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Abstract: In urban environments, the nonuniform distribution of pollution contributes to dispropor-
tionate exposure to harmful pollutants in low-income and high-poverty neighborhoods. Particulate
matter, especially of the class PM2.5, results from combustion processes which are a main driver for
human-caused global warming and climate change. A resulting impact on socio-economically disad-
vantaged communities like the Bronx, NY is the high incidence of asthma, other respiratory diseases,
and cardiovascular disease. This disparity is an environmental justice concern. Project FRESH Air is
educating the community through STEM outreach with sensors for monitoring particulate matter,
student projects, curriculum development, and wider community engagement in order to educate for
environmental justice.
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1. Introduction

Recognizing the social and economic disparities in the Bronx community that hosts
Fordham University, in Spring 2020 the university launched an initiative aimed at Reimag-
ining Higher Education. This initiative brought together faculty, students, administrators,
and community organizers to rethink (and act) on higher education that benefits not only
the university but the larger Bronx community.

The Reimagining Initiative was composed of a reading group that studied innovative
ideas from other institutions and an incubator group that explored realizable solutions
to some of the daunting socio-economic and environmental problems facing the Bronx
community.

Our team was part of the incubator group and focused on educating the public about
and addressing the impacts associated with anthropogenic climate change. Climate change
is often perceived as being a distant problem, both geographically and temporally. However,
the impact of the Canadian wildfires on the air quality in the eastern United States in the
summer of 2023 drove home the fact that climate change is impacting all of us at this very
moment (Barnes et al. 2023; Burton 2023; McArdle et al. 2023; Parisien et al. 2023).

When settling on the approach that our team would take to communicate and educate
about the consequences of widespread fossil fuel use, we asked the following question:
How do we talk about climate change to one of the poorest communities in New York City?
A few degrees of warming several decades away is a low priority when you are living
paycheck-to-paycheck, so getting the community to buy in on that premise alone would be
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a challenge. Our approach targeted the one issue with an immediate impact and which has
the potential to worsen: the chronic high incidence of asthma in the Bronx (Hardell et al.
2023; Kaur et al. 2022; Kordit et al. 2020; Orellana et al. 2021; Witonsky et al. 2019).

Asthma is a chronic, inflammatory respiratory disease that is significantly affected
by environmental conditions (i.e., indoor and outdoor air quality). The economic burden
of asthma is severe, leading to lost productivity and costing the United States over USD
80 billion in 2013, with nearly USD 3 billion in losses due to missed work and school days
(Nurmagambetov et al. 2018; Soong et al. 2021). For those living below the poverty line,
individual medical costs exceed USD 3500 per annum (Nurmagambetov et al. 2018), or
more than 15% of the “poverty line” for a family of four.

The Bronx does not have the worst air quality in New York City (NYC); that distinction
goes to midtown Manhattan. However, the population of midtown is largely transient,
commuting into the city to work, and the buildings generally have good HVAC systems,
making indoor air quality acceptable. Communities in the Bronx and Northern Manhattan
(e.g., Hunts Point and Harlem) experience significant emissions from traffic, which, in
conjunction with poorly sealed or “leaky” buildings, lead to environmentally driven health
hazards such as asthma.

While not subject to the worst air quality, the borough of the Bronx, NY does ex-
perience the highest incidence of asthma-related emergency department (ED) visits and
hospitalizations in NYC and has the dubious honor of leading the state with nearly 25%
of asthma-related deaths state-wide (NY Department of Health 2020). The high incidence
of asthma in and around the Bronx and the expectation that as the planet warms and the
climate changes, conditions will worsen (Beggs and Bambrick 2005; Patella et al. 2018;
Veremchuk et al. 2016) makes this the most suitable approach to engaging the Bronx com-
munity and provides a platform through which Fordham University can educate for justice.

The Fordham Regional Environmental Sensor for Healthy Air (FRESH Air) is our
resulting Reimagining Incubator project that aims to educate Fordham students and our
Bronx and Northern Manhattan community partners on climate change, air quality, and the
adverse impacts they face in their environments. Working with middle and high schools
and community youth organizations, we have been installing sensors for the measurement
of particulate matter. In addition, students are engaged in activities to promote STEM
interest, such as constructing their own sensors to learn about the physical principles that
underlie the sensors, electronics, coding, data acquisition, and data analysis. FRESH Air is
being integrated into the curricula, and students, teachers, and families engage with our
team through webinars that showcase the state of the project.

In what follows, we will discuss the different facets of FRESH Air, giving first an
overview of the sensor modality and the sensors being used, which include commercially
available devices and homemade sensor platforms. The curriculum and webinar out-
reach will also be detailed. Ultimately, Project FRESH Air aims to empower students and
their families with hyperlocal data that can be used to highlight the socio-economic and
environmental injustices in their communities and act as a catalyst for change.

