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Abstract

Spectral measurements of the aerosol optical depth (AOD) and the Angstrom coeffi-

cient were conducted at Thessaloniki, Greece (40.5
◦
N, 22.9

◦
E) between January 1997

and December 2005 with a Brewer MKIII double-monochromator spectroradiometer.

The dataset was compared with collocated measurements of a second spectrora-5

diometer (Brewer MKII) and a CIMEL sun-photometer, showing correlations of 0.93

and 0.98 respectively. A seasonal variation of the AOD was observed at Thessaloniki,

with AOD values at 340 nm of 0.52 and 0.28 for August and December respectively.

Back trajectories of air masses for up to 4 days were used to assess the influence of

long-range transport from various regions to the aerosol load over Thessaloniki. It is10

shown that part of the observed seasonality can be attributed to air masses with high

AOD originating from North-Eastern and Eastern directions during summertime. The

analysis of the long-term record (9 years) of AOD showed a downward tendency. A

similar decreasing tendency was found in the record of the PM-10 aerosol measure-

ments, which are conducted near the surface at 4 air-quality monitoring stations in the15

area of the city of Thessaloniki.

1 Introduction

Aerosols play a very important role for the Earth-atmosphere energy budget as they

modify it through various atmospheric processes. Such processes are: the direct effect

by scattering and absorption of the solar and earth’s radiation (Coakley et al., 1983;20

Charlson et al., 1992), the semi-direct effect by changing atmospheric thermodynamics

and cloud formation (Ackerman et al., 2000; Koren et al., 2004), and finally the indirect

effect by changing cloud microphysics (Twomey, 1977; Rosenfeld and Lensky, 1998).

The impact of aerosols to the planet’s radiative forcing is a major component of global

and regional climatic patterns, influencing processes in the atmospheric boundary layer25

(Yu et al., 2002), the hydrological cycle (Ramanathan et al., 2001), and surface temper-

538

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/537/2007/acpd-7-537-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/537/2007/acpd-7-537-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD

7, 537–567, 2007

Aerosol optical depth

variability in an urban

environment

S. Kazadzis et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

atures over the globe (Charlson et al., 1992). The cooling by anthropogenic aerosols

may be comparable in magnitude to greenhouse gas warming on a global scale but

can be much larger on a regional scale (Intergovernmental Panel on Climate Change

(IPCC), 2001). However, uncertainties remain substantial for the direct and for the

indirect effect (IPCC, 2001; Anderson et al., 2003a).5

Aerosols found over the Mediterranean originate from various sources, such as the

superimposition of a marine component, a mineral dust component (Saharan dust out-

breaks and local dust suspension) and the local and long range transported anthro-

pogenic component (Lelieveld et al., 2002; Moulin et al., 1997; di Sarra et al., 2003).

In the last decade, a substantial number of experimental studies on aerosols has been10

focused on the eastern Mediterranean area (Luria et al., 1996; Pinker et al., 1997; Mi-

halopoulos et al., 1997; Papayannis et al., 1998, 2005; Formenti et al., 2001, 2002;

Lelieveld et al., 2002; Gerasopoulos et al., 2003; Balis et al., 2003, 2004; Amiridis et

al., 2005). Various model studies predicted maximum net direct radiative forcing by

sulfate aerosols for this region (Charlson et al., 1991; Kiehl and Rodhe, 1995; Boucher15

and Anderson, 1995). For the eastern part of Mediterranean, the Aegean Sea and the

coastal part of continental Greece, aerosols from different sources can be identified.

Apart from local pollution, aerosols that originate from biomass burning, anthropogenic

aerosols from the highly populated urban centres and industrial areas of Central and

Eastern Europe and maritime aerosols, converge over this area (Formenti et al., 2002;20

Balis et al., 2003). For the lower troposphere over the Mediterranean, particularly dur-

ing summer, European pollution is mainly responsible for the reduction of air quality,

whereas in the free troposphere pollution is largely determined by trans-boundary and

possibly intercontinental transport (Zerefos et al., 2000; Lelieveld et al., 2002; Balis et

al., 2003, 2004).25

In this paper we discuss the variability of aerosol optical depth measured with a

Brewer spectroradiometer at Thessaloniki, Greece during the period January 1997 to

