
Atmos. Meas. Tech., 3, 1255–1270, 2010
www.atmos-meas-tech.net/3/1255/2010/
doi:10.5194/amt-3-1255-2010
© Author(s) 2010. CC Attribution 3.0 License.

Atmospheric
Measurement

Techniques

Validation of a modified AVHRR aerosol optical depth retrieval
algorithm over Central Europe

M. Riffler 1, C. Popp2, A. Hauser3, F. Fontana1, and S. Wunderle1

1Institute of Geography, University of Bern, Bern, Switzerland
2Swiss Federal Laboratories for Materials Science and Technology (EMPA), Dübendorf, Switzerland
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Abstract. The Advanced Very High Resolution Radiome-
ter (AVHRR) carried on board the National Oceanic and At-
mospheric Administration (NOAA) and the Meteorological
Operational Satellite (MetOp) polar orbiting satellites is the
only instrument offering more than 25 years of satellite data
to analyse aerosols on a daily basis. The present study as-
sessed a modified AVHRR aerosol optical depthτa retrieval
over land for Europe. The algorithm might also be applied
to other parts of the world with similar surface character-
istics like Europe, only the aerosol properties would have
to be adapted to a new region. The initial approach used
a relationship between Sun photometer measurements from
the Aerosol Robotic Network (AERONET) and the satel-
lite data to post-process the retrievedτa . Herein a quasi-
stand-alone procedure, which is more suitable for the pre-
AERONET era, is presented. In addition, the estimation of
surface reflectance, the aerosol model, and other processing
steps have been adapted. The method’s cross-platform ap-
plicability was tested by validatingτa from NOAA-17 and
NOAA-18 AVHRR at 15 AERONET sites in Central Eu-
rope (40.5◦ N–50◦ N, 0◦ E–17◦ E) from August 2005 to De-
cember 2007. Furthermore, the accuracy of the AVHRR re-
trieval was related to products from two newer instruments,
the Medium Resolution Imaging Spectrometer (MERIS) on
board the Environmental Satellite (ENVISAT) and the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) on
board Aqua/Terra. Considering the linear correlation coeffi-
cientR, the AVHRR results were similar to those of MERIS
with even lower root mean square error RMSE. Not sur-
prisingly, MODIS, with its high spectral coverage, gave the
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highestR and lowest RMSE. Regarding monthly averaged
τa , the results were ambiguous. Focusing on small-scale
structures,Rwas reduced for all sensors, whereas the RMSE
solely for MERIS substantially increased. Regarding larger
areas like Central Europe, the error statistics were similar to
the individual match-ups. This was mainly explained with
sampling issues. With the successful validation of AVHRR
we are now able to concentrate on our large data archive dat-
ing back to 1985. This is a unique opportunity for both cli-
mate and air pollution studies over land surfaces.

1 Introduction

Aerosols do not only affect the climate (IPPC, 2007), but
also have a major influence on visibility (Horvath, 1995) and
as air pollutants can become hazardous for human health
(Samet et al., 2000). Spaceborne techniques have helped to
increase our knowledge of the spatial and temporal distribu-
tion of aerosols and to learn more about their physical and
chemical properties over the past years. Nowadays, various
satellite sensors are used to retrieve different aerosol char-
acteristics (e.g.,Yu et al., 2006; Kokhanovsky et al., 2007;
Kokhanovsky and De Leeuw, 2009).

Remote sensing of aerosol properties with the Advanced
Very High Resolution Radiometer (AVHRR) has a long tra-
dition (Knapp and Stowe, 2002), even though aerosol detec-
tion was not the initial aim of this instrument. Nonethe-
less, the AVHRR, carried on board the National Oceanic
and Atmospheric Administration (NOAA) and the Meteo-
rological Operational Satellite (MetOp) polar orbiting satel-
lites, is the only instrument offering the opportunity to
analyse more than 25 years of satellite data in moderate
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spatial resolution on a daily basis. Most studies of aerosol
properties from AVHRR focused on areas over the oceans
(Mishchenko et al., 1999; Geogdzhayev et al., 2002; Ignatov
et al., 2004; Mishchenko and Geogdzhayev, 2007), where the
spectral properties of the underlying surface are generally
well-known and the surface reflectance is low. One of the
first AVHRR retrievals over land (Soufflet et al., 1997) used
the dark dense vegetation (DDV) method suggest byKauf-
man and Sendra(1988) to derive the aerosol optical depthτa

over boreal forest for a limited data set. The disadvantage of
this method is the low occurrence of DDV; e.g., in Europe
less than 1% of the pixels (Borde et al., 2003) contain DDV.
The retrieval over brighter and heterogeneous land surfaces
is more complicated and prone to introduce larger errors due
to reduced aerosol signal and temporally unstable surface
reflectance.Knapp and Stowe(2002) derivedτa from the
reduced resolution (110× 110 km2) Pathfinder-Atmosphere
(PATMOS) data set using also bright surface targets.Hauser
et al.(2005a) applied a similar technique to deriveτa at full
resolution (1.1× 1.1 km2) for Central Europe using NOAA-
16 AVHRR and they further qualitatively compared monthly
and seasonal means from this product with MODIS collec-
tion 004 data (Hauser et al., 2005b). A full resolutionτa cli-
matology from AVHRR covering land surfaces is still miss-
ing.

This study is a step towards such a climatology for Europe.
In the AVHRR algorithm fromHauser et al.(2005a) a re-
lationship between the satellite data and ground-based Sun
photometer measurements from the Aerosol Robotic Net-
work (AERONET) was established to post-process the data
resulting in a better retrieval quality. Applied to NOAA-17
and NOAA-18 AVHRR this post-correction did not lead to
the same improvement. Therefore, we developed and as-
sessed a quasi-stand-alone algorithm which is not depen-
dent on AERONET data for correction. However, optical
aerosol properties like single scattering albedo and scatter-
ing phase function are derived from AERONET inversion
products, since a single-channel approach allows only to de-
rive one piece of aerosol information independently. After
analysing calibration stability of the historical AVHRR time
series from our archive dating back to 1985, such a procedure
may be more suitable for the pre-AERONET era. Moreover,
certain retrieval steps from the original algorithm have been
adapted, e.g., assumption on the aerosol model and estima-
tion of the surface reflectance. The cross-platform applicabil-
ity of the method is tested using two satellites with overlap-
ping time period, namely NOAA-17 and NOAA-18 AVHRR,
and the retrievedτa is validated with Sun photometer mea-
surements of AERONET. Furthermore, the performance of
the AVHRR aerosol retrieval is related to products from the
newer generation Medium Resolution Imaging Spectrometer
(MERIS) on board the Environmental Satellite (ENVISAT)
and the widely used Moderate Resolution Imaging Spectro-
radiometer (MODIS) on board Aqua and Terra. Section2
summarises the data used in this study, Sect.3 describes the

AVHRR τa retrieval and the differences between the original
and the proposed method in more detail. A comprehensive
validation of individual overpasses and monthly aggregated
data is shown in Sect.4. Conclusions are drawn in Sect.5.

