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Abstract: Recent advances in air pollution sensors have led to a new wave of low-cost measurement
systems that can be deployed in dense networks to capture small-scale spatio-temporal variations in
ozone, a pollutant known to cause negative human health impacts. This study deployed a network
of seven low-cost ozone metal oxide sensor systems (UPods) in both an open space and an urban
location in Boulder, Colorado during June and July of 2015, to quantify ozone variations on spatial
scales ranging from 12 m between UPods to 6.7 km between open space and urban measurement
sites with a measurement uncertainty of ~5 ppb. The results showed spatial variability of ozone at
both deployment sites, with the largest differences between UPod measurements occurring during
the afternoons. The peak median hourly difference between UPods was 6 ppb at 1:00 p.m. at the open
space site, and 11 ppb at 4:00 p.m. at the urban site. Overall, the urban ozone measurements were
higher than in the open space measurements. This study evaluates the effectiveness of using low-cost
sensors to capture microscale spatial and temporal variation of ozone; additionally, it highlights
the importance of field calibrations and measurement uncertainty quantification when deploying
low-cost sensors.
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1. Introduction

Surface level ozone is well established as harmful to human health, causing impaired lung
function in both healthy and sensitive populations [1–3]. The EPA regulates ground-level ozone via
the National Ambient Air Quality Standards (NAAQS) (80 FR 65291) by specifying that the three-year
average of the fourth-highest daily maximum 8-h average concentration of ozone in ambient air
cannot exceed 70 ppb, lowered from the 75 ppb standard in place during this study [4]. The Denver
Metropolitan and Northern Front Range Region of Colorado has been designated by the EPA as a
“nonattainment” area for ozone since 2007 [4]. Colorado is a unique setting for surface ozone formation
as urban emissions from highly populated areas and point sources such as power plants mix with
emissions from nearby and rural oil and natural gas activities in the Wattenberg Gas Field.

Criteria pollutants, including ozone, are continuously monitored in the U.S. at standard regulatory
air quality monitoring (AQM) stations. These measurements are of high quality but are sparsely
distributed and unsuited for providing high spatial resolution variations in concentration [5–7].
Recent advances in air pollution sensors and embedded systems have led to a new wave of low-cost
measurement systems that can be deployed in dense networks to capture small-scale spatio-temporal
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variations in air pollutants [5,7–11]. Low-cost sensor networks have the potential to improve
spatio-temporal resolution of pollutant data collection because they have lower capital and operating
costs than conventional fixed-site monitors [11,12]. Understanding spatial variations of pollutants in
ambient air could help improve mitigation strategies and enhance personal exposure monitoring on a
neighborhood scale [10,12].

Multiple studies have evaluated the feasibility of deploying sensor networks to measure ozone in
urban settings, and to measure spatial variability of air pollutants; different field calibration methods
have been tested in an effort to improve data quality [5–8,11,13]. A few of these studies employ
the assumption that all sensors within a certain proximity of each other measure the same value as
reference instruments from 1:00 to 4:00 a.m., when there is no photochemical production of ozone [5,7].
Even during these hours, there could be point sources of NO initiating ozone depletion or variances
in ozone deposition rates that are not necessarily constant over the spatial scale being considered.
Another limitation in previous studies is the lower time resolution of reference data (30 min to 1 h).
Higher time resolution measurements could potentially result in improved field calibrations and data
quality, as well as decreased uncertainty due to the inclusion of a broader range of variables such a
temperature and humidity. The spatial scales studied in previous work ranged from 150 m to 150 km
between measurement locations, but there is limited research to date documented in the literature
evaluating the spatial variability of ozone on scales less than 150 m.

The study described here contains three spatio-temporal process scales as defined by Diem [14].
We analyzed ozone variability on a microscale (up to tens of meters, several hours), and on a mesoscale
(tens of kilometers, several hours to several days). We logged the signal from each ozone sensor every
15 s. The reference data used for field calibrations were minute averages (open space site) and 5-min
averages (urban site). Our study compares the small spatial variations in ozone at the open space site
versus the urban site and examines the overall differences between the two sites.

2. Materials and Methods

In order to demonstrate the utility of low-cost sensor systems for assessing open space and urban
microscale spatial variability, we deployed a fleet of seven metal oxide ozone sensor systems in the
Boulder, Colorado area. The sensor systems used for this study were based on the UPod platform [15].
This study, which took place during June and July of 2015, was composed of two main parts: (1) the
deployment of UPods at an urban and open space site to measure the spatial variability of ozone on
small scales, and (2) the collocation of UPods with reference stations to generate calibration models.
The ozone sensors were quantified using a field calibration technique, described in detail by Piedrahita
and colleagues [16].

