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Article 

Using Low-Cost Sensing Technology to Assess 
Ambient and Indoor Air Quality in New York during 
and after the COVID-19 Pandemic 

Justin Holder 1, Jamelia Jordan 1, Kera Johnson 1 Ayodele Akinremi 2 and Dawn Roberts-Semple 1,* 

1 Department of Earth and Physical Sciences, City University of New York – York College, 94-20 Guy R. 

Brewer Blvd. Jamaica, NY 11451; justin.holder@yorkmail.cuny.edu; jamelia.jordan@yorkmail.cuny.edu; 

kera.johnson@yorkmail.cuny.edu 
2 Department of Physical Therapy, School of Sciences, Hampton University, 100 E Queen St., Hampton, VA 

23669 United States; ayodele.akinremi@hamptonu.edu 

* Correspondence: drobertssemple@york.cuny.edu; Tel.: +(718)-262-2775 

Abstract: Air pollution is a leading cause of death in the United States, and is associated with 

adverse health outcomes, including increased vulnerability to coronavirus disease 2019 (COVID-

19). The AirBeam2 was used to measure particulate matter with a diameter of 2.5 micrometers or 

smaller (PM2.5), to investigate differences between indoor and ambient levels at seven private homes 

in New York during and after the COVID-19 lockdown. Measurements taken in 2020 winter, spring 

and fall and in fall 2022 showed that 90% of the time, indoor PM2.5 levels exceeded outdoor levels 

both during and after the COVID-19 lockdown, p = 0.03, and exceeded safety levels. Higher indoor 

PM2.5 levels attributed to little or no ventilation from cooking and smoke in kitchens and basements, 

were significantly greater in fall than in winter. Higher ambient PM2.5 levels were attributed to 

vehicular traffic at a street-facing sampling site. PM2.5 sources identified in this study may help in 

devising control strategies to improve indoor air quality (IAQ), and consequently alleviate 

respiratory health effects. These findings may be used as a basis for in-house modifications 

including natural ventilation and use of air purifiers to reduce exposures, mitigate future risks, and 

prevent potential harm to vulnerable residents. 

Keywords: AirBeam2; indoor air; fine particulate matter; seasonal variations; sensor; COVID-19 

 

1. Introduction 

Poor air quality is associated with adverse health outcomes and is a leading cause of death in 

the U.S. [1–3]. Since air pollutants are ubiquitous, many studies have investigated indoor and outdoor 

air quality, as human activities and emission sources vary both in outdoor and indoor environments, 

mainly vehicular emission, thermal power plants, combustion, food grilling, and frying [4]. 

Particulate matter (PM) is a major pollutant known to degrade air quality and is categorized by size 

fractions. Coarse particles referred to as PM10 have a diameter of 2.5 – 10 microns; they are produced 

mainly from construction sites, mines, farms, and dirt roads, and can irritate the eyes, nose, and 

throat. Fine particles that measure 2.5 micrometers or less in diameter, referred to as PM2.5 includes a 

subcategory, or ultrafine particles less than 1 micron in diameter [4]; these pose a greater health risk 

because they can reach deep into the lungs and enter the bloodstream. PM2.5 is usually found in smoke 

from fires, power plants and motor vehicles and have been linked to chronic and acute respiratory, 

cardiovascular, and nervous system illnesses that can result in mortality, even at concentrations 

below the 24-hour national ambient air quality standard (NAAQS) of 35 µg/m³ [4,5]. 

The association between PM2.5 and respiratory infections is a serious concern that heightened 

after COVID-19 was declared by the World Health Organization (WHO) as a public health emergency 

[6]. Indoor air pollution (IAP) remains a concern, yet data are seriously lacking. IAP has been 

classified as one of the top five environmental health hazards [7], and recent studies have found that 
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it could exceed ambient levels [8]. Since most Americans spend more than 90% of their time indoors, 

a healthy indoor environment is very important [9]. While compulsory lockdown during the COVID-

19 pandemic apparently contributed to improved ambient air quality in most cities, exposure to IAP 

was significant [10]. IAQ issues are generally caused by household energy conservation, a lack of 

adequate ventilation and the use of cleaning products and disinfectants which intensified during the 

COVID-19 pandemic. Higher IAP is also attributed to the absence of meteorological influence 

particularly wind speed, known to dilute air pollutant concentrations outdoor [11]. Recent scientific 

evidence has shown that indoor air can be more seriously polluted than outdoor air in urban areas 

including the largest and most industrialized cities in the world [9]. With no IAQ health standards, 

high IAP levels imply greater health risks among vulnerable residents especially children, the elderly 

and individuals suffering chronic respiratory and cardiovascular diseases [9]. 

