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Abstract. We demonstrate a measurement of aerosol absorption at three wavelengths for particles below 1 µm
in diameter using a highly sensitive photoacoustic spectrometer. The acoustic signal is detected with a cantilever
microphone, which allows for sensitive detection without the need to apply acoustic resonance to enhance the
signal. The lack of resonator makes the instrument compact and well suited for field measurements. A field
instrument employing the method was developed and deployed for black carbon monitoring at an air quality
measurement station. The method shows excellent sensitivity for in situ aerosol absorption measurement, with
detection limits of 0.016, 0.025 and 0.041 Mm−1, for simultaneous measurements at the wavelengths of 445,
520 and 638 nm, respectively, using a 1 h averaging time. The black carbon concentration measured with the
new instrument is compared against filter-based photometers operating at the site, showing high correlation.

1 Introduction

Black carbon (BC) refers to aerosols composed mainly of el-
emental carbon, which strongly absorbs light throughout the
electromagnetic spectrum. It is generated and released into
the atmosphere in incomplete combustion processes. Con-
trary to most aerosols, which typically have a cooling effect
on climate through scattering of sunlight, BC has a warm-
ing impact due to high absorption (Bond et al., 2013). As
aerosols generally have shorter atmospheric lifetimes, typi-
cally days or weeks, compared to many greenhouse gases,
controlling BC release into the atmosphere presents a com-
pelling possibility to combat warming of the climate at rel-
atively short timescales (Xu and Ramanathan, 2017). In ad-
dition to climate effects, increased BC concentration has a

negative health impact, particularly on the respiratory sys-
tem. It has been suggested that BC concentration may be an
especially good indicator for degraded air quality (Achilleos
et al., 2017).

There has recently been increasing interest in improving
the quality and coverage of atmospheric BC measurements.
There are ongoing efforts by international organizations to
establish initiatives to reduce BC emissions, but these are
complicated by the lack of standardization of BC measure-
ment methods (Lack et al., 2014; Timonen et al., 2019). Cur-
rently, the most common methods for real-time monitoring
of BC are filter-based photometers, where the air sample is
continuously drawn through a porous filter and the optical
transmission through the filter is monitored over time. As
the strongly absorbing BC particles are accumulating on the
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filter, the decrease in transmission can be related to the BC
concentration in the sample flow. These methods are widely
used for BC monitoring, but they have major issues arising
from the optical properties of the filter material affecting the
measurement results (Virkkula et al., 2007). These effects are
countered with various correction schemes, but there is sig-
nificant uncertainty related to the different correction meth-
ods and the parameters used in the corrections (Luoma et al.,
2021; Savadkoohi et al., 2024).

Methods based on photoacoustic and photothermal effects
offer compelling alternatives for BC monitoring, as the ab-
sorption measurement is performed directly in the aerosol
phase (Moosmüller et al., 1997). These methods are based
on the heat released into the surrounding gas, after the BC
particles absorb radiation. In photothermal interferometry,
the temperature change is recorded as a change in the re-
fractive index (Drinovec et al., 2022), while in photoacous-
tic spectroscopy, a microphone records the pressure increase
resulting from the temperature rise (Petzold and Niessner,
1995). Typically, these methods require bulky instruments to
reach high sensitivity: for photothermal interferometry, me-
chanical stability of the instrument must be especially good
for the sensitive interferometric measurement, and photoa-
coustic instruments typically make use of an acoustic res-
onance to reach sufficient sensitivity, but acoustic frequen-
cies require relatively long resonators. The bulky size and
the use of a resonance, which can be sensitive to environ-
mental conditions, are challenges for the development of sen-
sitive field-deployable photoacoustic instruments. However,
there have been several field measurement demonstrations,
reaching typically single-digit Mm−1 sensitivity (Arnott et
al., 2003; Lack et al., 2012; Linke et al., 2016). A recent arti-
cle reported a four-wavelength photoacoustic instrument op-
erated at a remote monitoring station, reaching a detection
limit of approximately 0.1 Mm−1, with an averaging time of
half an hour (Schnaiter et al., 2023).

We previously demonstrated the application of cantilever-
enhanced photoacoustic spectroscopy (CEPAS) for aerosol
measurements (Karhu et al., 2021). CEPAS does not make
use of acoustic resonances. Instead, high sensitivity is
reached using an optically read cantilever microphone to
record the acoustic signal (Kauppinen et al., 2004). The lack
of a resonator allows for a compact measurement setup and
makes the system particularly suitable for multiwavelength
operation: lasers operating at different wavelengths can be
multiplexed to different modulation frequencies freely within
the bandwidth of the cantilever microphone. Different wave-
length channels can then be measured simultaneously by
calculating the Fourier transform of the microphone signal
to retrieve its acoustic spectrum. In photoacoustic instru-
ments employing a resonator, the different channels must be
recorded sequentially or fitted within the frequency span of
the resonance peak, which may be limited and sensitive to
environmental conditions.

