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Abstract. This paper represents, for the first time, scientific data as a part of monitoring air quality in the
city of Split. The city has a problem with the air pollution mostly caused by anthropogenic activities and
partly by natural origin activities. This study presents results of monthly and seasonal variations of NO,,
SO, and black-smoke as well as the influence of meteorological parameters on observed concentration
levels. Average seasonal values for SO, ranged from 22.54 to 54.81 ug m >, for NO, from 48.24 to 56.38
pg m > and for black-smoke from 4.15 to 5.64 ug m>. The results obtained for SO, and black-smoke were
below, while for NO, were above the limit value of pollutants in the air recommended by Croatian Gov-

ernment (A4ir Protection Act (OG 178/04); Regulation on limit values of pollutants in air (OG 133/05)).

As the result of stable meteorological conditions (high temperatures and drought), the increase in SO,
concentration was significant in summer period, while the concentrations of NO, and black-smoke were
not significantly changed during year and did not depend on other parameters. (doi: 10.5562/ccal966)
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INTRODUCTION

Urban air pollution and its impact on the urban air quali-
ty is a world-wide problem. It manifests itself different-
ly in different regions, depending on economic, political
and technological developments, on climate and topog-
raphy and on the nature of the available energy sources.
Although the air quality in European cities has generally
improved in recent decades, air pollution is still consid-
ered to be a top priority environmental problem with
both, urban and large scale impacts.'

Atmospheric releases of acidic pollutants, which
include sulphur and nitrogen compounds in both gas and
aerosol species can cause adverse health effects and
have potential to cause other environmental damage
(e.g. acid rain). Once released into the atmosphere either
by man-made (anthropogenic) or natural sources, these
compounds can undergo several different processes,
such as transformations, due to the atmospheric reac-
tions (e.g. gas to particle conversion), transport associ-
ated with wind and finally wet and dry deposition.’
Urbanization processes have increased pollution levels
in urban areas which require long-term researches for

understanding.’ Produced mainly by the burning of
fossil fuels, SO, and NO, are atmospheric gasses that
contribute to acid deposition in terrestrial ecosystems by
dry deposition and by precipitation in dissolved forms
such as fogs and clouds. When converted into aerosols,
they also impact visibility.* SO, is major acid rain pre-
cursor, and its oxidation product, sulphate, plays an
important role in radiative forcing of climate.’

NO, concentrations at urban and at street locations
are controlled by NO, emissions due to combustion
processes by industries, power production, household
heating and traffic, and the ozone/NO, equilibrium.6 It
is a reactive pollutant, produced by oxidation of nitro-
gen released into the atmosphere in the process of fuel
combustion at high temperatures and it is a key compo-
nent in creating secondary toxic pollutants. Nitrate in
the rainfall is the final result of the multiphase reaction
processes of nitrogenous gases, atmospheric particles
and cloud water.” The major nitric compound released
in the atmosphere from biomass burning is nitric oxide
(NO), subsequently oxidized into NO,®

Black-smoke consists of large number of small
particles of solid or liquid substances (aerosol) scattered
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in the air and created by the incomplete combustion of
substances. They cover wide range from few nm in
diameter to 100 or more um. They also vary in shape,
chemical composition and optical properties. However,
black-smoke data are known to be related to PM;, con-
centrations.

Black-smoke consists of fine solid particles sus-
pended in air, which mainly arise from incomplete burn-
ing of fossil fuels such as coal, oil and peat in domestic,
industrial or transport sectors. Open fires in dwelling
houses (fireplaces, wood stoves and cooking emissions)
are major source of the particulate material emitted to
air as a smoke. The main concern, associated with par-
ticulates, is their potential effect on human health, nota-
bly the respiratory system, since particles of small size
can be inhaled into and deposited in the respiratory
system and can remain there for long period of time.
Also, it must be emphasized that the black-smoke con-
tains a large number of organic compounds that are
potentially carcinogenic.

The influence of black smoke on human health is
the subject of numerous studies that describe the rela-
tionship of black-smoke and mortality.”'*"!

