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[1] Data from NOAA-16 AVHRR have been used to
retrieve the spatial distribution of aerosol optical depth for
central Europe. At eight AERONET sites, monthly mean
values based on daily AVHRR aerosol maps are calculated
and compared to monthly mean values from TERRA-
MODIS, AQUA-MODIS and AERONET. Additionally,
seasonal mean maps for 2002 are presented. To estimate the
performance of this algorithm, the winter and summer
season maps are compared to TERRA-MODIS seasonal
maps created from the daily global aerosol product. In
general, the AVHRR and MODIS aerosol maps show the
same features: Lower values with increasing altitude, higher
values in heavily industrialized areas and overall reasonable
mean values. AVHRR maps are spatially moze
homogeneous than MODIS, which seem to contain "an
imprint of the surface cover type. The maps clearly
demonstrate the potential of the retrieval method to
produce a climatology based on AVHRR aerosol optical
depth data over land. Citation: Hauser, A., D{ Qesch, and
N. Foppa (2005), Aerosol optical depth over, land:‘Comparing
AERONET, AVHRR and MODIS, Geophys. Res. Lett., 32,
LXXXXX, doi:10.1029/2005GL023579.

1. Introduction

[2] The importance of acrosolsyfor radiative and chemical
processes in the atmosphere is widely.recognized. They can
scatter and/or absorb solar radiation leading to modifica-
tions of the radiation budget. Furthermore, the so-called
indirect effect of aerosels.describes the cloud-aerosol inter-
actions, which can medify the  chemical and physical
processes in the atmosphere. Their high spatial variability
and short lifetime make spaceborne sensors especially well
suited for their observation. Since the launch ofthe MODerate
resolution Imaging Spectroradiometer (MODIS) there is
detailed global aerosol information available, both over land
and oceans. The Advanced Very High Resolution Radiometer
(AVHRR) has also been used for the retrieval of aerosol
optical depth (AOD) but a global and continuous data set has
so far been restricted to oceans [Ignatov et al., 1995, 2004].
Land surfaces are in general more difficult to characterize
since their surface reflectance might vary, e.g. due to a
vegetation cycle, and their bidirectional reflectance properties
are unknown. This has restricted most retrieval schemes to
dark dense vegetation surfaces [Kaufinan and Sendra, 1988;
Soufflet et al., 1997]. Hauser et al. [2005] presented a new
approach to retrieve AOD from NOAA AVHRR over land
regardless of the surface type, i.e. this method is applicable to
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all land pixels which are met/cloud or snow contaminated.
This paper focuses nowson-the spatial differences of AOD.
Monthly mean "AOD from TERRA-MODIS, AQUA-
MODIS, NOAA-16 AVHRR and AERONET are shown as
time series for the year 2002. Additionally, we compare
seasonal mean.maps of AOD over central Europe constructed
from the daily global MODIS aerosol product and daily
AVHRR AOD maps.

2. Data Set Summary

[3] AERONET (AErosol RObotic NETwork) is a feder-
ation of ground-based remote sensing instruments measur-
ing aerosol and its characteristics. The network imposes
standardization of instruments, calibration and processing
[Holben et al., 1998]. The highest level product, the level
2.0 (cloud-screened [Smirnov et al., 2000] and quality-
assured), was used in this study and the expected accuracy
of the AOD is about 0.01-0.02 [Eck et al., 1999]. Measure-
ments are taken for an airmass of 7 or smaller at typically 15
minutes intervals. For 2002, level 2.0 data has been avail-
able for eight AERONET sites in our study region. In order
to compare AERONET and satellite retrieved AOD, the
AERONET optical thickness has to be determined for the
wavelength of 0.55 pm. Like the majority of comparable
studies, we continue to use a second order polynomial fit in
logarithm of wavelength [e.g., Ignatov et al., 1995; Knapp
and Stowe, 2002]. Additionally, the best fit to measured
AERONET spectral AOD is the second order polynomial fit
[Eck et al., 1999].

[4] The AVHRR data set consists of daily full resolution
NOAA-16 afternoon passes from December 2001 through
end of December 2002. The region of interest is limited to
an area covering central Europe from 40.5°N to 50°N and
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0°E to 17°E. The equator crossing at local time (EQX) of 87

NOAA-16 is at about 13:30 and typically one image per day
is recorded. The pre-processing includes calibration, precise
geocoding, orthorectification, cloud and cloud shadow
masking. For further details, see Hauser et al. [2005].

