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Abstract: One of people’s greatest concerns about air quality degradation is its impact on human
health. This work is a case study that aims to investigate the air quality and the related impact on
people’s health in a coastal city over the eastern Mediterranean. The analysis proceeded during a
low-tourist density period, covering the days from 17 to 27 November 2022. Hourly PM2.5, NO2 and
O3 concentration records from three, mobile, Air Quality Monitoring Systems (AQMS), established
in an urban location, port and central area of Rhodes city, are analyzed. To investigate the impact
of pollution levels on human health, the Air Quality Health Index (AQHI) is calculated. The daily
and diurnal variation of pollutants’ concentration and AQHI among the different areas, as well as
the relation among the ambient air pollutants and AQHI, are studied. Additionally, to investigate
the impact of wind regime on the variation of pollution and AQHI levels, the hourly zonal and
meridional wind-speed components, as well as the temperature at 2 m, the dew point temperature
at 2 m, and the height of the boundary layer from ERA5 reanalysis, are retrieved for the region of
the southeastern Mediterranean. Results show that the highest pollution level occurs in the city
center of Rhodes, compared to the rest of the studied locations. In general, the findings do not
show exceedances of the pollutants’ concentration according to the European Directive 2008/50/EC.
Moreover, findings show that in some cases, the health risk is classified from Low to Moderate in
terms of AQHI. The analysis indicates that the climate conditions affect the pollutants’ concentration
due to dispersion, and likely, the atmospheric transport of pollutants. Finally, this work aims to
improve the knowledge regarding the air quality of southeastern Greece, promoting the framework
for the green and sustainable development of the South Aegean Sea.

Keywords: air quality monitoring systems (AQMS); air quality health index (AQHI); pollutants;
PM2.5; NO2; O3; ERA5; wind speed; eastern Mediterranean; Aegean Sea

1. Introduction

Air quality is of major concern worldwide because it raises environmental and human
health issues [1,2]. The increase in air pollution levels in urban areas affects the quality
of city residents’ everyday life, endangers human health, and also harms the environ-
ment [3,4]. Additionally, biosystems and biodiversity are prone to the poor ambient air
quality conditions [5]. Traffic emissions, an increased number of vehicles, road-traffic
density, industrial areas, as well as anthropogenic activities, are some of the dominant
factors that contribute to the increase in the concentration of pollutants in ambient air,
leading to the deterioration of air quality [6–8]. People living near central high-traffic roads,
as well as pedestrians themselves, are prone to health disorders related to an increase in
traffic emissions [9,10]. The World Health Organization (WHO) emphasizes the impact that
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air quality has on people’s health. Clean air is a dominant feature of human health [11,12].
In addition, Intergovernmental Panel on Climate Change (IPCC) highlights that the com-
bination of climate change and air pollution, increases the dangers that are imposed on
people’s health and well-being [13,14]. Previous studies have shown that the deterioration
of air quality and exposure to high-pollution levels are linked to various diseases. In plenty
of cases, high levels of pollution trigger the onset of health disorders [15,16]. The long-term
exposure to unhealthy ambient-air conditions contributes to the onset of diseases, which
are related to the respiratory system, cardiovascular system, lung function, cancers and
cognitive decline [3,4,17–19]. Moreover, air pollution is associated with an increased rate of
morbidity and mortality [20–23]. Studies have already estimated that, worldwide, about
3.3 to 9 million premature deaths are associated with poor ambient air quality [21,22].

Due to the significant impact of road traffic on pollution levels, vehicular traffic is
commonly considered as an index for the air quality over the urban regions and the road-
neighbor areas [6,7]. The temporal and spatial variability of vehicle traffic in these areas
affects the level of pollution, which worsens ambient air quality [24]. Generally, traffic
and vehicle exhaust emissions increase the concentration of pollutants, such as particu-
late matters, VOCs (Volatile Organic Compounds) and NOX [25], in urban environments.
Previous studies have already shown that the VOCs (Volatile Organic Compounds) and
NOX are precursors for the formation of O3 in the low troposphere [26,27], affecting the
air quality and human health [3,16–18]. The atmospheric chemistry affects, in non-linear
relation, the variation of VOCs, NOX and O3 in urban environments [28]. Reducing the
concentration of VOCs, which are emitted from vehicle exhausts, could improve the level of
O3 in VOC-sensitive areas, and the also reduce NOX, and O3 levels in NOX-sensitive areas,
respectively [28]. Various factors are related to the vehicle emissions, such as traffic density
(volume), age of vehicle fleet, building planning, local topography, road geometry and also
meteorological factors (such as temperature, solar radiation, wind speed and direction,
relative humidity, etc.), affecting ambient air quality in urban environments [23,29–32]. In
this context, the European Union (EU) has adopted policies to limit the emissions of key
pollutants, in order to protect human health and the environment. Ambient Air Quality Di-
rective 2008/50/EC, European Council, 2008 [22] is the foundation of the European Union’s
measures related to air quality and cleaner air. Additionally, the WHO has established
guidelines for the upper limits of pollutant concentrations that are detrimental to human
health (Air Quality Guidelines; AQG) [11].

The scientific community has developed an array of air quality indices, that describe
the potential impact of pollution levels on human health, to research the air quality and its
related effects. In general, these indices are a metric for a population health risk assessment.
In other words, health indices serve as a means of communicating how the public is affected
by air quality [33,34]. Health indices take into account the concentration of pollutants, in
order to communicate to the general public and governmental authorities the health risk
to the general and sensitive population. For instance, Pollutant Standard Index (PSI) is
an index that takes into consideration the concentration of pollutants, such as particulate
matter (PMs), sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO) and
ozone (O3) in ambient air, providing a message regarding the relation to air quality affecting
human health [33,34]. The Air Quality Index (AQI) provides information between the
relation of air quality and its impact on public health. AQI can be calculated for five
pollutants, namely the low-level tropospheric ozone (O3), particle matter (PMs), carbon
monoxide (CO), sulfur dioxide (SO2) and nitrogen dioxide (NO2) [33,35]. The Air Quality
Health (AQHI) multi-pollutant Index is computed in this work to analyze the health risk
for people. Previous studies have already shown that AQHI is a reliable predictor of
the relationship between air quality and health risks [36–39]. This index considers the
concentration of three pollutants which affect the local air quality, and also highlights
important aggravating factors regarding human health (PM2.5, NO2 and O3) [38–41].

