Tropospheric aerosol characterization:

from GOME towardsan ENVISAT per spective

Maria Jodo Costa (1. 2), Marco Cervino (1), Elsa Cattani (1), Francesca Torricella (1),

Vincenzo L evizzani (1), AnaMaria Silva (@

(D1 nstitute of Atmospheric and Oceanic Sciences (I SAO-CNR)
Via Gobetti, 101, 40129 Bologna, Italy.

e-mail: mj.costa@isao.bo.cnr.it

(Quniversity of Evora
Dept. of Physics, Rua Rom&o Ramalho 59, 7000 Evora, Portugal.

e-mail: asilva@uevora.pt

ABSTRACT

The interest in aerosol observations from satellite passive instrument is steadily increasing as a result of the better
understanding of the key role played by aerosols within the climate system. Satellite instruments supply global
observations for establishing the aerosol climatology and characterizing single aerosol events.

Since the 1980s data from geostationary meteorological satellites, such as the Geostationary Operational Environmental
Satellite (GOES) and METEOSAT, and the Advanced Very High Resolution Radiometer (AVHRR) polar orbiting
instruments have allowed for monitoring the aerosol optical thickness (AOT) over the oceans.

More recently, it has been shown that the knowledge of the aerosol spectral optical properties is equally needed to
understand the interaction of solar and terrestria radiation with aerosols, together with a better appreciation of the role
of clouds and surface reflection. Satellite observation have thus been directed towards the retrieval of AOT together
with absorption potential, scattering efficiency and angular dependence, that is the identification of the predominant
aerosol type over the scene. The Global Ozone Monitoring Experiment (GOME), in particular, has proved instrumental
for the detection and characterization of the aerosol load, by exploiting its spectral coverage and resolution.

An agorithm to determine the aerosol size distribution, spectral refractive index and AOT from GOME spectral
reflectance is presented. The method is based on a non-linear fitting model. In addition, AOT values and aerosol type
parameters derived from the GOME operational aerosol product can provide information for the algorithm initialization.
Some examples are shown. The combination of the aerosol properties retrieved from high spectral resolution
measurements with higher temporal frequency data from METEOSAT geostationary satellites is also included as an
effective strategy for monitoring large atmospheric aerosol events.

The agorithm is planned to be used with ENVISAT-1 data from the SCanning Imaging Absorption SpectroMeter for
Atmospheric ChartographY (SCIAMACHY), the MEdium Resolution Imaging Specrometer (MERIS), and the
Advanced Along Track Scanning Radiometer (AATSR). An overall improvement of the results is expected given the
wider spectral coverage and higher spatial resolution of the new instruments with respect to GOME leading to a likely
reduction in the uncertainties associated to the retrieval method.



INTRODUCTION

Aerosols have direct and indirect influences on the atmospheric processes. Particles scatter and absorb solar radiation
and enter cloud microphysical processes acting as cloud condensation nuclei. Certain type of aerosols can even affect
the precipitation process, as it was recently confirmed [1], [2]. Moreover, the short lifetime of these particles causes
high spatial and temporal variability of aerosol optical thickness and optical properties. Therefore, the characterization
of single aerosol events as well as the establishment of its climatology require global observations with adequate time
and space resolution.

Data from geostationary meteorological satellites (e.g. METEOSAT [3]) and polar orbiting instruments as NOAA-
AVHRR [4], have been widely used for monitoring the AOT over the oceans. However, it is more and more clear that
the understanding of the impact of aerosols on climate requires a correct determination of the aerosol spectral optical
properties as well as of the AOT. This limits the use of such sensors for accurate aerosol quantification due to their wide
spectral channels. On one hand, they do not allow for aerosol type characterization, constraining the algorithms to the
use of aerosol classes available in the literature and thus introducing significant errors in the AOT calculations. On the
other hand, it is difficult to account for the surface reflectance effect and atmospheric gases as is the case of ozone and
especially water vapor.

