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Abstract: This study aimed to develop a “toxicity wind rose” for Riyadh City to investigate the
directional distribution of toxic PMy, (particulate matter with aerodynamic diameter <10 um) in the
ambient atmosphere. The data collection approach combined an online monitoring system with an
offline sampling method. The monitoring instruments operated continuously, recording
concentrations of key air pollutants including PMip, PMz.5, NO,, and SO,, as well as meteorological
parameters such as wind direction, temperature, and relative humidity. Concurrently, PM;, samples
were collected using Teflon and quartz filters for subsequent chemical and toxicological analysis. The
sampling campaign spanned from December 2019 to August 2020, covering both warm and cool
seasons. The chemical and dithiothreitol (DTT) activity data were integrated with hourly wind
direction measurements to construct pollutant and toxicity wind rose diagrams. During the warm
season, PMjo concentrations exceeded 350 pg/m? from the northwest and east, while the cool season
showed elevated concentrations from the northeast. In contrast, the highest levels of oxidative
potential (DTT activity) were associated with air masses originating from the north and west during
the warm season and from the north during the cool season. These results demonstrate that high
PM;y mass concentrations do not necessarily coincide with high toxicity, highlighting the importance
of considering both quantity and oxidative capacity in air quality assessments.
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1. Introduction

Air is one of the most important elements of life, and its pollution harms humans, animals, and
even buildings [1]. The impact of air pollution on humans begins before birth, as exposure to PM1o
(particulate matter with an aerodynamic diameter of 10 micrometers (um) or less) may lead to low
birth weight, incomplete lung development, and premature birth [2]. After birth, the risks increase,
as an increase in PMio concentration by 10 pig/m? has been linked to higher rates of cardiovascular
and respiratory diseases such as bronchitis, asthma, and pneumonia, which may lead to death [3-6].
In addition, recent studies have shown that short-term exposure to elevated levels of NO,, PM, and
O; significantly increases the risk of respiratory illness, with effects lasting up to 100 days post-
exposure and contributing to oxidative stress and inflammation even at low concentrations [7,8].

Many studies focus on particulate matter levels rather than their toxicity and what they carry,
such as heavy metals, chemicals, and biological materials. Indeed, the danger of particulate matter
lies in their toxicity, which is the main factor behind many acute, immediate, and long-term health
effects. Ignoring this risk increases the likelihood of cancer and organ damage [9]. Acellular assay-
based epidemiological studies have revealed that exposure to particulate matter (PM) with high
oxidative potential (OP) can adversely affect cardiorespiratory health [10,11]. Notably, Bates (2019)
[10] have found that OP is more strongly linked to acute cardiac and respiratory events than fine PM
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concentration, suggesting that OP could serve as a more significant health metric than PM mass for
specific health outcomes.

Wind rose diagrams are traditionally constructed using wind speed, direction, and time data,
enabling the visualization of prevailing wind patterns and their influence on pollutant dispersion
[12]. By incorporating pollutant concentration data into these diagrams, it becomes possible to
identify likely pollution sources based on directional trends, such as emissions from nearby factories,
construction activities, or highways [13]. Recent studies across China, Europe, the Middle East, and
Gulf countries have demonstrated the effectiveness of wind rose diagrams in analyzing air quality
and informing pollution control strategies [14-18]. For example, Al-Dabbous (2025) [16]employed
wind rose plots to identify the predominant wind directions contributing to elevated pollutant
concentrations in Kuwait. Extending this application, the current study presents a novel approach by
incorporating oxidative potential measurements, specifically from the dithiothreitol (DTT) assay, into
the wind rose format. To the best of our knowledge, this is the first attempt to integrate DTT-based
toxicity data with wind direction analysis. This method allows for the differentiation between
pollutant mass and its associated oxidative capacity, providing a more comprehensive understanding
of health-relevant exposure.

