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Abstract. Aerosol particles, also known as Particulate Matter (PM), have a profound impact on human health, air quality, the 

weather, and climate. PM can be measured using a variety of measuring techniques and instruments, notably reference-grade 

instruments and Low-Cost Sensors (LCS). Although Low-Cost Sensors allow for a higher resolution network, some have 

accuracy issues and reliability when compared to reference-grade units, which prompts the need to develop a calibration. This 10 

work, which is part of the Lubbock Environmental Action Plan (LEAP) for Communities, aims to provide information on air 

quality levels across the city of Lubbock using Clarity Node S sensors. In this study, which is the first step of the work, an 

evaluation and calibration of four Clarity Node S sensors was performed. The Clarity Node S sensors were selected for this 

project due to the sensors' ability to operate without a power or Wi-Fi source. Good agreement was found between the sensors 

when they were collocated with each other from March to May 2024 on the Aerosol Research Observation Station (AEROS). 15 

Next, one LEAP unit was collocated at AEROS with a reference unit, and different calibration tests were performed for the 

three PM concentrations measured by the Clarity units (PM1, PM2.5, and PM10, particles with diameters <1, 2.5, and 10µm, 

respectively). The selected calibration was developed and implemented for all four LEAP units. The calibrated LEAP units 

were then collocated near two different reference units for a duration of eight months (July 2024 to February 2025), and a 

comparison was performed. While one reference unit showed a good agreement with three LEAP units, the other reference 20 

units were very different from the collected LEAP unit. 

1 Introduction  

Atmospheric Particulate Matter (PM) generated by natural and anthropogenic sources is defined by the particle aerodynamic 

diameter. Three size definitions that are most commonly used are PM1, PM2.5, and PM10 (particles with diameters <1, 2.5, and 

10µm, respectively). High concentrations of PM produce negative impacts on air quality (Huang et al., 2009; Goyal et al., 25 

2010; Rovira et al., 2020) and to the Economy (Zhang et al., 2008; Yang et al., 2019; Nguyen et al., 2021). High PM 

concentrations also impact the global radiation balance (Shim et al., 2025), cloud formation (Bangert et al., 2012; Alizadeh-

Choobari and Gharaylou, 2017), the Earth’s climate (Megaritis et al., 2014; Fiore et al., 2015), and the atmospheric vertical 

electric field (Zhang et al. 2018; Ardon-Dryer et al. 2022a). High concentrations of these three PM sizes are known to have a 
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negative impact on human health due to their size and ability to penetrate into the human body (Kampa and Castanas, 2008; 30 

Valavanidis et al., 2008; Shaughnessy et al., 2015). Therefore, it is important to monitor the concentrations of PM of all sizes. 

 

Two different official methods are commonly used to measure PM concentrations in Air Quality Monitoring Stations (AQMS): 

The Federal Reference Method (FRM) and the Federal Equivalent Method (FEM). FRM operates via gravimetric analysis, 

where ambient particulates are size-sorted through various air inlets before they accumulate on a filter for a 24-hour period 35 

(Eisner and Wiener, 2002; Rees et al., 2004; Clements and Vanderpool, 2019). The PM concentration is then measured by 

calculating the weight difference between the filter weights before and after particle collection (Rees et al., 2004). FRM 

provides reliability and consistency and is used as a reference for the calibration of other monitors (Eatough et al., 2001; 

Clements and Vanderpool, 2019). Two examples of networks that utilize the FRM are the Chemical Speciation Network 

(CSN), with sites located mainly in urban and suburban settings, and the Interagency Monitoring of Protected Visual 40 

Environments (IMPROVE), located in remote and rural sites (Malm et al., 1994; Solomon et al., 2014). However, these 

monitors are large, expensive to purchase and to operate, fixed to one location, and require trained personnel as well as manual 

labor for filter measurement and maintenance (Clements and Vanderpool, 2019). The FRM also has a low time resolution (one 

measurement per day), and measurements in CSN and IMPROVE are normally made every three days, meaning these networks 

may fail to detect PM events that occur in between measurements (Delgado-Saborit, 2012; Ardon-Dryer et al., 2023). The 45 

FEM method provides continuous measurements, including the Beta Attenuation Mass Monitors (BAMs), Tapered Element 

Oscillating Microbalance (TEOM), and an optical monitor. The BAM measures mass concentration using the principle of beta 

ray attenuation, where the beta rays travel through the filter tape and are detected with a scintillation detector. The ratio (of 

beta rays) between the filter tape after PM collection to those measured before particle collection determines the mass density 

of collected PM on the filter tape (Wedding and Weigand, 1993; Chueinta and Hopke, 2001; Met One, 2019). The TEOMs 50 

utilize a hollow glass element that oscillates at a specific frequency using feedback electronics or magnets. An increase in 

particle mass concentration decreases the frequency of the oscillating element, allowing the unit to calculate mass 

concentrations accordingly (Patashnick and Rupprecht, 1991; Mignacca and Stubbs, 1999). The optical monitor method 

measures the particles using light scattering technology with either a nephelometer or photometer (Hagan and Kroll, 2020). 

These sensors allow for the measurement of particle mass concentration and size distribution (Grimm and Eatough, 2009; 55 

Hagan and Kroll, 2020). An example of such a unit is the GRIMM/DURAG EDM-180. Due to their large size and high cost 

(Clement and Vanderpool, 2019; Hagan and Kroll, 2020), these different FEM monitors are limited in their spatial and 

geographical coverage. Even with the available networks (AQMS, CSN, and IMPROVE) for PM measurements, there are still 

many areas with low spatial resolution (Ardon-Dryer et al., 2023; Roque et al., 2025). PM values measured in one 

neighborhood may not reflect the PM values in a nearby neighborhood (Ardon-Dryer et al., 2020; Hagan and Kroll, 2020; 60 

Ardon-Dryer and Aziz, 2025). The need to improve the spatiotemporal resolution of PM measurements and provide the public 

with accessible information regarding the local air quality led to the development of low-cost sensors (LCS). 
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LCS are smaller, cheaper, and more portable compared to the FRM/FEM counterparts, which allow for use in high spatial and 

temporal PM monitoring networks (Ardon-Dryer et al., 2020; Raheja et al., 2023; Zico da Costa et al., 2024). Many of the 65 

low-cost sensors contain either a Plantower PMS5003 or PMS6003 sensor, which are light-scattering instruments that are 

classified as particle counters (Ouimette et al., 2022). Some of the low-cost sensors also contain internal instruments to measure 

internal temperature (T), relative humidity (RH), and pressure (P) (Clarity, 2023; PurpleAir, 2023). While the utilization of 

LCS has become increasingly common, with thousands deployed across the world, there are still many uncertainties regarding 

the reliability and quality of the collected data (Spinelle et al., 2015; Lewis and Edwards, 2016). To reduce costs, companies 70 

construct these sensors using cheaper parts, which may impact the quality control, assurance, and signal transparency of the 

product, making them potentially inadequate for accurate PM measurement (Barkjohn et al., 2021; Papapostolou et al., 2017). 

LCSs can produce overestimations of PM concentrations due to the hygroscopic growth of the particle, typically during high 

RH conditions (Crilley et al., 2018). Some LCSs can also underestimate the PM concentration in low RH conditions 

(Chakrabarti et al., 2004; Soneja et al., 2014). While most LCSs show high correlations between sensors (of the same type), 75 

the uncalibrated or uncorrected LCS measurements normally have low correlation and high error when compared to a reference 

FEM or FRM monitor (Ardon-Dryer et al., 2020; Zaidan et al., 2020; Raheja et al., 2023). Different regression methods have 

been used to correct and evaluate the performance of these low-cost sensors when collocated and compared with a reference 

monitor. Some of the regression methods used to improve LCS measurements are Linear (LR), Multivariate (MLR), Random 

Forest (RF), Ordinary Least Squares (OLS), and Quantile (Ardon-Dryer et al., 2020; Barkjohn et al., 2021; Raheja et al., 2023). 80 

Some of the corrections consider other variables that can impact LCS PM measurements, including T and RH (Jiao et al., 

2016; Ardon-Dryer et al., 2020; Nobell et al., 2023) or even dew point Temperature (Barkjohn et al., 2021). 