The techniques for aerosol optical thickness retrieval and aerosol characterization and their accuracy strongly depend on
the characteristics of the sensor as described in [5]. The GOME sensor [6] presents spectral characteristics suitable for
the detection and characterization of the aerosol load in the atmosphere [7], [8]. Relevant shortcomings for an effective
monitoring of aerosol events are, however, its low spatial and temporal resolution. The possible use of data from both
polar (GOME) and geostationary (METEOSAT) satellite systems has already been exploited for the monitoring of large
aerosol events over the ocean [9]. This kind of synergy aims at a better exploitation of the advantages of both kind of
sensors and at the same time overcomes as much as possible their limitations.

In the following the novelties of the aforementioned algorithm are described for the derivation of aerosol spectral
optical properties from the pseudo-inversion of selected GOME spectral measurements. A mathematical minimization
method is introduced in order to fit the simulated spectra with a radiative transfer model to the correspondent measured
ones. The retrieved aerosol characteristics are then used for the AOT calculation and monitoring; a test case is
presented. Results are compared with space-time co-located AOT measurements from the ground-based sun-photometer
network AERONET (Aerosol Robotic NETwork) and POLDER (POLarization and Directiondity of Earth
Reflectances) as a preliminary validation of the algorithm.

AEROSOL TYPE CHARACTERIZATION ALGORITHM

The interaction of aerosols with solar radiation is characterized by their extinction and scattering coefficients, as well as
phase function. The first two quantities describe the attenuation of radiation due to extinction (absorption and
scattering) and scattering processes, respectively. The phase function in turns describes the angular distribution of the
scattered radiation. The optical quantities are derived from micro-physical aerosol properties (such as the complex
refractive index and the size distribution parameters) via the Mie theory assuming spherical particles. The aerosol size
distribution and spectral refractive index are retrieved through a pseudo-inversion of GOME spectral measurements.

Automated GOME Pixel Selection

The retrieval of aerosol properties requires GOME spectra be measured over cloud and land free regions that are
horizontally homogeneous thus making the ground pixels selection essential. Matching GOME geo-location with
METEOSAT best space-time coincident classified images is a practical way for a correct selection. METEOSAT scene
classification is done using a statistical VIS-IR algorithm [10]. The method distinguishes several classes (water, land,
broken cloud over water, broken cloud over land, cloud, and an undetermined class in case of problematic
classification). Although the undetermined class can be due to the presence of very thin clouds, it is mostly connected
with relevant aerosol transport events. Fig. 1 shows an example of the classification.



GOME geolocation is overlapped to METEOSAT classified pixelsasin Fig. 2. METEOSAT' s spatial resolution is 5x5
Km? at the nadir, whereas GOME’s is 320x40 Km? obviously, each GOME ground pixel encloses several
METEOSAT pixels. GOME pixels are selected only when all the contained METEOSAT pixels are classified as water
or as undetermined. The best possible space-time simultaneity of
METEOSAT and GOME imagery is achieved using METEOSAT full-disk
cuts nearest in time to the areas covered by GOME orbits. In the worst case,
there is a time difference of 15 min between the two scans. A total of 145
pixels from 14 GOME orbits were selected between 5 and 11 June 1997
over the Atlantic Ocean within METEOSAT spatial coverage.
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Fig. 1. 9 June 1997, dot 25 (from
1200 to 1225 UTC). METEOSAT
classification over the Atlantic off
coast of West Africaa Top and
middlee. METEOSAT VIS and IR Fig. 2. Selection of GOME pixels by overlapping GOME geolocation (9
images. Bottom: classified image June 1997, orbit 115) and METEOSAT classified pixels from the
with blue, brown and red associated classification in Fig. 1. Four classes are represented: water (blue), land
to open sea or undetermined, and (green), cloud (gray) and undetermined (yellow). GOME pixels bounded
white and cyan to clouds. with the thick lines delimit the selections.