December 2005. In Sect. 2 we describe the instrumentation and the methods used

for the data analysis. Section 3 presents a statistical analysis of the Brewer-derived
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measurements of the aerosol optical depth in the UV region and the Angstrom coeffi-

cient, along with discussions on their seasonal dependence. Back-trajectory analyses

show an additional dependence of the aerosol optical depth on the origin of the air

masses. In Sect. 6 PM10 aerosol measurements are analysed for the investigation of

the boundary layer contribution to the total aerosol load over Thessaloniki.5

2 Instrumentation, methodologies and modelling tools

2.1 Site description

Measurements of the aerosol optical depth have been conducted in Thessaloniki, a

city with a population of approximately 1 million, since 1997. The measuring station is

located near the centre of the city on the roof of the Physics Department of the Aristotle10

University of Thessaloniki (40
◦
38 N, 22

◦
57 E, 80 m a.s.l.). The site is facing the Aegean

Sea to the south and is situated along the expected pathway through which pollution

from central and Eastern Europe influences aerosol loading over the Eastern Mediter-

ranean. Three different instruments have been used to derive the AOD. Their main

characteristics and the methodologies used are presented in the following sections.15

2.2 The Brewer spectroradiometers

The Brewer MKIII spectroradiometer is a double monochromator, which can provide

spectrally resolved measurements of the global and the direct solar irradiance. Its op-

erational spectral range is 290–365 nm, and its spectral resolution is 0.55 nm at full

width at half maximum (FWHM). Details on the operation and calibration procedures20

are given in Bais et al. (1997). A second, single monochromator Brewer MKII spec-

troradiometer measures the direct spectral irradiance with similar spectral resolution

at five wavelengths in the UV-B region, nominally at 306.3, 310.0, 313.5, 316.8 and

320 nm. These measurements are not absolutely calibrated since they are used in

relative sense to derive the total ozone column (Kerr et al., 1981).25
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The retrieval of the aerosol optical depth, especially at the shorter UV-B wavelengths,

is difficult and is associated with substantial uncertainties (Marenco et al., 1997), re-

quiring accurate and precise calibration and quality control procedures. The AOD is

calculated as the residual optical depth after subtracting from the total atmospheric

optical depth the optical depths due to molecular scattering, and the O3 and SO2 ab-5

sorption. One key issue is the absolute calibration of the direct spectral irradiance

measurements. Two approaches have been proposed: The first is based on the ab-

solute calibration of the solar spectral irradiance measured by the Brewer (Bais, 1997;

Marenco et al., 1997; Meleti and Cappellani, 2000; Kazadzis 2005), while the second

uses the Langley extrapolation method to derive the absolute calibration of the irradi-10

ance (Jaroslawski 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 both methods appears consistent with those measured indepen-

dently by a multifilter rotating shadow-band radiometer (Marenco et al., 2002) and by

a CIMEL Sun photometer (Jaroslawski and Krzyscin, 2000; Meleti and Cappellani,15

2000).

In this study, following the methodology described in Marenco et al. (1997), we used

absolutely calibrated direct irradiance spectral measurements in the range 290–365 nm

and in steps of 0.5 to retrieve the total column of the aerosol optical depth. The spectral

AOD is determined by comparing the measured cloud-free spectrum of the direct irra-20

diance with the direct irradiance at the surface which is calculated from the transfer of

the high resolution extraterrestrial spectrum ATLAS 3 (Van Hoosier, 1996) through the

atmosphere using the Beer’s law and accounting only for molecular absorption (mainly

O3 and SO2) and Rayleigh scattering. The Rayleigh optical depth was calculated ac-

cording to Hansen and Travis (1974) and the ozone cross sections were taken from25

Bass and Paur (1985). The calculations are performed at the resolution of the ATLAS

3 spectrum and the derived high-resolution irradiance at the ground is convoluted with

the instrument’s slit function to derive finally the optical depth. The basic method that

was used to calibrate the measured direct irradiance spectra and the uncertainties of
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the methodology are described in Bais, (1997) and in Kazadzis et al. (2005). The cali-

bration method has been recently improved to account for polarization effects from the

instrument’s window (Cede et al., 2006).