Our previous CEPAS demonstration operated within labo-
ratory conditions using a single wavelength at 532 nm, reach-
ing a noise level of 0.013 Mm−1 with a 20 s measurement
time (Karhu et al., 2021). Here we have extended the mea-
surement to three wavelengths over the visible range, packed
the measurement setup into a portable instrument suitable for
on-site field measurements outside the laboratory and show
its applicability for the first time in field conditions. In the
article, we describe the new instrument and evaluate its noise
level and stability. We show its capability to monitor absorp-
tion at three wavelengths with high sensitivity when operated
at an air quality measurement station in Helsinki, Finland.
Furthermore, we demonstrate that the BC concentration mea-
sured with the instruments compares well against two refer-
ence BC instruments operating at the station. We also show
that the new instrument can be simultaneously applied for
sensitive detection of NO2.

2 Experimental

The cantilever-enhanced photoacoustic detector for single-
wavelength operation has been described previously in
Karhu et al. (2021). The new field-deployable setup with
three wavelength channels and revised sampling system is
presented in Fig. 1. The photoacoustic cell is based on the
cell from a PA201 gas analyzer (Gasera). It is 10 cm long
and 4 mm in diameter. The cell is made of aluminum and
coated with nickel. The cell is originally intended for trace
gas measurements, so the original valves, which were tested
to have relatively high particle losses due to small-diameter
lines and sharp turns, are replaced with solenoid valves de-
signed for high flow rates (LHD, The Lee Company). The
end windows are fused silica planar windows with a coat-
ing that is antireflective over the visible wavelengths, as well
as hydrophobic and oleophobic (hydrophobic windows, Ed-
mund Optics). The light source is an RGB laser module
(Micro RGB module, OptLasers), where the output consists
of three superimposed beams from multimode diode lasers
emitting at 638, 520 and 445 nm. Going forward, we will re-
fer to the signals measured with the different lasers as the red
(638 nm), green (520 nm) and blue (445 nm) channels. The
maximum total optical power from the laser module is 6 W,
but the total power used in the experiments was kept sub-
stantially lower for better stability and easier thermal man-
agement. Each laser diode is connected to a common base-
plate, which is cooled with a thermoelectric cooler. The beam
is directed through an iris and focused on the middle of the
photoacoustic cell. The photoacoustic signal is recorded with
an optically read cantilever microphone located in the middle
of the cell. Changes in the optical powers are monitored af-
ter the cell with a silicon photodiode. The beam after the cell
is sampled with a fused silica plate and then further attenu-
ated with a neutral density filter before reaching the photo-
diode. The photodiode was only used to track changes in the
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Figure 1. Schematic diagram of the three-wavelength CEPAS in-
strument. The superimposed beams from the laser module are di-
rected through the CEPAS cell with a mirror (M) and a lens (L).
After the cell, the optical power is monitored by sampling the beam
with a wedged optical window (W) and attenuating the sampled
beam with a neutral density filter (ND) before it is incident on a
silicon photodiode (PD). There is a constant bypass flow through
the instrument, from which the sample is drawn to the CEPAS cell
either before (sample measurement) or after (background measure-
ment) a high-efficiency particulate air (HEPA) filter. The gas flow
is controlled with solenoid valves (V). Flow sensors (lpm) monitor
the bypass and sampling flow rates, and the humidity of the bypass
flow is also measured (RH). The sample pressure (P) is recorded
from the sampling line after the CEPAS cell.

optical power, and the initial power at each wavelength was
measured with a thermal power meter (PM160T, Thorlabs)
during calibration. The initial powers, as measured after the
photoacoustic cell, were 129, 211 and 301 mW for the red,
green and blue channels, respectively.

The power of each laser diode can be modulated individ-
ually with an analog signal fed to the laser driver. We used
square waves with frequencies of 60, 70 and 80 Hz for the
modulation of red, green and blue channels, respectively.
The duty cycle of the modulation was 50 % for all the chan-
nels. The bandwidth of the cantilever microphone used here
was up to approximately 700 Hz. The modulation frequen-
cies were chosen from a range where the microphone noise
spectrum was free of any obvious noise peaks arising from
external noise sources. The channels were measured simul-
taneously by taking a 1.5 s block of the microphone signal
and calculating its Fourier transform. The height of the peak
in the spectrum at each modulation frequency was taken as
the signal for that channel. The optical power of the indi-
vidual channels was monitored the same way but using the
photodiode signal.

