Atmos. Chem. Phys. Discuss., 14, 22677-22713, 2014 Atmospheric g

www.atmos-chem-phys-discuss.net/14/22677/2014/ Chemistry >

i . Q

d0|.10.5194/acpd-14-226?7-2914 . and PhySICS §

© Author(s) 2014. CC Attribution 3.0 License. _ 0
Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

The regime of aerosol asymmetry
parameter over Europe, Mediterranean
and Middle East based on MODIS satellite
data: evaluation against surface
AERONET measurements

M. B. Korras-Carraca1, N. Hatzianastassiouz, C. Matsoukas1, A. Gkikasz, and
C.D. Papadimas2

'Department of Environment, University of the Aegean, 81100 Mytilene, Greece
2Laboratory of Meteorology, Department of Physics, University of loannina,
45110 loannina, Greece

Received: 10 May 2014 — Accepted: 27 July 2014 — Published: 5 September 2014
Correspondence to: N. Hatzianastassiou (nhatzian @ cc.uoi.gr)

Published by Copernicus Publications on behalf of the European Geosciences Union.

22677

Jadedq uoissnosiq | Jaded uoissnosiq

Jadeq uoissnasiq | Jaded uoissnosiq

(®
{o

ACPD

14, 22677-22713, 2014

Evaluation of MODIS
aerosol asymmetry
against AERONET

measurements

M. B. Korras-Carraca
et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/22677/2014/acpd-14-22677-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/22677/2014/acpd-14-22677-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

Atmospheric particulates are a significant forcing agent for the radiative energy budget
of the Earth-atmosphere system. The particulates’ interaction with radiation, which de-
fines their climate effect, is strongly dependent on their optical properties. In the present
work, we study one of the most important optical properties of aerosols, the asymme-
try parameter (g,¢,), in the region comprised of 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 anthropogenic and natural. Using satel-
lite data from the collection 051 of MODIS (MODerate resolution Imaging Spectrora-
diometer, Terra and Aqua), we investigate the spatio-temporal characteristics of the
asymmetry parameter. We generally find significant spatial variability, with larger val-
ues over regions dominated by larger size particles, e.g. outside the Atlantic coasts of
north-western Africa, where desert-dust outflow is taking place. The g,., values tend
to decrease with increasing wavelength, especially over areas dominated by small par-
ticulates. The intra-annual variability is found to be small in desert-dust areas, with
maximum values during summer, while in all other areas larger values are reported
during 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 g, are found to be generally small.

Although satellite data have the advantage of broad geographical coverage, they
have to be validated against reliable surface measurements. Therefore, we compare
satellite-based values with g,., values measured at 69 stations of the global surface
network 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 870 nm (correlation coefficient
R up to 0.47) while of all wavelengths the results of the comparison were better for
spring and summer.
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1 Introduction

Atmospheric aerosol particles interact with radiation, mainly the short wave (SW or so-
lar) part of the spectrum, modifying the energy budget of the Earth-atmosphere system.
The aerosol effect is either direct, through the scattering and absorption of solar radia-
tion, and thus reducing the incoming solar radiation flux at the surface, indirect, through
the modification of cloud properties, or semi-direct, due to the absorption of solar radi-
ation and consequent modification of the atmospheric temperature profile, convection,
and cloud properties (e.g. GraBl, 1979; Hansen, 1997; Lohmann and Feichter, 2005).

The interaction of particles with the solar flux, which defines their climate role,
strongly depends on their optical properties (Hatzianastassiou et al., 2004), whose
availability cannot be ensured globally by surface in situ measurements. Besides the
aerosol optical depth (AOD), which provides a good measure of the aerosol load over
an area, one of the most important optical properties of atmospheric particles, which
is used in radiative transfer, climate, and general circulation models, is the asymmetry
parameter (g,.,). The asymmetry parameter describes the angular distribution of the
scattered radiation and determines whether the particles scatter radiation preferentially
to the front or back. The globally available satellite based AOD data are considered to
a great extent reliable and adequate, due to significant developments in surface and
satellite measurements during the last two decades, and particularly after 2000. On
the other hand, despite the important role of the asymmetry parameter, relevant global
coverage data are measured only for the last few years, or are available in long-term
aerosol climatologies such as 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 limited 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 spatiotemporal distribution of the
aerosol asymmetry parameter, using the most recent data from MODIS (MODerate
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resolution Imaging Spectroradiometer, collection 051). Emphasis is given to the com-
parison between the provided MODIS data and respective reliable surface measure-
ments of the global AERONET network, in order to gain insight on the quality of the
former.

