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[1] The origins and variety of aerosols in Israel are strongly influenced by synoptic
conditions as well as other variables. Days affected by a weak Persian trough system are
characterized by coarse aerosols from North Africa, which contain mainly mineral dust
aerosols, whereas days affected by the Red Sea trough with an eastern axis are
characterized by fine aerosols from northern Europe. Some synoptic systems contain both
groups of aerosols as well as mixed aerosols, e.g., the Red Sea trough with a central
axis. This study utilizes the Moderate Resolution Imaging Spectroradiometer (MODIS)
Terra Satellite to obtain a synoptic classification of aerosols over Israel for 6 years.
MODIS synoptic classification revealed a number of different aerosol types. For weak
Persian trough, a high from the west and a medium Persian trough, the MODIS Terra
aerosol optical thickness (AOT) fine mode fractions are 0.51, 0.54, and 0.51, respectively.
While for Red Sea trough with an eastern or central axis AOT fine mode fraction
(‘f’) is higher and is equal to 0.63 and 0.59, respectively. This is the first study in the
region that investigates average back trajectory with regards to both synoptic systems and
aerosol type. Investigation of back trajectories for the Persian trough synoptic system
indicates that days with low ‘f’ at 700 hPa are associated with flows from North Africa,
while days with high ‘f’ are linked to flow from Europe. Most of our findings are not
unexpected, but provide the first 6 years quantified aerosol classification which is based
on the synoptic systems.
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1. Introduction

1.1. Sources of Aerosols Reaching Israel

[2] The aerosols typical for the weather systems vary not
only with their quantity but also with their type. The optical
characteristics of aerosols depend on their chemical com-
position as well as the shape and size of the aerosol particle.
Optical properties can determine the way aerosols affect the
radiation transfer [Derimian, 2006a], cloud development
[Kaufman et al., 2005a], precipitation [King et al., 2003]
and model temperature errors [Alpert et al., 1998, 2000;
Kishcha et al., 2003; Carmona et al., 2008].
[3] Previous studies have shown that aerosol types or

groups depend on meteorological conditions and synoptic
systems. One of the earliest studies that examined this topic
was Dayan [1986] who investigated the climatology of back
trajectories from Israel. This work was based on synoptic
analysis and identified five significant major sources of air
masses reaching Israel: northwest Europe, eastern Europe,
Saudi Arabia/Jordan, the North African coast and inland
North Africa. Another study related to this topic evaluated
the influence of meteorological conditions and atmospheric

circulation types on PM10 (the mass concentration of
aerosols with a diameter less than 10 mm) and visibility in
Tel Aviv [Dayan and Levy, 2005]. The latter also produced a
classification of synoptic systems on the basis of aerosol
amounts and size distribution in central Israel (Tel Aviv),
while Dayan’s [1986] classification was based on surface
observations. The current study uses the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) Terra satellite
aerosol optical depth (AOD). Hence, it is the first study in
Israel to classify aerosol groups by the combination of
satellite observations and synoptic systems.
[4] Ranmar et al. [2002] used a numerical model to

predict levels of airborne ozone in air pollution over Tel
Aviv, Israel, and its surroundings (to the south and east).
Their model predicted east to southeasterly dispersion of the
pollution cloud with distance from Tel Aviv, the main
source of pollution in central Israel. Wanger et al. [2000]
discussed observational and modeling evidence of long-
range transport of air pollutants, such as sulfates from
Europe toward the Israeli coast.
[5] Lelieveld et al. [2002] described the source of indus-

trial air pollution in the eastern Mediterranean. The main
source is from Europe and it pollutes the lower troposphere,
mainly in the mixed air layer. The secondary source is from
Asia and also pollutes the lower troposphere.
[6] Rudich et al. [2008] quantified that the annual flux of

sulfate is in the range of 0.025–0.062 Tg S a�1 over a 150 km
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line west of the Israeli coast. They used MODIS data of
Aqua and Terra satellites in order to estimate the flux of
sulfate which belongs to air pollution aerosol group.
[7] Derimian et al. [2006] found by using a sun/sky

radiometer that air pollution from anthropogenic aerosols,
such as sulfate and carbon, are trapped in the mixed layer
below the inversion especially during the summer. Also,
during the years 1995–2003 two significant peaks of
aerosol optical thickness (AOT) were in the Negev desert.
The first was due to increased activity of mineral dust
aerosols and the second was from anthropogenic aerosols.
The location they considered is far from the major industrial
region over central Israel and is thus far from the major
source of air pollution and local anthropogenic aerosols.
Kaskaoutis et al. [2007b] explored 4 sites around the world:
Alta Floresta (Brazil) site, which is influenced by smoke
during the biomass burning season, Ispra (Italy) site, which
is influenced by anthropogenic industrial aerosols, Nauru (a
remote island in the tropical pacific) site, which is charac-
terized by low aerosol loading and sea salt aerosols and
desert mixed aerosols. And they found a significant intra-
annual variability in AOT especially in sites dominated by
biomass aerosols and desert aerosols and that in all four
sites the smallest AOT occurred in the winter season. Sites
that are influenced by desert aerosols or mixed desert
aerosols typically contain coarse aerosols, whereas sites
with biomass burning aerosols or industrial aerosols contain
typically fine aerosols. For a given site they found signif-
icant changes in the AOT and aerosols size.
[8] Usually sea salt aerosols and mineral dust are grouped

as coarse aerosols while biomass burning aerosols or
anthropogenic particles, such as sulfate, are grouped as fine
particles [Kaufman et al., 2002]. Mineral dust exhibits
typical AOT fine mode fraction (‘f’) values of 0.4 to 0.5
[Kaufman et al., 2005b]. The Sahara desert is considered to
be the major source of mineral dust but other sources exist
[Barkan et al., 2004]. During the journey from the Sahara to
Israel some aerosols, such as sea salt, might be added to the

air mass [Sobanska et al., 2003], Alpert and Ganor [2001]
found from the Total Ozone Mapping Spectrometer
(TOMS) aerosol index (AI) that the maximum dust values
from Algeria to Israel have increased at the center of the
dust plume from 0.9 to 2.1 and 2.5 (AI values). This seems
to be in contradiction to the fact that the plume moves
farther away from the major mineral dust sources over the
Sahara. Alpert and Ganor [2001] suggested that this could
be caused by either an increased vertical extension of the
plume, hence, to the increasing of the TOMS AI, or due to
increased dynamical convergence of the dust plume over the
eastern Mediterranean. A second major source of mineral
dust aerosols reaching Israel is from the Saudi Arabian
deserts [Erel et al., 2006; Barkan et al., 2004].
[9] Figure 1 presents the mean Terra Aerosol ‘f’ for 6 years

(March 2000 to February 2006). Sea grid points provide
more accurate ‘f’ data than over land. Along the coasts of
southern Europe ‘f’ is 0.6–0.7, whereas along the coast of
North Africa ‘f’ is lower by 0.1 (0.5–0.6).
[10] Lieman and Alpert [1993] found by using a 3-D

mesoscale numerical model that over mountainous regions,
at 1200 UTC, the PBL height drops from 2000 to 1400 m
above ground level (AGL) but along the coast it starts to
drop in height early in the morning. However, in the present
study, we do not examine the effect of the boundary layer
height on the aerosol profiles; except to the total vertical
integrated AOT from MODIS and the relationship with the
different synoptic systems. Obviously, the influence of the
PBL height is expressed by the pertinent synoptic system.
For instance, the weak Persian trough is typified by a lower
PBL compared to the medium one. But, other important
factors like wind flow are also incorporated.

