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Abstract: Spatiotemporal variations of tropo-
spheric ozone concentrations in the Warsaw
Agglomeration (Poland). The study uses ozone
concentrations from stations in Warsaw Agglom-
eration and its vicinity. Diversity of localizations
of considered station, in terms of type of emis-
sivity, allows on comparison of air pollution con-
ditions by ozone in Warsaw area. Concentration
of ozone in summer and spring were above twice
greater than the concentration in autumn and win-
ter. The greatest differences between weekend
days concentration and work days concentration
occur during autumn and winter, but in the same
time the differences during the day are the least,
especially in urban site stations. Statistics analy-
sis shows strong relationship between ozone con-
centration and nitrogen dioxide concentration and
meteorological elements especially for days with
high level of ozone concentration. For these days
regression equations were statistically significant
(o= 1%) and correlation coefficients were greater
than 0.81. Polynomial of IV power is the best fit-
ted function of one-hourly values of ozone con-
centration course in particular seasons.

Key words: ozone, temporal variation, polynomi-
als function, urban agglomeration

INTRODUCTION

Ozone in the troposphere can arise from
a natural process of downward transport
from the stratosphere, but in situ photo-
chemical production resulting from an-
thropogenic precursor emissions domi-
nates globally. Pollution ozone is formed
in a mixture of reactive nitrogen oxides

(NOy) and volatile organic compounds
(VOC) reacting in the presence of sun-
light; NOy is usually the limiting ozone
precursor. Reactions with HO,, dry dep-
osition and titration with NO remove
ozone (Bloomer et al. 2010).

NO + 03 »> NO, + O, D

The NO, thus produced acts as a night-
-time reservoir and ozone is reformed in
the morning as photolysis resume.

NO; + hv > NO + O (2)

O0+0,+M)—> O3+ M) 3)

Recently, the reaction of nitrogen dioxide
with ozone to produce the nitrate radical,
and subsequent reactions with volatile
organic compounds (VOC) to produce
organic nitrogen compounds, such as
alky nitrates, have been recognized as
important reservoirs of NO, (Bloomer et
al. 2010).

N02 + 03 —> NO3 + 02 (4)
NO; + VOC —> R-ONO, (5)

Thus, at a given VOC level, the
NOy, mixing ratio produces a maximum
amount of ozone (Fujita et al. 2003a, b).

These atmospheric chemical mecha-
nisms for ozone formation can be ob-
served in an urban weekly cycle in which
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changes in precursor concentrations oc-
cur between weekdays and weekends.
Slightly lower or higher urban ozone
concentrations have been reported in
some cities of North America, Europe
and Asia during weekends (Seguel et al.
2012, e.g. Atkinson-Palombo et al. 2006;
Blanchard et al. 2008; Geng et al. 2008;
Shan et al. 2008) despite the substantial
reduction of NO, emissions due to low-
er emissions from traffic and industrial
sources. This phenomenon is known as
the WE — weekend effect (Seguel et al.
2012, e.g. Dodge 1977). An appropriate
understanding of WE conditions may
provide effective strategies for atmos-
pheric urban pollution control (Seguel et
al. 2012, e.g. Duan et al. 2008).

Although other hypotheses have been
proposed, such as pollutant carryover
near the ground or loft, higher weekend
VOC emissions, or greater photolysis
due to decreased emissions of fine parti-
cles, the NO, reduction hypothesis is the
most consistent explanation (Seguel et al.
2012, e.g. Fujita et al. 2003a, b). Given
reaction (1) a decrease in NO emissions
results in less Oj titration, which results
in higher morning O3 on weekends. By
contrast, less NO, results in more OH to
initiate O3 production because inhibition
of termination reaction (6) favors faster
O3 accumulation on weekends (Seguel et
al. 2012).

OH + H02 v HQO + 02 (6)

Other researchers have also con-
cluded that the primary cause for higher
ozone on weekends is the reduction in
NOy emissions in a VOC-limited chemi-
cal regime (Marr and Harley 2002; Heuss
et al. 2003; Lawson 2003; Blanchard and
Tanenbaum 2006).

