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For a long time, scientists have been concerned about the effects of air pollution on
materials and especially on the monuments of the cultural heritage. The EU funded
a project, entitled MULTI-ASSESS, to determine these effects and to develop doseresponse functions appropriate for the new multi-pollutant environment. The University
of Athens participated in this effort as a targeted field exposure test site. In the present
paper, the measurements of the passive samplers, which were exposed during the
same period with the samples for corrosion studies, at the Athens’ station, are presented. The results have shown that only 16.5% of the deposited mass was water
soluble. The vertical distribution of passive particle collectors has led to the conclusion
that the height of maximum deposition of each ion is different. In addition, a variation
of the water-soluble mass to total deposited mass between 8% and 31% is observed.
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Air pollution is a multi-component problem for billions of people all over the world,
especially for the residents of urban areas (Kondratyev and Varotsos, 1995a, b, 1996;
Monks et al., 2000; Friess et al., 2006; Heard et al., 2006; Methven et al., 2006). The
impacts of this problem can be noticed on living organisms as well as on many other
fields (Feretis et al., 2002; Tzanis and Varotsos, 2008). Our material cultural heritage
is affected by air pollution which behaves as complex system (like many geophysical
systems) exhibiting long memory effect (Varotsos and Kirk-Davidoff, 2006; Varotsos et
al., 2005a, b). Structural materials of monuments, statues, even paintings are spoiled
by the interaction with the man-made primary and secondary corrosive pollutants of
the atmosphere, the wind and precipitation. The knowledge of how air pollutants and
climate parameters lead to material corrosion and which pollutant causes the greatest
damage in each region is particularly important for the protection of the historic and
cultural monuments as well as for the selection of the appropriate materials for new
14684
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structures.
In the past, sulphur dioxide has been defined as the fundamental agent causing the
corrosion of the materials. Many countries have strived to reduce the concentration of
sulphur dioxide in the atmosphere, but the increasing motorized traffic, among other
reasons, has caused an increase in the concentrations of nitrogen compounds, ozone
and particulate matter. The last leads to a new multi-pollutant situation, which was analyzed by Varotsos et al. (2005) using measurements that were taken in Athens during
the period 1987–2003. The results of this analysis clearly showed that the temporal evolution of air pollution exhibits a long memory effect and particularly persistent
long-range power-law correlations from about 4 h to 9 months for PM10 .
We have a new pollution situation in Europe today when particle and sulphur dioxide
emissions have been reduced substantially. There have been very few measurements
of nitric acid because of the higher costs of measurements. The emission of nitrogen
oxides in Europe has not decreased much and from the few published works on nitric
acid it appears that its concentration has not decreased very much either. The relative
importance of nitric acid for the corrosion of ancient buildings and artifacts has therefore
increased.
Europe is a place with rich cultural heritage. This fact has sensitized the EU to this
contemporary problem. The EU funded a project entitled MULTI-ASSESS (Kucera et
al., 2005) with the objective of improving this situation. In this project, 34 European
sites from all over Europe as well as one from Canada participated. The project focused on the degradation of materials due to air pollution and climate. The primary
objective was the development of multi-pollutant deterioration and soiling models of
wet and dry deposition of gases and particulates on materials used in objects of the
European cultural heritage. In addition, the previously developed dose-response functions, quantifying the impacts of the pollution on specific materials, were modified to
correspond to the new pollution situation. The results of these functions can be used
by the EU to implement new tolerance levels of pollution in order to minimise the pollution effects on historic and cultural monuments. The measurements of the project
14685
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were also going to be used to map pollution over Europe and locate the high risk areas
(Tidblad et al., 2005).
The University of Athens participated in this effort on behalf of Greece. Athens is
a contemporary city suffering from severe air pollution. Additionally, in this city there
are many historical invaluable monuments, like the Acropolis and the Parthenon. This
fact implies the need for monitoring air pollution and further study of its impact on this
heritage.
2 Experimental
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The project was divided in seven work packages (WP). Athens has participated in
WP1, WP2 and WP4 so far. WP1 and WP2 took place during 2002–2004. For the
needs of these work packages a station was installed at Patission Street, in central
◦
0
00
◦
0
00
Athens (37 59 57 N, 23 43 59 E) on the roof of the Ministry for the Environment,
Physical Planning and Public Works building (Kucera, V., Samie, F.). In this part of the
project, the denuder technique for measuring HNO3 was tested against a new diffusive
sampler, which was earlier developed by the Swedish Environmental Research Institute (IVL) (Ferm, 2004). At this kind of passive samplers the gas to be measured is
trapped on a filter impregnated with a water-soluble substance. The filter is mounted
at the back of a short, wide, tube; gas is transported to the sorbent by molecular diffusion. In the open end of the tube, a stainless steel mesh acts as a wind and insect
screen. A 1 µm Teflon filter is located behind the mesh to prevent aerosol from impacting onto the impregnated filter. The accuracy, after the two methods had been
