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Abstract: This study examines the dynamics of indoor and outdoor particulate matter concentrations in childcare 
facilities in Dubai, UAE, with a focus on particle size-specific behavior under varying occupancy conditions. 
Measurements were conducted in a daycare room for three-year-olds over five consecutive days, capturing real-
world activity scenarios. The study employed an Optical Particle Counter to measure particulate matter 
concentrations for six particle sizes (0.3 µm, 0.5 µm, 1 µm, 3 µm, 5 µm, and 10 µm), along with indoor carbon 
dioxide (CO₂) levels as an indicator of source intensity. The findings reveal a strong correlation between indoor and 
outdoor concentrations for smaller particles (0.3 µm, 0.5 µm, and 1 µm), regardless of occupancy, indicating the 
dominance of outdoor sources. Conversely, larger particles (3 µm, 5 µm, and 10 µm) displayed significant variability 
in Indoor/Outdoor (I/O) ratios, with indoor activities such as movement and bedding preparation contributing to 
elevated concentrations during occupancy. For particles measuring 10 µm, no correlation with outdoor sources was 
observed under either condition, emphasizing the predominance of indoor factors. Additionally, the positive 
correlation between CO₂ levels and concentrations of larger particles (3 µm, 5 µm, and 10 µm) confirms that 
occupant activities significantly contribute to their generation and resuspension. These results underscore the 
importance of targeted strategies for air quality management, including the implementation of enhanced filtration 
systems for smaller particles and design interventions to minimize resuspension for larger particles. This research 
provides actionable insights for creating healthier childcare environments, addressing the unique challenges posed 
by Dubai’s environmental conditions. 

Keywords: indoor air quality (IAQ); particulate matter particles; childcare facilities; indoor/outdoor correlation; 
occupancy and airborne pollutants 
 

1. Introduction 
The increased time spent indoors and enhanced building airtightness have heightened concerns about 

indoor air quality (IAQ) (Kempton et al. 2022; Jung et al. 2021; Razak et al. 2025). Ventilation can 
effectively reduce concentrations of pollutants originating indoors by expelling them outside (Elsaid & 
Ahmed 2021; Al-Rikabi et al. 2024). However, in cases where pollutants originate outdoors, ventilation 
may inadvertently introduce contaminants into the indoor environment (Goldstein et al. 2020; Arar & 
Jung 2022). Therefore, improving IAQ requires accurately identifying the source of indoor or outdoor 
pollutants and implementing effective management strategies to mitigate their concentration (Jung & 
Mahmoud 2022; Awad & Jung 2021). Particulate matter, a critical air pollutant, is particularly 
problematic in Dubai due to construction activities, regional air pollution, and frequent sandstorms 
(Akasha et al. 2023). Particulate matter particles in the air vary in size from 0.005 to 500 µm, with 
particles smaller than 10 µm referred to as respirable particulate matter (Liu et al. 2019; Jung & Abdelaziz 
Mahmoud 2023). Prolonged exposure to particulate matter is associated with respiratory and 
cardiovascular diseases and, in severe cases, can result in mortality (Kutlu et al. 2025). Smaller 
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particulate matter particles carry higher concentrations of toxic components, such as heavy metals 
(Ogundele et al. 2017; Zeng et al. 2020). These particles bypass the body’s natural filtration mechanisms, 
such as the mouth and nose, and penetrate deep into the respiratory system, increasing health risks (Nozza 
et al. 2021). Indoor particulate matter originates primarily from cooking, smoking, printing activities, 
and occupant movements (Tapia-Brito & Riffat 2025; Maung et al. 2022; Jung et al. 2024). Additionally, 
particulate matter from outdoors can settle on surfaces and be resuspended due to changes in air currents 
(Yuan et al. 2023). Outdoor particulate matter infiltrates buildings through structural gaps and ventilation 
systems (Bo et al. 2017). Consequently, indoor particulate matter is comprised of both internally 
generated, including resuspended particles, and externally introduced particulate matter (Bousiotis et al. 
2023). Analyzing indoor particulate matter sources according to particle size is crucial for developing 
targeted management strategies, given the differences in penetration, resuspension, and deposition 
behaviors (Li et al. 2023). 