In this work, statistical characteristics
of ground level ozone are analyzed ac-
cording to the field monitoring data in
four stations — three urban and one rural
areas. The study deals with the charac-
teristics of seasonal, monthly and daily
mean ozone level under different climat-
ic conditions at all stations. Reasons for
the observed spatial and temporal varia-
tions of ozone levels are discussed.

MATERIAL AND METHODS

The study uses ozone and nitrogen diox-
ide imission and meteorological data (air
temperature, relative humidity, direction
and velocity of wind, solar radiation in-
tensity and barometric pressure) from the
Warsaw Agglomeration managed by the
Regional Inspectorate for Environmen-
tal Protection’s air quality monitoring
stations. The stations represent different
types of Warsaw areas and its vicinity.
They are Ursynow (MzWarszUrsynow),
Krucza (MzWarszKrucza), Legionowo
(MzLegionZegIMGW) and Granica
(MzGranicaKPN) — locations of the sta-
tions are presented in Figure 1. The sta-
tion Ursynow is situated south of the city
centre, close to the University campus
but in surrounding of tall buildings of
settlement and this station represents the
peripheral districts of Warsaw. The sta-
tion Krucza is located in the city centre
(at a distance of about 80 m) close to the
very high traffic streets Al. Jerozolim-
skie, Marszatkowska (a traffic intensity
of approx. 20,000 vehicles daily) (Ma-
jewski and Cwiek 2013) and represents
the city centre’s pollution background.
Around the station occurs dense multi-
family residential development. The
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station in Legionowo, which represents
suburb pollution background. is located
north of the centre of Warsaw, outside
its administrative borders. The station
Granica is located in the Kampinos Na-
tional Park, the largest forest complex in
the vicinity of Warsaw, about 30 km to
the West and represents regional air pol-
lution background. Diversity of localiza-
tions of considered stations, in terms of
type of emissivity, allows on compari-
son of air pollution conditions by tropo-
sphere ozone in Warsaw Agglomeration
and its vicinity

Hourly values of ozone concentra-
tion were analyzed for the period from
1 January 2008 to 31 December 2012.
Characteristic of air pollution of ozone
was elaborated by the use of calculated
average values of annual, monthly, sea-
sonal and hourly concentration.
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value were calculated and number of
days with excess of limit value in ana-
lyzed period. In addition average val-
ues of ozone concentration for seasons
(spring, summer, autumn and winter)
with partition on work days (Monday to
Friday) and weekend days (Saturday and
Sunday) were calculated.

Diurnal average course of troposphere
ozone concentration was presented on the
base average hourly values calculated for
four seasons and for work days (Monday
to Friday) and weekend days. It was con-
ducted polynomial analyses by pollutant
and location to identify hourly cycles in
pollution metrics of ozone. This courses
was describes by the polynomial func-
tion. In statistical analysis polynomial of
IV power is the best function describing
the charts of diurnal average courses of
tropospheric ozone concentration:

FIGURE 1. Location of the air pollution monitoring stations

Maximum one-hourly recorded value
was stated, maximum daily eight-hour
mean 120 pg'm™ not to be exceeded
on more than 25 days per calendar year,
averaged over three years. Eight-hourly

aptay-x+ayx*tayx>tas-xt (7)

where:

ay- ay- ay- az- a4 — polynomial’s coeffi-
cients,

x — dependent values.
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The values of the concentration of air
pollutants in a given period are not only
a function of various meteorological
conditions, but also depend on emission
strengths and sources. on their transmis-
sion from the source to the receptor point
(meteorological and chemical factors),
and on the deposition. Step-wise mul-
tiple regression was used to analysis the
concentration values of ozone (Os) as a
variable dependent on meteorological el-
ements, such as solar radiation (SR), air
temperature (AT), relative air humidity
(RH), wind speed (VS) and atmospheric
pressure (BP), are independent variables
affecting the value of the concentra-
tion. For the statistical analysis, which
includes development of multiple re-
gression equations between the concen-
tration of ozone and the concentration
of nitrogen dioxide and meteorological
elements, the study selected episodes of
high concentrations of ozone, for exam-
ple, situations when the value of O con-
centration exceeded the limit value of
120 pg-m™.

