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ABSTRACT

The determination of the chemical composition of rain-
fall related to the origin of the air masses, in two urban sites
in Greece during the year 2006, is investigated in this study.
Two model automatic rain samplers were installed, the first
in the city of Larissa, Thessaly, central Greece and the sec-
ond in Heraklio, Attica, a northern suburb of Athens. The
concentrations (ppm) of the major cations (H', Na', K",
Ca*", NH," and Mg”") and major anions (NO5, NO,, HCO5,
and SO,%), as well as total hardness (ppm CaCOs), pH and
electric conductivity in 25 °C (uS/cm) for 27 rainfall sam-
ples -11 samples in Larissa and 16 samples in Heraklio
(Athens)- were determined.

In Larissa, the figures of pH range from 5.13 to 6.13
while in Heraklio (Athens), the pH within the range 5.62
to 7.88 indicates a shift of the rainfalls towards alkalinity.
The electric conductivity in Larissa ranges from 16.30 uS/
cm to 110.60 uS/cm and in Heraklio (Athens) from 7.00 uS/
cm to 151.00 pS/cm. The analysis showed that Ca®>" and
Mg*" appear the highest concentrations out of the examined
cations, while HCO; and SO4” present the highest concen-
trations within the anions. Moreover, in order to find out
the origin of the air masses, the air mass back trajectories
were calculated using the HYSPLIT 4 model of Air Re-
sources Laboratory of NOAA for two different levels:
1500 and 3000 m (a.m.s.1.).

KEYWORDS: Wet deposition, air mass back trajectories, Athens,
Larissa, Greece.

INTRODUCTION

Acid rain is responsible for many environmental prob-
lems, such as impacts on the life in the water as well as the

life on land. It is almost worse in water than on land because
the fish that are in the water need the water to breathe.
Trees are also harmed by acid rain. The atmosphere depos-
its a lot of toxic metals into the forests because acid rain
contains metal, such as lead, zinc, copper, chromium, and
aluminium. The main components that produce acid rain are
the sulphur dioxide (SO,) and the nitrogen oxides (NOy).
These ambient air pollutants are emitted by natural and
human activities. A lot of studies and analyses have been
carried out concerning the emissions and deposition of air
pollutants which cause acid rain [1-3]. In the central-eastern
Mediterranean, acid episodes (pH<S5), and a great percent-
age of episodes with pH>6 appeared [4-9]. In Greece, the
phenomenon of acid rain has been studied since approxi-
mately 25 years ago in order that the reasons responsible
for the observed deterioration of the marbles of Parthenon
are revealed [10-12]. Later on, a lot of researchers studied
systematically the phenomenon of acid rain during differ-
ent time periods in Athens [5, 13-18], in Thessalonica [6],
in Patras [4, 19], in Crete [20] and in central Greece [21].

This work presents the results of the chemical com-
position of the wet deposition, with respect to the concen-
trations of major anions and cations, in two Greek cities:
the city of Larissa (LAR) and the city of Heraklio (HER),
Attica, a northern suburb of Athens, during 2006. The ob-
jective of the analysis is to find out the possible differen-
tiations in the chemical composition of the rainfall in the
two sites and make an effort to interpret these, using the air
mass back trajectories analysis.

DATA AND ANALYSIS

The data analyzed concern the concentrations (ppm)
of the major cations (H", Na*, K*, Ca*", NH," and Mg”") and
major anions (NO5', NO,, HCO5', and SO42'), as well total
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FIGURE 1 - Locations of the two sampling sites.

hardness (ppm CaCO;), pH and electric conductivity in
25 °C (uS/cm) for 27 rainfall samples collected in LAR
(11 samples), a city in central Greece (lowland and me-
dium-sized city with a population of about 150.000 inhabi-
tants according to the census of 2001) and in HER (16 sam-
ples), a northern suburb of Athens (population of about
46.000 inhabitants according to the census of 2001). Re-
garding the samples collected in HER, all thel6 samples
were taking into consideration for the determination of pH
and conductivity, but only 6 samples analyzed for the esti-
mation of major anions and cations, because of the analy-
sis limitations arised due to less rainfall volume collected.
The number of samples collected is relatively small due to
precipitation scarcity, which is likely driven by the climatic
change in the Southeastern Mediterranean region. Notwith-
standing, the results obtained are representative for the
chemical composition of the wet deposition in the two sites
examined. The rainwater sampling was achieved by two
automatic rain samplers [5, 13], established in the two sites,
during 2006 (Figure 1). The rainwater samples were col-
lected in 24-h basis.

