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Abstract

The aim of the present study is to validate AOT (aerosol optical thickness) and
Angstrém exponent (a), obtained with the SAER (Satellite AErosol Retrieval) algo-
rithm for MODIS (MODerate resolution Imaging Spectroradiometer) Aqua and Terra
calibrated level 1 data (1 km horizontal resolution at ground) and MODIS Collection 5
(c005) standard product retrievals (10 km), against AERONET (AErosol RObotic NET-
work) observations over land surfaces in Europe. The three time periods investigated
in this study have been chosen to enable a validation of the algorithm for a maxi-
mal possible variation in sun elevations. For several of the cases analyzed here the
Aqua and Terra satellites passed the investigation area twice during a day. Thus, be-
side a variation in the sun elevation the satellite retrievals have also on a daily ba-
sis been performed with a significant variation in the satellite-viewing geometry. An
inter-comparison of the two algorithms has also been performed. The validation with
AERONET shows that the MODIS c005 retrieved AOT is, for the wavelengths 0.469
and 0.500 nm, on the whole within the expected uncertainty for one standard deviation
of the MODIS c005 retrievals over Europe (AAOT = £0.05+0.15A0T). The SAER es-
timated AOT for the wavelength 0.443 nm also agree reasonable well with AERONET.
Thus, the majority of the SAER AOT values are within the MODIS expected uncer-
tainty range, although somewhat larger root mean square deviation occurs compared to
the results obtained with the MODIS c005 algorithm. The discrepancy between SAER
and AERONET AQT is, however, substantially larger for the wavelength 488 nm, which
means that the values are to a large extent outside of the expected MODIS uncer-
tainty range. Both satellite retrieval algorithms are unable to estimate a accurately,
although the MODIS c005 algorithm performs better. Based on the inter-comparison of
the SAER and MODIS c005 algorithms it was found that the SAER is able to obtain re-
sults within the expected uncertainty range of MODIS for Aqua and Terra observations
during periods 1 and 3. The same was found for MODIS Aqua observations during
period 2 but only for AOT below 0.5.
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1 Introduction

Beside an increase in greenhouse gases human activities have lead to a perturbation
of the atmospheric content of aerosol particles (IPCC, 2007). Aerosols exhibit a high
spatial and temporal variability in the atmosphere. Therefore, studies on the effect of
aerosols on climate and measures for environmental control require an accurate iden-
tification of aerosol sources and distributions, their strength, and the released aerosol
type. Such information can be retrieved from space-borne observations. Several con-
temporary satellite-borne radiometers have produced data for aerosol investigations
during the last decade. To estimate the impact of aerosols on climate aerosol optical
thickness (AQOT) is a useful parameter, since it can be applied in radiative transfer cal-
culations and evaluation of the treatment of aerosols in regional and climate models.
However, since the radiance at the top-of-atmosphere (TOA) detected by the satellite
sensors are not only caused by aerosols in the atmosphere and has to be related to the
AQT the satellite retrievals are not a straightforward task. Therefore, beside develop-
ment of algorithms for satellite retrievals high priority should be given to validating the
corresponding results of aerosol optical properties against ground-based remote sens-
ing data. Results of remote sensing observations from different space-borne platforms
as well as with different sensors mounted on the same satellite need be evaluated.
In a recent paper, Mishchenko et al. (2010) have evaluated AOT, retrieved from data
obtained with the Multi-angle Imaging SpectroRadiometer (MISR, Kahn et al., 2005)
and MODerate resolution Imaging Spectroradiometer (MODIS, Remer et al., 2008),
against data obtained with ground-based sun photometers by the AErosol RObotic
NETwork (AERONET, Holben et al., 1998). MISR and MODIS are both mounted situ-
ated aboard the NASA Earth Observing System’s Terra spacecraft and scan the Earth’s
surface in a polar orbit. The agreement of ground- and satellite-based AOT presented
by Mishchenko et al., (2010) is far less favorable than what has been obtained in pre-
vious studies (e.g., Kahn et al., 2006, 2009; Liu et al., 2004; Remer et al., 2008). Kahn
et al. (2011) suggest that the reasons for these discrepancies can be explained to
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a large extend by the analysis approach applied by Mishchenko et al. (2010) that (in
comparison to the earlier studies) differs in (1) the treatment of outliers, (2) the applica-
tion of absolute versus relative criteria for testing agreement, and (3) the ways in which
seasonally varying spatial distributions of coincident retrievals are taken into account.
Kahn et al. (2011) furthermore criticize that Mishchenko et al. (2010) do not distinguish
between observational sampling differences and retrieval algorithm error.

