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Abstract. Spectral measurements of the aerosol opticaling and absorption of the solar and earth’s radiation (Coak-
depth (AOD) and the‘°\ngstrbm coefficient were conducted ley et al., 1983; Charlson et al., 1992), the semi-direct effect
at Thessaloniki, Greece (40.H, 22.9 E) between January by changing atmospheric thermodynamics and cloud forma-
1997 and December 2005 with a Brewer MKIIl double- tion (Ackerman et al., 2000; Koren et al., 2004), and finally
monochromator spectroradiometer. The dataset was conthe indirect effect by changing cloud microphysics (Twomey,
pared with collocated measurements of a second spectrdt977; Rosenfeld and Lensky, 1998). The impact of aerosols
radiometer (Brewer MKII) and a CIMEL sun-photometer, to the planet’s radiative forcing is a major component of
showing correlations of 0.93 and 0.98, respectively. A sea-global and regional climatic patterns, influencing processes
sonal variation of the AOD was observed at Thessaloniki,in the atmospheric boundary layer (Yu et al., 2002), the hy-
with AOD values at 340 nm of 0.52 and 0.28 for August and drological cycle (Ramanathan et al., 2001), and surface tem-
December respectively. Back trajectories of air masses foperatures over the globe (Charlson et al., 1992). The cooling
up to 4 days were used to assess the influence of long-randey anthropogenic aerosols may be comparable in magnitude
transport from various regions to the aerosol load over Thesto greenhouse gas warming on a global scale but can be much
saloniki. It is shown that part of the observed seasonalitylarger on a regional scale (Intergovernmental Panel on Cli-
can be attributed to air masses with high AOD originating mate Change (IPCC), 2001). However, uncertainties remain
from North-Eastern and Eastern directions during summersubstantial for the direct and for the indirect effect (IPCC,
time. The analysis of the long-term record (9 years) of AOD 2001; Anderson et al., 2003).

showed a downward tendency. A similar decreasing ten- aerosols found over the Mediterranean originate from var-
dency was found in the record of the Rd&erosol measure- o5 sources, such as the superimposition of a marine com-

ments, which are conducted near the surface at 4 air—qualit)bonem, a mineral dust component (Saharan dust outbreaks
monitoring stations in the area of the city of Thessaloniki. 5344 |0cal dust suspension) and the local and long range

transported anthropogenic component (Lelieveld et al., 2002;
Moulin et al., 1997; di Sarra et al., 2003). In the last decade,
1 Introduction a substantial number of experimental studies on aerosols has
been focused on the eastern Mediterranean area (Luria et al.,

Aerosols play a very important role for the Earth-atmospherel996; Pinker et al., 1997; Mihalopoulos et al., 1997; Pa-
energy budget as they modify it through various atmospherid®@yannis et al., 1998, 2005; Formenti et al., 2001, 2002;

processes. Such processes are: The direct effect by scattdi€lieveld et al., 2002; Gerasopoulos et al., 2003; Balis et
al., 2003, 2004; Amiridis et al., 2005). Various model stud-

