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Chapter 1

Introduction

1.1 Background

Aerosols directly affect the Earth’s climate by scattering incoming solar radiation back to space (cooling effect)
and by absorbing long-wave radiation emitted by the Earth (warming effect). Aerosols also indirectly influence
climate by changing the microphysical properties of clouds. The total aerosol effect represents one of the largest
unknown factors in climate research. In order to improve our understanding of the effect of aerosols on climate,
global measurements are needed of a number of aerosol properties such as aerosol size, refractive index and optical
thickness. The only way to obtain these measurements at a global scale is by means of satellite remote sensing.

Many satellite instruments that are used for aerosol retrieval are multiple-wavelength single-viewing-angle
instruments. Among these instruments are the Advanced Very High Resolution Radiometer (AVHRR), the Moder-
ate Resolution Imaging Spectroradiometer (MODIS), the Total Ozone Mapping Spectrometer (TOMS), the Global
Ozone Monitoring Experiment (GOME) and the Scanning Imaging Absorption Spectrometer for Atmospheric
Chartography (SCIAMACHY). Although it has been shown that the aerosol optical thickness may be retrieved
from these instruments [Mishchenko et al., 1999; Tanŕe et al., 1999; Veefkind et al., 2000; Torricella et al., 1999],
the results depend critically on the assumed values of the other aerosol parameters (size distribution, refractive
index). The aerosol information content of intensity measurements is significantly larger for instruments that
perform measurements at multiple viewing angles, such as the Multiangle Imaging Spectro-Radiometer (MISR).
However, the combined use of intensity and polarization measurements at multiple viewing angles have been
shown to be most powerful for the purpose of aerosol retrieval [Mishchenko and Travis, 1997a, b; Chowdhary
et al., 2002, 2005]. The reason for this is the high sensitivity of polarization properties of light to aerosol micro-
physics [Hansen and Travis, 1974]. Multiple-viewing-angle satellite measurements of intensity and polarization in
the spectral range 443-865 nm have been performed by the Polarization and Directionality of Earth’s Reflectances-
1 and -2 instruments (POLDER-1 and -2). Both instruments were active for about 8 months in 1996/1997 and 2002,
respectively. Currently a POLDER-3 instrument is in orbit on the PARASOL satellite.

The GOME-2 instrument, launched in October 2006, measures intensity and polarization in one viewing direc-
tion. Due to the polarization measurements, the information content with respect to aerosol properties is signifi-
cantly larger than for single viewing angle intensity measurements [Mishchenko and Travis, 1997a; Hasekamp and
Landgraf , 2005b]. This makes GOME-2 an interesting instrument for GOME-2 retrieval. Two parallel algorithm
developments are performed for GOME-2: (i) A computationally fast algorithm that is suited for operational pro-
cessing, based on Lookup Tables (LUTs), and (ii) an algorithm for the retrieval of aerosol microphysical properties
using an analytical inversion approach and online (vector) radiative transfer calculations. The latter algorithm is
currently computationally too expensive for operational processing, and is intended to be used for scientific case
studies.

1
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1.2 This Report

This final report summarizes the Visiting Scientist activity on ’Aerosol retrieval from GOME-2: Improving compu-
tational efficiency and first application to GOME-2’, carried out in the period April 2007-April 2008. This activity
was a continuation of the VS activities on aerosol retrieval from GOME-2 conducted in the period 2003-2006.
During the first VS project a detailed study has been performed on the possibilities for the retrieval of aerosol
properties from GOME-2 measurements over the ocean. It was found that the intensity and polarization mea-
surements performed by the Polarization Measuring Device (PMD) of GOME-2 are very suited for the retrieval
of aerosol properties. An advantage of using the PMD measurements is that they allow the retrieval of detailed
information on aerosol microphysical properties such as size distribution and refractive index. An additional ad-
vantage of using the PMD is that its ground pixel size is only 10x40 km2, which is a factor 8 smaller that that of
the main channels (80x40 km2). The smaller pixel size increases the number of cloud free scenes and leads to
more homogeneous aerosol scenes.

Based on the feasibility study of the first VS project, in a next VS project a prototype algorithm has been devel-
oped for aerosol retrieval over the ocean from GOME-2 PMD measurements [Hasekamp and Landgraf, 2005a,b].
The developed algorithm uses an iterative retrieval approach, where in each iteration step a linearized radiative
transfer model is fitted to the PMD measurements. The inversion is performed using the Philips-Tikhonov regu-
larization method, which quantifies and extracts the available information on aerosol properties. All 8 parameters
corresponding to a bi-modal aerosol model, and additionally the height of the aerosol layer, are considered as
unknown. The algorithm has been successfully tested on synthetic GOME-2 measurements with realistic noise
[Hasekamp and Landgraf, 2007].

In a recent VS project, the feasibility of aerosol retrieval over land surfaces has been investigated. It as found
that in terms of information content the best option for aerosol retrieval over land is to use polarization measure-
ments from the PMD together with main channel intensity measurements in the ultraviolet and the absorption
bands of Oxygen. Namely, this set of measurements allows the simultaneous retrieval of aerosol properties and
information on surface albedo. However, a disadvantage of this approach is that retrievals have to be performed at
the spatial resolution of the main channels, which is significantly worse than that of the PMD. Another option for
aerosol retrieval over land is to use only (PMD) measurements that are only little sensitive to surface reflection, i.e.
intensity measurements in the ultraviolet and measurements of Stokes parameter Q for the full GOME-2 spectral
range. For these retrievals more accurate a priori information on aerosol microphysical properties is required than
for retrievals over the ocean that can use all PMD measurements.

As mentioned above, the algorithm developments of the previous VS activities were based on an iterative
retrieval approach that requires online radiative transfer calculations including polarization. Such a retrieval ap-
proach is computationally expensive and will in the near future not be able to provide aerosol information for all
cloud-free GOME-2 scenes. Therefore, the iterative algorithm can only be applied to a subset of the available
cloud free PMD measurements. During the current VS activity we developed a simple and fast algorithm based on
a lookup table (LUT) that can be applied to all cloud free PMD measurements. On one hand, such a LUT based
algorithm allows us to provide a global aerosol optical thickness product on a short term. On the other hand, using
the outcome of LUT based algorithm scenes can be identified for which it is interesting to obtain detailed infor-
mation on aerosol properties from the iterative retrieval approach. The outcome of the LUT algorithm will then
be used as first guess information for the iterative algorithm, which will reduce the number of iteration steps and
thus speed up the iterative algorithm. Besides the development of the fast LUT based algorithm, we also adjusted
the full iterative retrieval scheme such that it is able to process real GOME-2 data. Both the LUT based and the
full iterative algorithm have been applied to real GOME-2 data. To obtain a stable retrieval with the full iterative
retrieval, first the GOME-2 data needed to be re-calibrated.

