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Retrieval of aerosol optical properties from OMI
radiances using a multiwavelength algorithm:
Application to western Europe
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[1] The Ozone Monitoring Instrument (OMI) multiwavelength algorithm has been
developed to retrieve aerosol optical depth using OMI-measured reflectance at the top of
the atmosphere. This algorithm was further developed by using surface reflectance data
from a field campaign in Cabauw (The Netherlands), a new cloud-screening method, and a
global aerosol database derived from the aerosol transport model TMS5. The first results

from an application of this algorithm over western Europe are presented. The OMI-
retrieved aerosol optical depth is evaluated by comparison with both ground-based
measurements from Aerosol Robotic Network (AERONET) and Moderate Resolution
Imaging Spectroradiometer (MODIS) satellite data. The various aerosol optical depth
values compare favorably, except in situations where large changes occur in the surface
properties, which is illustrated over the Iberian peninsula. OMI and MODIS aerosol
optical depth are well correlated (with a correlation coefficient of 0.66 over land and 0.79
over sea), although the multiwavelength algorithm appears to overestimate the aerosol
optical depth values with respect to MODIS. The multiwavelength algorithm performs
better over sea than over land. Qualitatively, the multiwavelength algorithm well
reproduces the expected spatial aerosol optical depth gradient over western Europe.

Citation:

Curier, R. L., J. P. Veefkind, R. Braak, B. Veihelmann, O. Torres, and G. de Leeuw (2008), Retrieval of aerosol optical

properties from OMI radiances using a multiwavelength algorithm: Application to western Europe, J. Geophys. Res., 113, D17S90,

doi:10.1029/2007JD008738.

1. Introduction

[2] The influence of acrosols on the Earth’s radiative
balance is one of the largest unknowns in the climate
system. Aerosols have a direct effect by scattering and/or
absorbing the incoming solar radiation [Haywood and
Boucher, 2000]. The aerosols’ net effect on the Earth’s
radiative balance depends on the aerosol chemical and
physical properties, the surface albedo and the aerosol
layer’s altitude [Torres et al., 1998]. The uncertainty in
the effect of aerosols on climate stems from the large
variability of aerosol sources, i.e., their concentrations and
physical, chemical and optical properties, in combination
with their short atmospheric residence time of a few days.
Experimental data on aerosol properties are available from
ground-based observations. However, they often are only
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representative for local situations and cannot be used for
estimates of effects on regional to global scales. Furthermore,
they are part of several networks which often are disconnected
and the data are available in different formats, on different
time scales and measured using different procedures and
correction factors. Although efforts have been made to
harmonize some of these data sets (e.g., Global Atmosphere
Watch (GAW) program of the World Meteorological Orga-
nization (WMO), www.wmo.ch/web/arep/gaw/
gaw_home.html) and EMEP (cooperative program for mon-
itoring and evaluation of the long-range transmission of air
pollutants in Europe through the European project CREATE,
http://www.gse-promote.org/services/create/createdb.html),
the data availability on a global or regional scale is still a
concern. Furthermore, the area coverage is very sparse for
most continents. An alternative to provide aerosol properties
on a regional to global scale with a spatial resolution varying
from 1 x 1 km® to 1° x 1° and a temporal resolution of once
per day is provided by Sun synchronous satellites. Satellite
data insure the creation of worldwide aerosol database
properties derived from the same protocol. The use of
satellites is complementary to the ground-based networks
for extension to larger spatial scales, even though the satel-
lite-retrieved aerosol properties do not provide the same
detail and accuracy as ground-based in situ measurements
and lack vertical resolution (except for spaceborne lidars such
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as the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP)).

[3] The Ozone Monitoring Instrument (OMI) is a Dutch-
Finnish contribution to the Aura mission [Schoeberl et al.,
2006]. It is a nadir-viewing spectrometer that measures solar
reflected and backscattered light in the UV-visible domain
between 270 nm and 500 nm [Levelt et al., 2006a, 2006b].
The reflectance at the top of the atmosphere (TOA) mea-
sured by OMI is used to derive aerosol optical properties,
two algorithm has been developed to achieve this goal. The
Near-UV algorithm (OMI-Aerosol Ultraviolet, OMAERUV
[Torres et al., 2002a]), which uses two wavelengths in the
near-UV to provide the aerosol optical depth and the single
scattering albedo at 388 nm. The Near-UV method was
initially developed to retrieve aerosol properties from Total
Ozone Mapping Spectrometer (TOMS) observations and
has been upgraded for OMI as explained by Torres et al.
[2002b]. The Near-UV method is based on the difference in
the sensitivity of the TOA radiation at two wavelength
bands to absorbing aerosols such as carbonaceous aerosols
or mineral dust and can be applied over any surface. The
multiwavelength method (OMI-AEROsol, OMAERO) is a
new approach, which exploits the information in the wider
wavelength range between 330 nm and 500 nm. In the
current implementation of the multiwavelength algorithm,
14 wavelength bands between 342.5 nm and 483.5 nm are
used. This choice has been made in order to exclude spectral
features in the surface albedo related to surface vegetation
and ozone absorption features in the UV. The aerosol optical
depth is retrieved for a number of aerosols models and a
best fitting aerosol model is determined. It has been theo-
retically shown that OMI spectral reflectance measurements
in the mentioned wavelength bands content between 2 and
4 degrees of freedom and are sensitive to aerosol parameters
such as the aerosol optical depth and the single-scattering
albedo [Veihelmann et al., 2007].

[4] The main goal of this study is to validate the aerosol
optical depth output of the multiwavelength algorithm,
therefore,in agreement with the study made by Veihelmann
et al. [2007], which pointed out the redundancy of the
information contain in the nominal wavelengths, the retriev-
als in this study were made over Western Europe for May to
July 2005 for eight wavelengths of 342.5, 367.0, 388.0,
406.0,425.5,442.0,463.0,and 471.0 nm. The aerosol optical
depth provides information on the total concentration of
particles for a given size range and its spectral variation
provides an indication of the particle size distribution.