Correspondence tdS. Kazadzis ies predicted maximum net direct radiative forcing by sul-
(skazan@auth.gr) fate aerosols for this region (Charlson et al., 1991; Kiehl and
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Rodhe, 1995; Boucher and Anderson, 1995). For the easterBrewer MKII spectroradiometer measures the direct spec-
part of Mediterranean, the Aegean Sea and the coastal pattal irradiance with similar spectral resolution at five wave-
of continental Greece, aerosols from different sources can b&engths in the UV-B region, nominally at 306.3, 310.0, 313.5,
identified. Apart from local pollution, aerosols that origi- 316.8 and 320nm. The absolute calibration of both instru-
nate from biomass burning, anthropogenic aerosols from thenents is maintained by scanning every month a 1000
highly populated urban centres and industrial areas of Cenguartz-halogen tungsten lamp of spectral irradiance, trace-
tral and Eastern Europe and maritime aerosols, converge oveable (through Optronic Laboratories Inc.) to the National
this area (Formenti et al., 2002; Balis et al., 2003). For thelnstitute of Standards and Technology standards. In addi-
lower troposphere over the Mediterranean, particularly dur-tion, every six months the relationship of the direct port to the
ing summer, European pollution is mainly responsible for theglobal port is determined (for Brewer MKIII) using the shad-
reduction of air quality, whereas in the free troposphere pol-owing disk technique as described in Kazadzis et al. (2005).
lution is largely determined by trans-boundary and possibly The retrieval of the aerosol optical depth, especially at the
intercontinental transport (Zerefos et al., 2000; Lelieveld etshorter UV-B wavelengths, is difficult and is associated with
al., 2002; Balis et al., 2003, 2004). substantial uncertainties (Marenco et al., 1997), requiring ac-
In this paper we discuss the variability of aerosol optical curate and precise calibration and quality control procedures.
depth measured with a Brewer spectroradiometer at Thesthe AOD is calculated as the residual optical depth after sub-
saloniki, Greece during the period January 1997 to Decemtracting from the total atmospheric optical depth the optical
ber 2005. In Sect. 2 we describe the instrumentation and thdepths due to molecular scattering, and thea®d SQ ab-
methods used for the data analysis. Sections 3 to 5 presesprption. One key issue is the absolute calibration of the di-
a statistical analysis of the Brewer-derived measurements ofect spectral irradiance measurements. Two approaches have
the aerosol optical depth in the UV region and Aregstiom been proposed: The first is based on the absolute calibra-
coefficient, along with discussions on their seasonal depention of the solar spectral irradiance measured by the Brewer
dence. Back-trajectory analyses show an additional depen(Bais, 1997; Marenco et al., 1997; Meleti and Cappellani,
dence of the aerosol optical depth on the origin of the air2000; Kazadzis 2005; @bner and Meleti, 2004), while
masses. In Sect. 5.2 Riaerosol measurements are anal- the second uses the Langley extrapolation method to de-
ysed for the investigation of the boundary layer contributionrive the absolute calibration of the irradiance (Jaroslawski
to the total aerosol load over Thessaloniki. and Krzyscin, 2000; Jaroslawski et al., 2003; Kirchhoff et
al., 2001; Marenco et al., 2002; Cheymol and De Backer
2003; Groebner and Meleti, 2004). The AOD derived from
2 Instrumentation, methodologies and modelling tools ~ both methods appears consistent with those measured in-
dependently by a multifilter rotating shadow-band radiome-
2.1 Site description ter (Marenco et al., 2002) and by a CIMEL Sun photome-
ter (Jaroslawski and Krzyscin, 2000; Meleti and Cappellani,
Measurements of the aerosol optical depth have been cor2000). In this study, following the methodology described in
ducted in Thessaloniki, a city with a population of ap- Marenco et al. (1997), we used absolutely calibrated direct
proximately 1 million, since 1997. The measuring station irradiance spectral measurements in the range 290-365nm
is located near the centre of the city on the roof of theand in steps of 0.5 to retrieve the total column of the aerosol
Physics Department of the Aristotle University of Thessa-optical depth. The spectral AOD is determined by compar-
loniki (40°38 N, 2257 E, 60m a.s.l.). The site is facing the ing the measured cloud-free spectrum of the direct irradiance
Aegean Sea to the south and is situated along the expecteslith the direct irradiance at the surface which is calculated
pathway through which pollution from central and Easternfrom the transfer of the high resolution extraterrestrial spec-
Europe influences aerosol loading over the Eastern Meditertrum ATLAS 3 (Van Hoosier, 1996) through the atmosphere
ranean. Three different instruments have been used to derivagsing the Beer’s law and accounting only for molecular ab-
the AOD. Their main characteristics and the methodologiessorption (mainly @ and SQ) and Rayleigh scattering. The

used are presented in the following sections. Rayleigh optical depth was calculated according to Hansen
and Travis (1974) and the ozone cross sections {féd
2.2 The Brewer spectroradiometers degrees C of temperature) were taken from Bass and Paur

