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Summary

This paper determines the characteristic air mass types over
the Carpathian Basin for the winter (December, January, and
February) and summer (June, July and August) months
dependant on levels of the main air pollutants. Based on the
ECMWEF data set, daily sea-level pressure fields analysed at
00 UTC were prepared for each air mass type (cluster) in order
to relate sea-level pressure patterns with the level of air pol-
lutants in Szeged. The data comprise daily values of twelve
meteorological and eight pollutant parameters for the period
1997-2001. Objective definition of the characteristic air mass
types is achieved by using the methods of Factor Analysis
and Cluster Analysis. According to the results, during the
winter months five air mass types (clusters) were detected
based on higher concentrations of primary pollutants that oc-
cur with high irradiance and low wind speed. This is the case
when an anticyclone is found over the Carpathian Basin and
over the region south of Hungary, influencing the weather of
the country. Low levels of pollutants occur when zonal currents
exert influence over Hungary. During the summer months
anticyclones and anticyclone ridge situations are found over
the Carpathian Basin. (During the prevalence of anticyclone
ridge situations, the Carpathian Basin is found at the edge of
a high pressure centre.) As a result of high irradiance and
very low NO levels, secondary pollutants are highly enriched.

1. Introduction

Air pollution has become a very important envi-
ronmental problem, mostly in crowded cities.

Most human activities produce some kind of
pollutants, which are progressively accumulated.
Air pollution has negative effects not only on the
surroundings of its source, but can also affect
wider regions. Most air pollutants are released in
relation to processes involving combustion. The
emission sources include: transportation, fuel
combustion, industrial processes, solid waste dis-
posal, amongst others. These harmful particles in
the air may damage human health, vegetation and
the global environment. In general, in many cases
they can form brown or hazy clouds at ground
level with unpleasant smells. The damages to
human health caused by air pollution generally
result from repeated exposure to even low con-
centrations for long periods. Metals tend to cor-
rode faster in polluted environments. Paints do
not last as long as in clean conditions; tires and
other rubber materials also tend to fail due to
ozone cracking, unless they were produced via
the utilization of antioxidant additives. As with
human health, the degree of damage caused large-
ly depends on the concentration and the du-
ration of exposure. Although most gaseous air
pollutants are totally colourless, there are some
exceptions such as NO,, which is brown. Most
visible effects of air pollution are the outcome of
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the interaction of light with suspended particles
(De Nevers, 2000).

Air quality and the concentration of air pol-
lutants are influenced not only by physical and
chemical processes, but also by meteorological,
geographical and social factors. Some weather
conditions, for example, moderate winds or calm
air with temperature inversions as typically pre-
vailing under anticyclonic conditions, can also
significantly influence the rise of extreme con-
centration rates of pollutants in the air.

In Europe, many air pollution studies, es-
pecially for Athens due to its long summers
with undisturbed irradiation and calm or weak
breezes, have appeared in the international lit-
erature. This weather and the mountains, which
surround the city to the north, favour extreme
accumulation of the air pollutants (Kambezidis

et al, 1995, 1996, 1998; Adamopoulos et al,
2002).

According to Péczely (1959), based on his obser-
vations made on air pollution rates in Budapest,
air pollution tends to peak during extensive anti-
cyclone events characterized by weak easterly
breezes prevailing over the city. Conversely, air
pollution is relatively low during the prevalence
of cyclonic weather systems characterized by
strong and turbulent air currents prevailing over
the Carpathian Basin (Fig. 1a), especially when
Hungary is in the rear part of the cyclone.

The major aim of the present study was to
develop an objective, reliable classification of
air mass types prevailing over the city of Szeged
during the summer and winter months via the
application of multivariate statistical methods. For
each air mass type, following characterization by

Fig. 1a. Location of the Carpathian Basin
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Fig. 1b. Location of Szeged in Csongrad county
(centre); Csongrad county in Hungary (top
right)
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homogenous temperature and humidity condi-
tions, the concentration of the main air pollutants
is estimated. Additionally, in order to reveal
the possible relationship between the prevailing
weather conditions, the spatial distribution of
sea-level pressure fields and the concentration of
air pollutants in the area of Szeged, mean sea-
level pressure fields have been calculated for the
different air mass types for the North Atlantic —
European region. Unfortunately, very few studies
with such scope are known from the literature.
The work of Sindosi et al (2003) could be men-
tioned here as an example of a similar analysis
applied to Athens. Alternatively, stability classes
are often used, e.g., in air quality modelling, to
classify whether the dispersion of air pollutants is
high or low due to the prevailing meteorological
conditions (determined empirically from wind
speed, temperature gradient, cloud cover or solar
radiation). Pasquill’s method (1962) for diffusion
was developed to estimate vertical and lateral
plume widths from a continuous source at var-
ious distances. These widths depend primarily on
the standard deviations of vertical and horizontal
wind direction fluctuations, respectively. These
quantities are functions of height, roughness
length and the Monin-Obukhov length. Where
temperature profile measurements are not avail-
able, Pasquill suggested a set of six stability
classes specified in terms of wind speed and irra-
diance only. Turner (1964) modified Pasquill’s
scheme and defined seven stability categories.
In this method, net irradiance is estimated from
a knowledge of solar altitude and existing condi-
tions of cloud cover and ceiling height. Both the
Pasquill and Turner classes are independent of
height and surface roughness (Golder, 1972). The
method used in this paper is an objective classi-
fication compared to the subjectively determined
categories of Pasquill and Turner. Furthermore,
our method takes into account more meteorolog-
ical parameters for classifying air mass types
and the efficiency of the classes received in
grouping pollutant concentrations is statistically
evaluated.

The methodology used in the paper is not pro-
posed as a substitute for other chemical transport
modelling systems but as a supplement to the
existing methodologies, attempting to contribute
our efforts to forecast pollution levels and thus
adopt appropriate measures when necessary.

This study represents an objective weather clas-
sification method, which might also serve as a
starting point for the creation of an air pollution
monitoring /forecasting system, with the ultimate
goal of facilitating debate regarding air pollution
in the city of Szeged.

2. Topography, climatology and air quality
of Szeged area

2.1 Topography

The city of Szeged is the largest town in SE
Hungary. The city (20°06' E; 46°15' N) is located
at the confluence of the Tisza and Maros Rivers
characterized by an extensive flat landscape with
an elevation of 79 m a.s.l. (Fig. 1b). The built-up
area covers a region of about 46 km? with about
155,000 inhabitants.

Szeged and its surroundings are not only
characterized by extensive lowlands but it also
has the lowest elevation in Hungary and the
Carpathian Basin as well. This results in a
“double basin” situation. Due to the position of
the city in a basin (a smaller one within a larger
one), temperature inversions form more easily in
the area (e.g., due to cool air flow from the basin
slopes) and prevail longer than in flat terrain,
leading to an enrichment of air pollutants within
the inversion layer.

2.2 Climatology

According to the climatic classification system of
Koppen, the majority of the Hungarian territory,
including Csongrad county and the agglomeration
of Szeged, belongs to the Cf climate zone char-
acterized by temperate-warm climates with an
almost even distribution of precipitation or that
of Trewartha’s D./ climate zone characterized
by continental climates with long warm seasons.