 

This research project is part of the Lubbock Environmental Action Plan (LEAP) for Communities, a project funded by the US 

Environmental Protection Agency (EPA grant # 02F28601). The LEAP project aims to investigate the air quality levels across 85 

the city of Lubbock, Texas. As there is only one single reference sensor, operated by the Texas Commission of Environmental 

Quality (TCEQ), in this area that only measures PM2.5. This sensor is located on the eastern edge of Lubbock near an 

agricultural field, away from urban or residential areas. As part of LEAP, multiple Clarity Node S units and one reference 

monitor were purchased for this project. This study will present the first step of this project, which includes the calibration 

process, as well as an eight-month analysis and comparison of collocated Clarity Node S units with two reference units at two 90 

locations. 

2 Methodology  

2.1 Research area 

This research took place in Lubbock, Texas, an urban area (population ~300,000) surrounded by rural agriculture (primarily 

cotton). Located in the Panhandle on the Southern High Plains Plateau of West Texas, approximately 1 km above sea level. 95 
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The climate is characterized by a semi-arid climate, with annual precipitation (from 2000 to 2024) of 472 ± 172 mm, mainly 

during the late spring to summer months (NWS, 2025). The flat terrain, low vegetation cover, and sparse which offer no 

obstruction from the wind, lead to the formation of dust events. The area experiences many dust events (Kelley and Ardon-

Dryer, 2021; Robinson and Ardon-Dryer, 2024) that lead to high PM concentrations (Kelley and Ardon-Dryer, 2021; Ardon-

Dryer and Kelley, 2022; Robinson et al., 2024).  100 

2.2 Instrumentation used in this study 

This study includes four LCS units, Clarity Node S sensors, and two reference units: a GRIMM/DURAG EDM-180 and a Met 

One BAM-1022 unit, operated by TCEQ.  

 

The Clarity Node S sensor (Clarity from here on) uses a Plantower PMS6003 dual laser light scattering instrument to monitor 105 

and measure PM1, PM2.5, and PM10 (Nobell et al., 2023).  PM concentrations range from 0 to 1000 µg m-3 at a resolution of 1 

µg m-3 (Clarity, 2023). The sensor also contains a Bosche BME280 sensor that measures P, T, and RH (Clarity, 2023). The 

Clarity sensor has an operational temperature that ranges from -10°C to 55°C and an operational RH range of 10% to 98%. 

While the sensor can measure particles at high RH conditions, it does not have a built-in dryer to reduce particle hygroscopic 

growth (Clarity, 2023). The Clarity Node S sensor was selected for this project due to its ability to operate without the need 110 

for external power and Wi-Fi, by using a built-in solar panel and an SD card port. This allows the sensor to communicate data 

over cellular networks while deriving all its operational power from incoming solar radiation, allowing it to conduct analysis 

and comparison at multiple locations. Each Clarity sensor received the name LEAP with a number (e.g., LEAP01, LEAP02). 

 

The GRIMM/DURAG EDM-180 instrument is an optical sensor (featuring an internal 600 nm laser) that measures mass 115 

concentration of PM10, PM2.5, and PM1, in a range of 0-1000 µg m-3 as well as particle concentrations using 31 bin sizes from 

0.25 µm to 32 µm. The unit operates at a flow rate of 1.2 L min-1 and can count up to 3 million particles per Liter. The EDM-

180 is connected to a 1.5-meter sample pipe featuring a TSP head, an integrated Nafion dryer, and a water drain, which 

minimizes hygroscopic effects. The EDM-180 is placed in an air-conditioned, weatherproof housing (Model 199) that allows 

full operation in a variety of weather conditions, including an operating ambient temperature of -20C to 60C and an ambient 120 

relative humidity of 0% to 95% (GRIMM/DURAG, 2020). The unit is approved for PM10 according to the European Union 

Council Directive (EUCD-EN12341, 1998) and approved for PM2.5 according to the US-EPA and equivalent to EUCD 

(EN14907, 2005). The EDM-180 continuously collects and stores PM data at 1-minute intervals, which are then converted to 

hourly and daily values using MATLAB code.  

 125 

The Met One BAM-1022, operated by TCEQ and the only reference monitor in Lubbock with publicly available data, was 

also used in this project. Measurements from the BAM-1022 unit were downloaded from the TCEQ website (TCEQ, 2025). 

The BAM-1022 sensor measures the mass concentration of PM2.5 using beta rays emitted from radioactive decay of carbon-
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14 (14C; Met One, 2025). Particles are collected on filter tape, which sits between the beta emitter and detector, and is rolled 

at a designated period of 1 hour. The BAM-1022 operates at a flow rate of 16.7 L min-1, and it uses an internal heater to reduce 130 

hygroscopic growth of collected particles. The unit has a measurement range of -15 µg m-3 to 10000 µg m-3 and has a data 

resolution of 1 µg m-3. The BAM-1022 unit has an operational temperature range of -30°C to 50°C, along with a non-

condensing operational relative humidity range of 0% to 90%. The unit meets the Class III certification from the US EPA 

(EQPM-1013-209) for FEM outdoor measured PM2.5. This specific site has EPA site number 48-303-1028 and has been 

operating since August 13, 2016. In July 2018, the TEOM unit (A Tapered Element Oscillating Microbalance R & P Model 135 

1400a) was replaced with the current BAM unit (Stephanie Ma, TCEQ personal communication). The BAM-1022 collects and 

submits data continuously at intervals of one hour and can be accessed through the TCEQ website (TCEQ, 2025). 

 

Meteorological information (such as T and RH) was taken from Clarity's internal sensors. T and RH measurements from the 

West Texas Mesonet (WTM) station LBBW2, located 2.9 km from the Aerosol Research Observation Station (AEROS), were 140 

provided by the WTM team (West Texas Mesonet, 2025). The WTM is a network of >155 meteorological stations across the 

West Texas region that measure above-ground standard meteorological parameters such as temperature, wind, pressure, 

radiation, and humidity, as well as below-ground measurements of soil moisture and temperature at multiple depths (West 

Texas Mesonet, 2025). Additional meteorological measurements were taken from the Automated Surface Observation Stations 

(ASOS), which are operated by the National Weather Service (NWS), and located at Lubbock International Airport, 9.8 km 145 

from AEROS. The meteorological measurements available to the public as meteorological aerodrome reports (METARs) 

include 5-minute to 1 h measurements of T, dew point (dT), RH, wind speed, wind direction, wind gust, pressure, visibility, 

and precipitation, as well as “present weather code”. The ASOS data was retrieved from the Iowa State Mesonet (2025). 

 

At the first step, a collocation period of all four Clarity sensors took place at AEROS, a research station located on the rooftop 150 

of the Electrical Engineering building at Texas Tech University (see more information on AEROS: Ardon-Dryer et al., 2022; 

Ardon-Dryer and Kelley, 2022). The Clarity Node S sensors were placed on the AEROS filter sampler unit on March 4, 2024, 

at 13:00 CDT Central Daylight Time, defined as local time (LT), from here on. By 14:00 LT, all sensors were deployed at 

AEROS. Sensors were active at AEROS until May 21, 2024, at 23:00 LT, when the units were removed and prepared for 

deployment around the city. During these 78 days, the sensors measured at a default rate of once every 15 minutes. Hourly 155 

averages of PM concentrations were calculated from these raw measurements, and then sensors were compared with each 

other to determine overall sensor network behavior and identify outliers among the Clarity units. On May 23, 2024, all sensors’ 

measurement rates were changed to the fastest data-collection intervals, which are 3 to 4-minute intervals.  

 

In the second step (from May 24 to June 30, 2024), one Clarity unit (named LEAP01) was left in AEROS near the reference 160 

unit EDM-180, and corrections and calibration for the Clarity units were developed. One Clarity unit (LEAP02) was placed 

near the TCEQ (BAM-1022) unit (on May 24, 2024), while the remaining Clarity units (LEAP41 and LEAP42) were placed 
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back on AEROS (only on July 2, 2024), near LEAP01 (as shown in Fig. 1). Comparison between each LEAP unit to the 

collocated reference unit was then performed to evaluate the calibration and correction developed. 

 165 
Figure 1: Map showing the location of the study area. Observation of the Aerosol Research Observation Station (A), which held the 

EDM-180, and the filter sampler unit that holds the three metal racks for the three Clarity Node sensors (and LEAP01, LEAP41, 

and LEAP42), as well as the TCEQ site (B), with the BAM-1022 and one Clarity Node sensor (LEAP02). 