(1985). According to Cheymol and DeBacker (2003), the
The Brewer MKIII spectroradiometer is a double monochro- sensitivity of the calculated AOD to the effective ozone tem-
mator, which can provide spectrally resolved measurementperature is-0.065%/K for 320.1 nm. This means that a typ-
of the global and the direct solar irradiance. Its opera-ical mid-latitude annual variation in the effective ozone tem-
tional spectral range is 290-365nm, and its spectral resoperature in the order of 30—35 degrees will affect the AOD
lution is 0.55nm at full width at half maximum (FWHM). calculation by 1.9-2.3%. Therefore the maximum uncer-
Details on the operation and calibration procedures are givemainty in the AOD introduced by this factor i51.1%. The
in Bais et al. (1997). A second, single monochromatorcalculations are performed at the resolution of the ATLAS
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3 spectrum and the derived high-resolution irradiance at the2.3 CIMEL sunphotometer
ground is convoluted with the instrument’s slit function to
derive finally the optical depth. The basic method that wasSince September 2005 AOD measurements at Thessaloniki
used to calibrate the measured direct irradiance spectra arftve been enriched with the addition of a CIMEL sun pho-
the uncertainties of the methodology are described in Baigometer (provided by the Department of Environmental En-
(1997) and in Kazadzis et al. (2005). The calibration methodgineering of Democritus Univ Thrace). The CIMEL is an
has been recently improved to account for polarization ef-automatic Sun-sky scanning filter radiometer allowing the
fects from the instrument’s window (Cede et al., 2006). measurements of the direct solar irradiance at wavelengths
Uncertainties in the AOD retrieval from Brewer spectro- 340, 380, 440, 500, 670, 870, and 1020 nm. This CIMEL
radiometric measurements arise either form the instrument'snstrument is part of the NASA's Aerosol Robotic Network
operation (e.g. occasions of non ideal positioning of the in-(AERONET). NASA provides preliminary processing of the
put optics to the sun) or from the AOD retrieval methodology real-time data containing the daily pattern of AOD at all op-
(e.g. the assumption of negligible N@oncentrations). The erational wavelengths (level 1.5 data) (Holben et al., 1998).
latter may lead to an overestimation of the calculated AODThe instrument was calibrated on June 2005 at NASA, God-
of at most 0.005 and 0.01, respectively at 320 and 340 nm fodard space flight center facility.
each Dobson Unit of N@(Arola and Koskela, 2004). The
uncertainty analysis of the AOD retrieval using the MKIIl 2.4 Backward trajectories and clustering algorithm
Brewer showed an error on the AOD which is estimated to
within 0.07 in the UVB and 0.05 in the UVA for measure-  Analytical backward trajectories of air masses provide infor-
ments at solar zenith angles betweefi 46d 75 (Kazadzis = mation about the origin of the aerosols observed at a partic-
et al., 2005). This error is the result of the propagation of er-ular location and on the dynamical patterns governing this
rors due to the direct irradiance measurement and calibratiotransport of air masses. Systematic studies based on com-
uncertainties, the determination of the extraterrestrial specbined backward trajectories and long term aerosol vertical
trum, and the measurement of ozone an@.SO profile observations have been conducted for Central Euro-
A second collocated Brewer MKII spectroradiometer haspean locations (Mattis et al., 2000) These studies have helped
been also used to derive the AOD at six wavelengths inin explaining the dependence of the observed aerosol opti-
the UV-B region, following the methodology described in cal properties on the origin of the air masses. In our study,
(Meleti and Cappellani, 2000; Groebner and Meleti, 2004;four-day back trajectories were computed for the days of in-
Cheymol and De Backer, 2004). In this case the Langleyterest (cases of cloudless skies), using the Hybrid Single-
extrapolation method was used to derive the extraterrestriaParticle Lagrangian Integrated Trajectory (HYSPLIT) model
solar flux at the six wavelengths. The use of Langley plots(Draxler and Hess, 1997). This model uses the meteorologi-
to calibrate an instrument for aerosol optical depth requirescal data produced by the ETA Model of the National Weather
extremely stable atmospheric conditions during the calibra-Service of Spain to compute advection and dispersion of air
tion period. Especially for calibrating the MKII Brewer at parcels. We used HYSPLIT to generate 4-day back trajec-
Thessaloniki in the UV region, where ozone and aerosols aréories for air-parcels arriving over the site at Thessaloniki on
important, Langley plots were used only during days with 12:00 UTC at an altitude of 1500 m for all days with available
stable ozone and AOD. These days are determined using Brewer AOD measurements. Measurements of the vertical
set of strict criteria in the Langley extrapolation analysis. In profile of the aerosol backscatter coefficient with a LIDAR
should be noted that the comparison of AOD derived fromshowed that the maximum aerosol loading over Thessaloniki
the MKIII and MKI!I is not used for validation purposes but occurs at 1500 m above seal level (Amiridis et al., 2005).
only for investigating the long term changes in AOD derived Then, a cluster analysis algorithm was used to catego-
from two instruments with different calibration principles. rize the computed trajectories into groups of similar proper-
The uncertainty of the AOD retrieved from the MKII Brewer ties, the so-called clusters. In this study the clustering algo-
results from the error in determining the extraterrestrial irra-rithm for atmospheric trajectories recommended by Dorling
diance (Marenco et al., 2002), the total ozone column measet al. (1992) was used, which can be used also to determine
surement (Groebner and Meleti, 2004), front window polar-the optimum number of clusters. For the arrival height of
ization effects (Cede et al., 2006) and the temperature of thda500 m over Thessaloniki, the optimum number of clusters
ozone cross sections (Cheymol and DeBacker, 2003). Thevas found to be five.
total uncertainty for the AOD determination at 320 nm was
found 0.04 for air mass 1.4 which is the mean air mass for2.5 Measurements of the R
Thessaloniki. The AOD data used in this study by the two
Brewer spectroradiometers were obtained during the perio®ince 1988 the Environmental Department of Municipal-
1997-2005. ity of Thessaloniki operates a network of monitoring sta-
tions measuring various atmospheric pollutants and mete-
orological parameters. Nowadays the network consists of
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Fig. 1. Comparison of AOD at 340 nm retrieved by the Brewer Fig. 2. Comparison of AOD at 320 nm retrieved by the Brewer
MKIII spectroradiometer and the CIMEL Sun-photometer. MKIIIl and the Brewer MKII spectroradiometers.