Over the last two decades, black-smoke concentra-
tion was systematically determined by measurements of
particulate matter in air.'*"

Concentration of pollutants is being influenced by
the meteorology of the region. The accuracy of predict-
ed concentration depends on detailed and accurate emis-
sion inventory of all sources and accurate measurement
of meteorological parameters in that area.'*

The aim of this study was to analyse monthly and
seasonal variation of NO,, SO, and black-smoke within
the sports district urban areas and the influence of some
meteorological parameters on the spatial and temporal
dynamics of these pollutants.

EXPERIMENTAL

Study Area

The city of Split, second largest city in Croatia, is
economic, administrative, educational, sport and tou-
rist centre of Middle Dalmatia, with an approximately
178 192 inhabitants (as per 2011 census). Split, with its
surrounding area, is an important industrial centre with
cement, plastic, food and textile industry and shipbuild-
ing. Also, it is an important traffic centre (vehicular,
ship and air traffic). The climate of Split is Mediterrane-
an with hot, dry summer and wet, mild winter. Average
annual air temperature is 17.2 °C. December is the cold-
est month (average 8 °C) and July the hottest (average
27.9 °C). Annual average of 122 days with precipitation
is recorded (annual average 188 mm).

Monitoring station for air quality is located in the
north-western part of the City of Split, which includes
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Figure 1. Monitoring area with sampling station (Poljud).

sport and recreation zones (pool, stadium and sports
halls). The area is placed between the sea and road traf-
fic with medium intensity and distanced about 2 km
northern from cement and steel mills plants. The geo-
graphical coordinates for this station are 43°31'319" N
16°25'871" E (Figure 1).

Sampling and Analysis Procedure

The monitoring parameters used in the present study

were collected from January 2007 to January 2008.

The monitoring semi-automatic station was set-up
outside the building, approximately 3 m above ground
level. The samples were collect during 24 hours, as
follow:

(i) black-smoke particles were collected on filter
paper with standard diameter (Whatman No.1).

(ii)) SO, was absorbed and oxidized in sulphates by
absorption in 1% hydrogen peroxide solution
(IS0O-4219, 1979).

(iii) NO, were collected using a passive collector,
adsorption on Whatman No.l filter papers im-
pregnated with a solution of triethanolamine and
acetone in a ratio of 1:1.

The pollutant concentrations were determinated in
the laboratory. The mass concentrations of black-smoke
were determined according to international standard
(ISO-4219, 1979), and its optical density was measured
by refractometer. The conversion of measured values of
the reflection spots of diameter 25 mm in the mass val-
ues is performed using international calibration curve
for OECD Whatman No.1.

SO, as sulphate was determined by titration with
sodium tetraborate (ISO-4220, 1984).

The mass concentration of NO, was determined
sectrophotometrically (Varian Cary 500 spectrophotom-
eter) at a wavelength, A = 540 nm (ISO 6768, 1998)."

Meteorological parameters (wind velocity and di-
rection, relative humidity, rainfall and ambient tempera-
ture) were obtained from the Meteorological and Hydro-
logical Institute of the Republic of Croatia, Department
for Maritime Meteorology Split.
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Figure 2. Monthly concentrations of SO,, NO, and black-
smoke from January 2007 to January 2008.

RESULTS AND DISCUSSION

The results presented in this paper are part of the sys-
tematic measurements which were carried out in 2007
as a part of the air monitoring study of the City of Split,
which is continuously being carried out since 1960 by
the Teaching Public Health Institute of Split-Dalmatia
County, Department for Health Ecology.
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As it can be seen from Figure 2, during the study
period the highest monthly mean concentration of SO,
was 64.00 ug m >, while the highest daily concentration
of SO, (193.7 ug m™) was noticed in July. The annual
average concentration during the study period was 33.41
ng m”.

Figure 3 represents temperature and concentra-
tions of pollutants during four seasons. The highest
concentration of SO, was recorded during summer,
while the lowest was obtained in winter. Somewhat
higher values for NO, were observed in winter and were
probably caused by increased emissions (e.g. from heat-
ing processes). However, unlike the concentrations of
SO,, NO, values were not significantly changed
throughout spring, summer and autumn. In addition, the
black-smoke concentration does not show significant
seasonal variations.