2.1. UPod Platform

The ozone sensors used were the MiCS-2611 heated metal oxide sensors, manufactured by e2v,
now SGX Sensortech [17]. Heated metal oxide sensors used to measure ozone sometimes display cross
sensitivity to H2S, a reducing gas, but this is not a common occurrence in most environments [18].
The sensors were mounted on the open-source UPod platform which can house a number of low-cost
gas sensors [19]. In this study, each UPod unit contained ozone, temperature, and relative humidity
(RH) sensors. Temperature and RH were measured using the RHT03 sensor that is manufactured by
MaxDetect (Shenzhen, China) [20]. Data from each sensor was written to an onboard microSD card
every 15 s, then minute averages were calculated in post processing. The UPods were designed to
run on a 12 V power supply, and in this study six out of the seven UPods were powered using grid
electricity, employing AC/DC converters and extension cords. During the deployment, one UPod
(SBC4) was located beyond reach of an extension cord and was powered using a 12 V deep cycle
marine battery and solar panel configuration. The UPod circuit boards were mounted in enclosures
that included an electric fan to augment their air exchange rate.
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2.2. Deployments

The deployments took place at an urban site and an open space site. The urban site was on the
University of Colorado Boulder campus (student body of 32,775), located in south Boulder, Colorado,
(population of 120,723) 40 km northwest of Denver. The major road nearest to the UPods was Broadway,
which had a 2015 Annual Average Daily Traffic Count (AADT) of 30,000 [21]. The open space site
was located at the South Boulder Creek (SBC) regulatory ozone monitoring station, stationed south
of Boulder in a highly vegetated and sparsely populated area (latitude 39.9572, longitude −105.0004,
1671 meters above sea level (masl). The SBC station was classified by the Colorado Department of
Public Health and Environment (CDPHE) as a highest-concentration oriented urban monitor, but for
purposes of this study was considered an open space area with fewer buildings and nearby roads than
the campus site. The SBC site was 0.4 km west-southwest from Highway 93, which had an AADT of
18,000 in 2015 and was less trafficked than the campus site [21]. Three UPods (C1, C2, and C3), were
deployed on the CU campus and four UPods (SBC1, SBC2, SBC3, and SBC4), were deployed in the
SBC area (6.5 km southeast of campus). A map of the two study areas and reference stations is shown
in Figure 1.
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Figure 1. Maps of study area including overall collocation and deployment sites, campus UPod
locations, and South Boulder Creek (SBC) UPod locations.

The deployments spanned 25 June to 14 July for the campus UPods and 30 June to 12 July for
the SBC UPods. For all data analysis, only the time period when all UPods were sampling, 30 June
to 12 July, was included. The deployment locations of all UPods are summarized in detail in Table 1.
Altitudes of campus UPod measurement sites ranged from 1645–1657 masl and all SBC UPods were at
~1671 masl. All UPods were mounted onto tripods, sampling air 1.5 m above the ground. The campus
UPods’ tripods were located on two rooftops and a balcony and were all ~1 m or greater from the
nearest wall, while the SBC UPods’ tripods were on ground level. Distances between UPods ranged
from 221–491 m at the urban site, 12–66 m at the open space site, and approximately 6.2–6.7 km
between the urban and open space UPods.
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Table 1. Summary of Measurement Sites.

Ozone
Instrument
Name

Instrument
Type Latitude Longitude

Location
Altitude
(m above
sea level)

Location
Description

Inlet Height
(m above
ground)

Collocation/Deployment

Boulder
Atmospheric
Observatory
(BAO) Tower

UV
Absorption
Analyzer

40.0500 −105.0004 1584

Tall tower
operated by the
National Oceanic
and Atmopsheric
Administration
(NOAA)

6 Collocation

SBC-Ref
Photometric
Ozone
Analyzer

39.9572 −105.2385 1671

Colorado
Department of
Public Health and
Environment
(CDPHE)
monitoring site

4.3 Collocation

C1 Metal Oxide
Sensor 40.0069 −105.2720

1667
(including
15 m from
ground to
rooftop)

University
Memorial Center
building—rooftop

1.5 Collocation (at BAO) and
Deployment

C2 Metal Oxide
Sensor 40.0109 −105.2745

1655
(including
10 m from
ground to
rooftop)

Continuing
Education
building—western
rooftop

1.5 Collocation (at BAO) and
Deployment

C3 Metal Oxide
Sensor 40.0080 −105.2742

1666
(including 9 m
from ground
to balcony

Geography
building—south
balcony

1.5 Collocation (at BAO) and
Deployment

SBC1 Metal Oxide
Sensor 39.9572 −105.2386 1671 SBC—nearest to

reference monitor 1.5 Collocation (at SBC) and
Deployment

SBC2 Metal Oxide
Sensor 39.9572 −105.2387 1671

SBC – nearest to
trees and more
dense foliage

1.5 Collocation (at SBC) and
Deployment

SBC3 Metal Oxide
Sensor 39.9575 −105.2381 1671 SBC—nearest to

road 1.5 Collocation (at SBC) and
Deployment

SBC4 Metal Oxide
Sensor 39.9574 −105.2383 1671 SBC 1.5 Collocation (at SBC) and

Deployment

2.3. Calibration

The calibration portion of the study consisted of a collocation period when UPods sampled
similar air as a reference monitor in order to generate a calibration for the sensors, often termed a field
normalization. Three of the UPods, C1, C2, and C3, were collocated with the Boulder Atmospheric
Observatory (BAO) tower surface ozone monitor from 15 June to 18 June, and four of the UPods, SBC1,
SBC2, SBC3, and SBC4, were collocated at the SBC reference station 15–25 June.

