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Abstract. Atmospheric particulates are a significant forc-
ing agent for the radiative energy budget of the Earth—
atmosphere system. The particulates’ interaction with radi-
ation, which defines their climate effect, is strongly depen-
dent on their optical properties. In the present work, we study
one of the most important optical properties of aerosols, the
asymmetry parameter (gaer), Over sea surfaces of the region
comprising North Africa, the Arabian Peninsula, Europe, and
the Mediterranean Basin. These areas are of great interest,
because of the variety of aerosol types they host, both an-
thropogenic and natural. Using satellite data from the collec-
tion 051 of MODIS (Moderate Resolution Imaging Spectro-
radiometer, Terra and Aqua), we investigate the spatiotem-
poral characteristics of the asymmetry parameter. We gen-
erally find significant spatial variability, with larger values
over regions dominated by larger size particles, e.g., outside
the Atlantic coasts of northwestern Africa, where desert-dust
outflow takes place. The gqer Values tend to decrease with
increasing wavelength, especially over areas dominated by
small particulates. The intra-annual variability is found to be
small in desert-dust areas, with maximum values during sum-
mer, while in all other areas larger values are reported dur-
ing the cold season and smaller during the warm. Significant
intra-annual and inter-annual variability is observed around
the Black Sea. However, the inter-annual trends of gaer are
found to be generally small.

Although satellite data have the advantage of broad ge-
ographical coverage, they have to be validated against reli-
able surface measurements. Therefore, we compare satellite-

measured values with gaer Values measured at 69 stations of
the global surface AERONET (Aerosol Robotic Network),
located within our region of interest. This way, we provide
some insight on the quality and reliability of MODIS data.
We report generally better agreement at the wavelength of
860 nm (correlation coefficient R up to 0.47), while at all
wavelengths the results of the comparison were better for
spring and summer.

1 Introduction

Atmospheric aerosol particles interact with radiation, mainly
the short wave (SW or solar) part of the spectrum, modify-
ing the energy budget of the Earth—-atmosphere system. The
aerosol effect is either direct (through the scattering and ab-
sorption of solar radiation), thus reducing the incoming solar
radiation flux at the surface, indirect (through the modifica-
tion of cloud properties), or semi-direct (due to the absorp-
tion of solar radiation and consequent modification of the at-
mospheric temperature profile, convection, and cloud prop-
erties) (e.g., Grall, 1979; Hansen et al., 1997; Lohmann and
Feichter, 2005).

The interaction of particles with the solar flux, which de-
fines their climate role, strongly depends on their optical
properties (Hatzianastassiou et al., 2004, 2007), which can-
not be covered globally by surface in situ measurements. Be-
sides the aerosol optical depth (AOD), one of the most impor-
tant optical properties of atmospheric particles, which is used
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in radiative transfer, climate, and general circulation models,
is the asymmetry parameter (gaer). The asymmetry parameter
describes the angular distribution of the scattered radiation
and determines whether the particles scatter radiation prefer-
entially to the front or back. The globally available satellite-
based AOD data are considered to a great extent as reliable
and adequate, due to significant developments in surface and
satellite measurements during the last 2 decades, and partic-
ularly the arrival of MODIS in 2000, which is regarded as
one of the most reliable data sets (Bréon et al., 2011; Nabat
et al., 2013). On the other hand, despite the important role of
the asymmetry parameter, relevant global coverage data are
measured only for the few last years, or are available in long-
term aerosol climatologies such as the Global Aerosol Data
Set (GADS, Koepke et al., 1997) and Max Planck Aerosol
Climatology (MAC, Kinne et al., 2013). Even so, asymmetry
parameter data are usually examined for regions with lim-
ited geographical extent and temporal coverage (Di lorio et
al., 2003), without intercomparison between alternative data
platforms.

The goal of the present work is the study of the spatiotem-
poral distribution of the aerosol asymmetry parameter, us-
ing the most recent data from MODIS (Moderate Resolu-
tion Imaging Spectroradiometer, collection 051). Emphasis
is given to the comparison between the provided MODIS
data and respective reliable surface measurements of the
global AERONET, in order to gain insight on the quality of
the former.

For this study we focus on the region defined by lati-
tudes 5 to 70° N and longitudes 25° W to 60° E, including
North Africa, the Arabian Peninsula, Europe, and the greater
Mediterranean Basin (Fig. 1). This area is selected because
it is of particular scientific interest due to the simultane-
ous presence of a variety of particles, both natural and an-
thropogenic (e.g., desert dust, marine, biomass burning, an-
thropogenic urban/industrial pollution) as shown in previous
studies (Lelieveld et al., 2002; Smirnov et al., 2002b; Sciare
et al., 2003; Pace et al., 2006; Lyamani et al., 2006; Gera-
sopoulos et al., 2006; Engelstaedter et al., 2006; Satheesh
et al., 2006; Kalivitis et al., 2007; Rahul et al., 2008; Kala-
pureddy et al., 2009; Alonso-Pérez et al., 2012; Zuluaga et
al., 2012; Kischa et al., 2014) which makes this area ideal
for aerosol studies. The presence of a variety of aerosols in
the area is due to the fact that two of the largest deserts of
the planet are partly included in our area of interest, i.e., the
Avrabian desert and the Sahara, while one finds also signifi-
cant sources of anthropogenic pollution from urban and in-
dustrial centers, mainly in the European continent. Moreover,
our area of interest and primarily its desert areas are charac-
terized by a large aerosol load (large optical depth, Remer
et al., 2008; Ginoux et al., 2012). In addition, significant re-
gions in this area, more specifically the Mediterranean Basin
and North Africa, are considered climatically sensitive, since
they are threatened by desertification (IPCC, 2007, 2013). Fi-
nally, one more reason for the selection of study area is that
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Figure 1. The study region (5-70° N, 25° W-60° E) and the loca-
tion of 69 AERONET stations used for validation of MODIS satel-
lite aerosol asymmetry parameter (gaer) data. Solid red circles de-
note stations located in Europe and hollow red circles are stations
in Africa, the Middle East and the Arabian Peninsula. Also shown
are seven sub-regions selected for studying the seasonal variation of
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the present study complements previous ones made by our
team (e.g., Papadimas et al., 2008, 2012; Hatzianastassiou
et al., 2009), analyzing other key aerosol optical properties,
namely AOD for the same region. This is the first study (to
our knowledge) that focuses on asymmetry parameter over a
geographically extended area, while at the same time com-
pares satellite with ground-station data.

2 Data

Before presenting the data used in this study, a short intro-
duction of the parameter studied is given here for readers
more or less unfamiliar with it. The asymmetry parameter
(or factor) is defined by

1
D 1
gz%zz/P(cosG))cos@dcos@, 1
21

where P is the phase function, which represents the angu-
lar distribution of the scattered energy as a function of the
scattering angle ® and it is defined for molecules, cloud par-
ticles, and aerosols. The phase function can be expressed us-
ing the Legendre polynomials «; (see Liou, 2002) and @3 in
Eg. (1) stands for [ = 1. The asymmetry parameter is the first
moment of the phase function, and it is an important param-
eter in radiative transfer. For isotropic scattering, g equals
zero, which is the case for Rayleigh molecular scattering.
The asymmetry parameter increases as the diffraction peak
of the phase function sharpens. For Lorenz-Mie type parti-
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cles, namely for aerosols and cloud droplets, the asymmetry
parameter takes positive values denoting a relative strength of
forward scattering, with values increasing with particle size.
It can also take negative values if the phase function peaks
in backward directions (90-180°). The phase function and
its simple expression, the asymmetry parameter, along with
the extinction coefficient (or equivalently the optical depth)
and the single scattering albedo, constitute the fundamental
parameters that drive the transfer of diffuse intensity (Joseph
et al., 1976) and are used in modeling. Hence, the impor-
tance of aerosol asymmetry parameter is easily understood
for enabling computations of aerosol radiative properties and
effects (e.g., forcings).

