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Abstract

In this paper, an attempt is made to characterize PM,, imission field in the area of Warszawa with regard
to PM content of the metals As, Cd, and Ni. Particulate matter concentration measurements were performed
within this agglomeration with the use of many measuring methods, different not only in respect of the sam-
pler operation rules, but also of the accuracy, sampling frequency, and separation of the particulate matter frac-
tions. Since 1 October 2003, Warszawa agglomeration has had an extended measurement network consisting
of'4 automatic stations and 7 manual ones. This paper attempts to estimate the influence of the prevailing mete-
orological conditions on PM,, imission and also to determine those parameter groups that enable the best
description of monthly and seasonal variability of particulate matter. The data considered in this paper were
collected in 2004-08.

Based on the performed analysis, it could be concluded that air quality in the area of Warszawa agglom-
eration is still unsatisfactory. The main cause of high PM concentration in Warszawa is the dynamic develop-
ment of vehicular traffic and ever-increasing number of cars; both factors cause the PM concentration to be
several times higher. The second important source of particulate matter in the Warszawa area is so-called “low
emission] occurring in the heating season, generated mainly by the processes of combustion in the commu-
nal and housing sectors. In 2004-08 the meteorological conditions prevailed 22.4% to 76.2% of the decadal
variability of PM concentration in the individual months and 9.5% to 56.8% of seasonal variability. The most
significant influence of the meteorological conditions was during the winter, especially in January. The regres-
sion analysis has found evidence for statistically vital relationships of PM;, concentration and meteorological
parameters, especially maximum air temperature, wind speed, and precipitation.

Research on the chemical composition of PMs presented in this paper confirms that the target values of
arsenic, cadmium, and nickel concentration in PM,, determined by Directive 2004/107/WE, were not exceed-
ed at the network stations in 2006-08 and the recorded concentration of these heavy metals were low.
Analyzing the tendency of air quality changes for the last five years in the area of Warszawa, it was found that
there was danger of not complying with the requirements set by the European Union. The time limit by which
the member countries have to adjust the PM,, concentration limits in their territories to the EU norms is June
2011.
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Introduction

Long-term research has proved that there are such quan-
tities of many substances in the air that can threaten human
health or even life [1]. Moreover, these substances are
harmful to animals and plants, and they are also considered
to evoke climatic changes on Earth. They have been speci-
fied by council directives 96/62 WE, 1999/30/WE, and
2008/50/WE. The most dangerous substances include
ozone, particulate matter, PM,,, and especially PM, 5.

In Poland, as well as in many European countries, partic-
ulate matter pollution occurs mostly in bigger agglomera-
tions. In recent decades high PM emissions in large cities of
Poland was caused by industry, while emissions by vehicles
were low due to little traffic congestion. At present, the situ-
ation is the opposite as higher PM emission takes place due
to the significant increase of vehicular transport, while indus-
trial emission is low because of the installation of air purifi-
cation systems in factories. In many cities, however, the
occurrence of particulate matter is determined by low emis-
sion, particularly coming from fossil fuel combustion in
households and local power and heat generating plants.
Additionally, the big traffic load in main roads causes a sig-
nificant increase of particulate matter concentration, which is
a dangerous situation for the health of the city center inhabi-
tants. This problem concerns many cities in every voivode-
ship of Poland, especially the biggest Polish agglomerations
of Krakéw, £.odz, Bydgoszcz, etc., including the Warszawa
agglomeration, which takes the leading position with respect
to the highest mean yearly PM,, concentration. The reason
for this situation is the structure of fuel utilization, which has
not changed much in Poland recently. Hard coal is still the
basic energy source in Poland, and its share of national pri-
mary energy consumption is about 50%, while brown coal
has a share of 14%. The disadvantageous coal-based struc-
ture of fuel utilization is the basic cause for high emissions of
fine particulate matter and others [2]. In consequence, it cre-
ates the need for the implementation of high-cost air quality
conservation programs aimed at reducting the threat to
human health in many areas of Poland.

The research that has been carried out for the last years
in many countries has proved that contemporary particulate
matter pollution is still related to increases of disease and
death rates, despite the registered decrease of PM concen-
tration [3-7]. Epidemiological research, in particular, has
found evidence for the relationship of particulate matter
with lungs dysfunction, increased frequency of respiratory
disease symptoms, and increases in morbidity and mortali-
ty. This relationship has been found already for PM con-
centration levels currently occurring in many urbanized
areas [8-12].

The most important factor that directly influences
volatile properties, density, reactivity, and toxicity of
atmospheric aerosol is its chemical composition, which
also determines the degree of its impact on the human
organism [13]. From the point of view of human impact, the
composition of fine aerosol molecules-PM, 5 is essential,
because at first these molecules penetrate into lungs and

bronchial tubes [14], and secondly it is exactly PM, 5 that
includes most chemical compounds, including trace ele-
ments and heavy metals [15, 16].