five atmospheric pollution stations and four meteorological3 Aerosol optical depth comparisons

stations. Measurements of airborne particulate matter with

an aerodynamic diameter of less than or equal to a nominalhe aerosol optical depth measurements derived with the
10 microns (PMg) are conducted at all five monitoring sta- Brewer spectroradiometer were compared: i) with standard
tions. The instruments are automatic high-volume samplersneasurements of AOD from the CIMEL sun-photometer, ii)
that use absorption gf radiation for the determination of ~with AOD measurements from the second Brewer spectrora-
the PMg concentration. At the central station a TEOM (Ta- diometer that uses a different methodology for retrieving the
pered Element Oscillating Microbalance Method) instrumentAOD.

is also used, measuring simultaneously with the high volume The AOD at 340 nm derived from the Brewer MKIII and
analyzer. The correlation coefficient between the two datafrom the CIMEL sun-photometer were compared for a period
sets is 0.9 (Petrakakis et al., 2005). All the other stationsof 6 months (October 2005-March 2006) under cloudless-
of the municipal network are equipped only wigiradiation ~ sky conditions. The irradiance at 340 nm is practically unaf-
absorption analyzers; hence the Moncentrations used in  fected by ozone and SQariations. About 500 synchronized
the present study are from instruments of this type. The twolwith a time difference of less than 10 min) measurements
measuring methods mentioned above are the most widelyere used for this investigation (see Fig. 1). The two datasets
used throughout the European Networks, with fhebsorp-  are highly correlated-€=0.98) and have no significant off-
tion being the prevailing one. According to this method, the set. The mean AOD for this period was calculated to 0.403
suspended particulates of ambient air are separated by filteend 0.422 respectively for the Brewer and the CIMEL. The
ing, using a membrane, whose absorbance ability has beeaverage difference is 0.019 with a standard deviation)(1
measured in advance. The difference in the membrane’s alsf 0.022. One possible reason that could partly explain this
sorbance ability before and after the filtering defines the masslifference is the difference in the field of view of the two in-
of the selected particulate matter. This mass is associatestruments (Cimel is 1°2and for the Brewer is~2°) so the
with the measurement of air volume which passes throughliffuse light effect for the latter should be larger. Of course,
the membrane and as a result the gMoncentration is de- exact reasons are difficult to estimate, since different calibra-
rived. The PMg analyzers are checked and calibrated ontion and procedures for AOD retrieval are involved too.

a regular basis to ensure the accuracy of the measurements.A comparison of the AOD at 320 nm retrieved from the
Two specific beta gauge tests are made to verify the influencéwo Brewer spectroradiometers during the period 1997-2005
of the Geiger counter noise on the measurement and to meas shown in Fig. 2. Here we used the AOD at 320 nm, be-
sure the surface density of a reference gauge. Calibration isause although this wavelength is affected by ozone, it is the
performed each time the filter paper is changed, and everjongest available wavelength in the Brewer MKIlI measure-
six months to check the analyzer’s response. ments. About 3000 data points (with time difference of less
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Y2 TTTX X erower Table 1. Mean and standard deviation of the columnar aerosol opti-
5@ Vet avrage cal depth measured at Thessaloniki for different seasons during the

1 period 1997-2005.