In this work, we use MODIS aerosol asymmetry parameter
(gaer) data, which we compare with in situ measurements at
AERONET stations. We provide a detailed description of the
utilized data in the following sections.

2.1 Satellite MODIS Terra and Aqua data

MODIS is an instrument (radiometer) placed on the polar-
orbiting satellites of NASA (National Aeronautics and Space
Administration) Terra and Aqua, 705km from the Earth, in
the framework of the Earth Observing System (EOS) pro-
gram. Terra was launched on 18 December 1999, while Aqua
was launched on 4 May 2002. The two satellites are moving
on opposite directions, and their equatorial crossing times are
at 10:30 (Terra) and 13:30 (Aqua). MODIS is recording data
in 36 spectral channels between the visible and the thermal
infrared (0.44-15 um), while its swath width is of the order
of 2330 km, which results in almost full planetary coverage
on a daily basis.

Aerosol properties are monitored in seven spectral chan-
nels between 0.47 and 2.13 um and final results are derived
through algorithms developed for aerosol quantities both
over land and ocean (Kaufman et al., 1997; Tanré et al.,
1997; Ichoku et al., 2002; Remer et al., 2005). MODIS data
are organized in “collections” and “levels”. Collections com-
prise data produced by similar versions of the inversion algo-
rithms, with the recent collection “051” including also out-
puts from the “Deep Blue” algorithm. Levels are character-
ized by data of different quality analysis and spatial resolu-
tion.

In this study we use daily MODIS data for the asymme-
try parameter (gaer) provided on an 1° x 1° grid (namely
100 km x 100 km), from Collection 051, Level 3. These data
were measured at wavelengths 470, 660, and 860 nm, only
over oceanic regions, since they were derived through the al-
gorithm “Dark Target” over ocean. These wavelengths were
selected in order to match as much as possible those of
the available corresponding AERONET gaer product (see
Sect. 2.2). The period of analysis stretches from 24 Febru-
ary 2000 to 22 September 2010 for MODIS-Terra and from
4 July 2002 to 18 September 2010 for MODIS-Aqua.
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The MODIS CO051 gger data are a derived product of the
MODIS algorithm over ocean. This MODIS algorithm (http:
//modis.gsfc.nasa.gov/data/atbd/atbd_mod02.pdf, Remer et
al., 2006) retrieves as primary products the AOD at 550 nm,
the fine-(mode) weighting (FW, also known as fraction of
fine-mode aerosol type, FMF) and the Fine (f) and Coarse (c)
modes used in the retrieval, along with the fitting error (¢) of
the simulated spectral reflectance. The algorithm reports ad-
ditional derived parameters, such as the effective radius (re)
of the combined size distribution, the spectral total, fine and
coarse AODs or the columnar aerosol mass concentration.
Among them, gaer is also derived and reported at seven wave-
lengths: 470, 550, 660, 860, 1200, 1600 and 2120 nm. The
derived parameters are calculated (Levy et al., 2013) from
information contained within the look-up table (LUT) and/or
other retrieved products. For example, knowing the resulting
total AOD and FMF, and which aerosol types were selected
(or assumed), one can go back to the LUT, and recover ad-
ditional information about the retrieved aerosol, such as the
gaer- Hence, it should be noted that the derived gaer product is
dependent on the used aerosol models (modes), since the al-
gorithm is based on an LUT approach, assuming that one fine
and one coarse lognormal aerosol modes can be combined
with appropriate weightings to represent the ambient aerosol
properties over the target (spectral reflectance from the LUT
is compared with MODIS-measured spectral reflectance to
find the “best” — least squares — fit, which is the solution
to the inversion). In the C051 algorithm there are four fine
modes and five coarse modes, for which the spectral (at the
aforementioned seven wavelengths) aerosol asymmetry pa-
rameter values are given in Remer et al. (2006).

We also used Level 3 daily Angstrém exponent data from
MODIS-Aqua C051, and also spectral aerosol optical depth
data from MODIS-Aqua C006 data sets, from which we
computed C006 Angstrém exponent. These data were used
to assess the validity of gaer data and their temporal tenden-
cies, as discussed in Sect. 3.2.3.

2.2 Ground-based AERONET data

AERONET (Aerosol Robotic Network) is a global net-
work of stations focused on the study of aerosol proper-
ties. AERONET currently encompasses about 970 surface
stations (number continuously evolving) equipped with sun
photometers of type CIMEL Electronique 318 A (Holben et
al., 1998), which take spectral radiation flux measurements.

The optical properties of aerosols are extracted through
the application of inversion algorithms (Dubovik and King,
2000). Data are provided on three levels (1.0, 1.5, and 2).
In the present work, we use the most reliable cloud-screened
and quality-assured Level 2 data. AERONET calculates the
asymmetry parameter at wavelengths 440, 675, 870, and
1020 nm. We employ daily Level 2 asymmetry parameter
data from 69 stations (Fig. 1) contained in our study area
(North Africa, the Arabian Peninsula, Europe). We choose
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only coastal stations in order to maximize the coexistence of
satellite marine gaer data with surface data. Also, in order to
compare corresponding data between the satellite and station
platforms, we perform comparisons only for 440, 675, and
870 nm.

3 Satellite-based results
3.1 Geographical distributions

The spatial distribution of annual mean values of gaer is
given in Fig. 2 separately at the wavelengths 470, 660 and
860 nm. The values are averages over the common period be-
tween Terra and Aqua, hamely 4 July 2002 until 18 Septem-
ber 2010. A significant spatial variability is evident, with
MODIS-Terra values varying within the ranges 0.63-0.76,
0.57-0.75, and 0.55-0.74, at 470, 660 and 860 nm, respec-
tively. The results exhibit a decreasing tendency of gaer
with increasing wavelength, consistent with the theory. Sim-
ilar results are also obtained from MODIS-Aqua, but with
slightly smaller values than Terra by up to 0.02 on average.
More specifically, the corresponding ranges of wavelengths
are 0.63-0.75, 0.57-0.73, and 0.55-0.73. The smaller Aqua
than Terra gaer Values could be attributed to smaller sizes of
aerosols in midday than morning, corresponding to passages
of Aqua and Terra, respectively, associated with lower rel-
ative humidity values and shrinking of aerosol particles. It
should be reminded that the ability of atmospheric aerosol to
absorb water affects the particle size (hygroscopic growth),
as described by Kohler theory in the early 20th century. It
is also well known that relative humidity significantly af-
fects aerosol optical properties (e.g., Pilinis et al., 1996; Kon-
dratyev, 1999), namely AOD, single scattering albedo and
gaer, by modifying the aerosol liquid water content, size and
hence extinction coefficient and refractive indices.

In general, the largest gaer Values (deep red colors) are
observed off the coasts of West Africa (eastern tropical At-
lantic Ocean) at all three wavelengths. High values are also
found over the Red and Arabian seas. These high values
are due to strong dust outflows from the Saharan and Ara-
bian deserts carrying out coarse aerosol particles (Prospero
et al., 2002; Alonso-Pérez et al., 2012; Miller et al., 2008)
and causing strong forward scattering. Nevertheless, the Per-
sian Gulf region, which is surrounded by deserts, is charac-
terized by relatively smaller gaer values. More specifically,
values as small as 0.69 (MODIS-Terra) and 0.67 (MODIS-
Aqua) are observed in this region at 470 nm, while at the
longer wavelengths (660, 860 nm) the smallest values are
equal to 0.66 (Terra) and 0.64 (Aqua). The smaller gzer val-
ues over the Persian Gulf can be attributed to the presence
of fine aerosols, which is corroborated by the low effective
radius and large fine-fraction measurements by MODIS over
the Persian Gulf, compared to neighboring areas (not shown
here). These fine particles originate from the industrial ac-
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Figure 2. Geographical distribution of MODIS-Terra (-a, left col-
umn) and MODIS-Aqua (-b, right column) gaer values averaged
over 2002-2010, at the wavelengths of 470 nm (i-, top row), 660 nm
(ii-, middle row) and 860 nm (iii-, bottom row).

tivities in the Gulf countries related to oilfields or refineries
(Goloub and Arino, 2000; Smirnov et al., 2002a, b; Dubovik
et al., 2002).