60

RESULTS AND DISCUSSION

In the years 2008-2012 average values
of ozone concentration were comparable
in all considered stations and were in-
cluded in the range from 41.2 pg-m™
for station Krucza to 48.1 pg-m™ for sta-
tion Granica. In particular years the least
average values of ozone concentration
were recorded in Krucza (40.4 pg-m™
in 2012) and the greatest ones in Grani-
ca (49.8 pg:m™ in 2011) — Figure 2.
The greatest monthly average values of
ozone concentration occurred on spring
and summer months (April to June) and
they were included in the range from
63.7 pg'm™ in station Krucza on April
to 72.3 ug'm™ in Granica on May. The
least values of O3 concentration always
occurred in autumn and were included
in the range from 15.8 pg'm™ (station
Krucza) to 24.6 pg-m™ (station Granica)
— Figure 3. Table 1 presents seasonal av-
erage concentration of ozone in the period
2008-2012. The values of concentration
in summer and spring (warm half-year

50

&40 1+— ]

[ug'm

2008 2009

OMzWarszUrsynow

2010

2011 2012 2008-2012

O MzWarszKrucza

FIGURE 2. Average values ozone concentration [pg-m™>] for years 2008—20012



Spatiotemporal variations of tropospheric ozone concentrations...

251

80

70
60 - H
50 -
40
30 -
20 -
10

03 [ug'm™]

A OO OO AR A1

HAHHHHHAHHHI

| ] 1] v \'

Vi v il IX

O MzWarszUrsynow O MzWarszKrucza & MzlLegionZegIMGW & MzGranicaKPN

FIGURE 3. Average values ozone concentration [pg-m>] for months in years 2008-2012

TABLE 1. Average values ozone concentration [pg~m’3] for the seasons in 2008-2012

Station code Spring (I11-V) (S\’}'Im\‘;;le{) Autumn (IX-XI) | Winter (XII-IT)
MzWarszUrsynow 60.3 60.7 28.6 31.7
MzWarszKrucza 56.1 59.4 24.0 25.2
MzLegionZegIMGW 61.2 55.5 28.6 334
MzGranicaKPN 67.0 56.0 31.6 37.8

period) were above twice greater than
concentration in autumn and winter.

For all considered stations in analyzed
period 2008-2012, in particular years
the days with target value exceeded ex-
cess of maximum daily eight-hour mean
120 pg'm™ not to be exceeded on more
than 25 days per calendar year (Minis-
try Regulation 2012). Maximum eight-
hourly concentration (were noted, but
it was not the excess of frequency limit
concentration 25 days per year). Number
of days with target value excess varies
between 7 days for Krucza and 20 days
for Granica, but in particular years be-
tween 0 days for Krucza in 2012 and 32
days for Granica in 2008 (Fig. 4). There-
by, excess of alert threshold was not
noted (180 pg'm™). Maximum values of

one-hourly and eight-hourly ozone con-
centration were similar for all considered
stations and the greatest values were re-
corded in station Granica — 179.9 and
157.3 pg'm™ respectively, and the least
in Legionowo — 169.3 and 147.3 pg-m™
respectively (Fig. 5).

Hourly courses of ozone concentra-
tion in particular seasons with partition
on work days and weekend days were
shown in the Figure 6. Typical course in-
cluding one maximum about 2 and 4 P.M.
and one minimum about 6 and 7 A.M. is
noted for all seasons. In spring and sum-
mer maximum appears 1 or 2 hours earlier
than in autumn and winter, probably be-
cause of the longer days in these seasons.
The greatest values of ozone concentra-
tion and its greatest variation at once
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FIGURE 5. Maximum values of 1-h and 8-h ozone concentration [pg:m ] in period 2008—2012

occurs in spring and summer. Unlike this,
the least values of ozone concentration
and its least variation occurs in autumn
and winter. Meteorological conditions in
spring and summer months, especially
temperature and radiation which lead
to ozone formation contribute to this
distribution of concentration. Other re-
searches, of influence of meteorological
conditions on ozone formation in differ-
ent regions of Poland give very similar
results (Godtowska and Tomaszewska
2002, Nidzgorska-Lencewicz 2011 for
Szczecin, and Rozbicka et al. 2010,
Rozbicka et al. 2014 for Warsaw). For

example in Szczecin (2005-2007) the
greatest average concentrations of ozone
(69 pgm™) was stated in spring, the
smallest in autumn and winter and in
terms of week measurements the imis-
sion level in weekend days was domi-
nant over the rest of the week, marking
the strongest in the spring. There are not
so much researches about the relation-
ship between ozone concentration and
meteorological conditions in Poland.

