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Atmospheric aerosols affect the Earth’s radiation budget
directly by scattering and absorbing the solar and terrestrial
radiation and indirectly by modifying the physical and
radiative properties of clouds. Through their combined
direct and indirect effects, anthropogenic aerosols have
the potential to largely modify the albedo of the Earth-
Atmosphere system. Globally, the aerosol radiative forcing
(ARF) is believed to be comparable in magnitude, but
opposite in sign, to that caused by anthropogenic emissions
of greenhouse gases; regionally, however, the magnitude and
sign of ARF is highly variable, with large uncertainties,
especially due to inadequate representation of the physical
and radiative properties of aerosols in models.

Aerosols in areas influenced by anthropogenic activ-
ities are physically and chemically different from those
in remote regions. These differences influence the aerosol
optical properties. Knowledge of the aerosol properties is
important for modelling the aerosol radiative effects on
climate and retrieving the aerosol optical properties using
remote-sensing techniques. Besides, changes in the vertical
structure of the atmosphere lead to formation of distinct
layers of aerosols above the planetary boundary layer; under
favourable conditions, these aerosols are transported over
long distances. The radiative implications of such elevated
aerosols have immense impact on regional weather and
climate.

The aim of this special issue is to provide the scientific
community with a compendium of recent advances in the
understanding of atmospheric aerosols and their impacts on
climate. The seven accepted papers cover a wide range of the
above issues. More specifically, they refer to the following
topics:

(i) “Diagnosis of the relationship between dust storms over
the Sahara desert and dust deposit or coloured rain in
the South Balkans,”

(ii) “An assessment of the efficiency of dust regional
modelling to predict Saharan dust transport episodes,”

(iii) “Identification of the aerosol types over Athens, Greece:
the influence of air-mass transport,”

(iv) “Aerosol monitoring over Athens using satellite and
ground-based measurements,”

(v) “Assessment of aerosol radiative impact over oceanic
regions adjacent to Indian Subcontinent using multi-
satellite analysis,”

(vi) “Vertical and horizontal gradients in aerosol black
carbon and its mass fraction to composite aerosols
over the east coast of Peninsular India from aircraft
measurements,”
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(vii) “Urban surface temperature reduction via the urban
aerosol direct effect—a remote sensing and WRF model
sensitivity study.”
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The main objects of study in this paper are the synoptic scale atmospheric circulation systems associated with the rather frequent
phenomenon of coloured rain and the very rare phenomenon of dust or sand deposits from a Saharan sandstorm triggered by
a developing strong depression. Analysis of two such cases revealed that two days before the occurrence of the coloured rain or
the dust deposits over Greece a sand storm appeared over the north-western Sahara desert. The flow in the entire troposphere is
southerly/south-westerly with an upward vertical motion regime. If the atmospheric conditions over Greece favour rain then this
rain contains a part of the dust cloud while the rest is drawn away downstream adopting a light yellow colour. In cases where the
atmospheric circulation on the route of the dust cloud trajectories is not intensively anticyclonic dust deposits can occur on the
surface long far from the region of the dust origin. Such was the case on 4th April, 1988, when significant synoptic-scale subsidence
occurred over Italy and towards Greece. The upper air data, in the form of synoptic maps, illustrate in detail the synoptic-scale
atmospheric circulations associated with the emission-transport-deposition and confirm the transportation of dust particles.

1. Introduction

The phenomenon of coloured rain over the South Balkans
and, in particular, over Greece occurs rather frequently, being
associated with the appearance of Sahara or Atlas Mountains
depressions [1–3]. On the other hand a significant easily
visible, dust deposit upon Greece, coming from North Africa,
is a very rare phenomenon occurring only once within
the last twenty years on 4 April 1988 in north Greece.
Also on 17 April 2005 the city of Athens was enveloped
in a thick dust cloud. The dust cloud was not a localised
event over Athens, but it was part of a synoptic-scale dust
transport from Africa [4]. This event over Athens seems to
be a little bit different from the other one, on 4th April
1988 in Thessalonica, studied here, because the dust was
concentrated in the boundary layer with very little dry
deposit on surface reducing dramatically the visibility. Of
course coloured rain and/or dust deposits occur also in other
European countries which are further north than Greece, for

example, United Kingdom [5, 6], Spain [7], and generally
Europe [8]. Also the transport and deposition of African
dust is known to affect distant regions in the North Atlantic
as far away as the Caribbean Islands [9, 10]. Something
similar occurs for the East Asian dust that is transported and
deposited to a long distance towards the East as far as Hawaii
[11–13]. Also Danielsen [14] investigated the development of
severe storms above Texas as a dust source in the early 1970s.
Finally, an intense dust storm over Greece has recently been
studied by Kaskaoutis et al. [15].

Although many papers that deal with monitoring and
predicting Saharan dust transporting northwards appeared
after mid-90s when dispersion models were developed and
very advanced sensors were put on meteorological satellites
[4, 13, 16–23], few papers before mid-90s that deal with
case studies of the coloured rain phenomenon [1, 3, 24, 25]
and one paper which deals with the phenomenon of dust
or sand dry deposit on north Greece [26] have revealed
the type of synoptic-scale atmospheric circulation which



2 Advances in Meteorology

is associated with coloured rain or dry dust deposit over
Greece. The dominant feature of this type of atmospheric
circulation is a southerly to south-westerly flow through the
entire troposphere extending from the North Sahara as far as
the Balkans.

The whole process starts with the development of a
North African depression resulting in a dust storm. This
African depression is initiated by an upper-level trough or
PV anomaly which occurs on the polar front jet (PFJ), when
it overlies a heat low. Alternatively it is initiated by low-level
baroclinicity southeast of the Atlas Mountains just north or
beneath the Subtropical jet stream (STJ) [27] when there
is an interaction between the PFJ and the STJ because the
PFJ has moved south as far as North Africa to approach
the STJ closely. The suggestion that the interaction of the
two jets can initiate and develop the depression due to
the increase of hydrodynamic instability which needs more
research as Karein [28] based on Defant’s theory [29] has
studied only one case in the eastern Mediterranean. Also
Prezerakos et al. [30] have revealed the role of the interaction
of these two jets on the rejuvenation of depression over
the eastern Mediterranean. The option that these North
African depressions can be treated as normal baroclinic
waves [27, 31, 32] associated with the PFJ PV anomalies
typically occurring in the winter and the spring due to the
approaching of the PFJ over North Africa seems to be more
satisfactory.

The rising dust embedded in the south-westerly and
upward synoptic-scale vertical motion tropospheric flow
drifts over large distances together with significant warm air
advection reaching Greece and the South Balkans. This dust
is responsible for hazy weather conditions for several days
over Greece.

Sometimes the rising dust forms a dust cloud stirring
up to a few tens or hundreds of meters with the thinner
dust grains ascending to greater heights, for example, 3-
4 km or more [2, 6, 25]. This dust cloud and the Sahara
depression move together, being steered by the polar or
subtropical jet stream but mainly in the lower half of the
tropospheric flow. Some of the dust grains, being in an
atmospheric environment of increased humidity, become
condensation nuclei falling on the ground as raindrops, when
ascending air motions dominate the region. Also, the rest
of the dust grains are mixed into the raindrops which thus
appear coloured. This is shown clearly when the rain droplets
evaporate. In such a case numerous spots cover every surface,
especially cars, in the open air. These spots are approximately
round, with a diameter of about 0.1-0.2 cm and with a light
yellow colour consisting of extremely fine-grained dust [25].
When the drifting dust cloud is embedded in an intense
but dry upper tropospheric anticyclonic flow leading to
strong synoptic-scale descending motion or in an ordinary
(not small scale) synoptic-scale upward motion, then it is
accelerated due to gravity to fall out as a thick deposit on the
earth surface looking like desert sand (particles < 20 µm).

It follows from the previous paragraphs that the dust
transport toward the South Balkans occurs when inten-
sive cyclogenesis develops in Northwest Africa (the source
region) and at the same time the dominant feature of the

regional atmospheric circulation is a southerly to south-
westerly flow throughout the entire troposphere from the
Northwest Sahara as far as the Balkans. This combination is
a frequent event in winter and especially in spring [2, 3, 18,
33, 34]. As a result spring is the most likely season for the
occurrence of coloured rain or dust deposit over the South
Balkans [18, 33, 34].

Previous attempts have been made by other Greek
scientists [1, 24–26] to study the synoptic-scale atmospheric
circulation using early satellite images associated with cases
of coloured rain or/and dust deposit upon the South Balkans.
This work will focus on the study of the correlation between
sand storms over North Africa and coloured rain and/or
dust deposit upon Greece. We will base our study mainly
on high resolution satellite images but not so advanced as
the nowadays ones and air trajectories. These are effective
tools to diagnose and forecast the course of drifting airborne
particles and pollutants within the atmosphere. This paper
can then be used as a standard for verifying the results of
physical models of dust emission [19, 35] or forecast numer-
ical models of dust suspension, transport, and deposition.
Such forecast numerical models are already in operation [16–
18, 21–23, 36–38] with reliable results in a number of tests.

A part of the data used in this paper constituted a
presentation delivered in an international symposium held
in Damascus, Syrian Arab Republic in November 1997
[39]. At that presentation, the justification of the dry dust
deposit in the morning of 4th April 1988 on surface in
Thessalonica a place with upward synoptic-scale vertical air
motion, that time, appeared highly questionable. Then this
justification has been under continuing consideration with
more data added intending a more reasonable explanation to
be formatted.

The publication of this paper in a worldwide circulated
journal, as the “Advances in Meteorology”, provides the
trigger effect to other researchers to investigate more in depth
this case for an absolutely clear justification.

This paper is organized as follows. Section 2 describes
the dataset and methodology employed in this study. In
Section 3 there is an analysis and discussion of the 27th
March 1992 case of coloured rain upon Greece. Section 4
consists of a further brief analysis and discussion of the 4th
April 1988 case of significant dust deposit upon Thessa-
lonica, north Greece. The conclusions are summarized and
discussed in Section 5.

2. Data and Methodology

The majority of data used in this investigation comes from
the ECMWF archived operational initialized analyses using
a resolution of 1.5◦ × 1.5◦ along latitude and longitude
circles. More specifically, these data are geopotential height,
temperature, and horizontal winds at 900, 850, 700, 500,
and 300 hpa isobaric levels, which depict the course of the
drifting dust toward the South Balkans. Also, data of mean
sea level atmospheric pressure and vertical velocities at 900,
850, 700, and 500 hpa isobaric levels was obtained from the
same source in order to show the dust source and deposit
places.
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Figure 1: Mean sea level objective pressure analysis at 12:00 UTC
on 25 March 1992. Isobars: every 4 hpa. The fronts are denoted
by the conventional symbols and are transferred from the Hellenic
National Meteorological Center respective subjective analysis. The
scale of the wind velocity is at the lower left corner.

To facilitate the study and understand the course of the
drifting dust in the atmosphere and its final arrival, 5-day
backward air trajectories were calculated for Athens and
Thessalonica which arrived at 12:00 UTC on 27 March 1992
(the day on which coloured rain occurred) for four different
heights (below 900, 850, 700, and 500 hpa). The trajectories
were calculated using the trajectory model of the Deutscher
Wetterdienst (DWD) based on the results of the DWD global
model (here 6 hourly analyses of the spectral parameters of
divergence and potential vorticity were transformed to give
horizontal winds and surface pressure on a global Gaussian
grid). Additional information on the DWD trajectory model
can be found in the paper by Kottmeier and Fay [40].

As there was no archive before 1990 it was not possible
to run the DWD global model for calculating trajectories
for the case of dust deposit upon the Thessalonica region
in the morning on 4 April 1988. To compute trajectories
for this case we used Seijo Kruinzinga’s program, which is
the operational one in ECMWF, and the ECMWF Reanalysis
(ERA 40) as input. Nowadays this program can be used
freely for research purposes and internal purposes of all
the ECMWF member states. The program can be used for
computing three-dimensional forward as well as backward
trajectories using wind analyses and wind forecasts from
the ECMWF model. In order to have three-dimensional
trajectories all three wind components are used.

The computed trajectories are 5-day backward air-parcel
trajectories originating in Thessalonica on 4th April 1988 at
00:00 UTC in 900, 850, 700, 500, and 300 hpa heights. For
these studies only the first 2 days of the back trajectories
are used. Also images from NOAA AVHRR (Advanced Very
High Resolution Radiometer) being adopted from météo-
France archives are used for the case on 25−27 March 1992
to confirm the origin and tracking of the dust cloud. The
satellite images for the 1988 case are coming from University
of Dundee archives.

According to the annual international WMO (World
Meteorological Organization) verification of numerical

weather prediction model results, the ECMWF model and
the GM of DWD on average show a similar performance
and rank amongst the best NWP models worldwide [41].
As the quality of the wind fields determined by the two
models is not different, the trajectories produced by both
models appear to have the same efficacy since they depend
on the quality of the wind fields. The main trajectory error
sources come from the wind errors, which are caused directly
by incorrect observations, model forecasts, and analyses and
also by spatial and temporal interpolation of the wind fields
to the trajectory positions.

However, the use of trajectories based on analyses
associated with AVHRR images and synoptic atmospheric
circulation patterns is the best way to describe the path of
infinitesimal air parcels through the atmosphere, and they
are widely used for evaluating measurements and verifying
forecast trajectory models.

3. Analysis and Discussion of the 27th March
1992 Case of Coloured Rain over Greece

3.1. Synoptic-Scale Atmospheric Patterns. At about 12:00
UTC on 27 March 1992, a significant amount of coloured
rain (about 30 mm from 06:00 to 18:00 UTC), occurred in
Athens (Athens Observatory, 37.97◦N, 23.72◦E and Hel-
leniko WM016716). Two days earlier, that is, at 12:00 UTC
on 25 March 1992 two depressions were developing over
North Africa. One vigorous depression was centred south
of the Atlas Mountains extending north-eastwards as far as
Sicily and eastwards as far as the borders between Tunisia
and Libya. The other one, much weaker, was centred over
Egypt (Figure 1). These two depressions were separated by a
weakening high-pressure system. Strong winds up to 30 kn
accompanied the depressions in the rear and ahead of the
cold front associated with the depression. These increased
due to the unstable thermal stratification and associated
intense vertical mixing producing downward transport of
high momentum to the surface, and this resulted in the
Sahara sand rising into suspension causing dust storms.
It is worthwhile recalling that only dust particles smaller
than 20 µm can be lifted up into the atmosphere for days
and experience long range transport whereas sand particles
greater than 20 µm result in sandblasting and creeping sand
dunes.

Synoptic-scale ascending motion can be seen over the
region of the Atlas depression (Figures 2(a), 2(b), and 2(c))
at 850, 700, and 500 hpa isobaric levels especially along the
front. The maximum values are −0.6, −0.5, and −0.6 Pas−1

at 850, 700, and 500 hpa correspondingly, thus helping
the vertical mixing for transferring dust upwards. The
airflow near the surface, being between the Atlas Mountains
depression and the high over Libya, is from the south
(Figure 1).

Also the tropospheric flow at 850, 700, and 500 hpa
(Figures 3(a), 3(b), and 3(c)) in the vicinity of the Atlas
Mountains depression is south-westerly carrying the dust
north-eastwards. This low level warm air is moving pole-
wards and gradually rising to reach the level of 700 hpa or
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Figure 2: Vertical velocity fields at 12:00 UTC on 25 March 1992 at, (a) 850 hpa, (b) 700 hpa, and (c) 500 hpa. Isopleths of vertical velocity:
every 0.3 Pas−1 (dash: upward; continuous: downward).

higher over Greece 48 h later. The flow at the same levels
over Egypt is westerly/south-westerly steering the Egyptian
depression eastwards. A quantitative approach regarding the
location and activity of dust sources in the Sahara can be
found in the literature, for example, [19, 35, 38, 42–44].

At 300 hpa (Figure 4) at the same time there is an
interaction between the polar and subtropical jet streams
southwest of the Atlas Mountains. It may be hypothesised
that this interaction causes an increase in the hydrodynamic
instability [28] over this region or strengthens the synoptic-
scale upward motion [30], which itself may lead to the
development of the vigorous depression L1 as shown in

Figure 1. These views are in need of more research. Indeed,
following Petterssen’s [45] ideas, we can suggest that the
Atlas depression L1 was initiated when the region of positive
absolute vorticity advection ahead of the 500 or 300 hpa
trough T1 (Figure 4) became superimposed over the shallow
frontal surface shown in Figure 1. This suggestion is backed
up by the narrow zone of potential temperature isopleths in
this region (Figure 3(a)). At 12:00 UTC on March 25 1992
depression L1 was developing, while the head of the region
of positive absolute vorticity advection ahead of trough
T2 (Figure 4) results in barometric tendencies becoming
negative at the surface and a well-developed depression L2
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Figure 3: (a) Objective analysis of geopotential height and potential temperature at 850 hpa at 12:00 UTC on 25 March 1992. Geopotential
contours: every 30 gpm, isentropes: every 2 K, (b) 700 hpa and (c) 500 hpa at the same time and date. Contours are drawn every 60 gpm and
isotherms every 2◦C. Wind speed above 30 ms−1 is stippled and more than this is shaded with shading increasing every 5 ms−1.
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appearing 12 h later (not shown). At this time the area of
positive absolute vorticity advection is lying over an area of
maximum thermal advection at the 850 hpa surface. This
cyclogenesis belongs to type B cyclogenesis of Petterssen and
Smebye [46], since there is significant warm advection in the
region of surface cyclogenesis while the earlier development
resulting in depression L1 belongs to type A cyclogenesis.

Following Hoskins et al. [47] we can describe almost
the same process for the above cyclogenesis replacing the
positive absolute vorticity advection with a potential vorticity
anomaly at the upper levels and the shallow frontal surface
with a low level baroclinic zone or with a low level
potential vorticity anomaly [48]. These two approaches to
the surface cyclogenesis process are advocated by Prezerakos
[31], Prezerakos et al. [32], and Thorncroft and Flocas [27]
in their findings about the baroclinic character of the Atlas
depressions.

During the next 48 h the direction of the tropospheric
flow at all the isobaric levels remains almost constant making
the atmospheric circulation systems, surface depressions,
and upper air troughs move north-eastwards (Figures 5 and
6). Thus, depression L1 (Figure 5), being associated with
trough T1 in the south of Atlas Mountains at 12:00 UTC
on 25 March 1992 (Figure 4), moves to a position with
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Figure 5: Same as Figure 1, but for 27 March 1992/12:00 UTC. Dots
and straight segments show the successive 12-hour positions and
tracks of the surface depressions L1 and L2. The numbers dd/hh
denote day and hour.

its centre located at 50◦N, 21◦E at 12:00 UTC on 27
March 1992 (Figure 5) ahead of trough T1 (Figure 6) which
followed almost the same path. Trough T2, lying behind
T1 at 12:00 UTC on 25 March 1992 (Figure 4) is within an
asymmetrical wind field with much stronger winds on its
western side plus cold advection and an SW-NE orientation
of its axis. Thus it intensified within the next 24 h. Trough
T2, following a path almost parallel to that of trough T1

but more southerly, arrives at a position just southwest of
Greece at 12:00 UTC on 27 March 1992 (Figure 6) making
the advection of absolute vorticity toward Greece positive
enough to create strong upward vertical motion over the
Athens region at 700 and 500 hpa levels.

Figure 7 shows that the maximum values of the upward
synoptic-scale velocities at 700 and 500 hpa levels are 2.8 and
3.0 Pas−1.

The combination of the warm air advection—caused
by depression L1 at lower levels—and cold air advection
at upper levels (the lowest temperatures in the vicinity of
trough T2 are −27◦C at 500 hpa level and −48◦C at 300 hpa
level) contributes significantly to this upward motion regime
over Athens, leading to destabilization of the air mass. As
the air mass ascends, the water vapour contained cools
due to adiabatic expansion and clouds are formed using as
condensation nuclei a part of the dust grains at higher levels,
while the remaining dust grains and those drifting at lower
levels are drawn away down by the rain.

3.2. Trajectories. The best way to diagnose and identify the
sources of the air at various levels up to 500 hpa above Athens
and Thessaloniki regions at the time of the appearance of
coloured rain is to calculate backward trajectories arriving
at the point and time under consideration (here Athens and
Thessaloniki at 12:00 UTC on 27 March 1992). Figure 8(a)
shows such trajectories. It can be seen that the air at 850
and 700 hpa at 12:00 UTC on 27 March 1992 above Athens
was, 48 h previously (25 March/12:00 UTC), over Libya
(Figure 8(a) left) behind a surface high at the south-eastern
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Figure 6: Objective analysis of geopotential height, temperature,
and jet stream axes for 300 hpa on 27 March 1992/12:00 UTC.
Geopotential contours: every 60 gpm, isotherms: every 2◦C, and jet
stream axes denote wind speed more or equal to 30 ms−1; T1 and T2

are trough lines and L1 and L2 the surface depression centres.

most flank of depression L2 (Figure 1) at a height of about
1000 m (air reaching 850 hpa above Athens was at 910 hpa
and air reaching 700 hpa above Athens was at 890 hpa as
Figure 8(a) right shows).

The air at these levels came from the region where
depression L1 initiated. Also, the air at 500 hpa over Athens
at 12:00 UTC on 27 March 1992 was, 48 h earlier (25
March/12:00 UTC), at a level of 800 hpa to the south of the
Atlas Mountains, where the depression L1 was developing.
This air at 800 hpa level is likely to contain dust grains and
to carry them for a long distance over Greece. On the other
hand, the air near the surface has come to Athens following
a path passing through southwest Turkey and north Crete
toward Athens with little likelihood of containing dust.

Figure 8(b) shows the same trajectories for Thessalonica,
in northern Greece, where the coloured rain appeared in
smaller amounts of 6 mm/12 h, almost all trajectories come
from the region where depression L1 developed 48 h earlier.
The trajectory which brings the air to the arrival point at
850 hpa is the most important one, since 60 h before it is at
the region, where depression L1 was developing (Figure 8(b)
left and Figure 1), it was at a height of 930 hpa (about 700 m)
(Figure 8(b) right) and likely to have acquired significant
quantities of dust and to convey it for a very long distance.
The lowest trajectory comes from the eastern Mediterranean
Sea. It brings moisture due to its path being tracked over the
sea but does not carry dust or sand particles.

From the above discussion it can be claimed that the cal-
culation of trajectories by a global or regional sophisticated
numerical model using initialized analyses every 6 h is the
best way to detect the source and the course of the dust or the
sand which is responsible for the creation of coloured rain
falling over Greece and generally over the South Balkans.

3.3. Satellite Images. Satellite images are a useful tool to
detect sand clouds. During the initial process of the dust
cloud formation and the depression development over the
north Sahara it is very difficult to identify the dust cloud
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Figure 7: Same as Figure 2, but for (a) 700 hpa and (b) 500 hpa for 27 March 1992/12:00 UTC.

in the visible band since, being still near the ground,
the dust cloud exhibits almost the same reflectivity as
the ground below. Infrared imagery should overcome this
difficulty because, during daytime, measurements by Ack-
erman and Inoue [49], Ackerman [50], and Wald [51]
show that the thermal gradient is so strong near the
overheated arid surfaces that 10−20 K [52] are typical values
of the difference between the “skin” surface temperature
and the air temperature at 2 m. Therefore a dust layer is
colder than the surface by at least this value and can be
detected by the satellite radiometer NOAA 11. Unfortunately
infrared imagery at 12:00 UTC on 25 March 1992 over the
source of the dust cloud in NW Sahara was not available.
However, when the sand cloud moved on to a position
over the Mediterranean Sea, then the necessary differences
in reflectivity existed and there was a better temperature
contrast between the dust cloud and the sea surface below,
especially where the sea was rough. In this case, the dust
cloud can be easily identified from the sea surface below,
because it appears in the imagery as white or light grey
and the sea surface as black in both visible and infrared
images.

Combining the visible imagery of NOAA 11 received
at 12:24 UTC on 26 March 1992 (Figure 9(a)) and Figure 8
showing the trajectories coming to Greece, we can detect
(Figure 9(a), where the arrow points) a dust cloud at low
levels between Libya and Greece moving towards Greece.
Twelve hours later the sand cloud has reached Greece, while
in twelve hours more two clouds of dust particles have
entered the Mediterranean Sea coming from Tunisia and
Libya (Figure 9(b), where the arrows point).

By making use of satellite pictures in association with
forecasting trajectories, it is possible to forecast the time of
coloured rain appearance in the South Balkans.

4. Analysis and Discussion of the 4th April 1988
Case of Dust Deposit in North Greece

During the morning on 4th April 1988 fine sand deposits
occurred in north-eastern Greece and especially upon Thes-
salonica. As this phenomenon has already been investigated
synoptically by Makrogiannis et al. [26], we will give
only a brief description of the synoptic-scale atmospheric
circulation associated with it and focus on the NOAA
AVHRR images and the 2-day backward trajectories, which
are parts of the computed 5-day backward ones, using the
methodology described in Section 2. Although the chemical
and aeromicrobiological nature of the dust deposit was inves-
tigated by many scientists in the last years [53–56], there is
no data available for this case. Makrogiannis et al. [26] noted
that “the National Commission of Environmental Protection
announced that this was not a case of common Greek dust
and hence did not cause any change in the concentration
of sulphur dioxide, carbon dioxide and nitrogen oxides in
air. The Laboratory of Nuclear Physics of the University of
Thessalonica also announced that the dust in question was
relatively more radioactive than the common Greek dust or
sand found in the area.”

Two days earlier at 00:00 UTC on 2 April 1988 an inten-
sive depression developed covering almost all the northwest
Sahara (Figure 10) accompanied by strong winds.

The main depression is moving north-eastwards so that,
24 h later, it is found over the coast of Tunisia in the
Mediterranean Sea (not shown). The atmospheric conditions
for a deep turbulent kinetic energy (TKE) field and a very
deep mixing layer, which over the desert, reaches up to
a depth of over 5 km during the hours of daylight, are
thus favourable for fluxes of dust from the land to the
atmosphere, which increase during the less stable daytime
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Figure 8: Backward trajectories with arrival (starting) point of (a) Athens (23.72◦E, 37.97◦N) and (b) Thessalonica at 12:00 UTC on 27
March 1992. Left part shows geographical positions and time (hours from the arrival time), and the right part shows vertical positions and
time.

boundary layer conditions and reach a peak in the early
afternoon. As a result, large amounts of fine sand grains
smaller than 20 µm (dust) were stirred up in the form of a
dust cloud with vertical velocities very much greater than
the synoptic-scale ones. The synoptic-scale velocity values
are about −0.6 Pas−1 at 850 hpa and −0.5 Pas−1 at 700 hpa
level, especially at the vicinity of the depression’s centre (not
shown). As the atmospheric flow in the entire troposphere
was south-westerly (Figures 11(a) and 11(b)), the dust cloud
was conveyed north-eastwards.

This movement is fully supported by the two-day parts
of the computed 5-day backwards trajectories depicted by
Figure 12 and the NOAA AVHRR images (Figures 13(a)
and 13(b)). Three of the trajectories calculated to arrive
over Thessalonica at 00:00 UTC on 4 April 1988 (namely
at 300, 500, 700, hpa heights) came from the southwest.
The air parcels associated with the 300 hpa and 500 hpa
trajectories are found over the region of the strong pressure
gradients, thus where the sandstorms were 48 h previously.
The calculated air parcels heights at 00:00 UTC/2 April 1988
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Figure 9: NOAA11 AVHRR satellite visible images received at (a) 12:24 UTC on 26 March and (b) 12:12 UTC on 27 March 1992.
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Figure 10: Same as Figure 1, but for 00:00 UTC on 2 April 1988.

are 835 hpa for the 300 hpa trajectory and 804 hpa for the
500 hpa trajectory, that is, they were fully inside the mixing
layer. The forming dust cloud will have extended up to the
mixing layer top, that is, over 5 km, and it will travel together
with the air parcels between 500 hpa and 300 hpa trajectories
rising continuously in the beginning of the period. But later
the dust cloud moves far from the source region and the
deep mixing layer. Thus it diffuses, becoming sparse and
independent whether being in a synoptic-scale downward
or ordinary upward vertical motion field, and it slightly
subsides due to the force of gravitation.