The BAO Tower was run by the National Oceanic and Atmospheric Administration (NOAA),
which operated a continuous UV absorption Thermo-Scientific Ozone Monitor (49c, 3711) with an
inlet that was 6 m above the ground [22]. Ozone observations from BAO Tower have undergone
thorough evaluation and quality control following calibration procedures available through NOAA [23].
The reference data was available in 5-min averaged form. As such, that was the temporal resolution
used for the calibration of the ozone sensors in the campus UPods. The SBC reference site
(AQS Site # 08-013-7005) operated a Teledyne Model 400E Photometric Ozone analyzer maintained
by CDPHE and calibrated in accordance with U.S. EPA protocols [24]. This data was provided with
minute resolution and was used at that resolution for the calibration of the SBC UPods. Higher time
resolution measurements could potentially result in improved field calibrations and data quality, and
decreased uncertainty due to the inclusion of a broader range of variables such as temperature and
humidity. Therefore, the calibration at SBC might be more accurate than that at BAO due to the
higher time resolution of reference data (1 min averages versus 5 min averages, respectively). During
collocations, all UPods were placed on tripods ~3–4 m below the reference instrument inlets.
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Ozone sensors in each UPod were calibrated using the reference data from the site where they
were collocated with reference instruments. Multiple linear regression was used to generate a model
to convert the raw sensor signal into a concentration (in ppb). We found the sensor resistance as a
function of the logged voltages then normalized the sensor resistance, Rs, by the sensor signal in clean
air at 298 K, Ro. The regression Equations (1)–(4) relate Rs/Ro to the reference instrument concentration
(C), temperature (T), and absolute humidity (H); T and RH terms were included to account for the
cross-sensitivities of heated metal oxide sensors to those parameters [16,19]. RH was converted to
H using methods described by Murphy and Kook and assuming constant atmospheric pressure of
82 kPa [25]. The coefficients p1, p2, p3, p4, and p5 were computed each time a model was generated.

Rs/Ro = p1 + p2C (1)

Rs/Ro = p1 + p2C + p3T (2)

Rs/Ro = p1 + p2C + p3T + p4H (3)

Rs/Ro = p1 + p2C + p3T + p4H + p5CT (4)

The fit of the calibration models to the reference data was evaluated using the coefficient of
determination (R2), the root-mean-square error (RMSE), and the distribution of the fit residuals with
concentration, humidity, and temperature. Residuals were calculated by subtracting the calibrated
UPod data from the reference data during the collocation time period. Regression analysis is based on
the assumption of normally distributed residuals so calibration equations that generated approximately
normally distributed residuals were deemed better fits than those that did not.

At the SBC site, part of the reference-UPod collocation data was used to generate calibration
models for ozone sensors in each UPod, and the rest of the reference-UPod collocation data was used
toward validation of the calibration models. As such, we used the second half of the collocation period
at SBC, 20 June to 25 June, to generate a calibration model for each UPod, and that model was then
applied to the first half, 15 June to 19 June. This reverse temporal order was chosen to minimize the
impact of sensor drift over time; the time period used to generate a calibration model was in between
the time periods it was applied to (validation and deployment). The fit statistics for the model applied
to the first half represents the validation. A similar validation procedure was not completed at the
BAO site because a wind storm limited our data collection during that time period.

We generated a calibration dataset for each collocation period by applying the calibration models
to the UPod data during collocation periods at both SBC (20 June to 25 June) and BAO Tower
(15 June to 18 June). The two calibration datasets represent the best possible agreement of UPod
ozone measurements; differences in UPod measurements during the deployment that are less than the
calibration differences would be too small to resolve.

3. Results and Discussion

3.1. Calibration Results

Raw data from each of the 7 UPods was fit to Equations (1)–(4) and the R2 and RMSE were
calculated for each model. An example of model selection process for UPod SBC1 is summarized in
Supplementary Materials (Table S1); this process was repeated for each of the 7 UPods. Residuals
were plotted for each UPod and model to check for the assumption of normality. The residuals for
the calibration of SBC1 using Equation (4) are shown as an example in Supplementary Materials
(Figure S1). Residuals were plotted against concentration, humidity, and temperature to verify that
sensor error was not biased based on environmental conditions. The parameter space encompassed by
the calibration models was compared to the data validation and deployment periods to evaluate the
extent of model extrapolation (see Supplementary Materials Figure S2). Using this model selection
process, Equation (4) was chosen for each of the UPods, and the fit statistics are shown in Table 2.
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The UPods all had similar R2 (between 0.91 and 0.97) as well as similar RMSE (between 2.4 and
5 ppb, with an average of 3.2 ppb). The calibration RMSE represents the smallest potential uncertainty
in the sensor measurements given that the reference instrument data are assumed to be the truth,
i.e., contain no uncertainty. Contributions of terms in Equation (4) to Rs/Ro for SBC UPods during the
data validation period are summarized in Supplementary Materials (Figure S3). Rs/Ro had a higher R2

with concentration than with temperature or humidity, but temperature did play a larger role at higher
concentrations. Correlations between Rs/Ro and temperature and ozone concentration were higher for
SBC3 than for SBC1 or SBC2, due to the sensor-to-sensor variation in calibration models. For SBC3,
the CT term in Equation (4) likely did not contribute as much to Rs/Ro as it did for SBC1 and SBC2.
This demonstrates the importance of calibrating each sensor individually to accurately capture the
influence of the different terms in each calibration model.