[5] In the near ultraviolet and visible domains the net
aerosol effect on the TOA radiation results from complex
interactions between several competing radiative processes:
the scattering and absorption of incoming solar radiation by
molecules and aerosols, the absorption of the scattered
radiation, scattering and absorption of radiation reflected by
the underlying surface. For OMI wavelengths in the near UV
and the visible almost all surfaces (except ice, snow, desert
and salt lakes), have low surface albedo. Therefore, for cloud-
free skies, the TOA radiance is dominated by atmospheric
effects, i.e., molecular and aerosol scattering and absorption.

[6] In this paper, we present the first results from the
retrieval of aerosol optical depth from application of the
multiwavelength algorithm [7orres et al., 2002b] to Ozone
Monitoring Instrument (OMI) data over western Europe for
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May to July 2005. An extended version of the multiwave-
length algorithm is presented and validated. Section 2 gives
an overview of the different aerosol properties present in the
OMAERO product derived from the multiwavelength algo-
rithm. The extended version of the multiwavelength algo-
rithm required an improvement of the cloud screening, an
evaluation of the surface albedo effects on the TOA reflec-
tance and the introduction of an improved aerosol climatol-
ogy. The surface albedo was evaluated on the basis of
experimental data. The cloud screening has been enhanced
by the synergistic use of Moderate Resolution Imaging
Spectroradiometer (MODIS) and OMI cloud masks. And
finally, the aerosol geographical distribution has been
improved using an aerosol transport model. The multiwave-
length method as well as the different adjustments are
explained in section 3. Results are presented in section 4.
The aerosol optical depth time series for ten European sites
are presented and evaluated versus Aerosol Robotic Network
(AERONET) data [Holben et al., 1998] in section 4.1. In
sections 4.2 and 4.3, the OMI-retrieved aerosol optical depth
is compared to MODIS-retrieved aerosol optical depth and
the spatial variation of the acrosol optical depth over Europe
is evaluated on the basis of monthly composite maps.

2. OMI Aerosol Product OMAERO

[7] OMI measurement are unique, they are sensitive to
aerosol absorption in the UV and, at the same time, combine
a small footprint (13 km x 24 km at nadir) with global
coverage. The small footprint is essential for the observation
of tropospheric aerosols. The UV absorption facilitates the
distinction of aerosols types such as desert dust and biomass
burning from other aerosol types.

[8] The OMI multiwavelength algorithm, OMAERO,
provides aerosol optical depth, 7, and the most probable
aerosol model for a given spectral reflectance measurement.
The product comprises also the single-scattering albedo wy,
layer height and the size distribution associated with the
best fitting aerosol model. In addition, the aerosol indices in
the UV and in the visible range for the main aerosol type are
given for both clear and cloudy pixels.

[9] The extinction coefficient, o.,, describes the extinc-
tion of the incoming radiation at wavelength, )\, per unit
length due to scattering and absorption by particles. o, is
expressed in km ™'

Oex(Aym) = '/000 TrrZQex(/\,m,r)n(r)dr (1)

O.. is the extinction efficiency, for a single particle
characterized by its radius » and complex refractive index
m, at wavelength A. n(r) describes the number size
distribution, i.e., the number concentration of particles for
each radius 7.

[10] The aerosol optical depth is defined as the column
integrated aerosol extinction coefficient, i.e., integrated over
the whole atmospheric column with height %, and is
dimensionless.

h
T()\,m):/o Oex(A,m,z)dz (2)

[11] The ratio of scattering to extinction is called the
single scattering albedo, wy(A, m), and is a measure for the
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Figure 1. Aerosol geographical distribution for (left) May, (middle) June, and (right) July, determined
using the chemical transport model (TM5) as described in the text, providing the climatology used as
input in the OMI multiwavelength algorithm. Blue represents weakly absorbing aerosol, green indicates
the occurrence of carbonaceous aerosol, and purple shows the occurrence of mineral aerosol.

amount of absorption relative to the total extinction. The
value of the single scattering albedo is 1 when the extinction
is solely due to scattering and O if the extinction is due to
absorption only.

wo(A m) = T (3)

oy 1s the scattering coefficient.

[12] The aerosol index, ai, is a concept based on TOMS
observations in the near UV [Torres et al., 1998]. The
aerosol index, as defined in equation (4) below, is the
residue between the measured radiance and the calculated
one using the Lambert Equivalent Reflectivity (LER) as-
sumption. Assuming a Rayleigh scattering atmosphere
above a Lambertian surface, the Lambert Equivalent Reflec-
tivity [Herman and Celarier, 1997] is defined as the value
of the Lambertian spectral surface albedo for which the
modeled and measured TOA reflectance are equal. The LER
in the multiwavelength algorithm was determined using the
radiative transfer code Doubling-Adding KNMI (DAK) [de
Haan et al., 1987; Stammes, 2000].

I I, (ALERAl )
ai = —100 log{ {—‘} } +100logg | ———% (4)
meas cale

Do I, (ALER N )

Ay gr is the wavelength-dependent surface Lambert Equiva-
lent albedo. The UV aerosol index at 388 nm is calculated
using the following wavelengths A; = 342.5 nm and A\, =
388 nm. The Visible aerosol index at 483.5 nm is calculated
using the following wavelengths \; = 388 nm and \, =
483.5 nm. The aerosol indices represent the change in the
spectral contrast with respect to a molecular atmosphere due
to the presence of cloud and/or aerosol particles [7orres et
al., 2002b]. The aerosol index is sensitive to elevated
absorbing aerosol layers such as Saharan dust and biomass
burning aerosols [de Graaf et al., 2005].

3. Multiwavelength Algorithm

[13] In the wavelength range observed by OMI and for
cloud-free skies, the TOA radiance is dominated by atmo-

spheric effects, i.e., molecular and aerosol scattering and
absorption. Molecular scattering is referred to as Rayleigh
scattering which varies with the wavelength A as \™*. For
the OMI wavelengths Rayleigh scattering contributes sig-
nificantly to the total TOA radiance. To account for this
effect the radiative transfer model DAK [de Haan et al.,
1987; Stammes, 2000] that includes aerosols and multiple
scattering, is applied.

