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erisation of PurpleAir particulate
matter monitors for measurements to be
considered as indicative†

Alexandre Caseiro, *a Seán Schmitz, a Guillermo Villena, ab

Janani Venkatraman Jagatha c and Erika von Schneidemesser a

Low-cost particulate matter systems output airborne particle mass concentrations based on optical particle

counter sensors. Because the relationship between the particle number and mass is complex and varies

with time and space, the research community has developed correction methodologies which imply co-

locating a low-cost system and a reference-grade instrument. Such a requirement may not always be

achievable. This work aims at supporting users unable to perform co-locations for calibration, providing

characterization in terms of indicative measurements. Nine different PurpleAir units in total were

deployed (up to 8 units at a time) in parallel with a GRIMM monitor during three different measurement

periods in the cities of Berlin and Potsdam, Germany. The three measurement periods encompass over

80 days in total and span from December 2017 to July 2019. We compare the low cost systems'

performances against the research-grade measurements and investigate the transferability of correction

functions between systems and campaigns. Given the specificity of the correction functions (systems

and campaigns), we explore the possibility of their use as indicative measurements under the European

legislation specifications as a function of temperature and relative humidity. The results are compiled

into a database, the PurpleAir bidimensional look-up matrix, BLUM-i, that is freely available and comes

with software for the analysis of PurpleAir uncalibrated data. The BLUM-i is designed as an open-source

database application to provide the probability that measurements meet the criteria for indicative

measurements as defined in European legislation. The BLUM-i can be continually improved by including

more data.
Environmental signicance

The development of low-cost sensors for air quality measurements has made suchmeasurements accessible to a broad set of users. Unfortunately, data quality is
oen still an issue, with robust measurements requiring substantial resources for calibration and data processing. Here we present a look-up matrix (BLUM-i1)
for a widely used low-cost particulate matter sensor (PurpleAir) that would allow all users a straight-forward way to evaluate and understand the reliability of
their measurements based on widely available environmental conditions (temperature and relative humidity data). Thematrix has been developed using a series
of co-location experiments under various environmental conditions where PurpleAir sensors were compared to reference instrumentation and provides the
likelihood that a measurement meets the data quality criteria for being ‘indicative’ as dened by the EU Air Quality Directive. The BLUM-i matrix can easily be
expanded and made more robust through the addition of further co-location data.
Introduction

In a world where the most prominent risks are all environ-
mental,2 air pollution stands out as the main global health-
impacting environmental issue.3 A global total of 8.8 million
ies, Berliner Str. 130, 14467 Potsdam,

otsdam.de; Tel: +49 331 28822 418

Environmental Research, University of

ität zu Berlin, Berlin, Germany

mation (ESI) available. See

, 1400–1410
premature deaths due to outdoor air pollution by particulate
matter (PM) and ozone were estimated for 2015,4 with most
adverse effects attributed to PM.5 A meta-analysis of data from
over 600 cities worldwide reviewed the concentration–response
associations of PM with all-cause mortality and found them to
be positively associated, with no discernible threshold and at
levels below most global and regional air quality guidelines.6

The European Air Quality Directive sets out the limit and
target values for air pollutants, as well as requirements for the
measurements. For PM, the standard is a gravimetric
measurement method to determine the mass concentration. In
terms of data quality, the uncertainty associated with the PM
© 2022 The Author(s). Published by the Royal Society of Chemistry
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measurements cannot exceed 25%. For indicative measure-
ments, the uncertainty cannot exceed 50%.7 The existing
monitoring networks have produced long term time series,
useful to determine the effect of policies (large-scale in space
and time) or evaluate targets.8 For certain applications (e.g.
determining exposures or assessing the effect of a policy at
a very localized scale), air pollution measurements at a higher
density or in locations differing from those of traditional
infrastructure can be desirable but oen difficult or impossible.

Low-cost sensors are versatile on the temporal and the
spatial scales when compared to traditional infrastructure.9,10 A
synergy between traditional monitoring networks, low-cost
sensors, modelling and satellite-based measurements could
overcome the limitations of the present monitoring
schemes.11–15 For example, current networks may increase their
capacities through the deployment of distributed networks of
sensors,11,16–19 static and mobile20–23 with high time resolution
capacities to help identify hot spots and short-term emission
spikes,24–29 of great relevance for, e.g., human exposure assess-
ment,30,31 or to develop real-time strategies.32

By bringing air quality data closer to a broader set of stake-
holders (citizens, industry, scientists and policy-makers), e.g.
under the scope of citizen-science projects, low-cost sensors can
be understood as a tool of transformative research33,34 towards
behavioral change and effective policy-making.35,36

