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Abstract. The PurpleAir PA-II unit is a low-cost sensor for

monitoring changes in the concentrations of particulate mat-

ter (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 sys-

tem is present. Previous studies have examined the perfor-

mance 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 cus-

tomers, most of the PA-II units are not co-located with a

reference air monitoring system 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 dis-

tance from the reference sensor. We examine how PA-II units

perform in comparison to other PA-II units and Environmen-

tal 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, 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 tempera-

ture and relative humidity. The fit coefficients, received from

the MLR, were then used to correct the PM2.5 values in all

the remaining PA-II units in the region. Hourly PM2.5 mea-

surements from each PA-II unit were compared to those from

the AQMSs and other PA-II units in its region. The correction

of the PM2.5 values improved the R-squared value (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 com-

pared to those measured by the AQMS. Distance between

the units did not impact the comparison between units. Over-

all, 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 dis-

tributed monitoring stations and to aid in assessing and min-

imizing 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

contributors to the global burden of disease (GBD, Cohen et

al., 2017; 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 impact on human health

(Shiraiwa et al., 2017). Exposure to high PM2.5 concentra-

tions 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
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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 sta-

tions use equipment that implements either a federal refer-

ence method or federal equivalent method (FRM and FEM,

respectively; Clements et al., 2017). The FRM is a gravimet-

ric measurement method in which particles are collected on

a filter and the difference in filter weight before and after ex-

posure is used to determine the 24 h PM concentration (Wat-

son 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 USD. Further, the operation

of these AQMSs requires trained personnel and significant

infrastructure; they are subject to strict maintenance and cal-

ibration routines to ensure high-quality data and comparabil-

ity 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 con-

centration 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., 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 et al., 2017). Such

sensors enable communities and individuals alike to obtain

granular information on the spatial and temporal distribu-

tion of PM concentrations in their area (Gupta et al., 2018;

Morawska et al., 2018), thereby enabling them to monitor lo-

cal 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 preci-

sion remain unknown (Kuula et al., 2017). Data quality re-

mains a major concern that hinders the widespread adoption

of low-cost sensor technology. To assure data quality, it is im-

portant to test these sensors and compare them to FRM and

FEM measurements under both laboratory and field condi-

tions, particularly under atmospheric conditions with various

air pollution levels in which the sensors are expected to oper-

ate (Kelly et al., 2017; Morawska et al., 2018). Testing these

sensors at multiple locations will allow for exposure to differ-

ent atmospheric conditions and pollutant types (AQ-SPEC,

2019).

Among the limitations of low-cost sensors are environ-

mental 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 a labora-

tory, these environmental conditions can be controlled; how-

ever, it is impossible to achieve such stability in the field

under atmospheric conditions. Therefore, additional mea-

surements 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 crucial parameter in sensor charac-

terization as it determines the interval of calibration and 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 par-

ticulate matter sensors (PMS5003 sensors) that provide real-

time measurements of PM1.0, PM2.5, and PM10. The usage

of PA-II has grown rapidly in the last few years, and to date

more than 10 000 such sensors are in use across five conti-

nents, with the majority being operated in the US and Eu-

rope. PurpleAir provides live information on their website

in the form of a color-coded air quality index (AQI), to-

gether with actual PM concentrations (PurpleAir, 2019). Sev-

eral studies have already evaluated the PA-II unit or the sen-

sors (PMS5003) the unit contains; however, in all such stud-

ies, the PA-II unit (or the PMS5003 sensor) was co-located

with a reference unit. The AQ Sensor Performance Evalua-

tion Center (AQ-SPEC) evaluated the performance of a PA-

II unit using FEM sensors as a reference under laboratory

and field conditions in the Los Angeles area. Their evalu-

ation showed a very good comparison between the two for

both PM2.5 and PM10 (AQ-SPEC, 2019). An additional com-

parison between three different PA-II sensors and a single

FEM was performed for 8 weeks between December 2016

and January 2017 at the South Coast Air Quality Manage-

ment District Rubidoux Air Monitoring Station. Good corre-

lation (R2 > 0.9) was found between the three PA-II units

and the FEM unit. However, although the PA-II unit fol-

lows diurnal and day-to-day fluctuations very well, it consis-

tently overestimated the PM2.5 concentrations measured by

the FEM (Gupta et al., 2018). Sayahi et al. (2019) conducted

a long-term comparison (320 d) between two PMS5003 sen-

sors and both FRM and FEM units that were all co-located

in Salt Lake City, Utah. One of their PMS5003 sensors over-

estimated the PM2.5 concentration, whereas the other mea-

sured similar values to those measured by the FEM. Accord-

ing to Gupta et al. (2018), the performance of PA-II com-

pared against FEM units in a high-pollution environment

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

uation.