2.3 Software and Statistical Analysis used 

Different calculations were made using Excel and MATLAB codes. These calculations include hourly average ± standard 170 

deviation (SD) values. To evaluate the similarities and differences between each sensor, different calculations and comparisons 

were performed using MATLAB and Excel. These include R-squared (R2), root-mean-square error (RMSE), mean absolute 

error (MAE) values, as well as the best-fit information, including the slope and Intercept.  

3 Results  

3.1 Intercomparison of the four clarity sensors at AEROS 175 

Comparisons of the four Clarity units with each other were based on linear regression, where R², RMSE, MAE, and the slope 

values between the sensors were used. Overall, the Clarity units demonstrated good agreement with each other for each of the 

examined PM sizes (raw concentrations for PM1, PM2.5, and PM10) when 1881 hours were used, as shown in Fig. 2. Comparison 

between these four Clarity units for PM1 values resulted in R2 values that ranged from 0.99 to 1.0, with an average of 0.99 ± 

0.003. RMSE values ranged from 0.43 to 0.64 μg m-3. The average RMSE value was 0.57 ± 0.1 μg m-3, the MAE average was 180 

0.37 ± 0.08 μg m-3, and it ranged from 0.27 to 0.44 μg m-3. The slope ranged from 0.93 to 1.19, while the average slope was 

1.06 ± 0.11. PM2.5 concentration among these four units had an average R2 value of 0.99 ± 0.002, RMSE values ranged from 

0.69 to 1.0 μg m-3, the average RMSE value was 0.87 ± 0.12 μg m-3, the MAE average was 0.54 ± 0.09 μg m-3, and it ranged 

from 0.43 to 0.64 μg m-3. The slope ranged from 0.9 to 1.19, with an average of 1.04 ± 0.11. Comparison of PM10 concentration 

resulted in an R2 value of 0.98 to 0.99, with an average of 0.98 ± 0.004. RMSE values ranged from 1.11 to 1.75 μg m-3, with 185 

an average RMSE value of 1.4 ± 0.26 μg m-3; the MAE average was 0.86 ± 0.14 μg m-3, and it ranged from 0.71 to 1.03 μg m-
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3. The Slope ranged from 0.8 to 1.2, with an average of 0.98 ± 0.15. Comparisons were also performed between the units for 

T and RH measurements, where >1500 hours were used for each comparison. R2 values for the T measurements between all 

units ranged from 0.992 to 1.0; the average R2 value was 1.0 ± 0.003. RMSE ranged from 0.15 to 0.66°C, with an average 

RMSE value of 0.46 ± 0.22°C; MAE ranged from 0.1 to 0.46 °C, with an average of 0.32 ± 0.17°C. The average slope was 190 

1.0 ± 0.01; it ranged from 1.0 to 1.02. Similar findings were found for the comparison of RH, where the average R2 value was 

1.0 ± 0.000. RMSE ranged from 0.51 to 1.2%, with an average of 0.92 ± 031%. The average MAE was 0.65 ± 0.23%; it ranged 

from 0.35 to 0.84%. The average slope was 0.99 ± 0.01, and it ranged from 0.98 to 1.0. These results highlighted the fact that 

the Clarity units were similar to each other. Additional studies found high comparability between Clarity units, with good 

agreement and high correlation values (Ramiro et al., 2019; Zaidan et al., 2020; Byrne et al., 2024). Based on this agreement, 195 

LEAP01 remained on AEROS, LEAP02 was moved to the TCEQ site, and LEAP41 and LEAP42 returned to AEROS in early 

July. 

 
Figure 2: Comparison of RAW PM values between the four clarity units at AEROS, for PM1 (A), PM2.5 (B), and PM10 (C).  

 200 

3.2 Development of Correction and Calibration of LEAP  

3.2.1. Calibration correction for PM2.5 values  

Comparison between the PM2.5 measured by uncorrected (raw) LEAP01 and the EDM-180 values (Fig. 3A) highlighted the 

need to correct the LEAP sensors. Hourly PM2.5 values measured by LEAP01 overestimated many of the EDM-180 values. 

Comparison between the raw LEAP01 PM2.5 values to those measured by the EDM-180 resulted in an R2 value of 0.66, an 205 

RMSE of 5.3 μg m-3, an MAE of 3.4 μg m-3, and a slope of 1.33. The AQ Sensor Performance Evaluation Center (AQ-SPEC) 

evaluated the performance of raw PM2.5 values from the Clarity sensor using a reference unit under laboratory and field 

conditions in the Los Angeles area. AQ-SPEC evaluation showed a very good comparison under laboratory conditions, with 

an R2 value of 0.99, but with a slightly lower R2 value (0.73-0.76) under field conditions (AQ-SPEC 2018a,b). According to 
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AQ-SPEC (2018b), the slope for the field comparison did not show an overestimation of the Clarity PM2.5 values. However, 210 

our analysis found an overestimation of the Clarity raw hourly PM2.5 values, with a slope of 1.33, similar to those found in 

previous studies (Escobar-Diaz et al., 2021; Nobell et al., 2023; Raheja et al., 2023). For example, Escobar-Diaz et al. (2021) 

found a slope of 1.4, and Raheja et al. (2023) found that the raw Clarity PM2.5 values had significantly higher peaks than those 

measured by the reference unit. These findings highlight the need to perform a calibration correction to the raw Clarity values.  

 215 

Different calibration corrections were developed to correct the Clarity PM2.5 values. The calibration was performed between 

LEAP01 and EDM-180, since both were collocated at AEROS between May 24 to June 30, 2024, and there were 912 hours 

of concurrent measurements between the two. All corrections were based on LR or MLR. A summary of all examined 

regressions and corrections, including R2, RMSE, MAE, and slope, is presented in Fig. 3.  

 220 

The first correction was based on the LR between the EDM-180 to LEAP01 PM2.5 values. This regression resulted in an R2 

value of 0.66, an RMSE of 3.98 μg m-3, and an MAE of 2.57 μg m-3, slightly better than the comparison of the raw values. 

Next, MLR was performed between PM2.5 measurements of EDM-180 to LEAP01, with meteorological measurements such 

as T and/or RH. Three different locations with hourly T and RH measurements were tested: the first WTM LBBW2 station, 

located 2.9 km from AEROS, the second meteorological station ASOS, 9.8 km from AEROS, and the third, an internal T and 225 

RH measurements from the LEAP01 sensor. Comparison between the three sites showed that T and RH measurements were 

very similar to each other, with R2 > 0.89 for T and R2 > 0.91 for RH (data not shown). The first MLR tests included the EDM-

180 and LEAP01 PM2.5 values as well as T measurements (Fig. 3C-E). All regressions were similar, even when T 

measurements were taken from different locations. R2 values for these MLRs were 0.66, RMSE was 3.97 to 3.98 μg m-3, and 

the MAE ranged from 2.57 to 2.59 μg m-3 (Fig. 3C-E). A similar test was performed with RH measurements instead of T (Fig. 230 

3F-H). There was a slight improvement in the correction when RH was used instead of T. R2 increased to 0.68, and lower 

RMSE and MAE were found (3.77 to 3.78 μg m-3 for RMSE and 2.5 to 2.58 μg m-3 for MAE; Fig. 3F-H). 

 

Since many of the studies that use Clarity sensors indicated that the best PM2.5 calibration was achieved when the correction 

used both T and RH measurements (Zaidan et al., 2020; Nobell et al., 2023; Raheja et al., 2023; Attey-Yeboah et al., 2025), 235 

an MLR correction using the PM2.5 measurements from the EDM-180, as well as measurements of both T and RH, was 

performed. Measurements from each of the three locations, WTM, ASOS, or LEAP01, were used. The usage of this MLR 

slightly improved the correlation values. The measurements of T and RH from the WTM station resulted in an R2 value of 

0.68, RMSE of 3.77 μg m-3, and an MAE of 2.49 μg m-3 (Fig. 3I). Slightly higher R2, and lower RMSE and MAE values were 

found when the T and RH were used by the ASOS or by the LEAP01 internal sensor. R2 values for both MLR were 0.7, RMSE 240 

was 3.6 μg m-3, and MAE was 2.41 μg m-3 (Fig. 3J-K). All cases resulted in a good slope (~1.0). Many studies use the internal 

T and RH measurements for the correction of the sensors (Raheja et al., 2023; Nobell et al., 2023; Attey-Yeboah et al., 2025). 