For this study we focus on the region defined by latitudes 5° N 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 of the simultaneous pres-
ence of a variety of aerosol particles, both natural and anthropogenic (e.g. desert dust,
marine, biomass burning, anthropogenic urban/industrial pollution) as shown in previ-
ous studies (Lelieveld et al., 2002; Sciare et al., 2003; Pace et al., 2006; Lyamani et al.,
2006; Gerasopoulos et al., 2006; Kalivitis et al., 2007). This is due to the fact that two
of the largest deserts of the planet are included in our area of interest, i.e. the Arabian
desert and the Sahara, while one finds also significant sources of anthropogenic pollu-
tion, mainly in the European continent, with urban and industrial centres. Moreover, our
area of interest and primarily its desert areas, are characterised by a large aerosol load
(large optical depth, Remer et al., 2008). Finally, significant regions in this area, more
specifically the Mediterranean basin and North Africa, are considered climatically sen-
sitive, since they are threatened by desertification (IPCC, 2007, 2013). This is the first
study (to our knowledge) that focuses on asymmetry parameter over a geographically
extended area, while at the same time compares satellite with ground-station data.

2 Data

Daily data of the aerosol asymmetry parameter (g,,) are used for the needs of this
work. In order to achieve the largest geographical coverage of the studied region, we
employ satellite data from the MODIS-Terra and MODIS-Aqua datasets. These data
are compared with in-situ measurements at stations of the AERONET. We provide a
detailed description of the utilised data in the following sections.
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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) programme. 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 local equatorial crossing times are
at 10.30a.m. (Terra) and 13.30p.m. (Aqua). MODIS is recording data in 36 spectral
channels between the visible and the thermal infrared (0.44—15 pm), while its swath
width is of the order of 2330 km, which results in almost full planetary coverage on a
daily basis. The global MODIS database is generally considered as one of the most
reliable at present.

Aerosol properties are monitored in 7 spectral channels 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 organised in “collections” and “levels”. Collections
comprise data produced by similar versions of the inversion algorithms, with the most
recent publically being “051” for both Terra and Aqua, which includes also outputs from
the “Deep Blue” algorithm. Levels are characterised by data of different spatial and
temporal resolution.

In this study we use daily MODIS data for the asymmetry parameter g,,, provided
on an 1° x 1° grid (namely about 100 x 100 km), from the most recent Collection 051,
Level 3. These data were measured at wavelengths 470, 660, and 870 nm (for which
corresponding AERONET gaer data also exist), only over oceanic regions, since they
were derived through the algorithm for aerosol properties over the ocean. The period
of analysis stretches from 24 February 2000 to 22 September 2010 for MODIS-Terra
and from 4 July 2002 to 18 September 2010 for MODIS-Aqua.
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2.2 Ground based AERONET data

AERONET (AErosol RObotic NETwork) is a global network of stations focused on the
study of aerosol properties. AERONET currently encompasses about 970 surface sta-
tions (number continuously evolving) equipped with sun photometers of type CIMEL
Electronique 318 A (Holben et al., 1998), which take spectral radiation flux measure-
ments.

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 Level 2 data, due to their being cloud-
screened and quality-assured. AERONET derives the asymmetry parameter at wave-
lengths 440, 675, 870, and 1020 nm. We employ daily Level 2 asymmetry parameter
data from 69 stations (Fig. 1) contained in our study area (N. Africa, Arabian peninsula,
Europe). We choose only coastal stations, in order to ensure the coexistence of satel-
lite marine g,¢, data with surface data. Also, in order to compare corresponding data
between the satellite and station platforms, we perform comparison only for the 440,
675 and 870 nm wavelengths.

3 Satellite based results
3.1 Geographical distributions

The spatial distribution of annual mean values of g,., is given in Fig. 2 separately at the
wavelengths 470, 660 and 870 nm. The values are averages over the common period
between Terra and Aqua, namely 4 July 2002 till 18 September 2010. A significant spa-
tial 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 870 nm, respectively. The results exhibit
a decreasing tendency of g, with increasing wavelength, consistent with the theory.
Similar results are also obtained from MODIS-Aqua, but with slightly smaller values
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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
J.er Values could be attributed to smaller sizes of aerosols in midday than morning,
corresponding to passages of Aqua and Terra, respectively, associated with lower rela-
tive humidity values and shrinking of aerosol particles. Such diurnal variation has been
also reported for AOD (Smirnov et al., 2002; Pandithurai et al., 2007), but either de-
creasing or increasing in the day because of the influence of other factors too, e.g.
emissions or wind conditions, apart from aerosol hygroscopicity.