The harmfulness of atmospheric air pollutants depends
not only on pollutant emission rates, but also on prevailing
meteorological conditions. Meteorological parameters,
which most significantly influence particulate matter con-
centration, are wind direction and speed, air relative humid-
ity and precipitation, air temperature and solar radiation
rates [17-24].

In this paper an attempt is made to characterize PM,,
imission field in the area of Warszawa with regard to PM
chemical composition. Particulate matter concentration
measurements were performed within this agglomeration
with the use of many measurement methods, different not
only in respect to the sampler operation rules, but also of
the accuracy, sampling frequency and separation of the par-
ticulate matter fractions. Since 1 October 2003, Warszawa
agglomeration has an extended measurement network con-
sisting of 4 automatic stations and 7 manual ones. This
paper is also an attempt to estimate the influence of main
meteorological parameters on PM,, imission and also to
determine those parameter groups that enable the best
description of monthly and seasonal variability of particu-
late matter.

Material and Methods

Warszawa is located within two wide morphological
units: the Warszawa Plain and the Wista Valley. It is the
largest city in Poland, with a population of about 1.7 mil-
lion and an area of 517.24 km®.

The most vital element of Warszawa’s natural environ-
ment is the Wista River, which serves as an ecological cor-
ridor of international importance.

Warszawa is situated in a moderately warm, transition-
al climate zone. Mean annual air temperature is 8.2°C.
Mean annual precipitation ranges from 550 mm to 650 mm.
In Warszawa, the influence of the large agglomeration on
the climate becomes visible in the form of the urban heat
island [25]. It is demonstrated by higher air temperatures in
the city centre as well as higher precipitation, and by a
lower wind speed. Moreover, the urban heat island is asso-
ciated with high air pollution, which increases cloudiness
and diminishes air transparency, resulting in the decline of
direct solar radiation and, at the same time, increasing scat-
tered radiation.

Measurements used for PM dynamics analysis were
collected from all 11 existing air quality monitoring stations
that register PM,, imission in the area of the city of
Warszawa:

MzWarszSGGW,
MzWarszBernWoda,
MzWarszZeganWSSE,
MzWarszBorKomWSSE,
MzWarszKrucza,
MzWarszZelazWSSE,
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MzWarszAKrzWSSE,
MzWarszUrsynow,
MzWarszNiepodlKom,
MzWarszBielany,
MzWarszTarKondra,

and from four stations located outside the city limits:

MzLegionZegIMG,
MzPiastowPulask,
MzOtwockBrzozWSSE,

MzPiaseczDworWSSE.

The measurement methods used to determine the PM,,
concentration are reference ones that comply with the norm
EN12341, and are adequate to the demand included in the
ordinance of the Ministry of the Environment concerning
the estimation of substance levels in the air (Ordinance of
the Ministry of Environment, 3 March 2008).

This paper also presents results of the analysis for
arsenic, cadmium and nickel compounds contained in
PM,,. This analysis was based on the results of the mea-
surements executed at permanent monitoring points.
Arsenic, cadmium, and nickel concentrations were deter-
mined using a reference method that includes manual sam-
pling of particulate matter followed by sample mineraliza-
tion and sample analysis by absorption atomic spectrome-
try with inductively activated plasma. The determined
heavy metal concentrations were compared with their target
values established by the Directive 2004/107/WE of the
European Parliament and Council on 15" December 2004.
The data were made available by the Voivodship
Inspectorate of Environmental Protection in Warszawa,
which functions within the framework of State
Environmental Monitoring. The data considered in this
paper were from 2004-08.

Meteorological conditions are represented as decade
values of solar radiation; minimum, mean, and maximum
air temperature; wind speed; air relative humidity; and pre-
cipitation rates. All parameter values were collected at the
meteorological station of the Department of Meteorology
and Climatology of WULS.

The influence of meteorological conditions on PM,,
concentration was determined through applying regression
analysis at confidence levels equal to 0=0.05 and ¢=0.01
for individual months, and separately for the seasons of the
year, where all correlated variables were decade values of
meteorological parameters (average for a decade or sums
for a decade).