Chapter 3 describes the LUT-based algorithm. This description has been adopted from the Algorithm Theoret-
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ical Baseline Document (ATBD). Chapter 4 describes the adjustments made to the full iterative algorithm. Chapter
5 shows the first results of application of both algorithms to real GOME-2 data. Here, also the re-calibration
procedure is discussed. Finally, the report is conlcuded in chapter 6.





Chapter 2

GOME-2 and Polarization

2.1 Measurements of Polarization

2.1.1 Definitions for Intensity and Polarization

The radiance and state of polarization of light at a given wavelength can be described by an intensity vector I
which has the Stokes parameters as its components Chandrasekhar [1960]:

I = [I,Q,U, V ]T , (2.1)

where T indicates the transposed vector, and the Stokes parameters are defined with respect to a certain reference
plane. For multiple scattering calculations we will define the Stokes parameters relative to the local meridian plane,
which is defined by the zenith direction and the direction of propagation of the light.

In terms of measurements, the Stokes parameters can be obtained in the following way [Hansen and Travis,
1974]:

I = I(0o, 0) + I(90o, 0) = Il + Ir

Q = I(0o, 0) − I(90o, 0) = Il − Ir (2.2)

U = I(45o, 0) − I(135o, 0)
V = I(45o, π) − I(135o, π).

So, I is the total intensity, Q is the difference in intensity of light transmitted by a polarizer which passes
only light polarized parallel to the reference plane (Il), and light transmitted by a polarizer which passes only
light polarized perpendicular to the reference plane (Ir). Similarly, U is the difference in intensity transmitted
by polarizers with Ψ = 45o and Ψ = 135o, respectively. Stokes parameter V is the excess in intensity of light
transmitted by an instrument that passes right handed polarization, over that transmitted by an instrument that
passes left handed polarization. For scattering in the Earth atmosphere, V is negligibly small.

2.1.2 The GOME-2 instrument

GOME-2 is an improved version of GOME which aims to measure the global distribution of trace gases and
aerosols. The main channels of GOME-2 measure the intensity reflected from the Earth atmosphere and surface in
the spectral range 240-800 nm at a spectral resolution of 0.2-0.4 nm. The spatial resolution of the main channels is
80×40 km2. GOME-2 also contains a polarization measuring device (PMD) that measures Il and Ir in 15 spectral
bands in the range 300-800 nm, at a much better spatial resolution than the main channels, namely 10 × 40 km2.
See Table 2.1 for the location of spectral bands of Il and Ir. The GOME-2 polarization measurements are signif-
icantly improved compared to those of GOME and SCIAMACHY, both in spectral sampling and accuracy. The
primary aim of the GOME-2 polarization measurements is to correct the main channel intensity measurements for

5
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Table 2.1: Center of wavelength bands for PMD-l and PMD-r

Band nr. Wavelength Il[nm] Wavelength Ir[nm] FWHM [nm]
1 312.748 312.958 3.0
2 318.026 317.741 3.2
3 325.435 325.264 3.5
4 332.652 332.552 3.8
5 338.229 338.099 4.2
6 369.629 369.288 5.3
7 382.276 381.969 6.0
8 414.745 414.083 8.2
9 463.674 463.075 11.2
10 522.255 521.768 16.1
11 554.868 554.368 19.4
12 591.154 590.469 23.0
13 640.850 639.880 27.9
14 757.466 756.190 40.0
15 790.968 789.682 44.9

polarization sensitivity of the instrument. However, also important atmospheric information may be derived from
these polarization measurements. Given the high sensitivity of polarization to aerosol microphysical properties, the
GOME-2 PMD also offers an important opportunity for the retrieval of aerosol properties. Mishchenko and Travis
[1997a] have shown that already at a single wavelength of 865 nm single-viewing-angle measurements of intensity
together with polarization can provide important information. Considering also the spectral information, GOME-2
seems a promising candidate to provide a long time-series until about 2020 of important aerosol information.



Chapter 3

Retrieval Algorithm based on Lookup-Tables

3.1 Retrieval Methodology

3.1.1 Lookup Tables for Aerosol Models

In order to obtain a computationally efficient retrieval, radiative transfer calculations for different aerosol models
(a combination of size distribution and refractive index), different values of the Aerosol Optical Thickness (AOT),
and different surface reflection properties, were stored in Lookup Tables (LUTs). The aerosol models were adopted
from the ATBD of the Ozone Monitoring Instrument (OMI) [Torres et al., 2001]. These aerosol models contain
2 modes, where each mode is described by a log-normal function (see Appendix A). The aerosol models are
summarized in Table 3.1. For the dust aerosol types (14-18) the imaginary part of the refractive index depends on
wavelength, as depicted in Fig. 3.1. For aerosol models 1-18 all aerosols are uniformly distributed over the lowest
2 km of the atmosphere. Additionally, we constructed 11 more models with the same microphysical properties a
models 8-18, but with all aerosols uniformly distributed between 4-6 km. These models represent elevated layers
of biomass burning and dust aerosols.

The radiative transfer calculations were performed using a model based on the Gauss-Seidel iterative method
[Landgraf et al., 2001; Hasekamp and Landgraf , 2002]. The multiple scattering calculations were performed
using 16 streams of a Double Gaussian Quadrature for the zenith angle dependence. The contribution of singly
scattered light is computed separately. For all aerosol models the optical properties were calculated using Mie-
theory [van de Hulst, 1957], thus assuming that particles are spherical. Concerning, the atmospheric profile, we
used the US standard atmosphere of Anderson et al. [1987]

3.1.2 Retrievals over the Ocean

For retrievals over the ocean, the ocean reflection matrix can be described by three contributions (see e.g. [Chowd-
hary, 1999, and references therein]): 1) Fresnel reflection on the oceanic waves. This contribution is mainly
determined by the wind speed W . 2) Scattering inside the ocean body called underlight. In this paper we restrict
ourselves to the open ocean (so called ’case-1 waters’ [Morel and Prieur, 1977]) for which the reflection due to
underwater scattering is predominantly determined by the concentration of phytoplankton and its derivative prod-
ucts, referred to as the oceanic pigment concentration Cpig. 3) Reflection by oceanic foam, which depends on the
foam albedo Afm (see e.g. Frouin et al. [1996] and Kokhanovsky [2004]) and the fraction of the ground pixel that
is covered by foam, which depends on the wind speed. So, the total ocean reflection depends mainly on the wind
speed, the oceanic pigment concentration, and the foam albedo.

For the LUT calculations, the Fresnel reflection on the waves is calculated using the method of Mishchenko
and Travis [1997a], assuming the wind speed dependent distribution of surface slopes proposed by Cox and Munk
[1954]. For the foam albedo Afm we assume a fixed value of 0.2. For the wind speed dependent fraction lfm of
the ground pixel that is covered by foam we use lfm = 2.95 × 10−6 W 3.52 [Monahan and O’Muirtcheartaigh,
1980].

