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Abstract

Advances in air pollution sensor technology have enabled the development of small and low-cost
systems to measure outdoor air pollution. The deployment of a large number of sensors across a
small geographic area would have potential benefits to supplement traditional monitoring
networks with additional geographic and temporal measurement resolution, if the data quality
were sufficient. To understand the capability of emerging air sensor technology, the Community
Air Sensor Network (CAIRSENSE) project deployed low-cost, continuous, and commercially
available air pollution sensors at a regulatory air monitoring site and as a local sensor network over
a surrounding ~ 2 km area in the southeastern United States. Collocation of sensors measuring
oxides of nitrogen, ozone, carbon monoxide, sulfur dioxide, and particles revealed highly variable
performance, both in terms of comparison to a reference monitor as well as the degree to which
multiple identical sensors produced the same signal. Multiple ozone, nitrogen dioxide, and carbon
monoxide sensors revealed low to very high correlation with a reference monitor, with Pearson
sample correlation coefficient (/) ranging from 0.39 to 0.97, 0.25 to 0.76, and 0.40 to 0.82,
respectively. The only sulfur dioxide sensor tested revealed no correlation (r< 0.5) with a
reference monitor and erroneously high concentration values. A wide variety of particulate matter
(PM) sensors were tested with variable results — some sensors had very high agreement (e.g., 7=
0.99) between identical sensors but moderate agreement with a reference PM, 5 monitor (e.g., 7=
0.65). For select sensors that had moderate to strong correlation with reference monitors (> 0.5),
step-wise multiple linear regression was performed to determine if ambient temperature, relative
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humidity (RH), or age of the sensor in number of sampling days could be used in a correction
algorithm to improve the agreement. Maximum improvement in agreement with a reference,

incorporating all factors, was observed for an NO, sensor (multiple correlation coefficient R2
adj-orig = 0.57, R? adj-final = 0.81); however, other sensors showed no apparent improvement in

agreement. A four-node sensor network was successfully able to capture ozone (two nodes) and

PM (four nodes) data for an 8-month period of time and show expected diurnal concentration
patterns, as well as potential ozone titration due to nearby traffic emissions. Overall, this study

demonstrates the performance of emerging air quality sensor technologies in a real-world setting;

the variable agreement between sensors and reference monitors indicates that in situ testing of
sensors against benchmark monitors should be a critical aspect of all field studies.

Introduction

Page 2

Air quality monitoring, including measurements of common gas-phase and particulate
matter pollutants, has traditionally been conducted by regulatory organizations using specific
instrumentation and protocols. For example, the United States Environmental Protection
Agency (EPA) monitors criteria pollutants regulated under the National Ambient Air Quality
Standards (NAAQS) via a network of ambient monitoring sites operating federal reference
methods (FRMs) or federal equivalent methods (FEMs). FRM and FEM designation for
instruments is established through a strict testing protocol (Hall et al., 2014) and the overall
network produces very high quality data that is, however, generally sparse in geographic
coverage.

Meanwhile, numerous field studies have established that outdoor air pollution can vary
considerably at a fine spatial scale due to localized impacts of source emissions (e.g., Karner
etal., 2010). Recent and fast-paced technology development has brought to the market
portable and low-cost air sensor devices that may have potential to provide hyper-local air
quality data through individual use or application in a dense sensor network (Jovasevic-
Stojanovic et al., 2015; Kumar et al., 2015; Snyder et al., 2013). Low-cost sensor devices,
defined here as below USD 2000 per pollutant (i.e., under USD 4000 for a two-pollutant
device), typically utilize electrochemical or metal oxide sensors for gas-phase pollutants
such as carbon monoxide (CO), nitrogen dioxide (NO>), nitrogen oxide (NO), ozone (O3),
and, to some extent, total volatile organic compounds (VOCs). Commercially available
particle sensor devices currently use laser-based or light-emitting diode (LED)-based optical
detection of particles. Currently, no direct mass measurement of particulate matter is
commercially available, but ongoing research is in progress to develop a true mass
measurement (Paprotny et al., 2013). The pollutant detection methods utilized in
miniaturized sensors are potentially prone to measurement artifacts. For gas-phase sensors,
these artifacts may include cross-sensitivity to other gases as well as impacts by varying
humidity or temperature. The optical-based detection of particles is anticipated to be
affected by humidity during high relative humidity (RH) conditions, as the uptake of water
by hygroscopic particles can lead to an enhancement in the scattered light signal. Finally,
both lower and upper detection limits are also an expected factor in sensor performance.
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Research groups have built custom devices using available original equipment manufacturer
(OEM) sensor components — such as the integration of the particulate PPD42NS sensor
(Shinyei) into field-ready devices (Gao et al., 2015; Holstius et al., 2014) — which generally
involves adding an enclosure, microprocessor, battery or AC electricity connection, wireless
communications and/or on-board data storage, and potentially other environmental sensors.
Most research groups working with low-cost OEM sensors have tested their sensor
performance in field settings, with varying results. For particulate sensors, PPD42NS sensor
comparison at low to moderate ambient concentrations revealed good correlation (e.g., R2
0.72 for 24 h averages, PM, 5 ranging 3—20 pug m~3) with a reference monitor (Holstius et
al., 2014), but the same particle sensor at very high concentrations (hourly average PM> 5
ranging 77-889 pug m~3) revealed a nonlinear response and authors used high-order model
fits to correct their data (Gao et al., 2015). Additionally, a modified commercially available
particle sensing device (Dylos) was shown to match diurnal ambient PM, 5 trends with a
research-grade monitor (DustTrak) under ambient concentrations (hourly average PM; g
ranging 5-50 pug m=3), after adjustment with 24 h averages derived by a beta-attenuation
regulatory-grade monitor (Northcross et al., 2013).

