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Abstract
Ozone concentrations of indoor air were measured in dwellings in three areas of Greece, namely Athens, Salamina
Island and Zakynthos Island. The measurements were conducted as a function of the following four parameters: the
time during the day, the time period that the openings of a dwelling (windows, doors) remained closed, the degree
of urbanization and the floor of the dwelling. The statistical analysis of the data showed that there was a strong
dependence of the indoor ozone levels on the first three of the above mentioned parameters while this was not
the case for the floor of the dwelling. The indoor versus outdoor ozone levels (I/O ratios) were calculated and their
dependence on the same four experimental parameters was also examined.
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Introduction
The study of indoor air quality (IAQ) is an active research field for
more than 30 years. It showed quite early that the concentrations of
indoor air pollutants (IAP) are often non-negligible and that they may
have negative effects on human health and works of art [1-5]. Ozone
(O3) gas is a secondary air pollutant which results from photochemistry.
According to the World Health Organization [6], the exposure to
photochemical pollutants is connected with several adverse health
effects such as pulmonary and respiratory malfunction. The specific
study of indoor ozone levels, chemistry and exposure has been a subject
of scientific investigation since many years [3,4,7-9]. Concentrating on
the studies that have been conducted in Greek dwellings, the following
short review can be made.
In the study of ref. [10], simultaneous indoor and outdoor ozone
measurements were conducted over a period of several days in two
buildings of similar size but very different in construction materials,
operation and use. It was shown that the differences between the two
buildings are reflected in the indoor/outdoor (I/O) ozone concentration
ratios. In addition, it was deduced that the I/O ozone concentration
ratios are a sensitive indicator of an indoor VOCs source and of abrupt
changes in the air exchange rate.
The effect of smoking in indoor ozone concentrations in a controlled
environment (a small flat in Athens, Greece) was investigated by ref.
[11]. Elevated I/O ozone concentration ratios (above 2.0) were reported
and correlated with the presence of high TVOCs (total volatile organic
compounds) concentrations in the tobacco smoke.
Measurements of ozone levels in two buildings of tertiary education
have been reported [12,13]. In the one case [12], the indoor ozone
concentrations were similar to those outdoors, especially during the
summer months. In the other case [13], the indoor ozone concentrations
were low (ranging between 1 and 10 ppb) and consistently much lower
relative to the corresponding outdoor levels.
Finally, two studies have investigated the main processes that
control indoor air ozone levels in three residential flats [14] and an
office microenvironment [15] all located in the Athens (Greece)
metropolitan area. Both studies provided strong evidence that transport
from the outdoor air and the deposition into indoor surfaces are the
main mechanisms that can (largely) account for the production and
consumption of indoor ozone respectively, as also originally proposed
by ref. [3]. The relative contribution of other source (chemical reactions)
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and sink (transport, chemical reactions, filtration) mechanisms to the
steady-state ozone concentration was also estimated.
In this work, a systematic set of measurements of ozone levels
in indoor air of several dwellings in three areas of Greece was
undertaken (59 dwellings in Athens, 20 dwellings in Salamina
Island and 23 dwellings in Zakynthos Island). Ozone concentrations
were measured as a function of three parameters: the time of day,
the time period of air exchange and the floor of the dwelling. In
addition, the indoor vs outdoor (I/O) ratio of ozone concentration
was systematically explored.

Materials and Methods
Indoor and outdoor ozone levels were measured with a GSS type
(Gas Sensitive Semiconductor) portable ozone monitor (Aeroqual
Series 200) equipped with the OZL head which is suitable for measuring
ozone levels in the 0-0.5 ppm range (minimum detection limit: 1 ppb).
The ozone level is recorded every 1 min. Each ozone measurement
corresponds to an average of the 10 values recorded during a sampling
period of 10 min. Two different measurement protocols were employed.
Protocol 1 involved measurement of ozone levels in four
different times during the day (A: morning between 10.00 h-11.00
h, B: early afternoon between 13.30 h-14.30 h, C: early night
between 18:30 h-19.30 h, D: late night between 23.00 h-24.00 h).
At each daytime (i.e., A, B., C or D), indoor measurements were
performed as a function of the time period that the openings of
the specific dwelling remained opened/closed (denoted with codes
b, c, d as explained below). More specifically, the following four
measurement steps were applied sequentially at each time of day for
each specific dwelling:
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Step 1: Measurement of outdoor ozone level

•

Step 2: Measurement of indoor ozone level with the openings of
the dwelling having remained open for 30 min (Code: b)