Riyadh, the capital of Saudi Arabia, is one of the fastest-growing cities, hosting more than 7
million people and preparing to increase the number to 10 million [19]. Riyadh’s air quality has been
classified as “moderate” according to the global air quality index (AQI) in 2024 [20]. According to 11
monitoring stations distributed across the city, the average PMio concentration increased by 126%
between April 2020 and April 2021. The sources of pollution in Riyadh are multiple and widespread,
including dust storms, environmental erosion, and construction [21]. The pollutants are particularly
concentrated in the north and south of the city, where the north contains construction pollutants,
vehicle emissions, and agricultural sources [22]. The south, on the other hand, includes cement
factories, power generation stations, and waste landfills [23]. Additionally, the weather in Riyadh,
which is warm most of the time, contributes to the increase and easy dispersion of pollutants and
dust, with PMio being one of the most prevalent pollutants [5,24]. Notably, there has been a lack of
comprehensive studies examining pollutant and toxicity wind roses in the area, thereby underscoring
the significance of this work.

In this study, we will develop a specialized “Toxicity Wind Rose” for Riyadh, specifically for Al-
Malaz district, which is located in the heart of the city and witnesses high population density along
with various sources of pollution (e.g., factories, roads and construction activities). The study also
examines the rose diagrams for multiple pollutants, such as PMi, PM25, NO2, O3, and different metal
PM species. Two time periods are investigated: the cool period and the warm period. The aim of this
work is to to support decision-makers in designing more effective air quality management strategies,
prioritizing interventions based on toxicity rather than concentration alone. This approach aligns
with the objectives of the United Nations Sustainable Development Goals 3 and 11, which aim to
enhance public health and promote sustainable urban environments.

2. Materials and Methods

2.1. Sampling Location and Period

Figure 1 shows the location of the sampling site in the Al-Malaz district, located in the center of
Riyadh, the capital of the Kingdom of Saudi Arabia. The sampling site was precisely located in a park
in the middle of the Al-Malaz district at coordinates (24°38'55"N, 46°43'16"E). This area was selected
based on several factors that make it an ideal location for collecting data on air pollution. The
neighborhood is considered to have a high population density, which increases fuel consumption
and transportation rates, causing air pollution. Furthermore, the area hosts numerous industrial
activities that contribute to higher emissions, such as a large industrial complex spanning more than
4 million square meters, along with diesel-powered engines that contribute to elevated pollution
levels and ongoing construction activities in the region. These activities may lead to higher
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concentrations of fine particles in the air (e.g., PMio and PM:s), which are considered major pollutants
in urban environments. Previous studies, such as those conducted by Alharbi (2014) [25] and Bian
(2016) [26], have shown that such activities significantly contribute to the degradation of Riyadh’s
local air quality. In addition, the site’s proximity (approximately 2 km) to King Fahad Highway, one
of the city’s main congested roads, further makes it an ideal location for our study. Given that], it can
be reasonably argued that this site is representative of population exposure to key sources of air
pollution in the Riyadh metropolitan area. Therefore, it can be reasonably argued that this site is
representative of typical population exposure to key sources of air pollution in the Riyadh
metropolitan area.
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Figure 1. Location of the study area in Riyadh, the capital of Saudi Arabia.

Data collection was conducted during two distinct periods: the cool period (December 2019 to
March 2020) and the warm period (May to August 2020). Meteorological data (e.g., wind directions,
and relative humidity) were obtained from the local air quality station of the Royal Commission for
Riyadh City (RCRC), which is located in the same location as our sampling site. The average relative
humidity during the entire period was 21.00 + 16.83%, while the average temperature was 27.88 +
9.85°C (Table S1). Further details can be found at Altuwayjiri (2022) [27]. While the data collection
period, which extended from December 2019 to August 2020, partially coincided with the COVID-19
pandemic, the influence of pandemic-related restrictions on the sampling process was limited. These
restrictions were not applied uniformly throughout the period, and essential activities such as
industrial transportation, freight movement, and manufacturing operations largely continued.
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2.2. Instrumentation

