
We thank the reviewers for their comments. Reviewer comments are provided in bold and our 

responses are given in plain text. We are also submitting a track changes version of the manuscript.  

 

Reviewer 1: 

 

Reviewer 1 General Comments: 

This manuscript presents the results of a citizen science pilot campaign to measure PM2.5 

and AOD using low-cost sensors. A companion paper (Part 1) focuses on instrument designs, 

calibration and validation of the low-cost sensor and Part 2, presented here, is based on the 

deployment of the sensors across Colorado and comparison of the data with AERONET and 

MODIS AOD values. The authors also discuss the feasibility of using citizen-science to create 

a network of monitors for measuring PM. The manuscript overall is well written and suitable 

for AMT. I recommend the manuscript for publication after addressing the comments below.  

 

Thank you for your positive comments on our manuscript. We address specific comments below.  

 

Reviewer 1 Specific Comments:  

 

1. Further information should be provided on the continuous PM2.5 sensor. Biases are given, 

but what is the uncertainty/precision of this measurement?  

A more complete description of the AMOD is given in our companion paper (Part 1) with further 

analysis of the (Plantower PMS5003) continuous PM2.5 sensor. However, we have also added more 

information to the manuscript as follows:    

 

“The resolution of the Plantower PMS5003 is 1 μg/m3, and it is stated by the manufacturers to be 

effective for measuring concentrations in the range of 0-500 μg/m3
 with an accuracy of ±10–

15 μg/m3 (Yong, 2016). Although, analysis of field measurements by Sayahi et al. (2019) 

suggested that the Plantower PMS5003 has a limit of detection of 2-6 μg/m3 for an hourly average.”  

 

“Laboratory testing (using set aerosol concentrations) by the South Coast Air Quality Management 

District (SCAQMD) of Purple Air monitors (which consist of two Plantower PMS5003 sensors) 

suggests a precision of 95-100% with regards to temperature, relative humidity, and mass loading, 

with slightly lower precision occurring when temperature, relative humidity, and mass loading 

were all low (SCAQMD, 2017b). When compared to a GRIMM FEM monitor in the lab, the 

sensors were well-correlated (R2>0.99) and had moderate to good accuracy (54-96%) over the 

range of 0-250 μg/m3 (SCAQMD, 2017b). In field tests, the Plantowers PMS5003 sensors were 

co-located with a GRIMM and a BAM monitor and concentrations were well correlated with both 



(R2>0.93 and R2>0.86, respectively; SCAQMD, 2017a). However, these SCAQMD field tests 

were limited in duration, and there is some concern that the devices will degrade over time. Sayahi 

et al. (2019) did find lower correlation between hourly Plantower compared to TEOM (R2=0.87) 

and 24-hour average to FRM (R2=0.88) for Plantowers deployed for 320 days. They also noted 

that there was some seasonal variability in the agreement, and the bias was not consistent between 

instruments over time. Bulot et al. (2019) also deployed Plantower PMS5003 sensors for almost a 

year and found good correlations with a reference instrument (R2=0.72-0.77). They also showed 

that the performance is only minimally impacted by temperature and relative humidity, but that 

high mass loading leads to periods of poor performance.” 

 

References Added:  

Bulot, F. M. J.; Johnston, S. J.; Basford, P. J.; Easton, N. H. C.; Apetroaie-Cristea, M.; Foster, G. L.; Morris, A. K. 

R.; Cox, S. J.; Loxham, M. Long-Term Field Comparison of Multiple Low-Cost Particulate Matter Sensors in an 

Outdoor Urban Environment. Sci. Rep. 2019, 9 (1), 1–13. https://doi.org/10.1038/s41598-019-43716-3. 

Sayahi, T., Butterfield, A. & Kelly, K. E. Long-term field evaluation of the Plantower PMS low-cost particulate matter 

sensors. Environmental Pollution 245, 932–940, https://doi.org/10.1016/j.envpol.2018.11.065 (2019). 

South Coast Air Quality Management District (SCAQMD): Field Evaluation Purple Air (PA-II) PM Sensor, available 

at: http://www.aqmd.gov/docs/default-source/aq-spec/field-evaluations/purple-air-pa-ii---field-

evaluation.pdf?sfvrsn=4 (last access: 16 August 2018), 2017a.  

South Coast Air Quality Management District (SCAQMD): Laboratory Evaluation Purple Air PA-II PM Sensor, 

available at: http://www.aqmd.gov/docs/default-source/aq-spec/laboratory-evaluations/purple-air-pa-ii---lab-

evaluation.pdf?sfvrsn=4 (last access: 20 August 2018), 2017b.  

Yong Z. Digital Universal Particle Concentration Sensor PMS5003 Series Data Manual. [(accessed on 7 July 2019)]; 

Available online: http://www.aqmd.gov/docs/default-source/aq-spec/resources-page/plantower-pms5003-

manual_v2-3.pdf. 

 

2. I only see 4 AERONET sites on the map in Figure 1, but 7 are listed in the supplement. Was 

the comparison between the CEAMS AOD and Aeronet AOD performed for all 7 sites? How 

representative are these sites for the AOD measured in the network, as the CEAMS network 

measurements appear to be located around Ft Collins where there are limited AERONET sites?  

 

Yes, two sites were west of the plot domain (NEON_NIWO and NEON_RMNP) and one was 

south (Denver_LaCasa). We expanded out plot domain to show these three sites (although the one 

in Denver is coincident with a PM monitor.  

http://www.aqmd.gov/docs/default-source/aq-spec/resources-page/plantower-pms5003-manual_v2-3.pdf
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http://www.aqmd.gov/docs/default-source/aq-spec/laboratory-evaluations/purple-air-pa-ii---lab-evaluation.pdf?sfvrsn=4
http://www.aqmd.gov/docs/default-source/aq-spec/resources-page/plantower-pms5003-manual_v2-3.pdf


 
 

For Figures 5 and 6, we used any value from any of these sites that was available (and fit the time 

window for Figure 6).   

 

As to the representativeness of these AERONET measurements to Fort Collins, sometimes they 

are representative and sometimes they are not. Northern Colorado has a lot more ground-based 

AOD measurements than most places, but there are no AERONET sites in Fort Collins. We 

showed that our measurements (that were primarily taken in Fort Collins) were in the range of the 

AERONET AOD values in order to prove that they are realistic and capturing some of the regional 

variability (Figure 5). But, we also show that there can be a wide spread in AOD values among 

these different AERONET sites on the same day; and, occasionally, our CEAMS values do not 

fall within the range. We would assume that AOD measurements in Fort Collins would be similar 

to those measured near Boulder and Denver (since they are cities less than 100 miles away), but 

depending on the pollution sources and meteorology, they can be impacted by very different air 

masses and experience different air quality.    

 

3. In section 2.3 the authors state that the AMOD PM2.5 measurements were compared to 

measurements taken by a US EPA AQS however there is no mention of the method used by the 

AQS. Are the AQS PM2.5 filter or online measurements?  

We are comparing to measurements from the EPA monitoring site 08-069-0009, which is located 

at the Colorado State University main campus. The instrument is a light-scattering FEM monitor 

(EDM 180, GRIMM, Ainring, Germany), which gives hourly measurements. To note, the 



validation is presented in Part 1 and describes the comparison of the AMOD filter measurements 

to a filter measurement system (instrument details listed in Part 1) that is equivalent to an FEM 

monitor. As the GRIMM instrument measures by light scattering, we only used this site for the 

validation of the Plantower PMS 5003 measurements. We use this instrument for the comparison 

with our citizen science data because it is the nearest reference monitor. The first paragraph of 

Section 2.3 now reads:  

“The validation of the AMOD using co-located measurements is detailed in Part 1 (Wendt et 

al., 2019). To contextualize our citizen science measurement data, we compared our results from 

the CEAMS pilot study to routine air quality datasets collected in northern Colorado. The AMOD 

PM2.5 measurements were compared to measurements taken by a US EPA Air Quality System 

(AQS, https://www.epa.gov/aqs, monitoring site 08-069-0009) Federal Equivalent Method (FEM) 

light scattering PM2.5 monitor (EDM 180, GRIMM, Ainring, Germany) located on the Colorado 

State University campus in Fort Collins, CO.” 

