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ABSTRACT

Photoacoustic detection is a sensitive method for measurement of light-absorbing particles
directly in the aerosol phase. In this article, we demonstrate a new sensitive technique for
photoacoustic aerosol absorption measurements using a cantilever microphone for the
detection of the photoacoustic signal. Compared to conventional diaphragm microphones,
a cantilever offers increased sensitivity by up to two orders of magnitude. The measurement
setup uses a photoacoustic cell from Gasera PA201 gas measurement system, which we
have adapted for aerosol measurements. Here we reached a noise level of 0.013Mm~"' (one
standard deviation) with a sampling time of 20s, using a simple single-pass design without
a need for a resonant acoustic cell. The sampling time includes 10s signal averaging time
and 10s sample exchange, since the photoacoustic cell is designed for closed cell operation.
We demonstrate the method in measurements of size-selected nigrosin particles and ambi-
ent black carbon. Due to the exceptional sensitivity, the technique shows great potential for
applications where low detection limits are required, for example size-selected absorption
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measurements and black carbon detection in ultra clean environments.

Introduction

Light absorbing particles, such as black carbon (BC),
have an important role in the climate system of Earth.
These particles absorb solar radiation and thus warm the
surrounding climate (Bond et al. 2013). Moreover, they
influence the optical properties of clouds and alter the
albedo and thus the melting of snow and ice (Qian et al.
2015). In comparison to carbon dioxide, the lifespan of
light-absorbing particles is relatively short, and therefore
sustained reduction in their emissions represents a
potential mitigation strategy for the alleviation of climate
change in the short term (Xu and Ramanathan 2017).

To date, there are several different techniques,
which can be used to measure the particle light
absorption. A common method and an instrument is
an aethalometer, which operates by depositing the
sampled aerosol on a filter tape. The amount of col-
lected particles is determined by measuring light trans-
mittance through the filter. However, despite its wide
use, the filter-mediated measurement technique intro-
duces uncertainties, such as multiple-scattering and
loading effect, which must be accounted for (Virkkula

et al. 2007). In these sources of error, the fibrous
material of the filter and the light absorbing particles
gradually accumulating on the filter increase and
decrease, respectively, the optical pathway and thus
alter the measurement of light absorption. Moreover,
the method requires intermittent replacement of the
filter tape and a relatively long integration time to
reach high sensitivity. An alternative approach to the
filter-mediated aethalometer measurement technique is
photoacoustic (PA) detection (Miklés, Hess, and
Bozdki 2001). Photoacoustic detection is based on
molecules absorbing energy of light illuminated toward
them. When the material absorbs energy, it heats up
and expands the surrounding gas, which increases the
pressure in an enclosed space. When the radiation is
modulated with a certain frequency, the pressure vari-
ation within the photoacoustic sample chamber creates
an acoustic wave of the same frequency. The light
energy is converted into pressure variations, i.e., sound
energy, which is then converted into electric signal
using a microphone. Although the technique is more
commonly used in gas-phase measurements, it is
applicable to particle-phased measurements as well
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(Petzold and Niessner 1995; Arnott et al. 1999). The
greatest benefit of the PA technique is that the optical
absorption measurement can be performed without
the physical disturbance of the sample media.

Recent developments in PA research have led to
novel detection schemes, where the conventional

microphone is replaced, for example, with an
extremely sensitive miniature silicon cantilever.
Cantilever-enhanced  photo-acoustic ~ spectroscopy

(CEPAS) has been applied to several highly sensitive
trace gas detection schemes from the visible to the
mid-infrared wavelength regions; for instance, a noise
equivalent detection limit (1) of 50 ppt in 1s integra-
tion time was achieved in NO, detection using a vis-
ible light source (Peltola, Hieta, and Vainio 2015).
The corresponding normalized noise equivalent
absorption (NNEA) coefficient was 2.6 x 10719 w
cm~'Hz . In this study, we describe a new measure-
ment system where the CEPAS technique is extended
to optical absorption measurement of particulate mat-
ter. For the detection of the photoacoustic signal, we
use a photoacoustic cell from Gasera PA201 gas meas-
urement system, but the gas lines and sample han-
dling have been adapted to be more appropriate for
aerosol measurements. The performance of the novel
CEPAS aerosol sensor is evaluated in both laboratory
and field experiments and compared to the existing
instrumentation used in optical absorption measure-
ments. A noise level of 0.04Mm™"' is reached with
integration time of 1s. This is, to the best of our
knowledge, the best reported detection limit for a
photoacoustic particle measurement and an order of
magnitude improvement to a typical performance (for
a concise summary of the sensitivities in recent PA
measurements, see the supplementary material in
Fischer and Smith 2018). The suitability of the CEPAS
for various applications is discussed.

