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Abstract

Exposure to ambient particulate matter (PM) is known as a significant risk factor for mortality 

and morbidity due to cardiorespiratory causes. Owing to increased interest in assessing personal 

and community exposures to PM, we evaluated the feasibility of employing a low-cost portable 

direct-reading instrument for measurement of ambient air PM exposure. A Dylos DC 1700 PM 

sensor was collocated with a Grimm 11-R in an urban residential area of Houston Texas. The 

1-min averages of particle number concentrations for sizes between 0.5 and 2.5 μm (small size) 

and sizes larger than 2.5 μm (large size) from a DC 1700 were compared with the 1-min averages 

of PM2.5 (aerodynamic size less than 2.5 μm) and coarse PM (aerodynamic size between 2.5 

and 10 μm) concentrations from a Grimm 11-R. We used a linear regression equation to convert 

DC 1700 number concentrations to mass concentrations, utilizing measurements from the Grimm 

11-R. The estimated average DC 1700 PM2.5 concentration (13.2 ± 13.7 μg/m3) was similar to the 

average measured Grimm 11-R PM2.5 concentration (11.3 ± 15.1 μg/m3). The overall correlation 

(r2) for PM2.5 between the DC 1700 and Grimm 11-R was 0.778. The estimated average coarse 

PM concentration from the DC 1700 (5.6 ±12.1 μg/m3) was also similar to that measured with the 

Grimm 11-R (4.8 ± 16.5 μg/m3) with an r2 of 0.481. The effects of relative humidity and particle 

size on the association between the DC 1700 and the Grimm 11-R results were also examined. 

The calculated PM mass concentrations from the DC 1700 were close to those measured with the 

Grimm 11-R when relative humidity was less than 60% for both PM2.5 and coarse PM. Particle 

size distribution was more important forthe association of coarse PM between the DC 1700 and 

Grimm 11-R than it was for PM2.5.

Implications: The performance of a low-cost particulate matter (PM) sensor was evaluated 

in an urban residential area. Both PM2.5 and coarse PM (PM10-2.5) mass concentrations were 

estimated using a DC1700 PM sensor. The calculated PM mass concentrations from the number 

concentrations of DC 1700 were close to those measured with the Grimm 11-R when relative 

humidity was less than 60% for both PM2.5 and coarse PM. Particle size distribution was more 
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important for the association of coarse PM between the DC 1700 and Grimm 11-R than it was for 

PM2.5.

Introduction

Inhalable particulate matter (PM10), with aerodynamic diameter equal to or less than 10 μm, 

can be classified into two categories: PM2.5 (particle size, i.e., aerodynamic diameter, equal 

to or less than 2.5 μm) and coarse PM or PM10-2.5 (particle size between 2.5 and 10 μm). 

It is known that exposure to ambient air PM2.5 and coarse PM is a risk factor for increased 

mortality and morbidity due to cardiovascular and respiratory disease (Adar et al., 2014; 

Peng et al., 2008; Pope and Dockery, 2006; Zanobetti et al., 2008). Because both PM2.5 and 

coarse PM can be deposited in the lower respiratory tract and lung cells, exposure to PM2.5 

and coarse PM may play a role in adverse health effects (Adar et al., 2014; Krall et al., 2013; 

Thurston et al., 2016). Further, the International Agency for Research on Cancer (IARC) 

concluded that ambient PM2.5 and coarse PM are associated with an increase in cancer of 

the lung and urinary bladder (IARC, 2013).

Estimation of population exposures to air pollution is critical to examine the contribution of 

air pollution to disease burden. For exposure assessment, environmental health studies often 

evaluate community ambient air PM exposures using land-use regression models, dispersion 

models, or a hybrid approach of both, utilizing measured PM concentrations from the 

nearest air monitoring stations (Delfino et al., 2014; Eeftens et al., 2012; Jerrett et al., 2014; 

Wu et al., 2009; Wu et al., 2011). These methods generally assume that levels measured 

at the air monitoring stations reasonably reflect ambient air PM concentrations nearby. The 

spatial variability of airborne PM, however, can be quite large if one air monitoring station is 

located close to emission sources at a downwind location as compared to an air monitoring 

station that is farther away from emission sources or located in an upwind location (Wang et 

al., 2008). Thus, it is challenging to accurately assess community exposures to ambient air 

PM for health studies because of the resources required to build and maintain an adequately 

dense air-monitoring network.

Across the United States and throughout the world, community members are using low-

cost portable direct-reading instruments for better understanding of air quality in their 

environments (Kumar et al., 2015; Williams et al., 2015). These instruments are easily 

deployed at multiple locations, providing the potential to improve exposure estimates by 

accounting for sources of spatial variability. Another advantage of a low-cost portable 

direct-reading instrument is that it requires fewer resources for air monitoring. However, 

questions arise regarding the quality of data collected by low-cost portable direct-reading 

instruments compared to Federal Reference Method instruments used to measure ambient 

air quality for regulatory compliance. Several studies have begun to evaluate their utility in 

characterizing outdoor and indoor air pollutant levels (Klepeis et al., 2013; Snyder et al., 

2013; Williams et al., 2015).