In this study, continuous monitoring equipment was employed to measure pollutant
concentrations such as PMio, PMz.5, NO,, and SO,, along with meteorological parameters including
relative humidity, temperature, and wind direction. This system operated in conjunction with an
offline medium-sized sampler (model URG3000ABC, URG Corp, Chapel Hill, North Carolina, USA),
which was equipped with quartz (47 mm diameter, Whatman) and Teflon filters (47 mm diameter,
Tisch Scientific). The pore size of the quartz filters was 2.5 micrometers, while the Teflon filters had
pores of 1 micrometer. The mass of PMio was measured using an analytical balance (MT5, Mettler
Toledo Inc., Columbus, Ohio) by weighing the filters before and after sample collection. The PMio
concentration was then calculated by dividing the filter mass difference by the volume of air that
passed through the filter during the sampling period. This process was carried out in a controlled
environment, with a temperature range of 22 to 24°C and relative humidity between 40-50% to ensure
accurate measurements. All procedures were performed carefully to ensure reliable results.

2.3. Chemical and Toxicological Analysis

The DTT (Dithiothreitol) assay was used to assess the oxidative capacity of the collected PMio
samples. The DTT test is a widely recognized and proven technique for measuring oxidative stress
caused by reactive radical species produced by particles suspended in the air [28,29]. The test
principle is based on measuring the consumption of DTT as an indicator of the oxidative potential of
the sampled particles. The samples were stored at -20°C to preserve their chemical composition
before analysis. The particles were extracted using distilled water with continuous shaking in the
dark. The extracts were then mixed with a potassium phosphate solution and DTT to initiate the
oxidative reaction. The reaction was gradually stopped by adding trichloroacetic acid, and
absorbance was measured at wavelengths of 412 nm and 650 nm to determine the amount of
remaining DTT [30]. This allows for the calculation of the DTT consumption rate, which serves as an
indicator of the oxidative capacity of particles, helping to understand their health and environmental
impacts [31,32].

Additionally, Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was used to measure
the concentration of metals and trace elements in the PMio samples, following the Methodologies
described by Aldekheel (2024) [33], Herner (2006) [34] and Karthikeyan (2006) [35] . These
measurements offer valuable insights into the chemical composition of the pollutants, enhancing our
understanding of their sources and characteristics.

2.4. Wind and Pollutant Rose Techniques

The “Wind Rose” technique was employed to visualize wind direction and speed in conjunction
with air pollution data, enabling the analysis of distribution patterns for both gaseous and particulate
pollutants in urban areas. To ensure accurate analysis, the interquartile range (IQR) method was
applied to remove outliers from the data. This method involves identifying outliers using the first
quartile (Q1) and third quartile (Q3) of the data, then calculating the interquartile range (IQR), which
represents the difference between Q3 and Q1. Data points falling outside the range (Q1 — 1.5 x IQR,
Q3 +1.5 xIQR) are considered outliers and excluded from the analysis [36,37]. After filtering the data,
the refined dataset was analyzed using WRPlot View software (Version 8.0.2). The software requires
input parameters such as wind direction, wind speed, pollutant concentrations (e.g., PMuo), and time-
related information, including year, month, day, and hour. The data was adjusted to define the
specific time periods for analysis, such as specific intervals or diurnal patterns, to examine temporal

variations in pollutant concentrations and their correlation with wind behavior [13,38].

3. Results and Discussion

3.1. Wind and Gaseous Pollutant Rose Diagrams
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Figure 2 represents the wind speed and direction in Riyadh during the overall, cool and warm
periods (i.e., from December 2019 to August 2020). Figure 2 (a) indicates that the predominant wind
directions are northwest and southeast, each with a frequency of approximately 8.75%; wind speeds
from the northwest ranged between 1-5 m/s, while those from the southeast were slightly higher,
ranging between 1-6 m/s. Regarding the east direction, the wind speed ranged between 14 m/s with
a frequency of less than 1.75%, and winds from the west were negligible, indicating minimal to no
wind activity from that direction during the investigated period. This seasonal pattern is further
illustrated in Figure 2 (b) and (c), and supported by the data in Table 5S4, which show that during the
cool period (Figure b), winds were moderate and predominantly from the northwest and southeast,
reflecting stable atmospheric conditions with a bimodal distribution. In contrast, during the warm
period (Figure c), stronger and more persistent winds were observed from the north-northwest and
south-southeast, indicating increased thermal activity and stronger pressure gradients typical of
warmer seasons. According to Alharbi (2017) [39] andMeteostat (2020) [40] , our findings align with
their data, confirming that the northwest and southeast directions are the predominant wind patterns
in Riyadh.
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Figure 2. Wind rose for: a) overall period, b) cool period, c) warm period.

