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Abstract. The PurpleAir PA-II unit is a low-cost sensor for monitoring changes in the concentrations of Particulate Matter 

(PM) of various sizes. There are currently more than 10,000 PA-II units in use worldwide; some of the units are located in 

areas where no other reference air monitoring system is present. Previous studies have examined the performance of these PA-

II units (or the sensors within them) in comparison to a co-located reference air monitoring system. However, because PA-II 

units are installed by PurpleAir customers, most of the PA-II units are not co-located with a reference air monitoring system 10 

and, in many cases, are not near one. This study aims to examine how each PA-II unit performs under atmospheric conditions 

when exposed to a variety of pollutants and PM2.5 concentrations (PM with an aerodynamic diameter smaller than 2.5 μm), 

when at a distance from the reference sensor. We examine how PA-II units perform in comparison to other PA-II units and 

Environmental Protection Agency (EPA) Air Quality Monitoring Stations (AQMSs) that are not co-located with them. For 

this study, we selected four different regions, each containing multiple PA-II units (minimum of seven per region).  In addition, 15 

each region needed to have at least one AQMS unit that was co-located with at least one PA-II unit, all units needed to be at a 

distance of up to 5 km from an AQMS unit and up to 10 km between each other. Correction of PM2.5 values of the co-located 

PA-II units was implemented by multivariate linear regression (MLR), taking into account changes of temperature and relative 

humidity. The fit coefficients, received from the MLR, was then used to correct the PM2.5 values in all the remaining PA-II 

units in the region. Hourly PM2.5 measurements from each PA-II unit were compared to those from the AQMSs and other PA-20 

II units in its region. The correction of the PM2.5 values improved the R-squared (R2), root mean square error (RMSE), and 

mean absolute error (MAE) and slope values between all units. In most cases, the AQMSs and the PA-II units were found to 

be in good agreement (75% of the comparisons had a R2 > 0.8); they measured similar values and followed similar trends, that 

is, when the PM2.5 values measured by the AQMSs increased or decreased, so did those of the PA-II units. In some high-

pollution events, the corrected PA-II had slightly higher PM2.5 values compared to those measured by the AQMS. Distance 25 

between the units did not impact the comparison between units. Overall, the PA-II unit, after corrections of PM2.5 values, seems 

to be a promising tool for identifying relative changes in PM2.5 concentration with the potential to complement sparsely 

distributed monitoring stations and to aid in assessing and minimizing the public exposure to PM. 

1. Introduction  

Atmospheric particulate matter (PM) with an aerodynamic diameter smaller than 2.5 μm (PM2.5) is one of the leading 30 

contributors to the global burden of disease (GBD, Cohen et al., 2017; Forouzanfar et al., 2015; Lim et al., 2012). These 

particles are small enough to penetrate deep into the human lungs (Ling and van Eeden, 2009), where they have a negative 
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impact on human health (Shiraiwa et al., 2017). Exposure to high PM2.5 concentrations was found to be correlated with the 

daily number of hospitalizations and mortality cases (Schwartz et al., 1996; Klemm and Mason, 2000; Di et al., 2017). In the 

US, 3–5 % of annual deaths are attributed to PM2.5 (Cohen et al., 2017). Determining the pollution-level PM2.5 exposure can 35 

be challenging as a limited number of in-situ instruments are available for monitoring ground-level PM2.5 concentrations (Ford 

et al., 2019). 

 

In the United States, the Environmental Protection Agency (EPA) monitors ambient PM2.5 concentrations by using Air Quality 

Monitoring Stations (AQMSs). These stations use equipment that implements either a federal reference method or federal 40 

equivalent method (FRM and FEM, respectively; Clements et al., 2017). The FRM is a gravimetric measurement method in 

which particles are collected on a filter and the difference in filter weight before and after exposure is used to determine the 

24-h PM concentration (Watson et al., 2017). The FEM measures PM using optical, beta ray attenuation and trapped element 

oscillation to provide hourly PM concentrations. A single FEM PM2.5 sensor in each AQMS costs thousands of dollars. Further, 

the operation of these AQMSs requires trained personnel and significant infrastructure; they are subject to strict maintenance 45 

and calibration routines to ensure high-quality data and comparability between different locations (Castell et al., 2017). 

AQMSs generally have sparse geographic coverage and are located at fixed sites, mainly in large population centers; they are 

not present in smaller cities and underdeveloped regions. The high temporal and spatial resolution of PM2.5 concentrations may 

vary significantly within a region, therefore, PM2.5 concentration values provided by a single AQMS site may not accurately 

represent the PM2.5 concentrations present near people who are concerned about their possible health effects (Wang et al., 50 

2015). These limitations create a growing need for air quality sensor networks that produce both temporal and spatial high-

resolution pollution maps that can be used to identify peak events across large areas (Morawska et al., 2018). 

 

Recent advancements in technology and a rise in public awareness have led to an increase in the popularity of low-cost air-

quality sensors that are relatively cheap and easy to use (Commodore et al., 2017; Woodall al., 2017). Such sensors enable 55 

communities and individuals alike to obtain granular information on the spatial and temporal distribution of PM concentrations 

in their area (Gupta et al., 2018; Morawska et al., 2018), thereby enabling them to monitor local air-quality conditions 

(Williams et al., 2018). Many types of low-cost air-quality sensors are available, and they vary in performance (Williams et 

al., 2018); however, despite the proposed benefits of these sensors, their accuracy and precision remain unknown (Kuula et 

al., 2017). Data quality remains a major concern that hinders the widespread adoption of low-cost sensor technology. To assure 60 

data quality, it is important to test these sensors and compare them to FRM/FEM measurements under both laboratory and 

field conditions, particularly under atmospheric conditions with various air pollution levels in which the sensors are expected 

to operate (Kelly et al., 2017; Morawska et al., 2018). Testing these sensors at multiple locations will allow for exposure to 

different atmospheric conditions and pollutant types (AQ-SPEC, 2018). 

 65 
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Among the limitations of low-cost sensors are environmental factors that affect the sensors’ abilities. Some low-cost sensors 

have exhibited sensitivity to temperature (T) and relative humidity (RH) (Clements et al., 2017). In laboratory, these 

environmental conditions can be controlled; however, it is impossible to achieve such stability in the field under atmospheric 

conditions. Therefore, additional measurements under a variety of ambient conditions are needed (Kelly et al., 2017). In 

addition, some sensors have exhibited a drift in sensitivity over time (reduction of efficiency). The rate of drift over time is a 70 

crucial parameter in sensor characterization as it determines the interval of calibration as well as the overall useable lifetime 

of the sensor (Clements et al., 2017; Hagan et al., 2018). 

 

The PA-II unit is a low-cost sensor sold by the company PurpleAir. It is meant for outdoor usage and is the subject of this 

study. Each PA-II unit contains two Plantower particulate matter sensors (PMS5003 sensors) that provide real-time 75 

measurements of PM1.0, PM2.5, and PM10. The usage of PA-II has grown rapidly in the last few years, to date more than 10,000 

such sensors are in use across five continents, with the majority being operated in the US and Europe. PurpleAir provides live 

information on their website in the form of a color-coded air quality index (AQI) together with actual PM concentrations 

(PurpleAir, 2019). Several studies have already evaluated the PA-II unit or the sensors (PMS5003) the unit contains; however, 

in all such studies, the PA-II unit (or the PMS5003 sensor) was co-located with a reference unit. The AQ Sensor Performance 80 

Evaluation Center (AQ-SPEC) evaluated the performance of a PA-II unit using FEM sensors as reference under laboratory 

and field conditions in the Los Angeles area. Their evaluation showed a very good comparison between the two for both PM2.5 

and PM10 (AQ-SPEC, 2018). An additional comparison between three different PA-II sensors and a single FEM was performed 

for eight weeks between December 2016 and January 2017 at the South Coast Air Quality Management District Rubidoux Air 

Monitoring Station. Good correlation (R2 > 0.9) was found between the three PA-II units and the FEM unit. However, although 85 

the PA-II unit follows diurnal and day-to-day fluctuations very well, it consistently overestimated the PM2.5 concentrations 

measured by the FEM (Gupta et al., 2018). Sayahi et al. (2019) conducted a long-term comparison (320 days) between two 

PMS5003 sensors and both FRM and FEM units that were all co-located in Salt Lake City, Utah. One of their PMS5003 

sensors overestimated the PM2.5 concentration whereas the other measured similar values to those measured by the FEM. 

According to Gupta et al. (2018), the performance of PA-II compared against FEM units in a high-pollution environment 90 

(PM2.5 > 100 μg m-3) is unknown and requires further evaluation.  