Results
Descriptive Statistics

Mean annual and seasonal PM,, concentration values
calculated for the monitoring stations considered in this
paper for 2004-08 are shown in Tables 1 a-c. These tables
also show minimum and maximum concentration values,
number of values that exceed the allowable limits, and their
relative differentiation. Mean yearly and daily concentra-
tions of PM were compared to allowable limits published

by the Ministry of the Environment and adjusted to
European standards. The current allowable limit for mean
annual PM concentration in Poland is equal to D,=40 pg-m
?, and for mean daily concentration D,,=50 pg-m? with an
acceptable frequency of exceedance not higher than 35
days per year at random. Mean yearly PM,, concentration
in the study area ranged from 20.4 pgm to 43.6 pg'm?,
except for MzWarszNiepodlKom(9) station. Mean yearly
PM,, concentration at the ‘“heavy traffic” station
(MzWarszNiepodlKom, located in the direct centre of
Warszawa) was much higher and ranged from 47.1 ugm® to
58.7 pgm®. Comparing the recorded concentration values
with allowable for mean yearly concentration limits, it can be
concluded that in 2004 at almost 40% of the measurement
locations (6 out of 15), the mean yearly concentration was
over 80% of Da value (in 2005 it amounted to 73% of D,, in
2006 it reached 86% of D,, 33% in 2007, and 35% in 2008).
The exceedance of the allowable limit of D,=40 ug-m* was
recorded in 2004 only at the “heavy traffic” station —
MzWarszNiepodlKom. In 2005 the exceedance of D, value
took place at four stations (MzWarszNiepodlKom,
MzWarszSGGW, MzWarszKrucza, and MzWarszBielany),
whereas in 2006 it occurred at 3 stations
(MzWarszNiepodlKom, MzWarszKrucza, and MzWarsz
Bielany). In 2007 and 2008, similarly to 2004, the
exceedance of D, was recorded at the MzWarszNiepodlKom
station only.

The lowest yearly PM,, concentration in the study period
occurred at MzWarszBernWoda and MzLegionZegrzIMGW
stations.

Tables 1 a-c indicate that the allowable limits for the
mean yearly concentration was exceeded at the stations locat-
ed in the city centre, close to the main roads and in the dense-
ly populated districts of Warszawa. The further from the city
centre, the lower the yearly concentration, so the allowable
limit was not exceeded. The number of daily allowable limit
exceedance was also smaller. Mean yearly concentrations
reached the highest value at MzWarszNiepodlKom station
for all analyzed years.

At all stations in the research period, exceedance of the
daily PM,, concentrations occurred. The number of
exceedance of the daily allowable limit ranged from 3 to
211 days at the considered stations, while this limit cannot
be exceeded by 35 days in a year.

In 2004-08 the highest PM,, concentration at most of
the monitoring stations was recorded in the cold season
(covering the heating season). In this period, except for the
increased PM emission from both: the sources of energetic
fuel combustion and low emission sources, there occur
meteorological conditions causing high PM,, concentration
in the down-to-earth layer of the atmosphere. Such a situa-
tion was present in January 2006 when in the whole
research area there was one of the most serious and long-
lasting episodes of high PM concentration. The cause for
this episode was the synoptic situation, demonstrated by the
stagnation of cold air mass, related with high pressure over
Central Europe. Very low air temperatures in this episode



Majewski G., et al.

420

9°¢ o | ¢or | 0T 4 S6 | 6LI | 61 | ¥C 8¢ | ¥El | 86T | 1'CC | 06l TL | TLL | €ST | L'TT | OLI §9 | €0C | 8CC | 6L1 | 96l | HIA

€€l 9¢l €61 8v1 e ¥C [44 ss LS 09 € Ly 99 0l 81 0¢ Ly 4% 9¢ 49 09 Y0l LOT 8Y A

6°0ST | L8CI | #'09C | I'STI | €°6L1 | €€l | ¥'16 | 0TIE | 9COT | #9ST | 0°€9 | 09CC | 0°OCI | Ov6 | 068 | 0901 | OCTLE | 068 | O'8CI | 6891 | S'SET | 0°68C | 0°C9L | 0PI | IA

91 | 6%1 | ¥¥1 | 8Tl | 191 I'L VL 69 €9 €9 0cC 0L 0L 0°¢ 0L 09 08 | OTI 06 €L €L Le 0L I's A

Lyy | OLy | LTS | LTS | 19§ | TST | ¥'0C | T'I€ | 0CE | ¥'€€ | I'ST | 9°6C | €¥C | L'6] | €YC | STC | T8C | 1'6C | 1'9C | L'6T | TLC | L'EE | €¥E | 0SC | Al

00S | TLY | L'Y9 | 906 | €8S | §0€ | €6C | 6'1¥ | 9€€ | §LE | 861 | €LV | 08E | 0°6C | I'8C | 6'1€ | TLY | 89€ | 89¢ | 8¢ | O'I¥ | €S | To6¥ | I'LE | III

Viv | T'Ly | L'8S | 9IS | €LS | 8LT | T'LT | §9¢€ | 8CE | §S€ | TLL | €y | I'l€ | 6'€C | T9C | TLT | L'LE | 6CE | VIE | L'IE | TPE | 9¢Y | L'IY | O'I€ I

800C | LOOT | 900T | SOOCT | ¥00C | 800C | LOOT | 900C | SOOC | +00C | LOOT | 900C | SOOC | +00C | 800C | LOOT | 900C | SOOCT | ¥00CT | 800CT | LOOT | 900C | SOOCT | ¥00T I