Because many low-cost PM sensors (< $500) typically do not quantify particle mass 

concentrations but measure number of particles in the air, low-cost PM sensors are generally 

deployed side-by-side with an instrument directly measuring PM mass concentrations. Then 
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the recorded particle number concentrations from the low-cost sensor are converted to PM 

mass concentrations using regression equations. Among various low-cost portable particle 

monitors, Dylos PM sensors (Dylos Corporation, Riverside, CA) have been evaluated with 

regard to whether the measured particle number concentrations can be used as a surrogate 

for estimating particle mass concentrations in general environments (Brown et al., 2014; 

Dacunto et al., 2015; Semple et al., 2015). According to the manufacturer, the Dylos DC 

1100 and DC 1700 monitors can measure particle number concentrations for two particle 

size ranges: small, that is, particles larger than 0.5 μm, and large, that is, particles larger 

than 2.5 μm. One difference between the monitors is that the DC 1700 is equipped with a 

rechargeable battery and serial port for data download. Although previous studies reported 

that particle number concentrations for sizes greater than 0.5 μm but smaller than 2.5 μm, 

that is, [(small) – (large)], measured with the DC 1100 (or DC 1700) were highly correlated 

with PM2.5 mass concentrations measured with TSI Sidepak or DustTrak instruments (TSI, 

Incorporated, Shoreview, MN) in community environmental settings (Dacunto et al., 2015; 

Rosen et al., 2015; Semple et al., 2013), no studies have focused on airborne coarse PM 

(PM10-2.5). The application of the DC 1700 for the measurement of coarse PM has not been 

fully explored.

Another knowledge gap for the application of the DC 1700 is the impact of other factors 

(e.g., relative humidity or particle size distribution) on the measurement of particle number 

concentrations. The relationship between measured particle number concentrations from 

direct-reading instruments and particle mass concentrations can be significantly affected 

by relative humidity and particle size distribution. Under atmospheric conditions with 

high relative humidity, for instance, particle sizes in the air are increased due to the 

condensational growth of hygroscopic particles that may result in overestimation of PM2.5 

mass concentrations (Chakrabarti et al., 2004; Lee et al., 2008; Ramachandran et al., 2003). 

Typically, daily relative humidity in the United States ranges from 40% to over 90%. Thus, 

it is likely that low-cost PM sensors can be substantially affected by relative humidity if 

the devices do not have correction mechanisms for water vapor in the air. While some 

studies have suggested the importance of relative humidity on the measurement of airborne 

particles using low-cost portable PM sensors in controlled environments or laboratory 

settings (Brown et al., 2014; Dacunto et al., 2015), none have been conducted in real-world 

community settings.

The overall goal of this study was to examine the usefulness of a low-cost portable direct-

reading instrument to assess outdoor air levels of both PM2.5 and coarse PM (PM10-2.5). 

The first objective of our study was to compare particle number concentrations for PM2.5 

and coarse PM from the DC 1700 with corresponding particle mass concentrations from 

the Grimm 11-R. The second objective of this study was to examine the effects of relative 

humidity and particle size distribution on the association between the calculated mass 

concentrations from the DC 1700 and the measured particle mass concentrations from the 

Grimm 11-R for both PM2.5 and coarse PM.
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Experimental methods

Equipment

Dylos DC 1700 PM sensor—The DC 1700 (~$400) Air Quality Monitor (Dylos 

Corporation, Riverside, CA) is a relatively low-cost device that counts particle numbers 

per volume of air but does not measure particle mass concentrations. The unit can record 

particle number concentrations for two particle size ranges: (1) small size: particle size 

larger than 0.5 μm and (2) large size: particle size larger than 2.5 μm. To obtain particle 

number concentrations between 0.5 μm and 2.5 μm, we computed the difference in the 

particle number concentrations between the large (>2.5 μm) and small (>0.5 μm) particles 

(Dacunto et al., 2015; Klepeis et al., 2013; Northcross et al., 2013; Semple et al., 2013; 

Semple et al., 2015). The DC 1700 with a small fan cannot maintain constant airflow at 

the sampling inlet but sends an airstream to a laser detector located at approximately 90° 

to the airstream. The laser detector measures the scattered light intensity by the number 

of particles in the airstream and the changes of light intensity reported as particle number 

counts. The DC 1700 shows the particle numbers per 0.01 ft3 for both small (>0.5 μm) and 

large (>2.5 μm) particles. The measured data are automatically stored in internal memory 

with the logging interval at 1 min for 30 days. The DC 1700 is equipped with a serial port 

for data download to a computer using a serial/universal serial bus (USB) cable.