The literature characterizing low-cost sensor performance
and evaluating the applicability of low-cost sensors for specic
use cases is growing quickly.37–39 A low-cost system (LCS) is
understood as a low-cost sensor within a platform comprising
other devices (global positioning units, mobile telecommuni-
cation units, temperature and relative humidity sensors, etc.)
and electronics.40,41 The evaluation of low-cost sensors and
systems is oen investigated in a context with limited variability
in terms of environmental conditions.42 While such evaluations
are both relevant and necessary to quantify performance, the
results will not necessarily hold true for the same type of LCS
used in a different context or across a set evaluated in parallel,
leading to less precise measurements.43,44 This is largely owing
to the difficulties in computing the PM mass from particle
counts.45,46 In other words, the dimensions measured by using
the LCS (six size bins, temperature, T, and relative humidity,
RH, for the PurpleAir) are limited when providing the high-
dimensionality of the complex relationship between the PM
number and dry mass.

The transferability and applicability are therefore circum-
scribed to applications similar to those under which the LCS
was calibrated. Units of a same LCS model may exhibit high
reproducibility47 but may as well perform signicantly dispa-
rately.29,48 This implies that, when using a LCS for applications
which require reference-grade quality, frequent and rigorous
calibrations under conditions which approximate the meteo-
rological and emission conditions of the targeted area are
needed.29,49–51 Among the types of LCS users (e.g. citizen-science
actors, etc.), not all will have the possibility to calibrate
frequently or may lack access to the detailed data needed to
implement a correction.52,53 Despite the limitations faced by
such users, this should not mean that the data lack usefulness.
© 2022 The Author(s). Published by the Royal Society of Chemistry
In the present study, we acknowledge the limitations of the
PM LCS, and the possible variations in data quality among LCSs
that are identical in terms of design and components. In place
of seeking to derive specic relationships to retrieve concen-
trations that are as accurate as possible, we propose general
characterisation of the use of PurpleAir systems in terms of
indicative measurements across a variety of conditions. We aim
to address the cohort of users that do not have access to or the
means with which to carry out regular calibrations and/or apply
correction approaches. The characterisation is reported in the
form of a probability that a measurement meets the require-
ments to be ‘indicative’, as a function of ambient meteorolog-
ical variables also reported by the PurpleAir systems. This takes
the form of a bidimensional look-up matrix (the PurpleAir
BLUM-i). A machine-readable version of the PurpleAir BLUM-i is
open access and easily applicable to the output of any PurpleAir
system for the evaluation of indicative measurements.1 We
believe that the product is thus useful for actors, e.g., those
outside the research community, who use PurpleAir systems for
PM monitoring that do not have access to further resources,
such as reference instrumentation, for regular calibration.
What we present here is an initial dataset to populate the Pur-
pleAir BLUM-i; however, the product is open to new inputs of
data, which would make it more accurate and robust.
Instruments and data
PurpleAir low cost systems

The PurpleAir systems use laser particle counters (Plantower
PMS5003 for all 9 units of this study) to quantify particulates.
PMS5003 sensors come factory calibrated and count suspended
particles in six size bins: >0.3, >0.5, >1.0, >2.5, >5.0, and >10 mm
(https://www2.purpleair.com/pages/technology). The
distribution of the 9 units through the 3 campaigns is given
in Table 1.

The PMS 5003 model has a fan to pull air through the
sensor.54–57 The particle counts are based on the amount of light
(680 nm) scattered at a 90� angle56,58 and processed by the
system (PurpleAir rmware version 2.50i) to output the PM1,
PM2.5 and PM10 mass concentrations (mg m−3) every minute. PM
mass concentrations are reported uncorrected (“CF ¼ 1”, suit-
able for indoor environments) or corrected using a proprietary
algorithm (“ATM”, suitable for outdoor environments, used in
the present study).

Each PurpleAir system has two channels (two PMS5003
sensors), which measure PM independently and thereby
provide a precision check on the data. The system also outputs
readings for T and RH.
Precision and inter-channel QA/QC

Precision was determined for each system and campaign-wise
by means of the coefficient of variation (CV):43,44

CV ¼ s/m (1)
Environ. Sci.: Atmos., 2022, 2, 1400–1410 | 1401
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Table 1 List of the PurpleAir systems used in the campaigns and
coefficients of variation (average � standard deviation) for PM2.5

System PurpleAir ID Winter Spring Summer

A 5C CF 7F 5C 9C 97 0.19 � 0.21
B 5C CF 7F 5C 9D CF 0.10 � 0.15 0.14 � 0.17
C 60 1 94 4B 29 C6 0.13 � 0.14
D 60 1 94 4B 2B 47 0.15 � 0.15 0.10 � 0.13
E 60 1 94 58 A4 37 0.11 � 0.13
F 60 1 94 58 EC 95 0.09 � 0.12 0.55 � 0.62
G 60 1 94 58 F1 47 0.11 � 0.18
H 60 1 94 59 AA E 0.07 � 0.11 0.15 � 0.13
I 84 F3 EB 45 42 31 0.08 � 0.08
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where s is the standard deviation and m is the average of the
coincident concentrations reported by both sensors within
a system.