During the COVID-19 pandemic lockdown, restrictions on business and transportation resulted 

in a dramatic reduction in air pollution levels in most cities around the world; however, the apparent 

improvement in air quality did not necessarily reduce exposure to IAP and presumably, vulnerability 

to respiratory health effects. As most people utilized online sources for work and shopping, this 

change in reality raised the question of whether the risk of exposure to PM2.5 in homes increased with 

more time spent indoors. Air quality in homes could be worse because pollutants in such 

environments are restricted by walls and ceilings which are absent in outdoor spaces. Exposure to 

PM2.5 could result in an elevated risk for acute or chronic respiratory infections and disease, 

susceptibility, and exacerbation of inflammatory stimulus in young and even healthy individuals 

[12]. PM exposure has also been associated with increased medical visits and hospitalizations [13]. 

Wu et al. (2020) found that an increase of only 1 µg/m³ in long-term average PM2.5 levels was 

associated with a significant increase of 15% in the COVID-19 death rate [14]. 

Cooking is a major contributor of indoor air pollution because the different types of foods 

prepared may produce a variety of volatile organic compounds (VOCs) and PM, that may cause 

detrimental health effects [15]. Approximately 3.8 million people worldwide die every year from 

illnesses attributable to the harmful indoor air from cookstoves and fuel [16]. Additionally, kitchens 

are regularly characterized by a micro-climate due to food preparation processes with higher 

temperatures and humidity [17]. Generally, most adults spend over 10% of their time in kitchen areas 

to prepare meals, eat, or clean up after meal preparation [18]. Harmful compounds and particles are 

produced from incomplete combustion of biomass at fireplaces, open fires and stoves due to an 

insufficient supply of oxygen [18]. IAQ problems also result from the use of solid fuels in stoves for 

household heating and cooking, especially from stir-frying and deep-frying methods, and smoking 

in homes [19]. The basement is also a microenvironment where dust, mold and high relative humidity 

may persist due to limited ventilation and stored items such as unused furniture, lacquers, paints, 

and gasoline contribute to an odor called the “basement smell” mainly due to putrefaction processes 

and the growth of microorganisms [18]. Such biological air pollution may cause serious health effects. 

Even under normal conditions, infiltration of PM2.5 through ventilation systems could further 

degrade IAQ. Outdoor air tends to enter and leave buildings by natural or mechanical ventilation 

through open windows or unsealed cracks in doors; IAQ can also be influenced by ambient 

temperature and humidity [17,20]. Depending on the weather conditions, people tend to open or 

close their windows, operate air conditioning systems, humidifiers, and heaters. Through these 

processes, outdoor air moves indoor at a rate of replacement termed the air exchange rate which 

when low, contributes to an increase in air pollutant levels [4]. 

This pilot study aimed to provide a simple uncomplicated way to determine PM2.5 levels indoors 

for comparison with ambient levels, and to identify the potential risks of exposure to indoor emission 

sources that can be targeted for reduction or removal through increased ventilation or supplemental 

filtration for improved IAQ. The study does not intend to discuss or draw conclusions about health 

impacts of measured PM2.5 concentrations. The complexity of identifying health risks, personal health 

status, level of exposure, and other environmental factors; however, is noteworthy, as it is not 

possible to fully understand potential health impacts or risks solely by detecting PM2.5 levels using 

low-cost technology such as the AirBeam2. 
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2. Materials and Methods 

2.1. Study Sites 

This study was conducted at seven (7) residential homes in New York (Figure 1) using two 

AirBeam2 concurrently: one for indoor and another for outdoor sampling at each location. 