As another point, the evaluation of satellite aerosol retrievals should also account for
the diversity of algorithms that are currently in use. Kokhanovsky et al. (2010) compare
several major aerosol retrieval algorithms by using a synthetic data set of TOA radiation
for a model atmosphere and under the assumption of a black surface. In this way,
the assumptions made in the different aerosol models that are incorporated in the
various algorithms could be investigated. One important conclusion of this study is
that accurate aerosol retrievals need to include more discrete aerosol models.

The aim of the present study is to validate AOT and the Angstrém exponent (a), ob-
tained with the somewhat modified Bremen Aerosol Retrieval (BAER) algorithm (von
Hoyningen-Huene et al., 2003, 2011), which will hereafter be referred to as Satellite
AErosol Retrieval (SAER), and MODIS collection 5 (c005) standard aerosol products
(Remer et al., 2008) against AERONET observations over land surfaces in Europe.
Findings of the SAER retrievals are furthermore compared to MODIS c005 for all Terra
and Aqua scenes included in this study. In previous studies BAER has been applied
to satellite data obtained by the Medium Resolution Imaging Sensor (MERIS), Sea-
viewing Wide Field Sensor (SeaWiFS) and MODIS (e.g., von Hoyningen-Huene et al.,
2006, 2011; Glantz et al., 2009a,b). The present algorithm is applied on calibrated level
1 data, which means that the column aerosol optical properties are estimated accord-
ing to a high spatial resolution (0.3—1 km) at ground. Hence, this algorithm has a good
development potential also to be used in urban air quality studies (Treffeisen et al.,
2007; Glantz et al., 2009a). Even so, Von Hoyningen-Huene et al. (2006) and Glantz
et al. (2009a) found that AOT retrieved with BEAR from MODIS Aqua and MERIS data
was lower than AERONET observations for high aerosol loading and approximately
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a factor of 2 higher for low aerosol loading. From an inter-comparison between BAER
MODIS Aqua and BAER MERIS Glantz et al. (2009a) also suggests a bias in AOT
for situations with differences in the elevation of the sun. The latter caused by a differ-
ence in the overpasses of the satellites with approximately 1 h. However, differences
in the viewing angle between the two satellite sensors could as well contribute to ob-
served discrepancy in AOT. Even so, by introducing a surface bi-directional reflectance
distribution function (BRDF) in combination with an air mass corrected reflectance
von Hoyningen-Huene et al. (2011) found a better agreement between MERIS and
AERONET. Note however that the MERIS scenes are associated with a relatively nar-
row swath width. Since the MODIS scenes are substantially broader means that the
present SAER algorithm has here been validated for situations with a larger variation
in the satellite viewing geometry compared to aerosol retrievals based on MERIS data.
The time periods investigated in this study have been chosen to enable a validation of
the algorithm for a maximal possible variation in sun elevations.

2 Data retrievals, data sources and methods
2.1 Satellite nadir viewing retrieval

The MODIS observations considered in this study were performed at various sun eleva-
tions. MODIS is a nadir-viewing instrument on a sun-synchronous near-polar orbit. The
instrument scans the Earth’s surface 90° left and right to the ground-track and produces
scenes with a swath width of 2330 km at ground. For comparison, MERIS scenes only
have a swath width of 1150 km. Consequently, beside the elevation of the sun MODIS
aerosol retrievals are also highly dependent on the viewing angle of the sensor, which
varies between 0° and ~ 65° (0° to ~ 40° for MERIS). Since MODIS produces rela-
tively broad satellite scenes two overpasses occurred over the AERONET stations for
some of the days investigated here. The local equatorial crossing time is approximately
10:30 a.m. (descending node) and 01:30 p.m. local time (ascending node) for Terra and
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Aqua, respectively. Hence, the sun-zenith/satellite-viewing geometry between the two
platforms is expected to differ on daily basis.