7
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Table 3.1: Center of wavelength bands for PMD-l and PMD-r

No. rs
eff rl

eff vs
eff vl

eff fl mr mi type
1 0.11 0.84 0.65 0.65 1.53 10−2 1.40 -5.0 10−8 Oceanic
2 0.12 2.19 0.18 0.81 4.36 10−4 1.40 -4.0 10−3 Industrial
3 0.13 2.24 0.50 0.81 4.04 10−4 1.40 -4.0 10−3 Industrial
4 0.21 2.50 0.18 0.81 8.10 10−4 1.40 -4.0 10−3 Industrial
5 0.14 2.15 0.22 0.62 7.00 10−4 1.45 -1.2 10−2 Industrial
6 0.15 2.26 0.22 0.62 6.84 10−4 1.45 -1.2 10−2 Industrial
7 0.18 2.69 0.22 0.62 6.95 10−4 1.45 -1.2 10−2 Industrial
8 0.12 2.43 0.20 0.87 1.70 10−4 1.50 -1.0 10−2 Biomass
9 0.15 2.70 0.20 0.87 2.06 10−4 1.50 -1.0 10−2 Biomass
10 0.20 3.42 0.20 0.87 2.94 10−4 1.50 -1.0 10−2 Biomass
11 0.11 2.52 0.17 0.70 2.07 10−4 1.50 -2.0 10−2 Biomass
12 0.12 2.67 0.17 0.70 2.05 10−4 1.50 -2.0 10−2 Biomass
13 0.14 3.28 0.17 0.70 1.99 10−4 1.50 -2.0 10−2 Biomass

14-18 0.10 1.60 0.32 0.42 4.35 10−3 1.53 see Fig. 3.1 dust

Figure 3.1: Imaginary part of refractive index for the five dust models. The spectra for models 14-18 are shown from top to
bottom.
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Figure 3.2: Oceanic underlight albedo as function of wavelength for different values of the oceanic pigment concentration.

The underlight contribution is described using a Lambertian albedo that depends on the oceanic pigment con-
centration, using the dependence given by Morel [1988] and Morel and Gentili [1993] in combination with the
data of Smith and Baker [1981]. Figure 3.2 shows the Lambertian albedo as a function of wavelength for different
oceanic pigment concentrations.

For aerosol retrieval over the ocean the 20 dimensional measurement vector y contains the measured re-
flectance and Stokes fraction q = Q/I in wavelength bands 6-15. Here, we use Stokes fraction q because it
is measured with higher accuracy than Stokes parameter Q, because many errors cancel out in the determination
of q, due to the similar optical paths for the l− and r PMDs [Callies et al., 2000]. The 2 dimensional state vector
x contains the column integrated number density (directly related to the AOT) and the oceanic pigment concen-
tration. The LUTs store radiative transfer calculations of Stokes parameter I and Stokes fraction q for wavelength
band 6-15, for the 29 aerosol models. The values are stored as a function of aerosol optical thickness (550 nm),
oceanic pigment concentration, windspeed, solar zenith angle, viewing zenith angle, relative azimuth angle. For
the surface pressure a constant value of 1013 hPa has been used. See Table 3.2 for the different node points of the
ocean LUT.

For one GOME-2 scene, the aerosol optical thickness and ocean pigment concentration are retrieved (see 3.1.4)
for all aerosol models. Here, the windspeed is required as input from the ECMWF model.

3.1.3 Retrievals over Land

Over land surfaces the spectral dependence of the surface albedo in the range 350-800 nm cannot be characterized
by a few parameters. Therefore, for aerosol retrieval over land we use a different approach than for aerosol retrieval
over the ocean. First of all, we make use of the fact that the surface albedo is low and almost spectrally flat in the
wavelength range 350-500 nm. Furthermore, we make use of the fact that Stokes parameter Q shows very low
sensitivity to surface reflection. So, we define a 14-dimensional measurement vector that contains the measured



10 CHAPTER 3. RETRIEVAL ALGORITHM BASED ON LOOKUP-TABLES

Table 3.2: Node points for LUT calculations for aerosol retrieval over the ocean

Variable name unit Nr. of entries entries
aerosol optical thickness [-] 8 0.1 0.3 0.5 0.8 1.0 2.0 3.04.0
aerosol models [-] 29 1 2 · · · 28 29
oceanic pigment concentrations mg/m3 5 10−5 0.50 1.0 5.0 10.0
wind speed m/s 3 3.0 7.0 11.0
surface pressure hPa 1 1013
solar zenith angle degrees 11 25.0 30.0 · · · 70.0 75.0
viewing zenith angle degrees 13 0.0 5.0 · · · 55.0 60.0
cosine of azimuth angle [-] 21 1.0 0.9 · · · -0.9 -1.0

Table 3.3: Node points for LUT calculations for aerosol retrieval over land

Variable name unit Nr. of entries entries
aerosol optical thickness [-] 8 0.1 0.3 0.5 0.8 1.0 2.0 3.04.0
aerosol models [-] 6 2, 5, 8, 12, 16, 19
surface albedo [-] 9 0.00, 0.02, · · · , 0.10, 0.15, 0.20,0.80
surface pressure hPa 2 700, 1013
solar zenith angle degrees 11 25.0 30.0 · · · 70.0 75.0
viewing zenith angle degrees 13 0.0 5.0 · · · 55.0 60.0
cosine of azimuth angle [-] 21 1.0 0.9 · · · -0.9 -1.0

rflectance in wavelength band 6-9 and measured sun-normalized Stokes parameter Q for wavelength band 6-15.
From this measurement vector, a 2 dimensional state vector x can be retrieved that contains the column integrated
number density (directly related to the AOT) and a Lambertian surface albedo that is constant for PMD band
6-9 [Hasekamp, 2007]. Compared to retrievals over the ocean, this different measurement vector has a reduced
information content with respect to aerosol properties, and is more sensitive to calibration errors (due to the use of
Q instead of q). Due to the reduced information content for retrievals over land we reduced the number of aerosol
models compared to the number of models for retrievals over the ocean. The node points of the LUT for aerosol
retrieval over land are given in Table 3.3

3.1.4 Inversion Procedure

The first step in the inversion procedure is to interpolate the LUT values for a given aerosol model to the actual
geometry, windspeed (for ocean), and surface pressure (for land). In this way we obtain tabulated values of a
forward model F that describes how the state vector x and measurement vector y are related,

y = F(x) + e, (3.1)

where e is an error term. To obtain values of F in between the node points we use linear interpolation.
The forward model is non-linear in x for variations in x that are larger than the differences between the node

points. Therefore, we solve the inversion problem iteratively, where in each iteration step we replace the forward
model by it’s linear approximation,

F(xn+1) ≈ F(xn) + K [xn+1 − xn] (3.2)
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where xn is the state vector for the iteration step under consideration and K is the Jacobian matrix containing the
derivatives of the forward model with respect to the elements of x. These derivatives are calculated numerically
using the values of F at the node points of the LUT.

