=2
cos hv sin hv dhv df
0
0
¼

1
p

ð 2p ð p=2
0

RSBD ðh0 ; hv ; fÞ cos hv sin hv dhv df:

0

Similarly the white-sky albedo is the amount of light scattered over the entire hemisphere
from isotropic diffuse downwelling radiance. It can be calculated by integrating RSLB
across all solar zenith angles:
Ð p=2
ð p=2
RSLB ðh0 Þ cos h0 sin h0 dh0
0
RSLW ¼
¼2
RSLB ðh0 Þ cos h0 sin h0 dh0 :
ð25Þ
Ð p=2
0
cos hv sin hv dh0
0
It is clear from these two equations that a small change in any one of the three surface
reflectance values will result in a proportional change in the other two, since a constant can
simply be moved outside the integral.
Examining Eq. (12), (13) and (14) for the calculation of bi-directional reflectance,
black-sky albedo and white-sky albedo from the MODIS BRDF product, it can be
seen that, for a given pixel, we have three linear equations of the form
R ¼ piso þ c1 pvol þ c2 pgeo :

ð26Þ

Hence the reflectances calculated using these expressions also scale linearly.
The ORAC BRDF retrieval is set up to treat the white-sky albedo as the retrieved parameter, with the bi-directional and black-sky albedo values being derived from it, as the
white-sky albedo is independent of the viewing geometry.

6.2 Derivatives of the forward model expression
The derivative of Eq. (23) with respect to optical depth or effective radius can be shown
to be


@R
#
0"
0# "
¼ R0BD þ ðRSBD  RSLB Þ TDB
TDB
þ TDB
TDB
(27)
@x


#
#
TDB
RSLB þ TBD
RSLW RSLW T " R0FD
þ
ð1  RSLW RFD Þ2




#
#
0#
0#
TDB
RSLB þ TBD
RSLW T 0" þ T " RSLW TBD
þ RSLB TDB
þ
;
1  RSLW RFD
where all 0 indicate @=@x and x is either s or re.
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The derivative with respect to surface reflectance requires that we express the derivatives of RSBD and RSLB in terms of a derivative of RSLW . Since RSBD and RSLB both depend
linearly on RSLW for a given viewing geometry, we can write:
@R
@R @RSLW 1 @R
¼
¼
@RSBD @RSLW @RSBD a @RSLW

ð28Þ

@R
@R @RSLW 1 @R
¼
¼
;
@RSLB @RSLW @RSLB b @RSLW

ð29Þ

and the derivative can then be expressed as:
@R
#
"
¼ TDB
ðabÞTDB
þ
@RSLW

7.

#
TDB
bT "

#
TBD
T"

þ
1  RSLW RFD


þ


#
#
TDB
RSLB þ TBD
RSLW T "
ð1  RSLW RFD Þ2

:

ð30Þ

The thermal infrared forward model

In general aerosol has a relatively small impact on the TOA radiance in the thermal infrared, as the particles are generally small enough to act as Rayleigh scatters at these wavelengths (i.e. the aerosol signal becomes lost in the Planck curve of the atmosphere). However, large particles, such as wind-blown dust, can have a significant thermal infrared signature. This fact has been widely used to develop dust indices, such as the Saharan Dust
Index (SDI) [19] used with SEVIRI. The potential of thermal information on wind-blown
dust is especially great in situations where the lofted dust is above surfaces with a similar
composition. In such cases the contrast between the aerosol and surface in the visible/nearinfrared is particularly poor. However, thermal channels show a strong contrast, as the
lofted dust is almost universally at a significantly lower temperature than the surface.
In order to take advantage of this potential, a version of the ORAC aerosol retrieval
which can utilize thermal window channels,4 has been developed. Using the thermal channels complicates the retrieval scheme in four main ways:
1. A separate Fast-FM is required for thermal channels, as their signal is dominated by
thermal emission from the Earth’s surface and atmosphere, rather than scattering and
reflection of solar radiation.
2. In window channels, the thermal signal is dominated by the surface temperature and
emissivity. Thus, these parameters must also be accounted for in the retrieval.
3. In order to accurately model the TOA brightness temperature, the thermal emission of
the atmosphere without aerosol loading (i.e. clear-air) must also be modeled. This involves further radiative transfer calculations and requires accurate knowledge of the
temperature structure and trace-gas concentrations of the atmosphere.
4. Since the thermal emission of the aerosol depends on its altitude, this must be accounted for in the retrieval.
4

