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ABSTRACT 

High levels of ozone in the troposphere are recognized to produce a myriad of harmful 
effects on human health. Due to a significant interest in the quality of air along the Front Range 
in Colorado, the Front Range Air Pollution and Photochemistry Éxperiment (FRAPPÉ) launched 
a field campaign utilizing both ground and airborne instruments to monitor air pollution during 
the summer of 2014. This study contributes to the FRAPPÉ campaign by using newly developed 
portable air quality monitors (Mpods) in conjunction with stationary ground instruments to 
monitor air quality. The Mpods were calibrated co-location style: they were placed near a 
regulatory monitor at the Continuous Air Monitoring Project (CAMP) site in Denver to record 
data. A calibration curve was then created using the data from the regulatory monitor as a 
standard. For this study, four Mpods were distributed to hikers and deployed twice a week over a 
period of four weeks. Deployment locations varied to cover a large extent of the Front Range. 
Ozone concentrations recorded by the Mpods exhibited strong correlations to the relative 
humidity and temperature recorded. It was concluded that this correlation was due to the way in 
which they were calibrated and had the potential to skew the ozone measurements recorded. 
Future studies can use these findings to further explore the use of cost-effective personal air 
quality monitors. 
 
 
 
 
 
This work was performed under the auspices of the Significant Opportunities in Atmospheric Research and Science Program. 
SOARS is managed by the University Corporation for Atmospheric Research and is funded by the National Science Foundation, 
the National Oceanic and Atmospheric Administration, the National Center for Atmospheric Research, the University of 
Colorado at Boulder, Woods Hole Oceanographic Institution and by the Center for Multiscale Modeling of Atmospheric 
Processes. 
 
 



1. Introduction  

Ground-level ozone can cause damaging effects on human health, vegetation, and entire 

ecosystems. Human exposure to ozone often leads to the deterioration of the respiratory and 

cardiovascular systems.  Common health concerns such as asthma, cardio-pulmonary morbidity, 

and cancer are capable of arising due to exposure to air pollutants (EPA ISA Health Criteria, 

2013). Similarly, flora exposure to ozone is also associated with a range of negative effects, such 

as the degradation of leaves and the cessation of growth (EPA ISA Health Criteria, 2013).  These 

destructive consequences of ozone exposure can put the individual at risk and create a major 

crisis in the production and distribution of crops. 

 

Unlike the protective ozone in the stratosphere, which is produced naturally, ground level 

ozone is largely created through a combination of anthropogenic pollutants and sunlight.  These 

pollutants can range anywhere from the emissions of a power plant to the exhaust of a car. 

Between 1990 and 2000, the number of vehicles in the U.S. increased on average by 27 million 

per year (HEI, 2010).   

 

In an effort to properly regulate air pollution, the Environmental Protection Agency 

(EPA) set national ambient air quality standards for all states. Unfortunately, monitoring air 

pollutants such as ozone is significantly limited by the instrumentation available. Conventional 

monitors are often expensive and require complicated specifications, such as a strong power 

source and a temperature controlled enclosure (Williams et al., 2009). These limitations in ozone 

monitoring are ultimately what led to the establishment of this study. 

 

Using newly developed and low-cost portable air quality monitors (Mpods), 

concentrations of ozone were measured along the Northern Front Range in Colorado during the 

summer of 2014. The Mpods used commercially available metal oxide semiconductor (MOx5) 

sensors to measure ozone (Piedrahita et al., 2014). The goal of this project is to contribute useful 

data to the Front Range Air Pollution and Photochemistry Éxperiment (FRAPPÉ) campaign in 

their efforts to monitor air pollution along the Front Range. This paper will give a step-by-step 

procedure describing how the Mpods were calibrated, how they were utilized on various hikes 

throughout the Front Range, and what ozone measurements were evaluated to be significant. 
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This paper will conclude by exploring the significance of this study for low-cost portable air 

quality monitors. 

 

2. Methods  
 
 Four Mpods were used to monitor ozone concentrations along multiple hiking trails 

throughout the Northern Front Range of Colorado. This study consisted of programming the 

Mpods to use the Aircasting interface, calibrating the monitors against a regulatory monitor in 

Denver, collecting ozone measurements along the Front Range, and analyzing the concentration 

data versus time and elevation.  

 

a. Mpods 

 These newly developed portable air quality monitors are approximately 4x6 inches and 

use low-cost gas sensors to measure several components of air quality. The Mpods are capable of 

measuring carbon dioxide, carbon monoxide, nitrogen dioxide, ozone, total volatile organic 

carbons, relative humidity, and temperature. For this study, we used the Mpods to measure 

ozone, humidity, and temperature. Additionally, the Mpods contain a Bluetooth transmitter for 

pairing with smartphones.  