However, other studies indicated that there is a need to correct the T and RH measurements before these could be used for the 
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correction of the PM values (Zaidan et al., 2020). Nobell et al. (2023) used MLR with T and RH, which improved their R2 

from 0.87 to 0.97, higher than the R2 found in this study. Yet the RMSE values found in Nobell et al. (2023) were much higher 245 

than those measured in this study. Raheja et al. (2023), on the other hand, who also used the internal T and RH measurements 

in their MLR, found similar improvement in their correlation as the one found in this study; where the R2 improved from 0.69 

to 0.73, and MAE decreased from 13.68 to 2.58 μg m-3. We were hoping for a better improvement in the calibration, and we 

were wondering if the fact that this study was performed in a semiarid area, which experiences dust events, could impact the 

calibration. 250 

 

Lubbock is prone to dust events, especially in late winter and spring months (Kelley et al., 2020; Robinson and Ardon-Dryer, 

2024; Robinson et al., 2024). Observations of PM10-PM2.5 measured by EDM-180 allowed the detection of times when dust 

particles were present in the air, even during this development calibration period (Fig. S1A). Observations of PM2.5 from EDM-

180 and LEAP01 (raw values) highlight that some dust events were detected by EDM-180 (PM2.5 increased) but were not 255 

detected by the raw LEAP01 PM2.5 values (Fig. S1B). We were wondering if using PM10 values measured by EDM-180 will 

improve the correction of PM2.5 for Clarity units. To the best of our knowledge, no previous study includes PM10 values to 

make corrections for PM2.5, perhaps since there is a limited number of locations with reference units that contain both PM 

sizes (Ardon-Dryer et al., 2023). Previous studies (e.g., Analitis et al., 2020) used PM10 to develop a model to predict PM2.5 

concentrations where those were not directly measured. Therefore, for the next MLR, PM2.5 and PM10 values from the EDM-260 

180 were used in addition to LEAP internal T and RH measurements (since no significant difference was found when the other 

sites, WTM or ASOS, were used). This MLR produced the highest R2 value and the lowest RMSE and MAE values (shown 

in Fig. 3L). R2 value was 0.94, RMSE was 1.41 μg m-3, and MAE was 0.96 μg m-3. We noticed that there were 15 hours (15:00 

LT on May 25 until 8:00 LT on May 26) that contained high PM values when LEAP01 values did not detect any increase in 

PM values. We decided to remove these 15 hours from the data and run the same MLR again, now with 897 hours instead of 265 

912. Removal of these 15 hours improved the regression values. R2 increased to 0.95, RMSE reduced to 1.26 μg m-3, and MAE 

dropped to 0.86 μg m-3 (Fig. 3M). The MLR of this calibration was corrected using the following equation: 

𝐿𝐸𝐴𝑃𝑇𝑇𝑈𝑐𝑜𝑟𝑟𝑒𝑐𝑡,𝑃𝑀2.5 =  
𝐿𝐸𝐴𝑃𝑃𝑀2.5 − 𝐼𝑁𝑇 − (𝐿𝐸𝐴𝑃𝑇× 𝑇∗) − (𝐿𝐸𝐴𝑃𝑅𝐻×𝑅𝐻∗) − (𝐸𝐷𝑀𝑃𝑀10× 𝐸𝐷𝑀𝑃𝑀10∗)

𝐿𝐸𝐴𝑃𝑃𝑀2.5∗
                                                       (1) 

Where LEAPPM2.5 represents the uncorrected (raw) LEAP PM2.5 hourly values, LEAPT and LEAPRH are LEAP hourly T (°C) 

and RH (%) values. EDMPM10 is the PM10 hourly value measured by the EDM-180. INT represents the intercept coefficient 270 

value, which is -5.77. While T*, RH*, LEAPPM2.5*, and LEAPPM10* are coefficients developed in this MLR, which are 0.099, 

-0.00042, 2.12, and -2.89, respectively. This calibration correction was selected as the final correction and will be named TTU-

calibration from here on. 

 

The Clarity Movement Co. (Clarity Co.) also developed a correction for the uncorrected raw LEAP PM2.5 measurements and 275 

provided us with the information and corrected values. For this correction, Clarity Co. used measurements from July 2 to 
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August 31, 2024, since it required having multiple LEAP units active with the reference unit. Three LEAP units were active 

on AEROS at that time (LEAP01, LEAP41, and LEAP42) and were used with EDM-180 to develop the Clarity Co. Calibration 

(CC). Clarity averaged all LEAP measurements for every measured parameter and pulled from a random selection of 80% of 

the days used in the calibration period for each model they developed. After finding the best-performing model, Clarity Co. 280 

evaluated the model by applying it to the remaining 20% of days from this period that weren’t selected to develop this 

calibration. Clarity Co. tested the performance of the hourly and daily average comparison of the model with the EDM-180 to 

the performance of the hourly and daily average comparison between the raw LEAP measurement and the EDM-180 during 

this 20% period. CC was based on MLR that included PM2.5 and PM10 values from the LEAP units, in addition to LEAP 

internal RH measurements. The CC calibration utilized this equation: 285 

𝐿𝐸𝐴𝑃𝑐𝑐𝑐𝑜𝑟𝑟𝑒𝑐𝑡,𝑃𝑀2.5 =
𝐿𝐸𝐴𝑃𝑃𝑀2.5 − 𝐼𝑁𝑇 − (𝐿𝐸𝐴𝑃𝑅𝐻×𝑅𝐻∗) − (𝐿𝐸𝐴𝑃𝑃𝑀10× 𝐿𝐸𝐴𝑃𝑃𝑀10∗)

𝐿𝐸𝐴𝑃𝑃𝑀2.5∗
                                                                            (2)                               

Where LEAPPM2.5, LEAPPM10, and LEAPRH represent the average LEAP PM2.5, PM10, and RH hourly values. INT represents 

the interception, which is -0.18. The coefficient value of LEAPRH* is 0.047, LEAPPM10* is 1.70, and LEAPPM2.5* is -1.67. 

According to the Clarity Co. calibration report (data not shown), this regression improved the raw LEAP01 values R2 value 

from 0.39 to 0.8, the RMSE from 7.07 μg m-3 to 1.93 μg m-3, and the MAE from 5.23 μg m-3 to 1.58 μg m-3. The LEAP01 290 

hourly PM2.5 values based on the Clarity Co. calibration correction was then compared to the EDM-180 PM2.5 values for the 

period of May 24 to June 30, 2024, time used during the TTU correction development period, as shown in Fig. 3N. While the 

CC provided some statistical improvement (R2 was higher, 0.78, with lower RMSE and MAE values, 1.9 and 1.3 μg m-3, 

respectively) for LEAP01 PM2.5 raw values, it did not outperform the TTU calibration (Eq. 1).  
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Figure 3: Scatter plots between EDM-180 to the raw LEAP01 PM2.5 values (A), calibration of LEAP01 PM2.5 values based on EDM-

180 PM2.5 values (B), calibration based on EDM-180 PM2.5 values and WTM T measurements (C), EDM-180 PM2.5 values and ASOS 

T measurements (D), EDM-180 PM2.5 values and LEAP T measurements (E), calibration based on EDM-180 PM2.5 values and WTM 

RH measurements (F), EDM-180 PM2.5 values and ASOS RH measurements (G), EDM-180 PM2.5 values and LEAP RH 

measurements (H), calibration based on EDM-180 PM2.5 values and WTM T and RH measurements (I), EDM-180 PM2.5 values and 300 
ASOS T and RH measurements (J), EDM-180 PM2.5 values and LEAP T and RH measurements (K), calibration based on EDM-180 

PM2.5 and PM10 values with LEAP T and RH measurements (L), calibration based on EDM-180 PM2.5 and PM10 values with  LEAP 

T and RH measurements after removal of 15 hours of high PM, also known as  TTU calibration (M) and calibration based on Clarity 

Co. calibration (N). The dashed line represents the best fit between the sensors, while the gray sash line represents the 1:1 line. 

