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The use of low-cost sensors (LCS) for the evaluation of the ambient pollution by particulate matter (PM) has
grown and become significant for the scientific community in the past few years. However promising this
novel technology is, the characterization of their limitations is still not satisfactory. Reports in the scientific
literature rely on calibration, which implies the physical (or geographical) co-location of the LCS with
reference in situ (or remote, e.g. onboard satellite platforms) instrumentation. However, calibration is not
always feasible, and even when feasible, the validity of the developed relationship, even in similar
settings, is subject to large uncertainties. In the present work, the performance of a popular LCS for PM,
the Plantower PMS5003, is investigated. The LCS performs particle counts, which is the physical quantity
that is input to the black-box model of the manufacturer to compute the ambient PM mass, which is
output to the operator. The particle counts of LCS Plantower PMS5003 units were compared to those of
the co-located research-grade Grimm EDM-164 monitor. The results show that humidity possibly has
a reduced influence on the performance, but the performance can better be constrained, however
spanning more than one order of magnitude in terms of agreement ratio, by functions of the actual
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should focus on improvements of the physical design of the devices, in order to enhance the sizing of

DO 10.1039/d42a00086b the particles. The use of the actual Plantower PMS5003 models should be limited to the monitoring of

rsc.li/esatmospheres PM mass in the smaller size bins.

Environmental significance

Ambient particulate matter is a complex phenomenon and a source of concern for human health worldwide. Monitoring is key to advance knowledge on the
sources and dynamics of ambient particulate matter. Low-cost sensors have been emerging as a novel technology which, thanks to its ease of deployment, could
offer the possibility to extend and complete the existing monitoring schemes. As a novel technology, little is known about their performance and functioning. In
the present paper, we analyze the performance of a very popular low-cost sensor in terms of size distribution and therefore contribute to the much needed
scientific body of knowledge regarding this technology.

deepen our understanding and knowledge of PM source
apportionment.**'->*

1 Introduction

Air pollution is a global source of morbidity and premature
deaths worldwide, with different regions experiencing different
dynamics." Air pollution in cities exhibits hyper-local
variations®>® that traditional monitoring schemes, alone, are
not suitable to study.® Low-cost sensors (LCS), on the other
hand, offer the capability to expand monitoring in both the
spatial and temporal scales,>”™” to bring monitoring to cities
where knowledge about local air pollution is limited,"*° or
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LCS for PM report mass concentrations, which are calculated
from particle counts. In the particular case of the Plantower LCS
model PMS5003, mentioned as the most common LCS for PM
with thousands in use worldwide, the PM mass concentration
that is reported in three size fractions (PM;, PM, 5 and PM,,) is
computed from particle counts in six size bins (>0.3, >0.5, >1.0,
>2.5, >5.0, and >10.0 pm) using a black-box model.** The Plan-
tower PMSx003 models report particle densities in six size bins
in the same way as an optical particle counter, but research
conducted under field and controlled laboratory conditions
indicated that they respond to ensembles of particles, in the
same way as a nephelometer.”**” However, a later study of the
output of the photodiode concluded that they are imperfect
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particle counters which count single particle scattering
events.>”?*

Previous studies have indicated that the PM concentrations
reported for different size bins by LCS was subject to significant
bias [e.g. **7*"], which varied from unit to unit.**** Laboratory
and field studies that have co-located LCS for PM measure-
ments along reference or research grade instruments have
identified the following factors as sources of bias: (1) the aver-
aging time,*** (2) relative humidity,**?***** (3) the ambient
temperature,**** (4) the nature, composition and size, of the
aerosol?*?+*%343 and (5) its concentration.?”*¢34445 The
ambient temperature has also been reported as a source of bias,
albeit mostly in ambient studies®*** and less in laboratory
studies,**** demonstrating its possible nature as a confounder.
The instrumentation, both the design of the LCS and the
measuring principle of the instrument it is calibrated against, is
a further factor identified as a source of bias.**