 

Multivariate linear regression (MLR) models with T and RH have been widely used to calibrate the PA-II sensors against co-

located reference monitors, which help improve the accuracy of the PA-II units (Bi et al., 2020; Magi et al., 2020). Magi et al. 

(2020) performed a comparison of multiple co-located PA-II units with an FEM unit using a MLR that used measurements of 95 

PM2.5 (using FEM unit), RH, and T as predictors to model the correct PA-II PM2.5 values up to 50 μg m-3. They concluded that 

the PA-II is suitable for air quality, health, and urban aerosol research. Bi et al. (2020) matched a PA-II unit to its nearest 

AQMS unit within a 500 m radius; they found that co-located pairs were robust within a range 100 to 1,000 m. Most of these 

studies so far focused on co-located units or units that were up to 1 km from the reference unit. But in reality, most PA-II units 
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are not near any reference unit; many are positioned more than 1 km away. Several questions can be raised based on that: Can 100 

MLR of co-located units be used to improve the accuracy of the measurements taken by PA-II units that are further away from 

the AQMS unit? Can MLR of multiple regions be used to compensate for the lack of a co-located pair of a neighboring region? 

Such usage of PA-II units at various distances is crucial if we are to assess the possibility of using measurement data from 

multiple PA-II units to properly represent the air quality of an area, thus allowing the residents to protect themselves when 

high pollution events occur. 105 

 

This study aims to examine how PA-II units perform under atmospheric conditions when exposed to a variety of pollutants 

and PM2.5 concentrations. For the scope of this study, we chose to focus only on regions that contain at least one pair of co-

located PA-II and AQMS units. Corrections of PM2.5 values for co-located PA-II and AQMS units, based on MLR, were 

performed and applied to all the other PA-II units in that region. Comparison of PM2.5 measurements taken by all units in each 110 

region, AQMSs and PA-II units (when PM2.5  values were measured or corrected) are presented. The presented comparisons 

were done for both the entire study period and for specific events that we wanted to examine in greater detail.  

2. Method  

2.1. PurpleAir PA-II Unit Structure and Data  

The PurpleAir PA-II unit is  85 × 125 mm in size. It contains two PMS5003 sensors (see two blue rectangles in Fig. 1A), a 115 

BME280 environmental sensor, and an ESP8266 microcontroller. The BME280 sensor is used to monitor the units’ inner 

pressure, temperature, and humidity; the sensor measurements are not to be used for monitoring ambient conditions (PurpleAir, 

personal communication, 2019). The ESP8266 microcontroller is used to communicate with both the two PMS5003 sensors 

and with the PurpleAir server over Wi-Fi, thereby allowing the PM concentration to be presented live on the PurpleAir map 

(https://www.purpleair.com/map). The PMS5003 sensors provide real-time measurements of PM1.0, PM2.5, and PM10 120 

concentrations; the sensors are based on the light scattering principle, and a photodiode detector converts the scattered light to 

a voltage pulse. A fan draws the particles into the sensor and past the laser path (Fig. 1B) at a flow rate of 0.1 L/min. The 

particle count is calculated by counting the pulses from the scattering signal and converting the number of pulses to a mass 

concentration for six diameters between 0.3 and 10 μm using an algorithm for outdoor PM (CF_ATM - average particle 

density). Each PMS5003 sensor has an effective measurement range for PM2.5 concentration of 0-500 μg m-3 with a resolution 125 

of 1 μg m-3, and the maximum standard PM2.5 concentration is above 1000 μg m-3 According to the manufacturer, each 

PMS5003 sensor will work effectively in a T range of -10 °C to 60 °C and RH range of 0–99 % (Yong, 2016). 

 

The microcontroller in the PA-II unit reads the PM1.0, PM2.5, and PM10 concentrations from the PMS5003 sensors every second; 

it averages the concentration values across 20 s and displays the results using UTC time (PurpleAir, personal communication, 130 

2019). The use of a dual PMS5003 sensor setup serves as an internal check for the PA-II unit’s integrity. The 

https://www.purpleair.com/map?#1.64/25.7/19.2
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similarity/difference in the PM concentrations obtained from the two PMS5003 sensors (named A and B) allows users to 

evaluate the efficiency and validity of their PA-II unit. The two PMS5003 sensors, A and B, should agree with each other at 

all times; failure to report the same value indicates that something is wrong with one of the sensors. PurpleAir does not calibrate 

the units; instead, before each PA-II unit is sent out to a customer, the company performs a comparison test with a dozen other 135 

PA-II units to find and remove outliers from the shipment (PurpleAir, personal communication, 2019). 

 

All the data regarding the PA-II units and their measurements was downloaded from the PurpleAir website. Information about 

all the PA-II units was downloaded in a JSON formatted file. Each PA-II unit has a name (given by the owner), a unique ID 

number (designated by the company for each sensor), the unit location (latitude and longitude), and the date on which the unit 140 

was installed. We initially selected all the PA-II units that were active between January 1, 2017, and December 31, 2018 (UTC 

time). For each selected PA-II unit, we downloaded an Excel file containing the measurement data in 20-s intervals for both 

PMS5003 sensors (A and B). Because our focus was on PM2.5 measurements, we calculated the PM2.5 hourly average and 

standard deviation (SD) based on the original measurement values and the daily average and standard deviation based on 

hourly averages that we had calculated previously. Our final dataset included only days that had a minimum of 13 h of 145 

measurements per day (>50 % of the day). Only times that had a good agreement (R2 > 0.9) of hourly PM2.5 measurements 

between the two PMS5003 sensors (A and B) were used. 

2.2. PM2.5 Measurements from AQMS  

Hourly measurements of PM2.5 (FRM/FEM Mass code - 88101 file) from all AQMSs collected by the EPA from January 1, 

2017, to December 31, 2018, were selected from the EPA website (https://aqs.epa.gov/api). The location of each AQMS was 150 

provided in the same file. Each AQMS is identified by the combination of state code, county code, site number, and Parameter 

Occurrence Code (POC) number. The POC is used to represent cases in which more than one unit performs PM2.5 

measurements at the same site. All timestamps were converted to UTC to match the PA-II measurement timestamps. The PM2.5 

daily average and standard deviation were calculated based on the hourly PM2.5 measurements; only days with a minimum of 

13 h of measurements per day (>50 % of the day) were considered. 155 

2.3. Identification of Locations for Analysis - Areas with Multiple PA-II units and at least one AQMS 

By using the JSON file for the PA-II units and the 88101 file for the AQMS, we calculated the distances between all the units 

to identify regions with multiple PA-II units (a minimum of five units) and at least one AQMS. At least one AQMS unit needed 

to be at a distance up to 1.1 km from at least one PA-II unit (defined as a co-located pair, a similar range used by Bi et al.,  

2020). All the units in these regions needed to be active during the designated time period of January 1, 2017, to December 160 

31, 2018. In each region PA-II units needed to be less than 5 km from at least one AQMS unit and up to 10 km from each 

other. Four different regions containing a total of seven different AQMSs (all FEM type) and 46 different PA-II units were 

identified: Denver, CO; San Francisco, CA; Vallejo, and Salt Lake City, UT. Figure 2 shows a map with all the PA-II units 

https://aqs.epa.gov/api
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and AQMSs at each region. Table S1 provides information on each of the four regions with the names of the units, their 

locations, first and last times of measurement, and the number of hours measured by each unit. For simplifications, each region 165 

was defined by two letters to represent its name (DE for Denver, SF for San Francisco, VA for Vallejo, and SL for Salt Lake 

City). Also, each unit type received a two letter code (AQ for AQMS and PA for PA-II). Each unit received a number instead 

of an ID, as shown in Table S1. More than 50% of the units were at a distance of 4 km from each other. The highest distance 

between two PA-II units (9.2 km) was in SL. Table S2 lists the distance between each unit per region. The number of concurrent 

hourly measurements of PA-II units and AQMS units in each comparison varies per region. Overall, the number of concurrent 170 

hourly measurements ranged from 95 to 16,658 h with an average of 6,412 ± 2,924 h. Table S2 lists the number of concurrent 

PM2.5 hourly measurements between all units in each of the regions. 

 

To evaluate the similarities and differences between the PA-II units and the AQMSs and other PA-II units, a set of calculations 

and comparisons was performed using Matlab and Excel. R-squared (R2), root mean square error (RMSE) and mean absolute 175 

error (MAE) values as well as the best fit information, including the slope, were used for the comparison. 