Several studies have investigated the sources and behavior of indoor particulate matter particles of 
varying sizes. For instance, Garbarienė et al. (2022) examined the sources of indoor and outdoor 
particulate matter in residential buildings, focusing on particle sizes ranging from 0.02 to 10 µm. Their 
findings revealed that outdoor sources significantly influenced particles sized 0.02–2 µm, while indoor 
sources, including cooking, predominantly contributed to particulate matter sized 2–10 µm (Garbarienė 
et al. 2022). Similarly, Sánchez-Soberón et al. (2019) and Yuhe et al. (2021) analyzed particulate matter 
concentrations in classrooms, categorized as PM10, PM2.5, and PM1. Their research demonstrated a 
strong correlation between outdoor sources and particles sized 1–2.5 µm, while particles sized 2.5–10 
µm increased during periods of high student activity (Sánchez-Soberón et al. 2019; Yuhe et al. 2021). 
Additionally, Godini et al. (2021) identified cooking and smoking as the primary sources of ultra-fine 
particles (0.014–0.552 µm) indoors (Godini et al. 2021). The literature underscores that particulate matter 
sources vary by particle size and building type (Fang et al. 2024). Yet, most existing studies focus on 
environments with intermittent pollutant sources or adult occupants (Sherzad & Jung 2022). In contrast, 
this study examines childcare facilities where infants and young children—particularly vulnerable due 
to their developing immune systems—spend extended periods (Arar & Jung 2021). Managing indoor 
particulate matter in such facilities is crucial to safeguarding children’s health (Kumar et al. 2023). 
Unlike previous research, which has primarily been conducted in residential buildings and educational 
facilities such as schools, this study targets childcare centers in Dubai, a region characterized by unique 
environmental and climatic challenges, including frequent sandstorms, extensive construction activities, 
and extreme temperatures. The distinct urban layout, building practices, and climatic conditions of Dubai 
necessitate a focused analysis of particulate matter dynamics in childcare environments, thereby 
addressing a significant gap in existing literature. 

This study aims to evaluate the impact of indoor and outdoor particulate matter sources on indoor 
concentrations across particle sizes within childcare facilities in Dubai. Over five days, the concentrations 
of indoor and outdoor particulate matter were measured in daycare rooms where daily activities took 
place. The study analyzed correlations between indoor and outdoor concentrations during occupancy and 
variations in the indoor/outdoor (I/O) ratio based on occupancy. Additionally, it assessed the relationship 
between the intensity of indoor sources and indoor particulate matter concentrations to determine the 
extent of indoor source contributions. This research offers actionable insights into particulate matter 
management strategies specifically designed for childcare environments, thereby contributing to 
improved air quality and healthier living conditions for society's youngest and most vulnerable members. 

2. Materials and Methods 
2.1. Previous Research of PM I/O Ratio Measurements in Buildings 

Numerous studies have examined the indoor–outdoor (I/O) ratio of particulate matter (PM) to assess 
the relationship between outdoor and indoor PM concentrations (Martins et al. 2020). These 
investigations have reported a wide range of I/O ratios across different contexts. For instance, Huang et 
al. (2022) analyzed the I/O ratio of PM2.5 during winter and summer in 18 residential units, providing 
insights into seasonal variations (Huang et al. 2022). Similarly, Alves et al. (2020) studied the I/O ratio 
of PM2.5 in high-traffic areas, distinguishing between heating and non-heating periods in residential 
dwellings (Alves et al. 2020). Guo et al. (2023) evaluated PM2.5 concentrations in residential units in 
city and suburban areas with varying traffic volumes, emphasizing the impact of pollution sources on 
IAQ (Guo et al. 2023). It is crucial to note that the I/O ratio varies significantly with PM particle size 
(Martins et al. 2020). While the aforementioned studies primarily focused on specific PM size groups, 
such as PM2.5, they lacked comprehensive data on I/O ratios for a broader range of fine dust particle 
sizes (Martins & Da Graca 2018). However, some studies have addressed the I/O ratio across various 
PM diameters. For example, Nadali et al. (2020) investigated PM1, PM2.5, and PM10 concentrations in 
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50 residential units (Nadali et al. 2020). Jodeh et al. (2018) monitored PM1, PM2.5, and PM10 levels in 
five dwellings near roadways and five urban dwellings (Jodeh et al. 2018). Cichowicz et al. (2021) 
analyzed PM1, PM2.5, and PM10 concentrations in 19 residential units across city and suburban areas 
(Cichowicz & Dobrzański 2021). 

It is also essential to consider that many of these studies primarily aimed to evaluate indoor PM 
concentrations while accounting for occupant behavior. However, they often did not distinctly 
differentiate between residential and non-residential periods when analyzing I/O ratios. This limitation 
complicates the assessment of the extent to which outdoor PM influences indoor concentrations based 
solely on the reported measurement values, See Table 1. 

Table 1. Previous Research on I/O Ratio in Buildings 
Previous Research Location Area Season I/O Ratio 

Huang et al. (2022)  Shanghai,  
China City Center Winter, Summer 0.88 (PM2.5) 

Alves et al. (2020) Warsaw,  
Poland 

High Traffic 
Area 4 Seansons 1.64 (PM2.5) 

Guo et al. (2023)  Beijing,  
China Urban, Suburban 4 Seasons 

2.1 (PM1),  
1.6 (PM2.5), 
1.4 (PM10) 

Nadali et al. (2020)  Kaunas,  
Lithuania Urban Area Winter 

0.68 (PM1),  
0.71 (PM2.5), 
0.98 (PM10) 

Jodeh et al. (2018)  Lisbon, 
Portugal Urban Area Winter, Summer, 

Monsoon 

1.00 (PM1),  
0.92 (PM2.5), 
1.07 (PM10) 

Cichowicz et al. 
(2021)  

Kraków,  
Poland 

High Traffic 
Area Winter, Summer 0.74 (PM2.5) 

0.60 (PM10) 

2.2. Research Method 
2.2.1. Overview of the Sampling Room and Daycare Center 

The measurement site for this study was a daycare center in Umm Suqeim, Dubai (Jung et al. 2021). 
The facility is a two-story structure with a basement adjacent to a two-lane road. It comprises eight 
daycare rooms—four on each floor—an activity room, and a library on each level. The kitchen and dining 
areas are situated in the basement. Measurements were conducted explicitly in a daycare room designated 
for three-year-olds on the first floor (Jung et al. 2022). The room features east-facing pull-in windows 
and a west-facing door that opens into the hallway. Adjacent daycare rooms are located north and south 
of the measured room. The location of the building and detailed information about the daycare room used 
for measurements are presented in Figure 1 and Table 2. 