Grimm 11-R Spectrometer—The Grimm 11-R Mini Laser Aerosol Spectrometer 

(~$20,000) (Grimm Aerosol Technik GmbH & Co. KG, Ainring, Germany) can count 

particle number concentrations for particle size ranges from 0.25 μm to 32 μm with 31 

size bins. The device uses laser optics (wavelength = 660 nm) to measure particle number 

concentrations for each size bin. Particle number concentrations can be counted from 1 to 

3,000,000 particles/L or particle mass concentrations can be reported between 0.1 μg/m3 and 

100 mg/m3. In addition, the Grimm 11-R shows particle mass concentrations for each size 

bin as well as for PM2.5 and PM10. The inlet flow rate is maintained at 1.2 ± 0.06 L/min 

with a constant-flow control device. The logging intervals can be from 6 sec to 1 hr. (We set 

the logging interval of the Grimm 11-R as 1 min to directly compare with the reading from 

the DC 1700 with the same 1-min interval.) Real-time data can be stored to a memory card 

or can be transmitted wirelessly to a laptop computer or a tablet. We used a 32-GB secure 

digital (SD) memory card to record the logged data. The calibration of mass concentrations 

for the Grimm 11-R was performed by the manufacturer with a filter-based sampling method 

(Peters et al., 2006).

Experimental design

To examine the usefulness of the DC 1700 for the estimation of ambient air PM2.5 and 

PM10-2.5 mass concentrations, we deployed one DC 1700 air quality monitor and one 

Grimm 11-R spectrometer side-by-side in the backyard of a residential home for 12 days 

between December 2015 and January 2016. The sampling location is located on the west 

side of Houston, TX, and is a suburban area, about 35 km from downtown Houston. 

The sampling location is in a residential community where there are not any industrial 

sources within a 10-km radius. A 12-lane freeway is located approximately 3 km north 

of the sampling location; however, the sampling site was upwind of this freeway during 
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the experimental periods. A couple of residential houses near the sampling location used 

fireplaces in the evenings during the sampling periods. At the sampling site, we placed a 

Grimm 11-R and DC 1700 on a portable folding table to ensure that the heights of both 

inlets were about 1.2 m from the ground. Both direct-reading instruments continuously 

logged the data at a 1-min log interval. The sampling duration for each experiment ranged 

from 30 min to 24 hr. We collected particle samples under various weather conditions, 

including rainy days. We used a HOBO data logger U12-012 (Onset Computer Cooperation, 

Bourne, MA) to measure ambient air temperature and relative humidity (RH) during the 

same sampling periods. We programmed the HOBO data logger with a 1-min sampling 

interval corresponding to the DC 1700 and Grimm 11-R intervals. Before we deployed 

the samplers and data logger, we synchronized the date and time of all instruments using 

software provided by the manufacturers installed on a laptop computer.

Data analysis

We downloaded the recorded data on the DC 1700 with Dylos Logger v1.6 software (Dylos 

Corporation, Riverside, CA). The downloaded text file contains three variables: date/time, 

and particle number counts per 0.01 ft3 for small (particle size >0.5 μm) and for large 

(particle size >2.5 μm) particles. To determine particle number concentrations for PM2.5, 

we subtracted the particle number concentrations of the large-size bin from the particle 

number concentrations of the small-size bin. For particle number concentrations of coarse 

PM (PM10-2.5), we used the measured particle number concentrations of the large-size bin.

We also downloaded the recorded data on the Grimm 11-R with LabView 1.178 software 

(Grimm Aerosol Technik GmbH & Co, KG, Ainring, Germany). The software reports 

date/time and mass concentrations for PM10, PM2.5, and PM1 at each 1-min log interval 

during the sampling periods. We computed coarse PM (PM10-2.5) mass concentrations from 

the Grimm 11-R as the PM10 mass concentrations minus the PM2.5 mass concentrations. 

Additionally, the software shows particle number and mass concentrations for 31 particle 

size bins from 0.25 μm to 32 μm with 1-min log interval. We used the information from 

the size bins to calculate the mass median diameter (MMD) for the data at each 1-min 

interval. The MMD is the particle size for which half the particles are smaller and half are 

larger based on the mass in each size distribution. We calculated the MMD as described in 

Kulkarni et al. (2011).

We used HOBOWare version 3.7.5 (Onset Computer Corporation, Bourne, MA) to 

download the recorded date/time, ambient temperature, and RH from the HOBO loggers. 

Prior to statistical analysis, we reviewed database files by checking the measured values, 

missing observations, and potential outliers, and validated date/time for all measurements 

such as particle number concentrations for PM2.5 and PM10-2.5 from the DC 1700, particle 

mass concentrations for PM2.5 and PM10-2.5 from the Grimm 11-R, and ambient temperature 

and RH from the HOBO data logger.