In the particular case of the Plantower PMS5003, the
observed bias has been linked to the sensor design. Because the
PMS5003 model does not force the single particles through
a single point in the laser beam (657 nm, 2.36 x 10> W), large
particles that miss the focal point will still scatter some light
that will reach the photodiode with an energy above its detec-
tion limit and will be misclassified as a particle of smaller size.
An ambient mass scattering efficiency that reflects the local
source mix and differs from that of the aerosol used to calibrate
the sensor exacerbates the discrepancy. Flow rate, namely flow
impedance at the inlet, influences the total number concen-
tration, as does wind speed above 3 m s~ ' (for particles larger
than 1 um).>® The PMS5003 does not possess a heater at the inlet
to regulate relative humidity, unlike reference-grade moni-
tors.*”*® As relative humidity varies, so do the mass median
diameter, the density, the refractive index and the mass scat-
tering efficiency of the aerosol, with an impact on the number
and mass concentrations reported.”®*

In view of the manifest bias evidenced by research so far, LCS
use for PM monitoring requires some kind of calibration,*->
with a thorough error characterization being desireable.”*-*
Calibration models reported in the literature are usually
a machine-learning model [e.g. 26 and 57-59] which include
ambient factors such as temperature and, mostly, relative
humidity [e.g. 4 and 29] and/or local factors that are more
complex to parameterize, such as the particle composition, i.e.
the source mix, the size distribution and even the PM concen-
tration [e.g. 60 and 61].

Calibrating methodologies range from local implementa-
tions [e.g. 62 and 63], to approaches aimed at a broader appli-
cation [e.g. 64-71], in an effort to overcome the implications of
the spatio-temporal variations of the ambient aerosol. Because
of the complex nature of the sources of bias, the application of
a particular calibration to other types of aerosol (size distribu-
tion and chemical composition) in laboratory studies or to other
settings (in time and/or space) in field studies, degrades the
quality of the results,*”* e.g. when the dominant source of PM is
dust or smoke.**3"737¢

Given the focus of the previous studies, which tend to be an
evaluation of PM mass, in the present study we evaluate the field
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performance of the Plantower PMS5003 model in terms of the
reported particle number distribution. Five PurpleAir PAIIl models,
each comprising two Plantower PMS5003 units, were deployed
alongside a Grimm EDM-164 monitor over the course of two
months in the spring of 2019 at an urban site in Potsdam, Ger-
many. The particle counts from the Plantowers were compared to
the Grimm particle counts. Our research shows that the agreement
between the research-grade instrument and a Plantower PMS5003,
i.e. the ratio of the particle count by the Plantowers to the particle
counts by the Grimm, can span several orders of magnitude. Over
the span of 1-2 orders of magnitude, the agreement appears be log-
linearly dependent on the relative humidity and constrained as
a function of the Plantower-measured ambient particle number
concentration. Our analysis does not evidence any dependence on
temperature.

2 Methods

2.1 Sampling site

Ten Plantower LCS were co-located with a research-grade
particle instrument (Grimm model EDM-164) between May 8
and June 30, 2019. Co-locations took place at the Research
Institute for Sustainability - Helmholtz Centre Potsdam (RIFS,
formerly Institute of Advanced Sustainability Studies, IASS) in
Potsdam, Germany.

The measurement site was located on the RIFS building
facing a main thoroughfare leading to the centre of the city of
Potsdam (two car lanes, one each on either side of tram tracks
in the center of the roadway), situated within a predominantly
residential area, with some commercial properties present and
substantial green space and trees. The instruments were
deployed on the balcony of the first floor (European counting),
approximately 15 m from the kerbside.

2.2 Plantower PMS5003 monitors

The Plantower LCS (Plantower Technology, Nanchang City, Jiangxi
Province, China) were deployed as part of the PurpleAir low-cost
systems. Each PurpleAir system deployed (firmware version 2.50i)
comprises, among other equipment, two Plantower PMS5003
sensors, which are used as two independent channels which
output particulate mass concentrations in three size ranges PM; o,
PM,s and PM;, at the time resolution of approximately one
minute and twenty seconds. The PMS5003 units come factory
calibrated (as stated by PurpleAir, (https://www2.purpleair.com/
pages/technology)), and count suspended particles in six size
bins: >0.3, >0.5, >1.0, >2.5, >5.0, and >10.0 um.?® The PM mass
concentration values are provided on an open access map (or are
directly downloadable from the internal SD card for some
models) that documents all PurpleAir sensors in use and
registered online.