To compare between the different calibrations, specifically TTU-calibration (Eq. 1) and the CC calibration (Eq. 2), we decided 305 

to observe the fluctuation of the hourly PM2.5 hourly values, for May 24 to June 30, 2024, based on the raw LEAP01 PM2.5 

values, and those resulted by the TTU-calibration and the CC calibration as well as those measured by the EDM-180 (Fig. 4). 

Observations of the uncorrected LEAP values highlight the overestimation of the raw values. Comparison between the 

LEAP01 hourly PM2.5 values using the TTU-correction to those measured by the EDM-180 highlights how the TTU correction 

improves the raw LEAP PM2.5 values. CC calibration did improve the performance of the raw values, yet it did not have a 310 

strong improvement as the one found when TTU-calibration was used. Although other studies used a correction developed by 

Clarity Co. for their study (Zico da Costa et al., 2024). They did not provide any information on these calibrations or 

comparisons with a collocated reference unit. 

 
Figure 4: Comparison of hourly averaged PM2.5 values for EDM-180 (red) and LEAP01 raw (blue), TTU calibration (green), and 315 
Clarity Co. calibration (purple) for May to June 2024.  

 

3.2.2. Calibration correction for PM1 values  

While most of the studies utilized Clarity sensors focused on PM2.5 concentrations, several present measurements of PM1 

concentrations (Ramiro et al., 2019; Liu et al., 2022). To the best of our knowledge, none of the studies that presented 320 

measurements of PM1 using the Clarity sensors provide a calibration for PM1 concentrations. While there is no official FRM 

or FEM, nor are there regulations available for PM1 from any agency (EPA, 2024; Sufleta, 2025), we wanted to examine the 

Clarity PM1 values and behavior. A comparison between the PM1 concentrations measured by the raw LEAP01 and the EDM-
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180 was performed (Fig. 5). The raw PM1 values measured by LEAP01 seem to overestimate the EDM-180 PM1 values (Fig. 

5A). The overestimation of the raw PM1 values compared to the EDM-180 was observed across most of the time measured. 325 

Similar overestimations of PM1 values have been reported by studies that used Clarity sensors (Ramiro et al., 2019) as well as 

by those who used the Plantower PMS5003, the instrument used in the Clarity sensors (Molina Rueda et al., 2023). The 

comparison between the raw LEAP01 PM1 to those measured by the EDM-180 resulted in R2 value of 0.95, an RMSE of 1.36 

μg m-3, an MAE of 0.93 μg m-3, but with a very high slope of 1.48 (Fig. 5B). Additional studies reported high agreement (high 

R2 value >0.9) between the PM1 concentrations measured by Clarity (or PMS5003) to those of regulatory unit (Ramiro et al., 330 

2019; Molina Rueda et al., 2023). Although a good agreement was found for PM1 concentrations, the high slope highlighted 

the need to develop a correction for the PM1 values. The first correction made was a linear regression only based on EDM-180 

PM1 values and LEAP01 PM1 values. This correction, which was based on 912 simultaneous hours, resulted in an R2 value of 

0.95, an RMSE of 0.92 μg m-3, an MAE of 0.63 μg m-3, and a slope of 1. A slight improvement compared to the raw comparison. 

Since the PM2.5 regression demonstrated improvement with the usage of T and RH, a similar regression was developed for 335 

PM1. This MLR incorporated hourly EDM-180 and LEAP01 PM1 values, as well as LEAP01 T and RH measurements. This 

MLR slightly improved the regression as it produced an R2 value of 0.96, an RMSE of 0.84 μg m-3, and an MAE of 0.58 μg 

m-3. Utilizing the PM10 from the EDM-180 as an additional variable improved the regression and even lowered the RMSE and 

MAE (0.81 and 0.55 μg m-3, respectively) values, although the R2 value remained the same (R2 of 0.96). Removal of the 15 

hours from the high PM event, similar to the one used in Eq. 1, did not improve the MLR produced, as almost the exact R2, 340 

RMSE, and MAE were found (data not shown). Although no significant differences were found between the different MLR 

tested, we decided to keep consistent and use similar functions to those developed for PM2.5. The final MLR developed to 

correct PM1 values from LEAP included the EDM-180 hourly PM1 and PM10 values as well as the LEAP T and RH hourly 

measurements (using the 897 hours, the same used for PM2.5). This correction is utilized in this equation: 

𝐿𝐸𝐴𝑃𝑇𝑇𝑈𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑃𝑀1 =
𝐿𝐸𝐴𝑃𝑃𝑀1 − 𝐼𝑁𝑇 − (𝐿𝐸𝐴𝑃𝑇× 𝑇∗) − (𝐿𝐸𝐴𝑃𝑅𝐻×𝑅𝐻∗) − (𝐸𝐷𝑀𝑃𝑀10× 𝐸𝐷𝑀𝑃𝑀10∗)

𝐸𝐷𝑀𝑃𝑀1∗
                                                                 (3) 345 

Where LEAPPM1 represents the uncorrected LEAP PM1 hourly values, LEAPT and LEAPRH are hourly T and RH values. 

EDMPM10 is the PM10 hourly value measured by the EDM-180. INT represents the intercept coefficient value, which is -5.77. 

While T*, RH*, LEAPPM1*, and LEAPPM10* are coefficients developed in this MLR, which are 0.12, -0.015, 1.51, and -0.016, 

respectively. Observations of the corrected LEAP01 hourly PM1 values seem similar to those measured by the EDM-180 (Fig. 

5). Even the comparison between the LEAP01 hourly PM1 values to those measured by the EDM-180 (Fig. 5B) highlights how 350 

the correction improves PM1 values compared to the raw values, with the main impact seen for the slope values.  
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Figure 5: Comparison of hourly averaged PM1 values between EDM-180 to LEAP01 during May - June 2024. (A) Time series with 

EDM-180 (red), LEAP01 raw (blue), and TTU PM1 calibration (green), as well as (B) scatter plots between EDM-180 to the raw and 

calibrated LEAP01 PM1 values, with information on each regression comparison. The dashed line represents the best fit between 355 
the sensors, and the gray sash line represents the 1:1 line. 

 

3.2.3. Calibration correction for PM10 values  

Comparisons were also made between the EDM-180 and the raw LEAP01 PM10 concentrations for the correction period of 

May 24 to June 30, 2024. The EDM-180 produced much higher hourly PM10 values compared to the raw LEAP01 PM10 values, 360 

as shown in Fig. 6. The EDM-180 measured average PM10 concentrations of 21.7 ± 18.9 μg m-3 during that period, while the 

raw LEAP01 reported on average PM10 concentrations of 11.92 ± 10.82 μg m-3. EDM-180 PM10 concentrations were on 

average 2.9 times higher (average difference of 9.81 ± 19.0 μg m-3) than those from LEAP01. This poor agreement between 

the reference instrument and the Clarity sensor is well documented for PM10. Studies demonstrated that the Clarity or the 

PMS5003 unit underestimates PM10 values (Ramiro et al., 2019; Liu et al., 2022). Liu et al. (2022) found that the Clarity sensor 365 

did not match the PM10 measurements produced by the reference unit, similar to the findings of this work. Comparison between 

the raw LEAP01 PM10 and EDM-180 produced an R2 value of 0.08, an RMSE of 10.4 μg m-3, an MAE of 7.5 μg m-3, and a 

slope of 0.2. A linear regression between the two did not show signs of improvement, as the R2 value remained low (R2 of 

0.08), with high RMSE and MAE values (33.3 and 23.7 μg m-3, respectively), although the slope did improve to 1. 

Incorporating T and RH into the regression slightly improved it, but not to a usable degree, as R2 remained low (R2 was 0.24), 370 

and high RMSE and MAE values (65.4 and 47.1 μg m-3, respectively) were reported. Overall, all attempts to correct the PM10 

values were unsuccessful. This comes as no surprise, as previous studies have found that the Clarity sensor or the PMS5003 

did not respond to variations in PM10 concentrations, regardless of high or low PM10 concentrations, producing very high 

uncertainties, with a combination of bias and noise (Demanega et al., 2021; Molina Rueda et al., 2023). 
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 375 
Figure 6: Comparison of hourly averaged PM10 values between EDM-180 and raw LEAP01 during May – Jun 2024. (A) Time series 

with EDM-180 (red) and LEAP01 raw (blue), as well as (B) a box plot between EDM-180 to the raw LEAP01 values. 