Meteorological conditions also determine the variation in pollution concentrations
and levels at local and larger spatial and temporal scales [42–44]. Generally, the wind
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speed and direction affect the dilution and dispersion of pollutants leading to improved air
quality [45]. The intense wind speed is related to the improvement of the air quality due to
the decrease in the concentration of pollutants [43,46–48]. Prior research has demonstrated
that the wind speed and direction tend to lower the concentration of particulate matter,
hence improving the local air quality in neighboring metropolitan areas [47,48]. However,
due to long-range atmospheric circulation, the transfer of primary or precursor pollutants
from a distant place can impair the air quality and have an adverse impact on human health
over an area [12]. Additionally, the height of the mixing layer in conjunction with wind
speed influences the dispersion of pollutants. In particular, the height of the boundary layer
influences the vertical mixing affecting the concentration of pollutants [48–51]. Additionally,
previous studies have shown that air temperature impacts the pollutants’ concentration
level (such as O3, NO2 and PMs) [51,52]. The concentration of PM2.5 is significant and
associated with the variation of air temperature. Generally, the PM2.5 decreases when the
temperature rises, but this relation is complex and varies when related to meteorological
and other conditions (such as traffic activity, vehicle density, etc.) [51,52]. Additionally,
humidity influences the level of pollution. Zhang et al. [53] have shown that the variability
of atmospheric humidity affects the particulate matter. In particular, the increased variation
of humidity significantly increases the concentration of PM2.5 concentration. Additionally,
precipitation seems to affect the pollution levels by lowering the concentration of gaseous
pollutants and particulate matter over the low troposphere [42]. Finally, the climate and
meteorological conditions, in combination with anthropogenic emissions (traffic activities,
industry, vehicle exhaust, etc.), are major factors that affect the air quality over urban
areas [6,7,42–44,48,49].

Rhodes Island is located in the southeastern Mediterranean, which is a crossroad for
atmospheric circulation because it is affected by myriad dynamic and tropical atmospheric
circulation patterns [43,54–58]. Furthermore, the latest IPCC assessment highlights that
the Mediterranean region is a climate hot-spot and one of the most vulnerable regions
to climate change [14,56]. According to future predictions, there will be more extreme
meteorological events, such as droughts, floods and heatwaves [13,14]. Air masses come
from Asia, Middle East, Africa and Europe that converge in the eastern Mediterranean
region. The viability of this region is threatened by the worsening air quality combined
with climate change [57]. The industrial activity zones of continental Europe and Russia
are sources for various pollutants. The air quality is affected by the passage of pollutants
from these locations to the eastern Mediterranean through atmospheric circulation [43].
Moreover, previous studies have demonstrated that dust transfer from Africa (Sahara)
impacts the air quality of the southeastern Mediterranean. These occurrences typically
happen in the autumn and spring season, affecting the level of PM concentration in the
area [40,59,60]. Additionally, during the summer period, the climate conditions (wind
speed, temperature, as well as relative humidity) increase the danger for wildfire events to
occur over the eastern Mediterranean. During the summer of 2021, wildfire episodes over
southwestern Turkey and Rhodes Island and the high-tourist activity significantly affected
the variability and levels of the concentration of pollutants in the city of Rhodes [61].

This work is a case study of the variation and levels of pollutants (in terms of the
concentration of PM2.5, O3 and NO2), as well as the Air Quality Health Index (AQHI), in
different areas of Rhodes city. One of the major tourist sites and a significant contributor to
Greece’s economy is the southeast Aegean Sea. In the list of UNESCO, World Heritage Cen-
ters comprise the cultural and medieval city of Rhodes. These characteristics make Rhodes
Island a highly desirable place in terms of its development, in line with environmentally
friendly and sustainable principles.

For the analysis, hourly recording of PM2.5, NO2, and O3 concentration from three cali-
brated Air Quality Monitoring Systems (AQMS) located in a city center, a port and an urban
area of Rhodes city, are investigated. Generally, AQMS are capable of accurately capturing
the spatial and temporal variability of pollution levels. Additionally, they do not achieve
the desirable accuracy due to their response to the impact of meteorological conditions,
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and the presence of other pollutants that influence the absolute measurements [62–67].
In general, a network of AQMS provides a relevant solution to monitor the variation of
pollutants due to their affordability, low-power requirements and the large spatiotemporal
coverage [8]. Additionally, the deployment of several AQMS could provide the ability
to synchronously evaluate the air quality over different areas with a fine spatiotemporal
resolution. Additionally, AQMS provides a solution for the regions where there are no
previous air quality recordings [66,67]. Due to the uncertainty of the AQMS to measure
absolute values, this study is focused on investigating the air quality and health risks for
the population, focusing primarily on the variance and the differences of the pollution
levels and AQHI among the studied areas [35].

Until now, there has been limited research regarding the air quality over the region
of the historic city of Rhodes, specifically over the summer period [61]. This work seeks
to provide elements regarding the air quality over the urban region of Rhodes. It is the
first time that the air quality (in terms of the concentration of pollutants) and a multi-
pollutant, air quality health index are calculated over an urban coastal environment of the
southeastern Aegean Sea (the city of Rhodes). The analysis aims to investigate pollution
levels, climate conditions and human health risks during a period that is less studied, until
now. The studied period is a low-tourist period, in which vehicle activity is the dominant
factor affecting local pollution levels over the city. Moreover, the impact of meteorological
conditions on pollution variation are studied using data from the ERA5 reanalysis dataset.
The measurements of this study take place over a short period (eleven days), which covers
17 to 27 November 2022. Meteorological conditions and extremely intense gusty winds,
after the 27 November, negatively affect the ability of AQMS to measure the concentration
of pollutants in two of three studied regions (in particular, in the port and urban area).
In order to compare the air quality and AQHI in different regions of Rhodes city, the
analysis is focused on the common period of all AQMS recordings (the period from 17 to
27 November 2022).