Uncertainties in the AOD retrieval from Brewer spectroradiometric measurements

arise either form the instruments operation (e.g. occasions of non ideal positioning of5

the input optics to the sun) or from the AOD retrieval methodology (e.g. the assumption

of negligible NO2 concentrations). The latter may lead to an overestimation of the

calculated AOD of at most 0.005 and 0.01, respectively at 320 and 340 nm for each

Dobson Unit of NO2 (Arola and Koskela, 2005).

A second collocated Brewer MKII spectroradiometer has been also used to derive10

the AOD at six wavelengths in the UV-B region, following the methodology described

in (Meleti and Cappellani, 2000; Groebner and Meleti, 2004; De Backer and Cheymol,

2004). In this case the Langley extrapolation method was used to derive the extrater-

restrial solar flux at the six wavelengths.

The AOD data used in this study were obtained by the two Brewer spectroradiome-15

ters obtained in the period 1997–2005.

2.3 CIMEL sunphotometer

Since September 2005 AOD measurements at Thessaloniki have been enriched with

the addition of a CIMEL sun photometer (provided by the Department of Environmental

Engineering of Democritus Univ Thrace). The CIMEL is an automatic Sun-sky scan-20

ning filter radiometer allowing the measurements of the direct solar irradiance at wave-

lengths 340, 380, 440, 500, 670, 870, and 1020 nm. This CIMEL instrument is part

of the NASA’s Aerosol Robotic Network (AERONET). NASA provides preliminary pro-

cessing of the real-time data containing the daily pattern of AOD at all operational

wavelengths (level 1.5 data) (Holben et al., 1998).25
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2.4 Backward trajectories and clustering algorithm

Analytical backward trajectories of air masses provide information about the origin of

the aerosols observed at a particular location and on the dynamical patterns governing

this transport of air masses. Systematic studies based on combined backward tra-

jectories and long term aerosol vertical profile observations have been conducted for5

Central European locations (Mattis et al., 2000) These studies have helped in explain-

ing the dependence of the observed aerosol optical properties on the origin of the air

masses. In our study, four-day back trajectories were computed for the days of inter-

est (cases of cloudless skies), using the Hybrid Single-Particle Lagrangian Integrated

Trajectory (HYSPLIT) model (Draxler and Hess, 1997). This model uses the meteoro-10

logical data produced by the ETA Model of the National Weather Service of Spain to

compute advection and dispersion of air parcels. We used HYSPLIT to generate 4-day

back trajectories for air-parcels arriving over the site at Thessaloniki on 12:00 UTC at

an altitude of 1500 m for all days with available Brewer AOD measurements. Measure-

ments of the vertical profile of the aerosol backscatter coefficient with a LIDAR showed15

that the maximum aerosol loading over Thessaloniki occurs at 1500 m above seal level

(Amiridis et al., 2005).

Then, a cluster analysis algorithm was used to categorize the computed trajectories

into groups of similar properties, the so-called clusters. In this study the clustering

algorithm for atmospheric trajectories recommended by Dorling et al. (1992) was used,20

which can be used also to determine the optimum number of clusters. For the arrival

height of 1500 m over Thessaloniki, the optimum number of clusters was found to be

five.

2.5 Measurements of the PM-10

Since 1988 the Environmental Department of Municipality of Thessaloniki operates a25

network of monitoring stations measuring various atmospheric pollutants and mete-

orological parameters. Nowadays the network consists of five atmospheric pollution
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stations and four meteorological stations. Measurements of airborne particulate matter

with an aerodynamic diameter of less than or equal to a nominal 10 microns (PM10) are

conducted at all five monitoring stations. The instruments are automatic high-volume

samplers that use absorption of β radiation for the determination of the PM10 con-

centration. At the central station a TEOM (Tapered Element Oscillating Microbalance5

Method) instrument is also used, measuring simultaneously with the high volume an-

alyzer. The correlation coefficient between the two data sets is 0.9 (Petrakakis et al.,

2005). All the other stations of the municipal network are equipped only with β radia-

tion absorption analyzers; hence the PM10 concentrations used in the present study

are from instruments of this type. The two measuring methods mentioned above are10

the most widely used throughout the European Networks, with the β absorption being

the prevailing one. According to this method, the suspended particulates of ambient

air are separated by filtering, using a membrane, whose absorbance ability has been

measured in advance. The difference in the membrane’s absorbance ability before

and after the filtering defines the mass of the selected particulate matter. This mass is15

associated with the measurement of air volume which passes through the membrane

and as a result the PM10 concentration is derived.