By increasing temperature during the summer time
concentration of SO, also increased.

Figure 4 shows the dependence of average daily
concentrations of SO, with the change of average rain-
fall during the characteristic months in the season.

High concentrations of SO, in summer months can
be attributed to high temperatures (average temperature in
summer is 26.6 °C) and low humidity (Figures 4 and 5),
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Figure 3. Seasonal variations in concentrations of SO, (a), NO, (b), black-smoke (c) and temperature (d) at the measuring station

Poljud from January 2007 to January 2008.
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Figure 4. The influence of average rainfall on daily average concentrations of SO,.

leading to low-rate SO, removal from atmosphere. An-
other reason may be due to evaporation from the sea
surface, because the monitoring station is located near
the seashore by the registered thermal springs contain-
ing SO,.

Relatively high sulphate content within the incom-
ing air masses during summer time can be explained by
referring to sulphate formation mechanism. During
summer, homogeneous conversion of SO, to particulate
sulphate can be assumed to be the main oxidation
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mechanism under the conditions generally prevailing
over eastern Mediterranean region.'® In addition, lower
concentrations of SO, observed during winter months,
can be explained analogously, by numerous rainy days,
when removal of SO, from the atmosphere is preferred.

Other researchers in Mediterranean region have
shown similar results.'®'”'® Also, some authors from
other region reported similar results.”

It is well established that the inter-conversion of
03, NO and NO, under atmospheric conditions is gener-
ally dominated by the following reactions:

NO, + hv—>NO +0 (1)

O+0,+M—>0;+M (2)

M (usually N, or O,) represents a molecule that
absorbs the excess vibrational energy and thereby stabi-
lizes formed O; molecule. /v represents the energy of a
photon (with a wavelength, A <424 nm) and O is active
monoatomic oxygen molecule."”

Nitrogen dioxide is formed by the oxidation of
nitric oxide (NO) emitted from combustion sources.
Two major pathways are known for the NO, formation
in urban atmospheres: NO oxidation by peroxy radi-
cals (radical channel) produced by photooxidation of



M. Brali¢ et al., Variations of NO,, SO, and Black-smoke Within Split, Croatia 143

O Days-direction

n Relative strength of the wind, Bf

Figure 6. Frequency of wind direction.

nonmethane hydrocarbons (NMHC) and that by O; (O3
pathway):*

NO + ROO+ — NO, + RO- 3)
NO + O3 > NO, + O, (4)

These reactions therefore represent closed system
in which NO, (NO and NO,) components and OX (O,
and NO,) components relate separately.

Maximum concentration of NO, in this investiga-
tion was reached in coldest and driest days due to in-
creased fossil fuel consumption. Due to more stable
atmospheric conditions in spring, the concentrations
were lower comparing to winter ones, while lowest
concentrations were measured in summer.

Average monthly concentrations of NO, ranged
from 40.47 to 71.02 ug m°. The highest daily concen-
tration of NO, was observed in October (187.3 pug m™).
The annual average of NO, concentration was 50.37 ug
m~ (Figure 2). Presented values correlate to those
measured in Rampur,2 Osaka,”® and Barcelona.”!

Average monthly concentrations of black-smoke
were within the range of 4-7 pg m”. Daily maximum
concentration was recorded in February and was 25 ug m™,

while the highest monthly concentration of black-smoke
was recorded in March. The annual average concentra-
tion of black-smoke in the monitoring period (one year)
was 5 pug m~ (Figure 2) and did not show significant
deviations (Figure 3). Although distinguishable mini-
mum of black smoke concentration in summer and little
maximum in spring were expected , if we bear in mind
major source of black-smoke, which are diesel-powered
vehicles, our results are not in coherence with previous
claim. Possible contribution to the pollution particles
can be found in wind carry particles from the north
where cement, steel mills and shipyard plants are locat-
ed. The results of black-smoke concentration are similar
to those reported in previous research studies.””” We
must emphasis an importance of monitoring the concen-
tration of black-smoke in the air, due to the fact that
these particles have influence on respiratory system,
which may result in fatal consequences. For that reason
today to conduct studies that describes the relationship
of smoke and mortality, especially in big cities world-
wide.**