The more detailed, higher resolution climatic
classification of Hungary is based on the mean
temperature values of the growth season (#ys) and
the aridity index (H) [where H=Eg/L-C (Es is
the annual mean radiation balance; L is the latent
heat of vaporization and C is the total annual
mean precipitation)]. Based on the climatological
characteristics of the period 1901-1950, the cli-
mate of Szeged can be considered as warm-dry
with tyg>17.5°C and H>1.15 (Péczely, 1979).
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The Eg energetic component of the aridity
index (H) changes only slightly in Hungary.
Its mean annual value, considering the period
1901-1950, is 1760 MJ m—2 yr‘l (Péczely, 1979).
On the other hand, the total annual precipitation
amounts may fluctuate quite substantially. The
extreme values for Szeged in this period were
Prin=203mm; P,,,=867mm. On the basis
of this information, the aridity index calculated
for the most arid year was H = 3.47; while that of
the most humid year was H=0.81. The typical
vegetation assigned to the former value is desert,
while that of the latter is woodland. Though
persistence of high H values is not observed
all-year or all-summer round, the climate of
some summers inclines towards semi-arid or arid
conditions in the Szeged area. This is reflected in
the composition of the natural vegetation. In the
southern part of the Great Hungarian Plains na-
tive plants include semi-desert species such nee-
dle grass (Stipa stenophylla) (Makra et al, 1985).

The climate of Szeged is characterized by hot
summers and moderately cold winters. The dis-
tribution of rainfall is fairly uniform during the
year: with a share of 29 and 19% for the summer
(JJA) and the winter (DJF) seasons, respectively.
Mean daily summer temperatures are around
22.4°C, while the mean daily winter tempera-
tures are 2.3 °C. The irradiance values also exhi-
bit large-scale variances with an average of 20.2
and 42MJm~? in summer and winter days,
respectively. The most frequent winds blow
along the NNW-SSE axis, with prevailing air
currents arriving from NNW (42.3%) and SSW
(24%) in the summer and from SSE (32.6%) and
NNW (30.8%) during the winter. Thanks to its
unique geographical position, Szeged is charac-
terized by relatively low wind speeds with aver-
age daily summer and winter values of 2.8 and
3.5ms~!, respectively. The highest hourly wind
speeds have been recorded during the spring with
a rate of Sms~! (Péczely, 1979).

The dry and warm climate of the region is espe-
cially favourable for the Turanian (Aralo-caspian)
semi-arid species. One group of plants prefer
extremely arid conditions; while another group
contains species which indicate aridity, namely,
these are xeroindicators (indicate long and dry
periods in the climate). The Ellenberg’s indicator
number (Ellenberg et al, 1991) for the first group
is 1, while for the after group is 2. The lower the

Ellenberg indicator (min= 1) the more a species
prefers a dry and warm climate. Similarly,
the higher the number (max=12) the more it
favours a humid environment. Hence, Ellenberg’s
indicator number is a 12-degree scale, first ap-
plied by Borhidi (1995) in Hungary, and was
introduced into the Hungarian literature as a
WB-value. The WB-value is a relative indicator
number for ground water or soil humidity (Water
Borhidi). Borhidi also indicated the characteristic
species for the Hungarian flora, which Ellenberg
dealt with little on the scale.

The analysis is applied to the two extreme
seasons of the year because the winter and the
summer show the most marked difference in at-
mospheric circulation over the Carpathian Basin.
In the summer, the subtropical (Azores) anticy-
clone of the Atlantic is most frequent with 20—
25% of all weather types. Northerly currents are
also characteristic because of the blocking an-
ticyclones. In the winter, southerly currents are
most frequent, which are followed by westerly
flows. In both seasons, anticyclone centres and
anticyclone ridge weather situations are most fre-
quent over the Carpathian Basin, as a result of
the basin nature of the region (Péczely, 1983).

2.3 Air quality

Air quality is modified and influenced by the
prevailing atmospheric conditions, which are
controlled by the prevailing meteorological pa-
rameters, mainly the temperature profile close to
ground level. The recorded averages for the city
of Szeged are the following: annual mean tem-
perature: 11.2°C; mean January and July tem-
peratures: —1.2°C and 22.4°C, respectively;
mean annual relative humidity: 71%; mean an-
nual precipitation total: 573 mm; mean annual
sunshine duration: 2102 hours; mean annual wind
speed: 3.2ms .

The city structure is very simple and is charac-
terized by an intertwined network of boulevards,
avenues and streets sectioned by the River Tisza.
However, this simplicity also largely contributes
to the concentration of traffic as well as air pol-
lution within urban areas.

The industrial area is mainly restricted to the
north-western part of the city. Thus, the prevailing
westerly and northerly winds tend to carry the
pollutants from this area towards the city centre.
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Though Szeged is considered to be a centre of
light industry in the southern part of the Great
Hungarian Plain (wooden- and paprika process-
ing industry, mill industry, hemp processing,
salami manufacturing) in general, some elements
of heavy industry can also be found in the rural
areas (rubber and paint industry, oil and gas
mining). After the collapse of the socialist polit-
ical system in 1989, the industrial potential of
the city has undergone a heavy freefall. The tex-
tile, cable, clothing and canning factories were
all closed down; furthermore, the Light-weight
Construction Building and Supplying (KESZ)
Ltd. moved its headquarters to another city,
Kecskemét.

The total urban spread extends well beyond
the city limits and includes the largest oil field
in Hungary with several oil torches located just
north of the town. This oil field is also a signifi-
cant source of such air pollutants as NO, and
sulphur dioxide. The power station, located in
the western part of the city, is also a major source
of pollution. Exhaust fumes have also largely
contributed to the steady increase of nitrogen
oxide and carbon monoxide in Szeged. Besides,
as a result of the heavy traffic, deposited dust is
often suspended in the atmosphere.

In a detailed analysis, Szeged was ranked 32nd
of 88 Hungarian cities, according to the quality
of the environment and the level of environmen-
tal awareness. [The city ranked 1st was consid-
ered to have the best environmental conditions
(Makra et al, 2002)].

On the basis of the frequency of pollutant con-
centrations exceeding air quality limits, mea-
sured at the Regional Immission Examining
(RIE) network of stations for Hungary in 2001,
the air quality of Szeged, according to a three-
category classifying system (satisfactory, moder-
ately polluted, polluted), can be listed in the
“polluted” category (Mohl et al, 2002).

Nitrogen oxides (NOy), ozone (O3) and par-
ticulate matter (PM;y) concentrations tend to
exceed air quality limit values established by EU
standards. [Daily (24-hour) concentration of par-
ticulate matter is 11-19 times higher, while its
annual concentration is twice as much as the EU
standard proposed since January 1, 2005!] The
information that Szeged was ranked 32nd of 88
Hungarian cities gives the impression that this is
a city with rather moderate air quality. Therefore,

the information that Szeged is ranked ‘“polluted”
according to the RIE database seems surprising.
In the above-mentioned analysis, the cities were
ranked according to seven different categories
(of nineteen environmental indicators), which
are as follows: water consumption (1), energy
consumption (3), public utilities supply (4), traf-
fic (1), waste management (3), settlement ame-
nities factors (4) and air quality (with average
concentration of particulates deposited, sulphur-
dioxide and nitrogen-dioxide). As air quality is
only one of the seven categories considered and
is only represented by three parameters (environ-
mental indicators), it contributes little to the rank
of the cities.

The high concentrations of particulate matter
are closely connected with the development of
respiratory diseases. The annual trend of the air
pollutant levels follow a unimodal distribution.
Concentrations of NO, NO, and PM, are char-
acterized by winter maxima and summer minima.
At the same time, ozone reaches its maximum
in the summer, in accordance with the annual
change of irradiation (Makra and Horvath, 2001;
Makra et al, 2001a, b; Mohl et al, 2002; Mayer
et al, 2004).