•

Step 3: Measurement of indoor ozone level with the openings of
the dwelling having remained closed for 15 min (Code: c)

•

Step 4: Measurement of indoor ozone level with the openings of
the dwelling having remained closed for 30 min (Code: d)

Ozone measurements via Protocol 1 were performed in dwellings
in two areas namely Athens (38 dwellings) and Salamina Island (20
dwellings) between mid-May and mid-June 2014.
Protocol 2 involved measurement of ozone levels in a single time
during the day according to the following sequential steps:
•

Step 1: Measurement of outdoor ozone level

•

Step 2: Measurement of indoor ozone level with the openings of
the dwelling having remained closed for 15-20 min

Ozone measurements via Protocol 2 were performed in dwellings
in two areas namely Athens (21 dwellings which are different from
those of Protocol 1) and Zakynthos Island (23 dwellings) between midApril and mid-June 2013 (Zakynthos) and 2014 (Athens).
In order to detect statistically significant differences (at the 95%
significance level, p<0.05) between the mean values of the measured
ozone concentrations the ANOVA or t-test (independent or paired)
were employed. The statistical analysis and graphical representation of
the data was performed via the program OriginPro 7.5.

boxes). No statistically significant differences (at the 95% significance level)
were detected between the mean ozone concentrations for all daytimes
(A, B, or C). Thus, it may be concluded that there is no evidence for any
dependence of the ozone levels from the dwelling floor.
However, an observation of Figures 1-3 shows a tendency for
a decrease in the ozone levels as a function of the time period that
dwelling openings remain closed. The ANOVA analysis provides
corroborating evidence for this dependence. In the following section,
this dependence will be examined in more detail by taking into account
all dwellings, i.e., irrespective of floor.

Dependence of indoor ozone on the time of day and the time
period of air exchange
In Figure 4 the ozone concentrations measured in all non-basement
dwellings in Athens (29) are presented in the form of box-whiskers
0,10

0,08

0,04
0,03
0,02

0,00

First floor: 8 dwellings (Code: 1), Second floor: 5 dwellings
(Code: 2);

•

Third or higher floor: 10 dwellings (Code: 3)

It is noted that the measurements taken in 9 basements have
not been included in Figures 1-3 since in this type of dwellings, all
measured ozone levels were equal to zero (or lower than the minimum
detection level of 1 ppb) in all daytimes. This is not an unexpected
result since research has shown that the main source of indoor ozone
(>95%) is transport from the outdoor environment [15]. In addition,
the production of ozone via chemical reactions is expected to be
minimal (or non-existent) in the basement dwellings since they are not
naturally lighted during the whole day. It is also noted that all outdoor
and indoor ozone measurements taken during daytime D (late night)
were equal to zero (or lower than the minimum detection level of 1
ppb) and, thus, they are not reported separately.
In order to detect the existence of a dependence of the ozone levels
as a function of the dwelling floor, the ANOVA test was applied for
comparing the mean ozone concentrations of measurements that were
taken under the same conditions. Such measurements were those
that correspond to boxes of the same color (for example, between all
measurements conducted with openings closed for 15 min, i.e., blue
J Phys Chem Biophys
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Type of measurement

Figure 1: Box-whiskers plots of outdoor and indoor ozone measurements
during daytime A (morning) taken in 29 dwellings in Athens depicted as a
function of the dwelling floor (Ground floor=0, First floor=1, Second floor=2,
Third floor and above=3). The following color code has been used: Black
(outdoor ozone), Red (indoor ozone with openings open for 30 min - In0b,
In1b, In2b, In3b), Blue (indoor ozone with openings closed for 15 min - In0c,
In1c, In2c, In3c), Purple (indoor ozone with openings closed for 30 min –
In0d, In1d, In2d, In3d).
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Dependence of indoor ozone on the floor of the dwelling
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Third floor and above-3

0,06

0,01

•

Groundfloor - 0
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Results and Discussion
In the Figures 1-3, the measured ozone concentrations (by following
Protocol 1) in 29 (non-basement) dwellings in Athens are shown as a
function of the dwelling floor via the use of box whisker plots for three
specific daytimes, namely time A (Figure 1), time B (Figure 2) and time
C (Figure 3). The floor distribution of the dwellings was the following:
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Figure 2: Box-whiskers plots of outdoor and indoor ozone measurements
during daytime B (early afternoon) taken in 29 dwellings in Athens depicted
as a function of the dwelling floor. The color code is the same as in Figure 1.
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In Figure 5, the ozone concentrations measured in 20 groundfloor
dwellings in Salamina Island (a semi-urban area) are shown. The measurement
protocol, nomenclature and color code are the same as in Figure 4.
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Figure 3: Box-whiskers plots of outdoor and indoor ozone measurements
during daytime C (early night) taken in 29 dwellings in Athens depicted as
a function of the dwelling floor. The color code is the same as in Figure 1.