The high gaer Values over the northeastern tropical Atlantic
Ocean as well as west of the Iberian coasts are possibly re-
lated with the presence of coarse sea salt particles. On the
other hand, the asymmetry parameter takes clearly smaller
values over the Black Sea, where according to MODIS-Terra,
values vary between 0.63 and 0.7 at 470 nm, 0.57 and 0.67
at 660 nm, and 0.55 and 0.66 at 860 nm, with the smallest
values appearing over the Crimean Peninsula (correspond-
ing maximum Aqua values are smaller by 0.02). The small
Black Sea gqaer Values can be associated with industrial activ-
ities as well as biomass burning activities in nearby countries.
A region of special interest is the Mediterranean Basin since
it hosts a large variety of aerosols like anthropogenic, desert
dust or sea salt (e.g., Barnaba and Gobbi, 2004). The MODIS
results over this region show relatively small gaer Values, sec-
ondary to those of the Black Sea, characterized by an in-
crease from north to south, which is more evident at 660 and
860 nm. More specifically, based on MODIS-Terra, gaer OVer
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the Mediterranean takes values from 0.68 to 0.74 at 470 nm,
while at 670 and 860nm it ranges from 0.64 to 0.73 and
0.62 to 0.72, respectively. According to MODIS-Aqua the
gaer Values are slightly smaller again. The observed low val-
ues in the northern parts of the Mediterranean are probably
associated with the presence of fine anthropogenic aerosols
transported from adjacent urban and industrial areas in the
north, especially in central Europe. In contrast, the higher
gaer Values in the southern Mediterranean, particularly near
the North African coasts, can be explained by the proximity
to the Sahara desert and the frequent transport of significant
amounts of coarse dust (e.g., Kalivitis et al., 2007; Hatzianas-
tassiou et al., 2009; Gkikas et al., 2009, 2011, 2014).

The spatial distributions of climatological monthly mean
gaer Values from MODIS-Aqua at 470 nm reveal significant
differences in the range and the patterns of the seasonal vari-
ability, depending on the area (Fig. 3). Thus, in tropical and
sub-tropical areas of the Atlantic Ocean (up to about 30° N),
where dust is exported from the Sahara, gaer keeps high val-
ues throughout the year, which reach or even exceed 0.74 lo-
cally. Over the regions of Arabian and Red seas and the Gulf
of Aden, which also experience desert dust transport, larger
gaer Values appear in the period from March to September,
with a maximum in August (locally as high as 0.75-0.76).
This seasonal behavior is in line with intra-annual changes
of dust production over the Arabian Peninsula indicated by
MODIS Angstrém exponent (AE) and Deep Blue aerosol op-
tical depth data (Ginoux et al., 2012), as well as over south-
west Asia through in situ data (Rashki et al., 2012), aerosol
index from various platforms and MODIS Deep Blue AOD
data (Rashki et al., 2014). Indeed, the production of dust
there is relatively poor in winter, increases in March and
April and becomes maximum in June and July (Prospero
et al., 2002). Over the Arabian Sea, it is known that large
amounts of desert dust are carried out during spring and early
summer (Prospero et al., 2002; Savoie et al., 1987; Tindale
and Pease, 1999; Satheesh et al., 1999). Nevertheless, ac-
cording to MODIS, the seasonal variability of gaer remains
relatively small there in line with a small seasonal variabil-
ity in MODIS Deep Blue AE data (results of our analysis,
not shown here). This can be explained by the presence of
sea salt coarse particles throughout the year, with which dust
particles co-exist.

A greater seasonal variability exists over the Persian Gulf,
where gaer Values are higher during spring and in particular
in summer (up to 0.74 at 470 nm according to Aqua), and
lower in autumn and winter (area-minimum values smaller
than 0.65). This seasonal behavior can be explained taking
into account the meteorological conditions over the greater
area of the Gulf; mainly in spring and summer, dry north-
western winds (Shamal) blow, carrying desert dust from the
arid areas of Irag (Smirnov et al., 2002a, b; Kutiel and Fur-
man, 2003). The transport of dust is gradually decreased in
autumn and reaches its minimum in winter. When the pres-
ence of desert dust is limited, a significant fraction of total
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Figure 3. Month by month variation of MODIS-Aqua gaer Values
at 470 nm averaged over the period 2002-2010.

aerosol load in the region consists of fine anthropogenic par-
ticles (Smirnov et al., 2002a, b), which can explain the ob-
served relatively small gzer values in autumn and winter.

In the Mediterranean Basin, gaer €xhibits a relatively small
seasonal variation, with lower values tending to appear in
summer, in line with the presence of fine anthropogenic or
biomass burning aerosols in the area, transported from the
Balkans or central Europe (Hatzianastassiou et al., 2009).
On the contrary, over the Black Sea, a clear seasonal cycle
is apparent, with higher values in the cold period of the year
and smaller in the warm one. More specifically, according
to MODIS-Aqua, the values at 470 nm drop down to 0.61
in summer months whereas they reach 0.7 in January and
December. This seasonality is in agreement with the sum-
mer biomass burning from agricultural activities and wild-
fires (Barnaba et al., 2011; Bovchaliuk et al., 2013), and the
resulting abundance of fine particles.

It is also interesting to look at the geographical distribu-
tion of monthly gaer Values in latitudes higher than 50° N, for
which annual mean values were not given in Fig. 2 because
of unavailability of data for all months. Off-shore northern
France (English Channel) and Germany the asymmetry pa-
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rameter has small seasonally constant values (note that data
do not exist for January and February). In these areas, the
aerosol load consists mainly of anthropogenic polluted parti-
cles, which explains the small gaer values.

In the Baltic Sea (values available from March to Octo-
ber) gaer Shows a significant spatial and temporal variability.
More specifically, it is small during summer, whereas it in-
creases, locally up to more than 0.7, in March and October.
The smaller summer values can be explained by the pres-
ence of fine aerosols in the Baltic Sea originating from forest
fires in Europe and Russia (Zdun et al., 2011). On the con-
trary, in autumn the local aerosol loading consists largely of
coarse marine aerosols. It is also important to note that the
Baltic Sea hosts significant amounts of anthropogenic indus-
trial and urban aerosols throughout the year, but especially in
summer (Zdun et al., 2011).

In the higher latitudes of Atlantic Ocean, where the pres-
ence of maritime aerosols is dominant, we note a remarkable
month by month variation of asymmetry parameter, with low
values in summer (values up to 0.59) against high values (up
to 0.75-0.77) in spring (March, April) and autumn (October).
This difference is possibly explained by the seasonal vari-
ability of aerosol size in the northern Atlantic. Apart from
the presence of coarse sea salt throughout the year, in spring
and summer small particles are formed through photochem-
ical reactions of dimethylsulfide (DMS) emitted by phyto-
plankton decreasing the aerosol size. Moreover during sum-
mer fine anthropogenic aerosols are transported in the region
from North America (Yu, 2003; Chubarova, 2009). These re-
sult in lower gaer Values between May and August.

Based on MODIS-Terra, the patterns of spatial distribu-
tion are generally the same with Aqua, with slightly larger
gaer Values. At larger wavelengths (660, 860 nm) a decrease
of gaer is Observed, especially for its smallest values. Fur-
ther details and an overall picture are given in Sect. 3.2.1
which deals with climatological monthly mean values not at
the pixel but at the regional level.