Thus, European first Daughter Directive (99/30/EC),
as for legislation elsewhere, sets limits for PM,, (annual
limit value is 20 pg m ) in recognition of the effects of
particles on human health.*

Croat. Chem. Acta 85 (2012) 139.
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Table 1. Spearman correlation among different pollutants and meteorological parameters in Split urban area for 4 seasons (statis-
tically important correlations P < 0.01 are marked with bold letters, n = 124)

average daily

SO, NO, black-smoke temperature daily rainfall wind speed

NO, -0.24

black-smoke -0.10 —0.01

average daily temperature 0.74 -0.10 -0.02

daily rainfall -0.36 0.08 0.10 -0.32

wind speed —-0.25 0.01 0.17 -0.24 0.33

cloudiness —-0.52 0.28 0.10 —-0.42 0.41 0.39
Influence of Meteorological Parameters CONCLUSION

The relationship between ambient air quality data and
meteorological parameters, such as wind speed, temper-
ature, rainfall and relative humidity was evaluated in
order to assess the influence of meteorological condi-
tions on urban air quality.” The wind and temperature
measurements were one of the main factors influencing
concentrations of air pollutants.

The available set of data was divided into 16 main
wind directions. The frequency of wind direction during
the measurement period is presented in Figure 6.

In our measurement prevailing wind direction
were found to be from north-east, with an average wind
speed from 2.9 to 4.3 ms .

This has an important influence on concentration
of pollutants, during days with dominant wind direction;
if we bear in mind location of industrial pollution
sources (see Section 2.1). Also, it is important to em-
phasize that the locations of the monitoring stations are
always exposed to air currents either by sea or land.

Furthermore, correlation between low summer
wind speed and cloudiness and highest concentration of
SO, is evident in the examined period. As the concen-
trations of other pollutants (NO, and black-smoke) did
not significantly change during the year, there was no
significant influence of the meteorological parameters.
This is supported with obtained Spearman rank correla-
tion coefficients between measurement meteorological
parameters and air pollutants (Table 1).

The resulting positive correlation of SO, concen-
trations with average daily temperature, indicate that
SO, is accumulated in the atmosphere during warm
days. However, negative correlation of SO, concentra-
tions with rainfall, wind speed and cloudiness can be
attributed to its removal from the atmosphere, which
can be seen on Figure 4 and Figure 5. Also, negative
correlation between SO, and NO, indicates diverse
removal paths from atmosphere and their different
origin. Moreover, positive correlation of NO, with daily
cloudiness in winter was noticed. For the black-smoke
concentrations any significant correlation did not found,
as can be seen at Figure 2 and 3.

Croat. Chem. Acta 85 (2012) 139.

This paper for the first time presents results of simulta-
neous measurement of NO,, SO, and black-smoke con-
centrations in the urban area of Split, measured from
January 2007 to January 2008. The results obtained for
SO, (33.41 pg m™) and black-smoke (5.00 pg m™) were
bellow limits, while for NO, (50.37 ug m™) were above
limit value by Regulation on limit values of pollutants in
the air (OG 133/05) enacted by Government of the
Republic of Croatia according to the law on air protec-
tion (OG 178/04). Comparison of seasonal pollutant
concentrations suggests that the increase in SO, concen-
tration was significant in summer, while concentrations
of NO, increased in winter and black-smoke was not
significantly changed. Negative correlation between
wind speed and SO, was noticed.

Increase in SO, concentration was significant in
summer as a result of stabile meteorological conditions
(high temperature and dry period). On the contrary,
concentration of NO, was significant in period from
October to March, while the rest of year did not signifi-
cantly change. Highest values were obtained in cloudi-
ness period. Concentration of black-smoke did not sig-
nificantly changed during the year and its concentration
did not depend on other obtained parameters.
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