2 Data

The aerosol optical depth products from three different satel-
lite sensors (AVHRR, MERIS, and MODIS) flown on board
five satellites (NOAA-17, NOAA-18, ENVISAT, Aqua,
and Terra), which cover mid-morning and afternoon orbits,
are validated for the geographical area of Central Europe
(40.5◦ N to 50◦ N, 0◦ E to 17◦ E) between August 2005 and
December 2007. This time frame was selected because com-
prehensive data from all satellites were available for this pe-
riod.

2.1 AERONET

A total of 15 Sun photometer measurement sites from
AERONET (Holben et al., 1998) providing level 2.0 data
(cloud screened and quality assured) are used for the vali-
dation in the investigated area (cf. Table1). They represent
a wide range of aerosol compositions (e.g., urban, rural) and
topographic situations (e.g., flat or complex terrain). Addi-
tionally, aerosol micro-physical properties from level 1.5 in-
version products (Dubovik and King, 2000) are used to de-
termine the aerosol properties in the investigated area.

2.2 MERIS

MERIS is flown on ENVISAT in a morning orbit constel-
lation, it crosses the equator at 10:00 a.m. local solar time
(equator crossing time, EXT). We use the standard level 2
aerosol product (Santer et al., 1999) from the European
Space Agency (ESA), which is based on the detection of
DDV (Kaufman and Sendra, 1988) selected with the atmo-
spheric resistant vegetation index, as the reflectance proper-
ties of dark targets are known well enough to retrieve the
aerosol signal accurately. The main disadvantage of this
technique is the rare occurrence of DDV pixels over Central
Europe. In order to get better spatial coverage, the method
has been extended to brighter surface types (Santer et al.,
2007), which in turn has introduced more errors in theτa and
Ångstrom wavelength exponent (α) retrievals (Vidot et al.,
2008). We useτa at 443 nm andα at 1× 1 km2 resolution to
calculateτa at 550 nm.

2.3 MODIS

For MODIS, Terra (MOD04L2, morning orbit with
EXT∼10:30 a.m.) and Aqua (MYD04L2, afternoon orbit
with EXT∼01:30 p.m.) collection 005 data from the second
generation algorithm (Levy et al., 2007a) are used. For the
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Table 1. AERONET sites in Central Europe (40.5◦ N–50◦ N, 0◦ E–17◦ E) included in the validation. Beside the abbreviation used for the
analysis later on, the geographical coordinates and the altitude of each site, information about the aerosol model in terms of the average
and standard deviation of the single scattering albedoω0 andÅngstrom wavelength exponentα for the period between August 2005 and
December 2007 is included as well (cf. Sect.4.1).

AERONET site Abbr. Lat.[◦ N] Lon. [◦ E] Alt. [m] ω0±σ α±σ

ALL 0.91± 0.11 1.49± 0.39
Avignon AVI 43.933 4.878 32 0.91± 0.09 1.62± 0.36
Carpentras CAR 44.083 5.058 100 0.89± 0.10 1.53± 0.38
Davos DAV 46.813 9.844 1596 0.82± 0.15 1.35± 0.45
Fontainebleau FON 48.407 2.680 85 0.88± 0.12 1.44± 0.44
Ispra ISP 45.803 8.627 235 0.87± 0.09 1.49± 0.33
Karlsruhe KAR 49.093 8.428 140 0.91± 0.08 1.48± 0.35
Laegeren LAE 47.480 8.351 735 0.94± 0.05 1.49± 0.35
Modena MOD 44.632 10.945 56 0.91± 0.07 1.55± 0.31
Munich University MUN 48.148 11.573 533 0.93± 0.10 1.50± 0.34
Palaiseau PAL 48.700 2.208 156 0.92± 0.08 1.34± 0.40
Paris PAR 48.867 2.333 50 0.91± 0.07 1.33± 0.37
Toulon TLN 43.136 6.009 50 0.90± 0.09 1.49± 0.36
Toulouse TOU 43.575 1.374 150 – –
Venise VEN 45.314 12.508 10 0.94± 0.06 1.53± 0.37
Villefranche VIL 43.688 7.329 130 0.90± 0.11 1.46± 0.38

initial MODIS aerosol retrieval,Kaufman et al.(1997a) pre-
sented a method to identify DDV pixels by making use of
the correlation betweenρSFCat 2.12 µm (corrected for atmo-
spheric effects) and visible wavelengths (0.47 and 0.66 µm).
In Remer et al.(2005) the product was extended to land
surfaces withρSFC (0.66 µm)≤0.125. Compared to these
prior MODIS products, the current surface reflectance esti-
mation is based on an improved parametrization (ratios be-
tween visible and 2.12 µm channels, VISvs2.12), now con-
sidering variations by surface type (based on the short-wave
infrared normalised difference vegetation index) and angular
variability in the VISvs2.12 reflectance relationship. Addi-
tionally, the assumed aerosol properties have been updated
according toLevy et al.(2007b) and new look-up tables have
been computed considering polarisation. Finally, three chan-
nels are simultaneously inverted and the 2.12 µm channel
is no longer assumed to be totally transparent for aerosols.
According toRemer et al.(2005) and Levy et al. (2007a)
the accuracy of the MODIS aerosol product over land is
1τa=±0.05±0.15τa .

2.4 AVHRR

We use daily full resolution (1.1× 1.1 km2) NOAA-17
mid-morning (EXT∼10:25 a.m.) and NOAA-18 afternoon
(EXT∼01:45 p.m.) overpasses. Calibration, geocoding, or-
thorectification, cloud and cloud shadow detection are part
of the pre-processing of the data and are described in more
detail in Hauser et al.(2005a). Meteorological fields of to-
tal column ozone, vertically integrated water vapour, and sea

level pressure from the European Centre for Medium-Range
Weather Forecasts (ECMWF) between 09:00 and 15:00 UTC
are interpolated to the time of the satellite overpass and
are utilised for the atmospheric correction of water vapour,
ozone influence, and Rayleigh optical depth.

In order to estimateτa from AVHRR over land surfaces,
a modified version of the single-channel (∼630 nm), multi-
temporal approach ofHauser et al.(2005a) is applied. The
general principle and modifications are described in the fol-
lowing section.