The state vector for the next iteration step is obtained using the weighted least squares method.

xn+1 = min
x

||S− 1
2

y (Kx − (y − Kxn)||
2

(3.3)

= xn +
(
KT S−1

y K
)−1

KT S−1
y (y − Kxn) (3.4)

where Sy is the measurement error covariance matrix. The iteration is started with a state vector corresponding
to the LUT node point for which the χ2 difference between forward model and measurement is minimum. The
iteration is continued until convergence has been reached.

The inversion procedure described above is performed for all aerosol models. The state vector for the aerosol
model that yields, after convergence, the smallest χ2 difference between forward model and measurement is se-
lected as the retrieved state vector.

3.1.5 Cloud Filtering

It is intended to only perform aerosol retrievals for cloud free scenes. To identify whether a scene is contaminated
with clouds, we use a quantity Cclear that expresses the contrast between the reflectivity (defined as π I/μo Fo

where μo is the cosine of the solar zenith angle and Fo is the solar flux perpendicular to the solar beam) B measured
in the ’blue’ (∼414 nm), the measured reflectivity G in the ’green’ (∼522 nm), and the reflectivity R in the ’red’
(∼640 nm) part of the spectrum [Krijger et al., 2005]:

Ccloud =
(max(R,G,B) − min(R,G,B).)

max(R,G,B)
(3.5)

If Cclear exceeds a certain threshold the observed scene is considered cloud free. For this threshold value we chose
0.55.

We would like to note that cloud filtering is a critical issue for aerosol retrievals. Therefore, improvement of
the cloud filtering procedure should be subject of further investigation

3.2 Error Characterization

3.2.1 Aerosol Models

Prior assumptions on the aerosol models can cause errors on the retrieved aerosol optical thickness. Here the most
important source of error is due to the restriction to a limited number of aerosol models. If the correct aerosol
model is not included in the set of pre-described models, the assumed aerosol phase function and single scattering
albedo are not correct which will result in an error in the retrieved aerosol optical thickness. To investigate this
source of error we constructed synthetic measurements for 1000 different atmospheric aerosol scenarios, where
for each scenario we randomly chose the aerosol parameters within a specified range. This range was 0.1-0.2μm
for reff of the small mode, 0.17-0.65 for veff of the small mode, 0.8-3.4μm for reff of the large mode, 0.5-0.9 for
veff of the large mode, 1.3-1.7 for the real part of the refractive index, and 5 10−7-0.02 for the imaginary part of
the refractive index. The aerosol column of both modes was chosen such that the corresponding aerosol optical
thickness was between 0.01-0.25 at 550 nm. From these synthetic measurements we retrieved the aerosol optical
thickness using the algorithm described here.
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Figure 3.3: Histogram of the differences between the retrieved AOT and the true AOT for retrieval from synthetic
measurements.
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Figure 3.3 shows a histogram of the differences between the retrieved AOT and the true AOT. The mean
difference is 0.005 whereas the standard deviation is 0.086. This can be considered as a rough estimate for the
error in the retrieved AOT due to the restriction to a limited number of aerosol models.

3.2.2 Instrument calibration errors

The effect of instrument calibration errors on the retrieved AOT from GOME-2 has been reported by Hasekamp
and Landgraf [2005b]. They studied the effect of three types of calibration errors: (i) a constant offset of 1%,
(ii) an error of 1% in the first- and of -1% in the last PMD spectral band with a linear dependence on wavelength,
and (iii) an error which is 1% at the first and last PMD spectral bands, -1% at the center wavelength and varies
quadratically with wavelength. It was found that the a constant error of 1 % on the measured Il and Ir causes an
error on the retrieved AOT below 0.01. The effect of the linear error on the AOT is below 0.02, whereas the effect
of the quadratic error is below 0.03.

3.2.3 Height Distribution Errors

The retrieval algorithm described here assumes that aerosols are uniformly distributed, either in a layer between
0-2 km or in a layer between 4-6 km. If in reality the aerosol number concentration decays with the 3rd power in
pressure between up to 10 km, the error in the retrieved AOT is in the range 0.01-0.03 [Hasekamp and Landgraf ,
2005b].

3.3 Summary and Conclusions

This document describes the algorithm for the retrieval of aerosol optical thickness from GOME-2 PMD measure-
ments. The algorithm is based on Lookup Tables of radiative transfer calculations for different aerosol models,
different values of the AOT, and different surface reflection properties.

For aerosol retrieval over the ocean the measurements of Stokes parameters I and Q of all 10 PMD spectral
bands between 369-791 nm are used. The retrieved parameters are the aerosol column integrated number density
(directly related to the AOT) and the oceanic pigment concentrations. For the retrieval 29 aerosol models are used,
where the model that fits best to the measurement is selected.

For aerosol retrieval over land only measurements are used that show small sensitivity to surface reflection
properties. These are the measurements of the intensity of the PMD bands in the range 369-463 nm, and mea-
surements of Stokes parameter Q of the PMD bands in the range 369-791 nm. For these retrievals we retrieve
the column integrated number density and a spectrally independent Lambertian surface albedo for the range 369-
463 nm. The reduced measurement vector for retrievals over land has a smaller sensitivity to aerosol microphysical
properties than the measurement vector for retrieval over the ocean. Therefore, for retrievals over land a limited
number of 6 aerosol models is used.

Appendix A: Aerosol size distribution

We assume that the aerosol size distribution can be described as a bimodal distribution:

n(r) = (1 − fc) ns(r) + fc nc(r), (3.6)
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where r is particle radius, fc is the coarse mode particle fraction, and ns and nc are the size distribution of the
small and coarse mode, respectively. We assume that ns and nc can be described by a log-normal function nln:

nln(r) =
1√

2π σg r
exp

[−(ln r − ln rg)2/(2σ2
g)

]
, (3.7)

where

ln rg =

∞∫

0

ln r n(r)dr, (3.8)

and

σ2
g =

∞∫

0

(ln r − ln rg)2 n(r)dr. (3.9)

As shown by Hansen and Travis Hansen and Travis [1974] it is useful to characterize (a mode of) the size dis-
tribution by the effective radius reff and effective variance veff , because these parameters are relatively independent
from the actual shape of the distribution. Here,

reff =
1
G

∞∫

0

rπr2n(r)dr, (3.10)

and

veff =
1

Gr2
eff

∞∫

0

(r − reff)2πr2n(r)dr, (3.11)

where G is the geometrical cross section. We use the superscripts l and s to refer to the small and large mode of
the size distribution, respectively.