2.4. Meteorological Information 

Meteorological measurements including T, RH, and wind speed/direction were used from the EPA website 

(https://www.epa.gov/outdoor-air-quality-data). Only a few AQMSs had these meteorological measurements: DE-AQ-1, and 

DE-AQ-3 in Denver, and SL-AQ-1from Salt Lake City. Additional meteorological measurements such as T, RH, wind speed 180 

and gust, wind direction, and visibility of different meteorological stations were obtained from the Iowa Environmental 

Mesonet website (https://mesonet.agron.iastate.edu/request/download.phtml). For meteorological information about the 

selected regions, the following meteorological stations were used: Denver International Airport (DEN) station in Denver, the 

Salt Lake City International Airport (SLC) station,  San Francisco International Airport (SFO) in San Francisco, and the Napa 

County (APC) station for Vallejo. 185 

2.5. Remove of outlier PA-II units and irregular hours  

The first step was to identify outliers among the PA-II units, per region, meaning PA-II units that behave differently from the 

other PA-II units in their region. By comparing R2 between the PM2.5 values measured by each pair of PA-II units, using a 

linear regression, we identified the outlier units. A PA-II unit that did not have an R2 ≥0.75 with at least 75% of the other PA-

II units in its region was considered an outlier unit, and therefore was removed from future analysis (Fig. S1 shows a 190 

comparison for each of the four regions). Only one unit from SF (SF-PA-9, see Fig. S1B) had very low R2 when compared to 

all other PA-II units. Most PA-II units had high R2 values (>0.9) with the other units. Irregular PM2.5 hourly measurements 

were removed from all units (PA-II and AQMS). These irregular hourly measurements were identified as a large single hourly 

increase of PM2.5 values (>70 μg m-3) that was not measured by any other unit in the region. Such a large increase was caused 

most likely by a local source near a specific unit, such as a small-scale fire, lawn mower, barbecue, cigarette smoke, or 195 

https://www.epa.gov/outdoor-air-quality-data
https://mesonet.agron.iastate.edu/
https://mesonet.agron.iastate.edu/
https://mesonet.agron.iastate.edu/request/download.phtml?network=TX_ASOS
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fireworks (Zheng et al., 2018), and attributed to the location of many of the PA-II units in a residential area. Firework events 

were removed, as they were very localized events and were measured by a single unit. Overall, less than 0.03% of the hourly 

PM2.5 measurements identified as irregular hours were removed from different PA-II and AQMS units. 

3. Results and Discussion 

3.1. Hourly and Daily measurements from AQMS and PA-II units. 200 

This study examined measurements from a two-year period from January 1, 2017, to December 31, 2018, resulting in ample 

overlapping measurement times between the different PA-II units and different AQMSs. Most of the PA-II units became active 

only at the end of 2017. The frequency of hourly PM2.5 measurements from PA-II units and AQMSs as well as measurements 

of RH and T, during the study period, in each region were observed to understand the conditions each region had (shown in 

Fig. S2). Some regions had high frequency of hourly measurements at low RH (30 - 40 %), while others had high RH (>90 205 

%). Most of the measurements were performed under T of 5 - 20 °C. All regions had a high frequency of PM2.5 between 10 - 

20 µg m-3 for both PA-IIs and AQMSs. 

 

Time series of daily PM2.5 values for each unit at each of the four regions are presented in Fig. 3. Overall, the daily PM2.5 

values obtained from both the AQMSs and the PA-II units seem to follow similar trends. When the AQMS values increase or 210 

decrease, the PA-II values also increase or decrease. The PA-II unit measurements of daily PM2.5 values start at 0 μg m-3, and 

the AQMS can measure negative values owing to its calibration process. In some cases, the AQMS measured higher PM2.5 

daily values compared to the PA-II units, mainly at days with low PM2.5 values, as seen in April - June 2018 in Vallejo (Fig. 

3C) and Salt Lake City (Fig. 3D). These differences were observed mainly in days with low RH values, and low PM2.5 daily 

values (Fig. S3). However, overall, regardless of the PM2.5 concentration, the PA-II units usually measured higher values 215 

compared to those measured by the AQMSs (see July and August 2018 in Denver, Fig. 3A, and November 2018 in San 

Francisco and Vallejo, Fig. 3B and Fig. 3C). This overestimating of PM values by the PA-II units (or PMS sensors) compared 

to FRM and FEM units has also been observed in previous studies (Kelly et al., 2017; AQ-SPEC, 2018; Gupta et al., 2018; 

Sayahi et al., 2019) when the two units were co-located. 

 220 

The overestimating raises questions about the accuracy of the PA-II units. According to PurpleAir (PurpleAir, personal 

communication, 2019) the company does not calibrate the PA-II units; instead, before each PA-II unit is sent out to a customer, 

the company performs a comparison test with a dozen PA-II units to find and remove outliers from the shipment (PurpleAir, 

personal communication, 2019). Previous studies suggested that part of the problem with the PA-II unit results from the optical 

particle counter being impacted by changes of RH (Crilley et al., 2018; Malings et al., 2020; Magi et al., 2020). Water vapor 225 

can condense on aerosol particles, making them grow hygroscopically under high RH conditions (Lundgren and Cooper, 1969). 

The PA-II units do not have any heater or dryer at their inlets to remove water from the sample before measuring the particles; 
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therefore, deliquescent or hygroscopic growth of particles, mainly under high RH conditions, can lead to higher reported PM 

concentrations (Di Antonio, 2018; Jayaratne et al., 2018; Bi et al., 2020), which ends as an overestimate of the PM compared 

to the reference units. Weather conditions can impact the values reported by low-cost sensors (Morawska et al., 2018). Changes 230 

in T or RH have been found to affect the performance of the PA-II units, especially under atmospheric conditions, as they 

cannot be controlled (Bi et al., 2020). Therefore, MLR between a PA-II, and an AQMS, which also considers changes of T 

and RH, can help correct the reported PM2.5 values of the co-located PA-II units. Similar corrections have been suggested and 

implemented in other locations with PA-II units (Bi et al., 2020; Magi et al., 2020) and other low-cost sensors (Malings et al., 

2020). Most of these studies focus on co-located units or on units that were up to 1 km from the reference unit.  235 

3.2. Correction of PA-II PM2.5 hourly values using a Multivariate Liner Regression 

Seven PA-II units were co-located with at least one AQMS unit. In Denver, three PA-II units were co-located with AQMS 

units. The closest  PA-II unit was DE-PA-6, which was only 5.8 m from DE-AQ-3. Unit DE-PA-8 was 30 m from DE-AQ-2, 

while DE-PA-2 was 79 m from DE-AQ-3. In San Francisco only one PA-II unit was co-located with the AQMS unit. SF-PA-

1 was 400 m from SF-AQ-1. In Salt Lake City the two co-located AQMS units (SL-AQ-1 and SL-AQ-2) were 874 m from 240 

SL-PA-13. Vallejo unit VA-PA-2 was 1.06 km from VA-AQ-1.  

 

Calculations of the ratio between the measured PM2.5 from the PA-II to the AQMS as a function of T and RH, known as a 

humidogram, were performed (Fig. S4). Some of the PA-II units seem to be impacted by T and RH more than others; these 

units also had relatively low R2 values with the AQMS unit, as in the case of DE-PA-6 in Denver (Fig. S4A). Only co-located 245 

pairs with R2 > 0.65 were used, reducing the co-located pairs to six. The fact that not all units seem to be impacted in a similar 

way by the changes of T and RH can explain parts of the debate that exists in the literature. For example, Sayahi et al. (2019) 

found very low correlation values between measurements from the PMS5003 sensor (used in PA-II) to T and RH under 

atmospheric conditions. Holstius et al. (2014) found a negligible effect of T or RH on measurements performed using low-cost 

sensors under ambient conditions. However, several studies that used old PMS units such as PMS1003 which was used in PA-250 

I, or PMS3003 which was never used in any PA units found that these sensors were affected by RH (Kelly et al., 2017; 

Jayaratne et al., 2018; Zheng et al., 2018). AQ-SPEC (2018) tested the PA-II unit in a laboratory setting under different RH 

conditions and found that most RH combinations had a minimal effect on the PA-II’s precision. On the other hand, Magi et al. 

