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Abstract: It is known that one of the greatest problems of
developed countries in the twenty-first century is traffic.
For this reason, engineers have searched for alternative
solutions to the problem of traffic. One such solution is
the construction and utilization of rail systems instead of
main roads. From an engineering perspective, rail systems
can be divided into three groups: metro, light metro, and
tram systems. Light metro systems, which are a form of
public transportation, are not directly inside the traffic.
Their most important advantages include the fact that
they do not release combustion products such as CO, and
metro and light metro systems may be considered envir-
onmentally friendly based solely on their electricity consump-
tion. In this study, measurements of parameters affecting
indoor air quality were made inside light metro cars and in
and around light metro stations belonging to the light metro
system of the Metropolitan Municipality of Antalya, known as
the tourism capital of Turkey. In February and March 2021,
when the COVID-19 pandemic was first registered in Turkey,
particulate matter (PM), temperature, and relative humidity
measurements were made for testing indoor and outside air
quality. Moreover, as outside air parameters, outside tem-
perature, outside relative humidity, CO, normalized differ-
ence vegetation index, and ultraviolet aerosol index data
were obtained from the General Directorate of Meteorology
of Turkey. The measurement results were analyzed using the
inverse distance weighting method in the geographic infor-
mation system. Based on the results of the analyses, spatial
maps were created for indoor and outside air quality para-
meters in the light metro system. Using thesemaps, the effects
of passenger density and environmental factors both inside
the metro cars and at the metro stations on indoor air quality

were identified. In addition, the spread of the SARS-CoV-2
virus in the COVID-19 period was analyzed using spatial
maps of the PM0.3 and PM0.5 parameters. It is believed that
the results of this study will set an example for further indoor
air quality studies worldwide, and this study is unique in that
it employed a method that is used particularly in survey and
geomatics engineering for analyzing indoor air quality in
light metro systems.
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1 Introduction

Rail systems are among the most preferred land transport
vehicles for fast transportation. However, their initial invest-
ment costs are high compared to other forms of transporta-
tion. In general, they are the most prevalently employed
mode of transportation in the capitals and metropolitan cities
of countries. Rail systems can be divided into three groups:
metro, light metro, and tram systems. Light metro systems
are popular due to their speed in transportation and the
comfort parameters they provide, including air conditioning
parameters (temperature, relative humidity, air velocity, air
distribution, and air purity). In contrast with metro systems,
light metro systems mostly travel above ground on rails.

In large cities, individuals spend 4–8% of their day
(1–2 h) commuting to and from work. As stated in several
different studies, during this period, people are exposed to
high concentrations of particulate matter (PM) [1].

The properties of a light metro system are presented in
Table 1.

1.1 Previous studies on the topic

Several studies on indoor air quality have been carried out
in the relevant literature for metro and light metro systems
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in Asia and Europe. In particular, some studies on PM
values are presented in Table 2.

As seen in Table 2, PM values were investigated in
metro systems for the first time in 1995. The aforemen-
tioned study was carried out in the London Underground,
which was established in 1863, and a PM2.5 concentration of
893 μg/m3 was determined [2].

While PM values usually vary between 10 and 200 μg/m3

in Asian countries, the highest PMmeasurements in Shanghai
(respectively, PM10, PM2.5, and PM1) were 366, 287, and
231 μg/m3.

In the metro system of Athens in Greece, PM1, PM2.5,
and PM10 measurements were made at fixed positions
inside metro cars on the Blue Line in November 2014 and
November 2015, and assessments were made according to
the Directive 2008/50/EC of the European Parliament on air
quality. PM10 measurements were made in two directions
of travel on all routes during commuting hours. The PM10

concentration was found as 132.2 ± 34 μg/m3 on the Red
Line and 138.0 ± 35.6 μg/m3 on the Blue Line. In Athens,
where measurements were made on eight different lines,
passenger density was observed to be high in stations
located under the streets of the city center with high traffic.
To calculate the accumulation and retention dose of aerosols
in the respiratory tract (RT) and the gastrointestinal system
and their uptake into the bloodstream, an exposure model
was applied using the formula E*DoM2. Consequently, while
PM values were found lower inside metro cars with open
windows, they were high especially when the windowswere
closed [3].

Previous studies have mostly made comparisons between
indoor air quality parameters measured in metro, light metro,
tram, and train cars and values in existing standards.

In Turkey, indoor air quality measurements for metro sys-
temsweremade for the first time in 2007 by the Environmental
Engineering Department of Istanbul University. In the study,
PM10, PM2.5, Fe, and Cu measurements were analyzed [4].