 
Figure 1. Urban Context and Building Photograph of Daycare Center. 
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Table 2. Description of the daycare center and sampling room characteristics. Information includes 
location, floor area, volume, occupancy details, and finishing materials. 

Daycare Center 
Information 

Location Umm Suqeim, Dubai 
Total Floor 3 (Basement + 2 floors) 

Use Daycare rooms, Cafeteria(B1), Staff room, Special 
activity rooms 

GFA (Gross Floor 
Area) 2,529 m2 

Build-up Area 1,082 m2 

Sampling Room 
Information 

Location 1st Floor (East Side) 
Sampling Room 
Area 44.02 m2 

Sampling Room 
Volume  162.40 m3 

Number of 
Occupants 15 Infants and 1 Teacher 

Finishing Materials Wall: Water Paint / Floor: Wood Flooring 

2.2.2. Observation of the Daily Routine of Children 
The daily activities at the childcare facility are broadly categorized into free play, naptime, meals, 

educational sessions, and other activities (Thorpe et al. 2020). While free play, nap time, and meals occur 
daily, educational and other activities vary on a weekly basis (Razak et al. 2018; Dev et al. 2018). At this 
childcare facility in Al Barsha, Dubai, the facility's large size and the availability of dedicated activity 
rooms allow specialized activities to occur outside the childcare rooms (Jung et al. 2022). Meals are also 
conducted in a cafeteria located in the basement. In the childcare room where measurements were 
conducted, natural ventilation was irregularly implemented during daily activities using east-facing pull-
in windows, as no mechanical ventilation systems were installed (Zheng et al. 2023; Park et al. 2022). 
During most activities conducted in the childcare room, except during naptime, infants and young 
children engaged in continuous movement, which significantly influenced the generation and 
resuspension of particulate matter within the room (Kim et al. 2019). Detailed observations were made 
during the measurement period to provide a comprehensive analysis of particulate matter concentration 
changes, including the presence or absence of children, the number of individuals in the room, and the 
nature of the activities being carried out (Zhai et al. 2019). These observations served as critical reference 
points for understanding the variations in particulate matter concentration throughout the day. 

2.2.3. Measurement Method 
The measurements were conducted in October 2024 over five consecutive days, capturing the weekly 

recurring patterns of activities and operations at the childcare facility (Jung et al. 2022). To ensure 
authentic data collection, the measurements were taken during routine activities in a daycare room 
without the researcher's intentional intervention or control (Salimifard et al. 2020).  

An Optical Particle Counter (AEROTRAK, TSI 9306-V2) was employed to measure particulate 
matter particle sizes during various activities. Before conducting measurements, the Optical Particle 
Counter (AEROTRAK, TSI 9306-V2) was calibrated according to the manufacturer's recommended 
procedure. The calibration involved verifying particle-count accuracy using monodisperse polystyrene 
latex spheres under controlled laboratory conditions. This ensured accurate particle-size discrimination 
and concentration measurement during the experiment. 

This device estimates particle size and concentration by analyzing the intensity of light scattered by 
particles as they pass through its light-scattering chamber (Hussein et al. 2017). In this study, six particle 
size categories—0.3 µm, 0.5 µm, 1 µm, 3 µm, 5 µm, and 10 µm—were measured both indoors and 
outdoors to facilitate particle size-specific analysis of particulate matter (Morawska et al. 2017). Outdoor 
measurement locations were carefully selected based on criteria designed to represent typical outdoor air 
quality conditions affecting the childcare facility. Specifically, measurements were performed 
approximately 2 meters from the building façade, at a location representative of air intake zones for 
natural ventilation, while avoiding immediate interference from direct building exhausts or mechanical 
ventilation units. A proximity to vehicular traffic was considered, ensuring that outdoor sampling points 
were sufficiently distant (more than 10 meters) from the adjacent two-lane road to minimize the influence 
of direct traffic emissions 

Additionally, indoor and outdoor temperature, relative humidity (RH), and CO₂ concentrations were 
recorded (Li et al. 2018). During data collection, environmental variables such as ambient wind speed 
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and direction, as well as general weather conditions, were recorded from a nearby meteorological station. 
Wind speed during measurement periods typically ranged between 1 and 3 m/s, with predominant wind 
directions noted for each measurement day. These variables were monitored to confirm that outdoor 
particulate measurements reliably represented general ambient conditions and were not significantly 
influenced by localized anomalies or extreme weather events. Measurements were taken at a height of 
0.9 m, corresponding to the respiratory zone of three-year-old children, in a location that did not interfere 
with their activities. A detailed summary of the measurement conditions is provided in Table 3. 

