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ABSTRACT

In this study we present geometrical properties of
aerosol particle pollution in the free troposphere over
Thessaloniki, Greece. We have used measurements
that have been performed sing backscatter /Raman
lidar from January 2001 to December 2007 in the
framework of the European Aerosol Research Lidar
Network (EARLINET). In summary we analyze 461
measurements. Specifically, in this work we present
statistical information on geometrical properties of
free-tropospheric particle layers and its dependence
on different air mass sources. In order to do that, we
determine the geometrical depth of the particle layers
by the use of range corrected backscatter signals at
532 nm. We statistically analyze our measurements by
frequency distribution on the basis of all measure-
ments and find out that the most pollution events occur
in late spring and throughout the summer months. We
have also calculated the frequency distribution of bot-
tom, top, center and depth of the free-tropospheric
layers. Finally, we use backward trajectory analysis
with Hybrid Single-Particle Langrangian Integrated
Trajectory (HYSPLIT) to identify the main source re-
gions of free tropospheric particles. A pollution event
may be characterized with one, two, or more pollution
layers from different source regions. For that reason
we attribute pollution events to different source re-
gions, if backward trajectories indicate multiple source
regions. In the future we shall analyze our 7-year data
set for each geometrical layer identified with respect to
optical particle properties.

1. INTRODUCTION

Aerosols play an important role in the atmospheric
radiation budget, in fact, depending on the aerosol
type, they can absorb or scatter the incoming and out-
going radiation, warming or cooling the atmosphere
and, depending on their size and composition, they
can act as condensation nuclei, modifying cloud
physical and radiative properties [1]. Despite the im-
portance of free-tropospheric particles on climate and
air quality [2] their optical and microphysical proper-
ties, their geometrical features, and particle transport
mechanisms are still poorly understood.

Aerosol optical depth derived from the Advanced Very
High Resolution Radiometer [AVHRR] classified the
Mediterranean Sea as one of the areas with the high-
est aerosol optical depths on the world [3]. Within the
eastern Mediterranean, the Agean sea and the coastal
part of continental, Greece is in a ‘key’ geographical
position where aerosols from different sources con-
verge, namely maritime aerosols from sea spray; min-
eral dust from North Africa; and anthropogenic aero-

sols from the highly populated urban centers and in-
dustrial areas, as well as biomass burning [4,5] coex-
ist. In the lower troposphere over the Mediterranean,
European pollution, that usually originates from local
and/or regional emission sources, is mainly responsi-
ble for the reduction of air quality, whereas the free
tropospheric pollution is often advected over long dis-
tances even from other continents [6,7].

2. METHODOLOGY

2.1 Instrument

The data presented in this study were acquired with a
lidar system located at the Laboratory of Atmospheric
Physics (LAP) (40.5° N, 22.9° E, 50 m above sea level)
in Aristotle University of Thessaloniki (AUTH) from
2001 to 2007. LAP-AUTH lidar system is a 355 nm
Raman/elastic lidar system operational since May
2000 in the framework of EARLINET, the first lidar
network for tropospheric aerosol study in continental
scale [8]. The LAP-AUTH lidar is based on the second
and third harmonic frequency of a compact, pulsed
Nd:YAG laser, which emits pulses of 300 and 120 mJ
at 532 nm and 355 nm, respectively, with a 10 Hz
repetition rate [9]. Elastically backscatter signals at
both 355 and 532 nm and N, Raman shifted signal at
387 nm are collected with a Newtonian telescope of
500mm diameter with 0.7-3 mrad adjustable field-of-
view. Three Hamamatsu R7400P-06 photomultipliers
are used to detect the lidar signals at 532, 355 and
387 nm with 15m height resolution and 2 min time
resolution.