The data underwent a quality control check to be included in
the study. The PurpleAir system documentation states that the
uncertainty associated with each channel is 15 mg m−3 (for
concentrations below 100 mg m−3) or 15% (for concentrations
above 100 mg m−3). We consider measurements where the
difference between the two channels is within the combined
uncertainty as passing the quality check. If the absolute differ-
ence between the two channels (A and B) is larger than the
combination of the errors from both cells (following the law of
error propagation), they do not pass the quality check.

GRIMM samplers

The PurpleAir systems were co-located with a GRIMM sampler,
either an EDM 164, manufacturer-calibrated at the end of 2018
or an EDM 165, which had recently been calibrated at the For-
schungszentrum Jülich. These report PM1, PM2.5 and PM10

every minute via the detection of the scattering by single
particles (660 nm) in 31 size bins between 0.25 and 32 mm. Both
GRIMM models also have a small meteorological station, from
which the T and RH readings were used in this study. Although
we acknowledge that they do not correspond to the actual
reference methodology, the GRIMM samplers were used as the
reference instrumentation and are referred to as research-grade
hereaer.

Sampling locations

The PurpleAir systems were co-located with a research-grade
instrument at two different locations in Germany (the campus
of the Humboldt Universität zu Berlin (HU) and the Institute of
Table 2 Dates, locations and meteorological conditions for the three sa

Campaign Start date end date Sampling si

Winter 8.3.2018 HU
31.3.2018 Berlin

Spring 8.5.2019 IASS
29.5.2019 Potsdam

Summer 30.5.2019 IASS
9.7.2019 Potsdam

1402 | Environ. Sci.: Atmos., 2022, 2, 1400–1410
Advanced Sustainability Studies (IASS), Potsdam) between 2018
and 2019 (Table 2). LCS availability at the time of the campaign
dictated which LCS and how many of them were used, and is
detailed in Table 1. The co-locations at the HU were part of
a larger measurement campaign.59

The measurement site at the HU was located in between
buildings of the Geographical Institute on a fenced-in green
space (Alexander von Humboldt weather station, https://
hu.berlin/wetter, on the outskirts of the city away from any
high-traffic roads) at ground level. The instruments were
attached to metal rods approximately 1.5 m above the ground.
This location would be similar to a suburban background
station.

The measurement site at the IASS was located on a balcony
(rst oor, European counting, approximately 15 m from the
road kerbside) facing a main thoroughfare (Berlinerstrasse, two
car lanes with tram tracks in the center) leading into central
Potsdam. The location is otherwise largely residential with
some commercial properties mixed in, including substantial
green space and trees, and would have some elevated concen-
trations because of the proximity to the road, but would more
generally be described as an urban background location.
PurpleAir bias and calibrations

The bias of the PurpleAir systems was evaluated against the co-
located GRIMM using the following equation:

System bias ¼ (system − GRIMM)/GRIMM (2)

where system is the uncalibrated concentration output by the
PurpleAir system and GRIMM is the coincidental concentration
from the co-located GRIMM monitor.

The use of a LCS is oen framed by a calibration, empirically
or based on theoretical considerations, to retrieve concentra-
tions which are as accurate as possible.42,60 The calibration
occurs by co-locating the LCS and a reference instrument for
a certain amount of time, before, aer or betweenmeasurement
campaigns.51 Calibration approaches (for a single LCS or
a network of LCS units), recently reviewed,61 comprise several
techniques.19,21,47,62 Here, we explore ordinary least squares to
build a linear relationship between the PurpleAir uncalibrated
output and the research-grade instrument. The slope and the
intercept of the linear functions are obtained using the LCS
uncalibrated concentrations as independent variables and the
mpling campaigns

te Temperature �C Relative humidity (−)

Min.: −5.9 Min.: 0.23
Max.: 16 Max.: 0.99
Min.: 3.1 Min.: 0.22
Max.: 27 Max.: 1.0
Min.: 7.3 Min.: 0.23
Max.: 40 Max.: 1.0

© 2022 The Author(s). Published by the Royal Society of Chemistry
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coincident research-grade concentrations as dependent vari-
ables. The linear equation thus obtained has the form:

Calibrated concentration ¼ m � LCS concentration + b (3)