3.2 Temporal variability
3.2.1 Seasonal variability

In order to provide an easier assessment of the seasonal cy-
cle of aerosol asymmetry parameter and its changes from one
region to another, but also among the different wavelengths
(470, 660 and 860 nm), the study region was divided into
seven smaller sub-regions (see Fig. 1). The average values of
monthly mean climatological (2002-2010) data of the pix-
els found within each sub-region’s geographical limits have
been computed and are given in Fig. 4, for every wavelength,
both for Terra and Aqua. It appears that the seasonal cycle
differs between the sub-regions, as it has already been shown
in the geographical map distributions discussed in the previ-
ous section.
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At 470 nm (Fig. 4i), the intra-annual variability of gaer is
greater over the Black Sea, where it is as large as 0.06 accord-
ing to MODIS-Terra and 0.05 according to MODIS-Aqua,
the northeastern Atlantic Ocean (0.04 and 0.05 for Terra and
Aqua, respectively) and the seas of northern Europe (0.05 for
both Terra and Aqua). In these regions, there is a tendency
for smaller values during summer. More specifically, in the
Black Sea the smallest gger Value (0.64) is observed in June,
over the seas of northern Europe in July and over the north-
eastern Atlantic Ocean in August. In these regions, the largest
values appear in the cold period of the year. Reverse season-
ality with a large seasonal amplitude is observed over the Per-
sian Gulf, where the variability is as large as 0.08, according
to both MODIS-Terra and MODIS-Aqua. The seasonal cycle
of gaer OVer the Middle East exhibits a smaller range of vari-
ability (0.02 for MODIS-Terra and 0.03 for Aqua), with max-
imum values in summer and minimum in winter. In the other
two sub-regions (Mediterranean and eastern Atlantic Ocean)
the annual range of values is small (<0.02). It is noteworthy
that in the Mediterranean Sea, there is a weak tendency of ap-
pearance of double maxima in winter and spring. The spring
maximum should be associated with the presence of desert
dust particles, which are transported from Sahara, mainly in
the eastern Mediterranean in this season (e.g., Fotiadi et al.,
2006; Kalivitis et al., 2007; Papadimas et al., 2008, Gkikas et
al., 2009, 2013; Hatzianastassiou et al., 2009). There is also
a similar transport of Saharan dust in the central and west-
ern Mediterranean during summer and autumn (e.g., Gkikas
et al., 2009, 2013), but then the predominance is not so clear
because of the co-existence of fine anthropogenic aerosols.
Regardless of the annual cycle, smaller gaqr Values are clearly
distinguished over the Black Sea and northern European seas
throughout the whole year.

At 660 nm, the gaer Values are lower than at 470 nm, in
particular over the Black Sea, northern Europe and the north-
eastern Atlantic, whereas the intra-annual variability (range
of gaer Values) increases up to 0.10 (Terra) and 0.08 (Aqua)
over the Black Sea. This increase is mainly attributed to the
reduction of summer values due to the strong appearance of
fine aerosols in this season. Also, at 660 nm, there is a clearer
double annual variation of gaer Over the Mediterranean Sea
than at 470 nm. At 860 nm the general picture is similar to
that of 660 nm though a further increase of month by month
variability is noticeable.

In general, our results indicate that over the regions char-
acterized by a strong presence of desert dust particles (east-
ern Atlantic and the Middle East and the Mediterranean Sea)
the annual range of variability of gaer is smaller than in
the other regions. An additional feature above regions with
desert dust is the smaller decrease of gaer Values with increas-
ing wavelengths. This is attributed to the lower gaer Spec-
tral dependence of coarse compared to fine particles (e.g.,
Dubovik et al., 2002; Jianrong et al., 2011).

www.atmos-chem-phys.net/15/13113/2015/



M. B. Korras-Carraca et al.:

MODIS aerosol asymmetry parameter over Mediterranean and the Middle East

0.76 - N 7] 0.76
1. a—A 7Y “
0.74 S | - 2 0744 <« A 4=
+—o73 & o S o «
0.72 ey 0724 & “«~ 5 v e
w979 v . . R R e SR S S Al
= 070 = = 070 S
] S— - w ¥ .
5 0.68] " vt E 068 h S =
,» ——a— Z
Ed 0.66 - v g 0.66 4 e e
> 0.64-] L > 0.64-] —"
5 3
& 0627 & 062]
£ o060 £ o060
& 0.58 & 058
< <
0.56 0.56 ]
0.54 T T T 0.54 T T T T T T T T T T T
FESEF T L LS E FESES T E LSS
(i-a) (i-b)
0.76 0.76 -
0743~ i A—A—iy 7 0.74
072] ot S 072l * a—f—t—e—tra A
g e et PSS :
& oo e et o] 4 e e
S o068 = v e b il p = 0.8 L
4 ] = ol P4 ] “— .
g ose — — g oss] < .
S 064 LS > 0.64] - v -
E 7 3 S e
& 0621 : & 0.62] - o
£ o060 S/ £ 0.0 -
s W 4 \
% 0.58] & 0.58 .
3 058 3 058
0.56 ] 0.56
0.54 T L o T 0.54 I e e I AL N o o e e L
SR LERA S OR 9 PR ERAF LR AP
)\»Q@“v‘,g‘,y,oy‘p,,@oo‘po@ y&‘,\»g‘g)\),oo.;oooeoob
(ii-a) (ii-b)
0.76 0.76
074] g P . =t 0.74 y
« =
orz] o 27 z B 0.72] « a T =
© <, v N A © ol hd
E 0.70 + N o E 0.70 N 1 3
w /Y - w bs - / o
So,sm L v sy A Eo.ea. o=t W7D
- w B S ¢ .
% 066 % 066 . -’ -
T 0.64] - d o T 0.64] "
> 0. ol > O LS
3 \ v & . B 7 o
b 0.62 oo 5 0.62 —u ~
. < ¥ 5
£ 0.0 —/ £ 0.0 o A
% 058 /,-’ % 058 %
< Y < o
0.56 % 0.56 L
0.54 — T T 0.54 — T T T T T T T T T T T
2 < 2 <
FESEF TYFLS S FESEF TYFLS S
(iii-a) (iii-b)

- BLACK SEA
EAST ATLANTIC

LR

MIDDLE EAST

NORTH EUROPE
MEDITERRANEAN SEA
NORTH-EAST ATLANTIC

PERSIAN GULF

Figure 4. Intra-annual variation of MODIS, Terra (-a, left column) and Aqua (-b, right column), gaer values averaged over seven selected
sub-regions (Fig. 1). Results are given for gaer Values at 470 nm (i-, top row), 660 nm (ii-, middle row) and 860 nm (iii-, bottom row), averaged

over the period 2002-2010, respectively.

We should note that the MODIS-Terra and Aqua gaer Sea-
sonal cycles are about similar but with generally greater Terra
than Aqua values.

3.2.2 Inter-annual variability and changes

Figure 5 displays the geographical distribution of the slope of
inter-annual trend of gaer Over the study region, as computed
from the application of the Mann—Kendall test to time series

of de-seasonalized monthly anomalies of gaer at 470 nm. Re-
sults are shown in units decade™! for both Terra and Aqua

www.atmos-chem-phys.net/15/13113/2015/

over their common time period, namely 2002-2010, only if
the trend is statistically significant at the 95% confidence
level. We also performed the same analysis for the 660 and
860 nm (not shown), with similar results to the 470 nm wave-
length.