About 50% of the particulate matter comes
from the northwest region of Szeged, covered
by shifting sands, loess and sandy ridges. At the
same time, the industrial district is located in the
northwest region of the town. Hence, the domi-
nant northwesterlies transport particulate matter
as well as pollutants of industrial origin over
Szeged. The remaining PM,, originates from
traffic. Particulates are produced partly by the
engine of vehicles, and partly by air currents gen-
erated by vehicles (Mohl et al, 2002).

The traffic system of Szeged is highly over-
crowded. Among vehicles participating in the
traffic, the ratio of passenger cars is the highest:
84%. In the year 2000, after the modernization of
vehicles, CO concentrations in the city were
reduced to 36—40% of that measured in 1990.
On the other hand, the traffic on the main roads
increased to 3-70% during the same period.
During a regular day (a 24-hour period) about
70,000-90,000 vehicles, on average, pass through
the city (Mohl et al, 2002).

A serious environmental health problem arises
during late summer and early autumn caused by
the pollen of ragweed with mugwort leaves or
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short ragweed (Ambrosia artemisiifolia =
Ambrosia elatior), considered to be the most dan-
gerous of all pollens. Annual pollen counts of
ragweed in Szeged are one or two orders of mag-
nitude higher than those in other European cities
(Makra et al, 2004a, b).

The ‘‘double basin” situation of Szeged
favours the longer persistence of anticyclonic
weather types both in summer and winter, which
contributes to the enrichment of not only Major
Air Pollutants (including sulphur dioxide, nitrogen
dioxide, carbon monoxide, particles, lead and
ozone) but also pollens as biological agents
[belonging to Hazardous Air Pollutants (HAPs)].
The role and efficiency of large-scale weather
situations established in grouping pollutant con-
centrations was the main motive behind the
present study.

3. Data collection

3.1 The air pollution data

The air pollution monitoring station, mentioned
above, is located in downtown Szeged in a cross-
road with heavy traffic (Kossuth Avenue and
Damjanich Street), about 10m distance from
the Kossuth Avenue. This is one of the busiest
crossroads of Szeged. The monitoring station
was put into operation in September 1, 1996. At
a distance of 10m from the station there is a
two-storey building which affects wind and
irradiance parameters. Sensors, measuring con-
centrations of the air pollutants, are placed 3 m
above the surface.

Concentrations of CO, NO, NO,, SO,, O3 and
TSP at the monitoring station are measured by
5 different analyzers. The concentration of CO
is measured by non-dispersive infrared absorp-
tion (type of the instrument: CO11M-LCD). The
measurement of NO and NO, concentrations is
based on the principle of chemiluminescence;
the concentrations of NO, are obtained so that
the instrument adds up latest NO and NO,
values automatically (type of the instrument:
TE 42C). The measurement method of SO, is
UV fluorescence emission (type of the instru-
ment: FHAF21M-LCD). O3 concentration mea-
surements are based on the UV absorption of
wavelength of 254 nm (type of the instrument:
TE 49C). TSP concentrations are recorded by

absorption of -radiation (type of the instru-
ment: FH 62 I-N).

Gas analyzers are calibrated in two ways. One
of these is the O-point, adjustment which occurs
automatically every 24 hours. The other calibra-
tion point is adjusted by a verified sample every
two weeks. Measurements of TSP are verified
once in every quarter year. The instruments are
controlled and the gathered data are stored on a
personal computer. From the 10-second measure-
ments one-minute averages are derived; then,
from the latter data, 30-minute averages are
calculated.

The type of instruments measuring meteorolog-
ical parameters at the station are as follows:
temperature: THS-611, humidity: THS-611, irra-
diation: RS 81-1 and wind speed: WS-12 H+.
Temperature and humidity values are measured
3 m above the surface, while wind direction, wind
speed and irradiation are recorded at a height of
6 m above the ground level.

3.2 The meteorological data

The data consist of a 30-minute data set from
the five-year period between 1997-2001 for the
winter (December, January and February) and
summer (June, July and August) months. The
elements considered are the average mass con-
centrations of the main air pollutants [CO, NO,
NO,, SO,, O3 and TSP (ug m~>)]; and the daily
values of the main climatic parameters (tempera-
ture, humidity, atmospheric pressure, global irra-
diance and wind speed).

The 12 meteorological parameters used are:
mean temperature (T eqan, °C), maximum tempera-
ture (Thax, “C), minimum temperature (T ;,, °C),
daily temperature range (AT =T ax — Tmin» °C),
wind speed (WS, ms~!), relative humidity
(RH, %), irradiance (I, MI m~2 day~!), saturation
vapour pressure (E, hPa), water vapour pressure
(VP, hPa), potential evaporation (PE, mm), dew
point temperature (T4, °C) and atmospheric pres-
sure (P, hPa).

The 8 pollution parameters considered are the
average diurnal mass concentrations of the fol-
lowing pollutants: CO (mgm~3); NO (ugm™3),
NO, (ugm™), SO, (ugm—), O3 (ugm?) and
TSP (ugm™3) as well as the daily ratios of
NO,/NO and the daily maximum concentrations
of O5 (ugm™?).
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Daily sea-level pressure fields measured at 00
UTC (Universal Time Centre) were acquired from
the ECMWF (European Centre for Medium-
Range Weather Forecasts) Re-Analysis ERA 40
project, in the frame of which daily data have
been re-analyzed since September Ist, 1957.
The procedure has been performed with a uni-
form method from the data being available in
the investigated period. Data for the ECMWF
Re-Analysis ERA 40 project are verified, dynam-
ically correct, the pressure field is true even
over the Atlantic Ocean and there are no missing
data. When using this method, the measured false
input data are omitted. On the other hand, if orig-
inal station data are used, false data can fre-
quently be encountered.

The investigated area is the North-Atlantic —
European region between 30°N-70.5°N lati-
tudes and 30° W—45° E longitudes. The grid net-
work is selected with a density of 1.5°x1.5°,
which indicates 28 x 51 = 1428 grid points across
the region.

4. Methods

4.1 Cartographical background

For each objective type, average daily isobar
maps on the basis of daily sea-level pressure data
calculated at each grid point of the investigated
region were constructed by applying the Surfer
7.00 GIS software. Isobars for an average day,
i.e., for an average objective type, were drawn
using 28 x 51 =1428 grid data on the basis of
the standard Kriging method without increasing
element number of data and with maximum
smoothing. As a result of the procedure, the
curved surface on the Earth as a spherical trape-
zoid with 40.5° difference of latitude and 75°
difference of longitude was transformed into a
plane rectangle with equal spacing both horizon-
tally and vertically. Isobar maps produced in this
way can only be fitted to those informative back-
ground maps which are prepared with the same
projection. For this reason, the background map
of the investigated region was produced in an
equidistant cylindrical projection. The major
advantage of this map is that it is free from longi-
tudinal distortion along each meridian and,
therefore, the determination of the points of the
compass is simple at any location of the map.

Namely, the north—south and east—west directions
are parallel with the vertical and horizontal sides
of the rectangle; hence, geographical co-ordi-
nates of various locations and air pressure forma-
tions can easily be determined with the help of
the spaces indicated on the rectangle both hori-
zontally and vertically (and, if required, by ap-
plying linear interpolation). The only drawback
of its use is that the background map becomes
longer at higher latitudes in the east-west direc-
tion. The grid denotes a horizontal distance of
about 107.3km at the latitude of 50° N.