Table 3. Measurement equipment, locations, and sampling intervals used in the study. Instruments 
include the Optical Particle Counter (AEROTRAK, TSI 9306 - V2) and CO₂/Temperature/RH Data 
Logger (Lutron MCH-383SD). 

Parameter Details 
Location Daycare Room (90 cm above the floor and Outdoor) 
Particulate Matter Equipment Optical Particle Counter (AEROTRAK, TSI 9306 - V2) 
CO2, Temperature, RH Equipment Data Logger (Lutron MCH-383SD) 
Sampling Interval 10 minutes 

The following three-step analysis was conducted to ascertain whether the primary source of 
particulate matter within the daycare room originated indoors or outdoors (Lee et al. 2024). First, to 
evaluate the impact of outdoor particulate matter on indoor concentrations, a linear regression model was 
used to analyze the correlation between indoor and outdoor particulate matter measurements (Yuchi et 
al. 2019). A slope and R² value close to 1 in the regression model indicate a strong correlation, suggesting 
that outdoor sources significantly influence indoor particulate matter concentrations. Additionally, the 
data were categorized into two conditions for analysis: occupancy, when infants and toddlers were 
present and activities identified as potential indoor particulate matter sources were observed, and non-
occupancy, when the daycare room was unoccupied, with only outdoor sources influencing indoor 
particulate matter concentrations (Um et al. 2022). Second, to further examine the influence of children’s 
activities—considered a source of indoor particulate matter—on indoor concentrations, the I/O ratio of 
particulate matter concentrations was analyzed (Oliveira et al. 2019). The analysis was conducted 
separately for occupancy and non-occupancy periods, with particle size-specific comparisons (Jung et al. 
2023). Third, an indicator representing the intensity of indoor sources was selected to establish a clear 
link between children’s activities and particulate matter generation (Jan et al. 2017). The correlation 
between this source intensity indicator and indoor particulate matter concentrations was then analyzed 
using a linear regression model (Garbarienė et al. 2022). A strong positive correlation would confirm 
that children’s activities are a significant source of indoor particulate matter (Niu et al. 2021). This 
comprehensive approach ensures a nuanced understanding of the interplay between indoor and outdoor 
sources, enabling precise identification of dominant contributors to particulate matter concentrations in 
childcare environments (Ferguson et al. 2017; Abdelaziz Mahmoud & Jung 2023). 

Linear regression analysis, including slopes and R² values, was selected to identify correlations 
between indoor and outdoor particulate matter concentrations due to its interpretability and common 
application in IAQ studies. To enhance statistical robustness, p-values and 95% confidence intervals 
were calculated to evaluate the statistical significance of observed relationships. Furthermore, the 
Durbin-Watson statistics were employed to assess potential autocorrelation within the time-series data, 
ensuring that regression assumptions were adequately met. 

3. Results 
The variation in particulate matter concentration throughout the measurement period at the childcare 

facility was analyzed using the Indoor/Outdoor (I/O) ratio, defined as the ratio of indoor concentration 
to outdoor concentration. The results of the I/O ratio measurements over the five days are presented in 
Figure 2.  

The analysis revealed distinct patterns in the I/O ratio based on particle size. For particulate matter 
particles measuring 0.3 µm, 0.5 µm, and 1 µm, the I/O ratio remained consistently close to 1 throughout 
daily activity, indicating a balanced relationship between indoor and outdoor concentrations. In contrast, 
for particles measuring 3 µm, 5 µm, and 10 µm, the I/O ratio exhibited noticeable increases during 
specific indoor activities. These increases were particularly pronounced during tasks such as preparing 
and organizing bedding, which appeared to contribute significantly to the resuspension of larger particles 
indoors. This differentiation in I/O ratio patterns highlights the influence of activity type and particle size 
on the dynamics of particulate matter concentration within the childcare environment. 
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X-axis: Particle Size (µm), Y-axis: Indoor/Outdoor (I/O) Ratio 

Figure 2. Indoor/Outdoor (I/O) ratio for particulate matter concentrations measured over five 
consecutive days. Each box plot represents the distribution of I/O ratios for particle sizes (0.3 µm to 10 
µm). Boxes indicate interquartile ranges (25th–75th percentile), horizontal lines within boxes represent 
median values, and whiskers extend to the minimum and maximum observed ratios. 
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3.1. Correlation between Indoor/Outdoor Particulate Matter Concentration 
The correlation between indoor and outdoor particulate matter concentrations was analyzed under 

both occupancy and non-occupancy conditions to assess the influence of indoor sources. Figure 3 
illustrates the correlation during non-occupancy conditions, where no indoor sources were active. The 
R2 values of the linear regression model for particle sizes, excluding 10 µm, indicate a strong correlation 
between indoor and outdoor concentrations: 0.68 for 0.3 µm, 0.81 for 0.5 µm, 0.80 for 1.0 µm, 0.74 for 
3.0 µm, and 0.74 for 5.0 µm. Additionally, the slopes of the regression lines are close to 1, suggesting 
that indoor particulate matter concentrations closely reflect outdoor concentrations under non-occupancy 
conditions. These findings demonstrate that, in the absence of indoor sources, particulate matter 
concentrations indoors are primarily influenced by outdoor sources across most particle sizes. This 
highlights the significant role of outdoor air quality in determining indoor particulate matter levels when 
indoor activities are minimal. 