 

 

Based on the comparison provided above, moving forward, LEAP units were calibrated for PM2.5 based on TTU calibration 380 

(presented in Eq. 1), while corrections of PM1 were based on Eq. 3. Since only two official reference units are available in the 

region to monitor PM2.5 (EDM-180 and TCEQ BAM-1022), the comparison could only focus on PM2.5 concentrations. 

3.3 Comparisons of PM2.5 concentrations of LEAP with Reference Instruments at collocated locations over long periods 

Since there are two reference units at two locations in this area, two long-term comparisons were made for PM2.5 concentrations 

between LEAP units to reference units at these collocated sites. In AEROS, the EDM-180 was collocated with three LEAP 385 

units (LEAP01, LEAP41, and LEAP42), that were less than 30 m from the EDM-180 and less than a meter from each other 

(see image in Fig. 1A). Another collocated site was the TCEQ site, where LEAP02 was collocated (3 m apart) with the TCEQ 

BAM-1022 unit (Fig. 1B). All comparisons were made from July 2, 2024, until February 28, 2025, when all units became 

active at these collocated sites. 

 390 

3.3.1 Comparison made at the AEROS site 

At AEROS, LEAP01 had 5829 overlapping hours with the EDM-180, while LEAP41 and LEAP42 had 5805 and 5804 

overlapping hours (respectively). Fluctuation of PM2.5 concentrations as measured by each of the LEAP units (for raw and 

calibrated values) as well as hourly PM2.5 concentrations measured by the EDM-180 presented in Fig. 7A. Overall, during the 

period examined (July - February), hourly PM2.5 concentrations from the EDM-180 ranged from 0.37 to 104.3 μg m-3, while 395 

raw PM2.5 concentrations measured by LEAP01 ranged from 0 μg m-3 to 54.6 μg m-3, and from 1.7 μg m-3 to 101.9 μg m-3 for 

the calibrated values. LEAP41 PM2.5 concentrations ranged from 0 μg m-3 to 53.1 μg m-3 for the raw values and from 1.6 μg 

m-3 to 101.1 μg m-3 for the calibrated values, while LEAP42 raw PM2.5 concentrations ranged from 0 to 49.8 μg m-3, and the 

calibrated values ranged from 2.0 to 103.1 μg m-3. Box-and-whisker plots were used to compare the distribution of hourly 
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PM2.5 concentrations of the EDM-180 to each of the three LEAP units on AEROS, for both raw and calibrated (shown in Fig. 400 

7B). The EDM-180 hourly PM2.5 average value was 7.7 ± 5.2 μg m-3, while the LEAP01 raw average values were 6.9 ± 7.5 μg 

m-3 and 8.1 ± 5.0 μg m-3 for the calibrated values. LEAP41 average raw values were 7.7 ± 7.9 μg m-3 and 8.5 ± 5.1 μg m-3 for 

the calibrated values, while LEAP42 average values were 7.8 ± 7.4 μg m-3 for raw and 8.6 ± 5.0 μg m-3 for the calibrated 

values. Observations of the box-and-whisker plots show that the LEAP raw values did not capture many high PM2.5 values as 

those detected by the EDM-180 or by the corrected LEAP values. Also, the raw values had a wider value range than those of 405 

the EDM-180 and calibrated LEAP units.  

 

To get a better understanding of the efficiency of the correction of the LEAP units and how it improves the raw values, 

observations of three events (high and low PM events) were made (Fig. 7C). Observation of the meteorological conditions 

measured by the ASOS station during these events were made to get a better understanding of the cause of these high PM (Fig. 410 

7D). Two events with high PM concentrations that were caused by dust events were selected (October 15, 2024, and January 

17, 2025). The identification of dust events was based on the increase in wind speed and wind gust, with a reduction in visibility 

with the increase of PM2.5 concentrations. Dust event identification was based on the method presented in previous studies for 

this region (Kelley and Ardon-Dryer, 2021; Ardon-Dryer and Kelley, 2022; Robinson and Ardon-Dryer, 2024; Robinson et 

al., 2024). In addition, we wanted to examine several days with low PM concentrations to examine the behavior of the 415 

correction developed during clean days. December 9 - 19, 2024, fit the criteria as these were 10 days with low wind speed and 

wind gust, high visibility and low PM concentrations (EDM-180 reported hourly PM2.5 concentrations ≤ 17.5 μg m-3 throughout 

that period).  

 

The first event examined was the dust event on October 15, 2024. Observations of hourly PM2.5 concentrations from October 420 

14-16, 2024, for both raw and corrected for the three LEAP units on AEROS are presented in Fig. 7C, while the meteorological 

conditions during these days are presented in Fig. 7D. The dust event took place at 19:00 on October 15, 2024, and lasted for 

only one hour. During this event, the wind speed increased to 11.8 m s-1, wind gusts peaked at 21.1 m s-1, while visibility 

reduced to 6.4 km, and a BLDU (BLowing DUst) was reported in the ASOS weather code. The EDM-180 measured hourly 

concentrations of 53.4 ± 31.7 μg m-3, while the raw PM2.5 concentrations from the three LEAP units did not detect this dust, 425 

and hourly PM2.5 concentrations were below 13 μg m-3. The corrected LEAP hourly PM2.5 concentrations were able to detect 

this dust event, and concentrations ranged from 59.4 to 60.5 μg m-3. Even the hours before and after this dust event seem to 

overlap nicely with the corrected LEAP values. Comparison of the hourly PM2.5 concentrations measured during these 72 

hours between the EDM-180 to each of the corrected LEAP units resulted in high correlation values (R2 ≥ 0.97), while the raw 

values had very low correlation values (R2 ≤ 0.1). Observations of the difference between the hourly concentrations measured 430 

by the EDM-180 to those of the calibrated values for these 72 hours were, on average, 1.0 μg m-3 for each of the three calibrated 

LEAP units, but the EDM-180 values were, on average, 6.8 μg m-3 higher than those of the raw hourly PM2.5 concentrations. 
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The 10 clean days were next to be examined. During these 264 hours, the EDM-180 hourly PM2.5 concentrations ranged from 

1.2 to 17.2 μg m-3. The LEAP raw values from the three units (LEAP01, LEAP41, and LEAP42) ranged from 0 up to 18.4 μg 

m-3, while the corrected hourly PM2.5 concentrations ranged from 2.8 up to 17.7 μg m-3. When we examined all these 264 435 

hours, we noticed that the calibrated hourly PM2.5 concentrations were on average 0.9 to 1.3 μg m-3 higher than the EDM-180 

hourly PM2.5 concentrations. The raw values were on average 2.7 to 3.4 μg m-3 lower than the EDM-180 hourly PM2.5 

concentrations. Although there were times of strong winds during these days, none resulted in dust particles as visibility 

remained high (16.1 km) for most of the duration, and the PM2.5 concentrations remained low. There were some small 

fluctuations in the PM values, and the corrected PM2.5 values seem to follow these fluctuations also observed by the EDM-440 

180. This clean period highlights the fact that many of the raw LEAP hourly PM2.5 concentrations seem to underestimate the 

EDM-180 hourly PM2.5 concentrations, while most of the corrected LEAP PM2.5 concentrations measured slightly higher 

hourly PM2.5 concentrations, but that was on average not more than 1.3 μg m-3. Comparison of the hourly PM2.5 concentrations 

measured during these hours between the EDM-180 to each of the corrected LEAP units resulted in high correlation values 

(R2 ≥ 0.96), while the raw values had lower correlation values (R2 ≤ 0.7).  445 

 

The last date with an event was the dust event on January 17, 2025. Observations of hourly PM2.5 concentrations from January 

16-18, 2025, for both raw and corrected for the three LEAP units on AEROS presented in Fig. 7C, while the meteorological 

conditions during these days presented in Fig. 7D. The dust event started at 11:50 LT when visibility reduced to 9.7 km and 

lasted until 17:50 LT when visibility went back > 10 km (BLDU was reported in the ASOS weather code). During this time, 450 

the lowest visibility reported by ASOS was 2.8 km (at 14:45 LT), the highest wind speed and wind gust measured during this 

dust event were 18.5 and 26.2 m s-1, respectively. The high hourly PM2.5 concentration reported by the EDM-180 on January 

17, 2025, at 15:00 LT, was 104.3 ± 19 μg m-3. At the same hour, LEAP raw PM2.5 concentrations ranged from 9.8 μg m-3 