Season Mean AOD at 340 nm ands(1L

Winter 0.33:0.14
Autumn  0.39:0.22
Spring 0.430.21
Summer 0.530.17

AOD at 320 nm

1996 1998 2000 2002 2004 2006 surement schedules. Nevertheless, the annual pattern of the
vears AOD variability is similar for both datasets, with maximum
values in the summer periods and minimum values in winter.
For Brewer MKIII, the standard deviation 1) of the
daily measurements of AOD at 320 nm forming the monthly
averages is on the average 0.12 with minimum and maxi-
mum of 0.02 and 0.21, respectively. Similarly, for MKII the
standard deviation was found to be 0.15 with minimum and
than 10 min) under cloud free skies are included in this com-maximum of 0.01 and 0.27, respectively.
parison. For the selection of the cloud free days we used Both series of AOD show a negative change from 1997
the methodology described in Vasaras et al. (2001), whicttowards 2005. A linear regression on the MKIIIl diseason-
is based on the variability of the measurements from a col-alized data reveals a change-62.9+0.92%, —3.84+0.93%
located pyranometer. The correlation between the two datand—3.54+1.02% per year for 320, 340 and 355 nm, respec-
sets is again highr£=0.937), taking into account that the tively. The statistical significance of this change was found
two instruments use completely different methodologies tobetter than 99% using student’s t-test. For Brewer MKII the
derive the AOD. Comparison of the AOD derived by the two change of AOD at 320 nm for the same period was calculated
Brewer spectroradiometers shows that the single monochrato —3.24+-0.6% per year (with statistical significance similar
mator Brewer MKII overestimates by about 5% the AOD. to MKIII), which is similar to the one calculated from the
This difference could be related to the different calibration MKIII data.
procedures and methodologies used in the two instruments In Fig. 3 the results of a monthly mean AOD series merg-
for the AOD retrieval. ing the two instruments is shown. Measurements of MKII
instrument were calibrated by direct comparison with the
Lo . MKIII (Fig. 2), over the whole nine year period. In addi-
4 Long term variability of aerosol optical depth tion, the number of available days of each instrument (per
month), have been taken into account in the calculation of the
weighted average. The AOD change per year calculated from

Fig. 3. Monthly mean AOD at 320 nm for the period 1997-2006,
derived from the MKIII (crosses) and MKII (open circles) Brewer
spectroradiometers. Line and full circles represent the weighted av
erage of the two instruments.

The long term variability of the AOD at 320 nm at Thessa-
loniki is discussed in this section, using monthly mean val-

&I:’Z) 0,
ues for the period January 1997—-December 2005 from botrtlhe merged data S?t was _calculated tatNP% for 320 nm.
X ! The frequency distribution of the AOD at 340 nm observed
Brewer spectroradiometers (Fig. 3). The monthly means

. . t Thessaloniki is shown in Fig. 4, for bins of 0.1 AOD units.
have been calculated from daily averages of AOD, derlVeo‘ﬁlearly 50% of the cases lie between 0.2 and 0.5, while more

0 X
used the methodology of Vasaras et al. (2001) that helped in(Ehan 30% of the cases show AOD values higher than 0.5

cluding only data corresponding to cloudless sky cases. Onlwhlch indicates a location with high aerosol load. The sea-

months with more than 8 days of data have been considereéOnal characteristics of the frequency d!strlputlon of occur-
. X rence of AOD at 340 nm are also shown in Fig. 4. More than
Some of the gaps in the series of the MKIII Brewer are due to

: . L ; ; 50% of the cases in wintertime the AOD is lower than 0.3,
the relocation of the instrument to participate in experimental” '~ = Lo
. i while in the summertime in more than 50% of the cases the
campaigns away from the home site.