4.2 x*-test, independence analysis

In order to decide whether or not the sea level
pressure fields examined differ significantly from
each other, the x*-test independence analysis was
applied. This method determines whether two
random variables (¢ and 7) are independent.
According to the O-hypothesis, £ and 7 are not
independent.

4.3 Factor analysis

In order to reduce the dimensionality of the
above collected meteorological data sets and thus
to explain the relations among the 12 meteorolog-
ical variables, the multivariate statistical method
of factor analysis is used. The main object of
factor analysis is to describe the initial variables
X1, Xa, ..., X, in terms of m linearly independent
indices (m < p), the so called factors, measuring
different “‘dimensions” of the initial data set.
Each variable X can be expressed as a linear
function of the m factors, which are the main
contributors to the climate of Szeged:

Xi =Y ayF;, (1)
=

where «;; are constants termed factor loadings.
The square of «y; represents the part of the var-
iance of X; that is accounted for by the factor Fj.

One important stage of this method is the deci-
sion for the number (m) of the retained factors.
On this matter, many criteria have been pro-
posed. In some studies, the Guttmann criterion
or Rule 1 is used, which determines to keep the
factors with eigenvalues >1 and neglect those
that do not account for at least the variance of
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one standardised variable X;. Perhaps the most
common method is to specify a least percentage
(80% in this paper) of the total variance in the
original variables that has to be achieved
(Jolliffe, 1993; Sindosi et al, 2003). Extraction
was performed by Principal Component Analysis
(kth eigenvalue is the variance of the kth prin-
cipal component). There is an infinite number
of equations alternative to Eq. (1). In order to
select the best or the most desirable factors, the
so-called “‘factor rotation” is applied, a process,
which either maximises or minimizes factor
loadings for a better interpretation of the results.
In this study, the “varimax” or “orthogonal fac-
tor rotation” is applied, which ensures that the
factors remain uncorrelated (Jolliffe, 1990, 1993;
Bartzokas and Metaxas, 1993, 1995; Sindosi et al,
2003).

Factor analysis was applied to the data set
consisting of 12 columns (12 meteorological
variables) and 450 rows (450 days) both for the
winter and summer months, in order to reduce
the 12 interrelated meteorological parameters
and reveal the main independent meteorological
factors which are responsible for the formation of
the weather in Szeged.

4.4 Cluster analysis

Cluster analysis is applied to the factor scores
time series in order to group objectively days
with similar weather conditions. The aim of this
method is to maximize the homogeneity of
objects within the clusters and also to maximize
the heterogeneity between the clusters. Each
observation (day) corresponds to a point in the
m-dimensional space and each cluster consists of
those observations, which are “close’ to each
other in this space. The characterization of a dis-
tance between two observations k and [ as
“close” or “far” is determined by the square
of their Euclidean distance:

m

D, = Z(in —xz)’, (2)

i=1

where x;; is the value of the i-th factor for the k-th
day and xj; is the value of the i-th factor for the
[-th day.

There are two main clustering techniques: hier-
archical and non-hierarchical. Their basic differ-

ence is that in the non-hierarchical technique the
number of clusters must be known a priori. In
contrast, in the hierarchical method the ultimate
number of clusters is determined by a variety of
statistical criteria. In this paper, the hierarchical
technique is applied because of the lack of an
objective classification of weather types for the
Szeged region. The hierarchical technique can
be applied by using various methods. Here, the
“average linkage” method is used, since it does
not depend on extreme values, besides it produces
more realistic groupings and properly combines
extreme weather days into distinct meteorological
units (Anderberg, 1973; Kalkstein et al, 1987;
Hair et al, 1998; Sindosi et al, 2003).

Then, for each of the derived clusters of days,
the mean value for every meteorological and pol-
lution parameter is computed. In this way, the
relationships between weather conditions and
the corresponding concentration levels of air pol-
lutants are revealed. Finally, for each weather
type, the composite maps of the mean sea level
pressure distribution over the North-Atlantic —
European region (00 UTC) are constructed. The
aim of these maps is to associate atmospheric
circulation patterns and pollution levels in the
Szeged region. The classification of synoptic pat-
terns into distinct groups enables us to describe
the most important synoptic types considering
the position of the Szeged region.

4.5 ANOVA and Tukey’s honestly significant
difference test

When determining the synoptic types, only mete-
orological parameters are taken into account,
excluding pollution data. Hence, the differences
of the mean pollution levels calculated for each
synoptic type need further statistical evaluation.
This is performed by the method of one-way Anal-
ysis of Variance (ANOVA) for each pollutant. By
using this method, significant differences in pol-
lutant concentrations of different synoptic types
(clusters) can be determined. Finally, the Tukey’s
honestly significant difference test is applied in
order to quantitatively compare the mean air pol-
lution levels between each pair of synoptic type
(pairwise multiple comparisons) (McGregor and
Bamzelis, 1995; Sindosi et al, 2003).

All statistical computations were performed
with SPSS (version 9.0) software.
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5. Results

5.1 Winter months

The application of factor analysis to the time
series of the meteorological elements yielded 4
factors explaining 86.51% of the total variance
(Table 1). Table 2 displays the factor loadings
after orthogonal rotation.

Factor 1 explains 50.86% of the total variance
(Table 1) and includes the three main air tempera-
ture variables (mean, maximum and minimum
temperatures) and three important humidity pa-
rameters (saturation vapour pressure, water vapour
pressure and dew point temperature). It can be

Table 1. Initial eigenvalues and cumulative variances,
winter months (December, January and February)

Component Initial eigenvalues
Total Relative Cumulative
variance variance, % variance, %
1 6.10 50.86 50.86
2 2.38 19.85 70.70
3 1.05 8.72 79.42
4 0.85 7.08 86.51
5 0.75 6.29 92.79
6 0.46 3.82 96.61
7 0.34 2.86 99.47
8 0.04 0.32 99.79
9 0.02 0.19 99.97
10 0.00 0.02 100.00
11 0.00 0.00 100.00
12 0.00 0.00 100.00

seen that the temperature variables are not
directly related to irradiance, which during the
winter depends on the third factor. The reason
is that winter air temperature is mainly influ-
enced by the synoptic-scale air mass affecting
the area and, to a lesser extent, by the local irra-
diance. The high loadings of these temperature
and humidity parameters show their strong rela-
tionship. Namely, the high loading of the water
vapor pressure is due to the increase in vapor
capacity of the atmosphere as temperature rises.
Dew point temperature covaries with the above
parameters, since an increase (decrease) in water
vapour pressure is explained by higher (lower)
temperature at which air becomes saturated (dew
point) (Table 2).

Factor 2 (19.85% of the total variance; Table 1)
includes only relative humidity with a negative
sign and potential evaporation. The high loadings
of opposite sign indicate an inverse relationship
between the two variables. Namely, high (low) po-
tential evaporation is associated with low (high)
relative humidity (Table 2).

Factor 3 explains 8.72% of the total variance
(Table 1) and comprises the daily temperature
range and irradiance. High irradiance values,
which indicate low cloud cover, generally cause
high T,,.x. Whenever clear skies persist also in the
following night, nocturnal long wave radiation
leads to larger cooling of the surface and to lower
Trnin; thus, Trange 1s generally larger under these
conditions (Table 2). (This is only true, if no
advection of, e.g., cooler air masses takes place.)