The analysis is carried out in the context of the “ELEKTRON” project, (Laboratory
of Excellence for the monitoring of environmental impact from transport and promo-
tion of electromobility in islandic regions), which advocates for environmentally friendly
transportation methods over Southeast Greece. This project aims to improve knowledge
regarding the air quality and ambient environment over Rhodes city. Previous studies have
already looked into the air quality of Rhodes city and the southeastern Aegean region, but
they focus their analysis on the high-tourist season (summer months). Findings have shown
that air quality is affected by traffic emissions and also from wildfire episodes occurring in
the southeastern Mediterranean [41,61].

The manuscript is organized into the following sections: Section 2 provides the de-
scription of the data and methods. In Section 3, we present the results and discuss air
quality and health risks for the different areas of Rhodes city. The impact of wind pattern
(wind speed and direction) on pollutant levels, as well as the potential effect of large-scale
atmospheric circulation on local air quality, were also studied in this section. Finally,
Section 4 summarizes the conclusions of this work.

2. Materials and Methods

Hourly recordings of the concentration of particulate matter with a diameter less than
or equal to 2.5 µm (PM2.5; µg/m3), nitrogen dioxide (NO2; ppb) and ozone (O3; ppb), from
three calibrated mobile Air Quality Monitoring Systems (AQMS), are analyzed. In the
city of Rhodes, there are three locations where the AQMS are located (Figure 1a). These
locations are:

• the city center of Rhodes—Monitoring System 1; MS1—HazScanner™ model HIM-
6000 [68,69]. The AQMS is located at about 5 m above road level.

• the port—Monitoring System 2; MS2—HazScanner™ model HIM-6000 [68,69]. The
AQMS is located at about 5 m above road level.
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• an urban area—Monitoring System 3; MS3—AQMesh [70–72]. The AQMS is located
at about 3 m above road level.
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The AQMS are shown in Figure 1 (Figure 1b–e). The AQMS used in the analysis
are equipped with calibrated sensors in order to measure the concentration of pollutants.
In particular, AQMS includes electrochemical sensors for the measurements of NO2 and
O3 and an optical particle counter sensor for the measurements of PM2.5 [68–72]. The
concentration of pollutants in this study covers a low-traffic density period, from 17 to 27
November 2022 (eleven days). This analysis could be considered as a case study at a time
of low-tourist activity over the city of Rhodes. Additionally, during this period, the main
activity that affects the air quality in Rhodes city is vehicle traffic emissions. In comparison
to other analyzed areas, the MS3 area exhibits a lower traffic activity and vehicle density
(MS1 and MS2) (Figure 1b).

To investigate the impact of air quality (in terms of concentration of PM2.5, NO2 and
O3) as a health risk within the population in the city of Rhodes, the Air Quality Health
Index (AQHI) is calculated. The AQHI is an index that is used to inform the public about
the human health risks related to air quality [39]. In particular, it is a numerical value that
is used as indicator to describe the impact of air quality on human health. This index is
classified in ten classes (low, from 1 to 3; moderate, from 4 to 6; high, from 7 to 10; and very
high, >10), where each one of these classes provide health suggestions for the sensitive
and general population. The classes, and associated health messages, are displayed in
Table 1 [39]. For the calculation of AQHI, the methodology of Yao et al. [39] is followed
(Equation (1)); [39,73].

AQHI =
10

10.4
∗
(

100 ∗
(

e0.000871∗NO2 − 1 + e0.000537∗O3 − 1 + e0.000487∗PM2.5 − 1
))

(1)
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Table 1. Classes of the Air Quality Health Index (AQHI) and their associated health suggestions.

Health Risk AQHI
Health Suggestions

Sensitive Population General Population

Low 1–3 Enjoy your usual outdoor activities. Ideal air quality for outdoor activities.

Moderate 4–6
Consider reducing or rescheduling strenuous

activities outdoors if you are experiencing
symptoms.

No need to modify your usual outdoor
activities unless you experience symptoms

such as coughing and throat irritation.

High 7–10
Reduce or reschedule strenuous activities

outdoors. Children and the elderly should also
take it easy.

Consider reducing or rescheduling strenuous
activities outdoors if you experience symptoms

such as coughing and throat irritation.

Very High >10
Avoid strenuous activities outdoors. Children

and the elderly should also avoid outdoor
physical exertion.

Reduce or reschedule strenuous activities
outdoors, especially if you experience

symptoms such as coughing and
throat irritation.

To study the daily variation of pollutant concentrations and AQHI in each one of
the studied areas in Rhodes city, the daily mean concentration of PM2.5, NO2 and O3, as
well as AQHI, are calculated. Moreover, the diurnal variability of pollutants and AQHI
are calculated. In order to investigate the differences in the concentration of the studied
pollutants among the MS1, MS2 and MS3 areas, the daily and diurnal mean anomalies of
each one of the studied pollutants in studied areas (MS1 and MS2, with reference to MS3)
are calculated, respectively. The level of significance regarding the daily and diurnal mean
anomalies is calculated using the two-tailed t-test at 95% [74].