Atmos. Meas. Tech., 13, 5441–5458, 2020 https://doi.org/10.5194/amt-13-5441-2020



K. Ardon-Dryer et al.: Measurements of PM2.5 with PurpleAir under atmospheric conditions 5443

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 mul-

tiple co-located PA-II units with a FEM unit using an MLR

that used measurements of PM2.5 (using FEM units), 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 of 100 to 1000 m. Most of these studies so far fo-

cused on co-located units or units that were up to 1 km from

the reference unit. However, in reality, most PA-II units are

not near any reference unit; many are positioned more than

1 km away. Several questions can be raised based on this: can

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 neighbor-

ing region? Such usage of PA-II units at various distances is

crucial if we are to assess the possibility of using measure-

ment 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.

This study aims to examine how PA-II units perform under

atmospheric conditions when exposed to a variety of pollu-

tants 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 region, AQMSs, and PA-II units

(when PM2.5 values were measured or corrected) are pre-

sented. 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 con-

tains two PMS5003 sensors (see the two blue rectangles in

Fig. 1a), a BME280 environmental sensor, and an ESP8266

microcontroller. The BME280 sensor is used to monitor the

units’ inner pressure, temperature, and humidity; the sen-

sor measurements are not to be used for monitoring ambi-

ent 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, last access; 1 July 2019). The PMS5003 sensors

provide real-time measurements of PM1.0, PM2.5, and PM10

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−1. 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 of 1 µg m−3, and the maximum

standard PM2.5 concentration is above 1000 µg m−3. Accord-

ing to the manufacturer, each PMS5003 sensor will work ef-

fectively in a T range of −10 to 60 ◦C and RH range of 0 %–

99 % (Yong, 2018).

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, 2019). The use of a dual PMS5003 sensor

setup serves as an internal check for the PA-II unit’s integrity.

The similarity or difference in the PM concentrations ob-

tained from the two PMS5003 sensors (named A and B) al-

lows 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 PA-II units to find and

remove outliers from the shipment (PurpleAir, personal com-

munication, 2019).

All the data regarding the PA-II units and their measure-

ments was downloaded from the PurpleAir website. Informa-

tion about all the PA-II units was downloaded in a JSON for-

matted 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 was installed. We initially selected all

the PA-II units that were active between 1 January 2017 and

31 December 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 calcu-

lated the PM2.5 hourly average and standard deviation (SD)

based on the original measurement values and the daily av-

erage 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 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.
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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 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.

2.2 PM2.5 measurements from AQMS

Hourly measurements of PM2.5 (FRM/FEM Mass code

– 88 101 files) from all AQMSs collected by the EPA

from 1 January 2017 to 31 December 2018 were selected

from the EPA website (https://aqs.epa.gov/api, last access:

1 April 2019). The location of each AQMS was provided in

the same file. Each AQMS is identified by the combination

of state code, county code, site number, and Parameter Oc-

currence Code (POC). 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 con-

sidered.

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 88 101 file

for the AQMS, we calculated the distances between all the

units to identify regions with multiple PA-II units (a min-

imum 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 simi-

lar range used by Bi et al., 2020). All the units in these re-

gions needed to be active during the designated time period

of 1 January 2017 to 31 December 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, CA; and Salt Lake City, UT. Fig-

ure 2 shows a map with all the PA-II units and AQMSs at

each region. Table S1 in the Supplement provides informa-

tion 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 simplification

purposes, each region was defined by two letters to repre-

sent its name (DE for Denver, SF for San Francisco, VA for

Vallejo, and SL for Salt Lake City). Also, each unit type re-

ceived 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 be-

tween each unit per region. The number of concurrent hourly

measurements of PA-II units and AQMS units in each com-

parison varies per region. Overall, the number of concurrent

hourly measurements ranged from 95 to 16 658 h with an av-

erage of 6412 ± 2924 h. Table S2 lists the number of concur-

rent 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 cal-

culations and comparisons was performed using MATLAB

and Excel. R-squared (R2), root-mean-square error (RMSE),

and mean absolute error (MAE) values, as well as the best fit

information (including the slope), were used for the compar-

ison.