In a review study in Turkey, studies conducted on indoor
air quality on the platforms and in the cars of metro and other
rail systems in Turkey and the rest of the world were exam-
ined. Indoor air quality measurements in metro and train cars
in Turkey were compared to those in other countries by taking
into account the properties of metro systems [5].

In amaster’s thesis titled “the Effects of Ventilation Systems
on Indoor Air Quality in Metro Systems in Istanbul,” PM2.5

measurements were made in metro systems in Istanbul, and
the concentrations to which the personnel and passengers were
exposed were determined. By making comparisons between
indoor and outside air quality measurements, the effects of
metro ventilation systems on indoor air quality were examined.
It was determined that indoor air quality in metro systems
could be significantly improvedby supportingmetro ventilation
systems with platform screen doors and improving outside air
quality [4].

In a study conducted to investigate and model the effects
of PM on indoor air quality in light metro systems in Antalya,
Turkey, PM measurements were made in January, February,
and March in 2012, and it was determined that there were
differences between the values measured in the metro cars
and those measured on the platforms [6].

In a presentation about traffic-related carbon black
levels in Istanbul, Turkey, and their relationship to PM2.5

concentrations, both in-vehicle and outside measurements
were made in different transportation systems including
buses, metrobuses, metros, automobiles, fast ferries, and fer-
ries between June and September 2016. In the comparisons
of the outside air quality measurements of three different
metrobus stops (Zincirlikuyu, Avcılar, and Söğütlüçeşme),
the highest mean black carbon concentrations in June, July,
August, and September in Avcılar were 14.1 ± 10.4, 15.5 ± 17.6,
18.4 ± 12.2, and 15.3 ± 11.6 μg/m³, respectively. Inmeasurements
made at two bus stops, the highest PM2.5 concentrations in
June, July, August, and September in Bakırköy were 4.5 ±

4.0, 8.2 ± 11.7, 9.8 ± 16.2, and 13.3 ± 33.1 μg/m³, respectively [7].
There are also other studies on vehicles other than

metro trains in Turkey. In one of such studies, a doctoral
thesis on the experimental measurement of changes in
thermal parameters and indoor air quality in automobile
cabins, experiments were carried out under real climate
conditions using different air conditioning and heating
parameters. The temperatures of the solid surfaces of the
cabin and human skin were measured using an infrared
camera with the thermographic method, and real-time
temperature distributions were determined during cooling
and heating periods. As a result, mathematical models to
analyze the fluid dynamics of thermal comfort parameters
and the thermophysical interactions between individuals
and their surroundings were developed [8].

Table 1: Properties of a light metro system [9]

Light metro system Value/unit

Platform length ∼100 m
Car width 2,650 mm
Rail type S46 vignole rail
Energy supply Rigid catenary or 3rd rail
Current 750 DC or 1500 DC
Commercial speed 42–45 km/h
Maximum speed 80 km/h
Maximum passenger capacity 35,000/direction
Total car length 20–33 m
Distance between stations 600–1,000 m
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Table 2: PM measurements made in rail systems in Asia and Europe [2]

Ctiy Metro production year Measurement year Polluting Average concentration

ASYA
Hong Kong 1979 1995–96 CO, NOx 1,500, 205 ppb

2014 PM10, PM2.5 120; 10.2 µg/m3

Beijing 1969 2004 TVOC 0.3 ppm
TSP, PM10, PM2.5, PM1 166; 108; 36.9; 14.7
Benzen, Toluen, Xylen µg/m3

