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Abstract. In this paper, the Photoacoustic Aerosol Absorp-
tion Spectrometer (PAAS-41) is introduced. PAAS-4) was
specifically developed for long-term monitoring tasks in
(unattended) air quality stations. It uses four wavelengths
coupled to a single acoustic resonator in a compact and ro-
bust set-up. The instrument has been thoroughly character-
ized and carefully calibrated in the laboratory using NO,/air
mixtures and Nigrosin aerosol. It has an ultimate lo de-
tection limit below 0.1 Mm™!, at a measurement precision
and accuracy of 3% and 10 %, respectively. In order to
demonstrate the PAAS-4A suitability for long-term moni-
toring tasks, the instrument is currently validated at the air
quality monitoring station Pallas in Finland, about 140 km
north of the Arctic circle. A total of 11 months of PAAS-
4 data from this deployment are presented and discussed
in terms of instrument performance. Intercomparisons with
the filter-based photometers of a continuous soot monitoring
system (COSMOS), the Multi-Angle Absorption Photometer
(MAAP), and Aethalometer (AE33) demonstrate the capabil-
ities and value of PAAS-4), as well as for the validation of
the widely used filter-based instruments.

1 Introduction

Black carbon (BC) particles from combustion emissions
(i.e. soot) are commonly monitored by filter-based meth-
ods like Aethalometers. In these methods, the ambient air
is sampled through quartz fibre filters, where aerosol par-
ticles are deposited in the filter matrix. The attenuation of
light by absorption from dark particles embedded in the filter
is then continuously measured by light transmission through
the filter while the aerosol is sampled. The correlation be-
tween the measured attenuation coefficient barn of the filter-
embedded particles to the absorption coefficient bypg of the
particles in airborne state is derived from specific calibration
procedures (Weingartner et al., 2003). A fundamental prob-
lem with such filter-based methods is that the filter matrix
also interacts with the light through multiple light scattering,
which increases the light path within the filter matrix by an
unknown factor. As a consequence, the light-absorbing par-
ticles deposited in the filter matrix are participating in the
light absorption process many times, which results in an in-
crease in baTn with respect to bapg. The light attenuation by
the particle-loaded filter is further affected by the number of
particles deposited in the filter matrix, in addition to their op-
tical properties by the so-called loading or shadowing effect.
Here, the accumulated particle mass (typically on one side of
the filter) can result in a total blocking of light portions, so
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that particle mass located deeper in the filter receives rela-
tively less light. This leads, in general, to a decrease in barN
with respect to byps. However, this effect might be partially
counterbalanced by any light-scattering particle mass that is
co-deposited in the filter matrix. Therefore, the raw attenu-
ation measurements have to be corrected for the above ef-
fects by introducing the correction factors C and R(ATN)
for the multiple-scattering and loading effect, respectively
(Weingartner et al., 2003).

There are many studies investigating these effects and
providing correction schemes for C and R(ATN). For ex-
ample, the recent study by Luoma et al. (2021) compared
different correction algorithms based on a multi-year data
set from a boreal forest site in Finland. The general result
of this study is that the multiple-scattering correction fac-
tor Cref for the Aethalometer® AE31 (Aerosol Magee Sci-
entific, USA) varies between 3.09 and 3.34 (median value)
among the different correction schemes but with a total vari-
ability between 2.23 and 4.26 (5th and 95th percentiles).
Thus, uncertainties of nearly 100 % can occur in hourly av-
eraged data most likely depending on the actual variability in
aerosol composition, size, and concentration (i.e. pollution
level). The term Cyef indicates that the C value was deduced
by using the b,ps measurements from a colocated Multi-
Angle Absorption Photometer (MAAP; Thermo Fisher Sci-
entific, USA, model 5012, discontinued) as reference. It has
to be noted that the MAAP also represents a filter-based
method but consists of a separate measurement of the diffuse
light scattering from the particle-loaded filter matrix (Pet-
zold and Schonlinner, 2004), which has been proven to be
less prone to filter-induced artefacts even under high aerosol
light-scattering contributions (e.g. Schnaiter et al., 2005).
The finding of highly variable C values at the Finnish bo-
real site is supported by reported Cief factors from differ-
ent locations that indicate higher C values for sites that are
influenced by higher pollution levels (Collaud Coen et al.,
2010). Furthermore, Luoma et al. (2021) concluded that the
correction factors C and R(ATN) are most likely also wave-
length dependent to an unknown extent. This has conse-
quences for the reliability of the deduced wavelength depen-
dence of bypg, i.e. the absorption ;\ngstr(jm exponent (AAE),
which is frequently used to perform a source apportionment
of the aerosol in terms of fossil fuel combustion (e.g. Kirch-
stetter et al., 2004), mineral dust (e.g. Petzold et al., 2009),
or biomass burning sources (e.g. Sandradewi et al., 2008).
In order to deduce the spectral absorption coefficient baps(A)
more reliably, and independent of the level and type of pollu-
tion, non-intrusive methods like photoacoustic spectroscopy
(PAS) or photo-thermal interferometry (e.g. Visser et al.,
2020) have to be applied (Moosmiiller et al., 2009). Hav-
ing such instruments with sufficient robustness, stability, and
sensitivity available also for a long-term deployments at (re-
mote) field sites would be ideal, not only for highly accurate
measurements of byps and AAE but also for further investiga-
tions of the above uncertainties in the filter-based instruments
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that are the most commonly applied for long-term measure-
ments at different sites (Luoma et al., 2021).