Channels for which the signal from trace gas absorption and emission is low and the signal is dominated
by the thermal emission from the ground and atmosphere.
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In order to model the clear-sky brightness temperature, RTTOV [25, 29] is used in conjunction with ECMWF reanalysis data for the scene of interest. The ECMWF fields used
are the surface temperature and pressure, and profiles of temperature, humidity and ozone.
ECMWF data are available at 6-hour intervals, and are linearly interpolated to the measurement time of the satellite. Clearly, the lack of any trace gas information in the ECMWF
data, aside from water vapor and ozone, means this approach will only be valid for instrument channels where there is little signal from gas absorption or emission lines
(i.e. the analysis is limited to making use of window channels). RTTOV provides the temperature at 43 layers, the transmission from the surface to each layer and from each layer to
the TOA, as well as the upwelling and downwelling clear-sky radiance at each level, for
each pixel in the satellite image to analysed.
In the calculation of aerosol look-up tables, it is necessary to extend the calculation of
transmission and reflectance of the aerosol layer to diffuse radiation to the thermal wavelengths, as well as calculating its emissivity (values for the direct beam transmission and
bi-directional reflectance are not required, as there is no direct beam component in the
thermal radiative transfer). Thus, aerosol optical properties are required which extend
into the thermal infrared.
Additionally the dependence of the thermal signal on the height distribution of the aerosol must be accounted for. In the generation of the look-up tables, the aerosol is modelled
as a single infinitesimally thin layer, for which the transmission, reflectance and emissivity
are computed. In the retrieval, the height of this layer is variable (i.e. the layer height is a
retrieved parameter), and is assumed to be in thermal equilibrium with the surrounding
atmosphere. This approximation will only be valid in certain circumstances (i.e. where a
single elevated aerosol layer exists). However, in the case of wind-blown dust, this is a
common scenario (see [18] for example). Simulations have shown that grossly different
aerosol height distributions (such as boundary layer aerosol below an elevated layer or
aerosol across a broad height range) lead to errors in retrieved parameters which are similar
to, or significantly smaller than the expected error due to uncertainty in the measured
radiances.
Derivation of the thermal Fast-FM follows a similar pattern to that of the shortwave
Fast-FM. If we define:
* Upwelling TOA radiance, I " .
* Transmission of the atmosphere above the aerosol layer, T .
al
"
* Upwelling TOA radiance from the atmosphere above the aerosol layer, I .
al
#
* Downwelling radiance at the top the aerosole layer from the overlying atmosphere, I .
al
* Transmission of the atmosphere below the aerosol layer, T .
bl
* Upwelling radiance at the bottom of the aerosol layer neglecting multiple reflection,
between the layer and underlying surface, Ibl" .
* Black body radiance at of the aerosol layer, B .
l
* Emissivity of the aerosol layer, e .
l
* Reflectance of the aerosol layer, R .
l
* Surface reflectance, R .
s
The TOA thermal intensity can then be expressed as
I " ¼ Bl el Tal þ Ial# Rl Tal þ Ial" þ Ibl" Tl Tal þ Ibl" Rl Tbl2 Rs Tl Tal þ Ibl" R2l Tbl4 R2s Tc Ta l þ . . . : ð31Þ
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Here the first term is the thermal emission from the aerosol layer itself, the second term
gives the contribution from downwelling radiance reflected by the aerosol layer and the
third and fourth terms are the contribution from thermal emission of the atmosphere above
and below the aerosol layer, respectively. The remaining terms account for multiple reflections between the surface and the aerosol layer. As with the shortwave forward model,
this expression can be simplified by factorizing and applying a geometric series limit:


I " ¼ Bl el Tal þ Ial# Rl Tal þ Ial" þ Ibl" Tl Tal 1 þ Rl Tbl2 Rs þ R2l Tbl4 R2s þ . . . ;

ð32Þ

leading to the expression
I " ¼ Bl el Tal þ Ial# Rl Tal þ Ial" þ

Ibl" Tl Tal
:
1  Rl Tbl2 Rs

ð33Þ

Note that the value Ibl" includes both the atmospheric transmission below the aerosol layer
and emission from the surface:
"ðatmÞ

Ibl" ¼ Ibl

þ Bs es Tbl ;