Besides the particle density in the six size bins and the PM;,
PM, 5 and PM,, mass concentrations, the PurpleAir system also
outputs readings for temperature (7) and relative humidity
(RH). Unlike to reference grade monitors, and contrary to what
is prescribed by the legislation (e.g. the EU Air Quality directive
2008/50/EC”), no removal of humidity prior to detection is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Start and end dates for the use of PurpleAir LCS, number of negatives per size bin and total number of data points

LCS Channel Start End Nos-o0.5 Nos-1.0 Nio-2s Nzs-s5.0 Ns.0-10.0 n
60_1 94 4B 2B 47 chA 2019-05-29 2019-06-29 0 0 0 578 2266 20435
chB 2019-05-29 2019-06-29 0 0 0 926 2483 20435
84 F3_EB_45_42 31 chA 2019-05-08 2019-05-29 0 0 0 623 2799 22486
chB 2019-05-08 2019-05-29 0 0 0 779 4582 22486
5C_CF_7F_5C_9D_CF chA 2019-05-29 2019-06-29 0 2 1 817 3991 32976
chB 2019-05-29 2019-06-29 0 0 0 840 4860 32976
60_1_94 59_AA E chA 2019-05-29 2019-06-29 0 0 0 1034 4488 31794
chB 2019-05-29 2019-06-29 0 0 0 1233 4672 31794
60_1 94 58 EC_95 chA 2019-05-08 2019-05-29 0 0 0 571 3588 22581
chB 2019-05-08 2019-05-29 0 0 0 534 2216 22581
performed by the Plantower sensors, leading to a source of bias 3 Results

due to deliquescence. Indeed, models developed to enhance the
quality of the mass concentration retrieved from LCS, e.g. by
recalibration, demonstrate better performance when RH is
taken into consideration [e.g. *].

Table 1 summarizes the sensors and systems used through
the campaign.

The particle counts performed by the Plantower PMS5003 are
based on the particle density derived from the amount of light
(680 nm) scattered at a 90° angle.”*”®

2.3 Research-grade Grimm EDM-164 monitor

The Plantower PMS5003 sensors, integrated within Pur-
pleAir systems, were co-located with a GRIMM EDM 164
(GRIMM Aerosol Technik Ainring GmbH & Co. KG, Ainring,
Bavaria, Germany). The GRIMM research-grade instrument
deployed at the RIFS was manufacturer calibrated at the end
of 2018 and measures PM,;, PM, ;s and PM;, via optical
detection of particulates in 31 size bins between 0.25 and
32 um. The time resolution of the GRIMM instrument was
set to one minute.

The Grimm instrument also has a meteorological station
integrated, which measures relative humidity and tempera-
ture. Those measurements were used in the subsequent
analysis.

2.4 Comparisons

In order to perform the comparison between the PMS5003
sensors and the GRIMM EDM 164 monitor, the particle
densities given by the PMS5003 via the PurpleAir (saved locally
on each system unit on a SD card, firmware version 2.50i) were
converted from particles per decilitre*® to particles per litre.
Since the data is reported as e.g., >2.5 um, rather than discreet
size bins, the smaller reported sizes were subtracted from the
larger sizes so that the size bins 0.3-0.5, 0.5-1.0, 1.0-2.5,
2.5-5.0, and 5.0-10 um could be used. This manipulation
produced negative values which are reported in Table 1. The
size resolution of the GRIMM EDM 164 output was reduced by
summing the counts to match the size bins of the PMS5003
data. For the purpose of comparison (except when comparing
time series), the obtained binned measurements were aver-
aged to 5 minutes for each instrument.

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.1 Comparison of particle counts

Fig. S1-S51 show the time series as the raw data output by the
PurpleAir LCS and the Grimm (note the log scale of the y-axis).
The plots show that although the Plantowers coincide in time
with the Grimm, they do not in amplitude, and there are
substantial differences between the instruments and between
the size bins.

Fig. S11 shows that the Plantower sensors exhibit little noise
and generally follow the temporal pattern of the Grimm (except
for short spikes), even though with consistently lower values of
about up to one order of magnitude, for the 0.3-0.5 pm size bin.
Plantowers from the same LCS unit are in good agreement for
the 0.3-0.5 um fraction and the lines superimpose.

For the size bin 0.5-1.0 pm (Fig. S27) there is less agreement
between the temporal patterns than for the smallest particles.
Not only the spikes shown by the Grimm are not followed by the
Plantower, but both instruments show variations, longer in
time and lower in intensity than spikes, that are not followed by
the other. In addition to the discrepancies in the temporal
pattern, the Plantowers exhibit generally higher number
concentrations than the Grimm of one to two orders of
magnitude. This overestimation is likely a consequence of the
misclassification of larger particles which miss the focal point.
The lines of the Plantowers within a same LCS unit superim-
pose, showing good agreement and little noise.