PAS for aerosol research has been greatly improved within
the last decade, mainly as a consequence of large devel-
opment steps in laser technology. Several PAS instruments
have been developed in different research labs that show low
detection levels and measure at several wavelengths (Lewis
etal., 2008; Ajtai et al., 2010; Haisch et al., 2012; Lack et al.,
2012; Sharma et al., 2013; Linke et al., 2016; Fischer and
Smith, 2018; Foster et al., 2019). Instruments that comprise
several wavelengths coupled to a single acoustic resonator
are the most promising concepts in terms of future operations
in air monitoring stations. Up to now, these state-of-the-art
instruments have mainly been used in lab studies or in dedi-
cated field projects but never in remote monitoring stations.
The reasons might be that these instruments still need con-
siderable maintenance to keep them operational or are tied
to specific research projects. A commercial three-wavelength
PAS instrument became available by the beginning of the
2010s (PASS-3; Droplet Measurement Technologies, USA)
that was an extension of the two-wavelength prototype ver-
sions originally developed at the Desert Research Institute,
Reno, USA (Lewis et al., 2008). However, this instrument
was discontinued later.

In this paper, the four-wavelength Photoacoustic Aerosol
Absorption Spectrometer (PAAS-4)) is introduced. The
PAAS-4) is based on a prototype version developed at
KIT (Linke et al., 2016) but has been significantly im-
proved in size, sensitivity, stability, and operability through
the research spin-off company schnaiTEC GmbH. Recently,
schnaiTEC GmbH has started to market the PAAS-4) with
the goal of making this state-of-the-art PAS technology avail-
able for laboratory research, air quality studies, and long-
term monitoring tasks at remote air quality stations. To reach
these goals, the PAAS-4A instrument is currently operated
at the Finnish air quality monitoring station Pallas, which is
located about 140 km north of the Arctic circle. Data from
this deployment are shown here to demonstrate the PAAS-
4) functionality in this target operational environment. The
design and operation principle of PAAS-4A is presented in
Sect. 2, followed by a description of the instrument char-
acterization and calibration procedures in Sect. 3. Measure-
ment examples from the long-term deployment at the Pallas
remote field site are presented and discussed in Sect. 4. A
summary and an outlook is given in Sect. 5.

2 Instrument design and operation principle

The fundamental operational principle of photoacoustic (PA)
systems for gas and aerosol detection, including PA cell
design considerations, is reviewed elsewhere (Rosencwaig,
1980; Miklés et al., 2001; Bozdki et al., 2011; Haisch, 2012).
Here only those aspects of the PA theory and instrument de-
sign that are relevant for the PAAS-4A are described. The PA
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signal is generated in an aerosol-containing, light-absorbing
particulate matter compound by illuminating the aerosol by
means of a modulated incident (laser) light with a modula-
tion frequency of fi,. By absorbing the light in the on phase
of the modulation, the light-absorbing (dark) particles heat
up, while the non-absorbing (white) particles do not. In the
subsequent off phase of the modulation, the deposited heat
is released to the surrounding gas, resulting in a local pres-
sure change. As the incident light is continuously modulated,
the induced pressure fluctuations are also periodic, resulting
in a sound wave with frequency fy, that is expanding in the
aerosol. If the PA signal generation is conducted in an acous-
tic resonator, and if the modulation frequency of the incident
light is tuned to one of the acoustic modes of this resonator,
then the sound wave is amplified. A sensitive microphone
attached to the PA cell then detects and converts the sound
pressure to a voltage. The generated PA signal can be ex-
pressed as follows (Ajtai et al., 2010; Bozdki et al., 2011):