The CEPAS device was calibrated using known absorption
cross section of NO2 at each wavelength. The calibration pro-
cedure is described in more detail in Appendix A. It should
be noted that, while NO2 calibration is widely used in pho-
toacoustic black carbon measurements, it has several limita-
tions. For example, the low absorption cross section at longer
wavelengths affects calibration of the red channel specifi-
cally, and uncertainty in laser wavelengths causes uncertainty
in converting the NO2 absorption cross section to absorption
value for each channel. Calibration based on dye particles
(Foster et al., 2019) or a simultaneous extinction measure-

ment could help improve accuracy of the results (Arnott et
al., 2000).

The CEPAS cell must be closed during the measurement,
so the sampling is done in a sample-and-hold configura-
tion. The sample is periodically drawn into the CEPAS cell
from a bypass flow with a flow rate 2 L min−1, as mon-
itored with a flow meter (D6F, Omron). During the sam-
ple exchange, the flow through the CEPAS cell is approxi-
mately 0.5 L min−1, which was also monitored with a sec-
ond flow meter (D6F, Omron). Each sample is measured for
15 s. The total measurement cycle, including the sample ex-
change, takes approximately 20 s. The humidity of the by-
pass flow is measured with a humidity sensor (ChipCap 2,
Amphenol Telaire). The final measurement pressure inside
the CEPAS cell is close to atmospheric pressure, and it is
recorded with a pressure sensor, just before closing the cell
valves. The CEPAS cell temperature is slightly elevated with
resistive heating to 45 °C. This is mostly to decrease rela-
tive humidity inside the cell to ensure no water condensation
can take place, although in these experiments all the samples
have low humidity to begin with. The microphone signal and
pressure reading are digitized by electronics included in the
original PA201 gas analyzer and read to a PC via USB. All
other sensors are digitized with a data acquisition card (USB-
6351, NI), which is also used to generate control signals for
the laser and the gas exchange system. Control and data pro-
cessing on the PC is done via a custom LabVIEW program.

The input of the bypass flow has a cyclone filter with a
cutoff diameter of 1 µm for particles. After five measurement
cycles, two particle-free samples are taken from the same
bypass line, but after a HEPA filter, to record any changes
in the background level. It should be noted that the back-
ground level includes any gaseous absorption in addition
to the absorption signal arising from windows or light hit-
ting the walls of the CEPAS cell. The background signal is
linearly interpolated between the background measurements
and subtracted from the normal signal measurements.

The device and accompanying electronics are packed into
a field prototype consisting of two rack enclosures. The box
for the electronics is 1 rack unit (1U) high, and the other
one containing the optical setup is 2U high. The stability
of the device was tested with an overnight measurement
of laboratory air, which was filtered through a HEPA fil-
ter. The instrument was moved to the air quality monitor-
ing station SMEAR III in Helsinki (Järvi et al., 2009). The
station is classified as an urban background station, and typ-
ical BC concentrations are relatively low, with the average
BC concentration over the measurement period of approx-
imately 200 ng m−3. The station is located at a university
campus and surrounded by sparse buildings and low vege-
tation, with the closest major road at a distance of approxi-
mately 100 m. The sample flow drawn from the outdoor air is
dried with Nafion tubing. The BC concentrations measured
with CEPAS are compared against two filter-based photome-
ters operating at the station: an Aethalometer AE33 (Aerosol
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Magee Scientific) and a multiangle absorption photometer
(MAAP, Thermo Scientific).