 

 On page 6, L18 a comparison between the 48 hr avg CEAMS and 24 hr avg AQS is performed, 

but would it be possible to determine a 48 hr avg AQS to allow for a more direct comparison?  

We can compare to 48-hour averages. In the following figure, we add on the distributions 

from averaging the hourly concentrations over 2-day periods; the A and B are from choosing which 

two days to average (i.e.., October 27-28th or October 28-29th). Note, that this reduces our number 

of “sample periods” in half. This shows that the distributions are relatively similar; we just have a 

smaller fraction of “cleaner” days with a longer averaging period.   

 
 

However, this is not really be a more direct comparison. Our CEAMS measurements all 

have different start times, so the hours over which the measurement is taken are different for each 

CEAMS filter. Additionally, because there are multiple CEAMS locations, some of the days (or 

periods of days) are measured multiple times. To make a direct comparison, we would need to 

make the EPA-AQS distribution from exact matches of hours and days and then either (1) make 

distributions for each individual site or (2) have one distribution with days being counted multiple 

https://www.epa.gov/aqs
https://www.epa.gov/aqs


times if there are multiple CEAMS measurements. There are not enough filter measurements from 

each site to do option number 1, and even if there were, we’d expect variability in the comparison 

since these are all at different locations. If we do option number 2, it becomes more about a 

validation (which is the focus of Part 1 of these sets of papers) rather than trying to demonstrate 

that our measurements are able to capture a similar view of air quality as a traditional monitor, but 

with more information. We have added the following to the discussion to re-emphasize this point: 

“To note, in the figure, we are comparing the CEAMS 48-hour average PM2.5 concentrations to 

24-hour averages from the EPA-AQS site in Fort Collins. This is not an exact comparison, as the 

CEAMS measurements have overlapping days and different sampling periods (different start and 

end times). However, our goal is not to validate our measurements (for validation, see Part 1 by 

Wendt et al., 2019), but to demonstrate that our measurements are able to capture a similar view 

of air quality as a traditional reference monitor.”   

 

4. The discussion on the PM2.5 to AOD ratio in section 3.4 is a little hard to follow and could 

benefit from some restructuring of the text and clarification of important points. It may be 

clearer to start this section with the discussion on the calculation of the ratios using the 48 hour 

samples and the Plantower PM2.5 data hourly averages, then follow up with the comparison with 

the EPA-AQS/MODIS ratios.  

We have restructured the section following the reviewer’s suggestions, and we have added more 

discussion (mainly to address the reviewer’s following comment). The text now reads:  

 

“A major goal of this network is to better estimate Ƞ, the PM2.5 to AOD ratio; in order to 

improve the methods for using satellite observations to determine surface air quality in regions 

and time periods without extensive surface monitoring. From our measurements, we calculated 

PM2.5 to AOD ratios for each of the three days in the sampling period using the instantaneous AOD 

and the 48-hour average PM2.5 filter concentration. Only 109 ratios were calculated from the 65 

filters and 160 AOD values due to (1) not including filters from the device with the inlet or 

microbalance issue and (2) not using AOD values that did not pass our quality checks listed in the 

Methods section.  

An example of the calculated ratios is shown in Fig. 9, which also shows the AOD from 

MODIS (gridded average of Aqua and Terra) and from the CEAMS measurements (using the 520 

nm wavelength) for two days. In this figure, the highest ratios are nearer to the Fort Collins city 

center, while sites farther out generally have lower ratios.  High PM2.5 to AOD ratios can indicate 

more particles near the surface, which often happens near emission sources. A low PM2.5 to AOD 

ratio can indicate (1) particles are mixed through more of the atmospheric column (or lofted above 

the surface), (2) the presence of larger particles, or (3) thin cloud contamination in the AOD. Thus, 

the variability among the CEAMS sites (shown in Fig. 9) may be due to distance from the aerosol 

sources, variability in the aerosol size distribution (which is supported by the variability in 

Ångström exponents calculated from the 870 and 440 nm wavelengths measured at the different 



sites, Fig. S4), or differing diurnal variability in PM2.5 concentrations compared to the timing of 

the AOD measurement. 

This difference in measurement duration is likely important. Our PM2.5 values are an 

integrated 48-hour measurement while the AOD is an instantaneous measurement. In studies that 

use the satellite AOD to calculate Ƞ, this is generally done using an instantaneous AOD value (for 

some daylight time that varies based on location and overpass) and the 24-hour average PM25 

concentration (e.g., van Donkelaar et al., 2013; 2013.; Ford and Heald et al., 2016). This is a 

methodological decision, as the desire is to use an instantaneous satellite AOD value to determine 

a 24-hour average PM2.5 concentration in a region with no surface-based measurement. Thus, while 

the PM2.5 to AOD ratio is often strongly related to the vertical distribution of aerosols in the 

atmospheric column (e.g., van Donkelaar et al., 2010; Ford and Heald, 2016); because of the time 

element, the determined Ƞ values are not necessarily indicative of the time-averaged vertical 

distribution of aerosols for a region. Therefore, because our measurements are not taken at a set 

time; we can expect some variability in the ratios just based on the timing of the AOD 

measurements. To explore this further, we also calculated “instantaneous” Ƞ values from our 

measurements. If we use the Plantower PMS 5003 PM2.5 data (hourly average, not available for 

all samples) to calculate Ƞ rather than the filter, we find that using the 48-hour average 

concentration rather than the hourly average concentration often overpredicts Ƞ due to higher 

PM2.5 concentrations at night compared to the concentrations at the time of the daytime AOD 

measurement (Fig. S6). In other seasons or locations with a different diurnal pattern, we might 

find the opposite. We plan to further explore this temporal variability in future studies by taking 

multiple measurements of AOD throughout the day (there will still be some bias as we can only 

measure AOD during daylight hours). 

In Fig. 9, we also compare the PM2.5:AOD ratio from the CEAMS sites (again, calculated 

from the daily AOD and the 48-hour average filter concentration) to what would be the assumed 

Ƞ if we just used the daily average PM2.5 from one long-term surface PM2.5 monitoring site (CSU 

Facilities) with the MODIS AOD at that location. Our CEAMS measurements show high 

variability in Ƞ (orders of magnitude) over a relatively short distance. While some of this 

variability may be due to measurement error (or the timing of the measurement as discussed 

previously), the number of measurements with a range of values gives confidence that there should 

be more variability than what can be determined from the single PM2.5 measurement site and 

satellite AOD. We also looked at the distribution of ratios collected from our CEAMS 

measurements compared to the distribution of ratios using MODIS AOD and the PM2.5 

concentrations from the EPA-AQS site (Fig. S7). We have a greater fraction of  higher Ƞ values. 

This could suggest that our AOD values are biased low, or our PM2.5 values are biased high, or it 

could suggest that our CEAMS locations are located nearer to sources than the EPA-AQS monitor. 

Studies have shown that MODIS AOD is often biased quite high in the western US (mainly due to 

issues representing the surface reflectance [e.g., Ford and Heald, 2016; Li et al., 2015; Sayer et al., 

2013]), which we also see in the comparison to AERONET in Figure 6. Thus, the EPA-

AQS/MODIS ratios are likely biased low. Additionally, the EPA-AQS monitor is on the roof of 



the facilities building on the Colorado State University campus (primarily a walking campus); 

thus, it is slightly removed from some sources due to the height and location (for example: road 

dust, residential wood burning, etc.) and may show slightly lower concentrations. These 

discrepancies again suggest that Ƞ calculated from a single PM2.5 measurement site and a satellite 

AOD may not correctly capture the regional variability in Ƞ. Thus, more co-located AOD and 

PM2.5 measurements are necessary.”  

 

5. Further discussion on the distributions of the PM2.5:AOD ratio from CEAMS and EPA-

AQS/MODIS (shown in Figure S6) should be included in the main text. What is the explanation 

for CEAMS observing ratios above the 500, which are not seen in the EPA-AQS/MODIS ratio?  

Our AOD values could be low, or our PM2.5 values could be high. This could be due to an 

instrument error or to varying sources and air masses being sampled at different locations. 