At the same time the air parcels associated with the
700 hpa trajectory can be found 48 hours before their arrival
over Thessalonica at the south borders of Tunisia and Libya
(16◦E, 26◦N) at a height of 757 hpa (Figure 13) where a
secondary depression is developing in the neighbourhood of
a surface anticyclone. Strong pressure gradients are produced
in this region causing dust storms. This trajectory, waving
up and down slightly, is directed towards south Italy being
at 830 hpa level over the Mediterranean Sea. Almost all
trajectories converge at the atmospheric layer between about
850 and 700 hpa levels over southeast Italy as they approach
North Greece.

Examining a coloured NOAA satellite image on 2 April
1988 at 14:17 UTC produced by AVHRR channels 4, 5, and
4 inverted after processing, we are able to observe the dust
cloud. On this image yellowish pixels represent large areas

of the dust clouds coming from northern Africa and are
mostly to be found over the Mediterranean close to the
Tunisia coastline. A secondary dust maximum shown in the
Adriatic sea seems not to be associated with the dust settled
at Thessalonica 36 h later because it is much northern than
Thessalonica, and the lower tropospheric circulation, west of
northern Greece, is intensively southern. Also on this image
clouds are blue or dark blue and land gets an orange or
reddish colour. The main dust cloud is shown clearly in the
coloured version of the abovementioned image where the
letter S is (Figure 13(a)).

On the next day (14:17 UTC on 3 April 1988) all the area
of Italy, Greece, and Algeria is covered by clouds as shown
in another coloured image (Figure 13(b)) and it is difficult
to recognize the dust, which is embedded in them. However,
where the clouds are broken, we are able to see the yellow
pixels of the dust close to south Italy extending towards the
coasts of Algeria and Tunisia where a dust cloud is depicted
clearly. On this coloured image, a different image processing
approach has been applied than that on the previous one.
On this image clouds are white, sea is blue, and land is
green. Dust remains yellow. These pieces of evidence lead
us to the estimation that the region between letters C and
S (Figure 13(b)) is covered by the dust cloud (the colour
AVHRR images were received from University of Dundee).
It is evident that the dust plume observed more west, where
the letter C is, would rather be associated to a Sahelian source
as 500 and 300 hpa back trajectories indicate (Figures 13(b)
and 12).

During the 12-hour interval, (that is, between 00:00
and 1200 UTC on 3 April 1988) the atmospheric circulation
remains anticyclonic over West and North Greece (Figures
14(a) and 14(b)) with a distinct synoptic scale surface
anticyclone at 12:00 UTC on 3 April 1988 (Figure 15).

In the next hours the surface anticyclone advances
north-eastwards while an intensive field of upward synoptic
scale motion dominates over Greece, especially west of
Thessalonica. At the same time over the sea south of Italy
a field of downward vertical synoptic scale of atmospheric
motion is established (Figure 16). At that region the 700,
500, and 300 hpa trajectories converge facilitating the trans-
port of dust to Thessalonica ground following often the
isentropes, keeping the falling even at 00:00 UTC on 4
April 1988, although upward synoptic-scale vertical motion
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Figure 11: Same as Figures 3(b) and 3(c), but for 00:00 UTC on 2 April 1988, (a) 700 hpa and (b) 500 hpa.
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was maintaining over Thessalonica (Figure 16(b)). The final
result was deposits of fine sand being left visible on the roofs
of the cars. This last one is an irrefutable fact coming from
the observation.

The above analysis showed that the dust has come from
the region where the dust storms appeared two days earlier.
The trajectories arriving at Thessalonica came from the area
of interest starting from inside a very deep mixing layer.
This fact and the irrefutable fact of dry dust deposit upon
Thessalonica ground lead us to the conclusion that (i) a
dust cloud after being stirred up to the top of mixing layer
in this case at a height of five km as mentioned above
can travel over a large distance if it is in an atmospheric
environment of strong upward vertical motion resisting the
gravity, and (ii) when a dust cloud, which has already been
diffused and moved out of its source area, is found in an
environment of downward vertical motion or in ordinary
synoptic-scale upward motion, the dust will start to fall out

under the force of gravity after reaching a critical downward
velocity. Figure 12 right shows that this occurred for the 700,
500, and 300 hpa trajectories 30 h to 24 h before arriving
at Thessalonica. They then moved into a subsiding region
and converged over South Italy and north Ionian Sea in
the layer 800−700 hpa. The dust cloud in this layer is forced
at this time by the subsiding motion of the trajectories,
and the particles, accelerated by gravity, continually fall out
into lower levels forwarding at the same time following the
wind direction. Thus, eventually, the south-westerly air flow
with its load of sand grains lands at North Greece and
reaches Thessalonica. This dust layer 800−700 hpa having
a gravitational settling velocity of ∼10 cms−1 should take
about 10 h to reach the ground, but the dust cloud moving
eastwards to Thessalonica enters a field of strong upward
synoptic scale atmospheric motion contrasting the gravity
fall reducing very much the gravitational settling velocity,
thus justifying the length of time of approximately 24 h for
the particulate to finally settle down in Thessalonica. To
better clarify the dry deposition mechanism, the presentation
of time series of PM concentrations in Thessalonica would be
very useful, but such data is not available. During that period
only gas pollutants were being observed.

5. Concluding Remarks

In this study we have attempted to examine the phenomenon
of significant dust deposits over Greece through the analysis
of two case studies. The first case study is relevant to the
coloured rain which occurs frequently over Greece and the
second case study to the very rare cases of dust deposit.
This second phenomenon, consisting of a large amount of
dust deposit which is visible on the streets, the car, and
house roofs, has occurred only once in the last twenty years,
on 4 April 1988 over northern Greece. On the other hand
throughout the year, and especially during spring, there
are often very light, barely visible dust deposits over the
South Balkans. Both phenomena are associated with the
appearance of depressions that are generated in northwest
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Figure 16: As Figure 2, but for 00:00 UTC on 4 April 1988, (a) 700 hpa and (b) 500 hpa.

Sahara, to the south of the Atlas Mountains especially during
spring [3, 18, 33, 34].

It was found that, two days before the occurrence of the
dust deposit over Greece, a sand storm appeared over the
northwest part of the Sahara desert due to a vigorous Atlas
mountain depression. The flow in the entire troposphere,
and especially in its lower half where the dust grains in the
form of a dust cloud could be stirred up, was S-SW carrying
the dust cloud for a long distance reaching Greece and the
South Balkans.

In the case of coloured rain, the dust cloud arrived
over Greece with warm air advection and upward synoptic-
scale vertical motion resulting in the cooling of the water
vapour contained due to adiabatic expansion and clouds
were formed using as condensation nuclei a part of the dust
grains at higher levels while the remaining dust grains and
those drifting at lower levels were drawn away down by the
rain.

In the case of the dry dust deposit upon Thessalonica the
atmospheric circulation at the start of the route of the dust
cloud was intensively cyclonic while over the route about 30 h
to 24 h before the dust appearance it was intensively anti-
cyclonic resulting in the initiation of large-scale subsidence.
This together with the contributing downward gravitational
motion resulted in the occurrence of widespread dust deposit
on the surface although upward large-scale synoptic motion
regime dominated over Thessalonica.

Air backward trajectories starting from the time and the
point under consideration confirm the origin of the dust
cloud but the justification given of the dry dust deposit
over Thessalonica ground is rather complicated and not
absolutely clear. Also, AVHRR satellite images were able to
give information on the base height and the depth of the dust
cloud, when this was positioned away from the Sahara, over
the Mediterranean Sea.

It should be noted that the process followed, leading to
the development of the Atlas depression necessary for the
occurrence of a dust storm, is the usual one characterizing
the baroclinic waves and starting when the PFJ migrates
southwards enough to reach the Atlas Mountains of north-
west Africa. Good example cases could be found on the
EUMETSAT web page: http://www.eumetsat.int/ (satellite
images of the month).

Finally it would be mentioned that special attempt has
been done for the physical justification of the fact that
deposits of fine sand are left visible especially on the roofs
of the cars in Thessalonica in the morning on 4th April
1988. The inclusion of time series of PM concentration
would strengthen the analysis, but unfortunately such data
is not available. For those readers who are not satisfied with
the justification given, the road is open for complementary
research using more advanced scientific tools. We may
continue our attempt for a future second paper including
in our scientific tools the Athens University Eta model
(Professor G. Kallos research group). This sophisticated
model [17, 22] that has been under continuous upgrading
proved very effective in predicting the dust cycle (suspension,
transport, concentration, and deposition) in every day
weather forecasts.
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Aerosol levels at Mediterranean Basin are significantly affected by desert dust that is eroded in North Africa and is transported
northwards. This study aims to assess the performance of the Dust REgional Atmospheric Model (BSC-DREAM8b) in the
prediction of dust outbreaks near the surface in Eastern Mediterranean. For this purpose, model PM10 predictions covering a
7-year period and PM10 observations at five surface monitoring sites in Greece are used. A quantitative criterion is set to select the
significant dust outbreaks defined as those when the predicted PM10 surface concentration exceeds 12 μg/m3. The analysis reveals
that significant dust transport is usually observed for 1–3 consecutive days. Dust outbreak seasons are spring and summer, while
some events are also forecasted in autumn. The seasonal variability of dust transport events is different at Finokalia, where the
majority of events are observed in spring and winter. Dust contributes by 19–25% to the near surface observed PM10 levels, which
can be increased to more than 50 μg/m3 during dust outbreaks, inducing violations of the air quality standards. Dust regional
modeling can be regarded as a useful tool for air quality managers when assessing compliance with air quality limit values.

1. Introduction

A large portion of atmospheric Particulate Matter (PM) is
derived from arid regions of the Earth (North Africa, Arabian
Peninsula, central Asia, Australia, etc.) and is distributed all
over the globe. Saharan desert is responsible for up to half
of the global mineral dust emissions, thus it is considered
as the most important dust source worldwide [1]. Once in
the atmosphere, dust aerosols induce serious environmental
and health effects [2]. They influence the Earth’s radiation
balance as they interact with solar and thermal radiation,
causing large uncertainties in assessing climate forcing by

atmospheric aerosols [3], they impact on photololysis rates
and ozone chemistry by modifying UV radiation [4], and
they contribute to the increase of PM levels over populated
areas. Therefore, the estimation of the dust load over an area
as well as its contribution to aerosols surface concentration
is crucial for the implementation of air quality and generally
environmental management policies.

The North African desert dust cycle depends on the
synoptic circulations, which control the frequency and
extent of transport and on the washout by precipitation
which influences the residences time of dust particles
in the atmosphere. The bulk of the dust is transported
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Figure 1: Frequency distribution of modelled PM10 surface
concentrations. Finokalia: solid line; Thrakomakedones: bold solid
line; Volos: dashed line; Panorama: dots.

westward into the Atlantic Ocean and an unnegligible part
is transported northward across the Mediterranean basin
to southern and even central Europe [5–7]. The dust cycle
presents a marked seasonal variation and the more intense
outbreaks are observed in summer [5, 8]. The Mediterranean
dust is found to be multilayered within a wide range of
altitudes, penetrating rather higher in the troposphere [9].
During strong perturbations, dust can reach up to 10 km in
altitude and may last there for several days [10]. A detailed
description of the synoptics that control the dust transport
over the Mediterranean is given by Barkan et al. [7].

Regional modelling is considered as a useful tool to sim-
ulate and predict the dust cycle in the atmosphere. The Dust
REgional Atmospheric Model (DREAM) [11] has reached a
level of delivering reliable operational dust forecasts capable
to predict all the major dust events over Mediterranean. It
solves the Euler-type partial differential nonlinear equation
for dust mass continuity. During model integration, calcu-
lation of the surface dust injection fluxes is made over the
model grid points declared as deserts. The concentration
equation simulates all major processes of the atmospheric
dust cycle, namely, production, diffusion, advection, and
removal. DREAM is already exploited in several studies.
Viana et al. [12] applied it in combination with the MM5
meteorological model to interpret the levels and composition
of particulate matter at the greater Barcelona area. Pérez
et al. [13] report that the simulated dust horizontal and
vertical structure shows very good qualitative agreement
when compared to satellite images and lidar observations
over Barcelona. Balis et al. [14] also found that there is a good
agreement on the thickness and location of the dust layer
between the model simulation and the lidar measurements
recorded in Thessaloniki. However, Gerasopoulos et al. [15]
state that the model shows a tendency to underpredict the
atmospheric optical depth values and the surface PM10 con-
centrations in Athens urban area, where local anthropogenic
emissions are significant. As the model undergoes significant
revisions in order to improve the forecasting ability, there is
a need for continuous validation by comparison of model

results with observations. The model could be validated
using PM surface concentrations monitored in rural and/or
urban areas, as well as remote sensing observations.

The aim of this study is to examine the capability of the
updated version of DREAM at the Barcelona Supercomputer
Center (BSC-DREAM8b, [13]) to predict the occurrence
of Saharan dust transport episodes in the Eastern Mediter-
ranean. Data recorded at five Greek sites (two urban, two
suburban and one rural) are analyzed. The study is focused
on the days when a dust outbreak is clearly predicted by
the model. Therefore, a critical concentration value is firstly
defined so as to select the dust transport events. The analysis
covers the period 2001–2007.

2. Materials and Methods

2.1. Near Surface PM10 Data. PM10 data recorded auto-
matically at five monitoring sites in Greece are exploited
in this study (Table 1). Finokalia monitoring station is a
member of the EMEP measurement network, while the
rest four stations are members of the national network of
air pollution monitoring that is developed by the Hellenic
Ministry for the Environment, Physical Planning & Public
Works (current title since 2009: Hellenic Ministry for the
Environment, Energy & Climate Change). The stations have
been selected in order to represent all geographic parts of
Greece, for example, south (Finokalia, Heraklion), central
(Thrakomakedones, Volos), and north (Panorama) parts of
the country.

2.2. Model Outputs. The updated version of DREAM model,
BSC-DREAM8b [13, 16], has been delivering operational
dust forecasts over the North Africa-Mediterranean-Middle
East and over Asia regions in the last years in the BSC (cur-
rently at http://www.bsc.es/projects/earthscience/DREAM/).
The partial differential nonlinear equation for dust mass
continuity is resolved in the Eulerian mode. BSC-DREAM8b
is forced by the NCEP/Eta meteorological driver [17–21]. In
this latest version of the model, the aerosol description is
improved from 4 to 8 bins and dust-radiation interactions
are included. As shown by Haustein et al. [22] for the
SAMUM-I field campaign, BSC-DREAM8b (with increased
number of dust size bins) transports the dust more efficient
since the small particle size range (<10 μm effective radius) is
better described. Furthermore, as shown in the annual evalu-
ation of the model against AERONET data [23] for southern
Europe, also good agreement is found with correct temporal
representation of AOD peaks. BSC-DREAM8b distinguishes
well between events and no-events, although the amplitude
of the dusty events is generally underestimated. Finally, BSC-
DREAM8b shows better results during the wet episodes due
to the modified wet deposition scheme that it includes.

For the present study, simulation is initialized with 24-
hourly (at 00UTC) updated NCEP (National Centers for
Environmental Prediction) 0.5◦ × 0.5◦ analysis data and the
initial state of dust concentration in the model is defined
by the 24-hour forecast from the previous-day model run
because there are not yet satisfactory three-dimensional dust
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Table 1: PM10 monitoring sites1.

Monitoring site Latitude (N) Longitude (E) Altitude (m) Type Data availability (%)

Heraklion 35.30◦ 25.13◦ 10 Urban 71

Finokalia 35.33◦ 25.67◦ 150 Background 70

Thrakomakedones 38.14◦ 23.76◦ 550 Suburban 82

Volos 39.37◦ 22.94◦ 31 Urban 82

Panorama 40.59◦ 23.03◦ 330 Suburban 81
1Data from Heraklion and Finokalia stations are available for the periods 2001–2005 and 2004–2007, respectively, while the rest refer to the whole study
period (2001–2007).
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Figure 2: (a) Duration and (b) seasonality of the most significant dust outbreaks according to BSC-DREAM8b.

concentration observations to be assimilated. Only in the
“cold start” of the model, concentration is set to zero. The
cold start of the model was initiated on 21 December 2003.
The resolution is set to 1/3◦ (∼50 km) in the horizontal and
to 24 layers extending up to approximately 15 km in the
vertical.

BSC-DREAM8b’s simulations regarding the contribu-
tion of transported dust to surface PM10 concentration
at Finokalia, Thrakomakedones, Volos, and Panorama are
exploited in this study. As Finokalia station is situated
70 km northeast of Heraklion, and although Heraklion is
included in an adjacent model’s grid point, it is assumed
that the contribution of transported dust to surface PM10
concentration at Heraklion is the same as at Finokalia.

3. Results and Discussion

3.1. Selection of Dust Transport Events. In this study, the
capability of the BSC-DREAM8b to simulate the desert dust

transported in the Eastern Mediterranea especially during
dust outbreaks is examined. Therefore, model outputs have
to be filtered so as to select the most important dust
transport events that significantly influence surface PM10
levels. It was decided to define one threshold for all
monitoring stations, based on the modelled PM10 surface
concentrations. For this purpose, modelled PM10 surface
concentrations are classified and the critical part of their
distribution is presented in Figure 1. Studying the tail of the
distribution, it is revealed that the frequency of occurrence
becomes rather constant when the concentration exceeds
the value of 10 μg/m3. Additionally, modelled values are
well converged when concentration becomes 12 μg/m3. So,
it could be assumed that significant dust transport and
deposition occurs when BSC-DREAM8b simulates surface
concentration over 12 μg/m3. Consequently, it is decided to
set this value as the selection threshold. This limit value
corresponds to the 5th, 3rd, 2nd, and 1st upper percentile
of the predicted PM10 surface concentrations at Finokalia,
Thrakomakedones, Volos, and Panorama, respectively. These
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Figure 3: Frequency distribution of the short-term component of the observed PM10 concentrations at (a) Finokalia, (b) Heraklion, (c)
Thrakomakedones, (d) Volos, and (e) Panorama; Grey bars correspond to the days when a dust outbreak is identified, while black bars
correspond to the rest of the days.

percentiles verify that only significant dust outbreaks are
selected.

3.2. Application of the Selection Criterion. The criterion that
is defined above is applied to the time series predicted
by BSC-DREAM8b. Quantitative information about the

selected events is provided in Table 2. Table 2 reveals that
the defined threshold is very restrictive for sites located
mainly to the northern part of Greece (e.g., Panorama). This
fact indicates that the definition of an overall European or
national threshold is not very useful for planning control
strategies on a regional level. In this case, it would be better if
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Table 2: Statistics for the selected dust outbreaks during the examined 7-year period.

Site

Finokalia Thrakomakedones Volos Panorama

Number of days when predicted PM10
surface concentration exceeds the threshold
value (12 μg/m3)

134 67 49 20

Number of events identified 78 41 32 11

different thresholds are regionally defined, taking also into
account local emissions and meteorological conditions, in
order to assess the impact of transported dust on surface PM
levels. It is also worth mentioning that the results referring to
Panorama, that are reported in this study, should be treated
with caution, as just a few dust outbreaks are identified.

The duration of the selected events is presented in
Figure 2(a). The duration of the dust events is similar at
Finokalia and Thrakomakedones, while episodes of shorter
duration are identified at Volos and Panorama. As far as the
longer events identified, two 6-day and one 5-day events are
detected at Finokalia. One of the two 6-day events that are
predicted at Finokalia coincides with the 6-day event that
is detected at Thrakomakedones and Volos and the 5-day
event that is detected at Panorama. This dust outbreak could
be regarded as the most significant during the examined
period not only due to its long duration but also due to its
large spatial extent. This event coincided with the heat wave
episode that influenced the Eastern Mediterranean during
the last days of June 2007. Therefore, it contributed not only
to the aggravation of air quality in Greece but also to the
deterioration of discomfort conditions that were prevailing
due to the extremely high air temperatures [24].

The seasonal distribution of the selected events is pre-
sented in Figure 2(b), which shows that the dust transport
exhibits an annual cycle. Most of the outbreaks are observed
during spring and summer, some outbreaks are observed
during autumn and a very limited number during winter.
This result is in accordance to the conclusions drawn by
Moulin et al. [5] who analyzed satellite observations and
found that the dust transport from North Africa to the
Mediterranean Basin is favoured from March to August,
while during autumn and winter dust transport is less pro-
nounced. Papayannis et al. [8] analyzed lidar data in Athens
and Thessaloniki obtained during an almost 3-year period
and reported that the period when the more important Saha-
ran dust transport occurred over the Eastern Mediterranean
is summer followed by autumn. The present study suggests
that autumn could also be considered as a period with
important dust outbreaks over the Eastern Mediterranean,
as ∼20% of the selected events are predicted during autumn
months. Dust transport over Greece is favoured during the
warmer months of the year, when the prevailing meteoro-
logical situation is characterized by western-south-western
synoptic flows, a condition that favours the transport of dust
from North Africa [25]. However, the seasonal pattern of the
southernmost station of Finokalia exhibits some differences
and is discussed in detail by Kalivitis et al. [26]. Koulouri et
al. [27] report that according to measurements contacted at

Finokalia station during the period July 2004–July 2006, the
seasonal variability of the masses of coarse particles, which
are defined as those that have aerodynamic diameter between
1.3 and 10 μm, presents a prominent peak in spring (April)
and a secondary one in February, both due to dust transport
from North Africa. This is in agreement with the results of
BSC-DREAM8b for the seasonality of serious dust events at
Finokalia as shown in Figure 2(b).

3.3. Evaluation of BSC-DREAM8b. BSC-DREAM8b’s out-
puts are compared to surface PM10 observations. The
efficiency of the model to predict dust transport episodes
is discussed and the contribution of transported desert dust
to the determination of surface PM10 concentrations at the
areas studied is presented. Predicting PM concentrations
in time and space is important for air quality and health
concerns, weather prediction, and climate studies. As dust
transport events influence surface levels for relatively short
time periods, it is preferred to compare the model’s results
to the short-term component of measured PM10 concen-
tration. Short-term variations are attributed to weather
processes. They could be separated from the original time
series by using the Kolmogorov-Zurbenko (KZm,p) filter
[28]. The KZ filter is a low-pass filter produced through p
repeated iterations of a moving average calculated over an
m time window that can provide time series that does not
include short-term periodicities. Then, by subtracting the
filtered time series from the original one, the time series of
the short-term component of measured PM10 concentration
is generated. According to Rao et al. [29], the application of a
KZ15,5 filter is the best choice to remove the short-term part
of the time series. This technique has widely been applied in
ozone studies [30, 31] in order to separate a time series into
different temporal components, while its application has also
been extended in PM studies [32].

In this study, the KZ15,5 filter is applied to the time series
of the observed daily average PM10 concentration. Days are
separated in two groups. One group includes the days when a
dust outbreak is identified by the application of the selection
criterion that is presented above, while the other group
includes the rest of the days. The short-term component is
classified and the frequency of occurrence of each class for
every group is presented in Figure 3. Figure 3 reveals that
during the majority of the days selected as dust episodes
according to the results of BSC-DREAM8b, the values of the
short-term component are positive, indicating an increase in
PM10 levels that could be partially attributed to the transport
of desert dust. However, for several days that are included
in the first group, the values of the short-term component
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Table 3: Contribution of transported dust to near surface PM10 levels1.

Site Case a Case b Case c Case d

S R2 N S R2 N S R2 N S R2 N

Finokalia 1.48 0.44 33 3.69 0.64 45 2.61 0.74 17 5.32 0.82 18

Thrakomakedones 2.06 0.49 40 3.96 0.68 59 2.58 0.86 29 5.04 0.80 30

Volos 1.19 0.42 25 3.55 0.83 36 1.92 0.71 13 4.08 0.83 13

Panorama 1.80 0.85 12 3.77 0.95 12 1.99 0.92 10 3.94 0.97 10
1S: Slope of the regression line; R2: Squared Correlation Coefficient regarding the regression procedure; N: Number of Days included in the regression analysis.

are lower than the selection threshold (12 μg/m3) or are
even negative. Negative values indicate that the simulation of
BSC-DREAM8b concerning the occurrence of a dust episode
might be false. However, negative values of the short-term
component can also be caused by local effects (e.g., related to
the weekly variation of PM10 levels), especially at urban or
suburban sites. Positive values lower than 12 μg/m3 indicate
that the BSC-DREAM8b model might be successful in the
prediction of the occurrence of a dust outbreak; however, it
fails to estimate the magnitude of the dust being transported.
More specifically, negative values are calculated for the 24,
17, 10, 28, and 0% of the days at Finokalia, Heraklion,
Thrakomakedones, Volos, and Panorama, respectively, while
positive values lower than 12 μg/m3 are calculated for the 15,
14, 15, 16, and 17% of the days, respectively. The short-term
component of the daily average value of PM10 concentration
raises more than 12 μg/m3 during the 61, 69, 75, 56, and
83% of the days at Finokalia, Heraklion, Thrakomakedones,
Volos, and Panorama, respectively. Violations of the Air
Quality Standard (AQS) are observed during all of these days
at Heraklion (29 days), Volos (14 days), and Panorama (10
days) and during the 86 and 93% of these days at Finokalia
(18 days) and Thrakomakedones (28 days), respectively,
as the daily average value of PM10 concentration exceeds
50 μg/m3. The limit value is established by the European
Union’s Directive 1999/30 and is kept by the Directive
2008/50, which recently replaced the former Directive.
This fact indicates that when BSC-DREAM8b achieves to
predict a significant dust outbreak, an AQS exceedance will
most probably be observed. Additionally, the number of
exceedances at Heraklion and Thrakomakedones is close to
the allowed number of exceedances, which is set equal to
35 according to the above-mentioned Directives. However,
it should be pointed out that Directive 2008/50 states that
where natural contributions to pollutants in ambient air
can be determined with sufficient certainty, and where
exceedances are due in whole or in part to these natural
contributions, these may be subtracted when assessing
compliance with air quality limit values. The results of the
present study and dust regional modelling in general can be
useful in the development of air pollution control strategies.

It should be noted though that the increase in PM10
levels, observed during the days when dust events take
place according to BSC-DREAM8b, could be attributed
not only to the transported dust but also to the local
meteorological conditions that are prevailing during dust
outbreaks. It is well known that specific meteorological

conditions could favour the accumulation of dust as well as
the accumulation of pollutants that are locally emitted due
to anthropogenic activities. Moreover, anthropogenic as well
as natural emissions of PM10 undergo a significant temporal
variation that could mask the influence of the transported
Saharan dust.

The analysis of the data that refer to the selected events
is extended in order to quantify the contribution of the
transported dust to the observed near surface PM10 levels.
For this reason, model predictions are compared to PM10
observations, as well as to their short-term component. Four
cases are examined. Case (a): model predictions are com-
pared to the short-term component of the PM10 observa-
tions. Case (b): model predictions are compared to the PM10
observations. Case (c): model predictions are compared to
the short-term component of PM10 observations, only when
the short-term component of PM10 concentrations is higher
than the value forecasted by the model. Case (d): model
predictions are compared to the PM10 observations, only
when the short-term component of PM10 concentrations is
higher than the value forecasted by the model. The results
of the cases (a) and (b) include uncertainties as model’s
possible mispredictions are not excluded from the analysis.
The results of cases (c) and (d) are more indicative as
the introduction of the criterion regarding the short-term
component cuts off the possible mispredicted events and
allows the inclusion in the analysis of only those days when
dust transport could have contributed to the increase of the
observed PM10 levels.