Table 2. Sensor Calibration and Validation Collocation Results.

Segment of Collocation Pod ID R2 with Reference Instrument RMSE with Reference Instrument (ppb)

Calibration Generation
Period

SBC1 0.95 3.2
SBC2 0.95 3.2
SBC3 0.97 3.0
SBC4 0.93 5.0

C1 0.91 2.9
C2 0.91 2.4
C3 0.92 2.5

Validation Data Period

SBC1 0.90 5.9
SBC2 0.95 4.3
SBC3 0.92 5.3
SBC4 0.73 12.3

3.2. Validation and Uncertainty Estimation

The performance of the SBC calibration was evaluated using the validation dataset. The calibrated
collocation data during the validation period for the four UPods (SBC1, SBC2, SBC3, and SBC4) were
compared to the reference data using the R2 and RMSE and the results are shown in Table 2. Scatterplots
of the UPod data versus the reference data are shown in Figure 2. SBC1, SBC2, and SBC3, all showed
similar performance with an average RMSE of 5 ppb. The cluster of outliers at lower temperatures in
the SBC1 plot (Figure 2a) is the result of a spike in the data on 16 June (see Supplementary Materials,
Figure S4). Given that instantaneous spikes occurred simultaneously in the data for ozone, T, and RH,
as well as for other gas sensors that were present in UPods during the study but not included in this
analysis (CO2 and VOCs), it is likely that this spike in the June 16 data was caused be a power issue
affecting the sensors. SBC4 did not perform as well as the other SBC UPods with an R2 of 0.73 and an
RMSE of 12 ppb. Additional error analysis for SBC1, SBC2, and SBC3, was completed to evaluate the
RMSE for higher ozone concentrations, since we are typically interested in higher ozone levels and
their associated uncertainty. For concentrations >60 ppb, the average RMSE for the three SBC pods
during validation was 5.7 ppb, verifying that the calibration models measured similar error with the
reference instrument during high ozone measurements.

The poor performance of sensor SBC4 was investigated further; see Supplementary Materials
(Figure S4). The largest discrepancy between SBC4 and the reference data occurred during the middle
of the day on 18 June. SBC4 shifted abruptly from overestimating to underestimating, and this event
was not observed with the other SBC UPods. A potential cause of this event could have been loss of
power to the UPod, given the solar configuration of SBC4, but due to the instantaneous nature of the
shift it is unlikely to have been produced by a power disruption and so remains unexplained. SBC4
also appeared to over and under predict ozone concentrations relative to other pods (see Figure S4).
Accordingly, SBC4 data was not included in the spatial variability analysis at SBC.
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Figure 2. Scatterplots of sensor data versus reference data for UPod SBC1 (a); SBC2 (b); SBC3 (c);
and SBC4 (d) during the validation collocation.

Sensor baseline drift over time is a common issue for heated metal oxide sensors [16,19]. We tested
a calibration model with an additional term to account for temporal drift and found that the model
performance did not improve when applied to the validation data. For example, SBC2 had the same R2

with reference data when the temporal drift term was included in the calibration model, however, the
RMSE increased by 0.1 ppb compared to the Equation (4) model. Future studies with longer durations
of multiple weeks to months may benefit from incorporating sensor baseline drift into their calibration
models, but for the relatively short-term nature of this study, adding a term for temporal drift did not
improve the calibration model performance.

To frame the discussion of spatial variability, the average uncertainty of 5 ppb from the validation
dataset was employed as this represents a more realistic estimate of best possible sensor agreement
during the deployment. The 5 ppb average uncertainty was applied for both the SBC and campus
UPods since a similar validation procedure was not completed for the BAO collocation. The issue
with SBC4 is motivation to improve the hardware and software of low-cost tools like the UPod
to minimize data losses and discontinuity in data as recorded by SBC4. Until low-cost sensing
tools and quantification models become more robust, added redundancy and focus on validation of
quantification methods are necessary.

3.3. Spatiotemporal Variability

Figure 3 shows the average diurnal ozone concentration measured by each UPod for the duration
of the deployment. UPods at the two sites measured concentrations that exhibited inter- and intra-site
variability. The SBC UPods measured a slightly different diurnal shape from the campus UPods
with ozone growth beginning earlier in the morning. Differences between UPods were the largest
in magnitude in the afternoon and C1 recorded the highest average maximum concentrations of the
campus UPods with SBC2 the highest of the SBC UPods. Furthermore, between the highlighted
hours of 1:00 and 4:00 a.m. (all times in this study in local time), there were differences in the UPod
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measurements, indicating that previous studies’ assumptions of homogeneous ozone concentrations
during that time period may not be valid, and could introduce error to the results. The magnitude of this
potential error would likely vary based on the location of the study; future studies are recommended
to quantify the potential error introduced into a deployment when utilizing the homogeneous ozone
concentration assumption to calibrate sensors. This error could be compared between multiple
locations to determine for which sites this assumption may be valid, and for which it may introduce
significant error. The spatial variation of nighttime ozone demonstrated in Figure 3 could also be
influenced by nighttime chemistry of ozone reacting with NOx, as well as by varying deposition rates
between sites.
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UPods and averaged campus and SBC sites. Hours 1–4 are highlighted in gray.