Experimental materials and methods
Cantilever-enhanced photoacoustic spectroscopy

In CEPAS, the microphone recording the photoacous-
tic signal is replaced with a micromachined silicon
cantilever (Kauppinen et al. 2004). The dimensions of
the cantilever are typically a few mm in width and
length and less than 10pm in thickness. The canti-
lever responds to the photoacoustic wave generated
inside the sample cell by bending, and not by stretch-
ing like a typical diaphragm microphone. This allows
much larger linear motion and leads to about two
orders of magnitude enhancement in photoacoustic
detection sensitivity. The movement of the cantilever
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is recorded with optical interferometry. Cantilever-
enhanced PA detection has been used for gas phase
absorption measurements ranging from visible wave-
lengths (Peltola, Hieta, and Vainio 2015) up to 15um
in the infrared region (Karhu et al. 2020), as well as
for measurements of optical radiation from ultraviolet
to far infrared using carbon-soot absorbers (Rossi
et al. 2021). Detection limits down to parts-per-trillion
levels and below have been reached for various gas-
eous compounds (Peltola, Hieta, and Vainio 2015;
Tomberg et al. 2018). For these measurement setups,
the corresponding noise equivalent absorption coeffi-
cients, with 1s measurement time and a few watts of
optical power, are typically around 5x 10 °cm™!
=0.05Mm™ ",

The CEPAS cell consists of the optical interaction
volume and a balance volume, with the cantilever
microphone located between the two (Kuusela and
Kauppinen 2007). The channel which houses the can-
tilever and connects the two volumes is a few mm in
diameter. The interaction volume is a 4mm in diam-
eter and 90mm in length hollow cylinder, through
which a laser beam is shone. Because the cell is
designed for non-resonant operation, the cell needs to
be closed during measurement, which increases the
measurement time in practice. Closing the cell from
the environment also reduces acoustic noise coupled
into the cell from external sources. The interaction
volume is enclosed on both ends with anti-reflection
coated fused silica windows, at a slight angle to coun-
teract etalon effects. At each end of the cylinder, volt-
age-controlled valves control gas flow into the CEPAS
cell. The cantilever is located at the side of the cylin-
der, near the midpoint of the cylinder length. The
total internal volume is about 8ml. For a general
description of the design of the CEPAS cell, see refer-
ence (Koskinen et al. 2008). The balance volume
houses an interferometer, which tracks the movement
of the cantilever. A diode laser beam is reflected by
the moving end of the cantilever and its interference
against a reference branch is used to measure the can-
tilever position. For more information on the optical
detection, see reference (Kauppinen et al. 2004).

Laboratory evaluation of CEPAS with
absorbing particles

The novel CEPAS absorption measurement system
was first tested and calibrated using nigrosin particles.
Nigrosin is a water-soluble black dye, which absorbs
strongly throughout the visible wavelength range.
Aerosolized nigrosin has been used to validate various
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Figure 1. Schematic picture of the measurement setup, depicting the CEPAS measurement system and the sample line used in
the laboratory evaluation measurements. The red arrow within the balance volume refers to the interferometric readout of the
cantilever microphone. DMA: differential mobility analyzer; CPC: condensation particle counter.

photoacoustic aerosol measurement systems (Lack
et al. 2006; Davies et al. 2018; Fischer and Smith
2018; Wiegand, Mathews, and Smith 2014). Our
measurement setup consisted of size-selected particle
generation, CEPAS measurement system (model
PA201, Gasera Oy, Finland) and a reference measure-
ment with condensation particle counter (CPC; model
3776, TSI Inc., USA) (see Figure 1). The particles
were generated from a 5mM nigrosin water solution
with an atomizer (model ATM 226 Aerosol generator,
Topas GmbH., Germany) and size-selected with a dif-
ferential mobility analyzer (DMA; model 3081, TSI
Inc., USA). The DMA sheath flow was set to 41/min.
The particle flow between the atomizer and DMA was
divided into two branches, which were reconnected
before the DMA. One of the branches was sent
through a particle filter and the flow through the
unfiltered pipe was controlled with a variable flow
valve. Partially closing the valve allowed for decreasing
the total particle number in the reconnected flow
arriving at the DMA. After the size-selection, the flow
was divided symmetrically into two, with one branch
going to the CEPAS system and the other to the CPC.
The flow through the CPC was 0.31/min, and the flow
rate through the CEPAS system was matched to the