In general, the largest g,., values (deep red colors) are observed off the coasts of
West Africa (eastern tropical Atlantic 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 Arabian deserts carrying out coarse aerosol particles
causing strong forward scattering. Nevertheless, the Persian Gulf region, which is sur-
rounded by deserts, is characterized by relatively smaller g, 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, 870 nm) the smallest values
are equal to 0.66 (Terra) and 0.64 (Aqua). The smaller g, values over the Persian Gulf
can be attributed to the presence of fine aerosols, which is corroborated by the low ef-
fective radius and large fine-fraction measurements by MODIS over the Persian Gulf,
compared to neighbouring areas (not shown here). These fine particles originate from
the industrial activities in the Gulf countries related to oilfields or refineries (Goloub and
Arino, 2000; Smirnov et al., 2002a, b; Dubovik et al., 2002).

The high g, values over the northeastern tropical Atlantic Ocean as well as west
of the Iberian coasts are possibly related with the presence of coarse sea salt and
transported dust particles. On the other hand, the asymmetry parameter takes clearly
smaller values over the Black Sea, where according to MODIS-Terra varies between
0.63 and 0.7 at 470nm, 0.57 and 0.67 at 660 nm, and 0.55 and 0.66 at 870 nm (corre-
sponding maximum Aqua values are smaller by 0.02), with the smallest values appear-
ing in the Crimean peninsula. The small Black Sea g,., values can be associated with
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the vicinity of industrial but also 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 g,., values, secondary to those of Black
Sea, characterized by an increase from north to south, which is more evident at 660
and 870 nm. More specifically, based on MODIS-Terra, g, Over the Mediterranean
takes values from 0.68 to 0.74 at 470 nm, while at 670 and 870 nm it ranges from 0.64
to 0.73 and 0.62 to 0.72, respectively. According to MODIS-Aqua the Mediterranean
0. Values are slightly smaller again. The observed low values 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 g,., 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., 2006; Hatzianastassiou et al., 2009; Gkikas et al., 2009, 2013).

The spatial distributions of climatological monthly mean g,,, values from MODIS-
Aqua at 470 nm reveal significant differences either as to the range or to the patterns
of the seasonal variability, depending on the area (Fig. 3). Thus, in tropical and sub-
tropical areas of Atlantic Ocean (up to about 30° N), where dust is exported from Sa-
hara, g, keeps high values throughout the year, which reach or even exceed 0.74
locally. Over the regions of Arabian and Red Seas and the Gulf of Aden, which also
experience desert dust transport, larger g, values appear in the period from March to
September, with a maximum on 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 penin-
sula, as indicated primarily by MODIS Angstrom Exponent (AE) and secondarily by
Deep Blue aerosol optical depth data and also as reported in the literature (Prospero
et al., 2002). 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
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during spring and early summer (Prospero et al, 2002; Savoie et al., 1987; Tindale and
Pease, 1999; Satheesh et al., 1999). Nevertheless, according to MODIS, the seasonal
variability of g,, remains relatively small there in line with a small seasonal variability in
MODIS Deep Blue AE data. 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 g,,, values are
higher during spring and in particular in summer (up to 0.74 at 470 nm according to
Aqua), and smaller in autumn and winter (area-minimum values smaller than 0.65).
This seasonal behavior can be explained taking into account the meteorological con-
ditions over the greater area of the Gulf; from June to September dry northwestern
winds (Shamal) blow, carrying desert dust from the arid areas of Iraq (Heishman, 1999;
Smirnov et al., 2002a, b). The transport of dust is gradually decreased in autumn, is
minimum in winter and increases again in spring. When the presence of desert dust
is limited, a significant fraction of total aerosol load in the region is consisted of fine
anthropogenic particles (Smirnov et al., 2002a, b), which can explain the observed
relatively small g, values in autumn and winter.

In the Mediterranean basin, g,., exhibits a relatively small seasonal variation, though
higher values tend to appear in summer and secondarily in early and late spring, in line
with the stronger presence of transported dust in the area, transported from the Sahara
desert (Gkikas et al., 2013). 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.

It is also interesting to look at the geographical distribution of monthly g, 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 the coasts of northern France (En-
glish Channel) and Germany the asymmetry parameter has small values, with a non-
significant annual course (note that values do not exist for January and February). In
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these areas, the aerosol load consists mainly of anthropogenic polluted particles, which
explains the small g, values there.