Inversion M ethod

The pseudo-inversion of GOME selected reflectance spectra is done by fitting of GOME simulated reflectances to the
corresponding measurements. Simulations are done at sel ected wavelengths (0.361, 0.421, 0.753 and 0.783 nm) in order
to avoid gas absorption as much as possible. The radiative transfer model used is 6S (Second Simulation of the Satellite
Signal in the Solar Spectrum) [11], considering a tropical atmosphere since the case studied correspond to low-latitude
regions and assuming a lambertian ocean surface. Aerosol is characterized by a bimodal log-normal size distribution
composed by a fine and a coarse mode, both with the same spectral complex refractive index (parameters summarized
in Table 1). The fitting process is repeated twice and the variation interval for each of the fitting parameters is also
shown in Table 1. The free parameters of the first fitting process are the two modal radii and the imaginary refractive
index in 2 different spectral regions (from about 0.35 to 0.5 nm and 0.7 to 0.86 mm). On a second stage of the fitting,
the AOT initialization value (t, ) obtained as described in [7], is varied within a 30% limit, keeping fixed the best-fit
parameters obtained in the first part of the process.

The mathematical method used for the fitting is the continuous minimization by simulated annealing. The method can
be well suited for problems of finding the global extremum of afunction in the presence of several local extrema. In the
present case it is applied to the minimization of a function that describes the agreement between measurements and
simulations. The agorithm requires four basic elements: the value of the function f(x) to be minimized, being x a vector
of M variables; the x vector, i.e, the initialization values of the fitting parameters; a control parameter with a
corresponding annealing schedule, to be gradually reduced; and a generator of random changes to calculate the next



step (x to x+Dx). The algorithm is implemented using a modified downhill simplex method with a suitable annealing
schedule that allows for the efficient exploration of the variation interval of each parameter so that even in the presence
of local minima it continues the search for the best (global) minimum. A full description of the algorithm can be found
in[12].

The function f(x)to be minimized is the well-known chi-square. Equations (1) and (2) correspond to the first and second
part of the fitting process, respectively:

s e (). r o 45RO R Imy Im, )8

0% (Re R I, Im,) = & s(.) 5
2 (1)
)

wheret, isthe AOT initialization value, R: and R: the modal radii of the fine and coarse mode, respectively, Im; and
Im, the imaginary parts of the refractive index for the two aforementioned spectral regions, and t, the AOT retrieved.
ré(;) and r( ;) are the measured and simulated GOME spectral reflectances, respectively, and s(l ;) the standard
deviations associated with GOME spectral measurements and n is the number of selected wavelengthsl ;.

Table 1. Size distribution and complex refractive index parameters. In bold are identified the lower and upper variation
limits of the fitting parameters.

Spectral Complex Refractive | ndex

Mode Modal Standard  Percentage number Spectral regions (mm)
radius(mm) Deviation density of particles 035050 070086
Fine 0.01-1.0 25 0.999 . .
Comse 05100 50 0.001 1.48—(0.0-0.05)i 1.48-(0.0-0.01)i

Fig. 3 shows the fitting result corresponding to one of the selected GOME pixels. Also plotted for comparison are the
same simulations using an aerosol class available in the literature [13], being the AOT the only fitting parameter.

Note that there is a very good agreement between measurements and simulations for longer wavelengths, whereas the
fixed aerosol model is unable to reproduce the measured reflectance at lower wavelengths.

AQOT values in this case were of 0.89 for the fitting
0.30 ; ‘ ‘ ‘ result and 0.90 for the fixed aerosol model, while in
S COME measurements other cases differences in AOT between them are much
025, Desert (Shettle, 1984) 1 larger.
The inversion of each of the selected GOME spectral
020 . : reflectances allows for the retrieval of several size
% distributions and complex refractive indexes that
g oisp ] characterize the mixture of aerosol present in the
g ) atmosphere for each space-time measurement. Graphsin
010 R Fig. 4 show the scatter plots of the obtained fitting
parameters. A cluster analysis [14] applied to these
0.05 1 parameters correspondent to 70 inversions (high values
of chi-square discarded) identified four classes
0.00 =" 050 0.60 070 .80 represented in the plots by four different colors.
Wavelength (mm) The four clusters from the analysis results in four mean
size distributions and respective refractive indexes, all
Fig. 3. GOME measured and simulated spectral | ShowninTable2. _ _
reflectances for the parameters obtained from the fitting | A€rosol particles are assumed to be spherical and Mie
and for a fixed desert aerosol class. Same case asin Fig. | theory is used to compute their spectral ~optical
2 (9 June 1997), pixel number 904. properties from the retrieved mean size distributions and
spectral refractive indexes. The graphs in Fig.5-7 show




these properties at four of the 6S working wavelengths (0.400, 0.488, 0.694 and 0.860 nm), which are the nearest to the
GOME wavelengths used in the fitting.
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Fig. 4. Scatter plots of the size distribution parameters obtained from the fitting (modal radii of fine and coarse modes
and imaginary refractive indexes for two the spectral regions). Colors represent the different classes identified by the

cluster analysis.