A regression line is calculated for every site for each of
the cases examined, considering the model’s prediction as
the independent variable and the PM10 concentration or its
short-term component as the dependent one. Additionally,
intercept is forced to zero. The results of all regressions are
presented in Table 3. Table 3 shows that model’s predictions
are better correlated to the PM10 observations than to their
short-term component, with just one exception (Thrako-
makedones, cases (c) and (d)). This fact could be attributed
to the variability of the anthropogenic emissions that have
diurnal and weekly cycles and moreover to meteorological
phenomena that also present variations of one or more days,
such as the sea breeze circulation and synoptic winds. The
influence of the above factors and phenomena is probably
masked by the application of the KZ15,5 filter, since their
variability is much shorter than the 15-day window of the
filter applied. The slope values when model predictions
are regressed to PM10 observations are higher than when
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regressed to their short-term component indicating the
contribution of additional sources other than desert to the
determination of surface PM10 levels in the areas studied.

According to the analysis of case (c), dust contribution
accounts for the 38, 39, 52, and 50% of the increase in
PM10 concentrations at Finokalia, Thrakomakedones, Volos,
and Panorama, respectively, while according to the results
of case (d), the 19, 20, 25, and 25% of the measured
PM10 concentrations is attributed to dust transport. The
percentage differences support the conclusion drawn above
regarding the drawback of the application of the KZ filter.

As Finokalia is a background site, it was expected that
dust contribution to surface PM10 levels would be relatively
higher. This fact indicates that BSC-DREAM8b probably
underestimates the dust transported at Finokalia station
during the dust outbreaks and that the background PM10
levels at this site could be influenced not only by the
transported desert dust but also by particles emitted by
other natural sources. Gerasopoulos et al. [33] state that ions
and particulate carbonaceous matter could also contribute
to PM10 mass, although they report that PM10 levels at
Crete are mainly influenced by desert dust during dust
outbreaks. According to the previous analysis, the desert
dust contribution accounts for the 39% of the increase in
PM10 concentrations at Thrakomakedones. Thrakomake-
dones station is located to the north of the Athens Basin
and PM10 levels there are affected also by anthropogenic
emissions. This fact is closely linked to the sea breeze
circulation that frequently develops in Athens Basin during
the warm period of the year [34, 35]. Most of the cases
that are involved in the regression analysis correspond to
spring and summer days. Sea breeze is associated to winds
blowing from southeast directions that advect pollutants that
are released at the heavily industrialized south-western part
of the urban agglomeration, as well as at the city centre, to the
north part of the Athens Basin where Thrakomakedones are
located. The estimated dust contribution to the PM10 levels
at Volos and Panorama could be regarded as reasonable.
Volos is a medium-sized coastal city where anthropogenic
emissions are high during the cold period of the year [36].
Local emissions are less intense during the warm period.
The vast majority of the dust transport events that are
included in the regression analysis correspond to spring and
summer days. Therefore, it can be supported that although
Volos is an urban site, PM10 levels could be significantly
influenced by dust transport during the selected outbreaks.
As far as Panorama is concerned, it is considered as a suburb
that is not significantly affected by anthropogenic emissions
[25]. The results presented and the conclusions drawn above
should be further verified by future studies including even
longer timeseries than the 7-year timeseries used in the
present analysis.

4. Conclusions

The objective of this study is to assess the efficiency of BSC-
DREAM8b model to predict Saharan dust transport episodes
in the Eastern Mediterranean. For this reason, model outputs

that cover the period 2001–2007 are compared to PM10 data
recorded by five automatic monitoring stations in Greece.
A quantitative criterion is established in order to select the
most important dust outbreaks. When modelled surface
concentration becomes higher than 12 μg/m3, significant
dust transport and deposition is assumed to occur.

The duration of the selected events is longer at the
monitoring sites located to south Greece (namely, Finokalia
and Thrakomakedones). A significant dust outbreak that
lasted more than 5 days is detected at all sites in June
2007. This event coincided with the heat wave episode that
influenced the Eastern Mediterranean, contributing to the
aggravation of air quality and discomfort conditions.

Dust transport is more favoured during summer and
spring at Thrakomakedones, Volos, and Panorama and
during winter and spring at Finokalia. Additionally,∼20% of
the selected dust outbreaks at Finokalia, Thrakomakedones,
and Volos are observed during autumn, therefore autumn
could also be considered as a season when important dust
transport events occur over the Eastern Mediterranean.

In order to evaluate BSC-DREAM8b outputs, the mod-
elled values are compared to the daily average values of
surface PM10 concentration, as well as to their short-
term component. Short-term variations are attributed to
weather processes and do not include seasonal or long
term variations. The short-term component is separated
by applying a KZ15,5 filter to the original time series and
then by subtracting the filtered time series from the original
one. The values of the short-term component are positive
(indicating an increase in PM10 levels) and higher than
12 μg/m3 (indicating contribution of transported dust to
PM10 levels reliably) during the 61, 69, 75, 56, and 83% of
the days identified as dust outbreaks at Finokalia, Heraklion,
Thrakomakedones, Volos, and Panorama, respectively. Dur-
ing the rest of these days, the model fails either to simulate
the occurrence of a dust episode or to estimate its magnitude.
However, it is found that modelled values correlate better
with PM10 observations than with their short-term compo-
nent, as the application of the KZ15,5 filter probably masks
the influence of some factors and meteorological phenomena
that have periodicities much shorter than the 15-day window
of the applied filter (e.g., anthropogenic emissions with
diurnal and weekly cycles, sea breeze circulation). The
comparison between the model’s predictions and the short-
term component of PM10 observations reveals that dust con-
tribution accounts for the 38, 39, 52, and 50% of the increase
in PM10 concentrations at Finokalia, Thrakomakedones,
Volos, and Panorama, respectively, while the comparison
between the model’s predictions and PM10 observations
shows that the 19, 20, 25, and 25% of the measured PM10
concentrations at Finokalia, Thrakomakedones, Volos, and
Panorama, respectively, is attributed to dust transport.
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Aerosol optical depth at 550 nm (AOD550) and fine-mode (FM) fraction data from Terra-MODIS were obtained over the Greater
Athens Area covering the period February 2000–December 2005. Based on both AOD550 and FM values three main aerosol types
have been discriminated corresponding to urban/industrial aerosols, clean maritime conditions, and coarse-mode, probably desert
dust, particles. Five main sectors were identified for the classification of the air-mass trajectories, which were further used in the
analysis of the (AOD550 and FM data for the three aerosol types). The HYSPLIT model was used to compute back trajectories
at three altitudes to investigate the relation between AOD550-FM and wind sector depending on the altitude. The accumulation
of local pollution is favored in spring and corresponds to air masses at lower altitudes originating from Eastern Europe and the
Balkan. Clean maritime conditions are rare over Athens, limited in the winter season and associated with air masses from the
Western or Northwestern sector. The coarse-mode particles origin seems to be more complicated proportionally to the season.
Thus, in summer the Northern sector dominates, while in the other seasons, and especially in spring, the air masses belong to the
Southern sector enriched with Saharan dust aerosols.

1. Introduction

Atmospheric aerosols play a crucial role in the Earth’s climate
through scattering and absorption both solar and thermal
radiation (direct effect), thus influencing the radiative and
energy balance and/or acting as cloud condensation nuclei
(indirect effect), affecting cloud albedo and lifetime, precip-
itation rate, and hydrology cycle [1]. The great effort spent
over the last decades by the scientific community focusing on
aerosol climatology and optical properties reflects the impor-
tance attributed to aerosols in controlling the Earth’s climate
[2]. Major advancements in this field have been achieved
by the new generation of space borne instruments (e.g.,
Along Track Scanning Radiometer (ATSR-2) on board the
European Space Agency (ESA-ERS2), Moderate Resolution
Imaging Spectroradiometer (MODIS), and Multiangle Imag-
ing Spectroradiometer (MISR) on board the NASA Terra,
POLarization and Directionality of the Earth’s Reflectances
(POLDER) on board the ADEOS), specifically designed

to provide detection and characterization of atmospheric
aerosols [3].

The Mediterranean Sea is one of the most affected
areas regarding aerosol load in the world [4]. Due to
the variety of the regions surrounding the Mediterranean
basin, different aerosol types can be found within the basin,
having both strong temporal and spatial distribution [4, 5];
desert dust, originated from the Sahara desert, polluted
aerosols produced mainly in urban and industrial centers of
Continental and Eastern Europe, marine aerosols, formed
over Mediterranean itself or transported from the North
Atlantic, and biomass smoke often produced by seasonal
forest fires.

Transport of Saharan dust from the North African arid
regions towards Mediterranean and coastal Europe has been
widely investigated, either in the form of statistical analyses
or as “case studies” using ground-based instrumentation,
sun photometers, lidar and satellite observations [6–10].
In contrast, studies for the particle transport from the
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European continent to the Mediterranean Sea are still
limited. However, a growing scientific interest in this topic
is now developed, and in this way an international effort
to quantify the impact of anthropogenic emissions on the
Eastern Mediterranean is represented by the Mediterranean
Intensive Oxidant Study (MINOS) campaign. That cam-
paign highlighted the important role of pollutants in the
Mediterranean atmosphere during summer [11]. Pollution
transfer models have also been successfully utilized to
investigate the export pathways of air pollution from Europe
[12, 13]. Nevertheless, the investigation of the export of
pollutants from the industrialized areas surrounding the
Eastern Mediterranean and Aegean Sea is not an easy task
due to the fact that a large number of aerosols and gas
precursors (including organic and inorganic compounds)
contribute to it. Model calculations also indicate that pol-
lutants emitted from Central and Eastern Europe are trans-
ported towards the Eastern Mediterranean [14], and hence,
anthropogenic aerosols and their direct radiative effects
are considered to be significant. In addition to long-range
transport, this region is affected from pollution caused by
local metropolitan areas, such as Athens. The identification
of clean marine conditions over Eastern Mediterranean is
particularly rare, due to the influence of continental aerosols
(natural and anthropogenic). Prospero et al. [15] investi-
gated aerosols over different oceanic areas and reported that
the Mediterranean ones were heavily contaminated by dust
and anthropogenic pollutants. Moreover, Heintzenberg et al.
[16] excluded Mediterranean and other closed seas (Baltic,
Yellow Sea) as not representative for the investigation of
chemical composition of marine aerosols.

The MODIS products of aerosol optical depth at
(550 nm) (AOD550) and fine-mode (FM) fraction were
obtained over Athens covering the period February 2000–
December 2005. These observations, in combination with
the air-mass trajectories, aim to identify the aerosol types
originating from different sectors and determine their sea-
sonal optical properties. A recent work by Kaskaoutis et al.
[17] investigated the optical properties of specific aerosol
types over Athens, while Kosmopoulos et al. [18] analyzed
the seasonal variation of three different aerosol types; both
studies used the same data set. The main contribution
of the present study, though, is the investigation of the
prime pathways favoring the presence of specific aerosol
types over Athens. Such a long-term (∼6 years) analysis
associating the aerosol types and properties with air-mass
trajectories constitutes the first study conducted over Athens.
It is also highlighted that different aerosol types can occur
simultaneously in the atmosphere transported by air masses
of different origins. In addition, the major role of the vertical
transport is underlined favoring the domination of different
aerosol types in relation to the season and the synoptic
meteorological patterns.

2. Data Collection

2.1. MODIS Retrievals. The Moderate Resolution Imaging
Spectroradiometer (MODIS) was launched in December

1999 on the polar orbiting NASA-EOS Terra spacecraft
with a dayside equatorial 10:30 AM local crossing time.
Aerosol retrievals from MODIS data are performed over land
and ocean surfaces by means of two separate algorithms
thoroughly described in Kaufman and Tanré [19]. The two
aerosol products employed in this study are (1) the optical
thickness at 550 nm (AOD550) and (2) the fine-mode fraction
(FM). The latter is derived as the ratio of optical depth
of small mode versus effective optical depth at 550 nm.
The MODIS aerosol products are only created for cloud-
free regions, although Levy et al. [20] showed that MODIS
can retrieve optical properties even in case that a 10 ×
10 km pixel (Level 2) is about 90% cloudy. Both AOD550

and FM data used in the present study were retrieved by
MODIS and correspond to Collection 5 (C005) data. The
FM fraction was initially given over ocean. Nevertheless, Chu
et al. [21] showed that the separation of fine- and coarse-
mode particles is also possible over land by comparing the
path radiances at 660 and 470 nm. Therefore, FM can also be
obtained over land and coastal areas.

The validation of MODIS aerosol products is usually
achieved by comparing them with the AERONET AOD data
[22]. The retrieval accuracy is (±0.05 ± 0.2 AOD) over land
[23] and (±0.03 ± 0.05 AOD) over ocean [24]. Over land,
even larger errors can be found in coastal zones due to
subpixel water contamination. This effect tends to produce
AOD overestimation [21]. Similarly, a significant water-color
contribution can reduce the ocean AOD retrieval quality in
coastal areas. At higher AOD values accompanied with desert
aerosols larger uncertainty is caused in their retrieval due
to the complexity of the dust nonsphericity problem [24,
25]. Analyzing numerous Mediterranean sites, Remer et al.
[24] indicated that the particle size-dependent parameters
(such as FM) are retrieved with an accuracy of ±25%. Even
though both AOD550 and FM values corresponding to new
Collection 5 datasets [20, 26] are more accurate than the
previous version, Collection 4 [27], shows an overestimation
for low AOD550 values and underestimation for high AOD550

values compared to AERONET retrievals. Unfortunately,
such an intercomparison cannot be performed over Athens
during the study period because of lack of ground-based
data.

The MODIS aerosol products (AOD550 and FM) pro-
vided over Athens in a spatial resolution of 1◦×1◦ (Level 3). A
total of 1804 daily data were collected from 26 February 2000
to 31 December 2005 [17, 18]. The winter, spring, summer,
and autumn days represent the 20.8%, 25.7%, 28.4%, and
25.1% of the whole dataset, respectively. Thanks to the long-
term period (2000–2005) the MODIS data are employed to
evaluate the seasonal variability of the aerosol types over the
region.

2.2. HYSLPIT Retrievals. The HYSPLIT model [28] is used
for the identification of the main sectors, which favors
the presence of specific aerosol types over Athens. Three
different altitudes are used for the sector discrimination
since the various aerosol types over Mediterranean coming
from different directions are mainly transported in different
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altitudes. Air mass back-trajectories ending at Athens at
three altitudes, 500, 1000, and 4000 m a.s.l., are calculated
by the HYSPLIT model including model vertical wind.
The National Center for Environmental Prediction (NCEP)
reanalysis is used as model input. The HYSPLIT back
trajectories refer to 11:00 UTC close to the Terra-MODIS
overpass, on a daily basis. Previous investigations on Saharan
dust outbreaks in Athens [29] and Northern Greece [30]
showed that the dust outflow from the Sahara to the
Eastern Mediterranean occurs mainly in the first 4-5 km.
Therefore, the selection of the 4000 m altitude for the
identification of the Saharan dust particles is appropriate.
The trajectory ending at 1000 m is associated with cases of
dust transported in the lower atmospheric layers, or when
the mixed layer is low as in winter [31], conversely, when
air masses originate from other regions (e.g., continental
Europe) are generally observed within the lowest 2-3 km
[11].

3. Methodology

3.1. Identification of the Aerosol Types. In order to reduce
the complexity of the aerosol field, some general types
can be determined depending on the aerosol origin and
optical properties. Over Athens, three main aerosol types
are expected to be dominant in the atmospheric load: (1)
continental aerosols produced by local industries, anthro-
pogenic activities, or seasonal forest fires, (2) maritime
aerosols produced at the sea surface by the winds, and (3)
desert dust originating from the North African arid regions.
Due to their different origins, these aerosol types generally
show remarkably different optical and physicochemical char-
acteristics [32]. More specifically, in urban environments
aerosol optical properties are dominated by fine-mode
particles [33], while desert dust is strongly contaminated by
coarse particles [34]. In marine environments, the relative
contribution of coarse particles, although variable [35],
is general higher than in urban atmospheres and lower
than for desert dust. A method originally proposed by
Barnaba and Gobbi [4] was implemented to distinguish
three main aerosol types over Athens, urban/industrial (UI),
clean maritime (CM), and desert dust (DD). Based on the
combination of AOD550 and FM values, the presence of the
three aerosol types was separated over Athens on seasonal
basis [17]. The method was based on the sensitivity of
the two parameters to different, somewhat independent,
microphysical aerosol properties: the fine-mode fraction
depends on the size of the particles, while AOD550 depends
both on the aerosol column density and, secondarily, on
size. For the identification of UI aerosols the AOD550

values above 0.2 associated with significant FM contribution
to the total AOD (above 80%) were obtained, while the
threshold values for the DD aerosols were AOD550 >
0.3 and FM < 0.6. The CM conditions occurred for
AOD550 < 0.2 and FM < 0.7. The cases not belonging
in any of these groups are characterized as “undetermined”
(mixed) aerosols and have been excluded from the present
analysis. It was found [17] that these cases constitute

the 46.6% of the whole dataset (842 out of 1804). The
remaining 442 cases (24.5%) belong to the UI type, 183
(10.2%) correspond to CM conditions, while 337 (18.7%)
to DD. Because of its simplicity, the discrimination method
used is associated with some arbitrariness (e.g., incorrect
aerosol-type interpretation), particularly at the threshold
values between the aerosol types. However, the inclusion
of the “undetermined” aerosol type takes provision for
overestimating the presence of UI, CM, or DD aerosols.
Despite its simplicity, this scheme seems to be appropriate for
the aerosol discrimination over Athens as previous studies
proved [17, 18]. Moreover, it was found that the UI aerosols
are associated with air masses from the European sector,
the CM conditions with fast moving Atlantic air masses,
while the coarse-mode aerosols, probably DD, were related
with air masses from the African continent. All the above
give credit to the validity of the discrimination scheme
and the relationship between the different aerosol types
with air masses from their favorable sector. All these are
quite important especially in the absence of ground-based
measurements for justification of the satellite retrievals.
However, the present results are in close agreement with
previous studies over Eastern Mediterranean and Greece,
which used ground-based measurements.

3.2. Identification of the Aerosol Origin. Four-day back
trajectories ending at Athens were calculated by means of the
HYSPLIT dispersion model to identify the origin of the air
masses. The 4-day analysis seems to be appropriate for the
scope of the study, since the air masses can be transported
over long distances, such as North Atlantic and Europe before
reaching over Athens. Furthermore, it was found that the use
of 4 or 6 days does not significantly deviate the results. Each
computed trajectory is associated with the corresponding
aerosol optical characteristics. However, relating column-
integrated quantities to trajectories at specific altitudes
maybe problematic and does not give a clear view of the
dominant aerosol type. It was found that the definition of the
sector might be different proportionally to the air mass alti-
tude used. Therefore, great differences in the aerosol origin
may be revealed if the analysis is based on back trajectories
in the free troposphere (4000 m) or in the boundary layer
(1000 and 500 m). This investigation constitutes the main
goal of the present study. Nevertheless, back trajectories have
been widely used in connection with aerosol optical depth
and Ångström exponent [36–38] in order to identify various
aerosol types. For the investigation of the main pathways
favoring the presence of each aerosol type over Athens,
five geographical sectors are defined (Figure 1) in relation
to different aerosol sources. The selected sectors are the
following:

(a) a Southern sector, associated with the African region;
the main source is the Sahara desert;

(b) a Western sector, which includes the Western
Mediterranean basin, the Atlantic Ocean, the Iberian
Peninsula, and Western France; the main aerosol type
is of marine origin;
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Figure 1: Separation of the regions acting as origins for the air
masses ending at GAA. The location of GAA is indicated by an
asterisk.

(c) a North, Northwestern sector, including Central-
Western Europe; the dominant aerosols are of
anthropogenic origin;

(d) a North, Northeastern sector, including Eastern
Europe and former Soviet Union counties; the
aerosols are expected to be of anthropogenic origin
or seasonal forest fires;

(e) a local sector including continental Greece and
neighboring Balkan countries, Aegean Sea, and the
Libyan Sea; the dominant aerosol type is of local
emissions (mainly anthropogenic) and in some cases
dust transported from Libya.

However, a degree of arbitrariness in the definition of the
sectors exists, due to the effective distribution of the sources.
Nevertheless, Pace et al. [36] showed that a little change in
the borders of the sectors does not significantly affect the
results on climatological basis. Also, they found that the
use of different back-trajectories with varying duration (3
or 7 days) does not significantly modify the average optical
properties in each sector. Therefore, the simple trajectory
classification scheme (Figure 1) appears sufficiently robust to
allow the identification of the main aerosol types. Previous
studies (e.g., [39]) identified the air-mass origin sector by
considering the time spent along the trajectory or using
more sophisticated correlation methodologies [39] or cluster
analysis [30]. Furthermore, previous results showed that dust
could be detected even after a quick passage over the African
continent [40]. Therefore, the time spent in each sector or the
start of the air mass 4 days before reaching over Athens does
not always provide reliable information about the aerosol
origin. For this reason a different method was used to identify
the air mass sector, taking into account the altitude of the
air trajectories and possible interactions with the boundary
layer. The same method has been developed and used by
Pace et al. [36] and Meloni et al. [31], while an extensive

description is given there. Nevertheless, a briefly overview is
provided here.

It is assumed that the aerosol origin is confined to the
mixed layer at the source location, when the air mass is inside
the mixed layer at the source location. When this is not the
case, the source of the trajectory is defined in the sector where
the air mass interacts with the mixed layer. This criterion
is satisfied when the air mass altitude is lower or close to
the altitude of the mixed layer. The mixed layer is defined
by the HYSPLIT model as the height where the potential
temperature first exceeds the surface value by 2 K, while a
minimum value of 250 m is assumed [36]. If this condition
is met more than once and at different sectors along the
trajectory path, the sector is defined as the one where the air
mass spends most of the time inside the boundary layer. In
almost all the cases (95%) this criterion was satisfied for the
air masses ending at 1000 m, while for 70% of the air masses
ending at 4000 m this criterion was not met. Nevertheless,
the majority of the air masses at 4000 m coming from North
Africa satisfy this criterion, since the mixed-layer altitude is
much larger over the African continent [31]. In the cases
where the above criterion is not satisfied, the sector is defined
as the one where the air mass spends more time. In order
to include an air mass to B sector, it must spend more than
∼75% of the 4 days above sea surface (Atlantic Ocean and/or
Mediterranean Sea).

4. Results and Discussion

In the present study the aerosol properties (AOD550 and FM)
are computed over Athens for each sector and trajectory
altitude, separately. It is obvious (see Tables 1, 2, 3, and 4)
that the number of occurrences in each sector and the mean
AOD550 and FM values differentiate proportionally to the
air-mass altitude used for the sector definition. Therefore,
the choice of the air-mass altitude constitutes the most
complicated parameter for the sector identification and, as a
consequence, the investigation on the computed differences
constitutes a real challenge.

4.1. Seasonal Distribution of the Back Trajectories. Table 1
summarizes the number of occurrences in each sector
based on the three altitudes selected. Regarding the whole
dataset (Table 1) it is concluded that the choice of the
air-trajectory altitude for the sector identification plays a
very crucial role, since large variations can emerge for the
air masses traveling within the boundary layer and in the
free troposphere. Regarding the lower altitude (500 m) it
is seen that the majority of the air masses correspond to
Northwestern (33%) and Northern (30%) directions, while
these originating from the Atlantic Ocean are very few (only
9%). A rather significant fraction (16%) corresponds to
air masses of Saharan origin, thus leading to vertical dust
transport [41]. It is also worth noticing that the majority of
the cases belonging to local emissions (sector E) correspond
to air masses in the lower atmospheric layers. As the altitude
increases, the air mass changes sector with preference to
western directions due to the dominant western flow in the
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Table 1: Mean values of AOD550 and FM fraction for all aerosol types over GAA. These values correspond to the whole dataset. The number
and the relative frequency of the trajectories from each sector are also given for the three altitude levels: 500 m, 1000 m, and 4000 m.

Trajectory altitude AOD550 FM Year Winter Spring Summer Autumn

500 m

A 0.38± 0.13 0.61± 0.10 155 (16%) 16% 25% 25% 34%

B 0.34± 0.10 0.58± 0.12 87 (9%) 33% 18% 20% 29%

C 0.36± 0.16 0.59± 0.12 317 (33%) 16% 21% 39% 24%

D 0.39± 0.11 0.65± 0.10 285 (30%) 8% 33% 35% 24%

E 0.37± 0.10 0.64± 0.09 118 (12%) 8% 34% 26% 31%

1000 m

A 0.38± 0.12 0.61± 0.10 196 (20%) 15% 26% 24% 36%

B 0.34± 0.09 0.58± 0.12 108 (11%) 28% 15% 25% 32%

C 0.36± 0.17 0.60± 0.12 333 (35%) 15% 24% 39% 23%

D 0.39± 0.12 0.65± 0.10 228 (24%) 8% 32% 36% 23%

E 0.37± 0.11 0.65± 0.11 97 (10%) 10% 32% 26% 32%

4000 m

A 0.39± 0.13 0.60± 0.12 233 (24%) 16% 31% 25% 27%

B 0.34± 0.10 0.60± 0.12 477 (50%) 16% 23% 32% 29%

C 0.35± 0.09 0.63± 0.10 166 (17%) 10% 25% 40% 25%

D 0.37± 0.11 0.63± 0.12 51 (5%) 8% 41% 31% 20%

E 0.40± 0.16 0.65± 0.11 35 (4%) 0% 23% 49% 29%

Table 2: As in Table 1, but for the UI aerosols.

Trajectory altitude AOD550 FM Year Winter Spring Summer Autumn

500 m

A 0.45± 0.12 0.88± 0.06 40 (9%) 5% 48% 23% 25%

B 0.45± 0.29 0.89± 0.08 14 (3%) 14% 64% 14% 7%

C 0.42± 0.13 0.89± 0.07 120 (27%) 8% 42% 34% 17%

D 0.46± 0.13 0.89± 0.08 198 (45%) 8% 44% 25% 24%

E 0.44± 0.13 0.89± 0.07 70 (16%) 7% 37% 21% 34%

1000 m

A 0.44± 0.12 0.88± 0.06 65 (14%) 6% 45% 14% 35%

B 0.45± 0.32 0.87± 0.08 12 (3%) 17% 67% 17% 0%

C 0.43± 0.12 0.89± 0.08 145 (33%) 6% 41% 38% 14%

D 0.46± 0.13 0.90± 0.07 159 (37%) 8% 45% 23% 25%

E 0.46± 0.14 0.88± 0.07 62 (13%) 10% 40% 23% 27%

4000 m

A 0.47± 0.14 0.88± 0.09 93 (21%) 16% 45% 15% 24%

B 0.44± 0.14 0.89± 0.07 209 (47%) 4% 43% 33% 20%

C 0.44± 0.11 0.90± 0.06 86 (19%) 8% 41% 26% 26%

D 0.46± 0.14 0.89± 0.07 34 (8%) 6% 59% 21% 15%

E 0.48± 0.14 0.89± 0.09 21 (5%) 0% 33% 29% 38%

free troposphere occurring in the temperate zone. Thus,
the Atlantic air masses (sector B) represent 50% of the
air masses over Athens in the free troposphere (4000 m).
Furthermore, a large fraction (24%) corresponds to African
air masses, suggesting that the Saharan outflow over Eastern
Mediterranean occurs mainly in the free troposphere. On the
other hand, only few cases correspond to air masses from
Northeast or local origin at 4000 m.

Very interesting findings can be revealed when the
above analysis is performed for each season. In Figure 2
the seasonal frequency distribution (%) of the air masses is
given for any altitude and sector together with the number
of available cases, N. In winter, the majority of the air

masses, specifically at 4000 m, belong to Sector B, further
verifying the clean atmospheric conditions occurred in this
season [18]. This distribution is essentially produced by the
annual evolution of the meteorological synoptic patterns
over the Eastern Mediterranean, with strong Northwestern
and Western winds in winter as a consequence of the cyclonic
circulation patterns. The Saharan air masses exhibit almost
the same frequency with the C sector while that of the other
two directions is very low. In spring and summer the above
situation is clearly reversed since the majority of the air
masses influencing Athens belong to the Northwestern and
Northeastern directions, especially for air masses within the
boundary layer. In summer, a strong North pressure gradient
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Table 3: As in Table 1, but for the CM aerosols.