The concentrations measured by the campus UPods were on average greater than the SBC UPods,
which differed from a previous study in 2008 that measured higher annual average concentrations
at SBC than in Boulder at a site slightly northeast of campus [26]. This difference could be due to a
number of factors, one being that the previous study had a much longer duration, and the time period
captured in this deployment may not be representative of overall trends at the two sites. In addition,
the SBC and campus UPods were collocated at different locations and using different reference data,
which could have impacted the results. Future deployments should include a validation period where
all UPods are collocated together for comparison with the same reference data. The difference in ozone
between SBC and the campus is important to consider in terms of human exposure in Boulder, and
potentially other urban areas of similar size and ozone precursor emissions because people in more
populated areas may be exposed to higher ozone levels than those in more open space areas.

The R2 values that reflect the agreement between UPods were calculated for the deployment data
to assess microscale and mesoscale correlation of UPods. Intra-site correlation between UPods was high
at both locations with R2 values ranging from 0.88 to 0.93 for SBC UPods and 0.88 to 0.93 for campus
UPods. Correlation between the two sites was lower with the R2 values for SBC and campus UPods
between 0.54 and 0.63. In this study, correlation on the microscale was higher than on the mesoscale,
however correlation is not the only important indicator of spatial variability. Figure 3 demonstrates
that even on the microscale where UPods were highly correlated there were still measured differences
in ozone. These results identify the need to evaluate both absolute differences, and correlation between
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sites on the microscale. However, on the mesoscale, some differences may be observed by considering
correlation alone.

Differences in the hourly ozone observed at each site can be seen in Figure 3, however it is not
clear from this plot if the intra-site ozone differences were due to measurement error or if real spatial
variability was being observed on micro intra-open space and intra-urban scales. Figure 4 shows the
differences between all SBC UPods, as boxplots binned by hour of the day. The boxplots include the
validation data, the deployment data, and the median differences of the calibration data, showing that
the UPods measured smaller differences during the collocation period than during the deployment
period. The red boxplots of the validation dataset represent the expected intrinsic disagreement among
the UPods that can be attributed to uncertainty. The black median line represents disagreement among
the UPods during the calibration model generation period, which matches nicely with the validation
dataset disagreement. The validation and calibration differences were greatest in magnitude in the
afternoon when ozone was the highest, indicating that sensor uncertainty is larger during periods
of higher ozone. The upper 75% of deployment differences lie well above the validation differences,
especially between the hours of 10:00 a.m. and 8:00 p.m., demonstrating that some differences observed
at the SBC sites were greater than their uncertainty, and spatial variability on a micro intra-open space
scale was observed. Since SBC4 was omitted from this analysis, the total distances between the SBC
UPods ranged from 12 to 41 m.
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Figure 4. Differences between all SBC UPods binned by hour, with differences displayed as absolute
ppb. (a) includes the boxplot of the differences during the data validation period (red outlined boxes),
and the median differences of the calibration data (solid black line). (b) includes the boxplot of the
differences during the deployment (blue outlined boxes), and the median differences of the calibration
data (solid black line). Whisker lines (red and blue) encompass 1.5 times the interquartile range (IQR),
and outliers (red and blue crosses) indicate data points lying outside 1.5 times the IQR of the validation
and deployment data, respectively.

Figure 5 shows the hourly difference boxplot for the campus UPods, although without the
validation dataset since that was only collected for the SBC UPods. The magnitudes of the differences
between the campus UPods were greater than the SBC UPods, with a maximum median difference
of 11 ppb for the campus UPods, compared to 6 ppb for the SBC UPods. There are multiple factors
that could have led to larger differences between campus UPods than SBC UPods. The campus
UPods were in a more urban environment with potentially more point source emissions, they had
larger separation distances than the SBC UPods, and they differed slightly in altitude (see Table 1).
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Additionally, they may have experienced more differences in shade and temperature due to the nearby
buildings. For all hours of the day, the median differences between campus UPods were well above
the median differences measured during the calibration, indicating that the spatial variability is greater
than the uncertainty of the differences, even during the higher uncertainty period of the afternoon
when the ozone levels are the highest. Interestingly, from 1:00 to 4:00 a.m., the median differences were
still above 5 ppb, suggesting small spatial scale variability of ozone in an urban setting even during
that time period.Sensors 2017, 17, 72  10 of 13 
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Figure 5. Differences between all campus UPods binned by hour, with differences displayed as absolute
ppb. The graphic includes the boxplot of the differences during the deployment (blue outlined boxes),
and the median differences of the calibration data (solid black line). Whisker lines (blue) encompass
1.5 times the IQR, and outliers (blue crosses) indicate data points lying outside 1.5 times the IQR of the
deployment data.