Table 2. Factor loadings for the winter months (December, January and February). Values higher than |0.60| are only

presented

Meteorological parameters Factor 1 Factor 2 Factor 3 Factor 4
Mean temperature, Typeqn 0.94

Maximum temperature, Tyax 0.81

Minimum temperature, T, 0.84

Daily temperature range, AT =T ax — Trnin 0.87

Wind speed, WS

Relative humidity, RH —0.89

Irradiance, 1 0.74

Saturation vapor pressure, E 0.93

Water vapor pressure, VP 0.97

Potential evaporation, PE 0.74

Dew point temperature, Ty 0.97

Atmospheric pressure, P 0.96

Values higher than |0.10| are statistically significant at the 95% level; however, Table 2 shows only those exceeding |0.60|. This
means that at least 36% of the total variance of a parameter can be explained by a single factor



124 L. Makra et al: Classification system of air mass types for Szeged, Hungary

Table 3. Mean values of the meteorological and pollution parameters for the days belonging to the five dominant clusters of the

winter months (December, January and February)

Clusters 1 2 3 4 5
Number of cases (days) 56 134 73 94 90
Freqgency (%) 12.4 29.7 16.2 20.8 20.0
Timean (°C) —4.9 0.24 5.5 2.4 6.0
Thax CC) -1.0 2.1 9.6 7.6 8.1
Tmin CO) -8.1 —1.6 0.9 —-14 2.5
AT =Tax — Tmin, CC) 7.0 3.7 8.7 9.0 5.6
WS (ms™) 0.3 0.6 1.0 0.4 0.9
RH (%) 81.5 83.5 63.6 80.6 84.3
I MIm™2) 5.4 2.7 6.2 5.4 2.7
E (hPa) 5.9 8.5 12.8 10.1 12.8
VP (hPa) 4.8 7.1 8.1 8.1 10.8
PE (mm) 0.6 0.8 2.0 1.0 1.1
Ty (°C) -74 —-2.0 —-0.7 —-04 3.8
P (hPa) 1009.2 1004.0 986.2 1001.2 994.6
CO (mgm™?) 0.878 0.799 0.565 0.933 0.790
NO (ugm™3) 24.3 20.9 24.1 44.0 28.5
NO, (ugm™) 42.0 34.4 41.0 47.2 39.5
NO,/NO 3.0 6.1 2.5 1.8 33
05 (ugm™3) 27.2 23.3 334 23.1 20.2
O3 max (ugm™) 50.7 39.2 59.5 46.5 39.0
SO, (ugm™3) 15.8 10.7 11.6 11.7 9.9
TSP (pgm™) 61.9 49.1 50.1 61.4 44.7

Factor 4 is slightly weaker than Factor 3 and
explains 7.08% of the total variance (Table 1).
It comprises atmospheric pressure only (Table 2).

Next, cluster analysis was applied to the four
factor score time series and, as a result of this,
six homogenous clusters of days were revealed.
However, one cluster included only 4 days
(January 5, 10, 18, 19, all in year 2001; a mere
0.89% of the total number of days). These days
were related to extreme weather conditions with
increased pollutant concentrations, due to an
anticyclone. This cluster was therefore omitted
from further consideration, since our aim was
to analyze days with dominant air mass types.
The main characteristics of the other five domi-
nant clusters involving the prevailing air mass
types are shown in Table 3, which presents the
mean values of their meteorological parameters
as well as the mean values of the corresponding
pollution parameters.

Considering the basic statistical parameters
of the pollutants, variation coefficients (standard
deviation expressed in the unit of the average)
for NO and SO, are twice as high as those

for other contaminants examined, which denotes
their higher wvariability. The difference of
|median — average| remains within the so called
interquartile half extent (the interval given by the
lower quartile and the upper quartile) for each
pollutant. The greatest differences are detected
for CO, NO, NO,/NO and Os.

The mean sea level pressure distribution be-
longing to the clusters examined and the number
of days in each cluster (air mass type) are shown
in Fig. 2.

Mean sea level pressure fields for the 5 clusters
received in the winter were compared on the
basis of the used grid values. In order to decide
whether the mean sea level pressure fields of the
5 clusters in the winter differ significantly from
each other in the period examined, the Xz—test
was applied. The O-hypothesis means that there
is no significant difference between the mean sea
level pressure fields of the clusters compared. On
the basis of our computations, probability of the
O-hypothesis in the winter months between the
sea level pressure fields of clusters 1-2 and 3—4
is 1. Namely, in these cases the mean cluster

»

»

Fig. 2. Mean sea-level pressure fields for each air mass type (cluster), and monthly variation of the number of days, North-
Atlantic — European region, winter months (December, January and February)
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Table 4. x*-test, independence analysis of the average sea-
level pressure fields for the five clusters derived for the
winter months (December, January and February), probabil-
ity of the 0-hypothesis

Cluster 1 2 3 4 5
1 - 1.0000 0.0000 0.0000 0.0000
2 - 0.0000 0.0000 0.0000
3 - 1.0000 0.0000
4 - 0.0000
5 _

fields mentioned can not be considered indepen-
dent. On the other hand, the probability of the
0-hypothesis for all the other cluster pairs is 0;
namely, the mean cluster fields compared are
considered to be independent (Table 4).

The five air mass types and the corresponding
pressure patterns with the associated pollution
levels are described as follows.

Cluster I: This can be named ‘“‘anticyclone over
the Carpathian Basin™. This pressure pattern is
characterized by a high pressure system over
Central Europe. This air mass type accounts for
12.5% of the total number of days and is asso-
ciated with the following weather characteristics
in Szeged: high amounts of irradiance (mean
value =5.4MJm~?), the lowest values of tem-
perature parameters (mean daily as well as max-
imum and minimum temperatures), the lowest
values of humidity parameters (water vapour
pressure, saturation vapour pressure, potential
evaporation and dew point temperature) and
very low wind speed (0.3ms™!). During such
weather conditions primary pollutants (CO,
NO,, SO, and TSP, except NO) are highly con-
centrated in the city, as a consequence of poor
ventilation and temperature inversions formed
during the night (Horvath et al, 2002). Under
the prevalence of this air mass type, in accor-
dance with the low cloudiness, concentration of
the secondary pollutants (O3 and O3 ,,4) is rela-
tively high (Fig. 2; Table 3).

Cluster 2: This type is named ‘‘anticyclone over
the Mediterranean’. This cluster contains 30.0%
of the total number of days and represents the
most frequent situation. This pressure pattern
forms an anticyclonic ridge over the Carpathian
Basin with calm or weak breezes. Cloudy condi-
tions, on average higher temperatures due to less

nocturnal cooling are characteristic during this
air mass type. The temperature parameters are
significantly higher during this air mass type,
compared to those in Cluster 1. The ozone levels
are lower because of the higher cloudiness. The
reason of the lower concentration in primary pol-
lutants might be the higher wind speed (Fig. 2;
Table 3).

Cluster 3: Anticyclone stretches out from the
region of the Azores. This situation is only char-
acteristic in February. During prevalence of this
type an anticyclone can reach Central and even
Eastern Europe resulting in calm, sunny weather.
This situation causes high temperatures and high
winds. Lower concentrations of CO, SO, and
TSP in this cluster compared to those in Cluster 1
can be explained with the highest average wind
speed in Cluster 3. Since average concentrations
of NO in Clusters I and 3 are the same, higher
enrichment of the ozone in Cluster 3 relating to
that in Cluster I can be explained with the lower
cloudiness (This is only true if advection is
neglected.) (Fig. 2; Table 3).