Results of gas-sensor performance in real-world environments have also had promising but
variable results. Spinelle et al. (2015) used multiple statistical approaches to maximize the
data quality from O3 and NO, sensors, finding a simple linear regression for an
electrochemical ozone sensor was sufficient to achieve good correlation with a reference
monitor, but even advanced supervised learning strategies were not able to achieve good
correlation for NO, sensors. Mead et al. (2013) noted a 100% ozone interference issue for an
electrochemical NO, sensor, which could be corrected by sampling both parameters
simultaneously.

Researchers are already employing low-cost sensors in exploratory research, to assess spatial
variability of urban air quality (Gao et al., 2015; Heimann et al., 2015; Moltchanov et al.,
2015), and the growing number of commercially available devices is anticipated to create an
exponential increase in air quality data. The consumer product potential has motivated a
number of new business ventures, some initiated through crowd-sourced funding (e.g.,
Kickstarter, Indiegogo). Sensor developers are also looking to engage directly with the
public, with one innovative group providing particle sensors at a public library for citizens to
borrow for their personal use (Page-Jacobs, 2015). While the public interest is quickly
growing, the quality of the air sensor data remains uncertain, particularly for commercial
devices that may be utilized by citizens and community groups without access to reference
monitoring sites for collocation. In order to better understand the performance of
commercially available air sensor devices, EPA established the Community Air Sensor
Network (CAIRSENSE) project, which involves testing the feasibility of a wireless sensor
network application as well as collocation of multiple identical sensor devices with reference
monitors over an extended period of time. The CAIRSENSE project is a multi-year effort,
involving field testing emerging air quality sensors in multiple locations in the United States,
including Decatur, Georgia; Denver, Colorado; and Research Triangle Park, North Carolina.
This paper presents the CAIRSENSE testing results of a variety of particulate and gas
sensors in a suburban environment of Decatur, Georgia, which is located in the southeastern
United States, from August 2014 to May 2015.

Atmos Meas Tech. Author manuscript; available in PMC 2020 August 13.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Jiao et al. Page 4

2 Methodology
2.1 Field study design

Two testing components — the sensor ad hoc field testing (SAFT) and the wireless sensor
network (WSN) — constituted the CAIRSENSE project (Fig. 1). The SAFT involved a
minimum 30-day testing period of duplicate or triplicate sensors located at a state regulatory
monitoring site. Meanwhile, the WSN involved long-term (> 7 months) deployment of
several selected sensors in multiple locations over an approximately 2 km? spatial range.
With the overarching goal to test sensors with potential near-term wide use, candidate
sensors were selected based upon several criteria and market research. Criteria pollutants —
including particulate matter (PM), carbon monoxide (CO), nitrogen dioxide (NO,), sulfur
dioxide (SO5), and ozone (O3) — were given priority in sensor type selection. Other sensor
selection criteria included a general upper cost limit at USD 2000 per pollutant (e.g., USD
2000 for a single pollutant sensor device, USD 4000 for a two-pollutant sensor device),
commercial availability, continuous measurement, and low maintenance. The cost break
point was set by the estimated hardware price point at the time of the device selection and
does not incorporate other possible other costs that may vary by application (e.g.,
maintenance, data-hosting fees, modification of power input). The term “sensor” in this
paper refers to the off-the-shelf hardware that was selected for testing, which generally
includes one or more pollutant detection components (e.g., an electrochemical cell)
combined with a form of on-board microprocessor to convert the signal into a concentration
units. The design of the sensor for long-term use in an outdoor environment (e.g., a
weatherproof enclosure) was not a selection factor, as the research team was aware of a
number of outdoor air quality field studies utilizing sensors designed for indoor application.
The field testing setup was therefore designed to provide weather protection for all sensor
types tested. The SAFT sensor set included five types of PM sensors (Shinyei, Dylos,
Airbeam, MetOne, and Air Quality Egg), three types of ozone sensors, three types of NO,
sensors, two types of CO sensors, and one SO sensor (Table 1). Finally, it should be noted
that the sensors utilized in this study represent a selection of sensors available on the market
at the time of the study initiation and that the sensor development market is quickly
changing with time.

The SAFT component included two or three identical sensor devices collocated and operated
on 115 V AC power. The sensors were placed in a shelter providing full exposure to ambient
air while also protecting from rainfall (Fig. 1a and d). To understand the basic sensor device
functionality, each SAFT sensor was operated according to manufacturer’s
recommendations and data were output in their default format. For example, PM sensors
reported concentrations in a variety of units including pg m=3, pt 0.01 cf~1 (particles per
0.01 cubic feet or 283 mL), and hppcf (hundreds of particles per cubic feet). For one sensor
— the Air Quality Egg — units were unclear for gas measurements and the data output
appeared to be raw voltage signals. All SAFT sensor data were logged locally to the extent
possible; for sensors which were designed to transmit data primarily to an internet server
(AirBeam, Air Quality Egg), a microprocessor code variation was written to support local
logging. One exception was the AQMesh, a commercial system that utilizes multiple
electrochemical sensors to measure gases and wirelessly transmits the data to the
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manufacturer’s server. In this case, the data were provided to the research team from the
manufacturer on a weekly basis during the field study. The AQMesh data analyzed were
already post-processed by manufacturer proprietary algorithms prior to analysis.

In addition, four WSN nodes plus one base communication station were deployed to test the
feasibility of deploying a local wireless sensor network. Selected air quality sensors included
the Shinyei PM sensor, the Cairclip NO,/ O3 sensor, and the Aeroqual SM50 O3 sensor, with
the two gas sensors utilized in conjunction to provide data supporting the separation of NO,
and O3 signals. The CAIRSENSE network was designed based on a star topology with the
NCore (National Core) location serving as the base station, while every other node connects
to it. The design goal was for all of the nodes to wirelessly report their data in near real time
to the base station, then data subsequently were transmitted to a server through cellular
communication. Digi’s Xbee-PRO 900 HP 900 MHz 10 Kbps radios were chosen as the
backbone of the WSN based on their relative low cost and extended line-of-sight range. An
omnidirectional antenna was selected for the base station while directional Yagi antennas
were chosen for the remote nodes. Prior to the field deployment, the communication
protocol and wireless range were tested between a remote node and the base station. Range
tests were conducted in a mixed suburban environment in North Carolina with conditions
similar to those found surroundings the NCore station. While the manufacturer lists a line-
of-sight range of up to 9 miles (14 km) for the selected Xbee radios, actual tests indicated a
maximum communication range of approximately 1 mile (1.6 km) with mixed open,
forested, and commercial buildings located between the radios.