S=Py- M- (Ccell - Oaps - ¢ + Ap), (1

with S being the PA signal (in V), Py the Fourier compo-
nent of the incident light power (in W), M the sensitivity of
the microphone (in VPa 1), Ceen the PA cell constant (in
Pam W), o, the absorption cross section of the particles
(in m?), ¢ the number concentration of the absorbing parti-
cles (in m_3), and Ap the background signal (in Pa W), As
the aerosol is, in general, composed of different absorbing
particle species with different absorption cross sections oyps,
the term oy - ¢ in Eq. (1) is replaced by baps, Which is the
total absorption coefficient of the aerosol (in m~!). Hence,
the physical quantity measured by PAAS-4A is the absorp-
tion coefficient b,ps.

Following the above operation principle, a photoacoustic
spectrometer (PAS) basically consists of (i) modulated lasers,
(i) a photoacoustic cell equipped with microphone and laser
power measurement, and (iii) electronics for control and sig-
nal filtering. These components are presented in more detail
in the following sections for the PAAS-4) system.

2.1 Optics unit

The optics unit of PAAS-4A hosts the lasers, the photoacous-
tic cell, and the laser power meter (Fig. 1). These compo-
nents are set up on a 13 mm thick aluminium base plate with
a 380mm x 380 mm edge length. The optics base plate is
supported by four 1.5in (3.81 cm) diameter stainless steel
posts each equipped with a 1in (2.54 cm) thick Sorbothane
foot (AV5; Thorlabs Inc., USA) for passive vibration insula-
tion. A 462 mm x 422 mm x 200 mm (L x B x H) birch ply-
wood housing with 13 mm panel thickness hosts the optics
set-up. The housing is equipped with a laser interlock switch
and, thus, represents a class 1 laser enclosure for eye- and
skin-safe routine operation without any laser safety precau-
tions necessary at the deployment site. Two ventilators im-
plemented in the front panel in conjunction with a passive
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heat sink underneath the optics base plate ensure sufficient
release of the heat dissipated by the lasers into the base plate.
This results in stable thermal conditions inside the optics unit
with an equilibrium temperature of about 30 °C.

2.1.1 Laser system

The lasers are implemented in a beam combiner that
can host up to four lasers (LightHUB®-4; Omicron-
Laserage Laserprodukte GmbH, Rodgau-Dudenhofen, Ger-
many). Diode lasers with different emission wavelengths
are used in the laser combiner according to the user
needs (LuxX+®; Omicron-Laserage Laserprodukte GmbH,
Rodgau-Dudenhofen, Germany). The wavelength range that
can be covered by these lasers is from 375 nm in the near-UV
to 1550 nm in the near-infrared (IR). The lasers can be digi-
tally modulated over a wide frequency range up to 250 MHz;
they have a circular Gaussian beam profile with a specified
(1/€?) diameter of 1.2540.25 mm, a beam ellipticity of bet-
ter than 1.1:1.0, a vertical polarization ratio of > 100:1,
and a long-term power stability below 0.5 % over 8 h. The
laser diode is temperature stabilized to 25°C by a Peltier
device dissipating heat to the base plate of approximately 5
to 10 W. Each individual laser in the LightHUB® consists
of a beam shifter and a beam combiner. The beam combin-
ers are equipped with specific dichroic filters according to
the actual laser wavelengths that are used in the system. The
LightHUB® optics allows a stable alignment of the up to four
laser beams on a single optical axis. Two beam steering mir-
rors with broadband anti-reflection coating (e.g. BB1-E02,
Thorlabs Inc., USA, for the 400 to 750 nm wavelength range)
are used to overlap the combined laser beam with the opti-
cal axis of the PA cell. These mirrors are aligned with two
Polaris® low-drift kinematic mounts (POLARIS-K1; Thor-
labs Inc., USA), which provide excellent long-term align-
ment stability of less than 2 prad after a thermal cycling of
12°C.