We first performed descriptive statistical analyses to examine the mean number 

concentrations with standard deviation (SD) for the DC 1700 data, mean particle mass 

concentrations with SD for the Grimm 11-R data, and means with SD for ambient 

temperature and RH. In addition to the calculation of mean with SD for each measured and 
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calculated parameter, we examined the number of observations, and minimum, maximum, 

and median values. Second, we used a simple linear regression model to evaluate the 

relationship of particle values between the DC 1700 and the Grimm 11-R. Although it is 

desirable to use the data from the Grimm 11-R as the independent variable (X-axis) and that 

from the DC 1700 as dependent variable (Y-axis), we actually used the measured PM2.5 or 

coarse PM (PM10-2.5) mass concentrations from the Grimm 11-R as the dependent variable 

(Y-axis), and particle number concentrations of PM2.5 or coarse PM from the DC 1700 as 

the independent variable (X-axis) to ease comparisons of our results with the results from 

previous studies (Dacunto et al., 2015; Klepeis et al., 2013; Semple et al., 2013; Semple 

et al., 2015). Based on the linear regression analyses with all data, we used regression 

equations to convert particle number concentrations of PM2.5 or coarse PM from the DC 

1700 to mass concentrations of PM2.5 or coarse PM, respectively. We compared the ratios 

of DC 1700 calculated PM mass concentrations to Grimm 11-R PM mass concentrations 

to examine the effects of RH and MMD. All statistical analyses were performed in SAS 

(Version 9.4, Cary, NC).

Results

Statistical summary

We collected a total of 8,330 measurements for each parameter from December 10, 2015, 

to January 10, 2016. The DC 1700 mean concentrations, with ranges, of PM2.5 (particle 

size between 0.5 and 2.5 μm) and coarse PM (particle size >2.5 μm) were 1,896/0.01 ft3 

(30–36,400 per 0.01 ft3), and 103/0.01 ft3 (1–5,435 per 0.01 ft3), respectively. The average 

mass concentrations of PM2.5 and PM10-2.5 from the Grimm 11-R were 11.3 μg/m3 (0.2–

318.7 μg/m3) and 4.8 μg/m3 (0–378.7 μg/m3), respectively. During the monitoring periods, 

average ambient temperature was 14.0 °C (6.3–29.3 °C) and the average RH was 63.2% 

(26.5–91.4%). The descriptive statistics are summarized in Table 1.

Association between particle number concentrations and mass concentrations

Figure 1 shows the overall association between particle number concentrations and mass 

concentrations for both PM2.5 and coarse PM. The regression coefficient (slope) and the 

coefficient of determination (r2) for these associations from simple linear regression are 

shown in Figure 1. The slope for PM2.5 was 0.0071 μg/m3 per particle/0.01 ft3 and r2 was 

0.778 (Figure 1a). We found that the linearity was somewhat decreased as particle number 

concentrations exceeded 10,000 per 0.01 ft3. For the association between DC 1700 coarse 

PM number concentrations and Grimm 11-R PM10-2.5 mass concentrations, we observed 

that the slope was 0.054 μg/m3 per particle/0.01 ft3 and r2 was 0.481 based on simple 

linear regression analysis (Figure 1b). Similar to the association between PM2.5 number 

concentrations and PM2.5 mass concentrations, the linear association between DC 1700 

coarse PM number concentrations and PM10-2.5 mass concentrations from the Grimm 11-R 

was decreased as particle number counts exceeded 1,000 per 0.01 ft3. It is noteworthy 

that there seemed to be two different relationships between coarse PM particle number 

concentrations from the DC 1700 and PM10-2.5 mass concentrations from the Grimm 11-R.
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Comparison of calculated DC 1700 PM mass concentrations with measured Grimm 11-R 
mass concentrations

Using regression equations obtained from Figure 1, we converted measured particle number 

concentrations from the DC 1700 to mass concentrations and compared them to the 

concurrently measured mass concentrations of PM2.5 and PM10-2.5 from the Grimm 11-R. 

Over the entire sampling periods, the average of the measured PM2.5 mass concentrations 

from the Grimm 11-R was 11.3 ± 15.1 μg/m3. The calculated DC 1700 PM2.5 mean 

mass concentration was 13.2 ± 13.7 μg/m3 using linear regression analysis from Figure 

1a. Similar to the results for PM2.5, we used a linear regression equation from Figure 

1b to compare the calculated DC 1700 coarse PM (larger than 2.5 μm) mass with the 

measured PM10-2.5 mass concentration from the Grimm 11-R. The average of the Grimm 

11-R PM10-2.5 mass concentrations was 4.8 ± 16.5 μg/m3. The mean of the calculated DC 

1700 coarse PM mass concentrations was 5.6 ± 12.1 μg/m3 using linear regression analysis 

for all data.