2005 Karbonlu Bileşenler 13.7; 12.4; 4.1 µg/m3

2007 Bakteri ve Mantar 98.5 µg/m3

2011 PAHs 12,639; 1,806 CFU/m3

50.3 ng/m3

Shanghai 1993 2008 PM10, PM2.5, PM1 366; 287; 231 µg/m3

2008 Karbonlu Bileşenler 24 µg/m3

2015 Siyah Karbon 9.43 µg/m3

Guangzhou 1997 2002 PM10, PM2.5 55; 44 µg/m3

2000 Volatile organic compounds (VOC) 60.5 µg/m3

Tianjin 1984 2015 PM2.5 151.4 µg/m3

Taipei 1996 2011 PM10, PM2.5 58; 32 µg/m3

Seoul 1971 2007–2008 PM10, PM2.5 150; 118 µg/m3

2005 Fe 70%
2015 Bakteri, Mantar 210; 75 CFU/m3

2006 VOC 146.7 µg/m3

Tokyo 1927 2004 Mantar 342 CFU/m3

1997 TSP 90 µg/m3

Tehran 1986 2011 Mantar 1,210 CFU/m3

2015–2016 [2] PM10, PM2.5 33–102; 40–98 µg/m3

Delhi 2002 2012 PM2.5 78 µg/m3

St.Petersburg 1935 2007 Bakteri ve Mantar 2,236; 205 CFU/m3

AMERİKA
Boston 1897 1990 VOC 12.5 µg/m3

Washington 1976 1999 PM 106 adet/m3

New York 1907 1999 Fe, Cr, Mn 500; 84; 240 ng/m3

2007 PM2.5 30.6 µg/m3

Los Angeles 1990 2012 PM 27,500 adet/m3

2010 PM10, PM2.5 78; 56.7 µg/m3

2011 PAHs 3,693 µg/m3

Mexico City 1969 2002 PM10, PM2.5 126; 78 µg/m3

Benzen 4 ppb
VOC 22.2 µg/m3

2010-2011 Bakteri ve Mantar 415; 284 CFU/m3

Montreal 1966 2003 Mn 32 ng/m3

Buenos Aires 1913 2002-2006 TSP 211 µg/m3

Fe, Zn, Cu 86; 0.08; 0.8 µg/m3

Santiago 1975 2011 PM2.5 16.9 µg/m3

AVRUPA
London 1863 1996 Mantar 284 CFU/m3

PM2.5 892.8 µg/m3

Barcelona 1924 2013 PM10, PM3, PM1 183; 165; 67 µg/m3

Milan 1964 2010 UFP; PM10, PM2.5, PM1 1.3 × 104 adet/cm3; 147.7;
91.1; 36.7 µg/m3

Italya 1964 2006 PM10, PM2.5 217; 53 µg/m3

şehirleri
Lisbon 1959 2014 PM10, PM2.5 40; 13 µg/m3

Berlin 1902 1995 PAHs 19.7 ng/m3

Frankfurt 1902 2013 PM10, PM2.5, PM1 77; 44; 23 µg/m3

Paris 1900 2007 Fe 41.8%
Stockholm 1950 2000 PM10, PM2.5 390; 139 µg/m3

(Continued)

Spatial mapping of indoor air quality in a light metro system  3



In previous studies mentioned earlier, it is seen that they
havemostly comparedmeasurement results to standard values.
However, there is no study on how PMwould be distributed in
enclosed spaces, especially in metro, light metro, and tram sys-
tems during a global health crisis such as COVID-19.

The importance of thermal comfort is shown in studies
on the increase in heat stress and changing climate in cities
[10], in studies on finding monthly and annual maximum
and minimum average temperature values [11], and in
geostatistical methods of lead-zinc-silver mineral deposit.
In the study of modeling and calculating the underground
grade distribution and reserve by applying reserve para-
meters (density, area, thickness, grade, etc.) [12]. It is especially
preferred in air pollution studies. Different approaches are
applied in modeling pollution by constructing geostatistical,
linear, or nonlinear models in the forward or backward direc-
tion. It is important to use emission inventory, meteorological,
and topographic conditions together in layers with different
methods for the spatial distribution of pollutant concentration.
The methods developed in this study are based on obtaining
different coefficients on the time and space scale and applying
them in different layers [13]. Inverse distance weighting (IDW)
was preferred due to the close and distant relationship of air
studies with pollutant sources in themain theory of increasing
the effect as you get closer and decreasing the effect as you
move away. While the pollutant source is dirtier, the pollutant
effect decreases at long distances. For this reason, the IDW
method is preferred in many international studies to create
spatial distribution maps [14–18].

2 Parameters affecting indoor air
quality in light metro systems

2.1 Temperature (°C) and relative
humidity (%)

Thermal comfort and indoor air quality are closely related.
Perceived air quality changes depending on variations in

the thermal conditions of interior spaces. Temperature and
humidity depend on changes in the enthalpy (total energy)
of air, and they change how the RT is cooled. The tempera-
ture of the respiratory mucosa of humans is between ∼30
and ∼32°C. While cooling the mucosal membrane to the
optimum temperature and humidity ranges provides more
acceptable breathing and comfort, insufficient cooling results
in respiratory problems [19–21]. In field studies conducted
inside buildings, it has been stated that the effects of normal
temperature and humidity are negligible, and air pollutant
concentrations are the main parameters at low enthalpy
levels, whereas pollutant concentrations are not significantly
effective at high enthalpy levels. The main parameters con-
trolling perceived air quality are temperature and relative
humidity. For indoor air quality, the optimum ranges of tem-
perature (18–28°C) and humidity (30–70%) are reported in the
ASHRAE standards. According to the ASHRAE standard 62-
1989 titled “Ventilation for Acceptable Indoor Air Quality,” a
clean air feeding rate of 8.0 L/s (28.8m3/h) is recommended for
transportation vehicles, waiting rooms, and platforms [10,22].