The necessity of such a correction derives from the complex
relationships between the PM number and the dry mass and
between the particle morphology and the light scattered. The
factors inuencing those relationships are both ambient (e.g. T,
RH, local concentrations of organic and inorganic gaseous
species which have the ability to partition between the gas and
the particulate phases as PM ages and meteorology evolves) and
source-specic (e.g. the aerosol size distribution and its chem-
ical composition which control its hygroscopicity and chemical
ageing),50,63 resulting in non-linear behaviours.55,56,62,64,66,67

Reference instruments have a dryer placed at the inlet to remove
water and measure dry mass. LCSs do not generally heat the
inlet and therefore RH affects the LCS light-scattering response
and the mass concentration output due to deliquescent growth
and droplet formation.66,68,69

Although some eld studies did not consider environmental
RH and T for calibration or correction,70 others found no
inuence,71 while still others successfully corrected PM read-
ings when considering RH.48,53,58,65,72 Some studies discarded the
inuence of temperature,66 while others obtained the best
results when including it in the correction model.47,53,72,73 In
order to investigate the bias and the calibration of the deployed
systems' PM readings against the co-located research-grade
methodology, we use ve-minute averages in order to retain the
high temporal resolution characteristics of the LCS.
Statistical analysis

In order to test the equivalence of the calibration functions,
three statistical tests were used: (1) a t-test on the slopes, (2) a t-
test on the intercepts and (3) a Kolmogorov–Smirnov test
comparing the calibrated values. Hypothesis tests are inter-
preted in terms of p-values aer a Bonferroni correction: the
threshold for signicance is set at a p-value of 0.05/12. In the
rst test, each calibration's slope is compared to that of the
remaining calibrations using a t-test on the slope's pair. If the
slopes are identical, the t-test will show that themeans are equal
(null hypothesis). The procedure for the intercepts is similar.
Finally, each calibration is compared to the remaining ones
with a Kolmogorov–Smirnov test on the calibrated values. The
PurpleAir output for a given sensor/campaign pair is calibrated
with both the linear models derived from its data and from each
one of the other LCS/campaign pairs. The concentrations yiel-
ded by both models are tested with the Kolmogorov–Smirnov
test. If the calibration functions are equivalent, the Kolmo-
gorov–Smirnov test is expected to show that the yielded cali-
brated concentrations come from the same distribution (null
hypothesis).
Indicative measurements

Indicative measurements are required to have, at most, an
uncertainty of 50% 7 and have a similar status, in terms of
© 2022 The Author(s). Published by the Royal Society of Chemistry
requirements and applicability, as modelling data. In the
following, we refer to an indicative measurement as one devi-
ating from the GRIMM (reference) measurement by 50% or less.
The bidimensional look-up matrix, BLUM-i

The BLUM-i is a matrix that provides the probability that a given
measurement meets the criteria of an indicative measurement
as dened by European air quality legislation. As outlined in the
introduction, we are addressing the user base that will not be
able to (frequently) calibrate their PurpleAir sensors. To assist
such users in extracting valuable information from their data,
we compiled the data on performance in terms of indicative
measurements as a function of T and RH in a bidimensional
matrix where T and the RH are binned into 10 intervals. For
each pair of (T, RH) bins a corresponding average performance
is provided. This performance statistic is the fraction of the
measurements from the co-locations that correspond to the (T,
RH) pairs that meet the criteria for indicative measurements.
The standard deviation of the reported average is given in
a similar matrix. The same information (average and standard
deviation) is also made available in a machine-readable format
(the bidimensional look-up matrix, BLUM-i) for ease-of-use.1
Performance analysis
Precision and inter-channel QA/QC

The coefficient of variation is given in Table 1 for each system
and campaign for PM2.5.

The results of the quality check are shown in Fig. 1. The data
in the unshaded areas in Fig. 1 meet the quality check criteria as
outlined in the methods section. The measurement pairs in the
shaded areas (which do not pass the inner-sensor, intra-
channel, QA/QC) reach a maximum of 4% for a given campaign,
sensor and fraction. Fig. 1 shows that large swaths of points in
the shaded areas occur for a single unit at a time, and not for
several of the co-located units. This excludes environmental
effects and evidences the unit-specicity of such episodes.
Inter-unit performance

The time series (Fig. 2, for PM2.5, similar plots for PM1 and PM10

in the ESI) show that co-located units generally capture coinci-
dent low and high concentration episodes, although possibly
with different intensities. This is an indication that correction
functions may be unit-specic, invalidating their transferability
between units, even if co-located for calibration (Table 3).
PurpleAir bias and calibrations

Fig. 3 shows the LCS and campaign-specic linear calibrations
for each PM fraction. The calibration lines are not identical.
Thus, given the same LCS response (independent data),
a different calibrated concentration will be output from the
different calibrations. This indicates that calibrations are
possibly system and/or campaign specic. In particular, when
a LCS is deployed and no calibration is available, one should not
use the calibration from another, yet identical, system. The
Environ. Sci.: Atmos., 2022, 2, 1400–1410 | 1403

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00085g


Fig. 2 PM2.5 time series for the 3 campaigns. The different PurpleAir
systems are differentiated by color.