However, previous studies have shown that MODIS is often biased quite high in the western US 

(e.g., Ford and Heald, 2016; Li et al., 2015; Sayer et al., 2013), which we also see in the comparison 

to AERONET in Figure 6. Thus, the EPA-AQS/MODIS ratios are likely biased low. Additionally, 

the EPA monitor is on the roof of the facilities building on the Colorado State University campus 

(primarily a walking campus); thus, it is slightly removed from some sources due to the height and 

location (for example: road dust, residential wood burning, etc.) and may show slightly lower 

concentrations.  

As stated in our motivation, there are not a lot of co-located, ground-based measurements 

of AOD and PM2.5, so it is difficult to determine how reasonable these values are. We did pull data 

from the SPARTAN website to compare to their range of values (shown in the following figure). 

Again, there are limited observations, but it shows that while our PM2.5/AOD ratios are slightly 

high, they are not unreasonable.   

 



To note, these files were pulled in January from the old Spartan website and are no longer available 

on the website. This comparison will not be added to the text, but we wanted to show it here just 

as a quick sanity check. 

 

We have added some of this to the discussion. Please see the last question for the changes to that 

section of the text.  

 

6. Pg 8, L39: It is mentioned again on Pg 9, L2 that 109 filters were taken, so suggest combining 

these two sentences to avoid repetition.  

We removed the first mention of “109” to avoid the repetition. 

 

7. Pg 9, L19: Should this be Fig S7 rather than Fig S6 here?  

The reviewer is correct. However, we have rearranged the order of the text (in response to question 

4), so this will remain Fig. S6.  

 

8. Figure 9: Is the background colour in the figure on the right here representing anything (i.e. 

the MODIS PM2.5:AOD ratio)? If not then suggest re-plotting without a background colour.  

Yes, it represents the value that would be assumed for the whole region if just using the PM2.5/AOD 

ratio at the reference monitor site. We have added to the Figure 9 caption: “In the right panel, the 

background color represents the value that would be assumed for the whole region if relying only 

on the single EPA-AQS monitoring site located at the CSU Facilities.” 

 

9. Figure S6: Change the caption to state the correct colours as shown in the legend. 

Thank you for catching this error! We have corrected the caption as follows: 

“Figure S6. Distribution of the PM2.5 to AOD ratios calculated from CEAMS 520-nm AOD and 

CEAMS filter PM2.5 concentrations (orange) and the EPA-AQS site PM2.5 in Fort Collins and the 

MODIS 550-nm AOD (gray) for 28 October - 15 December 2017. 
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Abstract. 

A pilot field campaign was conducted in the fall and winter of 2017 in northern Colorado to test the deployment of the Aerosol 

Mass and Optical Depth (AMOD) instrument as part of the Citizen-Enabled Aerosol Measurements for Satellites (CEAMS) 

network. Citizen scientists were recruited to set up the device to take filter and optical measurements of aerosols in their backyards. 

The goal of the network is to provide more surface particulate matter and aerosol optical depth (AOD) measurements to increase 

the spatial and temporal resolution of PM2.5 to AOD ratios and to improve satellite-based estimates of air quality. Participants 

collected 65 filters and 160 multi-wavelength AOD measurements from which 109 successful PM2.5 to AOD ratios were calculated. 

We show that PM2.5, AOD, and their ratio (PM2.5:AOD) often vary substantially over relatively short spatial scales; this spatial 

variation is not typically resolved by satellite- and model-based PM2.5 exposure estimates. The success of the pilot campaign 

suggests that citizen-science networks are a viable means for providing new insight into surface air quality. We also discuss lessons 

learned and AMOD design modifications, which will be used in future, wider deployments of the CEAMS network.   

1 Introduction 

Exposure to particulate matter with diameters smaller than 2.5 µm (PM2.5) is a leading contributor to the global burden of 

disease (GBD, Cohen et al., 2017; Forouzanfar et al., 2015; Lim et al., 2012). In the US, 3-5% of the annual deaths are attributable 

to PM2.5, while in many Asian countries (e.g., China, India), this value is on the order of 10% (Cohen et al., 2017; 

https://vizhub.healthdata.org/gbd-compare/). The GBD values are determined using population-level exposure estimates coupled 

with concentration-response functions from epidemiological studies. However, determining population-level PM2.5 exposure can 

be challenging as there are a limited number of in-situ instruments that monitor ground-level PM2.5 concentrations worldwide. 

Thus, other methods must be employed to estimate exposure. 

The current GBD methods employ a combination of model and “satellite-based” estimates of ground-level PM2.5 

concentrations (Brauer et al., 2012, 2015). While these PM2.5 concentration estimates are considered the best available, there are 

mailto:bonne@atmos.colostate.edu


2 

 

multiple limitations to these methods and inputs. Models can be limited by their emission inventories, meteorological input, and 

chemical mechanisms. Furthermore, model resolutions are generally too coarse (tens to hundreds of km) to resolve small-scale 

variability in PM2.5 concentrations, while satellite products generally have finer resolutions (1-10 km). Satellite observations can 

provide long-term records with near global coverage of aerosols. However, satellite products relevant to air quality, such as aerosol 

optical depth (AOD), may have limited temporal and spatial resolution. Additionally, satellites view the entire atmospheric column; 

thus, fine particle concentrations at the Earth’s surface (i.e., where exposures occur) are difficult to distinguish from particles aloft. 

A vast amount of research has been conducted relating satellite observations to surface-level air quality, either through empirical 

relationships between satellite observations and surface measurements (e.g., Engel-Cox et al., 2004; Weber et al., 2010; Zhang et 

al., 2009) or through combining satellite observations with model output (e.g., van Donkelaar et al., 2006, 2013, 2013, 2014, 2015b, 

2015a; Liu et al., 2005, 2007). In particular, the original “satellite-based” PM2.5 estimates used satellite AOD and a model ratio of 

PM2.5 to AOD (often referred to as “Ƞ”) to determine surface PM2.5. The “satellite-based” estimate has since been updated to 

include more satellite and surface observations, regional bias corrections, and geographical data (e.g., van Donkelaar et al., 2015b). 

The PM2.5 concentration estimates developed from these endeavors have been used in a variety of health studies in addition to the 

GBD (e.g., Crouse et al., 2012; Evans et al., 2013; Fu et al., 2015; Hystad et al., 2012; Villeneuve et al., 2015).     

However, each step of the process to estimate PM2.5 from satellite-based AOD and model data requires validation and/or bias 

correction. Satellite AOD products are often validated against ground-based observations, such as from Aerosol Robotic Network 

(AERONET, e.g., Levy et al., 2010; Remer et al., 2005). Model output is validated against a number of available data, both in 

terms of satellite and surface measurements (e.g., Ford and Heald, 2012). Unfortunately, there are a limited number of co-located, 

ground-based PM2.5 and AOD measurements available for validation of Ƞ (the PM2.5 to AOD ratio). The Surface PARTiculate 

mAtter Network (SPARTAN, https://www.spartan-network.org/) was developed for this purpose (Snider et al., 2015), but there 

are currently only 17 sites in operation (3 others ran for a limited time period), limiting the ability to determine the spatial variability 

in Ƞ at sub-regional scales. The difficulty in designing a robust validation network of co-located AOD and PM2.5 measurements is 

that the standard instruments used to measure these quantities are expensive and costly to maintain, both in terms of the actual 

instruments and staff. Thus, there is a need for more reliable, low-cost monitors that measure both PM2.5 and AOD.  

This need is widely recognized, thus there has been an increase in the number and interest of low-cost sensors that can be 

deployed by citizens to collect air quality data (e.g., Kumar et al., 2015; Snyder et al., 2013). Gupta et al. (2018) used data from 

sensors deployed by citizens and air quality agencies as part of the PurpleAir network (purpleair.com) to examine the impact of 

wildfires on air quality in California. Snik et al. (2014) had participants in the Netherlands measure AOD using a mobile phone 

application and an optical add-on to mobile phone cameras. However, many of the lower-cost sensors used in these studies have 

moderate to high uncertainties (e.g., Gupta et al., 2018; Jerrett et al., 2017; Jiao et al., 2016; Zikova et al., 2017).   