The ozone (Os) rose diagram during the warm period is demonstrated in Figure 3(c), which
illustrates a significant increase in the Os concentration, reaching 150 parts per billion (ppb) with a
frequency exceeding 4.86% in the eastern direction. However, the ozone concentrations during the
cool period, as shown in Figure 3(b), were moderate and did not exceed 70 ppb, with the southeastern
direction being the most frequent. Lower ozone concentrations during the colder season were likely
due to reduced photochemical reactions [41], while higher contributions were observed in the
warmer season. Regarding nitrogen dioxide (NO2), the concentrations were elevated throughout the
entire study period, particularly in the eastern direction, as shown in Figure 4(a), with values ranging
between 10-150 parts per billion (ppb). Given the substantial contribution of traffic combustion
sources in urban environments, local NO: is frequently utilized as a marker for road traffic emissions
[42], which are notably distributed throughout Riyadh city [25,43]. In the cool period (Figure 4(b)),
the most frequent direction of NO: was southeast, while in the warm period (Figure 4(c)), the
northwest direction was the most frequent.

The wind roses indicate that ozone (Os) and nitrogen dioxide (NOz2) exhibit similar directional
patterns (Figure 3 and Figure 4), although they show opposite concentration levels during the two
distinct periods.In particular, ozone levels are higher in the warmer months, while nitrogen dioxide
levels peak in the colder months.Both pollutants exhibit increased concentrations in the eastern
direction, attributed to the presence of pollution sources such as industrial facilities and a train station
[44]. The overlap in the directions of ozone and nitrogen dioxide is due to the fact that ozone is a
secondary pollutant formed through chemical reactions involving nitrogen oxides, which are
primarily emitted from industrial activities. Additionally, the wind roses show that nitrogen dioxide
concentrations are typically higher than ozone concentrations, which aligns with the chemical
reaction that leads to the destruction of ozone [45,46]. However, during the warm periods (Figure
3(c)) and (Figure 4(c)), where sunlight increases, the photochemical reaction that promotes ozone
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formation is triggered, resulting in higher ozone concentrations compared to the cool periods [47,48].
In line with our findings, a previous study by Alharbi (2017) [39] showed that ozone (Os)
concentrations decrease with increasing NOy levels and increase with rising VOC levels.
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Figure 3. Os roses for: a) overall period, b) cool period, c¢) warm period.
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Figure 4. NO2 roses for: a) overall period, b) cool period, c) warm period.

The distribution of pollutants, including toluene (TULO), sulfur dioxide (502), and carbon
monoxide (CO), isillustrated in Figure 5. According to John H. Offenberg (2007) [49], toluene (TULO)
is emitted from industrial sources such as paint and adhesive manufacturing processes, as well as
urban sources with intensive human activities (e.g., vehicle emissions and fossil fuel use). Based on
Figure 5(a), the distribution of toluene was concentrated in the southeastern, eastern, and western
directions, which are areas where factories are concentrated in the city. Hildebrandt (2009) [50] noted
that toluene reacts with nitrogen oxides (NOz) to form ozone upon exposure to radiation. Referring
to the nitrogen oxide rose diagram (Figure 4(a)), high NO: concentrations, indicated in blue (70-150
ppb), are observed in the same southeastern, eastern, and western directions. A comparison with the
toluene rose diagram (Figure 5(a)) reveals that toluene concentrations, albeit lower (ranging between
10-30 ppb), occur in these same directions, highlighting the spatial correlation between NO: and
toluene emissions from industrial sources. Several studies have shown a positive correlation between
NO; and toluene, particularly in urban environments influenced by vehicular traffic and industrial
activities [51-54]. For instance, Schnitzhofer (2008) [53] conducted a study in the alpine Inn valley
and observed that NO, and toluene levels were significantly correlated, especially during peak traffic
periods, indicating a shared origin from vehicle emissions. Similarly, a study on urban street canyons
by Kourtidis (2002) [51] showed that both NO, and toluene concentrations were elevated in areas
with high traffic density, further supporting the association between these pollutants. Conversely,
the northern region for TULO shows low concentrations, reflecting the absence of industrial activity
in that area [24,26].
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Figure 5. A pollutants rose for the overall period for: a) TOLU, b) SO, c) CO.

