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Abstract We measured SO2, NO2 and O3 concentra-
tions during the summer and winter in Kocaeli, Turkey.
The sampling was carried out indoors and outdoors at
homes, schools and offices. Personal samplers were also
used to determine personal exposures to these pollut-
ants. High NO2 and SO2 concentrations were observed
in outdoor samples collected close to locations charac-
terized by heavy urban traffic. Concentrations of O3, on
the other hand, were higher in rural areas around the city
due to ozone distillation. For both sampling periods, the
concentrations of outdoor SO2 and O3 were higher than
for indoor and personal samples; however, the NO2

concentrations were higher in indoor and personal sam-
ples, indicating that outdoor sources significantly

contribute to indoor SO2 and O3 levels and that indoor
NO2 concentrations are primarily modulated by sources
within buildings. Seasonal variations in pollutant con-
centrations showed statistically significant differences.
Indoor and outdoor concentrations of NO2 and SO2

measured in the winter were higher than the levels
measured in the summer; O3 concentrations, on the
other hand, exhibited the opposite trend. Active-to-
passive concentration ratios for NO2, SO2 and O3 were
0.99, 1.08 and 1.16, respectively; the corresponding
outdoor ratios were 0.95, 0.99 and 1.00.
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Introduction

Air pollution is a serious human health problem, notably in
urban areas. The probable causes of air quality problems in
urban areas include rapid and unplanned urbanization,
increasing urban populations and industrialization
(Mayer 1999; Lawrence and Fatima 2014). Organic and
inorganic pollutants detected in urban environments orig-
inate from sources such as traffic, industry, power centres
and commercial and domestic fuels (Schindler and Caruso
2014; Wei et al. 2014; Mraihi et al. 2015). An analysis of
the pollutants originating from the atmosphere is crucial
for formulating effective policies to reduce pollution and
protect human health (Mavroidis and Ilia 2012).

People in urban areas spend more than 80 % of their
time in indoor environments, such as at home, work, and
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public and private places (schools, restaurants, etc.)
(Norhidayah et al. 2013; Uchiyama et al. 2015).
Indoor air quality is a basic determinant of the quality
of life within a building. There are two main sources of
indoor air pollution: substances present in the domestic
environment and its activities (e.g. burning cooking
fuels, construction materials and toxic gas emissions
from household equipment) and outside pollutants en-
tering the indoor environment (Jones 1999; Szczurek
et al. 2015). For some pollutants, contributions from
outdoor sources can significantly affect concentration
levels indoors (Barraza et al. 2014; Demirel et al. 2014;
Rivas et al. 2015), depending on the location of the
building within the city (Jones 1999; Challoner and
Gill 2014). In buildings close to industrial areas or
streets where traffic is heavy, the outdoor environment
can be a significant source of indoor pollutants.

The primary sources ofNO2 and SO2 in the atmosphere
are industrial emissions, combustion processes and vehicle
traffic (Langer and Bekö 2013; Sudalma et al. 2015).
Previously, ambient concentrations of SO2 appeared to
arise completely from domestic heating; however, in re-
cent years, as a result of the reduction in fuel consumption
except for natural gas, diesel vehicles have currently be-
come a significant source of SO2 in Turkey (Genç et al.
2010). Another air pollutant, ozone, is a secondary pollut-
ant in the troposphere and is formed via photochemical
reactions of NOx and volatile organic compounds (VOCs)
(Helaleh et al. 2002; Nopmongcol et al. 2014).

We measured the indoor and outdoor concentrations
of SO2, NO2 and O3 in residences, offices and schools in
the city of Kocaeli in north-western Turkey, a city of 1.7
million inhabitants, and we used active and passive
sampling techniques in two campaigns during the sum-
mer and winter seasons. We measured the exposure to
SO2, NO2 and O3 using volunteers wearing personal
samplers. The purpose of our study is twofold: (1) to
relate the personal exposure of residents to the indoor
and outdoor concentrations of SO2, NO2 and O3 and (2)
to identify the indoor and outdoor sources of these
pollutants that affect their indoor levels.

Materials and methods

Study area

Kocaeli is located in the most important industrial re-
gion in Turkey. Approximately 45 % of Turkey’s

manufacturing industries are located between Kocaeli
and Istanbul. Kocaeli is also located on a corridor
connecting Europe to the Middle East via Anatolia.
The population density of the city is 445 people per
square kilometre. Hence, both indoor and outdoor air
quality in residential areas are heavily influenced by
emissions from industries and traffic.

The sampling was carried out in 15 homes, 10 of-
fices, and 3 schools in the city. The sampling was
sequential between locations, i.e. the samplers were
transported from one location to another. However, the
indoor, outdoor and personal samplings were performed
simultaneously at each location. Both active and passive
sampling techniques were used in parallel during the
indoor and outdoor sampling.

The distribution of the sampling locations in the city
is shown in Fig. 1, and the general characteristics of
these points are summarized in Table 1. Since the city of
Kocaeli is located along the coast of Izmit Bay, all
stations were influenced by the sea. Fifteen of the sta-
tions were located in residential areas away from indus-
trial activities (8 of these 15 locations were houses, 6
were offices and 1 was a school). Nine of the stations
were located in industrial areas (5 homes, 3 offices and 1
school), and four were located in rural areas (2 homes, 1
office, and 1 school) away from all anthropogenic ac-
tivity. These remaining four stations were used as back-
ground sites.