The Aerosol Mass and Optical Depth (AMOD) sampler was designed to provide high-quality surface-based PM2.5 and AOD 

measurements for the CEAMS (Citizen-Enabled Aerosol Measurements for Satellites) network. A full description of the device 

and validation is given in our companion paper (Wendt et al., 2019). The AMOD measures (1) time-averaged PM2.5 concentrations 

(using a Polytetrafluoroethylene [PTFE] filter sample that can be analyzed for mass and composition), (2) AOD at four different 

wavelengths (using optically filtered photodiodes), and (3) continuous PM2.5 concentrations (using an optically based sensor). The 

AMOD is a fraction of the cost (~$1000; Wendt et al., 2019) of traditional surface-based instruments and can be deployed by 

trained citizens to measure AOD, PM2.5, and Ƞ. 

Our companion paper (Wendt et al., 2019) describes the design and validation of the AMOD. In this paper, we describe the 

results of a pilot study where citizen-scientists were trained to deploy the AMOD at their place of residence. In addition to 

describing the pilot network, our goal is to demonstrate that (1) the CEAMS network measurements are representative of the 
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regional air quality by comparing to standard surface and satellite measurements and (2) the CEAMS network has the potential to 

provide additional measurements that can better resolve the spatial and temporal variability of air quality than what is currently 

available from standard measurements. Results from the pilot network suggest that PM2.5, AOD, and Ƞ often vary on spatial scales 

that are finer than what is currently resolved by satellite- and model-based PM2.5 exposure estimates. 

2 Methods 

2.1 AMOD device and measurement data 

A full description and validation of the AMOD sampler used for CEAMS is given in our companion paper, Wendt et al. 

(2019). In brief, the AMOD sampler has three main components for measuring air quality: (1) a filter-based PM2.5 measurement, 

(2) an AOD instrument, and (3) real-time/continuous PM2.5 sensor (Plantower PMS5003). The AMOD also measures 

meteorological variables (temperature, pressure, and relative humidity) and GPS location. The sampler is powered by an internal 

lithium-ion battery pack that is charged before the start of each sampling event, and participants were provided with an optional 

solar panel attachment to extend battery life. During our pilot study, each sampling event lasted for 48 hours and 15 minutes (the 

additional 15 minutes accommodate the extended AOD sampling at the 48-hour mark). The Plantower PMS5003 was not included 

in the first generation of instruments; thus, Plantower PMS5003 results are only available for measurements later in the pilot 

campaign period. 

The design of the filter-based PM2.5 measurement in the AMOD is similar to that of the ultrasonic personal aerosol sampler 

(UPAS) device described by Volckens et al. (2017). Ambient air is drawn into the AMOD at two liters per minute (using a mass 

flow sensor and calculating instantaneous changes in air density) by an internal piezoelectric micropump, and PM2.5 mass is 

collected on a 37-mm PTFE filter after passing through a size‐selective cyclone inlet. Previous laboratory and field comparisons 

between PM2.5 mass concentrations measured using the UPAS and an EPA Federal Equivalent Method (FEM) instrument found 

good agreement (R2 values from 0.87 - 0.96) across a broad range of concentrations (5 to 1000 µg/m3, Kelleher et al., 2018; 

Volckens et al., 2017). Additional validation of the filter-based PM2.5 measurement in the AMOD sampler against an in-situ FEM 

instrument was done concurrently with our pilot study (R2=0.86) as described in our companion paper (Wendt et al., 2019).  

In our pilot campaign, participants were given filters stored in barcoded sampling cassettes to minimize contamination during 

handling. In addition to filters for sampling, each participant was given an additional cassette that contained a filter blank for 

quality control. Filters were weighed to the nearest microgram (MX5 or XS3DU, Mettler Toledo) for total mass before and after 

sampling. Filters were also analyzed using the Magee Scientific SootScan instrument, which estimates the black carbon content of 

filter-bound aerosol via optical transmission (e.g., Ahmed et al., 2009; Kirchstetter and Novakov, 2007). Transmission data were 

converted to mass concentrations based on published mass-absorption values for combustion aerosol (Chylek et al., 1981). 

Elemental composition analysis was done using X-ray fluorescence (XRF) spectroscopy (Kellogg and Winberry, 1999). These 

filter-based PM2.5 mass and composition measurements were used to determine average concentrations for each sampling event. 

The AOD instrument has four optically filtered photodiodes at 440 nm, 520 nm, 680 nm, and 870 nm. The spectral bandpass 

of each photodiode is less than 15 nm. AOD measurements are a direct sun measurement that require participants to align the 

instrument (using a pinhole aperture and target) at the start of sampling. The AOD measurements were calibrated with AERONET 

measurements at one AERONET site and then validated at a different AERONET site (Wendt et al., 2019). The mean relative 

error between AMOD AOD and AERONET AOD was less than 0.0079 (~10%) across all wavelengths (Wendt et al., 2019). AOD 

measurements were taken every 24 hours during the sampling period (so as to not require participants to re-align every day), 

yielding three possible AOD values during the sampling event. The first AOD measurement is single and instantaneous; on 
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subsequent days, the AMOD takes AOD measurements at 30 second intervals over a 30-minute window centered around the 24-

hour and 48-hour marks. The 30-minute measurement window facilitates compensation for daily sun-position deviations and 

provides operators a chance to correct for mechanical misalignment (due to movement of the device or human error). 

The four wavelengths were chosen so that AMOD AOD values could be compared directly with AOD values from AERONET 

and from satellite products. By having multiple wavelengths, we can also calculate the spectral dependence of the AOD, which 

can provide insight into the size and source of the aerosols (e.g., Eck et al., 1999). In particular, we calculated the Ångström 

exponent using the 440 nm and 870 nm wavelengths (as is commonly done). However, there can also be variability in the Ångström 

exponent based on the pair of wavelengths chosen. Thus, multiple sets are often used to calculate the curvature (or 2nd derivative) 

of the log of the AOD and the log of the wavelength (e.g., Eck et al., 1999; Kaskaoutis and Kambezidis, 2008). We do not present 

those results in this paper, but we plan to explore this further in future campaigns when we have a larger dataset. Additionally, we 

used the Ångström exponent for filtering our data.      

For the pilot campaign, some minimal quality checks on the AOD values were conducted to screen out measurements that 

were impacted by clouds or misalignment of the instrument. These checks were implemented manually after sampling was 

completed. The requirements to be considered a successful AOD were as follows: (1) AOD had to be greater than zero, (2) AOD 

had to be less than 1 (which under heavy smoke or dust might be incorrect), (3) the Ångström exponent had to be greater than 0 

(which under heavy dust might be incorrect), (4) measurements taken during the 30-minute measurement window had to pass the 

triplet test (for three measurements taken in a one minute period, the maximum and minimum AOD difference had to be less than 

0.02 at all wavelengths following Holben et al., 1998; Smirnov et al., 2000), and (5) the air mass factor had to be less than 5 

(Smirnov et al., 2000). The data collected from the pilot campaign and ongoing testing will be used to improve and automate the 

AOD quality-control process in the future. 

The continuous PM2.5 sensor (Plantower PMS5003) estimates the PM2.5 mass concentration based on the amount of 650-nm 

laser light scattered at a 90° angle. The resolution of the Plantower PMS5003 is 1 ug/m3, and it is stated by the manufacturers to 

be effective for measuring concentrations in the range of 0-500 ug/m3 with an accuracy of ±10–15 μg/m3 (Yong, 2016). Our use 

of the PMS5003 estimates the wet PM2.5 mass in equilibrium with the ambient relative humidity. Because PM2.5 mass in equilibrium 

with 35% relative humidity is used as a standard for the US EPA measurements (commonly used in health studies), we corrected 

continuous PM2.5 measurements using time-averaged PM2.5 concentration measured with the concurrent filter sample. Our 

correction of the PMS5003 PM2.5 using the filter PM2.5 also potentially provides correction for PMS5003 errors due to variability 

in the aerosol size and optical properties. This correction was done by multiplying the continuous PM2.5 measurements by the ratio 

of the average concentration determined from the filter mass to the average concentration reported by the Plantower PMS5003 

sensor over the full filter sampling period; hence, variability in the water uptake, size distribution, and optical properties on 

timescales shorter than the 48-hour filter sampling period may not be wholly resolved by this correction. For Plantower PMS5003 

validation, we co-located an AMOD sampler with a FEM monitor at the Colorado State University main campus in Fort Collins, 