[14] The multiwavelength algorithm comprises two
models: an inversion model (section 3.1) where the actual
retrieval is done and a forward model (section 3.2) where all
a priori data needed to retrieve the optical properties are
defined and/or computed using DAK. A variety of aerosol
models, characterized by their chemical and physical prop-
erties, are introduced into DAK. The aerosol particles are
assumed to be spherical so the aerosol extinction is calcu-
lated using Mie theory [Mie, 1908]. The retrieval of aerosol
information from satellite data is done in various steps. The
first step is to determine whether a pixel is cloud free. Next
the contribution of the surface to the TOA reflectance needs
to be determined. Then the atmospheric contributions to the
TOA reflectance need to be separated for gases and aero-
sols. The aerosol optical depth is retrieved using an optimal
estimation retrieval scheme for a number of aerosol models.
Then the best fitting aerosol model is selected and used to
determine the aerosol optical depth. For a more detailed
explanation of the basic components of the algorithm the
reader is referred to the OMI ATBD [Torres et al., 2002b].
The extensions to better account for surface effects, differ-
ent types of aerosols and clouds are explained below in
sections 3.2 and 3.3.

3.1. Inversion Model

[15] The core of the OMI aerosol algorithm is the
derivation of aerosol optical properties for cloud free pixels,
which is accomplished by comparing the measured TOA
reflectance to results from a radiative transfer model stored
in look-up tables (LUT). This is done for selected aerosol
models for which the difference between the measured and
computed TOA reflectances at a number of wavelengths is
minimized using least squares minimization. The model
with the smallest residue is selected as representative for
the pixel. Subsequently this information is used to deter-
mine the aerosol optical depth of that ground pixel. The
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Table 1. Size Distributions and Refractive Indices of OMI Aerosol Models*

Model Tg.1 Vg2 Og.1 Og2 X Real Imag

WA 101 0.078 0.497 1.499 2.160 4.36e-4 1.4 5.0e-8
WA 102 0.088 0.509 1.499 2.160 4.04¢-4 1.4 5.0e-8
WA 103 0.137 0.567 1.499 2.160 8.10e-4 1.4 5.0e-8
WA 104 0.030 0.240 2.030 2.030 1.53¢-2 1.4 5.0e-8
WA 1501 0.078 0.497 1.499 2.160 4.36¢-4 1.4 0.004

WA 20> 0.088 0.509 1.499 2.160 4.04e-4 1.4 0.004

WA 203 0.137 0.567 1.499 2.160 8.10e-4 1.4 0.004

WA |30, 0.078 0.497 1.499 2.160 4.36e-4 1.4 0.012

WA 302 0.088 0.509 1.499 2.160 4.04¢-4 1.4 0.012

WA 1503 0.137 0.567 1.499 2.160 8.10e-4 1.4 0.012

BB, 01 0.074 0.511 1.537 2.203 1.70e-4 1.5 0.010

BBs102 0.087 0.567 1.537 2.203 2.06e-4 1.5 0.010

BBs1o3 0.124 0.719 1.537 2.203 2.94¢-4 1.5 0.010

BBaso; 0.074 0.511 1.537 2.203 1.70e-4 1.5 0.020

BBss02 0.087 0.567 1.537 2.203 2.06e-4 1.5 0.020

BB>so3 0.124 0.719 1.537 2.203 2.94¢-4 1.5 0.020

BB23o1 0.074 0.511 1.537 2.203 1.70e-4 1.5 0.030

BB>302 0.087 0.567 1.537 2.203 2.06e-4 1.5 0.030

BB1303 0.124 0.719 1.537 2.203 2.94¢-4 1.5 0.030

DDs o, 0.042 0.670 1.697 1.806 4.35¢-3 1.53 M-dep
DDs102 0.052 0.670 1.697 1.806 4.35¢-3 1.53 A-dep.*
DDs50: 0.042 0.670 1.697 1.806 4.35¢-3 1.53 A-dep #
DDss02 0.052 0.670 1.697 1.806 4.35¢e-3 1.53 A-dep #
VOyi01 0.230 0.230 0.800 0.800 0.5 1.45 7.5e-7

“The aerosol types (weakly absorbing, WA; carbonaceous, BB; minerals, DD) provide different aerosol models according to size distribution, refractive
index, and vertical distribution. An extra aerosol type is added to account for volcanic ashes (VO). Geometric mean radii, 7,, and geometric standard
deviation, 0,4, of modes 1 and 2 of the bimodal size distribution are listed together with the particle number fraction x, of the second mode. The imaginary
part of the refractive index of desert dust is wavelength dependent and takes values up to 6.53e-3 (*) or 0.013 (#) in the UV.

selection of the aerosol models used in this procedure is
based on maps providing the monthly averaged geograph-
ical distribution of the occurrence of certain aerosol types
(see section 3.2.1).

3.2. Forward Model

[16] In the absence of clouds, the TOA reflectance
measured by satellite sensors arises from atmospheric scat-
tering (molecules and aerosol particles) and surface reflec-
tance. The determination of aerosol optical properties from
the measured TOA reflectance is an ill posed problem
because there is insufficient information to constrain for
possible solutions. Therefore, radiative transfer calculations
using DAK are performed to derive the Rayleigh and
surface contribution, and a priori assumptions are made
on the aerosol. Radiative transfer calculations are time
consuming, it is therefore convenient and common practice
to use precalculated sets of radiative parameters in the
algorithm [e.g., Veefkind et al., 1998; von Hoyningen-Huene
et al., 2003; Levy et al., 2007].

3.2.1. Geographical Aerosol Distribution

[17] To account for the aerosol spatial and temporal
variability, a climatology has been prepared in which the
aerosols are classified into different types according to their
optical properties. Three generic classes are distinguished:
weakly absorbing, carbonaceous and mineral aerosols. Sea
salt, sulfate and nitrate are three major components of the
weakly absorbing class. Sea salt is entirely natural whereas
nitrate and sulfate can be of both natural and anthropogenic
origin. Carbonaceous aerosols are generated by biomass
burning and fossil fuel combustion. Their chemical compo-
sition is a mixture of both absorbing and nonabsorbing
compounds. The UV-absorbing feature of carbonaceous

aerosols is mainly driven by the fraction of black carbon.
Mineral aerosols are mechanically generated over the
deserts. The presence of iron oxides in mineral dust is
responsible for the absorption of UV radiation. The aerosol
temporal and geographical distribution database used in the
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Figure 2. Surface albedo at the Cabauw site derived from
the OMI signal for 19 June (blue) and 23 June (red) as
described in the text.