3 Results

3.1 Laboratory evaluation of noise and stability

The stability and sensitivity of the instrument were tested
with an overnight measurement of laboratory air filtered
through an external HEPA filter as a blank sample. Figure 2
shows the Allan deviation (Werle et al., 1993) calculated
from the long measurement of filtered air for each wave-
length. The first 2 h after the instrument was turned on were
not included in the stability analysis due to the instrument
warming up. The total measurement time after the warmup
was 14 h. When the data were averaged over each sample ex-
change cycle of 20 s, the standard deviations over the whole
dataset were 0.28, 0.18 and 0.19 Mm−1 for the red, green
and blue channels, respectively. The time step between mea-
surement cycles is 26 s on average, which is slightly longer
than the time it takes to complete one cycle, because the
background measurements are not included in the data. Each
channel also showed a small negative offset (−0.12, −0.13
and −0.19 Mm−1 for the red, green and blue channels, re-
spectively), which is most likely related to a small pressure
difference between the sample and background measurement
cycles, as they are sampled from different points in the by-
pass flow and from different sides of the HEPA filter. Over-
all, the Allan deviation shows good stability for the blank
measurement, with all channels close to white noise aver-
aging behavior. The noise level is higher compared to our
previous laboratory demonstration (Karhu et al., 2021), by
approximately 1 order of magnitude. This is largely due to
lower laser power in the portable instrument, which accounts
for approximately a factor of 5, but isolation of mechanical
noise from the microphone is also slightly worse compared
to the laboratory setup. The short-term noise is 0.58, 0.40
and 0.42 Mm−1 for the red, green and blue channels, respec-
tively. Each point in the raw data corresponds to the signals
calculated from a single 1.5 s time block used in the Fourier
transforms, but the average time step for the raw data used
to calculate the Allan deviation is 3.8 s. This includes all
the dead time originating from sample exchange and back-
ground measurements, as well as signal processing between
each measurement step. With 1 h averaging time, the Allan
deviation is below 0.05 Mm−1 for all channels.

3.2 Field measurement of ambient BC

Figure 3 shows the CEPAS measurement from the
SMEAR III station, presented as BC concentration. The ab-
sorption values were converted to mass concentration by di-
viding with mass absorption cross section, using values of
6.6, 8.1 and 9.5 m2 g−1 for the red, green and blue channels,
respectively. The value for the red channel is the same as

Figure 2. Allan deviation of the CEPAS absorption measurement
for each channel. The figure also shows a line corresponding to
white noise averaging (black line), where the Allan deviation de-
creases as a function of the square root of the averaging time. The
modulated optical average powers were 129, 211 and 301 mW for
the red, green and blue channels, respectively.

that used with the MAAP at the wavelength of 637 nm, and
the other two are scaled from it by assuming an absorption
Ångström exponent (AAE) of 1. The CEPAS measurement
was also corrected for particle losses. The particle transmis-
sion from the input of the field prototype to the output of the
CEPAS cell was measured to be approximately a constant
0.7 for particles up to 500 nm (details are described in Ap-
pendix B), and the BC concentration measured with CEPAS
at the air quality station was corrected by dividing the re-
sults with this transmission. The concentrations are shown
as 1 h averages. The results show excellent agreement with
concentrations measured with two filter-based photometers
(MAAP, Thermo Scientific, and AE33, Aerosol Magee Sci-
entific) that were operating on the station during the measure-
ment period. Overall, the reference instruments show slightly
larger concentrations compared to CEPAS, which is a typical
result when comparing filter-based photometers and photoa-
coustic instruments (Arnott et al., 2003; Davies et al., 2019;
Schnaiter et al., 2023; Zhao et al., 2020). The deviation is
usually accounted for by uncertainty in the filter corrections,
such as the multiple scattering correction. The two refer-
ence instruments can be seen to deviate from each other as
well, but it should be noted that the values used here are di-
rect readings from the instruments, without using any site-
specific corrections, and they are used here more to illustrate
the excellent correlation rather than accuracy. On several oc-
casions, the blue and green CEPAS channels deviated from
the red channel and the other instruments for short periods,
appearing as sharp peaks in the data. These are mostly related
to fast changes in the NO2 concentration, which the back-
ground subtraction was not fast enough to compensate for,
since the background is only updated approximately every
2 min. We did not observe major variations in the ratio be-
tween the three channels throughout the measurement, sug-
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Figure 3. Time trace of BC measurements at the SMEAR III sta-
tion for each wavelength channel of the CEPAS instrument. The fig-
ure also shows BC concentration from two filter-based photometers
(AE33 and MAAP) for comparison. The concentration for AE33 is
taken from the BC6 channel, measured at 880 nm. All traces are 1 h
averages.

gesting no significant changes in the absorption Ångström
exponent over the measurement period (see Appendix C for
details).