3 AVHRR aerosol optical depth retrieval

3.1 General principle

The physical processes of reflection, scattering and absorp-
tion of solar radiation in the earth-atmosphere system can
be explained with the reflection function of a cloud-free and
vertically homogeneous atmosphere (e.g.,King et al., 1999;
Liou, 2002)

ρ(θ0,θv,φ) = ρatm(θ0,θv,φ) +
ρsfcTd(θ0)Tu(θv)

1 − sρsfc
, (1)

whereθ0 is the solar zenith angle,θv is the view or satellite
zenith angle,φ is the relative azimuth angle between sun and
satellite,ρatm is the atmospheric path reflectance including
all atmospheric scatterers,Td(θ0) andTu(θv) are the trans-
mittance of the downward and upward path, respectively,s is
the spherical albedo, andρsfc is the reflectance of the Earth’s
surface. The dimensionless reflectance can be defined as
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ρ=πI/cosθ0E0 with I the measured intensity (or radiance)
andE0 the solar irradiance at the top-of-atmosphere (TOA).
Usually, the value ofs is small, and if a dark surface (with
low ρsfc) is considered, the productsρsfc can be neglected.
Then it follows that

ρ(θ0,θv,φ) ' ρmol(θ0,θv,φ) + ρa(θ0,θv,φ) (2)

+ ρsfcTd(θ0)Tu(θv),

where the atmospheric part is divided into the molecular and
aerosol contribution. The physics behind the aerosol contri-
bution over a dark target can be explained using the single
scattering approximation (e.g.,King et al., 1999)

ρa(θ0,θv,φ) =
ω0τaP(2)

4 cosθ0 cosθv

(3)

with ω0 the single scattering albedo andP(2) the aerosol
scattering phase function of the scattering angle2. From
Eqs. (2) and (3) one can see that the retrieval ofτa requires
the decomposition of the satellite signal into the part reflected
from the earth’s surface and the part contributed from the
atmosphere.

The determination ofρSFC, whose accuracy is a critical
parameter in the derivation ofτa , is done by using a multi-
temporal technique which employs a time series of 45 con-
secutive days. Within this period a particular pixel is ob-
served under variousθv. This is based on the assumption that
the radiometric properties of the underlying land surface are
almost stable and observations with low aerosol concentra-
tions (background conditions) exist. If the TOA reflectance
ρTOA is considered as a function ofθv, ρSFCcan be estimated
as the resulting minimum reflectance. A continuous bidirec-
tional reflectance function is obtained by connecting the min-
imum values using the concept of convex hull (cf. Fig.1).

The single scattering approximation in Eq. (3) points out
that additional information about the optical aerosol proper-
ties ω0 andP(2) is necessary in order to deriveτa . Since
a single-channel approach allows only to retrieve one quan-
tity of aerosol information independently, in our caseτa , the
other aerosol properties for the investigated region need to be
chosen in advance. This is usually done by using pre-defined
aerosol models describing the physical aerosol properties
size distribution and refractive index in the investigated re-
gion (e.g.,d’Almeida et al., 1991) from whichω0 andP(2)

can be calculated. Finally,ρTOA andρSFC together with the
pre-defined aerosol characteristics and the atmospheric con-
ditions in terms of integrated water vapour content and ozone
column from numerical weather prediction data are imple-
mented into the Simplified Method for Atmospheric Correc-
tion (SMAC) semi-empirical radiative transfer scheme (Rah-
man and Dedieu, 1994), updated to 6S (Vermote et al., 1997),
to calculateτa .

To enhance the quality of the retrievedτa , a spatial filtering
procedure within a moving window of 15× 15 pixels is ap-
plied to each pixel, which ensures that small-scale structures

Fig. 1. Example for the estimation ofρSFC by searching the min-
imum reflectance within a certain period at the AERONET site
of Carpentras. Crosses indicate cloud and cloud shadow free re-
flectance observations under varying satellite zenith angle during
a 45-days period in Summer 2005. The doted line indicates the old
convex hull scheme ofHauser et al.(2005a), the solid line is the re-
sult of the new scheme for the landuse type cropland (cf. Sect.3.2).
Positive satellite zenith angles refer to forward scattering.

of the τa variability are retained. In order to take into ac-
count undetected clouds or cloud shadow, only values within
the 10 to 40 percentile of the filter window are used to cal-
culate the meanτa , which is comparable to the method of
the MODIS algorithm in pre-selecting particular pixels for
processing (Kaufman et al., 1997b; Levy et al., 2007a).

3.2 Differences to the original approach

The original NOAA AVHRR aerosol retrieval fromHauser
et al.(2005a) uses a post-processing procedure based on a re-
lationship between Sun photometer (AERONET) measure-
ments and the satellite data (NOAA-16 AVHRR) to enhance
the quality of the aerosol product. Employed on NOAA-17
and NOAA-18 AVHRR, the post-correction with the original
approach did not lead to the same increase of the retrieval ac-
curacy as for NOAA-16. For this reason and having in mind
the derivation of a long-termτa climatology dating back to
1985, we were seeking for a stand-alone algorithm which
may also be more suitable for the pre-AERONET era. In the
modified approach we adapted several steps of the original
processing. In the next paragraphs we will shortly examine
the changes introduced with the new procedure.

3.2.1 Surface reflectance

When using the original approach ofHauser et al.(2005a) to
estimateρSFC, the correlation between the satellite-retrieved
and Sun photometer-measuredτa was found to depend on
the mean surface reflectanceρSFC, with R=−0.71, mean-
ing that over bright surfaces the resulting error is larger than
over dark surface types. This also held true for the root mean
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square error RMSE. With the help of ESA’s GlobCover prod-
uct (Bicheron et al., 2008), areas mainly containing cropland
(∼39% of the land surface pixels in the investigated area)
were identified to result in the largest errors with the original
convex hull scheme used to detect the minimum reflectance.
Therefore, we adapted the scheme by dividingθv into four
bins (<−30◦/−30◦

−0◦/0◦
−30◦/30◦<) and searching the

convex hull in each bin separately. The differences between
the old and new scheme, indicated in Fig.1, are especially
obvious in the backward scattering region.Kaufman and
Tanŕe (1996) showed that an error inρSFC of 0.01 translates
into 1τa∼0.1. With this adaptation, the correlation for the
resultingτa was slightly improved and the RMSE could sub-
stantially be reduced in regions mainly dominated by crop-
land, e.g., at Avignon from 0.15 (0.12) to 0.09 (0.08) for
NOAA-17 (NOAA-18). After applying this change to the
ρSFCestimation, the dependency betweenRandρSFCalmost
vanished (R=−0.10). But still, the darkest surfaces (Ispra,
Venise, Villefranche; cf. Table3) exhibit the best correlations
and lowest errors.

3.2.2 Aerosol model

As shown in Sect.3.1, the single scattering albedoω0 and
the scattering phase functionP(2) are two important pa-
rameters in the derivation ofτa . They depend on the chosen
physical aerosol properties (size distribution and refractive
index). The analysis of these micro-physical properties from
the AERONET inversion products turned out that the con-
tinental aerosol model used so far was too absorbing for the
investigated area. In Table1 we display the average and stan-
dard deviation ofω0 at each AERONET site for the evaluated
period. The continental model (original approach) in 6S re-
sults inω0=0.89. Ten AERONET sites in Table1 exhibit
a less absorbing aerosol type than the continental model of
6S, whereas at three sites a more absorbing type is predomi-
nant. The exceptionally low value in Davos is expected to be
an error caused by usually lowτa at this high altitude lead-
ing to substantial errors in the retrieval ofω0 (Dubovik et al.,
2000). Calculating the average for all AERONET sites, with
the exclusion of Davos, revealsω0=0.91. Zhang et al.(2001)
have shown that a1ω0=0.03 atτa=0.5 corresponds to an er-
ror of 10% in the retrieval with increasing error for largerτa .
The standard deviation ofω0 at some sites shows substantial
variations causing temporarily large deviations from the as-
sumed properties of the continental model which will lead to
additional errors.