CO (Wendt et al., 2019). In general, for non-filter-corrected Plantower PMS5003, we found good agreement with a slight low bias 

(~1 μg/m3) at lower concentrations (<10 μg/m3) and a slight high bias (~2-3 μg/m3) at higher concentrations (10-20 μg/m3; Wendt 

et al., 2019). These results are similar to those reported by Kelly et al. (2017),  and Gupta et al. (2018), and Bulot et al. (2019) 

during laboratory and field evaluation of Plantower sensors. Laboratory testing (using set aerosol concentrations) by the South 

Coast Air Quality Management District (SCAQMD) suggests a precision of 95-100% with regards to temperature, relative 

humidity, and mass loading comparisons, with slightly lower precision occurring when temperature, relative humidity, and mass 

loading were all low (SCAQMD, 2017b). When compared to a GRIMM FEM monitor in the lab, the sensors were well-correlated 

(R2>0.99) and had moderate to good accuracy (54-96%) over the range of 0-250 μg/m3 (SCAQMD, 2017b). In field tests, the 
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Plantowers PMS5003 sensors were co-located with a GRIMM and a BAM monitor and concentrations were well correlated with 

both (R2>0.93 and R2>0.86, respectively; SCAQMD, 2017a). However, these SCAQMD field tests were limited in duration, and 

there is some concern that the devices will degrade over time. Sayahi et al. (2019) did find lower correlation between hourly 

Plantower compared to TEOM (R2=0.87) and 24-hour average to FRM (R2=0.88) for Plantowers deployed for 320 days. They 

also noted that there was some seasonal variability in the agreement, and the bias was not consistent between instruments over 

time. Bulot et al. (2019) also deployed Plantower PMS5003 sensors for almost a year and found good correlations with a reference 

instrument (R2=0.72-0.77). They also show that the performance is only minimally impacted by temperature and relative humidity, 

and that high mass loading leads to periods of poor performance. Continuous PM2.5 measurements and meteorological data 

measured by the AMOD were recorded every 30 seconds. For the results section, we average the filter-corrected continuous PM2.5 

measurements to hourly increments.  

The AMOD was mounted on a stationary camera tripod, and sampling and data collection were controlled by participants 

using the CEAMS app on a smartphone through a Bluetooth connection with the device as described in Wendt et al. (2019). After 

each sampling event, participants used the smartphone application to download data from the instrument to their phone and then 

send the data to our server using file transfer protocol (ftp).  

We also calculated PM2.5 to AOD ratios (Ƞ). Normally, Ƞ is calculated using the instantaneous AOD from the satellite (or a 

model AOD for the satellite overpass time) and the 24-hour average PM2.5 concentration (e.g., van Donkelaar et al., 2013). Here, 

we calculate the Ƞ for each of the three days in the sampling period using the instantaneous AOD and the 48-hour average PM2.5 

filter concentration. In future measurements, we plan to analyze the sub-daily variability in Ƞ by using the PM2.5 concentrations 

from the real-time Plantower PMS5003. However, only a limited number of devices included the Plantower PMS5003 in the pilot 

network.    

2.2 Citizen-science participants and pilot measurements  

Participants were recruited through a partnership with the Community Collaborative Rain, Hail, and Snow (CoCoRaHS) 

network and through Colorado State University (graduate students and staff). CoCoRaHS is a citizen-science network focusing on 

precipitation measurement collections (Cifelli et al., 2005). Recruitment emails with an initial survey were sent to CoCoRaHS 

participants in Larimer and Weld counties in northern Colorado to gauge interest in air quality monitoring, general demographics, 

and participant motivation. A second survey was sent to participants who expressed interest in being contacted for sampling. This 

second survey provided information on the actual sampling process and the requirements for participation. This survey was used 

to determine which participants to invite to a training session, with selection based on availability for sampling, availability for 

training, and location.      

Measurements for the pilot network were taken between October and December 2017. Each participant provided at least one 

48-hour sample. A map of sampling locations is shown in Fig. 1. Participants were allowed to initiate sampling on their own 

schedule; however, there were two 48-hour periods (1-3 December 2017 and 9-11 December 2017) when select participants were 

asked to sample concurrently to better determine the spatial and temporal variability of air quality across the Fort Collins 

metropolitan area during these distinct time periods.  

2.3 Datasets used for comparisons 

The validation of the AMOD using co-located measurements is detailed in Part 1 (Wendt et al., 2019). To contextualize our 

citizen science measurement data, we compared our results from the CEAMS pilot study to routine air quality datasets collected 

in northern Colorado. The AMOD PM2.5 measurements were compared to measurements taken by a US EPA Air Quality System 
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(AQS, https://www.epa.gov/aqshttps://www.epa.gov/aqs, monitoring site 08-069-0009) Federal Equivalent Method (FEM) light 

scattering PM2.5 monitor (EDM 180, GRIMM, Ainring, Germany) located on the Colorado State University campus in Fort Collins, 

CO. The AMOD AOD measurements were compared to ground-based and satellite-based AOD.  

For ground-based AOD, we compared the AMOD results to AOD from AERONET sites, a network of sun photometers which 

has been in operation for more than 25 years (Holben et al., 1998). Specific sites used for comparison are listed in Supplementary 

Table S1; and each site had to have at least one valid measurement during the duration of the pilot network campaign. The Cimel 

Electronique Sun/Sky radiometers in the network measure direct sun, aureole, and sky radiance at multiple wavelengths in the 

range of 300 nm - 1020 nm (with 440, 670, 870, 940, and 1020 nm being standard). The AOD derivation from these stationary, 

ground-based instruments requires minimal assumptions, and the instruments are well calibrated; thus, the data has been found to 

be highly accurate. AERONET AOD is considered ground truth for the validation of satellite and other remotely sensed products. 

Holben et al. (1998) estimate that the total uncertainty in (cloud-free) AOD retrieved from a newly calibrated instrument is less 

than ±0.01 for wavelengths greater than 440 nm (<±0.02 for shorter wavelengths).  

The most widely-used satellite AOD products come from the Moderate-resolution Imaging Spectroradiometer (MODIS) 

instruments aboard the Terra and Aqua satellite platforms, which measure scattered radiances at 36 wavelengths (King et al., 1999). 

Different algorithms have been developed for AOD retrievals over ocean and land to account for the contribution of surface 

reflectance (e.g., Kaufman et al., 1997; Tanre et al., 1997). The standard AOD products are at 550 nm. Numerous studies have 

evaluated MODIS AOD through comparisons with ground based AERONET sites. Expected uncertainties in the MODIS-derived 

AOD over land are ±(0.05 + 0.15 ⨉ AOD) (Levy et al., 2010). When comparing MODIS AOD to the CEAMS AOD, we use 

MODIS AOD values within a 15 km radius and a two-hour window centered around the CEAMS measurement. Because 

AERONET measurements are more frequent, we average the AERONET AOD within a two-hour window around the time of the 

MODIS AOD value closest (less than 15 km) to the AERONET site on a given day.     

3 Results and discussion 

3.1 PM2.5 filter measurements 

During the pilot campaign, 65 filters were collected by participants (not all filter results are shown because some of the filters 

had unrealistic weights due to issues with a device inlet and a microbalance used for weighing the filters). A distribution of the 48-

hour average PM2.5 mass concentrations measured using these filter samples is shown in Fig. 2. To note, in the figure, we are 

comparing the CEAMS 48-hour average PM2.5 concentrations to 24-hour averages from the EPA-AQS site in Fort Collins. This 

is not an exact comparison, as the CEAMS measurements have overlapping days and different sampling periods (different start 

and end times). However, our goal is not to validate our measurements (for validation, see Part 1 by Wendt et al., 2019), but to 

demonstrate that our measurements are able to capture a similar view of air quality as a traditional reference monitor. 

Concentrations were relatively low, and only a few filters measured concentrations above 12 μg/m3. This distribution is as expected 

in wintertime Colorado as shown by the comparison to the distribution of daily average concentrations in Fort Collins for the same 

time period. Higher PM2.5 concentrations in the wintertime in northern Colorado are often associated with lower boundary layer 

heights and stagnant air masses. Additionally, higher concentrations measured by CEAMS participants were generally located near 

city centers (discussed later, Fig. 3 and 4).  