(2020) found an impact of T and RH conditions on the PA-II PM2.5 measurements in atmospheric conditions. Therefore, 

consideration of T and RH was used in the MLR. 255 

 

An MLR following Magi et al. (2020) was performed on each co-located PA-II and AQMS pair, including meteorological 

measurements (T and RH). Based on the MLR, the multivariable linear dependence of PA-II PM2.5 on AQMS, RH and T 

created the predictors of PA-II as: 

𝑃𝐴 − 𝐼𝐼(𝑃𝑀2.5) = 𝐴1 + 𝐴2𝐴𝑄𝑀𝑆(𝑃𝑀2.5 ) + 𝐴3𝑇 + 𝐴4𝑅𝐻                                                                                                    (1) 260 
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where A1, A2, A3, and A4 fit coefficients received from the MLR, PA-II (PM2.5) and AQMS(PM2.5) are in units of µg m-3, T is 

in Celsius, and RH is in percentage. Based on these parameters and fit coefficients, a calculation of the corrected PA-II PM2.5 

hourly values for each PA-II was performed using the following: 

 𝑃𝐴 − 𝐼𝐼(𝑃𝑀2.5), 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝑃𝐴−𝐼𝐼(𝑃𝑀2.5),𝑢𝑛𝑐𝑜𝑟𝑒𝑐𝑡𝑒𝑑−𝐴1−𝐴3𝑇−𝐴4𝑅𝐻

A2
                                                                                          (2) 

Details of the coefficients received in the MLR as well as the regression output including R2, RMSE, MAE, and slope for each 265 

correction of PM2.5 values in the PA-II units, for each region, can be found Table 1. Figure 4 presents a comparison of the 

PM2.5 values from the uncorrected PA-II unit to the AQMS as well as the PA-II PM2.5 values hourly after correction, per region. 

3.2.1. Correction of PM2.5 values in co-located PA-II unit per region 

San Francisco had only one co-located PA-II unit (SF-PA-1) with the single AQMS unit (SF-AQ-1). There were 9,910 h of 

PM2.5 measurements overlapping from both units. The hourly PM2.5 measurements of SF-PA-1 before correction ranged from 270 

0.1 up to 263.8 μg m-3, while SF-AQ-1 ranged from -10 up to 241 μg m-3. Meteorological measurements from SFO 

meteorological station, located 16 km from the two units, were used. The meteorological measurements ranged from 0.6 to 33 

°C for T and 9.2 up to100 % for RH. The MLR improved the comparison between SF-AQ-1 and SF-PA-1, as shown in Fig 

4A. While there was no change in the R2 values (0.91), the RMSE and MAE values improved. RMSE decreased from 7.3 μg 

m-3 before the PM2.5 value corrections to 5.8 μg m-3 after the PM2.5 value corrections, while MAE changed from 5.4 to 4.3 μg 275 

m-3. The slope changed with the MLR from 1.3 to 1.0.  

 

Vallejo had one co-located PA-II unit (VA-PA-2) that had 11,506 h of overlapping PM2.5 measurements with VA-AQ-1. The 

uncorrected PM2.5 measurements from the PA-II unit ranged from 0 up to 468.5 μg m-3, while AQMS PM2.5 measurements 

ranged from -10 up to 435 μg m-3. The meteorological station that was used for this PA-II PM2.5 values correction (APC) was 280 

11 km away from the AQMS. The meteorological measurements during this comparison ranged from -5 to 41 °C and 5.8 up 

to 100 % for T and RH, respectively. The MLR improved the comparison between the PA-II and the AQMS (Fig. 4B). There 

was no change in the R2 values, which was 0.91, yet RMSE and MAE values decreased. RMSE decreased from 8.0 μg m-3 to 

6.0 μg m-3, while MAE decreased from 5.4 μg m-3, before the PM2.5 values corrections, to 4.0 μg m-3 , after the PM2.5 value 

corrections. The slope also improved from 1.3 to 1.0.  285 

 

Denver had two different PA-II units that were co-located with two different AQMS units. Unit DE-PA-8 had 2,134 h of 

overlapping PM2.5 measurements with DE-AQ-2, while DE-PA-2 had 6,800 h of overlapping PM2.5 measurements with DE-

AQ-3. The range of the PM2.5 values were similar for both PA-II units. DE-PA-2 ranged from 0.1 up to 76.9 μg m-3, while DE-

PA-8 ranged from 0.1 up to 78.5. The AQMS units also had relatively similar PM2.5 measurements, which ranged from 0.3 up 290 

to 57.9 μg m-3 for DE-AQ-2 and from 0.9 up to 46.6 μg m-3 for DE-AQ-3. Both AQMS units had meteorological measurements 

as part of the AQMS units that were used for the MLR. Temperature measurements for DE-PA-2 ranged from -9.4 up to 39.4 
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°C, while DE-PA-8 T measurements ranged from -5.6 up to 34.4 °C. RH measurements were very similar as well, ranging 

from 3 % for DE-PA-2 and  4% for DE-PA-3 and up to 98 % for both. Although there were similar ranges of PM2.5, T and RH 

measurements were taken, and there were differences between the PA-II’s comparison to their co-located AQMS units. DE-295 

PA-2 had better correlation values before and after the MLR (R2 of 0.75 and 0.78, respectively) compared to DE-PA-8 (R2 of 

0.68 and 0.69, respectively, Fig 4D). RMSE and MAE values for both cases improved by more than 1.1 μg m-3 for the RMSE 

and 0.8 μg m-3 for the MAE. The slope values, which were 1.7 and 1.3 before the MLR, reduced to 1.0 in both cases. While 

the DE-PA-2 with DE-AQ-3 had higher R2 values, it also had higher RMSE and MAE values compared to the DE-PA-8 and 

DE-AQ-1 pair. The two co-located pairs were combined and compared before and after the MLR (Fig. 4E). R2, RMSE, and 300 

MAE values were in the same range in the two separate comparisons. R2 improved from 0.71 to 0.72 before and after the MLR 

respectively. RMSE changed from 5.4 to 3.8 μg m-3, and MAE changed from 3.7 to 2.6 μg m-3. The value of the slope also 

improved from 1.4 to 1.0 after the correction of PA-II PM2.5 values. The combined MLR had a higher number of observations 

and R2, RMSE, and MAE values that were in the range of each of the separate comparisons. 

 305 

The last region with co-located units was Salt Lake City. In this region one PA-II unit (SL-AP-13) was co-located with two 

AQMS units that were in the same location (SL-AQ-1 and SL-AQ-2). Measurements of T and RH were used from SL-AQ-1 

meteorological station. SL-AQ-1 had 6,216 hours of overlapping PM2.5 hourly measurements with SL-AP-13, while SL-AQ-

2 had slightly more overlapping measurements (6,409 h). The meteorological parameters during these comparisons ranged 

from -7.2 to 38.3 °C for T and 2 up to 91% for RH. The uncorrected PM2.5 measurements from the PA-II unit ranged from 0 310 

up to 128.5 μg m-3, while the PM2.5 measurements ranged from 0.1 up to 87.5 μg m-3 for SL-AQ-1 and 0.1 up to 89.1 μg m-3 

for SL-AQ-2. We first evaluated the MLR for each of the AQMS units separately (Fig. 4F-G). Different R2, RMSE, and MAE 

values were obtained. While both showed an improvement of the RMSE, MAE, and slope value after the PM2.5 values 

corrections, the MLR with SL-AQ-1 had better results with a higher R2 (0.88 compared to 0.78) and, lower RMSE (2.7 μg m-

3 compared to 3.7 μg m-3) and MAE (1.8 μg m-3 compared to 2.4 μg m-3) values. Combining the hourly PM2.5 values from the 315 

two AQMSs together, since both were in the same location, was performed by averaging the AQMS PM2.5 values (Fig. 4H). 

The MLR results showed an increase of R2 and a decrease of RMSE and MAE values. Averaging of the AQMS units provided 

lower RMSE and MAE values and higher R2 values compared to one of the separate options. This MLR had low RMSE and 

MAE values (3.0 μg m-3 and 2.0 μg m-3, respectively) and high R2 (0.84), making this MLR better than the one used by the 

pair SL-PA-13 with SL-AQ-2. 320 

3.2.2. Corrections of PA-II PM2.5 values of other PA-II units per region based on MLR  

Based on the different coefficient values received in each MLR (Table 1), we implemented Eq. 2 on each of the uncorrected 

PA-II units’ PM2.5 hourly values, using the same meteorological parameter used for the MLR corrections. San Francisco and 

Vallejo each only had one set of comparisons and coefficients, while there were several options for Denver and Salt Lake City. 

The new PM2.5 hourly values (corrected) from each PA-II unit were compared to the nearest AQMS unit and to all the other 325 
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PA-IIs in the region using a linear regression. Corrected PM2.5 hourly values of PA-II unit measurements improved the 

comparison between the other PA-IIs and AQMS units, as shown by the general reduction of RMSE, MAE, and the slope (Fig. 