Questionnaire study for personal exposure
determination and comfort parameters

During the sampling, all sampled respondents (people
who lived or worked in the sampled indoor microenvi-
ronments and carried personal samplers in each micro-
environment) were asked to fill out a questionnaire
about the environment they lived in and about the per-
sonal activities they performed during the sampling
period. The determined characteristics were related to
the sampled microenvironment. The amount of time that
people spent indoors was a critical parameter. The time
spent indoors and in other environments is provided in
Table 2. On average, participants spent only 10 % of
their time outdoors; they spent 85 % of their time
indoors (70 % in a home indoor environment, 13 % in
a business indoor environment and 17 % in other indoor
environments) and 5 % of their time in other
environments.
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All of the sampled indoor environments were natu-
rally ventilated without any air conditioning. The indoor
and outdoor temperatures, relative humidity and CO and
CO2 concentrations during sampling are listed in
Table 3. The average indoor/outdoor temperatures in
the summer and winter seasons were 24/25 and 20/
9 °C, respectively. The similarity in indoor and outdoor
temperatures in the summer is due to better ventilation
via open windows in the summer, which generated
similar trends in indoor/outdoor CO2 (497/354 and
846/410 ppm, respectively) and CO (1.17 and
3.88 ppm, respectively) concentrations. The indoor
CO2 concentration is an indicator of outdoor-to-indoor
ventilation and comfort. If the CO2 concentration is

above 1000 ppm, the indoor air quality may not be
suitable from a health standpoint, given that the venti-
lation is poor. At the same time, a CO2 concentration
below 1000 ppm does not ensure healthy indoor air
quality conditions (Menteşe et al. 2015).

Sampling

We carried out the sampling using active and passive
sampling methods at each location for 24 h. All sam-
pling was started at 8 in the morning and each sampling
point was continued until 8 the next morning. Two
sampling campaigns, one between March 31 and
June 29, 2006, and the other one between December

Fig. 1 Sampling locations in Kocaeli, Turkey

Table 1 General characteristics of sampled microenvironments

Characteristics Summer Winter

Sampling period March 31, 2006–June 29, 2006 December 16, 2006–January 20, 2007

Sampling site region 15 urban areas, 9 industrial areas, 4 rural areas

Age of building (years) 18±13

Floor area (m2) 71±40

Traffic density in sampling locations

High or medium (>24,000 vehicles/day) Low (<24,000 vehicles/day)

School 2 1

Office 8 2

Home 10 5
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16, 2006, and January 20, 2007, were conducted to
determine seasonal differences in the concentrations of
the measured parameters.

Passive sampling and analysis

Radial passive samplers produced by the Radiello
Company (Italy) were used for sampling SO2, NO2

and O3. The number of samplers used in indoor envi-
ronments (homes, schools and offices) depended upon
the variety of microenvironmental sources. The passive
samplers used in homes were placed in three locations:
living rooms, bedrooms and kitchens. In schools, the
passive samplers were placed in two locations: class-
rooms and teachers’ rooms. Finally, in offices, the pas-
sive samplers were placed in the interior of the central
office. Special care was taken when placing the passive
samplers. However, in all microenvironments, sampling

was carried out in only one outdoor location. For indoor
sampling, the samplers were placed at least 2 m from
doors and windows, at a height of 1.5 m. We made sure
that the active and passive samplers were placed in
protected areas close to the selected microenvironment
when performing the outdoor sampling.

Before and after exposure, the passive samplers were
kept in airtight containers and stored in the refrigerator
at 4 °C in the dark until sample processing. Nitrogen
dioxide and O3 concentrations were determined by
using a UV-vis Varian 100 Spectrophotometer, and
SO2 concentrations were determined by using a
Dionex ICS-3000 ion chromatography system, as de-
scribed in detail by Pekey and Özaslan (2013). The
sample extraction process and the UV-vis method were
applied according to the recommendations of the
Radiello Company (Radiello 2015). The mass of nitrite
and O3 in the cartridges was obtained by reference to a

Table 2 Time spent in microen-
vironments by sampled respon-
dents in different seasons (units
are in hours)

SD standard deviation

Characteristics Summer Winter

Mean±SD Range Mean±SD Range

Indoors (all locations) 19.6±2.0 0.15–22.30 21.5±1.6 0.50–21.30

At home 16.6±4.6 9.40–22.30 16.9±5.8 1.50–21.30

At work/school 2.6±3.7 0.20–10.45 4.0±5.4 1.10–11.30

At other 0.40±0.83 0.15–3.00 0.6±0.8 0.50–2.35

Outdoors (all locations) 3.5±1.8 0.15–7.40 1.2±1.4 0.20–9.30

At home 1.4±1.1 0.30–4.30 0.2±0.5 0.50–2.50

At work/school 0.5±0.7 0.15–2.50 0.2±0.4 0.35–2.00

At other 1.6±1.2 0.35–7.40 0.8±1.3 0.20–9.30

In transit 0.9±0.6 0.10–2.00 1.3±0.9 0.15–2.10

Table 3 Sampled microenviron-
ments’ temperature, relative hu-
midity, carbon monoxide and
carbon dioxide levels of indoor
and outdoor environments

Characteristics Summer Winter

Mean±SD Range Mean±SD Range

Thermal comfort parameters

Indoor temperature (°C) 25±2 17–34 20±2 3–25

Outdoor temperature (°C) 24±4 14–39 9±3 1–30

Indoor relative humidity (%) 54±6 23–76 48±5 28–85

Outdoor relative humidity (%) 58±9 17–86 65±6 20–87

Pollutant levels

Indoor carbon monoxide (CO) (ppm) 1.2±0.5 0.3–6.8 3.9±4.5 0.0–22.4

Outdoor carbon monoxide (CO) (ppm) 0.8±0.4 0.1–23.5 1.5±1.0 0.0–13.5

Indoor carbon dioxide (CO2) (ppm) 497±161 344–4065 846±341 48–4070

Outdoor carbon dioxide (CO2) (ppm) 354±45.6 278–2290 417±40 322–1064
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linear calibration derived from the spectrophotometric
analysis of standard solutions of sodium nitrite
(for nitrite) and 4-pyridylaldehyde (for ozone).