2.4 Meteorological information

Meteorological measurements including T , RH, and wind

speed and direction were used from the EPA website

(https://www.epa.gov/outdoor-air-quality-data, last access:

1 April 2019). Only a few AQMSs had these meteoro-

logical measurements: DE-AQ-1, and DE-AQ-3 in Den-
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Figure 2. Maps of locations with AQMS and PA-II units; each map (a–d) represents a different region: (a) Denver, (b) San Francisco,

(c) Vallejo, and Salt Lake City (d). Maps created using © Google maps. AMQS units are represented by the green points, and the PA-II units

are represented by the purple points.

ver, and SL-AQ-1 from Salt Lake City. Additional mete-

orological measurements such as T , RH, wind speed and

gust, wind direction, and visibility of different meteorolog-

ical stations were obtained from the Iowa Environmental

Mesonet website (https://mesonet.agron.iastate.edu/request/

download.phtml, last access: 1 April 2019). For meteo-

rological information about the selected regions, the fol-

lowing meteorological stations were used: Denver Inter-

national Airport (DEN) station, Salt Lake City Interna-

tional Airport (SLC) station, San Francisco International Air-

port (SFO) station, and the Napa County (APC) station (for

Vallejo).

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 be-

tween 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 out-

lier unit, and therefore was removed from future analysis

(Fig. S1 in the Supplement shows a 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 in PM2.5 values (> 70 µg m−3) that was not mea-

sured by any other unit in the region. Such a large increase

was most likely caused by a local source near a specific unit,

such as a small-scale fire, lawn mower, barbecue, cigarette

smoke, or 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 ir-

regular 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

This study examined measurements from a 2-year period

from 1 January 2017 to 31 December 2018, resulting in am-

ple 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 pe-

riod in each region were observed to understand the condi-

tions each region had (shown in Fig. S2). Some regions had

a high frequency of hourly measurements at low RH (30 %–

40 %), while others had high RH (> 90 %). Most of the mea-

surements 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 val-

ues increase or decrease, the PA-II values also increase or

decrease. The PA-II unit measurements of daily PM2.5 val-

ues start at 0 µg m−3, and the AQMS can measure nega-

tive values owing to its calibration process. In some cases,

the AQMS measured higher PM2.5 daily values compared

to the PA-II units, mainly on 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

on days with low RH values and low PM2.5 daily values

(Fig. S3). However, overall, regardless of the PM2.5 concen-

tration, the PA-II units usually measured higher values com-

pared to those measured by the AQMSs (see July and Au-
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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.

gust 2018 in Denver in Fig. 3a and November 2018 in San

Francisco and Vallejo in Fig. 3b and c). This overestimat-

ing of PM values by the PA-II units (or PMSs) compared to

FRM and FEM units has also been observed in previous stud-

ies (Kelly et al., 2017; AQ-SPEC, 2019; Gupta et al., 2018;

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

The overestimation 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). Pre-

vious studies suggested that part of the problem with the

PA-II unit results from the optical particle counter being im-

pacted by changes of RH (Crilley et al., 2018; Malings et

al., 2020; Magi et al., 2020). Water vapor 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 heaters or dryers at their inlets to re-

move water from the sample before measuring the particles;

therefore, deliquescent or hygroscopic growth of particles,

mainly under high RH conditions, can lead to higher reported

PM concentrations (Di Antonio et al., 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 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 correc-

tions have been suggested and implemented in other loca-

tions 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.

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

multivariate linear 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 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
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Table 1. Details of the coefficients received in each MLR and the linear regression output including R2, RMSE, MAE, and slope for each

correction PA-II unit.