An example of 48-hour average filter concentrations measured by CEAMS participants and AQS monitor 24-hour average 

PM2.5 concentrations measured on 13 November 2017 is given in Fig. 3. During this sample period, the highest concentrations 

were recorded by the AQS monitors in Greeley and Longmont, while the lowest concentrations were measured by CEAMS 

https://www.epa.gov/aqs
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participants along the foothills northwest of Loveland (Fig. 3). The variability in PM2.5 concentrations highlights the variability in 

local air quality in Colorado and the potentially different emission sources.   

In Fig. 4, we show the 48-hour average PM2.5 mass concentrations, the BC concentrations, and the percents of PM2.5 that are 

BC for two different sampling periods in Fort Collins in December 2017. There are notable differences between the results from 

the two sampling periods. The first sampling period (1-3 December 2017) generally saw higher concentrations in total PM2.5. Black 

carbon concentrations on the western edge of the city were higher during the first period compared to the second (potassium mass—

which can be a marker for soil dust or biomass burning [e.g., Kreidenweis et al., 2001]—was also slightly higher [Supplementary 

Fig. S1]). Meteorological differences between the two sampling periods could explain some of these differences. While 

temperatures were similar, conditions were slightly warmer, sunnier, drier, and windier during the second sampling period. 

Additionally, winds during the first sampling period were more variable, while winds during the second sampling period mainly 

came from the south/southeast where there are more sources (Fig. S2). For both sampling periods, the highest BC concentrations 

were measured in high traffic areas (e.g., the city center) and are likely associated with vehicular combustion sources; however, 

BC concentrations in the city center were slightly lower during the first sampling period compared to the second sampling period. 

It is important to note that the two sampling periods do not cover the same weekday period: the first sampling period was from 

Friday through Sunday and the second was from Saturday through Monday. Thus, differences in weekday and weekend traffic 

patterns could also impact the concentrations.  

We had several citizen scientists participate in both December sampling periods; thus, we have measurements collected for 

both sampling periods at some sites. One site in central Fort Collins saw similar concentrations between the two sampling periods, 

while the northwest site (in Laporte, CO) measured PM2.5 and BC concentrations that were twice as high during the first sampling 

period compared to the second. These differences could be due to the aforementioned differences in meteorology; however, the 

participant in Laporte, CO also noted a nearby idling vehicle overnight with high exhaust emissions during the first sampling 

period (this will be further noted in Section 3.3).  

The highest 48-hour PM2.5 concentration (13 μg/m3) from these two sampling periods was measured by a participant in 

Milliken, CO during the second sampling period (not shown in Fig. 4 due to this location being ~25 miles away from other 

participants and outside the map area). The metal analysis of this filter found high concentrations of silicon and aluminum, 

potentially suggesting that the nearby (<0.5 miles) concrete operation impacted air quality in the participant’s residential 

neighborhood. Across all participants, non-carbonaceous elemental mass accounted for 10-40% of the blank-corrected PM2.5 

concentration. The elements with the highest concentrations were aluminum, iron, silicon, potassium, and calcium, which suggest 

soil or dust sources. Potassium can also be a marker for biomass burning, particularly when the ratio of potassium to iron is higher 

(e.g., Calloway et al., 1989; Kreidenweis et al., 2001, Fig. S1).  

3.2 AOD measurements 

Over 160 AOD measurements were taken during the pilot campaign. These measurements were taken once per day during 

each 48-hour sampling event. Not every sampling event yielded three useable AOD values due to the following reasons: some of 

the device’s batteries died before finishing the sampling event, some of the devices fell over due to wind, and some devices were 

completely misaligned. Out of the 160 AOD measurements, several more AOD values were filtered out by our quality check 

procedure (detailed in the Methods section). However, there could still be some erroneous values due to a slight misalignment or 

the presence of thin clouds.  

In Fig. 5, we compare the CEAMS AOD measurements to AERONET AOD measurements taken in northern Colorado during 

the same period (AERONET sites are shown in Fig. 1) for the 440 nm wavelength (chosen because it is an exact wavelength match, 
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870 nm wavelength comparison shown in Fig. S3). In general, our AOD results fall within the range of AOD values measured at 

the AERONET sites on the same day (distribution shows all AOD measured throughout the day at all AERONET sites in northern 

Colorado), although there are several days when the CEAMS AOD values are higher. The discrepancies could be due to several 

factors. AERONET uses a more rigorous quality check than our measurements, and some cloud-contaminated AMOD 

measurements may have gone unfiltered (especially if there were thin clouds present). Additionally, most of the AERONET sites 

are located south of our sites (Fig. 1) and take measurements multiple times a day, so the CEAMS measurements and the 

AERONET measurements may not be representative of the same air masses. This is likely on at least a few of the days, as we also 

note a large spread among values from the different AERONET sites. Additionally, co-location of the AMOD with AERONET 

instruments showed very good agreement (Wendt et al., 2019). Thus, our results here show (1) CEAMS measurements show 

similar magnitude and variability in AOD compared to AERONET sites, and (2) there is spatial and temporal variability in AOD 

captured by the CEAMS measurements that cannot be represented by the spatial coverage of AERONET sites.  

  We also compared our CEAMS AOD (520 nm) and AERONET AOD (500 nm) to satellite-based AOD (MODIS 550 nm) 

in the region (Fig. 6, ignoring the difference between the wavelengths). For this, we used both the MODIS Aqua and Terra 10-km 

AOD products. We matched the location of each measurement to the nearest satellite grid center point (distance had to be less than 

15 km) for the same day (we used a two-hour window around the observations). In general, MODIS seems to overpredict compared 

to AERONET and CEAMS AOD. Some of these differences might be due to timing or location of the measurements (we used a 

two-hour window and 15 km radius centered around the CEAMS measurements), measurement bias from the CEAMS instrument 

(though CEAMS AOD was shown to be within 10% of AERONET AOD in Wendt et al. (2019), and CEAMS and AERONET 

both similarly show lower AOD than MODIS) or MODIS, or the presence of clouds. However, we would also not necessarily 

expect to see good agreement between the satellite and ground-based observations. Agreement between MODIS and AERONET 

tends to be lower in the western US compared with the eastern US (e.g., Ford and Heald, 2016; Li et al., 2015; Sayer et al., 2013), 

partially due to issues with the surface reflectance (most of the AERONET sites used here are in the foothills of the Rocky 

Mountains) and/or a larger presence of coarse mode aerosols. Furthermore, we would expect there to be variability in AOD over 

northern Colorado at a resolution not captured by a 10-km satellite product due to local sources. This local variability is shown in 

Fig. 7.  

AOD values measured by CEAMS participants during the 9-11 December sampling days are shown in Fig. 7. AOD values 

were generally very low on these three days; however, most of the AOD measurements during the 9-11 December sampling days 

were taken in the morning (between 9 AM and 1 PM local time), when PM2.5 concentrations were generally at their lowest value 

(see Fig. 8). AOD values were higher on the third day, which was a Monday. The first two days were weekend days, so these 

results could indicate a difference in weekday versus weekend pollution patterns. The sites with the highest AOD values correspond 

to the sites with the highest PM2.5 concentrations (Fig. 4). However, the AOD values at these few sites are larger than measured at 

the AERONET sites (Fig. 5). Additionally, these sites had low Ångström exponent values (calculated from the 870 and 440 nm 

wavelengths, Fig. S4). As the Ångström exponent is inversely proportional to the size of the particles, this could suggest either (1) 

larger particles like dust or (2) thin cloud contamination in the AOD measurement. Unfortunately, with only one AOD 

measurement per day per site, it is difficult to attribute the source of the high AOD values; future sampling will include multiple 

measurements per day per site, enabled by solar tracking functionality on the second-generation AMOD.  