Measurements were taken in the winter, spring and fall in the months of February, October and 

November of 2020, April of 2021 and September through November of 2022. PM2.5 samples were 

taken indoors (kitchen, basement, bedroom) and outdoors for approximately 2-6 hours during and 

after the COVID-19 pandemic lockdown. Indoor samples were collected in the living room and 

basement at Home 1 in Queens Village; kitchen of Home 2 in Cambria Heights; living room of Home 

3 in Flushing; basement of Home 4 in Hollis; and kitchens of Home 5 in Garden City, Home 6 in 

Springfield Gardens and Home 7 in St. Albans. After each sampling session, the data were 

downloaded and STATA version 15 was used to perform statistical analysis. Daily average ambient 

PM2.5 levels in this study were compared to those obtained from the EPA regulatory/central 

monitoring station in Queens, NY during the same period [21]. 

 

Figure 1. Map of Residential sites in New York. 

2.2. Suitability of AirBeam2 for PM2.5 Air Quality Monitoring 

The AirBeam2 used in this study is a portable palm-sized device that collects PM2.5, while paired 

with a BLU android cellular phone. It uses a light scattering method to measure PM1, PM2.5 and PM10, 

as air is drawn through a sensing chamber and light from a laser scatters particles in the airstream 

[22]. A record of the measurement is sent each second to the Aircasting mobile app to permit real-

time visualization, and pooled data can be crowdsourced on an AirCasting air quality map. The 

AirBeam2 is among low-cost sensors approved by the United States Environmental Protection 

Agency (USEPA) [23], to measure indoor and outdoor PM concentrations [17,24–26]. It provides a 

simple and quick way to determine spatial and temporal PM2.5 levels, informing possible actions that 

may be taken to reduce unacceptable levels of exposure. Therefore, data quality and performance of 

the air sensor can help to advance IAQ management and improve our understanding of total 

exposure to particle pollutants in the home environment. The device can also provide greater insights 

into potential benefits and limitations of applying the sampled data to improve IAQ, including the 
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need to monitor other pollutants besides PM and assess their impacts on human health. For future 

studies that include larger sample sizes would be considered for correlation between PM levels and 

health risks in homes. 

3. Results 

3.1. Comparison of PM2.5 Levels in 2020, 2021 and 2022 

There was no significant difference in indoor, outdoor, and ambient PM2.5 measurements across 

the three years (Fall 2020, Winter 2021, Winter 2022). Data for the same study periods obtained from 

the nearest central monitoring station were compared to the sampled outdoor PM2.5 concentrations. 

In 2020, 2021 and 2022, average indoor PM2.5 levels were higher than average outdoor levels at 13.33 

µg/m3, 9.0 µg/m3 and 16.5 µg/m3, respectively. The city ambient PM2.5 levels, on the other hand, were 

found to be the lowest across the years. In 2020 and 2021, there was an increase in indoor PM2.5 levels, 

whereas there was a decrease in outdoor and city ambient levels of PM2.5. In 2022, indoor 

concentrations of PM2.5 increased whereas the concentrations for outdoor and city ambient decreased. 

As shown in Figure 2, there were no significant changes in PM2.5 measurements indoor versus 

outdoor in the fall season, and sampled outdoor PM2.5 levels in the fall versus City ambient levels 

recorded at the regulatory monitoring station. 

 

Figure 2. Comparison of PM2.5 levels by year. 

3.2. Comparison of PM2.5 Levels by Season 

Indoor PM2.5 levels were consistently high in both winter and fall, even though they were not 

statistically significant (p=0.42); indoor PM2.5 levels were higher than sampled outdoor and city 

ambient levels in the winter. Additionally, indoor PM2.5 levels in the fall were higher than outdoor 

and city ambient levels with values of 14.6 µg/m3, 6.2 µg/m3 and 6.16 µg/m3, respectively. Overall, 

indoor PM2.5 levels during the fall were significantly greater than indoor winter levels. Indoor PM2.5 

levels in the fall were also higher than the measured outdoor and City ambient levels. 
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Figure 3. Comparison of PM2.5 levels by seasons. 

