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Abstract: Low-cost particle sensors are now used worldwide to monitor outdoor air quality. However, they have only
been in wide use for a few years. Are they reliable? Does their performance deteriorate over time? Are the algorithms
for calculating PM2.5 provided by the Plantower company for PurpleAir monitors accurate? We investigate these
questions using continuous measurements of four monitors (8 sensors) under normal conditions inside and outside a
home for 1.5-3 years. A recently-developed algorithm (called ALT-CF3) is compared to the two existing Plantower
algorithms. The Plantower CF1 algorithm was shown to lose 25-50% of all indoor data due to the questionable practice
of assigning zero to all concentrations below a threshold. None of these data were lost using the ALT-CF3 algorithm.
About 92% of all data showed precision better than 20% using the ALT-CF3 algorithm, but only about 45-75% of data
achieved that level using the Plantower CF1 algorithm. The limits of detection (LODs) using the ALT-CF3 algorithm
were mostly under 1 ug/m3, compared to about 3-10 ug/m3 using the Plantower CF1 algorithm. The percent of
observations exceeding the LOD was 53-92% for the ALT-CF3 algorithm, but only 16-44% for the Plantower CF1

algorithm. For indoor air in homes, the Plantower algorithms are inappropriate.
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1. Introduction

Over the last few years, a revolution in developing small low-cost particle sensors has occurred. The sensors have
been evaluated in multiple laboratory studies [1-6]. Their behavior in outdoor sites has also been studied extensively
[7-12]). The US Environmental Protection Agency has provided guidance on their use in outdoor settings [13-14].
However, fewer studies have focused on their use indoors [15-21].

Indoor studies are particularly relevant, since most people spend most of their time indoors [22-23]. Until now,
most epidemiology studies have been able to use only outdoor measurements to estimate human exposure; indoor
exposures may or may not be estimated, but there are seldom any measured data [24-26]. Some studies such as the
Harvard 6-City Study or EPA’s Particle TEAM study have been able to use personal and indoor monitors to provide an
estimate of the total personal or indoor exposure to particles [27-32]. However, these studies have been limited to
relatively short-term exposures because of the expense of acquiring, setting up, and taking down expensive research-
grade instruments in homes.

Now it has finally become possible to determine long-term exposure to particles, since the new sensors are
normally quiet and inconspicuous and can operate continuously without the need to maintain, clean, or manually
download the data they collect. Downloading is made particularly easy by the PurpleAir company, which maintains
a Web-accessible database of all data except that for users who have requested privacy.

The overriding concern in using low-cost particle sensors is their reliability and accuracy. Accuracy is a function

of bias and precision. However, bias can be corrected; precision cannot.
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The manufacturer of the PMS 5003 sensors used in PurpleAir PA-II monitors is the Plantower company
(Plantower.com). Plantower employs two proprietary algorithms (CF1 and CF_ATM) to estimate PM2.5.  For PM2.5
concentrations less than about 28 ug/m3, which constitute the vast majority of measured concentrations in many
developed nations, the two algorithms give identical results [32]. Plantower provides no information about the
composition or indeed the very existence of a calibration aerosol. Nor does the company provide any other data about
the calculations involved in translating observed numbers of particles in six size categories into a mass concentration
estimate. We have shown how both these algorithms are seriously flawed. We developed a transparent and
reproducible algorithm (ALT-CF3) that was shown to outperform the Plantower algorithms with respect to bias,
precision, limit of detection (LOD), and distribution fitting [32]. Our results suggest that the Plantower algorithms
overestimate PM2.5 concentrations by about 40-50%, as has been found by other investigations. However, this bias can
be corrected. What is much more serious is the Plantower problem with precision.

We show in this paper that estimates of precision may be severely impacted by the flawed Plantower practice of
assigning a value of zero to concentrations not reaching a certain predefined threshold. In particular, we show that
indoor concentrations in a home with reasonably typical indoor activities such as cooking, cleaning, and other particle-
producing activities fall below this threshold for such a large fraction of time that estimates of both precision and PM2.5
concentration are limited to a greatly reduced fraction of all observations. .

PurpleAir PA-II monitors include two independent Plantower PMS 5003 sensors which we identify as 2 and b. We
define precision for each monitor as the absolute difference between the PM2.5 readings divided by their sum: abs(a-
b)/(a+b). The monitors employed in this study are identified by the numbers 1-4. For example, the two sensors in

monitor 1 are identified as 1a and 1b.