It is generally accepted that the wind pattern (wind speed and direction) affects the
variation of pollutant’s concentration and also contributes to the dispersion of pollutants
improving the air quality [45–47]. Additionally, meteorological and climatological parame-
ters, such as temperature, the height of boundary layer, and the relative humidity, are also
significant factors that affect the variation and the level of pollution in urban areas [41–53].
During the campaign, meteorological factors and recordings from AQMS or other sources
(locally) in studied areas were not available. In order to investigate the impact that me-
teorological factors and the climate conditions in the Rhodes region have on the level of
pollutants, the AQHI, hourly zonal and meridional wind speed measuring at 10 m, temper-
ature at 2 m (T; ◦C), dewpoint temperature at 2 m (T; ◦C), and the height of the boundary
layer (BL; m) data from ERA5 reanalysis [75], available in the frame of the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF, (https://cds.climate.copernicus.eu/,
assessed on 17 February 2023)) are analyzed. Note that the percentage of relative humidity
is calculated by the ratio of water vapor pressure and saturation vapor pressure [76–79].
ERA5 provides a wide range of atmosphere, land and oceanic variables, assimilating ob-
servations to advanced model tools. Moreover, it is regarded as a state-of-the-art tool for
climate research [75]. The hourly and daily mean meteorological factors are calculated
in a spatial window neighboring Rhodes Island, i.e., over the southeastern Aegean Sea
(seAeg; from 25◦ to 28◦ E and 35◦ to 39◦ N) during the period from 17 to 27 November
2022 (the common period with the AQMS recordings). During the case study period, the
Rhodes Island sector is mostly affected by winds blowing from the south–southwest (SSW),
west (W), and north–northwest (NNW) directions. According to this, the seAeg domain is
selected as an indicative region regarding the climate conditions around the Rhodes area,
in order to investigate the impact of wind and other climate factor patterns on the variation
and level of pollution in Rhodes city.

As a quantitative measure to study the relation among meteorological factors to the
concentration of pollutants and AQHI, the Pearson correlation coefficients are calculated. In
order to further investigate the possible impact of wind patterns on the pollution in Rhodes
city, the association between wind speed/direction on the level of pollutants’ concentration
and AQHI are calculated using the Odds Ratio (OR). The OR is a measure that quantifies

https://cds.climate.copernicus.eu/
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the strength of the association between two events and represents the odds (likelihood)
for an outcome to occur at a particular exposure, compared to the odds (likelihood) of
an outcome that occurs in the absence of said exposure [80]. The OR is defined by the
following Equation (2).

OR (Odd Ratio) =
Odd of an Event

Odd of a non − Event
(2)

OR > 1 (OR < 1) indicates an increased (decreased) odd to occur with an outcome when
exposure occurs. When OR equals 1 (one), there is no association between the exposure
and the outcome (one is defined as the null value). The statistical significance of OR is
provided by the calculation of Confidence Intervals (CI; at 95%) and p-value (at 0.05) [81].
In particular, in this analysis, the OR of wind speed (exposure) with the level of pollution
(outcome) and the wind direction (exposure) with the level of pollution (outcome) are
investigated, respectively.

In order to study the association between the wind speed and the level of pollution,
we consider that the hours with intense (weak) wind speed are the hours in which wind
speed is stronger (weaker) than, or equal to, the third (first) quartile of the wind speed
distribution. Additionally, as increase (decrease) concentration of pollutants is considered
the concentration of pollutants that are higher (lower) than or equal to the third (first)
quartile of the concentration of pollutants distribution. This process is carried out for each
one of the studied pollutants and AQHI for the areas that the AQMS are located (city
center: MS1, port: MS2, and urban area: MS3; Figure 1). To sum up, the calculation of OR
shows the association between intense wind speed in the presence of a low concentration of
pollutants, and the association of intense wind speed in the absence of a low concentration
of pollutants.

To investigate the association between the wind direction and the level of pollution, we
consider that the hours with south (north) sector winds are the hours in which winds blow
from W–SW–S–SE–E (N–NW–W) directions. In this case, the OR shows the association
between south sector winds in the presence of a high concentration of pollutants, and the
association of south sector winds in the absence of a high concentration of pollutants.

Summarizing the OR for this study, the outcome is the low (high) concentration of
pollutants, as well as AQHI values and the exposure, is (a) in the first case, the intense
(weak) wind speed, and (b) in the second case, the south (north) sector wind directions.

Finally, to explain the possible impact of wind speed and directions, as well as the
results of the OR analysis, the (multi-model mean) dust concentration images provided by
the WMO Barcelona Dust Regional Center and the partners of the Sand and Dust Storm
Warning Advisory and Assessment System (SDS-WAS) for Northern Africa, the Middle
East and Europe are used [82]. These data provide elements for the investigation of the dust
concentration during the studied period from 17 to 27 November 2022 in the wider region
of Rhodes Island. These images indicate, in combination with the analysis of PM2.5 level
and variation, the possible impact of an African dust transfer episode in the concentration
level of PM2.5 in the city of Rhodes.

3. Results and Discussion
3.1. Comparing Air Quality and AQHI in Three Different Areas in Rhodes City

Figure 2 shows the daily mean variation of pollutants concentration and AQHI for the
city center (MS1), port (MS2) and urban (MS3) areas of Rhodes city. The concentration of
PM2.5 is increased in MS1 compared to other regions (Figure 2a). Higher traffic emissions
and anthropogenic activities in the city center (MS1) appear to be a significant factor
affecting the daily mean concentration levels of PM2.5. The traffic emissions and commercial
activities are likely the cause of the worsened air quality in MS1 area, compared to MS2
and MS3. Artíñano et al. [83] and Yanosky et al. [30] have shown that PM2.5 concentration
is highly related to the level of traffic emissions. According to the Air Quality Guidelines
(AQG) from the WHO in 2021 [11], the maximum PM2.5 concentrations occurring on 18
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and 19 November (about 18 µg/m3 and 39 µg/m3, respectively) exceeded the threshold
of the daily mean limit (15 µg/m3). The analysis shows that the concentration of O3
presents a slight increase in MS3 area when compared to the MS1 and MS2 (Figure 2b). The
local chemistry reactions brought on by higher traffic emissions at MS1 and MS2 stations
over the timeframe from 19 November to 21 November may account for the lower O3
concentrations observed there. The higher emissions, due to the increased vehicles exhaust
emissions in the city center (MS1) and port (MS2) area, as compared to the urban area (MS3),
possibly affect the level of VOCs concentration affecting the level of O3 concentration [25].
Additionally, the vehicular emissions of NOX is a main precursor for O3. Generally, there is
a nonlinear relation between O3 and their precursors (VOCs and NOx) that contribute to the
O3 formation [27,84,85]. Air quality in urban environments is sensitive to meteorological
conditions which influence the VOC/NOX ratio, for instance, through the vertical mixing
mechanisms in the boundary layer [85]. Moreover, the meteorological parameters such
as wind speed, potentially affect NOX and O3 variability. The higher level of NOX over
the city center, as a result of higher traffic emissions compared to MS2 and MS3, possibly
explains the differences among the concentration of O3 over these areas. Regarding AQHI,
the analysis shows that the calculated index values are classified as the Moderate health
risk class for the city center of Rhodes (MS1), during 17 to 19, and the 23 and 24 November,
2022. This finding suggests that during these days, the mean population does not need to
modify their usual outdoor activities, but the sensitive part of population should be aware
of health symptoms such as cough and throat irritation [86–89]. The AQHI for the port and
urban area shows that the health danger is Low and no measures are recommended to be
adopted by the population (Figure 2d).
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Figure 2. Daily mean variability for (a) PM2.5, (b) O3, (c) NO2 concentrations and (d) AQHI for each
of the monitoring stations (MS1: city center, MS2: port and MS3: urban area). The whiskers show the
mean hourly value plus/minus one standard deviation.