The relation between reff , veff on one hand, and rg and σg on the other hand is given by:

rg = reff/(1 + veff)5/2

σ2
g = ln(1 + veff). (3.12)



Chapter 4

Retrieval of Aerosol Microphysical Properties: Full
Physics Algorithm

4.1 Introduction

In chapter 3 we described a retrieval algorithm that is based on fitting tabulated radiative transfer calculations
for a limited number of standard aerosol models to the GOME-2 measurements of intensity and polarization.
An advantage of such an approach is that it is computationally fast enough to process (and re-proceess) large
amounts of GOME-2 data. A disadvantage is that in reality aerosols cannot be described by a limited number of
models. Here, errors in the assumed aerosol models may cause significant errors on the retrieved aerosol optical
thickness (see Fig. 3.3 in chapter 3). Furthermore, a LUT based retrieval approach does not make full use of the
increased information content of combined intensity and polarization measurements compared to instruments that
measure only intensity. Namely, the additional use of GOME-2 polarization measurements allows the retrieval
of information on size distribution and refractive index, which are essential parameters for climate research. In
the paper of Hasekamp and Landgraf [2005b] a retrieval method is described that makes full use of the retrieval
capabilities of GOME-2. In order to apply this approach to real data some adjustments of the algorithm had to
be made. This chapter describes the revised algorithm for the retrieval of aerosol microphysical properties from
GOME-2. Here, we restrict ourselves to retrieval of aerosol properties over the ocean, where the information
content is largest.

4.2 Retrieval Methodology

We assume that the aerosol size distribution can be described by a bi-modal log normal function, where each mode
is characterized by the effective radius reff , the effective variance veff (see Appendix B) and the column integrated
aerosol number concentration N . In what follows we use the superscripts l and s to refer to the small and large
mode of the size distribution, respectively. Additionally, the complex refractive index m = mr + imi is needed
to characterize aerosols. Furthermore, we assume that aerosols are uniformly distributed over an altitude layer of
2 km thickness.

In the setup described above there are 9 unknown aerosol parameters. These are the effective radius reff of
the small- and large mode, the effective variance veff of the small- and large mode, the column integrated aerosol
number concentration N of the small- and large mode, the real- and imaginary part of the refractive index, and the
height of the aerosol layer.

In addition to the scattering and absorption properties of the atmosphere, the satellite measurement is also
affected by the reflection properties of the ocean. The ocean reflection can be described by three contributions (see
e.g. [Chowdhary, 1999, and references therein]): 1) Fresnel reflection on the oceanic waves. This contribution is
mainly determined by the wind speed W . 2) Scattering inside the ocean body called underlight. In this paper we
restrict ourselves to the open ocean (so called ’case-1 waters’ [Morel and Prieur, 1977]) for which the reflection
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due to underwater scattering is predominantly determined by the concentration of phytoplankton and its derivative
products, referred to as the oceanic pigment concentration Cpig. 3) Reflection by oceanic foam, which depends on
the foam albedo Afm (see e.g. Frouin et al. [1996] and Kokhanovsky [2004]) and the fraction of the ground pixel
that is covered by foam, which depends on turn on the wind speed. So, the total ocean reflection depends mainly
on the wind speed, the oceanic pigment concentration, and the foam albedo. Of these parameters we include the
oceanic pigment concentration as an additional unknown parameter in our retrieval. Furthermore, we assume the
wind speed is accurately known from a meteorological model and we use a fixed foam albedo.

4.2.1 Forward model and Inversion

Let us now define a state vector x that contains the parameters to be retrieved, i.e. the 9 aerosol parameters and the
oceanic pigment concentration as an additional parameter. Furthermore, let us define a measurement vector y that
contains the satellite measurements of Stokes parameters I and Q in different spectral bands. The retrieval of state
vector x from measurement vector y requires a forward model F that describes how y and x are related, viz.

y = F(x) + ey, (4.1)

where ey is an error term. The forward model consists of two parts. The first part relates the physical aerosol prop-
erties (size distribution, refractive index) to their optical properties (optical thickness, single scattering albedo,
phase matrix). This relation can be described by Mie theory for spherical particles [van de Hulst, 1957] or alterna-
tive theories for particles with other shapes (see e.g. Kokhanovsky [2003]; Wiscombe and Grams [1988]; Koepke
and Hess [1988]; Mishchenko and Travis [1994]; Mishchenko et al. [1995]). In this paper we only consider spher-
ical aerosols which allows the use of Mie theory. The second part of the forward model is an atmospheric radiative
transfer model that simulates the intensity vector at the top of the atmosphere for given optical input parameters.
Here, we use the vector radiative transfer model described by Hasekamp and Landgraf [2002] and Hasekamp and
Landgraf [2005a], to model the transport of radiation in the atmosphere This model solves the radiative transfer
equation using the Gauss-Seidel iterative method.

The aim of an inversion algorithm is to find a state vector x̂ for which forward model F(x̂) and measurement
y are in optimal agreement. Since the forward model is not linear in the unknown parameters the solution of the
inversion problem has to be found iteratively. Here, we replace for each iteration step n the forward model in (4.1)
by its linear approximation,

F(xn+1) ≈ F(xn) + K [xn+1 − xn] (4.2)

where xn is the state vector for the iteration step under consideration and K is the Jacobian matrix containing the
derivatives of the forward model with respect to the elements of xn, where element Kij of K is defined by:

Kij =
∂Fi

∂xj
(xn). (4.3)

The satellite measurements considered here do not contain sufficient information to retrieve all 10 unknown
parameters, and thus the corresponding inverse problem is ill-posed. This means that many combinations of the
10 parameters fit the measurement almost equally well. As a result, the least-squares solutionx̂lsq to our retrieval
problem, viz.

x̂lsq = min
x

||S− 1
2

y (F(x) − y)||
2

, (4.4)

is overwhelmed by noise. In order to obtain a stable inversion, we introduce a reduced state vector xred that
only contains a the following subset of aerosol parameters: the height integrated aerosol number concentration
of both modes, the effective radius of the small mode, the real part of refractive index, and the oceanic pigment
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concentration. It is confirmed by the study of Hasekamp and Landgraf [2005b] that GOME-2 measurements are
most sensitive to this subset of parameters. The other parameters are kept fixed at the values from the standard
model that has been selected by the LUT algorithm. For each iteration step the least squares solution for xred is
given by

xred,n = xred,n−1 + (KT
redS

−1
y Kred)−1KT

redS
−1
y (y − F(xred,n−1), (4.5)

where Kred is the Jacobian matrix for the reduced state vector. The error covariance matrix of the solution is given
by

Sx = (KT
redS

−1
y Kred)−1. (4.6)

4.3 Levenberg-Marquardt iteration

In general, the inversion of Eq. (4.1) represents a highly non-linear problem. Therefore, if the first guess state
vector xo is too far from the true state vector the linear approximation in Eq. (4.2) may be poor. In that case,
the inversion of the linearized forward model in Eq. (4.2) may result in a new state vector that yields a higher χ2

difference between forward model F(xn+1) and measurement y than the first guess state vector xo, i.e. a step
has been taken in the wrong direction. In order to prevent the inversion from taking a large step away from the
minimum χ2, we use the Levenberg-Marquardt method [Levenberg, 1944; Marquardt, 1963], which minimizes the
step size between two iteration steps in addition to minimizing the difference between linearized forward model
and measurement.