The ion chromatography system consisted of an
isocratic pump (Dionex isocratic single pump SP), a
conductivity detector (Dionex CD), an anion self-
regenerating suppressor (Dionex 4-mm self-
regenerating II ASRSUltra), an anion analytical column
(Dionex IonPac AS9-HC 4×250 mm) and a guard col-
umn (Dionex IonPac AG9-HC 4×50 mm). Ten milli-
molars of Na2CO3, 1 mL/min and 100 μL were used as
the eluent, flow rate and sample size, respectively. High-
purity deionized water was used during sample dilution
and the preparation of eluent and calibration standards.
Calibration standards for the sulphate ion (Dionex seven
anion standard, PART#57590) were prepared using de-
ionized water, with concentrations ranging from 0.02 to
10 ppm.

Three samplers were used as field blanks and three
samplers were used as laboratory blanks for each pol-
lutant. A field blank is a sampler that is transported to
the field in the same way as the samplers. At the sam-
pling site, the plastic bag was opened and the cartridge
taken from the box. After that, it was placed in the box
and closed tightly again and the blank was taken back to
the lab. Laboratory blanks were the unopened cartridges
that were stored in the refrigerator until the analysis. All
blanks were treated as environmental samples, and the
average blank value was subtracted from the sample
amount using the blank data set of each sampling
period.

The analytical quality control procedures was carried
out using calibration linearity and field and laboratory
blanks to check for artefacts and calculate the detection
limit. The limit of detection for each pollutant (for a
1-day exposure) was calculated as three times the stan-
dard deviation of the blank values, and was 0.41 μg
(2 μg/m3) for NO2, 0.06 μg (1.7 μg/m3) for O3 and
0.24 μg (1.4 μg/m3) for SO2. The linearity of the cali-
bration standards was calculated by regression analysis
with values greater than 0.99 (r2) for NO2, O3 and SO2

by spectrophotometry and ion chromatography.

Active sampling

All parameters were also measured using automated
active monitors to generate short-term (hourly) data.
All active samples within the scope of the study were
taken simultaneously in one location for both indoor and

outdoor microenvironments. For the measurements of
NO, NO2 and NOx, we used Thermo model 42C and
Environment S.A. AC model 31M NOx analyzers. Two
Environment S.A. AC model 21M analyzers were used
for the active monitoring of SO2. Measurements of
active O3 were carried out using Environment SA O3

model 41M O3 analyzers. Active monitoring in indoor
environments was performed in the communal areas of
the sampling locations (such as in living rooms or class-
rooms). In the outdoor environment, the samplers were
placed close to the selected microenvironment.

Thermal comfort parameters (temperature and rela-
tive humidity) were measured simultaneously using a
Langan Model L76n Indoor Air Quality Measurer
(Langan Products, Inc., CA, USA) to produce a general
profile of both indoor and outdoor air. The 24-h average
values of temperature and relative humidity were ob-
tained from measurements recorded using a data logger
during each sampling event.

Statistical analysis

Statistical analyses were performed using SPSS 21 soft-
ware (SPSS Inc., Chicago, IL, USA) for Windows. The
data were log-normally distributed in a Kolmogorov-
Smirnov statistical test, which was employed to assess
the normality of the data. The distribution of indoor air
quality data and air pollutants was generally found to be
typical (Baek et al. 1997). Since the concentrations of
the measured pollutants were not normally distributed,
we used a nonparametric Friedman test to determine
whether there were significant differences among urban,
industrial and rural areas’ outdoor microenvironments
and between summer and winter measurements.
Statistical significance was set at P<0.05 (95 % confi-
dence level).

Results and discussion

Temporal variations in NO2, SO2 and O3 concentrations

We used active and passive sampling methods in our
study. The results that we obtained from the simulta-
neously performed measurements were compared and
the ratios were close to 1. The correlation coefficient
values (r) for the concentrations of NO2, SO2 and O3

obtained by active and passive sampling were between
0.82 and 1.00 (P<0.01; 99 % confidence interval). The
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r values, which were close to 1, indicate that the passive
samplers can be used reliably to monitor spatial changes
in air quality or health risks. Furthermore, these passive
samplers were both economical and easy to handle.

The average seasonal concentrations and range of
concentrations observed at different microenvironments
for NO2, SO2 and O3 with passive sampling are provid-
ed in Table 4. Considering all the sampling points, the
NO2 concentrations were 1.3–4.3 times higher in winter
than in summer. The higher winter concentrations were
mainly due to burning fossil fuels for space heating and
transportation. Furthermore, the higher SO2 concentra-
tions observed in winter were almost all in microenvi-
ronments. In the residential parts of the city, fossil fuels
with significant sulphur content, such as coal, yielded
high SO2 levels. The major sources of SO2 pollution in
the other parts of the city included vehicles using diesel
fuel and industries. In recent years, heating in Kocaeli
was carried out using natural gas. Therefore, compared
with previous years, we observed a serious decrease in
SO2 concentration based on the transition from using
coal to using natural gas.

Tropospheric O3 is formed by photochemical pro-
duction processes, including reactions of VOCs and
NOx in the presence of solar radiation. We observed
higher O3 concentrations during the summer period in
outdoor environments, which makes sense since solar
radiation is much higher in the summer than in the
winter. However, higher O3 concentrations were also
measured in the summer than the winter in indoor
environments, despite indoor environments not having
any sources of O3. This finding can be explained by the
increase in pollutant transport from outdoor environ-
ments to indoor environments because of ventilation,
an effect that persists more in summer than in winter.

Seasonal variations in NO2 and SO2 levels likely
arise from source variation, meteorology and limited
vertical mixing in the atmosphere during the winter.
Seasonal variations in O3 levels are caused by limited
or decreased photochemical reactivity in O3 levels dur-
ing the winter.

We prepared a daily change chart to better understand
the changes in the sampled contaminants. The diurnal
variations of the active sampling results for different
microenvironments in outdoor (a) summer and (b) win-
ter are shown in Fig. 2. These data were obtained by
taking the average of all outdoor microenvironments’
concentrations for the summer and winter seasons. The
d i u r n a l cyc l e o f po l l u t an t s f o r d i f f e r en t

microenvironments in the indoor locations (a) home,
(b) office and (c) school in summer and (d) home, (e)
office and (f) school in winter is shown in Fig. 3. These
data were also obtained by taking the separate averages
of home, office and school indoor concentrations for the
summer and winter seasons. The effect of the sources
can be determined more easily depending on sudden
increases or decreases in NO2, SO2 and O3 concentra-
tions on the day of the measurement by evaluating the
time-dependent changes in the pollutants in the various
microenvironments.