2.1.2 Photoacoustic cell

Figure 2 shows a cross section of the photoacoustic cell of
the PAAS-4) system. The PA cell basically represents a reso-
nant longitudinal open acoustic cavity. The cavity comprises
a tube of 6.5 mm diameter and 49 mm length that is drilled
in a 16 mm diameter cylindrical stainless-steel body. The
tube walls are polished to a residual roughness of less than
R, = 0.6 um. The cavity consists of a 4 mm diameter hole
positioned at the half length of the tube; i.e. at the position of
the anti-node of the fundamental longitudinal mode that will
host the microphone duct of 1.35 mm diameter. The cavity
has the following longitudinal acoustic modes:

n-c

Jn= 23+ Al

n=1,23,..., )
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Figure 1. The optics unit of PAAS-4A. On the left is a photo with the laser combiner lid opened. In this set-up, the laser combiner hosts four
lasers. On the right is a design model with the labels of the main components, namely the laser combiner (A), beam steering mirrors (B), a
PA cell (C) with a microphone unit (a) and beam splitter optics (b), and laser power meter (D).

where [ is the length of the cavity and ¢ the speed of sound.
The term Al has to be added to each open cavity end to
take into account the mismatch between the one-dimensional
field inside the cavity and the three-dimensional field out-
side (Miklés et al., 2001). The PAAS-4A acoustic resonator
thus has a nominal frequency of f; = 3240 Hz, assuming a
speed of sound of ¢ =343 ms~! (at 20°C), a cavity length
of [ =49 mm, and an end correction length Al & 0.61r, with
r =3.25 mm as the cavity radius. Note from Eq. (2) that f;
depends on the temperature of the air inside the cavity, since
the speed of sound is mainly temperature dependent. This
gives a frequency shift of about 6 Hz°C~!, which has to be
taken into account when operating the PAAS-41 system un-
der rough thermal conditions, where the temperature inside
the optics unit is unstable and varies by more than 5 to 10 °C.
See Fig. S4 in the Supplement for a frequency scan of the
fundamental longitudinal mode f; of the PA cell.

The 6.5mm diameter acoustic cavity is steplessly ex-
panded to 78 mm diameter at both ends, where two A/4
acoustic buffers are mounted (Fig. 2). These buffers com-
prise the aerosol inlet and outlet ports in addition to the laser
entrance and exit windows (WL11050, Thorlabs Inc., USA)
that complete the PA cell. The buffers are used to simulate
open cavity end conditions and to suppress ambient acoustic
noise around the cavity resonance frequency (Bozdki et al.,
2011). Further A /4 acoustic buffers are connected to the in-
let and outlet aerosol flow ports (located next to the C la-
bel in Fig. 1) to suppress acoustic noise in the flow system
(e.g. generated by a turbulent flow or by the pump system).

The cell constant in Eq. (1) can be calculated from the
specifications of the acoustic resonator (Bozdki et al., 2011).

Coell = —————" 3
. ]T .
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Figure 2. The photoacoustic cell of PAAS-41 with the following
main components: A /2 acoustic resonator (R), A /4 acoustic buffers
(B), and laser entrance and exit windows (W). The position of the
microphone (not shown) is indicated by (M).
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with y being the ratio of specific heat constants, fi,, the mod-
ulation frequency (in Hz) that is adapted to the resonance fre-
quency fi of the cavity, Ares the cross-sectional area of the
resonator (in m?), Q the quality factor of the excited acous-
tic mode, and G the so-called geometric factor that describes
the spatial overlap between the laser beam and the acoustic
eigenmode of the resonator. For a well-designed PA cell, the
geometric factor is close to unity. With the resonator diameter
of dres = 6.5 x 1073 m, the fundamental longitudinal mode
frequency of f; =3240Hz, and the resonator quality fac-
tor of Q =21, a cell constant of Ceej = 12.4 PamW~! re-
sults. The used microphone (Knowles; model EK-3029) has
a manufacturer-specified sensitivity at the frequency f; =
3240 Hz of about —50dB (relative to 1.0 V/0.1 Pa), which