Fig. 1 Inter-channel performance of the PurpleAir systems for PM1, PM2.5 and PM10 (1 minute readings). Each color represents an individual
system/campaign pair. The shaded areas represent measurements that do not meet the QA/QC criteria.

1404 | Environ. Sci.: Atmos., 2022, 2, 1400–1410
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differences in bias (Table 3) within a same campaign or for
a same LCS also indicates the specicity of the calibrations.
Statistical analysis

We further investigate the possible specicity of the calibrations
by comparing each calibration within a PM fraction (PM1, PM2.5

and PM10) to the remaining ones using three statistical tests: (1)
a t-test on the slopes, (2) a t-test on the intercepts and (3)
a Kolmogorov–Smirnov test comparing the calibrated values.
Hypothesis tests are interpreted in terms of p-values aer
a Bonferroni correction: the threshold for signicance is set at
a p-value of 0.05/12. Similar plots for PM1 and PM10 are provided
in the ESI. Fig. 4 shows the results of the comparison of each
calibration's slope to that of the remaining calibrations using
a t-test on the slope's pair. Fig. 5 shows the results of the t-test
comparing the intercepts from the calibration. Fig. 6 shows the
results of the Kolmogorov–Smirnov test comparing the cali-
brated values. Each calibration is compared to the remaining
ones with a Kolmogorov–Smirnov test on the calibrated values.
Both the X and Y axes represent a single system/campaign pair.
The PurpleAir output for the system/campaign pair on the X axis
is calibrated with both the linear models from the system/
campaign pairs on the X and Y axes. The concentrations yielded
by both models are tested with the Kolmogorov–Smirnov test. If
the calibration functions are equivalent, the Kolmogorov–
Smirnov test is expected to show that the yielded calibrated
concentrations come from the same distribution.

The intercomparison of the calibration slopes and inter-
cepts, by means of the pairwise Student's t-tests, shows that,
regardless of the location or season, they are statistically
different from one another for a large majority of pairs: 52 and
66 out of 78 for the slopes and the intercepts, respectively. The
results of the Kolmogorov–Smirnov tests show that the distri-
butions of concentration outputs by pairs of linear calibrations
are different for a majority of pairs (116 out of 156). Within the
same campaign, the pairs considered from the same distribu-
tion are 2 out of 6 (Summer), 2 out of 2 (Spring) and 36 out of 56
(Winter). Between different campaigns, distributions are always
different. Thus, there is some transferability within the same
campaign, but none between campaigns.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Bias (average � standard deviation, 10th and 90th percentiles) of the PurpleAir systems for PM2.5

System PurpleAir ID Winter Spring Summer

A 5C CF 7F 5C 9C 97 0.59 � 0.39, 0.13, 1.1
B 5C CF 7F 5C 9D CF 0.74 � 0.31, 0.32, 1.1 0.52 � 0.71, 0.08, 0.97
C 60 1 94 4B 29 C6 0.63 � 0.30, 0.23, 1.0
D 60 1 94 4B 2B 47 0.67 � 0.39, 0.12, 1.2 0.57 � 0.77, 0.09, 1.1
E 60 1 94 58 A4 37 0.66 � 0. 34, 0.19, 1.1
F 60 1 94 58 EC 95 0.49 � 0.31, 0.10, 0.95 0.50 � 0.60, 0.08, 0.85
G 60 1 94 58 F1 47 0.54 � 0.34, 0.10, 1.0
H 60 1 94 59 AA E 0.78 � 0.34, 0.29, 1.2 0.50 � 0.70, 0.07, 0.90
I 84 F3 EB 45 42 31 0.51 � 0.60, 0.09, 0.86

Fig. 3 Linear calibration of the LCS PM measurements. Each color represents an individual LCS/campaign pair. Line styles distinguish the
campaigns: winter (solid lines), spring (dashed lines) and summer (dotted lines).

Fig. 4 Results of the statistical t-tests for the PM2.5 data. Only the p-values which indicate a null difference in means (p-value > 0.05, with
a subsequent Bonferroni correction) are written on the plot.

