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ABSTRA CT

The aim of this study is the retrieval of aerosol optical depth from the National Oceanic and Atmospheric
Administration (NOAA) Advanced Very High Resolution Radiometer (AVHRR) sensorover land. The region
of interest covers central Europe ranging from 50±N to 40.5±N and from 0±E to 17±E including the European
Alps. On the temporal scale,we limit the data set to afternoon NOAA-16 passesof the entire year 2002. In this
region, there are sixteen stations from the Aerosol Robotic Network (AERONET) at which we can comparethe
ground basedversusthe spaceborne measurements. The most crucial parameter in the retrieval procedureis the
estimate of a correct surfacere°ectance sinceinaccuraciesof 0.01 can result in AOD variations of § 0.1. Surface
re°ectancehas beenestimated by extracting the minimum re°ectancewithin 10± intervals of the satellite zenith
angle within two-month intervals. This method eliminates the varying re°ectance with varying satellite zenith
anglebut the extracted surfacere°ectancestill contains an aerosolsignal. Most stations show a clear relationship
between the AVHRR and the AERONET data. In caseof a weak or non-existing relationship, we were able
to identify reasonsfor this behavior. The standard error of estimate is about 0.18. The largest potential to
increasethe accuracy of this product comesfrom an improvement of the cloud mask. We can conclude that
aerosolretrieval over land using AVHRR is a challenging task but it is possibleto extract somevaluable results.
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1. INTR ODUCTION

Satellite remote sensingis for many earth observation tasks the most appropriate tool. Depending on the speci¯c
demands it o®ersa high spatial and/or temporal resolution. However, the intermediate atmosphereblurs the
enthusiasmfor many applications sinceit can modify a signal containing surfaceproperties substantially . Besides
the absorption and scattering causedby the di®erent air components, aerosolsplay a major role in the shortwave
radiation transfer in the atmosphere.

Current state of the art spaceborne imaging radiometers like the Moderate Resolution Imaging Spectro-
radiometer (MODIS) or the Multi-angle Imaging SpectroRadiometer (MISR) o®ergreat possibilities for aerosol
remote sensing.On the contrary , AVHRR o®ersa unique temporal coverageof over twenty years. The National
Oceanic and Atmospheric Administration (NOAA) generatesoperational maps of the aerosol optical depth
(AOD) over oceans.1 Many remote sensingapplications over land require AOD data, e.g. for atmospheric
correction. The retrieval of AOD over land is more demanding becausethe surfacere°ectance is generally not
only higher, soit provides lesssensitivity to changesin aerosols,but variesspatially and temporally. Additionally ,
knowledgeof the Bidirectional Re°ectanceDistribution Function (BRDF), which describesthe angular re°ectance
properties, is required. Inaccuraciesof 0.01 of the surfacere°ectance can result in AOD variations of § 0.1.2

The long term goal is to develop a procedureto estimate AOD from AVHRR suitable for real-time processing
as well as for analyzing historic data. In this study we compare AOD data from AVHRR with ground based
measurements from AERONET.
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2. DATA

The two data sourcesin this study are the NOAA AVHRR level1b data set, which has been pre-processedto
provide cloud-freetop of atmosphere(TOA) re°ectanceand aerosoloptical depths from AERONET. Additionally ,
meteorological data (vertically integrated water vapor and sea level pressureat 12:00 UTC) from the Alpine
Model (aLMo) producedby MeteoSwissand total column ozonedata (12:00UTC) from the National Center for
Environmental Prediction (NCEP) are used. In this study, we limit our data set to NOAA-16 afternoon passes
of the entire year 2002.

Figure 1. Map of central Europe showing the AER ONET stations used in this study. The area of the AVHRR coverage
ranges from 50±N to 40.5±N and from 0±E to 17±E.