Trajectory altitude AOD550 FM Year Winter Spring Summer Autumn

500 m

A 0.15± 0.04 0.51± 0.09 27 (15%) 48% 4% 0% 48%

B 0.13± 0.04 0.46± 0.14 47 (26%) 55% 11% 0% 34%

C 0.14± 0.04 0.47± 0.16 77 (43%) 52% 10% 13% 25%

D 0.16± 0.03 0.60± 0.09 17 (9%) 35% 12% 18% 35%

E 0.15± 0.03 0.58± 0.10 14 (7%) 29% 64% 7% 0%

1000 m

A 0.15± 0.03 0.51± 0.10 30 (17%) 53% 7% 0% 40%

B 0.12± 0.04 0.46± 0.14 50 (27%) 54% 6% 2% 38%

C 0.14± 0.04 0.49± 0.16 81 (45%) 47% 14% 14% 26%

D 0.15± 0.03 0.59± 0.10 13 (7%) 46% 0% 8% 46%

E 0.15± 0.04 0.58± 0.13 8 (4%) 25% 0% 13% 63%

4000 m

A 0.14± 0.03 0.47± 0.15 22 (12%) 59% 9% 0% 32%

B 0.13± 0.04 0.49± 0.15 127 (70%) 50% 8% 5% 37%

C 0.16± 0.04 0.54± 0.12 26 (14%) 38% 15% 23% 23%

D 0.15± 0.04 0.55± 0.17 5 (3%) 40% 0% 40% 20%

E 0.13± 0.09 0.62± 0.10 2 (1%) 0% 0% 0% 100%

Table 4: As in Table 1, but for the DD aerosols.

Trajectory altitude AOD550 FM Year Winter Spring Summer Autumn

500 m

A 0.53± 0.22 0.43± 0.15 88 (26%) 11% 22% 33% 34%

B 0.45± 0.15 0.40± 0.13 26 (8%) 4% 8% 58% 31%

C 0.45± 0.14 0.41± 0.14 120 (36%) 1% 8% 61% 30%

D 0.54± 0.17 0.46± 0.12 69 (20%) 1% 7% 70% 22%

E 0.51± 0.13 0.46± 0.10 34 (10%) 3% 15% 44% 38%

1000 m

A 0.54± 0.21 0.43± 0.14 101 (30%) 9% 19% 38% 35%

B 0.44± 0.14 0.40± 0.13 46 (14%) 2% 11% 52% 35%

C 0.46± 0.12 0.42± 0.14 107 (32%) 2% 7% 59% 32%

D 0.55± 0.19 0.46± 0.12 56 (16%) 0% 5% 80% 14%

E 0.50± 0.16 0.48± 0.13 27 (8%) 7% 22% 37% 33%

4000 m

A 0.57± 0.21 0.45± 0.13 118 (35%) 8% 25% 38% 29%

B 0.44± 0.12 0.41± 0.14 141 (42%) 3% 6% 56% 35%

C 0.45± 0.12 0.46± 0.13 54 (17%) 0% 4% 70% 26%

D 0.49± 0.15 0.46± 0.13 12 (3%) 0% 8% 58% 33%

E 0.59± 0.24 0.45± 0.15 12 (3%) 0% 8% 92% 0%

is developed over the Aegean Sea as a consequence of the
combined effects of the North Balkan high-pressure system
with the low-pressure one developed in Eastern Levantine
Basin. This pressure pattern is associated with air masses
from the Northern Balkan countries, whilst the Etesians
are quite strong in many cases. These winds carry either
pollution and biomass-burning aerosols, affecting mainly
Northern Greece [42, 43], or sea-spray particles from the
Aegean Sea before reaching Athens. This is the reason for the
dominance of the D sector in late spring and summer. Our
results are in agreement with those of Stohl et al. [12] and
Duncan and Bey [13], who show that the main continental
outflow at the lower atmospheric levels towards the Eastern
Mediterranean occurs during summer; this flow is greatly

reduced during the other seasons. Also, a significant fraction
(18%–28%) corresponds to air masses from Saharan desert
especially at the 4000-m altitude. A recent work by Sciare
et al. [44] investigated the contribution of different aerosol
sources in the Eastern Mediterranean basin, showing that this
region is influenced by a wide range of air masses originating
mainly from Europe and Africa during summertime. In
autumn all the sectors contribute almost in the same way
to the air masses reaching Athens, with a shift towards West
as the altitude increases. For a more detailed analysis in
the followings, the air-mass classification is given for each
aerosol type separately aiming at investigating about the
main pathways favoring the presence of specific aerosol types
over Athens.
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Figure 2: Seasonal frequency (%) distribution of the air-mass trajectories at three atmospheric levels over GAA for the whole dataset. The
number of data, N, in each season is also given.

4.2. Main Sectors for the Occurrence of Each Aerosol Type. In
this Section the above analysis is divided into three classes
according to the dominant aerosol type over Athens and
the criteria described in Section 3. For cases corresponding
to the UI type, the majority of the trajectories belong to
the Northeastern Sector (see Figure 3 and Table 2). The
main finding regarding the favorable direction for UI type
over Athens leads to a Northern flow, mainly from Eastern
Europe, within the boundary layer (500 and 1000 m). In
contrast, the use of the air masses at 4000 m shows a
preferable western and south direction in agreement with the
western circulation patterns occurring in the free atmosphere
at Northern mid latitudes. Note that a significant number
of African air masses (9%–21%) can be characterized as

UI aerosols in the Athens urban environment. In these
cases the Saharan outflow is weak and the boundary layer
anthropogenic aerosols dominate. Therefore, the necessity
of using vertical aerosol profiles in order to distinguish
different aerosol types in an urban environment is obvious
[29]. Air masses belonging to Sector A can have high FM
values (such as 0.93) indicative of anthropogenic rather
than Saharan dust aerosols. This fact was also obvious
in Lampedusa [36] where in some cases dust-loading air
masses were mixed with smoke aerosols from forest fires
in the coastal areas of Algeria. Moreover, the occurrence
of UI conditions is not favored by Atlantic air masses at
the lower altitudes, since they strongly interact with the
marine boundary layer. Inversely, a significant contribution
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Figure 3: Frequency (%) distribution of the air-mass trajectories
at three atmospheric levels over GAA for the UI aerosol type. The
number of data, N, is also given.

to these conditions (13%–16%) is provided by the local air
masses within the boundary layer favored under stagnant
atmospheric conditions. The air-trajectory pattern suggests
a prevalent northerly flow at the lower altitudes, where
transport of pollutants mainly occurs [42]. In addition,
Lelieveld et al. [11] revealed a dominant northerly flow below
4 km in Crete, further confirming our results and those of
Stohl et al. [12] and Duncan and Bey [13]. Conversely, in the
middle and upper troposphere, Lelieveld et al. [11] found
westerly/southerly winds to prevail over Crete. Similarly
to the latter, the present analysis for the UI aerosol type
over Athens reveals considerable influence from westerly
air masses (47%) at 4000 m compared to only 3% in the
boundary layer (Table 2). The close agreement of the present
results with those of previous studies supports the validity of
the identification scheme for the aerosol type discrimination
[17] and, in general, the satellite retrievals and the method-
ology used despite the lack of intercomparison with ground-
based measurements.

Regarding the air masses favoring the presence of CM
conditions over Athens (Figure 4, Table 3) it is obvious that
the B and C Sectors dominate. The majority of the air masses
from Sector B belong to the free troposphere (4000 m) for
the reasons mentioned above. These results are in agreement
with relevant studies in Northern Greece [30] who found
more transparent atmospheric conditions associated with air
masses from the Atlantic Ocean and Western Europe. Pay
attention also to the very low frequencies related to the D
and E Sectors, both favoring the trans-boundary pollution
transport or the accumulation of aerosols. It is also worth
mentioning the significant fraction of air masses from the
African continent (12%–17%) that, in general, do not favor
the presence of clean atmospheres over Mediterranean. It
was found that in these cases either is the dust outflow very
weak or wet scavenging via precipitation occurs during its
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Figure 4: Same as in Figure 3, but for the CM aerosol type.

transport over Mediterranean before reaching Athens. It was
also found that 70% of these cases include precipitation over
Athens, while the majority of the air masses belonging to
Sector C have initial Atlantic origin.

As expected, the DD aerosol type occurs mainly from
air masses originating from the Sahara desert, especially
for air trajectories at 4000 m (35%, see Table 4). Thus, it
is concluded that the 4000 m level for the identification of
Saharan outflows is reliable as has also been suggested from
a variety of studies [40, 45]. The most unexpected feature is
the high occurrence of air masses from C (32%–36%) and
D (16%–20%) Sectors within the boundary layer (1000 m
and 500 m), which favor the presence of DD type over
Athens. As clearly mentioned above, only a fraction of the
DD type corresponds to dust particles and the occurrence of
such aerosols associated with a northern flow maybe related
to sea-spray or soil coarse-mode particles lifted from the
Aegean Sea and transported above Athens. There should
be noticed the great differences in the occurrence of DD
type revealed from the trajectory analysis (Figure 5). Thus,
the Saharan dust aerosols originating from the Sector A are
mainly identified by the trajectories at 4000 m, while the
coarse-mode particles from northern directions (mainly soil
materials and sea spray) seem to travel within the boundary
layer. As also expected, the presence of DD type associated
with Atlantic air masses is low, mainly occurring in cases
that these air masses (specifically at 4000 m) pass near the
African continent. It was also found (not presented) that
nearly the whole of the air masses originating from Sector
E, and associated with DD aerosols over Athens, come from
the south direction (North Libyan Sea) enriched with desert
particles.

The above fractions are strongly modified proportionally
to the season, and this will be further analyzed. This
seasonal variation is mainly driven by the meteorological and
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Figure 5: Same as in Figure 3, but for the DD aerosol type.

synoptic circulation patterns over Eastern Mediterranean,
the local emissions, the meteorological fields favoring the
dust outbreaks, the wind speed and direction, and the
removal processes. The above analysis is repeated for each
individual season in order to establish the differences in the
frequency of occurrence for each Sector.

The dominance of UI type in spring is apparent in
Figure 6 (N = 195). The back trajectory distribution of
UI type in spring is closely related to the whole dataset
(Figure 2). In winter, despite the low occurrence of the UI
type (N = 34), its presence is favored by air masses from the
D Sector for air masses within the boundary layer. The large
occurrence of air masses from the B Sector at 4000 m is not
associated with local pollution, which is mainly attributed
to air masses in the boundary layer. Furthermore, significant
contribution to the UI type is provided by the local stagnant
air masses (Sector E) mainly in the warm period of the year.

Clean maritime conditions are rare over Athens, occur-
ring mainly in winter, and are generally associated with
air masses originating from North Atlantic and to a lesser
extent from Western and Central Europe (Figure 7, Table 3).
The CM cases belonging to Sector C are associated with
fast-moving air masses exhibiting a descent trajectory when
reaching Athens, thus not carrying air pollutants from
Continental Europe. Note also that these air masses are very
few in spring and summer, when they contribute to the trans-
boundary air pollution (Figure 6). It is also worth noticing
that in all seasons the CM conditions over Athens associated
with Sectors D and E are nearly absent at any level. CM
conditions can also be found from air masses originating
from the African region. Note that nearly all of them occur
in winter and autumn and none in summer. The majority
of them are associated with wet removal processes before
reaching Athens.

The most interesting features regarding the seasonal
distribution of the trajectories are depicted for the DD type

(Figure 8, Table 4). Figure 8 gives support to our previous
statements regarding different origins of the coarse-mode
particles (referred to as DD) proportionally to the season.
Thus, in winter nearly the whole of the DD cases are
associated with air masses from Saharan origin (sector A).
It is also worth noticing that the African air masses carry
desert-dust aerosols at all altitudes favoring the vertical
dust transport this season, a feature which is in close
agreement with Kalivitis et al. [41] results. In spring, the
Saharan contribution to the coarse particles remains the
dominant process, with the only difference being the higher
number of air masses at 4000 m (70%) enhancing the dust
transport in the free troposphere. In further contrast, in
summer the above situation is reversed and the coarse-
mode particles are most associated with air masses from
northern directions, Sectors C and D. The lower AOD550

values of the DD type in summer compared to the spring
ones also verify our assumptions, as only part of these
DD cases is associated with Saharan desert-dust particles.
In early autumn, a similar situation seems to exist, while
in late autumn the conditions approach those of winter.
Therefore, in autumn similar percentages of the C and A
Sectors take place. Regarding the Saharan outflow, the upper
troposphere transport dominates in summer and the vertical
in autumn, in agreement with the transport observed over
Crete [41]. All the above findings are presented in Figure 9,
where the differences in the occurrences of each aerosol type
proportionally to the transport altitude are clearly depicted.

4.3. Back Trajectories and Aerosol Properties. In this section
the AOD550 and FM values for each aerosol type are studied
with respect to the back trajectories at the three altitudes
selected. The mean and the standard deviations of the
AOD550 and FM values are given in Tables 1, 2, 3 and 4 for the
whole dataset, UI, CM, and DD aerosol types, respectively.
The number of the available data is also given for each sector
and air-mass altitude.

Values of AOD550 and FM averaged over the whole
experimental period are about 0.38 and 0.61 for Sector A,
while the lowest values (∼0.34 and∼0.58) are associated with
air masses from Sector B. The lowest AOD550 and FM from
this sector are expected because of the dominance of marine
aerosols. On the other hand, the highest AOD550 (∼0.37–
0.40) in conjunction with the highest FM values (0.63–0.65)
are associated with pollution air masses from Eastern Europe
and local emissions (Sectors D and E, resp.). Zerefos et al.
[43] showed enhanced columnar SO2 values over northern
Greece that correspond to northeastern directions mainly
during summertime, providing further evidence for the
pollution transport. In addition, this sector has been also
affected by severe biomass burning episodes [46]. Sector E
is representative mostly for local circulation patterns, and
therefore, the enhanced AOD550 and FM values should be
attributed to local pollution with some enhancement at
the higher altitudes by Saharan dust from Libya (see the
higher AOD550 values at 4000 m). Finally, a great part of the
measurements at all altitudes (17%–35%) corresponds to
Sector C, which is representative at northwestern flow from
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Figure 6: Seasonal frequency (%) distribution of the air-mass trajectories at three atmospheric levels over GAA for the UI aerosol type. The
number of data, N, in each season is also given.

Central Europe. The lower AOD550 compared to Sector D
could be a consequence of the control in emissions and air
pollution in the countries of Western and Central Europe.

It is obvious that for the whole dataset the differences
in the air-mass altitudes and in the number of trajectory
occurrences do not affect the aerosol properties in the
vertical. Nevertheless, larger differences are computed for
the FM values rather than AOD550. These results are in
agreement with those presented by Pace et al. [36] who
prepared a similar sensitivity study changing the border
of the sectors and the duration of the back-trajectories.
They also found higher differences in α-Ångström rather
than AOD. The mean AOD550 and FM values computed
in our analysis are in close agreement with the results
obtained for Northern Greece by Amiridis et al. [30],

who found higher AODs to correspond to eastern, local,
and southern sectors and lower for the western. These
also agree with the results conducted by Formenti et al.
[39] at Mount Athos (North Greece) in June–September
1998. They found that the largest values of α correspond
to air masses coming from Eastern Europe and former
Soviet Union. Furthermore, Pace et al. [36] found that
low values of α-Ångström at Lampedusa were measured
for air masses coming from North Africa, while air masses
originating from Europe showed progressively increasing
values.

Table 2 summarizes the mean and standard deviations of
AOD550 and FM values proportionally to the Sector and air-
mass altitude for the UI type. Due to the limited range of FM
values corresponding to the UI type (0.8–1.0) the differences
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Figure 7: Same as in Figure 6, but for the CM aerosol type.

in this parameter are negligible. Also, very high AOD550

values, varying from 0.42 to 0.48, are computed almost
independently from the sector and the air-mass altitude. As
previously mentioned, the UI type is favored by air masses
within the boundary layer and the aerosol properties can
more safely be studied for trajectories at 500 and 1000 m.
Therefore, the higher AOD550 is associated with air masses
from the Sectors D and E, further confirming the transport
or the accumulation of pollutants. The high mean AOD550

values corresponding to the Sector B (0.45) are referred to
a limited number of data (3%) and are attributed to three
days when the Athens environment can be characterized as
“pollution smog.” The large standard deviations also confirm
that these values are not representative for the whole dataset.
An additional interesting finding is the highest mean AOD550

values (0.47 and 0.48) corresponding to air masses at 4000 m
from Sectors A and E. It was found that 18 out of 21 cases
from the Sector E correspond to air masses from south
directions (Libyan Sea) enriched with dust aerosols at the
upper levels. Therefore, under such conditions, that is, heavy
anthropogenic aerosols in the boundary layer associated with
uplifted layer of Saharan dust enhance the aerosol load over
Athens.

As regards the CM aerosol type, the lowest AOD550

(∼0.13) corresponds to Sector B (Table 3). Since the AOD550

range is limited (0–0.2) for this type, no large variations
between the sectors and air-mass altitudes in the AOD550

values are observed. Nevertheless, air masses probably
carrying desert particles from Sector A or pollution from
Sector D exhibit little higher AOD550 values (0.15-0.16).
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Figure 8: Same as in Figure 6, but for the DD aerosol type.

On the other hand, higher variations are observed regarding
the FM values. Therefore, the higher contribution of the
coarse-mode particles (desert dust or sea spray) as well
as the contribution of the fine-mode aerosols (local or
transported pollution) to the total AOD550 is more intense
for the Sectors A, B (0.46–0.51) and D, E (0.55–0.62),
respectively.

As regards the DD type, it was established that this type
can be divided into two groups: (a) desert-dust aerosols
of Saharan origin and (b) coarse-mode particles (sea-
spray or soil dust) from northern directions. The AOD550

and FM values at the three altitudes presented in Table
4 further confirm the previous assumptions. An increase
in AOD550 values (from 0.53 to 0.57) from Sector A is

observed as the air-mass altitude increases; this suggests
that the dust transport over GAA occurs mainly in the
free troposphere. Inversely, lower AOD550 values (0.49 to
0.54) correspond to Sector D, exhibiting a decreasing trend
with the air-mass altitude. As expected, the lowest AOD550

values (0.44) are associated with air masses from the Atlantic
Ocean. Another interesting feature is the very high AOD550

value (0.59 ± 0.24), despite the limited number of cases
(12), corresponding to air masses at 4000 m from Sector
E. Additionally, even in cases when DD is the dominant
aerosol type in the vertical, the local emissions and the
anthropogenic aerosols associated with Sectors D and E
increase the FM values, which are the lowest for air masses
originating in Sector B.
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Figure 9: Contour plot of the seasonal frequency distribution of the air-mass trajectories at three atmospheric levels over GAA for all aerosol
types. The white gaps correspond to lack of data.

5. Conclusions

Terra-MODIS aerosol products (AOD550 and FM) obtained
over Athens, Greece, have been analyzed in order to provide
information about the climatological characteristics of the
aerosol optical properties. The data cover the period Febru-
ary 2000–December 2005. Based on AOD550 and FM values
three main aerosol types corresponding to urban/industrial
(UI) aerosols, clean maritime (CM) conditions, and coarse-
mode desert dust (DD) particles were discriminated. The
investigation of the source regions, via 4-day air-mass back-
trajectory analysis at three altitudes, showed that the UI type
is favored by air masses within the boundary layer originating
from Eastern Europe or due to local emissions. In contrast,
the desert-dust conditions are associated with African air
masses mainly at the upper atmospheric levels, while clean

maritime conditions, although rare, are associated with fast-
moving air masses from the Atlantic Ocean. In almost all
cases, African aerosols display high values of AOD550 and
low values of FM, typical of Saharan dust (mean values
of AOD550 and FM are ∼0.39 and ∼0.60, resp.). Particles
originating from Eastern Europe show relatively large average
values of AOD550 and FM (0.38 and 0.65) respectively, while
particles from North Atlantic show the lowest AOD550 values
(0.34) and relatively small values of FM (0.60), which are
consistent with those of maritime aerosols. However, the
identification of the aerosol type and properties based on
air-mass trajectories is a rather difficult thing due to fast
changes in the aerosol vertical distribution, which is caused
by air masses of different origins in the vertical column.
Many variations in the observed patterns of the aerosol types
were attributed to the transport origins and meteorological
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conditions. Overall, this may overemphasize the importance
of the processes relative to chemistry, emissions source
strengths, and local influences on the observed variability
of the aerosol type and properties. The close agreement
of our results with other studies and chemical transport
models gives credit to the analysis used in order to identify
the transport mechanisms of different aerosol types over
Athens. Therefore, the present methodology seems to be
sufficient in monitoring the long-range transport of aerosols
and pollutants at different atmospheric levels and can also
be applicable for air-quality studies. However, despite the
consistency of the present results with those of chemical
transport models, the long-range transport may not always
be the most importance factor in determining the observed
aerosol properties over Athens. Therefore, some open issues
still exist. How does the strong seasonal variability in the
aerosol sources, such as secondary organic aerosols or pho-
tochemical pollution, affect the variability in the observed
aerosol types? How does the effectiveness of sulfate aerosol
formation in cloud processing impact the results? How does
the mass of aerosols transported along any given trajectory
vary or weigh the importance of that trajectory in the overall
analysis? The approach taken in this manuscript cannot
really address such issues, which would require chemical
transport modeling to understand.

Acknowledgments

The authors would like to thank the MODIS science data
support team (past and present) for processing data via Gio-
vanni website. The HYSPLIT scientific team for providing
the back-trajectory plots is also gratefully acknowledged.

References

[1] J. Haywood and O. Boucher, “Estimates of the direct and
indirect radiative forcing due to tropospheric aerosols: a
review,” Reviews of Geophysics, vol. 38, no. 4, pp. 513–543,
2000.

[2] IPCC, “Summary for policymakers,” in Climate Change 2007:
The Physical Science Basis. Contribution of Working Group I to
the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change, S. Solomon, D. Qin, M. Manning, et al., Eds.,
Cambridge University Press, Cambridge, UK, 2007.

[3] M. D. King, Y. J. Kaufman, D. Tanré, and T. Nakajima,
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Satellite data of moderate spatial resolution (MODIS and MERIS) were used to retrieve the aerosol optical depth (AOD) over
the urban area of Athens. MODIS products were obtained at a horizontal resolution of 10 by 10 km2 centered over Athens,
while the differential textural analysis (DTA) code was applied to MERIS images to retrieve relative-to-reference AOD with a
resolution of 260 m by 290 m. The possibility of exploiting the full resolution of MERIS data in retrieving AOD over a grid of a
few hundreds metres was thereby investigated for the first time. MERIS-based AOD, centred at 560 nm, showed strong positive
correlation to ground-based PM10 data (R2 = 0.85), while MODIS AOD products were in agreement with both MERIS and PM10.
Back trajectories were used to study the impact of atmospheric conditions prevailing during the examined days. Days associated
with Saharan air masses corresponded to enhanced AOD and predominance of coarse-mode particles. The results suggest that, at
least for the case of Athens, AOD retrieved by MERIS images using the DTA code over cloud-free areas can be related to PM10.
The accuracy of retrieval mainly depends on the successful selection of the reference satellite data, namely, an image being least
contaminated by tropospheric aerosols.

1. Introduction

Various types of aerosol can be found in the Mediterranean,
namely, desert dust, originated from the Saharan desert,
pollution particles, emitted mainly by urban and indus-
trial activities, marine aerosol, formed continuously over
the Mediterranean, and biomass-burning smoke, produced
by seasonal forest fires during summer. PM10 and PM2.5

have been accounted for health impairment of citizens in
urban areas [1, 2], and high levels of such particulate
pollutants, along with gaseous pollutants (nitrogen oxides,
carbon monoxide, and ozone) have been reported in
Athens (Greece) over the last two decades [3]. Therefore,
air quality improvement and monitoring in the capital
of Greece is of great concern to the government since
reduction of air pollutant exposures will have both short-
and long-term public health benefits. Furthermore, Greece
has to comply with the related directives of the European
Union.

Aerosol parameters can be measured in-situ or remotely
sensed from ground, aircraft, or satellite. In particular,
satellite remote sensing has been increasingly used to map
aerosols in the atmosphere [4]. It constitutes a recent but
powerful tool for assessing aerosol spatial distribution and
properties due to its major benefit of providing complete
and synoptic views of large areas in single snapshots.
The data from satellite sensors can be used to improve
current understanding and to give a boost to the effort
in future climate predictions caused by aerosols. A variety
of techniques have been applied to different datasets with
spatial resolutions varying from moderate and low (using
Meteosat, AVHRR, or SeaWiFS data) [5–9] to high (using
SPOT and Landsat data) [10–12]. Because satellite-based
information on tropospheric aerosols is relatively recent,
its reliability must still be checked against ground-based
measurements [13].

The derivation of aerosol parameters from the Moderate
Resolution Imaging Spectroradiometer (MODIS) ushers in
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a new era in aerosol remote sensing from space [14] since
their launch in 1999 and 2002 onboard the Terra and Aqua
polar-orbiting satellites, respectively. MODIS aerosol data
have demonstrated their utility in studies at regional and
at global level as well as in radiative forcing calculations
[14–17]. Moreover, Hutchison [18] has shown that MODIS
data and products can detect and track the migration of
pollutants; he analyzed some cases to show the usefulness of
remote sensing in monitoring air quality in urban areas. The
Medium Resolution Imaging Spectrometer (MERIS) is also a
moderate-to-high spatial resolution Earth observing system
on-board ENVISAT, launched in 2002.

The present study attempts to retrieve the aerosol load in
terms of aerosol optical depth (AOD) related to air quality in
the Athens urban area. For the purpose of this study, both
satellite remote sensing and ground-based measurements
were used in conjunction with model applications. The
goal of this research is to investigate whether MERIS can
provide information on the spatial distribution of aerosols
over urban areas, with horizontal resolution as high as its
inherent ground sampling distance, that is, of the order of a
few hundreds of metres. MERIS 5th band, centred at 560 nm,
has a spatial advantage over the spectrally equivalent MODIS
4th band (555 nm); less than 300 metres versus 500 metres.
Such information could be best associated to urban aerosol
distribution and could also be used to link local pollution
emissions to their regional and global effects in climatology.

2. Description of the Area

Athens is located in an oblong basin that is characterized by
a complex topography and covers an area of approximately
450 km2 with a population of about 3.5 million inhabitants
(census 2001). The basin is surrounded by mountains at the
three sides and by the sea (Saronikos Gulf) in the south. This
complex topography gives a result of poor air-mass mixing
within the basin [19]. The main sources of pollution are
industrial activities, concentrated in the southwest edge, and
the increasing number of vehicles.

During summer there are two opposite wind regimes;
calms or sea-breeze circulation that appear when the syn-
optic flow is weak, and are frequently associated with high
levels of airpollution [20], and the strong northeasterly winds
called “Etesian”. Different aerosol loading and properties
have been monitored in the basin proportionally to the
wind pattern [20]. The sea breeze andcalms favor the
accumulation of pollutants in the Athens atmosphere and the
formation of a yellowish-brown cloud of optically effective
particles over Athens due to photochemical reactions (e.g.,
[19]).

3. Datasets

3.1. MERIS Data. MERIS data are currently available in 15
spectral bands, in the nominal spectral range 400–900 nm,
in two modes; at full spatial resolution (260 m by 290 m),
and at reduced resolution (1200 m), with a swath of 1150 km
around nadir. MERIS provides a global coverage of the

Earth every 3 days [21]. A series of MERIS Level 2 Full
Resolution images acquired over the Prefecture of Attica
including the Greater Athens Area (GAA), were pre-selected.
Their selection was based on the criterion of identical orbit
over the study area in order to avoid geometrical distortions
that would affect the radiometry of the images. The images
selected corresponded to six dates (Table 1) with minimum
cloud cover and high acquisition quality. MERIS Level 2
images had already been corrected for gaseous absorp-
tion and Rayleigh contributions and represented “top-of-
atmosphere reflectance values”. All images were acquired at
approximately 11:30 a.m. local time. The pre-selected images
were visually inspected in order to detect, and eventually
delineate, thin clouds or dense dust cloud transportation
(e.g., from Sahara). MERIS images were classified with
respect to pollution levels on the basis of ground-based
pollutant concentration measurements in order to designate
a “reference image” that is, the image with the lowest
pollution load, that was required to apply the DTA method.