(6) WO [podaINZSIEMZIN (8) MOUASINZSIBMZIN (LASSMZIVZSIeMZIN (9) ASSMZBIPZZSIEMZIN () ezonryzsIeMZIN

CIEICL

[9%] sreak-yrey
wiem pue p[od Udomiaq uonenudouod YA Jo uonenudIdiIp oAneaI — Mz ‘uosess uem ul [ w.3n] uonenusouod VA uesw — Ig ‘uoseass pjood ur [ w.3n] uonenuoouos VA uesw — £g :o10Uym

(%)7's = (%) s = (%) "z %001+ Nﬂ‘mx =(%)"S  %001" NWN‘WW =(%)"s
w8r ¢ = @ [ w-3n] uonenuoouod oqissiuiad aferoae Aqrep — q w81 g = °q {[ow-S1] uorrenuasuoos o[qrssiutiad oFeroae Ajreak — °q [ w-3r] uonenuaouos aferoae Arep — g
00C | €Tl I's 91 TyYe | 6L I'vC | OLI 89 Sl- L6 YL vy 101 08 L6 6l 8 8'8 | (%) “Z - uonenudlolIp oAneRY | 1A
81 L 0S 91 €C 91 8¢ 6L 94 0¢ ¥4 6¢ 4! 01 91 [44 0S 78 09 T <t toquunyN | A
0Lyl | OFCC | O'LIL | 006 | OCIT | 068 | 0'LEC | O°SST | O'8LT | 0°8CT | 0°COL | OF6C | 08L | 0601 | ¥'COI | 6°SIT | 80CE | 8'8ST | TOVI XeN S | IA
08 06 0C 0¥ 09 0¢ 08 08 (184 0¢ (184 0C 0c (184 6’1 61 0C 8L 6'¢ wN S| A
SLT | TvE | ¥ee | ¥'ST | €61 | ¥IT | ¥LT | ST | 8¥E | 6CE | OFVC | TST | 90T | 891 | LOCT | 1'€C | 08T | 98¢ | L'€E i('g)a8eroAe uoseas wrep | Al
€Iy | L'ey | 0LE | TI9C | 91€ | I'ST | 6% | 6'SY | 6'6C | 6'1€ | T6C | 8SE | §CC | 90C | €¥C | 08C | ¥y | &Sy | TOV {(*s) oBeroe uoseas pjo) | III
0€e | 68 | TSE | L'ST | 09T | L'ST | T9E | T6E | 9LE | €CE | 89C | S0 | 9'IC | ¥OCT | §CC | §ST | L¥E | T | 69¢ :oferoAe [enuuy | |
L00T | 900C | S00C | ¥#00C | 800CT | LOOT | 900C | SOOCT | +#00CT | 800C | LOOT | 900T | SOOCT | ¥00T | 800C | LOOT | 900C | SOOT | #00T Teax I
() wosI0gZSIEMZIN (€) ASSMBazzsIMZIN () epop uIRgZSIEMZI (1) MDDSZSTEMZIN

'80-700C Ul SUOIIRIS BOIB BMBZSIBAN dU} WO} SUONENUIOU0D YA ] JO sonsness aandLoso( "e] 9[qe],




Seasonal Variation of Particulate Matter Mass...

421

Table 1c.
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(Tin-26.0°C, T,,, -8.0°C) and low wind speed [25] con-
tributed to a significant increase of PM,, concentration.
Mean daily PM,, concentrations at analyzed stations ranged
from 135 pg-m* at MzWarszPiastPulask (station located in
the suburbs of the city) to 320.8 ug'm* at MzWarszZSGGW
station. Episodes that took place in January 2006 had a vital
influence on the number of exceedances of the daily allow-
able concentration limit (Tables 1 a-c). The number of
exceedances of the daily allowable limit (D,,=50 pugm?)
ranged from 39 at MzWarszBernWoda station to 193 at
MzWarszNiepodlKom station.

Since 2007 there has been noticeable improvement of
air quality. This improvement was manifested at most sta-
tions by a decrease of the number of days with daily allow-
able limit of exceedance. This situation can be explained
by an exceptionally mild winter. Mean air temperature in
the heating seasons of 2006/07 and 2007/08 was higher
than the mean multi-year temperature by 3.1°C and 1.2°C,
respectively [26]. This was the cause for lower consump-
tion of fuels than in the previous heating seasons and,
therefore, lower emission of pollutants related with ener-
gy-production. In consequence, the registered PM concen-
tration was lower in comparison to the previous seasons.
The number of days with exceedance of the daily allow-
able concentration limit decreased by about 50% on aver-
age at most of the analyzed stations.