The calculated DC 1700 PM2.5 mass concentrations showed a trend similar to that of 

the measured PM2.5 mass concentrations from the Grimm 11-R over the entire 800-min 

sampling period shown (Figure 2). In Figure 2a, the PM2.5 mass ranged from 0 to 

200 μg/m3. Over the wide range of concentrations, the calculated DC 1700 PM2.5 mass 

concentrations were similar to the Grimm 11-R PM2.5 mass concentrations. Figure 2b also 

compares the calculated DC 1700 coarse PM concentrations with the mass concentrations 

of PM10-2.5 from the Grimm 11-R during the same sampling period. The calculated DC 

1700 coarse PM mass concentrations were comparable to the Grimm 11-R PM10-2.5 mass 

concentrations from 0 min to 400 min, whereas the calculated DC 1700 coarse PM mass 

concentrations were 4-6 times higher than the Grimm 11-R PM10-2.5 mass concentrations 

from 400 min to 800 min. During the sampling periods, the mass concentrations of coarse 

PM from the DC 1700 ranged from 0.1 to 200 μg/m3 but the particle mass concentrations of 

PM10-2.5 from the Grimm 11-R varied between 0.1 and 50 μg/m3 (Figure 2b).

Effects of RH on the mass concentration ratios of DC 1700 to Grimm 11-R

Using the regression equations from Figure 1, we examined the effects of ambient RH on 

the ratios of the DC 1700 mass concentrations to the Grimm 11-R PM mass concentrations. 

We stratified our data by hour of day. The diurnal changes of the hourly mean ratios of 

the DC 1700 to the Grimm 11-R for both PM2.5 and coarse PM are presented in Figure 3. 

The overall mean ratio of paired DC 1700 PM2.5 mass concentration to Grimm 11-R PM2.5 

mass concentration was 1.02 ± 0.48 and the overall mean ratio of paired DC 1700 coarse 

PM mass concentration to Grimm 11-R PM10-2.5 mass concentration was 2.00 ± 2.59. The 

ratios of DC 1700 to Grimm 11-R widely vagried within a day. In general, the ratios of both 

PM2.5 (above 1.3) and coarse PM (above 2.0) were the highest at night and early morning 

(10 p.m.– 6 a.m.). The ratios for both PM2.5 (0.8 to 1.1) and coarse PM (0.5 to 1.6) were 

closer to 1 between 10 a.m. and 4 p.m. We also observed that RH was the highest at night 

and early in the morning (10 p.m.–6 a.m.) and the RH (<60%) was the lowest during the 

daytime (between 10 a.m. and 4 p.m.).
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Effects of particle size on the association between DC 1700 and Grimm 11-R mass 
concentrations

We examined the effects of particle size on the association between DC 1700 and Grimm 

11-R data by mass median diameter (MMD). Figure 4 shows the associations between the 

calculated DC 1700 mass concentration and the measured 11-R mass concentration. We 

excluded 57 observations larger than 100 μg/m3 (0.7% of total measured observations) for 

both PM2.5 and coarse PM. The calculated DC 1700 PM2.5 mass concentrations showed 

good agreement with the measurements from the Grimm 11-R although the DC 1700 

PM2.5 mass concentrations underestimated PM2.5 mass concentrations from the Grimm 11-

R (Figure 4a). We observed that the ratios of calculated DC 1700 PM2.5 mass concentrations 

to measured Grimm 11-R PM2.5 mass concentrations were not significantly different when 

stratified by the three MMD groups, ranging from 1.9 to 4.4 μm. But we found that the 

association between DC 1700 coarse PM mass concentrations and the Grimm 11-R PM10-2.5 

mass concentrations varied to a great degree. Figure 4b shows that the DC 1700 coarse PM 

concentration overestimated by a factor of 4 compared with the PM10-2.5 mass concentration 

from the Grimm 11-R when the MMD values were smaller than 2 μm. When the MMD of 

the measured aerosol was 2.9 μm, the calculated DC 1700 coarse PM mass concentrations 

were 30% higher than those measured by the Grimm 11-R. As the particle size increased 

(MMD = 4.4 μm), the DC 1700 underestimated coarse PM mass concentrations in the air 

relative to the Grimm 11-R measurements.