4 of 16



D17S90

CURIER ET AL.: OMI MULTIWAVELENGTH ALGORITHM

D17S90

Figure 3. The top panel is a RGB picture derived from channels 1, 3, and 4 of MODIS for 14 June
2005. The bottom panel represents the OMI cloud mask, i.e., a composite map of the cloud mask derived
by the multiwavelength algorithm for 14 June 2005. Pixels determined cloudy by all tests are red. Pixels
determined cloudy by the cloud fraction threshold only are purple. Pixels which did not pass the

homogeneity test are yellow. Clear pixels are blue.

multiwavelength algorithm has been developed with a 3-D
chemical transport zoom model(TMS5). The prescribed data
set for the emissions of the primary aerosols in TM5 is
presented by Dentener et al. [2006] and the model results
used in this study were retrieved within the framework of
the Aerosol Comparison between Observation and Models
(AeroCom) project [Kinne et al., 2006].

[18] This database has been developed on a grid of 1° x
1°. The weakly absorbing aerosols are assumed to be always
present; the two other classes are indicated to be present
when the ratio of their mass to the total mass is higher than a
threshold, here set at 0.4. Figure 1 shows the resulting
geographical distribution of the three aerosol types, used in
the OMI multiwavelength algorithm, for the months of May,
June and July. Carbonaceous aerosols mainly occur around
heavily industrialized arecas and over the tropical rain
forests, where they are mainly known as biomass burning.
Mineral aerosols are mainly located over the northern
hemisphere, the Sahara desert, the Middle East and the

Gobi desert, and are often referred to as desert dust. Saharan
dust is also transported to the Tropical North Atlantic Ocean
and the Mediterranean Sea.
3.2.2. Aerosol Model

[19] In the part of the solar spectrum observed by OMI,
the effects of aerosols on radiative transfer are determined
by the size distribution and the complex refractive index of
the aerosols (i.e., the chemical composition) and the altitude
of the aerosol layers. The aerosol size distributions and
chemistry used to build the aerosol model are derived from
AERONET ground-based Sun photometer measurements
[Dubovik et al., 2002]. AERONET data are used because
they are available for a wide range of conditions all over the
globe, and were all derived from the same type of instru-
ment: they apply to column integrated properties which are
also measured by spaceborne instruments. In order to build
the aerosol models, radiative transfer calculations were
performed for some tie points. A tie point represents a node
in the database. These tie points are defined by the scene
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Figure 4. Comparison of the OMI and MODIS cloud screening for 14 June 2005. Dark blue and red
represent pixels when MODIS and OMI diagnostics agree. Orange and yellow are representatives for
pixels when OMI and MODIS disagree. The top panel is a composite map of the combined cloud mask.
The bottom panel is a histogram of the number of pixels versus the cloud mask flag.

geometry, the surface and the aerosol optical properties. The
aerosol size distribution is assumed to be the sum of two
lognormal distributions following equation (5).

2

2
N; (ln ri—Inv i)
n(lnr) = : exp| — £ (5)
; (2m)n o; ( 2 In? o;

where N; is the number concentration, 7, is the mean
geometric radius and o; is the standard deviation of the ith
lognormal mode. The different acrosol models were built
according to three generic aerosol types defined earlier in
section 3.2.1, weakly absorbing, carbonaceous and mineral.
Within an aerosol type the aerosol models differ by either
their chemical composition (i.e., refractive index) or their
size distribution. Detailed information on the aerosol
models, such as geometric mean radii 7,, geometric standard

Table 2. Flag Description of the Combined Cloud Mask®

MODIS OMI COMBINED Interpretation
0 0 clear for OMI and MODIS

1 0 1 probably clear for MODIS,
clear for OMI

2 0 2 probably cloudy for MODIS,
clear for OMI

3 0 3 cloudy for MODIS, clear for OMI

0 1 4 clear for MODIS, cloudy for OMI

1 1 5 probably clear for MODIS,
cloudy for OMI

2 1 6 probably cloudy for MODIS,
cloudy for OMI

3 1 7 cloudy for OMI and MODIS

“See Figure 4 (top).
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Figure 5. Map of location of the AERONET site used in
this study.

deviation o,, complex refractive index and the mode’s
fraction are presented in Table 1.
3.2.3. Surface Albedo

[20] The retrieval of acrosol optical depth requires precise
information on the surface albedo. Uncertainties in the
surface albedo lead to errors on the aerosol optical depth
retrieval. Veefkind et al. [2000] estimated that in the UV
range, an error of 0.01 in the surface albedo would induce
an error of 0.1 in the aerosol optical depth retrieved. Torres
et al. [1998] explained the impact of the surface albedo on
the aerosol optical depth which is different for low and high
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values. For high surface reflectivities the importance of
aerosol absorption increases whereas the effect of scattering
decreases significantly with the increase of the aerosol
optical thickness. This is due to the enhancement of the
ground reflection component that is backscattered by the
aerosol layer toward the surface. For low surface albedo the
impact depends on the absorption properties of the aerosol
layer. If the aerosol layer is weakly absorbing, scattering
dominates resulting in a net increase in the amount of
backscattered radiation. If the aerosol layer is highly
absorbing, a net decrease of the amount of backscattered
radiation is observed. For more information the reader is
referred to the OMI ATBD [Torres et al., 2002b].

[21] The multiwavelength algorithm discriminates
between land and sea pixels. The surface contribution to
the reflectance at the top of the atmosphere is determined
either by an ocean color model or by a surface albedo
database for pixels over land.