Location PA-II ID AQMS ID Number of Fit coefficients from MLR Results from MLR

observations Intercept T RH AQMS R2 RMSE MAE Slope

(h) (◦C) (%) (µg m−3) (µg m−3) (µg m−3)

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 11 506 −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 and DE-AQ-1 and
8934 −5.38 0.09 0.06 1.40 0.70 3.8 2.6 1.0

DE-PA-8 DE-AQ-3

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

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

City SL-PA-13 Average

6450 −3.04 −0.07 0.02 1.55 0.84 3.0 2.0 1.0SL-AQ-1 and

SL-AQ-2

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 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 val-

ues between measurements from the PMS5003 sensor (used

in PA-II) to T and RH under atmospheric conditions. Hol-

stius et al. (2014) found a negligible effect of T or RH on

measurements performed using low-cost sensors under am-

bient conditions. However, several studies that used old PMS

units such as PMS1003 which was used in PA-I, or PMS3003

which was never used in any PA units found that these sen-

sors were affected by RH (Kelly et al., 2017; Jayaratne et al.,

2018; Zheng et al., 2018). AQ-SPEC (2019) 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, consid-

eration of T and RH was used in the MLR.

An MLR following Magi et al. (2020) was performed on

each co-located PA-II and AQMS pair, including meteoro-

logical 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 follows:

PA-II(PM2.5) = A1+A2AQMS(PM2.5)+A3T +A4RH, (1)

where A1–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 param-

eters 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 correction of PM2.5 values in the PA-II units for each

region, can be found Table 1. Figure 4 presents a compari-

son 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, given per region.

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

units per region

San Francisco had only one co-located PA-II unit (SF-PA-

1) with a single AQMS unit (SF-AQ-1). There were 9910 h

of PM2.5 measurements overlapping from both units. The

hourly PM2.5 measurements of SF-PA-1 before correction

ranged from 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 the 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 to 100 % 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 im-

proved. 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 correc-

tions, while MAE changed from 5.4 to 4.3 µg 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 mea-
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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). Dashed lines represent a 1 : 1 line. Statistics of each case included the R2,

RMSE, and MAE for the uncorrected and corrected (MLR) data. N represents the number of data points used in the MLR for San Fran-

cisco (a), Vallejo (b), Denver (c–e), and Salt Lake City (f–h). Different MLR were used from Denver: DE-PA-2 with DE-AQ-3 (c) and

DE-PA-8 with DE-AQ-1 (d). New MLR were based on DE-PA-2 with DE-AQ-3 and DE-PA-8 with DE-AQ-1 (e). Different MLR were used

for Salt Lake City: SL-PA-13 with SLAQ-1 (f) and SL-PA-13 with SL-AQ-2 (g). New MLR were used based on SL-PA-13 with an average

of both AQMS units (h).
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surements ranged from −10 up to 435 µg m−3. The meteoro-

logical station that was used for this PA-II PM2.5 value cor-

rection (APC) was 11 km away from the AQMS. The meteo-

rological measurements during this comparison ranged from

−5 to 41 ◦C and 5.8 % up to 100 % for T and RH, respec-

tively. The MLR improved the comparison between the PA-II

and the AQMS (Fig. 4b). There was no change in the R2 val-

ues, which was 0.91, yet RMSE and MAE values decreased.

RMSE decreased from 8.0 to 6.0 µg m−3, while MAE de-

creased from 5.4 µg m−3 before the PM2.5values corrections

to 4.0 µg m−3 after the PM2.5 value corrections. The slope

also improved from 1.3 to 1.0.

Denver had two different PA-II units that were co-located

with two different AQMS units. Unit DE-PA-8 had 2134 h

of overlapping PM2.5 measurements with DE-AQ-2, while

DE-PA-2 had 6800 h of overlapping PM2.5 measurements

with DE-AQ-3. The range of the PM2.5 values were sim-

ilar 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 measure-

ments, which ranged from 0.3 up 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 measure-

ments for DE-PA-2 ranged from −9.4 up to 39.4 ◦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-PA-2 had better correlation values before and af-

ter the MLR (R2 of 0.75 and 0.78, respectively) compared

to DE-PA-8 (R2 of 0.68 and 0.69, respectively; see 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 be-

fore and after the MLR (Fig. 4e). R2, RMSE, and MAE val-

ues were in the same range in the two separate comparisons.

R2 improved from 0.71 to 0.72 before and after the MLR, re-

spectively. 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 observa-

tions and R2, RMSE, and MAE values that were in the range

of each of the separate comparisons.