In order to further investigate the different level of pollution among the city center,
port, and urban areas, the daily mean anomalies of the concentration of pollutants and
AQHI of MS1 and MS2 with reference to MS3 are calculated. In particular, the difference
between MS1 and MS3, as well as MS2 and MS3, are calculated (Figure 3). The analysis
shows that PM2.5 in the city center (MS1), compared to the urban area (MS3), is increased
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from 17 to 21 November (about 10 to 28 µg/m3) and from 26 to 27 November (about
8 µg/m3) (Figure S1a). The daily mean changes of PM2.5 concentrations over the port
(MS2), with reference to the urban station (MS3), show insignificant positive changes (about
5 µg/m3). For the concentration of O3, the analysis shows insignificant changes for both
MS1 and MS2, relative to MS3 (Figure S1b). The high variability of O3, the impact of
atmospheric chemistry reactions on O3 levels, as well as the traffic (vehicle) emissions,
determine the concentration of the pollutants’ levels and the variability of O3 [85]. The NO2
in the city center (MS1) is increased (about 15 ppb) compared to the urban station (MS3) on
the 17 to 19, 23 to 24 and 27 of November 2022. For the MS1 area, NO2 concentrations show
an insignificant increase of about 0 to 10 ppb, except on the 23 and 24 November, when the
NO2 concentration increased to about 20 ppb (Figure S1c). The level of NO2 differences
between MS1 to MS3 and MS2 to MS3 differ by about 15 ppb during the 17 to 24 November.
The daily mean AQHI for MS1, compared to MS3, is shown to be increased by about 1.0
to 3.0. For the MS2, the analysis also shows increased values of AQHI (about 0.5 to 2.0;
Figure S1d).
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trations and (d) AQHI for each one of the monitoring stations (MS1: city center, MS2: port and MS3:
urban area). The whiskers show the mean hourly value plus/minus one standard deviation.

In summary, the worst air quality (in terms of PM2.5, NO2 and O3) and the higher
health risk for the population (in terms of AQHI) among the studied areas (MS1, MS2
and MS3), are presented over the city center area (MS1). Increased traffic and vehicular
emissions, as well as the human activities, seem to determine the level of pollution and the
health risk for the population, thus degrading the ambient air quality in the city center area.
Traffic exhaust gases have been demonstrated to worsen the quality of the surrounding air
throughout previous investigations [6,7,23,24]. Additionally, traffic-related emissions affect
people’s health and are associated with health disorders and a variety of diseases [86–89].

Figure 3 shows the mean diurnal variability of pollutants’ concentration and AQHI
during the studied period. The PM2.5 concentration increases during the hours between
13:00 and 21:00 for the city center (MS1) and port (MS2) areas. During these hours, the
mean concentration of PM2.5 over MS1 is about 18 µg/m3 and over MS2 about 10 µg/m3,
respectively (Figure 3a). For MS3 (urban area), the diurnal variation shows an insignificant
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evolution during the mean day of the studied period (Figure 3a). The lower traffic activity
over MS3, compared to MS2 areas (and especially MS1), provides an explanation for the
lower concentration of PM2.5 in MS3, compared to the rest studied areas. The diurnal
variation of the concentration of O3 for the MS1 area shows an increase from morning to
evening hours. Generally, the impact of chemical reaction and the diurnal solar radiation
affects the concentration of O3 in the near-surface tropospheric layer. Traffic emissions
are a significant source of NOX and VOCs on an urban scale, and are also a fundamental
precursor for other pollutants such as O3 [85,90–96]. Due to the anthropogenic activities,
the VOCs possibly affect the concentration of O3 during daytime hours [85]. MS1 is located
on a high-traffic commercial road in Rhodes city center. Man-made activities, such as
vehicle and traffic density, as well as traffic congestion, were maximized during the hours
between 14:00 to 16:00. The high-traffic activity during these hours possibly affects the local
chemical production of O3 [94–96]. For MS2, the concentration of O3 peaks at midday. The
variation of hourly mean O3 concentration of MS3 shows a peak during 12:00 to 15:00. The
mean diurnal cycle of O3 over the studied areas shows that the traffic activity over MS3
is lower than the other two areas (MS1 and MS2). This element demonstrates that high
traffic affects air quality over the city’s areas. The concentration of NO2 shows a typical
diurnal variability [91,92]. In particular, the analysis shows a reduction during the hours
between 12:00 and 15:00 for the MS1 (city center) and MS2 (port). The diurnal cycle of NO2
concentration for MS3 does not show significant variation during the mean day over the
studied period (Figure 3c). As previously mentioned, the reduced traffic volume over this
region may be to blame for the negligible hourly change in NO2 concentration. Additionally,
the variability for both O3 and NO2 is affected by traffic and anthropogenic emissions (such
as VOCs, solar cycle), and meteorological factors such as wind speed, temperature, relative
humidity, cloud cover, precipitation, etc. [25–28,48–53,92,94–98]. The calculation of the
diurnal variation of the AQHI shows that the air quality, most significantly, affects people’s
health during the night and evening hours (Figure 3d) for the city center (MS1) area. The
main reason for this point is that, during these hours, the concentration of the studied
pollutants was maximized or maintained at a high level compared to other hours during
the mean day of the period under study. For MS2, the diurnal variation of the AQHI
shows that daytime hours present AQHI values classified in the (limited) Moderate class
(about 3.0 to 4.0). Results show that the variation of pollutant concentrations affect people’s
health risk.