 

b. Aircasting 

 Aircasting is a platform for recording, mapping, and sharing health and environmental 

data using a smartphone (aircasting.org). To connect the Mpods to the Aircasting interface, the 

Aircasting sketch was uploaded onto the devices using the Arduino software and an AVRISP 

STK500 USB ISP Programmer. The Android-based app, Aircasting, was downloaded onto four 

smartphones, which were then paired with the four Mpods via Bluetooth. The Aircasting app 

displayed the measurements of ozone in voltages, which corresponded to specific concentrations. 

Following collection, the ozone measurements were transmitted via email in a comma-delimited 

file format. 
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c. Co-location Calibration 

 All four Mpods were placed next to a regulatory ozone monitor at the Continuous Air 

Monitoring Project (CAMP) site in Denver to record ozone measurements for a period of twenty-

four hours. The voltage readings from the Mpods were then plotted against the actual 

concentrations recorded by the regulatory monitor. To generate a better fit line for the calibration 

curve, humidity and temperature were included in the calibration. Using R Studio, we created a 

multiple-linear regression model, comparing voltage readings to humidity, temperature, and 

ozone concentrations. The coefficients generated by the model were then used to determine a 

formula that could act as a template to solve for the corrected concentrations of ozone. These 

calibration steps were used for each Mpod individually.  

 
Figure 1. The ozone concentration on the y-axis was solved for using the regression equation:  
y = a + b*(Temperature) + c*(Humidity) + d*(CAMP measurements). They were then plotted 
on a graph versus the actual ozone concentrations recorded by a regulatory monitor at the CAMP 
site. 
 

 

d. Data Collection 

 Ozone measurements were recorded on hiking trails along the Front Range in Boulder 

and along trails at Rocky Mountain National Park. The Open Space and Mountain Park (OSMP) 

team of naturalists constructed a schedule of trails to be opened to the public as air quality 
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informative hikes. This collaboration with OSMP allowed the project to include a community 

outreach component, in addition to ozone monitoring. Observable weather conditions were noted 

before the start of each hike.  

 

e. Data Analysis 

 The Mpods recorded one measurement every 3.5 seconds, making the surplus of readings 

difficult to manipulate. To overcome this issue, we wrote a Python script to make a running 

average of the ozone readings every minute. These one-minute data were then input into the 

conversion template to view the actual ozone concentrations. The ozone data were then plotted 

on a line graph versus time. A secondary Y-axis for the elevation data was also plotted on the 

graph. 

 
3. Results/Discussion 
 
a. Ozone Profiles 
 

 
Figure 2. Spatial ozone concentrations and elevation recorded by Mpod 17 along the 1st Flatiron 
in Boulder, Colorado between 3:34pm-4:47pm (MST) on July 17, 2014.  
  
 The ozone transect along the First Flatiron in Boulder, Colorado displayed an overall 
increasing trend, with a maximum concentration of 81ppb. This increasing trend could be due to 
a photochemical buildup of ozone over time. Several of these values exceeded the EPA standard 
for ozone.  
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Figure 3. Spatial ozone concentrations recorded by Mpod 04 along the Bobolink Trail in 
Boulder, Colorado between 12:38pm-1:16pm (MST) on July 28, 2014. 
  
 Similar to the ozone transect at the First Flatiron, the ozone transect along the Bobolink 

Trail also displayed an increasing trend over time. This upwards trend also could have been due 

to a photochemical buildup of ozone throughout the day. One might infer that ozone in this area 

would have continued to increase until about 6:00pm, when the sun set. 

 

Figure 4. Spatial ozone concentrations and elevation recorded by Mpod 04 along the Flattop 
Trail at Rocky Mountain National Park between 9:30am-2:40pm (MST) on August 3, 2014. 
Several ozone readings exhibited negative values. 
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 Ozone readings recorded along the Flattop Trail at Rocky Mountain National Park 

indicated relatively low ozone throughout the morning. Interestingly enough, Mpod 04 yielded 

negative ozone concentration values. These values are unrealistic and are likely a result of sensor 

error.  

 

b. Limitations 

 To further examine sensor error, ozone measurements were compared to the temperature 

and relative humidity recorded by the Mpods. We infer that the Mpods’ calibration dependency 

upon temperature and humidity had the capability of skewing the retrieved ozone concentrations. 

Additionally, Mpod measurements were compared to one another and a nearby regulatory 

monitor. 