1.2. MODIS Background

[11] The Moderate Resolution Imaging Spectroradiome-
ter (MODIS) satellite has been providing daily global
aerosol distribution since the year 2000. This includes
among other things, a list of aerosol parameters such as
aerosol optical thickness, AOT and ‘f’*. It is the purpose of
this study to derive a daily synoptic classification of
aerosols over Israel on the basis of AOT/‘f’ scatter diagrams
for each dominant synoptic system. Here, in this study, we
used MODIS that is aboard NASA’s Terra satellite. Terra
was launched in 1999 and started to transmit operative
MODIS data since 24 February 2000. MODIS makes a
global daily observation on Earth at a wide range (0.41–
15 mm) of wavelengths. Over ocean MODIS measures the
retrievals aerosols variables AOT and ‘f’ in seven wave-
length as follow: 0.47, 0.55, 0.66, 0.87, 1.24, 1.61, and
2.13 mm, whereas over the land MODIS measures in only
3 wavelength as follow: 0.47, 0.55, and 0.66 mm. Above the
land MODIS cannot measure in the near infrared band
(0.87, 1.24, 1.61, and 2.13 mm) as it measures above sea,
due to the high reflection of the solar radiation near infrared.
Here, we used AOT and ‘f’ for wavelength 0.55 mm.
[12] Remer et al. [2005] used Aeronet observation in

order to validate the errors of MODIS measurements and
found that one standard deviation of MODIS retrievals AOT
falls within the predicted uncertainty of DAOT = ±0.03 ±
0.05 AOT over ocean and DAOT = ±0.05 ± 0.15 AOT over
land. Also, according to Remer’s study there is no offset or
bias in AOT measurements. Comparison of MODIS and

Figure 1. Averages of Terra aerosol fine mode fraction
(‘f’) for 6 years (24 February 2000 to 23 February 2006).
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AERONET monthly means at eight locations that are
globally scattered indicates that over ocean MODIS value
agree to within 20%, however at small AOT (AOT < 0.15)
there is a greater uncertainty. Dust particles that have
nonspherical shape have uncertainty in AOT and radius
size parameter (a). Over land there is more uncertainty in
AOT compared to over the sea because of the high solar
reflection of the land.
[13] Levy et al. [2005] recent study found by comparing

AERONET observations to MODIS observations that
MODIS collection 4 (previous data set) product leads to
an underestimate of AOT above land especially when AOT
increases.
[14] Levy et al. [2007a] found by using AERONET Sun

photometer measurements 3 different major groups of
aerosols which can be described by their single albedo
(w0) at wavelength 0.5 mm in the followings sense: non-
abosrbing aerosol (w0 � 0.95) that is in regions of devel-
oping urban/industrial areas, moderately absorbing aerosols
(w0 � 0.9) that is usually found in region of forest fire
biomass and developing industry and absorbing aerosols
(w0 � 0.85) in region of savanna/grassland burning.

1.3. Classification of Synoptic Systems Over the
Eastern Mediterranean

[15] Daily classification of synoptic systems over the
eastern Mediterranean (EM) for 1200 UTC was recently
performed for 1948–2000 [Alpert et al., 2004a, 2004b;
Osetinsky and Alpert, 2006]. The classification method was
developed and described by Alpert et al. [2004a, 2004b] and
its essence is as follows.
[16] During the first stage, a group of expert meteorolo-

gists subjectively defined the EM synoptic systems on the
basis of daily sea level pressure charts at 1200 UTC for a
representative period of 1 year. These charts were manually
classified into five primary synoptic groups; Red Sea
troughs (RST), Winter Lows, Persian troughs, Sharav Lows
and Highs. Within each group, a further division resulted in
a total of 19 EM synoptic systems. This manually classified
set of daily synoptic systems served then as a training set for
a method called ‘‘modified discriminant analysis.’’ This

method was applied to the NCEP/NCAR reanalysis data
daily beginning with 1 January 1948. Each daily vector
input consisted of 2.5� � 2.5� gridded fields of geopotential
height, temperature, zonal wind and meridional wind (total
of 4 fields) over the EM region of 30�E–40�E/27.5�N–
37.5�N (a total of 25 grid points), at a level of 1000 hPa and
for 1200 UTC. Thus, every daily vector consisted of 4 �
25 = 100 parameters. For every daily vector, the Euclidean
distances to every member of the training set were calcu-
lated. The minimal distance pointed to the destination class.
[17] Results of this classification showed that the EM

surface synoptic systems are quite strongly divided by
seasons of the year, or to be more exact, the vice versa.
The EM seasons were suggested to be redefined according
to the typical or prevailing synoptic system, for each season.
Such a redefinition of ‘‘synoptic seasons’’ was carried out,
on the basis of their frequency of occurrence, as described
by Alpert et al. [2004b].
[18] This method (1) allows to automatically classify

daily synoptic systems for any long-term period; (2) is
easily applicable to any region; and (3) has no restrictions
of a classical discriminant analysis such as the requirement
that the dimension of the vector space be less than the
number of members in the smallest class of the training set,
and therefore may include any number of fields at any
number of grid points. Table 1 summarizes all 19 synoptic
systems.
[19] In contrast to all the recent studies (see sections 1.1

and 1.2), which investigated analysis aerosols amount and
type in different seasons, here, in our study we investigate
the aerosol distribution by AOT and ‘f’ for 6 years (2000–
2005) and its dependency on the synoptic systems regard-
less to the season. In this study we prefer to focus only on
the five common synoptic systems in the east Mediterranean
where the synoptic system is defined for the area 27.5�N–
37.5�N, 30�E–40�E.

2. Methodology

2.1. Databases

[20] Aerosol type distribution was investigated according
to the synoptic system over central Israel. For this, five
common synoptic systems were examined during a time
period from 24 February 2000 to 23 February 2006 (i.e.,
6 years). MODIS AOT and ‘f’ data were employed in order
to evaluate aerosol characteristics. In addition, the NOAA
HYSPLIT backward trajectories model was used in order to
identify the potential source of aerosols. The analysis of
synoptic systems began on 24 February 2000 when Terra
AOT data became available.
[21] Figure 2 presents the frequency histogram for each of

the 19 synoptic systems prevailing over the EM during the
study period. It shows that five synoptic systems dominate
over 69.5% of the days in the region. However, only 91.5%
of these days have available AOT and ‘f’ data and hence,
only 64.0% of the days examined belong to one of the five
synoptic systems with available AOT and ‘f’ data.
[22] The synoptic systems in decreasing order of frequen-

cies are: weak Persian trough (PT/W; 373 days), high from
the west (H/W; 357 days), Red Sea trough with an eastern
axis (RST/E; 324 days), medium Persian trough (PT/M;
269 days), and Red Sea trough with a central axis (RST/C;

Table 1. Classification of Synoptic Systems

Class Number Synoptic System

1 Red Sea trough with eastern axis
2 Red Sea trough with western axis
3 Red Sea trough with central axis
4 Weak Persian trough
5 Medium Persian trough
6 Strong Persian trough
7 High from the east
8 High from the west
9 High from the north
10 High over Israel
11 Deep low from east
12 Deep Cyprus low from the south
13 Shallow Cyprus low from the south
14 Deep Cyprus low from the north
15 Shallow Cyprus low from the north
16 Cold low from the west
17 Shallow low from the east
18 Sharav low from the west
19 Sharav low over Israel
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200 days). A total number of 1523 out of about 2192 days
are covered by the five synoptic systems. Only 1402 out of
the 1523 days contained available AOT and ‘f’ data.
[23] The synoptic systems with available AOT and ‘f’

data are in decreasing order of frequencies: PT/W, 353 days;
H/W, 334 days; RST/E, 289 days; PT/M, 243 days; RST/C,
183 days.