5 shows comparison to AQMSs. See Table S3 for full comparison of all comparisons).  

 

The comparison of each unit in San Francisco and Vallejo before and after implementing the PA-II PM2.5 value corrections did 330 

not change the R2 values between the PA-IIs and AQMS units (Table S3A, and Table S3B). The average R2 value between the 

PA-IIs and AQMS units for Vallejo was 0.79 ± 0.13, while San Francisco’s average R2 value was 0.83 ± 0.11. No changes 

were observed among the comparison of the PA-IIs themselves (0.93 ± 0.06 for San Francisco and 0.89 ± 0.07 for Vallejo). 

However, reductions in RMSE and, MAE values were observed in both regions (see Fig. 5A for San Francisco and Fig. 5A 

Vallejo).  335 

 

The average RMSE values for San Francisco for the PA-IIs with the AQMSs changed from 8.23 ± 0.66 μg m-3 to 6.53 ± 0.54 

μg m-3. Similar improvements were observed when the PA-II units were compared to the other PA-II units; average RMSE 

changed from 4.23 ± 1.05 μg m-3 to 3.39 ± 0.83 μg m-3. Similar reductions were also observed for the MAE; average MAE 

values for the PA-IIs with the AQMSs changed from 5.84 ± 0.31 μg m-3 to 4.61 ± 0.26 μg m-3. Even when the PA-IIs were 340 

compared to the other PA-II units, a reduction in MAE was observed; the average MAE changed from 2.16 ± 0.35 μg m -3 to 

1.71 ± 0.28 μg m-3. A reduction was also observed in the average slope value (Table S3A). 

 

Vallejo also had a reduction in RMSE and MAE values after the MLR. The average RMSE values for the PA-II with the 

AQMS changed from 8.95 ± 1.35 μg m-3 to 6.73 ± 1.05 μg m-3. Similar improvements were observed when the PA-II units 345 

were compared to the other PA-II units. RMSE changed from 5.14 ± 1.48 μg m-3 before the PM2.5 value corrections to 3.89 ± 

1.12 μg m-3 after the PA-II PM2.5 value corrections. Similar reductions were also observed for the MAE; average MAE values 

for the PA-II with the AQMS changed from 5.81 ± 0.61 μg m-3 to 4.33 ± 0.46 μg m-3. Even when the PA-IIs were compared 

to the other PA-II units, a reduction in MAE was observed; the average MAE changed from 2.5 ± 0.56 μg m -3 to 1.89 ± 0.42 

μg m-3. A reduction was also observed in the average slope value (Table S3B). 350 

 

In Denver three different correction options were evaluated based on two separate pairs of PA-IIs with AQMSs as well as a 

combination of both together. Since there were several AQMS units, each PA-II unit was compared to its nearest AQMS unit 

(see Table S2A for distances, the distances ranged from 0 to 4 km). The coefficient values were different between each MLR 

option (Table 1). The R2, RMSE, MAE, and slope were very similar (Fig. 5C-E). No change in R2 was observed in each MLR 355 

type. A reduction in RMSE was observed after the PA-II PM2.5 values were corrected. The average RMSE value, between each 

PA-II to the nearest AQMS unit, before the correction, was 5.7 ± 0.8 μg m-3. All three correction types had lower average 

RMSE values. Correction of PA-II PM2.5 values based on DE-PA-2 with DE-AQ-3 had an average RMSE value of 3.6 ± 0.3 

μg m-3, lower than the average RMSE from the corrections that were based on DE-PA-8 with DE-AQ-1 (4.3 ± 0.5 μg m-3). 
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The correction that combined both units had an average RMSE in the range of the two correction options (4.0 ± 0.5 μg m -3). 360 

Similar reduction trends were observed for the MAE values. The average MAE values between each PA-II to the nearest 

AQMS unit, before the PA-II PM2.5 value corrections, was 3.8 ± 0.6 μg m-3. Correction of PA-II PM2.5 values based on DE-

PA-2 with DE-AQ-3 had an average MAE value of 2.4 ± 0.2 μg m-3, lower than the average MAE based on DE-PA-8 with 

DE-AQ-1 (2.8 ± 0.4 μg m-3). Yet the combined option had MAE in the range of the other two (average of 2.6 ± 0.3 μg m -3). 

Reductions of RMSE and MAE were observed when the PA-II units were compared to the other PA-II units (Table S3C). The 365 

average RMSE and MAE values between all PA-II units before the correction were 3.9 ± 1.0, and 2.4 ± 0.6 μg m-3 

(respectively); after the corrections of PA-II PM2.5 both RMSE and MAE values decreased. Correction of PA-II PM2.5 values 

based on DE-PA-2 with DE-AQ-3 had average RMSE and MAE values of 2.4 ± 0.6 μg m-3 and 1.5 ± 0.4 μg m-3 (respectively). 

These values were lower than those that were based on the corrections type of DE-PA-8 with DE-AQ-1 (average RMSE was 

3.0 ± 0.7 μg m-3 while the average MAE was 1.8 ± 0.5 μg m-3). The PA-II PM2.5 value corrections that combined both units 370 

had average RMSE and MAE values in the range of the two correction options. 

 

Three different options of PA-II PM2.5 value corrections were performed in Salt Lake City, one of SL-AP-13 with each of the 

two AQMS units (SL-AQ-1 and SL-AQ-2), and another after the PM2.5 values of the AQMS units were averaged. The 

corrections of the PA-II (PM2.5 values) units in Salt Lake City varied depending on the type of corrections and coefficient used. 375 

While all options of PA-II PM2.5 values corrections improved the comparison between the PA-II to the AQMS units and 

between the PA-II themselves (Fig. 5F-H, Table S3D), there was no significant change in the R2 values when the PA-II units 

were compared to the AQMSs. Overall corrections of PA-II PM2.5 values based on SL-AQ-2 had lower R2 and higher RMSE, 

and MAE values compared to the other two correction options. The average RMSE, between the PA-II to the AQMS units, 

based on SL-AQ-1 MLR was 6.0 ± 1.2 μg m-3. After the PA-II PM2.5 value corrections the average RMSE reduced to 3.8 ± 0.7 380 

μg m-3. A reduction was also observed for the average MAE value, which changed from 3.7 ± 0.8 μg m -3 to 2.3 ± 0.5 μg m-3 

after implementing the SL-AQ-1 MLR. Reductions of RMSE and MAE values were also observed when the PA-II PM2.5 value 

corrections were based on averaging the PM2.5 values from both AQMS units. The average RMSE, between the PA-II to the 

AQMS units, was 6.1 ± 0.9 μg m-3 before the correction of PA-II PM2.5 values and 3.9 ± 0.6 μg m-3 after the correction of PA-

II PM2.5 values. A reduction was also observed for the average MAE value, which changed from 3.8 ± 0.7 μg m -3 to 2.5 ± 0.4 385 

μg m-3 after implementing the average AQMS option. A reduction of RMSE and MAE was also observed when the PA-II units 

were compared to other PA-II units. Before the PA-II PM2.5 value corrections, the average RMSE and MAE values were 4.4. 

± 1.7 μg m-3 and 2.24 ± 0.96 μg m-3, respectively. After the corrections of PA-II PM2.5 values with SL-AQ-1, the average 

RMSE and MAE values were reduced to 2.65. ± 0.98 μg m-3 and 1.44 ± 0.62 μg m-3, respectively. Similar values were found 

for the PA-II PM2.5 value corrections that were based on average AQMSs. The average RMSE and MAE values after the PA-390 

II PM2.5 value corrections were 2.64. ± 0.97 μg m-3 and 1.43 ± 0.62 μg m-3, respectively. 
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Overall, almost all the PA-II units had high correlation values when compared with the other PA-IIs or AQMSs in their region. 

Two PA-II units, SL-PA-6 and SL-PA-8 had low R2 values with the AQMS, they also had a relatively low correlation with the 

other PA-II units. It is feasible, that if stricter rules for identifying outlier PA-II units were in use, these two units would have 395 

been considered as such and subsequently removed from the data set.  

 

Although improvements of RMSE, MAE, and slope values were observed for the entire research time period, the comparison 

only provides a general overview on the units’ behaviors, but cannot provide information on the variability of the PM2.5 values 

under different conditions mainly under high pollution events. Therefore, in order to evaluate whether the PA-II PM2.5 value 400 

corrections improved the performance of PA-II units, a comparison of PM2.5 values at different locations that experienced 

similar meteorological conditions or pollution types needed to be performed. 