same value with a pump connected to the CEPAS sys-
tem exhaust. Like all photoacoustic measurements,
CEPAS must be calibrated with a measurement of
known absorption. Here, we calibrated the setup with
a measurement of an NO, sample of known concen-
tration. The accuracy of the CEPAS measurement
results was tested with a comparison to Mie-theory
calculations, as well as with a comparison measure-
ment between the CEPAS system and a commercial
aethalometer, as described later on.

The CEPAS measurement system was set up so
that there was a constant flow of 0.31/min either
through the CEPAS cell or pass it. During one meas-
urement cycle, the flow was first directed through the
cell for 10s. Afterwards, the flow was switched to
bypass the cell and the cell valves were closed for the
measurement period. The pressure inside the cell was
recorded when the valves were closed, and it was
about 990 mbar. One sample was measured for 10s
and then the cycle was repeated. The light source in
the CEPAS measurement was a high-power continu-
ous-wave solid-state laser, emitting at 532 nm (model
Verdi V-10, Coherent). The laser emission power goes
up to 10 W, but the highest available powers were not
used in the measurements. They tended to lead to
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Figure 2. Allan deviation of CEPAS noise measurement.
Measurement was performed with a nitrogen filled cell at two
optical powers. With 0.5W optical power, the signal was
recorded for 30 min and with 1W power for 15 min.

stability issues, which counteracted the gain in sensi-
tivity for practical measurements, as described later in
the article. Several different power levels were used in
the measurements and are given in the relevant sec-
tions. The CEPAS cell was enclosed with fused silica
windows, which were antireflection coated for the
laser wavelength (Laser V-Coat, R < 0.25% at 532 nm,
Edmund Optics). The laser beam was amplitude
modulated with a rotating chopper blade at a fre-
quency of 85Hz. The modulation frequency was
chosen by measuring the noise spectrum of the canti-
lever microphone and picking the frequency where
the noise spectrum was relatively silent. The cantilever
has a resonance frequency at approximately 600 Hz
but operating at the resonance frequency does not
offer advantage to the signal-to-noise ratio, because
the acoustic noise is amplified equally to the photoa-
coustic signal. The optical power after the CEPAS cell
was monitored with a power meter (1918-C,
Newport). Note that the laser beam was amplitude
modulated with a 50% duty cycle, so the optical
power in the sample is approximately half of the
power emitted from the laser. Unless otherwise men-
tioned, the reported power values in this article are
given as the power after the modulation and not as
the power emitted by the laser. The signals from CPC,
CEPAS and the power meter were collected with a
data acquisition card (model PCI-6259, NI) and proc-
essed with a LabVIEW measurement program. The
program also provided the modulation signal for the
mechanical chopper, which is output through the
same data acquisition card. The software generated
modulation signal was used to phase-coherently
demodulate the recorded CEPAS signal within the
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LabVIEW program. The CEPAS signal was demodu-
lated in one phase, and the relative phase between the
recorded CEPAS signal and the modulation signal was
tuned manually to maximize the demodulated signal.
The photoacoustic signal was normalized by calculat-
ing the ratio between the demodulated CEPAS signal
and the measured optical power.