2.1.1 SAER algorithm

The SAER algorithm has been used to retrieve AOT from TOA radiances measured
with the nadir-viewing sensor MODIS over land surfaces. MODIS measures upwelling
or TOA radiance (/toa) @s well as the solar extraterrestrial irradiance (E,) at visible and
near infrared wavelengths. Normalization of /1o, to the solar illumination conditions for
each wavelength A results in the TOA-reflectance proa:

-/
0 - €0s(6y)

where 8, and 6, are the solar zenith and satellite viewing angles, respectively, and ®
is the azimuth angle.

The retrieval of AOT relies on the representation of oo, and solution of the radiative
transfer equation for the aerosol reflectance p,,, (Kaufman et al., 1997; von Hoyningen-
Huene et al., 2003, 2006):

Pper (4, 007 93, @) = PTOoA (4, 90’ Qs, P) - PToA (4, 90’ Qs: ®)
_ TRay(’l’ M(HO)) ’ TRay(’L M(Qs)) ’ 7-Aer(’l’ M(QO)) ’ TAer(’L M(Qs)) ’ ASun‘(’ls 90’ 95, (p)

1ASurf (’11 60’ 95, (P) . pHem(’l’ 00)

where pg,, is the path reflectance of the Rayleigh scattering. Tg,, and 7ye, both repre-
sent the total (direct and diffuse) and direct atmospheric transmission. M is the air mass
factor and pyer, is the hemispheric reflectance. Tg,, and pyer, are determined by pa-
rameterizations as derived from radiative transfer calculations (von Hoyningne-Huene
et al., 2006). For the determination of AOT, a surface reflectance Ag,s is estimated
based on a mixing model of green vegetation (oye4) and bare soil (0g;) spectra:

ASun‘(/l) =F- [CVeg 'pVeg(’l) + (1 - CVeg) : pSoiI] (3)
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0.858 pm) — 0.645um
Cueg = NDVI = Proal HM) = Proal pm) 4
P10A(0.858 Um) — P10A(0.645 pm)
where NDVI used as a proxy for the vegetation fraction and the scaling factor F for the
level of the surface reflectance determinate at 0.645 pm:

_ PT0A (0-645) - pRay (0-645)
Cveg . pveg (0645) + (1 - Cveg) . psoi|(0.645)

Similar to the work by von Hoyningen-Huene et al. (2011), an air-mass corrected
aerosol reflectance factor

0.5-M(zy) +1.5-M(z,)
Paerac = Pher M(ZO)O'5 ] M(Zs)1-5 (6)
has been introduced, although weighted in the present case to account for the larger
MODIS viewing angle compared to MERIS. This factor should be considered as pre-
liminary since it is still under investigation.

Finally, AOT is determined according to look-up-tables (LUTs) that describe the
relationship between aerosol reflectance and AOT. The LUTs were obtained by ra-
diative transfer calculations performed with aerosol phase functions measured during
the LACE-98 experiment (von Hoyningen-Huene et al., 2003) and a single scattering
albedo of 1. The latter parameter represents non-absorbing aerosols. The transmis-
sion parameters in Eq. (2) are dependent on AOT. In a first iteration AOT is calculated
based on Rayleigh transmissions only. Later in the process, the iteration converges
and stops when the difference between the AOT values used in the estimation of the
transmission parameter and the one obtained according to the LUT is lower than 0.01.
The Angstrém exponent

F

(5)

- (7)
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is calculated for the wavelength pair 443 and 665 nm (Angstrém, 1964). This parameter
is commonly used to characterize the wavelength dependence of AOT and to provide
some basic information on aerosol size (Eck et al., 1999).

A cloud screening approach has been included in the present work. First, a pixel is
interpreted as a thick cloud if prga > 0.2 (Kokhanovsky, 2006). Second, pixels having
a ratio of AOT (443 nm)/AOT (469 nm) < 1.08 between the blue channels are consid-
ered as thin clouds due to their significantly reduced Rayleigh scattering component.
Third, in order to exclude pixels associated with inhomogeneous clouds the variability
within a 3 x 3 pixel masque has been investigated. If the ratio between one standard
deviation and mean AQT (for values higher than 0.2) is lower than 0.1 the grid box is
assumed to be cloud-free. For mean AOT values equal or lower than 0.2 the threshold
of the ratio is higher and has been set to 0.3.