https://doi.org/10.5194/amt-16-2753-2023



F. M. Schnaiter et al.: The four-wavelength Photoacoustic Aerosol Absorption Spectrometer (PAAS-41)

corresponds to a microphone sensitivity M = 0.032VPa~!.
Taking into account the microphone preamplifier gain of
about 580 and the lock-in amplifier gain of 30 (typically
used in the calibration procedure), a cell constant of about
Ceell = 6900 Vm W1 is calculated for the PAAS-4A cell.
Here it has to be noted that the actual values of the micro-
phone sensitivity M, the microphone preamplifier gain, and
the quality factor Q, as well as the geometric overlap factor
G, can significantly vary from unit to unit and, therefore, a
characterization and calibration procedure is required to de-
duce the cell constant more reliably for the actual unit (see
Sect. 3.1).

The laser power Py of the modulated laser is measured be-
hind the PA cell exit window with a photodiode power sensor
(S121C; Thorlabs Inc., USA). As it turned out that backscat-
tered light from the diffusing element of the S121C sensor
is producing a measurable increase in the PA signal back-
ground, beam splitting optics is implemented in the exit laser
path consisting of an iris and a 7:30 (R : T) beam splitter
plate (BST10; Thorlabs Inc., USA) that is reflecting approx-
imately 80 % to 90 % of the laser beam power into a beam
dump (BTC30; Thorlabs Inc., USA). In this way, the diffuse
backscattering is efficiently suppressed.

2.2 Electronics unit

The electronics unit of PAAS-4A is implemented in a 19in
(48.26 cm) rack enclosure (INS 48680-L; Bopla Gehiuse
Systeme GmbH, Germany) with a height of 310 mm, a width
of 449 mm, and a depth of 495.5 mm as part of the three-unit
modular instrument set-up (see Fig. S1 in the Supplement
for a photograph of the complete system). The unit com-
prises the following three major components (Fig. S2): the
embedded real-time controller (CRIO-9063; National Instru-
ments Corp., USA), the dual-phase lock-in amplifier (LIA-
MVD-200-L; FEMTO Messtechnik GmbH, Germany), and
the touchscreen panel computer (Panelmaster 0881; ICO In-
novative Computer GmbH, Germany). The embedded con-
troller hosts four interface modules, namely two digital in-
put/output (I/O) boards (NI-9402) to provide the laser mod-
ulation and the lock-in reference frequency signals, one ana-
logue input board (NI-9205) to acquire the lock-in amplifier
output voltages in addition to the output from the temper-
ature and humidity sensor, and a relay board (NI-9485) to
provide switches for controlling peripheral equipment like
the zero-air filter bypass that is implemented in a separate
flow unit (Fig. S1). The FPGA module of the cRIO-9063, in
conjunction with one of the two digital I/O boards, is used
as a four-channel transistor—transistor logic (TTL) frequency
generator with user-adjustable frequency and duty cycle that
drives the modulation of the lasers. This frequency generator
is implemented with a bandwidth of 40 MHz, which gives a
resolution of 1 Hz at the modulation frequency. The modula-
tion frequency of the lasers can be independently set, which
allows a simultaneous operation of all lasers at different fre-
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quencies and duty cycles. However, as the current set-up
hosts only one lock-in amplifier, the lasers are usually op-
erated in a sequential measurement procedure with the same
frequency and duty cycle. A simultaneous measurement pro-
cedure with slightly different laser frequencies is possible in
future set-ups that host separate lock-in amplifiers for each
individual laser.

The pre-amplified microphone signal is analysed by a
dual-phase lock-in amplifier using the TTL laser modulation
signal as reference. The lock-in amplifier converts (demod-
ulates) the alternating current (AC) signal from the micro-
phone to an amplified direct current (DC) signal at the output,
while effectively suppressing the noise with a bandwidth-
adjustable low-pass filter. The LIA-MVD-200-L lock-in am-
plifier has the three different modes of operation, including
“high dynamic reserve”, “low drift”, and “ultra stable”. We
use the ultra-stable mode in the PAAS-4), as this provides
an excellent low-drift output signal, with a DC drift of only
5ppm K~! at a still-sufficient dynamic reserve of 15dB. The
PAAS pre-amplified background signal is typically of the or-
der of 1001V, with a noise level of about 10 mV rms (see
Fig. S3). Even at this relatively high noise level, lock-in
gain settings up to 3000 are within the dynamic reserve of
the ultra-stable mode without overloading the amplifier. The
time constant of the low-pass filter is set to 1 or 3 s for typical
long-term measurements, where the PAAS signal is averaged
over several minutes. The 3 dB bandwidth of the low-pass fil-
ter is very narrow, with 0.16 or 0.05 Hz for a time constant of
1 or 3 s, respectively. To further improve the noise suppres-
sion, a second-order low-pass filter with a roll-off slope of
—12dB per octave is applied in the PAAS-4A lock-in ampli-
fier.