3.3 Real-Time PM2.5 measurements 

Plantower PMS5003 sensors were only included in some of the AMOD first generation devices (they will be included in all 

future devices); thus, we have fewer results compared to the AOD and filter measurements, but the results do provide additional 
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information. In particular, real-time PM2.5 measurements provide insight into the diurnal variability of air quality. For Fig. 8, we 

present hourly averages of the filter-corrected PM2.5 concentrations measured by the Plantower PMS5003 sensors during the 1-3 

December and 9-11 December sampling periods. For both sampling periods, measurements showed peak concentration overnight 

at several sites. Northern Colorado winter nights are often marked by cold temperatures, low boundary layer heights, and weak 

winds, which can lead to the buildup of pollutants. Additionally, many homes still rely on wood burning for heating (potassium 

mass on the filters was only slightly higher during the first sampling period, which was slightly colder, Fig. S1). These increased 

emissions at night, coupled with the low boundary layer heights, could be the cause of the overnight peak concentrations. This 

hypothesis is corroborated by the spatial distribution of PM2.5 concentrations, as the locations with the largest overnight peaks are 

located in regions with older homes (e.g., the City Park and CSU campus sites [Fig. 8] in Old Town Fort Collins). The Laporte, 

CO site also saw high overnight concentrations on 1-2 December; and, while there is also a lot of residential wood burning in 

Laporte (this site had higher potassium concentrations and higher potassium to iron ratios, Fig. S1), the participant also noted an 

idling vehicle with significant emissions at a neighbor’s home during the middle of the night on 1-2 December.  

3.4 PM2.5 to AOD ratio  

A major goal of this network is to better estimate Ƞ, the PM2.5 to AOD ratio; in order to improve the methods for using satellite 

observations to determine surface air quality in regions and time periods without extensive surface monitoring. From our 

measurements, we calculated 109 PM2.5 to AOD ratios for each of the three days in the sampling period using the instantaneous 

AOD and the 48-hour average PM2.5 filter concentration (the distribution of these values is shown in Fig. S6). As stated in the 

methods, we calculate the Ƞ for each of the three days in the sampling period using the instantaneous AOD and the 48-hour average 

PM2.5 filter concentration. Only 109 ratios were calculated from the 65 filters and 160 AOD values due to (1) not including filters 

from the device with the inlet or microbalance issue and (2) not using AOD values that did not pass our quality checks listed in the 

Methods section.  

An example of the calculated ratio is shown in Fig. 9, which also shows the AOD from MODIS (gridded average of Aqua and 

Terra) and from the CEAMS measurements (using the 520 nm wavelength) for two days. In this figure, the highest ratios are nearer 

to the Fort Collins city center, while sites farther out have generally lower ratios. High PM2.5 to AOD ratios can indicate more 

particles near the surface, which often happens near emission sources. A low PM2.5 to AOD ratio can indicate (1) particles are 

mixed through more of the atmospheric column (or lofted above the surface), (2) the presence of larger particles, or (3) thin cloud 

contamination in the AOD. Thus, the variability may be due to distance from the aerosol sources, variability in the aerosol size 

distribution (which is supported by the variability in Ångström exponents calculated from the 870 and 440 nm wavelengths 

measured at the different sites, Fig. S4), or differing diurnal variability in PM2.5 concentrations compared to the timing of the 

AOD measurement. 

This difference in measurement duration is likely important. Our PM2.5 values are an integrated 48-hour measurement 

while the AOD is an instantaneous measurement. In studies that use the satellite AOD to calculate Ƞ, this is generally done using 

an instantaneous AOD value (for some daylight time that varies based on location and overpass) and the 24-hour average PM25 

concentration (e.g., van Donkelaar et al., 2013; 2013.; Ford and Heald et al., 2016). This is a methodological decision, as the desire 

is to use an instantaneous satellite AOD value to determine a 24-hour average PM2.5 concentration in a region with no surface-

based measurement. Thus, while the PM2.5 to AOD ratio is often strongly related to the vertical distribution of aerosols in the 

atmospheric column (e.g., van Donkelaar et al., 2010; Ford and Heald, 2016); because of the time element, the determined Ƞ values 

are not necessarily indicative of the time-averaged vertical distribution of aerosols for a region. Therefore, because our 
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measurements are not taken at a set time; we can expect some variability in the ratios just based on the timing of the AOD 

measurements. To explore this further, we also calculated “instantaneous” Ƞ values from our measurements. If we use the 

Plantower PMS5003 PM2.5 data (hourly average, not available for all samples) to calculate Ƞ rather than the filter, we find that 

using the 48-hour average concentration rather than the hourly average concentration often overpredicts Ƞ due to higher PM2.5 

concentrations at night compared to the concentrations at the time of the daytime AOD measurement (Fig. S6). In other seasons or 

locations with a different diurnal pattern, we might find the opposite. We plan to further explore this temporal variability in future 

studies by taking multiple measurements of AOD throughout the day (there will still be some bias as we can only measure AOD 

during daylight hours). 

In Fig. 9, we also Additionally, we compared the PM2.5:AOD ratio from the CEAMS sites (again, calculated from the 

daily AOD and the 48-hour average filter concentration) to what would be the assumed Ƞ if we just used the daily average PM2.5 

from one long-term surface monitoring site (CSU Facilities) with the MODIS AOD at that location. Our CEAMS measurements 

The figure shows high variability in Ƞ (orders of magnitude) over a relatively short distance. While some of this variability may 

be due to measurement error (or the timing of the measurement as discussed previously), the number of measurements with a range 

of values gives confidence that there should be more variability than what can be determined from the single PM2.5 measurement 

site and satellite AOD. We also looked at the distribution of ratios collected from our CEAMS measurements compared to the 

distribution of ratios using MODIS AOD and the PM2.5 concentrations from the EPA-AQS site (Fig. S7). We have a greater 

fraction of higher Ƞ values. This could suggest that our AOD values are biased low, or our PM2.5 values are biased high, or it 

could suggest that our CEAMS locations are located nearer to sources than the EPA-AQS monitor. Studies have shown that MODIS 

AOD is often biased quite high in the western US (mainly due to issues representing the surface reflectance [e.g., Ford and Heald, 

2016; Li et al., 2015; Sayer et al., 2013]), which we also see in the comparison to AERONET in Figure 6. Thus, the EPA-

AQS/MODIS ratios are likely biased low. Additionally, the EPA-AQS monitor is on the roof of the facilities building on the 

Colorado State University campus (primarily a walking campus); thus, it is slightly removed from some sources due to the height 

and location (for example: road dust, residential wood burning, etc.) and may show slightly lower concentrations. These 

discrepancies again suggest that Ƞ calculated from a single PM2.5 measurement site and a satellite AOD may not correctly capture 

the regional variability in Ƞ. Thus, more co-located AOD and PM2.5 measurements are necessary. 

In Fig. 9, the highest ratios are nearer to the Fort Collins city center, while sites farther out have generally lower ratios. The 

variability may be due to distance from the aerosol sources, variability in the aerosol size distribution (which is supported by the 

variability in Ångström exponents calculated from the 870 and 440 nm wavelengths measured at the different sites, Fig. S4), or 

differing diurnal variability in PM2.5 concentrations compared to the timing of the AOD measurement. Our PM2.5 values used here 

are an integrated 48-hour measurement while the AOD is an instantaneous measurement. If we use the Plantower PM2.5 data 

(hourly average, not available for all samples) to calculate Ƞ rather than the filter, we find that the 48-hour average often 

overpredicts Ƞ due to higher PM2.5 concentrations at night compared to the concentrations at the time of the daytime AOD 

measurement (Fig. S76). The PM2.5 to AOD ratio is often strongly related to the vertical distribution of aerosols in the atmospheric 

column (e.g., van Donkelaar et al., 2010; Ford and Heald, 2016). High PM2.5 to AOD ratios can indicate more particles near the 

surface, which often happens near emission sources. A low PM2.5 to AOD ratio can indicate (1) particles are mixed through more 

of the atmospheric column (or lofted above the surface), (2) the presence of larger particles, or (3) thin cloud contamination in the 

AOD.  
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4 Lessons learned from the pilot campaign 

Validation of the AMOD device measurements showed good agreement with standard validation measurements (Wendt et al., 

2019). However, not all of our CEAMS measurements taken by participants were successful. Several participants failed to align 

the device correctly because it required them to find a small sunspot on the device and then tighten the camera tripod to lock the 

AMOD in place. In addition, AOD measurements were negatively affected by cloud contamination, high winds that shifted the 

alignment of the device (or toppled it completely), and the fact that the device only took a single AOD measurement per day. 