(LEAP41) up to 14.1μg m-3 (LEAP42) while the corrected PM2.5 concentrations ranged from 101.1 up to 103.1μg m-3. As was 

observed for the previous dust event, the raw LEAP values did not detect the dust particles, while the corrected LEAP PM2.5 455 

values were able to detect the dust, and even at a similar range to the measurements made by the EDM-180. Throughout the 

72 hours examined, we noticed that the corrected PM2.5 concentrations were on average 2.3 to 2.7 μg m-3 higher than those 

measured by the EDM-180. Comparison of the hourly PM2.5 concentrations measured during these 72 hours between the EDM-

180 to each of the corrected LEAP units resulted in high correlation values (R2 ≥ 0.97), while the raw values had much lower 

correlation values (R2 ≤ 0.23). It should be noted that the second reduction of visibility on January 18, 2025, between 19:00 to 460 

21:00 LT was due to a snowfall event and not dust.  
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Figure 7: Comparison of PM2.5 concentrations from LEAP, raw (blue) and calibrated (green), with reference units EDM-180 at 

AEROS (in red) for time series plots from July 1, 2024, to Feb 28, 2025. Each plot for a different LEAP unit (A). Box-and-whisker 465 
plots comparing the LEAP (raw and calibrated values) with collocated reference units (B). Example of three times of the time series 

plots of three events (a) October 15 2024, dust event, (b) 10 days of clean days from December 9 to 19 2024 and (c) a dust event on 

January 17 2025, for each of the LEAP units (raw and calibrated values) with the EDM-180 (C) and meteorological conditions 

during each of these three events (D). 

 470 

Based on Fig. 7C, it seems that the three collocated LEAP units (LEAP01, LEAP41, and LEAP42) behave very similarly to 

one another. Comparison between these three LEAP units, for the entire eight-month period, resulted in R2 ≥ 0.99. Although 
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it seems that there is a good agreement between the corrected LEAP units to the EDM-180 (Fig 7), we wonder if the entire 

eight-month period examined (> 5000 hours) would also have a good agreement. A comparison between each of the LEAP 

units to EDM-180 was made. The R2 values between the EDM-180 and the raw LEAP PM2.5 values were 0.36, 0.35, and 0.26, 475 

for LEAP01, LEAP41, and LEAP42, respectively. While the R2 values between EDM-180 and the calibrated LEAP PM2.5 

values were much higher, with R2 of 0.86, 0.84, and 0.75 for LEAP01, LEAP41, and LEAP42, respectively. An improvement 

in RMSE was also observed. The raw values had RMSE values of 6.0, 6.4, and 6.4 μg m-3 compared to 2.0, 2.1, and 2.5 μg m-

3 for the calibrated LEAP01, LEAP41, and LEAP42, respectively. MAE values also reduced from 3.9, 4.3, and 4.3 μg m-3 for 

the raw (for LEAP01, LEAP41, and LEAP42, respectively), to 1.2, 1.3, and 1.5 μg m-3 for the calibrated (for LEAP01, LEAP41, 480 

and LEAP42, respectively). The slope did not demonstrate significant improvement, the raw LEAP slopes were 0.88, 0.89, 

and 0.72, compared to 0.88, 0.9, and 0.82 for the calibrated slope for LEAP01, LEAP41, and LEAP42, respectively (Fig. 8A). 

A close look at the time series (Fig. 7A), along with the deviation from the 1:1 line and the relatively lower R2 values expected 

from the corrected LEAP units at AEROS (Fig. 8A), at least for LEAP01 which was used for calibration, leads to further 

examination of the data. It was noticed that there were several days in July and August when the reference unit detected higher 485 

PM2.5 concentrations than the LEAP units. To examine that aspect, a comparison between the EDM-180 and LEAP01, since 

it was used to develop calibration, for each month was performed (Fig. S2). Each month examined produced a good correlation 

for PM2.5 concentrations, with R2 values > 0.9, except for July and August, which had lower R2 values. Similar findings were 

also observed for LEAP41 and LEAP42 (data not shown). We were puzzled by this behavior as we could not find an 

explanation for what caused the July and August deviations. We examined the changes of internal sensor T and RH during 490 

these months compared to the other months, but it did not seem to be off (Fig. S3). We also examined additional meteorological 

conditions during these months measured by the ASOS unit, including T and RH, dew point temperature, wind speed, and 

visibility (Fig. S3), but it did not seem that July and August had different conditions compared to the other months. We 

wondered if the removal of these two months from the comparison would improve the correlation between the reference unit 

and the LEAP units. Removing these two months (July and August) left > 4341 overlapping hours between the three LEAP 495 

units in AEROS. R2 values for these comparisons improved from an R2 of 0.75 to 0.84 when July and August were included, 

up to an R2 of 0.79 to 0.92 without July and August (Fig. 8B). A significant improvement was also observed with the reduction 

of RMSE and MAE values, as well as with the slope values, which were closer to a 1-to-1 line. A stronger improvement was 

seen for LEAP01 and LEAP41 compared to LEAP42, as its improvement was slightly less significant. Future work should be 

taken to understand if specific events led to the difference between the units (not maintaining R2 >0.95) and what led to July 500 

and August having an offset in the PM2.5 concentrations that led to their low correlations. 

 

 

 

 505 
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Figure 8: Comparison of PM2.5 hourly concentrations between LEAP raw (blue) and LEAP calibrated (green) to the EDM-180 for 

July to February (A) and for September to February (B).  Statistics of each comparison are provided in the Table in each scatter 

plot. The dashed line represents the best fit between the EDM-180 to the LEAP, and the gray sash line represents the 1:1 line. 510 
 

3.3.2 Comparison made at the TCEQ site 

The second reference unit is the one operated by TCEQ that hosts a BAM-1022 unit. PM2.5 concentrations measured by 

LEAP02 were compared to the TCEQ unit. LEAP02 had 5800 overlapping hours of measurements with the BAM-1022 unit. 

For the measured period, PM2.5 concentrations from the BAM-1022 unit ranged from -8.2 to 79.3 μg m-3. 12.5% of the values 515 

of the BAM-1022 were < 0 μg m-3. LEAP02 PM2.5 concentrations ranged from 0 to 51.6 μg m-3 for the raw values and from 

1.8 to 106.3 μg m-3 for the calibrated values. Overall, there were 5800 hours overlapping with PM2.5 measurements of both 

BAM-1022 and LEAP02 units. During that time, the average hourly PM2.5 concentration by the BAM-1022 was 4.4 ± 4.6 μg 

m-3, while the average PM2.5 concentrations from LEAP02 reported were 6.95 ± 7.3 and 8.2 ± 4.96 μg m-3 for the raw and 

calibrated values, respectively. The time series plot (Fig. 9A) as well as the box-and-whisker plot comparing the BAM-1022 520 
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unit to LEAP02 (Fig. 9B) show that BAM-1022 measured much lower concentrations overall compared to the raw and 

calibrated LEAP02, found with other similar collocated BAM-1020/BAM-1022 series units to other FRM/FEM units (Long 

et al., 2023). 

 

All three events: October 15, 2024, dust event, 10 days of clean days, December 9 to 19, 2024, and dust event on January 17, 525 

2025, were examined (Fig. 9C). These events show mixed results, with some showing good agreement between the corrected 

LEAP02 and the BAM-1022, while others show no agreement at all. For the first dust event of October 15, 2024, at the peak 

of the dust, the BAM-1022 detected hourly PM2.5 concentrations of 32.8 μg m-3 (at 18:00 LT) while the corrected LEAP02 

detected 57.9 μg m-3 (at 19:00 LT). This disagreement with the time of peak seems like an issue only for this specific event. 

Both the corrected LEAP02 and the BAM-1022 detected the dust peak of January 17, 2025, at the same time, but the difference 530 

in concentration was significant. While the BAM-1022 reported hourly PM2.5 concentrations of 62.2 μg m-3, the corrected 

LEAP02 detected concentrations of 106.3 μg m-3. It should be noted that the EDM-180, PM2.5 concentration was 104.3 ± 19 

μg m-3 at the same time.  