Field evaluation of CEPAS

The instrument was also tested with a three-day meas-
urement of ambient air. Instead of the size-selected
particle generation, the sample input was connected
outside the laboratory with copper tubing. Prior the
instrument, the air flow was dried with a silica col-
umn. The sample flow was divided between the
CEPAS cell and the CPC to verify that the particles
pass through the sampling line. The diffusion losses
from the sampling pipeline and the impact losses
from the 90° bend, which divided the flow into
the CEPAS and CPC instruments, were estimated and
the penetration efficiency is shown in Figure SI in the
online supplementary information (SI). The results of
the CEPAS measurement were referenced against an
aethalometer (AE33, Magee Scientific Co., USA)
located at SMEARIII air quality station (Jarvi et al.
2009) a few hundred meters away (see Figure S2 in
the SI). The aethalometer was operated in a factory
condition, and a standard filter loading correction
method, so-called Dualspot, was used (Drinovec et al.
2015). The area in which the measurements were con-
ducted is surrounded by a few public space buildings
belonging to University of Helsinki and Finnish
Meteorological Institute and low vegetation. The near-
est major road, which is also the main local source of
BC and NO,, is located approximately 100m to the
east. The mass absorption coefficient for black carbon
in atmospheric measurement can vary due to changes
in the chemical composition and coating of the car-
bon particles, but it can be expected to be between
about 7-12m°/g for the wavelength 532nm (Bond,
Habib, and Bergstrom 2006). A mass absorption coef-
ficient of 10m?/g was used in the analysis here, to
convert the absorption results into black carbon mass
concentration. Every few hours during working hours,
the input flow was directed through a particle filter
for 5min to check the background level. A linear
interpolation between the blank measurements was
used to correct the background level in the concentra-
tion data.


https://doi.org/10.1080/02786826.2021.1998338

96 J. KARHU ET AL.

F # 300nm
FoH
101:
£
=3
c
o
a
5 100_
2 F
Q
<
1011 L ~'-.....| M |
10" 102 103

Number concentration (particle/cm?3)

Figure 3. Nigrosin absorption signal recorded with CEPAS at
different particle concentrations. The number concentration
was measured with a CPC. Each point is the average over a
10-minute measurement and the error bars are one standard
deviations of the measurement set.

Results and discussion
Laboratory evaluation of CEPAS

The CEPAS system was first used to measure a gas
sample with known concentration of NO,, to calibrate
the relation between the photoacoustic signal and
optical absorption within the photoacoustic cell. The
NO, absorption cross section at this wavelength is
1.5x 107" cm® molecule ' and the wavelength is
mostly free of absorption from any interfering species
in air (Peltola, Hieta, and Vainio 2015). The possible
effect from the photodissociation of NO, to the cali-
bration was ignored since it is negligible at the used
wavelength (Sharma et al. 2013). The same measure-
ment cycle was used as with the particle measurement.
The optical power reaching the CEPAS cell was 1W.
The sample was from a gas cylinder with 10 ppm of
NO, in nitrogen, which was diluted with nitrogen
using mass flow controllers. The cell was flushed with
the sample, until a stable photoacoustic signal level
was reached. The CEPAS signal was measured from
four NO, concentration levels, ranging between 208-
521 parts-per-billion, with known absorptions. A con-
version factor between the power normalized CEPAS
signal and absorption was calculated with a linear
least-squares fit to the NO, calibration set.

The noise performance of the CEPAS measurement
was verified with a measurement of nitrogen filled
cell. The signal thus corresponds to the background
generated from residual absorption at the cell win-
dows or by absorption of scattered light reaching the
cell walls. The sampling rate was 1s, and no gas
exchange was applied in the noise test. The measure-
ment was performed with optical powers of 0.5W and

1W. The CEPAS signal was converted to absorption
according to the NO, calibration measurement and
the Allan deviations of the absorption background
signals from the two measurements are shown in
Figure 2. The higher optical power led to better noise
performance at short time scale, but the drifts at lon-
ger averaging times start to become apparent faster,
since the laser temperature is less stable. The noise
level with optical power of 1 W and averaging time of
1s was 0.04Mm™', corresponding to an NNEA of
4% 107" W cm 'Hz "2, which agrees with previous
CEPAS measurements (Peltola, Hieta, and Vainio
2015). With 10s averaging, which is the time used to
measure each sample in the measurement cycle, the
noise level was 0.013 Mm ™.