The linear regression analysis confirmed these correlations as statistically significant (p < 0.01), with 
95% confidence intervals for regression slopes consistently excluding zero (0.3 µm: CI [0.62, 0.83]; 0.5 
µm: CI [0.74, 0.92]; 1.0 µm: CI [0.71, 0.89]; 3.0 µm: CI [0.66, 0.85]; 5.0 µm: CI [0.67, 0.86]). The 
Durbin-Watson test (ranging between 1.85 to 2.10 across particle sizes) indicated negligible 
autocorrelation, validating the independence of observations within this analysis. 

 

X-axis: Outdoor PM Concentration (particles/cm³), Y-axis: Indoor PM Concentration (particles/cm³) 

Figure 3. Correlation between indoor and outdoor particulate matter concentrations under non-
occupancy conditions. Scatter plots include linear regression lines with corresponding equations, R² 
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values, and statistical significance (p-values). Axes represent particulate matter concentration 
(particles/cm³), with clearly marked units for indoor (y-axis) and outdoor (x-axis) measurements. 

Figure 4 illustrates the correlation between indoor and outdoor particulate matter concentrations 
during the experiment. For particle sizes of 0.3 µm and 0.5 µm, the slopes of the linear regression models 
are 0.72 and 0.85, respectively, with R2 values of 0.56 and 0.70. These results indicate a moderate 
correlation between indoor and outdoor particulate matter concentrations for these smaller particle sizes.  

For particle sizes of 1 µm, the slope of the linear regression model is 0.63, and the R2 value is 0.39, 
suggesting a weaker correlation compared to the smaller particles (0.3 µm and 0.5 µm). However, the 
correlation is still notable when compared to larger particles, such as 3 µm (R2 = 0.05), 5 µm (R2 = 0.03), 
and 10 µm (R2 = 0.02). Additionally, the data reveal a trend where indoor concentrations increase as 
outdoor concentrations rise, particularly for smaller particle sizes. 

 

X-axis: Outdoor PM Concentration (particles/cm³), Y-axis: Indoor PM Concentration (particles/cm³) 

Figure 4. Correlation between indoor and outdoor particulate matter concentrations during occupied 
periods. Scatter plots present linear regression fits with clearly labeled equations, R² values, and p-values. 
Axes clearly show particle concentrations (particles/cm³), differentiating between indoor (y-axis) and 
outdoor (x-axis) environments. 
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For particles measuring 3 µm, 5 µm, and 10 µm, the points on the graph are not evenly distributed 
around the regression line, and the R2 values are below 0.05. This indicates a negligible correlation 
between indoor and outdoor concentrations for these larger particles. Furthermore, the variability in 
indoor concentrations for these particle sizes appears to exceed that of outdoor concentrations, suggesting 
that indoor factors play a more significant role in influencing the concentrations of larger particles. 

These findings demonstrate that the influence of outdoor particulate matter concentrations on indoor 
levels is more pronounced for smaller particle sizes (0.3 µm, 0.5 µm, and 1 µm) than for larger particles 
(3 µm, 5 µm, and 10 µm), where indoor sources and resuspension may have a more significant impact. 

The following findings distinctly demonstrate how Dubai’s climatic conditions and urban activities 
uniquely influence particulate matter dynamics within childcare environments, differentiating this study 
from previous research conducted in less extreme climatic regions or more commonly studied building 
types. 

The regression results for smaller particles during occupied conditions were statistically significant 
(p < 0.05), with confidence intervals for slopes distinctly greater than zero (0.3 µm: CI [0.59, 0.85]; 0.5 
µm: CI [0.72, 0.98]; 1 µm: CI [0.49, 0.77]). Conversely, larger particles (3 µm, 5 µm, and 10 µm) 
exhibited non-significant relationships (p > 0.05), further emphasizing the predominant role of indoor 
activities for these particle sizes. The Durbin-Watson statistic (1.92–2.12) again indicated minimal 
autocorrelation, confirming the reliability of the regression model. 

The experiment confirmed that particulate matter particles measuring 0.3 µm, 0.5 µm, and 1 µm are 
influenced by outdoor concentrations under non-occupied and occupied conditions. For particle sizes of 
3 µm and 5 µm, a correlation between indoor and outdoor concentrations was observed in non-occupied 
conditions; however, for particle sizes of 3 µm, 5 µm, and 10 µm, it was established that outdoor 
concentrations have negligible influence under occupied conditions. 

3.2. Comparison of I/O Ratios during Occupied and Unoccupied Conditions 
To evaluate the impact of the presence of infants and young children on indoor particulate matter 

concentrations by particle size, the Indoor/Outdoor (I/O) ratio under non-occupied (I/O ratio - 
Unoccupied) and occupied (I/O ratio - Occupied) conditions was compared for different particle sizes of 
particulate matter (Figure 5). 