Thus, we derived a new set of aerosol models from
AERONET inversion data splitting the aerosol properties,
the average refractive index and size distribution, similar to
Levy et al. (2007b) into the four seasons. The highest ac-
curacy of these data can be expected from measurements
with τa(440 nm)≥ 0.5 (Dubovik et al., 2000). Applying this
threshold to the AERONET sites in the study region for most
of them not enough points were available to calculate the

Fig. 2. (a) Scattering phase functions at 633 nm for the conti-
nental aerosol model of 6S and the seasonal models derived from
AERONET inversion products for the new method.(b) Difference
of 1/ω0P(2) between the seasonal aerosol models and the conti-
nental aerosol model.

seasonal means. Therefore, we changed the threshold for
τa(440 nm) from 0.5 to 0.2 (cf.Dubovik et al., 2000) and
subsequently calculated the averages from the level 1.5 data.
According toDubovik et al.(2000), the quality of the derived
size distribution does not depend on this threshold, whereas
for the refractive index errors of up to 50% may be pos-
sible. The resultingω0 for the entire area and the various
seasons now is 0.85 for winter, 0.90 for spring and fall, and
0.91 for summer. A comparison between the different scat-
tering phase functions is shown in Fig.2a. Although the dif-
ferences between the curves are only minor, calculating the
reciprocal of the productω0P(2) from the single scattering
approximation in Eq. (3) for the most frequent range of2
between 90◦ and 160◦ results in 2–30% higher values for
the seasonal aerosol properties compared to the continental
model of 6S with even larger deviations for2>160◦, as is
demonstrated in Fig.2b. The differences in the resultingτa

will be discussed in more detail in Sect.4.1.
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3.2.3 Additional changes

Compared toHauser et al.(2005a) we reduced the size of the
filter window from 25× 25 to 15× 15 pixels, with the aim
not to smooth too much of the small-scale aerosol structures.
Despite the reduction of 64% in the filter area, this procedure
would still mix values from low and high altitudes in moun-
tainous regions.Matthias et al.(2004) demonstrated with
measurements from the European Aerosol Research Lidar
Network (EARLINET) that a 500 m height difference cor-
responds to1τa∼0.05–0.15 in the lower planetary bound-
ary layer for several locations in Central Europe. Therefore,
we apply a 1 km digital elevation model (HYDRO1k, US
Geological Survey) and restrict the pixels of the filter win-
dow to be within± 250 m of the central pixel. Finally, ow-
ing to quality reasons we apply two criteria: (1) We restrict
the retrieval to pixels withρSFC≤0.07 and (2) the regional
standard deviation ofτa within the 15× 15 region must not
exceed 0.1. These thresholds were adjusted by comparing
the retrievedτa with AERONET measurements and requir-
ing that approximately 90% of the data should be retained
after the filtering procedure. Even though the brightest sur-
face types are excluded, we do not get considerably less ob-
servations than in the original approach. Only areas mainly
dominated by bright surfaces are excluded in the processing.

3.2.4 New versus old approach

In order to demonstrate the performance of the new method
compared to the original one, we applied the modified al-
gorithm to the same data set as inHauser et al.(2005a).
Therefore, NOAA-16 AVHRR data were evaluated for the
same set of AERONET sites (nine locations) and the same
time period (from May 2001 to December 2002) as in the
above mentioned publication. Table2 shows the results from
two exemplary AERONET sites, Avignon and Ispra, and the
summary of all sites (cf.Hauser et al., 2005a). The surround-
ing of Avignon is typically dominated by cropland which re-
sulted in larger uncertainties in theρSFC estimation with the
original approach, as has been explained before. Ispra, on
the other hand, is situated in an area covered by mostly dark
surface types like forests and lake water. Focusing on the
linear correlation coefficientR one can see that the proposed
method clearly outperforms the original approach for Avi-
gnon and for the summary of nine sites. At Ispra the values of
R resemble each other. The same holds true for the standard
deviationσ and the linear regression equationy=A+Bx.

Although areas widely covered by bright land cover types
(ρSFC>0.07) are excluded in theτa retrieval, the bet-
ter performance over large areas together with the quasi-
independent design (stand-alone) are obvious advantages of
the improved method.

Table 2. Comparison of the original (Hauser et al., 2005a) and the
new method to deriveτa from AVHRR over land surfaces. The dif-
ferences between the various methods are explained in Sect.3. R
denotes the linear correlation coefficient,σ is the standard devia-
tion, A andB are the coefficients of the linear regression equation
y=A+Bx.

Site R σ A B

Hauser et al.(2005a)
no post-processing

AVI 0.50 0.15 0.19 1.00
ISP 0.83 0.10 0.10 0.89
ALL (9) 0.57 0.16 0.13 0.92

Hauser et al.(2005a)
with post-processing

AVI 0.67 0.08 0.08 0.97
ISP 0.87 0.08 0.06 0.68
ALL (9) 0.70 0.11 0.04 0.69

proposed method
(stand-alone)

AVI 0.75 0.04 0.00 0.83
ISP 0.84 0.09 −0.01 0.71
ALL (9) 0.77 0.07 0.00 0.73

4 Results and discussion

For the comparison of satellite-retrieved and Sun
photometer-measuredτa , former validation studies (e.g.,
Chu et al., 2002) have recommended to take both spatial and
temporal variability of the aerosol distribution into account.
The first requirement is achieved by building averageτa

over an area of 50× 50 km2. The box size corresponds
to a maximum number of 25 (2500) MODIS (AVHRR,
MERIS) τa values per box, where at least 20% of the
pixels had to be valid to calculate the average. The temporal
variability was treated as in the above-mentioned study using
at least two out of five possible AERONET measurements
within ± 30 min of the satellite overpass to calculate the time
average. At the AERONET sitesτa at 550 nm is computed
using a second-order polynomial fit in a lognormal space.

4.1 Validation of AVHRR

Figures 3 and 4 give a first impression on the validation re-
sults between AERONET and both NOAA spacecraft. They
display scatter-density plots and the linear regression equa-
tion for the summary of all AERONET sites listed in Ta-
ble 1 and five additional locations as examples for differ-
ent land cover types (GlobCover) and aerosol conditions
(AERONET). Avignon is mainly dominated by cropland
with weakly absorbing and small-sized particles (indicated
by the size dependent̊Angstrom exponentα in Table 1);
Fontainebleau is a mixture of cropland and forest in a region
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Fig. 3. Scatter-density plots for NOAA-17 AVHRR using the summary of all AERONET sites and five exemplary locations. For the density
plot the point to point comparisons were binned into boxes of 0.02× 0.02 and were assigned to the center of the box, while the statistics are
based on the point to point comparison. In addition, the 1:1 intersection line (solid) and the linear regression lines (dash-dotted) are shown.
Detailed statistical results are displayed in Table3.

Fig. 4. Same as Fig. 3 for NOAA-18 AVHRR.
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Table 3. Statistical results for the comparison between AERONET and the (AOD) retrievals from the various satellites. For NOAA-17 and
NOAA-18 AVHRR the estimated mean surface reflectanceρSFC is included as well. Abbreviations for the AERONET sites are explained in
Table1.