To further investigate the differences in air quality and AQHI among city center (MS1),
port (MS2) and urban areas (MS3), the diurnal anomalies for the concentration of pollutants
and AQHI over the MS1 to MS3 (MS1–MS3) and MS2 to MS3 (MS2–MS3), are shown in
Figure S2. The analysis shows that the hourly anomalies of the concentration of PM2.5
over the MS1 area are increased by about 10 to 15 µg/m3, compared to the MS3 area.
The MS2 area shows insignificant positive diurnal anomalies compared to MS3 (about 5
to 9 µg/m3; Figure S2a). Regarding the diurnal anomalies of the O3 concentration, the
analysis generally indicates insignificant changes. An exception is MS2, where negative
significant differences of about −5 to −11 ppb are shown during 3:00 to 9:00 (Figure S2b).
The diurnal anomalies of NO2, both for MS1 and MS2 (as compared to MS3), are generally
(significant) positive (Figure S2c). The MS1 shows a reduction of the NO2 concentration
during daytime hours following a standard variation of NO2. In general, NO2 variability
is associated with the traffic emissions and also the diurnal variation due to chemical
reactions between O3 and NOX [92,94]. The diurnal variation of AQHI shows positive
anomalies of about 1.0 to 3.0, as a result of the diurnal variation of concentration of PM2.5,
O3 and NO2 (Figure S2d). This finding indicates that health risks are, in general, increased
over the high-traffic congestion hours in the city center (MS1) and port areas (MS2), in
comparison to the urban area (MS3). The analyses of Wang et al. [93] and Huang et al. [97]
provide elements that vehicle emissions are an important source of pollutants increasing
the health risks of the population. Additionally, emissions during peak vehicle traffic hours
have a substantial impact on human health [98]. The report by the European Environment
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Agency [99] stated that a significant proportion of NOX and PM2.5 concentration comes
from traffic activities causing disturbances to human health. Finally, the analysis by Chen
et al. [100] has shown that traffic pollution is associated with important health disorders
regarding COVID-19 infections. These data indicate the impact of air quality degradation
on human health, and are in line with the results of this analysis (the increased values of
AQHI over the high-traffic activity hours).

3.2. The Impact of Meteorology and Atmospheric Circulation on the Air Quality and AQHI in
Rhodes City

As already mentioned, meteorological factors significantly affect the variability and the
level of pollutants over an area. In order to investigate the impact of meteorological factors
on the variation of pollutants and AQHI, hourly values of the meteorological variables
from ERA5 reanalysis are analyzed. Figure 4a shows the composite mean of the wind
speed and direction over an extended region, which includes the Aegean Sea and Rhodes
Island. The analysis indicates that the dominant wind directions during the studied period
blow from the south–southwest to north–northwest sectors (SSW–W–NNW). In order to
investigate the impact of wind speed and direction on the pollutants concentration level
and AQHI, hourly wind speed/direction, as well as temperature at 2 m, boundary layer
height, and relative humidity, are calculated over a domain of the southeastern Aegean Sea
(seAeg) near Rhodes Island (from 25◦ to 28◦ E and 35◦ to 39◦ N). Figure 4b–f indicates the
daily mean variation of wind speed (WS; m/s), wind direction (WDir; ◦) temperature at
2 m (T; ◦C), height of boundary layer (BL; m) and relative humidity (RH, %) averaged over
the seAeg.
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Figure 4. (a) The composite mean of wind speed (m/s) during the studied period. The red rectangular
shows the region over which the mean wind speed and direction are calculated as an index for the
wind pattern around Rhodes Island, and the daily mean of (b) wind speed, (c) wind direction,
(d) temperature at 2 m, (e) height of boundary layer, and (f) relative humidity.

In order to study the relation between the level of pollution (concentration of pollu-
tants, as well as AQHI), in Rhodes city, and the meteorological conditions over the region
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of Rhodes Island, the Pearson correlation coefficients among the hourly concentration of
pollutants (as well as AQHI) and meteorological factors averaged over the seAeg region,
are calculated. The results of this analysis are shown in Table 2. Generally, the wind speed
shows a negatively low correlation with the majority of the pollutants concentration in
the MS1, MS2 and MS3 areas (statistically significant correlation values for MS1 and MS2
areas). Wind direction and the concentration of PM2.5 show positive correlation for studied
areas (about 0.34). Over the MS3 region, the wind direction is positively related to the
concentration of NO2 and AQHI. The higher correlation values between wind direction
and pollutants in MS3 region, compared to other areas, are possibly explained by the traffic
emissions and the building plan of the regions. Temperature at 2 m (T) is positively related
to the concentration of PM2.5 for each area and also to the concentration of all studied pollu-
tants in MS3 area. It is possibly explained by the common hourly variation of traffic activity
and temperature in the city during daytime hours. Mendes et al. [101] have shown that
wind speed (WS) and temperature (T) is associated with the concentration of O3, but the O3
episodes are significantly related to the ratio of VOCs/NOX. Previous studies have shown
that the increase in temperature usually tends to reduce the PMs, but there are many other
factors and mechanisms that may change this relation in urban environments [102,103].
The analysis indicates that the height of boundary layer (BL) shows negative (moderate)
correlation values to the concentration of PM2.5 and NO2 (except the concentration of
NO2 over MS2 area). The relative humidity (RH) shows positive correlation values to the
concentration of PM2.5 in studied areas. Generally, the increased humidity make the PMs
moister and reduce their dispersion, affecting the rise of the concentration of PM2.5 [104].
Finally, for the MS1 and MS3 areas, the correlation between relative humidity and the
concentration of NO2, as well as AQHI, is positive.