© 2022 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2022, 2, 1400–1410 | 1405
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Fig. 5 Results of the t-test on the intercept pair for the PM2.5 calibration. Only the p-values which indicate a null difference in means (p-value >
0.05, with a subsequent Bonferroni correction) are written on the plot.

Fig. 6 Results of the Kolmogorov–Smirnov test for the PM2.5 calibrations. The color scale in the plots indicates the p-values from the tests. Only
the p-values which indicate an origin from the same distribution (p-value > 0.05, with a subsequent Bonferroni correction) are written on the
plot.

1406 | Environ. Sci.: Atmos., 2022, 2, 1400–1410 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Calibration functions which change with time imply
frequent calibrations to produce high quality outputs. This
represents a possible limitation for the operator. It should not
mean, however, that in the case of the impossibility of regular
calibrations, the deployment of the LCS does not yield valuable
information.
Indicative measurements

Fig. 7 shows the fraction of measurements qualifying as indic-
ative for individual sensor/campaign pairs. The fraction is
computed as follows: for each system/campaign pair both the
LCS uncalibrated concentrations and the GRIMM concentra-
tions are averaged over the intervals considered. Averaged
uncalibrated LCS concentrations qualify as indicative if they are
within �50% of the averaged GRIMM measurement. The frac-
tion of measurements qualifying as indicative is the number of
averaged uncalibrated LCS concentration values which qualify
as indicative over the total number of uncalibrated LCS
concentration values.
Fig. 8 Visualization of the BLUM-i. Fraction of the PurpleAir PM2.5 measu
resolution) as a function of temperature and relative humidity. Left pane

Fig. 7 Fraction of indicative LCS uncalibrated measurements as a functio
system/campaign pair. The line style indicates the campaign: winter (sol

© 2022 The Author(s). Published by the Royal Society of Chemistry
The fraction of LCS measurements which qualify as indica-
tive does not vary with the averaging time. This indicates that,
for the purpose of deriving indicative measurements, the
characteristic high time resolution of the LCS can be main-
tained. The lines appear clustered by the campaign, indicating
seasonality, and thus likely dependence on meteorological
variables.
The bidimensional look-up matrix, BLUM-i

The analysis and discussion above shows that (1) correction
functions to attain reference-grade performance are sensor
specic; (2) correction functions to attain reference-grade
performance are time- and/or settings-specic; (3) the perfor-
mance in terms of indicative measurements is independent
from the time resolution; and (4) the performance in terms of
indicative measurements appears to bemeteorology dependent.
The implication is that there is a strong requirement for
frequent calibrations, via co-locations, if reference-grade
measurements are to be obtained. Fig. 8 presents the
rements meeting the criteria to be considered indicative (5 minute time
l: average and right panel: standard deviation.

n of the averaging time (minutes). Each color represents an individual
id lines), spring (dashed lines) and summer (dotted lines).
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visualization of the BLUM-i. Similar plots for PM1 and PM10 are
in the ESI. The machine-readable version is freely available.1
Example and instructions for use

For a single PM concentration from a PurpleAir unit, the Pur-
pleAir BLUM-i can be used by applying the following algorithm:
(1) from the temperature measurement associated with the PM
concentration, determine the respective temperature bin in the
PurpleAir BLUM-i; (2) from the relative humidity measurement
associated with the PM concentration, determine the respective
relative humidity bin in the PurpleAir BLUM-i; (3) the value in the
PurpleAir BLUM-i cell relative to the two bins is the likelihood
(taken here as the fraction) of the PM concentration given by the
PurpleAir to meet the criteria of an indicative measurement.

Associated with the PurpleAir BLUM-i is a function written in
the R scripting language reproducing the algorithm.1 The
function takes the PurpleAir BLUM-i (provided) and a PurpleAir
output le (user provided) as the input and outputs a table
which is the PurpleAir output le with six supplementary elds:
the likelihood of the PM1, PM2.5 and PM10 measurements to be
indicative and the respective uncertainty (taken here as the
standard deviation).

For example, based on the data currently populating the
BLUM-i, if a PurpleAir PM2.5 measurement is taken at 5 �C and
50% RH, the likelihood of the measurement meeting the
criteria to be considered indicative (i.e., an uncertainty of 50%
or less) is 0.75 (as per Fig. 8 le plot) with an associated
uncertainty of 0.3 (Fig. 8 right plot). In contrast, a PM2.5
measurement at 5 �C and 80% RH, has a much lower likelihood
of meeting the criteria for indicative – only 0.25 (0.25 uncer-
tainty). These two cases demonstrate the potential utility of
such a look-up matrix for users who are unable to perform
calibrations themselves. Provided they can access T and RH
data, which is oen part of the LCS output, they now have
additional information that indicates that the measurements
that they make at e.g., higher RH will be less reliable than those
at lower RH for the same temperature.