The long erm monthy mezn AQD at 3201m derived from (2 PiOTEr Tt SRS R SRR R Y
the MKIII Brewer was found 0.480.12 (1o0), while the 0

mean AOD from the MKII is 0.46:0.14 (15). The differ- from the average frequency distribution. The mean AOD at

. 340 nm and the standard deviation of the mean for the four
ence between monthly averages from the two instruments

is partly due to the different number of days forming each seasons are summarized in Table 1.
monthly mean, as the two instruments have different mea-

www.atmos-chem-phys.net/7/2091/2007/ Atmos. Chem. Phys., 7, 20012007
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Fig. 4. Frequency distribution (in percent) of total and seasonalFi9- 5. (Upper panel) Monthly mean AOD at 320nm and stan-

AOD (at 340 nm) occurrences in bins of 0.1. dard deviation £10) as measured by the MKIII Brewer spec-
troradiometer over Thessaloniki for the period 1997-2005. The
dashed line corresponds to the measurements derived from the

The wavelength dependence of the optical depth at ThesMKIl Brewer. (Lower panel) Monthly mean and standard devia-
saloniki is investigated for the period 1997—2005 using thelion of theAngstom exponenty, derived from Brewer MKIII data

° L ) L in the same period.
Angsttdm’s power law approximation:

T(A) =B A" «y

i mer months. However, these variations are well within the
wherez(2) is the AOD at wavelength (um) anda, g are 1 ; standard deviation, as shown in the lower panel of Fig. 5.
the Angstibm coefficients. The\ngstiom exponenty, was — Tpe long term trend of théngstrom exponent alpha showed

derived from an exponential regression on the spectral optical, g5l increase over the years but with no statistical signifi-
depth in the wavelength range 325-350 nm. The spectral regance and well within the standard deviation of the monthly
gion below 325 nm was excluded from the regression in ordet, o4 values.

to minimize the uncertainties introduced in the spectral AOD The ob d AOD i b ibuted .
by possible leakage in the parameterization of the ozone ef- € observe seasonality can be attributed to varl-

fects. The average value of tAagstibm coefficienta, for ous processes: Enhanced evaporation and high temperatures
the entire dataset was estimated to #6%3. Gerasopou- in the summer increase the turbidity in the boundary layer
los et al. (2003) found aﬁngstr'c')m coefficient.of 1.52.0.28 and in conjunction with stagnant weather systems over the
using one year (2001) of data from a Multifilter Radiometer area help. in the built up of the aerosols. The summer peakin
(MFR) at the same location. The MFR measures the gIobaFhe AOD is also supported by the absence of significant Wet
and diffuse irradiance at selected wavelengths in the visibléemov"_jlI of aerosols and by_the _trans-boundary t_ranspo_rtatlon
part of the spectrum. Values of tlfmgstrbm exponenta of particles from eastern directions. The latter is confirmed
of about 1.2 to 1.4 are representative of continental aerosolé?y the consistency of the back-trajectories that are presented

whereas for larger aerosols (dust, sea-salt) the exponent hads 'the next sect|on'. , During the winter months, there IS Sig-
lower values (Michalsky et al., 2001). nificant wet deposition of aerosols, which together with the

The long term monthly means of AOD and a derived from northern winds that are dominant in the area, result in clean-

both Brewers are shown in Fig. 5. Both instruments reveal dn9 of the atmosphere and thus to lower AOD values.

clear annual pattern with a distinct maximum of AOD in the

summer months (between 0.5 and 0.6 for AOD at 320 nm),

while in the winter period the AOD reaches a minimum of . .

about 0.3. As for Fig. 3, the differences in the monthly means®  ©rigin of aerosols at Thessaloniki

from the two instruments are due to differences in the data

points forming each mean, as a result of different measuringrhe total column AOD measured in Thessaloniki can be con-
schedules. However, these differences are within theut- sidered as the sum of two main contributors. The aerosols
certainty of the mean. In addition, a slight seasonality can behat are associated from local sources and can be found in
observed in thdngstrom exponenty, monthly means. A the boundary layer and aerosols in higher altitudes that are
summer maximum of 1.6 was found in July and August andtransported and reach the city from sources outside the city
a winter minimum of 1.2 in December. This is an indication limits. To explain part of the observed seasonality in AOD
of the presence of larger aerosol particles during the sumthese two contributors have been investigated.
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Table 2. Aerosol characteristics for the five clusters of back trajectories.