For particulate matter particles measuring 0.3 µm, 0.5 µm, and 1 µm, the I/O ratios were consistently 
close to 1 in both occupied and non-occupied conditions. Furthermore, the variation in the I/O ratios for 
these particle sizes was minimal compared to particles measuring 3 µm, 5 µm, and 10 µm. This indicates 
that the presence or absence of occupants has a negligible impact on the I/O ratio for smaller particle 
sizes. 

In contrast, particulate matter particles with sizes of 3 µm, 5 µm, and 10 µm exhibited significant 
deviations in the I/O ratio depending on occupancy. For particles measuring 5 µm and 10 µm, the median 
I/O ratio in non-occupied conditions was below 1, suggesting that indoor concentrations were generally 
lower than outdoor concentrations. However, during occupied conditions, the I/O ratios for particles 
measuring 3 µm, 5 µm, and 10 µm increased markedly. The difference between the maximum and 
minimum I/O ratios was approximately 10 times for 3 µm, 16 times for 5 µm, and 34 times for 10 µm, 
indicating a substantial variation in particulate matter concentration under occupied conditions. These 
findings highlight the pronounced influence of occupant activity on the concentration of larger particulate 
matter particles, while smaller particles are less affected by occupancy. 
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X-axis: Particle Size (µm), Y-axis: Indoor/Outdoor (I/O) Ratio 

Figure 5. Comparison of Indoor/Outdoor (I/O) ratios under unoccupied and occupied conditions for 
different particle sizes (0.3 µm to 10 µm). Each box plot clearly differentiates occupancy status, with 
medians, interquartile ranges, and minimum/maximum values labeled. Axes are clearly defined with 
consistent notation. 

3.3. Correlation between Particulate matter Concentration and CO2 Concentration 
To investigate the causes of increased indoor particulate matter concentrations during occupancy, the 

relationship between indoor particulate matter levels and the intensity of indoor sources was analyzed. 
In a study by Son (2023), the number of students present indicated indoor source intensity, and its 
correlation with indoor particulate matter concentration was examined (Son 2023). However, 
observations and recordings of activities at the targeted daycare center revealed that the arrival times of 
infants and toddlers and the number of occupants were highly irregular and fluctuated significantly within 
short periods. These inconsistencies made it impractical to use occupant numbers as a reliable indicator 
of source intensity. Additionally, because ventilation was irregular and varied throughout the day, 
selecting an indicator that accounted for both source intensity and ventilation was necessary. This study 
chose indoor CO2 concentration - produced by human respiration and diluted through ventilation - as a 
comprehensive indicator that reflects both factors. 

During nap times, when infants and toddlers were inactive and particulate matter generation ceased, 
CO2 continued to be produced through respiration. This made CO2 an unsuitable indicator during these 
periods, and data from nap times were excluded from the analysis. The correlation between indoor 
particulate matter concentrations and indoor CO2 levels is shown in Figure 6. The data points were widely 
scattered for particulate matter particles with sizes of 0.3 µm, 0.5 µm, and 1 µm, and the R2 value was 
less than 0.1. This indicates no meaningful correlation between indoor particulate matter concentrations 
and indoor sources for these smaller particle sizes, confirming that indoor sources had minimal influence. 

In contrast, for particles measuring 3 µm, 5 µm, and 10 µm, the data points were consistently aligned 
along a positive trend, with R2 values of 0.51 (3 µm), 0.58 (5 µm), and 0.67 (10 µm). These results 
confirm a positive correlation between indoor particulate matter concentrations of larger particle sizes 
and indoor CO2 levels, suggesting that indoor sources play a significant role in generating and 
resuspending larger particulate matter particles during occupancy. 

Statistical analysis confirmed significant correlations (p < 0.01) between indoor CO₂ and larger 
particle concentrations, with slopes having confidence intervals clearly above zero (3 µm: CI [0.44, 0.58]; 
5 µm: CI [0.49, 0.66]; 10 µm: CI [0.61, 0.73]). The Durbin-Watson statistics ranged from 1.90 to 2.05, 
indicating minimal autocorrelation and validating the assumption of independence in the data analyzed 
points. 
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X-axis: Indoor CO₂ Concentration (ppm), Y-axis: Indoor PM Concentration (particles/cm³) 

Figure 6. Correlation between indoor CO₂ concentrations (ppm) and particulate matter concentrations 
(particles/cm³) excluding nap times. Scatter plots display linear regression models, including equations, 
R² values, and p-values, clearly illustrating the relationships between different particle sizes. 

3.4. Analysis of Major Sources of Indoor Particulate Matter by Particle Size 
The analysis of the correlation between indoor and outdoor particulate matter concentrations under 

both occupancy and non-occupancy conditions, using a linear regression model, revealed the following 
insights. A correlation was observed between indoor and outdoor concentrations, regardless of 
occupancy, for particulate matter particles with sizes of 0.3 µm, 0.5 µm, and 1 µm. However, for particle 
sizes of 3 µm and 5 µm, a correlation between indoor and outdoor concentrations was confirmed only 
under non-occupancy conditions, while no such correlation was observed during occupancy. For particles 
measuring 10 µm, there was no correlation between indoor and outdoor concentrations under either 
condition.  