In general, the estimated changes are relatively small.
Terra produces widely statistically significant positive trends,
showing that during the period of interest, the asymmetry
parameter increased over the examined area, with very few
exceptions. The results from Aqua are statistically signifi-
cant at considerably fewer cells, while they give a few points

Atmos. Chem. Phys., 15, 13113-13132, 2015
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Figure 5. Slope (in units decade™l) of MODIS gaer de-
seasonalized anomalies over the period 2002-2010 from MODIS-
Terra (-a, top) and MODIS-Aqua (-b, bottom), for the wavelengths
of 470 nm. Results are shown only if the trend is statistically signif-
icant at the 95 % confidence level.

with decreasing gaer. Based on Terra data, the stronger in-
creases are observed in the eastern and southern Black Sea,
as well as over the Baltic and Barents seas. According to
MODIS-Aqua, negative trends are found over few Atlantic
Ocean cells. Both Aqua and Terra report increases of gaer
over the Persian Gulf, the Red Sea, southern Black Sea, the
eastern Mediterranean Sea, the coast of the Iberian Penin-
sula, and some coastal areas of West Africa. The differences
encountered between the Terra and Aqua gaer trends may be
attributed to the different time of passage of each satellite
platform carrying the same MODIS instrument, given that
everything else is the same. Nevertheless, they may more
probably be the result of calibration differences between the
two MODIS sensors. It is known that there is a degradation
of MODIS sensor (Levy et al., 2010; Lyapustin et al., 2014)
impacting time series of MODIS products. More specifically,
it is also known that Terra suffers more than Aqua from opti-
cal sensor degradation. These calibration issues are known
to affect MODIS AOD retrievals, producing an offset be-
tween Terra and Aqua, and they are also expected to affect
the aerosol asymmetry parameter, which is probably more
sensitive to such calibration uncertainties than AOD. In this

Atmos. Chem. Phys., 15, 13113-13132, 2015
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sense, the results of Fig. 5 shown here are not to be taken
as truth but rather they are given as a diagnostic of a prob-
lematic situation with MODIS aerosol asymmetry parameter
inter-annual changes. Such calibration issues are expected
to be addressed, at least partly, in the new Collection 006
products. Nevertheless, a preliminary comparison between
MODIS Aqua C051 and C006 Angstrom exponent (AE),
which is another common aerosol parameter strongly depen-
dent on size, using data for the 550-865nm pair of wave-
lengths spanning the period 2002-2010, does not reveal sig-
nificant modifications in geographical patterns of AE inter-
annual changes. This puts some confidence on the C051 gaer
results given in the present study. The results of this analysis
are presented in detail in the next Sect. 3.2.3.

The overall gzr changes of Fig. 5 may hide smaller
timescale variations of gaer, Which are obtained by the time-
series shown in Fig. 6. Results are given for the seven sub-
regions defined previously, at the three different wavelengths
and for Terra and Aqua separately. A general pattern is the
decrease of gger Values with increasing wavelength, in par-
ticular from 470 to 660 nm. The largest month-to-month and
year-to-year variation is for the Black Sea (Fig. 6i). Rela-
tively large variability is also found in the sub-regions of NE
Atlantic (6v), northern Europe (6vi) and the Persian Gulf
(6vii). On the contrary, small variability is noticed in the
eastern Atlantic, where systematic dust outflows from Sahara
take place, leading to consistently high values of gaer. There
are also some other interesting patterns, like the significant
drop of gaer With wavelength in areas characterized by the
presence of fine aerosols, namely the Black Sea, northern
Europe and the Persian Gulf (Fig. 6i, vi, vii, respectively).
The specific patterns of inter-annual changes of gaer are sug-
gested by both Terra and Aqua, though a slight overestima-
tion by Terra is again apparent in this figure. The obtained
results of our analysis are meaningful and in accordance with
the theory, underlining the ability of satellite observations to
reasonably capture the gqer regime over the studied regions.

3.2.3 Possible uncertainties of MODIS aerosol
asymmetry parameter

The MODIS aerosol asymmetry parameter is not a direct
product of the MODIS retrieval algorithm, but it is rather
a derived by-product. Since this parameter is dependent on
aerosol modes used and relative weights (see Sect. 2.1), it
is understood that there can be uncertainties associated with
it. Therefore questions may arise about the validity of gaer
and their spatial and temporal patterns presented in the pre-
vious sub-sections. Given that, as already mentioned, it is an
aerosol optical parameter that is valuable and highly required
by radiative transfer and climate models, it is worth assessing
it through comparison against another more common aerosol
size parameter, namely the C051 MODIS Angstrém expo-
nent at the 550-865 nm wavelength pair (AEsso_ges) over
ocean, which is an evaluated MODIS aerosol size product

www.atmos-chem-phys.net/15/13113/2015/
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Figure 6.

(Levy et al., 2010) that is extensively used in literature. Fig-
ure 7a, displays the geographical distribution of long-term
average AE for the whole study period, i.e., 2002-2010. In
this figure, the northernmost areas are blank because there
are no data during winter and a long-term average would
be biased. The main geographical patterns in Fig. 7a are in
line with those of asymmetry parameter (Fig. 2). For ex-
ample, note the high AE values in the Black Sea (between
about 1.3 and 1.8, yellowish-reddish colors), indicative of

www.atmos-chem-phys.net/15/13113/2015/

0.78
0.76
« 074
E o2
£ o070
& o068
£ o066
> 1
E 0.64
& 0.62
5 o
5o
< 0.56]
0.54 ]
052
050 L+
&
RS S S S .
FEPFPE P FEP@ T ¥ (1 b)
0.78 4
0.76
g 0T AWM
w S
B ol wWUAWMAMAMAM
2 070 v 7Yy '
£ oses
£ o086
E 0.64
b 0.62
= os0
5 088
< 056
0.54
0.52
50
ISP F PP KPR S e
3 3 0 & ¥ 3 3 3 O .e
S N N N e N NS (11 b)
0.78
0.76
x 074
g o7 A
2 or UV A A Y]
3 sl NWLMWM‘WW g P
£ 0661 | W N L/ VA |
> 064
E 0.62 ]
H 0.60
5 058
< o056
0.54
0.52
550 e
IPPPPH P RO L SPRD S0
SRS H SRR IS KPP N8
e e e Ly P 8 e ¢ ves
BN 5"%" WP PO ( i1l b)
0.78
0.76
0.74
[+ 4
W72 W
im | \ |
g2 o070 \ A \
= o068 : v \
= 086
> 064
é 0.62
= 060
35 088
< 056
0.54
0.52 ]
850 e
& HH el 0,8
LA EANEANEIES A
S P I T S ( i \Ys b )

fine aerosols, the relatively high values in the Mediterranean
Sea (between about 0.7 and 1.2, greenish-yellowish colors)
and the low values (0.1-0.4, deep bluish colors) off the west-
ern African coasts corresponding to exported Saharan dust.
Over the same areas, gaer takes inverse low and high val-
ues, for example smaller than 0.65 over the Black Sea and
larger than 0.7-0.75 off the western African coasts (Fig. 2ii-
b and iii-b), indicating the predominance of fine and coarse
aerosols respectively, in accordance with AE. The consis-
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Figure 6. Inter-annual (2002-2010) variation of monthly mean gaer values at 470, 660, and 860 nm (in black, red and green colours, respec-
tively), over the sub-regions of (i) Black Sea, (ii) eastern Atlantic Ocean, (iii) Mediterranean Sea, (iv) Middle East, (v) northeastern Atlantic
Ocean, (vi) northern Europe and (vii) Persian Gulf. Results are given based on MODIS-Terra (-a, left column) and MODIS-Aqua (-b, right

column).

tency between gzer and AE data is shown by the strong anti-
correlation between the MODIS AEss0_ggs and gqer data at
660 and 860 nm, shown in Fig. 7b and c, respectively. It
should be noted that correlation coefficients are computed
from any available data pairs, i.e., available data for both gger
and AEsso-_gss at a given pixel and day. Note that there are no
blank areas in Fig. 7b and c, in contrast to Fig. 7a. There are
both AE and gaer data for all seasons except winter; therefore,
correlation coefficients can be calculated for these regions.
Strong negative correlation coefficients, larger than 0.7 and
0.8 in Fig. 7b and c, respectively, relate inversely high gaer
values with low AE ones and vice-versa, over the same areas.
In both cases (Fig. 7b and c), the correlation is slightly higher
over sea areas characterized by the presence of fine aerosols
(e.g., the Black Sea or the Persian Gulf) and lower over seas
undergoing frequent transport of coarse dust particles (e.g.,
southern Mediterranean Sea, Arabian Sea, or Atlantic Ocean

Atmos. Chem. Phys., 15, 13113-13132, 2015

off the western African coasts). The overall computed corre-
lation coefficient between gaer and AE is equal to —0.95 over
the Black Sea, —0.89 over the Mediterranean Sea, —0.87 and
—0.94 over the Arabian Sea and Persian Gulf, respectively
and —0.89 off the western African coasts (values given for
AEss0_ges and gaer data at 860 nm). These results indicate
that the spatial patterns of MODIS C051 gaer product are rea-
sonable as compared to the C051 Angstrom exponent data.
This shows that the use of gaer in modeling studies can be
considered as reasonably reliable with regards to the consid-
eration of fine and coarse aerosols over the examined study
area, with slightly more confidence over areas characterized
by the presence of fine particles, such as the Black Sea or
Persian Gulf.