In the Baltic Sea (values available from March to October) g,,, shows a significant
spatial and temporal variability. More specifically, it is small during summer whereas
it increases, locally up to more than 0.7, in March and October. The smaller summer
values can be explained by the presence of fine aerosols in the Baltic Sea originating
from forest fires in Europe and Russia (Zdun et al., 2011). On the contrary, in autumn
the local aerosol loading consists largely of coarse marine aerosols. It is important
to note that the Baltic Sea hosts significant amounts of anthropogenic industrial and
urban aerosols throughout the year, but especially in summer (Zdun et al., 2011).

In the higher latitudes of Atlantic Ocean, where the presence of maritime aerosols
is dominant, it is observed a remarkable month by month variation of asymmetry pa-
rameter, with low values in summer (values down to 0.59) against high values (up
to 0.75-0.77) in spring (March, April) and autumn (October). This difference is pos-
sibly explained by the seasonal variability of aerosol size in the northern Atlantic.
Apart from the presence of coarse sea salt throughout the year, in spring and sum-
mer small particles are formed through photochemical reactions of dimethylsulphide
(DMS) emitted by phytoplankton decreasing the aerosol size. Moreover during sum-
mer fine anthropogenic aerosols are transported in the region from North America (Yu,
2003; Chubarova, 2009). These result in lower g,,, values between May and August.

Based on MODIS-Terra, the patterns of spatial distribution are generally the same
with Aqua, but with slightly larger g,., values. At larger wavelengths (660, 870 nm)
it is observed a decrease of g,,, in particular of its smallest values. Further details
and also an overall picture will be given later on, in the Sect. 3.2.1 which deals with
climatological monthly mean values not at the pixel but regional level.
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3.2 Temporal variability

3.2.1 Seasonal variability

In order to provide an easier assessment of the seasonal cycle of aerosol asymmetry
parameter and its changes from a region to another, but also among the different wave-
lengths (470, 660 and 870 nm), the study region was divided in 6 smaller sub-regions
(see Fig. 1). For each sub-region, the average values of monthly mean climatological
data of the pixels found within each sub-region’s geographical limits have been com-
puted and are given in Fig. 4, for every wavelength and for Terra and Aqua. It appears
that the seasonal cycle differs between the sub-regions, as it has been already shown
in the geographical map distributions discussed in the previous section.

At 470 nm (Fig. 4i), the intra-annual variability of g,,, is greater over the Black Sea,
where it is as large as 0.06 according to MODIS-Terra and 0.05 according to MODIS-
Agua, the north-eastern Atlantic Ocean (0.04 and 0.05 for Terra and Aqua, respectively)
and the seas of North 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 g,., value (0.64) is observed in June, over the seas of North 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 seasonality with a large seasonal
amplitude is observed over the Persian Gulf, where the variability is as large as 0.08,
according to both MODIS-Terra and Aqua. The seasonal cycle of g,., over the Middle
East exhibits a smaller range of variability (0.02 for MODIS-Terra and 0.03 for Aqua),
with maximum values in summer and minimum in winter. In the other two sub-regions
(Mediterranean and eastern tropical 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
appearance of double maxima in winter and spring. The spring maximum should be
associated with the presence of desert dust particles, which are transported from Sa-
hara, 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; Hatzianastassiou
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et al., 2009; Gkikas et al., 2013). There is also a similar transport of Saharan dust in
the central and western 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 g,., values are
clearly distinguished over the Black Sea and North Europe seas throughout the whole
year.

At 660 nm, the g, values are lower than at 470 nm, in particular over Black Sea,
North Europe and North-East Atlantic, whereas the intra-annual variability (range of
J.aer Values) increases up to 0.1 (Terra) and 0.08 (Aqua) over the Black Sea. This in-
crease is mainly attributed to the reduction of summer values due to the strong appear-
ance of fine aerosols in this season. Also, at 660 nm, there is a clearer double annual
variation of g,¢, over the Mediterranean Sea than at 470 nm. At 870 nm the general pic-
ture 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 characterized by a strong pres-
ence of desert dust particles (eastern Atlantic Ocean, and the Middle East and Mediter-
ranean Seas) the annual range of variability of g, is smaller than in the other regions.
An additional feature above regions with desert dust is the smaller decrease of g,
values with increasing wavelengths, which can be attributed to the different spectral
behavior of solar radiation scattering by fine and coarse aerosols (e.g. Dubovik et al.,
2002; Bi et al., 2011).