2.1. AVHRR Data Set

The data presented in this paper usesobservations from the 5-channel AVHRR on board the operational polar
NOAA satellites. The instrument measuresemitted and re°ected radiance in the following bands: 0.58-0.68
(channel 1), 0.725-1.10(channel 2), 3.55-3.93(channel 3), 10.3-11.3(channel 4) and 11.5-12.5(channel 5) mi-
crometers. The nominal instrument spatial resolution is approximately 1.1km. The NOAA AVHRR data are
ingestedby a receiving station located in Bern, Switzerland (46.917±N / 7.467±E). SinceAugust 2001,we are in
an operational status to receive and processall data covering the European Alps in near real-time. The dataset



in this paper consistsof all NOAA-16 afternoon passesfor the year 2002and is mapped to a latitude-longitude
grid, covering central Europe and the alpine region from 40.5±N to 50±N and 0±E to 17±E.

Pre-processingof NOAA-AVHRR level1b imagery for the retrieval of aerosol optical depth incorporates
calibration of the visible channels 1 and 2 according to the NOAA KLM users guide.3 For improving the
georeferencing,a feature matching algorithm is used to geocode the satellite imagery with sub-pixel accuracy.
An orthorecti¯cation of the imagery is essential in an alpine regionto overcomethe displacement errors intro duced
by the topography. An automated procedurewhich usesa terrain model basedon the GTOPO30 wasdeveloped
and implemented.

2.2. AER ONET Data Set

The AerosolRobotic Network (AERONET) is a world-wide federation of ground basedsun-skyradiometers. The
network imposesstandardization of instruments, calibration and processing.The data is centrally archived and
available in three processinglevels (unscreened(L1.0), cloud-screened(L1.5) and cloud-screenedand quality-
assured(L2.0)). According to Holben,4 the accuracy is about § 0.02. Fig. 1 shows all AERONET stations used
in this study. To get a larger and consistent data set, only L1.5 data has been used becauseL2.0 data were
only available for seven stations. The wavelengthsobserved by AERONET instruments include: (0.34), (0.38),
0.44, (0.50), 0.67, 0.87 and 1.02 micrometer. The wavelengths in parenthesesare additional channelswhich are
not provided by all stations. To be able to comparethe AERONET data with the AVHRR AOD retrievals, the
AERONET data from di®erent wavelengthsare interpolated to 0.55 micrometers using a 2nd -order polynomial
¯t of the logarithmic wavelengths.

3. AER OSOL RETRIEV AL FR OM NO AA-16 AVHRR

Classicalapproachesto retrieveaerosoloptical depth (AOD) from NOAA AVHRR usesurfacetargets with known
re°ectance characteristics. These targets consist mainly of water bodies and dark densevegetation (DDV). 2, 5

Our region of interest is located in the middle of Europe and denselypopulated, dark densevegetation targets
are sparseand not uniformly distributed. Lakeswith a su±cient sizeare also few in numbers.

In general,surfacere°ectanceover land in channel 1 is rather low and show a signi¯cant deviation from ideal
lambertian surfaces. While for a lambertian surface the surface re°ectance is independent from the satellite
zenith angle and from forward or backward scattering, most natural surfaceshave a more complex behavior
which is expressedby the Bidirectional Re°ectanceDistribution Function (BRDF). There are many studies and
models dealing with this problem, however, the application of a BRDF model requires accurate information
about the surfacetype which is often not available or outdated.

To omit errors intro ducedby an inaccurate BRDF model we try to determine the BRDF from the data itself
and follow partly the ideasof Knapp and Stowe.6 For each cloud-freepixel a function of the top of atmosphere
re°ectance versusthe satellite zenith angle can be plotted. We assumethat the lowest re°ectance valueswithin
a certain satellite zenith angle interval represents a nearly aerosol-freeobservation. In this sense,the lowest
re°ectance valuesdescribe the re°ectance deviations due to variations of the satellite zenith angle. An example
for the station of Avignon, France(43.92±N / 4.87±E) is shown in Fig. 2. To account for variations of the surface
re°ectancewe split the dataset into six two-month periods, this should at least minimize someseasonalvariations
of the surfacere°ectance. Obviously, it is not realistic to assumethat over a two month period and with varying
satellite zenith angleswe can ful¯ll for all satellite zenith anglesthe assumption to get cloud- and aerosol-free
observations. A simple calculation supports this: Over a two month period (60 images)we expect a mean cloud
cover of 50%. Assuming a uniform distribution of satellite zenith angles(-70± to +70±) and intervals of 10± we
can expect about 2 data points in each 10± interval. That the minimum value can be consideredas aerosol-free
is apparently not in all casesrealistic. In wintertime, we expect more cloud cover but also lessaerosols7 than in
summertime.