Since questions may also arise about possible uncertainties
regarding the long-term variability of MODIS C051 aerosol
size products, due to the calibration issues discussed in the

www.atmos-chem-phys.net/15/13113/2015/
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Figure 7. (a) Geographical distribution of MODIS-Aqua 051
Angstrém exponent (AEss0_gg5) Values averaged over 2002-2010,
at the wavelength pair of 550-865nm. Winter AE data are miss-
ing from the northernmost areas, and therefore the long-term av-
erages in (a) are left blank. The correlation coefficients between
AEss0_ges and gaer data at 660 and 860 nm are given in (b) and
(c), respectively.

previous section, the corresponding MODIS C006 AE prod-
uct is displayed in Fig. 8a. Figures 8a and 7a are similar in the
main geographical patterns of the two collections” AE prod-
uct. The similarity between C051 and C006 AE data is also

www.atmos-chem-phys.net/15/13113/2015/
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depicted in the computed correlation coefficients (Fig. 8b),
exceeding 0.8, and biases (in absolute and relative percent-
age terms, Fig. 8c and d, respectively). For the Mediterranean
Sea, the Arabian Sea and Persian Gulf, biases are smaller
than 0.1 or 10% in most areas and 0.2 or 20 % almost ev-
erywhere. Relative biases larger than 30 % are only observed
over the open Atlantic Ocean. The overall computed correla-
tion coefficient for the entire study region is 0.88 (0.86, 0.89,
0.95 and 0.84 for Mediterranean, Arabian, Persian and At-
lantic sea surfaces off the western African coasts). The cor-
responding overall relative percent bias is equal to 15.6 %
(9.1, 6.7, 6.1 and 15.7 for the same sub-areas as above). Our
results indicate that the uncertainty related to the use of C051
AE data is small, especially over the Mediterranean Sea, the
Arabian Sea, the Persian Gulf and the Atlantic Ocean areas
not far from the European, African and Asian coastlines. Our
AE results are in line with those of Levy et al. (2013, Fig. 15)
which refer, however, only to 2008 (ours are for 2002-2010).
In addition, a comparison is attempted in Fig. 8e and f be-
tween the computed trends of C051 and C006 AE data over
the common period 2002-2010, in order to assess whether
changes are detected, which could be an indication of pos-
sible changes in corresponding asymmetry parameter trends.
Figure 8e and f show the computed de-seasonalized trends of
slope values for both C051 and C006 AE. The results reveal
similar patterns between C051 and C006. Small trends are
found in both of them, in agreement with the small trends of
asymmetry parameter reported in Fig. 5. We find that the sign
of AE trends basically does not change from C051 to C006.
This might be a signal that no changes of aerosol asymmetry
parameter are expected in C006 and puts confidence on the
CO051 gaer results given in the present study.

4 Evaluation against AERONET data

In order to evaluate the satellite-measured aerosol asymme-
try parameter, we identified the AERONET stations inside
our area of interest and finally utilized only the coastal ones,
so that both satellite and surface data be available. The total
number of these stations is 69, and their locations are shown
in Fig. 1 (open and full circles).

Table 1 contains the comparison statistical metrics for
all wavelengths (Pearson correlation coefficient, bias, root
mean square error (RMSE), slope, intercept) of the compar-
ison between surface daily mean data from AERONET and
satellite data from MODIS-Terra and MODIS-Aqua, which
correspond to the 1° x 1° cell wherein each station is lo-
cated. For this analysis, we use all cells and days with com-
mon data between Terra-AERONET and Aqua-AERONET.
The mean differences are calculated as gaer(AERONET)-
gaer(Aqua) and gaer(AERONET)—gzer(Terra).

In general, we may note that on an annual level, the
MODIS-Terra and Aqua asymmetry parameter values at
470nm are not in very good agreement with the respective

Atmos. Chem. Phys., 15, 13113-13132, 2015
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Figure 8. (a) Geographical distribution of MODIS-Aqua C006 Angstrém exponent (AEsso_ggs) values averaged over 2002-2010, at the
wavelength pair of 550-865 nm. Winter AE data are missing from the northernmost areas, and therefore the long-term averages in (a) are left
blank. In (b), (c) and (d) are given the correlation coefficients, the absolute biases and the relative percent biases, respectively, between the
CO006 and corresponding 051 AEssg_ggs data. In (e) and (f) are given the computed de-seasonalized trends of MODIS Aqua 051 and C006
AEsgs0_ggs) slope values for years 2002-2010, respectively.

data from AERONET at 440 nm. Results at larger wave- relation coefficients are found to be the largest and equal to
lengths are more reassuring, although still not very satisfac- 0.47 (AERONET-Terra) and 0.46 (AERONET-Aqua), while
tory. We note that R, RMSE and slope generally increase satellite data are slightly overestimated compared to the sur-
with wavelength. At 870/860 nm (Table 1 and Fig. 9), cor-
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Fig. 1). The 95% prediction bands as well as the mean bias
(AERONET minus MODIS) and root mean squared error are given.

face data (bias —0.035 or 5.54 % and —0.015 or —2.43 %,
respectively).

It is interesting that the correlation coefficient and slope
between satellite and surface data is better in spring and sum-
mer, for all studied wavelengths. On the other hand, winter
is generally the season with the largest bias, while RMSE
seems insensitive to the season.

Moreover, we find that for all seasons gaer Values at
860 and 660nm, both from MODIS-Terra and MODIS-
Agqua, are overestimated compared to gaer(AERONET) at
the corresponding wavelengths (stronger overestimation at
860 nm and by Terra). Finally we note an underestimation
of gaer at 470nm from MODIS-Aqua, relative to the data
by AERONET at 440 nm, while very small biases (< 0.5 %)
are found between Terra and AERONET at the same wave-
lengths.

In Fig. 9 we present a scatterplot comparison between
MODIS and AERONET gger data pairs. There is bias to-
wards larger gaer values from both Aqua and Terra compared
to AERONET, with Terra overpredicting more than Aqua.
The root mean square error to the fit between MODIS and
AERONET is very similar between Aqua and Terra. There
are concerns on the application of ordinary least squares re-
gression, arising from the assumption that as the assigned
independent variable, AERONET values should be free from
error. We cannot guarantee the validity of this assumption,
S0 we recognize that the reported R and slope values from
Fig. 9 and Table 1, if viewed as metrics of agreement between
MODIS gaer and real g, may be subject to the effect of regres-
sion dilution and consequently biased low. This possible bias
for R and slope could be neglected only if AERONET er-
rors can also be considered negligible. With the above caveat
in mind, the applied least-squares fit line to the scatterplot
comparison between matched MODIS-AERONET data pairs
(Fig. 9) indicates that MODIS overestimates gaer more in the
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Figure 10. Frequency distribution histograms for MODIS-
Terra (red colored lines) MODIS-Aqua (blue-colored lines) and
AERONET (black lines) gaer values at 860 and 870 nm, respec-
tively. The histograms are given separately for (a) the entire study
region, (b) Europe, and (c) Africa, the Middle East and the Arabian
Peninsula.

smaller than larger values, i.e., more for fine than coarse par-
ticles.