 

 3.1. Humidity Dependence 
 
 

 
Figure 5. Spatial ozone concentrations and humidity recorded by Mpod 04 along Chasm Lake 
Trail at Rocky Mountain National Park between 9:32am-3:13pm (MST) on August 6, 2014.  
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Mpod 04 Humidity Range (voltages) Temperature Range (voltages) 

Calibration (CAMP 
Site) 

1571 - 3180 520 - 832 

Chasm Lake Trail 2039 - 4657 380 - 651 
Table 1. Comparison of humidity and temperature ranges during calibration versus in the field for 
Mpod 04. Both the humidity and temperature values measured along the Chasm Lake Trail 
exceeded the ranges measured during the calibration.  
 
 The ozone concentrations recorded along the Chasm Lake Trail in Rocky Mountain 

National Park yielded unnaturally low values with an upward spike at 12:00pm (Figure 5). To 

better understand sensor error, humidity was plotted on a secondary Y-axis. We discovered that 

the ozone concentrations appeared to follow the general trend of relative humidity. It was noted 

along the hike that around 12:00pm, it began to rain. This would explain why relative humidity 

drastically increased and why the observed ozone followed suit. The multiple-linear regression 

model created for the Mpods’ calibration made the ozone concentrations too dependent upon the 

surrounding humidity and temperature. Additionally, the range of humidity and temperatures 

measured in the field exceeded the range in which they were calibrated for (Table 1). This type 

of calibration had the tendency to produce unreliable ozone measurements whenever the 

humidity or temperature fluctuated.  

3.2. Mpod vs. Regulatory Monitor 

Figure 6. Stationary ozone concentrations and humidity recorded on the roof of NCAR Mesa 
Lab in Boulder, Colorado with Mpod 03 between 1:02pm-2:32pm (MST) on August 8, 2014 
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Hour (MST) O3 PPB 
12:00 PM 63 
1:00 PM 54 
2:00 PM 47 
3:00 PM 45 

Table 2. Stationary ozone concentrations recorded by a regulatory monitor at South Boulder 
Creek by the Colorado Department of Public Health and Environment (CDPHE) between 
12:00pm-3:00pm (MST) on August 8, 2014. 

 
 Ozone concentrations measured on the roof of NCAR Mesa Lab displayed relatively 

stable concentrations between 45ppb and 60ppb (Figure 6). A nearby regulatory monitor in 

South Boulder Creek also recorded ozone concentrations within the same range (Table 2). This is 

a good indication that the Mpods were functioning properly and recording valid measurements. It 

is important to note that humidity was also relatively stable during this time period (Figure 6). 

Based upon the Mpods’ dependency on humidity and temperature, one can assume that if the 

humidity fluctuates, ozone concentrations will follow.  

  
 3.3. Mpod vs. Mpod 
 

 
Figure 7. Spatial ozone concentrations recorded by Mpod 04 and Mpod 17 along the Chasm 
Lake Trail in Rocky Mountain National Park between 9:32am-12:53pm (MST) on August, 6th, 
2014.  
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 To ensure that all the Mpods were producing reliable ozone measurements, we recorded 

ozone concentration along the Chasm Trail in Rocky Mountain National Park using two separate 

Mpods. We discovered that Mpod 17 measured concentrations 5ppb-10ppb lower than Mpod 04. 

Additionally, an upward spike in ozone at around 12:00pm was observed from Mpod 04, but not 

Mpod 17 (Figure 7). This led us to question ways in which the calibrations could be improved.   

 

c. Future Work 

 These newly developed low-cost air quality monitors (Mpods) are certainly a step in the 

right direction. With any new technology comes working out the glitches and determining where 

it could be most effective. Because the sensors in the Mpods are largely dependent upon 

surrounding temperature and humidity, there are two ways in which one could better utilize these 

devices. One way in which the Mpods would be more effective is if they were calibrated in a lab 

where humidity and temperature could be controlled. By calibrating the Mpods with known 

humidity and temperatures, the devices would be able to compensate for a wider range of 

weather patterns out in the field. Taking ozone measurements in an area with relatively stable 

temperature and humidity is another way in which the Mpods would be most effective. Ozone 

measurements taken indoors, where humidity and temperature rarely fluctuate, would likely 

produce much more reliable data.  

 

4. Conclusions 

 

 Numerous ozone measurements were recorded on hiking trails along the Northern Front 

Range during the summer of 2014. These measurements were plotted against time and elevation 

to determine possible patterns of the creation and transportation of ozone. Despite evaluated 

sensor error in the Mpods, these devices were determined to be the next big step in surface air 

quality monitoring. By utilizing low-cost, commercially available sensors, the Mpods 

demonstrated a possible future of personal ozone monitors available to the public for personal 

awareness.  
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