[22] Currently available surface albedo databases are
derived using TOMS [Herman and Celarier, 1997], Global
Ozone Monitoring Experiment (GOME) [Koelemeijer et al.,
2003], Multiangle Imaging Spectroradiometer (MISR)
[Wanner et al., 1997] and MODIS data. GOME and TOMS
surface albedo databases were derived using measured TOA
albedo to derive the Minimum Lambert Equivalent Reflec-
tivity (MLER) of the Earth’s surface in the near UV and
visible range. An atmospheric correction is applied to
account for aerosols and molecules. However, owing to
the large pixels size, the surface albedo databases from
GOME and TOMS are affected by some cloud and aerosols
contamination. MODIS [Vermote and Vermeulen, 1999]
surface albedo is available at 470 nm and allows for aerosol

2
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Figure 6. Time series of the aerosol optical depth for May to July 2005 for several AERONET sites in
western Europe. The red squares represent the spatially averaged aerosol optical depth retrieved at 442 nm
from the multiwavelength algorithm within a 50 km radius of the ground site, and the error bars denote
its standard deviation. The blue squares represent the averaged aerosol optical depth measured between
1100 UTC and 1400 UTC at 440 nm with a Sun photometer.
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Figure 7. Time series at 442 nm continued.

correction and owing to a very high spatial resolution
(500 m) cloud contamination is unlikely to happen.

[23] In order to determine which surface albedo database
is suitable for use with OMI, the spectral dependence of
surface albedo has been determined using data from the
Dutch Aerosol and Nitrogen Dioxide Experiments for
Validation of OMI and SCIAMACHY (DANDELIONS)
[Brinksma et al., 2005] campaign in Cabauw, The Nether-
lands. The TOA reflectances measured by OMI over
Cabauw have been simulated for different surface reflectiv-
ities by means of radiative transfer calculations. Measured
aerosol size distributions were used in these calculations
and the optical properties were calculated using a MIE code
assuming a complex refractive index of 1.4 + 0.01 i that is
representative of an European urban area [Dubovik et al.,
2002]. By comparing the computed reflectance with the
one measured with OMI, the surface albedo and its wave-
length dependence were derived using linear interpolation.
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Figure 2 shows data for both a clean day (19 June 2005)
with an aerosol optical depth of 0.097 + 0.004 at 440 nm
during the OMI overpass and a polluted day (23 June 2005)
with an aerosol optical depth of 0.41 + 0.01. Figure 2 shows
the derived surface albedo for those two days in June 2004.
The results for both days are very close. The surface albedo
is indeed low in this wavelength domain, but we also
observe a definite wavelength dependence with an increase
of 30% between 400 and 470 nm.

[24] For the application of the multiwavelength algorithm
at a global scale we developed a monthly mean surface
albedo database using MISR data. In the MISR retrieval
scheme the aerosol and surface properties are derived
simultaneously. Furthermore, it is our experience that merg-
ing data sets with different spectral ranges, one in the visible
and one in the UV for example, usually leads to disconti-
nuities in the spectral surface albedo,which induce large
errors in aerosol retrieval algorithms. The monthly mean

Paris
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05 ! ; ;- ..;' e
140 160 180 200
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Figure 8. Time series at 442 nm continued.
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Figure 9. Scatterplot of the acrosol optical depth for May to July 2005 for several AERONET sites in
western Europe. The red squares represent the spatially averaged aerosol optical depth retrieved at 442 nm
from the multiwavelength algorithm within a 50 km radius of the ground site, and the error bars denote its
standard deviation. The blue squares represent the averaged aerosol optical depth measured between
1100 UTC and 1400 UTC at 440 nm with a Sun photometer.

surface albedo database derived for the continents is based
on MISR Component Global Land Surface Product Version
F02 and F04, using five years worth of data Level 3 daily
meshed product. The monthly minimum value of each
meshed box was determined for the MISR bands at 446,
558 and 672 nm. From the surface albedo database derived

1.5

_ _ Ispra
0.5 ] 1.
TAERONET

Laegeren

%5 1 1
AERONET

-t

from GOME data [Koelemeijer et al., 2003], it was con-
cluded that a linear extrapolation of the 443 and 670 nm
bands toward shorter wavelengths provide a reasonable
estimation of the surface albedo in the UV range, over most
surfaces. A minimum value of 1% for the surface albedo has
been set for the extrapolation. For a small amount of
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Figure 10. Scatterplot continued.
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meshed boxes no data were available and a cosmetic fill was
applied. Theses boxes were filled using the nearest neighbor
filling over a distance of at most one box. Finally, all
remaining empty boxes were filled using the GOME surface
albedo database.

[25] The spectral dependence of surface albedo derived
for Cabauw, Figure 2, compares well with the surface
albedo database derived from MISR. The surface albedo
database derived from MISR compares favorably with
TOMS and MODIS over vegetated surfaces whereas over
dry surfaces, i.e., desert, the values tend to be lower for the
MISR database.

3.3. Cloud Screening

[26] When clouds are present they dominate the TOA
reflectance. Criteria applied to discriminate between cloud-
free pixels and clouded pixels strongly depend on the cloud-
screening purpose. The transition between aerosol and
cloud is often gradual, so any cloud-screening protocol
leads to a dilemma. Either too many pixels are rejected
and a considerable amount of data is lost, or a known bias is
accepted due to cloud contamination. In case of the multi-
wavelength algorithm three tests are performed, as de-
scribed below, to determine whether a given pixel is cloud
contaminated.

3.3.1. Reflectance Threshold Combined With Aerosol
Absorption

[27] The first test is based on the UV aerosol index and
the value of the reflectance at 388 nm. The presence of
cloud result in near-zero values for the UV aerosol index
[Hsu et al., 1996]. When the UV aerosol index is near or
below zero and the measured reflectance at 388 nm exceeds
a fixed threshold, the pixel will be flagged as cloud
contaminated and rejected from further analysis. For this
study the threshold for the reflectance was set at 0.3 and for
the UV aerosol index at 0.12.

3.3.2. Cloud Fraction Test

[28] All pixels with effective cloud fraction larger than a
preset threshold value are rejected. To determine this
threshold, we take advantage of the A-train formation by
synergistic use of Moderate Resolution Imaging Spectror-
adiometer (MODIS) on the Aqua satellite and the OMI
instrument on Aura. OMI passes over the same area as
MODIS within 15 minutes.
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Scatterplot continued.