compared on a monthly basis, was about ±25%, which is acceptable in the EU directives (EU, 1999). The modified median absolute difference estimator (MMAD) and
−3
the coefficient of variation (CoV) were 0.16 µg m and 24%, respectively. When the
two methods were compared on a bi-monthly basis the MMAD was 0.11 µg m−3 and
the CoV was 18% (Ferm et al., 2005). The average overestimation for Athens was
16%. Due to these results, it was finally decided to use passive samplers for the rest of
14686
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the project. Besides the good results, passive samplers have some great advantages
compared to other methods. They have low cost and there is no need for electricity,
technical personnel or field calibration. In addition, passive samplers are ideal for sampling near the objects of interest because they are noiseless and their exposure can be
made inconspicuously.
WP4 took place during 2003–2004. For the needs of this part of the project, a
new station was installed at Aristotelous Street, in central Athens, on the building of
◦
0
00
◦
0
00
the Ministry of Health and Social Solidarity (37 59 16 N, 23 43 39 E). The building
is located at a crossroads, close to the “ring road”. One facade of the building is
facing south while the other faces east. At this station, in addition to other specimens,
two kinds of samplers were placed: passive particle collectors and diffusive passive
samplers. Some of these samplers were exposed on the roof, both in unsheltered and
sheltered positions, while the rest were distributed on specific levels at 3 m, 6 m, 9 m,
15 m, 18 m and 21 m height above the ground (ground floor, 1st, 2nd, 4th, 5th and 7th
floor, respectively) as sheltered, in order to interpret corrosion and soiling effects on
materials as a function of height.
The sheltered samplers were situated at the facade of the building which is facing
south, at about 10 m away from the center of the crossroads with an exception for the
samplers at the 2nd floor which were placed about 20 m away from the center of the
crossroads. The street canyon is about 16 m wide and has an east-west orientation
while the traffic is one-way. The prevailing wind direction in this area was NNE. Along
the street canyon, at both sides, there are buildings of about 15–30 m height. In front
of the sampler location there is a building of about 30 m height.
For the HNO3 concentration measurements, diffusive passive samplers were used.
They were mounted under a rain shield attached to a pole ca 2 m above ground on
the rack used for exposing corrosion specimens, on the roof. The exposure lasted two
months for each pair of samplers, for a total period of one year. After the exposure,
samplers were sent to IVL for further analysis and obtaining of the results. The main
purpose of these measurements was to correlate the nitric acid concentration with the
14687
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corrosion or degradation rate of the exposed specimens.
Passive particle collectors were used to quantify the deposition of particles. This kind
of collector uses a rectangular Teflon filter which is wound around a 10-mm-diameter
PVC tubing and is held in place by a small clip. The exposed area is 6.28 cm2 . This
area is used to calculate the deposition. Since there were exposed materials both as
sheltered and unsheltered, passive particle collectors were also exposed in the same
way. A collector was exposed in an unsheltered position, partly protected from rain
but not from wind and it was replaced every two months for a period of one year. Two
collectors were exposed as sheltered at each level, just beside the materials specimens, for a whole period of one year. In addition, two other collectors were exposed
as sheltered in an aluminium box with open bottom on the main rack on the roof.
The measurements of SO2 , NO2 and O3 concentrations were made with conventional analyzers and obtained by the National Service for Air Pollution Monitoring.
3 Monitoring
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3.1 Nitric acid measurements
The results of the six bi-monthly exposure periods for the concentration of HNO3 obtained by the passive samplers and the corresponding SO2 , NO2 and O3 concentrations are shown in Fig. 1a, while the dates of each period are presented in Table 1. In
this figure what is obvious, is the maximum concentration of HNO3 , NO2 and O3 in summer which indicates that photochemical formation is the important factor for the annual
−3
variation. The bi-monthly average HNO3 concentration is 1.54 µg m with standard
−3
deviation ±1.17 µg m . It should be mentioned here that NO2 and O3 measurements
were made with continuous instruments (APOA, HORIBA Inc., chemiluminescence
and UV absorption, respectively) with time resolution 30 s and accuracy ±2 µg m−3 .
Figure 1b presents the concentrations of HNO3 , NO2 and O3 at the Patission Street
station for the experimental period which started on 26 February 2002 and ended on
14688
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18 February 2004. The measurement of HNO3 was based on the denuder technique
(Ferm et al., 2005). The NaCl coated denuders with an impregnated filter behind were
exposed for specific periods during the whole experimental period and after the exposure, they were sent to IVL for analysis. The NO2 and O3 concentrations refer to the
corresponding exposure period of each denuder.
In Fig. 2a, HNO3 concentrations, obtained by the passive sampler technique on a
bi-monthly basis, are compared to the corresponding NO2 concentrations. The annual
average HNO3 /NO2 ratio is 1.35% on a molar basis, which is lower than the average
ratio of 2.7% of all the urban sites which participated in this project. The equation for
the regression line is HNO3 =0.05*NO2 −2.28 (r 2 =0.66, statistically significant at 95%
significance level). In Fig. 2b HNO3 concentrations, obtained by the denuder technique, are compared to the corresponding NO2 concentrations. The annual average
HNO3 /NO2 ratio is 0.92% on a molar basis while the equation for the regression line is
HNO3 =0.005*NO2 +0.63 (no statistically significant correlation).
3.2 Particle deposition on unsheltered collectors
−2