In summer, the differences between
the least ozone concentration values
are greater and vary between 45 pgm™
(station Krucza) and 64 Mg-nf3 (sta-
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tion Granica), in spring between 45 and
55 pg'm™ in all types of days — both
work days and weekend days. In winter,
the differences are significantly less and
vary between 10 pgrm™ (station Kru-
cza) and 15 pg'm™ (in station Granica
for weekend days and in Ursynéw for
work days).

Tropospheric ozone concentration
during work days in winter is slightly
greater than the concentration during
weekends, but only in stations situated in
the city (Krucza and Ursynow stations).
In other stations situated off the city
(Granica and Legionowo) the relation is
in opposite. Ozone concentration during
weekend days is greater than the concen-
tration during work days. In autumn, the
variation of ozone concentration is from
24 pg'm™ (station Krucza) to 38 pgrm™
(station Granica) and during the week-
end days is greater than during the work
days for all considered stations. On the
base course of hourly ozone concentra-
tion is shown that values of concentra-
tion for weekend days are greater than
values for work days in case of all sta-
tions and in all seasons. This effect oc-
curs in Poland (Hoffman and Jasinski
2000; Nidzgorska-Lencewicz 2011) and
worldwide (Atkinson-Palombo et al.
2006; Blanchard and Tanenbaum 2006;
Blanchard et al. 2008; Shan et al. 2008;
Seguel et al. 2012) and it is called week-
end effect (WE). It characterizes greater
values of tropospheric ozone concentra-
tion during weekend days in comparison
to work days despite less emission of the
precursors especially oxides of nitrogen
from vehicles and industrial sources. Un-
derstanding of the weekend effect could
ensure more efficient strategy of air pol-
lution control in urban areas.
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During summer and spring for station
Granica maximum values of ozone con-
centration on work days is slightly less
or almost equal for both types of days.
Greater differences between values of Oy
concentration for work days and weekend
days occurred during autumn and winter
with greater values of concentration for
weekend days. Similar relation are ob-
tained for Szczecin for the period 2005—
—2007 (Nidzgorska-Lencewicz 2011).
On the other stations were vice versa
— the higher maximum ozone concentra-
tion occurred in weekend days than the
work days for all seasons (Table 2).

Polynomials — best characterizing av-
erage daily courses of ozone concentra-
tion functions, are presented in Figure 7.
Values of correlation coefficient (R) are
included in the range from 0.51 to 0.99
and all equations are statistically at o =
=0.01. The highest values of correlation
coefficients were recorded for spring and
summer for both types of days.

In Table 3 regression equations of
ozone concentration and nitrogen dioxide
and meteorological elements are shown.
All equations are statistically significant
(a0 =1%) and correlation coefficients are
very high (above R = 0.81). Calculated
equations include from three to five in-
dependent variables. Air temperature,
solar radiation, wind velocity and rela-
tive humidity and nitrogen dioxide con-
centration effect on tropospheric ozone
concentration.

Figure 8 presents one of episodes of
high level of ozone concentration. Dur-
ing year 2012, since 27th April until 1st
May one-hourly ozone concentration
rised over 120 pg'm™ for all the days
of the episode. Durations of high level
concentration were 6, 8, 9 and 10 hours
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FIGURE 6. Average hourly concentrations of ozone [pg'm] by seasons in Warsaw Agglomeration in

years 2008-2012
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TABLE 2. Maximum and minimum values on the base of hourly course of ozone concentration [pg-m ]
in particular seasons in period 2008-2012