[29] MODIS provides a cloud mask grid [Ackerman et
al., 2002]. Clouds are generally characterized by higher
reflectance and lower temperature than the underlying earth
surface. MODIS cloud detection takes place in the visible
and infra-red range. Each test fails or succeeds depending
on whether the pixel passes a given threshold. Each thresh-
old is determined by the ground surface, the relative
humidity, the aerosol load and the viewing angle.

[30] OMI is only sensitive in the UV-visible range. An
effective cloud fraction [Acarreta et al., 2004] is retrieved
from OMI data by comparing the measured reflectances to
reflectances which are computed for both a cloud-free pixel
and a fully cloudy pixel assuming a surface Lambert
equivalent albedo of 0.8. The cloud fraction thresholds
defined for the aerosol algorithm were determined by
combining the cloud mask derived from MODIS and the
cloud fraction from OMI. In order to do so, MODIS data
have been meshed within the OMI grid for each matching
orbit and compared to the OMI cloud fraction. Ideally, a
given scene would be flagged the same way by both OMI
and MODIS and yet it is not, as the assumptions are not the
same for both algorithms. So as to define the cloud fraction
threshold, a high correlation between MODIS and OMI
diagnostic, as well as a stricter flagging in the MODIS case,

Table 3. Direct Comparison of OMAERO Data and AERONET
Measurements®

Station R P ndata Cutoff
Cabauw 0.0168 0.9608 15 10
Cabo da Roca 0.2897 0.2593 23 10
Dunkerque 0.4508 0.1413 16 10
El Arenosillo 0.6237 1.7 x 107° 52 10
Leipzig 0.4512 0.4457 7 10
Ispra 0.4191 0.0370 33 10
Laegeren 0.4952 0.2121 10 10
Lampedusa 0.1311 0.4746 40 10
Lille 0.6400 0.0463 14 10
Paris 0.6050 0.0219 18 10

“Shown are the correlation coefficient, R, and probability, P, of getting a
correlation as large as the observed value by random chance, when the true
correlation is zero. When P is small, the correlation, R, is significant. ndata
is the amount of available data, and cutoff represents the percentage of
discarded data at each end of the data set, to compute P and R.
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Figure 12. Histogram of the differences between the
acrosol optical depth derived from OMI data and the aerosol
optical depth measured for (top) El Arenosillo (37.1°N,
6.7°W) and for (bottom) Cabo da Roca (38.77°N, 9.5°W).
Blue represents the pixels over the ocean, and the pixels
over land are shown in red.

were expected. Following these requirements a cloud frac-
tion threshold of 0.075 has been determined for this study.
3.3.3. Homogeneity Test: Small Pixel Variability
Threshold

[31] Cloud free areas and thick clouds are more homoge-
neous than broken cloud fields. So the homogeneity within
an OMI pixel can provide information on whether the pixel
is cloud contaminated. The standard deviation within an
OMI ground pixel is defined by means of the small pixel
radiances. Small pixels are ground pixels with the same
spatial resolution in the cross-track direction as the standard
OMI ground pixel whereas in the in-flight direction they are
smaller [van den Oord et al., 2002]. These pixels corre-
spond to one column pixels (i.e., wavelength) of the charge-
coupled device (CCD) for which no co-addition was done.
It allows determining the standard deviation threshold for
which an OMI pixel is set as not clear. In this study the
radiances’ standard deviation threshold has been set at 1 x
10%° photons s ' nm~' em 2 st (which corresponds to
about 0.00015% of typical values of the small pixel variance).

CURIER ET AL.: OMI MULTIWAVELENGTH ALGORITHM

D17S90

3.3.4. Cloud Screening: Example

[32] Figure 3 (top) is an RGB picture from MODIS where
clouds are visible for 14 June 2005. Figure 3 (bottom)
shows the cloud mask derived from the OMI multiwave-
length algorithm for the same day. The pixels marked as
cloudy by all tests are colored in red. Cloudy pixels detected
by the coherence spatial test are yellow, and the cloud free
pixels are blue. The areas determined as cloudy by the cloud
fraction test are colored purple.

[33] Figure 4 (top) is a composite map which presents a
comparison of the cloud mask derived from MODIS
[Ackerman et al., 2002] and the cloud mask derived from
OML. In order to derive this composite map, the OMI cloud
mask has been meshed into the MODIS cloud mask grid.
The cloud-screening protocol from OMI has two positions,
pixels are either cloudy or clear. In the MODIS cloud-
screening protocol, pixels can be flagged in four different
ways, cloudy, probably cloudy, probably clear or clear.
Therefore, each pixel information from OMI and MODIS
have been combined into an unsigned integer, such as the
two first bits code for MODIS cloud mask and the third one
for the OMI cloud mask. Table 2 summarizes and gives
interpretations for each observed value in the combined
cloud mask Figure 4 (top). The bottom of Figure 4 is a
histogram of the available pixels for this comparison. It can
be seen that 66.22% of the pixels have been flagged the
same way by MODIS and OMI. Both cloud masks were in
complete disagreement for 20.5% of the pixels. This occurs
mainly over cloud edges, in this case 81% of the pixels were
set as cloudy by OMI whereas MODIS set them as clear,
therefore, this disagreement can mainly be explained by the
size of an OMI pixel. For 13.28% of the pixels the
comparison is not conclusive as the pixels were flagged
as probably clear or uncertain by MODIS.

4. Results and Validation for Western Europe

[34] In this section the derived aerosol optical depth from
OMI measurements by means of the multiwavelength
algorithm is validated. The validation is done in three steps,
in section 4.1 the aerosol optical depth retrieved from OMI
is compared to ground measurement data. section 4.2
presents a comparison between OMI retrieval and another
spaceborne instrument, MODIS. Finally, monthly averaged
composite maps of the aerosol optical depth are analyzed in
section 4.3.