The WSN nodes were designed to be small, weatherproof, and self-powered. The compact
size was important to facilitate deployment and minimize the installed footprint. Each WSN
node consisted of a weatherproof enclosure that was approximately a 0.4 0.4 0.15 m in size,
supporting several low-cost (< USD 1000) sensors (PM, 5, O3, NO2), an Arduino based
microcontroller, micro SD card, Xbee wireless radio, Xbee antenna, solar panel, solar-power
controller, and a 12 V DC battery. A photo of a typical node is shown in Fig. 1 with
components listed in Table 2. Like the remote nodes, the base station had an Arduino
microcontroller and Xbee radio to receive signals from the nodes and an SD card for on-
board data logging. The base node included a Sierra Airlink® GX440 cellular gateway and
associated antenna to connect the base node to the internet. Data were uploaded and stored
on a remote server in a Microsoft SQL database and displayed on private web page that
updated every minute. The web page displayed the data in a tabular format and supported
direct data downloading. The communication base station and the sensor node 4 collocated
at the NCore site used 120 V (nominal) AC electricity, while the remaining satellite stations
(nodes 1-3) operated on solar power with battery backup.

Preliminary review after WSN deployment revealed brief spurious PM readings (e.g., 10 to
50 times higher than FEM) that occurred during midday, which appeared to be caused by
side-scattered sunlight intrusion to the Shinyei sensor. As an experimental measure,
aluminum foil was placed surrounding the radiation shielding that encompassed the sensor
to reduce light penetration, while still allowing the sensor to have access to ambient air.
After foil was applied, very high values were greatly reduced (Fig. S4 in the Supplement);
therefore, the foil covers were left in place for the remainder of the WSN data collection.
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2.2 Study location

The State of Georgia South Dekalb regulatory monitoring site is located in the suburban
Atlanta area Decatur (AQS ID: 130890002; latitude/longitude: 33.68808/ 84.29018). The
South Dekalb station is operated year-round as an NCore multipollutant monitoring network
site and includes an extensive suite of measurements including criteria pollutants and
precursors, air toxics, and meteorology. The surrounding area has mature trees, single-family
residential houses, sports fields, and schools (Fig. 2). No known major point source
emissions were located nearby. A nearby highway (1-285; 145 000 annual average daily
traffic) is located approximately 400 m to the north of the site.

The SAFT component was located only at the NCore site. The WSN nodes were located in
the surrounding area. Node 1 (WSN-N1) was positioned at a nearby medical center (1.9 km
from the South Dekalb) and about 30 m away from the major highway. Node 2 (WSN-N2)
was near a sports field (0.8 km from the South Dekalb). Node 3 (WSN-N3) was outside a
school property (0.2 km from the South Dekalb). Node 4 (WSN-N4) and the communication
base station were co-located with the NCore site.

2.3 Analytical methods

Sensor data were checked and analyzed bi-weekly during the first 3 months to ensure all
sensors were working properly. Subsequently, data were recovered on a monthly basis. The
statistical software R (http://www.r-project.org/) version 3.2.1 with the “base* and

“openair” packages was used for all data processing and analysis. Multiple sensors reporting
the same pollutant of interest were compared against readings recorded by the NCore FEMSs.
For duplicate or triplicate sensors evaluated in SAFT, readings were compared between
identical sensors to understand the reproducibility of sensor performance. Several statistical
measures are used to compare the co-located sensor measurements with the FEM data,
including (1) the Pearson sample correlation coefficient (r) between individual sensor and
FEM, (2) the average values of sensor and FEM measurements in their original units, and (3)
the slope, intercept, and coefficient of determination (r2) of ordinary least squares (OLS)
regressions of individual sensor measurement on FEM. In addition, to enable basic
comparison of PM values with a reference monitor, data from PM sensors that had at least
moderate correlation (r > 0.5) were converted to pug m=3 units based on upon an OLS
regression equation.

Local meteorology was anticipated to be a driver of spatial variability in local pollutant
trends as well as potentially affecting sensor performance, as some sensors may have
temperature and/or humidity-based artifacts. The NCore wind, temperature, and humidity
data were used in all analyses as representative of local meteorology conditions. In addition,
sensor aging is another potential source of measurement artifact — for example, solid-state
gas sensors may undergo a loss of sensitivity over time. Therefore, an analysis of sensor
performance over the number of sampling days was conducted to determine if an aging
effect existed. Similar to the analysis by Holstius et al. (2014), artifacts were assessed by
comparing the adjusted regression coefficients (R2 ) among multiple linear regressions of all
possible variable combinations.
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For the WSN, the first step of the analysis was to conduct an experimental network
calibration, where data were subset for a period presumed to be representative of similar
atmospheric conditions at all sites — namely, hours of 01:00- 04:00 and during periods with
wind upwind of the highway (wind direction from 75 to 235 °). For this study, all data
representing those conditions were grouped and compared with the reference monitors,
where OLS regressions were conducted with FEM values as the dependent variable and
sensor values as the independent variable, which yielded a regression equation that was used
to convert individual sensor values to the corresponding FEM units. For sensors revealing at
least marginal agreement with FEM data (r > 0.4), exploratory analyses are presented
showing node-to-node comparison in trends.

While the EPA has a clearly defined method for approving technologies for use in a
regulatory application (e.g., Hall et al., 2014), there currently are neither clearly defined nor
universally accepted criteria by which to provide a “pass” or “fail”, or alternative grading
scheme, judgement on a particular sensor model. Developing such criteria will be
challenging, given the diversity of research applications and related data quality objectives.
In addition, sensor performance may be affected by both the air pollutant mixture and
concentration level, as well as the environmental conditions. Therefore, the results in this
paper are communicated quantitatively by their correlation, or lack thereof, in comparison to
regulatory-grade monitors, with common associated descriptors of the strength of agreement
(e.g., “moderate”).