Figure 4 shows the linear regressions of the 1 h averaged
BC concentration measured with CEPAS against the concen-
tration measured with the AE33 and MAAP. For this com-
parison, we have used the AE33 channels with wavelengths
closest to each CEPAS channel. The plot for the red channel
shows one clear outlier below the linear fit, with a concentra-
tion of approximately 1000 ng m−3 according to the AE33.
This corresponded to the decreasing edge of the sharp peak
on 25 October, which is apparent in Fig. 3. The two other
channels show a few more outliers related to the NO2 in-
terference as described above. All the outliers are included
in the fits and in the statistics shown in Fig. 4. Pearson’s
correlation coefficients between the concentrations measured
with the CEPAS and AE33 were 0.968, 0.964 and 0.955 for
the CEPAS red, green and blue channels, respectively. The
correlation coefficient between the concentration measured
with the MAAP and with the CEPAS red channel was 0.975,
showing slightly better correlation compared to the AE33
comparison. For comparison, the correlation coefficient be-
tween AE33 and MAAP data shown in Fig. 3 was 0.974. The
root-mean-square errors of the fits against the AE33 data are
43.8, 37.0 and 51.0 ng m−3 for red, green and blue channels,
respectively. The root-mean-square error of the fit against
the MAAP measurement is 39.2 ng m−3. The difference in
the slopes of the fits from the different channels suggest that
there is some disagreement in the wavelength dependence of
absorption between the instruments, although at least part of
this could be attributed to uncertainty in the NO2 calibration
of the CEPAS.

Figure 5 shows a closeup of a small part of the time trace
to illustrate the agreement at both low and high concentra-
tions. A shorter averaging period of 5 min is used here. The

period from 2 November 00:00 to 06:00 LT (UTC+2) shows
a BC concentration close to zero, and this could be used as
a more realistic estimate for the detection limit. The average
concentration over this period given by AE33 is 11 ng m−3,
and the concentrations given by the CEPAS are −6.3, −5.8
and 0.0 ng m−3 according to the red, green and blue channels,
respectively. The standard deviations of absorption measured
with CEPAS over this period are 0.14, 0.11 and 0.11 Mm−1

for the red, green and blue channels, respectively, using 5 min
averaging. With the longer 1 h averaging shown in Fig. 3,
the standard deviations over the same time frame are 0.041,
0.025 and 0.016 Mm−1, which match well with the Allan de-
viations from Fig. 2, although it should be noted that with 1 h
averaging the interval only contains six measurement points
for each channel. Some of the occasional sharp outliers in
Fig. 5 are due to the NO2 interference as described above,
particularly when the green and blue channels can be seen
to deviate from the red channel, but some of the peaks are
likely erroneous readings from the microphone. These out-
liers were included in all the statistics described above.

3.3 Simultaneous NO2 concentration estimate

The background signal, which is measured after the sample
flow passes through a particle filter, consists of an instrumen-
tal background, which is influenced by factors such as resid-
ual absorption by the cell windows and a gaseous absorption
background due to absorption signal from atmospheric gases.
The main contributor to the gaseous absorption component at
the wavelengths used for the measurements is NO2. The in-
strumental background can change over time due to effects
such as drifting of the laser alignment or accumulating of
absorbing particles on the cell windows. The average drift
of the instrumental background per day over the measure-
ment period was measured to be approximately 6.5, 10 and
7.7 Mm−1 for red, green and blue channels, respectively, and
it was observed to be mostly correlated between the channels.
Since the NO2 absorption affects the background signals of
the measurement, we can also estimate changes in the NO2
concentration during the BC measurement. At typical atmo-
spheric concentrations, NO2 absorption at the red channel is
almost negligible compared to the other two channels (Van-
daele et al., 1998), so relative changes in the background sig-
nal of the three wavelengths can be used to estimate changes
in the NO2 absorption. For example, for the blue channel we
can write

SB
NO2
= SB

− kB
R × S

R. (1)

The background signals for the red and blue channels (SR

and SB, respectively) are both influenced by effects such as
particles accumulating on the windows, but only SB has a
significant contribution from NO2 absorption. If we approx-
imate that the changes other than the NO2 absorption in both
backgrounds are proportional to each other, we can scale the
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Figure 4. BC concentration measured with the three CEPAS channels as a function of the concentration measured with the AE33 and
MAAP filter-based photometers. The text box shows the fit parameters, with the statistical uncertainty (1σ ) of the least significant digits in
parentheses, as well as the coefficient of determination (R2), root-mean-square error (RMSE) of the fit, and Pearson’s correlation coefficient
between the datasets (Pearson’s r).