Numerous studies have attributed elevated sulfur dioxide (50:) levels to heavy reliance on fossil
fuels containing sulfur as a primary energy source, particularly in industrial areas [55-57]. Other
studies have shown that the proliferation of factories increases SOz emissions due to the use of coal
as an energy source. As shown in Figure 5(b), the southeastern and eastern directions were the most
affected, with concentrations reaching approximately 150 ppb, due to the high density of factories in
these areas [58].

According to Chen (2021) [59] and Gamnitzer (2006) [60] , the primary source of carbon
monoxide (CO) is vehicle exhaust emissions, especially in urban areas with high traffic density.
Residential heating systems relying on fossil fuels also significantly contribute to CO emissions, in
addition to natural and anthropogenic fires [61,62]. As shown in Figure 5(c), the distribution of CO
varied, with notable concentrations in the northern and western directions (2-30 ppb) and the
southeastern direction (2-10 ppb). This is attributed to continuous traffic in the city, alongside the
reliance on biomass burning for heating during winter, which contributes to the spread of this
pollutant [26,63].

3.2. Metal Rose Diagrams

Figure Sl(a) illustrates the distribution of copper (Cu) over the entire study period, showing
consistently high levels across all directions. The most frequent directions were northwest and
southeast. Vehicle brake wear is a significant source of copper pollution, producing fine particles
containing copper during brake abrasion. Approximately 50% of the worn material consists of copper
[64-66]. This is closely tied to Riyadh’s high population density and the extensive reliance on personal
transportation.

The study by Flament (2008) [67] identifies heavy metal industries as the primary source of iron
(Fe) emissions. Factories emit around 3,000 tons of suspended particles annually, predominantly
composed of iron oxides such as hematite and magnetite [68,69]. Figure 52 shows that southeastern
and eastern directions dominate in iron emissions, reflecting the location of the largest industrial
zones in Riyadh. Previous research indicates that approximately 96% of urban air iron pollution
comes from factory-emitted iron oxides, explaining the concentration variations in iron distribution
near industrial areas [70,71].

Potassium (K) is an essential indicator of air pollution resulting from biomass burning (e.g.,
straw and wood) [72,73]. Natural sources, such as mineral dust, also contribute to potassium levels,
often becoming airborne due to human activity or natural phenomena like wind [74]. Urban
industrial activities further emit potassium into the air [73,74]. Figure S3(a) demonstrates that
potassium concentrations exceeded 350 ng/m? across all directions, with the highest frequencies
observed in the southeast, which hosts significant industrial activity. During the warm period (Figure
S3(c)), potassium frequencies increased in the northwest direction, reaching 1.18%. This is likely due
to human activities (e.g., traffic) combined with natural factors such as wind and dust. The highest
average potassium concentration was recorded during this warm period, with a value of 32,644.86 +
1,596.18 ng/m? (Table S3).

Industrial activities also represent a major source of zinc (Zn) pollution, particularly in urban
areas with intensive industrial operations [75-78]. Zinc distribution in Riyadh (Figure S4(a)) shows
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concentrations predominantly in the eastern and southeastern directions, with levels exceeding 350
ng/m?. Additionally, vehicle exhaust and industrial transportation emissions contain high zinc levels,
further increasing air pollution. Zinc concentrations were also elevated in the northern direction, an
area without significant industrial density (Figure S4(a)). This is attributed to heavy traffic in the
north, which serves as a key transportation route for industrial goods to areas outside Riyadh, such
as Sudair Industrial City [75,79-81].