3 Results and Discussion

Sensor field testing and the wireless sensor network were conducted over a wide range of
atmospheric conditions. The South Dekalb NCore site ambient temperature ranged from-12
to 33 °C (average = 14 °C) during the CAIRSENSE deployment and RH ranged from 11 to
100 % (average = 68 %).

3.1 Particle sensor evaluation

All particle sensors evaluated in this study detected particles via a light-scattering method.
No sensors directly measured particulate mass nor had inertial-based size cuts preventing
large particles from entering the optical cell. Based on the project goal of understanding
whether these types of low-cost sensor data could be indicative of fine particulate matter
(PM 5) trends, the reference monitor utilized for comparison was the MetOne BAM 1020
FEM PM> 5 monitor. FEM PM, 5 monitors are designed according to their application for
use in determining compliance with the US EPA NAAQS, which are at a 24 h or annual time
basis. The beta-attenuation approach utilized in the MetOne requires having sufficient
particle mass deposited to the internal filter for an adequate signal-to-noise ratio. Given that
research applications of PM sensors may desire to use the data at a sub-daily time interval,
preliminary analysis was conducted to determine whether the raw MetOne BAM 1020 data
could be used at a faster time resolution than 24 h, resulting in 12 h averaging period utilized
for the FEM PM,, 5 data comparisons.

Summarized in Table 3, the various particle sensors had widely variable initial output
quantities and correlation with the FEM monitor. The three collocated Air Quality Egg units,
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with internal Shinyei PPD42NS sensors, had poor correlation with the FEM (r = —0.06 to
0.40). The three MetOne 831 monitors also had weak correlation (r = 0.32 to 0.41). The
three Shinyei PM sensors had moderate agreement (r 0.45-0.60), followed by relatively
higher correlation by the AirBeam (r 0.65-0.66) and Dylos units (r 0.63-0.67 for the
DC1100 PRO-PC version, r 0.58 for the DC1100 version). Comparison of identical sensors
revealed generally highest agreement (Fig. S1) — for example, while the three MetOne
monitors had weak correlation with the FEM, they had nearly perfect correlation between
identical units (r 0.99). This finding suggests that some sensor sets may have high-precision
supporting use to evaluate relative concentration levels, but caution must be exercised in
presuming the resulting measurements are representative of PM, 5 reference measurements.
Some factors that likely contribute to the strong agreement among optical particle sensors,
but weaker agreement with PM, 5 FEM monitors, include the following: differing
physicochemical properties between calibration aerosol and real-world aerosol mixtures,
light-scattering signal by particles larger than 2.5 um, and, for some sensors, particle count
as the reported value which generally emphasizes the numerous but smallest detected
particles. It should be noted that one sensor type — the Dylos units — does provide an
additional larger particle size channel (= 2.5 pm for the DC1100 PRO-PC version, 5 um for
the DC1100 version), which one indoor application study utilized to remove the larger
particle signal (Dacunto et al., 2015). However, in the suburban ambient environment in this
study, the fraction of particle count in the larger size channels appeared to be a small
component of the total particle number count, with the ratio of the large vs. small count
channels averaging 0.03 and 0.04 for the DC1100 and DC1100 PRO-PC, respectively.

Several particle sensors with at least fair correlation (r > 0.5) were further investigated for
measurement artifacts based upon temperature, humidity, or days of use. For three selected
sensors that showed the highest correlation with FEM among identical sensors — the Shinyei
SAFT-2, Dylos SAFT-2, and Airbeam SAFT-2 — incorporation of artifacts such as
temperature, RH, and number of measurement days made some minor improvements in
agreement with the FEM as indicated by R? values from the multiple linear regression
analysis (Table 5). No single factor provided much improvement to the Shinyei or Airbeam
sensor agreement. However, accounting for days of use significantly increased the Dylos
unit R2 by 0.11, but incorporation of RH revealed no improvement and temperature revealed
only minor improvement (+0.03 in Rzadj).

3.2 Gas-phase sensor evaluation

Gas-phase sensor measurements of Oz, NO,, NO, CO, and SO, were compared with hourly
average NCore reference monitors (Table 4). Of all the sensors discussed, the Cairclip NOy/
O3 sensor is unique in having a single data value output that nominally represents the
addition of NO» plus Os. Therefore, Cairclip NO, or O3 values discussed represent the
initial summation minus a FEM reading (i.e., CairclipNO, = Cairclip NO,/O3 — FEMOg;
Cairclip O3 CairclipNO,/O3 — FEMNO,). Since Cairclip readings were not calibrated with
FEM, any negative values resulted from the subtraction were retained in the correlation
analysis. In addition, it should be noted that two Cairclip sensors at the SAFT site showed
apparent operation failure at the outset of testing. Replacement was conducted in mid-
November for one sensor, for which the data were included in the analysis. The other failing
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sensor was deemed nonfunctional and the data were not incorporated into the collocation
results.

3.2.1 0Ozone—Of the ozone sensors tested, weak correlation was evident for two
AQMesh units (r 0.39-0.45), high for two Cairclip sensors (r 0.82-0.94), and consistently
very high for three Aeroqual SM50 sensors (r 0.91-0.97) when compared to FRM/FEM
measurements (Fig. S2). For the Aeroqual SM50 sensor, no apparent improvement in
agreement was observed when temperature, RH, or sampling day length factors were
incorporated (Table 5). However, incorporating RH appeared to provide some improvement
(+0.07 in Rzadj ) to the Cairclip sensor agreement with a reference monitor.