2.1.2 MODIS c005 algorithm

In the present study we use the MODIS c005 level 2 standard aerosol products for
retrievals over land surfaces with relatively low surface reflection (“dark target”). Data
has been taken from the NASA Goddard Space Flight Center's Atmosphere Archive
and Distribution System (http://ladsweb.nascom.nasa.gov). A detailed description of
the MODIS c005 algorithm can be found in Levy et al. (2010), although some features
of the method are described here. The MODIS algorithm uses two visible channels
(0.469 and 0.645 um) and one near infrared band (2.1 um). Note that a vegetated sur-
face is not “dark” at the green wavelength and therefore the MODIS visible channels
cannot be used directly. The near infrared band shows almost no absorption and scat-
ter from gases and aerosols, respectively, but is highly sensitive to surface reflection.
Based on the latter and that a consistent spectral relationship occurs over vegetated
land surface (Kaufman et al., 1997) the surface reflection at the wavelengths 0.469
and 0.645 um can be estimated. Wavelengths in other parts of the spectrum are used
to mask out non-dark-target conditions, such as deserts as well as snow and ice sur-
faces (Ackerman et al., 1998; Li et al., 2005). A single scattering albedo of 0.95 that
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represents weakly absorbing aerosols is used for the area investigated (Europe). The
MODIS level 2 aerosol product represents AOT on a 10 km grid. The spectral observa-
tions occur however according to a horizontal resolution of 500 m and are screened for
clouds (Gao et al., 2002; Martins et al., 2002). The pixels that remain in the 10 km box
are sorted according to their relative reflectance (at 0.66 um) and 20 % and 50 % of the
darkest and brightest pixels, respectively, are removed. This means that at most 120
pixels and at least 12 pixels (3 %) remain from the original 400. The remaining pixels
are averaged to one set of spectral reflectances that is used to retrieve aerosol prod-
ucts representing 10 x 10 km? boxes. The AOT for the wavelengths 459 and 645 nm
are used for the calculation of a according to Eq. (7).

2.1.3 Comparison of SAER and MODIS c005

A pixel by pixel comparison of the AOT retrieved with SAER and obtained by MODIS
c005 was performed in the framework of this study. For this, the findings obtained with
SAER were averaged to match the MODIS c005 resolution of 10 x 10 km?. After this,
the coefficient of determination (F?z), the average absolute deviation (AAD), and the
relative AAD were determined for collocated pixels of the satellite scenes by means of
a linear regression. The AAD and relative AAD are defined as

N

abs[x; — x]
AAD = RS A—
> @
i=1
and
relAAD = AAD 9)

[MODIS AOT + BAER AOT/2]
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where

x; = MODIS AOT, - SAERAOT,, i=1,..,N
1 N
X = N Z XI" (10)

The index / refers to collocated MODIS and SAER pixels with the total number N
of such pairs. Particularly when performing satellite retrievals of aerosol optical prop-
erties over land, large outliers are expected (Kahn et al., 2011). The AAD does not
weights larger outliers to the same degree as the root mean square deviation (RMSD)
and therefore this statistical approach seems more appropriate in the present compar-
ison of the two satellite algorithms. In the comparison between satellite retrievals and
AERONET observations however the RMSD has been calculated.

2.2 AOT from AERONET sun photometers

The satellite retrievals of AOT have been validated against AERONET level 2.0
(quality assured) data obtained at Belsk (51.84°N, 20.79°E), Cabauw (51.97°N,
4.93°E), Dunkerque (51.04°N, 2.37° E), Hamburg (53.57° N, 9.97°E), Ispra (45.80° N,
8.63°E), Karlsruhe (49.09° N, 8.43°E), Laegeren (47.48° N, 8.35° E), Leipzig (51.35° N,
12.44°E), Minsk (53.92°N, 27.60°E), Munich (48.15°N, 11.57°E), SMHI (Swedish
meteorology and hydrology institute, 58.58°N, 16.15°E), and Toravere (58.26°N,
26.46° E). The locations of these sites are shown in Fig. 1. Information about the Cimel
sun photometers operated at these sites can be found at http://aeronet.gsfc.nasa.gov.
AERONET data used for the present study include AOT at 440 and 500 nm as well
as a (440/675nm). These values were recorded every 15 min and automatically cloud
screened. AERONET derived estimates of spectral AOT are expected to be accurate
within £0.02 (e.g., Holben et al., 1998).