The major advantage of this method is that it allows to get an estimate of the channel 1 re°ectance for all
surfacesindependent of their land cover type. The cloud- and aerosol-freere°ectancedata is then atmospherically
corrected and can be called cloud- and aerosol-freesurfacere°ectance. The radiativ e transfer code usedfor the
atmospheric correction of the top of atmosphere re°ectance and for the retrieval of the aerosol optical depth



Figure 2. Uncorrected top of atmosphere re°ectance from NOAA-16 AVHRR. Only data from July/August 2002 are
shown (diamonds). The line represents the top of atmosphere re°ectance for cloud-free conditions, after correcting the
atmospheric interference it can be called surface re°ectance. It is the result from selecting the minim um re°ectance
within 10 degreeintervals of the satellite zenith angle and smoothing(b oxcar average, width of 3). The AER ONET site
of Avignon is located in an agricultural region 10km east of the city of Avignon.

is the updated SMAC8 algorithm. Updated means that it is no longer based on the 5S9 code but on the
newer version 6S.10 Using SMAC, we can retrieve the aerosoloptical depth using high resolution (7km £ 7km)
vertically integrated water vapor and surfacepressureinformation as well as 1± £ 1± ozonedata for each pixel.
A continental aerosolmodel11 is expected to be most appropriate for this region.

Obviously, we expect the retrieved aerosoloptical depth from AVHRR to be within a certain region spatially
more or lesshomogeneous.Pixels are labeled as invalid data if the standard deviation of the surfacere°ectance
within a 3 £ 3 window is larger than the mean of the standard deviation of the surfacere°ectance of the whole
image. The rationale for this pre-selection is that otherwise minor inaccuraciesof the geocoding could result
in a larger deviation of the surface re°ectance and be misinterpreted as an aerosolsignal. This procedure has
been repeated in an analogousway for the aerosol optical depth to eliminate local noise. This data ¯ltering
reducesthe amount of available AVHRR pixels. To ¯ll thesedata gaps, the dataset has beensmoothed using a
25km £ 25km window.



Table 1. Statistical parameters of AOD retrievals from AVHRR compared to AER ONET data. Columns indicate the
max. time di®erencebetween the two measurements. `reg.' represents an average over a 25km £ 25km region while
`pnt.' represents only the pixel at the exact AER ONET location. `r 2 ' is the correlation coe±cient between AVHRR and
AER ONET data, `n' is the number of cloud-free data points and `¾' the standard deviation of the retrieval error.
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Figure 3. Aerosol optical depth retrieved from NOAA-16 AVHRR versusAER ONET measurements for the year 2002.
The maximum time di®erencebetween the two measurements is 45 minutes.



4. RESUL TS

A comparison of ground basedAERONET measurements with AVHRR retrievals includes a potential source
of uncertainty due to di®erent spatial and temporal scales.12 One would expect that the spatial scaleshould
be minor since full resolution AVHRR is used. This is not the casewhen comparing the smoothed dataset to
AERONET measurements. Choosing the most appropriate maximum time delay betweentwo measurements is
di±cult. Table 1 lists the correlation coe±cients, number of observations and standard deviations of the error
for di®erent maximum time slots. In general, the number of observations decreaseswith decreasingtime slots
but the correlation coe±cient and the standard deviation of the error in Table 1 do not necessarilyimprove.
Narrow time slots reduce the risk to include cloud contaminated data since the cloud masking from AVHRR is
much more di±cult and inaccurate than cloud masking from AERONET but outlying data points can not be
avoided in total (Fig. 3).

We concludefrom Table 1 that the maximum time di®erencebetweenthe AVHRR and AERONET retrievals
should not exceed45 minutes. A maximum time di®erenceof 10 or 15 minutes reducesthe number of measure-
ments to a too large extent. At 45 minute measureinterval, ¯v e out of sixteen stations reach the maximum
correlation coe±cient for the interpolated data.