2.2. AOT/‘f’ Diagrams

[24] In order to investigate the distribution of AOT and ‘f’
as a function of the synoptic system in Israel, the MODIS/
MOVAS grid point 32.5�N, 34.5�E was chosen. This grid
point is located in the sea approximately 80 km west of the
city of Hadera. This is the closest sea grid point to central
Israel and was selected since both MODIS AOT data is
more accurate over the sea and because ‘f’ data over land
has a high error and is often not available.
[25] For each day the AOT and ‘f’ values were employed

to compose a scatterplot of all points for each synoptic
system separately (Figures 3a–3e). Density contours were
drawn on the graph in which each box was defined by
intervals of 0.1 AOT and 0.1 ‘f’. Maximum areas defining
the most favorable types of aerosols for each synoptic
system become clearly visible. For instance, in the PT/W
case (Figure 3a) twomaximawere found: first at (AOT, ‘f’)�
(0.25, 0.55) and secondary at (AOT, ‘f’) � (0.5, 0.2), while
in Figure 3c there is not secondary maxima at (AOT, ‘f’) �
(0.5, 0.2). The first maximum will be defined as aerosol
Type I and the second for Type II (later referred to as Type
III, Figure 4). It will be shown that according to the (AOT,
‘f’) categories there are five distinct aerosol types that
dominate Israel and probably the EM. Since these five
aerosol types were not provided, backward trajectories at

three different altitudes were employed for specific cases
(days) within each maxima that assisted in the more
probable definition of each aerosol. This was based on
estimated source regions as well as the synoptic sea level-
pressure chart.
[26] Using this methodology a MODIS-based synoptic

classification of aerosol types over Israel was defined for the
first time, along with an estimation of their frequencies of
distribution. Such climatology is unique in its consideration
of the total aerosol loading over an atmospheric column.
Earlier synoptic classification [Dayan and Graber, 1981;
Dayan, 1986; Dayan and Levy, 2005] was limited to
analyses of the surface aerosol concentrations.

2.3. Seasons Examined in This Study

[27] The most common months with the five frequent
synoptic systems are June, July, August, and September.
During winter, these synoptic systems are not common. The
current investigation of the aerosol types and their amounts
is based on these five systems and therefore most of the
aerosol measurements were not recorded during the winter,
i.e., 86.6% of the measurements (AOT and ‘f’) were
recorded during the nonwinter season (March–November).
The distribution of the measurements is as follows: 21.4%
of the measurements were recorded during the spring
(March, April, and May), 35.5% of the measurements
were recorded during the summer (June, July, and August)
and 29.7% during the autumn (September, October, and
November). Here, measurements that include only available
MODIS AOT and ‘f’, 70.3% of the days with medium
or weak Persian trough belong to summer (June, July,
and August), 19.4% to autumn (September, October, and
November) and 10.1% to the spring (March, April, and

Figure 2. Histogram of frequency of sea level synoptic system classification in the eastern
Mediterranean (27.5�N–37.5�N, 30�E–40�E) based on the period 24 February 2000 to 23 February
2006 (6 years). See section 1.3 for the synoptic systems class description. The synoptic systems
associated with significant amount of aerosols are number 4 (PT/W), number 8 (H/W), number 1 (RST/E),
number 5 (PT/M) and number 3 (RST/C). These five systems to be analyzed in this paper are denoted by
asterisks.
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Figure 3
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May). Table 2 shows the distribution (%) of the five
synoptic systems among the seasons. In the measurements
with the available AOT and ‘f’, the weak Persian trough and
the medium Persian trough have are much more common in
the summer relative to other seasons, i.e., 68.0% and 73.7%,
respectively. Red Sea trough with an eastern axis is most
frequent in the autumn and winter seasons, i.e., 41.2% and
31.8%, respectively; furthermore, this situation is almost the
same for the Red Sea trough with central axis case, i.e.,
43.2% and 38.8%, respectively. High from the west has the
highest appearance in the spring, i.e., 40.5% and second
appearance in the autumn, i.e., 30.2%.
[28] In summer, the averaged AOT is higher than in the

winter and also more air pollution and mineral dust particles
can be found above the air pollution layer in the planetary
boundary layer (mostly at the 700–500 hPa layer). For
averaged dust aerosol profiles in the east Mediterranean
based on model output climatology [see, e.g., Alpert et al.,
2004c]. Air pollution particles are more frequently found in
between ground level and 850 hPa.

[29] The MODIS AOT and ‘f’ parameters investigated in
this study were extracted from the Terra Satellite and fit
10:30 Israel winter local time. Classification of synoptic
systems is based on reanalysis and observations from Israel
winter time 1400 (1200 UTC). In the summer, the Persian
trough system is quite stable during the day. Therefore,
classification of synoptic systems other than at 1400 will
probably provide similar results. In other seasons this time
lag may be more significant.

2.4. Aerosols Group Definitions

[30] Our primary goal in this study is to define the
aerosols groups for the different synoptic system. The
aerosol groups are divided to 4 aerosols groups according
to their optic parameters AOT and ‘f’ values. This type of
group separation was recently used by Kosmopoulos et al.
[2008]. The four aerosol groups will be determined with the
following AOT and ‘f’ conditions: (1) desert dust group for
AOT > 0.3 and ‘f’ < 0.6; (2) urban/industrial group for
AOT > 0.2 and ‘f’ > 0.8; (3) marmite group for AOT < 0.2

Figure 4. Scatterplot of aerosol group centers as detailed in Table 3. Each point (marked by crosses)
indicates an aerosol group for a specific synoptic system. The number (in parentheses) that follows each
point indicates the number of cases in the vicinity of 0.1 AOT � 0.1 ‘f’. Each type of aerosol gathered
inside a few aerosol groups, which related to synoptic systems. The dashed lines are the approximate
domains for the three aerosol types, i.e., desert dust, maritime, and urban/industrial, following
Kosmopoulos et al.’s [2008] definition. The numbers of days for each aerosol type are only for the
systems drawn. If all five systems are counted the numbers are larger, i.e., Type I (97 instead of 85) and
Type II (79 instead of 27).

Figure 3. (a) Contour map of AOT/‘f’ density for the weak Persian (P/W) system. The map shows number of days per
interval of 0.1 AOT � 0.1 ‘f’. Data are taken from MODIS Terra AOT sea grid point 32.5�N, 34.5�E (near central Israel)
and are based on 353 days during the time period 24 February 2000 to 23 February 2006. (b) As in Figure 3a but for the
high from the west (H/W) system. Analysis is based on 334 days during the time period 24 February 2000 to 23 February
2006. (c) As in Figure 3a but for the Red Sea trough with eastern axis (RST/E) system. Analysis is based on 289 days
during the time period 24 February 2000 to 23 February 2006. (d) As in Figure 3a but for the medium Persian (PT/M)
system. Analysis is based on 243 days during the time period 24 February 2000 to 23 February 2006. (e) As in Figure 3a
but for the Red Sea trough with central axis (RST/C) system. Analysis is based on 183 days during the time period
24 February 2000 to 23 February 2006. (‘f’) As in Figure 3a but for the total five synoptic systems: the P/W, H/W, RST/E,
PT/M, and RST/C systems. The map shows number of days per interval of 0.1 AOT � 0.1 ‘f’. Analysis is based on
1402 days during the time period 24 February 2000 to 23 February 2006.
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and ‘f’ < 0.7; and (4) undetermined group for all AOT and
‘f’ conditions that do not belong to any of the three
aforementioned groups.

2.5. MODIS Grid Point in This Study

[31] In this study the AOT/‘f’ data are taken from
Giovanii MODIS/TERRA data set. This database is form
MODIS/TERRA collection 4 level 3. (http://g0dup05u.ecs.
nasa.gov/Giovanni/modis.MOD08_D3.shtml). The AOT
data is a combination of land and ocean grid point at
32�–33�N, 34�E–35�E. The ‘f’ parameter is ocean data
but the part of the grid which is above the sea is filled values
(see later). The spatial resolution of the data is 1� � 1�
(latitude� longitude). The AOT parameter is from Giovanni
daily MODIS/TERRAmeasured variable: ‘‘Aerosol_Optical_
Depth_at_0.55_Micron_(Daytime).’’
[32] The ‘f’ parameter is from Givoanni daily MODIS/

TERRA measured variable: ‘‘Aerosol_Fine_Mode_Fraction_
(Daytime).’’ The Giovanni MODIS/TERRAvariable Aerosol_
Fine_Mode_Fraction_(Daytime) includes the follow parameters:
[33] 1. Optical_Depth_Land_And_Ocean_Mean from

MOD08/MYD08 product file. This parameter contains a
global (over land (corrected) and ocean (best)) monthly
mean aerosol optical depth at 0.55 microns available on a
1� � 1� climate modeling grid (equal angle grid). The
global array size is thus 360 � 180.
[34] 2. ‘‘Optical_Depth_by_models_ocean_Mean’’ from

the MOD08/MYD08 product files. This parameter has ‘‘Fill
Values’’ for grid points over Land but 9 modes for grid points
over Ocean. The array size is 9X360X180. The 9 modes
correspond to aerosol particles as follows: (1) fine/small
mode, aerosol models for particles with effective radii 0.10,
0.15, 0.20, and 0.25 mm; (2) coarse/large mode, aerosol
models for marine (sea salt) particles with effective radii
1.0, 1.5, and 2.0 mm; and (3) coarse/large mode, aerosol
models for mineral dust particles with effective radii 1.5 and
2.5 mm.