[s] The daily global MODIS Collection 004 product
MODO04L2 (TERRA) and MYDO04L2 (AQUA) from De-
cember 2001 through end of December 2002 have been
reprojected and resampled to the AVHRR grid. The aerosol
optical thickness products over land are accurate to within
their calculated uncertainties At = £0.05 £ 0.207 [Chu et
al., 2002; Remer et al., 2005], except in situations with
possible cloud contamination, over surfaces with subpixel
surface water such as coastal areas and marshes, and over
surfaces with subpixel snow or ice cover. Due to some
overlap of the satellite passes in this region about two
images are taken during daytime per satellite, one taken at
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Figure 1. Time series of the aerosol optical depth from AERONET, NOAA-16 AVHRR, TERRA-MODIS and

AQUA-MODIS.

about the nominal equator crossing time plus the previous
or subsequent pass. TERRA is in a mid-morning orbit (EQX
10:30) and AQUA in an afternoon orbit (EQX 13:30).
Apparently, we must expect some differences between
TERRA and NOAA-16 due to an EQX difference@f about
3 hours. Smirnov et al. [2002] investigated the diurnal gycle
of AOD at different AERONET sites. For urban/industrial
sites, there is generally an increase of AOD during the day.
For Ispra they observed an increase of less than 10% and for
Rome of 10—15%. However, from 10:30 to 13:30 the
observed increase is significantly less. This finding is
confirmed by Ichoku et al. [2005] by analyzing the morning
(TERRA) and afternoon (AQUA) MODIS"AOD. For West-
ern Europe they found a weak @verage regional AQUA-
TERRA difference of AOD at 0.55 pm@“of 0.007. The
comparison of the MODIS TERRA to NOAA-16 AOD is
therefore feasible. '

3. Aecrosol Retrieval From NOAA AVHRR Data

[6] The retrieval of ‘AOD.from NOAA AVHRR as
described by Hauser et al/[2005] makes use of the high
temporal resolution. The WOAA mid-morning and after-
noon satellites generally provide daily coverage under
sunlight conditions. To estimate the surface reflectance from
AVHRR channel 1 (0.63 pm), a time series of observations
covering the previous 44 days is used. Due to the orbital
configuration of the NOAA satellites, all measurements are
taken under various satellite zenith angles. It is further
assumed that the surface target remains radiometrically
stable and that some of the observations are made under
background conditions. Plotting the surface reflectance as a
function of the satellite zenith angle and applying a convex
hull to the data, one can extract the surface reflectance for
background conditions for the whole range of satellite
zenith angles. The convex hull of a set of points on a single
plane is defined as the smallest convex polygon that
encloses these points. To identify the polygon points, a
Delaunay triangulation algorithm has been used. When the
surface and top of atmosphere reflectance are known, the
SMAC [Rahman and Dedieu, 1994] radiative transfer code
can be used to calculate the AOD using pre-defined aerosol

models. For Western Europe, a continental aerosol model
[d’Almeida et al., 1991] is most appropriate. To reduce
noise, a MODIS-like procedure is applied: Inside a 25 x 25
pixel region only pixels inside the 10—40 percentile are
used to calculate a mean value. Additionally, the standard
deviation of the AOD of these pixels is calculated. This
parameter can be regarded as a quality measure. Low values
indicate little AOD variations and high values point e.g. to
cloud contamination. Based on the regional standard devi-
ation of the AOD, a post-processing can be applied, which
substantially increases the retrieval quality.

4. Results and Discussion

[7] Time series of AERONET, TERRA-MODIS, AQUA-
MODIS and NOAA-16 AVHRR AOD are plotted in Figure
1 at eight AERONET sites. For monthly means, at least 3
records per month and pixel were needed for the calcula-
tions. The correlation of AERONET and AVHRR time
series are not discussed in detail since they are not inde-
pendent data sets in this study. Only the development of the
AVHRR retrieval scheme by Hauser et al. [2005] is based
on coincident AERONET measurements, the found corre-
lation is then assumed to be generally applicable. Even
though, the AERONET monthly mean values contain much
more data than used for the validation and includes also an
additional AERONET site (ISDGM CNR), we focus on the
comparison between AVHRR and MODIS data and try to
explain apparent differences. In most cases, MODIS exhib-
its the highest values but with good correlation to AERO-
NET data. However, there is a substantial offset in AOD of
about 0.2. Abdou et al. [2005] analyzed coincident TERRA
Multiangle Imaging Spectroradiometer (MISR) and MODIS
data at 62 AERONET stations during March, June and
September 2002. Over land, MODIS is biased high com-
pared to MISR and AERONET, especially over deserts and
sites with subpixel water contamination. Similar results are
reported by Ichoku et al. [2005] by comparing AERONET
data separately to TERRA and AQUA. Both are over-
estimating the AERONET AOD but TERRA less than
AQUA. Remer et al. [2005] also observed a positive bias
at high optical thickness and suggest a calibration problem
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Figure 2. Aecrosol optical depth distribution over central Europe for (top) summer and (bottom) winter 2002 for (left)
TERRA-MODIS and (right) NOAA-16 AVHRR. Summer includes June, July and August 2002 data; winter includes
December 2001, January and February 2002. Note'the different color scale.

represented in a systematic way at certain locations and
seasons.