20

25

−1

−2

−1

The deposited mass varied between 31 µg cm month and 157 µg cm month
−2
−1
with an average of 87 µg cm month on a bi-monthly basis. In Fig. 3 the average
chemical composition of the deposited mass is shown, while in Fig. 4 the mass of
ions/water-soluble mass during the sampling period is presented.
The mass of the analyzed water-soluble ions seems to have poor correlation with the
2
total mass (y=0.17x−0.55, r =0.66, statistically significant at 95% significance level)
on a bi-monthly basis (see Fig. 5). The unidentified mass on average is 83.5% on a
bi-monthly basis. This mass is believed to mainly consist of water-insoluble material.
Since the filters were weighted at 50% r. h., this difference means that the unidentified
mass may also contain water mass along with the water-insoluble material.
In Fig. 6 the average ion balance is shown. The excess of cations of about 27% can
be explained by the fact that coarse particles have higher deposition velocities than
fine particles and are normally alkaline and are likely therefore to contain carbonate
14689
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(Ferm et al., 2006). However, equipment to analyse the carbonate content was not
available and the sample amount was too small for the analysis of the alkalinity. Another
parameter which was not analyzed is the organic anion content.
Figure 7 illustrates the calcium deposition against the sodium deposition
(y=0.52x+0.04). There is poor correlation between them (r 2 =0.39, not statistically sig2+
+
nificant) while the average Ca /Na ratio is 1.6 on a molar basis. Figure 8 shows the
correlation between deposited calcium and nitrate (y=0.66x+0.03). The result implies
2
good correlation between them (r =0.93, statistically significant at 99% level). Calcium
2+
−
had an average Ca /NO3 ratio of 2.5 on a molar basis. Figure 9 shows the sulphate
deposition against the calcium ion deposition and it is evident that the sulphate deposition is poorly correlated with the calcium ion deposition (y=0.28x+0.01, r 2 =0.52, not
2−
2+
statistically significant). The average SO4 /Ca ratio is 0.39. However, the chloride
deposition is very well correlated with the sodium deposition (y=0.8x+0.003, r 2 =0.92,
statistically significant at 99% level) on a molar basis, see Fig. 10. The average Cl− /Na+
2+
ratio is 0.89. According to Fig. 11 the Mg deposition is also well correlated with
+
2
the Na deposition (y=0.12x+0.002, r =0.91, significant at 99% level). The average
2+
+
Mg /Na ratio is 0.15.
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3.3 Particle deposition on sheltered collectors