3. Results

3.1. Aerosol Distribution According to Synoptic
Systems

[35] Figures 3a–3e show the AOT/‘f’ density diagrams
for the five dominant synoptic systems, i.e., PT/W, H/W,

RST/E, PT/M, and RST/C. Each synoptic system has
between one and three maximum areas of (AOT, ‘f’). Table
3 summarizes all the aerosol groups (maximum area in the
graphs) for each synoptic system. The mean of the group
was determined by averaging all cases in the vicinity of the
maximum value of density with boxes of 0.1 AOT � 0.1 ‘f’.
The contour lines represent the density of cases for each cell
of 0.1 AOT � 0.1 ‘f’.
[36] Two major groups of aerosols can be extracted from

Table 3. The first group with the largest number of cases is the
coarse aerosols with ‘f’ values of 0.5–0.6. The second is of
very coarse aerosols with ‘f’ value of 0.2–0.3.
[37] For the RST/C synoptic system there are three

groups of aerosols which have three distinct ‘f’ averages.
By applying the T test method together with the assumption
that every sample (group of aerosols) has a normal distri-
bution and a different standard deviation, the results show
that each aerosol group has quite a different mean ‘f’ with a
high significance level (1%).
[38] Figure 4 shows the combined AOT/‘f’ scatterplot of

all the aerosol groups for the five dominant aerosol synoptic
systems, i.e., PT/W, H/W, RST/E, PT/M, and RST/C which
are based on the period 24 February 2000 to 23 February
2006. Each point (marked as ‘‘X’’) indicates an aerosol
group for a specific synoptic system. The number (in
parentheses) that follows each point indicates the number
of cases in the max box of 0.1 AOT � 0.1 ‘f’. For instance,
in the weak Persian trough (PT/W) system with ‘f’ = 0.5–
0.6 and AOT = 0.2–0.3 the number of cases (or days) is 32;
while, for PT/W with ‘f’ = 0.2–0.3 and AOT = 0.5–0.6 it is
6. The Analysis of all 1402 days for the five systems led to
10 groups of aerosols (see Table 3). According to Figure 4,
the aerosol group of distinct urban-industrial (AOT > 0.2
and ‘f’ > 0.8) is absent from the five frequent synoptic
systems. The reason for the lack of urban-industrial aerosol
group maybe that central Israel region is rich with different
kinds of aerosols (dust, pollution, sea salt), and therefore the
mixed aerosol group dominates.

3.2. Aerosol Types After Summarizing All Groups in
the Five Common Synoptic Systems

[39] Summarizing all the aerosol groups in the five
common synoptic systems (see section 2.1) suggests five
aerosol types (in decreasing order):

Table 2. Distribution of the Five Frequent Synoptic Systems for Days With Available AOT and ‘f’ During

23 February 2000–2006

Month
Weak Persian
Trough (%)

High From
the West (%)

Red Sea Trough With
Eastern Axis (%)

Medium Persian
Trough (%)

Red Sea Trough
With Central Axis (%)

January 0 3 10.7 0 9.3
February 0 3 4.5 0 10.4
March 0.6 10.8 11.4 0.8 12.6
April 0.6 12.0 8.3 0.4 1.6
May 9.3 17.7 5.5 8.2 3.3
June 18.1 9.0 1.4 21.8 0.5
July 22.1 7.8 0 29.6 0
August 27.8 5.1 0.3 22.2 0
September 15.6 12.9 6.2 15.2 1.1
October 5.9 9.6 21.5 1.6 14.2
November 0 7.8 13.5 0 27.9
December 0 1.5 16.6 0 19.1
Total 100.0 100.0 100.0 100.0 100.0
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3.2.1. Aerosol Type I
[40] Aerosol Type I is in the area box of ‘f’ = 0.5–0.6 and

AOT = 0.2–0.3 (see Figure 4). It is not a pure desert aerosol
because AOT is lower than 0.3, but probably mixed dust
with maritime aerosols or in the domain of the undeter-
mined aerosol (see section 2.4). Also, it is the most frequent
aerosol in Israel obtained in the present analysis. There were
97 observation days for this aerosol type. The numbers
presented in Figure 4 refer only to the five synoptic systems
which show maxima in the region of the pertinent aerosol
type. For instance, for aerosol type I it is 85, while the sum
for all five synoptic systems is 97.
3.2.2. Aerosol Type II
[41] According to Figure 4, Aerosol type II is in the area

of ‘f’ = 0.6–0.7 and AOT = 0.1–0.2. It should be a coarse
aerosol that belongs to the maritime groups. In addition, it is
the second frequent aerosol in Israel obtained in the present
analysis observed in 79 days.
3.2.3. Aerosol Type III
[42] Aerosol Type III is within the region of ‘f’ = 0.1–0.3

and AOT = 0.4–0.6 (Figure 4). It is clear that this is a very
coarse aerosol that contains desert dust particles. Addition-
ally, it is the third frequent aerosol in Israel obtained in the
present analysis with 77 observed days.
3.2.4. Aerosol Type IV
[43] Aerosol type IV is in the area of ‘f’ = 0.7–0.8 and

AOT = 0.1–0.2 (Figure 4). It is a fine-mixed aerosol of
urban/industrial and maritime particles. It is not a pure
urban/industrial aerosol because AOT is lower than 0.2
and ‘f’ is lower than 0.8. Also, It is not a pure maritime
aerosol because of the fact that ‘f’ is higher than 0.7.
Therefore, it is in the domain of undetermined aerosol. It
is the fourth frequent aerosol in Israel obtained in the
present analysis with 74 observed days.

3.2.5. Aerosol Type V
[44] Aerosol type V is inside the area of ‘f’ = 0.4–0.5 and

AOT = 0.1–0.2. It is a maritime coarse aerosol. It is the fifth
frequent aerosol in Israel obtained in the present analysis
with 54 days.
[45] It should be stated that there is some arbitrariness in

this characterization into 5 aerosol types. This classification;
however, is useful for a better understanding of the aerosol
types in the region. Figure 3f shows the AOT/‘f’ density
diagrams for the total five dominant synoptic systems, i.e.,
PT/W, H/W, RST/E, PT/M, and RST/C. The pattern of the
total 5 synoptic systems reveals two major groups of
aerosols. The first is coarse mode of undetermined aerosol
for ‘f’ = 0.5–0.7 and AOT = 0.2–0.3. The second coarse
mode group is very coarse mode of desert dust aerosol for
‘f’ = 0.1–0.3 and AOT = 0.5–0.6. The other 4 groups of
aerosols (‘f’ = 0.5–0.7 and AOT = 0.1–0.3, ‘f’ = 0.5–0.8
and AOT = 0.1–0.2, ‘f’ = 0.7–0.8 and AOT = 0.1–0.2 and
‘f’ = 0.4–0.5 and AOT = 0.1–0.2) found by the analysis of
Figures 2b, 2c, and 2e, cannot be seen in this averaged plot
obtained from it (Figure 3f). Only the synoptic system
Persian trough (Figures 2a and 2d) has two dominate
aerosol groups (‘f’ = 0.5–0.6 and AOT = 0.2–0.3 and ‘f’
= 0.1–0.3 and AOT = 0.4–0.6), which resemble the two
dominate groups in the total 5 synoptic systems (Figure 3f).
The comparison between Figures 3a–3e and Figure 3f
clarified the significant aerosol dependency on synoptic
systems by types.