3.2.2 Nitrogen dioxide—The Cairclip, AQMesh, and Air Quality Egg measurements of
NO, were highly variable compared with a reference monitor, with r ranging from 0.42 to
0.76, 0.14 to 0.32, and 0.25 to 0.22, respectively (Fig. S3). Only one Cairclip NO, sensor
that had sufficient correlation was further explored for artifact correction. Significant
improvement was evident when temperature and RH were incorporated as adjustment
factors, with very slight additional improvement by incorporating days of use (Table 5).

3.2.3 Nitrogen oxide—One sensor device — the AQMesh — was tested that reported NO
measurements. The two identical AQMesh units had high correlation with the reference
monitor (r 0.88- 0.93). No apparent improvement in agreement was determined when
incorporating environmental or days of use as adjustment factors (Table 5). In absolute
terms, the NO original sensor output also agreed closely with mean FEM values (Table 4).

3.2.4 Carbon monoxide—The AQMesh and Air Quality Egg incorporated
electrochemical and metal oxide CO sensors, respectively. The AQMesh reported CO in ppb
units, whereas the Air Quality Egg had no clear indication of units. Good correlation (r
0.79-0.82) was observed between the AQMesh and a reference monitor. Incorporating days
of use provided significant improvement in the AQMesh CO data (Table 5), with a clear
slope drift with time evident (Fig. 3). The Air Quality Egg CO sensors had poor agreement
with the reference (r = —0.40 to —0.14).

3.2.5 Sulfur dioxide—Only one sensor device was available that measured SO, — the
AQMesh. The reported SO, values by the AQMesh were generally far higher than the
reference monitor, on average a factor of 172 and 163 higher. While the two AQMesh units
had high correlation with one another for SO, (r 0.94), they had weak correlation (r 0.13—
0.17) with the reference monitor.

3.3 Sensor network

3.3.1 Data communications—Based upon preliminary tests establishing an
approximate 1.6 km maximum range utilizing XBee antennas for the direct point-to-point
communication, the initial WSN consisted of four nodes over a 2 km? area that transmitted
data to the base node located at the South Dekalb site. However, the location of several
buildings and mature forest canopy in the South Dekalb area limited the communication
range of the network. Two of the WSN nodes communicated reliably with the base station
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(nodes 3 and 4), whereas data from the more distant nodes 1 and 2 were not received. An
attempt to improve the network communication was conducted by adding a repeater node
midway between the base station and the distant nodes, which had some limited success but
consistent wireless communication for the entire network was not achieved. Therefore, data
retrieval was primarily conducted via manual SD card downloads for nodes 1 and 2.

3.3.2 Spatial and temporal trends—Comparison of the hourly average WSN with
FEM data during periods of time with presumably similar pollution readings in all locations
— hours of 01:00-04:00 and all sites upwind of the highway — revealed moderate to good
correlation between the WSN O3 and FEM Og (two nodes, r 0.62 to 0.87) and WSN PM and
FEM PM5, 5 (four nodes, r 0.4 to 0.45). While the Cairclip total output compared well (two
nodes, r 0.79 to 0.9) with the summation of FEM O3 and FEM NO», the result was not
replicated when isolating and comparing the WSN NO, component. A simple subtraction of
either the on-board O3 sensor data (SM50) or the FEM O3 data from the Cairclip total output
revealed effectively no correlation between WSN NO, and FEM NO> (r < 0.1). This finding
indicates that the Cairclip NO,/ O3 sensor readings may not be entirely additive and field
performance may not replicate the strong agreement observed in a laboratory evaluation
(Williams et al., 2014). Further evaluation is needed to understand how to separate the NO,
portion of the signal. Based on these results, analysis of spatial and temporal trends were
constrained to O3 and PM> 5 sensor data sets.

After data were adjusted based upon linear regression analysis of WSN and FEM data sets
during the early morning and upwind time periods, wind-directional plots indicated lower
O3 concentrations at the roadside site when air is transported from the highway (wind
direction from the N) with no directional trend observed at the site > 400 m from the
highway (Fig. 4). Therefore, the O3 sensors appear to indicate an ozone titration trend that
has been observed in other near-road field settings (Beckerman et al., 2008). Meanwhile, the
PM sensors had fairly uniform concentrations at all four sites and over the full range of wind
conditions (Figs. S5- S6). This finding is similar to past near-road studies, which generally
see a low signal change in particulate mass (Karner et al., 2010).

Diurnal signals of ozone revealed that the two sensor nodes replicated the typical afternoon
peak in ozone, but the amplitude of the cycle was smallest for the roadside site (Fig. S5). PM
sensors had repeatable trends at all sites of maximum early morning concentrations (06:00—
08:00), which may attributed to lower atmospheric mixing and commute traffic periods.

4 Conclusions and discussion

Emerging air sensor technology is of widespread interest to increase the spatial resolution of
air quality data sets and empower communities to measure air quality in their local
environments. The CAIRSENSE project is a multi-year, multi-city effort to assess emerging
ambient air quality sensors with existing or near-term commercial availability. Long-term
evaluation of duplicate or triplicate sensors in Decatur, Georgia, revealed widely variable
sensor performance under real-world conditions. The selected testing location represents a
generally low concentration, suburban environment (e.g., mean PM 5 ranging 9-12 pg m=3)
with temperate winters and hot, humid summers. A variety of factors are anticipated to
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contribute to sensor performance in the measurement of outdoor air pollution trends. Key
design aspects include the sensitivity and stability of the internal pollutant sensing
component, design of the device enclosure and mechanism of introducing air to the sensing
region, addition of any ancillary sensors used for signal adjustment (e.g., RH sensor), as well
as on-board or cloud-based firmware processing raw signals into estimated concentrations.
In addition, the pollution mixture, concentration regime, and environmental conditions are
anticipated to impact sensor performance. Therefore, testing in multiple climates and air
pollution mixtures is desirable to characterize emerging air sensor technology.