Satellite AVI CAR DAV FON ISP KAR LAE MOD MUN PAL PAR TLN TOU VEN VIL All

Linear Correlation Coefficient (R)
N17-AVHRR 0.63 0.57 0.28 0.54 0.79 0.72 0.75 0.71 0.77 0.65 0.63 0.78 0.64 0.63 0.830.69
N18-AVHRR 0.70 0.66 0.39 0.65 0.77 0.73 0.75 0.81 0.67 0.72 0.77 0.76 0.65 0.71 0.790.71
MERIS 0.69 0.62 0.43 0.60 0.85 0.73 0.71 0.65 0.84 0.42 0.62 0.48 0.75 – 0.470.67
A-MODIS 0.93 0.88 0.70 0.93 0.94 0.92 0.93 0.96 0.92 0.91 0.93 0.91 0.76 0.94 0.900.91
T-MODIS 0.89 0.89 0.80 0.93 0.93 0.91 0.95 0.93 0.89 0.93 0.91 0.95 0.88 0.91 0.900.90

Root Mean Square Error (RMSE)
N17-AVHRR 0.09 0.10 0.12 0.09 0.11 0.09 0.12 0.12 0.11 0.11 0.11 0.09 0.12 0.11 0.080.10
N18-AVHRR 0.08 0.10 0.08 0.07 0.10 0.08 0.10 0.10 0.10 0.09 0.09 0.09 0.13 0.11 0.090.10
MERIS 0.10 0.09 0.22 0.10 0.12 0.09 0.16 0.15 0.10 0.13 0.13 0.10 0.10 – 0.140.12
A-MODIS 0.06 0.06 0.05 0.05 0.06 0.05 0.04 0.05 0.03 0.06 0.06 0.04 0.07 0.06 0.060.06
T-MODIS 0.06 0.05 0.06 0.05 0.08 0.05 0.03 0.06 0.05 0.06 0.07 0.04 0.06 0.07 0.050.06

Standard Deviation (σ )
N17-AVHRR 0.07 0.07 0.07 0.07 0.07 0.06 0.08 0.08 0.07 0.08 0.08 0.07 0.08 0.09 0.070.08
N18-AVHRR 0.06 0.07 0.05 0.05 0.07 0.05 0.07 0.07 0.07 0.06 0.05 0.07 0.08 0.09 0.070.07
MERIS 0.06 0.06 0.11 0.07 0.08 0.06 0.10 0.09 0.07 0.10 0.10 0.06 0.08 – 0.100.08
A-MODIS 0.04 0.04 0.04 0.03 0.04 0.03 0.02 0.03 0.02 0.04 0.04 0.03 0.07 0.04 0.050.04
T-MODIS 0.04 0.04 0.04 0.03 0.05 0.03 0.02 0.04 0.03 0.04 0.05 0.03 0.04 0.05 0.040.04

Intercept of Regression Line (A)
N17-AVHRR 0.03 0.04 0.08 0.01 0.04 −0.03 0.01 0.03 0.01 −0.01 −0.01 0.02 0.05 0.03 0.01 0.03
N18-AVHRR 0.03 0.04 0.06 0.01 0.04 −0.03 0.03 0.03 0.01 −0.01 −0.05 0.02 0.03 0.04 0.02 0.03
MERIS 0.11 0.13 0.17 0.08 0.10 0.08 0.09 0.25 0.07 0.08 0.06 0.12 0.06 – 0.140.11
A-MODIS 0.03 0.02 −0.03 −0.05 −0.02 −0.05 −0.01 0.04 0.01 0.00 0.01 −0.01 0.04 0.02 0.02 0.01
T-MODIS 0.02 0.01 −0.02 −0.04 −0.02 −0.05 0.01 0.04 0.04 0.00 0.01 −0.02 0.02 0.03 0.01 0.01

Slope of Regression Line (B)
N17-AVHRR 0.98 0.90 0.04 0.68 0.81 0.98 1.21 0.75 1.15 0.93 0.95 1.26 0.99 0.82 1.160.94
N18-AVHRR 1.11 1.02 0.60 0.66 0.91 0.92 1.19 0.77 1.09 0.95 0.98 1.11 1.37 0.96 0.980.94
MERIS 0.69 0.52 0.76 0.73 0.71 0.75 1.01 0.50 0.88 0.61 0.55 0.57 0.81 – 0.600.67
A-MODIS 1.00 1.04 1.83 1.22 0.90 1.11 1.09 0.95 0.86 1.16 1.08 1.04 0.91 0.89 0.940.97
T-MODIS 0.97 0.99 1.72 1.10 0.84 1.14 0.95 0.89 0.75 1.15 1.08 1.02 0.99 0.87 0.990.95

Number of coincident measurements (N)
N17-AVHRR 209 382 78 131 293 123 105 32 67 122 71 415 66 134 1412369
N18-AVHRR 207 364 77 121 280 127 100 30 65 106 69 351 61 207 1692334
MERIS 58 85 33 48 105 58 56 18 42 58 37 67 20 – 71756
A-MODIS 185 259 26 64 160 97 83 27 62 84 66 210 54 177 1871741
T-MODIS 232 338 33 89 218 105 95 35 72 106 90 263 72 154 1902092

Estimated mean surface reflectance at 630 nmρSFC (averaged for 50× 50 km2 region)
N17-AVHRR 0.067 0.063 0.052 0.061 0.045 0.056 0.052 0.065 0.055 0.066 0.062 0.042 0.069 0.031 0.038–
N18-AVHRR 0.067 0.061 0.056 0.055 0.043 0.057 0.051 0.066 0.056 0.061 0.066 0.040 0.064 0.023 0.037–

with more absorbing aerosols having a spectral dependency
of τa similar to the polluted continental aerosol model in the
study ofHess et al.(1998); Ispra is surrounded by forest, lake
water, and is influenced by the highly industrialised and pol-
luted Po Valley; Laegeren is a hilly region with mixed land
cover and mostly non-absorbing aerosols with smaller sizes
than the continental model ofHess et al.(1998); Villefranche
is situated on a peninsula at the Mediterranean adjacent to
a coastal region with highly variable topography and varying
aerosol conditions.