2.2 Geometrical Properties of Free-Tropopheric
Layers

Range-corrected backscatter signals at 532 nm were
used in order to determine the geometrical depth of
the particle layers. In those cases were no measure-
ment was available at 532 nm we have used the range
corrected signal at 355 nm. In Figure 1, we present an
example of how we determine bottom and top height,
and thus geometrical depth of the lofted particle lay-
ers, for the case of 19" of July 2005. We calculate the
first derivative of the range corrected signal profile.
The top of the planetary boundary layer is defined as
the steepest gradient of the profile of the particle
backscatter signal, i.e. the largest local minimum of
the first derivative of the range-corrected signal (Boe-
senberg at al., 2003). The top of the planetary bound-
ary layer is determined at about 0.8 km. This height is
assumed as the bottom height of the first layer. The
derivative shows a first local minimum at about 1.9 km,
which is the top of the first layer. There is a second
layer with larger particle content directly on top of the
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first layer. Thus the bottom height of the second parti-
cle layer coincides with the top height of the first parti-
cle layer at 1.9 km. The top height of the second layer
is indicated by the second local minimum of the de-
rivative profile at about 4.6 km. To test the gradient
method we have also used the radiosonde profiles of
potential temperature and relative humidity. The tem-
perature and relative humidity profiles as well as the
gradient of potential temperature indicate that the bot-
tom and the top of the first layer are about 0.8 km and
1.9 km while the top of the second layer is about 4.4
km.
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Figure 1. Example of how the heights of the bottom
and top are determined with the gradient method. The
temporally averaged signal profile (left-red), ra-
diosonde profiles of potential temperature (left-green),
relative humidity (left-blue), gradient of the backscatter
signal at 532 nm (right-red) and gradient of potential
temperature (right-green). The measurement was per-
formed on 19" of July 2005 from 10:57 to 12:24 UTC.
The radiosonde was launched on 19" of July 2005 at
11:51 UTC.

2.3 Source Regions of Free-Tropospheric Lay-

ers

We use backward trajectory analysis with HYSPLIT
(Hybrid Single-Particle Langrangian Integrated Trajec-
tory) to identify the main source regions of the free
tropospheric particles. A discussion of the model is
given by Draxler and Hess (1997). HYSPLIT is avail-
able at http://www.arl.noaa.gov/ready/hysplit4.html.

We calculate four-day backward trajectories calculated
for 6 different arrival heights above Thessaloniki, at
0.5, 1.5, 2.5, 3.5, 5.0 and 7.0 km (called from now on
trajectory levels). The calculations are made at 12
UTC for the day-time measurements and at 19 UTC
for the night-time measurements. In Figure 2 the ex-
ample of four-day backward trajectory for the 19™ of
July 2005 at 12 UTC is shown. The first layer between
0.8 and 1.9 km corresponds to second trajectory level,
this mean at 1.5 km, indicating that air masses are
coming from West Europe travelling above continental
regions, while the second layer from 1.5 to 4.6 corre-
sponds to 4" trajectory level, at 3.5 km, indicating air
masses from Saharan region.

ANALYTICAL BACKTRAJECTORIES

THESSALONIKI
12 UTC 19.07.05
| 10000 T

LATITUDE, degrees

o0 *\"l 1500m

1000

500m
[o] TR

—08-72-48-24 0
TIME, hours

-20 -10 0 10 20 30 40
LONGITUDE, degraes

Figure 2. Four-day backward trajectory analysis for
19th of July 2005 at 12 UTC.

3. RESULTS AND DISCUSSION

Figure 3 shows our complete data set that we ac-
quired from January 2001 until December 2007. The
total number of observations is 461. Black vertical
lines shows each performed measurement while the
red vertical lines indicate the observed free-
tropospheric layers from bottom to top. If a plume con-
sisted of several sublayers, the bottom height was
calculated for the lowest layer, and the top height was
defined by the top of the uppermost lofted layer. The
numbers below each year denote the total number of
measurements performed in this year, while the per-
centage corresponds to the number of measurements
in which free-tropospheric pollution was observed.

From 461 of the total measurements we observed
tropospheric aerosol layers on 313 measurements,
corresponding to a percentage of 68%. From the sta-
tistics analysis we have found 1 layer at 137 meas-
urements (30%), 2 layers structure at 126 measure-
ments (27%), 3 layers structure at 42 measurements
(9%) and finally 4 layers structure at 8 measurements
(2%). The number of pollution events in the free tropo-
sphere varies considerably among the different
years.The minimum number of observations was ob-
served in 2006, while the maximum number of obser-
vations was observed during 2002. The geometrical
depth of the plumes strongly varies from several hun-
dred meters up to 7 km.