2.2 PM

PM is defined as solids, liquids, or a mixture of liquids
surrounding solid particles in air. These particles may con-
sist of both organic and inorganic substances such as dust,
smoke, soot, liquid droplets, spores, bacteria, metallic com-
pounds, elemental carbon, and inorganic ions. Some parti-
cles in the atmosphere are hygroscopic, and they absorb
moisture. Organic particles include complexes that can
consist of hundreds of organic compounds [23].

Particle size refers to the diameter of a particle. The
classification of particles based on their diameters according
to the United States Environmental Protection Agency (EPA)
is shown in Table 3.

Figure 1 shows the PM concentrations reported for
underground metro stations in different cities of the world
listed according to measurement years.

Table 2: Continued

Ctiy Metro production year Measurement year Polluting Average concentration

Helsinki 1982 2004 PM2.5 53 µg/m3

Prague 1974 2004 PM10, PM2.5, PM1 164.3; 93.9; 44.8 µg/m3

Budapest 1894 2007 PM10; Fe 155 µg/m3, 40%
Athens 2000 2013 PM10, PM2.5, PM1 400; 100; 40 µg/m3

İstanbul 1910 2007 [24–27] PM10, PM2.5 50–200; 49–181 µg/m3

Fe, Cu 10–28 ; 0.13–0.32 µg/m3;
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In all studies in the literature, PM2.5 and PM10 values
have been measured.

2.3 Aerosols

Aerosols are found both inside and outside metro cars. In
addition to their negative effects on human health, aero-
sols also have significant direct and indirect effects on the

global climate as a parameter of outside air quality. A
direct effect of aerosols on the climate depends on how
much they reflect or absorb solar radiation. Moreover,
aerosol particles can affect the lifespan and size of clouds
by acting as cloud condensation nuclei [28]. It is known
that desert dust, which constitutes most of the aerosols
released into the atmosphere, triggers precipitation in
low clouds [29]. For these reasons, in this study, aerosol
parameters depending on outside air were examined using
spatial data maps.

2.4 Carbon monoxide (CO)

CO is a colorless, odorless, and tasteless gas that is formed
by the incomplete combustion of carbon-containing fuels.
The main source of CO in outdoor spaces is transportation.
More than 70% of the release of CO in the world and 44% of

Table 3: EPA classification of particles based on their aerodynamic
diameters [30]

EPA particle size definitions:

Highly coarse DPa > 10 μm
Coarse 2.5 μm < DPa ≤ 10 μm
Fine 0.1 μm < DPa ≤ 2.5 μm
Ultrafine DPa ≤ 0.1 μm

Figure 1: PM concentration measurements in different cities of the world by years [31].
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the release of CO in Turkey originates from the transporta-
tion sector (IPCC, 2007).

Even at low concentrations, the health effects of CO
can be observed. CO enters the body via inhalation, it is
not metabolized in the body, and it is removed by exhala-
tion. Exposure to CO at low concentrations leads to fatigue

even in healthy individuals, while it can result in chest pain
in individuals with cardiovascular problems. Exposure to
higher concentrations can reduce the sensation of sight
and the ability to communicate and cause headaches, dizzi-
ness, imbalance, and nausea. Fatal outcomes can be seen at
high concentrations [10,22].

3 Materials and methods

In this study, temperature, humidity, and PM values were
measured and automatically recorded on a Fluke 983
device at 16 stations with the highest human traffic in the
light metro system of the Antalya Metropolitan Municipality
(Figure 2) with a total of 25 stations (Figure 3). Because the
number of measurements was too high, only some of the
measurements made in the light metro system (ANTRAY)
are presented in Table 4.

The technical properties of the air conditioning setup
used in the ANTRAY light metro system are not presented
as the setup was not operated during the COVID-19 period.

Figure 2: An Antalya ANTRAY light metro train.

Figure 3: Light metro and tram lines and stops/platforms in Antalya, Turkey.
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Measurements were made inside and outside metro
cars at 16 stations with the highest human traffic from
the Fatih station to the Meydan station. Each station was
numbered. For example, the Fatih station was coded S1,
while the Meydan station was coded S16. The hand-held

Fluke 983 PM measurement device that was used in the
study is shown in Figure 4.