[8] All time series show large Irionth te—menth variations
of the AOD and an annual cycle. The ‘fa\t that the data is
acquired with different frequenCy and" durmg different
daytime, will be responsible fof'some, differences between
the data sets. Additionally, d1fferent cloud masking schemes
are likely to bias the results. Kinneset al. [2003] report a
MODIS tendency towards largerAOD averages with respect
to AERONET. They link /this) effect to an AERONET
preference for completely cloud-free conditions while
MODIS can detect aerosols'also near clouds. In the vicinity
of clouds, AOD is frequently higher than in cloud-free
areas.

[o] For seasonal means at least 9 records were required.
The winter (December 2001, January 2002 and February
2002) and summer (June, July and August 2002) aerosol
distribution over central Europe are shown in Figure 2. The
conclusions drawn from the winter and summer maps are
also valid for the spring and fall maps, therefore only the
more extreme winter and summer cases are displayed. To be
able to discuss the regional distribution features of the two
maps, a different scale has been applied since MODIS
typically exceeds the AVHRR values by about 0.2. In
general, the AVHRR and MODIS map show the same
features: Lower values in mountainous regions like at the
edge of the Alps (44°N—-48°N/6°E—16°E) and the Pyrenees
(42°N—-43°N/0°E—3°E), higher values in heavily industri-
alized areas and overall reasonable mean values. However,
MODIS pronounces these features much more than

AVHRR. For example, the Massif Central (43°N—46°N/
2°E-5°E) is much more distinct in the MODIS map,
compared to AVHRR. For winter and summer, high values
are visible south of the Alps in northern Italy and on the east
coast of Italy. This feature is present in both, the AVHRR
and MODIS map. The most obvious differences between
MODIS and AVHRR are found in northern France (47°N—
50°N/0°E—5°E). In winter and summer, MODIS displays
substantially higher values than AVHRR in this region. The
shape of this feature matches well with predominantly
agricultural land. Ground-based measurements from the
AERONET stations in Fontainebleau and Palaiseau (Figure
1) do not show any kind of different behavior than the other
AERONET sites. The MODIS - AERONET offset is in the
same order than for the other sites. The study by Robles
Gonzalez et al. [2000] using ATSR-2 for August 1997 does
not show a similar feature as MODIS. Since it is only based
on few data, this map can only be regarded as a further
indication that MODIS might have problems in this region.
Holzer-Popp et al. [2002] present higher AOD in that
region extracted from the synergetic use of GOME and
ATSR-2 but the areal extent is much smaller and concen-
trated around larger cities. Again, this study is based on few
data from 1-3 September 1995. MODIS estimates the
surface reflectance in the 0.66 pm channel by using a fixed
relationship of half of the surface reflectance at 2.2 pm
[Kaufman et al., 1997]. However, this relationship varies
slightly depending on the surface cover. This leads to an
imprint of the surface cover into the AOD data. We assume
that the discussed feature is a surface reflectance related
artifact, which is in line with the findings of Remer et al.
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[2005]. The significant underestimation of AOD with re-
spect to MODIS might be caused by differences in the
single scattering albedo and/or surface reflectance. MODIS
uses regionally pre-defined single scattering albedo and size
distribution but allows for a varying mix of fine versus
coarse mode fraction [Remer et al., 2005]. AVHRR relies on
pre-defined aerosol properties, even though the post-pro-
cessing diminishes the effect of a too high single scattering
albedo to a certain degree. Especially in highly industrial-
ized areas, as northern Italy, high soot concentrations are
expected and Mallet et al. [2005] showed that in polluted
regions strong heterogeneities in aerosol single scattering
albedo could occur even over short distances. These hetero-
geneities are not yet sufficiently considered in either the
AVHRR or MODIS retrievals.

5. Conclusion

[10] For the first time, an AOD map over land from
NOAA AVHRR has been shown. This map picks up the
expected features and compares well with MODIS, even
though differences are visible. The use of a fix relationship
between the MODIS 2.2 pm and 0.66 pm channels leads to
an imprint of the surface cover into the AOD data. The
AVHRR maps seem less sensitive to land cover types. The
expected decrease of the AOD with increasing altitude s
evident in both AVHRR and MODIS. Altogether,the
AVHRR AOD map shows good results in the expected
data range and correlates well to MODIS and AERONET
data. The maps clearly demonstrate the potential of the
applied retrieval method to produce AOD. maps.over land.
This might lead to a climatology of AOD, covering all
NOAA AVHRR sensors.
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