At the stations located in the city centre, the relative dif-
ferentiation of PM concentration was smaller than at the
stations located farther from the city centre and especially
away from it. Nevertheless, at the “heavy-traffic” station,
located in the middle of the centre of Warszawa
(MzWarszNiepodlKom) there was in general no differenti-
ation of PM concentration between the warm and the cold
half-years, with Z,, values ranging from -2.04% to +10.2%,
and with considerable particulate matter content in the air
occurring there through the whole year (this station is situ-
ated in a zone with main avenues).

Epidemiological research has shown that an increase of
PM concentration by 10 pg'm?® may cause a several percent
(2-5%) increase of upper respiratory tract diseases [27];
then a 4 or 10 percent increase in this type of disease may
be expected among the inhabitants of Warszawa, who live
near large, heavy-traffic roads with big traffic congestion
(in comparison to people living in housing located far from
such roads) [28].

Spatial Distribution of Particulate Matter
Concentration in the Area of Warszawa

Spatial distribution of PM,, concentration values is pre-
sented in Fig. 1. This spatial distribution of PM, divided
into the warm and the cold half-years, shows that the con-
centration of PM,, is characterized by significant variation
during a year. This variation is related to the high input from
so-called “low emission” in the area of Warszawa agglom-
eration, generated mostly by processes of combustion in the
communal and housing sectors, and related to prevailing
climatic conditions.
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Fig. 1. Isolines of mean PM,, [ug'm?] concentration in the area of Warszawa agglomeration in 2004-08; 1,2..15 — station number

a) warm half-year b) cold half-year.

In the warm half-year the highest PM concentration
occurs in the centre of Warszawa at the western side of the
Wista River; however, moving farther from the city centre
to the city suburbs, the concentration decreases. In the cen-
tre of Warszawa, covered by the isolines of the highest con-
centration — over 40 ug'm>, though there is lack of indus-
trial emission sources, the most dangerous and highest pol-
lution comes from traffic (linear emission sources).

In the cold half-year there is much higher PM,, concen-
tration in the whole area of Warszawa. It is particularly vis-
ible in these districts where low emission from energetic fuel
combustion occurs. These districts have considerable prob-
lems with individual heating, and they include: Ursus and
fragments of Praga Péinoc, Praga Potudnie, and Targowek,
as well as on Wawer district due to the large number of sin-
gle houses. A linear (traffic-related) and a surface source of
emission from low emittors (local heat and power plants,
household stoves and fire places) occur in the above-men-
tioned city districts, where they combine with the emission
from energetic fuels combustion generated by the Warszawa
Heat and Power Plant Group: Vattenfall Heat Poland S.A. —
heat and power plant EC Siekierki, EC Zeran, Kaweczyn,
and Wola. When all the kinds of emission join together there
appear situations of exceedence of the allowable PM,, con-
centration limit. Such situations occur mainly in the cold
half-year, when there is higher emission of contaminants
from fuels combustion for heating purposes.

Meteorological Conditions — Statistical Analysis

The results of the analysis of regression between PM,,
concentration and selected meteorological parameters are
presented in Table 2. The results show statistically vital

relationships particularly between PM,, concentration and
maximum air temperature, wind speed, and precipitation.

The role of air temperature in the development of par-
ticulate matter is reflected well by extreme air tempera-
tures; however, in winter months, a better description of
the PM changes is provided by minimum air temperature,
while in spring and summer months maximum air temper-
ature is used. The increase of air temperature in the winter
period, which resulted in lower intensity of heat- generat-
ing processes, directly decreased PM imission; but in the
summer the increase of air temperature increased PM imis-
sion.

The mean air temperature in January and February had
a positive influence on air purity, while in June, July, and
August its influence was negative. The most significant
relationship between PM,, concentration and mean air tem-
perature was found in January both at MzWarszZSGGW and
MzWarszUrsynow stations, where the R* reached 0.71 and
0.73, respectively. The increase of maximum air tempera-
ture in January and February caused the decrease of PM
concentration but, on the other hand, this increase con-
tributed to the increase of PM imission in May, June, July,
and August, which is proved by statistical analysis. The
most significant relationship, similarly to mean air temper-
ature, was found for maximum temperature and PM con-
centration at both considered stations, with determination
coefficient values R* equal to 0.65 and 0.67. However, min-
imum air temperature had a positive impact on the decrease
of PM,, concentration in January and February. The most
significant relationship similar to the mean and maximum
temperatures, was found for minimum air temperature in
January at both considered stations, with R* equal to 0.74
and 0.76, respectively.
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Table 2. Coefficients of determination (R?) for the relationship between the linear relationship of particulate matter PM,, concentra-
tion and meteorological parameters.