3.2. MODIS Data. MODIS acquires daily imagery in 36
spectral bands from the visible to the thermal infrared (29
spectral bands with 1-km resolution, 5 spectral bands with
500 m resolution, and 2 with 250 m resolution, nadir pixel
dimensions). The data used in this study are MODIS aerosol
retrieval products based on distinguished algorithms over
land and ocean to obtain AOD at 550 nm (AOD550) and the
proportion of AOD contributed by fine-mode aerosols (fine-
mode fraction: FM), which are only created over cloud-free
regions. Both AOD550 and FM data correspond to Collection
5 (c005) data, where much of the high bias is removed [22].
However, in dust-aerosol regimes, retrieved AOD550 will have
greater error due to their non-spherical effects [23, 24]. The
FM fraction was initially given over ocean but it can now be
obtained also over coastal areas. The retrieval algorithms are
fully described by Remer et al. [25] and Levy et al. [22].

The MODIS study area included GAA centered at 37.5◦N
latitude and 23.4◦E longitude with 10 km × 10 km (Level
2) spatial resolution. Since Athens is a coastal urban area
the previous pixel is probably affected by the differences
between land and sea. An additional uncertainty in both
AOD and FM retrievals over coastal areas is caused by the
land-ocean sub-pixel contamination. Even with improved
formulation of FM, retrievals of both parameters still have
large uncertainties because the assumption of the empirical
surface reflectance ratios seems too simple to account for
complexities of land-surface reflectance [17].

3.3. PM10 and Gaseous Pollutant Measurements. The Min-
istry of Environment (MINENV) provided the necessary
air-pollutant concentration data. MINENV operates an
organized monitoring network covering GAA with eighteen
stations on hourly basis. The examined data refer to hourly
concentration measurements of NO2, NO, SO2, O3, and
PM10 (Table 1). PM10 concentrations were monitored at four
air-pollution monitoring stations within GAA representative
of different environments. “Aristotelous” station is estab-
lished in the city center near a road with heavy traffic. High
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Table 1: Mean daily NO2, NO, SO2, O3, and PM10 concentrations at each air-pollution monitoring station for all examined days (source:
Ministry of Environment, Physical Planning and Public Works, 2004).

Aristotelous Zografou

NO2 NO SO2 O3 PM10 NO2 NO SO2 O3 PM10

[μg/m3]

22/6/03 59.85 13.55 4.45 37.71 11.46 1.12 27.83

25/6/03 103.12 54.91 8.32 71.45 31.13 3.22 45.46

4/7/03 97.36 47.54 9.5 98.37 29.75 1.75 54.12

14/7/03 80.31 44.35 4.08 68.58 24.96 2.62 41.08

15/8/03 72.15 34.15 3.8 48.25 33.71

31/8/03 87.5 65.25 5.75 96.17 62.46

Agia Paraskevi Likovrisi

NO2 NO SO2 O3 PM10 NO2 NO SO2 O3 PM10

22/6/03 10.37 1.00 4.41 125.2 29.12 17.62 4.51 82.37

25/6/03 19.82 1.41 9.57 141.5 54.79 52.51 19.54 74.71

4/7/03 29.62 1.37 9.12 158.8 53.86 63.42 24.92 74.08

14/7/03 24.33 2.33 10.71 121.1 48.25 50.83 14.62 60.12

15/8/03 5.50 1.00 15.02 153.0 37.71 25.58 5.83 69.46 54.75

31/8/03 29.75 2.1 18.83 130.8 71.17 66.67 19 54.83 85.37

levels of primary air pollutants (e.g., NO2, SO2) are still
measured at this station. “Zografou” station is located in the
University of Athens campus in a suburban region with low
traffic and far from inhabited areas. This location is at the
east edge of the basin, at the foothills of mountain Hymettos.
It should be noted that these two stations were used by
Chaloulakou et al. [3] as representing urban and suburban
environments from the PM monitoring point of view. “Agia
Paraskevi” is a suburb of Athens located in the northeast
edge of the basin. Last, “Likovrisi” station is situated in a
north suburb with low population density and close to open
areas near the Parnitha mountain. It should be noted that,
despite the distance from the city center, air-pollution and
PM concentrations at this station are significant due to the
city circulation patterns, which carry the pollutants to the
north.

PM10 filter samples were collected using low-volume
samplers. The sampling flow rate was 16.71 l min−1. The
particles were collected on 47-mm Pallflex TX40 lm−1 filters
(Teflon-coated glass fiber filters), which were mounted in
plastic filter holders. Each filter was inspected for its integrity
prior to its use. Particle concentrations were determined
gravimetrically using an electronic microbalance (Metter
Toledo AT201), with 0.01-mg resolution. Air pollutants, such
as nitrogen dioxide (NO2), nitrogen oxide (NO), sulfur diox-
ide (SO2), and tropospheric ozone (O3), are concurrently
measured by the MINENV network. NO2 and NO, O3, and
SO2 concentrations are determined using chemilumines-
cence, UV, and fluorescence techniques, respectively.

Analysis of PM10 and gaseous pollutant data was initially
performed for classifying the available images into highly,
moderately, slightly polluted and pollution-free. According
to the examined ground-based pollution information, the
selected images acquired on 25/6/2003, 4/7/2003, 14/7/2003,
15/8/2003 and 31/8/2003 were considered as “pollution

images” compared to that of 22/6/2003. In particular, among
these dates the 4/7/2003 and the 31/8/2003 indicated rather
high levels of pollution and AOD (i.e., PM10 exceeded the
upper limit of the mean daily value of 50 μgm−3), the
15/8/2003 shows light pollution, and the other two days
present moderate pollution levels. Finally, the 22/6/2003 was
identified as “reference image” (pollution-free) according to
its low PM10 values.

4. Methodology

The method used for AOD retrieval from MERIS data is the
differential textural analysis (DTA) based on the “contrast
reduction” principle. The DTA code is part of the SMA code
developed by Sifakis et al. [11], and has already been tested on
high-spatial resolution data, such as SPOT [10] and Landsat
[12], and moderate-spatial resolution data, such as AVHRR
[8]. The code quantifies contrast-reduction as the local
“textural degradation” on geometrically and radiometrically
corrected satellite datasets composed by a “pollution” image
and a “reference” image (pollution-free). Contrast reduction
is then attributed to the presence of aerosols assuming that
the surface reflectance is invariable between the two images,
which requires their proximity in acquisition time. Retrieved
AOD values are then relative to the reference image. More
specifically, the following stages were implemented for the
application of the DTA code.

The first step was the selection of appropriate reference
and polluted images. This stage was critical because the
accuracy in the AOD retrieval depends on the quality of
the reference image. More specifically, the reference image
should present minimum AOD values with a homogeneous
spatial distribution. The selection of a reference image can
be arduous requiring the examination of long time-series of
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satellite data. The reference image was selected on the basis
of the following criteria:

(i) low PM and other pollutant concentrations as mea-
sured by ground-based stations,

(ii) available meteorological information, and

(iii) availability of cloud-free image.

In case of lack of actual pollution data (e.g., PM10, NO2)
the selection of the reference image could be based on a
statistical comparison applied to the available images: lower
pollution levels on an image would be revealed by higher
values of standard deviation (expressing the apparent texture
or local contrast). In our case study, PM10 concentration
data measured at ground level by the organized network of
MINENV (see Section 3.3) were used for the selection of
“pollution” images so that significant tropospheric aerosol
concentrations be captured.

In the second step, the selected images underwent geo-
metric correction (georeferencing). At this stage re-sampling
was carried out according to the “nearest neighborhood”
code in order to avoid altering the initial radiometric values
of the pixels.

In the third step the DTA code was applied. The code
calculates the local textural degradation in order to derive
the spatial distribution of AOD values. This calculation was
carried out inside an adjustable moving window. The size of
the window was optimized according to the resolution of the
sensor as a compromise between

(a) a large window including sufficient apparent ground
texture, directly linked to the local contrast, and

(b) a small window allowing to consider a homogeneous
atmospheric correction.

The structure-function performance suggested by Paro-
nis and Sifakis [26] allowed to determine the window
size. The application of the structure-function performance
showed that the optimal window size was 13 pixels by 13 pix-
els. The use of this moving window allowed the final results
to maintain the spatial resolution of MERIS pixel, namely
260 m × 290 m, thus perceiving aerosol inhomogeneities
at this scale. For the case of GAA, covering approximately
450 km2, AOD information was derived at 3000 points versus
only four ground air-pollution monitoring stations. The
DTA code was applied to the selected series of MERIS images
over GAA, considering, in total, five “polluted” and one
“reference” images. All images underwent geo-referencing
according to the UTM WGS 84 (zone 34N) projection system
using Ground Control Points (GCPs) included in the header
file of each of the images with the use of BEAM software
(BEAM 2004). Subsequently, the images were reported to
the ERDAS imaging software (ERDAS 2003) in order to be
processed for AOD retrieval over land in the vicinity of GAA
by applying the DTA code, which has been developed in the
MODELLER module of ERDAS Imaging software.

Using the previous methodology we obtained the AOD
values at the fourteen MERIS spectral channels with 260 m
× 290 m spatial resolution, centered over each ground-based

monitoring station. AOD values were subsequently averaged
to cover the entire GAA for the five days considered. In
all cases a reduction of the retrieved spectral AOD values
with wavelength according to a power low was observed as
foreseen by Mie theory.

The knowledge of spectral dependence of AOD is
important for the modeling of the radiative effects of aerosols
on the land-atmosphere system, as well as for the retrieval of
the aerosol optical parameters from satellite-remote sensors
[27]. The wavelength dependence of AOD depends on the
aerosol type, that is, the physical and chemical characteristics
of the particles. Wavelength dependence is expressed by the
Ångström exponent (α), which is the slope of the logarithm
of AOD versus the logarithm of wavelength (ln λ), and is
commonly used to characterize the spectral dependence
of AOD and to provide information on the aerosol-size
distribution. For the whole dataset the α-Ångström was
derived using the least-squares method, which is the least
imprecise and wavelength dependent [28], covering the
spectral region 412.5–885 nm of the MERIS-based AOD.
Errors and uncertainties in its derivation are attributed
to the dispersion of AOD values from the linear fit and
are more biased than those produced using ground-based
radiometers [29]. The DTA method assumes the proximity
of the pollution and reference dates. We have not assessed the
impact of extended surface changes to the AOD, since such
changes do not exist in a two-month period. Usually, areas
suspected for major surface-reflective changes are avoided
(masked). Therefore, the error in the estimated AOD due
to changes in the surface reflectivity is negligible. Typical
errors in α derivation applying the least-squares method on
MERIS AODs were found to range from 0.05 to 0.24, which
is much higher than those obtained via radiometers 0.032
± 0.001 [29]. Kaskaoutis et al. [29] also found that a 0.03
error in AOD can introduce a 7–10% error in the Ångström
exponent.

5. Results and Discussion

5.1. Satellite Images. Figures 1(a)–1(e) show true color
Terra-MODIS images covering the whole Eastern Mediter-
ranean and corresponding to the five examined days.
These images, due to their larger spatial coverage, are
capable of detecting Saharan dust outbreaks above the
Eastern Mediterranean basin. The MODIS pictures referring
to 25/6/2003 (Figure 1(a)), 14/7/2003 (Figure 1(c)) and
15/8/2003 (Figure 1(d)) seem to be rather clear over the
whole Greek territory, while the sea glint effect is quite
intense. A clearly different pattern was obvious on 4/7/2003
(Figure 1(b)) when a thin dust plume was blown north
of Libya affecting the Aegean Sea and continental Greece
intensifying the aerosol load above Athens. However, even
on this day the sea glint is obvious above the seas adjoining
the Greek subcontinent. Figure 1(d), referring to 15/8/2003,
represents the clearest day over Athens in accordance to the
minimum air-pollutant and PM10 concentrations (Table 1).
In contrast, 31/8/2003 is a dusty day with a dust plume
blowing northeastward of the Tunisian/Libyan coasts. The
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MODIS image clearly reveals the geographical extension
of this dust plume moving northeast through the Central
Mediterranean, Aegean Sea and continental Greece.

5.2. Back Trajectories. Analytical air-mass back trajectories
for the five dates, obtained by the Hybrid Single-Particle
Langrangian Integrated Trajectory (HYSPLIT) Model [30],
were used to identify the pathway of air masses over Athens.
The back trajectories were computed for 3 distinct arrival
levels, namely 100 m, to give representative origin of air
masses near the surface, 1500 m, which could serve as a repre-
sentative height for the boundary layer, in which the majority
of the aerosol particles was present, and 4000 m for the
presence of Sahara dust layers to be captured. The 4-day back
trajectory analysis, presented in Figures 2(a)–2(e), clearly
verifies the two dusty days (Figures 2(b) and 2(e)), where the
trajectories at both 4000 m and 1500 m show a Sahara origin.
Particularly, they originated from areas in Northwestern
Africa (Algeria and Morocco) under the influence of intense
surface winds. In their trip over the Sahara desert they were
both within the boundary layer as was also established via
the HYSPLIT model. It should be noted that this direction
is the main pathway for the dust plumes influencing both
the Central [31, 32] and Eastern Mediterranean [33]. On
the other three days the air masses influencing Athens came
at all altitudes from the northern sector traversing Central
Europe and the Balkan countries. It was established that
these air masses usually carry anthropogenic or biomass-
smoke aerosols over Greece [34]. From MODIS fire-mapping
website http://maps.geog.umd.edu/firms/ it was found (not
shown) that on 12–15 August a large number of fire events
occurred in the Balkan counties probably influencing the air
mass on 15/8/2003; therefore, an increase in α values was
derived from MERIS (see Section 5.4).

5.3. DREAM Model Applications. The dusty days (4/7/2003
and 31/8/2003) were also successfully forecasted by the Dust
Regional Atmospheric Modelling (DREAM) model [35],
which has been extensively used for the identification of
dust events in the Mediterranean [33, 36, 37]. The 0-hr
forecast presented in both figures is the safest prediction
and represents the real situation. Typical output results
for 12 UTC (0-h forecast) are given in Figures 3(a) and
3(b) indicating the dust loading affecting the whole Greek
territory on these days. In these figures the wind speed and
direction at 3000 m are also shown, and they are consistent
with air-mass trajectories reaching Athens (Figures 2(b) and
2(e)). From the wind pattern at 3000 m it can be revealed that
an anticyclone was established in North Libya (Figure 3(a))
and North Algeria (Figure 3(b)) carrying dust particles over
Greece. These anticyclones were also observed (not shown)
on the preceding days to those selected. An important finding
using the DREAM model is the dry deposition of dust
particles occurring over Greece on both dusty days (not
presented), thus leading to significant enhancement of PM10

concentrations on the surface. This is very important to be
mentioned since, in numerous cases, the air masses transport
dust over Greece in the free troposphere without any signal

in PM10 measurements [38]. On the other three days, no dust
load was found over Greece and for this reason the respective
figures are not presented.

5.4. Comparison between Satellite and Ground-Based Mea-
surements. MERIS AOD values retrieved with the proposed
method (DTA) precisely over the locations of the MINENV
stations were compared to PM10 measurements at the
respective stations. The data sets for all days were correlated
through linear regression and the correlation coefficients
for each one of the 14 MERIS spectral bands are presented
in Table 2. The correlations between satellite-based AODs
and ground-based PM10 concentrations are higher than 70%
(R2 > 0.50) when using any of the spectral bands in the
visibleregion. The highest correlation (R2 = 0.83) was found
when using the MERIS AOD at 560 nm for all days com-
bined. On the other hand, the correlation coefficients drop
significantly in the NIR band (R2 < 0.3). The correlations
between AOD and PM10 for individual days varied from
R2 = 0.63 to R2 = 0.88; they are strong enough, especially
in the visible spectrum but not in the infrared (>770 nm), to
justify the above error levels. The slope values in Table 2 are
small since the X axis corresponds to AOD(×103). From all
MERIS channels, channel 5 (560 nm) is considered the best
correlated, where the slope is the highest and the intercept
the lowest. In this channel the strong correlation justifies
the dependency of PM10 on AOD and, in general, the above
correlation is statistically significant at the 95% confidence
level for the visible spectrum. The revealed linearity and the
low scatter at 560 nm allow a first-order prediction of the
PM10 levels near the surface based on the AOD values. The
strong positive correlation between the AOD-derived from
satellites and ground-based PM10 concentrations suggests
that the majority of the aerosol particles are within the
boundary layer; their influence on the aerosol load increases
with the slope of their correlation. Papayannis et al. [33] also
proved via lidar signals that even during the dust events, the
majority of the aerosols are within the boundary layer, below
1500 m. The relation between PM10 and AOD also indicates
to what extent and in which cases and columnar data reflect
surface characteristics.

Figure 4 presents mean AOD, PM10 and Aerosol Index
(AI) values, averaged over GAA for each individual day. In
the same figure AOD values from MERIS correspond to
560 nm and constitute the average values for all available
AODs above all MINENV stations, retrieved at a spatial
grid of 260 m by 290 m; while the vertical bars express one
standard deviation from the mean value. The AOD550 from
both Terra-MODIS and Aqua-MODIS have been retrieved
from the pixel centered above Athens city center (37.5◦N
23.4◦E) with a spatial resolution of 10 km × 10 km. AI data
using version “8” algorithm were obtained from the TOMS
sensor onboard Earth-Probe platform. AI is available on a
daily basis, at a 1◦×1.25◦ resolution. Finally, PM10 concentra-
tions constitute the mean values in the time interval between
11 : 00 and 12 : 00 a.m. (local time) thus best corresponding
to MERIS (11 : 30 a.m.) and to Terra-MODIS (10 : 30 a.m.)
passes. Such a comparison between “MERIS retrievals”
and “MODIS products” may include some arbitrariness,
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Figure 1: True color images from Terra-MODIS sensor on five days in summer 2003, (a) on 22/6/03, (b) on 4/7/03, (c) on 14/7/03, (d) on
15/8/03, and (e) on 31/8/03.

mainly due to the different AOD-retrieval codes and different
spatial resolutions. It is, however, noteworthy that all satellite
sensors and ground-based measurements were in agreement
regarding the aerosol-load variation over GAA between the
different days examined. It was found that the spatially-
averaged AOD values from MERIS are highly correlated
with the respective AOD product from Terra-MODIS (R2 =
0.85) or Aqua-MODIS (R2 = 0.83). Furthermore, the
MERIS spatially-averaged AOD at 560 nm was correlated
with ground-based PM10 concentration measurements with
R2 to be as high as 0.82. The strong correlations between
PM10 and columnar AOD are mainly affected by dust
events on two of the days, which significantly enhanced
dust deposition on the surface and PM10. Similar strong
correlation between PM10, sun-photometer based AOD and

TOMS AI was found in Crete during Sahara dust events
[38].

From Figure 4, the 25th of June and the 14th of July
can be characterized as days with moderate air pollution
levels; the 15th of August as day with low pollution levels,
and the 4th of July and particularly the 31st of August as
days with high or severe air pollution. Mean MERIS AOD
at 560 nm was found to range from 0.13 to 0.33 when days
are examined individually (Figure 4). The lower MERIS-
AOD values, compared to those obtained by MODIS, are
attributed to the “relative” method used to derive AOD
including the use of a “reference” day, which was assumed to
be pollution-free. The examination of this “reference” day in
view to PM10 showed low but not negligible pollution in the
Athens atmosphere (Table 1), while Terra and Aqua MODIS
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Figure 2: Continued.
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Figure 2: Air-mass back trajectories computed from NOAA-HYSPLIT model over AA (a) on 22/6/03, (b) on 4/7/03, (c) on 14/7/03, (d) on
15/8/03, and (e) on 31/8/03.
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Figure 3: Dust loading (a) and dust dry deposition (b) forecasted by the DREAM model for the two dusty days (4/7/03 and 31/8/03).

AOD550 was 0.195 and 0.175, respectively. As previously
shown from back trajectories and DREAM applications, on
two days (4 July 2003 and 31 August 2003), a Sahara dust
plume affected GAA. These dust events further degraded
air quality in the Athens urban environment, thus affecting
mainly PM10 concentrations. Furthermore, on these days the
TOMS AI values were high, thus indicating the presence of
dust. In Mediterranean coastal urban areas, such as Athens,

which are close to North African arid regions, the effects of
dust outbreaks play a key role in PM10 concentrations and
further contribute to the urban air quality and human health.
Many studies [36, 39–41] have established that dramatic
PM10 enhancements in Southern Europe are with Sahara
dust outbreaks. A PM10 concentration enhancement with
simultaneous increase in columnar AOD is characteristic of
convective dust transport over Greece [38]. Back trajectories
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Table 2: Performance of DTA code on each of the available MERIS
spectral bands expressed in terms of correlation between satellite-
based AOD and ground-based aerosol (PM10) measurements. Y :
PM10 (μgr cm−3), X : AOD(×103).

Bands Band center (nm) R2 Y

1 412.5 0.56 0.12 x + 28.31

2 442.5 0.54 0.12 x + 30.48

3 490 0.53 0.12 x + 32.43

4 510 0.53 0.12 x + 33.57

5 560 0.83 0.19 x + 14.51

6 620 0.48 0.11 x + 39.39

7 665 0.48 0.10 x + 40.78

8 681.25 0.48 0.10 x + 41.02

9 708.75 0.46 0.10 x + 43.42

10 753.75 0.32 0.11 x + 46.19

12 778.75 0.22 0.09 x + 52.31

13 865 0.19 0.09 x + 51.74

14 885 0.19 0.09 x + 51.75
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Figure 4: Mean daily values of AOD at 560 nm derived from MERIS
at four sites with a 260 × 290 m2 spatial resolution and spatially
averaged over the Athens Basin. The daily Terra/Aqua MODIS
AOD550 with 10 × 10 km2 spatial resolution are also given. The
PM10 concentrations are four-station averaged value at the time
interval corresponding to MERIS pass time. AI values for each day
are given while the vertical bars express one standard deviation from
the spatially averaged MERIS AOD value.

at 4000 m and 1500 m on 4 July 2003 and 31 August 2003
verified this type of transport; so did DREAM simulations,
which showed dry deposition of dust particles over Athens
on these days.

Using the least-squares method the Ångström exponent
α was derived from MERIS-AOD values covering the spectral
range 412.5–885 nm on each individual day. These values,
associated with their standard deviations caused by averaging
them over GAA, are presented in Figure 5. In the same
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Figure 5: Mean daily Ångström exponent α values derived from
MERIS in the 412.5–885 spectral band. The vertical bars express one
standard deviation from the spatially averaged MERIS α value. The
fine mode fraction values derived from both Terra/Aqua MODIS
sensor over Athens are also shown.
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Figure 6: Correlation between daily mean PM10 concentrations
with air pollutants at four air-pollution monitoring stations within
the Athens Basin.

figure the FM values from both Terra- and Aqua-MODIS
sensors are also plotted. Despite the limited number of days
and difficulties encountered (i.e., different spatial resolution,
significant typical error in α computation) the analysis gave
similar results with respect to α and FM values. The only
discrepancy was revealed on 15 August 2003 where the
computed large mean α value was not in accordance with
respective FM values. On the other days, high α values were
associated with high FM values. The two dusty days (i.e.,
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Figure 7: Diurnal variation of the PM10 concentrations at (a) urban “Aristotelous” station, and (b) suburban “Zografou” station for the five
days considered. The EU threshold daily mean value of 50 μgm−3 is also shown.

4 July 2003, 31 August 2003) were characterized by low
values in both α and FM. The linear correlations between
α and FM values were significantly strong; their variance
was 93% and 70% in the case of Terra- and Aqua-MODIS,
respectively. This result clearly establishes the agreement
between the two satellite sensors despite their different spatial
resolution and the differences in product definition (i.e., α
and FM). Terra-MODIS correlates better than Aqua-MODIS
with MERIS retrievals due to proximity between their passes
(approximately one hour lag). Unfortunately, there are no
systematic measurements of fine particles (e.g., PM2.5 or
PM1.0) in GAA in order to compare with α and FM values.

Figure 6 shows the correlations between daily mean PM10

and air-pollutant concentrations for all the available data
presented in Table 1. Particularly, the correlation between
PM10 and NO2(R2 = 0.67) is statistically significant (P <
.001) indicating that most of the aerosols that contribute
to PM10 have originated from vehicle exhausts, which are
the main source for NO2 production. NO2 is a highly
variable atmospheric constituent, which plays a key role in
the complex ozone cycle, both in the stratosphere where
it is naturally present, and the troposphere, where its
concentration may be high due to pollution. The respective
correlation (PM10 versus NO) is positive but not statistically
significant (R2 = 0.39), while no correlation between
PM10 and SO2 seems to exist. Strong associations between
particle-mass concentrations and primary gaseous pollutants
have been previously reported in Birmingham, suggesting
the importance of traffic-related emissions [42]. Gaseous
pollutants (except ozone) are mostly associated with local
sources, including exhaust emissions, domestic heating and
industrial activities. These strong associations suggest that a

large fraction of particles are emitted locally. On the other
hand, the tropospheric ozone, which is a photochemical pol-
lutant, exhibits a decreasing trend when PM10 concentration
increases. Within the Athens Basin, primary air pollutants
(such as NO) are mainly produced in downtown Athens
(“Aristotelous” station), while the highest tropospheric O3

concentrations take place at stations far from the city center,
and mainly in the northern areas of the Basin (“Likovrisi”
and “Agia Paraskevi” stations). This is attributed to the
fact that tropospheric O3 is a very reactive pollutant and,
therefore, the highest concentrations of other pollutants in
the center (like NO2, NO, SO2) contribute to its destruction.

In Figures 7(a) and 7(b) the diurnal variation of PM10

at two stations within GAA is presented for the five days
considered. The PM10 values are the hourly average in
the time intervals presented. The two stations selected are
the urban “Aristotelous” (Figure 7(a)) and the suburban
“Zografou” (Figure 7(b)), in order to establish the differences
in PM10 concentrations caused by local emissions. It should
be noted that similar values at these stations have already
been published by Chaloulakou et al. [3]. The main remarks
from both figures is the inexistence of a clear diurnal pattern
especially at “Aristotelous” station, while at “Zografou” the
PM10 concentrations exhibit an increasing trend from early
morning to midday, remaining nearly constant in the rest of
the day. It is also obvious that except of the local sources
the dust deposition on the two dusty days significantly
affected the PM10 concentrations (see daily mean values in
both figures). In both figures, the daily threshold value of
50 μgm−3 suggested by EU is also shown in order to reveal
the considerably higher PM10 values over the Athens center.
A full year monitoring of PM10 concentrations in Athens [3]
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gave a daily average of 75 μgm−3 during the sampling period
(1 June 1999 to 31 May 2000) at “Aristotelous” station. This
annual mean is considerably higher than the EU annual PM10

standard of 40 μgm−3.

6. Conclusions

In this study, Envisat MERIS observations were used to
retrieve urban aerosol concentrations in terms of AOD
over Athens with the possibility of producing maps show-
ing AOD’s spatial distribution with approximately 300-
m resolution. The extracted AOD values were relative to
reference (i.e., pollution-free) satellite data. Additionally to
MERIS data, AOD from Terra- and Aqua-MODIS sensors at
550 nm were also obtained over Athens with a 10-km spatial
resolution.

Despite the different spatial resolutions and method
inherent uncertainties compared to ground-based instru-
ments, the satellite-based retrieval leads to satisfactory results
in the majority of the cases; AOD derived by MERIS is
in close agreement with AOD derived by MODIS even
under different atmospheric conditions, such as dust or
pollution. A high correlation was also found between MERIS
AOD values, particularly those retrieved at 560 nm, and
PM10 concentrations. These findings suggest that, at least
for the Athens urban area, the application of the DTA
code on MERIS imagery, whenever available and cloud-
free, can be used to provide AOD values with air-quality
associated information. Back-trajectory analysis and dust
forecasts from the DREAM model completely verified these
satellite outputs. The strong correlation of PM10 with AOD
and NO2 indicates that (i) the majority of the aerosols are
within the boundary layer and (ii) the most of the aerosol
mass at ground level has originated from local emissions.