Extensive tests of the iteration scheme have been reported in Hasekamp and Landgraf [2005a] and Hasekamp
and Landgraf [2007].

4.4 Summary

This chapter describes an algorithm for the retrieval of aerosol microphysical properties from GOME-2 measure-
ments over the ocean. The following parameters of a bi-modal aerosol model are retrieved: the height integrated
aerosol number concentration of both modes, the effective radius of the small mode, the real part of refractive
index, and the oceanic pigment concentration. It is confirmed by the study of Hasekamp and Landgraf [2005b]
that GOME-2 measurements are most sensitive to this subset of parameters. These parameters are retrieved by
least square fitting of a radiative transfer model to the GOME-2 measurements. In order to treat non-linearity we
employ the Levenberg-Marquardt method [Levenberg, 1944; Marquardt, 1963]. For a sensitivity study and error
analysis concerning the bretrieval of microphysical properties, we refer to the paper of Hasekamp and Landgraf
[2005b] and the O3MSAF Visiting Scientist report of Hasekamp et al. [2004]; Hasekamp [2005].





Chapter 5

Application to GOME-2 Data

5.1 Re-Calibration of Polarization data

For certain observed scenes along an orbit the viewing geometry is such that Stokes fraction q = 0, regardless of
the observed atmosphere and surface [Aben et al., 2003]. Namely, we can write

q = Q/I = P cos 2χ (5.1)

u = U/I = P sin 2χ, (5.2)

where P is the degree of linear polarization and χ is the direction of polarization relative to the local meridian
plane. From Eq. (5.2) it follows that if χ = 45o or 135o, then Stokes parameters q = 0. So, the geometries for
which χ = 45o can be used for validation of the level-1 data of Stokes fraction q.

Figure 5.1 shows Stokes fraction q as a function of viewing zenith angle (VZA) for geometries for which
χ = 45o or 135o. It can be seen that q is in the range 0-0.05 for most values of the VZA. The deviation from zero
strongly depends on VZA. In order for polarization measurements to be useful for aerosol retrieval the accuracy
should be better than 0.01. So, Fig. 5.1 clearly shows that the current calibration is not accurate enough. Therefore,
we propose to adapt the calibration such that q = 0 for the geometries of Fig. 5.1. This has been done as described
below.

At geometries for which q = 0, the intensities measured by the l and r PMDs should be equal (See Eq. (2.3),
viz.

Il = Ir if cos 2χ = 0. (5.3)

Therefore, we apply correction factors Cl and Cr to Il and Ir, respectively, in order to obtain corrected values
Icorr
l and Icorr

r , such that Eq. (5.3) is satisfied:

Icorr
l = Cl IlI

corr
r = Cr Ir. (5.4)

Of course, Eq. (5.3) does not uniquely determine the two correction factors. Namely, it is not known what the true
intensity is to which both Il and Ir should be corrected to. We have chose to consider the average between Il and
Ir as the true value. This yields correction factors

Cl =
(Il + Ir)

2Il
if cos 2χ = 0.

Cr =
(Il + Ir)

2Ir
. if cos 2χ = 0. (5.5)

These correction factors are then determined for different values of the VZA, where all measurements correspond-
ing to one VZA are averaged. The correction factor (5.5 ensure that Stokes fraction q is as close as possible to zero
at the specific geometries, but the the choice to consider (Il+Ir)

2 as the true value is an arbitrary choice. Therefore,
we expect that the calibration of the Stokes fraction q has been improved considerably by applying Cl and Cr, but
not the calibration of the total intensity I = Il + Ir.
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Figure 5.1: Measured Stokes fraction q as a function of VZA for geometries for which χ = 45 o or 135o. All GOME-2 level
1b data (version 3.9) of 2008-02-05 have been used
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Figure 5.2: Retrieved AOT (550 nm) versus spectral contrast when no cloud filtering is applied. Results over the
ocean.

5.2 Cloud Filtering

5.2.1 Retrievals over the ocean

It is intended to only perform aerosol retrievals for cloud free scenes. To identify whether a scene is contaminated
with clouds, we use a filter based on the spectral contrast as defined in Eq. (3.5). To investigate the relation between
the contrast Ccloud and cloudiness, we performed retrievals of the AOT for one day without cloud filtering, i.e. for
all measurements of one day. Figure 5.2 shows the retrieved AOT versus the spectral contrast Ccloud. For retrievals
over the ocean it can be seen that for small spectral contrast more retrievals yield a large value for the AOT, which
is expected if an aerosol retrieval is performed in the presence of clouds. The selection of a threshold value for
Ccloud is rather arbitrary. We have chosen a value of Ccloud = 0.6, as just below this value the retrieved AOT
increases strongly for part of the scenes. Clearly, a cloud filter based on only the spectral contrast will also filter
out aerosol scenes with small spectral contrast. Therefore, we also use a second check for cloud contamination
based on the value of the reflectivity in the red part of the spectrum. If the value R of the reflectivity in the red (640
nm) is smaller than 0.10, the scene is considered cloud free independent of the spectral contrast. To motivate this
Fig. 5.3 shows the retrieved AOT versus the spectral contrast Ccloud for scenes with R < 0.10. It can clearly be
seen that the large values of the retrieved AOT disappeared. If a larger value than 0.1 is chosen part of the branches
of Fig. 5.2 become visible again. Therefore, for aerosol retrievals over the ocean we select a scene as cloud-free if
either Ccloud > 0.60 or R < 0.10.
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Figure 5.3: Retrieved AOT (550 nm)versus spectral. Only data are included with a reflectivity in the red part
(640 nm) of the spectrum R < 0.1. Results over the ocean.
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Figure 5.4: Retrieved AOT versus spectral contrast when no cloud filtering is applied. Results over land.

5.2.2 Retrievals over land

Figure 5.4 shows the retrieved AOT versus Ccloud for retrievals over land. The relationship is much less clear than
for retrievals over the ocean. This is due to the effect that over land much of the spectral contrast can be caused by
surface reflectance. Therefore, over land surface we select cloud free scenes based on a reflectivity criterion only.
Here, we use the reflectivity B in the blue part (440 nm) of the spectrum because this value is less affected by
surface reflection than the reflectivity in the green or red part of the spectrum. We consider scenes with B < 0.30
as cloud-free. Fig. 5.5 shows the retrieved AOT versus the spectral contrast Ccloud for scenes with B < 0.30. It
can be seen that much less retrievals yield an unrealistic large AOT for this cloud filter.