3 Aerosol optical depth comparisons

The aerosol optical depth measurements derived with the Brewer spectroradiome-

ter were compared: i) with standard measurements of AOD from the CIMEL sun-20

photometer, ii) with AOD measurements from the second Brewer spectroradiometer

that uses a different methodology for retrieving the AOD.

The AOD at 340 nm derived from the Brewer MKIII and from the CIMEL sun-

photometer were compared for a period of 6 months (October 2005–March 2006) un-

der cloudless-sky conditions. The irradiance at 340 nm is practically unaffected by25

ozone and SO2 variations. About 500 synchronized (with a time difference of less than

10 min) measurements were used for this investigation (see Fig. 1). The two datasets
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are highly correlated (r
2
=0.98) and have no significant offset. The mean AOD for this

period was calculated to 0.403 and 0.422 respectively for the Brewer and the CIMEL.

The average difference is 0.019 with a standard deviation (1σ) of 0.022.

A comparison of the AOD at 320 nm retrieved from the two Brewer spectroradiome-

ters during the period 1997–2005 is shown in Fig. 2. Here we used the AOD at 320 nm,5

a wavelength that is affected by ozone, because this is the longest available wavelength

in the Brewer MKII measurements. About 2900 data points (with time difference of less

than 10 min) under cloud free skies are included in this comparison. For the selection of

the cloud free days we used the methodology described in Vasaras et al. (2001), which

is based on the variability of the measurements from a collocated pyranometer. The10

correlation between the two data sets is again high (r
2
=0.937), taking into account that

the two instruments use completely different methodologies to derive the AOD. Con-

trary to the comparison of the MKIII Brewer with the CIMEL, the single monochromator

Brewer MKII overestimates the AOD by about 5%. This difference could be related to

the different calibration procedures and methodologies used in the two instruments for15

the AOD retrieval.

4 Long term variability of aerosol optical depth

The long term variability of the AOD at 320 nm at Thessaloniki is discussed in this

section, using monthly mean values for the period January 1997–December 2005 from

both Brewer spectroradiometers (Fig. 3). The monthly means have been calculated20

from daily averages of AOD, derived from all single measurements corresponding to

cloudless skies. Only months with more than 8 days of data have been considered.

Some of the gaps in the series of the MKIII Brewer are due to the relocation of the

instrument to participate in experimental campaigns away from the home site.

The long term monthly mean AOD at 320 nm derived from the MKII Brewer was found25

0.43±0.12 (1σ), while the mean AOD from the MKII is 0.47±0.18 (1σ). The difference

between monthly averages from the two instruments is due to the different number of
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days forming each monthly mean, as the two instruments have different measurement

schedules. Nevertheless, the annual pattern of the 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 (1σ) of the daily measurements of AOD

at 320 nm forming the monthly averages is on the average 0.12 with minimum and5

maximum of 0.02 and 0.21 respectively.

Both series of AOD show a negative trend from 1997 towards 2005. A linear re-

gression on the MKIII data reveals a change of –2.2%, –2.4% and –3.1% per year

respectively for 320, 340 and 355 nm. For Brewer MKII the change of AOD at 320 nm

for the same period was calculated to –1.6% per year, which is somewhat smaller that10

the one calculated from the MKIII data. This difference is within the uncertainty levels

of both instruments and is likely attributable to the differences in the amount of data

composing the two datasets.

The frequency distribution of the AOD at 340 nm observed at Thessaloniki is shown

in the left panel of Fig. 4, for bins of 0.1 AOD units. Nearly 50% of the cases lie between15

0.2 and 0.5, while more than 30% of the cases show AOD values higher than 0.5 which

indicates a location with high aerosol load.

The seasonal characteristics of the frequency distribution of occurrence of AOD at

340 nm show that in more than 50% of the cases in wintertime the AOD is lower than

0.3, while in the summertime in more than 50% of the cases the AOD is higher than20

0.5. The right panel of Fig. 4 shows the relative contribution of the different seasons to

the annual frequency distribution of AOD. The normalization is done by subtracting the

yearly mean frequency of occurrence from every AOD bin selected from the percentage

calculated for the same bin in each season.