3.3. Comparison of PA-II units in High Pollution Events 

Observations of the PA-II units under high pollution conditions were performed based on daily measurements of PM2.5 values 

from different regions that experienced different pollution types. It is known that different meteorological conditions such as 405 

wind direction or speed as well as pollution type (traffic, industrial, wildfire, etc.) or source (local vs. regional) may affect the 

comparison between the AQMSs and the PA-II units. We aimed to determine how the PA-II units behaved (before and after 

PA-II PM2.5 value corrections) in a high-pollution event when the daily PM2.5 concertation exceeded the EPA daily regulation 

of 35 μg m-3 Therefore, we investigated specific events with high PM2.5 concentrations in different time frames under different 

atmospheric conditions in each region included in this study. 410 

3.2.1. Wildfire in California 

Two regions in California Vallejo and San Francisco are relatively close to each other, and both were affected by a large 

wildfire that occurred in November 2018. According to the California Statewide Wildfire Recovery Resources (2019), the 

wildfire started on November 8 at Butte County (north of Vallejo) owing to a combination of strong winds and very dry 

conditions. A southwesterly wind transferred the wildfire smoke from Butte County toward Vallejo and San Francisco. Very 415 

high daily PM2.5 values were measured from November 9 to 21 (Fig. 6A and Fig. 6B). During this period, the area had stable 

meteorological conditions, with low wind speed that reduced visibility down to 1.6 km (1 mile). The high daily PM2.5 values 

decreased only after precipitation started on November 21. Overall, at each of the regions, the values measured by the PA-II 

units increased at the same time and followed a similar trend to the AQMS measurements. A comparison of the PM2.5 values 

measured by the PA-IIs before and after the correction (Fig. 6A and Fig. 6B) showed that the measured (uncorrected) PA-II 420 

PM2.5 values were higher compared to the AQMS values. In San Francisco, during the wildfire days, the PA-II measured on 

average 30.3 ± 13.2 μg m-3 higher PM2.5  daily values than the AQMS. Similar values were also found for Vallejo (30.2 ± 13.0 

μg m-3). However, after the correction of PA-II PM2.5  values, the daily PM2.5 values were lower than before, and they were in 

a similar range to those measured by the AQMS units. The corrected PA-II PM2.5 daily values, during the wildfire, were still 
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slightly higher than those measured by the AQMS during the same time. In San Francisco the corrected PM2.5 daily values 425 

were on average 6.7 ± 12.0 μg m-3 higher than those measured by the AQMS. Lower values were found for Vallejo (1.7 ± 11.8 

μg m-3). However, a closer look on the daily values in each of the two regions found that after the correction of PA-II PM2.5 

values for specific daily values that exceeded 100 μg m-3, the daily values of the corrected PA-IIs were lower than the daily 

PM2.5 values measured by the AQMS. During one such day the corrected PA-II PM2.5  daily values were lower by 29 μg m-3 

compared to the daily PM2.5 value measured by the AQMS. The underestimation may be a result of not having enough hourly 430 

measurements with such high PM2.5 values. Both regions had very few amounts of hours with PM2.5 > 100 μg m-3, only 0.15% 

of the hourly measurements in San Francisco had PM2.5 hourly measurements from the AQMS that exceed 100 μg m-3. Vallejo 

had a lower value of 0.1%. Therefore, there were not enough data points to train the MLR model, which resulted in lower PA-

II values. 

3.2.2. Inversion in Utah 435 

In Utah, Salt Lake City had higher daily PM2.5 values during December 4-13, 2018 (Fig.6C). The entire area was affected by 

an inversion for several days (December 3–13) that increased the daily PM2.5 values and reduced the visibility to almost zero 

(see photos in Williams, 2019). Overall,  the values measured by the PA-II units increased at the same time and followed a 

similar trend to the AQMS measurements. However, whereas all the PA-II units measured similar PM2.5 values, uncorrected 

PM2.5 daily values from the PA-II during these days were much higher than those measured by the AQMS (on average 9.2 ± 440 

7.4 μg m-3 more each day). PM2.5 values only decreased after precipitation occurred on December 13. There were three 

corrections of PA-II PM2.5 values for the PA-II units in Salt Lake City. After each of the PA-II PM2.5 value corrections, the 

corrected PM2.5 daily values seemed to be similar to those measured by the AQMS units (Fig 6C). The average daily 

concentration during these days was slightly higher. Both PA-II PM2.5 value corrections of PA-II values that were based on 

SL-PA-13 with SL-AQ-2 or SL-AQ-1, had higher concentrations compared to the AQMS; on average the PA-II daily average, 445 

during these days, was higher by 1.7 ± 2.4 μg m-3 for SL-PA-13 with SL-AQ-1 and by 1.7 ± 2.5 μg m-3  for SL-PA-13 with SL-

AQ-2. The PA-II PM2.5 value corrections that used averaged AQMS values had slightly higher PM2.5 daily values. On average 

the PA-II values were higher by 2.1 ± 2.6 μg m-3 from those measured by the AQMS. The still higher PM2.5 values could be 

due to the volatility of ammonium nitrate, which is a dominant aerosol composition at the region of Salt Lake City during the 

winter times (Moravek et al., 2019; Womack et al., 2019). It has been shown that sensors similar to the ones used in the PA-II 450 

units would be less likely to volatilize ammonium nitrate, unlike the one used in the AQMS units (Grover et al., 2005). 

3.2.3. Haze in Denver 

On September 4, 2017, a thick hazy smoke from western wildfires settled into eastern Colorado (Spears, 2020). Haze was 

reported by the DEN meteorological station from 6:00 until the end of the day. Low wind speeds (average of 3.7 ± 0.9 m min-

1 until 20:00) were recorded and visibility was reduced to 4 km (2.5 miles). Visibility started to increase only around 22:00. 455 

PM2.5 daily measurements from AQMS units in Denver during this day increased up to 37.1 μg m-3. Before the PA-II PM2.5  
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value corrections, PM2.5 daily measurements from the four PA-II units that were active during this period were almost double 

(the average concentration of the four units was 69.3 ± 2.1 μg m-3). The PM2.5 daily measurements from the four PA-II units 

were higher than those taken by the AQMS units for almost the entire duration of September 1-11, but lower than the remaining 

days (Fig. 6D). On average the PA-IIs measured 8.3 μg m-3 more PM2.5 daily concentration than the AQMS units during the 460 

entire period. There were three PA-II PM2.5  values corrections options in this area, two were based on two different co-located 

PA-II and AQMS units, and another combined these two pairs. All PA-II PM2.5 value corrections showed a reduction in the 

daily PM2.5 values compared to the measured (uncorrected) case, yet the corrected daily PM2.5 values were higher for almost 

this entire period. On average the corrected PA-II PM2.5 values were 1.2 μg m-3 higher than the AQMS values (during this 

entire period), when the PA-II PM2.5 values were corrected based on DE-PA-2 with DE-AQ-3. Higher values were calculated 465 

in the other two PA-II PM2.5 value correction types (3.5 μg m-3 and 2.8 μg m-3  based on DE-PA-8 with DE-AQ-1), and the one 

that combined both co-located pairs (respectively).  

 

3.4. Impact of Distance on Comparisons Between the Units 

Previous studies obtained good results when comparing the PA-II unit or PMS5003 sensor and the FRM and FEM units when 470 

the two units were co-located. The AQ-SPEC (2018) recently released a report comparing PA-II units to two FEM instruments 

under laboratory and field conditions. They found good correlations for hourly and daily values of both PM2.5 and PM10 under 

field conditions with higher correlation values for PM2.5 compared to those for PM10. Gupta et al. (2018) compared three PA-

II units in California to a single FEM unit and obtained good correlation values (R2 > 0.9). Sayahi et al. (2019) co-located 

reference air monitors (tapered element oscillating microbalance, TEOM), and FRM unit, next to a PMS5003 (used in the PA-475 

II unit) in Salt Lake City. The PMS5003 PM2.5 measurements correlated well with the hourly TEOM measurements (R2 > 

0.87) and with the daily FRM measurements (R2 > 0.88). In our study, we did not position the PA-II units. Further, in most 

cases, the AQMS and the PA-II units were not co-located; therefore, they might have been exposed to different particle types 

and concentrations. Some might claim that not having the PA-II and FRM units co-located, as was done in previous studies, 

might diminish the accuracy of the comparison between these units. Although lower correlation values were in fact observed 480 

in our study, as we were using PA-II units in their natural locations, this was expected. Further, as we saw that the correlation 

values are not much lower than those in the co-located cases described in previous studies, they are still statistically significant. 