2. Materials and Methods

All data were collected inside or outside a home with two residents. The indoor PurpleAir monitors were placed on a
desk or dresser about 1.6 m high. The outdoor monitor was hung about 2 m high from a bracket about 15 cm from
the home. The home is a detached 1-story building of about 400 m? volume located in the city of Santa Rosa, CA.
Heating is supplied by a natural gas furnace, and the temperature is normally set to 72 °F (22 °C). A gas stove and
electric oven are used for cooking on about 5 or 6 days a week. A central air conditioner is used at times in the summer.
The central fan is normally on and the main filter is equipped with electrically charged wires to attract particles. The air
exchange rate of the home was measured on multiple occasions and was generally in the range from 0.2 to 0.3 air
changes per hour. Two blower door tests confirmed that the home was well constructed. Windows are normally
closed except in summer when the air conditioner is not being used. Some experiments were done in a closed room
involving single puffs from a vaping pen containing marijuana liquid. These experiments resulted in increased PM2.5

levels for less than 4% of the time.

3. Results and Discussion

Monitors 1 and 2 collected data for 3 years. Monitor 1 was indoors the entire time; monitor 2 was indoors for 2
years and outdoors for 1 year. A total of 829,907 observations were made; some were 80-second averages, most were 2-
minute averages. Only the ALT-CF3 values with a precision better than 20% (under 0.2) were accepted. This left 92%
of the data (763,102 observations).

Monitors 3 and 4 collected data over the last 18 months of the study (6/18/2020 to 1/14/2022). Monitor 3 was
outdoors for all but one month; monitor 4 was indoors the entire time. There were 406,310 observations total, and
370,906 observations remained after limiting the data to those with a precision under 0.2.

The PM2.5 measurements for all monitors and both time periods are supplied in Tables S1 and S2 in the

Supporting Information (SI). Mean indoor PM2.5 values ranged from 3.6 to 5.7 ug/m3. These values are quite
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comparable to those found in a previous study including 91 PurpleAir indoor monitors averaged over times from 796
hours to 13,564 hours. The observed means ranged from a median of 3.4 ug/m3 to a 75t percentile value of 5.5 ug/m3
[15].
3.1. Relative Bias

The bias relative to the mean of ALT-CF3 estimates of PM2.5 (ug/m3) for sensors a and b for all pairs of sensors
was calculated for the final 18-month period when all 4 monitors (8 sensors) were operating. The mean (SE) overall bias
was 3.00% (0.7%) ranging from 0.5% to 5% (Table 1).

Table 1. Mean PM2.5 concentrations (ug/m3) and relative bias for the ALT-CF3 algorithm.
N obs. | Mean SE | RSE | Bias
1la PM2.5 CF3 IN 353256 | 3.38 | 0.016 | 0.0049 | 1.031
1b PM2.5 CF3 IN 353256 | 3.18 | 0.015 | 0.0049 | 0.969
Mean 1 CF3 IN 353256 | 3.28 | 0.023 | 0.0069
4a PM2.5 CF3 IN 353256 | 3.65 | 0.018 | 0.0049 | 0.970
4b PM2.5 CF3 IN 353256 | 3.88 | 0.019 | 0.0048 | 1.030
Mean 4 CF3 IN 353256 | 3.77 | 0.026 | 0.0068
2aPM2.5 CF3IN | 117804 | 3.31 | 0.018 | 0.0054 | 0.953
2b PM2.5 CF3 IN 117804 | 3.64 | 0.020 | 0.0055 | 1.047
Mean 2 CF3 IN 117804 | 3.48 | 0.027 | 0.0077
2a PM2.5 CF3 OUT | 242663 | 4.82 | 0.020 | 0.0042 | 0.995
2b PM2.5 CF3 OUT | 242663 | 4.87 | 0.021 | 0.0043 | 1.005
Mean 2 CF3 OUT | 242663 | 4.85 | 0.029 | 0.0060
3a PM2.5 CF3 OUT | 356484 | 5.54 | 0.022 | 0.0039 | 0.965
3b PM2.5 CF3 OUT | 356484 | 5.94 | 0.023 | 0.0039 | 1.035
Mean 3 OUT CF3 | 356484 | 5.74 | 0.032 | 0.0056

The same calculations of bias for the Plantower CF1 algorithm resulted in the loss of more than 100,000
observations for the indoor monitors 1 and 4 due to the large number of reported zeros for the PM2.5 observations.
Monitor 2 both indoors and outdoors lost about 50% of all observations. Monitor 3 lost more than 75,000 observations
(Table 2).