For spring and autumn, all AOD categories have similar distributions differing at most25

by about 3%, whereas for winter and summer seasons the distribution is shifted from

low AOD values (winter) to high values (summer). Figure 4 (right) is also showing that

in the wintertime the frequency of occurrence for AOD’s less than 0.3 is approximately

20% more than the average distribution, whereas in the summertime the frequency
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of occurrence for AOD’s more than 0.5 is approximately 20% more than the average

distribution. The mean AOD at 340 nm and the standard deviation of the mean for the

four seasons are summarized in Table 1.

The wavelength dependence of the optical depth at Thessaloniki is investigated for

the period 1997–2005 using the Angström’s power law approximation:5

τ(λ) = β ∗ λa (1)

where τ(λ) is the AOD at wavelength λ and a, β are the Angström coefficients. The

Angström exponent, a, was derived from an exponential regression on the spectral

optical depth in the wavelength range 325–350 nm. The spectral region below 325 nm

was excluded from the regression in order to minimize the uncertainties introduced10

in the spectral AOD by possible leakage in the parameterization of the ozone effects.

The average value of the Angström coefficient, a, for the entire dataset was estimated

to 1.63±0.53. Gerasopoulos et al. (2003) found an Angström coefficient of 1.57±0.28

using one year (2001) of data from a Multifilter Radiometer (MFR) at the same location.

The MFR measures the global and diffuse irradiance at selected wavelengths in the15

visible part of the spectrum. Values of the Angström exponent, a, of about 1.2 to 1.4

are representative of continental aerosols, whereas for larger aerosols (dust, sea-salt)

the exponent has lower values (Michalsky et al., 2001).

The long term monthly means of AOD and a derived from both Brewers are shown in

Fig. 5. Both instruments reveal a clear annual pattern with a distinct maximum of AOD20

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 from the two instruments are due to differences in the data points

forming each mean, as a result of different measuring schedules. However, these

differences are within the 1σ uncertainty of the mean.25

The observed AOD seasonality can be attributed to various processes: Enhanced

evaporation and high temperatures in the summer increase the turbidity in the bound-

ary layer and in conjunction with stagnant weather systems over the area help in the
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built up of the aerosols. The summer peak in the AOD is also supported by the ab-

sence of significant wet removal of aerosols and by the trans-boundary transportation

of particles from eastern directions. The latter is confirmed by the consistency of the

back-trajectories that are presented in the next section. During the winter months,

there is significant wet deposition of aerosols, which together with the northern winds5

that are dominant in the area, result in cleaning of the atmosphere and thus to lower

AOD values.

5 Origin of air masses arriving at Thessaloniki

To explain part of the observed seasonality in AOD measurements at Thessaloniki we

used back trajectories to investigate whether the magnitude of the observed AOD is10

associated with the origin of the air masses. Back trajectories of up to four days for air-

parcels arriving at 12:00 UTC over Thessaloniki at 1500 m a.s.l. were generated with

the HYSPLIT model and for every day with AOD measurements. These 968 trajectories

were categorized in five major clusters and are shown in Fig. 6. For each cluster the

so-called seed trajectories have been determined, representing the average path of15

the air masses.

Cluster 1 represents fast transport of air mass mainly from the Atlantic Ocean. Clus-

ter 2 is the most common one, with air masses generally originating from Northern

directions. The trajectories of cluster 3 correspond generally to westerly directions,

while cluster 4 to easterly directions. Finally the 5th cluster includes mostly air masses20

from local sources and in some cases those from the Saharan desert. Table 2 summa-

rizes the aerosol characteristics of the five clusters, including the average and standard

deviation of AOD, the frequency of occurrence of each cluster and the contribution of

the winter and summer seasons. Daily means of the AOD were calculated for days that

include at least 7 direct irradiance spectral measurements.25

The data of Table 2 suggest that clusters 2, 3 and 5 contain trajectories that result in

AOD close to the average AOD for all clusters (0.41), while clusters 1 and 4 correspond

548

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/537/2007/acpd-7-537-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/537/2007/acpd-7-537-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD

7, 537–567, 2007

Aerosol optical depth

variability in an urban

environment

S. Kazadzis et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

to the minimum and maximum AOD respectively. Cluster 1 represents transport of

masses containing very low aerosol load and measurements within this cluster can

be characterized as cases with only boundary layer aerosol load and with minimum

contribution from the free troposphere. From the occurrences of these cases it can be

seen that they are dominant in the wintertime representing 32% of all cases, while in5

the summer months they are very uncommon, in the order of 5% of total cases. During

these months, air masses from northwest directions reach northern Greece, and are

associated with increased wind speed and atmospheric washout, and with subsidence

from the upper troposphere.