plots grouped together for each daytime (A, B, C, D) and as a function
of the time period of air exchange (time period that openings remained
open/closed) within each daytime. The same color was employed for
the same type of measurement (step of Protocol 1) namely black, red,
blue and purple for steps 1, 2 (Code: b), 3 (Code: c) and 4 (Code: d)
respectively.
With the exception of late night where the measured ozone
concentrations were always (both indoors and outdoors) below the
minimum detection limit (1 ppb), a specific motif is repeated during
all the other daytimes: The indoor ozone concentration is elevated in
step 2 (i.e., when the openings have remained open for 30 min) and
systematically somewhat smaller (p<0.05 via paired t-test) than the
corresponding outdoor concentration. Subsequently, as the openings
remain closed for an increasing time period (15 min in step 3 and
30 min in step 4) the indoor ozone concentration is systematically
decreasing. In fact, the mean indoor ozone concentrations of steps
2, 3 and 4 (Codes: b, c and d respectively) show pairwise statistically
significant differences (p<0.05 via paired t-test), irrespective of the
daytime of the measurement (Morning, Early afternoon, Early night).
The decrease in the indoor ozone level as the openings remain closed
for an increasing amount of time is most probably attributed to
deposition into indoor surfaces and less to consumption via chemical
reactions. As evaluated by ref. [15] the percentage contributions
of deposition, chemical transformation, transport to outdoors and
filtration to the overall indoor ozone loss rates are ca. 57%, 20%, 20%
and 3% respectively. In our case, the transport to outdoors is drastically
diminished since the openings have remained purposefully closed.
In addition, by making pairwise comparisons (paired t-tests) of the
mean ozone concentrations of a specific step (1, 2, 3, or 4) in different
daytimes, statistically significant differences are detected. In fact, the
following trend is shown to take place in all steps of Protocol 1.
[Ο3]early afternoon-B (step i) > [O3]morning-A (step i) > [O3]early night-C (step i) for i=1, 2, 3, 4
It is, thus, deduced that the diurnal behavior of the outdoor ozone
level is followed by the indoor ozone level as well.
The majority of the mean ozone concentrations (either indoor or
outdoor) were below 120 μg/m3 (≈ 56 ppb), which is the target value
for the protection of human health set by the European Commission
[16] and they are thus considered low. The mean ozone concentrations
J Phys Chem Biophys
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As in the case of Athens, the indoor ozone concentration in the
dwellings of Salamina Island, is elevated (and somewhat smaller than
the corresponding outdoor concentration) and gradually decreases as
the openings remain closed for an increasing time period. This behavior
is noted in all daytimes (Morning, Early afternoon, Early night).
Subsequently, by making pairwise comparisons (paired t-tests)
of the mean ozone concentrations of a specific step (1, 2, 3, or 4) in
different daytimes, the following trend is shown to take place in all
steps of Protocol 1 for the dwellings of Salamina Island.
[Ο3]early afternoon-B (step i) > [O3]morning-A (step i) ≈ [O3]early night-C (step i) for i=1, 2, 3, 4
In accordance to the case of Athens, the measurements in Salamina
Island show that the diurnal behavior of the outdoor ozone level is
followed by the indoor ozone level as well.
However, there exists a small difference between the diurnal
behaviors of the ozone level in the two areas; more specifically the mean
ozone concentrations measured in the morning and in early night in
Salamina Island are statistically similar (p>0.05 via paired t-test) while
they are statistically different (p<0.05 via paired t-test) in Athens.

Indoor vs Outdoor ozone concentrations (I/O ratios)
Tables 1-3 show the indoor/outdoor (I/O) ozone concentration
ratios as a function of the conditions of air exchange (Openings open-

0,11

All non-basement dwellings - Athens
Early afternoon - B

0,10
0,09
0,08

Morning - A

Early night - C

0,07

[O3] (ppm)

0,08

measured in early afternoon for the outdoor air (OutB, 80 ppb), the
indoor air with openings open (InBb, 70 ppb) and the indoor air with
openings closed for 15 min (InBc, 57 ppb) are above the target value
(56 ppb) however they remain lower than the information threshold
which is 180 μg/m3 (≈ 84 ppb). There were no cases of dwellings in
which the measured ozone levels exceeded the alert threshold of 240
μg/m3 (≈ 112 ppb).