. Spring Summer Autumn Winter
Station code Values
Sa-Su | Mo-Fr | Sa-Su | Mo-Fr | Sa-Su | Mo-Fr | Sa-Su | Mo-Fr
. Max 94.7 95.0 88.6 89.5 55.2 52.9 50.6 443
MzWarszGranica
Min 40.1 40.9 24.5 24.7 16.9 21.1 35.7 30.7
. Max 87.8 86.4 84.9 83.8 50.6 45.8 46.9 38.6
MzLegioZegIMGW —
Min 39.3 36.5 29.6 27.4 17.4 16.1 333 25.6
Max 88.5 85.2 90.8 89.8 50.0 44.7 45.0 37.0
MzWarszUrsynow -
Min 43.5 35.9 40.0 33.8 18.9 14.7 31.3 21.8
Max 82.5 74.0 89.6 83.8 43.1 354 35.6 28.9
MzWarszKrucza -
Min 45.7 32.6 44.2 27.4 18.2 11.6 25.5 14.9
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TABLE 3. Multiple regression equations between troposphere ozone concentration (above 120 pg'm )
and independent variables and basic statistics of the equations for analyzed stations in 20082012

Station code Regression equations R |R?|SEE| F n
0O3;=118.99+1.278 - AT +7.958 - VS —
MzWarszUrsynow | ~ 1.069 - RH - 0.013 - SR — 0.589 - NO, 0.88 | 78 119.2| 832 | 1175
MzWarszKrucza 03=35972+2.355 - AR +0.039 - SR - 0.81 | 65 |24.8| 315 | 505
—0.88 - NO,
. 03 =1005.8+0.569 - AR —1.213 - RH —
MzLegionZegIMGW | — 0.854 - BP—0.015 - SR — 0.982 - NO, 0.87 176 119.9| 600 | 972
. 03 =186.645+11.023 - SR - 1.59 - RH -
MzGranicaKPN2008 | ~ 0.04- SR —0.59 - NO, 093 |87 |159]|1174| 727
. 03=132.543+1.85-AR-5.14- VS -
MzGranicaKPN2009 —0.83 - RH—1.69 - NO, 09183 ]16.2] 399 | 330
. 03 =153.024 +1.207 - AR + 10.74 - VS —
MzGranicaKPN2010 142 - RH-0.028 - SR — 0.97 - NO, 0.93 | 86| 18.3| 466 | 370
MzGranicakPN2011 |03 7 199728 =1.396 - RH=0.096 - SR =1 o> | 67 [ 501 | 271 | 397
- 1.93-NO,
. 03;=128.114+1.81-AR-1.30-RH -
MzGranicaKPN2012 ~1.026 - NO, 0.95|90 | 13.8|1495| 487

Explanations: O — troposphere ozone concentration in pg-m=>, AT — air temperature in °C, VS — wind
speed in m's~!, RH — relative humidity in %, SR — total solar radiation in W-m 2, BP — barometric pres-
sure in hPa, NO, — nitrogen dioxide concentration in pg'm~, R — correlation coefficient, R? — squared
correlation coefficient in %, SEE — standard error of estimation in ug-m~>, F — Fisher-Snedecor F-test

empirical value, n — number of cases (hours).

respectively on successive days. Maxi-
mumvalue(154.4pg-m—>)occuredon30th
April. In spite of spring season high val-
ue of maximum air temperature (30.2°C)
and high value of total solar radiation
(1,300 W-m2) were recorded. Wind ve-
locity was less than 4 m-s™! and relative
humidity was less than 50% during all
the days. Wind direction varied (with
W, S and E most frequent directions).
Concentration of NO, was extremely
low (maximum value 20 pg'm— was re-
corded). On the base of courses of men-
tioned elements it is state meteorological
conditions played were significant role
in formation of high ozone concentration
persisting even 10 hours a day.

CONCLUSIONS

On the base of obtained results for the
period 20082012 in analyzed stations it
can be stated:

1. Average values of ozone concen-
tration are greater for the station
Granica situated out of Agglomera-
tion area and represents the rural site
in comparison of values for the sta-
tions Krucza and Ursynow situated
inside the city and represents the ur-
ban site. The greatest values of ozone
concentration is 49.8 pg-m (for sta-
tion Granica in 2011), the least value
is 40.4 pg-m™> (for station Krucza in
2012). The greatest average annual
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value for all period 2008-2012 was
noted in station Granica (48.1 pg'm™)
and the least in station Krucza
(41.2 pg'm™).