Cluster 4 represents air masses from eastern directions which are associated with10

high aerosol loads over Thessaloniki. Lidar measurements (Amiridis et al., 2005) have

shown that aerosols in the free troposphere transported from other regions may con-

tribute to the total AOD by up to 50%, especially in the summer months. Various studies

have demonstrated that in the summer months aerosols in the Eastern Mediterranean

are largely affected by biomass burning episodes from forest fires in northern coast of15

the Black Sea (Salisbury et al., 2003; Balis et al., 2003). Zerefos et al. (2000) reported

that 70% of the SO2 column measured at Thessaloniki can be attributed to lignite com-

bustion in power plants in Bulgaria and Romania.

The monthly mean contribution of each cluster to the total aerosol optical depth is

shown in Fig. 7. Aerosol optical depths corresponding to trajectories of cluster 4 are20

high during all months, but mainly in the summer (summer mean = 0.64) and they

dominate the long term monthly means of AOD (thick black line). The mean AOD

for cluster 1 is about 0.24. About one third of the cases of this cluster are found in

winter, when cloudless skies are usually associated with northern winds that transport

air masses with low aerosol content, confirming earlier results by Amiridis et al. (2005).25
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6 Analysis of the PM-10 measurements

The PM-10 measurements conducted by the municipality of Thessaloniki are used to

investigate the tendencies of the aerosols in the lower boundary layer of Thessaloniki.

Daily means were calculated for all four stations in the period 1997–2005, which were

then combined to form monthly mean values of PM-10.5

The upper panel of Fig. 8 shows the deseasonalized 9-year long monthly means of

the PM10 concentration for each station. The de-seasonalization was done by normal-

izing (dividing) each monthly mean with the 1997–2005 normal. On the same figure,

the average of the monthly mean departures from all stations is also shown. A negative

change is evident at all stations ranging from –2% to –5.6% per year. For the average10

of all stations, the linear change is –3.3% per year.

The overall change for the PM-10 concentrations in Thessaloniki calculated from

measurements starting in the late 1980s is negative although there are differences in

the magnitude among the stations. This is more apparent for the stations influenced by

traffic emissions and less for the urban ones. This remark is of high importance, since15

during the period 1989–2003 there has been a significant increase in the pollution load

of the city, mainly due to an increase of about 70% in the fleet of the vehicles. However,

during this period in the city centre the decrease is approximately 22% for PM10 con-

centrations, whereas for the other primary pollutants is much larger (50% for CO, 47%

for SO2 and 30% for NO). This positive development is due to a series of measures20

that had been taken during the 1990s concerning many aspects of the city activities

(Petrakakis et al., 2005). Such measures were the usage in the industry of crude oil

with low sulphur content, the improvement of fuel quality (total ban of leaded fuel), the

renewal of the fleet with vehicles using anti-pollution technology, the introduction of the

annual check in the exhausts control and finally measures related with the city infras-25

tructure such as the construction and function of the ring road and extensive usage of

mechanical besoms for road and pavement cleaning.

For Thessaloniki, the concentration of PM10 represents the largest part of the total
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aerosol load (Voutsa et al., 2002) and the columnar amount of the aerosols is dom-

inated by those found in the first 2–3 km (e.g. Amiridis et al., 2005). Therefore it is

reasonable to expect that the PM10 concentration is a major contributor to the total

column of the aerosol optical depth over Thessaloniki. The long-term changes found

in the PM10 concentration, agree quite well with the linear change (ranging between5

–2.2 and –3.1 % for different wavelengths) that was calculated for the AOD as derived

from the spectroradiometric measurements (see lower panel of Fig. 8).

7 Summary and conclusions

Nine years (1997–2005) of direct sun spectral measurements at Thessaloniki, Greece,

were used for the determination of the spectral aerosol optical depth AOD in the UV-B10

and UV-A parts of the solar spectrum, as well as of the Angstrom exponent.