Cluster 4: Anticyclone over Southern Europe and
North Africa. This cluster does not differ signifi-
cantly from Cluster 3. Here, the high-pressure
system from SW Europe extends over the East-
ern part of the Mediterranean. Because of the
very low wind speeds, concentrations of primary
pollutants (except SO,) are extremely high
(CO=0.93mgm—3; NO=44.0pgm3; NO, =
472pugm3; TSP=61.4ugm=3). At the same
time, irradiance is also high. However, concen-
tration of ozone is not high due to the highest
levels of NO, implying the lowest levels of
NO,/NO, which inhibit the formation of O3 via
the destruction process: NO + O3 — NO, + O,
(Fig. 2; Table 3).

Cluster 5: Intense zonal current over Europe.
This air mass type amounts to 20.1% of the
total number of days and is mostly frequent in
December. During this situation strong winds
are observed at Szeged. The pressure pattern cor-
responds to a zonal current over the Carpathian
Basin, which involves fairly low levels of the pri-
mary pollutants especially those of SO, and TSP
with their lowest concentrations. On the other
hand, the highest cloudiness (I=2.7MJ m~2, as
in Cluster 2) with a medium level of NO results
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Table 5a. ANOVA statistics for inter — air mass comparison of pollutant concentrations in the winter months (December,

January and February)

CcO NO NO, NO,/NO 0O; O3 max SO, TSP
Mean square 1516531.41 8183.16 2361.19 305.70 2057.77 6255.12 332.56 4971.82
between groups
Mean square 137957.12 585.10 257.83 212.15 186.97 464.40 65.23 534.98
within groups
F-Ratio 10.99 13.99 9.16 1.44 11.01 13.47 5.10 9.29
Level 99 99 99 78 99 99 99 99

of significance, %

Table Sb. Air mass type — pollution difference matrix. Each matrix cell represents the comparison between two air mass types.
Pollutants appearing in the matrix cells indicate significant inter — air mass difference in concentrations according to Tukey’s
significant difference test (light-faced characters: 95% of significance, bold characters: 99% of significance), winter months

(December, January and February)

1

2 Oamax
NO. SO.
TSP 2
Cco co
3 oSmax
SO, |NO:
TSP O; 3
co
4 NO NO No 03max
SO, |NO;
TSP O; TSP 4
co
5 OSmax Oamax NO
SO, NO,
O; TSP 0s TSP

in the lowest concentration of the ozone param-
eters (03=202pgm™3; O3pa =39.0pgm™)
(Fig. 2; Table 3).

In order to determine the influence of air mass
type on pollutant levels, analyses of variance
(ANOVA) were performed on the pollutant
parameters. The results are shown in Table Sa.
It can be observed that, with the exception
of NO,/NO, all pollutants present significant
inter — air mass type differences in mean con-
centration values at the 99% probability level.
Considering that differences are found among
the mean pollutant levels, Tukey’s tests were
applied in order to receive a pairwise multiple
assessment of the differences. The statistically
significant differences are shown in Table 5b
at the 95% and 99% probability levels, respec-

tively. It can be seen that the pairs of air mass
types (clusters) 3—4 differ significantly for five
pollutants, while the types 1-2, 1-5 and 2-3
differ substantially for four pollutants. Gener-
ally, clusters 3—4 can be considered to be the
most different, since levels of most pollutant
pairs show substantial difference between them.
This can mainly be explained by the fact that
these two types show nearly the highest differ-
ence in wind speed. On the other hand, Cluster 2
seems to be an intermediate cluster with respect
to pollution, since it shows fewer pairwise dif-
ferences than the others. An exception to this is
NO, with 3 out of 4 pairs of Cluster 2 being
different. The pairwise multiple comparisons be-
tween Clusters 2 and 5 did not detect significant
difference in any pollutant.
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5.2 Summer months

The application of factor analysis to the time
series of the meteorological parameters resulted
in 4 main factors explaining 84.36% of the total
variance (Table 6). Table 7 shows factor loadings
of the summer months after orthogonal rotation.

Factor 1, with 47.35% of the total variance
(Table 6), includes the same parameters as in
the winter case. These are temperature (mean,
maximum and minimum temperatures) and hu-
midity variables (saturation vapour pressure, water
vapour pressure and dew point temperature).
They have the same positive sign, which denotes
that higher (lower) temperature values involve
higher (lower) values of the humidity parameters.

Table 6. Initial eigenvalues and cumulative variances,
summer months (June, July and August)

Component Initial eigenvalues
Total Relative Cumulative
variance variance, % variance, %
1 5.68 47.35 47.35
2 2.39 19.94 67.29
3 1.06 8.86 76.15
4 0.99 8.22 84.36
5 0.89 7.38 91.74
6 0.59 4.92 96.65
7 0.37 3.07 99.72
8 0.02 0.17 99.89
9 0.01 0.10 99.99
10 0.00 0.01 100.00
11 0.00 0.00 100.00
12 0.00 0.00 100.00

While this factor was classified in the same way
as in the winter months, the remaining factors
have high loadings with completely different
meteorological variables from their winter ver-
sions (Table 7).

Factor 2 (19.44% of the total variance; Table 6)
comprises irradiance and potential evaporation,
both with positive sign and relative humidity
with negative sign. Increasing irradiance involves
an increase in potential evaporation and a parallel
decrease of relative humidity (Table 7).

Factor 3 (8.86% of the total variance; Table 6)
consists of only atmospheric pressure (Table 7).
Factor 4 (8.22% of the total variance; Table 6) is
slightly weaker than Factor 3 and contains only
wind speed (Table 7).

In the following, cluster analysis was applied
to the four-factor score time series. The analysis
revealed ten clusters of days (air mass types),
each with at least 3.7% of the total number of
days. The summer season is characterized by a
greater number of air mass types compared to the
winter period. During the whole summer only two
main pressure systems influence the Carpathian
Basin: the Icelandic low from NW Europe and the
subtropical high from the region of the Azores.
Hence, the differences among these dominant
types, considering both the mean values of the
parameters and the spatial pressure distribution,
are rather small. The ten air mass types (clusters)
with mean values of both meteorological and air
pollution parameters are shown in Table 8.

Basic statistical parameters of the pollutants
are calculated for the summer months. Variation

Table 7. Factor loadings for the summer months (June, July and August). Values higher than |0.60| are only presented

Meteorological parameters Factor 1 Factor 2 Factor 3 Factor 4
Mean temperature, Tpcan 0.88

Maximum temperature, Tp.x 0.75

Minimum temperature, Ty, 0.82

Daily temperature range, AT = Tax — Tinin

Wind speed, WS 0.98
Relative humidity, RH —-0.94

Irradiance, 1 0.71

Saturation vapor pressure, E 0.87

Water vapor pressure, VP 0.95

Potential evaporation, PE 0.80

Dew point temperature, Ty 0.95

Atmospheric pressure, P 0.92

Values higher than |0.10] are statistically significant at the 95% level; however, Table 7 shows only those exceeding |0.60|. This
means that at least 36% of the total variance of a parameter can be explained by a single factor
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coefficients for Oz and O5,,x decreased substan-
tially compared to their values in the winter
months. The difference of |median — average| for
NO,/NO is found beyond the interquartile half
extent in clusters 2, 3, 4, 5, 7 and 9. Furthermore,
the averages for TSP and SO, are also detected
beyond this interval in Cluster 9. This indicates
that distribution functions of the pollutant con-
centrations in the clusters mentioned above are
distorted; namely, the means of the samples are
not representative of the data sets.