2372

AMTD
5, 2363-2393, 2012

Assessment of
diverse algorithms
applied on MODIS

Aqua and Terra data

P. Glantz and M. Tesche

Title Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/2363/2012/amtd-5-2363-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/2363/2012/amtd-5-2363-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://aeronet.gsfc.nasa.gov

10

15

20

25

3 Results of AOT over Europe

The satellite aerosol optical properties have been investigated over Europe for three
time periods; 1 to 10 May 2006 (period 1), 1 to 14 July 2006 (period 2) and 26 March
to 1 April 2007 (period 3). Periods 1 and 3 were both influenced by high pressure
systems, estimated by the European Centre for Medium-Range Weather Forecasts
(ECMWEF), with cores mainly located over Finland and Eastern Ukraine/Southern Rus-
sia, respectively. Such a weather situation favors the accumulation of aerosols from
local sources but also enables long-range transport of from the east. To get an im-
pression of the conditions during the periods under investigation Fig. 2 shows visible
composites from MODIS observations for days corresponding to the three periods.
The example days suggest that more clouds were present during period 2 compared
to periods 1 and 3. This is also valid when the full periods are considered (not shown).
Additionally, aerosols generated from agricultural fires in Ukraine and Russia highly in-
fluenced the investigation area in Europe during periods 1 and 3 (Stohl et al., 2007 and
Cook et al., 2008, respectively). Enhanced reflection of solar radiation by aerosols from
these sources is visible in the cloud-free areas in the right and left parts of Fig. 3a,c,
respectively.

3.1 Case study

Figure 3 shows 555-nm AOT retrieved with the SAER and MODIS c005 algorithms
for two MODIS Aqua overpasses over Europe at 10:45 and 12:20 UTC on 1 April
2007. The enhanced AOT values shown in Fig. 3a,b are caused by aerosols from
agricultural fires over Ukraine and Russia (Cook et al., 2008). The figures show that on
the whole good agreement occurs between the results obtained by the two algorithms,
particularly for areas associated with high aerosol loadings. The statistics shown in
Fig. 3a confirm this. For lower aerosol loadings however the figures show that relatively
large discrepancy in AOT occurs over some part of the investigation area; e.g. Southern
Sweden and west of the Gulf of Finland. The enhanced values over the latter area
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shown in Fig. 3a is probably influenced by clouds, which means that the SAER cloud
screening fail for these satellite pixels.

Furthermore, AOT at 532 nm estimated by CALIPSO (Cloud Aerosol Lidar and In-
frared Pathfinder Satellite Observations, Winker et al., 2003) according to four tracks
over Europe for 1 April 2007 is shown in Fig. 1. On the whole similar values as the ones
shown in Fig. 3a,b are obtained in areas associated both with high and low aerosol
loadings, with the exception for southeast where MODIS classified the area as cloudy
while CALIPSO estimate AOT values near 1. MODIS visible composite suggest that
clouds actually are formed in this area. Note that a comparison of AOT from CALIPSO
and MODIS should be considered as qualitative, since CALIPSO level 2 AQT is not in-
tended for scientific use. Based on profiles created by CALIPSO in the area near Belsk
extinction coefficient values of approximately 0.4 km™" within a more or less constant
layer from surface up to 2.3km (not shown) are obtained. This gives an AOT value
of about 0.9, which agree well with results obtained with the sun photometer at Belsk
during this day, represented by the highest AERONET values (> 0.8) at 500 nm shown
in Figs. 6e,f and 8e.f.