A more extended validation of the robustness of the
method used in this study is foreseen in terms of further
testing in other polluted urban areas and over a wider
range of atmospheric conditions. The final objective is
AOD mapping on an operational basis, which may be of
interest to all metropolitan areas disposing ground-based
pollution monitoring networks (including PM or gaseous
concentration measurements), but which are few in number
or spatially scarce.
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Using data from Ozone Monitoring Instrument (OMI) and Moderate Resolution Imaging Spectroradiometer (MODIS)
instruments, we have retrieved regional distribution of aerosol column single scattering albedo (parameter indicative of the relative
dominance of aerosol absorption and scattering effects), a most important, but least understood aerosol property in assessing its
climate impact. Consequently we provide improved assessment of short wave aerosol radiative forcing (ARF) (on both regional
and seasonal scales) estimates over this region. Large gradients in north-south ARF were observed as a consequence of gradients in
single scattering albedo as well as aerosol optical depth. The highest ARF (–37 W m−2 at the surface) was observed over the northern
Arabian Sea during June to August period (JJA). In general, ARF was higher over northern Bay of Bengal (NBoB) during winter
and premonsoon period, whereas the ARF was higher over northern Arabian Sea (NAS) during the monsoon and postmonsoon
period. The largest forcing observed over NAS during JJA is the consequence of large amounts of desert dust transported from
the west Asian dust sources. High as well as seasonally invariant aerosol single scattering albedos (∼0.98) were observed over
the southern Indian Ocean region far from continents. The ARF estimates based on direct measurements made at a remote island
location, Minicoy (8.3◦N, 73◦E) in the southern Arabian Sea are in good agreement with the estimates made following multisatellite
analysis.

1. Introduction

The estimation of regional average aerosol radiative effect
requires accurate information on the spatial pattern of
aerosol optical depth (AOD) as well as aerosol single
scattering albedo (SSA) [1]. The aerosol optical depth
measurements using MODIS instrument over oceans have
been found to be quite accurate [2, 3]. This has been
confirmed based on several ship-based and island-based
Sun photometer observations. A detailed knowledge of
SSA, which is the fraction of intercepted radiation that
is scattered, is one of the largest uncertainties in climate
forcing assessments [4]. Depending on the surface albedo
and vertical distribution of aerosols, a change (decrease) in
single scattering albedo from 0.9 to 0.8 can even change the
sign of forcing from negative to positive [5]. The modeling of

aerosol absorption is largely dependant on aerosol chemical
composition, size distribution, and morphology which are
highly uncertain especially over Asian regions. The carbona-
ceous aerosol compounds like black carbon emitted from
both biomass and fossil fuel burning are some of the major
uncertainty in the understanding of aerosol absorption [6–
10]. Therefore, continuous measurements of single scattering
albedo on a global basis could significantly reduce these
uncertainties which hamper estimation of their radiative
and hence climate effects. Till recently the spatial pattern
of aerosol single scattering albedo was not available on the
spatial scale required for climate model assimilation. The
recent retrieval of aerosol absorption optical depth from
OMI has made estimation of spatial pattern of aerosol SSA
and hence radiative forcing possible. However, the accuracy
of single scattering albedo derived by OMI depends on
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the assumptions involved such as aerosol layer height [11].
Thus, there exists large uncertainty in these retrievals that
impact the direct estimation of single scattering albedo.
Therefore, estimation of aerosol radiative effect over the
oceans using the single scattering albedo retrieved from OMI
may be uncertain. Recently, Satheesh et al. [12] proposed
a joint OMI-MODIS retrieval technique to make improved
assessment of aerosol absorption. In this paper, we have
retrieved regional distribution of aerosol single scattering
albedo using OMI-MODIS joint retrieval following Satheesh
et al. [12] over the oceanic regions adjacent to Indian sub-
continent. Consequently, we provide improved assessment of
short wave aerosol radiative forcing (ARF) (on both regional
and seasonal scales) estimates over this region by utilizing the
aerosol optical depth from MODIS and SSA from joint OMI-
MODIS retrieval technique in conjunction with a radiative
transfer model. The spatial pattern of aerosol absorption
over oceans adjacent to Indian subcontinent and consequent
radiative impact are discussed.

2. Data and Methodology

Earlier studies have shown that the MODIS-derived aerosol
optical depth is quite accurate over oceans [2, 3]. The
validation of MODIS aerosol optical depth over oceanic
regions around India has been carried out using AOD
measurements from ship-based and island-based measure-
ments [13, 14]. The MODIS ocean algorithm makes use
of its fine spatial resolution observations and wide spectral
range to mask out suspended river sediments, clouds, and
Sun-glint, then inverts the radiance at several wavelengths
(550 to 2130 nm) to retrieve spectral aerosol optical depth
(AOD) and particle size information [15, 16]. The broad
spectral range from 0.55 µm to 2.13 µm provides sufficient
information to retrieve the accurate spectral signature of the
aerosol. The MODIS ocean aerosol retrieval is documented
fully in the literature, [16–18] and hence is not repeated here.

The OMI near UV aerosol algorithm (OMAERUV) uses
measurements made at two wavelengths in the UV region
(354 and 388 nm). The large sensitivity of the upwelling
radiances to aerosol absorption in this spectral region [19]
is used to retrieve the aerosol absorption. The OMAERUV
aerosol products are UV Aerosol Index (AI), and aerosol
extinction and absorption optical depths at 388 nm. Aerosol
extinction optical depth (AOD) and aerosol absorption
optical depth (AAOD) at 388 nm are derived using an
inversion algorithm that uses precomputed reflectance for
a set of assumed aerosol models. Three major aerosol types
are considered: desert dust, carbonaceous aerosols associated
with biomass burning, and weakly absorbing sulfate-based
aerosols. Each of these aerosol types are represented by seven
aerosol models of varying single scattering albedo, for a
total of twenty-one microphysical models. Given the large
size (13×24 km2 at nadir) of the OMI pixels, subpixel cloud
contamination is one of the challenging issues resulting
in the overestimation of the extinction optical depth and
underestimation of the single scattering coalbedo in OMI
[19]. However, in the calculation of the absorption optical
depth a cancellation of errors takes place that allows the

AAOD retrieval even in the presence of small amounts of
cloud contamination. Detailed description of the algorithm
is given in an overview paper by Torres et al. [11].

The Aura-OMI and the Aqua-MODIS instruments fly
on A-train platforms within 8 minutes of each other. The
quasisimultaneity of their observations makes these sensors
suitable for the application of a combined retrieval approach.
OMI retrieves both aerosol extinction optical depth (AOD)
and absorption information reported as single scattering
albedo, while MODIS retrieves AOD and particle size [11,
18]. The OMI-retrieved information on absorbing aerosols
depends on the assumed aerosol layer height. The MODIS
retrieval algorithm, on the other hand, is insensitive to
the aerosol vertical distribution but it needs to assume a
value of the single scattering albedo (in the form of aerosol
models). OMI pixels at a spatial resolution of 13 km by
24 km are often cloud contaminated (owing to large pixel
size) whereas MODIS pixels at a resolution of 500 m are
significantly less affected by cloud contamination. Thus the
combination of the observations from the two sensors offers
the opportunity of taking advantage of their individual
strengths: OMI’s unique sensitivity to aerosol absorption
and MODIS accurate retrievals of aerosol optical depth
(see [12] for details). Please note that even though MODIS
radiances (Level-1) are available at 500 m resolution for
cloud screening, aerosol products are available only at 10 km
resolution (Level-2 data).

MODIS’s strength is the availability of several channels
in the visible through short wave infrared bands that permit
accurate retrieval of AOD across a wide spectral range,
especially over ocean. OMI’s strength is its sensitivity to
aerosol absorption in the near UV. However, the accuracy
of OMI’s retrieval is limited by the fact that the standard
aerosol algorithm is sensitive to assumptions of aerosol
height, whereas, MODIS derived AOD is not sensitive to
aerosol layer height. A joint OMI-MODIS methodology was
recently proposed by Satheesh et al. [12] by utilizing the
respective strengths of MODIS and OMI to derive aerosol
absorption with a greater accuracy, which we follow in this
study to obtain information on the regional distribution of
aerosol absorption.

2.1. OMI-MODIS Algorithm in Brief. The approach used
in this work consists on using the MODIS retrieved AOD
as input to the OMI retrieval. A difficulty in this method
is the need to extrapolate the MODIS-retrieved AOD (at
visible wavelengths) to the near UV (388 nm) where OMI
requires the AOD information for its retrieval. Satheesh
et al. [12] have tested MODIS’ ability to estimate AOD
in the UV, by comparing the estimated UV AOD with
high quality ground-based observations [Aerosol Robotics
Network (AERONET)]. They demonstrated that it is possible
to improve the linear extrapolation into the UV by including
information on the AOD spectral curvature. The success
of using the MODIS visible and near IR spectral AODs to
estimate UV optical depth suggests that we can use MODIS-
predicted AOD in the UV to constrain the OMI inversion,
and leave OMI free to return information on aerosol height
and most importantly, aerosol absorption. By utilizing this
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Figure 1: Seasonal and spatial distribution of aerosol single scattering albedo determined using the joint OMI/MODIS methodology.

observation, Satheesh et al. [12] followed a hybrid approach
involving OMI and MODIS data in which MODIS can
constrain the OMI retrieval by providing the AOD at
0.38 µm. Thus, joint OMI-MODIS retrieval can provide
improved estimate of aerosol single scattering albedo. More
details of this approach are available in Satheesh et al. [12]
and hence are not repeated here.

3. Results and Discussion

3.1. Single Scattering Albedo. The regional distribution of
aerosol single scattering albedo (SSA) derived using the joint
OMI-MODIS methodology is shown in Figure 1. We find
large spatial variation in SSA indicating a largely differing
aerosol composition. We observe that the values of SSA over
the vast open oceans are close to∼0.98 which signifies largely
scattering nature of aerosols possibly due to the dominance

of sea-salt aerosols. Close to the continents, the values are as
low as ∼0.88 to 0.91 signifying moderately absorbing nature
of the aerosols indicating the effect of anthropogenic black
carbon. Such low values of SSA (∼0.9) were reported during
Indian Ocean Experiment (INDOEX) over north Indian
Ocean based on measurements carried out over an island
location [10]. Lowest SSA (highest absorption) was observed
in the northern Arabian Sea (∼0.87) during the winter
(December-January-February). We find that the north-south
gradient in SSA is largest during winter over the Arabian Sea
as well as over the Bay of Bengal (Figure 2). It can be seen
that during all the seasons, there exist a north-south gradient
with higher SSA over the open oceans and decreasing as we
move northwards (Figure 2). While comparing various SSA
values reported in the past, it may be noted that the SSA
reported here from satellite measurements is representative
of the atmospheric column.



4 Advances in Meteorology

0.88 0.9 0.92 0.94 0.96 0.98 1
0

2

4

6

8

10

12

14

16

18

20

La
ti

tu
de

(◦
N

)

DJF
MAM

JJA
SON

Single scattering albedo (ω)

Arabian Sea

(a)

0.88 0.9 0.92 0.94 0.96 0.98 1
0

2

4

6

8

10

12

14

16

18

20

La
ti

tu
de

(◦
N

)

Bay of Bengal

DJF
MAM

JJA
SON

Single scattering albedo (ω)

(b)

Figure 2: Latitudinal gradient of single scattering albedo over Arabian Sea and Bay of Bengal.

An SSA value of 0.89 to 0.93 at the mid-visible was
inferred from airborne measurements during Tropospheric
Aerosol Radiative Forcing Observational Experiment (TAR-
FOX) in July 1996 over the eastern US and western Atlantic
Ocean [20, 21]. Dubovik et al. [22] retrieved SSA from
measurements made during Smoke Clouds and Radiation—
Brazil (SCAR-B) campaign in August and September 1995
and found a value of 0.87 at 670 nm. The SSA retrieved
from pyrheliometers and pyranometers in northern China
during the period between 1993 and 2001 ranged from 0.80
to 0.85 at 550 nm [23] However SSA from Qiu et al. [23] is
most likely underestimated when compared with several later
studies [24, 25]. Ganguly et al. [26] reported a value of ∼0.7
to 0.9 from a land-based campaign over the central part of
India. But most of the low values of SSA reported are regions
of high pollution or biomass burning. The lower value of SSA
observed over the Indian region during winter as shown by
Ganguly et al. [26] could be explained by seasonal biomass
burning [27–29] and dust particles transported from Sahara
(Figure 3 shows the prevailing wind pattern). In the present
study, SSA retrievals were restricted to oceanic regions only
due to the uncertainties involved in the retrieval of AOD
from MODIS over land.

3.2. Aerosol Optical Depth. The seasonal and spatial pattern
of aerosol optical depth from MODIS is shown in Figures 4
and 5. There are some important observations in the spatial
patterns of aerosol optical depth. (a) High AODs close to
the coast and a sharp gradient over the ocean. (b) Strong

north-south gradient. (c) Detached highs in the AODs over
the ocean. (d) The highest AODs over both Arabian Sea and
Bay of Bengal are observed during summer and the lowest
during winter.

There have been several cruise-based measurements to
understand the aerosol characteristics over the Arabian Sea,
but most of them were either season or region specific.
Though addressing important and specific scientific ques-
tions, they are not capable of providing the unprecedented
spatial and temporal resolution that satellite observations
offer. By integrating several independent island and ship-
borne measurements Satheesh et al. [30] showed that there
exists a latitudinal gradient in AODs over the Arabian Sea up
to about 12◦N. The gradient observed during the summer
(JJA) continues almost exponentially (∼0.2 at 2◦N to ∼0.8
at 20◦N) unlike that during other seasons when gradient
becomes shallower. The JJA season is characterized by heavy
winds associated with south-west monsoon which leads to
large production of sea-salt aerosols over the Arabian Sea. In
spite of this fact, the AOD is decreasing towards the south
indicating the dominating strength of desert dust from west
Asia.

There were only a few aerosol measurements over north-
ern AS during JJA due to the hostile weather conditions as
well as persistent cloudiness [14] [13]. Ship-borne measure-
ments have shown AOD of 0.4 to 0.7 over northern Arabian
Sea [14]. The largest seasonality in AOD was observed over
northern Arabian Sea, whereas their latitudinal gradient was
similar during winter and pre-monsoon period (Figure 5).
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Figure 3: Observed wind pattern over the Indian region during different seasons (using NCEP Reanalysis).

Over the BoB, the highest AODs are more confined to the
north BoB and close to the east coast of India. Therefore,
there exists a large north-south latitudinal gradient, also a
gradient over the east coast of India as well as the south coast
of Bangladesh and west coast of Myanmar. Due to the land
locked nature of BoB and its proximity to highly polluted
regions, the AOD’s are modulated by industrial pollution
from various regions such as northern part of India and
Bangladesh. Additional influence is the result of anthro-
pogenic as well as natural biomass burning aerosols both

from the northern part of India and the west coast of Myan-
mar (Nair et al., [31]). This makes BoB highly dynamic as far
as changes in aerosol properties are concerned. Similar to the
AS, the largest gradient over the BoB is also observed during
JJA. But the gradients are shallower during all seasons except
during JJA. Recent measurements over BoB have shown that
the head BoB is dominated by the biomass burning aerosols
transported from over Myanmar, whereas the southern BoB
is more or less dominated by fossil fuel burning transported
from the east coast of India (Nair et al., [31]).
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Figure 4: Seasonal and spatial distribution of aerosol optical depth over the oceanic regions around India.
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Figure 6: Seasonal and spatial distribution of surface aerosol radiative forcing over oceanic regions around India.

The large gradient in AOD (Figures 4 and 5) observed
close to the coast can lead to large changes in the surface
cooling within a very short distance (discussed in the next
section). In Figure 4, the patterns shown are based on average
AODs over each grid point over a three-month period
and hence show the mean pattern during this period. As
such, these features can be considered to be the average
spatial pattern observed during the season irrespective of
the day-to-day variations. Therefore, it is possible that such
persistent north-south gradient in AOD can have large effect
on the surface heat budget and hence change weather and
climate regionally. In the present study, our main focus is to
understand the spatial pattern of aerosol radiative impact,
which is discussed in detail in the later sections. In the
gradient pattern shown in Figure 5, the slight increase in
AOD close to the equator over Bay of Bengal is due to the
effect of aerosols from the Indonesian region during the post-
monsoon period. The retrieved SSA using the joint OMI-
MODIS methodology and AOD from MODIS were used to
determine the aerosol radiative effect at surface as well as
TOA.

3.3. Regional Distribution of Aerosol Radiative Impact. For
estimating the regional distribution of aerosol radiative
impact, we have used the values (maps) of SSA along with
aerosol spectral optical depth as input to a Discrete Ordinate

Radiative Transfer model [Santa Barbara DISORT Atmo-
spheric Radiative Transfer (SBDART) model] to estimate
the short-wave clear sky aerosol radiative forcing at the
surface and top of the atmosphere (TOA). This model is
designed and developed by University of California, Santa
Barbara [32] and is based on a collection of well-tested
and reliable physical models, which were developed by the
atmospheric science community over the past few decades.
We have used tropical atmosphere model to describe atmo-
spheric profiles and zenith angle-dependent ocean albedo
[32]. Ocean albedo for overhead Sun was around 6%. We
used eight streams in the radiative transfer calculation and
computations were made for solar zenith angles at every
5◦ and thus estimated diurnally averaged radiative forcing.
Radiation model requires aerosol scattering phase function
as well in addition to the spectral optical depth and single
scattering albedo. Since OMI-MODIS approach does not
provide information about aerosol scattering phase function
(and hence asymmetry factor), we used the “maritime
tropical” model of Hess et al. [33]. It may be noted that
radiative forcing maps we report in this paper corresponds
to diurnally averaged values.

The seasonal and spatial pattern of aerosol radiative
forcing at the Earth’s surface is shown in Figure 6. On a
seasonal scale, the largest forcing at the surface was observed
over the Arabian Sea during JJA (as large as −37 W m−2).
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Figure 7: Latitudinal gradient of surface aerosol radiative forcing over Arabian Sea and Bay of Bengal.

In addition, a close examination of the gradient reveals that
the gradient over Arabian Sea and Bay of Bengal at latitudes
north of 15◦N is weaker compared to that observed south
of 15◦N (Figures 7 and 8). Such observations have been
reported for AOD earlier using measurements from several
field campaigns (see [30]). The gradient of surface forcing
during JJA is the largest with highest values of forcing is over
the north of Arabian Sea (a six-fold increase compared to its
value over southern Arabian Sea).

3.4. Average over Subregions. The large spatial as well as sea-
sonal variation in aerosol radiative forcing (as a consequence
of variability in aerosol properties like AOD and SSA over the
Arabian Sea and Bay of Bengal) prompted us to look closer
into this vast oceanic region by separating them into smaller
subregions so as to understand the gradient and variability
well. In this pursuit, we divided the whole oceanic regions
around Indian subcontinent into 8 sub regions. They are
North Arabian Sea (NAS, 15 to 25◦N, 60 to 70◦E), North
Bay of Bengal (NBOB, 15 to 25◦N, 85 to 95◦E), Central
Arabian Sea (CAS, 10 to 20◦N, 57.5 to 72.5◦E), Central Bay
of Bengal (CBOB, 10 to 20◦N, 82.5 to 97.5◦E), Southern
Arabian Sea (SAS) (5 to 15◦N, 60 to 70◦E), Southern Bay
of Bengal (SBOB, 5 to 15◦N, 85 to 95◦E), Northern part of
Indian Ocean just south of the Indian subcontinent as North
Indian Ocean (NIO, 0 to 5◦N, 60 to 95◦E), and the region
just south of Equator as Equatorial Indian Ocean (EIO, 5◦S
to 0, 60 to 95◦E). The boundaries of these regions are shown
in Figure 9.

The mean AOD and SSA for each of the sub regions are
shown in Figures 10 and 11. Important feature observed is
the clear seasonality in both AOD and SSA over both Arabian
Sea and Bay of Bengal, amplitude of which falls off as we
move away from the land (i.e, moving towards south). In
each of these figures, it can be observed that the seasonality
and its amplitude are highest in the northern most sub-
regions which are NAS and NBOB. NAS exhibits the largest
AOD (∼0.77) during JJA which has already been discussed.
The lowest SSA (0.92 to 0.97) in all of the sub regions except
for the NIO and EIO regions is during DJF. This clearly
points to the highly absorbing nature of the aerosols as a
result of transport (due to prevailing winds, see Figure 3)
of the emission over the land which is expected to have
large fraction of absorbing (e.g., BC) aerosols as a result of
pollution. One of the most striking features is that of the low
amplitude or nearly seasonally invariant SSA (∼0.98) for sub
regions like NIO and EIO, clearly showing the low influence
of absorbing aerosols over this region. The aerosols over these
regions are therefore expected to be purely marine in nature.
The lowest mean SSA for any region was observed for NAS
during JJA (SSA ∼ 0.92). It may be noted that the SSA values
discussed are values averaged for the sub regions; individual
grid point SSA’s as low as 0.88 were also observed over this
region.

The mean aerosol radiative forcing at surface, TOA
and atmosphere for each of the sub regions are shown in
Figure 12. It can be seen that the highest aerosol radiative
forcing is observed during JJA over NAS, which has been
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Figure 8: Latitudinal gradient of TOA aerosol radiative forcing over Arabian Sea and Bay of Bengal.
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Figure 9: Details of the sub-regions selected over Arabian Sea, Bay
of Bengal and North Indian Ocean.

shown as the region with the highest aerosol loading. The
large transport of dust aerosols over to the northern Arabian
Sea from the adjoining regions (NW India and West Asia)
leads to this large forcing. Though NBOB also shows large
forcing during JJA, it is much lower than the forcing
estimated for NAS, which clearly shows the large impact
of the dust transport. Previous investigations (or study) by
Vinoj et al., [34] has shown that the forcing is maximum
when the aerosol transport is from West Asia, the present
result supplements those in situ findings made in southern
Arabian Sea. It can be seen that the surface forcing in NAS
are a factor of 6 to 7 more than that over SAS or NIO.

Moreover, the gradient in forcing (and consequent cooling)
also is higher in Arabian Sea in comparison to BoB. Such
large changes in surface forcing can have large effect on
regional radiation budget and hence climate.

3.5. Comparison with Observations. The optical and micro-
physical properties of aerosols were measured at a remote
island location, Minicoy, in the southern Arabian Sea from
February 2006 to March 2007. Aerosol optical depth was
measured using a multiwavelength radiometer, black carbon
using aethalometer (Magee Scientific, USA) and aerosol size
distribution using an optical particle counter (GRIMM Inc)
(see [34], for details). Using observations made at Minicoy,
Vinoj et al. [34] have estimated aerosol radiative forcing,
which provided us an opportunity to validate our estimates
made using OMI-MODIS joint retrieval. The aerosol radia-
tive forcing estimated using observations made at Minicoy
over a year during 2006 has been used as a validation for
the present study. It can be seen (from Figure 13) that the
forcing estimates made at Minicoy from observations and
using the joint OMI-MODIS methodology are comparable.
The only other such estimate available over this region is
INDOEX forcing estimates carried out during 1999. It can
be seen that INDOEX estimates are much higher than those
reported in this study. One possible explanation is that
INDOEX is representative of aerosols during winter over this
region while our estimates are annually averaged and are
more representative of the entire year. In addition, aerosols
optical depth during INDOEX intensive field campaign
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Figure 11: Mean single scattering albedo for each sub-region region.

period (1999) was larger compared to both 1998 and 2000.
The present study, based on all season measurements made
during 2006 at island location in Arabian Sea, has shown
that the measured BC mass fraction were much lower
than those observed in 1999. The annual mean aerosol
radiative forcing estimated for the whole oceanic regions
around India was −12 and −7 W m−2 at surface and TOA,
respectively.

4. Summary and Conclusions

We have retrieved regional distribution of aerosol column
single scattering albedo using data from Ozone Monitor-
ing Instrument (OMI) and Moderate Resolution Imaging
Spectroradiometer (MODIS) instruments. Consequently, we
provided improved assessment of short wave aerosol radia-
tive forcing (ARF) (on both regional and seasonal scales)
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Figure 12: Mean aerosol radiative forcing for each sub-region region. The abbreviation over each subpanel specifies the region.
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Figure 13: Comparison between the aerosol radiative forcing
estimated at Minicoy from ground-based observation, satellite, and
INDOEX.

estimates over this region. Major conclusions are listed as
follows.

(a) Large gradients in north-south ARF were observed as
a consequence of gradients in single scattering albedo
and aerosol optical depth.

(b) The highest ARF (−37 W m−2 at the Earth’s surface)
was observed over the northern Arabian Sea during
June to August period (JJA).

(c) In general, ARF was higher over northern Bay of
Bengal (NBoB) during winter and pre-monsoon
period, whereas the ARF was higher over northern
Arabian Sea (NAS) during the monsoon and post-
monsoon period.

(d) The largest forcing observed over NAS during JJA
is the consequence of large amounts of desert dust
transported from the west Asian dust sources.

(e) High as well as seasonally invariant aerosol
single scattering albedos (∼0.98) were observed
over the southern Indian Ocean region far from
continents.

(f) The ARF estimates based on direct measurements
made at a remote island location, Minicoy (8.3◦N,
73◦E) in the southern Arabian Sea are in good
agreement with the estimates made following multi-
satellite analysis.
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aerosol algorithm, products, and validation,” Journal of the
Atmospheric Sciences, vol. 62, no. 4, pp. 947–973, 2005.

[19] O. Torres, P. K. Bhartia, J. R. Herman, Z. Ahmad, and J.
Gleason, “Derivation of aerosol properties from satellite mea-
surements of backscattered ultraviolet radiation: theoretical
basis,” Journal of Geophysical Research D, vol. 103, no. 14, pp.
17099–17110, 1998.

[20] P. B. Russell, P. V. Hobbs, and L. L. Stowe, “Aerosol properties
and radiative effects in the United States East Coast haze
plume: an overview of the tropospheric aerosol radiative
forcing observational experiment (TARFOX),” Journal of
Geophysical Research D, vol. 104, no. 2, pp. 2213–2222, 1999.

[21] P. Hignett, J. P. Taylor, P. N. Francis, and M. D. Glew,
“Comparison of observed and modeled direct aerosol forcing
during TARFOX,” Journal of Geophysical Research D, vol. 104,
no. 2, pp. 2279–2287, 1999.

[22] O. Dubovik, B. N. Holben, Y. J. Kaufman et al., “Single-
scattering albedo of smoke retrieved from the sky radiance
and solar transmittance measured from ground,” Journal of
Geophysical Research D, vol. 103, no. 24, pp. 31903–31923,
1998.

[23] J. Qiu, L. Yang, and X. Zhang, “Characteristics of the
imaginary part and single-scattering albedo of urban aerosols
in northern China,” Tellus Series B, vol. 56, no. 3, pp. 276–284,
2004.

[24] K. H. Lee, Z. Li, M. S. Wong et al., “Aerosol single scattering
albedo estimated across China from a combination of ground
and satellite measurements,” Journal of Geophysical Research D,
vol. 112, no. 22, Article ID D22S15, 2007.

[25] F. Zhao and Z. Li, “Estimation of aerosol single scattering
albedo from solar direct spectral radiance and total broad-
band irradiances measured in China,” Journal of Geophysical
Research D, vol. 112, no. 22, Article ID D22S03, 2007.

[26] D. Ganguly, H. Gadhavi, A. Jayaraman, T. A. Rajesh, and A.
Misra, “Single scattering albedo of aerosols over the central
India: implications for the regional aerosol radiative forcing,”
Geophysical Research Letters, vol. 32, no. 18, Article ID L18803,
4 pages, 2005.