Some of the temperature, relative humidity, and PM
measurement values recorded on 8 February, 22 February,
and 8 March 2021, which corresponded to the active phase
of the COVID-19 pandemic, are presented in Table 4.

The accuracy and calibration of the measuring devices
were made by the relevant companies. In the study, daily
measurements were taken three times: in the morning, at
noon and in the evening. In eachmeasurement, measurements
were taken from close to the ground in the subway, again from
1 m above the ground and from 1.5 m above the ground.

Using the temperature, relative humidity, and PM (0.3,
0.5, 1, 5, and 10 μm) measurement results for indoor (in metro
cars) and outside (stations) air quality parameters which are
shown in Table 4, as well as aerosol, CO, formaldehyde, nor-
malized difference vegetation index (NDVI), NO2, and SO2

values, spatial maps were created in the geographic informa-
tion system (GIS) using the IDW method. The maps were
produced in the order given below, and each map was exam-
ined in the context of the indoor air quality analyses. Since
the study was conducted during the Covid-19 pandemic, there
is no information on the number of passengers.

Table 4: ANTRAY air quality parameter measurements

Light metro stop name Indoor air particles substance, temperature, and humidity values Outside air particles matter

0.3 µm 0.5 µm 1.0 µm 2.0 µm 5.0 µm 10 µm Sıcaklık (°C) Bağıl Nem (%) PM 10 µm

Ferro krom 198,566 17,311 1,102 400 46 17 25 54 26.90
Kepezaltı 188,568 15,172 768 225 17 6 25 54 21.01
Fatih 186,368 15,225 1,150 508 40 9 25 53 22.10
Vakıf Çitliği 169,479 12,200 634 203 11 4 25 55 29.30
Otogar 166,947 12,197 762 276 25 10 25 55 36.89
Pil fabrikası 160,509 11,005 591 192 14 6 26 53 38.86
Dokuma 155,137 10,294 454 113 5 3 26 53 34.18
Callı 186,077 17,061 2,503 1,304 110 30 30 49 28.48
Emniyet 154,479 10,200 659 235 23 7 23 52 26.29
Sigorta 166,716 13,455 1,177 464 41 8 25 52 25.88
Şarampol 147,721 9,739 502 131 9 3 26 50 26.71
Muratpaşa 158,375 11,034 692 202 10 3 26 49 29.12
İsmetpaşa 154,628 10,377 544 159 6 4 26 49 30.54
Doğu garajı 148,780 9,791 467 89 8 2 26 50 29.29
B.Onat 168,258 12,903 681 192 7 3 27 48 25.55
Meydan 163,719 12,094 570 126 5 2 26 50 21.69
Kışla 215,059 25,395 2,905 1,315 13 26 26 46 22.56
Topcular 204,064 18,290 1,112 280 17 9 26 50 25.59
Demokrasi 229,764 23,193 1,327 325 34 12 26 48 25.47
Cırnık 254,596 30,978 2,321 738 47 8 25 47 27.22
Altınova 233,572 24,077 1,389 374 13 2 25 47 30.82
Yenigöl 234,453 23,726 1,418 370 20 5 27 46 33.62
Sinan 237,791 24,237 1,289 303 12 3 26 45 40.55
Yonca kavşağı 217,924 19,044 694 65 2 1 26 45 50.40
Dış hatlar 205,754 16,951 596 62 0 0 26 45 22.38

Figure 4: Fluke 983 PM measurement device.
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In Figure 5, the dark red zones show the very high
concentrations of PM0.3 at S1, S2, and S3 among the 16 sta-
tions where the measurements were made on 8 February
2021. The lowest PM0.3 concentrations, shown in dark blue,
were measured at S7, S11, S13, and S14.

On Figure 6, the dark red zones show the very high
concentrations of PM0.3 at S1, S2, S3, S8, and S9 among the
16 stations where the measurements were made on 22 Feb-
ruary 2021. The lowest PM0.3 concentrations, shown in dark
blue, were measured at S13, S14, S15, and S16.

Figure 5: Spatial map of PM0.3 based on measurements on 8 February 2021 (indoor).

Figure 6: Spatial map of PM0.3 based on measurements on 22 February 2021 (indoor).
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On Figure 7, the dark red zones show the very high
concentrations of PM0.3 at S1, S2, S3, S4, S5, and S6 among
the 16 stations where the measurements were made on 8
March 2021. The lowest PM0.3 concentrations, shown in
dark blue, were measured at S9, S10, S11, and S12.