20

25

The average total mass of deposited particles inside the box was only 24% of the
average mass in the unsheltered position. Figure 12 presents the average chemical
composition of the deposited mass measured by the two passive particle collectors
which were placed in the box. The average deposition rate (amount per unit area
and time) of water-soluble compounds in the unsheltered position is 2.65 times the
deposition rate of water-soluble compounds in the sheltered position. Figure 13 shows
the average ion balance. It can be seen that anions are missing. This is expected,
considering the average ion balance for the unsheltered collectors. The deficiency is
about 22% (in µeq cm−2 month−1 ).
14690
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Figure 14 presents the profile of the deposition of the ions according to the experimental values, as measured by the diffusive passive samplers at each level. A maxi+
2+
+
+
−
2−
mum deposition for the Na , Mg , K , NH4 , Cl and SO4 is observed at the fifth floor
level. The deposition of all ions is increased in the range of 15% to 240%. A smaller
excess is also observed at the first floor level where deposition of Ca2+ and NO−
3 have
their maximum value. The fact that the electrical properties, e.g. conductivity, dielectric
constant etc., depend on temperature and pressure (Varotsos and Alexopoulos, 1980a,
b, 1981; Varotsos et al., 1982) play a crucial role to the presented observations.
Figure 15a presents the profile of the total deposited mass and the water-soluble
mass as a function of height. In this figure the variation of the water-soluble mass as
a percentage of the total deposited mass is obvious. This percentage varied between
8% and 31%. These differences in the amount of the analysed mass could explain
the profile of the deposited ions shown in Fig. 14. Figure 15b shows the profile of the
percentage of each ion mass to water-soluble mass. According to Fig. 15b, a maximum
+
−
deposition for the Mg2+ , NH+
4 , Na and Cl is observed at the fifth floor level. Calcium
2−
has maximum deposition at the ground and fourth floor level, while SO4 has maximum
−
deposition at the second floor. The maximum deposition of the NO3 is observed at the
ground floor level while potassium has steady deposition at each level.
The average Cl− /Na+ ratio was 0.93 on a molar basis which is close to 0.89 for the
unsheltered position. It should be noted that individual sites cannot be representative of
an entire city or region. In addition, measurements taken in one year are not adequate
for the research of the corrosion of the materials in general.
4 Conclusions