It should be noted here that according to our results, using MODIS-Terra and Aqua
data, the g,., seasonal cycle is about similar but with generally greater larger 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 g,
over the study region, as computed from the application of the Mann-Kendall test to
time series of deseasonalized monthly anomalies of g, at 470 nm. Results are shown
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in units decade™" for both Terra and Aqua 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 870 nm (not shown), with similar
results to the 470 nm wavelength.

In general, the estimated changes are relatively small. Terra produces widely statisti-
cally significant positive trends, showing that during the period of interest, the asymme-
try parameter increased over the examined area, with very few exceptions. The results
from Aqua are statistically significant at considerably fewer cells, but also give a few
points with decreasing g,.,;- Based on Terra data, the stronger increases are observed
in the eastern and southern Black Sea, as well as over the Baltic and Barents Seas.
According to MODIS-Aqua, negative changes are found over few Atlantic Ocean cells.
Both Aqua and Terra report increases of g,,, over the Persian Gulf, the Red Sea, South
Black Sea, East Mediterranean, the coast of the Iberian Peninsula, and some coastal
areas of West Africa. The differences encountered between the Terra and Aqua g,
trends may be attributed to the different time of passage of each satellite platform car-
rying the same MODIS instrument, given that everything else is the same. Therefore,
other than aerosol paremeters which affect g,,, like atmospheric relative humidity re-
lated to aerosol hygroscopicity, could be able to account for the differences between
the Terra and Aqua trends. A relevant analysis would be helpful to this aim but it is
beyond the scope of the present study.

The overall g, changes of Fig. 5 may hide smaller timescale variations of g,q,
which are obtained by the time-series shown in Fig. 6. Results are given for the 7 sub-
regions defined previously, at the three different wavelengths and for Terra and Aqua
separately. A general pattern is the decrease of g, values with increasing wavelength,
in particular from 470 to 660 nm. The largest month to month and year to year variation
is for Black Sea (Fig. 6i). Relatively large variability is also found in the sub-regions of
NE Atlantic (6v), North Europe (6vi) and the Persian Gulf (6vii). On the contrary, small
variability is noticed in the eastern Atlantic, where systematic dust outflows from Sa-
hara take place leading to consistently high values of g,.,. There are also some other
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interesting patterns, like the significant drop of g,,, With wavelength in areas charac-
terized by the presence of fine aerosols, namely the Black Sea, North Europe and the
Persian Gulf (Fig. 6i, vi, vii, respectively). The specific patterns of inter-annual changes
of g,er are suggested by both Terra and Aqua, though a slight overestimation 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 g,., regime over the studied regions.

4 Evaluation against AERONET data

In this section, we compare the satellite-based aerosol asymmetry parameter with
measurements from the global network of surface stations of AERONET, which is con-
sidered as the reference dataset (Holben et al., 1998). For this purpose, we identified
the AERONET stations inside our area of interest and finally utilised 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.

Table 1 contains the comparison statistical metrics for all wavelengths (Pearson cor-
relation coefficient, bias, root mean squared error, slope, intercept) of the compari-
son between surface data from AERONET and satellite data from MODIS-Terra and
MODIS-Aqua, which correspond to the 1° x 1° cell wherein each station is located. For
this analysis, we use all cells and days with common data between Terra-AERONET
and Aqua-AERONET. The mean differences are calculated as g,,(AERONET) -
Gaer(Aqua) and g,e (AERONET) — g,¢,(Terra).

In general, we may note that on an annual level, the MODIS-Terra and Aqua asym-
metry parameter values at 470 nm are not in very good agreement with the respective
data from AERONET at 440 nm (correlation coefficients equal to 0.25 and smaller than
0.27, for Terra and Aqua respectively), while the results at the largest wavelengths are
more reassuring, without being very satisfactory (R <0.42 and 0.47 at 660/675 nm and
870 nm, respectively). At 870 nm (Table 1 and Fig. 7), correlation coefficients are found
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to be the largest and equal to 0.47 (AERONET-Terra) and 0.46 (AERONET-Aqua), while
satellite data are slightly overestimated compared to the surface data (bias —0.035 or
5.54 % and -0.015 or —2.43 %, respectively).

It is important to note that the agreement of satellite and surface data is better in
spring and summer, for all studied wavelengths. Specifically, the correlation coefficients
increase up to 0.35, 0.50 and 0.54 at 440/470 nm, 660/675nm and 870 nm, respec-
tively, while the bias decreases down to 0.0005 (0.07 %), 0.003 (0.46 %) and 0.007
(1.11 %), respectively.