We present the frequency distributions of asymmetry
parameter daily values (Fig. 10) on the days when data
from all three databases (MODIS-Terra, MODIS-Aqua and
AERONET) were provided. Figure 10a corresponds to the
whole area of interest, while Fig. 10b and ¢ correspond to
two broad sub-regions with basic differences in the aerosol
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Table 1. Correlation coefficients (R), mean bias, root mean squared error (RMSE) and the slope and intercept values of applied linear
regression fits between MODIS and AERONET gaer data. The statistical parameters are given separately for the pairs of wavelengths:
(i) 470nm (MODIS) and 440 nm (AERONET), (ii) 660nm (MODIS) and 675nm (AERONET) and (iii) 860 nm (MODIS) and 870 nm
(AERONET). The statistical parameters are also given separately for winter, spring, summer and autumn.

R?  Bias? RMSE Slope Intercept

MODIS-Terra
470-440 025 2x1074 0.045 0.36 0.45
Year 660-675 0.41 —0.028 0.060 0.55 0.32
860-870 0.47 —0.035 0.070  0.60 0.29
Winter 470-440 020 45x10~%  0.046  0.26 0.53
660-675 0.35 —0.033 0.056  0.41 0.42
860-870 0.41 —0.053 0.057  0.40 0.43
Spring 470-440 027 —5x10"% 0.046 0.0 0.43
660-675 044 —0.023 0.060  0.63 0.27
860-870 0.50 —0.026 0.071  0.67 0.24
Summer 470-440 033 —0.002 0.044 051 0.35
660-675 0.48 —0.031 0.061 0.71 0.22
860-870 0.54 —0.030 0.077  0.79 0.16
Autumn 470-440 021 0.003 0.044  0.30 0.50
660-675 0.33 —0.027 0.059  0.45 0.38
860-870 041 —0.035 0.068  0.53 0.34

MODIS-Aqua
470-440 0.27 0.018 0.047 041 0.40
Year 660-675 0.42 —0.005 0.062 0.61 0.26
860-870 0.46 —0.015 0.072 061 0.26
Winter 470-440 025 0.024 0.049 0.36 0.43
660-675 0.39 —0.001 0.062  0.55 0.30
860-870 0.43 —0.021 0.068 0.51 0.33
Spring 470-440 029 0.015 0.048  0.45 0.38
660-675 0.45 —0.003 0.064  0.70 0.20
860-870 0.50 —0.007 0.076  0.71 0.19
Summer 470-440 035 0.014 0.045 0.55 0.30
660-675 0.50 —0.012 0.060 0.72 0.19
860-870 0.53 —0.018 0.074  0.73 0.19
Autumn 470-440 020 0.021 0.047  0.30 0.47
660-675 0.32 —0.003 0.061  0.46 0.36
860-870 0.37 —0.014 0.069  0.48 0.34

@ The reported correlation coefficients and slopes may be biased low, because we did not include in our

analysis the unknown AERONET errors.
b gaer(AERONET)-gaer (MODIS).

source, namely Europe with great anthropogenic sources,
and Africa, the Middle East and the Arabian Peninsula, with
predominant natural sources and mainly desert dust. There
is an apparent skew in the MODIS-Terra and MODIS-Aqua
gaer distributions, while the AERONET distributions are
more symmetrical. Moreover, the satellite data distributions
show larger values and smaller standard deviations compared
to AERONET, with the Terra overestimation being more ex-
aggerated. The disagreement is more pronounced in the sub-
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region of Europe, while in the sub-region of North Africa/
the Arabian Peninsula, the distributions of satellite and sur-
face data agree more thus confirming the finding of Fig. 9
based on the slope of applied linear regression fit. Values
over Europe are generally smaller than over North Africa/
the Arabian Peninsula (Fig. 3), which can be attributed to the
presence of larger size particles of desert origin in the latter
sub-region, in contrast to Europe, where due to industrial ac-
tivity and frequent biomass burning the presence of smaller
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size particles is important. Therefore, the smaller gaer val-
ues (<0.6) in the frequency distributions of the whole area,
are overwhelmingly contributed by the European sub-region,
contrasting with larger values (0.7-0.75) being contributed
by both sub-regions and even more by North Africa/ the Ara-
bian Peninsula at larger gaer values.

The overall comparison between satellite and surface gaer
data performed in the scatterplot of Fig. 9 and Table 1 does
not allow one to have an insight to how the comparison
behaves spatially, namely how it differs from one region
to another. This is addressed in Fig. 11, showing the com-
parison of satellite and surface data at the wavelength of
860/870 nm separately between MODIS-Terra— AERONET
and MODIS-Aqua — AERONET. For this comparison, we
selected AERONET stations for which there is satisfac-
tory overlap between the time series from AERONET and
the time series from MODIS, namely the number of com-
mon days between AERONET-Terra and AERONET-Aqua
is larger than 100. This criterion is satisfied by 36 stations
for AERONET-Terra and by 34 for AERONET-Aqua shown
in Fig. 11. For each AERONET station we compute the Pear-
son correlation coefficient between the station data at 870 nm
and the corresponding MODIS-Terra or Aqua data at 860 nm,
for the 1° x 1° cell containing the station. Moreover, there is
the information if the trends between AERONET and either
MODIS-Terra or Aqua have the same sign (blue color) or not
(red color).

In the case of the gaer(AERONET) — gqaer(Terra) compari-
son, at 5 stations, (i.e., in 14 % of total 36 stations), the corre-
lation coefficient R is larger than 0.5 (largest R found is 0.64
at station “Bahrain”), while at 13 stations (36 %) and 26 sta-
tions (72 %) R is larger than 0.4 and 0.3, respectively. With
respect to the agreement on the sign of the trends, at 24 out
of 36 stations (67 %) there is a trend sign match and at 12 sta-
tions (33 %) a mismatch. Nevertheless, it should be noted that
no systematic spatial behavior, i.e., homogeneous spatial pat-
terns, is found concerning the performance of MODIS-Terra
gaer against AERONET in terms of either the magnitude of
correlation or the agreement of trends between the satellite
and ground data sets. A similar picture emerges for the com-
parison gaer(AERONET) — gaer (Aqua). In this case, there are
again 5 stations (15 % of total 34 stations) with R > 0.5 (max-
imum value R =0.61 again at “Bahrain”), while at 13 sta-
tions (38 %) and 24 stations (71 %), R is larger than 0.4 and
0.3, respectively. Also, we see that at 22 stations (65 %) there
is a trend sign match and at 12 (35 %) there is a mismatch.

5 Summary and conclusions

Using satellite collection (051) MODIS-Terra and Aqua data,
we examine the spatiotemporal variations of the aerosol
asymmetry parameter (gqer) Over North Africa, the Arabian
Peninsula and Europe. To our knowledge, this is the first time
that a satellite-based (MODIS) data set of gaer, assessed and
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Figure 11. Map distribution of correlation coefficients between
(a) MODIS-Terra and AERONET ggaer Values at 860 and 870 nm,
respectively (top panel) and (b) MODIS-Aqua and AERONET gaer
values at 860 and 870 nm (bottom panel). The size of circles corre-
sponds to the magnitude of correlation coefficients, while blue and
red colors are used for stations for which MODIS and AERONET
indicate same and opposite tendency of gaer, respectively.

evaluated (against AERONET data), is used for the study re-
gion. This is important, since such an evaluated satellite data
set is very useful for many applications, like radiative trans-
fer and climate modeling as well as for remote sensing. The
advantages of MODIS gger data are the following.

1. They ensure complete spatial coverage over sea surfaces
surrounding Europe, Mediterranean and Middle East,
which is essential for investigating and understanding
physical processes related to aerosols. These processes
are strongly dependent on the aerosol radiative and op-
tical properties, gaer being one of the three key ones
(the other two being aerosol optical thickness and sin-
gle scattering albedo). Such a complete spatial coverage
is especially required by radiative transfer and climate
models.