The mean PM2.5 levels for indoor and outdoor were the same (p = 0.03), and the sampled outdoor 

PM2.5 levels were comparable to the City ambient levels. Conversely, 90% (1 out of 7) of the time 

indoor PM2.5 levels exceeded outdoor levels. Additionally, approximately 50% of the time, indoor 

concentrations of PM2.5 exceeded the safety level (8.75 µg/m³ for 6-hr exposure) and 100% of outdoor 

levels were within the safety levels (8.75 µg/m³ for 6-hr exposure). The average indoor PM2.5 level for 

Home 1 was 4 µg/m³ and sampling was conducted in the living room in February 2021 for four weeks 

(27 days). Higher PM2.5 levels were recorded at Homes 2 and 3, averaging 14 µg/m³. At Home 2, 

samples were measured in the kitchen in February 2021 for two weeks (14 days) while at home 3, 

samples were measured for one week (7 days) in the living room in October 2020. At Home 4, the 

average PM2.5 indoor level was 5 µg/m³ and the samples were collected in the basement at the end of 

October 2020 into November 2020 for one week (7 days). 

The average indoor PM2.5 level for Homes 5 and 6 were 21 µg/m³ and 24 µg/m³, respectively and 

samples were collected in the kitchen at both homes. PM2.5 was measured for one week (7 days) at 

Home 5 in November 2020, and at Home 6, samples were collected for almost two weeks (12 days) 

from late September 2022 into early November 2022. Finally, the average PM2.5 level at Home 7 was 9 

µg/m³ and samples were collected in the kitchen for almost three weeks (18 days) in late October 2022 

and early November 2022. The outdoor PM2.5 levels for Home 1, Home 3 and Home 6 were 7 µg/m³, 

respectively. Home 4 had the lowest PM2.5 5 levels, while Home 2 had the highest level of 9 µg/m³. 

Overall, the data obtained showed that outdoor PM2.5 concentrations were 1.8 times greater in the 

winter than in the fall. 

4. Discussion 

4.1. Temporal Variations of Indoor PM2.5 Levels 

In this study, higher indoor PM2.5 levels both during and after the COVID-19 lockdown 

suggested a combination of emissions from indoor activities and outside sources [27,28]. Indoor PM2.5 

levels were mostly influenced by human activity and smoke [29]; especially from cooking, as meal 

preparation by frying, toasting and boiling may release PM2.5 with various compositions including 

saturated and unsaturated fatty acids [18,30]. Extended exposure times in confined spaces of 

residential homes substantially affect air quality because they often lack proper ventilation; hence, 

PM2.5 levels tend to be more concentrated than outdoor levels [31]. Fuel oil and natural gas was used 

in most residential homes in this study, and only a few stoves were furnished with vents to extract 

fumes while cooking during sampling, potentially increasing PM2.5 levels [17]. Indoor gas stove use 
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for cooking is associated with an increased risk of asthma among children and is prevalent in 35% of 

households in the US. Pollutants released by combustion in homes with range hoods may not vent 

outdoors or be removed effectively [32]. Source reduction and control is the most effective solution 

to indoor air pollution, although ventilation, supplemental filtration and air cleaning can help to 

remove PM2.5 and other pollutants. 

4.2. Temporal Variations of Outdoor PM2.5 

Previous studies have reported greater variability in ambient PM levels than indoor levels due 

to local meteorological conditions, road traffic, power generation plants, industries, etcetera [33]. 

Restrictions in human activities and the consequent dramatic decrease in ambient air pollution 

occurred during the COVID-19 lockdown, as most people stayed at home at the onset of the pandemic 

[34]. The lowest ambient PM2.5 levels were measured in 2020 but increased in 2021 and 2022, and City 

ambient measurements from the central monitoring station in NYC also reflected this decline (Table 

1). Similarly, ground-based observations of PM2.5 and other air pollutants showed reductions in 

metropolitan cities in South and East Asia, Europe and North America during COVID 19 lockdown, 

that accounted for 67% of anthropogenic emissions and 5% from the transportation sector [35]. 

Higher ambient PM2.5 levels were only recorded at one sampling site facing a street with moderate 

vehicular traffic. Similarly, a study conducted at 39 schools in Barcelona, Spain, reported that school 

playgrounds in close proximity to road traffic exhibited higher levels of PM2.5 than other areas [22]. 