3.3. Fine Mode Fraction and AOT Averages for
Different Synoptic Systems

[46] Table 4 shows the mean AOT and ‘f’ for each
synoptic system and its standard deviation (±). The two
RST synoptic systems, the Red Sea trough with an eastern

Table 4. Mean AOT and ‘f’ and its Standard Deviation for Each of the Five Synoptic Systemsa

Weak Persian
Trough

High From
the West

Red Sea Trough
With Eastern Axis

Medium
Persian Trough

Red Sea Trough
With Central Axis

Averaged AOT 0.38 ± 0.19 0.33 ± 0.20 0.28 ± 0.18 0.43 ± 0.20 0.25 ± 0.17
Averaged ‘f’ 0.51 ± 0.21 0.54 ± 0.21 0.63 ± 0.18 0.51 ± 0.22 0.59 ± 0.20
Number of days for each
synoptic system

353 334 289 243 183

aThe values following the plus/minus sign represent the standard deviation.

Table 3. Synoptic Classification the Five Common Synoptic Systems in Decreasing Ordera

Synoptic
System

Aerosol
Group
Number AOT ‘f’

Number
of Cases

Range of AOT and ‘f’ Estimated Aerosol Type
(Achieved by Using the

Optical Properties)AOT ‘f’

PT/W I 0.254 ± 0.030* 0.553 ± 0.060* 32 0.2–0.3 0.5–0.6 undetermined aerosols
II 0.507 ± 0.060 0.205 ± 0.056 27 0.4–0.6 0.1–0.3 desert dust

H/W I 0.202 ± 0.056 0.596 ± 0.053 85 0.1–0.3 0.5–0.7 maritime aerosols and
undetermined aerosols

II 0.503 ± 0.052 0.197 ± 0.052 25 0.4–0.6 0.1–0.3 desert dust
RST/E I 0.151 ± 0.028 0.651 ± 0.086 77 0.1–0.2 0.5–0.8 maritime aerosols and

undetermined aerosols
PT/M I 0.239 ± 0.031* 0.558 ± 0.027* 17 0.2–0.3 0.5–0.6 undetermined aerosols

II 0.546 ± 0.031 0.264 ± 0.089 20 0.5–0.6 0.1–0.4 desert aerosols
I 0.149 ± 0.034 0.740 ± 0.030 17 0.1–0.2 0.7–0.8 undetermined aerosols

RST/C II 0.253 ± 0.024* 0.548 ± 0.028* 15 0.2–0.3 0.5–0.6 undetermined aerosols
III 0.141 ± 0.031 0.437 ± 0.032 13 0.1–0.2 0.4–0.5 maritime aerosols

aThe values following the plus/minus sign represent the standard deviation. The numbers that are marked with the asterisks are probably a mixture of
desert aerosols and maritime aerosols with small AOT dust because AOT is in the middle between 0.2–0.3 and close to 0.3 and ‘f’ value is <0.6.
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axis and the Red Sea trough with a central axis, have larger
‘f’ than the three other synoptic systems (weak Persian
trough, medium Persian trough and high from the west).
According to the T test method there is a distinctive differ-
ence between the Red Sea and the Persian trough systems
and the high with a significance level higher than 5%.
[47] Results of the T test are based on the assumption that

the standard deviation of each sample is different and that
the distribution of each of the five samples is normal. The
sample with the lowest number of cases was the Red Sea
trough with a central axis (183 cases) and the highest was
the weak Persian trough (353 cases). The mean ‘f’ for all
cases in the five dominant synoptic systems is 0.55 ± 0.21.
The averaged ‘f’ for the weak Persian system is 0.51 and for
the Red Sea trough with eastern axis is 0.63. The ‘f’ of
aerosols for the Red Sea trough (with eastern or central axis)
is higher than the weak Persian system.
[48] The mean AOT for the medium Persian trough

system is the highest from all the five frequent synoptic
systems, i.e., 0.43 ± 0.20. The second synoptic system with
high averaged AOT is weak Persian trough where AOT is
equal to 0.38 ± 0.19. According to T test, the hypothesis
that medium Persian trough AOT’s is higher from weak
Persian trough AOT’s, has a high confidence level (signif-
icant level ‘p’ < 2.5%). Days with synoptic system high
from the west have by averaged AOT equal to 0.33 ± 0.2.
All of the 3 synoptic systems (medium Persian trough, weak
Persian trough and high from the west) have higher AOTs
compared to the Red Sea trough systems (with eastern or
central axis). The averaged AOT and ‘f’ of the three
synoptic systems, medium Persian Trough, weak Persian
Trough, and high from the west, are typically to the desert
dust aerosol group, which is according to the Barnaba and
Gobbi [2004] aerosol optical classification. On the other
hand the averages of AOT and ‘f’, in the Red sea trough
with central axis or eastern axis, are typical to the mixed
aerosol group.

3.4. Aerosol Groups Frequencies for Each Synoptic
System

[49] Table 5 describes the frequency of aerosol groups for
the five frequent synoptic systems in Israel for the time
period 24 February 2000 to 23 February 2006. The most
common aerosol group in Israel for the total five frequent
synoptic systems is the undetermined aerosols, i.e., 43.4%,
desert dust groups is the second in appearances, i.e., 30.2%,
the third group is maritime aerosols with a frequency of
20.3% and the last group is urban/industrial aerosol group,
i.e., 6.1%. The anthropogenic group has the lowest effect on

aerosol optical thickness according to these assumptions.
The synoptic variability of the aerosol group frequency is
very pronounced in the natural aerosol groups, which are
desert dust group and in the maritime aerosols. However, in
the anthropogenic group, i.e., urban/industrial and the
undetermined aerosols group the frequency of the aerosols
has relative low variability among the five frequent synoptic
systems. Desert dust aerosol group has the lowest frequency
in Red Sea trough with central axis, i.e., 13.7%, whereas in
medium Persian trough it has the highest frequency, i.e.,
45.3%. The urban/industrial’s frequency is always equal or
less than 8.6% among the five frequent synoptic systems
and its frequency variability among the five systems is
between 4.5 and 8.6%. The undetermined group of aerosol
has the highest frequency among the synoptic systems. In
the two following synoptic systems: Red Sea trough with
eastern axis and Red Sea trough with eastern with central
axis, the undetermined aerosol group frequencies are 49.1%
and 49.2%. Maritime aerosols frequency has the lowest
frequency in weak Persian trough, i.e., 14.2%; however in
Red Sea trough with central axis its frequency increases by
approximate two times to 31.1%. Bear in mind that the
frequency of each synoptic system is different, therefore, in
order to evaluate the total number of cases for each aerosol
group we should make a sum of all the multiplication of the
aerosol group frequency by the number of days that each
synoptic system appears. Totally, the sum of the five
synoptic systems reveals that the natural aerosol group,
i.e., desert dust and maritime, has the highest and the
dominant frequency, i.e., 50.5%. Hence, even if most
undetermined aerosol group ingredients are from human
activities, the totally anthropogenic aerosols (including
undetermined aerosol group) will not be the majority, i.e.,
its frequency will be less than 49.5%. However, if we
reduce the AOT threshold for desert dust, such as AOT >
0.25 instead of AOT > 3, than the anthropogenic group will
be less than 44.8%. Another possibility to estimate the
distribution of the ingredients in the undetermined group
is by the assumption that the ratio of the clear aerosol
groups (desert, urban and maritime) reflects the mixing ratio
of the ingredients in the undetermined group of aerosols, i.e.,
the desert aerosol contributes 30.2/(30.2 + 6.1 + 20.3)% =
53.3% to the three clear aerosol groups and the maritime
aerosol contributes 35.9% and the urban/industrial aerosol
contributes 10.8%; then we can divide the undetermined
group of aerosol contribution to the following components:
desert contributes 0.533 � 43.4% = 23.1%, maritime 15.6%
and urban/industrial 4.7%. Therefore, by the previous esti-
mation, desert aerosols will totally contribute 53.3%, mari-