2. They provide spectral gaer Values, at seven wavelengths
from 470 to 2130 nm, which are of essential importance
for radiative transfer models. Such spectrally resolved
aerosol optical properties can induce significant differ-
ences in model computations of aerosol radiative effects
(Hatzianastassiou et al., 2007).
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3. They provide a relatively long temporal coverage, i.e.,
8 years, which is significant for examining seasonal
and inter-annual cycles and changes of this aerosol op-
tical property, especially combined with the complete
spatial coverage. This is also important since it pro-
vides a reasonable statistical bed for attempting eval-
uations through comparison against other gqer data like
the AERONET.

4. They constitute the first known so far satellite-based gaer
data set; until now, the utilized gaer data in modeling or
other analyses were taken from in situ measurements or
aerosol models, which both have their own deficiencies,
namely limited spatial coverage or pure theoretical ba-
sis, respectively.

According to the obtained results, generally, the largest val-
ues of the asymmetry parameter, indicating the strongest
forward scattering of radiation by atmospheric aerosols, are
found over areas with aerosol load being dominated by large
particles of desert dust (tropical Atlantic, Arabian and Red
seas). On the contrary, smaller gqer Values are seen where
a significant fraction of aerosol load comes from small size
particles of anthropogenic origin, e.g., over the Black Sea.
The results are consistent with the theory and thus indicate a
good performance of the MODIS retrieval of aerosol asym-
metry parameter. Depending on the area of interest, the sea-
sonal cycle of the asymmetry parameter varies markedly.
More specifically, in areas with abundance of desert dust par-
ticles, the range of intra-annual variation is small, with the
largest values during summer, while in other areas the sea-
sonality is reversed, with the largest values during the cold
season and the smallest during the warm season. The asym-
metry parameter decreases with wavelength, especially when
one examines its spatially minimum values, while this de-
crease is weaker for the larger gaer Values, corresponding to
the presence of coarser particles.

The seasonal fluctuation is more pronounced with increas-
ing wavelength in the examined regions, which is attributed
to the different spectral behavior of the asymmetry param-
eter for small and large particles. With respect to the inter-
annual variability of the asymmetry parameter, we did not
discern very important either increasing or decreasing ten-
dencies, with absolute changes smaller than 0.04 in any case.
On the other hand, we found opposing tendencies for the two
satellite data sets. MODIS-Terra observes mostly increasing
tendencies, while Aqua gives also a few regions with de-
creasing tendencies. Generally, the largest intra-annual and
inter-annual variations are seen over the Black Sea, while the
smallest was seen over the tropical Atlantic. However, some
strong trends (especially from Terra) may be due to calibra-
tion drift errors, which may be addressed in collection 006.
Along these lines, we performed some preliminary compar-
isons between 051 and 006 Angstrom Exponent trends from
Aqua, which ensured that AE and gaer are very closely anti-
correlated. These preliminary results, show that 051 Aqua
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AE trends resemble very closely the 006 trends, supporting
that the gaer trends from collection 051 (at least for Aqua)
reported in this study are credible.

The 051 MODIS gg4er data is not a retrieved but a derived
MODIS parameter. Given that the retrieval is strongly de-
pendent on the assumptions made, namely on the aerosol
modes used, uncertainties can be associated with its use in
radiative transfer modeling. In order to examine these uncer-
tainties, the gaer data were compared with 051 AE data for
the same period. The results from the comparison showed a
strong anti-correlation (coefficient higher than 0.7-0.8) prov-
ing the consistency and reasonably safe use of gaer data in
modeling studies, at least to the same degree with MODIS
AE data in modeling and other analyses. The correlation is
even higher over sea areas characterized by stronger pres-
ence of fine aerosols, like the Black Sea, the Persian Gulf
or the North Sea. This confidence is further strengthened by
the small identified uncertainties related with the use of col-
lection 051 instead of 006 MODIS gger data reported in the
previous paragraph. This was obtained indirectly based on
the use of AE data of both collections since gaer data are not
yet available in collection 006.

We compare satellite data with surface data from the
AERONET, in order to further validate the reliability of the
former. Through the examination of frequency distributions
of daily gqer, a shift of satellite data towards larger values rel-
ative to surface data becomes apparent. This finding is more
pronounced for gaer Over Europe, while the North African
and Arabian Peninsula values are more in agreement. More-
over, the smallest gger values originate from particles from
Europe, because of the generation of smaller size particles
by industrial activities and biomass burning.

We present scatter plots of daily gaer values between
MODIS-Terra, MODIS-Aqua, and AERONET, which show
moderate agreement between satellite data at 470 nm and
surface data at 440 nm, with small correlation coefficients
(R <0.3) and a slight underestimation by MODIS. Slightly
better agreement was noted at larger wavelengths, but still
without reaching very satisfactory levels (R <0.47). Never-
theless, during spring and summer, satellite and surface mea-
surements tend to agree more. Finally, for the comparisons
at 660,675 and 860,/870 nm, we report an overestimation of
gaer by MODIS compared to AERONET.

When examined at the local scale, i.e., station by station,
the MODIS gger data agree reasonably and for some stations
better than in overall, but still not very well, with those of
AERONET. This analysis, based on 36 and 34 AERONET
stations ensuring at least 100 common days with MODIS-
Terra and Aqua, respectively, shows that in 36 and 38 % of
stations, respectively, the MODIS data have correlation co-
efficients larger than 0.4 (reaching values up to 0.64), while
in about 65 % of stations the trends of gzer from MODIS and
AERONET have the same sign. Nevertheless, the magnitude
of correlation coefficients or the agreement between trends
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of gaer from the satellite and ground data sets do not exhibit
a systematic (homogeneous) spatial pattern.

Our results offer an interesting way to assess the uncer-
tainty induced by the use of such satellite gaer data in cli-
mate and radiative transfer models that compute aerosol ra-
diative and climate effects. Based on an overall assessment of
satellite MODIS gaer through detailed comparisons against
ground AERONET data, it appears that in overall MODIS
performs satisfactorily in terms of magnitude of gaer Values.
This is indicated by the computed biases, which are smaller
than 5% with respect to MODIS values, with better perfor-
mance at smaller wavelengths. The root mean squared er-
rors vary within the range 5-10% again being smaller for
smaller wavelengths.These results indicate an uncertainty of
MODIS gaer data over the study region up to of 10 % at max-
imum. Previous analyses and sensitivity studies for the same
study region (Papadimas et al., 2012) have shown that such
gaer Uncertainties can induce modifications of aerosol direct
radiative effects (DRES) which are equal to 30 % at the top-
of-atmosphere (TOA) and 1 % in the atmosphere and 10 % at
the surface, at maximum. Therefore, the uncertainty associ-
ated with the use of MODIS gger is larger than any aerosol re-
lated physical process taking place at TOA, namely planetary
cooling or warming and its magnitude, smaller for processes
at the Earth’s surface, e.g., surface cooling and very small for
aerosol processes and feedbacks in the atmosphere, like the
aerosol semi-direct effect and its implications. Results from
the same previous analysis (Papadimas et al., 2012) proved
that the exact magnitude of MODIS gger DRE uncertainty
can be estimated by simple linear equations relating DREs
and gaer, Separately given for TOA, atmosphere and surface.

The results of the present analysis are useful since they
assess for the first time the performance of satellite-based
products of aerosol asymmetry parameter over broad regions
of special climatic interest. The obtained results are rela-
tively satisfactory given the difficulties encountered by satel-
lite retrieval algorithms due to the different assumptions they
made. Nevertheless, our results and identified weaknesses
remind that users should be aware of the gaer uncertainties
and their consequences. The identified weaknesses may pro-
vide an opportunity to improve such satellite retrievals of
aerosol asymmetry parameter in forthcoming data products
like those of MODIS C006. The increased temporal cover-
age of gqer data, combined with the continued operation of
MODIS, is expected to make possible the building of the
first real satellite climatology of this important aerosol op-
tical property.
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