0,06
0,05
0,04
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0,02

Late night - D

0,01
0,00
-0,01
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Type of measurement

Figure 4: Box-whiskers plots of outdoor and indoor ozone measurements
taken in 29 dwellings in Athens depicted for all daytimes (Morning=A, Early
afternoon=B, Early night=C and Late night=D) and as a function of the time
period of air exchange (Step 2: b, Step 3: c and Step 4: d). The following
color code has been used: Black (outdoor ozone, OutA, OutB, OutC, OutD),
Red (indoor ozone with openings open for 30 min - InAb, InBb, InCb, InDb),
Blue (indoor ozone with openings closed for 15 min – InAc, InBc, InCc, InDc),
Purple (indoor ozone with openings closed for 30 min – InAd, InBd, InCd,
InDd).
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Dependence of outdoor/indoor ozone on the degree of
urbanization
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Figure 5: Box-whiskers plots of outdoor and indoor ozone measurements
taken in 20 dwellings in Salamina Island depicted for all daytimes (A, B, C
and D) and as a function of the time period of air exchange (b, c and d). The
color code is the same as in Figure 4.

Step 2, Openings closed for 15 min-Step 3, Openings closed for 30 minStep 4) for each daytime (Morning, Early afternoon, Early night) for
Athens (29 non-basement dwellings), Salamina Island (20 groundfloor
dwellings) and for all 49 dwellings in both areas, respectively. The
paired samples t-test was employed in order to compare the mean
values along one row or along one column for statistically significant
differences. The use of letters (α, β, γ) as superscripts has been employed
for denoting statistically significant differences along one row. The
use of numbers (1, 2) as superscripts has been employed for denoting
statistically significant differences along one column.
As shown in the above tables, both in Athens (Table 1) and
Salamina Island (Table 2), as well as when all dwellings are examined
together (Table 3) there is a systematic trend for a decrease in the
I/O ozone concentration ratio as the possibility for air exchange is
diminished along step 2 to step 3 to step 4 of the measurement Protocol
1. This trend is observed in all daytimes (Morning, Early afternoon,
Early night) and it is denoted by the different superscripts (α, β, and γ)
along one row. Interestingly, all I/O ratios (i.e., irrespective of daytime
and measurement Step) in the two areas (Athens and Salamina) are
statistically similar.
When comparing the I/O mean values along columns, the following
results are obtained (as denoted in the numerical superscripts of Table
3): In Step 2 (openings open for 30 min) the I/O ratios are similar in
all daytimes (common superscript equal to 1). In both Steps 3 and 4
(i.e., as the openings remain closed for either 15 min or 30 min) the
I/O ratios of morning and early afternoon are statistically similar
(common superscript equal to 1) while this ratio is lowered in early
night (as denoted by the different superscript equal to 2). In fact, the
I/O ratio is a parameter that is always examined during the study of
indoor air pollution and it has received particular attention in the case
of ozone [9]. In the dwellings examined in the current study (both in
Athens and Salamina Island), the mean ozone I/O ratios range between
0.47 and 0.90 depending on the daytime and most importantly on the
conditions of air exchange. These I/O values are in the same range with
those reported by ref. [10], however lower values (close to 0.3 or lower)
have been reported as well [4,15,17]. The rather elevated I/O ozone
concentration ratios in our study is probably due to a low deposition
velocity in the indoor surfaces in combination with a low air exchange
rate [10,17].
J Phys Chem Biophys
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By using the data of Figures 4 and 5, the mean ozone concentrations
of Athens and Salamina Island were compared for each daytime.
The independent samples t-test was employed in order to detect
statistically significant differences at the 95% significance level. For
all daytimes (Morning, Early afternoon, Early night) the following
result was obtained: For each Step (1-4) of Protocol 1, the mean
ozone concentrations in Athens were statistically higher than
those in Salamina Island. In other words, the higher outdoor mean
ozone concentrations in Athens relative to Salamina Island were
accompanied by higher indoor mean ozone concentrations as well
under all conditions of air exchange (Open openings, Openings
closed for 15 min, Openings closed for 30 min). In fact, all mean
ozone levels measured in Salamina (either indoors or outdoors)
were below 56 ppb which is the target value for the protection of
human health [16].
In Figure 6, indoor and outdoor ozone measurements conducted
in 18 non-basement dwellings in Athens and 23 dwellings in Zakynthos
Island by following Protocol 2 (Step 1: outdoor ozone, Step 2: indoor
ozone with openings closed for 15-20 min) are shown as a function
of the time of measurement during the day. It is noted that the 18
dwellings in Athens are different from those of Protocol 1 and that in
Athens measurements were conducted in 3 basement dwellings as well
in which the ozone levels were below the detection limit (1 ppb). The
error bars in the data of Figure 6 correspond to the standard deviation
of the mean value of the 10 instrument readings taken during the 10
min sampling period.
It is worth noting that even though each measurement of Figure
6 corresponds to a different dwelling and often in a several day, the
diurnal behavior of the ozone level (both in indoor and outdoor air)
in Athens displays a distinct characteristic maximum in the early
afternoon hours (ca. between 14.00 h-15.00 h) as already seen in the
literature [14,15] and as seen in the measurements of Protocol 1.
Step 2