Table 5. Estimated Aerosol Type Frequency for Each Synoptic System by Using MODIS Aerosol Propertiesa

Aerosol Type
Weak Persian
Trough (%)

High From the
West (%)

Red Sea
Trough With

Eastern Axis (%)

Medium
Persian

Trough (%)

Red Sea Trough
With Central
Axis (%)

Total of Five
Synoptic

Systems (%)

Desert dust aerosols 38.8 31.4 15.9 45.3 13.7 30.2
Urban/industrial aerosols 4.5 5.1 8.6 7.0 6.0 6.1
Maritime aerosols 14.2 24.0 26.3 9.1 31.1 20.3
Undetermined aerosols 42.5 39.5 49.1 38.7 49.2 43.4
Total 100.0 100.0 100.0 100.0 100.0 100.0

aAerosol properties are AOT and ‘f’. For the domains (see Figure 4). The total is weighted according to the frequency of the synoptic systems.
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Figure 5. The average back trajectories for high from the west system in the eastern Mediterranean are
for 10 random days within every group of aerosol. Line marked with asterisks presents group I, i.e.,
AOT� 0.25 and ‘f’� 0.55, and line marked with pluses presents group II, i.e., AOT� 0.50 and ‘f’� 0.20.
The groups of aerosols are detailed in Table 3. The end point of the back trajectories is located at latitude
32.5�N, longitude 35.0�E (vicinity of Tel Aviv) and at the height of 3000 m above ground level (AGL).
Back trajectories are for 120 hours and the time interval between two close points is 6 hours.

Figure 6. The average back trajectories for high from the west system in the eastern Mediterranean are
for 10 random days within every group of aerosol. Line marked with asterisks presents group I, i.e.,
AOT� 0.20 and ‘f’� 0.60, and line marked with pluses presents group II, i.e., AOT� 0.50 and ‘f’� 0.20.
The groups of aerosols are detailed in Table 3. The end point of the back trajectories is located at latitude
32.5�N, longitude 35.0�E (vicinity of Tel Aviv) and at the height of 3000 m above ground level. Back
trajectories of group II (‘f’ � 0.2) is for 120 hours but back trajectories of group I (‘f’ � ’0.6’) is only for
96 hours because above 96 hours it is out of the map boundaries. The time interval between two close
points is 6 hours.
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time 35.9% and urban/industrial 10.8% to the frequency
of days at the five frequent synoptic systems in central Israel.

4. Discussion

4.1. Back Trajectories Analysis

[50] Figures 5 and 6 demonstrate the mean back trajec-
tories calculated by choosing 10 random days for each
synoptic system. Each back trajectory provided information
on the average path of an air mass during its 120 h journey
until it had reached central Israel (32.5�N, 35.0�E) at 1200UTC
for heights of 3000 AGL. In this study we divided aerosols
into four types (groups) as follow: desert dust, urban/
industrial, maritime, and undetermined aerosols. We as-
sumed that the AOT and ‘f’ zone for each group is constant
and does not depend on synoptic system. Figures 5 and 6
support the hypothesis that in the middle troposphere very
coarse aerosols were more characterized by mineral dust
from North Africa and mixed aerosol (‘f’ = 0.1–0.3) were
more characterized by urban/industrial air pollution compo-
nents such as sulfates from Europe (‘f’ = 0.5–0.7). Figure 5
provides information on airflows for special cases such as
mixed aerosols (AOT � 0.25 and ‘f’ � 0.55) and desert
dust aerosols (AOT � 0.50 and ‘f’ � 0.20) in weak Persian
trough. Figures 6 provides information on airflows for
special cases such as mixed aerosols (AOT � 0.20 and ‘f’ �
0.60) and desert dust aerosols (AOT � 0.50 and ‘f’ � 0.20)
in high from the west.
4.1.1. Weak Persian Trough Back Trajectories
[51] Figure 5 presents the means of 10 days for the weak

Persian trough for two main group of aerosols (see section
3.1): coarse aerosols from the undetermined aerosols group
with AOT � 0.25 and ‘f’ � 0.55 (the ten days were
randomly chosen from the group of days with: AOT =
0.2–0.3 and ‘f’ = 0.5–0.6) and very coarse aerosols from
the desert group with AOT � 0.50 ‘f’ � 0.20 (the ten days
were randomly chosen from the group of days with: AOT =
0.4–0.6 and ‘f’ = 0.1–0.3). At heights 3000m above ground
level (AGL), which is approximately 700 hPa, mixed
aerosols (group ‘f’ � 0.55) were traveling from southwest
Europe through the Mediterranean Sea and reached Israel,
while desert dust aerosols (group ‘f’ � 0.20) arrived from
North Africa. The desert group (AOT � 0.50 ‘f’ � 0.20)
flows were by average farther south than the undetermined
group especially above the middle of the troposphere and
were closer to the Sahara deserts location, more inland. The
Persian trough system is more common in the summer
months (June–September) in Israel. Usually the Persian
trough in the eastern Mediterranean is associated with a
ridge in the medium troposphere (500 hPa). The ridge
includes also level 700 hPa. In the ridge, subsidence
dominates and the downward adiabatic motion warms the
air. However, near the ground, northwesterly flows from sea
to land cause the summer inversion typically between 600
and 1000 m [Ziv et al., 2004]. The inversion layer in the
summer divides the troposphere into two main layers; the
mixed layer and free air above it. The inversion almost
blocks motion of air masses into the free air above. On the
other hand the free air can contain mineral dust from the
Sahara deserts. However, in the eastern Mediterranean
region, because of the strong inversion, this dust hardly
penetrates the mixed layer [Alpert et al., 2002].

4.1.2. High Low From the West Back Trajectories
[52] Another example supporting the conclusions of

Figure 5 can be found in another synoptic system the high
from the west system (Figure 6). Figure 6 presents the
means of 10 days for the weak Persian trough for two main
group of aerosols (see section 3.1): coarse aerosols from the
undetermined aerosols group with AOT � 0.2 and ‘f’ � 0.6
(the ten days were randomly chosen from the group of days
with: AOT = 0.1–0.3 and ‘f’ = 0.5–0.7) and very coarse
aerosols from the desert group with AOT � 0.50 ‘f’ � 0.20
(the ten days were randomly chosen from the group of days
with: AOT = 0.4–0.6 and ‘f’ = 0.1–0.3). Very coarse
particles from desert aerosols group (‘f’ � 0.20, AOT �
0.50) in the high from the west are from North Africa,
whereas the undetermined aerosol group for cases of (‘f’ �
0.60, AOT � 0.20) was mixed particles from two locations;
North Africa and Europe. The analysis of Figures 5 and 6
suggests that the undetermined group of aerosols with AOT=
0.1–0.2 and ‘f’ = 0.5–0.6 has been more mixed with
urban/industrial particles because of the obvious flows from
North Europe in the mid troposphere level (700 hPa)
relative to the very coarse desert aerosol group (AOT >
0.3 and ‘f’ < 0.3). Figure 1, which already showed that ‘f’ is
lower in North Africa than in South Europe, supports the
results of Figures 5 and 6.
[53] It must be stated that because of the small differences

in air mass paths the optical aerosol properties over the
study region do not vary significantly with the synoptic
system.
[54] The arbitrary optical condition for the desert aerosols

group (AOT > 0.3 and ‘f’ < 0.6) were in agreement to our
back trajectories study. The undetermined aerosol group in
the zone were 0.2 < AOT < 0.3 and ‘f’ < 0.8 was probably
not a clear desert aerosol but a mixed aerosol with urban/
industrial and maritime ingredients. These conclusions
were also supported by our back trajectories. Furthermore,
Kosmopoulos et al.’s [2008] and Meloni et al.’s [2007]
recent studies supported the above conclusion.
[55] The synoptic classification of AOT can be useful for

downscaling of the future climate related to dust. For
instance, Barkan and Alpert [2008] studied the synoptic
patterns associated with dusty and nondusty seasons. Anal-
ysis of future global-warming model output as to change in
the synoptic patterns may then indicate trends in dust
amounts in the future.