Monthy/ . Meteorological elements
S Station
eason t tin tnax v P f C T
ok _ ok _ dok_ Hk
MzWarszSGGW (1) 071 | 074 | 065 0.38
January o ey ey *_ ok y *4
MzWarszUrsynow (8) 073 | 076 | 067 033 050 | 037
MzWarszZSGGW (1)
February *_ Hok_ *-
MzWarszUrsynow (8) 0.38 0.41 031
*_
MzWarszZSGGW (1) 0.30
March * * *
MzWarszUrsynow (8) 0 62) 0 3-5
MzWarszSGGW (1)
April
MzWarszUrsynow (8)
MzWarszSGGW (1) o o 5
zWarsz,
May 0.30 0.66 0.31
MzWarszUrsynow (8)
MzWarszSGGW (1)
June *y *
MzWarszUrsynow (8) 031 031
MzWarszZSGGW (1)
Jllly *4 ko sk _ k4 *
MzWarszUrsynow (8) 035 0.39 0.54 0.36 0.32
*y % %_ k|
MzWarszSGGW (1) 0333 | 029 0.27 0.60
August *% *
MzWarszUrsynow (8) 0 4-2 0 2-7
o *yp *_ *_ *4
MzWarszZSGGW (1) 027 0.34 0.29 0.28 0.27
September sy sk _ *_ ok ok p
MzWarszUrsynow (3) 0.44 0.44 0.36 0.44 0.52
*_
MzWarszZSGGW (1) 0.38
October **
MzWarszUrsynow (8) 0 5-2
*_ *_ 4
MzWarszSGGW (1) 0.33 0.29 0.37
November : * *
MzWarszUrsynow (8) 0 3- 5 0 ;2
MzWarszSGGW (1)
December
MzWarszUrsynow (8)
ko _ sk k%
MzWarszZSGGW (1) 0.52 0.55 0.47
Winter Py Hk_ wk_ *_ *k_ ke
MzWarszUrsynow (8) 053 | 057 | 046 | o011 | 022 0.15
dok_
MzWarszSGGW (1) 0.16
Spring * o *
MzWarszUrsynow (8) 0.13 021 0.15
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Table 2. Continued.

Month/ . Meteorological elements
S Station
eason t toin tmax v P f C T
*_ Hk_ *+
MzWarszZSGGW (1) 0.11 0.17 0.10
Summer — o —y o
MzWarszUrsynow (8) 0.15 020 037 0.16
*_ sk * 4
MzWarszZSGGW (1) 0.14 0.19 0.10
Autumn *y ok *_ *E *
MzWarszUrsynow (8) 0.10 0.26 0.13 0.22 +0.11

-/+ — negative/positive relationship
** _ significant at 0<0.01.
* — significant at 0<0.05.

t — mean air temperature (°C), t,,,, — maximum air temperature (°C), t

‘min

— minimum air temperature (°C), v — mean wind speed [m's'],

P — total precipitation [mm], f — relative air humidity (%), C — atmosheric pressure [hPa], T — solar radiation [W-m™?]

The correlation of PM,, concentration and precipitation
rate, at both considered stations, shows a positive role of
precipitation in purification of the atmosphere. Statistically
vital values of determination coefficients ranged from 0.27
in August to 0.52 in October at MzWarszUrsynow station,
and from 0.27 in August to 0.38 in October at
MzWarszZSGGW station.

The increase of air pressure contributed to the increase of
PM,, concentration. Here, the most significant relationship
was found for January at both MzWarszZSGGW and
MzWarszUrsynow stations. The R* values estimated for the
relationship of air pressure and PM concentration at those
stations in January were equal to 0.38 and 0.50, respectively.

On the other hand, the regression analysis of PM,, con-
centration and mean wind speed has proved a positive role
of wind as a basic factor of natural air ventilation. The most
significant relationship was found here for March at
MzWarszUrsynow station; R*> was equal to 0.60 and it was
also significant for May at MzWarszSGGW station, with a
value of 0.66.

The correlation of PM,, concentration and relative air
humidity proved the positive influence of that parameter on
diminishing air pollution, similar to wind speed. Significant
relationships of PM,, concentration and relative air humid-
ity were found for May at MzWarszZSGGW — with R* value
amounting to 0.31; in August for both analyzed stations R*
were 0.28 (station MzWarszSGGW) and 0.43 (station
MzWarszUrsynow).

Analyzing the statistical relationships of PM,, concen-
tration and solar radiation, it was found that solar radiation
contributed to the increase of PM concentration. The most
significant relationship was established here for August at
MzWarszZSGGW — R’ totaled 0.60 and in September at
MzWarszUrsynow station R* reached 0.52.

Metals in PM,,,

Except for their concentration, PMs are also character-
ized by their chemical composition. According to Directive

2004/107/EC and to the Order of the Ministry of the
Environment, dated 3 March 2008 (Journal of Laws,
Poland, 2008/47/281), the target values for three heavy met-
als determined in particulate matter are equal to 6 ng'm” for
arsenic, 5 ng'm” for cadmium, and 20 ng'm” for nickel.