ð34Þ

where Bs is the blackbody radiance of the surface and es is its emissivity.
If we neglect multiple scattering between the surface and aerosol layer (which is a reasonable approximation at thermal wavelengths), the later terms in Eq. (31) and (32) become zero and the denominator of Eq. (32) becomes unity.5 Applying this approximation
and substituting (34), we get:
"ðatmÞ

I " ¼ Bl el Tal þ Ial# Rl Tal þ Ial" þ Bs es Tbl Tl Tal þ Ibl

Tl Tal :

ð35Þ

In order to account for the height dependence of the aerosol thermal emission and the
surface-temperature dependence, both of these quantities are retrieved by the thermal algorithm. The state vector for the thermal retrieval thus consists of:
* Aerosol optical depth at 0.55 lm.
* Aerosol effective radius.
* Surface albedo at 0.55 lm.
* Aerosol layer height.
* Surface temperature.
Due to the greatly extended spectral range encompassed when thermal channels are included in the retrieval, accurate knowledge of the aerosol spectral refractive index is even
more essential than in a visible near-infrared algorithm. A case study carried out by Carboni et al. [3], showed that dust-like aerosol models currently available from the literature
[6, 11] could not be used to reproduce radiances observed by SEVIRI over the Sahara
Desert and Atlantic Ocean during a dust storm event. The errors in aerosol optical depth
and effective radius from retrievals using these refractive indices were completely dominated by this discrepancy. More success was achieved using refractive indices from inhouse spectral measurements of Saharan dust samples [24], however, there remain discre5

Note that this is in effect the same as assuming a zero surface reflectance.
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pancies that show the need for future improvement of the characterization of aerosol and
the Earth’s surface in the IR.

8.

The retrieval algorithm

All three of the Fast-FMs described in the previous section fit into the same basic ORAC
retrieval algorithm, with minor changes to deal with differing input variables (such as the
necessity of dealing with three surface reflectance values for each pixel for a retrieval using
the BRDF forward model). The algorithm is built around the optimal estimation framework described by Rogers [26, 27]. If we define the vector made up of the retrieved parameters to be the state vector, x, and the a vector of the measurements, y, then the probability
density function of the state subject to the measurements is defined, by application of
Bayes’ theorem and Gaussian statistics, to be
1
2 ln PðxjyÞ ¼ ðy  FðxÞÞS1
e ðy  FðxÞÞ þ ðx  xa ÞSa ðxxa Þ:

ð36Þ

Here FðxÞ is the forward function (i.e. the function which maps the state parameters to
measurements, which we approximate with a forward model fðxÞ), Se is the measurement
error covariance matrix, xa is the a priori state vector and Sa is the a priori error covariance
matrix. Together xa and Sa denote our best guess at the state before the measurement is
made and the precision of this guess. The retrieval problem is, therefore, that of finding the
minimum value of Eq. (36), which is known as the cost function (i.e. maximizing the probability of x subject to y), which is known as the cost function.
ORAC uses the Levenberg–Marquardt numerical optimization to perform this minimization. This is an iterative procedure, whereby, if the number of measurements in y is m,
and there are n state parameters, x is incremented by

1 T 1
T 1
Ki Se ðy  FðxÞÞ  S1
xiþ1 ¼ xi þ S1
a þ Ki Se Ki þ cDn
a ð x  xa Þ ;

ð37Þ

where K is the weighting function matrix, c is variable parameter, Dn is a n  n diagonal
scaling matrix and the i subscript denotes values for the current iteration. K is a m  n
matrix, with each column containing the derivative of the forward model with respect to
each state parameter, i.e.
ki;j ¼