4.2. Total Distribution of Aerosol Types Among the
Five Frequent Synoptic Systems

[56] Kaskaoutis et al. [2007a] found that in Athens,
Greece the majority of the cases (46.6%) belong to a mixed
aerosol type. The urban/industrial aerosols are more fre-
quent in spring (41.2%) and less in winter (9.1%), while the
coarse particles, probably desert dust aerosols, more fre-
quent in summer (35.8%) and less in winter (3.5%) as well
as the clean atmospheric conditions are more frequent in
winter (23.9%), when the mixing processes are also well
established (63.5%). In our study we also found that in the
summer dust aerosols have the highest frequency from all
other seasons. Our results indicate that for the summer
synoptic systems (weak and medium Persian trough) the
frequency of the desert dust aerosols is higher than the
relevant frequency from Kaskaoutis et al. [2007a] study.
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[57] Table 6 presents averaged AOT in central Israel
among the different aerosol types and synoptic systems.
For the total 5 synoptic systems the averaged dust AOT,
urban/industrial AOT, maritime AOT and undermined AOT
were 0.54 ± 0.15, 0.40 ± 0.16, 0.14 ± 0.04 and 0.28 ± 0.14,
respectively. Pace et al. [2006] found from MODIS and the
Multi Filter Rotating Shadow Band Radiometer (MFRSR)
measurements that in central Mediterranean Island Lamp-
edusa, (35.5N,12.6�E) the averaged AOT, at wavelength
0.4597 mm, was 0.37 for desert dust and 0.27 for urban-
industrial/biomass burning aerosols during July 2001 to
September 2003. The differences between our findings of
the averaged dust AOT and the averaged urban/industrial
AOT to their findings may be due the following reasons: (1)
They used measurements at different location than our
location. (2) Their findings are approximately the annual
means, whereas our findings are the averages for the whole
five common synoptic systems that are typically appear less
in the winter. (3) Their findings were based only on 2 years,
whereas in our case we used 6 years of measurements,
which probably provided more significant results. (4) Their
AOT measurements were for wavelength 0.4597 mm,
whereas in our case it was for wavelength 0.55 mm.
[58] The summer synoptic systems, which were investi-

gated in this study, i.e., weak Persian trough and medium
Persian trough, had averaged desert dust AOTs 0.53 ± 0.15
and 0.57 ± 0.14, respectively (see Table 6). For the summer
synoptic systems (weak and medium Persian trough) the
averaged urban/industrial AOTs were 0.42 ± 0.17 and 0.45 ±
0.16, repetitively. For the summer synoptic systems the
averaged maritime AOTs were 0.16 ± 0.03 and 0.16 ±
0.03, respectively. Kosmopoulos et al. [2008] found that in
Athens, during the summer (June, July, and August) the
averaged urban/industrial AOT was 0.45 ± 0.16. Also, they
found that for maritime aerosols and dust aerosols during
the summer the averaged AOTs were 0.17 ± 0.03 and 0.46 ±
0.12, respectively. Their urban/industrial aerosols findings
were almost the same to our finding. Also, their desert
aerosol AOT findings were only 1.2 times lower than our
results but within the standard deviation range. Their

maritime aerosols findings were in the same scale magni-
tude as our finding. They did not find trends for both
parameters; however they found significant annual varia-
tions from year to year during 2000–2005.
[59] The multiplication of the averaged AOT for each

aerosol type (Table 6) with its frequency (Table 5), i.e.,
(averaged aerosol type) � (frequency of the aerosol type)
provides the contribution of each aerosol type to AOT
(AOTcont). For instance, in the synoptic system weak
Persian trough the averaged desert dust AOT is 0.53 ±
0.15 (see Table 6) and its frequency is 38.8% (see Table 5).
The result of the multiplication between these two afore-
mentioned numbers is equal to 0.21 ± 0.06 and it is the
AOTcont for weak Persian trough (see Table 7). Table 7
presents the averaged AOTcont of each aerosol type. The
summer synoptic systems, which were investigated in this
study, i.e., weak Persian trough and medium Persian trough
had an averaged desert dust AOTcont 0.21 ± 0.06 and 0.26 ±
0.06, respectively, whereas the total averaged AOT’s (the
sum of the four aerosol groups) in weak and medium
Persian trough were 0.38 ± 0.19 and 0.43 ± 0.20, respec-
tively (see Table 4). Also, for the summer synoptic systems:
weak Persian trough and medium Persian trough, the
undetermined averaged AOTcont is equal to 0.14 ± 0.06
and 0.13 ± 0.06, respectively (see Table 7). In the summer
the averaged urban/industrial AOTcont and averaged mari-
time AOT are equal or less than 0.03 (see Table 4). The
division between AOTcont (Table 7) to the averaged AOT,
which is the average of all AOT measurements regardless of
the aerosol type (see Table 4), provides the percentage
contribution of every aerosol type. For instance, the contri-
bution of desert dust in weak Persian trough and medium
Persian trough is 0.21/0.38 or 55% and 0.26/0.43 or 60%,
respectively. In the summer synoptic systems (weak and
medium Persian trough) the percentage contributions of the
averaged urban/industrial AOT’s are 5% and 7%, respec-
tively; and the percentage contributions of the averaged
maritime AOT’s are 5% and 2%, respectively. Also, the
percentage contributions of the averaged undetermined
AOT’s are 36% and 30%, respectively.

Table 7. Aerosol Group AOT Contribution at Each of the Five Frequent Synoptic Systemsa

Aerosol Type
Weak Persian
Trough (%)

High From the
West (%)

Red Sea Trough
With Eastern
Axis (%)

Medium
Persian

Trough (%)

Red Sea Trough
With Central
Axis (%)

Total of
Five Synoptic
Systems (%)

Desert dust aerosols 0.21 ± 0.06 0.16 ± 0.05 0.08 ± 0.02 0.26 ± 0.06 0.07 ± 0.03 0.16 ± 0.05
Urban/Industrial aerosols 0.02 ± 0.008 0.02 ± 0.008 0.03 ± 0.02 0.03 ± 0.011 0.02 ± 0.007 0.02 ± 0.01
Maritime aerosols 0.02 ± 0.004 0.03 ± 0.009 0.04 ± 0.01 0.01 ± 0.003 0.04 ± 0.013 0.03 ± 0.01
Undetermined aerosols 0.14 ± 0.06 0.11 ± 0.06 0.12 ± 0.06 0.13 ± 0.06 0.11 ± 0.05 0.12 ± 0.06

aAOT contribution is AOTcont. The standard deviation (noted by the value following the plus/minus sign) by using MODIS/Terra collection 4 product;
level 3; grid point: 32�–33�N, 34�–35�E; during 24 February 2000 to 23 February 2006.

Table 6. Averaged AOT for Each of the Aerosols Types and for Each of the Five Frequent Synoptic Systemsa

Aerosol Type
Weak Persian
Trough (%)

High From
the West (%)

Red Sea Trough
With Eastern
Axis (%)

Medium
Persian

Trough (%)

Red Sea Trough
With Central
Axis (%)

Total of Five
Synoptic

Systems (%)

Desert dust aerosols 0.53 ± 0.15 0.52 ± 0.16 0.53 ± 0.15 0.57 ± 0.14 0.54 ± 0.19 0.54 ± 0.15
Urban/industrial aerosols 0.42 ± 0.17 0.42 ± 0.15 0.37 ± 0.18 0.45 ± 0.16 0.35 ± 0.11 0.40 ± 0.16
Maritime aerosols 0.16 ± 0.03 0.14 ± 0.04 0.14 ± 0.03 0.16 ± 0.03 0.12 ± 0.04 0.14 ± 0.04
Undetermined aerosol group 0.32 ± 0.14 0.29 ± 0.14 0.25 ± 0.11 0.33 ± 0.16 0.23 ± 0.10 0.28 ± 0.14

aThe standard deviation (noted by the value following the plus/minus sign) by using MODIS/Terra collection 4 product; level 3; grid point 32�–33�N,
34�–35�E; during 24 February 2000 to 23 February 2006.
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[60] Barnaba and Gobbi [2004] found that in the summer
(June–August) the contribution of desert aerosols to the
averaged AOT in the southeast side of the Mediterranean
Sea was only 25%. Also, the contribution of maritime
aerosols was 60% in the summer months (June–August).
Since Barnaba and Gobbi [2004] used different AOT
threshold to evaluate aerosol type this may be one of the
explanation why our results were different from theirs.
Another explanation is that their AOT results for sector
10 present AOT averages for a broad area, which is
stretched approximately 1300 west and 300 km north from
our study area, i.e., central Israel. Their study provided
comparison between seasons, whereas our study provided it
between the five common synoptic systems which can be in
different seasons, such as: Red Sea trough which can be
present in all seasons but with different frequencies or weak
Persian trough which can exist in May but with a lower
frequency compared to the summer months: June, July, and
August.