In summer, the outdoor SO2 and O3 concentrations
increased during daylight hours, when anthropogenic
activities were at high levels. Maximum values were
observed in the morning and in the evening at rush hour
for NO2 in Fig. 2; this finding is a typical pattern of
traffic for NO2. However, the variation of NO2 concen-
tration was low throughout the day, possibly due to the
following two reactions among NO, NO2 and O3 in the
troposphere (Mavroidis and Chaloulakou 2011;
Stranger et al. 2008):

NOþ O3→NO2 þ O2 ð1Þ

NO2 þ hvþ O2→NOþ O3 ð2Þ
The primary emission from a combustion source is

NO. The NO in the atmosphere reacts with readily
available O3 and generates NO2. When there is suffi-
cient solar irradiance, the NO2 that is formed decom-
poses into NO and O3. The concentration of NO2 in-
creases either when there is too much NO and O3 in the
atmosphere or when there is insufficient solar irradiance.
The accumulation of NO2 in the atmosphere is a result
of the domination of Eq. 1 over Eq. 2. In the early
morning hours, when there is excess NO and O3 in the
atmosphere and the solar irradiance is insufficient, Eq. 1
dominates the system. As a result, NO2 increases in the
atmosphere. As the solar irradiance impinging upon the
troposphere increases at midday, however, Eq. 2 begins
to dominate, NO2 decomposes into NO and the O3

concentration increases. In the studies conducted by
Castellano et al. (2009), Mavroidis and Ilia (2012), and
Notario et al. (2013), a similar NO2-O3 relationship was
observed. Therefore, when the NO2 concentration de-
creases, the O3 concentration increases. In winter, the
outdoor concentrations of NO2 and SO2 increased dur-
ing daylight hours when anthropogenic activities were
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Table 4 The average value intervals and seasonal changes of the NO2, SO2 and O3 concentrations for the different microenvironments

Microenvironment

Summer Winter S/W

NO2 (μg/m
3) NO2 (μg/m

3)

Mean Mean

School (N=3) Personal 33.6±19.5 80.1±45.6 0.4±0.1

Classroom 22.2±17.0 65.1±37.4 0.3±0.1

Personal—room 26.6±22.5 92.3±12.0 0.3±0.3

Outdoor 25.6±29.1 93.8±40.0 0.2±0.3

Office (N=10) Personal 38.5±10.4 63.1±17.4 0.65±0.2

Indoor 43.4±24.6 56.5±13.9 0.80±0.5

Outdoor 38.1±19.6 53.8±23.6 0.69±0.6

Home (N=15) Personal (working) 30.5±4.6 75.1±18.5 0.44±0.2

Personal (not working) 41.1±7.2 68.0±25.4 0.77±0.5

Kitchen 52.0±14.6 78.8±30.3 0.78±0.4

Living room 37.3±8.1 57.3±20.5 0.76±0.4

Bedroom 31.6±10.2 51.5±20.9 0.72±0.4

Outdoor 28.1±11.1 64.0±21.3 0.51±0.3

Microenvironment

Summer Winter S/W
SO2 (μg/m

3) SO2 (μg/m
3)

Mean Mean

School (N=3) Personal 7.3±6.6 5.6±1.8 1.3±1.4

Classroom 4.0±3.7 6.7±6.2 0.4±0.1

Personal—room 2.7±2.1 20.0±13.1 0.3±0.3

Outdoor 36.7±31.0 39.6±5.8 0.9±0.7

Office (N=10) Personal 3.6±2.4 7.1±4.5 0.7±0.5

Indoor 4.2±3.2 7.2±11.0 0.8±0.5

Outdoor 21.3±33.9 21.1±10.8 1.4±2.2

Home (N=15) Personal (working) 6.3±1.5 4.8±1.5 1.5±0.6

Personal (not working) 3.1±1.5 6.5±6.9 0.9±0.7

Kitchen 2.5±1.7 4.8±3.2 0.8±0.8

Living room 3.0±1.0 8.5±9.7 0.7±0.5

Bedroom 2.2±1.2 5.8±6.2 0.8±0.8

Outdoor 14.2±24.1 21.4±23.0 0.5±0.4

Microenvironment

Summer Winter S/W
O3 (μg/m

3) O3 (μg/m
3)

Mean Mean

School (N=3) Personal 12.3±4.9 2.3±0.3 5.7±3.1

Classroom 12.0±5.6 2.3±0.1 5.3±2.6

Personal—room 7.0±2.6 2.9±1.0 2.7±1.5

Outdoor 56.1±16.7 7.2±7.1 11.8±6.5

Office (N=10) Personal 6.6±3.7 2.8±0.9 2.7±2.2

Indoor 4.5±3.2 2.7±0.6 1.7±1.2

Outdoor 40.2±20.0 7.5±4.6 7.8±6.4

Home (N=15) Personal (working) 9.3±1.7 2.9±0.5 3.3±0.8
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at high levels (Fig. 3). On the other hand, winter O3

concentrations did not vary with time and were lower
than in the summer. This finding can be explained by the
lower levels of solar irradiance reaching the ground in
Kocaeli in the winter. As given by Eq. 2, the decrease in
solar irradiance reaching the troposphere in winter de-
creases ozone formation and hence allows NO2 to accu-
mulate in the atmosphere.

In indoor home environments, the concentration of
NO2 increases early in the morning, primarily due to
cooking activities. The influence of outdoor emissions
might also play a role because the indoor concentrations
of NO2 increased along with the outdoor concentrations.