According to Maps 1, 2, and 3, S1, S2, and S3 had very
high concentrations of PM0.3 on all measurement days.
Among these stations, S1 was the station where the light
metro line started, and it had a high traffic of people both
inside and outside the metro cars. In addition, considering
that the area was a crowded area where large numbers of
working people would be present, it may have been the
first point of the spread of COVID-19 through the light
metro system. The lowest PM0.3 concentrations were at
S13 and S14 on all measurement days. These were the
Doğu Garajı and Burhanettin Onat stations, which were
located right after the point where the light metro traffic
connected to other lines, meaning that passenger traffic
would be less.

According to these results, an infrared thermometer
could be used at the entrance of the stations to prevent
those with a fever from using the metro.

In Figure 8, the dark red zones show the very high
concentrations of PM0.5 at S1, S2, S3, and S8 among the 16
stations where the measurements were made on 8 Feb-
ruary 2021. The lowest PM0.5 concentrations, shown in
dark blue, were measured at S11, S12, S13, and S14, which

included the Doğu Garajı and Burhanettin Onat stations
where lower rates of passenger traffic would be found.

In Figure 9, the dark red zones show the very high
concentrations of PM0.5 at S1 and S8 among the 16 stations
where the measurements were made on 22 February 2021.
The lowest PM0.5 concentrations, shown in dark blue, were
measured at S13, S14, S15, and S16, which included the Doğu
Garajı and Burhanettin Onat stations where lower rates of
passenger traffic would be found.

In Figure 10, the dark red zones show the very high
concentrations of PM0.5 at S1, S2, S4, S5, and S6 among the
16 stations where the measurements were made on 8
March 2021. The lowest PM0.5 concentrations, shown in
dark blue, were measured at S9, S10, S11, and S12.

According to Figures 8–10, S2 and S8 had very high con-
centrations of PM0.5 on all measurement days. Among these
stations, S1 was the station where the light metro line started,
and it had a high traffic of people both inside and outside the
metro cars. In addition, considering that the area was a
crowded area where large numbers of working people would
be present, it may have been the first point of the spread of
COVID-19 through the light metro system. The lowest PM0.5

concentrations were at S13 and S14 on all measurement days.
These were the Emniyet and Sigorta stations.

According to these results, an infrared thermometer
could be used at the entrance of the stations to prevent
those with a fever from using the metro.

Figure 7: Spatial map of PM0.3 based on measurements on 8 March 2021 (indoor).
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In Figure 11, the dark red zones show the very high
relative humidity values at S6 among the 16 stations where
the measurements were made on 8 February 2021. The
lowest relative humidity values, shown in dark blue, were
measured at S9, which was the Çallı station.

In Figure 12, the dark red zones show the very high
relative humidity values at S15 among the 16 stations where
the measurements were made on 22 February 2021. The
lowest relative humidity values, shown in dark blue, were
measured at S4.

Figure 8: Spatial map of PM0.5 based on measurements on 8 February 2021 (indoor).

Figure 9: Spatial map of PM0.5 based on measurements on 22 February 2021 (indoor).
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In Figure 13, the dark red zones show the very high
relative humidity values at S9, S10, S11, and S12 among the
16 stations where the measurements were made on 8

March 2021. Relative humidity could be high in these areas
due to evaporation as they were close to the underground
stream named Kırkgöz, which supplies the drinking water

Figure 10: Spatial map of PM0.5 based on measurements on 8 March 2021 (indoor).

Figure 11: Spatial map of relative humidity (%) based on measurements on 8 February 2021 (indoor).
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of Antalya, and the hydroelectric power plant, which is fed
by Kırkgöz through canals. The lowest relative humidity
values, shown in dark blue, were measured at S1, S2, and S3.

According to Figures 11–13, the relative humidity values
in the area were not similar on different measurement days.

In Figure 14, the dark red zones show the highest out-
side temperature values at S8 among the 16 stations where
the measurements were made on 8 February 2021. The
lowest temperature values, shown in light blue, were mea-
sured at S9.

Figure 12: Spatial map of relative humidity (%) based on measurements on 22 February 2021 (indoor).

Figure 13: Spatial map of relative humidity (%) based on measurements on 8 March 2021 (indoor).
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In Figure 15, the dark red zones show the highest outside
temperature values at S6 and S12 among the 16 stations where
the measurements were made on 22 February 2021. The
lowest temperature values were measured at S13 and S14.

In Figure 16, the dark red zones show the highest out-
side temperature values at S1 among the 16 stations where
the measurements were made on 8 March 2021. The lowest
temperature values, shown in blue, were measured at S9.