@fi ðxÞ
:
@xj

ð38Þ

Thus, for a linear system, we could write y ¼ Kx.
The parameter c is the key to the efficiency and robustness of the Levenberg–Marquardt
algorithm. If c ! 1, Eq. (37) tends to the step given by the steepest descent algorithm,
which will always lie in the direction of the local ‘downhill’ gradient and is therefore very
robust. If c ! 0, however, the algorithm behaves like Gauss–Newton iteration, which,
although less numerically robust than steepest descent, will provide an exact solution
to a linear problem in one iteration. The procedure for determining the value of c is to
start with a fairly small value (so the initial iteration will resemble Gauss–Newton),
then at each iteration:
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If, as a result of the step suggested by Eq. (37), the cost function increases, do not update
the state vector and increase c.
* If the cost function is decreased by a step, update the state vector and decrease c for the
next step.
ORAC uses a factor of 10 for increasing and reducing c. The scaling matrix, Dn , is used to
ensure that the state parameters are of similar magnitude, in the interests of numerical
stability.
This iterative procedure is continued until either a convergence criterion is satisfied, or
a maximum number of iterations is exceeded (in the former case the retrieval is said to
have converged, while the later case can generally be rejected as a failed retrieval). ORAC
uses the change in the cost function between iterations to determine whether the algorithm
has converged – a negligible change in cost between iterations indicates that the retrieval
is no longer improving the fit between measurements and forward model.
The optimal estimation framework offers two main advantages over more ad hoc retrieval algorithms:
1. A priori information is explicitly included in the retrieval in a way which is consistent
with the way measurement information is included.
2. Rigorous error propagation, including the incorporation of forward model and forward
model parameter error, is built into the system, providing extra quality control and error
estimates on the retrieved state.
Error estimates for the retrieved state can be calculated by applying
*

^ ¼ S1 þ KT S1 Ki
S
a
i e

ð39Þ

^ is the covariance of the retrieved state. If there is a known
after the final iteration, where S
limitation in the forward model, due to approximations or incomplete modeling of the
relevant physics, this can be accounted for in the retrieval as forward model error described
by a covariance matrix Sfm . Uncertainty in parameters on which the forward model depends, but which are not retrieved (for instance, the height distribution of aerosol), can also
be included in the retrieval as forward model parameter error. These extra error terms are
combined with the measurement error:
Sy ¼ Se þ Sfm þ Kp Sp KTp ;

ð40Þ

where Sp is the covariance matrix describing the uncertainty in the forward model parameters and Kp is the weighting function which maps this error into measurement space (i.e.
it is analogous to the Ki matrix used above). The new measurement covariance Sy then
replaces Se in Eq. (36) to (39).

9.

Aerosol speciation

Although the ORAC algorithm does not directly retrieve any information on the composition of the aerosol, except the change in mixing state implied by the retrieval of effective
radius (see Section 3.1), it is still possible for the system to provide some indication of the
aerosol type present in a given scene. This capability is achieved by running the retrieval
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repeatedly using a different predefined aerosol class each time. The resulting set of aerosol
retrievals can be merged into a single ‘speciated’ product by comparing the retrieval cost
function for each of the aerosol classes used, weighted by a priori knowledge of the likely
aerosol type at that particular location.
For example, over the mid-Atlantic Ocean, the dominant aerosol would be expected to
be maritime. However, during periods of agricultural and forest burning in central and
southern Africa, a biomass aerosol class will often provide a significantly better fit to
the measurements (as indicated by a lower value of the cost function), indicating the presence of outflow from the African fires.
Although this method has been found to be somewhat successful, it is subjective in
nature (relying on an ad hoc a priori weighting of the cost function comparison) and
can only be considered as an indicative measure of the actual aerosol composition.
Also, the method is only sensitive to aerosol types which appear significantly different
in the measurement channels. For instance, it has been found that when using
(A)ATSR or SEVIRI visible channels, maritime aerosol and desert dust are difficult to
distinguish except at very high optical depths.

10.

Example results

The following sections give examples of aerosol properties derived using the different
versions of ORAC described in the previous sections.