Moreover, we find that for all seasons g,,, values at 870 nm and 660 nm, both from
MODIS-Terra and MODIS-Aqua, are overestimated compared t0 g,¢(aeroneT) at the
corresponding wavelengths (stronger overestimation at 870 nm and by Terra). Finally
we note an underestimation of g,., at 470 nm 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 wavelengths.

The applied least squares fit line to the scatterplot comparison between matched
MODIS-AERONET data pairs (Fig. 7) indicates that MODIS overestimates g,., at all
but more in the smaller than larger values, i.e. more for fine than coarse particles.

We present the frequency distributions of asymmetry parameter daily values (Fig. 8)
on the days when data from all three databases (MODIS-Terra, MODIS-Aqua and
AERONET) were provided. Figure 8a corresponds to the whole area of interest, while
Fig. 8b and c correspond to two broad sub-regions with basic differences in the aerosol
source, namely Europe with great anthropogenic sources, and Africa, Middle East and
Arabian peninsula, with predominant natural sources and mainly desert dust. There
is an apparent skew in the MODIS-Terra and MODIS-Aqua g, 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 exaggerated. The disagreement is more pronounced
in the sub-region of Europe, while in the sub-region of North Africa/Arabian peninsula,
the distributions of satellite and surface data agree more thus confirming the finding
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of Fig. 7 (greater MODIS overestimation for fine than coarse particles) based on the
slope of applied linear regression fit. Values over Europe are generally smaller than
over North Africa/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 activity and frequent biomass burning the presence of smaller
size particles is important. Therefore, the smaller g,., values (<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 N. Africa/Arabian peninsula at larger g,

Potentially useful results may be derived by the comparison of the temporal trends
from satellite and surface data. We show in Fig. 9 the absolute and relative changes of
the asymmetry factor, calculated through regression on monthly time series of g, at 9
AERONET stations (blue squares, Fig. 1) with satisfactory temporal coverage of data,
selected to have recorded at least 40 monthly values. In the same figure, these tempo-
ral variations are compared with corresponding data from MODIS-Terra and MODIS-
Aqua, from the 1 x 1 degree cells containing the locations of the 9 selected stations.
We note that we only perform this analysis in a month only if all three datasets give
data for the specific month. It should be noted that the g,., changes for these stations
do not refer to the same period but they all ensure a complete enough time period en-
abling thus the derivation of safe conclusions on how MODIS and AERONET changes
compare to each other. At five out of the nine stations (“Barcelona”, “Dhadnah”, “Lecce
University”, “Rome Tor Vergata” and “Villefranche”) the temporal tendencies have the
same sign for all three databases, with AERONET showing larger trends. Moreover, the
trends are statistically significant at the 95 % confidence level for “Barcelona” station.

The overall comparison between satellite and surface g,., data performed in the
scatterplot of Fig. 7 and Table 1 does not allow one to have an insight to how the
comparison behaves spatially, namely how it differs from a region to another. This is
addressed in Fig. 10, showing the comparison of satellite and surface data at the wave-
length of 870 nm separately between MODIS-Terra — AERONET and MODIS-Aqua —

22692

Jadedq uoissnosiq | Jaded uoissnosiq

Jadeq uoissnasiq | Jaded uoissnosiq

(®
{o

ACPD

14, 22677-22713, 2014

Evaluation of MODIS
aerosol asymmetry
against AERONET

measurements

M. B. Korras-Carraca
et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/22677/2014/acpd-14-22677-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/22677/2014/acpd-14-22677-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

AERONET (Fig. 10b). For this comparison, we selected AERONET stations for which
there is satisfactory overlap between the time series from AERONET and the time se-
ries from MODIS, namely the number of common days between AERONET-Terra and
AERONET-Aqua is larger than 100. This intentionally selected less strict criterion that
the one used in Fig. 9 is satisfied by 36 stations for AERONET-Terra and by 34 for
AERONET-Aqua. For each AERONET station we compute and plot the Pearson cor-
relation coefficient between the station data and the corresponding MODIS-Terra or
Aqua data at 870 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 (blue color) or opposite (red color) sign.

In the case of the guer(AERONET) — Jaer(Terra) COMPArison, at 5 stations the correlation
coefficient R is larger than 0.5, while at 21 stations 0.3<R <0.5. The largest R found
is 0.64 at station “Bahrain”. 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 stations (33 %)
a mismatch. A similar picture emerges for the comparison g,er(aeroNET) — Gaer(Aqua)- IN
this case, there are again 5 stations with #>0.5 (maximum value R = 0.61 again at
“Bahrain”), while at 19 stations 0.30 <R <0.50. Also, we see that at 22 stations there
is a trend sign match and at 12 there is a mismatch (respective percentages equal to
65 % and 35 %).