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 6216 h

of overlapping PM2.5 hourly measurements with SL-AP-13,

while SL-AQ-2 had slightly more overlapping measurements

(6409 h). The meteorological parameters during these com-

parisons 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 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 evalu-

ated the MLR for each of the AQMS units separately (Fig. 4f

and 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 value corrections, the MLR

with SL-AQ-1 had better results with a higher R2 (0.88 com-

pared 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 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 in R2 and a decrease in

RMSE and MAE values. Averaging of the AQMS units pro-

vided 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 and 2.0 µg m−3, respectively)

and a high R2 (0.84) value, making this MLR better than the

one used by the pair SL-PA-13 with SL-AQ-2.

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 un-

corrected 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 PA-IIs in the region using a linear re-

gression. Corrected PM2.5 hourly values of PA-II unit mea-

surements improved the comparison between the other PA-

IIs and AQMS units, as shown by the general reduction of

RMSE, MAE, and the slope. Figure 5 shows comparison to

AQMSs. See Table S3 for the full details of all comparison

results.

The comparison of each unit in San Francisco and Vallejo

before and after implementing the PA-II PM2.5 value correc-

tions did not change the R2 values between the PA-IIs and

AQMS units (Table S3a and b). The average R2 value be-

tween 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 for Vallejo).
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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). Dashed lines represent a 1 : 1 line. Statistics of each case included the R2,

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

represents corrections based on different MLR type: San Francisco (a) based on SF-PA-1 with SF-AQ-1 and Vallejo (b) based on VA-PA-

1 with DE-AQ-1. Different corrections were made for Denver (c–e): DE-PA-2 with DE-AQ-3 (c) and DE-PA-8 with DE-AQ-1 (d) and

combining DE-PA-2 with DE-AQ-3 and DE-PA-8 with DE-AQ-1 (e). Different corrections were made for Salt Lake City (f–h): based on

SL-PA-13 with SL-AQ-1 (f) and SL-PA-13 with SL-AQ-2 (g), and the MLR was based on SL-PA-13 with an average of both AQMS units (h).
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The average RMSE values for San Francisco for the PA-

IIs with the AQMSs changed from 8.23 ± 0.66 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; aver-

age RMSE changed from 4.23±1.05 to 3.39±0.83 µg m−3.

Similar reductions were also observed for the MAE; aver-

age MAE values for the PA-IIs with the AQMSs changed

from 5.84±0.31 to 4.61±0.26 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 2.16±0.35 to

1.71±0.28 µg m−3. A reduction was also observed in the av-

erage slope value (Table S3a).

Vallejo also had a reduction in RMSE and MAE values af-

ter the MLR. The average RMSE values for the PA-II with

the AQMS changed from 8.95±1.35 to 6.73±1.05 µg m−3.

Similar improvements were observed when the PA-II units

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 correc-

tions. Similar reductions were also observed for the MAE;

average MAE values for the PA-II with the AQMS changed

from 5.81±0.61 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 to

1.89±0.42 µg m−3. A reduction was also observed in the av-

erage slope value (Table S3b).

In Denver three different correction options were evalu-

ated based on two separate pairs of PA-IIs with AQMSs

and a combination of both together. Since there were sev-

eral AQMS units, each PA-II unit was compared to its near-

est AQMS unit (see Table S2a for distances, the distances

ranged from 0 to 4 km). The coefficient values were differ-

ent 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 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 near-

est 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). 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).

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 ob-

served when the PA-II units were compared to the other PA-II

units (Table S3c). The average RMSE and MAE values be-

tween 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. Cor-

rection 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 and

1.5±0.4 µg m−3, respectively. These values were lower than

those that were based on the correction 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 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 av-

eraged. The corrections of the PA-II (PM2.5 values) units

in Salt Lake City varied depending on the type of correc-

tions and coefficient used. While all options of PA-II PM2.5

value 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 values and higher RMSE and

MAE values compared to the other two correction options.

The average RMSE between the PA-II and 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 µg m−3. A reduction was also observed for the

average MAE value, which changed from 3.7 ± 0.8 to 2.3 ±

0.5 µg m−3 after implementing the SL-AQ-1 MLR. Reduc-

tions of RMSE and MAE values were also observed when

the PA-II PM2.5 value corrections were based on averag-

ing the PM2.5 values from both AQMS units. The aver-

age RMSE between the PA-II and the AQMS units was

6.1 ± 0.9 µg m−3 before the correction of PA-II PM2.5values

and 3.9±0.6 µg m−3 after the correction of PA-II PM2.5 val-

ues. A reduction was also observed for the average MAE

value, which changed from 3.8 ± 0.7 to 2.5 ± 0.4 µg m−3 af-

ter 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 and 2.24±0.96 µg m−3, respectively. After the cor-

rections of PA-II PM2.5 values with SL-AQ-1, the average

RMSE and MAE values were reduced to 2.65 ± 0.98 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 af-

ter the PA-II PM2.5 value corrections were 2.64 ± 0.97 and

1.43 ± 0.62 µg m−3, respectively.