[27] B. N. Duncan, R. V. Martin, A. C. Staudt, R. Yevich, and J.
A. Logan, “Interannual and seasonal variability of biomass
burning emissions constrained by satellite observations,”
Journal of Geophysical Research D, vol. 108, no. 2, Article ID
4100, 22 pages, 2003.

[28] S. Menon, J. Hansen, L. Nazarenko, and Y. Luo, “Climate
effects of black carbon aerosols in China and India,” Science,
vol. 297, no. 5590, pp. 2250–2253, 2002.



Advances in Meteorology 13

[29] D. G. Streets, T. C. Bond, G. R. Carmichael et al., “An inventory
of gaseous and primary aerosol emissions in Asia in the year
2000,” Journal of Geophysical Research D, vol. 108, no. 21, pp.
30–23, 2003.

[30] S. K. Satheesh, K. K. Moorthy, Y. J. Kaufman, and T. Takemura,
“Aerosol optical depth, physical properties and radiative
forcing over the Arabian Sea,” Meteorology and Atmospheric
Physics, vol. 91, no. 1-4, pp. 45–62, 2006.

[31] V. S. Nair, S. S. Babu, and K. K. Moorthy, “Aerosol characteris-
tics in the marine atmospheric boundary layer over the bay of
bengal and arabian sea during ICARB: spatial distribution and
latitudinal and longitudinal gradients,” Journal of Geophysical
Research D, vol. 113, no. 15, Article ID D15208, 2008.

[32] P. Ricchiazzi, S. Yang, C. Gautier, and D. Sowle, “SBDART: a
research and teaching software tool for plane-parallel radiative
transfer in the earth’s atmosphere,” Bulletin of the American
Meteorological Society, vol. 79, no. 10, pp. 2101–2114, 1998.

[33] M. Hess, P. Koepke, and I. Schult, “Optical properties of
aerosols and clouds: the software package OPAC,” Bulletin of
the American Meteorological Society, vol. 79, no. 5, pp. 831–
844, 1998.

[34] V. Vinoj, S. K. Satheesh, and K. K. Moorthy, “Optical,
radiative, and source characteristics of aerosols at Minicoy,
a remote island in the southern Arabian Sea,” Journal of
Geophysical Research D, vol. 115, no. 1, Article ID D01201,
2010.



Hindawi Publishing Corporation
Advances in Meteorology
Volume 2010, Article ID 812075, 7 pages
doi:10.1155/2010/812075

Research Article

Vertical and Horizontal Gradients in Aerosol Black Carbon
and Its Mass Fraction to Composite Aerosols over the East Coast
of Peninsular India from Aircraft Measurements

S. Suresh Babu,1 K. Krishna Moorthy,1 and S. K. Satheesh2

1 Space Physics Laboratory, Vikram Sarabhai Space Centre, Trivandrum 695022, India
2 Centre for Atmospheric and Oceanic Sciences, Indian Institute of Science, Bangalore 560012, India

Correspondence should be addressed to S. Suresh Babu, s sureshbabu@vssc.gov.in

Received 4 January 2010; Accepted 18 March 2010

Academic Editor: Victoria E. Cachorro

Copyright © 2010 S. Suresh Babu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

During the Integrated Campaign for Aerosols, gases and Radiation Budget (ICARB) experiment of ISRO-GBP, altitude profiles
of mass concentrations of aerosol black carbon (MB) and total (composite) aerosols (MT) in the lower troposphere were made
onboard an aircraft from an urban location, Chennai (13.04 ◦N, 80.17 ◦E). The profiling was carried out up to 3 km (AGL) in eight
levels to obtain higher resolution in altitude. Besides, to explore the horizontal gradient in the vertical profiles, measurements were
made at two levels [500 m (within ABL) and 1500 m (above ABL)] from∼10 ◦N to 16 ◦N and∼80 ◦E to 84 ◦E. The profiles showed
a significant vertical extent of aerosols over coastal and offshore regions around Chennai with BC concentrations (∼2 μg m−3) and
its contribution to composite aerosols remaining at the same level (between 8 to 10% for FBC) as at the surface. Even though the
values are not unusually high as far as an urban location is concerned, but their constancy throughout the vertical column will
have important implications to climate impact of aerosols.

1. Introduction

Direct radiative forcing due to black carbon (BC) aerosols
crucially depends on the vertical profile of BC. Elevated BC
layer over scattering aerosol/cloud layer will enhance the
atmospheric forcing and can even reverse the “white house
effect” [1]. Tripathi et al. [2] have reported that the difference
in the short-wave, clear sky forcing between the steadily
decreasing and increasing BC aloft is as much as a factor
of 1.3. Lubin et al. [3] have shown that this difference can
be as much as a factor of two in the case of long wave.
Haywood and Ramaswamy [4] have reported from GCM
simulation that the direct radiative forcing of a BC aerosol
layer increases approximately by a factor of 5, as the layer
is moved between the surface and 20 km. Based on model
simulation and observation during INDOEX, Ackerman et
al. [5] reported that enhanced layer of BC aerosols reduces
the cloud cover by BC-induced atmospheric heating and
hence offsets the aerosol-induced radiative cooling at the top

of the atmosphere on a regional scale. Thus information
on the altitude variation of BC and its mass fraction to
total composite aerosols is very important in estimating its
radiative forcing.

Even though LIDAR can give information on the vertical
distribution of scattering aerosol, it cannot give any infor-
mation on the altitude distribution of absorbing aerosols.
Thus, in situ measurement of absorbing aerosol such as
BC from aircraft is very important. Such measurements
are very limited worldwide, especially over India except for
Moorthy et al. [6], Tripathi et al. [2], and Babu et al. [7].
Nevertheless, these measurements were restricted only to BC
mass concentration and were over inland locations. As part
of the air segment of Integrated Campaign for Aerosols gases
and Radiation Budget (ICARB) field experiment [8], altitude
profiles of the mass concentrations of BC (MB) and total
(MT) aerosols were made over coastal areas of the urban
centre of Chennai (13.04 ◦N, 80.17 ◦E) in the east coast of
India.
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2. Experimental Details and Data Base

Measurements were made onboard an aircraft (beach craft
20, propeller aircraft) of the National Remote Sensing Centre
(NRSC) from the base at Chennai (13.04 ◦N, 80.17 ◦E), a
large urban centre situated on the eastern coast of India.
Besides being a city with over 5 million population and
the associate urban activities, automobiles and so forth,
the city also has sound industries, very large port, and a
thermal power station at its periphery. The instruments used
were an Aethalometer; (model AE-42 of Magee Scientific,
USA, [9]) for measuring mass concentrations (MB) of
BC and an Optical Particle Counter (OPC) spectrometer
(model 1.108 of Grimm Aerosol Technique, Germany, [10])
operated in its mass mode for measuring the mass concen-
tration (MT) of total (composite) aerosols. Aethalometer, a
simple rugged instrument for field experiments, estimated
MB by measuring the change in the transmittance of its
quartz filter tape onto which the particles impinge [9].
The OPC is designed to measure particle size distribution
and particulate mass based on the light scattering mea-
surement of individual particles in the sampled air. The
design and operation of the instrument are described in
[10]. The instantaneous position of the aircraft at every
second was recorded using a global positioning system
(GPS).

The details of the sampling technique and configuring
the above instruments in an aircraft are available elsewhere
[2, 6]. The instruments were mounted inside the cabin of
the aircraft, which was kept unpressurised. The ambient air
was aspirated through a stainless steel pipe, fitted to the
body of the aircraft under its nose, such that the inlet opens
into the incoming air as the aircraft flies. The inlets of the
instruments were connected to the pipe using a Teflon tube,
∼1.5 m long.

The aethalometer estimated MB by measuring the change
in the transmittance of its quartz filter tape onto which
the particles impinge. The flow rate was determined by
its internal pump operated under standard mass flow
condition and the time base is programmable. The measured
concentrations were corrected for the change in pumping
speed caused by the change in the ambient pressure as
the aircraft climbs to different height levels following the
principle outlined in [6]. Reports are available in the recent
literature on uncertainties in the aethalometer estimated BC
[11–14] with several suggestions to account for it and these
were followed in analyzing the data.

During the flight, the aethalometer was operated at a
time base of 2 minutes and a flow rate of 6.5 standard
liters per minute (under standard temperature (T0, 293 K)
and pressure (P0, 1017 hPa)). However, because the ambient
pressure decreases while the aircraft climbs higher, the
pumping speed increases to maintain the set mass flow rate,
and as such, more volume of air is aspirated. The actual
volume V of air aspirated at an ambient pressure P and
temperature T is thus

V = V0 · P0

P
· T

T0
. (1)

Since the measured BC concentrations (M∗
B ) are calculated

based on standard flow rate V0, the actual BC concentration
MB, after correcting for the change in flow rate, is

MB = M∗
B

[
P0T

PT0

]−1

. (2)

Following the above equation each measurement of M∗
B

was converted to the true BC concentration MB. Using the
simultaneous measurements of MB and MT, the BC mass
fraction to total (FBC = MB/MT) was also estimated

2.1. Flight Details. The measurements were made between
1st April and 8th April 2006, during this period the aircraft
made 6 sorties from Chennai towards the Bay of Bengal
(BoB). The ground traces of the vertical profiling are shown
in Figure 1(a). Each flight was configured distinctly to
address different requirements of the experiment, so that
a three-dimensional distribution of aerosols is obtained
around the region. These included

(i) a high resolution vertical profiling (termed as spiral
sortie) during which the aircraft made a nearly spiral
ascent (about 50 km offshore from Chennai over the
BoB), making profile measurements at 8 levels within
the altitude region 500 m to 3000 m above ground
level. At each level, it flew for about 12 minutes
horizontally, maintaining the same height as much as
possible. The flight path of this profiling is shown in
Figure 1(b). This sortie is made during the forenoon
hours, after the local boundary layer has evolved
well and gives a high-resolution profile in the lower
atmosphere where the species concentration is very
high;

(ii) a “latitudinal profiling” in which the aircraft covered
a large latitudinal extent over coastal BoB, where
concentrations are measured at two altitudes, one
within the ABL (500 m) and one above it (1500 m),
along a long horizontal track;

(iii) a “longitudinal profiling” in which the aircraft cov-
ered a large longitudinal extent, along particular
latitude, similar to that done for latitudinal profiling.

3. Prevailing Meteorology and
Air Mass Back Trajectories

The prevailing meteorology during the study period over
off Chennai coast over Bay of Bengal was composed
predominantly of calm synoptic conditions with weak
winds, clear skies and absence of precipitation. No major
weather systems or cyclonic depressions were encountered
in the study area during the experiment. Aerosol properties
over coastal oceanic regions would be significantly modified
by the advection of aerosols from adjoining land masses
under favourable wind conditions. With a view to examine
the effect of air mass trajectories, which act as potential
conduits for aerosol transport, using HYSPLIT (Hybrid
Single Particle Lagrangian Integrated Trajectory) model
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of NOAA (http://www.arl.noaa.gov/ready/hysplit4.html),
seven-day back trajectories for all days during the period
of study were computed. Clusters of 7-day back trajectories
arriving off Chennai for 500 m, 1500 m, and 3000 m height
levels are shown in Figure 2. It shows that the study region
over BoB is influenced mainly by the advection from the
peninsular India at 3000 m (free troposphere), whereas
at lower levels, (500 m and 1500 m) advection is mainly
from costal India or coastal oceanic region with very few
trajectories extending up to Indo-Gangetic plain.

4. Results and Discussion

4.1. Altitude Distribution. The altitude profile of MB, MT,
and FBC are shown in Figures 3(a), 3(b), and 3(c), respec-
tively. As, during the same period, the measurements of MB

were also made onboard the ship ORV Sagar Kanya over
the coastal oceanic region near to Chennai as a part of the
ocean segment of ICARB [15] using a similar aethalometer,
which is intercompared with the one onboard the aircraft,
the data points corresponding to the surface are obtained
as average of the shipboard measurements conducted in the
same region. It is important and interesting to see that the
vertical profiles of MB, MT, and FBC showed two peaks:
one between 800 and 1000 m (which is bit broad) and a
sharp peak at ∼1700 m. At these peaks, MB values are in
the range 2.5 to 3 μg m−3. Very high values of MB up to
12 μg m−3 were reported at altitudes 2.5 km from aircraft
measurements during TRACE A experiment over Brazilian
forests [16]. In addition to the common feature, MT showed
an increasing trend with altitude from surface to 3 km, with
a positive gradient of 2.5 ± 1.16 μg m−3 km−1, which lead
to a weak decreasing trend in FBC. Novakov et al. [17]
reported an increasing trend in FBC with altitude during the
aircraft measurements in the eastern coast of United States.
Nevertheless, it was surprising to notice the large BC fraction
as high as 8% even at 3 km above the surface.

At this juncture it is also interesting to compare the
MB profile with a profile obtained (in February 2004)
over the inland stations, Hyderabad (17.75 ◦N, 78.73 ◦E,
557 m amsl, [6] and Kanpur (26.43 ◦N, 80.33 ◦E, 142 m amsl,
[2]), which are shown by hollow circles connected by dotted
line and triangles connected by dashed line, respectively, in
Figure 3(a). Over both Hyderabad and Kanpur, MB showed
a sharp decrease from surface to 500 m and above 500 m the
values are more or less steady. However, over Kanpur a weak
increase in MB at ∼900 m is seen. Over Chennai MB showed
a nearly steady profile from surface to 3 km with a distinctive
and broad peak with a layer thickness of∼1 km from∼750 m
to ∼1750 m.

Based on model calculations Haywood and Ramaswamy
[4] have shown that the aerosol radiative forcing becomes
higher when the BC is placed at high altitudes, especially
above cloud layers. Keil and Haywood [18] have shown that a
partially absorbing aerosol, such as biomass burning aerosol
displaying a single scattering albedo in the range of 0.86 to
0.93, overlying a sheet of stratocumulus causes a significant
positive (warming) radiative effect as opposed to a negative
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Figure 1: The flight paths of the aircraft from Chennai (a). The
red line corresponds to the ground trace of the aircraft flight track
during the multilevel sortie and the blue line corresponds to the
ground trace of the sorties used for examining latitudinal gradient
at two altitudes. (b) The track in which the high resolution vertical
profiling was done at 8 levels.

(cooling) effect that would occur if the cloud was absent.
Thus, the vertical positioning of aerosol and cloud layers
can be crucial to both the sign and magnitude of local and
regional radiative forcing. In the present study, we have
visually observed a cloud layer from the aircraft between
500 and 800 m. Above this cloud layer, both MB and MT

showed a significant increase from the surface values. MB

increases from∼1.7 μg m−3 to∼2.7 μg m−3 and MT increases
from ∼18 μg m−3 to ∼25 μg m−3. However, the FBC values
are found to be more or less same as that of the surface
values except for the two peaks at 800 and 1700 m. It is
important to note that even though these values are not
unusually high as far as an urban location is concerned, but
their constancy throughout the vertical column will have
important implications to climate impact assessment.
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Figure 2: Airmass back trajectories arriving off Chennai coast at three different heights, 500, 1500, and 3000 m amsl, respectively.
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Figure 3: Altitude profiles of MB, MT, and FBC over the coastal oceanic region off Chennai. Altitude profile of MB over Hyderabad (circles
with dotted line) and Kanpur (triangles with dashed line) are also shown in panel (a) for comparison.
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Figure 4: Longitudinal variation of MB, MT, and FBC at 500 m and 1500 m.

4.2. Longitudinal Variations Normal to the Coastline. Advec-
tion of continental aerosols over to oceans is a strong input to
marine aerosol system and has been drawing the attention of
scientists and environmentalists. All the recent field experi-
ments (ACE I & II, TARFOX, INDOEX, ACE-Asia) have been
extensively addressed to this problem. In the coastal region,
this is accelerated by the mesoscale meteorological process
such as land-sea breeze circulations. Based on a cruise
experiment over the Arabian Sea, Subrahamanyam et al. [19]
reported that the vertical extend of the sea breeze circulation
cell can be up to 1.2 km, and this can have an offshore
extend of ∼100 km. Based on model simulation Rani et al.
[20] reported that the horizontal extend of land/sea breeze
circulation over ocean can be up to 130 km away from the
coast during pre-monsoon season. Keeping these in mind,
we examined the longitudinal sortie, which was conducted
at two levels, 500 m (within the marine boundary layer) and
1500 m (just above the marine boundary layer). These height
levels are selected based on [21] from Chennai normal to
the coastline as shown in Figure 1(a). The sortie covered a
longitudinal span of 4◦ into the ocean.

The longitudinal variation at 500 m and 1500 m are
shown in Figure 4 for MB (c), MT (b) and FBC (a). In the
figure, the filled circles correspond to the values at 500 m
and the open circles correspond to the values at 1500 m.
Up to ∼81.5 ◦E (∼130 km from the coast), MB at 500 m
(within MABL) showed large fluctuations with values as low
as 0.5 μg m−3 and as high as 5.5 μg m−3 with a mean value of
2 ± 0.6 μg m−3, where as MB values at 1500 m in the same
region was more or less steady with a mean value of 1.6 ±
0.1 μg m−3. Beyond 81.5 ◦E, the MB values appeared to be
nearly steady at both 500 m and 1500 m. The mean values
of MB beyond 81.5 ◦E were 1.23 ± 0.06 μg m−3 and 1.31 ±
0.06 μg m−3, respectively, at 500 m and 1500 m levels.

Compared to MB, MT showed a rather smooth variation
at 500 m throughout the sortie varying between ∼10 μg m−3

and ∼20 μg m−3 with higher values farther from the coast
(beyond 81.5 ◦E). More interestingly, MT values were higher
at 1500 m than at 500 m in the near coastal region, up
to 81.5 ◦E and vice versa beyond 81.5 ◦E. However, FBC

at both 500 and 1500 m showed longitudinal variations
similar to that of MB with large variations in MB at 500 m
up to 81.5 ◦E (varies between ∼5% to 30%) and almost
steady beyond 81.5 ◦E. FBC at 1500 m shows more or less
steady values throughout the sortie, varies between 7%
and 10%, with slightly higher values up to 81.5 ◦E. This,
combined with Figure 3, indicates that ∼8 to 10% of FBC

prevails not only at the surface but extends up to ∼3 km
vertically and 400 km (∼4◦) longitudinally across the coast
into the deep oceanic regions. However, within the sea breeze
circulation cell both MB and FBC (at 500 m) showed large
variations.

4.3. Latitudinal Variation along the Coast. Two sorties were
made along the coast from Chennai to down south up to
∼10 ◦N and to north up to ∼16 ◦N again at the same two
different levels, 500 m and 1500 m (on 2nd April and 6th
April, 2006), and these data were used to examine the North-
South variation of MB, MT, and FBC along the coast. The
results are shown in Figure 5. Both MB and MT showed an
increasing trend at 500 m towards north, except the high
values observed above Chennai due to the city impact.
This was quite understandable as similar trends were seen
in the latitudinal variation within MABL from the ship
borne measurements also [15]. However, at 1500 m, this
trend reverses and high MB values were observed over the
south of Chennai than that of the north. The variations are
rather smooth and a steady decrease in MB with latitude is
observed at 1500 m level. A linear regression analysis yielded
∼197 ng m−3 decrease in MB for every degree increase in the
latitude, with a correlation coefficient of 0.64. In the case
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Figure 5: Latitudinal variation of MB, MT, and FBC at 500 m and 1500 m.

of MT, the correlation coefficient estimated at 500 m (0.81)
is quite significant (P < .0001) and is higher than that at
1500 m (0.45) where the P = .01. At 500 m the regression
slope gives an increase of ∼8 μg m−3 in MT for every degree
increase in latitude where as at 1500 m the regression slope
gives a much smaller value of ∼0.84 μg m−3 for every degree
increase in the latitude. At this juncture, it is interesting to
note that based on a road campaign over peninsular India in
2004, Moorthy et al. [22] have observed a similar latitudinal
variation in MB at the surface level during the winter season
along the west coast of peninsular India.

The most interesting feature is the higher FBC values over
the south of Chennai than that over north, even though the
industrial and anthropogenic sources are distributed more
to the north of Chennai. A consistent decrease in FBC was
also observed from the south to north at 500 and 1500 m
altitudes, irrespective of the latitudinal trends in MB and
MT. The fraction of BC in the aerosol system decreased
northward above the MABL. This could be probably because
of the large decrease in coarse mode particles aloft, leading
to a sharper decrease in the mass concentration of composite
aerosols than that of the MABL. It is interesting to note
that, measurements onboard ship over the same region also
indicated a steady FBC values (∼3.0%) over the entire BoB
[15].

5. Conclusions

During the Integrated Campaign for Aerosols, gases and
Radiation Budget (ICARB) studies of ISRO-GBP, altitude
profiles of mass concentrations of aerosol black carbon (MB)
and total (composite) aerosols (MT) in the lower troposphere
were made onboard an aircraft from an urban location,

Chennai. From the simultaneous measurements of MB and
MT, BC mass fraction (FBC) is derived. The profiles showed;

(i) a significant vertical extent of aerosols over coastal
and offshore regions around Chennai with BC con-
centrations remaining at the same level as at the
surface,

(ii) two distinct peaks, first one between 800 m and
1000 m and the second at around 1700 m where the
concentrations are higher than that near the surface,

(iii) a near steady value (between 8 to 10%) for FBC

from ground to 3 km with two peaks at ∼800 m
and 1700 m where FBC goes as high as 15% and a
weak still significant increasing trend in MT from
surface to 3 km with a positive gradient of 2.5 ±
1.16 μg m−3 km−1.

(iv) Even though the values are not unusually high as far
as an urban location is concerned, their constancy
throughout the vertical column will have important
implications to climate impact assessment.
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The aerosol direct effect, namely, scattering and absorption of sunlight in the atmosphere, can lower surface temperature by
reducing surface insolation. By combining National Aeronautics and Space Administration (NASA) AERONET (AErosol RObotic
NETwork) observations in large cities with Weather Research and Forecasting (WRF) model simulations, we find that the aerosol
direct reduction of surface insolation ranges from 40–100Wm−2, depending on aerosol loading and land-atmosphere conditions.
To elucidate the maximum possible effect, values are calculated using a radiative transfer model based on the top quartile of the
multiyear instantaneous aerosol data observed by AERONET sites. As a result, surface skin temperature can be reduced by 1◦C-2◦C
while 2-m surface air temperature reductions are generally on the order of 0.5◦C–1◦C.

1. Introduction

The Urban Heat Island (UHI) is an anthropogenic climate
change signal described when urban skin surface, canopy,
or 2-m air temperatures are higher than the temperatures
in surrounding nonurban regions [1–5]. Studies spanning
many decades [3, 5–8] have shown that urban regions are
warmer than their surroundings, using both traditional in-
situ measurements of surface air temperature (Tair) [1] as
well as satellite remotely sensed skin temperature (Tskin, [4,
9]). This so-called urban heat island effect, though reported
extensively in the literature, still is an ad hoc research
topic since details of the mechanisms responsible for warm
urban surface are still not clear. Specifically, the interactions
between urban temperature and aerosol effects are only now
being studied with greater detail.

Extreme high temperatures have been reported over
many urban regions in the warm season. Meehl et al. [10]
recently found that record high temperatures in the United
States have outpaced record low temperatures over the
period 2000–2009. Record-breaking high temperatures were
reported from China and India in the summer 2009, causing

hundreds of deaths (http://www.thaindian.com/newsportal/
enviornment/heat-wave-death-toll-rises-to-three-in-orissa
100185481.html). Sterl et al. [11] found that extreme tem-
peratures would increase more rapidly than mean global
temperatures in the future. Further, heat-wave events in
urban areas caused significant loss of life in the Midwestern
United States [12] and Europe [13, 14]. Cheval et al. [15]
described Bucharest’s urban heat island conditions during
extreme heat conditions in 2007. They found evidence
that the UHI could be enlarged or shifted under certain
conditions. Zhou and Shepherd [8] found that the UHI
between Atlanta and a surrounding rural station was
larger during heat-waves. The research community must
understand important physical processes related to the
urban surface temperature in order to accurately simulate
and predict it [16–19].

Aerosols affect the surface temperature mainly via two
mechanisms. The first mechanism involves altering surface
insolation through scattering and absorption by atmospheric
aerosol layers (namely, the aerosol direct effect, [20]). In
general, aerosols reduce surface insolation and consequently
reduce surface temperature. Since sulphate aerosols typically
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are most abundant over urban regions, it is often argued
that aerosols have a net cooling effect (it was reported
that black carbon has significant absorption on shortwave
and longwave radiation [21]. Nevertheless, sulphate aerosols
strongly scatter solar radiation and thus reduce surface
insolation) [21]. The second mechanism involves changing
cloud properties through aerosol microphysical and radiative
pathways (the so-called “indirect effect”), which in turn
influences the surface energy balance. The latter (aerosol-
cloud-interaction), although widely studied, is still far from
understood due to complex microphysical processes [22–
25]. Our paper focuses on the aerosol direct effect to assess
how much urban surface temperatures are reduced by that
mechanism.

Previous research by Jin et al. [4], among others, reported
that urban aerosols over New York City reduce surface
insolation by 20 Wm−2. But that study only used one random
day of aerosol observations in September, and then employed
a radiative transfer model [26] to calculate the change
in surface insolation induced by urban aerosol scattering.
Two key remaining issues that we address herein are (1)
how exactly is surface temperature, rather than the surface
insolation, reduced in the urban system? (2) Is there any
seasonal variation in surface insolation reduction since urban
aerosol loading has seasonality? This paper aims to shed light
on these two questions using both remotely sensed aerosol
observations and a regional climate model.

Specifically, the approach of this study is to assess aerosol
load and microphysical properties over Beijing, New York
City, Mexico City and Moscow using ground observation
sites of the National Aeronautics and Space Administration
(NASA) AERONET (AErosol RObotic NETwork, [27]).
Next, the aerosol properties are input into a radiative transfer
model [26] to quantify reductions in surface insolation (δS)
as a function of urban aerosols. The final step is to calculate
skin and 2-m air temperature reduction induced by δS
through an atmosphereland surface model governed by the
land surface energy balance.

Key parameters for determining the aerosol direct effect
on surface insolation are the microphysical properties of
aerosols, in particular, the single scattering albedo, the
asymmetry factor, and aerosol amount in the atmospheric
column. These parameters can be directly measured or
retrieved from the AERONET ground-based sites. With
these properties and certain assumptions, including that
surface and vertical distributions of aerosol are uniform, the
radiative transfer model can be used to calculate δS. After
determining δS, the temperature can be derived from surface
insolation, surface properties, and soil moisture using the
most recent version of the Weather Research and Forecasting
(WRF) Model.

Urbanization is an extreme case of land cover change
characterized by transformation of original vegetation-cov-
ered surface to impervious surfaces like water-proof roads,
buildings, and parking lots. Such land cover change reduces
soil moisture (Running et al. 2006), albedo and emissivity
[9], and vegetation coverage, and consequently, alters various
subcomponents of Earth systems, particularly the water,
carbon, and nitrogen cycle [28].

Land cover is described by a land surface model using a
set of thermal and dynamic parameters, following the first-
generation land models circa 1980s [29]. The most critical
parameters are albedo, leaf area index, vegetation fraction
cover, thermal and moisture conductivity. Satellite-observed
albedo, emissivity, and vegetation index, can be directly used
in the land surface models to represent the urban system
[17].

Two types of surface temperature measurements are
examined in this study: 2-m screen temperatures (Tair: sur-
face air temperature at 2-m reference level. This screen-level
temperature is the thermodynamic temperature obtained
by thermometers that are sheltered in water-permeable
wooden boxes located at 1.5–2 m above flat grass. Tair

is conventionally used in climate studies to detect global
temperature variations (Jones et al. 1999, Karl et al. 1993)
and urban heat-waves) (i.e., Tair), and land surface skin
temperature (Tskin, land surface skin temperature, is the
radiometric temperature derived from surface emission.
This temperature is closely related to land surface radiative
properties (Jin et al. 1997). The Tskin data used herein are
developed from MODIS infrared channels. See Section 2
Data Sets for details) (Tskin) [4, 9]. Both temperatures
are critical because Tskin is directly related to the surface
energy balance and Tair is the traditional variable used in
UHI studies [1]. More importantly, because Tskin and Tair

have different physical meanings and responses to radiative
forcing at different rates and magnitude (Jin and Dickinson
2002), we expect different responses of Tskin and Tair due
to the aerosol direct effect. Examining urban Tskin changes
and mechanisms that govern the Tskin changes is critical
to realistically predicting the spatial-temporal variations of
urban surface temperature.