Detailed statistical results are presented in Table3. A total
of 2369 match-upsN for NOAA-17 and 2334 for NOAA-18
have been found during the investigated period. The cor-
relation coefficientR, which expresses the overall ability to
retrieve the aerosol signal, equalsR=0.69 for NOAA-17 and
R=0.71 for NOAA-18. The root mean square error RMSE
(∼0.1) and the standard deviationσ (∼0.07) represent the
magnitude of random errors which are proportional to radio-
metric noise, variations inρSFC, and subpixel cloud contam-
ination.
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For most of the sites, the differences between NOAA-17
and NOAA-18 are small and could be due to undetected sub-
pixel clouds or uncertainties in calibration (Li et al., 2009).
The time-of-day should not largely affect the retrieval, which
is also demonstrated by the similar performance of both
MODIS spacecraft, despite their different equator crossing
times. Small differences could be introduced by evolving
cloudiness, like small-sized cumulus clouds, during the day,
especially in mountainous areas. Bidirectional reflectance
distribution function (BRDF) effects may slightly influence
the results, but as has been shown in Fig.1 in the estimation
of ρSFC, we account for variations of the viewing geometry.
Some uncertainty will remain due to changes in sun eleva-
tion during the 45-day period used for the retrieval ofρSFC
and due to intra-daily variations caused by varying overflight
times. Thus, two different BRDF models (Rahman et al.,
1993; Wu et al., 1995) were tested in order to pre-correct
the data for BRDF effects, but the resultingρSFC turned out
to be less accurate (similar or higher RMSE, reduced correla-
tion) than without the correction. In addition, we also tried to
shorten the 45-day period for the estimation ofρSFC, which
showed some improvements at locations with low cloud cov-
erage. On the other hand, in regions or during periods with
high cloud coverage the chance to get cloud-free observa-
tions with low aerosol concentrations is reduced. Interest-
ingly enough, at the offshore platform of Venise the perfor-
mance of NOAA-17 is clearly worse than that of NOAA-
18. At the same time Villefranche, a location on a peninsula
containing both water and land, shows good correlations for
both satellites. A possible explanation could be the influence
of different illumination conditions when viewing the shal-
low coastal waters and water sediments around Venise which
is also supported by the different values ofρSFC in Table3.
A comparison of monthly averages does not reveal a system-
atic difference between the two satellites and the mean rel-
ative difference of∼2% is similar to the one between Terra
and Aqua (∼2% for the investigated period).

Considering the linear regression equationy=A+Bx be-
tween AVHRR and AERONET, both satellites have a similar
offsetA and slopeB. A nonzero offset indicates a biased re-
trieval at lowτa which may be associated with sensor calibra-
tion errors or erroneousρSFCestimation (Zhang et al., 2001).
A slight overestimation at lowτa can be found for most of
the sites. Deviations ofB from unity are associated with in-
correct assumptions of the aerosol micro-physical properties
(Zhang et al., 2001). Before we introduced the new aerosol
model, the continental aerosol model of the former aerosol
processing led to a slopeB of 0.79 (0.82) for NOAA-17
(NOAA-18). With the introduction of the new model this
could be clearly improved, now resulting inB=0.94 for both
satellites. This means that especially high aerosol concentra-
tions are detected more accurately with the new set of aerosol
models. The offset did not change and the other statistical
parameters remained almost similar compared to the conti-
nental model.

Aside from the aerosol model, a second effect may cause
slopes of less than unity. The accuracy of the calcula-
tions with the utilised semi-empirical radiative transfer code
SMAC decreases forτa>0.8 (Rahman and Dedieu, 1994);
therefore, we limited the retrieval toτa≤0.8 and higher
aerosol loads than this upper limit are not present in the
comparison between AERONET and AVHRR. However, less
than 1% of the AERONET observations were larger than 0.8
during the investigated period and the impact on the statis-
tics is assumed to be almost negligible. Nonetheless, this
limitation may especially affect the monthly statistics during
periods with high aerosol loads in certain regions.

4.2 Comparison between AVHRR, MERIS,
and MODIS

This section compares the performance of the AVHRRτa re-
trieval with two other medium resolution sensors, MERIS
and MODIS. Instead of relating the results from AVHRR
to other validation studies, we want to perform an accurate
comparison using the same set of AERONET sites for all
satellites during the same time period with the approach ex-
plained at the beginning of this section. The results are sum-
marised in Table3 and Figs. 3–5.

Looking at the scatter-density plots with the summary of
all AERONET sites (Figs. 3–5) it is obvious that MODIS
shows the best performance, with slightly higherR found
for Aqua than for Terra. This is not surprising keeping in
mind that, in contrast to AVHRR, MODIS has a much better
spectral coverage making use of seven spectral channels for
the characterisation and retrieval of aerosol properties. How-
ever, the correlations of AVHRR and MERIS resemble each
other, although Fig.5 demonstrates thatτa from the latter
is biased high. Consideringσ and RMSE, AVHRR mostly
reveals lower values than MERIS. The results from MERIS
are consistent withVidot et al.(2008), who found similar er-
rors and explain a part of the high RMSE with the presence of
thin clouds, which the current MERIS algorithm is not able to
flag. Due to the lack of infra-red channels, the MERIS level 2
cloud screening method in general experiences difficulties to
detect clouds accurately (Gómez-Chova et al., 2007). Appar-
ently, MODIS exhibits the lowest error rates (RMSE=0.04),
comparable to other MODIS validation studies (Chu et al.,
2002; Levy et al., 2007a; Remer et al., 2008). Analogous to
AVHRR, Aqua and Terra perform differently at Venise, with
a higher RMSE of the morning crossing platform Terra.

Analysing A and B of the linear regression equation
(y=A+Bx), at the majority of locations and in the summary
of all sites every satellite showsA>0 andB<1 (cf. Table3)
meaning that at low aerosol concentrationsτa is overesti-
mated and at high concentrations underestimated. This effect
is most pronounced for MERIS. Compared to the work of
Vidot et al.(2008), who found a very low offset (A∼−0.02–
0.03) in Europe by using three AERONET sites (Ispra, Lille,
Minsk), we obtainA=0.11 for MERIS using 15 European

www.atmos-meas-tech.net/3/1255/2010/ Atmos. Meas. Tech., 3, 1255–1270, 2010



1264 M. Riffler et al.: Modified AVHRR AOD retrieval over land

Fig. 5. Same as Fig. 3 for ENVISAT MERIS, Aqua MODIS, and Terra MODIS showing the summary of all AERONET sites.

AERONET sites. A part of the discrepancy can be explained
with biasedα values (Kokhanovsky et al., 2007; Vidot et al.,
2008) used for the calculation ofτa at 550 nm and similar
to the RMSE, with the occurrence of some extreme outliers.
Vidot et al. (2008) apply a smaller region of 12× 12 km2

around each AERONET site. We also investigated the in-
fluence of the box size around each AERONET site using
averaging areas between 10× 10 km2 and 50× 50 km2, but
the effect on the statistical results turned out to be minor and
cannot explain the discrepancies between our results and the
one found byVidot et al. (2008). Aqua and Terra show the
lowest offset (0.01) which may also be caused, at least partly,
by allowing small negative values ofτa (Levy et al., 2007a)
in order to improve the statistics of aggregated (spatial and
temporal) products.