Overall, almost all the PA-II units had high correlation val-

ues 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
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values with the AQMS, and they also had a relatively low cor-

relation 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 been considered as such and subsequently

removed from the dataset.

Although improvements of RMSE, MAE, and slope val-

ues 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 corrections improved the performance

of PA-II units, a comparison of PM2.5 values at different lo-

cations 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 con-

ditions were performed based on daily measurements of

PM2.5 values from different regions that experienced differ-

ent pollution types. It is known that different meteorologi-

cal conditions, such as wind direction or speed and pollution

type (traffic, industrial, wildfire, etc.) or source (local vs. re-

gional), 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 concentration ex-

ceeded 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 condi-

tions in each region included in this study.

3.3.1 Wildfire in California

The two studied regions in California, Vallejo and San Fran-

cisco, are relatively close to each other, and both were af-

fected by a large wildfire that occurred in November 2018.

According to the California statewide wildfire recovery re-

sources (2019), the wildfire started on 8 November in Butte

County (north of Vallejo) owing to a combination of strong

winds and very dry conditions. A southwesterly wind trans-

ferred the wildfire smoke from Butte County toward Vallejo

and San Francisco. Very high daily PM2.5 values were mea-

sured from 9 to 21 November (Fig. 6a and b). During this pe-

riod, 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 precipita-

tion started on November 21. Overall, in 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 measure-

ments. A comparison of the PM2.5 values measured by the

PA-IIs before and after the correction (Fig. 6a and b) showed

that the measured (uncorrected) PA-II PM2.5 values were

higher compared to the AQMS values. In San Francisco, dur-

ing the wildfire days, the PA-II measured on average 30.3 ±

13.2 µg m−3 higher PM2.5 daily values than the AQMS. Sim-

ilar 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 sim-

ilar range to those measured by the AQMS units. The cor-

rected PA-II PM2.5 daily values during the wildfire were still

slightly higher than those measured by the AQMS during the

same time. In San Francisco the corrected PM2.5 daily values

were on average 6.7 ± 12.0 µg m−3 higher than those mea-

sured by the AQMS. Lower values were found for Vallejo

(1.7 ± 11.8 µg m−3). However, a closer look at the daily val-

ues 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 re-

sult of not having enough hourly measurements with such

high PM2.5 values. Both regions had very low number of

hours with PM2.5 > 100 µg m−3; only 0.15 % of the hourly

measurements in San Francisco had PM2.5 hourly measure-

ments 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.

3.3.2 Inversion in Utah

In Utah, Salt Lake City had higher daily PM2.5 values during

4–13 December 2018 (Fig. 6c). The entire area was affected

by an inversion for several days (3–13 December), which in-

creased the daily PM2.5 values and reduced the visibility to

almost zero (see photos in Williams, 2019). Overall, the val-

ues 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 dur-

ing these days were much higher than those measured by the

AQMS (on average 9.2 ± 7.4 µg m−3 more each day). PM2.5

values only decreased after precipitation occurred on 13 De-

cember. 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 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
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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 1–14 December 2018 during inversion (c). Daily PM2.5 measurements at Denver during haze, 1–

15 September 2017 (d). Each location shows measurements before the PA-II PM2.5 measurements were corrected and after each of the

correction options. AMQS units are represented by the different green lines and the PA-II units are represented by the different purple lines.

Bars represent the standard deviation per day values.

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 units would be less likely to volatilize ammonium ni-

trate, unlike the one used in the AQMS units (Grover et al.,

2005).

3.3.3 Haze in Denver

On 4 September 2017, a thick hazy smoke from west-

ern wildfires settled into eastern Colorado (Spears, 2020).