These results suggest that particulate matter with smaller particle sizes (0.3 µm, 0.5 µm, and 1 µm) 
is predominantly influenced by outdoor sources, irrespective of occupancy. In contrast, larger particles 
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(3 µm, 5 µm, and 10 µm) are minimally affected by outdoor sources during occupancy, likely due to the 
influence of indoor activities.  

To further investigate the impact of infants' and toddlers' activities on indoor particulate matter 
concentrations, the Indoor/Outdoor (I/O) ratios were compared between occupancy and non-occupancy 
conditions. For particles measuring 0.3 µm, 0.5 µm, and 1 µm, the I/O ratios remained close to 1 across 
both conditions, confirming that outdoor particulate matter concentrations exert a more significant 
influence than occupancy. Conversely, for particle sizes of 3 µm, 5 µm, and 10 µm, the I/O ratios showed 
significant variation between occupancy and non-occupancy. This indicates that the activities of infants 
and toddlers substantially contribute to the increase in indoor concentrations of larger particles. 

To validate whether the activities of infants and young children serve as an indoor source of large 
particulate matter particles (3 µm, 5 µm, and 10 µm), the relationship between indoor particulate matter 
concentrations and indoor source intensity was analyzed. Indoor CO2 concentrations, generated through 
human respiration and influenced by ventilation, indicated source intensity. The analysis revealed no 
significant correlation between source intensity and particulate matter concentrations for smaller particles 
(0.3 µm, 0.5 µm, and 1 µm). However, a positive correlation was observed for larger particles (3 µm, 5 
µm, and 10 µm), with the R2 values indicating a meaningful relationship between CO2 levels and indoor 
particulate matter concentrations.  

These findings confirm that outdoor sources of small particle sizes primarily influence particulate 
matter concentrations in childcare facilities, but indoor sources of larger particles drive them mainly.  

4. Discussion 
This study presents novel insights into the behavior and impact of particulate matter specifically 

within childcare facilities in Dubai, UAE, an underrepresented research context characterized by severe 
climatic events, intense construction activities, and unique urban characteristics that significantly 
influence particulate dynamics. The results underscore the importance of understanding particle size-
specific dynamics in developing effective air quality management strategies tailored to such sensitive 
environments (Bani Mfarrej et al. 2020; Jung & El Samanoudy 2023). 

Particulate matter particles of smaller sizes (0.3 µm, 0.5 µm, and 1 µm) showed strong correlations 
between indoor and outdoor concentrations under both occupied and unoccupied conditions (Zhao et al. 
2020). This indicates that smaller particles are primarily influenced by outdoor air quality, irrespective 
of indoor human activity (Von Schneidemesser et al. 2019; Śmiełowska et al. 2017). In the context of 
Dubai, where regional factors such as transboundary air pollution, construction dust, and sandstorms are 
prevalent, the findings emphasize the need to improve building filtration systems and mitigate outdoor 
pollution sources to safeguard indoor air quality, particularly for smaller particle sizes (Akasha et al. 
2024). 

In contrast, larger particles (3 µm, 5 µm, and 10 µm) exhibited minimal correlation between indoor 
and outdoor concentrations during occupancy, with significant increases in indoor levels directly linked 
to occupant activities (Liao et al. 2021; Dris et al. 2017). Children’s movements, bedding preparations, 
and routine activities significantly resuspend settled dust, elevating concentrations of larger particles (Liu 
2022). This aligns with the observed variability in Indoor/Outdoor (I/O) ratios, which showed substantial 
increases for larger particles during occupancy compared to non-occupancy periods. These findings 
underscore the crucial role of indoor source control, particularly in facilities serving young children 
whose respiratory systems are still developing and are more susceptible to airborne pollutants (Ali et al. 
2021). 

Using CO₂ concentrations to indicate indoor source intensity provided additional insights (Blocken 
et al. 2021). Smaller particles showed little correlation with indoor CO₂, whereas larger particles 
correlated positively, confirming the significant role of human activities in their resuspension and 
generation (Stratigou et al. 2020). This finding highlights the significance of understanding indoor 
activity patterns and their impact on air quality degradation. 

Given Dubai's unique environmental and climatic conditions, strategies for improving air quality in 
childcare facilities must address both outdoor and indoor sources. Managing smaller particles requires 
enhanced building envelopes, high-efficiency filtration (HEPA), and control of outdoor sources. 
Reducing larger particles requires careful material selection, optimized ventilation, and spatial design to 
minimize resuspension. 

This study underscores the importance of adopting a comprehensive approach to air quality 
management in childcare facilities, which involves integrating robust architectural and operational 
measures to create healthier indoor environments. These efforts are particularly crucial in Dubai, where 
environmental conditions and urban development factors pose unique challenges to maintaining IAQ, 
especially for vulnerable populations such as young children. Contrary to existing literature, which 
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predominantly examines indoor air quality (IAQ) within residential or educational facilities in temperate 
or controlled climates, the originality of this research lies in its contextual focus on Dubai’s 
environmental extremes. Such conditions pose distinctive challenges to managing indoor particulate 
matter, particularly in childcare facilities, thus underscoring the critical contribution of this study to the 
field of IAQ research. Future research could expand on these findings by further exploring innovative 
design solutions and real-time monitoring systems to enhance air quality in similar settings. 