The mean sea-level pressure distribution over
the North Atlantic — European region and the
variation of the number of days within the sum-
mer season are presented in Fig. 3a, b.

In order to decide whether the mean sea-level
pressure fields of the 10 clusters in the summer
differ significantly from each other, the y’-test
was applied. According to our results, only the
mean sea-level pressure fields of clusters 5-9 can
be considered independent. For all the other clus-
ter pairs independence is not realized (Table 9).

The pressure patterns and the corresponding
pollution levels in Szeged are discussed below.

Cluster I: Comprises 6.1% of the total number of
days. It is characterized by a high pressure system
extending over Europe except Scandinavia and
includes the Carpathian Basin. At the same time
the thermal low of SW Asia is also developed.
In this situation, air temperature is the lowest of
all the ten clusters. The reason is that most of
these days belong to June. Therefore, the primary
(CO, NO, NO,, NO, vs NO and TSP except SO,)
and the secondary pollutants (O5; and O3 ,,,x) have
the lowest concentrations (Fig. 3a; Table 8).

Cluster 2: Early summer. In this weather type
(8.7% of the total number of days) the above
pressure pattern is less characteristic, since both
the high and the low pressures weaken. Wind
speed is the lowest of the all clusters. The con-
centration of pollutants increases, apart from
SO,, while the levels of NO reach highest values
(Fig. 3a; Table 8).

Cluster 3: Typical summer, with 12.6% of the
total number of days. Values of the meteorologi-
cal elements represent a typical summer day in

Szeged. During this type the high pressure sys-
tem from Azores slightly withdraws, while the
thermal low of SW Asia develops comparing to
the pressure pattern in Cluster 2. During this air
mass type, the level of CO increases, while the
concentration of SO, falls (Fig. 3a; Table 8).

Cluster 4: This 1s the most frequent type with
16.5% of the total number of days and is char-
acteristic of each summer month. Its pressure
pattern is very similar to that of Cluster 3. The
only basic difference is that the extensive low
pressure system in Northern Europe is absent in
this cluster. The levels of CO decrease, while a
substantial decrease in cloudiness causes a slight
increase in Os concentration. (NO levels prac-
tically do not change compared to those in
Cluster 3.) (Fig. 3a; Table 8). The fact that a
substantial decrease in cloudiness causes only a
slight increase in Oz concentration, might be
explained by the change of transport processes.
Namely, a decrease in cloudiness might be the
result of change in circulation, which transports
less ozone over Szeged. On the other hand, the
smaller ozone concentration is only partly com-
pensated by the photochemical processes acceler-
ated by increased irradiance. Long-range transport
can also influence the local ozone concentration
and, in this way, the rate of local ozone formation
depending little on local irradiance.

Cluster 5: Typical early summer with the lowest
value of the total number of days (3.7%). The high
pressure system from Azores develops and extends
over Eastern Europe avoiding the Carpathian
Basin and, at the same time, a low pressure centre
deepens over the North Atlantic. The daily tem-
perature range is high, with cloudy conditions and
moderate winds. There are not substantial differ-
ences in the concentration of pollutants compared
to those of Cluster 4 (Fig. 3a; Table 8).

Cluster 6: Typical late summer (10.0% of the
total number of days). The high pressure system
from Azores extends over Eastern Europe and in-
cludes the Carpathian Basin. There are no weather
fronts in Northern Europe. Irradiance is very high,
which involves high values of the temperature
variables. On the other hand, wind speed is

»

»

Fig. 3a, b. Mean sea-level pressure fields for each air mass type (cluster), and monthly variation of the number of days,
North-Atlantic — European region, summer months (June, July and August)
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Table 9. x’-test of the mean sea-level pressure fields for the ten clusters of the summer months (June, July and August),

probability of the O-hypothesis

Cluster 1 2 3 4 5 6 7 8 9 10
1 - 1.0000 1.0000 1.0000 1.0000 0.9998 1.0000 1.0000 1.0000 0.9806
2 - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
3 - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
4 - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
5 - 1.0000 1.0000 1.0000 0.0113 1.0000
6 - 1.0000 1.0000 1.0000 1.0000
7 - 1.0000 1.0000 1.0000
8 - 1.0000 1.0000
9 - 1.0000

10 -

low. Hence, primary pollutants are highly both the primary and the secondary pollutant

enriched. Though both irradiance and NO con-
centration (having opposite effect on the levels of
O3 and Ojzp,.,) are higher than in Cluster 5,
higher weight of irradiance is indicated by result-
ing in a slight increase of the secondary pollu-
tants (Fig. 3b; Table 8).

Cluster 7: This is the second most frequent type
with 15.6% of the total number of days. The high
pressure centre from Azores is not present and, at
the same time, a low pressure pattern deepens
over Northern Europe indicating a more charac-
teristic pressure system than that of Cluster 6.
However, both weather and pollutant levels prac-
tically do not change when compared to the for-
mer cluster (Fig. 3b; Table 8).

Cluster 8: This type occurs with the same fre-
quency in each summer month (10.2% of the total
number of days). The high pressure centre from
Azores strengthens and extends over central
Europe, while the low pressure pattern in North-
ern Europe is divided into two parts: the Icelandic
low and the Baltic low. The Carpathian Basin is
under the influence of the Baltic low. Hence,
cloudiness increases which involves a decrease
in the temperature parameters and wind speed
reaches its maximum of all clusters. This is why

levels are so low (Fig. 3b; Table 8).

Cluster 9: Consists of 11.1% of the total number
of days. The location of the high pressure centre
from Azores does not change, while Northern
and Eastern Europe is covered by an extremely
large and uniform low pressure pattern. The
Carpathian Basin lies at the edge of the high
pressure system. As the weather situation between
Clusters 8 and 9 is extremely similar, there are
only minor differences in the meteorological pa-
rameters. Hence, no significant differences occur
in levels of the pollutants (Fig. 3b; Table 8).

Cluster 10: Typical and late summer with 5.4%
of the total number of days. The high pressure
centre from the Azores weakens and gradually
disappears. On the other hand, the low pressure
pattern over Ukraine and Romania, presented in
Cluster 9, disappears and a small high pressure
centre forms in its place, whilst an extended low
pressure centre develops over Northern Europe.
The Carpathian Basin lies between the two high
pressure centres ensuring undisturbed irradiance
with very high temperatures and fairly moderate
winds. This air mass type results in the highest
levels of both primary and secondary pollutants,
except SO, (Fig. 3b; Table 8).