3.3. Particulate Matter Rose Diagrams

Figures 6 and 7 present pollution rose diagrams for PMas and PMio, respectively, over the
investigated period. A higher frequency of PM2s was observed in the northern and southeastern
directions, with concentrations predominantly ranging between 10 to 70 ug/m3, as shown in Figure
6(a). In addition, peak PM:25 concentrations reached up to 280 pg/m? in the northern and northwestern
directions. In contrast, PM2s levels in the southern and southeastern directions remained below 150
pg/ms. During the cool period, as shown in Figure 6(b), the concentration in the northeast direction
had a frequency of approximately 4.3% and increased to more than 350 pg/m?. In the southeastern
direction, the frequency reached 11% with concentrations between 70 and 150 ug/m?. During the
warm period, as illustrated in Figure 6(c), high PM25 concentrations, reaching up to 280 ug/m?3, were
also observed from the north and northwest with an occurrence frequency between 4% to 12%.
According to pollutant trends illustrated in Figure 6, Alharbi (2015) [24], Amato (2014) [82] and Bian
(2018) [43] reported that local vehicle emissions are the primary source of PMas pollution, explaining
the high pollutant concentrations in the northern region (Figure 6(c)). This area is considered a vital
zone in Riyadh, hosting numerous companies and workplaces frequented daily, resulting in high
vehicle emissions density. Meanwhile, Alharbi (2015) [83] pointed out that industrial emissions,
including those from factories such as cement plants and refineries, significantly contribute to air
pollution (including PMas production). The eastern part of the city hosts a large industrial zone,
including car workshops and factories (e.g., cement factories), which has led to high PM2s levels
(Figure 6). Additionally, this source (i.e., factories) has significant impacts on human lifespan and
health [84].
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Figure 6. PM2sroses for: a) overall period, b) cool period, c) warm period.
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Figure 7. PMuo roses for: a) overall period, b) cool period, c) warm period.
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PMio concentrations were notably high throughout the overall study period (Figure 7(a)),
exceeding 350 pg/m?® in the northern and northeastern directions, while concentrations ranged
between 30 and 350 ug/m? in the southeastern direction. During the cool period, as shown in Figure
7(b), the PMio concentrations in the northeastern direction had a frequency of approximately 4.5%
with values exceeding 350 pg/m?, while the southeastern direction recorded the highest frequency at
11.3%. The average PMio concentration during the cool period was 100 + 48.88 pg/m3, which was 2.9%
lower than the warm period average of 103.20 + 44.13 pg/m3. During the warm period, the most
frequent direction is northwest, at a frequency of nearly 12%. The eastern direction in the warm
period also recorded high PMi concentrations, with a frequency of 4.5%. It is worth noting that the
annual average PMio concentration observed in this study (97.98 + 45.97 ug/m?, Table 52) exceeds the
World Health Organization (WHO) recommended limit of 15 ug/m?3 by approximately six times with
recent WHO concerns on air pollution (WHO, 2021). Providing additional context to these findings,
Figure S5 presents the mean PM;, concentrations by wind direction across the overall, warm, and
cool seasons. The figure reveals that concentrations were consistently elevated from the NW, NNW,
and SW sectors, particularly during the warm season.

Industrial emissions, construction and demolition activities, and mineral dust rich in soil
elements (e.g., Cu) are the main sources of PMio pollution, as mentioned in the study by Manousakas
(2021) [85] . These sources had a significant impact on the eastern direction due to the factories and
excavation work, which was high in both periods (cool and warm). Additionally, the eastern and
southeastern directions of the city are characterized by low population density but are significantly
exposed to dust and sandstorms originating from outside the city due to sparse urbanization, as
noted by Altuwayjiri (2022) [27] . The study by Khodeir (2012) [86] revealed that 18% of PMio mass
originates from heavy fuel combustion. Additionally, non-exhaust emissions, such as tire and brake
wear, are significant contributors to PM pollution, as highlighted by El-Mubarak (2015) [22] and
Bian (2016) [26]. This phenomenon accounts for the elevated pollution levels in the northern areas,
characterized by high traffic volumes and dense population.