The Grimm instrument shows large variations for the size bin
1.0-2.5 pm which are not followed by the Plantowers, the latter
showing little noise (Fig. S31) The Plantower number concen-
trations differ from the Grimm number concentrations by
approximately up to two orders of magnitude, in both under and
overestimation. The time series of the two Plantowers present
within the same LCS unit generally superimpose, but differences
can be observed, usually at local maxima and minima.

The time series of the Plantowers located within the same
Purple Air unit show some discrepancy for the 2.5-5.0 um size
bin, higher noise than at the smaller size bins, and do not follow
the peaks exhibited in the time series of the Grimm instrument
(Fig. S41). The divergence between the values from the Plan-
towers and the Grimm span up to 2-3 orders of magnitude, with
the Grimm showing larger particle number concentrations.
This underestimation by the Plantowers is likely a consequence

Environ. Sci.. Atmos., 2024, 4, 1183-1194 | 1185


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ea00086b

Open Access Article. Published on 24 September 2024. Downloaded on 3/3/2026 2:04:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

N 0.3-0.5
o -
o
= o ]
= o
.o
g 7
2 87
8 S
o o a
o 4
0 50000 150000 250000
Grimm, 1/1
N 1.0-2.5
S o
- o
5 ©
e -
<]
f=
8 o
a o
[Te}
o
0 500 1000 1500 2000
Grimm, 1/1
N 5.0-10.0
— o
= S 4
‘_“ o
9]
; -
<]
f=
© o
a & 7
o 4
0 200 400 600 800
Grimm, 1/

View Article Online

Paper

o
= o
= S
- o
5 wn
2
L2 o
§ 8
o 8
o
0 10000 30000 50000
Grimm, 1/1
N 2.5-5.0
o
o
Q R : R R
R BN SUPOR e 5C_CF_7F_5C.9D_CF |
s g |: \ 60_1_94 4B 2B 47
5 & |: ¥ '60_1-94 58 EC_95
2 4. »-60-1.94.50 AAE. .-
€ 8 : . 84 F3:EB_45 42 31
g =] N + channel A
ol X ‘channel'B B
o .- S * o %
T f T T T T
0 500 1000 1500 2000 2500 3000
Grimm, 1/l
(V)
o -
+ - - 1
2 R ! - 1
1 1

1e+00
|

1e-02

Agreement (Plantower/Grimm)

0.3-0.5 0.5-1.0 1.0-25 25-5.0 5.0-10

Size bin , um

Fig. 1 Scatter plot of the particle counts for the size bins 0.3-0.5 um, 0.5-1.0 um, 1.0-2.5 pm, 2.5-5.0 um and 5.0-10.0 um. The raw particle
counts for the Grimm and the Plantowers were aggregated at the time resolution of 5 minutes. Lower right panel: Box-and-whisker plots for the
distribution of the agreement (ratio of the Plantower to the Grimm number concentration) of the particle counts in the five size bins. From
bottom to top, the horizontal lines represent: the minimum, the 25th percentile, the median, the 75th percentile and the maximum. The raw
particle counts for the Grimm and the Plantowers were aggregated at the time resolution of 5 minutes. Agreement values below a threshold of
0.001 were set to one half of the threshold. Only the minimum is affected by this operation, performed to increase the readability of the plot.

of the design of the LCS, which do not force particles through
the focal point resulting in misclassification of these larger
particles.

The divergence among the Plantowers operated within
a same LCS is also strong for the 5.0-10 pm size bin (Fig. S57), as
is the discordance between the Grimm and the Plantowers (up
to about 2 orders of magnitude, generally the Plantowers exhibit
lower number concentrations). Again, this underestimation by
the Plantowers is likely related to the particles path when
crossing the beam.

Fig. 1 shows the relationship between the particle number
concentrations derived by the Plantowers and measured by the
Grimm. Because the time resolution of the original data was not
identical, the original data from all instruments were aggre-
gated into 5 minute averages.