Table 2. The Person correlation coefficients among the hourly concentration of pollutants (as well as
AQHI) and meteorological factors for each AQMS.

Air Quality Station Pollutant WS WDir T BL RH

MS1
(city center Station)

PM2.5 −0.28 * 0.35 * 0.44 * −0.58 * 0.48 *
O3 −0.21 −0.16 −0.14 0.12 −0.20

NO2 −0.22 0.38 * 0.22 −0.46 * 0.50 *
AQHI −0.31 0.27 * 0.21 −0.42 * 0.36*

MS2
(Port Station)

PM2.5 −0.24 * 0.33* 0.39 * −0.46 * 0.46 *
O3 −0.25 −0.20 −0.05 0.32 * −0.36

NO2 0.33 * −0.14 −0.26 0.15 0.03
AQHI 0.01 −0.15 −0.10 0.21 −0.09

MS3
(Urban Station)

PM2.5 −0.18 0.34 * 0.40 * −0.55 * 0.42 *
O3 0.22 0.30 0.40 * 0.03 0.14

NO2 −0.17 0.45 * 0.51 * −0.32 * 0.40 *
AQHI 0.10 0.52 * 0.66 * −0.25 0.41 *

* The statistical significant values at 95%.

In order to further investigate the possible association between wind speed and the
level of pollution, the OR can be calculated. In the analysis, the outcome is the low (high)
concentration of pollutants and AQHI. The exposure is the intense (weak) wind speed.
Table 3 shows the OR, CI (Confidence Intervals) at 95%, and the p-values for each of the
pollutants of AQMS. For the MS1 (city center), the OR for all pollutants and AHQI are
higher from the null value (one) and also statistically significant. This result indicates
that there is a statistically significant relation between the intense wind speed and low
concentration of pollutants over the city center of Rhodes. For the MS2 (port), the intense
wind speed seems to be associated with the low concentration for PM2.5 and O3, as well
as with AQHI. However, the intense wind speed is statistically significantly related only
with the low concentration of PM2.5. In other cases, the CI includes the null value. Finally,
for the MS3 (urban area), the intense wind speed is related to the low concentration of
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PM2.5 and NO2 (OR > 1 but statistically insignificant at 95%). These findings show that the
wind speed affects the pollution level and AQHI for Rhodes city (mainly for the city center
of Rhodes) during the studied period (from 17 to 27 November 2022). Results over this
period indicate that wind speed tends to reduce the pollutants concentrations but is not
statistically significant in all cases.

Table 3. The odds ratio (OR), the CIs (95%), along with the p-values, for the relation of wind speed to
the concentration of each pollutant and AQHI for each of the monitoring stations. The bold values
show the OR larger than the null value (one).

Air Quality Station Pollutant OR CI (95%)
(Lower–Upper) p-Value

MS1
(city center Station)

PM2.5 18.00 * 2.23–145.72 <0.01
O3 11.07 * 3.14–39.08 <0.01

NO2 5.74 * 1.71–19.24 <0.01
AQHI 16.11 * 4.23–60.57 <0.01

MS2
(Port Station)

PM2.5 29.3 * 6.82–126.76 <0.01
O3 2.30 0.64–8.26 0.19

NO2 0.23 0.08–0.59 <0.01
AQHI 1.68 0.64–4.38 0.28

MS3
(Urban Station)

PM2.5 2.06 0.53–7.96 0.29
O3 0.19 0.07–0.52 <0.01

NO2 2.08 0.98–8.17 <0.01
AQHI 0.17 0.05–0.56 0.03

* The statistical significant values at 95%.

Following the methodology of the previous paragraph, the OR is calculated in order
to study the association between wind direction and pollution level. Here, the outcome
is the low (high) concentration of pollutants and AQHI. The exposure is the north (south)
sector wind direction. Results of this analysis are shown in Table 4. For the MS1 (city
center), the south sector winds are associated with the higher concentration of PM2.5 and
NO2. The health risk for people also worsens as a result of the (statistically significant)
greater than null value (one) OR for the concentration of PM2.5 and NO2. For the MS2
(port), the south wind directions seem to be associated with the increased concentration
of PM2.5 (statistically significant) and O3 (statistically insignificant). For the MS3 (urban
area), the south wind direction is associated with the increased concentration of pollutants
and AQHI. Findings indicate that the recordings of all AQMS show that the south sector
winds are associated with the increased concentration of PM2.5. In order to investigate
this point further, we studied dust concentration images, which were provided by the
WMO Barcelona Dust Regional Center and the partners of the SDS-WAS for Northern
Africa, the Middle East and Europe. The images show that a dust transfer episode from
18 to 21 November possibly affects the region of Rhodes Island (Figure S3). Furthermore,
this episode is quite possibly the cause of a large transport of particulate matter from
Africa to southeastern Mediterranean, affecting the level of PM2.5 in the city of Rhodes.
Additionally, during the episode days, the average height of the boundary layer (BL) was
lower by about 250 m, compared to the non-episode days. The combination of the traffic
emissions, atmospheric circulation features (dust episode), and the reduction in the height
of boundary layer between dust episode and non-dust episode days, possibly explains
the changes in the level of PM2.5 concentration. In particular, on the days of the episode,
compared to the other days (17 and from 22 to 27 November 2022), the concentration of
PM2.5 is increased by about 10.5 µg/m3 for MS1, 5.4 µg/m3 for MS2, and 2.0 µg/m3 for
MS3. In other words, during these days the AQMS show an increase of PM2.5 concentration
of about 48–54%, compared to the other, non-episode days. Generally, the atmospheric
dynamics of tropical and subtropical regions affect the atmospheric circulation over the
eastern Mediterranean [43,54,55,58,59]. The air quality and the level of particulate matter
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over the Greek domain is prone to atmospheric circulation patterns, such as African transfer
episodes [40,59]. The results of our analysis possibly indicate that the African dust episode
affects the level of pollution over Rhodes city, providing an additive contribution (except for
the traffic emissions) to the degradation of the air quality. The most significant degradation
of air occurs in the city center of Rhodes.