2. Particulate Sensors
2.1. Particulate Matter

Before detailing the sensors being used in Project FRESH Air, we will first discuss
particulate matter, its impact on health, and its connection to climate change. The sensors
that are part of Project FRESH Air measure particular matter (PM) of three different varieties:
PM1, PM2.5, and PM10. The numerical value indicates the size of the particles in that class.
For example, PM2.5, the most widely reported class of PM, comprises particles 2.5 µm in
diameter or smaller. Alternatively, the classes may be reported as coarse (PM10), fine (PM1
and PM2.5), and ultrafine (PM0.1), but we are primarily interested in fine PM.

While all these PM classes constitute respirable sizes, the extent of their penetration
into the respiratory system varies significantly. Coarse particles are relatively large (e.g.,
pollen, silicates, metals) and aggravate the upper respiratory tract (Brunekreef and Forsberg
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2005). Fine PM can make its way deep into the lungs, causing inflammation, and may
trigger asthma attacks or lead to cardiovascular disease (Fongsodsri et al. 2021). This class
is the primary focus of Project FRESH Air. Ultrafine PM, which we do not directly focus on,
is able to get deep into the lungs, cross into the bloodstream, and translocate to essential
organs in the body (Nemmar et al. 2002; Schraufnagel 2020). Aside from the potential
health impacts alone, the coalescing of ultrafine particles to form fine PM is a major source
of PM2.5 (Schraufnagel 2020).

PM2.5 is a byproduct of combustion processes. This applies to both indoor and outdoor
concentrations (Hadley 2017; Martins and Carrilho da Graça 2018; McDuffie et al. 2021;
Singh et al. 2017). In an urban environment, these come from a variety of sources, with the
major sources being commercial cooking, motor vehicle traffic, non-road emissions (e.g.,
construction, industrial equipment), buildings (e.g., heating), and electricity generation. Of
these sources, commercial cooking leads with 38% of emissions, while traffic produces 14%
of PM2.5 emissions in NYC (Environmental Protection Agency 2011). Traffic is an important
consideration because of the asymmetric distribution of emissions within NYC. Many
low-income, high-poverty neighborhoods see a disproportionate amount of motor vehicle
traffic, especially commercial traffic associated with large trucks and delivery vehicles from
distribution centers. Of the PM2.5 produced by traffic emissions, nearly 15% originates
from trucks and buses (Kheirbek et al. 2016).

The disparity of emissions exposures leads to a disparity in health outcomes and is
fundamentally an environmental justice issue (Collins and Grineski 2022; Daouda et al. 2022;
Liu et al. 2021; Mikati et al. 2018), which is where FRESH Air and its goal of community
outreach and education is to play a role.

2.2. PurpleAir

PurpleAir (http://www.purpleair.com, accessed on 1 September 2023) manufactures
low-cost sensors for measuring particulate matter, principally PM2.5. These microcontroller-
run devices are WiFi-enabled and use two Plantower PMS5003 laser-based particle sensor
modules. The two sensor modules provide redundancy and a check on the PM levels being
monitored (Barkjohn et al. 2021). PurpleAir sensors have become widely dispersed and
comparisons of collocated sensors with ambient air quality regulatory instruments have
demonstrated a correlation that may be corrected for to achieve parity with Environmental
Protection Agency (EPA) instruments (Barkjohn et al. 2021). In Project FRESH Air, we use
the PA-II model. When connected to the internet at the site, the sensors will upload their
measurements to the PurpleAir server. If the sensor is registered as public, then the air
quality data will be available to anyone who accesses the website.

Figure 1 shows a screenshot of the map taken from the PurpleAir website on the
morning of 28 July 2023. This region of the map focuses on the Bronx and Northern
Manhattan; however, thousands of PurpleAir sensors are distributed worldwide, creating
an extensive network for hyperlocal air quality measurements and making it possible to
explore air quality in many cities and countries around the globe. The colored circles on
the map are the publicly accessible sensors. The colors provide a visual indicator of the
local air quality and range from green (good) to dark purple (dangerous), and the number
within the circle is the air quality index (AQI) value for that sensor. Indoor sensors have a
black ring around them, while outdoor sensors are simply solid circles.

Users can see a 72 h time series by clicking on the sensor on the map. This produces a
plot for the site’s two particulate sensor modules (channels A and B). Figure 2 shows the
plot generated by PurpleAir for an outdoor PA-II sensor located outside a physics lab in
Freeman Hall, located on the Rose Hill campus of Fordham University in the Bronx, NY.

The AQI data during the previous 72 h period for any publicly available sensor may
be downloaded from the PurpleAir website via the map. PurpleAir sensors are widely
available and dispersed throughout the world, giving insight into hyperlocal air quality
conditions around the globe.

http://www.purpleair.com


Soc. Sci. 2023, 12, 681 4 of 20

Figure 1. A screenshot of the PurpleAir sensor map centered on the Bronx and Northern Manhattan,
NY, showing the public sensors in the vicinity. Note that these are publicly accessible sensors; not all
of the sensors shown are part of Project FRESH Air.