The degree of air contamination by heavy metals was
estimated on the base of mean-yearly concentrations, cal-
culated with the use of daily or periodic measurements. All
the concentrations of heavy metals were measured in the
samples of PM,,, which were collected by filter-based
gravimetric measurements.

The content of heavy metals in PM,, in the area of
Warszawa is measured at four stations: MzWarBernWoda,
MzWarszZeganWSSE, and MzWarszZelazZWSSE (since
2007), and MzWarszSGGW (periodic measurements).

On the basis of the results of heavy metal concentra-
tions in PM,, for 2006-08 in Warszawa agglomeration, it
can be concluded that the level of all three measured met-
als didn’t exceed the target levels of arsenic, cadmium, and
nickel (Table 3). So the imission of heavy metals in the
research area is not a major threat, due to lack of regional,
well-developed metallurgic industry.

The range of cadmium concentration was from 0.01
ng'm”® to 4.53 ng'm”. Mean yearly concentrations of cad-
mium in PM,, ranged from 0.6 ng'm” to 2.07 ng'm”. At
MzWarszZelazWSSE station, located in the city center, the
mean concentrations of cadmium reached 1.25 ng'm” in
2007 (25% of D,) and 0.6 ng'm* in 2008 (12% of D,). At
MzWarszZeganWSSE station, located in the area of pre-
vailing low emissions from the energetic fuels combustion,
the mean yearly cadmium concentration amounted to 2.07
ng'm” in 2007 (over 41% of D,) and 0.77 ng'm~ in 2008
(15% of D,).

The lowest yearly concentrations of cadmium in PM,,
occurred at MzWarszBernWoda station (the southern part
of the city), reaching 0.42 ng'm” in 2007 (about 8% of D,)
and 0.62 ng'm” in 2008 (which is 12% of D,).

The yearly course of cadmium in PM;, is most signifi-
cantly reflected by the areas of low emission from coal
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Table 3. Mean yearly and seasonal concentrations of heavy metals [ng-m?] in PM, at the stations located in Warszawa.
Station MzWarszBernWoda MzWarszZeganWSSE MzWarszZelazWSSE
Lear/parameter 2006 2007 2008 2007 2008 2007 2008
As [ngm?]
Mean 0.08 0.14 0.18 0.18 0.07 0.12 0.15
‘Warm half-year 0.07 0.17 0.16 0.11 0.03 0.07 0.08
Cold half-year 0.10 0.10 0.20 0.29 0.11 0.19 0.24
Minimum 0.03 0.03 0.03 0.01 0.01 0.01 0.01
Maximum 0.55 0.60 1.18 0.67 0.72 0.35 0.59
Standard deviation 0.08 0.14 0.21 0.17 0.12 0.11 0.20
Cd [ng'm”]
Mean 0.57 0.42 0.62 2.07 0.77 1.25 0.60
Warm half-year 0.43 0.30 0.57 1.88 0.72 1.27 0.74
Cold half-year 0.71 0.55 0.68 2.30 0.83 1.23 0.44
Minimum 0.01 0.01 0.05 0.30 0.30 0.30 0.30
Maximum 4.50 1.60 3.10 4.00 2.78 2.60 3.69
Standard deviation 0.53 0.30 0.49 1.36 0.45 0.73 0.61
Ni [ng'm™]
Mean 4.54 5.61 5.64 2.85 3.07 1.49 2.57
Warm half-year 4.28 5.18 6.78 4.90 3.92 2.35 3.52
Cold half-year 4.79 6.12 4.14 0.80 2.24 0.80 1.44
Minimum 1.00 1.00 0.50 0.80 0.80 0.80 0.80
Maximum 27.00 22.00 19.70 11.00 11.60 7.00 10.63
Standard deviation 3.18 4.11 4.26 3.94 2.29 2.07 247

combustion. At the stations of MzWarszZeganWSSE and
MzWarszBernWoda the concentrations of cadmium in
PM,, were siginificantly higher in the cold half-year.
However, in the area of the city centre, at
MzWarszZelazWSSE station, the concentration of cadmi-
um in PM,, was higher in the warm half-year (Table 3).
The recorded concentrations of nickel in PM,, were
generally higher than of other metals. The range of nickel
concentrations was from 0.5 ng'm® to 27.0 ng'm”®. Mean
yearly values of nickel concentration in PM,, ranged from
1.49 to 5.64 ng'm*. Mean yearly concentrations of nickel at
MzWarszZelazWSSE station ranged from 1.49 ng'm® in
2007 (which is 7.5% of D,) to 2.57 ng-m in 2008 (which is
12.9% of D,). At MzWarszZeganWSSE the mean yealy con-
centration of cadmium was 2.85 ng'm* in 2007 (14.3% of D,)
and 3.07 ng'm” in 2008 (15.4% of D,). The highest yearly
concentrations of nickel in PM,, occured at
MzWarszBernWoda station, from 4.54 ngm”® in 2006
(22.7% of D,) to 5.64 ng'm” (28.2% of D,). Mean yearly con-
centration of arsenic in PM,, was 0.18 ng'm” (3% of D,).
However, the mean daily values of arsenic concentration in

PM,, ranged from 0.01 ng'm” to 1.18 ng'm”. The highest

concentrations of  Arsenic were  present  at
MzWarszBernWoda station.