Table 10a. ANOVA statistics for inter — air mass comparison of pollutant concentrations in the summer months (June, July and

August)

CcO NO NO, NO,/NO O3 O3 max SO, TSP
Mean square between groups ~ 332509.51 17427 117853  1873.59 146591  4555.88  26.59  2732.57
Mean square within groups 21776.86 37.17 125.86 942.20 253.81 69429 11.63 134.77
F-Ratio 15.27 4.69 9.36 1.99 5.78 6.56 2.28 20.28
Level of significance, % 99 99 96 99 99 98 99
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Similarly to the winter months, the signifi-
cance of inter — air mass type differences in pol-
lutant levels was determined by ANOVA. The
results are shown in Table 10a. Mean concentra-
tions of CO, NO, NO,, O3, O3 nax and TSP pres-
ent significant inter — air mass type differences
at the 99% probability level, while SO, at the
98% and NO,/NO at the 96% levels, respec-
tively. Performing the pairwise comparisons
(Tukey’s significant difference tests), the statisti-
cally significant differences are shown in Table
10b at the 95% and 99% probability levels,
respectively. There are no two air mass types
for which inter — air mass type differences in
concentrations of all the eight pollutants consid-
ered are significant. The highest inter — air mass
type difference is indicated by five pollutants for
the following comparisons: types 1-10, 6-8, 8—
10 and 9-10. Air mass types 1-8, 1-9,2-3,2-4,
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2-5,3-4,3-5,4-5, 5-6, 5-7, 5-9, 67 and 8-9
are the most similar, considering that no signifi-
cant differences in levels of any pollutants can be
detected between them. The pairwise multiple
comparisons indicated significant differences in
concentrations of at least four pollutants for the
following cluster pairs: types 1-6 (CO, NO,,
O3 max and TSP); types 1-10 (CO, NO,, Os,
O3 max, and TSP); types 2—10 (CO, O3, O3 max
and TSP); types 3—6 (NO,, O3, SO, and TSP);
types 3—10 (CO, O3, O3 max and TSP); types 4—6
(CO, NO3,, O3 ax and TSP); types 4—10 (CO, Os,
Oz max and TSP); types 6-8 (CO, NO, NO,,
O3 max, and TSP); types 6-9 (CO, NO, NO, and
TSP); types 8—10 (CO, NO,, O3, O3 ax and TSP)
and types 9—-10 (CO, NO,, O3, O3 .« and TSP).
In general, air mass type 6 and type 10 differ
mostly from the others, since the pairwise multi-
ple comparisons detected significant differences

Table 10b. Air mass type — pollution difference matrix. Each matrix cell represents the comparison between two air mass types.
Pollutants appearing in the matrix cells indicate significant inter — air mass difference in concentrations according to Tukey’s
honestly significant difference test (light-faced characters: 95% of significance, bold characters: 99% of significance), summer

months (June, July and August)

1

CO
2 NO,
TSP 2
co
3
TSP 3
CO
4
TSP 4
> TSP
co Cco
6 oamax OSmax
NO, NO, SO, | NO;
TSP TSP O; TSP TSP
co co
7
TSP TSP TSP TSP 7
Cco co CO co co
8 NO NO  Oamax
NO; NO: NO: NO. NO, NO,
TSP TSP TSP
co co CO NOwsNO co CO NOwsNO
9 NO NO
N02 NOZ
TSP TSP
co CO CO co CO co co
10 oamax 03max oamax o3max Oamax OSmax 03max
N02 N02 N02
(o TSP O; TSP O; TSP O; TSP O; TSP | O [0 O; TSP 0O; TSP
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for them in levels of the most pollutants. The
reason for this might be the fact that these two
types show a considerable difference in wind
speed. At the same time, type 5 seems to be an
intermediate cluster, since it shows fewer pair-
wise differences than the others.

6. Discussion

In order to assess the effect of different air mass
types on air pollutant levels in Szeged, objective
multivariate statistical methods were applied to
meteorological and air pollution data. By defin-
ing objective pressure patterns over the North-
Atlantic — European region, air mass types dom-
inating the Carpathian Basin were determined.
The procedure itself has been applied in the
literature (Sindosi et al, 2003); however, this is
a new approach for classifying air mass types
in the region examined, since for Hungary only
the subjective categorization of the prevailing
pressure patterns made by Péczely (1957, 1983)
is known. The basis of his classification is the
same as with the objective categorization: daily
sea-level pressure fields measured at 00 UTC.
Péczely determined 13 large-scale weather sit-
uations for the Carpathian Basin. As regards
the winter months, four groups of the Péczely’s
macrotypes are characteristic over the Carpathian
Basin: (1) types connected with southerly cur-
rents, (2) an anticyclone extending from the west,
(3) an anticyclone in the north from Hungary and
(4) an anticyclone over the Carpathian Basin.
These weather types account for more than 70%
of the total number of days in this season. On the
other hand, the five objective clusters detected in
this paper for winter are basically characterized
by zonal currents (87.5% of the total number of
days). In more detail they are as follows: an an-
ticyclone south of Hungary (Clusters 2 and 4), an
anticyclone extending from the west (Cluster 3)
and a zonal cyclonic type (Cluster 5). These
types are completed with an anticyclonic cluster
over the Carpathian Basin (Cluster 1) (12.5% of
the total number of days). Concerning the sum-
mer months, four Péczely types are emphasized:
(1) Hungary lies in the rear part of an East-
European cyclone, (2) an anticyclone extending
from the west, (3) an anticyclone north of
Hungary and (4) an anticyclonic type over the
Carpathian Basin. These air mass types comprise

a total of more than 60% of the total number of
days. At the same time, the ten objective clusters
for summer are determined mainly by the follow-
ing groups: an anticyclone extending from the
west (Clusters 2—-5, 7—9) (zonal currents), an an-
ticyclone over the Carpathian Basin (Clusters 1
and 6) and an anticyclone east of Hungary (Clus-
ter 10) (meridional currents). Predominance of
the anticyclonic and anticyclonic ridge situations
in the summer is very clear both in the Péczely
types and in the objective clusters, too.

The air mass types determined for the winter
and summer months were also related to levels of
air pollutants in Szeged downtown. Relation of
the objectively determined air mass types and air
quality of Szeged detected that pollution levels
can be connected to different pressure patterns
ruling the region examined. Hence, with knowl-
edge based on weather forecasts, expected pollu-
tion levels can be indicated, which contributes to
the abatement of severe air pollution episodes.
However, it has to be underlined that atmospheric
circulation is not the only factor controlling the
air pollution in Szeged. The revealed pressure
patterns can only influence the concentration of
the pollutants, which in their vast majority are of
human origin. Thus, for a precise air pollution
forecast, apart from a good weather forecast, a
good knowledge of human activities is necessary.
For example, days with traffic peaks, days of
vacation or holidays must also be considered
before certain restrictions on the emissions are
imposed. Finally, another factor, which cannot
be ignored either, is weather persistence. It must
be kept in mind that the presence of pressure
patterns favouring high concentrations of pollut-
ants for a long period of time may cause even
worse air quality conditions.

7. Conclusions

The paper analyzed the levels of air pollutants in
Szeged recorded under characteristic sea level
pressure patterns over the Carpathian Basin. Spe-
cific air mass types given by the pressure patterns
for both the winter and summer months were
found to play a significant role in the concentra-
tion of pollutants in downtown Szeged. Results
for the winter months revealed that primary pol-
lutants appear in higher concentration when both
cloudiness and wind speed are low (air mass
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types 1 and 4; Fig. 2, Table 3). This is the case
when an anticyclone is found over the Carpathian
Basin (Cluster 1) and when an anticyclone rules
the region south of Hungary influencing the
weather of the country (Cluster 4). Low concen-
trations of primary pollutants are detected when
Hungary lies under the influence of zonal cur-
rents (wind speed is the highest) (Cluster 3, a
transitional type and Cluster 5). Pressure patterns
in the summer months are not as easily grouped
into clusters as those in the winter, concerning
the variability of the pressure fields and the mag-
nitude of the gradients. This is mainly due to the
predominance of the anticyclonic conditions and
anticyclonic ridge types. Due to low cloudiness
and very low NO concentrations, rather high
levels of secondary pollutants are observed. It
is to be noted that O3 records exhibit about dou-
ble concentrations than in the winter months.

Prediction of air mass types favours to prevent
the development of extreme concentrations.
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