The samples were collected in polyethylene bottles [22]
of one litre, and were promoted in the chemical laboratory
for the analyses. The conductivity and pH were measured
at once after the sample collection. The conductivity meter
(WTW 3L5i) and the pH meter (Metrohm 744) were cali-
brated before every use. In the process, every rain sample
was kept in the refrigerator (4°C) for the chemical analy-
ses forward. The rainwater samples were vacuum filtered
through Millipore 0.45 pm pore size membrane filters,
aiming in the removal of suspended solids. The determi-
nation of anions NO;", NO,", SO,> and cations NH,", was

carried out using a Hitachi 1100 (UV-Vis) spectrophotome-
ter, while HCO; ", Ca®* and Mg2+ ions were measured using
a Hach alkalinity titrator. In the process, Na' ka1 K' ions
were specified using a flame photometer (Jenway PFP 7).
Total hardness (permanent and transitory) values were cal-
culated as follows: Total Hardness (ppm CaCO3) = meq/L
(calcium + magnesium) x 50; Temporary Hardness (ppm
CaCOs) = meg/L (carbonate + bicarbonate) x 50; Perma-
nent Hardness = Total Hardness — Transitory Hardness.

For the calculation of the back trajectories, the
HYSPLIT-4 model of Air Resources Laboratory of NOAA
[23, 24] is used for two different levels: 1500 and 3000 m
(a.m.s.l.).

RESULTS AND DISCUSSION

The concentration of CO, in the atmosphere is ap-
proximately 325 ppm CO,, which corresponds to a typical
pH value of approximately 5.6. With respect to the exam-
ined period, episodes of acid rain (pH<5.6) account for
36% of the total events analyzed in LAR, while these are
not observed in HER (Figure 2). In Larissa, the figures of
pH range from 5.13 to 6.13 with mean + SD value: 5.64 +
0.30, while in HER the pHs mean value £ SD (6.32 +
0.54) within the range 5.62 to 7.88 indicates a shift of the
rainfalls towards alkalinity. The frequency distribution of
pH shows that the class 5.5-6.0 is the prevailing one
(55%) for LAR, while the class 6.0-6.5 (38%) dominates
in the case of HER.

Notwithstanding, results from previous studied pe-
riod (1/9/2001-31/8/2002) revealed that, the class 7.5-8.0
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presented the highest frequency; 38% for HER [18], while
in the present study the class 7.5-8.0 accounts for 6%. A
possible explanation is that the numerous worksites estab-
lished in the Greater Athens Area (GAA), concerning the
Olympic constructions of the 2004 Olympic Games, emit-
ted a lot of dust and particulate matter resulted in the alka-
linity of the rainfalls. Kita et al. [16] suggested that neutral
rains in Athens must be caused by the counteraction of
artificially and naturally acidified rains with calcium car-
bonate in the dust carried not only from the urban area of
Athens by local winds but from arid areas in the world by
global atmospheric currents, as well.

The conductivity in Larissa ranges from 16.30 uS/cm
to 110.60 uS/cm with mean value + SD: 35.38 £ 25.35 uS/
cm and in HER from 7.00 uS/cm to 151.00 puS/cm with
mean value £ SD: 42.81 £+ 37.48 uS/cm. With respect to
conductivity histograms (Figure 2), we observe that the
class 0-40 puS/cm is the most prevailing in both examined
sites. Nevertheless, high conductivity values (120-160 pS/
cm) appear in HER, which combined to the observed high
pH values (7.5-8.0) leads to the assumption that neutrali-
zation is a likely process, taking part in the GAA.

The conductivity is positively correlated with pH, con-
cerning the total of rain samples for the two sites; LAR:
r=0.6, p<0.042 and HER: r=0.7, p<0.003 (Figure 3). These
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relationships are expressed by the linear regression mod-
els: y=-263.2+52.9x for the sampling site in LAR and y=-
259.3+47.8x for the site in HER and could be attributed to
the neutralization of acids in the rain by ammonia (from
fertilizers), marine water and dust from the ground.