Because the AQMS and the PA-II units were not co-located, we wanted to verify whether the distance between all the units 

affected the R2, RMSE, MAE and slope values. We compared the R2, RMSE, MAE and slope values received from the 

comparisons of hourly PM2.5 measurements with the corresponding distances between the units (Fig. 7). There was no 485 

correlation between the two. Not when the PA-II units were compared to the nearest AQMS units (Fig. 7A), or between the 

PA-II units (Fig.7B), before or after the corrections of the PA-II PM2.5 values. Therefore, the distance between the units did 

not impact the comparison. 
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3.5. Underlying Differences and Future Implications 490 

While appropriate PA-II PM2.5 value corrections can improve the comparison between the PA-IIs with reference units, there 

are other differences between PA-IIs and AQMS units that can influence the comparison results, including the underlying 

technology and the manner in which units are placed. The PM2.5 sensors in the AQMSs perform gravimetric measurements 

using the mass of the particle; by contrast, the PA-II units use a laser particle counter to count electric pulses generated as 

particles crossing through a laser beam. The method used by the PA-II might impact the count of particles during high humidity 495 

conditions or when a majority of the particles are volatile. Another difference is the physical location of the units; whereas 

AQMSs are meticulously positioned in an open area, the location of a PA-II is determined by its owner. Although PurpleAir 

recommends positioning the PA-II in an open area, ultimately, it is the owner’s decision. In practice, most of the PA-II units 

are located in residential areas with low-rise housing. Furthermore, the height at which the sensor is located could affect the 

measurements. The height of the AQMS inlet is regulated and kept constant at each location; on the other hand, the owner of 500 

a PA-II unit can freely place it near the ground or higher up. The location of the PA-II units in residential areas can provide 

both an advantage and a disadvantage. For example, a single PA-II unit might be exposed to more localized PM sources such 

as a barbecue, lawn mower, or car, making it report different results compared with other units in its area. Therefore,  an 

increase of PM by a single PA-II unit should be taken into account. When the PA-II is used as a network, as suggested by Ford 

et al. (2019), comparison of the PM values measured by all PA-II units will help identify such a localized source. Maintenance 505 

and calibration are other possible causes of differences between the two. The PM2.5 sensors in the AQMSs have strict rules for 

the monthly evaluation of sensor performance, including through flow calibration or calibration based on minimum value 

threshold (which, in some cases, causes the recording of negative PM values). By contrast, PA-II units do not have any quality 

control other than that done by the company for each sensor before shipment to the customer (PurpleAir personal 

communication, 2019). Another point that should be taken into account is the lifetime of the PA-II units. The manufacturer of 510 

the PMS5003 sensor used in the PA-II units states that it has a lifetime expectancy of ~3 years (Yong, 2016). Bi et al. (2020) 

found that the PA-II unit's efficiency is affected even after only two years of being operational. 

 

Based on the findings from this work, we believe that there are several needed steps that will allow the usage of the PA-II units 

in air quality and health related research. First, users should identify regions with multiple PA-II units, where at least one PA-515 

II is co-located with an FRM or FEM unit. Ideally the same location will also contain measurements of T and RH, or at least 

T and RH measurements will be nearby. Keep in mind that it is not recommended to use the PA-II internal sensors for T and 

RH values, as they are not representing the atmospheric measurements (Malinges et al., 2020; PurpleAir personal 

communication, 2019). However, we have found that in many regions there is no meteorological station that can serve as a 

reference for the correction process. It would be useful then, to devise a way in which the PA-II internal T and RH sensors can 520 

be used. To achieve this, an extensive study is necessary, to gain a better understanding of the issues related to the usage of 

the PA-II internal sensors and to formulate a calibration equation that then can be applied to the desired PA-II units. 
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Comparison of all PA-II units in each region will help to identify and remove outlier PA-II units from future analysis. Exposure 

to high PM concentration might affect the PA-II efficiency, as suggested by Sayahi et al. (2019), and therefore, its 525 

measurements will differ substantially from those of the AQMSs and other PA-II units. Ideally PurpleAir should monitor all 

active PA-II units and identify units that behave differently from surrounding PA-II units or identify PA-II units whose internal 

sensors (A and B) report different values, flag them on the online map, and communicate instructions to the unit owners on 

how to fix or replace the unit.  

 530 

After PA-II units have been identified, users should conduct MLR between the co-located PA-II and AQMS units, including 

measurements of T and RH. For the MLR to be efficient it is important have a wide range of PM2.5, T and RH measurements. 

This MLR will provide a coefficient that will be used to correct all the remaining PM2.5 values of all PA-II units in that region. 

Evaluation of the PA-II PM2.5 value corrections should be made for the duration of the study but also for specific events with 

spatial impact such as inversion, dust storms, biomass burning, and more. Such events should impact a larger area and therefore 535 

will allow detection of the PM changes in all PA-II units as a whole (network). Correction of PA-II PM2.5 values should be 

performed per region, as they represent specific PM values as well as changes of T and RH values that the PA-II units were 

exposed to. This will help the public obtain information on the spatial and temporal distribution of PM concentrations in their 

area (Gupta et al., 2018; Morawska et al., 2018), which will enable them to monitor local air-quality conditions (Williams et 

al., 2018) and help make decisions related to events with high PM exposure. 540 

 

In this study, we evaluated PA-II units that were up to 5 km away from an AQMS unit,  as well as up to 10 km from each 

other. This raises the question of maximum effective distance. What is the maximum distance between an AQMS and PA-II 

units that will still allow for the MLR to successfully correct the measurement taken by PA-II units; a distance greater than 

this would carry the potential of introducing additional factors that might impact the comparisons. Another situation that 545 

requires further investigation is that of regions that include multiple PA-II units but do not have a co-located pair or completely 

lack a reference monitoring station. The question in mind, if and how we might use neighboring regions in which measurements 

were successfully corrected to compensate in the case of such problematic areas. For example, could we have used Vallejo 

and San Francisco, two regions that were included in this study to correct the measurements of the PA-II units in the region of 

Berkeley - Oakland that resides between the two? 550 

4. Conclusions 

PA-II units are becoming a common low-cost tool to monitor changes in the concentrations of PMs of various sizes. Previous 

studies have examined the performance of these PA-II units (or the sensor in them) by comparing them with a co-located EPA 

AQMS. However, a majority of PA-II units are not co-located in practice, and some of them are placed in areas where there is 
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no reference air monitoring system. This study aimed to examine the behavior of PA-II units under atmospheric conditions 555 

when exposed to a variety of pollutants and different PM2.5 concentrations. For this purpose, we used PA-II units that have 

already been active for some time, irrespective of where they might be located. Four regions with multiple PA-II units and at 

least a single AQMS were identified. Each region had at least one co-located pair of a PA-II with an AQMS. Corrections of 

PA-II PM2.5 values using MLR based on the AQMSs’ PM2.5, RH, and T values of these co-located units improved the 

comparison of the PA-II (co-located and not co-located) with the AQMS unit (higher R2 and, lower RMSE and MAE as well 560 

as better slope values). Overall, the PA-II units behaved in similarly way to the other PA-II units in their regions. Without 

corrections of PA-II PM2.5 values, the majority  PA-II units measured much higher values than the AQMSs. After corrections 

of PA-II PM2.5 values, PA-II units were in agreement and measured overall similar PM2.5 concentrations. We think that the 

PA-II unit is a promising tool for measuring PM2.5 concentrations and identifying relative concentration changes as long as the 

PA-II PM2.5 values can be corrected.  565 
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Table legends 

Table 1: Detail of the coefficients received in each MLR as well as the liner regression output including R2, RMSE, MAE and slope for 

each correction PA-II unit 

 

Figure legends 740 

Figure 1. (A) Picture from the bottom of the PA-II unit containing two PMS5003 sensors (in blue). (B) Schematic of a single PMS5003 

sensor. A fan draws the particles through the inflow (rounded holes) at the lower level of the sensor. The particles travel to the upper part of 

the sensor where they come out through the air flow holes and then pass through the laser path, causing the beam to scatter. Finally, the 

particles exit from the fan. 

 745 
Figure 2: Maps of location with AQMS and PA-II units, each map (A-D) represent a different region. (A) Denver; (B) San Francisco; (C) 

Vallejo, and Salt Lake City (D). Maps created using Google map. AMQS unit is represented by the green points and the PA-II units, by the 

purple points. 

 

Figure 3. Time series of daily PM2.5 measurements from the AQMS and PA-II units in each of the four areas: (A) Denver; (B) San Francisco; 750 
(C) Vallejo, and (D) Salt Lake City. Measurements from AQMS are represented by the green lines and the PA-II units are indicated by 

purple lines.  