This study focuses only on assessing the direct effect
of aerosols on surface temperatures (Tskin and Tair). Tskin

changes can be connected not only to changes in greenhouse
gases (we fully understand the critical role of greenhouse
gases (GHG) in global warming. Since many others have
been working on GHG effect, our project is designed
to study how other facets such as aerosol change may
contribute to surface warming) but also to changes in land
use (i.e., urbanization, desertification, agricultural practice,
etc.), cloud cover, rainfall patterns, or aerosols. It is essential
to identify urban aerosol effect on Tskin, which is relatively
new in urban research. Section 2 discusses the data sets used
in this study, followed by Results and Discussions (Section 3).
Final discussion is given in Section 4.

2. Data and Model

2.1. Land Surface Skin Temperature. The Moderate Reso-
lution Imaging Spectroradiometer (MODIS) instrument is
carried on NASA’s Terra satellite, launched in December
1999, and NASA’s Aqua satellite, launched in May 2002. Skin
temperatures were retrieved using 7 solar and 3 thermal
spectral bands [30] at 10:30 LT and 22:30 LT daily (Terra)
and 13:30 LT and 1:30 LT (Aqua). Each pixel has a 1 km
resolution at nadir [31]. The measurements used in this
study have been scaled up to a 5 km resolution and averaged
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to monthly values by the MODIS land team [32]. Since only
skin temperature under clear skies can be measured, only the
values with quality flags attesting to the absence of clouds are
used.

2.2. AERONET Observations. Ground-based, continuous
aerosol observations conducted by the NASA AErosol
RObotic NETwork program are used. AERONET has sites
over Beijing (site name Beijing, 39◦58′N, 116◦22′E), New
York City (site name CCNY, 40◦49′N, 73◦56′W), Mexico City
(19◦20′N, 99◦10′W), and Moscow (55◦42′N, 37◦30′E). Level
2 data, which are quality assured and include single scattering
albedo, aerosol optical thickness, and the asymmetry factor
are examined in the analysis of monthly local aerosol loading
[33, 34]. Two limits related to AERONET observations that
must be acknowledged for this investigation and future stud-
ies are that AERONET sites can only measure aerosols under
clear-sky condition, and for certain sites, the observation
time is not long enough or the data quality is not as robust
as other sites. For example, year 2005 data for New York
City is of questionable quality and thus is removed from this
analysis. Level 2 data is available for AOD and high single
scattering albedo and refractive indices cases. There are only
a few cases in March, April, and October in New York City
(NYC) and very few cases in February, March, April, and
October for Moscow in which measurements reveal such
high AOD. Nevertheless, Level 2 data may still shed light on
the relative pollution condition of a city.

2.2.1. Weather Research and Forecasting (WRF) Model Sen-
sitivity Study. Governed by the land surface energy bal-
ance, urban surface temperature varies as a function of
surface insolation, heat redistribution, soil moisture, wind
speed, albedo, emissivity, and other factors. It is impossible
to know exactly how surface temperature would change
without considering the complex interactions among soil,
vegetation, and atmosphere [29]. Therefore, a numerical
simulation approach is appropriate to investigate the land
surface temperature change following the surface insolation
reduction (δS) induced by the direct effect of urban aerosols.

In order to assess the surface responses to the aerosol-
induced δS, the Weather Research and Forecasting (WRF)
model version 3 [35] is used in this study. WRF is a
community-developed mesoscale weather prediction system
which has demonstrated capability to simulate or predict
mesoscale atmospheric circulation. We use a two-way inter-
active, nested-grid technique and the configuration consists
of an 18-km outer domain with horizontal grid spacing of
201 × 200 grid points, and a 6-km fine domain with a
horizontal grid spacing of 154× 151 grid points, at the center
of domain of 40.0◦N, 116.0◦E. A total of 27 full σ levels
in the vertical are used with the model top at 50 hPa. We
also employ a stretched vertical grid to improve resolution
near the surface. In this study, the primary model physics
activated in WRF include the Rapid Radiative Transfer Model
(RRTM) longwave radiation; Dudhia shortwave radiation;
Yonsei University (YSU) planetary boundary layer scheme;
WRF Single-Moment 3-Class (WSM) cloud microphysics;

Kain-Fritsch (new Eta) convective parameterization; Monin-
Obukhov surface-layer scheme; and unified Noah land-
surface model [36, 37]. The urban canopy model (UCM,
[38]) can represent the thermal and dynamical effects of
urban regions but is not used due to the lack of urban
morphological parameters for the study region. Instead,
the urban effects are parameterized via the Noah land
surface model. The digital elevation is attained using 30-
second United States Geological Survey (USGS) topography
data. The USGS 24-category data set is used to represent
surface characteristics in the model, and Category 1 denotes
urban and builtup land. For Category 1, the albedo is 0.15
and momentum roughness length is 0.80 m. Beijing city is
located at 39′′56′N and 116′′20′N. According to the recent
distribution of building height data in Beijing, we assign the
domain of 39.7–40.1◦N and 116.1–116.7◦E as the Beijing area
in the model. The outermost coarse-mesh lateral boundary
conditions are specified by linearly interpolating the National
Centers for Environment Prediction (NCEP) 6-hourly Final
Analyses (FNL) at a resolution of 1◦ × 1◦ degree.

Two 48-hour simulations starting from 00Z July 26, 2008
to 00Z July 28, 2008 were conducted as control and sensitivity
runs, respectively. The sensitivity run differs from the control
run only in the reduction of surface insolation of 100 Wm−2

in daylight hours within the domain of 39.7–40.1◦N and
116.1–116.7◦E. While this is a simplified experiment, it does
provide insight on how the skin and 2-m air temperatures
change. A sensitivity study over other periods of time has also
been conducted (not shown), but the results presented herein
are typical.

It should be noted that in this experiment reducing
aerosol-induced surface insolation over urban region should
not be interpreted to mean that aerosols have no such
effect over nonurban region. In fact, aerosol effects on solar
radiation exist wherever aerosols are present. Nevertheless,
these numerical experiments are designed to simplify a com-
plicated set of processes to examine the pertinent physical
processes. The focus of this study is on how much urban
aerosols reduce surface temperature over urban region, not
aerosol effect on urban heat island effect (i.e., the difference
in temperature between urban and surrounding regions).

3. Results and Discussions

3.1. Observed Urban Heat Island Effects. The urban region is
shown in the land cover maps (Figures 1(c) and 1(d)) for
Beijing and New York City, respectively. The Beijing region’s
(center 39◦50′N, 116◦40′E) monthly skin temperatures in
July 2008 are as high as 308–314 K (Figure 1(a)), while the
exception is for arid and mountainous regions in the NW
part of the region where the temperatures exceed 303 K.
Similarly, New York City (NYC) has a temperature range of
300–310 K (Figure 1(b)), while NYC’s surrounding regions
have skin temperatures near 298–304 K. These results are
based on monthly averages from Terra (10:30 AM). At the
instantaneous scale, the UHI signal could be much stronger
than the average value [4]. Urban pixels can be identified
using MODIS land cover data (see [39, 40]).
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Figure 1: MODIS observed monthly mean land surface skin temperature starting from July 2000. (a) Beijing and (b) New York City (NYC).
(c) is land cover map for Beijing region and (d) is land cover for New York City region. The land cover is defined by MODIS as (1) evergreen
needleleaf forest, (2) evergreen broadleaf forest, (3) deciduous needleleaf forest, (4) deciduous broadleaf forest, (5) mixed forest, (6) closed
shrubland, (7) open shrubland, (8) woody savannas, (9) savannas, (10) grassland, (11) permanent wetland, (12) cropland, (13) urban and
builtup, (14) cropland/natural vegetation mosaic, (15) snow and ice, (16) barren or sparsely vegetated. In addition, 0 is water.

The advantage of the satellite observations is that there
is one Tskin observation for each pixel, therefore we can
examine all urban pixels within an area to reveal its Tskin

relationship compared with surrounding nonurban regions.
For example, the area-averaged, skin-level UHIs are observed

at Beijing and NYC (Figure 2). For July 2008, within a
0.6◦ × 0.6◦ box centered on Beijing (39.7–40.3◦N, 116.1–
116.7◦E), the urban-pixel-averagedTskin is higher than other-
land-cover-averaged Tskin present in the 0.6 by 0.6 degree
box. In this box, 60.4% of pixels are urban cover (LC = 13),
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Figure 2: Land-cover averaged skin temperature for Beijing and New York City. (a) and (b) are land cover percentages for 0.6 × 0.6 box
for Beijing (39.7◦–40.3◦N, 116.1◦–116.7◦E) and New York City (40.5◦–41.1◦N, 78.3◦–74.4◦W). Land cover type is defined in MODIS as (1)
evergreen needleleaf forest, (2) evergreen broadleaf forest, (3) deciduous needleleaf forest, (4) deciduous broadleaf forest, (5) mixed forest,
(6) closed shrubland, (7) open shrubland, (8) woody savannas, (9) savannas, (10) grassland, (11) permanent wetland, (12) croplands, (13)
urban and built-up, (14) cropland/natural vegetation mosaic, (15) snow and ice, (16) barren or sparsely vegetated. (c) and (d) are skin
temperature versus land cover in the 0.6◦ × 0.6◦ boxes for beijing and new york city, respectively.

approximately 32.1% are cropland (LC = 12), 8.2% are
Savannas (LC = 9), and 7.3% are mixed forest. Correspond-
ingly, Tskin values include all-urban-pixel-averaged Beijing
area (306 K), cropland (304 K), Savanna (303 K), and mixed
forest (300 K). Other land covers near the Beijing area are too
small to be apparent in the land cover figure (Figure 2(a)).
However, their Tskin values are all lower than urban Tskin.

Similarly, a 0.6 by 0.6 degree box is selected over the NYC
area (40.5–41.1◦N, 73.8–74.4◦W). Over this box, 78% of
pixels are urban (LC = 13), and Tskin is 304.8 K, while
15.4% are water (LC = 0) (no Tskin is presented since this
specific research only studies land cover Tskin) and 12.2%
are mixed forest (LC = 5) with Tskin of 299.2 K. The UHI
is evident in the satellite Tskin field. It is also apparent that
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Figure 3: Monthly aerosol optical thickness for August 2008.
Observation is from MODIS Terra daytime pass (10:30 AM) via
0.55 micrometer. The image is plotted via http://gdata1.sci.gsfc.
nasa.gov/daac-bin/G3/gui.cgi?instance id=neespi.

a skin temperature UHI is observed during the daytime.
Traditionally, the air temperature UHI is maximized at night
or in the very early morning hours [5]. We will say more
on this in later sections. For comparison, relatively larger
boxes are selected and the same UHI signal is observed,
namely, urban Tskin is higher than those over other land
covers.

3.2. Observed Urban Aerosols. Figure 3 shows the spatial dis-
tribution of aerosol optical thickness, a parameter indicating
aerosol loading within the total atmospheric column. The
Beijing region has heavy aerosols due to urban construction,
traffic, and air conditioning. In the nearby nonurban regions,
aerosol load is generally less. If nonurban regions have
relatively less aerosols, the aerosol direct effect on Tskin would
not be as significant as that over urban regions. Nevertheless,
since MODIS aerosol data have coarse resolution and
problems with the land surface in the retrievals [41], we have
to be cautious when applying MODIS data to assess urban
and nonurban aerosol concentration.

Based on aerosol optical thickness, we divide the cities
into two types: (a) heavily polluted and (b) normally
polluted. Although the threshold to distinguish one from
another is still a research topic, Beijing is considered heavily
polluted because of its much higher aerosol concentration
compared to NYC, Mexico City, and Moscow. This is
revealed in the aerosol optical thickness parameters (AOT,
Figure 4(a)) that were observed from AERONET. Urban
aerosols are defined herein as aerosols over local urban
regions including those transported from remote regions
as well as produced by urban regions. Beijing’s AOT at

wavelength of 0.675 μm peaks during the summer months
with a maximum value of 0.8. For comparison, the NYC
AOT peaks in July at 0.2 while Moscow’s value peaks in
September at 0.18. Mexico City has a bimodal peak in
May and September around 0.22. The Beijing urban aerosol
amount is significantly higher than other cities, and thus
we selected Beijing as the focus of our research in the next
three steps. In addition, the Beijing and NYC distributions
exhibit seasonality, with maxima in summer and minima
in winter. Moscow is less sensitive to seasonality. Moscow
has peaks, which may be related to biomass burning and
harvesting of agricultural crops. More importantly, Beijing
has a higher annual AOT range than NYC and other cities.
The seasonal range of NYC is only 0.15 (minimum is 0.05
in January and maximum is 0.2 in July) while the Beijing
minimum (maximum) is in December (June) at 0.32 (0.8).
These measurements indicate that Beijing is more polluted
than NYC and other cities; therefore it is reasonable to use
Beijing as an extreme urban case to demonstrate how urban
aerosols affect surface insolation and temperature.

The AERONET aerosol single scattering albedo plot
of monthly means shows some unexpected features. Since
AERONET Level 2 single scattering albedo (SSA) retrievals
are only made for moderate-to-high AOD (AOD(440 nm) >
0.4), there are very few cases for March, April and October
in NYC and very few in Feb, Mar, Apr, and Oct in Moscow.
These are not robust samples for these months and therefore
should not be implied as representative. Removing SSA data
for months with less than 10–15 days of observations is
suggested by AERONET investigators, although it seems
unlikely that there would be more than 10 different days with
SSA retrievals in March for NYC.

The single scattering albedo is the ratio of scattering
to extinction, and it approaches unity for purely scattering
particles, decreasing as the degree of absorption increases
(increasing concentrations of carbon soot or absorbing
minerals like hematite). In most months of the year (May–
December), Beijing has a higher single scattering albedo
than NYC, Moscow, and Mexico City (Figure 4(b)). For
Beijing, the single scattering albedo ranges from 0.87 to
0.94, with low values in winter and high values in summer.
Although a few months of data are missing, both Moscow
and Mexico City also exhibit seasonality in single scattering
albedo with high values in summer and low values in winter.
The seasonality of NYC’s single scattering albedo, however,
is not evident. Further research is required to determine
why NYC has different features in aerosol single scattering
albedo. Additionally, the high values for NYC in March are
questionable.

Smaller asymmetry factors (Figure 4(c)) are related to
smaller aerosol particles. Asymmetry factor is defined as the
cosine weighting of the phase function and is a measure of
how forward the scattering is. A zero is symmetric between
forward and backscattering, such as Rayleigh scattering or
isotropic scattering, in which the probability is just as great
that the scattering is in the forward hemisphere as in the
backscattering hemisphere. A value of 1 denotes complete
forward scattering and −1 denotes complete backscattering
in the 180◦ direction. Aerosol particles typically have values
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Figure 4: Monthly observations for (a) aerosol optical thickness, (b) single scattering albedo, and (c) the asymmetry factor from NASA
AERONET sites for four cities (Beijing, New York City, Mexico City, and Moscow). Data are sampled from multiyear averages.

in the 0.7 range and cloud drops that are larger, compared
to the wavelength, are more typically 0.85. Together with
AOT and single scattering albedo, this parameter is useful
for obtaining the basic radiative properties of aerosols. In
the summer, Beijing and Mexico City have higher asymmetry
factors than NYC and Moscow, which means that aerosol
particles over Beijing and Mexico City are larger than those
over NYC.

3.3. Aerosol Reduction on Surface Insolation. Since Beijing
represents an extremely-polluted city and New York City
represents a normally polluted city, this section focuses on
how the surface insolation changes in these two cities as a
result of aerosol loads. We do not discuss rural aerosols here
because of the unavailability of the observations. However,
this should not be interpreted as suggesting that rural regions
have no aerosols and aerosol effect.
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A radiative transfer model [26, 42] is used to simulate
urban aerosol-induced changes in surface insolation based
on the AERONET-observed aerosol optical properties for
both Beijing and NYC (Figure 5). Top quartile, 6-year,
instantaneous-averaged AOT, single scattering albedo, and
asymmetry factor observed from NASA AERONET were
input into the radiative transfer model to calculate how much
surface insolation is reduced due to the direct effect. The
vertical distribution of aerosols near the surface is assumed
to be uniform. The vertical distribution of aerosols has

a relatively minor effect on reduction of solar radiation
at the surface. The sky is cloudy-free. In addition, the
atmospheric conditions and surface albedo were predefined
in the radiative transfer model to represent the surface [26].
The reduction of surface insolation (δS) is a function of solar
zenith angle as well as aerosol amount, and therefore, varies
with seasons. The reduction of surface insolation (δS) for
NYC is less significant than in Beijing due to moderate AOT
in this city (Figure 3). Specifically, for NYC, δS is as low as
20 Wm−2 in winter and as high as 40 Wm−2 in summer. By
more strongly scattering and absorbing solar radiation, the
aerosols reduce surface insolation by about 105.5 Wm−2 for
Beijing during the summer and 50.5 Wm−2 during the winter
(January).

The δS depends on atmospheric conditions of clouds
and aerosols. Using different radiative transfer models or
assumptions may result in slightly different values of δS. The
Chou and Suarez radiative transfer model [26] was employed
because WRF’s aerosol scheme is under development with
unknown capability (Qian, personal communication 2009),
and because Chou and Suarez’ [26]) model has been adapted
to calculate aerosols in various studies [4, 9, 42].

3.4. Aerosol Reduction on Surface Skin Temperature (Tskin)—
Model Simulations. Surface skin temperature (Tskin) is a
diagnostic variable in the land surface model of WRF. WRF-
NOAH, similar to most land surface models developed
since the middle 1980s [29], simulates energy redistribution
within the land surface-biosphere system in terms of upward
longwave radiation, sensible heat flux, latent heat flux
and ground heat flux. Tskin, one of the key variables that
determines sensible and latent heat flux via the differences
between the skin layer and air surface layer, is determined
by both surface insolation as well as surface-biosphere
conditions. The sensitivity simulations are conducted over
the domain in Figure 6 for 27 July 2008, where Beijing
is in domain 2 (D2). On this day, AERONET-observed
AOD is 1.66 at 0.675 nm, which is very high. Domain
1 (Figure 6) shows the area over which the WRF model
conducts the overall regional sensitivity simulations. Domain
2 is at 6 km resolution representing the dense Beijing urban
regions where surface insolation reduction (δS) is reduced
by 100 Wm−2. Therefore, Tskin is expected to decrease via the
reduction of surface insolation. Nevertheless, our goal is to
assess how much Tskin is affected by aerosols and whether
Tskin responds to the aerosol direct effect in the same manner
as Tair, in terms of magnitude and diurnal change.

Although the sensitivity study studies urban region, it
should not imply that aerosols have no effect on rural
regions. In fact, as long as aerosols are present, it would
change solar radiation as function of aerosol properties in
that region. In this paper, urban surface temperature change
is our interest and thus we design our numerical experiments
over urban regions.

The surface response to aerosol loading is largely deter-
mined by the surface and atmosphere conditions [23].
Therefore, Figure 7 presents the land conditions for the runs.
Specifically, the soil category for Beijing is set (Figure 7(a))
to sand clay loam. Terrain height (Figure 7(b)) shows that
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Figure 7: The land surface properties of the study domain in WRF: (a) soil category, (b) terrain height, (c) land use category, (d) green
vegetation fraction (GVF), (e) soil moisture at the first soil layer (5 cm) for domain 2, and (f) the same as (e) but for analysis area.
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Figure 8: Aerosol effects on (a) land surface skin temperature, and (b) land surface 2 m air temperature. Model output for July 27, 2008.
Averaged over Beijing (39.7–40.1◦N, 116.1–116.7◦E).

Beijing is less than 200 m with much higher values in
Northwestern surrounding regions and lower values in
Southeastern regions. The land use in Beijing is categorized
in the USGS 24-category as “urban and builtup land-1”
(Figure 7(c)). Green vegetation fraction (Figure 7(d)) in
Beijing is about 0.5 from the NCEP reanalysis data, which is
obviously too high. Thus, in our runs we set this value as 0.2
as previous model development suggested [18]. Soil moisture
in the first model soil layer in Beijing is 0.2–0.3 m3·m−3, but
we reset it as a smaller value (Figures 7(e) and 7(f)).

The magnitude of Tskin reduction (Figure 8(a)), up to
2.1◦C, is greatest during the period 6–9 AM (LST) for 27
July 2008. Such reduction occurs during the entire day, but
the minimum is around 5–7 PM (LST). It should be noted
that the only difference between these two runs (control
versus sensitivity run) is δS during daylight hours. Clearly,
the aerosol direct effect propagates into the nocturnal hours
because of the memory of land surface to energy changes
in the daytime. By comparison, Tair at 2 m (Figure 8(b))
shows a reduction due to the daytime aerosol direct effect.
Nevertheless, the overall Tair reduction is smaller than Tskin.
For example, the maximum Tair reduction is only 0.9◦C at 9
AM and minimum reduction is only 0.45◦C at 1 PM.

Figure 9 shows the spatial distribution of the Tskin (Figure
9(a)), Tair (Figure 9(b)) and δTskin and δTair (the sensitivity
run minus the control run) at 12Z 27 July 2008, respectively
(Figures 9(c) and 9(d)). Tskin (Figure 9(c)) changes more
than Tair (Figure 9(d)) at this time. For comparison, the

spatial distribution of Tskin and Tair reveals the heat gra-
dient over the simulated regions. Corresponding to height
(Figure 9(b)), the high mountains regions have low Tskin and
Tair, only the middle Beijing and southern region have higher
temperatures. This geographical distribution also affects the
surface temperature reduction due to the aerosol direct
effect.

Figure 10 shows the δTskin and δTair at 18Z 27 July 2008.
Clearly, at midnight, the aerosol effect on Tair (Figure 10(b))
is now no longer noticeable. Namely, δTair is 0 for Beijing
regions. On the contrary, δTskin is still evident, but the
magnitude is only about 0.5–1◦C. This may imply that Tair

has a shorter memory than Tskin to the aerosol direct effect.

3.4.1. Sensitivity Studies with Albedo and Soil Moisture.
Further sensitivity experiments were designed to examine the
albedo effect on surface temperature. In the albedo exper-
iment, albedo is designated as 0.15 and 0.10, respectively.
Tskin values were compared from 00Z 27 July 2008 to 00Z 28
July 2008. Figure 11 illustrates that with lower albedo (alb =
0.10), Tskin is always higher than in the high albedo case (alb
= 0.15). The largest differences, with 1.7 K peak difference,
occur at 06Z 27 July 2008, which corresponds to local noon.
Although the albedo effect is low during the night because
of lack of insolation, Tskin of the low albedo case is still
higher than that of the high albedo case. This means that heat
accumulated during the daytime can propagate to change the
nighttime surface temperature.
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Figure 9: (a) the model output for the control run on skin temperature, (b) Model output for 2 m surface air temperature, (c) sensitivity
run minus control run on skin temperature, and (d) sensitivity run minus control run on 2 m surface air temperature. The outputs are on
12Z, July 27, 2008.

Another sensitivity experiment is designed to examine
the model’s soil moisture effect on Tskin. The Control run
sets soil moisture as 0.15 m3/m3 interpolated from the NCEP
reanalysis, and the sensitivity run sets the soil moisture as
0.001 (i.e., dry case). Figure 12 clearly reveals that with less
soil moisture, the surface is warmer by 1.6 K during the
daytime. This is because with less soil moisture, more of
the absorbed surface insolation is redistributed to sensible
heat flux and ground heat flux to warm the surface and
underlying soil. Nevertheless, at night, the less-soil moisture
case shows that the surface is cooler. This is mainly due to the
stronger longwave radiative cooling of the dryer surface.

4. Discussion

Urban aerosols reduce both Tskin and Tair (2-m). This is
a potential competing mechanism with land cover change
for the urban warm surface. Namely, although significant
changes in vegetation, land cover, and soil moisture over
urban regions lead to a warmer surface, aerosols may
offset such heating, partly, by reducing surface insolation.
Nevertheless, the magnitude of aerosol-induced surface
cooling is only 0.5–2◦C, and thus cannot fully offset the
urban heat island effect, which is about 2–10◦C warmer
than surrounding regions in summer. It is important to note
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Figure 10: Same as Figures 9(c) and 9(d)) except for 18Z, July 27, 2008. (a) The difference of Tskin between sensitivity run and the control
run, and (b) same as (a) except for Tair.

295

300

305

310

315

320

325 Tsfc

00Z 03Z 06Z 09Z 12Z 15Z 18Z 21Z 00Z

Alb = 0.15
Alb = 0.1

Figure 11: Sensitivity study for surface albedo effect on surface skin
temperature. Alb = 0.15 is the high albedo case when surface albedo
is set as 0.15, and alb = 0.10 is the low albedo case when the surface
albedo is set as 0.10. The experiment area is over Beijing (39.7–
40.1◦N, 116.1–116.7◦E). The unit of the y-axis is Kelvin (K).

that only the direct effect of aerosols is considered here.
The indirect effect related to cloud formation and aerosol
longwave emission is not discussed and is the subject of
ongoing research.

The slightly different responses from Tskin and Tair

are particularly important. Traditionally, urban temperature
studies use 2-m shelter-based Tair measurements, and it
has been reported to be a more nocturnal phenomena [7].
However, Tskin responds to heat more significantly during
daytime than at night. This is consistent with recent findings
by Shepherd et al. [43] who tried to examine why Houston’s
UHI could generate a mesoscale circulation during daytime
hours. Through land cover change, urban surface albedo and
emissivity are reduced [4, 9] and thus Tskin is increased. The
heated surface stores extra energy and at night, such heat is
emitted to warm the air layer closest to the skin surface layer.
Therefore, Tair is also found to be warmer than the urban
surrounding regions at night.

The sensitivity study approach is an entryway to more
robust analysis in the future. We applied an offline radiative
transfer model to calculate aerosol directly reduction on
surface insolation to avoid using WRF model inbuilt aerosol
scheme, which is under development and is linked with cloud
formation but has not been fully examined by the users.
We did not study aerosol-cloud interaction in this work. In
addition, the WRF approach can show how aerosols affect
Tskin and how that leads to a change in local mesoscale
circulations, and further changesTskin, by using a 4-D (space-
time) atmosphereland surface coupled model. For example,
wind is indeed altered due to the change of Tskin (result is not
shown).
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Figure 12: Sensitivity study for soil moisture on surface skin
temperature. In the control run, initial soil moisture is interpolated
from NCEP FNL analysis, and in the sensitivity run, soil moisture
in Beijing is set as a small value (0.001 m3/m3). The surface albedo is
set as 0.10. The experiment area is over Beijing (39.7–40.1◦N, 116.1–
116.7◦E). The unit of the y-axis is Kelvin (K).

Sensitivity experiments on albedo and soil moisture
suggest that these land cover related physical processes are as
important to Tskin change as aerosol direct effect. The aerosol
direct effect appears to reduce surface temperature while
albedo and soil moisture reduction increases it. Therefore,
in order to predict urban Tskin or UHI, one needs to include
all these comparable processes in the model.

The implications of this research are far reaching. At
the local to regional scales, proper representation of urban
aerosol loading could be critical for diagnosing or forecasting
the UHI hazard described by Zhou and Shepherd [8]. In
terms of climate analysis, Menon et al. [44] suggested that
aerosols, both direct and indirect effects, have a significant
impact on many aspects of climate. It is also likely that
aerosol variability could explain global brightening/dimming
trends in recent decades. Further, the interplay between
urban land cover and aerosols is not trivial and must be
accounted for in the next generation of global climate
models.
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