Discussion

We evaluated the feasibility of utilizing a low-cost PM sensor (Dylos DC 1700, 

approximately $400) to estimate ambient air PM2.5 and coarse PM mass concentrations 

by comparing its output with measurements taken with a widely used direct-reading 

instrument (Grimm 11-R, approximately $20,000). Overall, the trends, peak values, and 

magnitudes of both PM2.5 and coarse PM concentrations from the DC 1700 were similar 

to those from the Grimm 11-R over the sampling periods used in this study. Our results 

showed that the DC 1700 can be used to estimate both PM2.5 and coarse PM up to at 

least 300 μg/m3. The comparative results from this study are consistent with previous 

findings. Steinle et al. (2015) used the DC 1700 to characterize personal exposure to 

PM2.5 in urban and rural environments in Scotland. Prior to conducting personal exposure 

assessment, the authors validated hourly-averaged PM2.5 data from the DC 1700 by 

collocating the DC 1700 with tapered element oscillating microbalances (TEOMs) and 

Filter Dynamics Measurement Systems (FDMS) over the range of 0–30 μg/m3 at national 

air monitoring sites. Another study, performed in Serbia, determined that the temporal 

trends, peak values, and magnitudes of particle number concentrations from the DC 1700 

were consistent with both ambient air PM2.5 and PM10 mass concentrations from a Grimm 

1108 spectrometer (precursor model of the Grimm 11-R), with PM2.5 and PM10 ranging 

from 0 to approximately 70 μg/m3 and from 0 to approximately 250 μg/m3, respectively 

(Jovasevic-Stojanovic et al., 2015). This suggests that the DC 1700 can be used to track 

temporal changes of both outdoor air PM2.5 and PM10-2.5 (or PM10) over a wide range of 

concentrations (0–319 μg/m3 for PM2.5 and 0–379 μg/m3 for PM10-2.5, respectively).
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The results from this study showed that particle number concentrations of PM2.5 from 

the DC 1700 were well correlated with mass concentrations of PM2.5 measured using 

the Grimm 11-R. We found that the overall coefficient of determination (r2= 0.778) for 

PM2.5 in this study was similar to the results from previous studies. Other studies reported 

that the r2 values determined for the associations between particle number concentrations 

from the Dylos monitors and PM2.5 mass concentrations from reference instruments ranged 

between 0.70 and 0.99 in outdoor air environments. For example, Steinle et al. (2015) 

reported correlation coefficients (r) ranging from 0.7 to 0.9 using 1-hr averaged PM2.5, and 

Northcross et al. (2013) reported slightly higher coefficients of determination (r2), between 

0.81 and 0.99, with 24-hr averaged PM2.5 concentrations. This suggests that the Dylos DC 

monitors can be potentially used to estimate acute (~1 min), short-term (~1 hr), or daily 

community exposures to PM2.5 in various outdoor air environments.

With regard to the particle mass concentrations determined from the DC 1700 particle 

number count concentrations, computed PM2.5 mass concentrations using all measured 

data are similar to those determined in other studies. For instance, the calculated PM2.5 

mass concentration was 67.8 μg/m3 with linear regression (Figure 1a) for a DC 1700 

PM2.5 particle number concentration of 10,000/0.01 ft3. With the same particle number 

concentration (10,000/0.01 ft3), the calculated PM2.5 mass concentration was 63.2 μg/m3 

from the regression equation of Klepeis and coauthors (Klepeis et al., 2013), and 80.7 μg/m3 

from the work of Semple and coauthors (Semple et al., 2013). The findings suggest that 

the DC 1700 can be practically used to assess approximate PM2.5 mass concentrations in 

community environments if the sampled environments in our study were similar to previous 

ones. However, we cannot exclude the possibility that the comparable results from this study 

with others were obtained by chance. The physical and chemical characteristics of airborne 

PM would be different for each study. The airborne PM2.5 in this study had been collected 

in ambient air with a wide range of emission sources, as well as relative humidities, whereas 

the airborne PM2.5 in other studies (Klepeis et al., 2013; Semple et al., 2013) was measured 

mostly in indoor environments with relatively constant relative humidity.

The relationships of coarse PM between the DC 1700 and the Grimm 11-R were not as 

strong as those for PM2.5. The r2 value (coefficient of determination) from linear regression 

analyses between particle number concentrations and mass concentrations of coarse PM was 

moderate (0.481). Because there are as yet no other studies addressing the application of 

Dylos DC monitors for assessing community exposure to coarse PM, we could not compare 

our results with other studies. Although we do not know the reason why the coefficient 

of determination for coarse PM between the Dylos DC 1700 and the Grimm 11-R was 

significantly lower than for PM2.5, the moderate association may be partially related to the 

widely variable concentrations of coarse PM influenced by RH, particle size distribution, 

and chemical composition throughout a day.

As demonstrated in Figures 3 and 4, the reported widely variable coarse PM concentrations 

may be dependent on diurnal patterns of RH and particle size distributions. The increase in 

error of estimates for the DC 1700 coarse PM mass concentrations in outdoor air may be 

related to RH affecting the growth of hygroscopic particles (Lee et al., 2008). The density 

of a particle is dependent on RH—that is, as RH increases, the particle condenses more 
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water vapor from the air. It is likely that the DC 1700 may imprecisely measure particle 

number concentrations in outdoor air with varying RH. Chakrabarti and co-investigators 

(2004) reported that laser particle sensors overestimated PM mass concentrations by more 

than 70% when RH in the air was above 60%. Other studies also showed that laser particle 

measurement instruments demonstrated increased error at high RH in ambient air (Sioutas et 

al., 2000; Soneja et al., 2014).