Response of the CEPAS system to absorbing aero-
sols was validated with nigrosin particles of diameter
100 nm, 200nm and 300nm. For each particle size,
four concentration levels were measured. The particle
concentration was varied with the valve controlling
the flow bypassing the particle filter before the DMA.
Optical power reaching the cell was 2.5W. For each
particle concentration level, the absorption was aver-
aged for 10 min. Between each concentration step,
10 min of blank measurement was recorded. The aver-
age between the blank measurements on both sides of
a sample was used to correct for a background level
due to absorption from cell windows or walls. This
window absorption signal corresponded to an absorp-
tion of approximately 18 Mm ', before the back-
ground subtraction. To generate the blank
measurements, the flow from the atomizer was fully
directed through the particle filter. The results of the
concentration measurements are presented in Figure
3. The absorption is the average over the 10-minute
measurement and the error bars show the standard
deviation over the averaging period. The number con-
centration is an average of the concentration recorded
with the CPC over the same measurement time. The
standard deviation of the concentration step with low-
est measured absorption, corresponding to a number
concentration of 44cm > with a diameter of 100 nm,
was 0.053 Mm ™~ '. The Figure 3 also shows a line fitted
to each concentration set with a linear-least squares
fit. The largest measured absorption in the dataset
was 27.7 Mm ™', which represents a dynamic range of
at least 2000 compared to the detection limit, but the
full dynamic range was not explicitly measured. For
all diameters, the lowest concentration falls below the
linear fit, which may suggest a slight nonlinearity in
either the measurement or the dilution system, but
the difference is below one standard deviation and
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Figure 4. Outside test measurement. Each data point is an
average over 1h in both datasets. The legend shows the
Pearson correlation coefficient between the two datasets. The
right axis shows the absorption measured with CEPAS.

may be simply a statistical effect. The absorption
measured with CEPAS is compared to absorption
coefficients predicted with Mie-theory calculations in
the SI.

Ambient measurements

The results of the outdoor air test measurement per-
formed with CEPAS and the corresponding aethalom-
eter data are shown in Figure 4. The outdoor
measurement was performed with optical power of
1 W. In the figure data, each data point is an average
calculated over 1h period (n=167 for the CEPAS
data and n=60 for the aethalometer data over 1h).
The results show good agreement (r=0.91) between
the two measurements over the three-day period,
although some local variation is clearly present. It
should be noted that in this test measurement, switch-
ing to the background measurement was done manu-
ally and only performed regularly during the daytime,
which increases the uncertainty of the concentration
measured with CEPAS during the nights. For
example, between the last background measurement
of Day 3 and the first one on the morning of Day 4, a
difference of 2.3 Mm ™! was observed, before the linear
correction. The unideal background correction by lin-
ear interpolation is most likely the reason for the
larger disagreement between the two datasets over the
corresponding night. Automation of the background
measurement will be implemented in future studies.
Overall, the measured BC concentrations were low
during the test period; the long-term average in the
urban background areas of Helsinki is approximately
520ng m > (Luoma et al. 2021) whereas in this study
the average concentration was 97 ng m > according to
the aethalometer data. As expected, this seemed to
have no hindering effect on the CEPAS performance.
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As noted in the laboratory evaluation, NO, has an
appreciable absorption cross section at the wavelength
of the laser used in the experiment. In fact, ambient
concentrations should produce a photoacoustic signal
of similar magnitude to that produced by the meas-
ured concentrations of black carbon aerosols.
However, interference from NO, was not observed in
our outdoor air measurement. Changes in the ambient
NO, concentration, as measured by the SMEARIII
station, did not appear to significantly influence the
CEPAS black carbon measurement nor the CEPAS
signal when the background levels were checked. To
explain this observation, throughput of NO, through
components of the sampling line was tested with a
photoacoustic measurement. Constant flow with
1 ppm of NO,, which was prepared the same way as
described for the gas phase calibration, was sent
through the filter used to correct the background and
separately through the silica gel dryer column.
Measurement with the sample flow going through the
silica gel produced approximately 87% lower photoa-
coustic signal compared to a signal from uninhibited
flow. This would have reduced the NO, concentra-
tions reaching the CEPAS cell to insignificant levels in
the outdoor measurement. Furthermore, the particle
filter had no effect on the NO, photoacoustic signal.
Therefore, the average signal from the residual NO, is
included in the background subtraction.