Figure 5. Part of the time trace of the SMEAR III measurement
with the three CEPAS channels and with the AE33 for comparison.
All traces are 5 min averages.

background signal of the red channel with a factor kB
R and

subtract it from the other two. This effectively attempts to
account for changes in the instrumental background of the
blue channel, according to how the red channel background
has changed. The remaining background after the red chan-
nel subtraction (SB

NO2
) is assumed to be due to NO2. This can

be converted to NO2 concentration according to the NO2 cal-
ibration. A similar equation applies for the green channel but
with its own factor kG

R .
The assumption that the background signals, excluding the

NO2 contribution, are proportional to each other appears to
hold well for several hours, but at longer timescales they
start to drift apart from each other. For proper NO2 measure-
ments, a secondary background measurement with an NO2-
free sample should be performed approximately daily to ad-
just the scaling of the red channel subtraction. This could be
achieved, for example, with bottled air or ambient air with
a suitable adsorbent to remove NO2. However, here we ad-
justed the scaling factor afterwards, by occasionally match-

Figure 6. NO2 concentration calculated from the CEPAS back-
ground signals. The NO2 concentration measured with a chemilu-
minescence instrument is shown for reference. To account for back-
ground drifting, the NO2 concentration measured with the two in-
struments was matched at the marked anchor points. Averaging time
for both data is 5 min.

ing the concentration reading against a reference NOx in-
strument operating at the station, choosing points when NO2
concentration was low and stable. The time between these
points was typically 1 or 2 d. The scaling factor kB

R was ad-
justed at these anchor points so that the concentration given
by CEPAS and the reference instrument were equal, and kB

R
was then linearly interpolated between these points. Figure 6
illustrates that the changes in the NO2 concentration outside
these anchor points are reproduced well with this method. In
the figure, the NO2 concentration measured with CEPAS is
the average of the calculations from the blue and green chan-
nels.

Aerosol Res., 3, 113–124, 2025 https://doi.org/10.5194/ar-3-113-2025



J. Karhu et al.: CEPAS field instrument for aerosol light absorption at three wavelengths 119

4 Conclusions

Our results demonstrate that CEPAS is well suited for mul-
tiwavelength measurement of aerosol absorption and per-
forms well as a field instrument. Due to the high sensitiv-
ity of the CEPAS, we could reach detection limits of 0.016,
0.025 and 0.041 Mm−1 for absorption at wavelengths of 445,
520 and 638 nm, respectively, at 1 h averaging time, with-
out using an acoustic resonator. The high sensitivity also al-
lowed for simultaneous measurement of NO2 trace concen-
tration at the parts per billion (ppb) level. The performance
of the CEPAS shows particular promise towards applications
where measurements of low concentrations are desired, such
as clean environments and size-resolved measurements of
BC, as demonstrated in a parallel study (Kuula et al., 2025).

The detection limits demonstrated here are somewhat de-
graded compared to our earlier laboratory demonstration
(Karhu et al., 2021), mainly due to lower optical power used
per laser channel. The total power of approximately 0.65 W
is at a level similar to the previous demonstration, but it is
now divided between the three channels. The laser power per
channel was kept at a lower level mostly for easier thermal
management of the enclosed portable system. The new laser
is also a compact and inexpensive multimode laser mod-
ule with a significantly worse beam quality compared to the
single-mode laser used in the previous laboratory demonstra-
tion. The light from the beam edges coming in contact with
the cell walls increases the background level, which means
that the laser instability will start limiting the measurement
noise at lower power. There is potential for further improve-
ment in the detection limit by increasing the laser power, but
it may require improving the thermal management of the in-
strument to ensure stable laser operation or changing to a
more costly single-mode laser module to reduce the back-
ground level. Improving the mechanical noise isolation can
also be expected to improve the sensitivity by up to a factor
of 2.

Although the repeated background measurements com-
pensate for the NO2 interference adequately, a fast change
in the NO2 concentration can still occasionally produce er-
roneous signals between two background measurements. A
potential further complication is that for several BC sources,
traffic for example, NO2 concentration is likely to change
simultaneously with BC, although this did not appear to be
a noticeable problem in our measurement set. A straightfor-
ward improvement would be to simply measure the particle-
free background more frequently. The limiting case would
be to alternate between consecutive signal and background
measurements, which would effectively double the response
time of the instrument. Alternatively, NO2 could be removed
from the sample flow using a suitable absorbent (Arnott et
al., 2003). Another solution could be to use a differential
measurement, where the particle sample is introduced on one
side of the cantilever and a filtered, particle-free sample on
the other, while both sides are illuminated with the lasers.

If the absorption due to any gas species is equal on both
sides, it cancels out at the microphone. Such methods have
been demonstrated in gas sensing with a cantilever micro-
phone, although in those reports the microphone is essen-
tially used as a wavelength-specific power detector (Uotila,
2007). The issue with a direct gas measurement is that gas
can flow pass the micrometer-scale gap around the cantilever,
so the gas concentration will slowly equalize between the
two sides of the cantilever. However, the method might be
suitable for measurement of particles which are less likely
to pass through the gap during a measurement, although the
differential measurement would come at a significant cost of
system complexity.