5.3 Results LUT based algorithm

Figure 5.6 shows the retrieved AOT for 2008-02-05 for all scenes that are selected as cloud free by the cloud filter.
In general, over the ocean the AOT is in the range that is expected for the AOT (0.1-0.3 for most scenes). Also
some regions with higher AOT are present near the east and west coast of Africa, which might be explained by dust
storms and/or biomass burning, and in Asia, which might be related to industrial pollution. The mean AOT over
the ocean is 0.33 which is somewhat high. A possible explanation for this is that the cloud filter is not properly
working, i.e. it flags some partly cloudy pixels as cloud free which results in a too high AOT. Furthermore, a
significant error in the AOT is introduced due to the retrieval approach based on a limited number of aerosol types
(see Fig. 3.3). Over land it seems that too many pixels are flagged as (partly) cloudy by the cloud filter, because
the AOT is retrieved only for a small fraction of the scenes over land. For the scenes where the AOT is retrieved,
the values are roughly in the range that may be expected.
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Figure 5.5: Retrieved AOT versus spectral contrast when no cloud filtering is applied. Only data are included with
a reflectivity in the blue (440 nm) part of the spectrum B < 0.3. Results over land.
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Figure 5.6: Retrieved AOT from GOME-2 for 2008-02-05 for all scenes that are selected as cloud-free



26 CHAPTER 5. APPLICATION TO GOME-2 DATA

Figure 5.7: Aerosol models for 2008-02-05 for all scenes over the ocean that are selected as cloud-free
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Figure 5.7 shows the aerosol models that yield the best fit to the measurements for all (assumed) cloud-free
scenes over the ocean. A remarkable feature is that aerosol model 15 (dust) is the model that is selected for the
majority of the scenes. It is not very likely that these scenes really correspond to dust events. In fact, it would
be more realistic if the oceanic aerosol type (model 1) would have been selected for the majority of the cases. A
possible explanation is that the aerosol model parameters of model 1 do not represent oceanic aerosols well, and
that this type of aerosols is better represented by model 15, which is also dominated by large particles (which is
expected over the unpolluted ocean). Another problem with the ’retrieved’ aerosol models is that there appears
to be a dependence on viewing geometry. This may be explained by the fact that the sensitivity of the GOME-2
polarization measurements to aerosol microphysical properties depends on geometry [Hasekamp and Landgraf ,
2005b]. So, if the the real microphysical properties are somewhere in between the values of two models, it may
depend on viewing geometry which model fits best to the measurement. For example, at some geometries the
measurement might be more sensitive to refractive index and the model will be selected of which the refractive
index is close the the true value, while at other geometries the measurement might be more sensitive to effective
radius. These problems are inherent to the retrieval approach based on a limited number of aerosol models.

Figure 5.8 shows the retrieved chlorophyll concentration (ocean) and UV surface albedo for 20080205. In
general the values over the open ocean are in the range that is expected [Chowdhary et al., 2001], but also scenes are
present with a slightly negative chlorophyll concentration. This may be due to the simplified model for underwater
scattering that has been used, or it may hint at calibration errors. It is important to note that the model used to
describe underwater scattering are less suited for coastal waters, which makes the results there hard to interpret.
The retrieved UV surface albedo over land is mostly (except for outliers at hih latitudes) between 0.01 and 0.1,
which is in the range that may be expected.

Figure 5.9 shows the retrieved AOT for 2008-04-01. Also for this day the values over the ocean are roughly
in the range that is expected. Enhanced values of the AOT are present over the ocean west of the Sahara. For
comparison, we show in Fig. 5.10 the aerosol absorption index [de Graaf et al., 2005] deduced from GOME-2
data of the same day. The aerosol absorption index is a quantity that is sensitive to elevated layers of absorbing
aerosols, such as desert dust. Also in the aerosol absorption index the dust plume west of the Sahara is visible.
At other parts of the globe the enhanced values of the retrieved AOT (e.g. around Asia) are not confirmed by the
aerosol absorption index. This may well be due to the fact that the aerosol absorption index is only sensitive to
absorbing aerosols at high altitudes, while the enhanced values of the retrieved AOT may be due to non-absorbing
aerosols in the boundary layer.

Over land the values appear to be too high and the results show unrealistic land-sea boundaries. Also, clear
differences are seen between overlapping orbits. Clearly, the retrievals over land are subject to large uncertainties.
This is caused (among other reasons) by the smaller information content caused by the reduced spectral range, the
assumption that the surface is a Lambertian reflector, the stronger dependence on absolute calibration (not Stokes
fraction q is used but Stokes parameter Q).

5.4 Results of Full Physics Algorithm

Because of the large amount of computational effort required, the Full Physics algorithm has only been applied
to a small subset of the data. Figures 5.11 and 5.12 show respectively the AOT of the small and large mode, the
effective radius of the small mode, and the refractive index retrieved on 2008-02-05 near the coast of Florida and
Middle America. Both the AOTs as well as the effective radius and refractive index are in a physically realistic
range. Between Cuba and middle America enhance values of the AOT (especially the small mode) are seen. It is
interesting that the retrieved effective radius of the small mode has smaller values in this region than in other regions
of the figure. This may be an indication of the presence of anthropogenic aerosols. Also the retrieved refractive
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Figure 5.8: Retrieved chlorophyll concentration (ocean) and UV surface albedo (land) for 2008-02-05 for all scenes
over the ocean that are selected as cloud-free
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Figure 5.9: Retrieved AOT for 2008-04-01 for all scenes that are selected as cloud-free
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Figure 5.10: Aerosol Absorbing Index [de Graaf et al., 2005] for GOME-2 data from 2008-4-01.
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Figure 5.11: Aerosol optical thickness of the small mode (left) and of the large mode (right) retrieved by the full
physics algorithm.

Figure 5.12: Effective radius of the small mode(left) and refractive index (right) retrieved by the full physics
algorithm.
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Figure 5.13: Mean residual and standard deviation of the fit between forward model and measurement for the total
intensity I (upper panel) and Stokes fraction q (lower panel), for the data of Fig. 5.11.

index has different values here compared to other regions. Of course, an extensive validation of the parameters is
required to investigate the quality of the retrievals. Here, a problem is that currently no other satellite instruments
provide such detailed aerosol information as retrieved by the Full Physics Algorithm, and the availability of ground
based measurements is limited for oceanic sites.