Figure 2. Time series data of the air quality index for the sensor located at a physics lab in Freeman
Hall on the Rose Hill campus of Fordham University in the Bronx, NY.

2.3. FRESH Air Projects

Project FRESH Air seeks to educate and empower students and the community with
local air quality data and through hands-on STEM activities. The most effective educational
approaches involve hands-on experiences to reinforce the principles of the subject. To this
end, we developed sensor kits that are constructed by students in our partner schools that
are both in-class and after-school projects.

2.3.1. Incubator Prototype

During the Reimagining Incubator, we developed a low-cost prototype sensor platform
that would become the model for the associated STEM activities in our partner schools.
Figure 3A shows a photograph of the core sensor platform. This device uses an Arduino
Uno microcontroller to collect PM2.5 concentration, temperature, humidity, and pressure
data from various attached peripherals. The dust sensor (PPD42NS) and the barometer
sensor board (BME280), which measure temperature, humidity, and pressure, are connected
to the microcontroller via a base shield that sits atop the stack. Below the base shield is a
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real-time clock (RTC) data logger shield that is used to write the collected data to an SD
card for subsequent plotting, analysis, and interpretation. CSV data files are written daily,
with a new file created each day at midnight.

The fully assembled incubator prototype is shown in Figure 3B. The sensor from
Figure 3A is placed within the PVC tube and an 80 mm computer fan is affixed to one
end. The fan draws particle-laden air from the outside and flows it over the sensor boards,
after which it exits the other end of the tube, which is left open. A bill of materials for this
prototype platform is provided in Table 1, and the associated code is listed in Appendix A.

Figure 3. (A) The sensor project developed during the incubator showing the Arduino microcontroller
with the RTC clock data logger board and Grove base shield for attaching peripherals. The dust sensor
and temperature, humidity, and pressure sensor board are shown to the left of the microcontroller
stack. (B) The assembled incubator project. The boards from (A) are placed within the PVC pipe
and an 80 mm fan is attached to one end to flow air through the pipe and over the sensor boards.
(C) An assembled portable kit that is used as a classroom project. The microcontroller is mounted
inside the 3D-printed box. The dust sensor sits on top and the 7-segment display shows the reading
in pcs/0.01 ft3. The device is powered by a 9 V battery attached to the back of the box.

Table 1. Bill of materials for the incubator prototype sensor platform. The sensor components
were purchased from Seeedstudio (https://www.seeedstudio.com/, accessed on 1 September 2023)
and Adafruit (https://www.adafruit.com/, accessed on 1 September 2023). The pipe and fan are
generic components that were used to protect the sensor from the weather and draw air into the tube,
respectively.

Component Part Number Vendor

Microcontroller Arduino Uno Adafruit
Grove Base Shield V2.0 103030000 SeeedStudio

Grove Dust Sensor PPD42NS SeeedStudio
Temperature, Humidity, Pressure Sensor BME280 SeeedStudio

Data Logger Shield 1141 Adafruit
9VDC Power Supply 63 Adafruit

PVC Pipe, 3′′ × 3′ – Home Depot
80 mm fan – Amazon

SD Card, 8 GB 1294 Adafruit

The dust sensor in this system works on the same principle as the PMS5003 used
in the PurpleAir devices but uses an LED as the light source instead. A variation of this

https://www.seeedstudio.com/
https://www.adafruit.com/
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platform using the PMS5003 is currently being built by the Science Club at one partner high
school located in Manhattan. This change in the sensor module requires adjusting the code
provided in Appendix A, but this is a fairly straightforward change.

2.3.2. Portable School Kits

In an effort to raise awareness of climate change and disparities in local air quality,
FRESH Air is working closely with local middle and high school teachers and students.
In addition to monitoring the PurpleAir sensors, we also engage in hands-on activities
designed to give the students a better understanding of the measurements being made and
to promote interest in STEM fields. While the PurpleAir sensors provide information about
the local air quality, they are essentially black boxes to the students. To give the students
an understanding of the mechanism and an opportunity to learn about microcontrollers,
programming, data collection, and data analysis, we have been working with our partner
schools using Arduino-based kits.

In working with the science teachers at our partner schools, we provide complete
written and video instructions on how to assemble the kit. Table 2 lists the bill of materials
for the sensor kits that utilize the LED-based particle sensor. These modules are less
expensive than the PMS5003 used in the PurpleAir sensors, allowing us to provide more
kits to the classroom. Despite the difference in the light source, the sensing principle is the
same and will be discussed in the next section.

Figure 3C shows a photograph of an assembled portable sensor kit. The particle sensor
sits atop the 3D-printed box to allow it to easily sample the environment. The Arduino
board mounts inside the box, and the alphanumeric LED display fits into the opening in the
front. A battery in a holder is mounted to the side of the case and provides several hours of
continuous operation. The display shows the PM2.5 concentration in particle counts (pcs)
per 0.01 ft3. To keep the costs down so that more kits may be provided to schools, we opted
to exclude the RTC data logger from this embodiment; however, the implementation of one
is straightforward.