Overall, we obtained a limited number of useful AOD measurements from the pilot campaign. In the conclusions section, we 

discuss improvements to the AMOD device that are being implemented to address these issues prior to expanding the network for 

future sampling campaigns.   

In regard to participation, we found that CoCoRaHS participants were highly motivated and responsive. Participants recruited 

from elsewhere were less likely to finish taking their measurements and required more prompting and reminders to set up their 

devices. Thus, as we anticipated, partnering with the already established CoCoRaHS citizen-science network was beneficial in 

finding reliable and engaged participants. We plan to continue this partnership for future deployments. For training, we found that 

hands-on training significantly improved the success rate of participants as opposed to training videos and manuals. Participants 

who came to small group training sessions were also more positive about their experience and required far less “troubleshooting” 

feedback from CEAMS staff during their deployments than participants who relied on manuals or videos. 

We also found that participants wanted immediate access to the data they collected. In the pilot campaign, we collected all the 

data and then later provided plotted results to the participants. However, many participants were no longer actively engaged. For 

the wider deployment, we plan to provide near real-time access to data and put more effort into data visualization for participants.  

5 Conclusions 

The pilot campaign network in northern Colorado allowed for an opportunity to test the AMOD device and an initial sampling 

strategy for the CEAMS network. Even with the limited number of participants and samples taken during the pilot campaign, we 

found that citizen scientists were able to successfully use low-cost devices to provide useful information on the spatial and temporal 

variability of air pollution. The measurements taken by participants were representative of the air quality measured by standard air 

quality instruments during the same time period but provided information at a higher spatial resolution. The measurements also 

provide insight on the diurnal and spatial variability of surface pollution, emission sources, the vertical distribution of pollution, 

and aerosol sizes. Thus, a wider deployment of the AMOD device through the CEAMS network can be used to (1) more 

comprehensively investigate local air quality and (2) provide information that can be used in conjunction with satellite observations 

to better understand air quality worldwide.  

Future deployments are planned for other regions of the western US, locations which were strategically chosen to target 

situations that are notoriously difficult for using satellite observations to infer surface air quality. We are using the feedback from 

our citizen scientists and the information gained from analysis of the collected data to improve the device and our sampling strategy. 

In these future campaigns, we plan to deploy more instruments for an extended period of time. An improved version of the AMOD 

device is also being developed to address many of the issues encountered during the pilot campaign. We are updating the 

wavelength selection for the AMOD to exactly match those of the AERONET instruments, which will allow for a direct 

comparison. Because the Plantower PMS5003 results proved interesting and useful, we are including them in all future devices.  

The new AMOD also includes active solar tracking and will automate the AOD measurement to reduce misalignment errors. 

Additionally, the device will be able to take multiple AOD measurements per day, which will increase the amount of data collected 

and reduce the chance of missing a measurement day due to cloud contamination. By automating the AOD measurement and 
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including a larger battery, we will also be able to increase the sampling period from two days to five days. The set-up time required 

for participants will be less, thus we will get more measurements without increasing an individual’s effort. Additionally, we will 

be able to use the multiple AOD measurements with the real-time PM2.5 data to understand the sub-daily variability in the PM2.5 

to AOD ratio.     
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Figure 1. Map of northern Colorado with CEAMS participant locations (black), AERONET sites (blue), and EPA-AQS sites (red). 

Map also shows topography and major cities/metropolitan areas. 
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Figure 2. Distribution of 48-hour average filter mass concentrations collected by CEAMS participants during the pilot campaign 

in northern Colorado in fall and winter 2017 and 24-hour average PM2.5 concentrations measured at the EPA-AQS site in Fort 

Collins, CO for 28 October - 15 December 2017. 

 

Figure 3. Average PM2.5 concentration measured by CEAMS participants (48-hour average) and at AQS monitoring sites (24-hour 

average) in northern Colorado for 13 November 2017. 
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Figure 4. Map of the 48-hour average PM2.5 concentrations, black carbon concentrations, and the percent of PM2.5 that is black 

carbon measured in Fort Collins for 1-3 December 2017 (top row) and 9-11 December 2017 (bottom row). 

 

Figure 5. Box and whisker plots showing the distribution of AERONET AOD at 440 nm (870 nm comparison Figure S3) at all 

sites in northern Colorado (listed in Supplementary Table S1, not all sites have values for every day) for each day from 28 October 

- 15 December 2017. Box denotes first and third quartile; whiskers denote maximum and minimum; and orange line shows median. 

CEAMS AOD at 440 nm are overlaid as black dots. 
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Figure 6. Satellite AOD (MODIS at 550 nm) compared to ground-based AOD (CEAMS at 520 nm [n= 49] and AERONET at 500 

nm [specific sites used listed in Table S1, n=94]) measurements compared to measurements for 28 October - 15 December 2017 

for northern Colorado. Dashed line is 1-to-1. 
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Figure 7. Map of the 440 nm AOD measurements for 9-11 December 2017. 

 

Figure 8. Time series of filter-corrected hourly-averaged PM2.5 concentrations from the Plantower PMS5003 sensor inside the 

AMOD for 1-3 December (top row) and 9-11 December (bottom row) sampling periods. Maps show sampling locations for each 

sampling period (uncorrected time series shown in Figure S5). 
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Figure 9. MODIS AOD overlaid with CEAMS (circles) and AERONET (boxes) AOD for 9 and 11 December 2017 in northern 

Colorado (left) and PM2.5 to AOD ratio (described in text) from CEAMS for 11 December 2017 (right, note different spatial scale). 

In the right panel, the background color represents the value that would be assumed for the whole region if relying only on the 

single EPA-AQS monitoring site located at the CSU Facilities.  
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Supplement for “A low-cost monitor for measurement of fine particulate matter and aerosol 

optical depth. Part 2: Citizen science pilot campaign in northern Colorado” by Ford et al. 

 

Table S1. List of AERONET sites used for comparison. 

AERONET Site Longitude Latitude 

Denver_LaCasa -105.005° 39.7789° 

DigitalGlobe_Cal -105.137° 40.139° 

NEON-CPER -104.744238° 40.812444° 

NEON_CVALLA -105.16725° 40.16063° 

NEON_NIWO -105.582° 40.054° 

NEON_RMNP -105.545972° 40.2759° 

Table_Mountain -105.237° 40.125° 

 

Figure S1. Potassium (K) concentrations and ratios of potassium to iron (K/Fe) measured in Fort 

Collins for 1-3 December 2017 (top row) and 9-11 December 2017 (bottom row). 
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Figure S2. Wind rose diagrams for the two sampling periods mentioned in the main text. 

Measurements were taken at the Fort Collins weather station located on the Colorado State 

University campus (note different scales on the panels).  

 

Figure S3. Box and whisker plots showing the distribution of AERONET AOD at 870 nm at all 

sites in northern Colorado (listed in Supplementary Table S1, not all sites have values for every 

day) for each day from 28 October - 15 December 2017. Box denotes first and third quartile; 

whiskers denote maximum and minimum; and orange line shows median. CEAMS AOD at 870 

nm are overlaid as black dots. 
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Figure S4. Map of the Ångström exponent values (calculated from the 870 and 440 nm 

wavelengths) for 9-11 December 2017. 

 

Figure S5. Time series of uncorrected hourly-averaged PM2.5 concentrations from the Plantower 

PMS5003 sensor inside the AMOD for 1-3 December (top row) and 9-11 December (bottom row) 

sampling periods. Maps show sampling locations for each sampling period. 
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Figure S6. Distribution of the PM2.5 to AOD ratios calculated from CEAMS 520-nm AOD and 

CEAMS filter PM2.5 concentrations (gray) and the EPA-AQS site PM2.5 in Fort Collins and the 

MODIS 550-nm AOD for 28 October - 15 December 2017. 

 

 

Figure S7S6. Comparison of Ƞ calculated using the AOD measurement and the 48-hr 

concentration from the filter (Ƞ48-hr) and the 1-hr average concentration from the Plantower 

PMS5003.  
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Figure S7. Distribution of the PM2.5 to AOD ratios calculated from CEAMS 520-nm AOD and 

CEAMS filter PM2.5 concentrations (orange) and the EPA-AQS site PM2.5 in Fort Collins and the 

MODIS 550-nm AOD (gray) for 28 October - 15 December 2017. 

 