As described in the previous section, underestimation ofτa

at high aerosol burden can be caused by underestimated light
absorption in the aerosol models. In the past, the AVHRR
retrieval was based on the same aerosol properties for whole
Europe for the entire year. As demonstrated before, a new
set of aerosol models helped to improve the slope of the
AVHRR aerosol product substantially, now predicting high
aerosol loads more accurately and resulting in a slope simi-
lar to the MODIS aerosol product. Regarding the MODIS re-
trieval, a nonabsorbing model (ω0∼0.95) with dynamic size
parameters depending on the optical depth is used for the in-
vestigated area (Levy et al., 2007b), which results in a slope
close to unity. Considerable deviations are only found for
the mountain site Davos, which may, to a certain extent, be
explained with the small sample number. The MERIS re-
trieval applies 12 different aerosol models without absorp-
tion resulting inB=0.67. Beside the aerosol model, such a
large deviation from unity could also be explained with a rel-
atively high overestimation of low aerosol concentrations and
as mentioned before, with errors introduced with biasedα

values.
Finally, looking at the expected error of the MODIS

aerosol product over land1τa=±0.05±0.15τa (e.g.,Levy
et al., 2007a) it turned out that 86% of Aqua and Terra

retrievals are found within these boundaries in the investi-
gated area. For both NOAA-17 and NOAA-18 63% ofτa

and for MERIS 56% ofτa can be found within these limits.

4.3 Comparing monthly means

4.3.1 Spatial distribution

First, in order to show spatial differences between the aerosol
products, we qualitatively compare MODIS as a reference
with AVHRR (MERIS). Figure 6 is an example of the
monthly meanτa during April 2007. This month was cho-
sen since stable weather conditions due to high surface pres-
sure yielded to a high observation frequency and also led to
a high aerosol burden in the Po River Valley. To calculate the
average at a particular pixel at least 10% of the days had to
provide valid values.

The overall pattern between MODIS and AVHRR looks
comparable with respect to the geographical pattern, but the
magnitude ofτa especially in the Po River Valley is clearly
underestimated by the latter. This is in accordance with
the results of the regression analysis (cf. Table4) in which
the slope of NOAA’s AVHRR is clearly below unity mean-
ing that high aerosol loads are underestimated. A more de-
tailed analysis of the data from Ispra revealed that mainly
the last third of this particular month was characterised by
very high aerosol burden (τa). During the first two thirds of
April 2007 the underestimation ofτa with AVHRR is only
about 13% compared to the AERONET average, while for
the last part the proposed method underestimates the mea-
sured values by approximately 35%. Considering the entire
month both AVHRRs underestimate the AERONET value
(τa=0.44) by 25%. Even the monthly averages from Aqua
and Terra MODIS are lower by 16% and 23%, respectively,
than the AERONET mean. In addition to this situation, the
central parts of the Po Valley are dominated by bright surface
types which more often exceed theρSFC limit of 0.07. There-
fore, poor sampling in these areas leads to large deviations
between the satellite-derived and Sun photometer-measured
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Fig. 6. Example of the monthly meanτa over land using Terra MODIS, Aqua MODIS, ENVISAT MERIS, NOAA-17 AVHRR and NOAA-
18 AVHRR for the study region (40.5◦ N–50◦ N, 0◦ E–17◦ E) in April 2007. Gray areas indicate regions with less than 10% of days with
valid values for this particular month or sea surfaces.

monthlyτa during this particular month. Looking at the en-
tire area processed for this study, approximately 11% of the
pixels result inρSFC brighter than 0.07, depending on the
season. In the vicinity of the Rhone River delta (∼43.5◦ N,
4.5◦ E) AVHRR also displays lowerτa than MODIS for the
same reasons as for the Po Valley.Levy et al. (2009) dis-
cussed the impact of different averaging and weighting tech-
niques when aggregating satellite data for climate studies.
They found out that the choice of method can have a large
effect on the resulting averages. Thus, for climate studies
this needs further consideration and investigation.

Focusing on the Alpine region (stretch from 44◦ N/7◦ E
to 47.5◦ N/15◦ E), AVHRR shows more details compared to
MODIS, with clearly emerging valleys which could mean
that the former aerosol product seems more appealing for cli-
mate or air pollution studies in such regions. Not only does
MERIS capture the high concentrations in the Po River Val-
ley well, but is also capable of detectingτa in the Alpine

valleys. Nonetheless, MERIS exhibits a substantial overes-
timation of τa in most regions compared to MODIS. Fur-
thermore, the MERIS image contains more areas with data
gaps (gray) which may be due to the smaller swath width of
MERIS leading to fewer observations per geographic loca-
tion than for the other instruments.

4.3.2 AERONET versus satellites

Finally, this comparison demonstrates the capability of the
polar orbiting platforms to represent the monthly average
conditions at ground level which is of interest for climate
studies. Therefore, at each location shown in Table1 the
monthly averageτa was calculated for AERONET using all
available Sun photometer measurements and for the satellites
using all retrievedτa during a particular month. The spatial
averaging of the satellite data is done as described at the be-
ginning of this section. For both AERONET and satellite at

www.atmos-meas-tech.net/3/1255/2010/ Atmos. Meas. Tech., 3, 1255–1270, 2010



1266 M. Riffler et al.: Modified AVHRR AOD retrieval over land

Fig. 7. Scatter plots of monthly averageτa between AERONET and the various satellites. The 1:1 intersection (solid) and the linear
regression line (dash-dotted) are shown as well. Detailed statistical results are shown in Table4.

Table 4. Comparison of monthly averageτa between AERONET
and the various satellites. The parameters are the same as in Table3.

Satellite R RMSE σ N A B

ENVISAT MERIS 0.29 0.25 0.14 182 0.22 0.80
Aqua MODIS 0.69 0.07 0.05 183 0.02 1.00
Terra MODIS 0.67 0.07 0.05 206 0.03 0.94
NOAA-17 AVHRR 0.67 0.07 0.04 246 0.08 0.79
NOAA-18 AVHRR 0.63 0.07 0.04 238 0.09 0.69

least 10% of days with data have to be available to calculate
τa . Results are shown in Table4 and Fig.7.

In contrast to the linear regression of the individual col-
locations, all instruments show increasing offsets and, ex-
cept for MODIS, decreasing slopes.Myhre et al. (2005)
found a similar behavior for aerosol retrievals over oceans
and argued that sampling issues are the main reason. The
study of Anderson et al.(2003) supports this findings by
investigating mesoscale variations of tropospheric aerosols.
They found that the concentration of the airborne particles is
barely homogeneous over time scales of more than 12 h. This
is supported by the fact that the largest offset is found for
MERIS, having a lower repeat cycle at a certain geographi-
cal region compared to the other two sensor types. At high
aerosol loads,τa is most clearly underestimated by AVHRR,
probably caused by the cutoff atτa>0.8. As explained be-
fore, the cutoff is due to limitations of SMAC (Rahman and
Dedieu, 1994). Nonetheless, with the implementation of
the new aerosol model the results could be improved. The
continental aerosol model led to a slopeB of 0.69 (0.62)

for NOAA-17 (NOAA-18), whereas now the adapted model
leads toB=0.79 (B=0.69). A more detailed inspection of
the data revealed that some outliers can either be explained
with low frequency of AERONET or satellite observations
for certain months. According toLevy et al. (2009), the
use of different averaging techniques changes the resulting
monthly meanτa . After filtering the data with a criterion of
at least 20% of days with valid measurements per month, the
statistics were slightly improved.