In our study, we observed that airborne particle size is an important factor in assessing PM 

mass concentrations, especially coarse PM, using the DC 1700. As the particle size, defined 

by MMD, decreased to less than 2 μm, the concentration ratios of DC 1700 to Grimm 11-R 

for coarse PM increased to a great extent in this study. We observed that the ratios of DC 

1700 coarse PM to Grimm 11-R PM10-2.5 were the largest (ratios >3) during the night and 

early morning when the particle size was typically less than 1 μm. In contrast, the ratios of 

DC 1700 coarse PM to Grimm 11-R PM10-2.5 were close to 1 during the daytime when the 

particle size was larger than 3 μm. Overall, the averages of calculated DC 1700 coarse PM 

were two times higher than those from the Grimm 11-R. An understanding of changes in 

particle size distributions is critical to assess the relationship of coarse PM between the DC 

1700 and the Grimm 11-R.

The complexity of chemical composition and particle size in the measured aerosols can 

strongly contribute to the low association of coarse PM between the DC 1700 and the 

Grimm 11-R. In urban residential areas, there are multiple sources of particle emissions such 

as vehicular emissions, residential heating, biomass burning, and natural sources. Another 

source of airborne particles is secondary organic aerosols that are formed in the air following 

gas to particle conversion (Moise et al., 2015). It would have been ideal to analyze chemical 

composition and particle size distribution in the air as we were measuring airborne PM2.5 

and coarse PM using the DC 1700 and the Grimm 11-R. However, such evaluation using the 

DC 1700 and the Grimm 11-R with 1-min logging intervals was not feasible in this study.

A significant and novel strength of our study is the evaluation of the relationship between the 

DC 1700 particle number concentrations and the coarse PM (PM10-2.5) concentrations from 

the Grimm 11-R. To date, no studies have systemically examined the association between 

DC 1700 coarse PM number concentrations and coarse PM (PM10-2.5) mass concentrations. 

Although Jovasevic-Stojanovic et al. (2015) examined the association between the DC 

1700 and the Grimm 1108 for PM10 and reported a correlation coefficient (r) of 0.858 

(or coefficient of determination r2 = 0.736), the association between the DC 1700 and the 

Grimm 1108 for PM10-2.5 was not directly reported. The true association for coarse PM 

(PM10-2.5) would be lower in their study because the association of PM10 between the two 

instruments was heavily dependent on the association of PM2.5 between them.

Another strength of our study was an examination of the effects of particle size and RH 

on the association between the DC 1700 particle number concentrations and the Grimm 

11-R mass concentrations. Numerous studies have characterized the conversion of DC 1700 

particle number concentrations to PM2.5 mass concentrations for indoor and outdoor air 

quality measurements (Brown et al., 2014; Rosen et al., 2015; Semple et al., 2013; Semple et 

al., 2015). However, no studies have yet evaluated the effects of particle size distribution and 
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RH on the relationship between the DC 1700 (or DC 1100) particle count concentrations and 

PM mass concentrations in the air.

We observed that deviations from the regression line were larger when the DC 1700 particle 

number concentrations exceeded 10,000/0.01 ft3 for PM2.5 or 1,000/0.01 ft3 for PM10-2.5 

(see Figure 1). A few previous studies used polynomial regression equations because these 

studies observed that polynomial regression equations were better able to estimate PM2.5 

mass concentrations than linear regression equations (Dacunto et al., 2015; Semple et al., 

2013; Semple et al., 2015). The deviation between the DC 1700 and 11-R readings may 

be related to light sensor saturation when counting the number of particles as the airstream 

enters into the chamber where the laser sensor is located. If a large number of particles 

(i.e., a high challenge concentration) are introduced into the laser source, the response of the 

saturated laser is not linear and continues to read at a constant level (Perkins, 2008). Other 

potential factors may result from different emission sources in different environments, the 

presence of fresh or aged particles, and meteorological factors, such as relative humidity, 

which was examined in this study.

Limitations of this study include a relatively short sampling campaign (about a month), the 

absence of any chemical composition data, and no seasonal variation. Unlike the Grimm 

11-R, information about the upper ends of the particle size ranges for the Dylos 1700 is 

not available. This limitation, in part, may result in a lower correlation between the Dylos 

1700 and the Grimm 11-R for coarse PM. Furthermore, we compared the DC 1700 with 

the Grimm 11-R for both PM2.5 and coarse PM rather than the Federal Reference Method 

or other gravimetric PM mass measurements. Both instruments in this study measure light 

scattering intensity rather than mass concentrations directly. We also acknowledge that we 

did not examine instrument intervariability of the DC 1700 since we had tested only one DC 

1700 in this study. Although we did not know the intervariability of the DC 1700, the results 

from Klepeis et al. (2013) showed that the variability of the Dylos instruments was less than 

10% in general environments. To improve the understanding of the performance of low-cost 

PM sensor such as the DC 1700, the listed limitations should be addressed in future studies.