There was also an effect of increased mean values even beyond the 40% increase often noted for the Plantower
CF1 algorithm. The mean indoor values were about 100% higher than for the ALT-CF3 algorithm, and the mean
outdoor values were more than 200% higher. The mean (SE) overall bias was 4.0% (1.5%) ranging from 0.6% to 8.2%.
These bias calculations are only slightly worse for the Plantower CF1 algorithm, because they are “helped” by not
having to consider the thousands of deleted observations which would otherwise lead to different (probably higher)

estimates of bias.


https://doi.org/10.20944/preprints202202.0142.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 February 2022 d0i:10.20944/preprints202202.0142.v1

Table 2. Mean PM2.5 concentrations and relative bias for the Plantower CF1 algorithm
Nobs | Mean SE RSE | Bias

la PM2.5_CF1IN 242553 7.07 | 0.040 | 0.0056 | 1.012
1b PM2.5_CF1 IN 242553 6.90 | 0.040 | 0.0058 | 0.988
Mean 1 CF1 IN 242553 6.98 | 0.057 | 0.0081
4a PM2.5_CF1 IN 240097 7.54 | 0.043 | 0.0057 | 0.937
4b PM2.5 CF1 IN 240097 | 8.55| 0.049 | 0.0057 | 1.063
Mean 4 CF1 IN 240097 | 8.05| 0.065 | 0.0080
2a PM2.5_CF1 IN 64344 8.59 | 0.056 | 0.0066 | 0.994
2b PM2.5_CF1IN 64344 8.70 | 0.060 | 0.0069 | 1.006
Mean 2 CF1 IN 64344 8.65 | 0.082 | 0.0095

2a PM2.5_CF1 OUT 129081 | 14.00 | 0.067 | 0.0048 | 1.038
2b PM2.5_CF1 OUT 129081 | 12.98 | 0.068 | 0.0053 | 0.962
Mean 2 CF1 OUT 129081 | 13.49 | 0.096 | 0.0071
3a PM2.5_CF1 OUT 278256 | 10.48 | 0.045 | 0.0043 | 0.918
3b PM2.5_CF1 OUT 278256 | 12.35 | 0.054 | 0.0044 | 1.082
Mean 3 CF1 OUT 278256 | 11.41 | 0.070 | 0.0061

The absolute bias of these four monitors with respect to regulatory FEM or FRM monitors could not be determined,
since no regulatory monitor was close. However, a previous study compared 33 PurpleAir outdoor monitors to 27
nearby regulatory monitors [32].  The bias (ratio of PurpleAir monitor PM2.5 using the CF3 calibration to regulatory
monitor PM2.5) had a median value of 0.96 (IQR 0.77 to 1.21).

3.1.1. Comparison with FEM bias

The US EPA operates a program determining the bias of selected Federal Equivalent Method (FEM) PM2.5 results
by setting up a side-by-side gravimetric monitor employing the Federal Reference Method (FRM)
https://www.epa.gov/outdoor-air-quality-data/pm25-continuous-monitor-comparability-assessments. The bias of the
continuous FEM monitor with respect to the collocated FRM monitor is calculated over a 3-year period. A sample of
61 reports from the state of CA showed a mean absolute bias of 20.5% (SE 3.2%) for the FEM monitor compared to the
FRM monitor. 41 of the calculated biases were positive, with a mean (SE) of +27.3% (4.5%.). The median bias was 1.21
(IQR 1.04 to 1.25). These results suggest that the range of the absolute bias of 33 PurpleAir monitors employed in [32]
using the CF3 algorithm appears comparable to the absolute bias of the 61 FEM monitors compared to FRM monitors

in the EPA comparability assessments.

3.2. Precision

For the entire 3-year period, median precision for monitors 1 and 2 was between 4.6% and 5.7% using the ALT-
CF3 algorithm (Table 3). The Plantower CF1 median precision for the same data ranged between 8.4% and 20.5% with,
however, more than 100,000 fewer measurements for monitor 1 and 50,000 fewer for monitor 2 due to the excessive
number of zeros reported by the CF1 algorithm. Applying the precision cutoff of 0.2 for the Plantower CF1
measurements resulted in an additional loss of 25% of the remaining data for monitor 1 and 45-50% of the remaining
data for monitor 2. Overall, the loss of data using the Plantower CF1 algorithm amounted to 277,488 (36%)

measurements for Monitor 1 and 387,991 (51%) of all measurements for monitor 2.
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Table 3. Precision compared using ALT-CF3 and Plantower CF1 algorithms. Time period: 1/10/2019 to 1/14/2022.