5 Summary and conclusions

Using satellite data from the latest available collection (051) of MODIS-Terra and Aqua
data, we examine the spatiotemporal variations of the aerosol asymmetry parameter
over maritime areas adjacent to North Africa, the Arabian peninsula and Europe. Gen-
erally, the largest values 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 size particles of desert dust (tropical Atlantic, Arabian and
Red Seas). On the contrary, smaller g,., values are seen where a significant fraction
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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 prove a good perfor-
mance of the MODIS retrieval of aerosol asymmetry parameter. Depending on the
area of interest, the seasonal cycle of the asymmetry parameter varies markedly. More
specifically, in areas with abundance of desert dust particles, 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 asymmetry parameter decreases with wavelength, es-
pecially when one examines its spatially minimum values, while this decrease is weaker
for the larger g,¢, values, corresponding to the presence of coarser particles.

The seasonal fluctuation is more pronounced with increasing wavelength in the ex-
amined regions, which is attributed to the different spectral behaviour of the asymmetry
parameter 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 de-
creasing tendencies, with absolute changes smaller than 0.04 in any case. On the
other hand, we found opposing tendencies for the two satellite datasets. MODIS-Terra
observes mostly increasing tendencies, while Aqua gives regions with decreasing ten-
dencies. Generally, the largest intra-annual and inter-annual variations are seen over
the Black Sea, while the smallest over the tropical Atlantic.

We compare satellite data with surface data from the AERONET, in order to validate
the reliability of the former. The quantitative comparison is very useful, since satellite
data provide broad geographical coverage and are very important in any study related
to aerosols and their climate impact. The disagreement with surface stations can give
insights in the resulting errors. Through the examination of frequency distributions of
daily g, a shift of satellite data towards larger values relative to surface data becomes
apparent. This finding is more pronounced for g, over Europe, while the North African,
Arabian peninsula values are more in agreement. Moreover, the smallest g,., values
originate from particles from Europe, because of the generation of smaller size particles
by industrial activities and biomass burning.
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In this work we present scatter plots of daily g, values between MODIS-Terra,
MODIS-Aqua, and AERONET, which show moderate agreement between satellite data
at 470nm and surface data at 440 nm, with small correlation coefficients (R <0.3).
Slightly better agreement was noted at larger wavelengths, but still without reaching
very satisfactory levels (R <0.47). Nevertheless, during spring and summer, satellite
and surface measurements tend to agree more. Finally, for the comparisons at 660/675
and 870 nm, we report an overestimation of g,,, by MODIS compared to AERONET,
as expected because of the less steep decrease of g,., with wavelength of MODIS.

We extract pairs of daily Terra-AERONET and Aqua-AERONET values at stations
with at least 100 common days. At 21 of 36 stations for Terra-AERONET comparison
and at 19 of 34 stations for Aqua-AERONET comparison we derive 0.3 <R < 0.5, while
at 5 stations in both cases, the correlation coefficients are larger than 0.5. Finally, as far
as the signs of temporal trends are concerned, we determine agreement in 67 % for the
Terra-AERONET comparison and in 65 % of stations for Aqua-AERONET comparison.

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. Our results can offer an interesting way to assess
the uncertainty induced by the use of such satellite g,, data in climate and radiative
transfer models that compute aerosol radiative and climate effects. The obtained re-
sults are relatively satisfactory given the difficulties encountered by satellite retrieval
algorithms due to the different assumptions they made. The identified weaknesses
may provide an opportunity to improve such satellite retrievals of aerosol asymmetry
parameter in forthcoming data products like those of MODIS C006.
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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 g, data.
The statistical parameters are given separately for the pairs of wavelengths: (i) 470 nm (MODIS)
and 440nm (AERONET), (i) 660nm (MODIS) and 675nm (AERONET) and (iii) 870nm
(MODIS and AERONET). The statistical parameters are also given separately for winter, spring,
summer and autumn.

MODIS-Terra
R Bias® RMSE Slope Intercept
year 470-440 025 2x10™* 0.045 0.36 0.45
660-675 0.41 -0.028 0.060 0.55 0.32
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
870 0.41 -0.053 0.057 0.40 0.43
Spring 470-40 027 -5x10"* 0.046 0.40 0.43
660-675 0.44 -0.023 0.060 0.63 0.27
870 0.50 -0.026  0.071 0.67 0.24
Summer 470-440 0.33 -0.002 0.044 0.51 0.35
660-675 0.48 -0.031 0.061 0.71 0.22
870 0.54 -0.030 0.077 0.79 0.16
Autumn 470-440 0.21 0.003 0.044 0.30 0.50
660-675 0.33 -0.027 0.059 0.45 0.38
870 0.41 -0.035 0.068 0.53 0.34
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Table 1. Continued.