 

Figure 4. Comparison of hourly uncorrected PA-II (PM2.5) values compared to co-located AQMS (PM2.5) values (black) and corrected PA-

II (PM2.5) values compared to AQMS (PM2.5) values (gray). Dash lines represent a 1:1 line. Statistics of each case included the R2, RMSE 755 
and MAE for the uncorrected and corrected (MLR) data. N represent the number of data points used in the MLR. (A) for San Francisco, (B) 

Vallejo, (C-E) different MLR from Denver, DE-PA-2 with DE-AQ-3 (C),  DE-PA-8 with DE-AQ-1 (D) and new MLR based on DE-PA-2 

with DE-AQ-3, and DE-PA-8 with DE-AQ-1 (E). (F-I) different MLR from Salt Lake City, (F) for SL-PA-13 with SL-AQ-1, (G) SL-PA-

13 with SL-AQ-2, and (H) SL-PA-13 with an average of both AQMS units. 

 760 
Figure 5. Comparison of hourly uncorrected PA-II (PM2.5) values compared to nearest AQMS (PM2.5) values (black) and corrected PA-II 

(PM2.5) values compared to AQMS (PM2.5) values (gray). Dash lines represent a 1:1 line. Statistics of each case included the R2, RMSE and 

MAE for the uncorrected and corrected (MLR) data. N represent the number of data points used in the MLR. Each figure represents 

corrections based on different MLR type. (A) SF-PA-1 with SF-AQ-1 in San Francisco, (B) Vallejo was based on VA-PA-1 with DE-AQ-

1, (C-E) different corrections in Denver, (C) based on DE-PA-2 with DE-AQ-3, (D)  based on DE-PA-8 with DE-AQ-1, and E based on 765 
combining of DE-PA-2 with DE-AQ-3, and DE-PA-8 with DE-AQ-1 (E). (F-I) different corrections in Salt Lake City, (F) based on SL-PA-

13 with SL-AQ-1, (G) based on SL-PA-13 with SL-AQ-2, and (H) based on SL-PA-13 with an average of both AQMS units. 

 

Figure 6. Daily measurements of PM2.5 at (A) San Francisco and  (B) Vallejo during the November 2018 wildfire (UTC time). Daily PM2.5 

measurements at Salt Lake City during December 1-14, 2018 during inversion (C). Daily PM2.5 measurements at Denver during haze, 770 
September 1-15, 2017 (D). Each location show measurements before the PA-II PM2.5 measurements were corrected (left) and those after 

each of the correction options. AMQS unit is represented by the different green lines and the PA-II units, by the different purple lines. Bars 

represent the standard deviation values per day.  

 

Figure 7: Comparison of distance (km) between PA-II to its nearest AQMS in all regions (A) and between each PA-II unit to all other PA-775 
II units per region (B) to R2, RMSE, MAE and slope values received from the PM2.5 hourly measurements comparison. 
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Table 1: Detail of the coefficients received in each MLR as well as the liner regression output including R2, RMSE, MAE and slop for 

each correction PA-II unit 

Location PA-II ID AQMS ID 

Number of 

observation

s (h)  

Fit coefficients from MLR Results from MLR 

Intercep

t 
T (°C) 

RH 

(%) 

AQMS 

(µg m-

3) 

R 

Square 

RMSE 

(µg m-3) 

MAE   

(µg m-

3) 

Slope 

San 

Francisco 
SF-PA-1  SF-AQ-1  9910 -3.69 0.06 0.02 1.26 0.91 5.8 4.3 1.0 

Vallejo  VA-PA-2 VA-AQ-1 11506 -5.26 -0.01 0.05 1.33 0.91 6.0 4.0 1.0 

Denver  

DE-PA-2 DE-AQ-3 2134 -12.42 0.22 0.14 1.60 0.76 3.9 2.7 1.0 

DE-PA-8 DE-AQ-1 6800 -3.68 0.07 0.05 1.28 0.67 3.7 2.5 1.0 

DE-PA-2 

& DE-PA-

8  

DE-AQ-1 & 

DE-AQ-3  
8934 -5.38 0.09 0.06 1.40 0.70 3.8 2.6 1.0 

Salt Lake 

City 

SL-PA-13 SL-AQ-1 6216 -3.56 -0.09 0.02 1.54 0.88 2.7 1.8 1.0 

SL-PA-13 SL-AQ-2 6409 -2.29 -0.04 0.01 1.49 0.78 3.7 2.4 1.0 

SL-PA-13 

Average SL-

AQ-1 & SL-

AQ-2  

6450 -3.04 -0.07 0.02 1.55 0.84 3.0 2.0 1.0 
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Figure 1. (A) Picture from the bottom of the PA-II unit containing two PMS5003 sensors (in blue). (B) Schematic of a single PMS5003 

sensor. A fan draws the particles through the inflow (rounded holes) at the lower level of the sensor. The particles travel to the upper 810 
part of the sensor where they come out through the air flow holes and then pass through the laser path, causing the beam to scatter. 

Finally, the particles exit from the fan. 
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Figure 2: Maps of location with AQMS and PA-II units, each map (A-D) represent a different region. (A) Denver; (B) San Francisco; 

(C) Vallejo, and Salt Lake City (D). Maps created using Google map. AMQS unit is represented by the green points and the PA-II 830 
units, by the purple points. 
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Figure 3. Time series of daily PM2.5 measurements from the AQMS and PA-II units in each of the four areas: (A) Denver; (B) San 

Francisco; (C) Vallejo, and (D) Salt Lake City. Measurements from AQMS are represented by the green lines and the PA-II units are 

indicated by purple lines.  
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Figure 4. Comparison of hourly uncorrected PA-II (PM2.5) values compared to co-located AQMS (PM2.5) values 

(black) and corrected PA-II (PM2.5) values compared to AQMS (PM2.5) values (gray). Dash lines represent a 1:1 

line. Statistics of each case included the R2, RMSE and MAE for the uncorrected and corrected (MLR) data. N 

represent the number of data points used in the MLR. (A) for San Francisco, (B) Vallejo, (C-E) different MLR 

from Denver, DE-PA-2 with DE-AQ-3 (C),  DE-PA-8 with DE-AQ-1 (D) and new MLR based on DE-PA-2 with 875 
DE-AQ-3, and DE-PA-8 with DE-AQ-1 (E). (F-I) different MLR from Salt Lake City, (F) for SL-PA-13 with SL-

AQ-1, (G) SL-PA-13 with SL-AQ-2, and (H) SL-PA-13 with an average of both AQMS units. 
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Figure 5. Comparison of hourly uncorrected PA-II (PM2.5) values compared to nearest AQMS (PM2.5) values 

(black) and corrected PA-II (PM2.5) values compared to AQMS (PM2.5) values (gray). Dash lines represent a 1:1 880 
line. Statistics of each case included the R2, RMSE and MAE for the uncorrected and corrected (MLR) data. N 

represent the number of data points used in the MLR. Each figure represents corrections based on different MLR 

type. (A) SF-PA-1 with SF-AQ-1 in San Francisco, (B) Vallejo was based on VA-PA-1 with DE-AQ-1, (C-E) 

different corrections in Denver, (C) based on DE-PA-2 with DE-AQ-3, (D)  based on DE-PA-8 with DE-AQ-1, 

and E based on combining of DE-PA-2 with DE-AQ-3, and DE-PA-8 with DE-AQ-1 (E). (F-I) different corrections 885 
in Salt Lake City, (F) based on SL-PA-13 with SL-AQ-1, (G) based on SL-PA-13 with SL-AQ-2, and (H) based 

on SL-PA-13 with an average of both AQMS units. 
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Figure 6. Daily measurements of PM2.5 at (A) San Francisco and  (B) Vallejo during the November 2018 wildfire 890 
(UTC time). Daily PM2.5 measurements at Salt Lake City during December 1-14, 2018 during inversion (C). Daily 

PM2.5 measurements at Denver during haze, September 1-15, 2017 (D). Each location show measurements before 

the PA-II PM2.5 measurements were corrected (left) and those after each of the correction options. AMQS unit is 

represented by the different green lines and the PA-II units, by the different purple lines. Bars represent the standard 

deviation values per day.  895 
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Figure 7: Comparison of distance (km) between PA-II to its nearest AQMS in all regions (A) and between each PA-II unit to all 

other PA-II units per region (B) to R2, RMSE, MAE and slope values received from the PM2.5 hourly measurements comparison. 
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