Conclusion

We demonstrated the relationship between number concentrations from a low-cost PM 

sensor such as the Dylos DC 1700 and mass concentrations from a mainstream more 

expensive instrument such as the Grimm 11-R to estimate both PM2.5 and coarse PM 

(PM10-2.5) mass concentrations in urban ambient air. The range of calculated mass 

concentrations for both PM2.5 and coarse PM was from 0 to more than 300 μg/m3. The 

recorded particle number concentration from the DC 1700 needed to be converted to 

mass concentrations in order to be useful in determining relevant community or personal 

exposures to PM. The association between measured particle number concentrations from 

the DC 1700 and PM mass concentrations from the Grimm 11-R was satisfactorily 

explained using a linear regression fit, especially at concentrations lower than 100 μg/m3. 

The 1-min average PM2.5 and coarse PM mass concentration levels estimated by the 

DC 1700 overestimated the Grimm 11-R measured concentrations by approximately 1.02 

and 2.00 times, respectively. We found that relative humidity significantly changes the 
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association between the DC 1700 particle number concentrations and the measured PM 

mass concentrations from the Grimm 11-R. In general, relative humidity less than 60% 

showed that the mass concentration ratios of the DC 1700 to the Grimm 11-R were close 

to 1, but relative humidity greater than 60% resulted in ratios larger than 1 for both PM2.5 

and PM10-2.5. Aerosol particle size was an important factor influencing the relationship 

between the two instruments for coarse PM, but was less important to the relationship 

between the instruments for PM2.5. Given these results, a low-cost PM sensor such as the 

DC 1700, albeit not specifically designed for evaluation of ambient air quality, may be 

useful to monitor for PM2.5 and coarse PM in community settings in future environmental 

health studies. The benefits of such a PM sensor include low cost, light weight, ease of use, 

ability to obtain real-time data, and the potential for large-scale simultaneous deployment of 

multiple units.
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Figure 1. 
Scatter plots of particle number count concentrations from the DC 1700 and PM mass 

concentrations from the Grimm 11-R. (a) Paired scatter plot (open circles) between the DC 

1700 PM2.5 particle number count concentrations (PN2.5-0.5) and PM2.5 mass concentrations 

from the Grimm 11-R. The linear regression (dashed line) equation is summarized at the 

top. (b) Paired scatter plot (open squares) between the DC 1700 coarse PM particle count 

concentrations (PN>2.5) and the PM10-2.5 mass concentrations from the Grimm 11-R. The 

regression equation is summarized at the top.
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Figure 2. 
Comparison of 1-min average converted mass concentrations from the DC 1700 and 

measured Grimm 11-R PM mass concentrations. (a) Comparison of mass concentrations 

for PM2.5. (b) Comparison of mass concentrations for coarse PM.
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Figure 3. 
Diurnal patterns of mean relative humidity (bar graph) and mean ratios of 1-min paired DC 

1700 to Grimm 11-R for both PM2.5 (closed circles) and coarse PM (open squares).
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Figure 4. 
Scatter plots of calculated PM mass concentrations from the DC 1700 vs. Grimm 11-

R PM mass concentrations. (a) Paired scatter plots by three different mass median 

diameters (MMD, μm) between the DC 1700 PM2.5 mass concentrations and PM2.5 mass 

concentrations from the Grimm 11-R. (b) Paired scatter plots by three different mass median 

diameters (MMD, μm) between the DC 1700 coarse PM mass concentrations and the 

PM10-2.5 mass concentrations from the Grimm 11-R. Each graph also shows the 1:1 (dashed) 

line.
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Table 1.

Summary of statistics for measured ambient temperature, relative humidity, and particle sampling results for 

the DC 1700 and the Grimm11-R.

Description n Mean ± SD Median Range

DC 1700a Particle number (PN2.5-0.5) 8,330 1,896 ± 1,935 1,633 30–36,400

Particle number (PN>2.5) 8,330 103 ± 223 38 1–5,435

Grimm 11-Rb Fine PM (PM2.5) 8,330 11.3 ± 15.1 8.7 0.2–318.7

Coarse PM (PM10-2.5) 8,330 4.8 ± 16.5 0.8 0–378.7

HOBOc Temperature 8,330 14.0 ± 5.6 12.1 6.3–29.3

Relative humidity 8,330 63.2 ± 12.5 63 26.5–91.4

a
Unit for DC 1700 is particles/0.01 ft3.

b
Unit for Grimm 11-R is μg/m3.

c
Unit for temperature is °C and relative humidity is percent.
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