Furthermore, the results of the analysis showed that
the concentration of SO, ions is higher than the concentra-
tion of NO5™ ions in all samples and their ratio [SO,* ]/
[NOs7 in the rain was calculated equal to 4.71 for LAR and
2.38 for HER. These findings are in agreement with Tsik-
ritsis [21] and Nastos et al. [18] respectively, who concluded
that rainwater acidity in LAR and HER is mainly due to
H,S0, and secondary to HNO;. Figure 4 depicts the calcu-
lated concentrations (ppm) of the NO5", SO,~, Mg**, Ca*"
ions for the two sampling sites. It is crystal clear the pre-
dominance of SO,* anions compared to NO; anions, espe-
cially in LAR. Besides, Ca®" cations prevail against Mg*"
cations in LAR, while this pattern is reversed in HER. Re-
garding the NO,™ anions, we found that their concentrations
are by far higher in LAR (mean=0.12 ppm) than HER
(mean=0.009 ppm) and this could be attributed to the agri-
cultural activities taking place in LAR. Low concentrations
with respect to K* cations (LAR: mean=0.07 ppm; HER:
mean= 0.56 ppm), NH," cations (LAR: mean=0.12 ppm;
HER: mean=0.32 ppm) were measured in the rainwater
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FIGURE 2 - Histograms of pH and conductivity for the two sampling sites.
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FIGURE 4 - NO;, SO,*, Mg®", Ca** concentrations (ppm) for the two sampling sites.

samples, while Na" cations were not measured in the water
samples of both sites. The total hardness is strongly corre-
lated (r>0.9, p<0.05) with HCO; ions (LAR: mean=20.24
ppm; HER: mean=83.37 ppm) with higher values appeared
in HER (mean=68.33 ppm) than LAR (mean=17.05). It is
considerable to remark that high ions concentrations were
evaluated during light rain events and after preceding dry
periods. The wash out effect of the ambient air pollutants
is more effective during low intensity rains [6].

In the process, the effect of the origin of air masses
on the configuration of the chemical composition of rain
is investigated. For this reason, the 48 hours air mass back
trajectories for the rainy events were calculated, using the
HYSPLIT-4 model of Air Resources Laboratory of NOAA
and are depicted in Figure 5. Two different levels were
used: 1500 and 3000 m (~850 and 700 hPa, respectively).
The air masses come from different directions in the two
examined trajectory heights for approximately half cases
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concerning both sampling sites. The sectors according to the
origin of air masses were distinguished as follows: trajec-
tories coming from the north (NW-NE Europe) consist the
northern sector (N), from Northern Africa, the southern
sector (S), from the grid box defined by the coordinates
18°-28° E, 35°-42° N, the local sector (L), from the West-
ern Mediterranean, the western sector (W) and finally from
the Asia Minor and Kaspian Sea, the eastern sector (E). If
the trajectory remained within the mentioned grid box for
48 hours it was characterized as local.

The air mass back trajectories analysis revealed the
variability of the mean concentrations of the major anions
and cations (ppm), among sectors (Table 1). In LAR, the
air masses coming from the northern sector decrease pH
and as a consequence the concentration of H' ions is the
highest from all other sectors. The conductivity and pH
present maximum values within the southern sector due
likely to high concentrations of HCOj’, SO,%, Ca* ions
and the total hardness. The high figures of pH, conductiv-
ity, total hardness, HCO; and Ca’" ions might be associ-
ated with Saharan dust events, mainly appear in spring.
Saharan dust is reported as the source of alkaline earths in
several Mediterranean places [7, 25]. The local sector re-
sults in high concentrations of NOs” and NO,  ions and this
probably be attributed to the lignite mines in Ptolemais,
Northern Greece, used for electricity production, which are
established at the NW of Larissa.
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In HER, air masses from the southern sector contrib-
ute in high conductivity, high concentrations of HCO;5
and Ca” ions, as well as high total hardness. This is due to
a Saharan dust event, as it is depicted in Figure 7. Kos-
mopoulos et al. [26] evaluated the seasonal variability of
specific aerosol types over GAA, analyzing a long-term
(2000-2005) data set of aerosol optical properties obtained
from the Moderate Resolution Imaging Spectroradiometer
(MODIS) over the GAA. The Desert Dust (DD) type ex-
hibited its higher frequency in summer, when the atmos-
pheric conditions favor the erosion of soil dust from the dry
surfaces, the more stable atmospheric conditions and the
absence of precipitation; all these mechanisms allow aero-
sols to suspend in the air.