In both Figures 4 and 5, there is a strong diurnal trend where the differences between UPods
were the greatest in the afternoons when the ozone levels were the highest (see Figure 3 for average
ozone levels by hour). This shows that there was greater spatial variability of ozone during the times
of peak ozone production. Overnight and in the early morning, there was less spatial variability. It is
interesting to note that the maximum differences between UPods occurred at different times between
the SBC and campus sites. Within the SBC UPods, the maximum difference occurred during hour 13
(noon to 1:00 p.m.) with a median difference of 6 ppb. On campus, however, the maximum difference
between UPods was during hour 16 (3:00 p.m. to 4:00 p.m.) with a median difference of 11 ppb.
This demonstrates that the spatial variability observed is not the same between the two sites, and
the microscale ozone variability may be impacted by different sources in an open space versus an
urban setting.

3.4. Impact of Time Averaging

The time-averaging results are important when considering ozone spatial variability in a
regulatory context, versus a human health context. Exceedances of the NAAQS for ozone are
evaluated using 8-h averaged data, and this study found that spatial differences were smaller over
the regulatory timescale. Ozone exposure can impact human health on one-hour timescales and the
large differences observed in the hour data could lead to different exposure potentials on small spatial
scales [27,28]. Spatial variability of ozone on the small scale presented in this study is dependent on
the time-averaging of measurements as shown in Table 3, which contains the deployment median and
95th percentile ozone values for each of the UPods over three time-averaging scales of minute, hour,
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and 8-h (rolling). For both the SBC and campus deployments, the median ozone values for each UPod
were similar across all time-averaging scales. The spatial differences between UPods’ 95th percentile
ozone values were smaller in magnitude in the 8-h averaged 95th percentile data than in the minute or
hour averaged data. Spatial variability is observed between UPods over all time-averaging scales, but
is reduced for larger time-averaging.

Table 3. Median and 95th Percentile Ozone for Minute, Hour, and 8-H Averaged Deployment Data.

Pod ID
Median Ozone (ppb) 95th Percentile Ozone (ppb)

Minute Hour 8-h Minute Hour 8-h

SBC1 35 36 35 65 65 58
SBC2 40 39 39 66 66 59
SBC3 33 33 32 58 57 53

C1 51 51 50 93 93 83
C2 39 39 40 83 83 75
C3 39 39 39 87 87 76

The spatial differences in high ozone measurements are investigated further in Figure 6 with a
comparison of the total time concentrations, which were greater than 75 ppb for each UPod during the
deployment. There were differences between campus UPods with C1 measuring more hours above
75 ppb than C2 and C3 over both time-averaging scales. The magnitudes of the differences between
campus UPods were reduced for 8-h time-averaging compared to hour, especially when comparing C2
and C3. Differences between SBC UPods were smaller in magnitude but still present, with SBC1 and
SBC2 having similar times above 75 ppb for hour averaged data, and no time above 75 ppb for 8-h
data. SBC3 had no measurements above 75 ppb on either time-averaging scale. The spatial differences
observed at SBC for hour data are not present at the 8-h level when all UPods were below 75 ppb.
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averaged data.

4. Conclusions

Overall, the results from this study indicate that there is both intra-open space and intra-urban
spatial variability of ozone on very small spatial scales ranging from 12 m (smallest SBC difference)
to 6.7 km (largest difference between all UPods). Low-cost sensor systems such as the UPod used
in this study are able to quantify these small variations and provide accurate results within a given
uncertainty range. Measurements using low-cost sensors could be useful for future human health
exposure studies to help quantify spatial variability of ozone in neighborhood settings. This study
demonstrates the importance of performing collocations in the field to generate accurate calibrations;
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validation datasets are also important in evaluating calibration performance, and obtaining accurate
uncertainty estimates that are needed to frame the deployment results.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/17/9/2072/s1,
Table S1: Model Fit Testing Results for UPod SBC1, Figure S1: Residuals for SBC1 collocation data calibrated
using Equation (4), Figure S2: Normalized histograms showing the parameter space of ozone, temperature, and
humidity during the various data collection periods (calibration generation, data validation, and deployment)
for both SBC and Campus UPods. The SBC calibration period encompassed the parameter space of the other
periods well, while the campus deployment measured slightly higher ozone, temperature, and relative humidity
than the calibration generation period. We can be more confident in our SBC calibration models than our campus
calibration models because we are not extrapolating as much into different environments than we measured
during the calibration generation period, Figure S3: Scatterplots of Rs/Ro vs. temperature, humidity, and ozone
for each SBC UPod during the data validation period. The scatterplots demonstrate the correlation between the
various terms in the calibration model to the sensor response. R2 values indicate correlation between Rs/Ro and
the variable plotted on the x-axis. The sensor signals were more correlated with ozone concentration than with
either temperature or humidity for all UPods, Table S2: P-Values for F Test that Calibration Model Coefficient
Estimates are Zero at the 5% Significance Level, Figure S4: Time series of ozone measurements by SBC1 (a), SBC2
(b), SBC3 (c), and SBC4 (d) during validation data period with UPod data (red) and reference data (blue) shown in
each plot.

Acknowledgments: This research is supported in part by the AirWaterGas Sustainability Research Network
funded by the NSF under Grant No. CBET-1240584. Lauren Deanes was supported in part by the Significant
Opportunities in Atmospheric Research and Science (SOARS) program NSF Grant AGS-1120459. Thanks to Erick
Mattson and CDPHE for providing reference instrument data at SBC. Thanks to Audra McClure and NOAA
for providing reference instrument data at BAO Tower. Thanks to Christine Wiedinmyer for providing Figure 1.
Thank you to Hannigan Lab members that made this work possible: Evan Coffey and Ricardo Piedrahita.