1186 | Environ. Sci.: Atmos., 2024, 4, 1183-1194

For the size bin 0.3-0.5 pm, the Plantowers overwhelmingly
exhibit lower concentrations than the Grimm. The scatter plot
shown in Fig. 1 (upper left) suggests that number concentra-
tions larger that approximately 6000 particles per litre cannot be
reproduced by the Plantowers, which only seldomly report
number concentrations larger than that plateau. One possibility
for the under-counting would be that, although the larger
particles which miss the focal point are misclassified as smaller
particles, they are not classified into the smallest range, whereas
small particles (0.3-0.5 pm) that miss the focal points do not
reflect enough energy towards the detector and are therefore not
counted. On the other hand, the seemingly existence of
a plateau (approximately 6000 particles per litre) suggests the
possibility of saturation at the detection step.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Median agreement (95th percentile) for the Plantower sensors, differentiated by size bin. The agreement is computed as the ratio
between the counts per litre by the Plantower and the counts per litre by the Grimm, averaged at the time resolution of 5 minutes

LCS Channel Nos-0.5 No.s-1.0 Nio-as Nzs-50 Ns.0-10.0
5C_CF_7F_5C_9D_CF Channel A 0.6 (1.14) 4.03 (8.68) 2.44 (8.52) 0.36 (1.64) 0.51 (2.33)
Channel B 0.7 (1.36) 4.58 (9.43) 2.6 (8.72) 0.47 (2.01) 0.61 (3.27)
60_1_94_4B_2B_47 Channel A 0.71 (1.34) 4.31 (9.06) 3.04 (10.3) 0.35 (1.66) 0.58 (3.59)
Channel B 0.73 (1.39) 4.33 (9.38) 2.97 (9.82) 0.6 (2.43) 0.94 (5.75)
60_1_94_58_EC_95 Channel A 0.4 (0.98) 1.88 (4.89) 1.94 (13.38) 0.61 (3.84) 1.13 (10.38)
Channel B 0.44 (1.1) 1.87 (4.97) 1.77 (12.54) 0.49 (2.99) 1.59 (13.14)
60_1_94_59_AA_E Channel A 0.6 (1.12) 3.47 (7.3) 2.3 (7.66) 0.51 (1.91) 1.01 (5.29)
Channel B 0.68 (1.29) 4.42 (9.29) 2.51 (8.6) 0.36 (1.52) 0.6 (3.37)
84_F3_EB_45_42_31 Channel A 0.47 (1.17) 1.96 (5.14) 2.07 (15.7) 0.4 (2.76) 1.27 (11.87)
Channel B 0.43 (1.1) 1.86 (4.98) 1.89 (13.48) 0.52 (3.36) 0.84 (8.42)

Fig. 1 (upper right) shows that the Plantower overestimates
number concentrations when the Grimm reports lower number
concentrations in the size bin 0.5-1.0 pm (up to about 15 000
particles per litre), and underestimates for larger number
concentrations. A similar behaviour can be observed for the

1e+01

1e-01

1e-03

Agreement (Plantower/Grimm)

Relative Humidity (%)
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1.0-2.5 um size bin, with the concentration of 1000 particles per
litre being the threshold (Fig. 1, centre left).

For the size bins 2.5-5.0 um and 5.0-10.0 pm, Fig. 1 (centre
right and lower left), evidences a similar behaviour of over-
estimation by the Plantower at lower number concentrations
and underestimation at higher number concentrations.
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Fig.2 Agreement (ratio of Plantower number concentration to Grimm number concentration) for the five size bins as a function of the ambient
relative humidity. The solid line represents total agreement. The dashed lines represent disagreement by a factor of 10.
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3.2 Agreement between the Plantower and the Grimm

Table 2 and Fig. 1 (lower right) show the agreement distribution
for the five size bins. The agreement is here defined as the ratio
between the particle number concentration of a Plantower
relative to the particle number concentration of the Grimm
within the same timeframe. An agreement value of 1 means that
both instruments output the same number concentration. An
agreement value of >1 represents an overestimation by the
Plantower, whereas a value <1 corresponds to an
underestimation.

The agreement spans several orders of magnitude. In
median (see Table 2), the agreement lies below unity for the size
bins 0.3-0.5 pm (0.40-0.73) and 2.5-5.0 um (0.35-0.61), and
above unity for the size bins 0.5-1.0 pm (1.9-4.6) and 1.0-2.5 pm
(1.8-3.0). The median agreement is closer to unity for the size
bin 5.0-10.0 um (0.58-1.6).