Conclusions and Discussion

Based on the analysis performed in this paper, it could
be concluded that the air quality in the area of Warszawa is
still unsatisfactory. A positive occurrence is the tendency of
the levels of contaminants to decrease in recent years, espe-
cially these of sulphur dioxide and carbon monoxide; how-
ever, there are still records of exceedence of the allowable
PM,, limits. Although many activities were implemented in
the frame of air conservation programs, a satisfactory result
has not yet been achieved. It is, first of all, the result of the
specific character of PM,, from many emission sources.
The emission from large point sources was quite easily
reduced. Then, the vital problem is the linear emission
sources related to traffic and the scattered emissions from
low sources. These types of emission are the most difficult
to be controled.
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The main cause of the existence of high PM concentra-
tion in Warszawa is the dynamic development of trans-
portation and ever-increasing number of cars, which causes
during rush hours the concentration to become several
times higher than off rush hours or on weekends [26, 28]. A
study performed in highly urbanized areas of California has
shown that vehicles are at present the greatest source of
PM,, emission [29]. Also, in European countries the emis-
sion form motor vehicles becomes the most vital source of
air pollution [30]. Nowadays, in Europe the ratio of PM,,
emissions from the transport sector to emissions from the
energy sector (along with the communal and municipal sec-
tors) reaches 0.8 [31]. The results of recently published sci-
entific papers show that the process of a constant increase
of vehicle intensity on the roads has a close correlation with
an increasing threat for many people from the presence of
PMs [8, 32, 33]. Such correlation causes the need to use
means for limiting the impact of traffic particulate matter on
human health, which requires extending the monitoring of
air quality in the area of Warszawa, especially near streets
of high traffic congestion (at present — there is one station
MzWarszNiepodlKom). The construction of bypasses
round the city is also vital, which would direct the transit
outside the city limits. First of all two bypasses should be
constructed, which have been planned for many years: the
“city-centre bypass” and the “inner-city bypass™; also the
upgrade of the transport system and the traffic management
system ought to be realized.

The second important source of PM in the research area
is the so-called “low emssion’; occurring in the heating sea-
son, generated by the processes of combustion in the com-
munal and housing sectors. This emission is conditioned by
the quality of fuel used by individual inhabitants. The com-
bustion of cheap and low-quality fuel and the combustion
of litter in home fireplaces are the most difficult problems
to be addressed. The priority is the elimination of individ-
ual house stoves and fireplaces, which concerns, in particu-
lar, such districts as Ursus, Praga Poéinoc, Potudnie,
Targowek, and Wawer.

In 2004-08 the meteorological conditions explained
22.4% to 76.2% of the decade variability of PM concentra-
tion in the individual months, and 9.5% to 56.8% in the sea-
sons of the year. The most significant influence of meteo-
rological conditions was present during the winter, espe-
cially in January.

The regression analysis has found evidence for statisti-
cally vital relationships of PM,, concentration and meteo-
rological parameters, especially including maximum air
temperature, wind speed, and precipitation.

High PM,, concentration was recorded most frequently
for weather conditions characterized by low air tempera-
ture, low wind speed, and high atmospheric pressure with-
out precipitation. Similar research results were achieved by
Van der Wal and Jansen [19], Elminir [20], Turahogli et al.
[21], and Kalbarczyk et al. [24].

Research on the content of selected metals in PM, pre-
sented in this paper, confirms that the target values of
arsenic, cadmium, and nickel concentrations in PM,,,

determined by Direcitive 2004/107/WE, were not exceed-
ed at all stations in 2006-08; the recorded concentrations of
these heavy metals were low. The concentrations of the
analyzed metals in the research area are much lower than
in other cities of Poland and in other parts of the world,
where there is a significantly higher content of metals in
PMs [34-38].

The current state of knowledge on the negative impact
of fine matter on various components of the environment,
especially on living organisms [6, 7], along with the evi-
dence of high PM,, concentrations in the area of Warszawa
[23, 26], created the need to extend the measurements of
particulate matter composition at other stations located near
roads with big traffic congestion. Moreover, much stress is
often laid even on small quantities of metals emitted in the
atmosphere, which are contained in fine PMs and may have
a negative influence on human health [39, 40].

Analyzing the tendency of air quality changes for the
last five years in the area of Warszawa, it was found that
there was a danger for not complying with requirements
made by the European Union. The time limit, set for June
2011, until which the member countries have postponed the
adjustment of PM,, concentration on their territories to the

currently vital norms, may not be complied with.
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