The scatter plots of the AVHRR versus the AERONET measurements are shown in Fig. 3. This ¯gure
includesall cloud-freedata points averagedover an areaof 25km £ 25km. The number of data points plotted in
each chart varies substantially from station to station. The most obvious feature of Fig. 3 is the large amount
of scatter. The data is mainly distributed above the bisecting line and even shows at some stations a clear
lower limit (e.g. Avignon, ISDGM CNR, Ispra, Munich Maisach, Rome Tor Vergata). The averageintercept of
the linear ¯t is about 0.30 while the standard deviation of the error for all AVHRR-AER ONET data pairs is
about 0.18. The pixel-wise BRDF corrected surfacere°ectance includes not only dark pixels like the dark dense
vegetation method but instead the surfacere°ectance can exceedvalues of 10%. This a®ectsthe sensitivity to
changesin aerosoladversely. The lack of a distinct upper limit of AVHRR retrieved AOD values leads to the
conclusionthat the cloud masking was not always successful.

Nevertheless,most stations show a clear trend even when the correlation coe±cient remains rather low. This
is alsopartly causedby the fact that the AOD measuredat the AERONET stations exhibit only little variabilit y
(e.g. Gerlitzen, Munich University, Pic du Midi, Tarbes). Toulouseis the only station which shows no trend at
all. A closer investigation of the AERONET data reveals that the pixels which lie well below the bisecting line
also exhibit a very distinct Angstrom coe±cient comparedto the rest of the Toulousedata set.

5. DISCUSSION AND CONCLUSION

Fig. 2, Fig. 3 and Table 1 revealedsomeproblems which have varying in°uence on the retrieval of AOD from
AVHRR over heterogeneousland surfaces:

1. Instrumental errors like sensornoise,calibration, etc.
It is well known that the signal to noise ratio of the AVHRR sensoris rather low compared to the latest
spaceborne imaging radiometers. Also the calibration is more di±cult due to a missingin-°igh t calibration.
Ignatov and Stowe13 reported a 20% decreasein aerosoloptical depth over a sixteen month period over
the ocean. This decreaseis likely to be at least partly induced by a drift of the calibration.

2. Retrieval uncertainties
Retrieval uncertainties contain possible error sourcesduring the retrieval. This includes inaccuraciesof
the water vapor, ozoneand pressuredata as well as the selection of an appropriate aerosolmodel. The
exampleof Toulousein Fig. 3 illustrates the consequencesof such an application.

3. Cloud masking
Ignatov and Stowe13 state that \With little doubt, cloud screeningis of comparable (if not greater) im-
portance for accurate remote sensing than the aerosol retrieval algorithm itself." We can con¯rm this
statement with our data.



4. Surfacere°ectance
The useof a pixel-wise BRDF corrected surfacere°ectance seemsto be a feasibleway to retrieve aerosol
optical depth over land. Most former studies2 have been restricted to positive satellite zenith angles
(forward scattering) to limit the e®ectsof BRDF. This limitation is not necessarywhen using a pixel-wise
BRDF correctedsurfacere°ectance. Additionally , this method is not restricted to speci¯c land cover types
like the widely used AOD retrieval over dark densevegetation targets. However, the procedure needs
still some further adjustments. So far, the surface re°ectance still contains a signi¯cant aerosol signal
which should be minimized. This results in a lower AVHRR retrieved AOD compared to the AERONET
measurements.

According to Holben,4 the accuracy of AERONET measurements should be § 0:02. To compare AVHRR
and AERONET results, the AERONET data has been interpolated to the samewavelength as the AOD from
AVHRR. This might incorporate additional errors. Depending on the relative azimuth angle of the system
sun-satellite, it is also possiblethat the AERONET instrument and the AVHRR are estimating the AOD from
di®erent air masses.This error is gaining importance in the backward scattering direction.

Totaling the results of this study, we can conclude that aerosolretrieval over land using AVHRR is a chal-
lenging task but it is possibleto extract somevaluable results. When incorporating a pixel-wise BRDF corrected
surface re°ectance, the covered area can be extended compared to classical approaches. Also, restricting the
AVHRR data set to forward scattering look angles is obsolete. Direct comparison of AVHRR retrieved AOD
versusAERONET data yields a large amount of scatter but generally a clear trend is visible. In the future, we
hope to decreasescatter by re¯ning the cloud masking scheme. This should possessthe largest potential for a
further improvement of the retrieval accuracy.
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