4.3. MODIS Collection 4 and Collection 5 Products

[61] Here, we used MODIS collection 4 product, however
MODIS collection 5 product are more accurate than collec-
tion 4. Levy et al. [2007b] recent study indicates that the
product of MODIS collection 5 is in agreement with
AERONET measurements. MODIS collection 5 AOT (at
wavelength 0.55 mm) had a very high correlation with
Aeronet (aerosol robotic network) sunphotometers AOT of
0.9. The regression had an equation of Aeronet AOT =
(MODIS AOT) 1.01 + 0.03. The global average of AOT
had 0.28 for collection 4 but for collection 5 it has declined
to 0.21. Also, in area further from the coastline over the sea,
the new data set of aerosol observations tends to be cleaned
up from contamination by cloud, elevation, and inhomoge-
neous surface properties and it produces much more rea-
sonable measurements of AOT. Collection 5 also produced
nearly independent three variables: AOT, ‘f’ and the surface
reflection at 2.12 mm. Hence, because of all of the above
reasons next our further study should contain statistics of
MODIS collection 5 products in order to obtain more
accurate results.

5. Summary

[62] MODIS synoptic classification of aerosols revealed a
number of different types. Graphical analysis of aerosol
size, regardless of the synoptic systems, implied only two
apparent zones of ‘f’. The first and the prevailing type of
aerosols is ‘f’ = 0.55 ± 0.03, while the second is ‘f’ = 0.20 ±
0.06. The second type of aerosol is four times less frequent
compared to the first type. Classification of aerosols with
regards to the synoptic systems have classified the aerosols
into subclasses that are unique to each synoptic systems
such as the Persian trough systems, medium and weak, or
the Red Sea trough, with central axis or eastern axis. The
averaged ‘f’ has significant dependency on the aerosol
system. The averaged ‘f’ in the weak Persian, medium
Persian and high from the west is lower by 0.1 relative to
those for the Red Sea trough synoptic systems with eastern
and central axis.
[63] This is the first study that uses MODIS satellite data

in order to find the relationship between aerosol type and

synoptic conditions over the eastern Mediterranean. This
study also involves the vertical scale for the aerosols since
many of the earlier studies employed ground measurements
that are not able to provide information about aerosol
concentration and their type at higher altitudes.
[64] This is also the first study that use average trajectory

studies with regards to both synoptic systems and aerosols
types. Statistical analysis on back trajectories implied the
not unexpected results, that days of aerosols with low ‘f’,
coarse aerosols, are typically associated with air mass flows
from North Africa at 700 hPa, whereas days with high ‘f’ or
mixed aerosols are often associated with European air
masses at 700 hPa.
[65] The specific threshold optical conditions for desert

aerosols group (AOT > 0.3 and ‘f’ < 0.6) are in agreement
to our back trajectories study. The undetermined aerosol
group in the zone 0.2 < AOT < 0.3 and ‘f’ < 0.8 is not a
clear desert aerosol but mixed with urban/industrial and
maritime ingredients. According to Figure 4, the aerosol
group of distinct urban-industrial (AOT > 0.2 and ‘f’ > 0.8)
is absent from the five frequent synoptic systems. The
reason for the lack of urban-industrial aerosol group maybe
that central Israel region is rich with different kinds of
aerosols (dust, pollution, sea salt), and therefore the mixed
aerosol group dominates.
[66] The mixed (undetermined) aerosols frequency had

relatively low variability among the five synoptic systems,
i.e., 38.7–49.2% (see Table 5). However, the desert dust
aerosols had a high variability among the different synoptic
systems. The Red Sea trough (with central or eastern axis)
had low frequency, i.e., 13.7% and 15.9%, respectively.
However, in the high from the west it had a medium
frequency of 31.4%. The weak and medium Persian trough
had the highest frequency, i.e., 38.8% and 45.3%, respec-
tively, during 24 February 2000 to 23 February 2006. Bear
in mind that according to Table 2 the Persian trough had the
highest frequency in the summer months June–August
while the high from the west got it in the spring month
(May) and autumn month (September). The Red Sea troughs
with central or eastern axis had the highest frequency
in the autumn and the beginning of the winter (October–
December). Therefore, the summer season included the
most cases of ‘‘clear’’ desert dust aerosols that are not
mixed with urban/industrial aerosol, whereas in the spring
and autumn desert dust events were involved with mixed
aerosols. The clear aerosol group of urban/industrial par-
ticles had a very low frequency relative to other group of
aerosols, i.e., less than 8.6%. The maritime aerosols fre-
quency was high in the Red Sea trough with central axis,
i.e., 31.1% and low in the medium Persian trough, i.e.,
9.1%. The Natural aerosols (desert dust and maritime) had a
high variability among the synoptic systems whereas the
urban and mixed aerosols had low variability.
[67] The contributions of desert dust AOT’s (Table 7) in

weak and medium Persian trough systems were 55% and
60%, respectively, whereas according to Barnaba and
Gobbi [2004] recent study in the summer (June–August)
the contribution of desert aerosols to the averaged AOT in
the southeast side of the Mediterranean sea was only 25%.
Also, according to Table 7 at weak and medium Persian
trough the contributions of the averaged maritime AOT’s
were 5% and 2%, respectively, whereas according to
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Barnaba and Gobbi [2004] it was 60% in the summer
months (June–August). Since Barnaba and Gobbi [2004]
used different AOT threshold to evaluate aerosol type this
may be one of the explanation why our results were
different from theirs. Another explanation is that their
AOT results for sector 10 present AOT averages for a broad
area, which is stretched approximately 1300 km west and
300 km north from our study area, i.e., central Israel. Their
study provided comparison between seasons, whereas our
study provided it between the five common synoptic sys-
tems which can be in different seasons, such as Red Sea
trough which can be present in all seasons but with different
frequencies.
[68] Kosmopoulos et al. [2008] also found high variabil-

ity in the natural aerosols within the seasons. However, his
study referred to averaged AOT comparisons between
different seasons but not including the distribution of
aerosol groups inside the season, e.g., for different days in
the same season, whereas our study investigated the differ-
ences in the number of occurrences within different synoptic
systems. Different synoptic systems could be present in the
same season. For instance, the weak Persian trough and
medium Persian trough were very common in the summer
but their mean AOT is different and also their number of
maritime aerosols events and desert dust events. This study
is essential for understanding the connection between aero-
sols to synoptic systems.
[69] This study shows by statistics classification of syn-

optic systems and aerosol optical parameter a clear desert
aerosol group in the Persian trough, which is the most
frequent synoptic system in the summer, typically it starts to
appear from the middle of June and remains usually the
middle of September, and an absence in Red Sea trough
regardless of it is season.
[70] The synoptic classification of aerosols is very rele-

vant to understanding of aerosol effects on model errors
with regards to synoptic systems. One purpose of this study
was to determine the aerosol types for each of the five
frequent synoptic systems in order to assist us in finding
the exact effect of aerosols on climate and weather. This
is particularly effective after combining this study with
Carmona et al. [2008], which demonstrated the aerosol
influences on the weather prediction model errors.
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