4.1. Comparison Between OMI and Ground
Measurements

[35] In order to check the accuracy of the OMI multi-
wavelength algorithm, the aerosol optical depth retrieved
was compared with collocated Sun photometer data that are
available from AERONET (http://aeronet.gsfc.nasa.gov/).
The OMI derived aerosol optical depth at 442 nm was
compared to the AERONET acrosol optical depth at 440 nm.
The sites used for the validation were selected throughout
Europe for their representativeness for different types of
surfaces and aerosols; see Figure 5. OMI derived aerosol
optical depths were averaged over an area of 50 km radius
to provide a mean value for the ground site. The AERONET
data (level 2, version 2) were used as available on the
AERONET home page and the averaged of the aerosol
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Figure 13. Same as top panel of Figure 12 assuming
that the new location of the El Arenosillo ground site is
37.1°N, 7.2°W.

optical depth measured between 1100 UTC and 1400 UTC
at 440 nm was computed for comparison.

[36] Figures 6 to 11 show the comparison between the
OMI- and AERONET-retrieved aerosol optical depths, for
the sites considered. Table 3 presents the correlation coef-
ficient, R between OMI and AERONET data set. In general
the agreement is within the standard deviation of the OMI
area average, for both small and large aerosol optical depth
values and for all sites considered except for El Arenosillo
and Cabo da Roca. We also see some outliers which are
discussed below. For every single ground site the OMI
results trace the AERONET data. It appears that averaging
the aerosol optical depth values over 50 km around a site
may not be representative for highly polluted areas such as
Ispra and Paris where there are significant gradients in the
spatial distribution of the aerosol optical depth. However,
spatial averaging is necessary to reduce pixel to pixel
variability and provide a statistical significant result. In
the comparisons for Cabauw and Dunkerque there are some
outliers (marked by arrows), where the retrieved values are
much higher than the AERONET aerosol optical depth.
Likely, cloud screening in these cases was not strict enough.

[37] Besides cloud contamination, one of the main sour-
ces of discrepancy between satellite retrieved and measured
aerosol optical depth is the effect of the surface albedo. The
El Arenosillo and Cabo da Roca sites are perfect examples
of the consequences of a wrong estimation of the surface
albedo. Similar patterns in the retrieved and measured
aerosol optical depth values, but with a positive bias,
indicates that one of our a priori assumptions could be
wrong. Likely this is due to an underestimation of the
surface contribution to the TOA reflectance over land.
Figure 12 presents a histogram of the difference between
the AERONET aerosol optical depth and the OMI aerosol
optical depth respectively for El Arenosillo and Cabo da
Roca. The pixels above water are colored in blue and the
pixels over land are colored in red. As expected the differ-
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ences are larger over land than over sea. This is very clearly
observed in the data for Cabo da Roca. For El Arenosillo
the differences are less obvious. This is explained mainly by
the geolocation of the measurement sites and the size of the
OMI pixels. It is possible that some pixels flagged as sea
include both land and sea resulting in erroneous correction
for the surface contribution. Figure 13 presents the same
data as for Figure 12a but for the processing it was assumed
that the measurement site was displaced 0.5° toward the sea,
which results in better discrimination between sea and land
pixels with a move of the sea pixels histogram to small
values of the difference.

[38] The comparison between the AERONET Sun pho-
tometer data and the OMI derived data for a variety of sites
indicates that the aerosol optical depth trends are well
reproduced by the multiwavelength algorithm but with a
positive bias, albeit this derived surface albedo is not
reliable in coastal areas such as El Arenosillo and Cabo
da Roca. Ongoing work to derive surface albedos from OMI
itself is expected to be finalized in fall of 2007.

4.2. Comparison Between OMI and MODIS

[39] MODIS and OMI are on different satellites in the
A-train. The MODIS instrument is dedicated to, among
others, monitoring aerosol and it is often used as a reference
for comparison with other data. Because MODIS and OMI
view the same area within 15 minutes, the aerosol optical
depth distribution should be very similar. Therefore we
evaluate the results derived from OMI at 471 nm versus
the MODIS aerosol optical depth at 470 nm. MODIS
aerosol data (collection 4) have been meshed into the
OMI grid for Europe. The observed area is located between
latitudes 60°N and 35°N and longitudes 25°E and 15°W.
For this study 178081 cloud free pixels were available. The
comparison has been done for 161528 pixels of the total
available. Indeed, only the pixels entirely composed by
MODIS pixels of a same surface type were selected.
Table 4 gives an overview of available pixels.

[40] The results for land and sea pixels are presented
separately because both the multiwavelength algorithm and
the MODIS algorithm apply different methods to account
for the surface reflection. Over water surfaces an ocean
color model accounting for a wind surface speed-dependent
surface roughness [Cox and Munk, 1954] is used. Over
bright surfaces the multiwavelength algorithm uses a sur-
face albedo database and the MODIS land algorithm derives
the surface contribution to the TOA reflectance from
measurement at 2130 nm [Remer et al., 2005]. Figures 14
to 16 present scatter density plots of the aerosol optical
depth derived from OMI versus the aerosol optical depth
derived from MODIS for May to July 2005. There is a clear
correlation between both data sets, but also a systematic bias
that indicates a tendency for OMI to overestimate the

Table 4. Amount of Pixels Used for the OMI Versus MODIS

Comparison

Month Total Sea Pixels Land Pixels
May 47356 16265 26875
June 64724 17724 40845
July 66001 21034 38785
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Figure 14. Scatter density plot of the acrosol optical depth
at 471 nm derived from OMI data as a function of the
aerosol optical depth at 470 nm derived from MODIS data
over western Europe for May 2005. The top panel represents
sea pixels, and the bottom panel shows land pixels.

acrosol optical depth value with respect to MODIS. The
correlation coefficient indicates that the multiwavelength
algorithm performs better over sea than over land. This
illustrates the limitation of the surface database used in this
study. The lower correlation over land is also explained by
the fact that MODIS over land is less reliable than over sea
[Remer et al., 2002; Chu et al., 2002]. It is noted that after
completion of this study, collection 5 data has become
available with global aerosol optical depth values signifi-
cantly lower than for collection 4.

4.3. Spatial Variation of the Aerosol Optical Depth

[41] Figure 17 shows a composite map of the monthly
aerosol optical depth at 442 nm over Europe for May to July
2005. The white areas indicate the occurrence of either
cloud or high surface albedo. They present a large variation
in the aerosol optical depth over Europe. The high aerosol
optical depth values are associated with highly industrial-
ized areas whereas low values are observed at remote
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places. Aerosol optical depth values as high as 1 are
observed in some areas over Germany, Belgium, The
Netherlands and Northern Italy whereas aerosol optical
depth values of 0.2 to 0.4 were observed over Denmark
and Ireland.