We believe that the information is valuable for actors that do
not have the resources to conduct their own calibrations. For
example, if a user were aiming to use such measurements to
inform decision-making, they could then decide whether and how
to limit the data they include (or exclude) from their analysis.
Another example of use is when prospecting for sampling loca-
tions for a monitoring project: the use of the BLUM-i reduces
uncertainties when compared to uncalibrated LCS concentrations.

The PurpleAir BLUM-i can easily be expanded with data from
other campaigns, and a similar concept can be used for other
LCSs. As we and other users add more data to the BLUM-i that
includes reference and PurpleAir data, the BLUM-i will become
more robust and more complete in terms of coverage of greater
temperature and relative humidity ranges.
Discussion and conclusions

LCSs have the potential to complete traditional monitoring
networks increasing both spatial coverage and temporal
1408 | Environ. Sci.: Atmos., 2022, 2, 1400–1410
resolution. Our research is based on the deployment of PurpleAir
systems (output PM1, PM2.5 and PM10 mass concentrations based
on optical particle counts) at two locations within the cities of
Berlin and Potsdam, Germany, and in the scope of three
campaigns covering distinct meteorological conditions, in parallel
alongside a research-grade instrument. The statistical analysis
showed that (1) intra-system discrepancies are seldom but their
screening is important prior to further use of the data, (2) intra-
campaign differences between systems can be strong and (3) inter-
campaign differences have such amagnitude that they prevent the
transfer of calibration functions. The seasonal and the spatial
specicity of LCS calibrations has been evidenced before.48,56,72,74

The importance of source specic factors, besides the relevance of
ambient factors, is further supported by the low transferability or
disparate performances of laboratory corrections against eld
conditions (lower vs. higher variability in composition).15,55,58,65

System- time- and/or setting-specicity of the calibration
functions imposes frequent calibrations which may not be
possible to conform to. Notwithstanding, the information
provided by the deployment of such systems may still be valu-
able. Providing indicative measurements (not deviating from
reference measurements by more than 50%, having a status
similar to that of data derived from modelling) is an alternative
to providing reference-grade measurements for the LCS when
the time, hardware and labour-intensive process of frequent
calibrations cannot be conducted.

The performance of the PurpleAir systems in terms of
measurements which can be considered as indicative is inde-
pendent from the averaging time and therefore the character-
istic high-time resolution can be maintained, which is not
always guaranteed when providing reference-grade measure-
ments. The performance of the PurpleAir systems in terms of
measurements which can be considered as indicative was
characterised as a function of ambient conditions and
summarized in a bidimensional matrix, the PurpleAir bidi-
mensional look-up matrix PurpleAir BLUM-i, machine-readable
format available from Caseiro,1 which can be readily used by
PurpleAir operators to assess the performance, in terms of
indicative measurement, of any PurpleAir particulate matter
mass concentration output. The BLUM-i is a resource for Pur-
pleAir users without the resources for calibration to evaluate if
measurements qualify as indicative measurements and provide
valuable data.

The BLUM-i is not yet universal. By its design principle, as it
is complemented with data from further co-locations, possibly
under more diverse conditions in terms of ambient and source
conditions, it will be possible to understand how robust and
universal it may become. The inclusion of data from other co-
locations is planned to be performed by repeating the proce-
dure carried out to populate this rst version of the BLUM-i. The
same principle can be easily applied to other systems and
pollutants.
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T. Münzel, Cardiovasc. Res., 2020, 116, 1910–1917.

5 P. J. Landrigan, et al., Lancet, 2018, 391, 462–512.
6 C. Liu, et al., N. Engl. J. Med., 2019, 381, 705–715.
7 Directive 2008/50/EC of the European Parliament and of the
Council of 21 May 2008 on Ambient Air Quality and Cleaner
Air for Europe, European Parliament and Council of the
European Union, 2008.

8 EC, “Commission Staff Working Documment Fitness Check of
the Ambient Air Quality Directives, (2008/50/EC, 2004/107/
EC)”, European Commission, 2019.

9 European Environment Agency, Assessing air quality through
citizen science, 2020, DOI: 10.2800/619.

10 A. C. Lewis, E. von Schneidemesser and R. E. Peltier, Low-cost
sensors for the measurement of atmospheric composition:
overview of topic and future applications, 2018, ISBN 978-92-
63-11215-6.

11 M. I. Mead, O. A. M. Popoola, G. B. Stewart, P. Landshoff,
M. Calleja, M. Hayes, J. J. Baldovi, M. W. McLeod,
T. F. Hodgson, J. Dicks, A. Lewis, J. Cohen, R. Baron,
J. R. Saffell and R. L. Jones, Atmos. Environ., 2013, 70, 186–
203.