In Po Valley, Italy, poor air quality pre-lockdown was a result of large population, industrial 

activities, geographical factors and weather conditions but although most anthropogenic activities 

halted during the lockdown, there was no significant decrease in PM during the lockdown compared 

to 2019 [11]. This suggested that metrological factors could have a greater influence on PM levels than 

emissions from traffic [11]. 

Table 1. Comparison of PM2.5 levels by year. 

 2020 (Fall) 

Mean (SE) 

2021 (Winter) 

Mean (SE) 

2022 (Fall) 

Mean (SE) 
p-Value 

Indoor 13.33 (4.63) 9.0 (5.0) 16.5 (7.5) 0.93 

Outdoor 5.33 (1.20) 8.0 (1.0) 7.5 (0.5) 0.65 

City Ambient 6.03 (1.24) 6.5 (0.69) 6.35 (0.05) 0.11 

4.3. Seasonal Variations of Indoor PM2.5 

PM2.5 was measured up to 6 hours with an ambient standard of 8.75 µg/m³ (35 µg/m³ for 24-hr 

period); but most indoor levels exceeded this standard (Table 2). During the winter and fall seasons, 

people typically keep their windows and doors closed to conserve energy; however, this could result 

in less air circulation, gas exchange, and increased indoor PM2.5 levels. During the winter, particles 

are usually resuspended in the air from daily indoor activities because of poor ventilation but reduce 

in the summer season when air exchange rates are higher as people open their windows and doors 

[36]. A major contributing factor to higher PM2.5 levels could be cooking, as Begum et al. (2009) 

observed that food preparation in the kitchen could create a specific micro-climate because of high 

temperatures and humidity [18]. Although the increase in temperature is expected to cause PM to 

decrease as the particles gain kinetic energy, move faster, expand and are dispersed [37] and relative 

humidity could lead to the deposition of larger particles as they become moisture laden [38], smaller 

particles remain suspended in indoor air for longer periods. With no meteorological influence 

indoors to disperse particles, PM2.5 increased; however, there is no national standard for indoor air 

quality to which the measurements could appropriately be compared. 
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Table 2. Comparison of PM2.5 levels by season. 

 Winter (n = 2) 

Mean (SE) 

Fall (n = 5) 

Mean (SE) 
p-Value 

Indoor 9.0 (5) 14.6 (3.5) 0.42 

Outdoor 8.0 (1.0) 6.2 (0.69) 0.29 

City Ambient 6.5 (0.98) 6.16 (0.68) 0.78 

Table 3. Seasonal comparison between indoor and outdoor PM2.5 levels. 

Homes Season 
InAv PM2.5 

(µg/m³) 
OutAv PM2.5 (µg/m³) City Ambient 

1 2021 (W) 4 7 5.8 

2 2021 (W) 14 9 7.2 

3 2020 (F) 14 7 3.9 

4 2020 (F) 5 3 8.2 

5 2020 (F) 21 6 6.0 

6 2022 (F) 24 7 6.4 

7 2022 (F) 9 8 6.3 

Mean 

(Std Error) 
 13.0 (2.87) 6.71 (0.71) 6.25 (0.50) 

4.4. Seasonal Variations of Outdoor PM2.5 

The samples obtained in this study showed that outdoor PM2.5 levels were 1.8 times greater than 

the fall as seen in Table 2. Previous studies have shown that during the winter season, anthropogenic 

emissions can influence outdoor PM2.5 levels via multiple sources and processes including the 

increased use of passenger vehicles and meteorological effects [39]. Seasonal variations affect outdoor 

air quality when combined with factors such as fossil fuel combustion for the heating of buildings 

and automobile operation which contribute to higher PM2.5 during the winter season [40]. The 

phenomenon of temperature inversion can also affect densely populated industrialized areas and 

prevent the dispersion of pollutants in cold weather and cloudless skies, thus increasing the 

concentration of pollutants in countries such as China, with health implications from PM2.5 pollution 

in the winter [41]. Jiang et al. (2022) observed two air pollution episodes, one mainly affected by air 

masses in which increased levels of water-soluble ions led to increased PM2.5 [42]. 