We have also shown that the setup can be packed into a
portable instrument, and it performs well in field measure-
ments at an air quality station. The detection limit estimated
from the field measurement dataset matches well with the
results from the laboratory noise test. The instrument size
is already portable, at 3 rack units, and the method is well
suited for further miniaturization. For example, we are us-
ing a rather bulky data acquisition card for data recording
and computer control, which could be replaced with a more
compact alternative. A significant advantage of the method is
that, since no acoustic resonances are needed to amplify the
signal, the size of the photoacoustic cell can be kept compact.
The size and portability of available instruments are impor-
tant factors in expanding the coverage of BC measurements
in the future.

Appendix A: NO2 calibration

The CEPAS response must be calibrated using a sample with
known absorption in the photoacoustic cell. Here, we have
used NO2 gas for the calibration, which is a common option
for measurements at visible wavelengths. However, it should
be noted that there are several drawbacks with this calibra-
tion method. The NO2 absorption cross section is very wave-
length dependent, and there are some disagreements between
spectra reported in the literature. We have used a spectrum
from Vandaele et al. (1998), accessed through “The MPI-
Mainz UV/VIS Spectral Atlas of Gaseous Molecules of At-
mospheric Interest” (Keller-Rudek et al., 2013). This spec-
trum is, for example, a basis for the Jet Propulsion Labora-
tory (JPL)-recommended reference spectrum (Burkholder et
al., 2019). Another issue is the relative signal levels at 445
and 638 nm: the absorption cross section at 638 nm is signifi-
cantly smaller, making it difficult to calibrate all the channels
at the same time. Calibrating one laser channel at a time, on
the other hand, results in the temperature of the laser module
drifting significantly from the typical operational tempera-
ture, also leading to drifting of the laser power and wave-
length.

Here, we perform the calibration for each channel at the
same time, but instead of calculating individual fits for each
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Figure A1. CEPAS signal, scaled by optical power and frequency
response at each channel, as a function of the NO2 absorption. The
scaling allows for applying all the calibration data measured at the
different wavelengths to the same calibration fit. The NO2 absorp-
tion is calculated for the different wavelengths from the literature
NO2 absorption cross section, at each NO2 concentration steps. Val-
ues scaled from the red, green and blue channels are shown with
different colored symbols.

channel, we scale the CEPAS response to one single fit. A
similar method was used, for example, in Schnaiter et al.
(2023). The photoacoustic signal at each wavelength chan-
nel is a function of the optical power at that wavelength,
as well as the modulation frequency used for the channel.
The optical power at each wavelength was measured after
the photoacoustic cell with a thermal power meter (PM160T,
Thorlabs), by switching each laser on one at a time. The fre-
quency response was measured by turning only the blue laser
on and recording the photoacoustic background signal result-
ing from the residual window absorption at each modulation
frequency. The CEPAS signal from each channel and for each
calibration step was normalized by the optical power and the
microphone frequency response. Figure A1 shows the nor-
malized CEPAS signal plotted as a function of the absorp-
tion calculated from the NO2 concentration and absorption
cross section. Four known concentrations of NO2 were di-
luted from a gas cylinder with 1.17 ppm of NO2 in an N2 bal-
ance. The diluting gas was compressed air. The concentration
levels were converted to absorption at each wavelength using
the absorption cross section from the literature (Vandaele et
al., 1998). The laser wavelengths were measured with an op-
tical spectrum analyzer (AQ6315E, Ando). Figure A1 shows
that the scaled CEPAS data follow a linear fit. To get a con-
version factor for each channel, the slope from the linear fit
was again scaled with the optical power and frequency re-
sponse. These factors were then used to convert the CEPAS
signals to absorption in the BC measurements.

To estimate the uncertainty of the absorption measured
with CEPAS, we consider contributions from the NO2 con-
centration and absorption cross section used for the cali-
bration and from the power measurement used to scale the