 

When we examined the correlations between these hours, we found that for the October case, the BAM-1022 had a low 535 

correlation value (R2 of 0.07) to LEAP02, but for the 72 hours examined during January, this correlation value was high (R2 

was 0.93). A close look at the difference between the PM2.5 concentrations showed that for 96% of the 72 hours in October, 

and 99% of the hours in January, the corrected LEAP02 values were higher than that BAM-1022. As for the raw LEAP02 

values, ~50% of the hourly PM2.5 concentrations were higher than the concentrations measured by the BAM-1022. Similar 

findings were also seen for the clean days of December 9 to 19, 2024. About 50% of the LEAP02 raw hourly PM2.5 540 

concentrations were higher than the concentrations measured by the BAM-1022, and 95% of the corrected LEAP02 values 

were higher than the concentrations measured by the BAM-1022. Even the comparison of the hourly PM2.5 concentrations 

measured during the 264 hours compared between BAM-1022 and LEAP02 was low (R2 ≤ 0.3 for both raw and corrected 

LEAP02 values). 
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 545 
Figure 9: Comparison of PM2.5 concentrations from LEAP02, raw (blue) and calibrated (green), with reference units BAM-1022 at 

TCEQ site (in orange) for time series plots from July 1, 2024, to Feb 28, 2025. Box-and-whisker plots comparing the LEAP (raw and 

calibrated values) with collocated reference units (B). (C) Example of three times of the time series plots of three events (a) October 

15, 2024, dust event, (b) 10 days of clean days from December 9 to 19, 2024, and (c) a dust event on January 17, 2025. 

 550 

Since these examples had mixed results, a full comparison between the BAM-1022 and LEAP02 was made (Fig. S4). This 

comparison did not produce a good agreement, as those reported for AEROS. The R2 value between the BAM-1022 and 

LEAP02 raw measurements was 0.22, while the corrected LEAP02 measurements produced a slight increase in R2 values, but 

still low (R2 of 0.34). RMSE was 6.5 μg m-3 for raw LEAP02 and 4.0 μg m-3 for the corrected LEAP02. MAE value slightly 

improved from 4.6 μg m-3 to 2.8 μg m-3 (for raw vs. calibrated, respectively), yet both RMSE and MAE values were still 555 

significantly higher than for the comparison made in AEROS. Overall, neither the raw nor calibrated data from LEAP02 

provided a good correlation with the data from the TCEQ BAM-1022. Even when the measurements from July and August 

were removed (Fig. S4), the correlations between the units remain low (R2 was 0.43, RMSE was 3.9 μg m-3, MAE was 2.68, 

while the slope was 0.81). 

 560 

Since the distance between AEROS and TCEQ is only 8.2 km, we wonder if a comparison between the two sites reference 

units could help us understand what led to the low comparison (LEAP02 TO TCEQ BAM-1022). Low correlations values 

were found between the BAM-1022 and EDM-180 (R2 was 0.41, RMSE was 4.0 μg m-3, MAE was 2.7 μg m-3 while the slope 

was 0.81, based on 4321 hours of comparison). However, the EDM-180 had high comparison to the corrected LEAP02 unit 

with R2 of 0.89, RMSE and MAE of 1.7 and 1.1 μg m-3 and a slope of 0.95, (based on 4341 hours of comparison). Even the 565 

three corrected LEAP units in AEROS (LEAP01, LEAP41, and LEAP42) had a better agreement with the corrected LEAP02 

(R2 ranged from 0.8 for LEAP42 up to 0.94 for LEAP01 and LEAP41; for 4341 comparison hours). It should be noted that 

even when July and August were removed from the analysis, similar findings were retrieved. We noticed that overall, hourly 
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PM2.5 from the corrected LEAP02 (82.9% of the 6588 hours examined) were higher than those measured by the BAM-1022. 

Even the EDM-180 had higher hourly PM2.5 concentrations than the BAM-1022 (80.7% of the 6592 hours examined). We 570 

speculate that the numerous negative values produced by the BAM-1022 unit, coupled with the calibration for LEAP02 being 

developed based on the EDM-180, led to this low comparison. It should be noted that we did not have any control over the 

BAM-1022 unit, as it was operated and calibrated by the TCEQ. We speculated that the lowered regression values resulted 

from the subzero PM2.5 measurements, as BAM-1022 can measure concentrations down to -15 µg m-3 (Met One, 2025). During 

the examined period, there were 688 hours when the BAM-1022 unit reported PM2.5 concentrations < 0 μg m-3. The PM2.5 575 

concentrations from the calibrated LEAP02 of these hours ranged from 1.9 up to 15.6 µg m-3. Additional studies reported 

negative PM2.5 concentration values from the BAM units (Khreis et al., 2022). Some studies converted the negative values to 

0 μg m-3, while others used a lower limit of detection threshold for the PM2.5 concentrations (Magi et al., 2020; Khreis et al., 

2022). Multiple attempts were made including removal of all the reported negative values, converting the negative values to 0 

μg m-3 as suggested by Khreis et al. (2022), as well as using a limit of detection threshold (2.4 μg m-3; based on Magi et al., 580 

2019). Yet none of these attempts improved the regression between LEAP02 to the TCEQ BAM-1022 unit; R2 values remained 

below 0.4. To examine the BAM-1022 negative values in depth, we check all the minimum daily values reported by TCEQ 

since the site became operational (on August 13, 2016). From August 13, 2016, to July 11, 2018, the site hosted a TEOM unit. 

On July 11, 2018, the unit was replaced with the BAM-1022. None of the 667 days when the TEOM was operated had negative 

hourly PM2.5 concentrations. Out of the 2278 days examined since the BAM-1022 became operational (July 11, 2018, to 585 

December 31, 2024), more than half (53.2%) had negative PM2.5 concentrations daily minimum. These findings highlight the 

need to continue examining the TCEQ site in order to understand the behavior of the BAM-1022 unit.  

 

Since LEAP02 behaves in a similar manner to the other LEAP units in AEROS, as well as to EDM-180, we speculated that 

the issue is with the BAM-1022 unit and not with LEAP02. Good agreement between corrected Clarity PM2.5 values and 590 

reference instruments over longer periods was also found in previous studies (Zaidan et al., 2020; Raheja et al., 2023; Njeru et 

al., 2024). Supporting the overall findings from this study, at least for the AEROS site.  

4 Summary 

This study focused on examining the performance of four Clarity Node S units at two sites with reference units (EDM-180 in 

AEROS and BAM-1022 at TCEQ site). At first all four sensors were compared to each other (1881 hours) for all three PM 595 

sizes, and a good intercomparison agreement was found with high R2 and low RMSE and MAE values. This allowed for the 

viability of developing a calibration with one sensor and applying it to the other sensors in the network. 

 

Next different calibrations test was performed to evaluate the performance Clarity Node S units. 12 different regressions were 

applied to correct the raw LEAP01 PM2.5 values, with the best performing regression using LEAP internal T and RH 600 
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measurements, along with the PM10 values measured by EDM-180. This regression produced the highest R2 (R2 of 0.93) and 

lowest RMSE and MAE (1.5 and 0.9 μg m-3, respectively). Four different regressions were tested to improve PM1 comparisons. 

The best regression model used the LEAP internal T and RH measurements, along with EDM-180 PM10 values. This regression 

produced an R2 of 0.96, an RMSE of 0.9 μg m-3, an MAE of 0.55 μg m-3, and a slope of 1, an improvement compared to raw 

LEAP values. An attempt was made to improve the LEAP PM10, yet all tests had very low R2 and high RMSE and MAE 605 

values, ultimately making us conclude that PM10 readings from LEAP were unreliable. 

 

The calibrated values were implemented on each of the four LEAP units and each of the unit (raw and calibrated values) were 

then compared to collocated (for eight months) to a reference unit. Three LEAP units (LEAP01, LEAP41 and LEAP42) were 

compared to EDM-180 in AEROS while LEAP02 was collocated to the BAM-1022 at the TCEQ site. The collocated calibrated 610 

LEAP units in AEROS tested well with the EDM-180 unit, apart from a problematic July and August comparison. The 

comparison produced high R2 and low RMSE and MAE values (from September 1, 2024, to February 28, 2025). The collocated 

BAM-1022 and LEAP02 unit at the TCEQ site did not have as good a comparison, with low R2 and high RMSE and MAE 

values. The inconsistency in finding at the TCEQ site will require further examination to determine the cause of these 

differences.  615 
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