4.5. Health Implications of Higher Indoor PM2.5 Levels during COVID-19 

Before the COVID-19 pandemic, ambient PM2.5 levels were much higher during the same months 

that the COVID-19 lockdown occurred [8]; however, being indoors during the COVID-19 pandemic 

lockdown seemed not to reduce exposure to PM2.5. Previous studies have shown that inhalation of 

particle pollution was related to the prevalence of, and mortality due to COVID-19 [43]. Many pre-

existing conditions that increased the morbidity of COVID-19 were the same as those that affected 

individuals due to long-term exposure of air pollution. Wu et al. (2020) found that 1 µg/m3 of PM2.5 

was linked to 15% in COVID-19 deaths with a magnitude that was 20 times greater than what was 

observed for PM2.5 and other mortalities [14]. Biological particles that can suspend in the air have the 

ability to attach themselves usually to coarser PM; however, they can also attach to PM2.5, allowing 

them to directly transport into the respirable regions causing serious respiratory and circulation 

illnesses [44,45]. Further PM2.5 can upregulate ACE-2 receptor of SARS-CoV-2 virus, increasing the 

chance of the viral RNA entering the lungs and potentiating the risk of COVID-19 symptoms [46]. 

Although there is no robust evidence that short-term PM2.5 exposure could increase the chance of 

dying from COVID-19, the risk increases with long-term exposure [45]. Additionally, the use of 

ethanol-based and other disinfectants increased during the COVID-19 pandemic to eliminate SARS-

CoV-2 on surfaces and indoor spaces could have changed the chemical composition of the air and 

increase PM concentrations after initial use [30]. A pilot study utilized the Foobot®, a low-cost 
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consumer air monitor to assess air quality in offices and households in South Texas before the 

COVID-19 pandemic (May – July 2019) and during the pandemic (June – September 2020) while 

employees worked from home. PM2.5, air temperature and relative humidity were collected at 5-

minute intervals to assess the health outcomes of participants before and during the COVID-19 

pandemic. The study found that for all participants, PM2.5 levels in households were significantly 

higher than those measured in offices (p < 0.05), and the PM2.5 levels in all households also exceeded 

the health-based annual mean standard of 12 µg/m3. Conversely, 90% of the offices studied were in 

compliance with the health standard [7]. This finding suggests that there could be a higher health 

risk for residents in their homes than at their places of work. 

5. Conclusions 

This study provided insights into the potential increased risk to PM2.5 exposure in micro-

environments and micro-climates of residential homes in urban environments. We found that 

sampled PM2.5 levels indoors significantly exceeded outdoor levels at most private homes due to 

insufficient ventilation and absence of meteorological influence. Sampled PM2.5 levels outdoor were 

comparable to City ambient PM2.5 levels and were below the acceptable ambient standard unlike 

indoor PM2.5 levels. The link between PM2.5 and COVID-19 in previous studies suggests that high 

indoor PM2.5 in this study could potentially have posed greater respiratory health effects on residents 

than ambient PM2.5 concentrations. Although there are currently no widely accepted performance 

criteria used to standardize how measurements are made by low-cost air pollutant monitors or what 

thresholds limits should be used to determine health effects indoors, this study may initiate an alert 

to such cues. The findings in this study are valuable in the absence of widely accepted indoor PM2.5 

health-based standards or thresholds for comparison. To ensure that indoor environments are safe 

and healthy in the meantime; however, air purifiers with filtration technologies, particularly high 

efficiency particulate air (HEPA) filters and systems based on the principle of electrostatic 

precipitation, are two of the most common indoor air-purification technologies that can reduce PM2.5 

concentrations indoors. Additionally, natural ventilation with open windows is a common and 

economical approach that can help to dilute indoor PM. Future studies, should consider establishing 

a network of two or more monitors to compare pollutant levels in different spaces and at different 

times: before, during, and after activities such as cooking. Additionally, stricter limits than the current 

national ambient air quality standards should be considered for indoor environments; larger sample 

sets would better assess seasonal variations of PM2.5 and the health status of residents should be 

surveyed to explain the potential health impacts of indoor PM2.5 exposure.  
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