Author Contributions: M.H., L.D., and K.S. conceived and designed the experiments; L.D., K.S., J.G.C., and A.C.
performed the experiments; L.C. and M.H. analyzed the data; L.C. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kampa, M.; Castanas, E. Human health effects of air pollution. Environ. Pollut. 2008, 151, 362–367. [CrossRef]
[PubMed]

2. World Health Organization. Health Risks of Ozone from Long-Range Transboundary Air Pollution (WHO);
WHO Regional Office for Europe: Copenhagen, Denmark, 2008.

3. United States Environmental Protection Agency (U.S. EPA). Air Quality Criteria for Ozone and Related
Photochemical Oxidants; EPA/600/R-05/004aF-cF; U.S. Environmental Protection Agency: Washington,
DC, USA, 2006.

4. Colorado Department of Public Health and Environment (CDPHE). Colorado Annual Monitoring Network
Plan; Colorado Department of Public Health and Environment Air Pollution Control Division: Denver, CO,
USA, 2015.

5. Moltchanov, S.; Levy, I.; Etzion, Y.; Lerner, U.; Broday, D.M.; Fishbain, B. On the Feasibility of Measuring
Urban Air Pollution by Wireless Distributed Sensor Networks. Sci. Total Environ. 2015, 502, 537–547.
[CrossRef] [PubMed]

6. Bart, M.; Williams, D.E.; Ainslie, B.; McKendry, I.; Salmond, J.; Grange, S.K.; Alavi-Shoshtari, M.; Steyn, D.;
Henshaw, G.S. High Density Ozone Monitoring Using Gas Sensitive Semi-Conductor Sensors in the Lower
Fraser Valley, British Columbia. Environ. Sci. Technol. 2014, 48, 3970–3977. [CrossRef] [PubMed]

7. Jiao, W.; Hagler, G.; Williams, R.; Sharpe, R.; Brown, R.; Garver, D.; Judge, R.; Caudill, M.; Rickard, J.;
Davis, M.; et al. Community Air Sensor Network (CAIRSENSE) Project: Evaluation of Low-cost Sensor
Performance in a Suburban Environment in the Southeastern United States. Atmos. Meas. Tech. 2016, 9, 1–24.
[CrossRef]

8. Cavellin, L.D.; Weichenthal, S.; Tack, R.; Ragettli, M.S.; Smargiassi, A.; Hatzopoulou, M. Investigating the
Use Of Portable Air Pollution Sensors to Capture the Spatial Variability Of Traffic-Related Air Pollution.
Environ. Sci. Technol. 2016, 50, 313–320. [CrossRef] [PubMed]

9. Heimann, I.; Bright, V.B.; Mcleod, M.W.; Mead, M.I.; Popoola, O.A.M.; Stewart, G.B.; Jones, R.I. Source
Attribution of Air Pollution by Spatial Scale Separation Using High Spatial Density Networks of Low Cost
Air Quality Sensors. Atmos. Environ. 2015, 113, 10–19. [CrossRef]

http://www.mdpi.com/1424-8220/17/9/2072/s1
http://dx.doi.org/10.1016/j.envpol.2007.06.012
http://www.ncbi.nlm.nih.gov/pubmed/17646040
http://dx.doi.org/10.1016/j.scitotenv.2014.09.059
http://www.ncbi.nlm.nih.gov/pubmed/25300018
http://dx.doi.org/10.1021/es404610t
http://www.ncbi.nlm.nih.gov/pubmed/24579930
http://dx.doi.org/10.5194/amt-9-5281-2016
http://dx.doi.org/10.1021/acs.est.5b04235
http://www.ncbi.nlm.nih.gov/pubmed/26606504
http://dx.doi.org/10.1016/j.atmosenv.2015.04.057


Sensors 2017, 17, 2072 13 of 13

10. Snyder, E.G.; Watkins, T.H.; Soloman, P.A.; Thom, E.D.; Williams, R.W.; Hagler, G.S.W.; Shelow, D.;
Hindin, D.A.; Kilaru, V.J.; Preuss, P.W. The Changing Paradigm of Air Pollution Monitoring.
Environ. Sci. Technol. 2013, 47, 11369–11377. [CrossRef] [PubMed]

11. Williams, D.E.; Henshaw, G.S.; Bart, M.; Laing, G.; Wagner, J.; Naisbitt, S.; Salmond, J.A. Validation
of Low-cost Ozone Measurement Instruments Suitable for Use in an Air-quality Monitoring Network.
Meas. Sci. Technol. 2013, 24. [CrossRef]

12. Kumar, P.; Morawska, L.; Martani, C.; Biskos, G.; Neophytou, M.; Sabatino, S.D.; Bell, M.; Norford, L.;
Britter, R. The Rise of Low-cost Sensing for Managing Air Pollution in Cities. Environ. Int. 2015, 75, 199–205.
[CrossRef] [PubMed]

13. MacDonald, C.P.; Roberts, P.T.; McCarthy, M.C.; DeWinter, J.L.; Dye, T.S.; Vaughn, D.L.; Henshaw, G.;
Nester, S.; Minor, H.A.; Rutter, A.P.; et al. Ozone Concentrations In and Around the City of Arvin, California;
STI-913040-5865-FR2; Sonoma Technology: Fresno, CA, USA, 2014.