Cluster number Mean AOD at Angstom  expo- Occurrence (%) Winter % Summer %
340nm nent,«
(Standard devia- (Standard devia-
tion) tion)
1 0.24 (0.12) 1.53 (0.43) 14 32 5
2 0.46 (0.21) 1.56 (0.40) 27 27 38
3 0.38 (0.17) 1.67 (0.43) 18 15 19
4 0.59 (0.16) 1.68 (0.44) 15 12 21
5 0.47 (0.18) 1.61 (0.56) 16 14 17
5.1 Origin of air masses arriving at Thessaloniki Cluster 4 represents air masses from eastern directions

which are associated with high aerosol loads over Thessa-

We used back trajectories to investigate whether the magniloniki. — Lidar measurements (Amiridis et al., 2005) have
tude of the observed AOD is associated with the origin of theShown that aerosols in the free troposphere transported from
air masses traveling in high altitudes and reaching the cityother regions may contribute to the total AOD by up to
Back trajectories of up to four days for air-parcels arriving at 50%. especially in the summer months. Various studies
12:00 UTC over Thessaloniki at 1500 m a.s.l. were generatedl@ve demonstrated that in the summer months aerosols in the
with the HYSPLIT model and for every day with AOD mea- Eastern Mediterranean are largely affected by biomass burn-
surements. These 968 trajectories were categorized in fivéld episodes from forest fires in northern coast of the Black
major clusters and are shown in Fig. 6. For each cluster the>€@ (Salisbury et al., 2003; Balis et al., 2003). Zerefos et

so-called seed trajectories have been determined, represerftl (2000) reported that 70% of the SO2 column measured at
ing the average path of the air masses. Thessaloniki can be attributed to lignite combustion in power

Cluster 1 represents fast transport of air mass mainly fronpIants in Bulgaria and Romania.
the Atlantic Ocean. Cluster 2 is the most common one, with 1he monthly mean contribution of each cluster to the to-
air masses generally originating from Northern directions. @l aerosol optical depth is shown in Fig. 7. Aerosol opti-
The trajectories of cluster 3 correspond generally to west.cal _depths correspondmg_to tr_a]ectorles of cluster 4 are high
erly directions, while cluster 4 to easterly directions. Finally during all months, but mainly in the summer (summer mean
the 5th cluster includes mostly air masses travelling over= 0-64) and they dominate the long term monthly means of
shorter distances and, in some cases, those from the Sahar@®D (thick black line). The mean AOD for cluster 1 is about
desert. Table 2 summarizes the aerosol characteristics of tfg24. About one third of the cases of this cluster are found
five clusters, including the average and standard deviation of? Winter, when cloudless skies are usually associated with
AOD and the&ngstr'om exponenty, the frequency of occur- northern winds that transport air masses with low aerosol
rence of each cluster and the contribution of the winter and°entent, confirming earlier results by Amiridis et al. (2005).
summer seasons. Daily means of the AOD were calculated
for days that include at least 7 observations. 5.2 Analysis of the PNy measurements

The data of Table 2 suggest that clusters 2, 3 and 5 con-
tain trajectories that result in AOD close to the average AOD The PMo measurements conducted by the municipality of
for all clusters (04]_), while clusters 1 and 4 Correspond toThessanniki are used to investigate the tendencies of the
the minimum and maximum AOD, respectively. Cluster 1 aerosols in the lower boundary layer of Thessaloniki. Daily
represents transport of masses containing very low aerosdneans were calculated for all four stations in the period
load and measurements within this cluster can be characteA997-2005, which were then combined to form monthly
ized as cases with only boundary layer aerosol load and witinean values of Phg.
minimum contribution from the free troposphere. From the The upper panel of Fig. 8 shows the deseasonalized 9-year
occurrences of these cases it can be seen that they are dofeng monthly means of the P)\d concentration for each sta-
inant in the wintertime representing 32% of all cases, whiletion. On the same figure, the average of the monthly mean
in the summer months they are very uncommon, in the ordedepartures from all stations is also shown. A negative change
of 5% of total cases. During these months, air masses fronis evident at all stations ranging from2% to —5.6% per
northwest directions reach northern Greece, and are assocgyear, with an average 6f3.8+0.6% per year. The statistical
ated with increased wind speed and atmospheric washousignificance of this average change was calculated to better
and with subsidence of air from the upper troposphere. than 99.9%, based on the student’s t-test.
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Fig. 6. Four-day back trajectories corresponding to for all AOD measurements conducted at Thessaloniki during the period 1997-2005,
grouped in different clusters, representing air masses with similar characteristics and originating from similar directions. The bottom-right

panel shows the seed trajectories for all clusters.