10.1 Single-view retrieval from AATSR
Fig. 7.3 shows monthly means of optical depth, effective radius and speciation for September 2004, from AATSR, as retrieved using the Lambertian Fast-FM described in Section 5. Nadir view AATSR radiances have been cloud cleared and then averaged onto a
10 km sinusoidal grid [33] prior to retrieval. Cloud clearing over the ocean used the ESA
operational cloud flag [10], while over the land a custom method, which uses a threshold on
normalized difference vegetation index values derived from the 0.55, 0.67 and 0.87 lm
channels, as well as thresholds on the radiances in these channels themselves [2] was used.
The retrieval has been run using five separate aerosol classes:
* continental clean y
* desert dust y
* maritime clean y
* urban y
* biomass burning z
where a y indicates the aerosol class originates from the OPAC database [11] and z originates from the work of Dubovik et al. [9]. The monthly mean was performed on a 1  1
latitude/longitude grid and the data has had the following quality-control criteria applied:
* The retrieval must have converged.
* The final value of the retrieval cost function must be below a threshold value.
* The retrieval must have converged to a state within the bounds of the LUTs.
* The retrieved surface reflectance at 550 nm must be less than 0.2.
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Fig. 7.3. Global mean (a) 0.55 lm aerosol optical depth, (b) effective radius in lm and (c) speciation from
AATSR for the month of September 2004.
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Over land pixels the fraction of measurement pixels within a given sinusoidal grid cell
flagged as cloud must be less than 50 %.6
The first thing to note from Fig. 7.3 is the limitations introduced by the narrow swath of
AATSR. Since ORAC uses the visible wavelength channels of AATSR, only data from the
descending (daylight) half of the orbit can be used. Even with a month of data, there remain
areas where cloud cover and sunglint mean there is no coverage, and the retrieved fields
still show evidence of the orbital pattern. Taking this into account, the optical depth field
shows the expected patterns, with reasonable values. However, the limitations of the single
view using a Lambertian surface reflectance are clear, especially over land. Generally,
retrievals over land surfaces show slightly higher than expected optical depths and there
is a clear step change in both optical depth and effective radius along coastal boundaries. It
is also notable that some regions which would be expected to show high aerosol loading,
such as China, are not particularly conspicuous in the optical depth field. The optical depth
over the oceans appears to be much more as expected, although a very low value of effective radius has been retrieved. Speciation (Fig. 7.3(c)) shows that the expected aerosol
class is derived for most pixels, although there is clear evidence of the difficulty in distinguishing desert dust and maritime aerosol using the AATSR channels. Also, there is
little indication of the biomass burning plume visible in the optical depth field off the
coast of Africa.
These conclusions are supported by Fig. 7.4, which displays the results a comparison
between AERONET optical depths and AATSR retrievals for the same month as in
Fig. 7.3. Fig. 7.5 shows the locations of the AERONET stations used in the comparisons
presented in this chapter. The stations used have been limited to those known to provide
measurements which are representative of their surrounding area, based on recommendations by S. Kinne [16]. These comparisons relate the mean AERONET optical depth within
30 minutes of the satellite overpass with the mean satellite optical depth within 20 km of
the AERONET site. This averaging is done to try and ensure that similar airmasses are
being measured by the satellite and ground-based instruments and is based on the procedure used for MODIS aerosol validation [12]. Each AERONET station used in the comparison has been assigned a unique coloured symbol, with stations within similar geographical regions having the same color. Stations which are in open sea or coastal sites are
denoted with open symbols, while solid symbols are used for inland sites. The ORAC data
used for comparison with AERONET have had the same filters applied as those applied for
the monthly mean products, with the addition of a threshold of the variability of the retrieved optical depth within the 20 km spatial window, which was included to remove cases
where high spatial variablity in aerosol loading could introduce significant sampling
biases to the comparison.
The comparison with AERONET data clearly shows that the retrieval is performing
relatively poorly over land surfaces. The high optical depth bias of the single-view Lambertian ORAC results suggested by the monthly mean plot is confirmed, and the results
show a great deal of scatter, with a correlation of 0.4 between the two datasets. The results
*

6

The scheme averages all pixels cloud-free within each sinusoidal grid cell, to give a cloud free radiance.
However, the cloud flag applied to AATSR over the land was found to leave some residual cloud contamination. This was not found to be a problem over ocean pixels.
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Fig. 7.4. Scatterplots of AERONET optical depth at 550 nm versus coincident AATSR retrievals for September 2004 from the single-view Lambertian surface retrieval. The results are a composite of five separate aerosol classes, with the class of each point being determined by comparing the retrieval costs.
Error bars indicate the standard deviation of the values that went into the spatial or temporal averaging.
Each plot includes a least-absolute-deviation fit line (solid line) and its equation, plus uncertainty estimates on this fit (dashed lines), with the uncertainties in the fitted parameters included below the equation.
The one-to-one line (dotted) is also included for comparison, and the correlation coefficient for the plot, R
is given. Plot (a) shows results for inland AERONET stations. Plot (b) shows results for coastal stations,
where only satellite results over the ocean are compared.

for ocean pixels are far more encouraging. Here there is no clear bias in the results and
there is much less scatter, with the correlation being 0.8.
These results show that the single-view Lambertian retrieval is very dependent on an
accurate a priori description of the surface reflectance. The higher reflectance and much
greater anisotropicity (and hence greater uncertainty in its reflectance) of the land surface,
when compared to the ocean, results in relatively poor retrieval performance over the land.
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Fig. 7.5. AERONET stations used in the comparisons discussed in this chapter. (a) shows those stations
within the SEVIRI observation disk, (b) shows stations within the Eastern Hemisphere, North American
stations appear in (c) and those in Arabia are shown in (d).