3.2.1 Effect of meteorology. Fig. 2 and S61 show the rela-
tionship between the agreement and the ambient relative
humidity and temperature, respectively, for the five size bins.
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The scatter plots (Fig. S61) show that there may be a linear
relationship between the logarithm of the agreement and the
temperature only for the size bin 0.5-1.0 um (R = 0.49, 95%
confidence interval: 0.48-0.49). Despite the statistical signifi-
cance of the slope (significantly different from 0, p-value = 0),
the significance may not be practical. Indeed, the low effect size
(the magnitude of the slope is 2.6 x 1072, 95% confidence
interval: 2.5 x 107>-2.6 x 10~ >) and the low R* (0.24) suggest
that the relationship is weak and that only a small proportion of
the variance in the response variable (the logarithm of the
agreement) is explained by the predictor variable (the temper-
ature), indicating that there is considerable variability in the
data that is not accounted for by the linear relationship. In the
present case, the very large sample size (n above 70 000) may
lead to even small differences being statistically significant. For
the other size bins, the considerations above are exacerbated (R*
below 0.1).

For the relative humidity, the scatter plots (Fig. 2) show some
degree of negative linear relationship between the logarithm of
the agreement and the ambient relative humidity for the size
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Fig. 3 Agreement (ratio of Plantower number concentration to Grimm number concentration) for the five size bins as a function of the Grimm-
measured particle number concentration. The solid line represents total agreement. The dashed lines represent disagreement by a factor of 10.
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bin 0.3-0.5 pm (correlation: —0.34, 95% confidence interval:
—0.35 to —0.33, slope = —4.5 x 107>, 95% confidence interval:
—4.6 x 107° to —4.4 x 107>, statistically different from 0, p-
value = 0) and the size-bin 0.5-1.0 pm (correlation: —0.13, 95%
confidence interval: —0.14 to —0.12, slope = —2.3 x 103, 95%
confidence interval: —2.4 x 107> to —2.2 x 107, statistically
different from 0, p-value = 0). A positive correlation is found for
the size bins 1.0-2.5 pm (correlation: 0.22, 95% confidence
interval: 0.21-0.23, slope = 4.9 x 10~%, 95% confidence interval:
4.7 x 107%-5.1 x 107, statistically different from 0, p-value = 0),
2.5-5.0 um (correlation: 0.42, 95% confidence interval: 0.42-0.43,
slope = 9.5 x 10>, 95% confidence interval: 9.4 x 1073-9.7 x
1073, statistically different from 0, p-value = 0), and 5.0-10.0 um
(correlation: 0.45, 95% confidence interval: 0.44-0.46, slope = 1.3
x 1072, 95% confidence interval: 1.3 10 >-1.3 x 10>, statistically
different from 0, p-value = 0). As for the ambient temperature,
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the significance of the relationship between the logarithm of the
agreement and the relative humidity may be an artefact due to
the sample size. Furthermore, the low size effect and the low R*
indicate that the relationship is either very weak or practically
non significant. The size bin 0.5-1.0 pm exhibits the minimum
correlation (and absolute slope) between the agreement and the
relative humidity, and also the maximum correlation (and slope)
between the agreement and the temperature.

3.2.2 Effect of the particle number concentration. Fig. 1
suggests that the response of the Plantower units could be
dependent on the concentration itself. Fig. 3 and 4 show the
relationship between the logarithm of the agreement and the
number concentration measured with the Grimm and the
Plantower, respectively. In the plots, the points are color-coded
to the ambient relative humidity.
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Fig. 4 Agreement (ratio of Plantower number concentration to Grimm number concentration) for the five size bins as a function of the
Plantower-measured particle number concentration. The green lines represent the proposed functions to constrain the agreement and were
obtained by fitting en equation of the type agreement ratio = a x log(log(x)) + b, with x being the Plantower-reported number concentration, to
the points representing the 5th and 95th percentiles over 40 bins through the range of the Plantower-reported number concentrations.
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Table 3 Parameters of the functions agreement ratio = a x log(log(x))
+ b, for the 90% bounding of the Plantower-reported number
concentration (x)

Lower (P05) Upper (P95)

a b a b
Nos-o0s -3.0 1.4 6.6 —2.4
No.s-1.0 —7.8 4.3 —217 104
Nio-2s —13 7.9 —214 118
Na.s5-5.0 -1.3 1.4 -19 17
Ns.0-10.0 —0.89 1.8 —77 106

The scatter plots (Fig. 3) show that the agreement is ten-
dentially highly variable at low ambient number concentra-
tions. The variability narrows as the number concentration
increases, towards underestimation of up to about one order of
magnitude for the smallest size bins (0.3-0.5 um, 0.5-1.0 pm
and 1.0-2.5 um) or even lower for the largest size bins (2.5-5.0
pm and 5.0-10.0 pm). The plots also show that there is no
relationship between the agreement and the ambient relative
humidity.