3.2 Validation against AERONET

For a comparison with AERONET data, findings from the two satellite retrievals were
averaged over at most 9 cloud-free pixels adjacent to and including the pixel that cor-
responds to a ground site. This means that the SAER and MODIS c005 retrievals were
averaged according to as largest an area of 10 and 100 km2, respectively. AERONET
measurements were averaged over a time period of 60 min centered with respect to the
satellite overpasses. Mean values for a comparison were only considered if the averag-
ing could be performed over at least two cloud-free satellite pixels and two AERONET
AOT measurements. An overview of the mean number of satellite pixels and AERONET
measurements included in comparison for the three time periods considered in this
study is provided by Table 1. Generally, the number of pixels averaged for the satellite
retrieval is close to the maximum number of 9. Slightly smaller values and a larger
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deviation are found for Aqua overpasses, which occur closer to noon than Terra over-
passes. Thus, the difference could in part be explained by an advanced mixing of the
planetary boundary layer, which results in increased cloud formation during the later
satellite overpasses. A comparison of MODIS visible composite pictures for the periods
investigated (not shown) generally shows higher cloud cover for overpasses of Aqua
compared to the ones of Terra.

3.2.1 MODIS c005 AOT and a

Figure 4 shows the result of the comparison of AQOT, as retrieved with the MODIS c005
algorithm at 469 nm and measured at the AERONET stations (Fig. 1) at 440 nm during
the present time periods. The comparison is separated according to MODIS measure-
ments aboard the Aqua and Terra satellites. On the whole the AOT values are within
the expected uncertainties of one standard deviation of the MODIS retrievals over land
(AAOT = +£0.05 £ 0.15A0T, Remer et al., 2008). The figure also shows that the largest
relative RMSD (relRMSD) occurs for period 2, which is associated with larger cloud
cover than the other two time periods. These findings confirm the high quality of the
results of the MODIS c005 retrieval over dark land surface that was also found by Re-
mer et al. (2008) for a global data set. Furthermore, high values of a as obtained from
AERONET measurements (color coded in Figs. 4a,c,e) suggest a dominance of sub-
micron aerosols over Europe during the periods investigated. However, Fig. 4 indicates
that poor agreements are found between MODIS c005 a (469/645) and AERONET
a (440/675), which is more clearly shown in Fig. 5, where comparisons of the abso-
lute values are presented. This is probably due to even small errors in AOT amplify
substantially in the calculation of a (Eq. 7).

The comparison presented in Fig. 4 was also performed for MODIS c005 and
AERONET AOT at 555 and 500 nm, respectively. Though the MODIS wavelength is
somewhat longer than the one belong to AERONET, the linear fits are very close to
the 1-to-1 line shown in Fig. 6 for MODIS Aqua, periods 1 and 2, and for MODIS Terra,
period 1.
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3.2.2 SAER AOT and a

A comparison comparable to the one presented in the previous section is shown
in Fig. 7 for AOT retrieved with SAER at 443nm and measured with AERONET at
440 nm. Although relatively good agreement is found generally larger relIRMSD values
are shown in the figures compared to the results obtained with the operational MODIS
algorithm. In addition, substantially lower and widespread values of a are obtained with
SAER compared to AERONET. A comparison was also performed for SAER retrievals
at 488 nm and AERONET measurements at 500 nm. Figure 8 shows that substantially
larger discrepancy in AOT was found for these wavelengths compared to the compar-
ison performed according to the blue wavelength. The larger deviation may mainly be
due to the surface reflection that is higher for longer wavelength within the solar spec-
trum (von Hoyningen-Huene et al., 2003), which means that the estimation of AOT with
the SAER approach is more sensitive here compared to the satellite retrievals at the
blue wavelength.

3.3 Inter-comparison between SAER and MODIS

Figure 9 shows an inter-comparison of 469-nm AOT as retrieved with SAER and the
operational MODIS c005 algorithm. To compile the figure, AOT derived with SAER was
averaged according to the MODIS pixel resolution of 10 x 10km? (Sect. 2.1.2). Rela-
tively good agreement is found between the two algorithms, although values of AOT
obtained with SAER are systematically lower than the ones obtained with the MODIS
algorithm for high aerosol loading. This can be seen particularly for Terra correspond-
ing to period 2 (Fig. 9d). For AOT smaller than 1, results obtained with the SAER algo-
rithm are well within the expected uncertainty of one standard deviation of the MODIS
retrieval for both Aqua and Terra corresponding to periods 1 and 3. The same good
agreement is also found for Aqua and period 2, but only for AOT values lower than
0.5. Part of the discrepancy that is obtained between SAER and MODIS c005 shown
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in Fig. 9 could indeed be due to clouds that are not screen out correctly by the former
algorithm (Sect. 3.1) for all satellite pixels that have been included in the present study.