When comparing pollutant concentrations in Riyadh to other countries, the average
concentration in Kuwait was 361 pg/m? according to Al-Hemoud (2018) [87] , while Serbia recorded
a concentration of 68.4 ug/m? according to Miji¢ (2009) [88] , and concentrations in Mexico ranged
between 55 and 85 ug/m?® as reported by Aguirre-Lépez (2022) [89] . These results indicate that
pollutant concentrations in Riyadh are lower than those recorded in Kuwait (which shares similar
climatic conditions) but exceed concentrations recorded in colder-climate countries. Nevertheless, the
toxicity levels of these pollutants and their harmful impact on public health remain the primary focus
of this study.

3.4. PM Toxicity Rose Diagrams

Figure 8(a) shows that the highest oxidative potential (measured as DTT) of PMio was observed
in the northern, northeastern, and western directions, reaching 350 nmol/min/m? . In contrast, the
northwestern and southeastern directions recorded lower DTT concentrations (10-150 nmol/min/m?3)
but with higher frequencies, reaching approximately 7% over the entire study period (Figure 8(a)). A
statistical comparison between high and low DTT wind sectors confirmed that these differences were
significant (p < 0.05), indicating that air masses originating from northern and western directions are
associated with significantly elevated oxidative potential. Furthermore, the DTT rose demonstrated
that not every direction with high PMio concentrations necessarily results in increased oxidative
potential or contributes to oxidative stress. For instance, during the warm period in Figure 7(c), the
highest PMio concentrations were observed in the northwestern and eastern directions. However, the
DTT rose for the same period (Figure 8(c)) reveals that the directions with the highest oxidative
potential for PMy, were from the north and west.
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Figure 8. PMuo toxcity roses using DTT assay for: a) overall period, b) cool period, c) warm period.

Figure S6 further characterizes the seasonal distribution of PMio toxcity using DTT by wind
direction across the overall, warm, and cold periods. The results confirm that oxidative potential was
consistently higher during the warm season, particularly from the NNW, NW, and W sectors, which
may reflect the influence of enhanced photochemical activity, increased anthropogenic emissions,
and regional combustion sources prevalent during warmer conditions. In contrast, wind originating
from the southern and southeastern sectors was associated with lower DTT values, suggesting
relatively cleaner air masses. The cold season exhibited generally reduced DTT levels across all
directions, likely due to lower photochemical activity, which can limit the formation of redox-active
particulate components.

Recent studies have shown that components from anthropogenic sources, particularly vehicle
emissions, contribute significantly to the oxidative potential (OP) of PM,, accounting for a substantial
portion of its overall oxidative activity [90,91]. Transition metals such as copper (Cu), iron (Fe), and
zinc (Zn), commonly emitted from brake and tire wear, are among the primary contributors to this
activity [27,92]. These metals, along with organic compounds from combustion processes, enhance
the redox reactivity of airborne particles. The northern direction exhibited high frequency throughout
the overall study period (Figure 8(a)), which can be attributed to the population density and traffic
in this area.

Additionally, oxidative activity is linked to organic carbon (OC) and elemental carbon (EC)
derived from fossil fuel and biomass combustion, as highlighted by Fang (2016) [31] and Lyu (2018)
[93]. Other studies revealed that gasoline-powered vehicle emissions account for approximately 15%
of oxidative activity, while biomass burning contributes about 50%, as reported by Weber (2021) [91].
This explains the elevated concentrations in the western direction, which is an agricultural area with
extensive biomass-burning activities. Finally, resuspended dust emerges as a significant contributor
to particulate matter concentrations during dry seasons such as summer and autumn, primarily due
to limited precipitation and increased anthropogenic activities, including vehicular movement.
Evidence from previous studies indicates that in urban and arid environments, accumulated road
dust becomes a prominent source of airborne particles upon disturbance. For example, Weber (2021)
[91] identified soil and resuspended dust as major contributors to oxidative potential, accounting for
over 30% of the total measured OP. Similarly, Cipoli (2024) [94] reported that road dust resuspension
in urban settings substantially increases human exposure to toxic metals and organic compounds,
thereby enhancing the oxidative potential of PMy,. These findings underscore the pivotal role of
resuspended dust in influencing seasonal variations in air quality and oxidative activity. This
phenomenon may also account for the elevated wind frequency observed in the southeastern sector
of the city, where sparse urban development and frequent dust events lead to higher frequencies, as
illustrated in Figure 8(a), despite comparatively lower particle concentrations relative to other
directions.