In indoor office environments, NO2 concentrations
increase in the morning hours of the summer season.
The concentrations of NO2 started to decrease after
midday and the SO2 and O3 concentrations increased,
just as in outdoor environments. This finding shows that
office environments in summer are not completely iso-
lated from the outdoors; the intrusion of outdoor air
decreases NO2 concentrations and increases SO2 and
O3 concentrations. In winter, the variations in the con-
centrations of inorganic gases were almost the same as
in summer, except for O3, which was not produced in
indoor environments.

During the summer, the concentrations of inorganic
gases in schools’ indoor environments started to in-
crease after 8:00. Later, however, each pollutant

exhibited different diurnal variation patterns. The con-
centrations of SO2 increased until 10:00, remained al-
most constant throughout the day and decreased after
18:00. The NO2 concentrations exhibited a bimodal
diurnal variation, peaking both at 12:00 and at 19:00.
The maximum O3 concentration was observed at 15:00,
when the NO2 concentrations were at their lowest levels
in the daytime. The diurnal variations of these gases
were generally due to ventilation of the school rooms.
While the first peak in the NO2 concentration at 12:00
could be due to outdoor to indoor NO2 transition, the
second peak in the NO2 concentration at 19:00 was
likely the result of the reaction of O3 with NO to form
NO2, as shown in Eq. 1. In winter, the school environ-
ment was ventilated poorly to ensure heat isolation.
Although this poor ventilation lets less SO2 and NO2

penetrate from the outdoor environment, pollutants can
be accumulated in the indoor air due to higher outdoor
concentrations than in summer.

Spatial variations in NO2, SO2 and O3 concentrations

Based on Table 4, which lists the range of concentra-
tions of NO2, SO2 and O3 observed in different micro-
environments, we can conclude several findings. In
summer, the highest NO2 concentrations in indoor en-
vironments were observed in homes (kitchens). Our
findings reveal that natural gas and liquefied petroleum

Table 4 (continued)

Personal (not working) 6.9±3.8 3.3±1.2 2.1±0.8

Kitchen 4.1±2.3 3.9±0.9 1.5±0.8

Living room 5.4±3.9 2.5±0.8 2.2±1.2

Bedroom 4.3±3.3 2.8±1.5 1.7±1.1

Outdoor 36.9±14.2 6.9±5.4 8.5±7.0

S/W summer/winter

Fig. 2 Diurnal cycle of the active sampling mean results for NO2, SO2 and O3 in outdoor environments: a summer; b winter
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gas (LPG) usage as a heating source in kitchens is a
major source of NO2 pollution in indoor environments.
In office and school environments, the outdoor air is a
possible source of NO2 (Wichmann et al. 2010;
Jovanovic et al. 2014). The highest winter concentra-
tions for NO2 were measured in schools’ outdoors,
followed by the outdoors of homes and offices.
Furthermore, high NO2 concentrations were observed
in the indoor environments of schools, followed by
homes (kitchens) and offices.

The highest outdoor levels of SO2 concentrations
were obtained in schools, followed by offices and
homes, in both summer and winter. These findings can
be explained by the proximity of the sampled outdoor
environment to pollution sources. Sulphur dioxide con-
centration levels were low and similar to each other in
all of the indoor environments. As a result, we can state
that there were no significant differences in the indoor
environments of homes, offices and schools in terms of
SO2 concentrations. Furthermore, the same situation
holds true for O3 concentrations. Ozone is an outdoor

pollutant, so its concentrations change not only due to
the type of microenvironment but also depending on the
position of the sampling point in the area, the season and
the state of ventilation.

To determine the effect of industry, traffic and space
heating on the levels of the pollutants outdoors, we
collected samples in urban, industrial and rural areas.
The statistical values of these samples are listed in
Table 5. The higher concentrations of NO2 and SO2 in
outdoor environments in urban areas suggest that traffic
emissions are the most important source of NO2 and
SO2 in the area. Likewise, NO2 concentrations mea-
sured in outdoor environments in industrial areas are
higher than the concentrations in outdoor environments
in rural areas. The same effects were also observed for
SO2; in the summer, the high concentration of SO2 in
urban areas, compared with other areas, supports our
hypothesis that motor vehicles burning diesel fuels
could be responsible for this effect. The urban SO2

concentration described in Table 5 was higher in sum-
mer than in winter. The key point here is that the values

Fig. 3 Diurnal cycle of the active sampling mean results for NO2, SO2 and O3 in indoor environments: a home, b office, c school (summer);
d home, e office, f school (winter)
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in Table 5 express the average of all urban points at
which the study was carried out. When the comparison
is made separately for the sampling points, it was ob-
served that there were only some points for summer that
increased the average, and at the other points, winter
concentrations were higher than summer concentra-
tions. Additionally, the points where the summer con-
centrations were higher than the winter concentrations
were on the street and central points that were close to
the traffic; the traffic is heavier at these points in summer
than in winter. Therefore, it can be said that one of the
most important sources that determine the SO2 concen-
trations in summer is traffic.

Lower O3 concentrations in residential and industrial
areas, compared with rural areas, are usually reported in
environmental studies. Ozone occurs in the presence of
NOx in the environment as a result of the photochemical
reaction of hydrocarbons and CO (Chameides and
Walker 1973; Crutzen 1973). In places where photo-
chemical reactions are completed, the concentration of
O3 is expected to be higher. Therefore, the concentration
of O3 in urban centres is lower than in rural areas
because O3 is consumed by NO (Brunekreef and
Holgate 2002). The results of O3 observed in the study
area are consistent with the mechanism explained in
Eqs. 1 and 2. The data in Table 5 verify that O3 levels
were low in places where NO2 levels were high.
Likewise, the data confirm that where NO2 levels were
low, O3 levels were high.