3.4 Discussion

The inter-comparison of the findings of MODIS c005 and SAER retrievals and the val-
idation of these algorithms against AERONET measurements suggests that a small
part of the deviation found for high aerosol loadings may be due to a general over-
estimation of AOT by the operational MODIS algorithm. From the substantially larger
RMSD for the comparison of findings of the SAER retrieval with AERONET measure-
ments (Fig. 7) with respect to the one found for MODIS c005 and AERONET (Fig. 4),
however, it can be concluded that a major part of the discrepancy presented in Fig. 9
is probably caused by uncertainties in the SAER approach. For a better view on this
effect, Fig. 10a,b shows the comparison of the findings of the two algorithms for two
single Terra overpasses at 09:00 and 10:40 UTC, respectively, on 1 April 2007. Ar-
eas of high aerosol loadings appear near the edge (overpass at 09:00) and middle
(overpass at 10:40) of the satellite scenes for this day (not shown), simultaneously as
a difference in the elevation of the sun and even larger disparity in the viewing angle ap-
pear (Sect. 2.1). Thus, the treatment of the sun zenith satellite viewing geometry in the
SAER retrieval is most likely responsible for a major part of the discrepancy observed
in Figs. 9 and 10 for situations with high aerosol loading. Additionally, the larger devia-
tion that occurs between SAER and AERONET AOT at green wavelengths compared
to blue wavelengths may be explained by a higher sensitivity of the satellite retrievals
for lower wavelengths, particularly for low aerosol loadings. This is because the surface
reflection increases substantially for longer wavelength within the solar spectrum (von
Hoyningen-Huene et al., 2003). Poor agreement between SAER and AERONET was
found for a. Poor agreement was also found between values of a obtained from MODIS
c005 and AERONET, which is surprising since good agreement was found for the AOT
retrieved with the two platforms at blue and green wavelengths. This is then probably
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explained by uncertainties in the estimates of AOT at two different wavelengths that
substantially increase in the calculation of a according to Eq. (7).

4 Summary and conclusions

Findings of AOT and «a from satellite retrievals by the MODIS c005 and SAER algo-
rithms, applied to data collected from the MODIS Aqua and Terra sensors over Europe,
were inter-compared and validated against AERONET measurements for three periods
in spring and summer. For several of the cases analyzed here the Aqua and Terra satel-
lites passed the area investigated twice a day. Beside a variation in the sun elevation
between the two overpasses, the satellite retrievals were also applied to scenes with
a significant variation in the satellite-viewing geometry.

The validation with AERONET for sites in Central Europe shows that results of AOT
obtained with the MODIS c005 algorithm, for the wavelengths 469 and 555 nm, were
generally found to vary within the expected uncertainty for one standard deviation of
the MODIS retrievals (AAOT = £0.05 £ 0.15A0T). The AOT retrieved with the SAER
algorithm for the wavelength of 443 nm also agrees reasonable well with AERONET.
Thus the majority of the SAER values are also within the expected MODIS uncertainty
range, although somewhat larger RMSD occurs compared to the MODIS c005 algo-
rithm. The discrepancy between AOT derived with SAER at 488 nm and measured by
AERONET at 500 nm is however substantially larger, thus, the former values are to
a larger extent located outside of the expected MODIS uncertainty range. Both satel-
lite retrieval algorithms are unable to estimate a accurately, although the MODIS c005
algorithm performs better.