Apparently, a reduction ofRcan be found for most sensors
with regard to the individual overpasses. Again, the update
of the aerosol properties improved the relationship between
the monthly means from AERONET and both AVHRRs, for
NOAA-17 (NOAA-18) fromR=0.60 (R=0.56) applying the
continental model toR=0.67 (R=0.63) by using the new
aerosol model. The RMSE, however, is almost similar to the
individual match-ups, solely the MERIS RMSE significantly
increased. As explained above, high temporal variability in
τa and sampling issues are the major cause for this behaviour.
Table4 supports this finding since the strongest decrease of
R and increase of RMSE is found for MERIS. With a repeat
cycle of approximately three days, the capability of repro-
ducing the “true”τa with MERIS is limited.

In Fig. 8 we compare the aggregated monthly averages
of all sites together for each of the 29 months between Au-
gust 2005 and December 2007. Most of the time the refer-
ence curve of AERONET is at the lower end of the monthly
values meaning that the satellite sensors usually overestimate
them. Nonetheless, the yearly cycle is altogether represented
well by all of them. As before, most of the differences may
be explained with sampling issues which explains that they
are largest for MERIS. Considering MODIS and AVHRR,R
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Fig. 8. Combined monthly values from the average of all sites together for each of the 29 months between August 2005 and December 2007
(cf. Sect.4.3.2).

Table 5. Intersatellite comparison of monthly averageτa between
NOAA-17 and NOAA-18, Terra and Aqua, respectively. The indi-
vidual monthly averages are the monthly averages of each site in
Table1 separately (max. 435 possible values). For the aggregated
values, all sites are averaged for a particular month (max. 29 possi-
ble values). The parameters are the same as in Table3.

Satellite R RMSE σ N A B

Individual monthly averages
NOAA-17 vs. NOAA-18 0.79 0.052 0.033 333 0.03 0.79
Terra vs. Aqua 0.82 0.054 0.034 224 0.03 0.80

Aggregated monthly averages
NOAA-17 vs. NOAA-18 0.90 0.024 0.015 29 0.02 0.89
Terra vs. Aqua 0.92 0.026 0.016 29 0.02 0.93

(RMSE) of the aggregated monthly averages is significantly
higher (lower) than for the averages of the single sites shown
in Table4 with Rof 0.88, 0.82, 0.72 and 0.72 for Aqua, Terra,
NOAA-17 and NOAA-18, respectively; the RMSE can be
found in the range of 0.041 (Terra) to 0.053 (NOAA-18).
Only for MERIS the statistics did not improve a lot with
R=0.51 and RMSE=0.21.

4.3.3 Intersatellite comparison

Since we are strongly interested in the compilation of an
AVHRR long-term climatology, the robustness of the pro-
posed method is an important issue. Hence, we shortly exam-
ine the intersatellite differences and compare the consistency
of the AVHRR retrieval with the one of MODIS. The scat-
ter plots in Fig.9 and Table5 reveal that the cross-satellite
performance of NOAA’s AVHRR is similar to MODIS with
almost the sameRand somewhat lower RMSE. Moving from
small-scale (individual averages, Fig.9a) to large-scale (ag-
gregated averages, Fig.9b) areas, for both instruments the

Fig. 9. Scatter plots of the intersatellite comparisons of monthly
averageτa between NOAA-17 and NOAA-18, Terra and Aqua, re-
spectively. The plots in(a) show the individual monthly averages
of each site in Table1 separately. For the aggregated values(b), all
sites are averaged for a particular month. Statistical results can be
found in Table5.

statistics significantly improve. From this we can conclude
that despite local differences the overall performance is good.
This is in accordance with the study ofKaufman et al.(2000)
who found out that intra-daily variations ofτa are usually
low and, therefore, do not largely influence the retrieval of
aerosol properties. These are important findings with re-
gard to the compilation of an AVHRRτa climatology and
they demonstrate that the proposed method works platform-
independently.
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5 Conclusions

We assessed the performance of a modified version of an
AVHRR aerosol optical depth retrieval algorithm for land
surfaces. In contrast to the original approach, it is a quasi-
stand-alone procedure now no longer needing AERONET
data to post-correct the retrievedτa . Nonetheless, since
a single-channel approach allows only to derive on piece
of aerosol information independently, AERONET inversion
products are needed to derive optical aerosol properties like
single scattering albedo and scattering phase function in the
investigated region. The scheme to deriveρSFC has been ad-
justed which turned out to substantially reduce the RMSE
over areas mainly dominated by cropland (∼39% of land sur-
face pixels). Moreover, a detailed analysis of AERONET in-
version products turned out that the aerosol model used for
the AVHRR retrieval so far was absorbing too much in the in-
vestigated area. Based on aerosol size distribution and refrac-
tive index data from AERONET a new set of aerosol models
was derived and the retrieval at high aerosol concentrations
could be improved, which in turn has a positive effect on the
statistics when deriving monthly averagedτa . With the aim
to compile a long-termτa climatology for Europe making
use of our AVHRR archive dating back to 1985, the method
should be robust and cross-platform applicable. Therefore,
two AVHRR sensors with overlapping time period flown on
board NOAA-17 and NOAA-18 were used in this study. The
results were validated againstτa from AERONET Sun pho-
tometer measurements and were compared with two other
medium resolution satellite sensors, MERIS and MODIS.
Related to the newer generation sensors, AVHRR reveals
good results and also the cross-platform differences are sim-
ilar to those between Terra and Aqua MODIS. The low sen-
sitivity of the τa retrieval to the time-of-day is in accordance
with results from other studies. This is an important step to-
wards a climatology.

Finally, the linear regression analysis of monthly average
τa between each AERONET site and the various satellites
results in lower correlations with higher intercepts and lower
slopes than for the individual match-ups. Simultaneously,
when aggregating all AERONET sites to monthly means and
comparing these with the satellites, the overall capability of
them to reproduce the true atmospheric conditions is mostly
good. This means that variations at small-scale are harder to
capture than those of regional or even larger scale. An ex-
planation for this may mainly be sampling issues which is
also supported by the fact that AVHRR and MODIS, having
a larger swath width than MERIS and, therefore, a higher re-
peat cycle for a specific geographic location, show the small-
est increase in the error statistics. This is of importance when
selecting satellite data for long-term studies.

Owing to sampling issues differences between time-
aggregated ground-based and satellite measurements will al-
ways occur. Therefore, considering climate studies, not only
should we focus on the absolute values of a comparison, but

also investigate whether the trend of the aerosol concentra-
tion can be captured right.

In order to detect trends in the atmospheric aerosol load,
accurate calibration is of primary importance. Initially,
AVHRR was not foreseen to provide information for quan-
titative remote sensing, but rather to contribute to geostation-
ary satellite observations at high latitudes. Hence, no on-
board calibration unit for the visible and near-infrared chan-
nels is included in the sensor’s design and the instrument was
observed to degrade with time. Therefore, for the use of his-
torical AVHRR data sets relying on data from several differ-
ent satellites calibration is an important factor.

Hence, based on the robust method introduced and val-
idated in this study and making use of the large AVHRR
data archive at our institute, the proposed method is currently
tested on prior AVHRR sensors and the effects of different
calibration schemes are investigated in a trend analysis. This
shall finally lead to the compilation of an aerosol long-term
climatology covering Central Europe.
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