Table 2. Bill of materials for the particle sensor kits used in the classroom and built by students.
The components were purchased from Seeedstudio (https://www.seeedstudio.com/, accessed on 1
September 2023) and Adafruit (https://www.adafruit.com/, accessed on 1 September 2023). The
case was 3D-printed at Fordham, and the STL file is available upon request.

Component Part Number Vendor

Microcontroller Seeeduino V4.3 SeeedStudio
Grove Dust Sensor PPD42NS SeeedStudio
7-Segment Display 880 Adafruit
9 V Battery Holder 67 Adafruit
Jumpers F/M 3′′ 1953 Adafruit

9 V Battery 1321 Adafruit

The Arduino code provided to the schools for use in these portable sensor kits is listed
in Appendix B. A stereolithography (STL) file of the 3D-printed box is available. Please
contact us for the file.

2.4. Particle Counting: Principle of Operation

The Grove PPD42NS and the Plantower PMS5003 dust sensors count particles in a
similar manner. Both sensor modules rely on light scattering. However, the Grove device
uses an LED as the light source, while the Plantower modules use a laser.

Light scattering has a long history of being used to characterize particles. In 1908,
Gustave Mie developed a comprehensive theory of light scattering by spherical particles
(Mie 1908). In the intervening decades, theoretical and computational techniques have been
developed for understanding the light scattering signatures from nonspherical particles,
including spheroids, rods, and aggregates of smaller particles (Draine and Flatau 1994;

https://www.seeedstudio.com/
https://www.adafruit.com/
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Mackowski and Mishchenko 1996, 2011; Waterman 1965, 1971). However, many sensors,
including those employed here, assume a spherical particle distribution where sizing is
based on scattered light.

Each sensor module has a small sensing volume through which air flows. Small
particles from the ambient environment are entrained within an air stream and flow
through this sample region. When the PM crosses the light beam (either LED or laser),
photons are scattered toward a photodetector. The Grove sensor looks slightly in the
backward direction (θ & 90◦), while the Plantower device captures light over a large solid
angle centered on 90◦. The scattered signal is proportional to the size of the particle within
the beam so that larger particles will deflect more light and smaller particles will deflect
less light (Bohren and Huffman 1983; van de Hulst 1957).

Figure 4 shows a simple schematic of the operating principle. This drawing is modeled
on the PMS5003 module. Particle-laden air enters through vents in the side of the module
and is directed through interior vent holes to the sample measurement region. The light
source, a laser in this case, is located behind a series of baffles to reduce stray light. As
PM cross the measurement region, they enter the beam and scatter light towards the
photosensor. The unscattered beam is directed into a beam dump to eliminate stray light.
The particles exit the measurement volume and leave the module through an exhaust fan.

Figure 4. A simplified schematic showing the collection geometry for the PMS5003 dust sensor
modules used in the PurpleAir sensors. The particulate matter enter through vent holes in the lower
level of the module and are pulled into the upper level through flow holes by a fan. They cross the
sensing region, where they scatter light from the laser beam toward a photodetector located below
the stream. The PPD42NS uses an LED instead of a laser and the sensing geometry is in a single layer.
The light scattering measurements determine the size of the particles that cross the beam within the
sample volume. The photodetector collects light that is scattered nominally at 90◦. Based on the
measured signal, the size of the scatterer is determined using Mie theory.

Both modules are factory-calibrated to relate the measured signal to the particle size
(Nguyen et al. 2021). The code on the microcontroller then determines the particle density
(Grove, pcs/0.01 ft3) or mass density (Plantower, µg/m3). The PurpleAir sensor translates
the mass concentration into an AQI, which is reported on their maps. The historical data
downloaded with the PurpleAir API will give concentrations for PM1, PM2.5, and PM10.

3. Results and Discussion

In the following sections, we will discuss various FRESH Air sensor measurements.
These measurements include those obtained from our prototype sensor and commercial



Soc. Sci. 2023, 12, 681 8 of 20

PurpleAir devices. Throughout these discussions, we report PM measurements using both
concentration (µg/m3) and AQI.

The AQI developed by the United States Environmental Protection Agency categorizes
air quality into six categories, as shown in Table 3. The AQI scale sets the level of 100 as the
break point for the ambient air concentration that corresponds to the short-term national
ambient air quality standard for the protection of public health. Values of AQI greater than
100 begin to pose a threat to classes of individuals, with the threat growing as the index
gets larger. While an AQI less than 100 is satisfactory, below 50 is considered good. The
PM2.5 concentration range for each level is also indicated in Table 3 as it connects the index
to the actual measurement.

Table 3. AQI scale used by the EPA to indicate the air quality level for pollutants. The concentrations
for PM2.5 shown are for 24-h average exposure.