14. Diem, J.E. A Critical Examination of Ozone Mapping from a Spatial-scale Perspective. Environ. Pollut. 2003,
125, 369–383. [CrossRef]

15. Mobile Sensing Technology. Available online: http://mobilesensingtechnology.com/ (accessed on
1 November 2016).

16. Piedrahita, R.; Xiang, Y.; Masson, N.; Ortega, J.; Collier, A.; Jiang, Y.; Li, K.; Dick, R.P.; Lv, Q.;
Hannigan, M.; et al. The next Generation of Low-cost Personal Air Quality Sensors for Quantitative
Exposure Monitoring. Atmos. Meas. Tech. 2014, 7, 3325–3336. [CrossRef]

17. e2v Technologies. e2v MiCS O3 Sensor; Component Distributors, Inc.: Denver, CO, USA, 2008; Available
online: https://www.cdiweb.com/datasheets/e2v/mics-2610.pdf (accessed on 10 September 2016).

18. Williams, D.E.; Henshaw, G.; Wells, D.B.; Ding, G.; Wagner, J.; Wright, B.; Yung, Y.F.; Akagi, J.; Salmond, J.
Development of Low-Cost Ozone and Nitrogen Dioxide Measurement Instruments Suitable for Use in An
Air Quality Monitoring Network. ECS Trans. 2009, 19, 251–254.

19. Masson, N.; Piedrahita, R.; Hannigan, M. Approach for Quantification of Metal Oxide Type Semiconductor
Gas Sensors Used for Ambient Air Quality Monitoring. Sens. Actuators B Chem. 2015, 208, 339–345. [CrossRef]

20. MaxDetect Technology Co., Ltd. Digital Relative Humidity & Temperature Sensor RHT03. Available online:
http://cdn.sparkfun.com/datasheets/Sensors/Weather/RHT03.pdf (accessed on 17 February 2017).

21. Colorado Department of Transportation (CDOT). Traffic Data Explorer. Online Transportation
Information System 2017. Available online: http://dtdapps.coloradodot.info/otis/TrafficData (accessed on
15 May 2017).

22. McClure-Begley, A.; Petropavlovskikh, I.; Oltmans, S. NOAA Global Monitoring Surface Ozone Network,
June-July 2015, BAO Tower; National Oceanic and Atmospheric Administration, Earth Systems Research
Laboratory Global Monitoring Division: Boulder, CO, USA, 2015. [CrossRef]

23. Galbally, I.E.; Schultz, M.G.; Buchmann, B.; Gilge, S.; Guenther, F.; Koide, H.; Oltmans, S.; Patrick, L.;
Scheel, H.-E.; Smit, H.; et al. Guidelines for Continuous Measurements of Ozone in the Troposphere; WMO-No. 1110;
World Meteorological Organization: Geneva, Switzerland, 2013.

24. United States Environmental Protection Agency (U.S. EPA). Transfer Standards for Calibration of Air Monitoring
Analyzers for Ozone; EPA-454/B-13-004; U.S. Environmental Protection Agency: Research Triangle Park, NC,
USA, 2013.

25. Murphy, D.M.; Koop, T. Review of the vapour pressures of supercooled water for atmospheric applications.
Q. J. R. Meteorol. Soc. 2005, 131, 1539–1565. [CrossRef]

26. Brodin, M.; Helmig, D.; Oltmans, S. Seasonal ozone behavior along an elevation gradient in the Colorado
Front Range Mountains. Atmos. Environ. 2010, 44, 5305–5315. [CrossRef]

27. Lippmann, M. Health Effects of Ozone A Critical Review. J. Air Waste Manag. Assoc. 1989, 39, 672–695.
[CrossRef]

28. United States Environmental Protection Agency (U.S. EPA). Final Report: Integrated Science Assessment of
Ozone and Related Photochemical Oxidants; EPA/600/R-10/076F; U.S. Environmental Protection Agency:
Washington, DC, USA, 2013.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/es4022602
http://www.ncbi.nlm.nih.gov/pubmed/23980922
http://dx.doi.org/10.1088/0957-0233/24/6/065803
http://dx.doi.org/10.1016/j.envint.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25483836
http://dx.doi.org/10.1016/S0269-7491(03)00110-6
http://mobilesensingtechnology.com/
http://dx.doi.org/10.5194/amt-7-3325-2014
https://www.cdiweb.com/datasheets/e2v/mics-2610.pdf
http://dx.doi.org/10.1016/j.snb.2014.11.032
http://cdn.sparkfun.com/datasheets/Sensors/Weather/RHT03.pdf
http://dtdapps.coloradodot.info/otis/TrafficData
http://dx.doi.org/10.7289/V57P8WBF
http://dx.doi.org/10.1256/qj.04.94
http://dx.doi.org/10.1016/j.atmosenv.2010.06.033
http://dx.doi.org/10.1080/08940630.1989.10466554
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