216

7 Oxford-RAL Aerosol and Cloud (ORAC): aerosol retrievals from satellite radiometers

10.2 Dual-view retrieval from AATSR
This section presents results equivalent to those presented in Section 10.1, but using the
BRDF surface reflectance version of ORAC incorporating both views of the AATSR instrument. Fig. 7.6 can be exactly compared to Fig. 7.3 and shows a marked improvement in
the retrieved aerosol properties. The optical depth field shows far less evidence of elevated
optical depths over land pixels and is much more continuous across coastal boundaries.
Areas of high optical depth are evident, but are generally in regions where high aerosol
loading is to be expected – such as Southern and Eastern Asia). Optical depths in desert
regions are also more believable than in the single-view Lambertian results. The effective
radius field shows features that are also expected such as larger particles in regions of
desert outflow, and smaller particles associated with polluted regions. Speciation also
shows evidence of improvement over the single-view Lambertian results, with significant
amounts of biomass-burning aerosol being detected in regions where it might be expected
(the Amazon Basin and central/southern Africa) as well as clear biomass plume extending
across the Alantic (which even shows evidence of aging – becoming more like background
continental aerosol as it extends towards South America). However, there is still evidence
of the difficulty in distinguishing desert dust and maritime aerosol over the sea and at high
latitudes the speciation over the sea breaks down somewhat (with a scattering of different
aerosol types being retrieved). The reason for this is not clear; however it could due to the
phase functions of the various aerosol types producing similar spectral responces across
the AATSR channels at high solar zenith angles.
Comparison with AERONET data (Fig. 7.7) offers further evidence of the improved
quality of these results with those discussed in Section 10.1. In this instance all of the
comparisons (land and sea) have been plotted together and show a very high degree of
correlation (over 0.95) and very little bias. This level of correlation is extremely impressive, given the widely different methods and sampling used to make the measurements.
Comparing the results from this section and Section 10.1 shows the great improvement
given by the BRDF surface reflectance Fast-FM. This improvement is due to three factors:
1. The surface reflectance is better modeled. This is particularly important for anisotropic
land surfaces and in regions of the ocean effected by sunglint, where the Lambertian
approximation breaks down.
2. The retrieval is able to make use of the AATSR dual-view measurement system. Not
only does this double the number of measurements available to the retrieval but, since
each surface pixel is viewed twice through differing atmospheric paths, the constraint
on both the surface reflectance and aerosol properties being consistent between views
allows the retrieval to decouple their effects much more effectively than with a single
view.
3. The inclusion of four more measurements provides enough information for the retrieval
of the surface reflectance in each channel independently, greatly reducing the reliance
on an accurate a priori knowledge of it.
Although it is difficult to disentangle these three effects, the results do strikingly demonstrate the strength of the ATSR dual-view system.
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Fig. 7.6. Global mean (a) 0.55 lm aerosol optical depth, (b) effective radius and (c) speciation from
AATSR for the month of September 2004. The data were produced by the BRDF version of ORAC, using
both nadir and forward views on a 10 km sinusoidal grid. The monthly mean was performed on a
1  1 latitude/longitude grid.
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Fig. 7.7. Scatterplots of AERONET optical depth at 550 nm versus coincident AATSR retrievals for September 2004 from the dual-view BRDF retrieval. The results are a composite of five separate aerosol
classes, with the class of each point being determined by comparing the retrieval costs. Both plots
show the results for all AERONET stations, with (b) using a logarithmic scale for clarity. See
Fig. 7.5 for a definition of the plotting symbols.

10.3 Retrieval from SEVIRI using the BRDF Fast-FM
Fig. 7.8 shows the mean 0.55 lm optical depth retrieved from SEVIRI data over September
2004, as given by ORAC using the BRDF forward model. The production of this composite
followed a very similar method as used for the AATSR monthly means discussed in the
previous two sections. The same retrieval grid and aerosol classes were used, and very
similar quality controls were applied. The composite has been formed using two SEVIRI
measurements per day, one at 10:15 and one at 16:15 UT. Although SEVIRI does not
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Fig. 7.8. Global mean 0.55 lm aerosol optical depth from SEVIRI for the month of September 2004. The
data were produced by the BRDF version of ORAC, on a 10 km sinusoidal grid. The monthly mean was
performed on a 1  1 latitude/longitude grid. Speciation has been carried out in the usual way, from the
same set of five aerosol classes used for the AATSR retrievals.