Measurements of the AOD retrieved from two Brewer spectroradiometers and a

CIMEL sun-photometer were compared showing generally good agreement. The

mean absolute difference between AOD measurements in the UV-B from the dou-

ble monochromator Brewer MKIII and the single monochromator Brewer MKII is ∼5%15

(with an R
2

of 0.937), although the two instruments used different procedures for the

their calibration and AOD retrieval. Very good agreement was found between mea-

surements of AOD at 340 nm derived from Brewer MKIII and from the CIMEL (mean

absolute difference ∼4% with R
2
=0.982)

Long term monthly means of AOD at 340 nm at Thessaloniki show a seasonal varia-20

tion with maximum optical depth values in the summer months (AOD=0.52 in August),

and minimum in wintertime (AOD=0.28 in December). Another study using different

instruments and techniques showed similar results for even smaller periods of data

(Gerasopoulos et al., 2003).

The analysis of back trajectories showed that the contribution of air masses coming25

from the North and North Eastern directions result in high aerosol loads over Thes-

saloniki, while minimum AOD is associated with airmasses originating in the Atlantic
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ocean.

The AOD measurements derived from Brewer MKIII during the period 1997–2005

show a trend of about –2.2% per year at 320 nm and –3.1% per year at 340 nm. Simi-

lar decreasing tendency has been found in the PM10 aerosol concentrations from the

data of the network of the Municipality of Thessaloniki (Petrakakis et al., 2005). Both5

datasets suggest that the air quality in Thessaloniki is improving, compared with the

situation during the 1990s, resulting in cleaning of the lower atmosphere in Thessa-

loniki. However, the absolute values of both optical depth and PM10 concentrations

during the last decade are still high. This observed decrease in the aerosol amounts

is expected to have a direct effect on the solar irradiance levels reaching the ground10

(Garane et al., 2005).

To conclude, the aerosols found over Thessaloniki result from different sources, com-

prising of a marine component, a mineral dust component (outbreaks of Saharan dust

and local dust suspension) and an anthropogenic component. High aerosol optical

depths may occur during the presence of either absorbing or non-absorbing particles15

and hence information from various instruments are necessary in order to assess prop-

erly the detailed nature and the optical properties of such a complex aerosol mixture.
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Table 1. Mean and standard deviation of the columnar aerosol optical depth measured at

Thessaloniki for different seasons during the period 1997–2005.

Season Mean AOD at 340 nm and (1σ)

Winter 0.33±0.14

Autumn 0.39±0.22

Spring 0.43±0.21

Summer 0.53±0.17
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Table 2. Aerosol characteristics for the five clusters of back trajectories.

Cluster Mean AOD Standard Occurrence (%) Winter % Summer %

number at 340 nm deviation

1 0.24 0.12 14 32 5

2 0.46 0.21 27 27 38

3 0.38 0.17 18 15 19

4 0.59 0.16 15 12 21

5 0.47 0.18 16 14 17
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Fig. 1. Comparison of AOD at 340 nm retrieved by the Brewer MKIII spectroradiometer and the

CIMEL Sun-photometer.
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Fig. 2. Comparison of AOD at 320 nm retrieved by the Brewer MKIII and the Brewer MKII

spectroradiometers.
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Fig. 3. Monthly mean AOD at 320 nm for the period 1997–2006, derived from the MKIII (upper

panel) and MKII (lower panel) Brewer spectroradiometers.
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Fig. 4. Frequency distribution (in percent) of AOD at 340 nm occurrences in bins of 0.1 (left).

Seasonal departures from average frequency distribution (in percent).
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Fig. 5. (Upper panel) Monthly mean AOD at 320 nm and standard deviation (±1σ) as mea-

sured by the MKIII Brewer spectroradiometer over Thessaloniki for the period 1997–2005. The

dashed line corresponds to the measurements derived from the MKII Brewer. (Lower panel)

Monthly mean and standard deviation of the Angström exponent, a, derived from Brewer MKIII

data in the same period.
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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.
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Fig. 7. Monthly mean AOD for each cluster during the period 1997–2005. The thick black line

represents the monthly averages of AOD measured at Thessaloniki.
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Fig. 8. Upper Panel: Deseasonalized monthly mean PM10 aerosol concentration (solid circles)

at Thessaloniki. Smaller symbols are monthly means at each of the four aerosol monitoring sta-

tions of the Municipality Network. Lower Panel: Deseasonalized monthly mean AOD (crosses)

measured at Thessaloniki with Brewer MKIII.
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