Level of Concern Values of Index Concentration Range (µg/m3)

Good 0–50 0–12
Moderate 51–100 12.1–35.4

Unhealthy for Sensitive Individuals 101–150 35.5–55.4
Unhealthy 151–200 55.5–150.4

Very Unhealthy 201–300 150.5–250.4
Hazardous 300 and higher 250.5 and higher

Particle concentration is the primary measurement from the sensors and is useful from
a pedagogical standpoint to allow students to understand the quantity of material being
measured. AQI, a secondary measure, is derived from the concentration measurement and
provides a widely accessible indication of the level of pollution exposure. For complete-
ness, we include both in the discussion below. The EPA provides a calculator to convert
between concentration and AQI, which may be found at http://www.airnow.gov (accessed
1 September 2023). Note that corrections are necessary to align PurpleAir sensor measure-
ments with measurements from EPA instrumentation (Barkjohn et al. 2021); however, these
corrections are not large. Correction factors for the other PM sensor modules used are not
available, although we are currently engaged in testing to compare module variability.

3.1. Incubator Prototype

The prototype sensor developed during the Reimagining Incubator and described
above in Section 2.3.1 was located at an outdoor site in the Tottenville neighborhood of
Staten Island, NY. The photograph in Figure 3B shows PVC housing secured to a fence atop
a stone wall. The Arduino Uno microcontroller and dust sensor module (Figure 3A) were
placed within the tube and powered with a small power supply.

A week of testing was performed to determine the viability of the platform for use in
school environments. The data shown here cover the week from 17 to 23 March 2020. Note
that since the Grove dust sensor was used in this platform, the particle counts (pcs) per
0.01 ft3 are given for the PM2.5 concentration.

Figure 5A shows the recorded data for the week mentioned. The raw particle counts
are shown in the black curve, while the red shows the data averaged over 5 min. Elevated
particle counts (>1000 pcs/0.01 ft3) are seen nearly every day around midday. These events
may be attributed to landscaping activity in the neighborhood, which raises the airborne
particle counts; landscaping continued unabated during the pandemic. The close proximity
to Raritan Bay also means that salt particles may be found in the air, especially during times
of storms.

On the evening of 20 March 2020, a rainstorm occurred. The winds associated with
this storm blew lots of particulate matter around, resulting in a large spike of about
12,000 pcs/0.01 ft3, which corresponds to approximately 60 µg/m3. This is a high concen-
tration that has an AQI in the unhealthy category, but this event was short-lived and did
not cause a significant health risk. The blue curve in Figure 5A represents the measured

http://www.airnow.gov
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temperature (◦F). The majority of the week was typical of spring in NY, but there was an
increase in temperature to an atypical 80 ◦F at the time the storm blew through.

Figure 5. Measurements acquired by the incubator prototype sensor during the week of 17–23 March
2020 in the Tottenville neighborhood of Staten Island, NY. The particle measurements are the same in
both panels. (A) includes the measured temperature, while (B) reports the measured pressure. The
environmental data were recorded with the BME280 sensor, while particle counts were performed in
the PPD42NS sensor module.

Figure 5B shows the same particulate data for the week but overlays the observed
pressure (hPa, blue curve). One notes that a decrease in pressure may be seen to coincide
with the spike in particle density caused by the storm. This is completely consistent with
the low pressure accompanying inclement weather such as wind and rain storms.

This sensor platform remained affixed to the fence, as shown in Figure 3B, for six
months, collecting data continuously. New data files were created each day at 12:00 a.m.,
and the measurements were typical of those reported in Figure 5. The sensor platform
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demonstrated its viability for ease of use in an educational setting as both a teaching tool
and a data acquisition platform.

3.2. FRESH Air Schools

To date, PurpleAir sensors have been installed at ten sites around the Bronx and
Northern Manhattan. These sites represent Fordham University, middle schools, high
schools, and community organizations. Both indoor and outdoor sensors have been
installed so that we can observe the pollution exposure from external factors, but we
can learn something about how “leaky” the building is by correlating indoor trends with
the outdoor trends in addition to observing indoor air quality, which may degrade from
cooking, smoking, furnaces, and other sources of indoor particulate matter.

In March 2023, a series of wildfires erupted in Canada. Wildfires, while often naturally
occurring, can be worsened by environmental conditions associated with anthropogenic
climate change. In this case, climate change doubled the likelihood of extreme fires through
drying from lack of rainfall and high temperatures (Barnes et al. 2023; Burton 2023; Parisien
et al. 2023). These fires grew worse over the year, and by June the impacts from the
fires were affecting the east coast of the United States. Figure 6 shows Carbon Monoxide
(CO) satellite measurements obtained from the Sentinel-5P mission of the European Space
Agency’s Copernicus Programme. The map shows the average CO concentration from May
through 13 June 2023. The massive amount of CO observed is the result of active wildfires
and the impact outside of Canada is clearly seen by the deep orange over the central and
eastern United States and out into the Atlantic.

Figure 6. Satellite measurements of the average carbon monoxide concentration from May through
mid-June due to the 2023 Canadian wildfires. The deep orange shows the extent of the impact
outside of Canada, with widespread coverage over much of Central and Eastern United States. Image
Credit: ESA/Copernicus Programme/Sentinel-5P-CC-BY-SA IGO 3.0. Contains modified Copernicus
Sentinel data 2023.