Fig. 4 suggests that, although spanning more than one order
of magnitude, it is possible to constrain the agreement ratio as
a function of the type agreement ratio = a x log(log(x)) + b,
where x is the reported concentration. In order to develop
functions to constrain the agreement ratio for each size bin, the
range of the reported Plantower number concentrations was
divided into 40 bins. For each bin the 5th and 95th percentiles
were computed and a function was fit to the points (green lines
in Fig. 4). The functions (parameters reported in Table 3),
effectively represent the bounds to compute a 90% confidence
interval given a Plantower-reported PM number concentration.

4 Conclusion

In the present work, five PurpleAir low-cost sensors were
deployed at a traffic-impacted site in the city of Potsdam, Ger-
many, over the course of two months. Each PurpleAir unit
comprises two Plantower PMS5003 sensors. The 10 PMS5003
sensors were investigated against a research-grade Grimm
instrument positioned alongside the PurpleAir units.

Analysis shows that the noise of a Plantower sensor increases
with particle size, as does the discrepancy between sensors
operated within the same LCS unit. A possible explanation
could be the conjunction of the lesser number of particles at
larger size ranges and the seemingly aleatory misclassification
due to missing the focal point. As the former gains in impor-
tance, the relative effect of the latter increases. The disparity
between the Grimm and the Plantowers is also larger, both in
terms of absolute difference and of temporal patterns, for the
largest size bins.

A point-by-point comparison after averaging at the time
resolution of 300 s shows that in the size ranges above 0.5 um
the Plantowers tend to overestimate the number concentrations
below a certain, bin-dependent, particle number concentration
threshold and underestimate above that threshold. For the
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smallest size bin, the Plantowers underestimate below the
number concentration of approximately 6000 particles per litre
and only seldomly report concentrations above: a possible
indication of saturation.

The Plantower to Grimm ratio of particle number concen-
trations was investigated after averaging at the time resolution
of 300 s and spans several orders of magnitude within a same
size bin. The agreement was below unity for the smaller size
bins (0.3-0.5 um and 0.5-1.0 um) and close to unity for the
largest size bin (5.0-10 um). For the intermediate size bins (1.0-
2.5 ym and 2.5-5.0 pm) the median agreement was above 1.
Previous laboratory research using known particle size distri-
butions has shown that, because the particles are not forced
through the focal point of the lens, the amount of scattered light
measured is biased and therefore the derived particle density
and particle counts suffer from considerable error,**® as do the
PM mass down the processing chain, as it was shown by several
works which tried to conciliate the PM mass reported by the
Plantower PMS sensors and the PM mass measured by reference
monitors.*>”* In the case of fine PM mass (PM; or PM, ;), it is
possible to recalibrate correcting for both the deliquescence
and the erroneous size distribution sources of bias. However,
for the latter, the robustness of such corrections can only be
guaranteed within similar number and mass distributions, and
the relationship between those.*>*

The agreement ratio does not exhibit any dependence on
temperature, but possibly some negative log-linear dependence
on relative humidity, albeit spanning several orders of magni-
tude and of reduced effect size.

The strongest effect on the agreement ratio comes from the
particle number concentration itself. From our analysis we
derived functions to bound the accuracy of the Plantower-
reported number concentrations as a function of itself.
Although the range covering the 90% confidence interval spans
more than one order of magnitude, such information can be
important and useful when analyzing results from deployments
of Plantower LCS.

Further development of LCS for PM monitoring should partic-
ularly focus on a technical solution that forces all particles through
the focal point. The use of a dryer upstream of the LCS entry point
to control for the water content of the aerosol and deliquescence
could also be advantageous when using LCS to measure PM mass.
Under the current conditions, the use of Plantower PMSx003
models should be limited to monitoring PM mass in the smaller
(below 2.5 pm) size bins, and a correction taking into account the
influence of relative humidity should be used.
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