Step 3

Step 4

Morning

0.92 (0.11)

0.79 (0.10)

0.62 (0.14)

Early afternoon

0.88 (0.07)

0.71 (0.08)

0.55 (0.13)

Early night

0.88 (0.10)

0.63 (0.11)

0.46 (0.15)

Table 1: Indoor/Outdoor mean ozone concentration ratios for 29 non-basement
dwellings in Athens ([Ο3]in/[O3]out, Standard deviations are shown in parenthesis).
Step 2

Step 3

Step 4

Morning

0.86 (0.14)

0.72 (0.09)

0.59 (0.09)

Early afternoon

0.88 (0.05)

0.75 (0.09)

0.63 (0.09)

Early night

0.83 (0.10)

0.67 (0.09)

0.48 (0.12)

Table 2: Indoor/Outdoor mean ozone concentration ratios for 20 groundfloor
dwellings in Salamina Island ([Ο3]in/[O3]out, Standard deviations are shown in
parenthesis).
Step 2

Step 3

Step 4

Morning

0.90α1 (0.13)

0.76β1 (0.10)

0.60γ1 (0.12)

Early afternoon

0.88α1 (0.06)

0.73 β1 (0.09)

0.59γ1 (0.12)

Early night

0.85 (0.10)

0.64 (0.11)

0.47γ2 (0.14)

α1

β2

*The superscripts show the results of the comparisons of the mean values via
paired-samples t-test (p < 0.05), either for comparisons along one row (α, β, γ) or
along one column (1, 2).
Table 3: Indoor/Outdoor mean ozone concentration ratios for all 49 dwellings (of
Table 1 and Table 2) in Zakynthos and Salamina Island ([Ο3]in/[O3]out, Standard
deviations are shown in parenthesis)*.
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Figure 6: Outdoor (full symbols) and indoor (open symbols) ozone levels in
18 dwellings in Athens (red) and 21 dwellings in Zakynthos Island (black).

The outdoor experimental data taken in Zakynthos Island display
also a similar characteristic peak of the ozone concentration (i.e.,
between 14.00 h-15.00 h). However, these data show a rather not
systematic behavior during the night hours (ca. between 19.00 h-21.00
h). This could be related with the fact that these measurements were
taken in different days. During all daytimes (until around 19.00 h)
the outdoor ozone levels in Zakynthos Island were ca. a factor of 2
lower relative to those in Athens, a fact which is not unexpected if
one takes into account the significantly lower degree of urbanization
of the insular environment. With regard to the indoor ozone levels in
Zakynthos Island, it is worth noting that they were almost always (with
the exception of two dwellings for which the I/O ratio ranged between
0.55-0.60) below the minimum detection limit (1 ppb).

12. Valavanidis A, Vatista M (2006) Indoor air quality measurements in the
Chemistry Department building of the University of Athens. Indoor and Built
Environment 15: 595-605.
13. Triantafyllou AG, Zoras S, Evagelopoulos V, Garas S (2008) PM10, O3, CO
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Water, air and soil pollution: Focus 8: 77-87.
14. Halios CC, Helmis CG, Eleftheriadis K, Flocas HA, Assimakopoulos VD (2009)
A comparative study of the main mechanisms controlling indoor air pollution in
residential flats. Water, air, and soil pollution 204: 333-350.
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Monit Assess 167: 199-217.
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Journal of the European Communities L 67: 14-30.
17. Hayes SR (1991) Use of an indoor air quality model (IAQM) to estimate indoor
ozone levels. Journal of Air Waste Management Association 41: 161-170.

The above described comparisons of ozone levels between a fully
urban and a less urban environment (Athens vs Salamina Island,
Athens vs Zakynthos Island) showed that the lower outdoor mean
ozone concentrations in the less urban area seem to also translate into
lower indoor ozone concentrations.
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