provide a dual-view measurement, the BRDF forward model still provides a better description of the surface reflectance than the Lambertian approximation does. One of the largest
difficulties to be overcome when applying the ORAC scheme to SEVIRI data is that of
cloud-contamination. This is largely due to the larger pixel size of the SEVIRI instrument
when compared to the (A)ATSR sensors, which results in relatively large number of cloud
contaminated pixels being flagged as clear by the operational EUMETSAT SEVIRI cloud
flag. Although post-retrieval quality control has removed the vast majority of residual
cloud contamination, there is still some evidence of contaminaton in the very high average
optical depths seen in the Amazon basin.
Fig. 7.9 shows that, as far as agreement with AERONET is concerned, the SEVIRI retrieval lies somewhere between the AATSR single-view Lambertian and dual-view BRDF
results. Agreement over the ocean is excellent, with a correlation of 0.79 and very little
bias. For land-based stations, the best-fit line shows a strong negative bias. However, it can
be seen that this is mostly caused by a bias against a single AERONET station – Mongu
(denoted by yellow triangles). This station lies in an arid region of southern Africa (see
Fig. 7.5(a)) that is characterized by a high surface reflectance. This suggests that the SEVIRI retrieval is prone to underestimating aerosol optical depth in regions where the surface component dominates the TOA signal. The negative bias in the SEVIRI results apparent when compared against another desert AERONET site, Blida (denoted by brown
squares), supports this conclusion. Furthermore, if Fig. 7.8 is compared to Fig. 7.6, it can
be seen that the SEVIRI-based optical depth does tend to be lower than the AATSR value
in arid regions. Although the SEVIRI results have had a stringent surface reflectance
threshold applied to them (resulting in the regions of missing data over the Sahara, Arabia
and southern Africa), these results suggest that a stronger quality-control criterion may be
needed.
If one neglects the Mongu points in Fig. 7.9, the agreement between SEVIRI and
AERONET is again excellent. Indeed, even with the Mongu points included in the calculation, the correlation for inland AERONET stations is actually higher than that for the
ocean/coastal sites, at 0.82. This high correlation is largely due to excellent agreement
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Fig. 7.9. Scatter-plots of AERONET optical depth at 550 nm versus coincident SEVIRI retrievals for
September 2004. Plot (a) shows results for inland AERONET stations. Plot (b) shows results for coastal
stations, where only satellite results over the ocean are compared. See Fig. 7.5 for a definition of the
plotting symbols.

10. Example results
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Fig. 7.10. A time-series of 0.55 lm optical depth from SEVIRI retrievals (black) and AERONET sunphotometer (orange). Only retrievals over land pixels were considered in computing the SEVIRI optical
depth.

between the ORAC retrieval and AERONET over Europe. An example of this is shown in
Fig. 7.10, where time series of collocated AEROSOL optical depth from SEVIRI and the
IMS-METU-ERBEMLI AERONET station are given. In almost all cases the two measurements agree within the error bars.

10.4 Retrieval using the thermal infrared forward model
At the time of writing, work on including a thermal infrared forward model in the ORAC
aerosol retrieval was still at a fairly early stage. However, the retrieval has been applied to a
limited quantity of SEVIRI data from March 2006. This month was marked by a very large
dust storm in the Sahara, which resulted in large plumes of dust being blown south, towards
the Ivory Coast. There the lofted dust encountered a strong westerly airflow, which carried
it out into the Atlantic at extremely high concentrations. Fig. 7.11 shows the SEVIRI data
collected on March 9, 2006, at the height of the event. The false color image clearly shows
the dust plume extending in a northwesterly direction across the Atlantic, but also demonstrates the problem encountered when trying to retrieve lofted dust over a desert surface
using a visible/near-infrared retrieval scheme – it is very difficult to distinguish the lofted
dust from the background surface over the desert in Fig. 7.11(a).
Fig. 7.11(b) shows the 550 nm optical depth retrieved using ORAC with the thermal
forward model enabled. In this instance the aerosol class has been assumed to be desert
dust (based on the optical properties of Peters et al. [24]), and the maximum optical depth
covered by the LUTs has been extended from 2 to 5. The retrieval has been performed on a
10-km sinusoidal grid. The dust plume extending into the Atlantic is very clear, and shows
extremely high optical depths, which in some places exceed 5. The optical depth field also
shows the plume extending along the southern edge of the Sahara, and shows elevated
optical depths (exceeding 1) extending north into the Sahara itself.
It must be noted that Fig. 7.11 also shows evidence of the need for further development
of the thermal-infrared retrieval. The differentiation of heavy dust loading and cloud is a
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Fig. 7.11. An example of retrieved optical depth making use of thermal channels. Plot (a) shows a falsecolor image from SEVIRI taken on March 9, 2006, at approximately 12:12UT, during a large dust storm
event in the southern Sahara. Plot (b) shows the retrieved optical depth field for this scene. White areas in
plot (b) indicate the presence of cloud or failed retrievals (due, for example, to the optical depth being
outside the 0.01 to 5.0 optical depth range).