Based on the inter-comparison of the results of the SAER and MODIS c005 algo-
rithms it was found that SAER is able to obtain results within the expected uncertainty
range of MODIS for Aqua and Terra observations during periods 1 and 3 as long as
AOT does not exceed 1. The same was found for MODIS Aqua observations during
period 2 but only for AOT below 0.5. The present results suggest that the deviation that
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occurs between the two algorithms (i.e., values outside the MODIS expected uncer-
tainty range), is most likely caused by the treatment of the sun-satellite viewing geom-
etry in the SAER algorithm. The present study suggests that the air-mass correction
of the column reflectance introduced as a factor in Eq. (5) needs further investigation.
The same holds for the BRDF suggested by von Hoyningen-Huene et al. (2011), since
its introduction did not lead to any improvement of the findings of the aerosol retrievals
considered here. The present results suggest also that at least a small part of the dis-
crepancies that occur between the two algorithms are caused by the SAER method
used for the cloud screening.

It can be concluded from this study that satellite retrievals of AOT from MODIS mea-
surements over Central Europe, particularly when obtained with the MODIS c005 al-
gorithm, are of very high quality and thus can be used in the validation of regional
and climate models. Note that the satellite scenes considered here covered a variety
of aerosols from marine and continental sources in Europe but also from agricultural
fires in Russia and Ukraine. The latter events were associated with high aerosol load-
ings and AOT beyond 1, although probably with a single scattering albedo similar to
aerosols classified as clean. For the case study presented in Sect. 3.1, active remote
sensing observations performed with the CALIPSO lidar were also considered, though
not in terms of a detailed discussion. Such data can be used to gain information about
the vertical aerosol distribution (i.e., profiles of the aerosol extinction coefficient) and
are complementary to the column observations obtained with passive remote sensing.
Future studies can provide a much more detailed view of the observed aerosol situa-
tion by using a combination of passive (AOT, a) and active (vertical distribution) remote
sensing. Such comprehensive data sets furthermore provide a better foundation for the
validation of the treatment of aerosols in regional and climate models than is the case
when only using maps of column-integrated AOT.
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Table 1. Mean number and one standard deviation of satellite pixels and AERONET measure-

ments, used to obtain the mean AOT and a values for the validation of the satellite retrievals
with ground-based measurements for the three time periods considered in this study.
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Fig. 1. Location of the AERONET stations used in the present study. The colored dots represent
AOT at 532nm as obtained from CALIPSO measurements during day and night tracks on 1

April 2007.
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Fig. 3. Aqua satellite scenes of AOT at 555 nm over land and ocean surfaces in Europe for
two overpasses at 10:45 and 12:20 UTC on 1 April 2007 obtained with (a) the SAER algorithm
and (b) the MODIS c005 algorithm. Text at the right bottom in (a) gives the expression for the

linear regression curve, R?, AAD, relative AAD, and the number of collocations (N) of the linear
regression between the results of the two algorithms for a pixel-by-pixel comparison.
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Fig. 4. Comparison between MODIS c005 and AERONET AOT at 469 and 440 nm, respec-
tively, for Aqua (left column) and Terra (right column), and period 1 (top), 2 (middle) and 3
(bottom). The color code refers to a as obtained with AERONET and MODIS for the wave-
length pairs 440/675nm and 469/645nm, respectively. The solid, dashed, and dotted lines
represent linear fits of the AOT values (with bins of 0.05), expected uncertainties for one stan-
dard deviation of the MODIS c005 aerosol retrievals, and the 1-to-1 line, respectively. Text at
the top describes the expression for the linear regression curve, coefficient of determination
(Rz), root mean square deviation (RMSD) and relative RMSD.
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Fig. 5. Same as Fig. 4 but for a comparison of MODIS c005 and AERONET a for the wavelength
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pairs 469/645 and 440/675 nm, respectively.
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Fig. 6. Same as Fig. 4 but for a comparison of MODIS c005 and AERONET AQOT at 555 and

500 nm, respectively.
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500 nm, respectively.
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Fig. 9. Pixel-by-pixel (10 km) comparison of SAER and MODIS c005 AOT over land surfaces
in Europe. Black dots and error bars denote mean AOT values in intervals of 0.05 and the
corresponding one standard deviation, respectively. The solid black, and the dashed and dotted
grey lines represent linear fits, expected uncertainties for one standard deviation of the MODIS
c005 aerosol retrievals, and 1-to-1 line, respectively.
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Fig. 10. Same as Fig. 9 but only for two Terra overpasses over Europe on 1 April 2007, at (a)
09:00 UTC and (b) 10:40 UTC.
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