By studying PMio mass concentrations and DTT levels throughout the day (i.e., by the hour), it
was observed that PMiw concentrations during the morning period (06:00-11:00 AM) recorded the
highest frequency in the southeastern direction, while the highest concentrations were recorded in
the northern direction (70-350 pg/m?3) (Figure 9(a)). Regarding DTT levels of PMio, Figure 10(a) shows
that the directions contributing to high PMio toxicity levels are the west and northeast (10-350
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nmol/min/m?), followed by the southeast, which exhibits a high frequency (8.5%). The morning
period coincides with the time when residents leave for work or study, resulting in heavy traffic in
the northern area due to its high population density and the presence of companies and universities.
Therefore, the most toxicity directions were the west and northeast, likely because residents commute
to the northern area from these directions. Notably, the western direction includes one of the busiest
morning roads (i.e., the Suspended Bridge).
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Figure 9. PMuo rose for three different daily period: a) 06:00-11:00, b) 12:00-17:00, c) 18:00-23:00.

-~ 7 R < a - LT T ToRmE ¢ Distribution

(nmoles/min/m?)
[ >=350.00

I 280.00-350.0
I 200.00-280.0
I 150.00-200.0
] 70.00-150.00
[ 30.00-70.00
[ 10.00-30.00
[ 200-1000

~ < _ IsouTh-

Figure 10. PMuo toxcity rose using DTT assay for three different daily period: a) 06:00-11:00, b) 12:00-17:00, c)
18:00-23:00.

Figures 9(b) and 10(b) illustrate the distribution of PMio and its toxicity during the afternoon
period (12:00-17:00 PM). The directional patterns in the two charts are almost identical. however,
they reveal that not all directions with high PMio concentrations correspond to higher PMio toxicity.
PMio mass concentrations increased in the northeast, northwest, and southwest directions, with
concentrations reaching 350 pg/m®. Meanwhile, PMio toxicity increased in the north, with
concentrations reaching 200 nmol/min/m? surpassed by the southwest, which reached 280
nmol/min/m?3. The high PMuio toxicity in the north direction can be attributed to the same reasons
discussed earlier (i.e., population, traffic, and construction activity), which also explains the high
northern PMuo toxicity levels in the evening period (18:00-23:00 PM). As for the southwestern
direction, it is characterized as an industrial area and is known for its numerous industrial and
commercial establishments, which may contribute to increased emissions of PM toxic species, thereby
leading to higher PM toxicity (i.e., DTT) levels observed in the rose diagram (Figure 10(b)).

4. Conclusions

This study introduced a “toxicity wind rose” to assess the spatial variability of PMjo
concentrations and their associated oxidative potential in Riyadh. While the highest PM;, mass
concentrations were observed from the northwest and southeast, the most toxic air masses originated
from the northeast and west, indicating that areas with elevated particle levels are not always the
most harmful. These findings highlight the need for air quality assessments that account for both
pollutant mass and toxicity. The toxicity wind rose provides a valuable tool for policymakers by
enabling the identification of high-risk emission sectors, optimizing the placement of monitoring
stations, guiding zoning and emission control regulations, and informing targeted public health
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advisories based on toxicological risk rather than concentration alone. Future research should further
incorporate seasonal variations and chemical speciation to enhance the method’s utility for evidence-
based environmental management and policy development.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Cu metal roses for: a) overall period, b) cool period, c) warm period;
Figure S2: Fe metal roses for: a) overall period, b) cool period, c) warm period; Figure S3: K metal roses for: a)
overall period, b) cool period, c) warm period; Figure S4: Zn metal roses for: a) overall period, b) cool period, c)
warm period; Table S1: The average (+ standard deviation) of meteorological parameters; Table S2: The

concentrations of PMio during the study periods; Table S3:The average (+ standard deviation) of metals.
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