25

Passive particle collectors were used for the study of the deposited mass. These collectors were weighed before and after their exposure in order to calculate the deposited
mass. Its quantitative chemical composition was investigated by the chemical analysis
of the water soluble part of the deposited mass, and it was found that it consists of
14691
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Na , Ca , K , NH4 , Mg , Cl , SO4 and NO3 ions. On the sheltered and unsheltered collectors, 26% and 16.5% of the total deposited particle mass respectively, was
water-soluble. The results indicate that the main part of the deposited particle mass
has an unknown chemical composition and further study is required in order to specify
its composition. The vertically distributed passive particle collectors have shown that
at the fifth floor level the concentration of the water-soluble mass is increased. At this
−
2+
level Na+ , Mg2+ , NH+
has maximum
4 and Cl have maximum deposition, while Ca
2−
deposition at the fourth and ground floor level. SO4 has maximum deposition at the
−
second floor and the NO3 at the ground floor level. Potassium has the same deposition
at each level. For a better understanding of this result there is the need for broad-field
measurements for a longer period, because the vertical distribution of particles may
vary depending on many factors such as meteorological parameters, sources, transportation and the structure of the city (Chan and Kwok, 2000; Janhäll et al., 2003;
Varotsos, 2005). We are working on the latter and the results obtained will appear
elsewhere in due course.
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Cathedral in Göteborg, Sweden, Atmos. Environ., 37, 209–217, 2003.
Kondratyev, K. Y. and Varotsos, C. A.: Volcanic eruptions and global ozone dynamics, Int. J.
Remote Sens., 16, 1887–1895, 1995a.
Kondratyev, K. Y. and Varotsos, C. A.: Atmospheric ozone variability in the context of global
change, Int. J. Remote Sens., 16, 1851–1881, 1995b.
Kondratyev, K. Y. and Varotsos, C. A.: Global total ozone dynamics – Impact on surface solar
ultraviolet radiation variability and ecosystems 1, Global ozone dynamics and environmental
safety, Environ. Sci. Pollut. R., 3, 153–157, 1996.
Kucera, V., Tidblad, J., Kreislova, K., Knotkova, D., Faller, M., Snethlage, R., Yates, T.,
Henriksen, J., Schreiner, M., Ferm, M., Lefevre, R.-A., and Kobus, J: The UN/ECE ICP

14693

ACPD
9, 14683–14711, 2009

Nitric acid and
particulate matter
measurements at
Athens, Greece
C. Tzanis et al.

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

Full Screen / Esc

Printer-friendly Version
Interactive Discussion

5

10

15

20

25

30

Materials multi-pollutants exposure on effects on materials including historic and cultural
monuments, in: 7th International Conference on Acid Deposition, Prague, Czech Republic,
12–17 June 2005, Conference Abstracts, Prague, 698, 2005.
Methven, J., Arnold, S. R., Stohl, A., Evans, M. J., Avery, M., Law, K., Lewis, A. C., Monks, P. S.,
Parrish, D. D., Reeves, C. E., Schlager, H., Atlas, E., Blake, D. R., Coe, H., Crosier, J., Flocke,
F. M., Holloway, J. S., Hopkins, J. R., McQuaid, J., Purvis, R., Rappengluck, B., Singh, H.
B., Watson, N. M., Whalley, L. K., and Williams, P. I.: Establishing Lagrangian connections
between observations within air masses crossing the Atlantic during the International Consortium for Atmospheric Research on Transport and Transformation experiment, J. Geophys.
Res., 111, D23S62, doi:10.1029/2006JD007540, 2006.
Monks, P. S., Salisbury, G., Holland, G., Penkett, S. A., and Ayers, G. P.: A seasonal comparison
of ozone photochemistry in the remote marine boundary layer, Atmos. Environ., 34, 2547–
2561, 2000.
Tidblad, J., Kucera, V., Samie, F.: Model for multipollutant impact and assessment of threshold
levels for cultural heritage, Final Report, EU 5FP RTD Project (project home page: www.
corr-institute.se/MULTI-ASSESS/web/page.aspx?pageid=59189), 2005.
Tzanis, C. and Varotsos, C. A.: Tropospheric aerosol forcing of climate: a case study for the
greater area of Greece, Int. J. Remote Sens., 29, 2507–2517, 2008.
Varotsos, C.: Airborne measurements of aerosol, ozone, and solar ultraviolet irradiance in the
troposphere, J. Geophys. Res., 110, D09202, doi:10.1029/2004JD005397, 2005.
Varotsos, C. and Kirk-Davidoff, D.: Long-memory processes in ozone and temperature varia◦
◦
tions at the region 60 S-60 N, Atmos. Chem. Phys., 6, 4093–4100, 2006,
http://www.atmos-chem-phys.net/6/4093/2006/.
Varotsos, C., Ondov, J., and Efstathiou, M.: Scaling properties of air pollution in Athens, Greece
and Baltimore, Maryland, Atmos. Environ., 39, 4041–4047, 2005.
Varotsos, P. and Alexopoulos, K.: Migration entropy for the bound fluorine motion in alkaline
earth fluorides, J. Phys. Chem. Solids, 41, 443–446, 1980a.
Varotsos, P. and Alexopoulos, K.: Negative activation volumes of defects in solids, Phys. Rev.
B, 21, 4898–4899, 1980b.
Varotsos, P. and Alexopoulos, K.: Migration parameters for the bound fluorine motion in alkaline
earth fluorides, II, J. Phys. Chem. Solids, 42, 409–410, 1981.
Varotsos, P., Alexopoulos, K., and Nomicos, K.: Comments on the pressure variation of the
Gibbs energy for bound and unbound defects, Phys. Status Solidi B, 111, 581–590, 1982.