In Figure 4 we present the geometrical features of the
lofted particle plumes. The bottom of the lowest free-
tropospheric layer is at or below 1.5 km height in 50%
of the measurements performed during 2001 — 2007.
The top height of the free-tropospheric layers is be-
tween 2 and 4 km in 60% of our measurements. The
geometrical depth of the aerosol layers is lower or
equal to 1.5 km in 73% of the measurements. The
center height of the lofted layers follows in a straight-
forward manner from the frequency distributions of the
bottom and top height. We find that in 52% of our
measurements the center height of free-tropospheric
layers is between 2 and 3.5 km.
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Figure 3. Geometrical depth of lofted particle layers
advected to Thessaloniki in years 2001-2007.
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Figure 4. Frequency distribution of [a] bottom height,
[b] top height, [c] geometrical depth, and [d] center
height of free-tropospheric layers from 2001 to 2007.

In order to classify our measurements to source re-
gions we have computed four-day backward trajecto-
ries for each case study.

ANALYTICAL BACKTRAJECTORIES
NOAA HYSPLIT MODEL — FNL Meteorological Data

Figure 5. The separation of the observed layers in
source areas. Six areas were assumed: Continental
NNW (light green), Continental NNE (dark green),
Continental Local (Purple), Maritime (blue) and Atlan-
tic Ocean (white).

The computations were made for 6 arrival heights (tra-
jectory levels) and each layer was corresponded to a
trajectory level according the center helght of the layer
as already descript in the example of 19" o July 2005.
We have assumed six different areas Continental
NNW, Continental NNE, Continental Local, Maritime,




Sahara desert and Atlantic Ocean as one can see in
Figure 5. For each trajectory level we have calculate
the number of hours that air mass was traveling
across each area region, in order to categorize each
observed layer to certain aerosol types taking also into
account the direction of air mass.

In Figure 6, we present the total number of hours that
air masses were traveling across each source area for
each observed layer for the time period from 2001 to
2007. The segregation of measurements into different
sources is particularly difficult in our region due to the
mixing state of different aerosol types that is usually
observed in the free troposphere of Thessaloniki. As
one can see from Figure 6, most of the observed lay-
ers are being affected by local air pollution of Thessa-
loniki. Moreover, Thessaloniki is being located in an
urban area not far from sea, a large number of ob-
served layers include some ‘contamination’ by marine
aerosols. Although that air masses that originates from
Saharan desert are not stay a lot of hours above this
region, the ‘signature’ of desert partcles is characterist
as many studies have shown.
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Figure 6. Number of hours that air masses were trav-
eling above each source area for all of the observed
layers in the period 2001 - 2007

4. CONCLUSIONS

In this study we summarize the geometrical properties
of aerosol particle pollution in the free troposphere
over Thessaloniki, Greece during the time period from
January 2001 to December 2007. We present the
methodology used in the frame of one example in or-
der to determine the bottom and the top of the lofted
layers.

We find that in 68% of all 46 measurements lofted
pollution layers are present. Most of these events oc-
cur during spring and summer of each year. We also
find that in 57% of the measurements have one or two
layers. The minimum number of observations was
observed in 2006, while the maximum number of ob-
servations was observed during 2002. The geometri-
cal depth of the plumes strongly varies from several
hundred meters up to 7 km. The bottom of the lowest
free-tropospheric layer is at or below 1.5 km height in
50% of the measurements performed during 2001 —
2007. The top height of the free-tropospheric layers is
between 2 and 4 km in 60% of our measurements.
The geometrical depth of the aerosol layers is lower or
equal to 1.5 km in 73% of the measurements. The
center height of the lofted layers follows in a straight-
forward manner from the frequency distributions of the
bottom and top height. We find that in 52% of our

measurements the center height of free-tropospheric
layers is between 2 and 3.5 km.

In the future we shall analyze our 7-year data set for
each geometrical layer identified with respect to optical
particle properties for each aerosol type.
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