A first check for the quality of the retrieval is to evaluate how well the forward model calculations for the
retrieved parameters agree with the measurement. Figure 5.13 shows the mean residual and standard deviation of
the fit between forward model and measurement for the total intensity I and Stokes fraction q for all retrievals of
Fig. 5.11. It can be seen that the mean residual in I show a strong variation with wavelength and is in the range
-5-5 %. The standard deviation is in the range 1-2 %. Stokes fraction q is much better fitted, i.e. the mean residual
is below 0.015 and the standard deviation is in the range 0.005-0.01. The fact that q is much better fitted than I
is due to the fact that the calibration measurements of Stokes fraction q is improved based on measurements at
geometries for which cos 2χ = 0. This re-calibration does not improve the accuracy of measurements of the total
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intensity I . Therefore, it is needed to investigate possibilities to improve the quality of these measurements, for
example by comparing them with the measurements of the GOME-2 main channels.





Chapter 6

Conclusions & Outlook

6.1 Conclusions

6.1.1 LUT-Based Algorithm

A fast algorithm for the retrieval of aerosol optical thickness has been developed. The algorithm is based on
Lookup Tables of radiative transfer calculations for different aerosol models, different values of the AOT, and
different surface reflection properties.

For aerosol retrieval over the ocean the measurements of Stokes parameters I and Q of all 10 PMD spectral
bands between 369-791 nm are used. The retrieved parameters are the aerosol column integrated number density
(directly related to the AOT) and the oceanic pigment concentrations. For the retrieval 29 aerosol models are used,
where the model that fits best to the measurement is selected.

For aerosol retrieval over land only measurements are used that show small sensitivity to surface reflection
properties. These are the measurements of the intensity of the PMD bands in the range 369-463 nm, and mea-
surements of Stokes parameter Q of the PMD bands in the range 369-791 nm. For these retrievals we retrieve
the column integrated number density and a spectrally independent Lambertian surface albedo for the range 369-
791 nm. The reduced measurement vector for retrievals over land has a smaller sensitivity to aerosol microphysical
properties than the measurement vector for retrieval over the ocean. Therefore, for retrievals over land a limited
number of 6 aerosol models is used.

The algorithm has been applied to GOME-2 data of two days. Before application of the algorithm, we applied
a re-calibration of the measurements of Stokes parameter q, using geometries for which q = 0, independent of
atmospheric and surface properties [Aben et al., 2003]. Also, we developed a cloud filter to select cloud free
scenes. For retrievals over the ocean the cloud filter selects scenes with a large spectral contrast and a reflectivity
in the red part of the spectrum smaller than a given threshold. For retrievals over land we the selection is based
only on a reflectivity threshold in the blue part of the spectrum.

In general, the retrieved AOT over the ocean is in the range that might be expected (0.1-0.3), although the
mean AOT of 0.33 seems rather high. This may be due to insufficient cloud filtering. Some regions with enhanced
aerosol are detected (Asia, Sahara). The enhanced values of the AOT west of the Sahara are qualitatively confirmed
by the Aerosol Absorption Index deduced from GOME-2 main channel measurements. The aerosol models that
best fit the measurement do in many cases not represent the expected aerosol types. This may be caused by the
fact that it is not possible to describe the large range in microphysical aerosol parameters by a limited number of
standard models. Another possible explanation would be the limited quality of the PMD level 1b measurements.

Over land the values appear to be too high and the results show unrealistic land-sea boundaries. Also, clear
differences are seen between overlapping orbits. Clearly, the retrievals over land are subject to large uncertainties.
This is caused (among other reasons) by the smaller information content caused by the reduced spectral range, the
assumption that the surface is a Lambertian reflector, the stronger dependence on absolute calibration (not Stokes
fraction q is used but Stokes parameter Q).
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6.1.2 Full Physics Algorithm

A LUT based retrieval approach does not make full use of the increased information content of combined intensity
and polarization measurements compared to instruments that measure only intensity. Namely, the additional use of
GOME-2 polarization measurements allows the retrieval of information on size distribution and refractive index,
which are essential parameters for climate research. In the paper of Hasekamp and Landgraf [2005b] a retrieval
method is described that makes full use of the retrieval capabilities of GOME-2. In order to apply this approach to
real data some adjustments of the algorithm had to be made.

The following parameters of a bi-modal aerosol model are retrieved: the height integrated aerosol number
concentration of both modes, the effective radius of the small mode, the real part of refractive index, and the
oceanic pigment concentration. It is confirmed by the study of Hasekamp and Landgraf [2005b] that GOME-
2 measurements are most sensitive to this subset of parameters. These parameters are retrieved by least square
fitting of a radiative transfer model to the GOME-2 measurements. In order to treat non-linearity we employ
the Levenberg-Marquardt method [Levenberg, 1944; Marquardt, 1963]. For a sensitivity study and error analysis
concerning the retrieval of microphysical properties, we refer to the paper of Hasekamp and Landgraf [2005b]
and the O3MSAF Visiting Scientist report of Hasekamp et al. [2004]; Hasekamp [2005].

The Full Physics algorithm has been applied to a small set of GOME-2 data. The retrieved parameters are
in the range that is physically expected. An extensive validation of the parameters is required to investigate the
quality of the retrievals. Here, a problem is that currently no other satellite instruments provide such detailed
aerosol information as retrieved by the Full Physics Algorithm, and the availability of ground based measurements
is limited for oceanic sites. The fit between forward model and measurements is reasonably good (residuals in the
range 0.005-0.015) for Stokes parameter q but are large (-5-5 %) for the total intensity I . This confirms on one
hand the improved accuracy due to the re-calibration of q, but on the other hand it shows that the calibration of the
PMD reflectance measurements needs to be improved.

6.2 Outlook

A major problem for aerosol retrieval from satellite measurements is cloud contamination. The GOME-2 retrievals
described in this report make use of a simple cloud detection algorithm based on threshold on the spectral contrast
and/or the reflectivity level. The values for the thresholds are rather arbitrary and therefore the cloud filter will not
work properly in all situations: i.e. some cloud free pixels will be flagged as cloudy and vice versa. Therefore,
an important recommendation for future work is to improve the detection of cloud free scenes. A possibility for
improved cloud filtering is to treat clouds as a special type of aerosol with a specific size distribution and refractive
index. The cloud optical thickness can then be retrieved in the same way as the AOT. It may be expected that
the use of polarization allows for such a cloud detection approach, because of the high sensitivity of polarization
measurements to particle size distribution and refractive index. Another possibility is to base a cloud filter on high
spatial resolution measurements of the Advanced High Resolution Radiometer (AVHRR), that also flies on the
METOP satellite. Further recommendations for future work include the verification and validation of the retrieval
results, improvement of the calibration of the total intensity (and to a lesser extend of Stokes fraction q, and the
improvement of the forward model, e.g. extension of the description of underwater scattering, and the inclusion of
non-spherical aerosol particles in the retrieval algorithm.
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