MODIS-Aqua
R Bias® RMSE Slope Intercept
470440 0.27 0.018 0.047 0.41 0.40
660-675 0.42 -0.005 0.062 0.61 0.26
870 0.46 -0.015 0.072 0.61 0.26
Winter 470-440 0.25 0.024 0.049 0.36 0.43
660-675 0.39 -0.001 0.062 0.55 0.30
870 0.43 -0.021 0.068 0.51 0.33
Spring 470-440 0.29 0.015 0.048 0.45 0.38
660675 045 -0.003 0.064 0.70 0.20
870 0.50 -0.007 0.076 0.71 0.19
Summer 470-440 0.35 0.014 0.045 0.55 0.30
660-675 0.50 -0.012 0.060 0.72 0.19
870 0.53 -0.018 0.074 0.73 0.19
Autumn 470-440 0.20 0.021 0.047 0.30 0.47
660-675 0.32 -0.003 0.061 0.46 0.36
870 0.37 -0.014 0.069 0.48 0.34

" gaer(AERONET)-gaer(MODIS)
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Figure 1. The study region (5° N-70° N, 25° W—60° E) and the location of 69 AERONET stations
used for validation of MODIS satellite aerosol asymmetry parameter (g,,,) data. Solid red cir-
cles denote stations located in Europe and hollow red circles are stations in Africa, Middle East
and the Arabian peninsula. The nine stations inscribed in blue squares have high AERONET
and MODIS g,,, data availability and therefore selected for examining g,,, temporal tendencies.
Also shown are seven sub-regions selected for studying the seasonal variation of g,,.
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Figure 2. Geographical distribution of MODIS-Terra (-a, left column) and MODIS-Aqua (-b,
right column) g, values averaged over 2002-2010, at the wavelengths of: 470nm (i-, top
row), 660 nm (ii-, middle row) and 870 nm (iii-, bottom row).
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Figure 3. Month by month variation of MODIS-Aqua g, values at 470 nm averaged over the

period 2002—2010.
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Figure 4. Intra-annual variation of MODIS Terra (-a, left column) and Aqua (-b, right column)
J.er Values averaged over seven selected sub-regions (Fig. 1). Results are given for g, values
at: 470 nm (i-, top row), 660 nm (ii-, middle row) and 870 nm (iii-, bottom row), averaged over

the period 2002—-2010.
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Figure 5. Slope(in units decade‘1) of MODIS g,., deseasonalized anomalies over the period
2002-2010 from MODIS-Terra (-a, top) and MODIS-Aqua (-b, bottom), for the wavelength of

470 nm.
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Figure 6. Inter-annual (2002-2010) variation of monthly mean g,., values at 470 nm (black
lines), 660 nm (red lines) and 870 nm (green lines), averaged over the sub-regions of: (i) Black
Sea, (ii) Eastern Atlantic Ocean, (iii) Mediterranean Sea, (iv) Middle East, (v) North-eastern
Atlantic Ocean, (vi) North Europe and (vii) Persian Gulf. Results are given based on MODIS-
Terra (-a, left column) and MODIS-Aqua (-b, right column).
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Figure 6. Continued.
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Figure 7. Scatterplot comparison between g, values at 870 nm from MODIS Terra (black
color) and Aqua (red color) and corresponding values from AERONET stations (blue squares,
Fig. 1). The correlation coefficients (R), mean bias, root mean squared error and the slope and
intercept of applied linear regression fits between MODIS and AERONET data are given.
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Figure 8. Frequency distribution histograms for MODIS-Terra (red colored lines) MODIS-Aqua
(blue-colored lines) and AERONET (black lines) g,., values at 870nm. The histograms are
given separately for: (a) the entire study region, (b) Europe and (c) Africa, Middle East and
Arabian peninsula.
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Figure 9. Absolute (a) and relative percent (b) changes of g, values at 870nm based on
MODIS-Terra (red color), MODIS-Aqua (blue color) and AERONET (black color) data. The com-
parison is given for nine selected stations (contained in blue squares in Fig. 1).
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Figure 10. Map distribution of correlation coefficients between: MODIS-Terra and AERONET
Jaer Values at 870 nm (a) and MODIS-Aqua and AERONET g,,, values at 870 nm (b). The size
of circles corresponds 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 g,

respectively.
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