The air quality in NYC was significantly degraded over a few days in early June due to
these fires, which turned the air around the city into an orange haze, reduced visibility, and
threatened those individuals with respiratory ailments. The FRESH Air network recorded
a decline in NYC air quality during this time.

Figure 7 shows indoor and outdoor measurements, averaged over 6 h, using PurpleAir
sensors from several of the FRESH Air sites during the month of June. Figure 7A shows
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outdoor measurements for Fordham University and three partner schools. The names of
the schools are withheld in order to avoid potential negative impacts on the school if poor
air quality is observed. Only four sites are shown, principally for clarity but also because a
few sites were offline during this time period, so their data are incomplete.

The plot in Figure 7A shows a clear rise in PM2.5 concentration during the first week
of June, peaking at an average value of 218 µg/m3, with one site measuring as high as
250 µg/m3. This is a significant rise over a more typical baseline of around 10 µg/m3. At
the peak PM2.5 concentration, NYC experienced an AQI in excess of 250, a value indicative
of very unhealthy air affecting all individuals, especially the elderly, children, and those
people with respiratory or heart disease.

Figure 7. FRESH Air sensor data for the month of June 2023, in which the Canadian wildfires severely
affected the air quality in New York City. The data are from Fordham University and three partner
schools, showing the concentration of PM2.5 for the (A) indoor and (B) outdoor sensors.
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The measurements at all the locations track each other reasonably well, indicating
that this citywide pollution event was fairly uniform over the FRESH Air sites. There are
several other higher readings that occurred in the weeks following this large event, which
correspond to the continued invasion of NYC by wildfire emissions. There is a notable
event at Partner School 3 around June 10–11. This is likely due to local effects associated
with the sensor location (an enclosed courtyard) at the school due to a vortex that resulted
in repeated sampling of the same particulate matter.

The indoor measurements for the same sites are shown in Figure 7B. Overall, the indoor
measurements are lower than the outdoor measurements, with the average measured peak
being 167 µg/m3. However, Partner School 2 experienced considerably better indoor air
quality than any of the other sites, having a peak PM2.5 concentration of 57 µg/m3. For
three of the four sites shown, the AQI exceeded 215 on this day, indicating very unhealthy
air. Partner School 2 fell into the unhealthy category. While Partner School 1 is located in a
newer building that has windows that do not open and appears well sealed, it evidently
experiences some leakage which allows the indoor air quality to track and mimic the
outdoor measurements. Partner School 2 is an older building with windows that are not
as well sealed but shows a distinctly lower concentration. We attribute the differences in
these sites to improved air turnover in Partner School 2 compared to the other sites. While
Partner School 1 may be well sealed with respect to windows and doors, there may be poor
or damaged filters in the HVAC system, leading to more particulate matter being drawn
into the building from the outside.

3.3. Curriculum Development

We work closely with our partner schools to integrate Project FRESH Air into the class-
room as well as after-school activities with science clubs. To date, the primary curriculum
development has been with the middle schools (sixth, seventh, and eighth grades). The
questions addressed at each grade level are meant to formulate a deeper understanding of
air quality, its impact on health, the effects on the community, and how we can address the
issue. Some specific questions the students address are as follows:

• What is air pollution?
• What are the causes of air pollution?
• What are the effects of air pollution?
• How do we measure air pollution?

At each grade level, students drill deeper into these questions, making stronger connec-
tions among topics, such as specific types of pollutants and their physiological impacts. In
addition to these general questions, students also seek to understand the different sources
of pollution specific to their neighborhood and its impact on their community. This focus
is particularly important to FRESH Air given the goal of the project and the historical
inequities that have led to the environmental justice crisis we face: the widespread disparity
in pollution impact on socio-economically disadvantaged neighborhoods in the Bronx and
Northern Manhattan.

Project FRESH Air was integrated into the curriculum to address the Human Impacts
standards for middle school students in New York State. Specifically, Project FRESH Air
targets the following learning standards:

MS-ESS3-2: Analyze and interpret data on natural hazards, to forecast future catastrophic
events, and inform the development of technologies to mitigate their effects.
MS-ESS3-3: Apply scientific principles to design a method for monitoring and minimizing
a human impact on the environment.

Students have been involved in the construction of sensor platforms like those dis-
cussed in Sections 2.3.1 and 2.3.2, which yield their own data about their local environment.
In addition, the students have access to PurpleAir data. Data from both these sources
have been plotted, analyzed, and interpreted. These plots resemble those presented earlier
(Figures 5 and 7).
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Students working with Project FRESH Air are also exposed to a hands-on experience
with the sensor kits they build, whether in the classroom or in after-school clubs. As part of
their community engagement, Fordham students and faculty work with local middle and
high school students and teachers to analyze and interpret the data. These efforts provide a
purposeful goal where ideas can be tested, modified, and validated. At each stage of the
sensor development project, students are able to see the workings of the device they are
constructing and how each stage connects with the others. In this way, students not only
get to see into the black box that commercial sensors often appear as but develop a sense
of STEM awareness and impacts that will, as the students grow, drive underrepresented
minorities into STEM disciplines.