Valid Lower Upper

N Mean | Std. Err. | Quartile | Median | Quartile | 90th %tile | Max
ALT-CF3 algorithm (using precision cutoff of 0.2)
Monitor 1 indoors 763102 | 0.064 | 0.000055 0.025 0.053 0.094 0.14 0.2
Monitor 2 indoors 499296 | 0.067 | 0.000068 0.027 0.057 0.097 0.14 0.2
Monitor 2 outdoors 242663 | 0.058 | 0.000093 0.021 0.046 0.084 0.13 0.2
Plantower CF1 algorithm (using ALT-CF3 cutoff of 0.2)
Monitor 1 indoors 647757 | 0.192 | 0.000334 0.034 0.084 0.20 0.57 1
Monitor 2 indoors 448867 | 0.337 | 0.000495 0.072 0.205 0.51 1 1
Monitor 2 outdoors 234814 | 0.293 | 0.000631 0.065 0.172 0.41 0.92 1
Plantower CF1 algorithm (using precision cutoff of 0.2)
Monitor 1 indoors 486614 | 0.067 | 0.000074 0.025 0.055 0.10 0.15 0.2
Monitor 2 indoors 224877 | 0.081 | 0.000118 0.033 0.071 0.13 0.17 0.2
Monitor 2 outdoors 129081 | 0.082 | 0.000157 0.033 0.073 0.13 0.17 0.2

For the 18-month second period employing monitors 3 and 4, the loss of data due to employing the CF1 algorithm was
similar for the indoor data at 33%, but improved for the outdoor data (20%) (Table S3).

3.3. PM2.5 concentrations of zero

From the 3-year and 18-month studies, the Plantower CF1 algorithm reported PM2.5 concentrations of zero for
about 60,000 to 160,000 indoor measurements (12% to 23% of the total) and 10,000 to 35,000 outdoor measurements (4-
14% of the total) (Table 4). The ALT-CF3 algorithm, by contrast, reports no concentrations of zero for the same set of
observations. This is because there are never occasions when the number of particles in the smallest size category (0.3-

0.5 um) fall to zero.

Table 4. Number of PM2.5 concentrations reported as zero by the Plantower CF1 algorithm for monitors 1 & 2 over a

3-year period and monitors 3 & 4 over an 18-month period

Sensor | Location N obs. # zeros fraction =0

la Indoors 815558 165732 0.20
1b Indoors 817696 164399 0.20
2a Indoors 530781 63867 0.12
2b Indoors 558322 130263 0.23
4a Indoors 406059 61444 0.15
4b Indoors 406068 69435 0.17
2a Outdoors 252532 10324 0.04
2b Outdoors 253439 35374 0.14
3a Outdoors 363786 23516 0.06
3b Outdoors 363783 18757 0.05

The prevalence of zeros in indoor data, ranging from 12%-23% of the observations, is due entirely to the Plantower

decision to define all values below a certain cutoff as zero. This loss of data will be impossible to recover for all
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investigators using either of the Plantower CF1 and CF_ATM algorithms. Statisticians do not approve replacing

concentrations below the LOD with zero, the LOD itself, or half the LOD [33]. In this case, the cutoff, at 0.01 ug/m3, is

in fact far below the LOD.

3.4 Variation of precision over time

Table 5. Variation of precision over time for monitors 1 & 2 (3 years) and 3 & 4 (18 months)

3-year period (1/10/19 to 1/14/22) 18-month period (6/18/20 to 1/14/22)
Monitor 1IN 2 1IN 2 0UT 30UT 3 1IN 41N
Location Indoors Indoors | Outdoors QOutdoors | Indoors Indoors
N 763102 499296 242663 356484 42204 370906
Intercept —0.28 -0.33 0.61 —0.27 1.6 0.1
SE (Int.) 0.007 0.010 0.040 0.019 0.039 0.022
Slope 7.8E-06 9.0E-06 —~1.2E-05 7.4E-06 | —3.4E-05 —8.7E-07
SE (slope) 1.7E-07 2.3E-07 9.1E-07 4 3E-07 8.8E-07 4.8E-07
R2 (adj.) 0.0028 0.00319 0.00076 0.00082 0.034 0.00006
SE of estimate 0.048 0.048 0.046 0.042 0.032 0.050
F-value 2181 1599 186 296 1500 3.2
z 47 40 —14 17 —39 -2
p-value 0 0 0 0 0 0.072
starting precision 0.060 0.062 0.083 0.054 0.058 0.068
ending precision 0.068 0.072 0.070 0.058 0.038 0.067
Relative annual
increase (%) 4.8 53 —5.3 5.3 —22.6 -0.49