. Values of tropospheric ozone concen-
tration recorded during summer and
spring were above twice greater than
the concentration recorded during au-
tumn and winter.

. Courses of hourly ozone concentra-
tions are similar for all considered
stations and all seasons. There is one
maximum about 2 and 4 P.M. and one
minimum about 6 and 7 A.M. The
greatest values are recorded out of the
agglomeration for the station Granica
in spring (95 pgm™) and the least
ones for the station Krucza in winter
(10 pgrm).

. Diurnal course of ozone concentra-
tion in weekend days characterizes
greater values than in work days, but
the differences are little. The greatest
differences between weekend days
concentration and work days con-
centration occur during autumn and
winter, but in the same time the dif-
ferences during the day are the least,
especially in urban site stations.

. For all considered stations in ana-
lyzed period 2008-2012, in particu-
lar years the days with 120 pgm™,
not to be exceeded more than 25 days
per calendar year excess of maximum
eight-hourly average concentration
were noted, but it was not the ex-
cess of frequency limit concentration
(25 days per year).

. The results of regression equations
expressing the various measures as a
function of human activity, meteoro-
logical conditions show statistically
significant relationships not only in
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the measures of the hourly, seasonal
courses, but also in the goodness of
fit of polynomial function that de-
scribe the hourly cycle in ozone. The
obtained regression equations may be
useful in predicting the occurrence of
high troposphere ozone concentra-
tions in the Warsaw Agglomeration.
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Streszczenie: Czasoprzestrzenne zmiany steze-
nia ozonu w Aglomeracji Warszawskiej (Polska).
W opracowaniu wykorzystano cogodzinne wy-
niki pomiarowe pochodzace z czterech automa-
tycznych stacji imisji ozonu troposferycznego
nadzorowanych przez Wojewoddzki Inspekto-
rat Ochrony Srodowiska (WIOS) w Warszawie
w latach 2008-2012. Stacje te reprezentuja roz-
ne typy obszardw w aglomeracji warszawskiej
i w bliskim jej sasiedztwie. Stwierdzono, ze $red-
nie roczne warto$ci st¢zenia ozonu sa wyzsze na
stacji Granica polozonej poza granicami miasta
i reprezentujacej rolniczy charakter obszaru niz
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na stacjach potozonych w miescie (ul. Krucza,
Ursynow) reprezentujacych tto miejskie. War-
tosci stgzenia ozonu latem i wiosna byty ponad-
dwukrotnie wyzsze niz jesienia i zima. Dzienny
przebieg stgzenia ozonu dla dni weekendowych
charakteryzuje si¢ wyzszymi warto$ciami stgze-
nia niz dla dni roboczych, ale roznice st¢zenia sa
niewielkie. Najwigksze roznice stgzenia ozonu
pomigdzy dniami weekendowymi a dniami ro-
boczymi wystgpuja jesienia i zima przy zarazem
najmniejszym zréznicowaniu stgzenia ozonu
w ciagu doby, zwlaszcza na stacjach miejskich.
Na podstawie uzyskanych wynikow zauwaza si¢
wystgpowanie podwyzszonych wartosci stgzenia
ozonu w dni weekendowe w odniesieniu do dni
roboczych. Analiza statystyczna wykazata silny
zwiazek migdzy stezeniem ozonu a stgzeniem
NO, i elementami meteorologicznymi, zwlasz-
cza w dni, w ktorych wystgpowato podwyzszone
stezenie ozonu powyzej 120 pgrm™. Najlepie]
dopasowana funkcja przebiegu jednogodzinnych
warto$ci ozonu w poszczeg6élnych porach roku
z podziatem na dni weekendowe i robocze jest
wielomian 4. stopnia istotny statystycznie.
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Stowa kluczowe: ozon, czasowe zmiany, wielo-
miany, aglomeracja miejska
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