Conclusions

Photoacoustic spectroscopy is a direct method for
measuring optical absorption and thus its validity in
particle measurements is not hindered by the typical
uncertainty factors present in aethalometer-type
instruments. Photoacoustic spectroscopy can be used
to differentiate between the absorption enhancement
of particles due to lensing effect of coated black car-
bon particles and the absorption contribution of
brown carbon by utilizing thermally denuded sample
lines. For these reasons, photoacoustic spectroscopy
has become a commonly used measurement technique
in the atmospheric light absorption studies.
Conventional photoacoustic spectrometers rely on
diaphragm microphones to detect and measure the
photoacoustic signal generated in the sample cell. The
cantilever-enhanced detector presented here responds
to the photoacoustic signal by bending rather than
stretching and thus surpasses the conventional micro-
phone-based spectrometers in terms of sensitivity and
linearity; the noise level of CEPAS reaches 0.04 Mm ™'
(1o) with 1s averaging time. With the 10s averaging
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time used in the measurement cycle, the noise level is
0.013Mm™~'. When this is normalized to the total
time of the sampling cycle of 20s, which takes into
the account the 10s of time taken up by the sample
exchange, we get 0.058 Mm 'Hz ”. This is over an
order of magnitude better than most previously dem-
onstrated photoacoustic aerosol absorption measure-
ment techniques (Nakayama et al. 2015; Cao et al.
2021; Lack et al. 2006; Wang et al. 2017; Yu et al.
2019; Fischer and Smith 2018). The short-term noise
could be further improved with higher laser power,
but in our test measurements, the drifts due to the
thermal management of the high-power laser started
to limit the practical noise level at longer time scales.
To the best of our knowledge, the lowest noise level
previously reported was 0.15Mm ™" (20 in 1s), which
was reached with a resonant cell and a multi-pass
setup with up to 182 passes (Lack et al. 2012). It
should be noted that the high sensitivity in our meas-
urement is reached with a simple single-pass configur-
ation and the sensitivity could be further improved
with a multi-pass measurement. Increasing the per-
formance with a multi-pass setup instead of higher
laser power would also require less demanding ther-
mal management from the laser, which could lead to
better long-term stability as well. Table S1 in the SI
shows a comparison of the performance of recent
photoacoustic aerosol measurements.

The CEPAS was further validated in a field test, in
which a comparable result to that of the reference
aethalometer was achieved. When considering field
experiments, addition of more detection wavelengths
is an important task and feature to be implemented as
it enables a much more in-depth analysis of the par-
ticle light absorption properties. The technical imple-
mentation of a multi-wavelength detection is
straightforward; the CEPAS does not operate at an
acoustic resonant frequency, and therefore multiple
wavelengths can easily be multiplexed to different
modulation frequencies for simultaneous detection. In
configuration relying on acoustic resonances, simul-
taneous measurement of multiple wavelengths requires
more complex designs, such as multiple parallel PA
cells (Ajtai et al. 2010) or acoustic cells which can
accommodate multiple resonances (Cao et al. 2021).
For a limited number of wavelengths, the modulation
frequencies can be multiplexed over the acoustic res-
onance peak with small frequency differences (Yu
et al. 2019; Fischer and Smith 2018), but this results
in reduced sensitivity since the configuration does not
take full advantage of the resonance (Cao et al. 2021)
and the wavelengths further away from the true

resonance frequency become more sensitive to envir-
onmental effects (Fischer and Smith 2018).

Taking into consideration the characteristic features
of CEPAS, such as exceptional sensitivity, easy wave-
length multiplexing and large dynamic range, several
potential applications can be presented:

i. Light absorption measurements in ultra clean
environments, such as in the Arctic and
Antarctic regions, where black carbon plays an
important role with respect to climate change,
can be conducted at a higher accuracy than pre-
viously possible. This is a direct consequence of
the high sensitivity of the CEPAS.

ii. When coupled with a Differential Mobility
Analyzer, the fast and highly sensitivity response
of the CEPAS lends for a particle size-resolved
absorption measurement. Currently, much of the
uncertainties in global climate models are related
to black and brown carbon and how their optical
properties are modified due to coating (lensing
effect). Accumulation of coating material and
particle mixing-state are dependent on coagula-
tion and condensation, and both of these proc-
esses are driven in part by particle size.

iii. The relatively simple and straightforward design
of the CEPAS allows it to be integrated into a
compact and stand-alone sensor, although fur-
ther research is needed for miniaturization. Air
quality sensors represent an emerging technol-
ogy, which allows for a higher spatial resolution
air quality monitoring. Black carbon is emitted
in incomplete combustion, and urban areas entail
multiple local point sources, such as vehicular
exhaust emissions and biomass burning, in a
relatively small area. Therefore, to make an
accurate air quality assessment, a network of sen-
sors, which are easy to deploy and operate (e.g.,
no intermittently replaced filter tapes),
is required.
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