Table 4. The odds ratio (OR), the CIs (95%), along with the p-values for south sector winds direction
and concentration of each pollutant in the three monitoring stations. The bold values show the OR
greater than the null value (1).

Air Quality Station Pollutant OR CI (95%)
(Lower–Upper) p-Value

MS1
(city center Station)

PM2.5 8.9 * 3.17–25.1 <0.01
O3 0.18 0.07–0.55 <0.01

NO2 8.59 * 3.37–23.45 <0.01
AQHI 7.45 * 3.41– 16.22 <0.01

MS2
(Port Station)

PM2.5 10.81 * 4.8–24.3 <0.01
O3 2.36 0.15–38.20 0.55

NO2 0.56 0.27–1.15 0.11
AQHI 0.32 0.12–0.73 <0.01

MS3
(Urban Station)

PM2.5 2.43 * 1.12–5.25 0.02
O3 3.41 * 1.32–8.53 <0.01

NO2 11.48 * 4.55–29.61 <0.01
AQHI 3.2 * 3.34–184.20 <0.01

* The statistical significant values at 95%.

4. Conclusions

This work examines the variation in air quality conditions and the resulting health
impacts on the local population in three different locations over the city of Rhodes, located
in the southeastern Mediterranean. The measurement study covers the period from 17
to 27 November 2022. This study tries to shed light on the air quality and the possible
impact of wind patterns on the level of pollution during a low-traffic density period for
Rhodes city, providing elements among different locations over the city. For the analysis,
hourly recordings of PM2.5, NO2 and O3 concentrations over a city center area, a port and
an urban area, using three calibrated mobile Air Quality Monitoring Systems (AQMS),
are analyzed. Additionally, the Air Quality Health Index (AQHI) is calculated in order to
investigate the effects of pollution levels on the population, over the different areas in the
city. Moreover, the possible impact of meteorological factors, such as wind pattern (Wind
speed and direction), temperature at 2 m, boundary layer height and relative humidity, as
well as the large scale atmospheric circulation on the pollution level and AQHI in the city,
are investigated using data from ERA5 reanalysis.

Based on the analysis, the results and the main findings are concluded in the
following points:

• The air quality is more degraded in the city center (MS1) area, compared to port
(MS2) and urban (MS3) areas. The concentration of PM2.5 (NO2) in the MS1 area
is increased by about 78% (76%) with reference to the concentration of PM2.5 (NO2)
in MS3. The common analysis for the MS2 shows that the concentration of PM2.5
(NO2) is increased by about 55% (80%) compared to MS3. These points highlight
the importance of vehicle traffic and anthropogenic activities for the air quality in
Rhodes city.

• The highest health risk (in terms of Air Quality Health Index; AQHI) is shown over
the city center (MS1) area. The calculation of the daily mean values of AQHI are
classified via Low to Moderate health risk classes. AQHI, over MS2 and MS3, shows
lower health risks (improved conditions) compared to MS1. The pollution level in
MS1, compared to MS3, causes higher AQHI values ranging from 1.0 to 3.0 (a relative
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increase by about 48%) and the MS2, compared to MS3 which shows higher AQHI
values varying from 0.5 to 2.0 (a relative increase by about 43%), respectively.

• The hourly variability of traffic and anthropogenic activities seem to affect the diurnal
variation of pollutants. The concentration of PM2.5 increases during the day (from
morning to late evening hours). NO2 and O3 appear to follow a typical hourly variation
due to atmospheric chemistry and local emissions.

• The meteorological conditions over the southeastern Aegean seem to affect the varia-
tion and level of pollution in Rhodes city. The wind pattern over southeastern Aegean
affects the variation and level of pollution. Wind speed tends to reduce the pollutants
concentrations (not statistically significant in all cases). Additionally, wind direction
seems to affect the concentration of pollutants. South sector winds are associated
with the increased concentration of PM2.5 over the studied areas. Possibly, the large
atmospheric circulation contributes to the level of PM2.5 in the city of Rhodes via the
transfer of African dust during a dust episode that affects the southeastern Aegean
Sea. The episode occurred during the period from 18 to 21 November, 2022. Moreover,
the height of the boundary layer seems to affect the air quality in the city. Results
show that the increase of the boundary layer is related to the reduced concentration of
pollutants. The temperature and relative humidity show moderate (positive) correla-
tion with PM2.5 concentrations in all studied areas (MS1, MS2 and MS3). Finally, the
analysis indicates that the air quality in the city of Rhodes is affected by vehicle traffic,
anthropogenic activities and meteorological conditions.

To sum up, despite the limitations stated, the analysis conducted shows precise
elements that highlight the significance of conducting air pollutant measurements, in
order to have a better foundation on potential actions that need to be taken to ensure the
sustainability of each coastal region. Undeniably, a pilot, such as the examined, or even
better, a wider AQMS network, could be considered an economically feasible and viable
solution for conducting air pollution studies in highly visited regions where there are no
previous air quality recordings, and further research into these areas is essential from a
social, economic, and environmental perspective.
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as well as MS2 (port station) and MS3 (urban station), respectively. Red/blue points show the
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(b) O3, (c) NO2 concentrations and (d) AQHI between MS1 (city center station) and MS3 (urban
station) as well as MS1 (city center station) and MS2 (port station), respectively. Red/blue point
show the statistically significant/insignificant differences at 95%. Figure S3: Images at 00:00 of the
multi-model mean dust surface concentration (µg/m3) during the period from 17 to 27 November
2022. Images were provided by the WMO Barcelona Dust Regional Center. (Source: https://dust.
aemet.es/products/daily-dust-products, assessed date: 9 March 2022).
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