We found that in winter there were higher concentra-
tions of NO2 and SO2, as in the summer season. This
effect held true not only in the outdoor environments of
urban areas but also in all microenvironments.
Therefore, one cannot suggest that emissions from

traffic are the most important source of NO2 and SO2.
High concentration levels were measured in urban areas,
even those far from industry and traffic. Additionally,
winter concentrations for SO2 in rural areas dramatically
increased compared to the summer concentrations. This
finding is explained by the effect of fossil fuels (fuel oil,
coal) used for heating. The use of fossil fuels for heating,
particularly in residential areas, adds to the emissions
from motor vehicles in the city in winter; they are also
the main cause of the increase in the levels of NO2 and
SO2 pollutant concentrations in winter. Fossil fuels are
also used for purposes other than domestic heating; they
are used in industry for heating or for the production of
energy in cogeneration facilities. Employees in industry
are allowed to go on holiday in the summer; this time is
also when the annual maintenance activities are per-
formed due to the reduction in production capacity.
Increasing manufacturing activities in the winter corre-
lates with increased use of fossil fuels. This rise, paired
with traffic emissions and the combustion of fossil fuels,
is responsible for the observed high levels of SO2 and
NO2.

The concentration of O3 in outdoor environments in
winter was low in urban and industrial areas, just as in
the summer; however, in rural areas far from pollution
sources, the concentrations of O3 were high. It is impor-
tant to note that this trend was not as apparent as in the
summer season.

The active sampling results for NO2, SO2 and O3 in
outdoor environments in urban, industrial and rural
areas of homes, offices and schools are shown in
Fig. 4 in hourly slices. These data were obtained by
taking the average of all environments for the summer
and winter seasons. Nitrogen dioxide concentrations

Table 5 The outdoor concentra-
tions of NO2, SO2 and O3 in the
urban, industrial and rural areas

aurban/industrial/rural correlation
bFriedman test significance

Components Area Summer (μg/m3) Winter (μg/m3) U/I/R Corra

P valueb

Summer

U/I/R Corr

P value

Winter

NO2 Urban (15) 40.5±17.1 57.5±25.9 0.04 0.17
Industrial (9) 23.6±6.7 76.2±19.7

Rural (4) 14.0±9.3 57.6±34.9

SO2 Urban (15) 26.1±34.6 18.3±13.7 0.11 0.17
Industrial (9) 13.4±18.8 23.4±13.3

Rural (4) 5.9±5.1 41.2±35.3

O3 Urban (15) 33.3±11.9 6.7±4.2 0.02 0.47
Industrial (9) 42.2±16.8 5.9±5.0

Rural (4) 61.2±19.4 11.5±7.3
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increase more dramatically in summer than in winter in
urban areas. On the other hand, the increase was more
pronounced in winter than in summer in rural areas due
to the burning of fossil fuels for heating purposes.
Similarly, when we analysed the SO2 diurnal results,
we clearly found that urban areas exhibited a remarkable
increase in SO2 concentrations in the summer; however,
rural areas showed similar results in winter, which indi-
cates that the main source of SO2 is traffic emissions in
summer and fossil fuels in winter. Ozone showed the
highest diurnal levels in rural areas, both in summer and
winter (Fig. 4), as expected.

Ratios and correlations

To determine the influence of indoor and outdoor envi-
ronment concentrations on personal exposure to pollut-
ants, the ratios and correlation coefficient (r) were cal-
culated for the concentrations obtained in the following
environments: personal exposure/indoor environment
(P/I), personal exposure/outdoor environment (P/O)
and indoor environment/outdoor environment (I/O).

The average of the ratios and the correlation coefficients
are presented in Table 6.

The P/I ratios of the examined pollutants were in the
ranges of 0.92–1.81 and 0.57–1.83 in summer and win-
ter, respectively. The P/I ratios were lower in winter than
in summer, on average. This finding shows that personal
exposure levels are similar to the outdoor environment
concentrations in summer and indoor environment con-
centrations in winter, because people spend more time
indoors in winter than in summer.

Despite some of the seasonal differences, the fact
that the P/I ratio is above 1 in some cases indicates
that the influence of outdoor sources on the exam-
ined inorganic pollutants, in terms of personal expo-
sure, was as strong as the influence of the indoor
pollutants. The P/O ratios were in the ranges of
0.19–1.61 and 0.14–1.49 during summer and winter,
respectively. The P/I and P/O ratios obtained for
NO2 were typically greater than 1; however, the
rates obtained for SO2 and O3 were above 1 and
below 1 for P/I and P/O, respectively. This situation
points out the contribution of both indoor and out-
door environments to NO2 exposure levels and the

Fig. 4 Diurnal cycle of the active sampling mean results in the urban, industrial and rural areas. a NO2, b SO2, c O3 in summer; d NO2, e
SO2, f O3 in winter
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contribution of outdoor environments to the expo-
sure levels of SO2 and O3.

We next examined Pearson correlation coefficients
(r). In general, we found stronger correlations in both
the summer and winter seasons (P<0.05, 95 % confi-
dence interval) between personal exposure and the in-
door environment pollutant concentrations than be-
tween personal exposure and the outdoor environment
pollutant concentrations. The exposure concentration of
the sampled people and the concentration of the indoor
environment were more strongly related in homes than
in offices and schools. This finding is related to people
who were sampled at home and spent more time in an
environment where the sampling took place, in contrast
to people sampled in offices or schools. However, the
sampled people were not only affected by the pollutant
concentration of the indoor environment but at the same
time affected by the pollutant concentration of the out-
door environment as well. When analysing the correla-
tion coefficients between the concentration of the out-
door environment and the concentration of personal
exposure, a relationship was observed between them.

In Table 6, we show the relationship between indoor
environment and outdoor environment, which we
attempted to determine for the compounds examined
in the sampled schools, offices and homes by calculating
the ratios of I/O and the correlation coefficients.