12 S. Munir, M. Mayeld, D. Coca and S. A. Jubb, Atmos.
Environ.: X, 2019, 2, 100027.

13 H. Z. Li, P. Gu, Q. Ye, N. Zimmerman, E. S. Robinson,
R. Subramanian, J. S. Apte, A. L. Robinson and
A. A. Presto, Atmos. Environ.: X, 2019, 2, 100012.

14 J. Li, H. Zhang, C.-Y. Chao, C.-H. Chien, C.-Y. Wu, C. H. Luo,
L.-J. Chen and P. Biswas, Atmos. Environ., 2020, 223, 117293.

15 A. Datta, A. Saha, M. Levy Zamora, C. Buehler, L. Hao,
F. Xiong, D. R. Gentner and K. Koehler, Atmos. Environ.,
2020, 242, 117761.

16 M. Gao, J. Cao and E. Seto, Environ. Pollut., 2015, 199, 56–65.
© 2022 The Author(s). Published by the Royal Society of Chemistry
17 J. J. Caubel, T. E. Cados, C. V. Preble and T. W. Kirchstetter,
Environ. Sci. Technol., 2019, 53, 7564–7573.

18 J. Kim, A. A. Shusterman, K. J. Lieschke, C. Newman and
R. C. Cohen, Atmos. Meas. Tech., 2018, 11, 1937–1946.

19 Y. Lu, G. Giuliano and R. Habre, Environ. Res., 2021, 195,
110653.

20 A. de Nazelle, E. Seto, D. Donaire-Gonzalez, M. Mendez,
J. Matamala, M. J. Nieuwenhuijsen and M. Jerrett, Environ.
Pollut., 2013, 176, 92–99.

21 J. Hofman, M. E. Nikolaou, T. H. Do, X. Qin, E. Rodrigo,
W. Philips, N. Deligiannis and V. Panzica La Manna, IEEE
Sens. J., 2020, 1–4.

22 P. Santana, A. Almeida, P. Mariano, C. Correia, V. Martins
and S. M. Almeida, J. Cleaner Prod., 2021, 315, 128194.

23 J. Van den Bossche, J. Theunis, B. Elen, J. Peters,
D. Botteldooren and B. De Baets, Atmos. Environ., 2016,
141, 408–421.

24 R. Kumar, V.-H. Peuch, J. H. Crawford and G. Brasseur,
Nature, 2018, 561, 27–29.

25 N. Zikova, P. K. Hopke and A. R. Ferro, J. Aerosol Sci., 2017,
105, 24–34.

26 H. Rickenbacker, F. Brown and M. Bilec, Sustain. Cities Soc.,
2019, 47, 101473.

27 J. S. Horsburgh, J. Caraballo, M. Ramı́rez,
A. K. Aufdenkampe, D. B. Arscott and S. G. Damiano,
Front. Earth Sci., 2019, 7, 00067.

28 R. Subramanian, A. S. Kagabo, V. Baharane, S. Guhirwa,
C. Sindayigaya, C. Malings, N. J. Williams, E. Kalisa, H. Li,
P. Adams, A. L. Robinson, H. L. DeWitt, J. Gasore and
P. Jaramillo, Clean Air J., 2020, 30, 1–15.

29 X. Qiao, Q. Zhang, D. Wang, J. Hao and J. Jiang, Sci. Total
Environ., 2021, 779, 146381.

30 M. Jerrett, D. Donaire-Gonzalez, O. Popoola, R. Jones,
R. C. Cohen, E. Almanza, A. de Nazelle, I. Mead,
G. Carrasco-Turigas, T. Cole-Hunter, M. Triguero-Mas,
E. Seto and M. Nieuwenhuijsen, Environ. Res., 2017, 158,
286–294.

31 C. Zuidema, C. S. Schumacher, E. Austin, G. Carvlin,
T. V. Larson, E. W. Spalt, M. Zusman, A. J. Gassett, E. Seto,
J. D. Kaufman and L. Sheppard, Sensors, 2021, 21(12), 4214.

32 P. Kumar, L. Morawska, C. Martani, G. Biskos,
M. Neophytou, S. Di Sabatino, M. Bell, L. Norford and
R. Britter, Environ. Int., 2015, 75, 199–205.

33 C. Bacon, S. deVuono-Powell, M. L. Frampton, T. LoPresti
and C. Pannu, Environ. Justice, 2013, 6, 1–8.

34 S. Mahajan, P. Kumar, J. A. Pinto, A. Riccetti, K. Schaaf,
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