On the other hand, the aerosol load and optical prop-
erties of the DD type were strongly related to the air mass
pathways and natural events (e.g., Sahara dust transport over
the study region), exhibiting significant variability from
year-to-year. The Aerosol Optical Depth at 550nm (AODss)
for this aerosol type was higher in spring due to the more
intense dust events occurring in this period. Particularly
high AODs;s, values were also observed in winter, despite
the very low occurrence of DD type in this season. How-
ever, the occurrence of the DD type in winter was closely
associated with air masses coming from Sahara.
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FIGURE 5 - 48 hours air mass back trajectories for the heights:
1500 m (~850 hPa) and 3000 m (~700 hPa), ending at the following
specific time and dates for Larissa: Black trajectories (circles) for
the height of 1500 m (a) while grey trajectories (triangles) for the
height of 3000 m (b). The numbers stand for the corresponding rain
event : #1 at 04 UTC, 22 January 2006; #2 at 07 UTC, 05 February
2006; #3 at 04 UTC, 06 February 2006; #4 at 17 UTC, 06 February
2006; #5 at 13 UTC, 24 February 2006; #6 at 18 UTC, 02 March
2006; #7 at 13 UTC, 12 March 2006; #8 at 17 UTC, 13 March 2006;
#9 at 18 UTC, 26 September 2006; #10 at 14 UTC, 27 September
2006; #11 at 17 UTC, 09 October 2006.

FIGURE 6 - 48 hours air mass back trajectories for the heights:
1500 m (~850 hPa) and 3000 m (~700 hPa), ending at the following
specific time and dates for Athens: Black trajectories (circles) for
the height of 1500 m (a) while grey trajectories (triangles) for the
height of 3000 m (b). The numbers stand for the corresponding rain
event: #1 at 01 UTC, 23 September 2006; #2 at 16 UTC, 09 October
2006; #3 at 22 UTC, 10 October 2006; #4 at 09 UTC, 30 October
2006; #5 at 22 UTC, 31 October 2006; #6 at 21 UTC, 23 November
2006.
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TABLE 1 - pH, conductivity (1S cm™) and mean concentrations of major anions and cations (ppm),
for every sector estimated from air mass back trajectories analysis, for Larissa and Heraklio (Athens).

Larissa

+ P - - - 2 +2 +2 + + Total
Sectors pH H Conductivity NOs NO; HCO; SOy Ca Mg K NH, Hardness
North 5.52 3.19 30.97 1.66 0.100 18.30 4.90 3.00 0.81 0.04 0.08 15.83
South 6.00 1.04 71.8 0.46 0.100 32.02 8.33 7.00 0.30 0.08 0.06 27.50
Local 5.75 1.78 28.4 2.32 0.030 18.30 6.77 2.00 0.61 0.10 0.09 15.00
West 5.79 1.69 27.47 1.87 0.146 18.30 9.11 1.00 0.41 0.11 0.17 15.00
East -—-- ---- -—-- ---- ---- ---- ---- ----

Heraklio (Athens)

+ Py - - - -2 +2 +2 + + Total
Sectors pH H Conductivity NOj3 NO; HCO; SO, Ca Mg K NH, Hardness
North 6.16 0.82 21.00 1.77 0.004 61.00 5.09 4.00 3.83 0.53 50.00
South 6.10 0.79 37.00 1.96 0.011 183.00 2.87 9.00 1.82 -—- 0.17 150.00
Local 5.62 2.40 7.00 1.08 0.004 73.2 2.95 1.00 423 0.30 0.21 60.00
West - -—-- -—-- -—- - -—-- - - -—-- -—-- -—--
East 5.82 1.51 35.00 2.67 0.006 61.00 8.56 2.00 6.05 0.60 0.59 50.00

The local sector is related to low pH and high concen- REFERENCES

tration of H' ions. As expected, in an urban environment,
like Athens, the Urban Industrial (UI) aerosol type clearly
dominates against the DD type. The UI type occurred mainly
in spring, directly related to the intensity of anthropogenic
emissions, stagnant air masses and poor dilution of aero-
sols and pollutants in rain [26]. Another important finding
of the performed back trajectories analysis is that, high con-
centrations of approximately the total examined ions were
associated with air masses coming from the eastern sector
(Table 1).

CONCLUSIONS

The analysis showed that in both examined sites,
Larissa and Heraklio (Athens), air masses coming from the
southern sector contribute in the neutralization of acids in
the rain by marine water and Saharan dust. On the other
hand, the local and eastern sector for Heraklio (Athens) is
related to high concentrations of almost all the major ions in
the rainwater, while the local and western sectors for Larissa
play an important role in the enrichment of the rainwater
with high concentrations of NO;", NO, and S0,* ions.
Moreover, Ca*" ions prevail from the cations in all samples
collected in Larissa while Mg*" ions and secondary Ca**
ions are abundant in Heraklio (Athens); HCO; and SO,*
present the highest concentrations within the anions. Be-
sides, our findings indicate that rainwater acidity in Larissa
and Heraklio (Athens) is mainly due to H,SO,4 and secon-
dary to HNO;,
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