14694

ACPD
9, 14683–14711, 2009

Nitric acid and
particulate matter
measurements at
Athens, Greece
C. Tzanis et al.

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

Full Screen / Esc

Printer-friendly Version
Interactive Discussion

5

Varotsos, P. A., Sarlis, N. V., Tanaka, H. K., and Skordas, E. S.: Some properties of the entropy
in the natural time, Phys. Rev. E, 71, 032102, doi: 10.1103/PhysRevE.71.032102, 2005a.
Varotsos, P. A., Sarlis, N. V., Tanaka, H. K., and Skordas, E. S.: Similarity of fluctuations in correlated systems: The case of seismicity, Phys. Rev. E, 72, 041103,
doi:10.1103/PhysRevE.72.041103, 2005b.

ACPD
9, 14683–14711, 2009

Nitric acid and
particulate matter
measurements at
Athens, Greece
C. Tzanis et al.

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

Full Screen / Esc

Printer-friendly Version
Interactive Discussion

14695

ACPD
9, 14683–14711, 2009

Nitric acid and
particulate matter
measurements at
Athens, Greece
Table 1. Start and stop dates for each bi-monthly period.
Exposed period
1st
2nd
3rd
4th
5th
6th

C. Tzanis et al.

Start date-Stop date
16/1/2003–18/3/2003
18/3/2003–20/5/2003
20/5/2003–21/7/2003
21/7/2003–22/9/2003
22/9/2003–24/11/2003
24/11/2003–16/1/2004
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Fig. 1. (a) Comparison between SO2 , NO2 , O3 and HNO3 (made by passive samplers) concentrations on a bi-monthly basis at the Aristotelous Street station. (b) Concentration of HNO3
obtained by denuder technique and the corresponding concentrations of NO2 and O3 at the
Patission Street station.
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Fig. 2. (a) Nitric acid concentration, obtained by passive samplers, as a function of nitrogen
dioxide concentration. (b) Nitric acid concentration, obtained by denuders, as a function of
nitrogen dioxide concentration.
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Fig. 3. Average chemical composition (percentage mass) of the deposited mass.
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Fig. 4. Mass of ions/water-soluble mass obtained from bi-monthly measurements.
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Fig. 5. Comparison between water-soluble mass and total mass on a bi-monthly basis.
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Fig. 6. Average ion balance between analyzed cations and anions in unsheltered position.
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Fig. 7. Calcium deposition as a function of sodium deposition.
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Fig. 8. Calcium deposition as a function of nitrate deposition.
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Fig. 9. Non-marine sulphate deposition as a function of non-marine calcium deposition.
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Fig. 10. Chloride deposition as a function of sodium deposition.
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Fig. 11. Magnesium deposition as a function of sodium deposition.
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Fig. 12. Average chemical composition (percentage mass) of the deposited mass in sheltered
position.
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Fig. 13. Average ion balance between analyzed cations and anions in sheltered position.
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Fig. 14. Ions deposition of the analyzed water-soluble mass as a function of height.
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Fig. 15. (a) Total deposited mass and water-soluble mass and (b) percentage of each ion mass
to water-soluble mass as a function of height.
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