The overall change for the Piglconcentrations in Thes- taken during the 1990s concerning many aspects of the city
saloniki calculated from measurements starting in the lateactivities (Petrakakis et al., 2005). Such measures were the
1980s is negative although there are differences in the magdsage in the industry of crude oil with low sulphur content,
nitude among the stations. This is more apparent for thehe improvement of fuel quality (total ban of leaded fuel), the
stations influenced by traffic emissions and less for the ur+enewal of the fleet with vehicles using anti—pollution tech-
ban ones. This remark is of high importance, since duringnology, the introduction of the annual check in the exhausts
the period 1989-2003 there has been a significant increaseontrol and finally measures related with the city infrastruc-
in the fleet of the vehicles. However, during this period in ture such as the construction and function of the ring road and
the city centre the decrease is approximately 22% foif®M extensive usage of mechanical besoms for road and pavement
concentrations, whereas for the other primary pollutants iscleaning.
much larger (50% for CO, 47% for SO2 and 30% for NO). o Thessaloniki, the concentration of Riepresents the
This development is due to a series of measures that had be%i‘rgest part of the total aerosol load (Voutsa et al., 2002) and
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Fig. 7. Monthly mean AOD for each cluster during the period 1997— Fig. 8. Upper panel. Deseasonalized monthly mean p&erosol
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measured at Thessaloniki. onthly means at each of the four aerosol monitoring stations o

the Municipality Network. Lower panel: Deseasonalized monthly
mean AOD (crosses) measured at Thessaloniki with Brewer MKIII.

the columnar amount of the aerosols is dominated by those

found in the first 2-3 km (e.g. Amiridis et al., 2005). There- The analysis of the origin of aerosols at Thessaloniki

fore '.t IS reasqnable o expect that the fdoncentration 'S showed that in addition to the boundary layer aerosol orig-
a major contributor to the total column of the aerosol optical ;

depth over Thessaloniki. The long-term changes found in th m_atlng mf”“”'y from chal sources, transport of aerosols at
. : , : igher altitudes contribute to the total AOD column, espe-

PMjg concentration, agree quite well with the linear change . . . . ;
cially in the summer months. Back trajectories analysis

(ranging between-2.9 and—3.8% for different wavelengths Lo . )
that was calculated for the AOD as derived from MKIIl mea- showed that the contribution of air masses coming from the
North and North Eastern directions result in high aerosol

surements (see lower panel of Fig. 8). loads over Thessaloniki, while minimum AOD is associated
with air masses originating from the Atlantic ocean.
6 Summary and conclusions The AOD measurements derived from Brewer MKIII dur-
ing the period 1997—2005 show a trend of abe@t9% per
Nine years (1997-2005) of direct sun spectral measurementgear at 320 nm and-3.8% per year at 340 nm. Similar de-
at Thessaloniki, Greece, were used for the determination o€reasing tendency has been found in the;P&krosol con-
the spectral aerosol optical depth AOD in the UV-B and UV- centrations from the data of the network of the Municipality
A parts of the solar spectrum, as well as of thegstom of Thessaloniki (Petrakakis et al., 2005). Both datasets sug-
exponent. gest that the air quality in Thessaloniki is improving, com-
Measurements of the AOD retrieved from two Brewer pared with the situation during the 1990s, resulting in clean-
spectroradiometers and a CIMEL sun-photometer were coming of the lower atmosphere in Thessaloniki. However, the
pared showing generally good agreement. The mean ababsolute values of both optical depth and gMoncentra-
solute difference between AOD measurements in the UV-ions during the last decade are still high. This observed
B from the double monochromator Brewer MKIII and the decrease in the aerosol amounts is expected to have a di-
single monochromator Brewer MKII is-5% (with an R? rect effect on the solar irradiance levels reaching the ground
of 0.937), although the two instruments used different pro-(Garane et al., 2005).
cedures for the their calibration and AOD retrieval. Very To conclude, the aerosols found over Thessaloniki result
good agreement was found between measurements of AOBom different sources, comprising of a marine component, a
at 340 nm derived from Brewer MKIII and from the CIMEL mineral dust component (outbreaks of Saharan dust and lo-
(mean absolute difference4% with R°=0.982). cal dust suspension) and an anthropogenic component. High
Long term monthly means of AOD at 340 nm at Thessa-aerosol optical depths may occur during the presence of ei-
loniki show a seasonal variation with maximum optical depth ther absorbing or non-absorbing particles and hence informa-
values in the summer months (AOD=0.52 in August), andtion from various instruments are necessary in order to assess
minimum in wintertime (AOD=0.28 in December). Another properly the detailed nature and the optical properties of such
study using different instruments and techniques showedh complex aerosol mixture.
similar results for even smaller periods of data (Gerasopoulos
et al., 2003).
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