[42] Northern Italy presents a situation with a strong
spatial gradient due to the presence of the Alps which
provides a natural barrier for transport of aerosol produced
in the heavily industrialized areas in the Po Valley (Milano,
Torino). Hence these aerosols can only be ventilated
through the Po Valley to the Adriatic Sea.

[43] The Iberian peninsula which contains the only
European desert, presents an unrealistic pattern. Indeed, a
severe drop of the aerosol optical depth is observed across
the coast, which denotes clearly that the surface reflectance
contribution over land is underestimated. This behavior is
also observed for the time series of El Arenosillo and Cabo
da Roca.

[44] In June, the average aerosol optical depth values are
lower across Europe, but the heavily industrialized areas are
still noticeable. To better understand these values the
aerosol optical depth composite map has been compared
to the NO, composite map, Figure 18, derived from the
NRT OMI algorithm [Boersma et al., 2006]. Aerosols and
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Figure 15. Same as Figure 14 for June 2005.
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Figure 16. Same as Figure 14 for July 2005.
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Figure 17. Composite map of the aerosol optical depth at 442 nm over Europe for (left) May, (middle)
June, and (right) July 2005. Aerosol optical depth has been retrieved by applying the multiwavelength
method to OMI satellite data. White areas indicate that no mean values were computed.
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Figure 18. Composite map of spatial variation of the nitrogen dioxide tropospheric column
(10" molec.cm~2) over Europe for (left) May, (middle) June, and (right) July 2005. Gray areas indicate

that no mean values were computed.

NO, are both produced by anthropogenic activities so the
observation of the NO, tropospheric column composite map
can help to better understand the aerosol composite map.
Owing to the short lifetime of NO,, monitoring the NO,
concentration allows for the identification of source regions.
The variation of the monthly mean concentration in NO,
does not imply a reduction of the activities. The NO,
concentration appears to be lower in May than in June,
whereas the monthly mean observed for July and June are
similar. Comparison of the NO, concentration and the
aerosol optical depth maps indicates that the low aerosol
optical depth values observed in June are in part due to a
difference in the meteorological conditions resulting in a
difference in the transport. The aerosol optical depth com-
posite map for July presents very high values from Orleans
(47.9°N, 1.9°E) to Nantes (47.23°N, 1.58°W). Unfortunately
no ground-based data were available for this area.

[45] Table 5 summarizes the monthly mean aerosol opti-
cal depth measured or derived for Cabauw, Ispra and Paris.
The AERONET mean values were computed using all avail-
able aerosol optical depth measured between 1100 UTC and
1400 UTC. The OMI mean aerosol optical depth used all
available values derived within a radius of 50 km to the
ground site. As observed earlier the aerosol optical depth
values derived from OMI are higher than their measured
counterparts. However, the monthly mean values reproduce
qualitatively the aerosol optical depth evolution across
Western Europe.

5. Conclusion and Perspectives

[46] The acrosol optical depth retrieved by means of the
OMI multiwavelength algorithm has been compared to
ground-based and satellite data. A major source of uncer-
tainty in the retrieval of aerosol optical properties over land
is the surface albedo. The ground-based data from the
DANDELIONS campaign allowed us to derive the spectral
dependance of the surface albedo which is representative for
almost all Europe for this time period. Unfortunately this a

priori constraint still remains a problem for the Iberian
peninsula. This may be solved when a more reliable surface
albedo database will be available. A surface albedo database is
currently being developed on the basis of OMI observations.

[47] Another major problem in aerosol remote sensing is
the inability to retrieve aerosol properties in the presence of
clouds. Therefore, accurate cloud detection is crucial. The
cloud-screening procedure, developed for the OMI multi-
wavelength algorithm, is found to be satisfactory as MODIS
and OMI cloud mask agree in 76.36% of the conclusive
cases. In the cloud-screening protocol the OMI pixel’s size
remains the main drawback for area such as cloud edges or
broken cloud fields. Both the sensitivity of the multiwave-
length algorithm for retrieval of aerosols over various
terrains and better cloud screening remain to be explored.

[48] Presented results from the OMI multiwavelength
algorithm show that the time series for different sites over
Europe compare favorably with the AERONET values. The
direct ground-based observations and the OMI derived
acrosol optical depth show similar trends in spite of the
size of the OMI pixels. The correlation between OMI and
AERONET data is as high as 0.6 for ground sites such as
Lille, Paris and El Arenosillo, about 0.4 for Ispra and no
significant correlation was found for the other ground sites.
The aerosol optical depth derived from the multiwavelength
algorithm also correlates well with the MODIS aerosol
optical depth. A correlation coefficient of 0.66 over land
and 0.79 over sea was derived for the period from May to
July 2005. The correlation is better over dark water surfaces
than over bright land surfaces, although the latter is still
quite reasonable. However, there is a bias in the OMI versus
MODIS comparison with an apparent overestimation of the
OMI aerosol optical depth. The situation over land is
expected to improve when the OMI-based surface albedo
database becomes available and can be used in the aerosol
optical depth retrieval over land.

[49] The spatial distribution of the aerosol optical depth
over Europe for May, June and July 2005 was derived from
OMI data. The retrievals show strong horizontal aerosol
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Table 5. Monthly Mean Aerosol Optical Depth Derived From
AERONET and OMI Data®

OMI AERONET
Location May June July May June July
Cabauw 0.89 0.53 0.75 0.41 0.36 0.45
Ispra 0.78 0.84 0.50 0.38 0.42 0.29
Paris 0.56 0.53 0.55 0.40 0.32 0.40

*The monthly mean aerosol optical depth computed from all available
aerosol optical depth measured between 1100 UTC and 1400 UTC. The
OMI monthly mean aerosol optical depth computed from all available
aerosol optical depth derived within a radius of 50 km to the ground site.

optical depth gradients with high aerosol optical depth
values in the vicinity of highly industrialized area and low
values around remote places.
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