difficulty common among aerosol retrieval schemes, and it is a problem with the thermalinfrared version of ORAC as well. The optical depth field also shows features which are in
reality clearly associated with the surface. This is due to both limitations in the description
of the surface and the applicability of the assumed aerosol properties. Steps are being taken
to address these issues, namely:
* The description of the surface reflectance in the thermal-infrared retrieval will be improved by incorporating the visible/near-infrared BRDF Fast-FM.
* The use of non-spherical scattering code in the calculation of LUTs for non-spherical
aerosol classes (such as desert dust) is being investigated.
* Further measurements of Saharan aerosol samples will be undertaken.
* It is hoped that a surface BRDF product derived from SEVIRI measurements will become available in the future [35], which will provide an improved description of the
surface for the retrieval.

11. Conclusion
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Fig. 7.12. Scatter between collocated SEVIRI and MISR optical depths over the Saharan region for the
period March 5–30, 2006. The SEVIRI results, all of which are for 12:12UT, have been retrieved with the
thermal-infrared version of ORAC on a 10 km sinusoidal grid, which has then been interpolated onto the
MISR level 2 optical depth grid. The 1-to-1 line is indicated by the dashed line, while the solid line gives
the best-fit line (least absolute deviation fit, weighted by the error in both datasets), the equation of which
is also given.

Despite these limitations, however, these results do provide a good overall indication of
aerosol optical depth field. Fig. 7.12 shows a comparison between collocated thermal-infrared ORAC and MISR (Multi-angle Imaging SpectroRadiometer) retrievals. Due to its
multiple-view observation system, MISR is regarded as one of the most reliable satellitebased aerosol products, particularly over bright surfaces like deserts [8]. The agreement
between the two datasets is very close, especially considering the difference in measurement time between the two (MISR observes at approximately 11:30 local solar time, which
means only MISR swaths which lie near the east coast of the Saharan region will be temporally close to the SEVIRI measurement).

11.

Conclusion

This chapter has detailed the ORAC aerosol retrieval algorithm in its various forms. ORAC
is a retrieval scheme based around the optimal estimation framework [26, 27] that uses a
plane parallel radiative transfer, using assumed aerosol properties, to forward model the
TOA radiance measured by satellites. The basic ORAC algorithm provides a framework
for the retrieval of aerosol properties from visible/infrared radiometers. As demonstrated
by the variety of different ORAC variants described, the generic nature of the algorithm
makes it suitable for a wide range of instruments, provided they meet the following criteria:
* The measured signal is not polarization-dependent.
* The measured signal is not strongly effected by molecular Rayleigh scattering, as the
variation of this signal with topography height and atmospheric state is not modeled.
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The channels used in the retrieval are fairly free of molecular absorption by atmospheric
trace gases.
* Instrument and solar zenith angles must be less than
80 for the plane parallel radiative transfer used in the forward model to be reliable.
The algorithm can also be easily modified to make use of different forward models, a
feature which has allowed the development of the BRDF, ATSR dual-view and thermal-infrared versions of the algorithms presented.
The example results presented demonstrate that the ORAC algorithm shows good
agreement with ground-based measurements of aerosol optical depth, as well as with current operational satellite aerosol products. The quality of the products combined with the
adaptability of the algorithm, makes the ORAC algorithm unique in its ability to quickly
adapt to a range of different instruments. This, combined with the strengths inherent in an
optimal estimation retrieval scheme, namely:
* statistically rigorous error propagation and error estimates on all retrieved quantities,
* the inclusion of a priori information in a statistically consistent way,
make ORAC a strong addition to the stable of satellite aerosol retrieval algorithms.
*
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