3.5 Limit of detection (LOD)

A definition for the LOD for the case of analyzing a physicochemical sample can be found in many publications
(e.g., [34]). If the

results of analyzing the several samples shows that the mean is more than 3 times the standard deviation, then the mean

The definition envisions analyzing several samples expected to have concentrations near the LOD.

value is considered to be near (somewhat above) the LOD.
In this

definition, the LOD occurs at the lowest mean value u above which more than 95% of mean values exceed their standard

For the case of continuous sampling, a different definitionis needed. One approach was advanced in [18].
deviations ¢ by more than a factor of 3 (u/0>3). In practice, this requires identifying all cases with u/o <3, sorting
according to u ascending, and then counting the number of cases with p/o <3 in, say, blocks of 100 in ascending order.
When a block of 100 is reached with fewer than 5 y/c  values <3, a candidate for the LOD has been found within that
block. However, further exploration at higher mean concentrations may show a new block of 100 with 5 or more cases
of u/o <3, at which point that new block of 100 now contains a new (higher) candidate for the LOD. The search ends
when all the data have been explored, but in practice it ends much earlier, when there are increasingly great “distances”
between blocks of 100 with 5 or more values of /o <3.

LODs were determined for all four monitors. For monitor 2, which spent time indoors and outdoors, the LOD
was calculated separately. The LODs calculated for the ALT-CF3 algorithm ranged from 0.6 to 1.3 ug/m3, compared
to 2.9 to 9.9 ug/m3 for the Plantower CF1 algorithm (Table 6). About 53-92% of the data exceeded the CF3 LODs, but

only 16-44% of the data exceeded the Plantower CF1 LODs.
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Table 6. PM2.5 LODs (ug/m3) calculated for the ALT-CF3 and Plantower CF1 algorithms. Number and percent of
observations greater than the LOD.

CF3 CF1
Sensor | Location Valid N | LOD | CF3>LOD | CF3 %>LOD | LOD | CF1>LOD | CF1 %>LOD
1 | Indoors 406108 0.99 233900 58 29 177908 44
2 | Outdoors 253454 0.92 203384 80 9.9 39487 16
2 | Indoors 146229 0.72 110674 76 3.2 44289 30
3 | Outdoors 363797 0.6 334973 92 44 156850 43
4 | Indoors 406092 1.32 215872 53 5.3 79371 20

4. Conclusions

At typical levels of both indoor and outdoor PM2.5, the Plantower CF1 and CF_ATM algorithms lose an
unacceptably large fraction of observations due to the choice of setting a threshold below which observations are
assigned a value of zero. This practice is not supported by statistical theory. It causes the loss of substantial
amounts of data (12-23% in our three-year study). It also increases the already high overestimates of PM2.5 due to
deleting lower concentrations. No models employing either of the two Plantower algorithms can restore these values.
The ALT-CF3 algorithm loses no data, since it depends on particle counts that never go to zero. The ALT-CF3 algorithm
also has improved bias, precision, and limits of detection.

Mean precision using the CF3 algorithm is good at 6-7%. Although the precision of the Plantower CF1 alogorithm
is not much worse at about 7-8%, there is a very great loss of data due to the unscientific choice to substitute zero for all
values below a certain threshold. Similarly, the relative bias of 2 sensors in the same monitor was not greatly worse
for the Plantower CF1 algorithm than for the ALT-CF3 algorithm (~4% compared to ~3%), but again the loss of data was
in the hundreds of thousands of observations.

With respect to the LOD, here there was a very large difference between the two algorithms, with the LODs for
the Plantower CF1 algorithm so high that more than half of all data (56-84%) was below the LOD. By contrast, the
ALT-CF3 algorithm resulted in more than half of all data (53-92%) above the LOD.

It is concluded that the Plantower algorithms CF1 and CF_ALT are not suitable for measuring typical PM2.5
concentrations in homes, or low ambient concentrations. The ALT-CF3 algorithm, available on the PurpleAir API
site, is the only one there that does not depend on the Plantower proprietary algorithms.
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