Haze was reported by the DEN meteorological station from

06:00 UTC until the end of the day. Low wind speeds (av-

erage 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 UTC. PM2.5 daily measure-

ments from AQMS units in Denver during this day increased

up to 37.1 µg m−3. Before the PA-II PM2.5 value corrections,
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PM2.5 daily measurements from the four PA-II units that

were active during this period were almost double (the av-

erage 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 al-

most the entire duration of 1–11 September but lower than

the remaining days (Fig. 6d). On average the PA-IIs mea-

sured 8.3 µg m−3 more PM2.5 daily concentration than the

AQMS units during the entire period. There were three PA-II

PM2.5 value-correction options in this area, two were based

on two different co-located PA-II and AQMS units, and an-

other combined these two pairs. All PA-II PM2.5 value cor-

rections showed a reduction in the daily PM2.5 values com-

pared to the measured (uncorrected) case, yet the corrected

daily PM2.5 values were higher for almost this entire pe-

riod. 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

in the other two PA-II PM2.5 value-correction types (3.5 and

2.8 µg m−3 based on DE-PA-8 with DE-AQ-1) and the one

type that combined both co-located pairs.

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 the two units were co-located. The AQ-SPEC (2019)

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 corre-

lation 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 an

FRM unit next to a PMS5003 (used in the PA-II unit) in

Salt Lake City. The PMS5003 PM2.5 measurements corre-

lated 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 be-

tween these units. Although lower correlation values were in

fact observed 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 correlation between the two

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.

3.5 Underlying differences and future implications

While appropriate PA-II PM2.5 value corrections can im-

prove 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 un-

derlying technology and the manner in which units are

placed. The PM2.5 sensors in the AQMSs perform gravimet-

ric 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 par-

ticles during high-humidity conditions or when a majority of

the particles are volatile. Another difference is the physical

location of the units; whereas AQMSs are meticulously posi-

tioned 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 deci-

sion. In practice, most of the PA-II units are located in resi-

dential 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 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 ad-

vantage 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 re-

sults when compared with other units in its area. Therefore,

an increase in 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 and calibration are other possible causes of dif-

ferences between the two. The PM2.5 sensors in the AQMSs

have strict rules for the monthly evaluation of sensor per-

formance, including through flow calibration or calibration

based on a 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). An-

other point that should be taken into account is the lifetime

of the PA-II units. The manufacturer of the PMS5003 sensor

used in the PA-II units states that it has a lifetime expectancy
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Figure 7. Comparison of distance (km) between PA-II and its nearest AQMS in all regions (a) and between each PA-II unit and all other

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

of ∼ 3 years (Yong, 2018). Bi et al. (2020) found that the PA-

II unit’s efficiency is affected even after only 2 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-II is co-located with an FRM or FEM unit. Ide-

ally 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 in-

ternal sensors for T and RH values, as they do not represent

the atmospheric measurements (Malinges et al., 2020; Pur-

pleAir, personal communication, 2019). However, we have

found that in many regions there is no meteorological sta-

tion 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 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 sen-

sors and to formulate a calibration equation that then can be

applied to the desired PA-II units.

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 there-

fore its measurements will differ substantially from those of

the AQMSs and other PA-II units. Ideally PurpleAir should

monitor all active PA-II units, identify units that behave dif-

ferently from surrounding PA-II units or 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.

After PA-II units have been identified, users should con-

duct 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 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 per-

formed per region, as they represent specific PM values and

changes of T and RH values that the PA-II units were ex-

posed 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 condi-

tions (Williams et al., 2018) and help make decisions related

to events with high PM exposure.

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
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from each other. This raises the question of maximum ef-

fective 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 intro-

ducing additional factors that might impact the comparisons.

Another situation that 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 is (if possible) how we might

use neighboring regions in which measurements were suc-

cessfully corrected to compensate in the case of such prob-

lematic 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?

4 Conclusions

PA-II units are becoming a common low-cost tool to monitor

changes in the concentrations of PMs of various sizes. Pre-

vious 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 no reference air monitoring system. This

study aimed to examine the behavior of PA-II units under

atmospheric conditions when exposed to a variety of pollu-

tants 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 re-

gions 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 val-

ues of these co-located units improved the comparison of the

PA-II (co-located and not co-located) with the AQMS unit

(higher R2, lower RMSE and MAE, and better slope val-

ues). Overall, the PA-II units behaved in a similar way to the

other PA-II units in their regions. Without corrections of PA-

II PM2.5 values, the majority of 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.
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