Table 2. Mean size distributions and complex refractive indexes retrieved from the cluster analysis of the selected
GOME spectral reflectance inversion. In bold are the mean retrieved parameters.

Spectral Complex Refractive I ndex

cus o MO St osmgnrte " S gt
1 CE‘;; g:ig §;§ g:ggi 1.48 — 0.0005i 1.48 — 0.0008i
2 —Gouss 010 2 Door 1480004 1480003
3 c@:rze 2;23 §;§ 8:88? 1.48 - 0.0015i 1.48 — 0.0009i
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Fig. 5. Normalized extinction coefficient (left), normalized scattering coefficient (middle), and single scattering
albedo for each retrieved mean aerosol class. Coefficients are normalized to the extinction coefficient at 0.55 nm.
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APPLICATION TO A CASE STUDY

GOME-derived aerosol classes are used to retrieve and monitor the AOT from METEOSAT-6 measurements over the
Atlantic Ocean in the area represented in Fig.8, where a strong Saharan dust event occurred at the beginning of June
1997. Although the accuracy of METEOSAT-6 VIS measurements present some problems with respect to calibration
and spectral responsg, it is demonstrated [15] that in most of the cases the use of GOME-derived aerosol classes instead
of fixed climatological classes from literature makes a significant difference even considering large measurement errors
(15%).

LookUp Tables (LUTs) of METEOSAT VIS radiance are built for 9 AOT vaues (0.0, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, 2.5,
3.0), as a function of the GOME-derived aerosol class (Table 2) and viewing geometry (2° step in solar and satellite
zenith angles). The METEOSAT radiance is simulated with the radiative transfer model 6S, considering a tropical



vertical profile of pressure, temperature, water vapor and ozone and a lambertian ocean surface, which can be
considered reasonable approximations for the situation considered [15].

The LUT correspondent to each METEOSAT pixel is chosen according to the nearest viewing geometry and the aerosol
class assigned to the nearest GOME pixel in time and space. Fig. 8 shows the AOT maps retrieved for the dust event
studied.
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Fig. 8. 5to 11 June 1997. AOT maps retrieved from METEOSAT-6 VIS radiance at slot 25, using the GOME-derived
aerosol classes. Light gray is associated to cloudy pixels and dark gray to land.

PRELIMINARY VALIDATION

The AOT values in Fig. 8 are compared with ground-based station measurements from AERONET, which maintains
two sites in the area, Capo Verde and Dakar. The METEOSAT scans the area at about 1215 UTC; the AERONET
measurements nearest in time are taken for the comparisons shown in Fig. 9. AOT values correspondent to the
METEOSAT pixels located inside a 0.4~ 0.4° box centered on the geographical location of the site are averaged.
Vertical error bars refer to the standard deviation computed from the sample of AOT values inside the box. The AOT
value correspondent to the spatially nearest METEOSAT pixel with respect to the measurement site is also plotted, as
well as a comparative value obtained for the same pixel using a fixed desert aerosol class [13]. On each day the left
symbols refer to Capo Verde, while the right ones to Dakar.



40 T
r O AERONET measurement
35 Lo GOME-derived classes (Average box value)
T GOME-derived classes (METEOSAT nearest pixel)
i O Shettle, 1984 (METEOSAT nearest pixel)
m 3.0 P
o [
&) F W
E 25 AR CE R LR LR IR R R
= r o
8 2.0 _ .................................... Qe e ]
g o IR
[ o
B LB L ? .......... 8 .................................. o ... Lo
r -
8 I 8 )
g 1.0 _ ...............................................................................................
i o ©
0.5 T ...............................................................................................
00 : 1 1 1 1 1 1 1
4 5 6 7 8 9 10 11
day of June 1997
Fig. 9. Comparison between AOT results and correspondent available
AERONET measurements. On each day symbols on the left refer to Capo
Verde and those to the right to Dakar.