3.4. Webinars

From the start, we have said to our partner schools that we do not just want a site with
power and WiFi, but we want to be able to continuously engage with the students and the
community. Project FRESH Air is not about setting sensors and forgetting about them. To
this end, we offer webinars about four times per academic year, which roughly correspond
to the mid-term and final periods of the fall and spring semesters at Fordham. These
webinars are structured to provide project updates, solicit feedback, stimulate inquiry, and
engage the broader air quality monitoring community.

All faculty, students, and families associated with our partner schools are invited to
attend these online forums. In addition, we maintain a list of interested personnel from
Fordham, other schools (middle through college), environmental justice organizations, and
scientists. These nominally hour-long events are organized by Fordham students and begin
with team members providing a brief overview of the project and the state of Project FRESH
Air. The webinars always include a guest speaker from either the industry, academia, or
the medical profession who works in air quality or health-impacts monitoring. Following
the guest speaker, a discussion of their presentation or any similarly related topic ensues.
Fordham students will sometimes lead discussions with attending students to consider
their observations in their schools and neighborhoods. In addition, middle school students
have presented their work highlighting the results of their academic inquiries through
posters, presentations, and letters to various public officials.

The webinars have been successful in connecting with the community. They provide
insight into the concerns parents have for their students in Bronx schools, but, more im-
portantly, they raise awareness for the issues being faced by the community. We approach
our goals through discussions of the interrelationships among PM2.5, asthma, and climate
change, but Project FRESH Air has raised awareness of other air quality threats, particularly
indoor air quality, that were largely unknown among our audience. This includes the dele-
terious effects of volatile organic compounds (VOCs) that may outgas from manufactured
products, cleaning supplies, or other common household items.

Through these webinars, the community has become an active participant in Project
FRESH Air. They are gaining knowledge of their environment, its impact on their daily
lives, how it is expected to change over time, and what they can do to help improve it.
More importantly, they are learning that science is not completely esoteric but is, in fact,
something we can all do together.

4. Conclusions

Project FRESH Air seeks to raise awareness of climate change by introducing the Bronx
and Northern Manhattan communities to the immediate impacts of poor air quality. These
communities are among the poorest in New York City and experience a disproportionate
amount of pollution from motor vehicle traffic and poor building infrastructure. Many
in the community are unaware of the danger posed by PM2.5, its connection to the envi-
ronment, and the potential for increased risk as the climate warms. Through outreach
to local middle and high schools, Fordham faculty and students are able to provide an
educational foundation of the impacts of particulate matter exposure and hands-on STEM
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projects to reinforce those ideas and cultivate a culture of knowledge and inquiry among
the students at our partner schools. Armed with this knowledge and data from Project
FRESH Air sensors, our partner students and their families will be empowered to effect
positive change in their community. Furthermore, Fordham students, in both the classroom
and the community, gain an understanding and appreciation of the extent and severity of
poor air quality on Bronx residents.

Improvements in local air quality will have an immediate effect on the incidence of
asthma and respiratory disease experienced by Bronx communities and will exhibit a long-
term impact on potent greenhouse gas emissions that result from combustion processes,
which are those same processes that contribute to anthropogenic warming and exacerbate
health risks. By educating the community on the impacts of air quality, Project FRESH Air
expects to see reductions in harmful greenhouse gases, making it a win–win for everyone.
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Appendix A. Arduino Code for Incubator Prototype

The following code was used for the prototype FRESH Air sensor developed as a
proof-of-concept for the Reimagining Incubator. This is the foundation code for the larger
sensing projects constructed in the high school science clubs.

https://api.purpleair.com
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#include "RTClib.h"
#include <Wire.h>
#include <SPI.h>
#include <SD.h>
#include <HP20x_dev.h>
#include <KalmanFilter.h>
#include "Arduino.h"

RTC_PCF8523 rtc;

/* Instance */
KalmanFilter t_filter; //temperature filter
KalmanFilter p_filter; //pressure filter
KalmanFilter a_filter; //altitude filter

const int chipSelect = 10;

int pin = 8;
unsigned long duration;
unsigned long starttime;
unsigned long sampletime_ms = 30000;//sampe 30s ;
unsigned long lowpulseoccupancy = 0;
float ratio = 0;
float c = 0;

// the following variable is long because the time, measured in miliseconds,
// will quickly become a bigger number than can be stored in an int.
long timeSinceLastWrite = 0;
int dataWritten = 0;

// switch to tell if an SD card is present
int SDPresent = 1;

void setup()
{
// initialize serial communications at 9600 bps:
Serial.begin(9600);
Wire.begin();
rtc.begin();