Figure 14: Spatial map of outside temperature (°C) based on measurements on 8 February 2021.

Figure 15: Spatial map of outside temperature (°C) based on measurements on 22 February 2021.
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According to Figures 14–16, S8, S6, S12, and S1 had the
highest outside temperature measurements. No apparent
relationship could be found between these temperature
values and their spatial distributions. On the other hand,
S9, S13, S14, and S9 had the lowest outside temperatures,
with the lowest at S9, which was the Çallı station.

As shown in Figure 17, which shows the CO measure-
ments made on 8 February (a), 22 February (b), and 8
March 2021 (c), the CO concentrations between S4 and
S16 were very low, while the CO concentrations between
S3 and S4 (Fatih and Vakıf Çiftliği stations) were very high.
The reason for the high concentrations of CO in this area
may be the industrial zone of Antalya and the ferrochro-
mium factory at the location. Other spatial maps also
showed that the areas with high CO concentrations also
had high PM0.3 and PM0.5 concentrations.

Figure 18 shows the measurements of aerosols, which
considerably affect air quality, made on 8 February (a), 22
February (b), and 8 March 2021 (c). The aerosol concentra-
tions between S7 and S16 were very high. This was attrib-
uted to the high traffic of people in these areas due to their
proximity to the city center.

Figure 19 shows the spatial maps of the NDVI values
measured on 8 February (a), 22 February (b), and 8 March
(c). It is seen that the area between S7 and S16 had a low
amount of vegetation, and this was attributed to the proxi-
mity of the area to the city center. On the other hand, in

seven areas between S3 and S7, a relatively higher amount
of vegetation was observed. This result may be explained
by the presence of an olive grove in the area consisting of
several olive trees.

4 Discussion and conclusion

The following results were obtained based on the measure-
ments that were made with difficulty in Antalya in Turkey
on 8 February, 22 February, and 8 March 2021, when mask
and social distancing rules were in place due to the COVID-
19 pandemic.
a) PM0.3 analysis results:

According to Figures 5–7, S1, S2, and S3 had very
high concentrations of PM0.3 on all measurement days.
Among these stations, S1 was the station where the light
metro line started, and it had a high traffic of people
both inside and outside the metro cars. In addition,
considering that the area was a crowded area where
large numbers of working people would be present, it
may have been the first point of the spread of COVID-19
through the light metro system. The lowest PM0.3 con-
centrations were at S13 and S14 on all measurement
days. These were the Doğu Garajı and Burhanettin
Onat stations, which were located right after the point

Figure 16: Spatial map of outside temperature (°C) based on measurements on 8 March 2021.
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where the light metro traffic connected to other lines,
meaning that passenger traffic would be less.

b) PM0.5 analysis results:
According to Figures 8–10, S2 and S8 had very high

concentrations of PM0.5 on all measurement days. Among
these stations, S1 was the station where the light metro
line started, and it had a high traffic of people both inside
and outside the metro cars. In addition, considering that
the area was a crowded area where large numbers of
working people would be present, it may have been the
first point of the spread of COVID-19 through the light
metro system. The lowest PM0.5 concentrations were at
S13 and S14 on all measurement days. These were the
Emniyet and Sigorta stations.

c) Outside temperature (°C) analysis results:
According to Figures 14–16, S8, S6, S12, and S1 had the

highest outside temperature measurements. No apparent
relationship could be found between these temperature

values and their spatial distributions. On the other hand,
S9, S13, S14, and S9 had the lowest outside temperatures,
with the lowest at S9, which was the Çallı station. The
spatial maps also did not show a meaningful relationship
between outside temperature and PM0.3 or PM0.5 values.

d) Relative humidity (%) analysis results:
According to Figures 11–13, the relative humidity

values in the area were not similar on different mea-
surement days.

e) CO analysis results:
As shown in Figure 17(a)–(c), the CO concentrations

between S4 and S16 were very low, while the CO
concentrations between S3 and S4 (Fatih and Vakıf
Çiftliği stations) were very high. The reason for the
high concentrations of CO in this area may be the indus-
trial zone of Antalya and the ferrochromium factory
at the location. Other spatial maps also showed that
the areas with high CO concentrations also had high

Figure 17: Spatial maps of CO on 8 February (a), 22 February (b), and 8 March 2021 (c).
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PM0.3 and PM0.5 concentrations, which could indicate a
relationship.