At the Decatur testing site, some sensors were observed to have very strong agreement with
FEMs over an extended period of time (e.g., SM50 Og sensor) and no artifact adjustment
was required to improve the agreement. Other sensors had good agreement with FEMs (e.g.,
AQMesh CO sensor), that improved even further when days of use, temperature, and/or
humidity were incorporated as parameters in a multilinear regression equation. Other sensors
had poor or even negative agreement with FEM data sets and, in some cases, substantially
weaker field performance than what had been shown in a laboratory setting. These results
demonstrate the need for individual sensor performance testing prior to field use, and the
corresponding higher uncertainty in sensor data sets that do not incorporate field testing in
their application.

Application of select sensors in a local wireless sensor network revealed useable 8-month
data sets for both ozone and particulate matter. ZigBee-based network communications were
feasible over short ranges (e.g., 0.5 km), with the data communication range reduced from
the nominal —1.5 km by the surrounding mature trees and several structures in the area.
Selecting early morning and upwind hours provided a means to adjust the data sets against
the nearby FEM data and subsequently investigate diurnal and wind-directional trends.
Ozone and PM trends were similar to repeatable past near-road field study observations.

Air quality sensor technology is quickly developing, with research efforts underway
worldwide to apply sensors for multiple uses including long-term outdoor monitoring, short-
term field studies, stationary and mobile applications, and personal monitoring. This field
study demonstrates a very wide range of sensor performance in an outdoor, suburban setting.
While the results of this study are likely transferable to environments that may have similar
pollution concentration ranges and environmental conditions, one complicating and
uncontrollable factor is the potential variability in the sensor manufacturing process. To
maximize the potential of this emerging technology, incorporating collocation with a
reference monitor into future field study designs is highly encouraged.

5 Data availability

The CAIRSENSE project data sets will be available for retrieval at the EPA Environmental
Dataset Gateway (https://edg.epa.gov/) (EPA, 2016), where the data set can be retrieved by
searching for the keyword “CAIRSENSE” or an author’s last name. The project data can
also be requested from the corresponding author.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CAIRSENSE field equipment, including (A) SAFT instrument enclosure, (B and C) solar-

powered WSN node, (D) interior of SAFT instrument shelter, and (E) WSN node utilizing
120 V (nominal) AC electricity.
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Figure 2.
CAIRSENSE project wireless sensor network (WSN) and sensor ad hoc field testing (SAFT)

locations. WSN-N4, SAFT, and the WSN communication base station are collocated with
the NCore site.
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Figure 3.

AQMesh vs. FEM carbon monoxide comparison, with markers colored by the number of

days of sensor use.
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Figure 4.

Example ozone (ppb) percentile rose plots between near-road sensor node (a) and NCore co-
located node (b) for hourly FEM-corrected ozone between August 2014 and early March

2015.

Atmos Meas Tech. Author manuscript; available in PMC 2020 August 13.




Page 18

Jiao et al.

'dS.L pue ‘0TI ‘VINd ‘TN 104 S|auuBYD 8ZIS SBpN|aUl J0SUas sUQIBIN 8y ‘AjaAndadsas ‘wrl G Z pue wrl gz
Z sajoied Bunuasaidas [suueyd azis ajonJed Jabie| e apnjoul Dd-00TTIA PUe Dd-Odd-00TTIA SOIAQ 8Y.L IndINo elep J18y} Ul S|guURYD 8ZIS [RUOIIIPPE 3pNjdUIl 0S| UQIBIAI 8Y} pue SOjAQ 8yl Tey) BoZm

4 [e21WaY201393]3 (qdd ur |1e) €0 "°0S ‘0D ““ON ‘ON

(MN) "d102 yssNOV/(€ "usD) UsSINOY

Burianeas (1T-1w €8z 1d) Z¥Add

€ 1B1| ‘sasel 1o} siosuas apIxo [elBN 18AUIYS/IND ‘TZSGS-SOIN AZB/OOA 'G2SG-SOIN AZ8/0D ‘0TLZ-SOIIN AZSCON

(VSN ‘AN ‘edeup) 801A8Q padOIM/B63 Aljend iy

b4 [e21Way204199|3 (gdd) paulquiod €0 pue CON (soue.) jodared/dijoired
[ (SS9) 4010nPUODIWIBS BAINISUIS-SBD (wdd) €0 (puejeaz MmaN) [enbolay//0SINS
) Bursaness Y61 ple-w Brl) SéNd (VSN “YO ‘Ssed SIUBID) BUOIN/TES 190J0Y
€ Bunieneos 1617 (Joddy) Ad09Add 1eAulys/ SeNd (VSN ‘AN ‘uAjyooug) denrelgeH/weagiy
_ - (vsn'vo

1 Burieieas W61 p(;4910°03d) wrl T 2 8)d1ed ‘apIsIanly) uonesodio) sojAd/dd-00TTOA 4ewnod a|diLed sojAq
. = (VSN 'vD ‘apisianty)

z Burieneos 1yb1 (142 10'03d) wrl g0 Z 8oneg uonelodio) sojAQ/(Dd-0xd-00TTOA) J8uno) saned sojAa
z Burieneas 1ybi (g-w Br) eNd (ueder) 19AUIYS/T-SAS-SIA
N wisIuBYIaIN (snun) Josuas [eussiul/siueInijod painsesiy J184N10RJNUBL/I0SUSS

"(14wS) Bunsay pjaiy 20y pe uoIIeIo||0I J0) Pal1I9as SI0SUIS

‘TalqeL

EPA Author Manuscript EPA Author Manuscript

EPA Author Manuscript

Atmos Meas Tech. Author manuscript; available in PMC 2020 August 13.



Page 19

Jiao et al.