Serial.println("****HP20x_dev by seeed studio****\n");
Serial.println("Calculation formula: H = [8.5(101325-P)]/100 \n");
/* Power up,delay 150ms,until voltage is stable */
delay(150);
/* Reset HP20x_dev */
HP20x.begin();
delay(100);

if (! rtc.begin())
{
Serial.println("Couldn’t find RTC");
while (1);
}

// see if the card is present and can be initialized:
Serial.print("Initializing SD card...");
if (!SD.begin(chipSelect))
{
Serial.println("Card failed, or not present");
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// don’t do anything more:
while (1);
}
Serial.println("card initialized.");

pinMode(pin, INPUT); //input pin for the particle sensor
starttime = millis(); //get the current time;

}

void loop()
{
// read the value from the sensor:

duration = pulseIn(pin, LOW);
lowpulseoccupancy = lowpulseoccupancy + duration;
if ((millis() - starttime) > sampletime_ms) //if the sample time == 30s
{
ratio = lowpulseoccupancy / (sampletime_ms * 10.0); // Integer percentage 0=>100
c = 1.1 * pow(ratio, 3) - 3.8 * pow(ratio, 2) + 520 * ratio + 0.62; // using spec

sheet curve

Serial.print("concentration = ");
Serial.print(c);
Serial.println(" pcs/0.01cf");
//Serial.println("\n");

long Temper = HP20x.ReadTemperature();
Serial.print("Temper:");
float t = Temper / 100.0;
Serial.print(t);
Serial.println("C.");
/*
Serial.println("Filter:");
Serial.print(t_filter.Filter(t));
Serial.println("C.\n");
*/

long Pressure = HP20x.ReadPressure();
Serial.print("Pressure:");
float p = Pressure / 100.0;
Serial.print(p);
Serial.println("hPa.");
/*
Serial.println("Filter:");
Serial.print(p_filter.Filter(t));
Serial.println("hPa\n");
*/
writeDataToSD(c, t, p);

lowpulseoccupancy = 0;
starttime = millis();

}
delay(200);

}

void writeDataToSD(float sConc, float sTemp, float sPress)
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{
// open the file. note that only one file can be open at a time,
// so you have to close this one before opening another.
char filename[] = "AQ000000.txt";

DateTime now = rtc.now();

int m = now.month();
int d = now.day();
int y = now.year() - 2000;

filename[2] = m / 10 + ’0’;
filename[3] = m % 10 + ’0’;
filename[4] = d / 10 + ’0’;
filename[5] = d % 10 + ’0’;
filename[6] = y / 10 + ’0’;
filename[7] = y % 10 + ’0’;

File dataFile = SD.open(filename, FILE_WRITE);

// if the file is available, write to it:
if (dataFile)
{
dataFile.print(now.month(), DEC);
dataFile.print("/");
dataFile.print(now.day(), DEC);
dataFile.print("/");
dataFile.print(now.year(), DEC);
dataFile.print(" ");
dataFile.print(now.hour(), DEC);
dataFile.print(":");
dataFile.print(now.minute(), DEC);
dataFile.print(":");
dataFile.print(now.second(), DEC);
dataFile.print(" ");
dataFile.print(sConc);
dataFile.print(" ");
dataFile.print(sTemp);
dataFile.print(" ");
dataFile.println(sPress);
dataFile.close();
}

Serial.print("Data written to ");
Serial.println(filename);

}

Appendix B. Arduino Code for Portable School Kits

The following code is used by the partner schools in building the portable sensors
based on the LED particle counting modules.

#include <Wire.h>
#include <SPI.h>
#include "Arduino.h"
#include <Adafruit_GFX.h>
#include "Adafruit_LEDBackpack.h"

Adafruit_7segment matrix = Adafruit_7segment();
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int pin = 8;
unsigned long duration;
unsigned long starttime;
unsigned long sampletime_ms = 10000;//sample 30000 = 30s ;
unsigned long lowpulseoccupancy = 0;
float ratio = 0;
float c = 0;

void setup() {

Serial.begin(9600);
Wire.begin();

pinMode(pin, INPUT); //input pin for the particle sensor
starttime = millis(); //get the current time;

#ifndef __AVR_ATtiny85__
Serial.begin(9600);
Serial.println("7 Segment Backpack Test");
#endif
matrix.begin(0x70);
}

void loop() {

duration = pulseIn(pin, LOW);
lowpulseoccupancy = lowpulseoccupancy + duration;
if ((millis() - starttime) > sampletime_ms) //if the sample time == 30s
{
ratio = lowpulseoccupancy / (sampletime_ms * 10.0); // Integer percentage 0=>100
c = 1.1 * pow(ratio, 3) - 3.8 * pow(ratio, 2) + 520 * ratio + 0.62; // using spec

sheet curve

Serial.print("concentration = ");
Serial.print(c);
Serial.println(" pcs/0.01cf");

matrix.print(c);
matrix.writeDisplay();

lowpulseoccupancy = 0;
starttime = millis();

}
delay(200);

}
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