f) Aerosol analysis results:
As shown in Figure 18(a)–(c), showing the measure-

ments of aerosols, which considerably affect air quality,
the aerosol concentrations between S7 and S16 were very
high. This was attributed to the high traffic of people in
these areas due to their proximity to the city center. Other
spatial maps also showed increased PM0.3 and PM0.5 con-
centrations at these locations, indicating a relationship
between aerosol and PM concentrations.

g) NDVI analysis results:
As shown in Figure 19, showing the spatial maps of

NDVI values, the area between S7 and S16 had a low
amount of vegetation, and this was attributed to the proxi-
mity of the area to the city center. On the other hand, in
seven areas between S3 and S7, a relatively higher amount
of vegetation was observed. This result may be explained
by the presence of an olive grove in the area consisting of
several olive trees. Moreover, in areas with low CO

concentrations, vegetation was scarcer according to the
NDVI values, and PM0.3 and PM0.5 concentrations were
higher. This suggested a relationship among NDVI, CO,
PM0.3, and PM0.5 values. It is seen that without conducting
statistical analyses, the relationships among indoor air
quality parameters can be observed using spatial maps.

According to the results of this study, it is recom-
mended to use an infrared thermometer at the entrance
of metro, tram, and train stations to prevent those with a
fever from using these vehicles.

Metro systems are among the areas used by a large propor-
tion of the population, where the comfort and health of passen-
gers are affected by air quality parameters. Studies on air quality
allow us to analyze human exposure to pollutants and calculate
indoor air quality parameters, which can then be used to iden-
tify health risks and take precautions to protect public health.
Such studies can be utilized as important tools to develop effec-
tive policies for reducing human exposure to aerosols in trams,
metro, light rail, and train transportation systems.

Figure 18: Spatial maps of aerosols on 8 February (a), 22 February (b), and 8 March 2021 (c).
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The negative effects of PM, which is among indoor
quality parameters, can be reduced in metro systems.
The main issue here is to determine how to lower the PM
concentrations in systems that involve the operation of
metal wheels on metal rails. To reduce the concentrations
of PM originating from the movement of the vehicle on the
rails for older trains and metro systems, modifications
such as automated brake systems, rubber tires, and air
conditioning systems can be recommended. The usage of
automated brake systems and rubber tires will not only
reduce the concentrations of PM but also lower the levels
of noise and sound that the passengers are exposed to. The
implementation of these modifications in older metro sys-
tems might not always be economically and technologically
viable. Using high-performance air conditioning systems is
a highly effective method of eliminating PM accumulation.
However, as seen in the example used in this study, in a
global public health problem like the COVID-19 pandemic,
the air conditioning systems of metro systems may be

turned off to minimize the spread of viruses. Because these
systems not only lower the PM concentrations inside metro
cars but also provide the passengers with thermal comfort
by providing optimal temperature and humidity condi-
tions, it is recommended to use HEPA filters in air condi-
tioning equipment used for metro systems. These filters
can also be used in older transportation systems by mod-
ifying or replacing their existing air conditioning equip-
ment. The greatest disadvantage of these systems is that
they consume a lot of energy. Officials are recommended to
ensure that the areas where dust can accumulate at locations
where trains are maintained and repaired are cleaned reg-
ularly, the cleaning of trains, stations, and platforms, in gen-
eral, is not overlooked, and PM concentrations at certain
locations are regularly measured using appropriate devices.

It is recommended that field studies be carried out to
investigate the effects of thermal parameters on perceived
indoor air quality in terms of the exposure of passengers to
various air pollutants in metro and tram cars, as well as

Figure 19: Spatial maps of NDVI on 8 February (a), 22 February (b), and 8 March 2021 (c).
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underground stations and platforms. In addition, in under-
ground stations, more attention should be paid to mechan-
ical ventilation systems, including air filtering systems, by
using an integrated building management system. These
measures can improve the general indoor air quality in
metro systems.

Previous studies on indoor air quality in metro sys-
tems have mostly compared field measurements to stan-
dard values. However, there is no study on how PM would
be distributed in enclosed spaces, especially in metro, light
metro, and tram systems during a global health crisis such
as COVID-19. This is why it is believed that this study is
unique. Furthermore, by taking the results of this study as
a reference, it will be possible to create spatial maps of
various indoor air quality parameters such as tempera-
ture, humidity, PM, and VOC for other areas where air
quality is important, including residential buildings, hospi-
tals, and shopping malls.

Considering that PM1 (1 μm) and smaller particles are
small enough to enter the bloodstream of humans through
the alveoli in their lungs, this study was planned to measure
the concentrations of PM0.3 (0.3 μm) and PM0.5 (0.5 μm), which
are smaller than PM1, as a pioneering study to investigate
their effects on human health.
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