";amod pue| Uo parelado sem ‘y 9poU “JOSUSS aU) PaPNIOUI Feyl UOIEIO0| 1310 3y “J0SUSS 3U0Z0 OGIAIS U3 40 UoIsnjaul 3y Buiioddns ‘T apou 1oy pazijin sem waisAs Jamod-Jejos Jabie| v,

aseq 18AJ8S 0] BIep JO UOISSIWISURI | (epeue)) B1IBIS/WApOW Je[N|[32 QXD @YUllIY

ez waisAs 104 Jemod a|qeabreyoay (wsn 'O ‘oleo) som._._m_om\mbng UV G€ Y0314e|0S ‘4-dSS0INJS— Asopeq pue |aued sejos

1 waisAs 10y Jamod |qeabreyoay (VSN ‘w2 ‘olejuQ) comtm_om\m\cmzmn UV §G Yoa11e|oS ‘MSH-dOTTINGS — Aseneq pue aued sejos

(VSN ‘NN "B juolsuulin) euoleussiu] 161Q

aseq 102030.d >10M]8U 99gH1Z BIA UOIBIIUNWILIOD SSB]SJIM [RUOIIAIIPIUWIO ZHIA 006 feuuaiue 89gX AN-N-4NSH-60V

1020301d (VSN ‘NI ‘equoisuuly) feuoneussiu] 161

v'e'c'T 3I0miau aagbiZ eIA UOITRIS aseq 0} UOKEIIUNWIWOD SS3I3IM [eUORIBIIP ZHIN 006 Jeuusiue aagXx 4NTTA-60V

vzt uolissiwisue.) pue eiep Jo Buissasoud pseog-uo (Arey) s108lold Hews/10ssad04dooiw 096z eBIN ouInply

v'e‘z‘1t Buipeas Aupiwny pue ainyesadwsa) (eury)) Buosoy/losuas Alpiwny 72 ainjesadwal GTEZINY

v'T wdd ul €0 painsesiy (puereaz maN) [enboiaw/0SINS

v'e‘z‘1 qdd u1 €0 /CON sainsea|N (sduel) joduren/dijoired

vezT e—w Brl ul SN saunses| (ueder) 18Autys/iosuss INd

3pON uonoun4 Jainjoeinuew/siied
"Sjuauodwod Y10M]BU J0SUBS SSB|aINN

‘¢ 9lqel

EPA Author Manuscript

EPA Author Manuscript

EPA Author Manuscript

Atmos Meas Tech. Author manuscript; available in PMC 2020 August 13.



Page 20

‘a1qeal|dde Jou :e/u ‘ajgejrene Jou (N (VSN ‘YO ‘ssed SiueI9) 0Z0T INVE ‘BUOIBIA Juswinisul S'CNd mo:e&mmu

'GT0Z A6\ 01 Arenuer wouy portad Buisa) sSnonuUOISIP fo;mq

'81/60/710¢ 183® PSPPE |10} WNUIWN(e YU,

11T /U N 68°0 WN | zv'68 GTT €-14VS
06TT e/u N 90 WN | 1€ 96T 2-14vsS (SNzvadd
‘18AUIYS :10SUdS INd
18°€T /U N €50 WN | 65°2.2 12T T-14VS [eusaiu) 663 Anpend Iy
09'6 e/u N 29'0 cw/orl | gz 4 €-14VS
09'6 e/u N 29'0 sw/B | zre 4 Z-14vS
‘auQ18
09'6 e/u N | 290 sw/Bt | 1z'¢ 4 T-14VS €8 PUOBN
[AAA SY'1T or'9 L1000 €v'0 A 19°0 joddy | vgegoe 89T €-14vS
T 8y'1T 109 81000 €v°0 A 850 joddy | zz 162 89T Z-14vs (Ad09Qdd
‘18AUIYS :10SUdS
ET'TT 0z'1T vZ's 02000 o A 290 joddy | 252862 152 T-14VS I [euJB)ul) Wesgqiy
19700
99°TT Y9°TT 8L, €1000 or'o A G8°0 nd | e8y6z TL €-14VS (wrt
G0 < ‘|[ews)
19700 2d-0dd
09°TT L9TT 0z'L GT00°0 S0 A L0 nd | v0vs0e 80T Z-14vS 00TT 04 solAQ
(wr
PT00 T Z ‘|jews)
09°TT TLTT 80'8 98000 €20 A €8°0 nd | Tezy 80T 1-14vS | 2d00110a
27N
18°0T e/u N 161 cw/B | 9gzT a8z -NSM
1221 81°eT _ 8y'L _ 2L0 _ 920 A 69°0 cw/Br | 959 89T Z-14vS
eTTT e/u N 190 sw/Br | 1eg 152 T-14VS 10suss Nd ‘19AuIysS
uesiN _ 1ds2a91u] _ ado|s _ 24 AD N uesnN
(gw/Br) 11un m.m (skep)
(swyBr) N34 01 (g + 10suasxe < JWBWAINSEaIN swilL sweN |SPOIN Uaan3oesnueiN
juonenusouoy | PeHaAU0D = IN34) uoissaibay S0 10sUas [euIBlIO Buydwes
NEE T4 yum uostaedwo)d

Jiao et al.

"81IS 8I0DN q[eXad Yinos 1e sjusLiainsea |\ d abesane y T Jo) sonsnels uostiedwo)

‘€ 9lqeL

EPA Author Manuscript EPA Author Manuscript EPA Author Manuscript

Atmos Meas Tech. Author manuscript; available in PMC 2020 August 13.




Page 21

Jiao et al.