The comparison shows a good
agreement between AOT values
retrieved with METEOSAT VIS data
using GOME-derived aerosol classes
and AERONET measurements for
most of the cases. Although the
comparison is done for a limited
number of cases, note that these
values better match the measurements
than those obtained with the fixed
aerosol class.

The disagreement for Capo Verde on
11 June 1997 might be related to the
fact that the measurement was done at
about 1100 UTC, more than one hour
before METEOSAT's scan time. For
the rest of the cases there was a
maximum time difference of 10 min.
The AOT values in the maps of Fig. 8
were compared with the POLDER
AOT product [16], for space-time best
coincidence retrievals, over the area
shown in Fig. 10. The example refers
to 9 June 1997, but comparisons were
also done for 5, 8 and 11 June 1997
with similar results. Mean values of

the AOT from both a gorithms were computed for boxes of 0.5°

0.5°, retaining only pixels with a correspondent AOT

value lower than 3.0. The percentage of these pixels was calculated with respect to the total number of pixels located
within the box; the cell is retained for comparison only if the value exceeds 40% (marked with the black box).
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Fig. 10. 9 June 1997. Comparison between space-time coincident AOT
results obtained with the present algorithm and AOT POLDER
product. Pixels enclosed in the black boxes were retained for

There is a good agreement between AOT
results obtained with GOME-derived
aerosol classes and POLDER AOT which
is caculated in a total independent way.
Greater differences for higher aerosol 1oads
Fig. 11) might be related to the fact that the
POLDER AOT adgorithm obtains these
values by extrapolation and neglecting
absorption [16].

METEDZAT AGT

Fig. 11. Scatter plot of AOT results from
METEOSAT and POLDER comparison of
Fig. 10.




DISCUSSION AND PERSPECTIVES

GOME high spectral resolution measurements are used to characterize the aerosol mixture present in the atmosphere
over selected areas, in order to avoid the use of aerosol classes available in the literature and representative of mean
atmospheric conditions. In spite the coarse spatia resolution of the sensor and the consequent assumption of using the
same aerosol properties over alarge geographical area, the errorsintroduced in AOT retrievals by the use of inadequate
aerosol classes should be minimized.

The use of geostationary data for AOT retrievals gives the possibility of following the daily evolution of an aerosol
event with a very good temporal resolution (30 min). A polar orbiting instrument can guarantee at most a few
overpasses aday with obvious limitations in monitoring some features of the evolution of the event.

The proposed combination of data from sensors onboard polar and geostationary platforms aims at overcoming
limitations from both types of satellite taking advantage of their respective strengths and thus contributing to an
increasingly accurate aerosol characterization and continuous monitoring.

The comparison between AOT results from the present algorithm and simultaneous AERONET measurements reveals a
good agreement for most of the cases. Moreover, the case study shows an improvement in the accuracy of AOT
retrievals when using the GOME-derived aerosol classes with respect to a fixed aerosol class. In addition, comparisons
with POLDER AOT product show a good agreement for the majority of the cases.

GOME offers high spectral resolution measurements, which undoubtedly represent important data to characterize
atmospheric constituents. A future perspective with the launch of the three nadir viewing spectrometers onboard
ENVISAT-1 (AATSR, MERIS and SCIAMACHY) looks very promising. The synergistic use of the three sensors will
enlarge the present spectral coverage and provide a better spatial resolution with respect to GOME's, contributing to
improve the detection and characterization of atmospheric aerosols [17], [18]. The introduction of such combined
measurements in the present algorithm will certainly have positive effects in reducing uncertainties in the inversion
method, since the additional spectral information is important for aerosol absorption and size distribution
characterization; this information is also very useful for simultaneous cloud detection. The improvement in spatial
resolution in turns will increase the number of selectable cloud-land free homogeneous pixels, thus improving the
confidence on the retrieved mean aerosol classes.
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