CEPAS signals from the different channels. The uncertainty
of the power meter is given as 5 %. The NO2 concentra-
tion was varied with a mass flow controller (FC-785C, Aera),
and we estimate the uncertainty of the dilution system to be
5 % based on the accuracy of the mass flow controller. Since
the NO2 absorption cross section here is based on the litera-
ture values, we estimate its uncertainty by comparing several
spectra (Davidson, et al., 1988; Vandaele et al., 1998, 2002;
Voigt, et al., 2002), available from the MPI-Mainz UV–VIS
spectral atlas (Keller-Rudek, et al., 2013). The standard de-
viation of the cross section at the laser wavelengths from the
four different spectra gives relative uncertainties of 9.8 %,
1.6 % and 4.0 % for the red, green and blue channels, re-
spectively. The NO2 absorption is further influenced by any
wavelength changes of the three lasers. Based on wavelength
measurements performed in laboratory conditions on differ-
ent days, we estimate that the wavelength of the lasers may
vary within a range of approximately 1 nm. Allowing each
laser wavelength to vary by 0.5 nm in either direction imparts
a relative uncertainty of 2.9 %, 3.5 % and 4.8 % for the red,
green and blue channels, respectively. The red channel has
the largest uncertainty for the absorption cross section, dom-
inated by the differences between different sources. If we use
10 % uncertainty for the absorption cross section, combining
the other sources addressed above, we get a total uncertainty
of 12 % for the absorption measured with CEPAS.

Appendix B: Particle loss measurement

A scanning mobility particle sizer system was used to es-
timate the particle losses of the CEPAS measurement. Par-
ticles were generated with an atomizer from an NH4NO3
water solution and size selected with a differential mobil-
ity analyzer (DMA). From the DMA output, the flow was
directed to the CEPAS instrument, inside of which the flow
was divided into the 2 L min−1 bypass flow and the sample
flow going to the photoacoustic cell. In the typical measure-
ments, the sample flow through the cell during the sample ex-
change was approximately 0.5 L min−1, but in the loss mea-
surement, we used a condensation particle counter (CPC) to
draw a 0.3 L min−1 sample flow through the cell. The parti-
cle concentration measured by the CPC was then compared
to a separate measurement performed directly from the DMA
output to estimate the particle transmission through the pho-
toacoustic cell. The DMA sheath flow was 3.5 L min−1. The
DMA was tuned to five different particle sizes, ranging from
100 to 700 nm. No inversion was calculated for this estimate.
Figure B1 shows the measured transmission as a function of
particle diameter. The figure shows that the losses are ap-
proximately constant, with a transmission of approximately
0.7, until 400 nm, after which the losses start to increase for
the larger particles. Since we did not have a measured parti-
cle size distribution specifically for BC in the concentration
measurement of the main paper, we have used this transmis-
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Figure B1. Particle transmission measured with the scanning mo-
bility particle sizer (SMPS) from the input of the CEPAS instrument
to the output of the CEPAS cell. The figure shows that the trans-
mission is nearly constant at approximately 0.7 (dashed line) below
diameters of 400 nm but starts to decrease for larger particles.

sion of 0.7 to correct the measured BC concentrations, as BC
particles are typically smaller than 500 nm in size. The result
can be thought of as the higher limit for the particle losses,
because the particle concentration is measured at the output
of the CEPAS cell, so it includes possible losses at the outlet
coupling from the cell, which would not affect the measured
CEPAS signal.

Appendix C: Absorption Ångström exponent

The absorption Ångström exponent (AAE) values calculated
from the CEPAS red and blue channels, as well as from
AE33 channels with the nearest matching wavelengths (BC5
at 660 nm and BC2 at 470 nm), are shown as a time trace
in Fig. C1. The data points are 1 h averages. Figure C1 also
shows the correlation between the AAE measured by the two
methods. The concentrations from the AE33 were converted
to absorption by multiplying with the mass absorption co-
efficient from the instrument manual (10.35 m2 g−1 for BC5
and 14.54 m2 g−1 for BC2). When the BC concentration ap-
proaches zero, the AAE from the CEPAS becomes exceed-
ingly noisy, so we have left out the CEPAS data for points
where the BC concentration is below 100 ng m−3, as mea-
sured by the CEPAS red channel. There are no significant
changes observed in the AAE over the measurement period,
so no clear correlation is observed either. The average AAE
from CEPAS is 0.96, with a standard deviation of 0.46, and
the mean from the AE33 is 1.46, with a standard deviation of
0.12.
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Figure C1. The AAE measured by the AE33 and CEPAS over time (a) and the correlation between the AAE measured by the two meth-
ods (b). Each data point is a 1 h average. For clarity, the farthest outlier has been left outside the axis limits on the correlation plot but is
shown in the time trace.

Data availability. The BC concentration data from the MAAP
and the NO2 reference instrument data are available through the
SmartSMEAR (Junninen et al., 2009) web interface available
at https://smear.avaa.csc.fi/ (SmartSMEAR, 2024). Other underly-
ing data are available at https://doi.org/10.5281/zenodo.14496882
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