Despite the valuable insights provided, this study has several limitations that warrant careful 
consideration. Firstly, the measurement period was limited to five consecutive days, which may not fully 
capture long-term or seasonal variability in particulate matter concentrations. Extending the sampling 
duration would enhance the robustness of the findings. Secondly, measurements were conducted 
exclusively in a single daycare room, which may have limited the generalizability of the results to other 
rooms or daycare centers with varying spatial layouts and ventilation characteristics. Furthermore, the 
study period (October) reflects specific climatic conditions in Dubai. It thus may not represent particulate 
matter dynamics during other seasons, such as the intense summer months or periods of higher frequency 
sandstorms. Lastly, while proximity to traffic was considered in selecting outdoor sampling locations, 
potential transient impacts from nearby traffic congestion or sporadic sandstorm events could influence 
particulate matter concentrations and were not explicitly accounted for in the modeling. Future research 
should address these limitations by conducting longitudinal studies across multiple rooms and seasons, 
explicitly accounting for external episodic events to provide comprehensive air quality management 
strategies. 

5. Conclusions 
This study investigated the primary sources of indoor particulate matter in childcare facilities in Dubai, 

UAE, by measuring and analyzing the concentrations of particulate matter indoors and outdoors. The 
research focused on a daycare room for three-year-old children, capturing real-world activity conditions 
over a five-day period. The findings offer critical insights into the interplay between indoor and outdoor 
sources of particulate matter and their implications for managing air quality in childcare environments. 

First, the correlation analysis between indoor and outdoor particulate matter concentrations revealed 
that particulate matter particles with smaller sizes (0.3 µm, 0.5 µm, and 1 µm) are significantly influenced 
by outdoor sources, regardless of occupancy. This underscores that outdoor air quality plays a pivotal 
role in determining the indoor concentrations of these smaller particles, suggesting that effective outdoor 
filtration strategies are essential for reducing their presence indoors. In contrast, for larger particles (3 
µm and 5 µm), a correlation with outdoor concentrations was only observed during non-occupancy 
periods, while no correlation was evident during occupancy. No correlation was observed under either 
condition for the largest particles (10 µm), indicating that indoor factors dominate their concentration 
levels. 

Second, an analysis of the Indoor/Outdoor (I/O) ratios during occupancy and non-occupancy revealed 
distinct trends. The I/O ratios for smaller particles (0.3 µm, 0.5 µm, and 1 µm) remained close to 1 
regardless of occupancy, indicating limited influence from indoor activities. However, larger particles (3 
µm, 5 µm, and 10 µm) exhibited substantial variation in I/O ratios, with occupancy leading to marked 
increases. This suggests that indoor activities, particularly those involving movement, are the primary 
contributors to the elevated concentrations of larger particles. 

Third, the study utilized CO₂ concentration as a proxy for indoor source intensity to examine its 
correlation with indoor particulate matter levels. While no significant correlation was found for smaller 
particles, a positive correlation was observed for larger particles (3 µm, 5 µm, and 10 µm). This confirms 
that indoor activities, such as the movement of infants and young children, are major contributors to the 
generation and resuspension of larger particulate matter particles. 

These findings highlight the dual influence of outdoor and indoor sources on particulate matter 
concentrations, with smaller particles predominantly affected by outdoor conditions and larger particles 
by indoor activities. The results underscore the importance of implementing tailored strategies for air 
quality management in childcare facilities. Efforts should focus on enhancing building envelope integrity 
and outdoor air filtration to capture smaller particles. For larger particles, strategies should include 
selecting materials that minimize dust accumulation, optimizing ventilation to reduce resuspension, and 
carefully designing indoor spaces to limit disturbances during activities. 

To enhance the practical applicability of these findings, specific actionable recommendations are 
provided for key stakeholders in Dubai. Policymakers should implement regulatory guidelines mandating 
high-efficiency particulate air (HEPA) filtration systems and regular IAQ assessments in childcare 
centers, especially during high-risk periods such as sandstorms and construction activities. Daycare 
managers are advised to adopt daily protocols, including regular wet-cleaning routines and controlled 
natural ventilation schedules, minimizing dust resuspension from indoor surfaces. Additionally, 
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educational sessions for staff on effective indoor pollutant management are recommended. Building 
designers should incorporate air-lock vestibules, airtight building envelopes, and smooth, low-dust-
accumulating interior finishes to mitigate particulate infiltration and resuspension. Incorporating these 
strategies will significantly enhance air quality, creating healthier environments specifically tailored for 
childcare facilities in Dubai’s unique climatic and urban context. 

This study contributes valuable data and insights to the field of indoor air quality management, 
particularly in Dubai's unique environmental context. Addressing indoor and outdoor sources, the 
research provides a foundation for creating healthier and safer environments for vulnerable populations, 
such as young children in childcare facilities. Furthermore, by situating this investigation in Dubai’s 
specific climatic and urban environment, this study makes a unique contribution to the literature by 
providing data and strategies tailored explicitly to managing indoor air quality within childcare facilities 
under such challenging environmental conditions. Future research should further explore real-time 
monitoring and adaptive approaches to enhance air quality in similar settings. 
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