If the I/O ratio exceeds 1, we can infer the pres-
ence of a strong indoor environment source of the
investigated pollutant. When evaluating the I/O en-
vironment ratios of the investigated pollutants collec-
tively, we recovered values in the ranges of 0.13–
1.57 during the summer and 0.33–1.34 during the
winter. While the I/O ratio was above 1 for NO2, it
was less than 1 for SO2 and O3. In the sampled
environments, the indoor air NO2 concentrations
were higher than the outdoor concentrations. This
finding clearly demonstrates that NO2 pollution was
primarily due to indoor activities, rather than outdoor
activities, in the indoor environments. Despite some
seasonal differences, the fact that the I/O environ-
ment ratios of SO2 and O3 were between 0.13 and
0.66 demonstrates that the examined inorganic pol-
lutants were more often derived from outdoor envi-
ronments. The low indoor O3 concentration levels
were due to low solar irradiance in indoor environ-
ments and the very fast reaction between O3 and
indoor surfaces or alkenes (Stranger et al. 2007;
Jovanovic et al. 2014; Waring and Wells 2014).
When looking at the Pearson correlation coefficient
(r) given in Table 6, in both summer and winter, a
stronger general correlation was observed between
the concentrations measured in homes and offices
than in schools.

Table 6 Personal exposure/indoor environment, personal exposure/outdoor environment and indoor/outdoor environment ratios and
correlation coefficients

Components Summer Winter

Home Office School Home Office School Home Office School Home Office School

Personal indoor correlation
coefficients

Personal/indoor Personal indoor correlation
coefficients

Personal/indoor

NO2 0.7* 0. 9* 1.0* 1.0 1.0 1.8 0.8* 0.9* 1.0* 1.1 1.1 1.0

SO2 0.9* 0.9* 1.0* 1.2 0.9 1.4 0.8* 0.2 0.1 1.2 1.8 0.6

O3 1.0* 1.0* 0.7 1.6 1.6 1.3 0.4 0.6 0.6 1.3 1.0 0.9

Personal outdoor correlation
coefficients

Personal/outdoor Personal outdoor correlation
coefficients

Personal/outdoor

NO2 0.4 0.8* 1.0 1.6 1.2 1.5 0.5* 0.3 1.0 1.1 1.5 0.8

SO2 0.4 0.2 0.6 0.5 0.4 0.3 0.1 −0.2 0.9 0.6 0.5 0.1

O3 0.5 0.6 0.1 0.2 0.2 0.2 −0.0 −0.4 −1.0* 0.7 0.5 0.6

Indoor outdoor correlation
coefficients

Indoor/outdoor Indoor outdoor correlation
coefficients

Indoor/outdoor

NO2 0.5 0.7* 1.0 1.57 1.2 1.4 0.3 0.2 1.0 1.1 1.3 0.9

SO2 0.5 0.3 0.7 0.39 0.5 0.2 0.0 0.5 −0.3 0.6 0.3 0.4

O3 0.4 0.5 0.8 0.13 0.1 0.2 0.0 0.7* −0.5 0.6 0.5 0.7

*P<0.05
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Comparison of the results with guidelines
and the literature

The levels of the inorganic pollutants examined in this
study were compared with national and international
guideline values to obtain information about the level
of pollution in the area of study. Due to the absence of
regulations regarding indoor limit values on pollutants
in Turkey and other countries, we assessed the outdoor
environment pollution levels between this study and
national and international limit values (Table 7). While
all data obtained in the study were evaluated regarding
the limit values given in the regulations, they were
compared with the annual limit value by calculating
the average of the outdoor environment data obtained
from the summer and winter samplings.

The values for SO2 obtained from our study are far
below the limit values given by the Air Quality
Assessment and Managements Regulations (AQAMR),
the European Union (EU) and the United States
Environmental Protection Agency (US EPA); the SO2

concentrations in the area exceeded only the guideline
values given by the World Health Organization (WHO).
Due to the recent widespread use of natural gas in the
region, both for domestic heating purposes and for in-
dustrial uses, the SO2 levels were much lower than most
of the limit values. However, the sulphur content of diesel
fuels and some industrial activities still results in higher
SO2 levels than the limit values given by the WHO
guidelines. In addition, the sulphur content of coal com-
bustion in rural environments increases SO2 concentra-
tions during the winter. Alternative energy sources must
be proposed to rural parts of the province to decrease SO2

levels. The NO2 concentrations obtained in this study
were also below the limit values given in every guideline.

Despite lacking a direct evaluation, because the na-
tional and international limit values for O3 are provided
only per hour or on an 8-h basis, we can conclude that
the pollution levels of O3 were generally low.

We compared the indoor, outdoor and personal ex-
posure levels of the area with similar studies from other
parts of the world. In Table 8, we list the results obtained
in this study and in other similar studies for inorganic
gaseous pollutants (NO2, SO2 and O3) that are widely
studied in the literature. NO2 concentration was deter-
mined in most of the indoor air pollutant studies because
important indoor sources, other than the outdoor
sources, affect indoor NO2 concentrations. The indoor
and outdoor NO2 concentrations determined in Kocaeli
were in the concentration range obtained from the liter-
ature (indoors 31–65 μg/m3; outdoors 31–71 μg/m3).
The concentrations obtained from personal samplers for
NO2 in summer and in winter were the lowest and
highest concentrations obtained in the literature, respec-
tively. The difference between the summer and winter
season concentrations indicates that space heating in
winter has the largest influence on NO2 concentrations
in Kocaeli.