SvZ°0 e/ N 680 qdd 6'6€ 01T Z-14vS
UsaNQV
€V20 '/ N 6.0 qdd 8Ty 11T T-14VS ‘d10D ysswoOv °0s
1208 e/ N 1€0 WN 8'2881C GTT €-14vS
1'8ce /U N 820 WN 1'9€952 96T Z-14vSs (G255-SOIN
AZ?8) 663 Anjend
1'82¢ e/ N SZ0 WN 00582 121 T-14VS 1 ‘301A8Q P3YIIM
£9z¢ 21280 2-0TxCT'S v-0Tx66°L | 89°0 A 89°0 qdd y'sve 07T Z-14vS
USSNOV
z9ze 21280 2-0T*S6'9 v-0Tx60'8 | €90 A 0.0 qdd £'81¢ 11T T-14VS ‘d10D yssnOv 02
g'8T g'8T 69/°0- €880 180 A 9.7 qdd 8'TC 01T Z-14vS
USSNOV
€8T 7’81 090'T 2680 110 A v8'1 qdd 76T 11T T-14VS ‘d10D yssnOv ON
€T e/u N W'z WN v'€1828 GTT €-14vS
%4 e/u N 12 WN 1'126GE 96T Z-14vS (0T22-S01N
Aga) 663 Aupend
90T e/u N 85°C WN L'¥TSTE 12T T-14VS 1 ‘301A8Q P3YIIM
00T B/u N G9°0 qdd 162 0TT Z-14vS
UsSNQV
00T ’/u N 080 qdd ST 11T T-14VS ‘d10D yssN OV
11 B/u N €6 qdd T 682 #N-NSM
- dijpaie) ‘jodire
L'TT 91T 16€'TT G56'0 1§50 A or qdd 870 6T oLV gPHIOHIED 10dlED ¢ON
8T B/u N 1.0 qdd 9TT 0Tt 2-14vsS
UssNQV
6T '/ N 180 qdd 81T 11T T-14VS ‘d10D ysswOv
19T goT £02'CT G89°0 89°0 A 197 qdd €9 68z PN-NSM
- dijpaie) ‘jodire:
9'8T 9'8T 15t°CT 158°0 88'0 A 8e'C qdd L 6T oLV pOIDNED 110010
z'81 zer 162 92'556 280 A €60 wdd 9100 182 PN-NSM
9.1 9.1 ¥8'C Z5°T18 ¥6'0 A 90T wdd 28700 89T Z-14vS
€8T €81 957 97'888 76'0 A €0'T wdd 11700 152 T-14VS 0SIAIS ‘Tenbolay €0
(o) 1dsousu) | (e)adols | 2 ND nun uesN
G0
(qdd) | ¥un8ouaisjes (q+4Josuss xe=NTd) | <4
UOIEIIUSIUOD 01 pauIsAU0D uolssaifdy S10
p (ske@) awil | @i iusuodwod
ERETETENS| d0uaJajad Yyum uosiiedwo) | juswainses|p 10suas [eulbliQ Buijdwes Bunsal |19POIA UaanioejnuelN | 1ueinjjod

EPA Author Manuscript

"alls 8J0DN g[exa@ YInos 1e syuswiainseaw seb Alnoy Joy sonsiners uostedwo)

‘v alqeL

EPA Author Manuscript

EPA Author Manuscript

Atmos Meas Tech. Author manuscript; available in PMC 2020 August 13.



Page 22

Jiao et al.

*3]qeatdde Jou :e/u ‘ajqejIeAR 10U SN ‘wdd ui a1e spun [eulbio Jonuow souaIeY,

(VSN ‘VIN ‘weyijepn)
IL-1EY “ONUBIOS JaYSI4 OWLBY L :ZOS ‘08 Q4NUBINS Jaysl4 OWIBYL (0D :OZF “QNUBIOS Jaysld :ON ‘Oz ‘QLNUBIOS Jaysl4 OWIBYL :ZON 16% ‘ONUSIOS Jaysi4 OWIay L ‘€0 — Juswnuisul W34,

ST/TT/¥T0OC uo Em_twom_am_ J10osuas Lmtmu
elep €0 N34 ays Bunoengns BQ
e1ep ZON W34 ay) Bunoengns >m_m

EPA Author Manuscript EPA Author Manuscript EPA Author Manuscript

Atmos Meas Tech. Author manuscript; available in PMC 2020 August 13.



Page 23

Jiao et al.

'G0'0 > anfend e juediyiubis
¥

"GT/TT/PTOZ UO Jusawade|dal 10Suas ay} Jayy

q

‘G0 N34 PUe J0SUSS [BNPIAIPUI USBMIB] (/) 1UBIO114800 UOIIR[1I00 BU) UBYM P3I08]as 819M SI0SUSS m>_§:mmmammm

890 SL0 »¢80 »96°0 60 050 090 €70 Ae@+Hy+1-+i0suss
890 SL0 «890 £ 560 60 » 190 £090 «CV0 Ke@+H¥y+losuas
£5L°0 100 £0L0 £ 060 »76°0 9’0 950 IE0 KeQ@-+1+i0suss
190 5.0 «180 » 3670 €60 9’0 £050 70 HY+1-+i0suss
LSL0 10 ,L09°0 880 L 760 L0 L9950 LLE0 KeQ+10sUaS
250 5.0 £790 «560 £6°0 £970 v°0 0v'0 Hy+iosuag
LTL0 10 ,L0L0 L0670 L1760 o L870 980 L4+10SUBS
£9°0 100 150 88°0 60 £r°0 570 90 losuss
T-L4VS USSINOV | T-Livs usswdy | qPL3VS A | (TLIVS DI | o) (o jenbossy | z-Lovs weaauiy | ws z-Lavs soiha | z-Lavs 1ehuius UOITBUIGWIOD B|qeLIeA
(Aanoy) 00 (A1anoy) ON (A1anoy) <ON (Alanoy) €0 (eBeaane 4y-2T) INd

EPA Author Manuscript

‘'S al|qeL

"sAep JuswaINSeaW JO Jaquinu Jo/pue ‘Alpiwny ‘ainyeadwa) Jusiqure
*,40SUBS [ENPIAIPUI JSUTEE SUOITRIJUBOUOD 30UBIR4S) UBBMIS] S|SPOW UOISsaIBa1 Jeaul| ajdinw o (P2 1) s1ua1o1J209 UoIssaiBal palsnipe Jo uosLiedwo)

EPA Author Manuscript

EPA Author Manuscript

Atmos Meas Tech. Author manuscript; available in PMC 2020 August 13.



	Abstract
	Introduction
	Methodology
	Field study design
	Study location
	Analytical methods

	Results and Discussion
	Particle sensor evaluation
	Gas-phase sensor evaluation
	Ozone
	Nitrogen dioxide
	Nitrogen oxide
	Carbon monoxide
	Sulfur dioxide

	Sensor network
	Data communications
	Spatial and temporal trends


	Conclusions and discussion
	Data availability
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	Table 5.