Studies related to the determination of SO2 levels,
particularly studies of indoor air quality, are limited. The
lowest and the highest indoor concentrations of SO2 in
the literature were 5 and 265 μg/m3, respectively, in
Hong Kong, China. The indoor SO2 concentrations in
Kocaeli were comparable to the numbers from most of
the studies; however, excluding the study conducted in
Taiyuan, China, the outdoor SO2 concentrations were

Table 7 Comparison of outdoor average concentrations of this study with national and international guidelines

This study (μg/m3) AQAMRa (μg/m3) EU guidelineb

(μg/m3)
US EPA guidelinec

(μg/m3)
WHO guidelined

(μg/m3)

SO2 Summer 19.1 225 (daily)
20 (annual)

125 (daily)
20 (annual)

20 (daily)
Winter 23.2

NO2 Summer 31.4 58 (annual) 40 (annual) 100 (annual) 40 (annual)
Winter 63.5

O3 Summer 40.1 120 (8 h) 120 (8 h) 147 (8 h) 100 (8 h)
Winter 7.1

a Turkish AQAMR (Air Quality Assessment and Management Regulations)
b European Union (EU). Council Directive 1999/30/EC. 2002/3/EC
cUnited States Environmental Protection Agency (US EPA), http://www.epa.gov/ttn/naaqs/
dWorld Health Organization (WHO), http://www.who.int/peh/

Environ Monit Assess (2015) 187: 590 Page 13 of 17 590

http://www.epa.gov/ttn/naaqs/
http://www.who.int/peh/


slightly higher than the values reported in the literature.
This fact could arise due to the use of high sulphur-
content coal and diesel fuel in the region.

The indoor, outdoor and personal concentrations of
ozone in Kocaeli were found to be similar to the values
reported in the literature.

Table 8 Comparison of the results with similar studies

Place and time
of sampling

Environment
(Na)

Sampling group (Na) NO2(μg/m
3) SO2 (μg/m

3) O3 (μg/m
3) Source

Kocaeli, Turkey
31 May–29 June
2006 (summer)

Home (15) Indoor (28) 35.5 3.1 6.2 This study
Office (10) Outdoor (28) 30.6 24.1 44.4

School (3) Personal (28) 37.7 4.7 8.6

Personal (28)

Kocaeli, Turkey
16 November–20
January 2007
(winter)

Home (15) Indoor (28) 66.9 8.8 2.9
Office (10) Outdoor (28) 70.5 27.4 7.2
School (3) Personal (28) 70.4 6.4 2.8
Personal (28)

Korea
July–August 1995

School (1) Indoor (8) 6.2 Lee et al. (1997)
Outdoor (8) 11.1

Hong Kong
November 1997–
January 1998

School (5) Indoor (5) 31 5 Lee and Chang.
(2000)Outdoor (5) 67 16

Hong Kong
May–June 1997

Home (10) Indoor (10) 53.4 6.3 5.3 Chao. (2001)
Outdoor (10) 70.9 8.1 13.3

Santiago, Chile
1999–winter

Home (20) Indoor (54) 65.6 below detection
limit

Bracho et al.
(2002)Outdoor (13) 67.7

Personal (66) 47.0

Nashville, TN, USA
June–July 1994

School children’
home indoor,
outdoor and
personal
sampling
(200)

Indoor (202) 4.1 Lee et al. (2004)
Outdoor (200) 42.2

Personal (198) 6.9

Baltimore, USA
May–September
2003

Home Indoor 58.3 (N=95) 2.0 (N=88) Breysse et al.
(2005)

Antwerp, Belgium
2001–2003

Home (18) Indoor (Home) (18) 33 below detection
limit

3.2 Stranger et al.
(2007)School (27) Indoor (School) (27) 57 1.9

Outdoor (Home) (18) 39 28

Outdoor (School) (27) 63.7 31

Personal (Home) 42 5.1

Taiyuan, China
December–2004

School (10) Indoor (34) 39.4 264.8 10.1 Zhao et al.
(2008)Outdoor (10) 52.3 712.8 12.4

Detroit, USA
(2006–2008)
summer

Ambient Outdoor 41.4 (N=749) 55.0 (N=759) Meng et al.
(2012)Personal Personal 47.0 (N=508)

Detroit, USA
(2006–2008)
winter

Ambient Outdoor 43.3 (N=653) 39.3 (N=653)

Personal Personal 65.9 (N=401)

Eskişehir, Turkey
9 and 12
March 2009

School (2) Indoor 33.3 (N=54) 18.6 (N=54) Demirel et al.
(2014)Outdoor 30.9 (N=13) 89.8 (N=8)

Personal 42.8 (N=66) 38.4 (N=64)

a Numbers in parentheses indicate the number of observations
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Conclusions

The concentrations obtained for NO2, SO2 and O3 using
both active and passive sampling techniques are similar
to each other, which reveals that both sampling tech-
niques can be used safely in sampling studies of indoor
environments, outdoor environments and personal
exposure.

When looking at the ratios of P/O and I/O in the
entire data set for the assessment of the results obtained
in both summer and winter sampling, the obtained rates
for NO2 are above 1 for both cases. On the other hand,
the obtained rates for SO2 and O3 were found to be far
below 1. This fact highlights the contribution of both
indoor and outdoor environments to the NO2 exposure
levels of personal and indoor environments, and the
contribution of outdoor environments to the exposure
levels of SO2 and O3. The fact that the P/I ratios are
generally above 1 for each of the three pollutants shows
that the indoor environment is not the only effect on the
personal exposure concentrations.

The seasonal differences were found to be depen-
dent on the type of pollutants and the levels of con-
centration. The concentrations of NO2 and SO2 mea-
sured in winter were higher than the levels measured
in summer. The increase in the use of fossil fuels for
heating purposes has a significant impact on the
levels of NO2 and SO2. When analysing the seasonal
differences of O3, the level of concentration measured
in the winter due to the absence of photochemical
reactions dependent on the intensity and duration of
the sunlight was found to be significantly lower than
in the summer.

When we analysed the concentration levels of
NO2, SO2 and O3 pollutants in urban, industrial and
rural areas, we obtained high concentration levels of
NO2 and SO2 in the outdoor environment of urban
areas in summer. The main reason for this finding
relates to traffic emissions, because traffic is heavier
in urban areas. The higher results of outdoor envi-
ronment concentrations of NO2 and SO2 in industrial
and rural areas in winter showed that using fossil
fuels for heating purposes is the most significant
emission source, together with traffic. We also recov-
ered lower O3 concentrations for residential and in-
dustrial areas, even though this same pollutant exhib-
ited higher concentrations in locations far from its
sources like rural areas.
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