The electronics unit comprises a touchscreen panel com-
puter for experiment control, data acquisition, and data stor-
age. A graphical user interface (GUI) was designed in Lab-
VIEW (National Instruments Corp., USA) that fits to the
800 x 600 pixel-resolution touchscreen and that can be con-
trolled without keyboard and mouse. One part of the PAAS
LabVIEW software package is installed on the cRIO-9063
real-time controller that is feeding the FPGA with the fre-
quency generator code. Furthermore, this cRIO application
acts as middleware between the FPGA (connected to the dig-
ital output boards), the analogue input board, and the relay
board of the cRIO’s embedded system and the GUI appli-
cation of the panel computer. In this way, the time-critical
tasks of modulation frequency generation and data acquisi-
tion are autonomously running on the real-time embedded
system, which is separated from the Windows GUI appli-
cation on the panel computer. Measurement data are then
simply requested from the cRIO application, according to
the presets given by the user through the GUI application.
The basic concept of the GUI application is to autonomously
operate the PAAS-4) through predefined measurement se-
quences. A script-based sequence language has been specif-
ically developed that provides the sequence steps (“Laser”,
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“Measure”, “Relay”, “Repeat”, “Scan”, and “Wait”), which
can be arbitrarily combined and arranged in a measurement
sequence by the user. Each sequence step has a set of keys
that defines the measurement or control tasks that need to
be conducted within the step. The Measure step, for exam-
ple, has the keys to the “NumberOfPoints” and “DistanceBe-
tweenPoints[timeConst]”, which define how many samples
(points) are averaged for a stored measurement and at what
time difference these samples are taken. Here, the time dif-
ference is defined as the integer multiples of the lock-in am-
plifier time constant because the low-pass filter conducts ex-
ponential moving average in the time domain. The Scan step
allows the autonomous performance of a frequency scan at
predefined times (e.g. to correct the cell resonance frequency
for temperature drifts). With the Relay step, the user has ac-
cess to the relay board and, thus, can implement peripheral
equipment into the measurement sequence. This is primar-
ily used for purging filtered air in background measurement
cycles but controlling, for example, inlet switches, denuder
bypasses, or calibration gas provisions is also possible. This
concept of predefined measurement sequences is an impor-
tant prerequisite for any unattended long-term deployment
of PAAS-4A.

3 Instrument calibration and performance
3.1 Calibration

The PAAS-4A is calibrated using premixed NO,/synthetic
air calibration gas bottles (Air Liquide Deutschland GmbH;
CRYSTAL gas mixture, with 20 maximum relative uncer-
tainty of 5 %). Different concentrations are used here, with
nominal volume mixing ratios of 200, 1000, and 5000 ppb
(parts per billion). NO» is widely used as a calibration gas for
aerosol PAS applications (e.g. Arnott et al., 2000; Fischer and
Smith, 2018) because the molecular absorption cross section
is well known (Vandaele et al., 2002). However, as the NO,
spectrum is strongly varying across the visible spectrum, the
calibration requires the knowledge of the NO, absorption
cross section that is relevant to the specific PAAS-41 laser
emission line. Therefore, each laser unit’s emission spec-
trum is evaluated using a compact Czerny-Turner charge cou-
pled device (CCD) spectrometer (CCS100/M, Thorlabs Inc.,
USA), with a spectral accuracy better than 0.5 nm within
the 350 to 700nm spectral range, before being installed
into PAAS-4A. Figure 3 shows an example of the emis-
sion spectrum measured for a PAAS-4) LuxX®+ laser unit,
with a nominal emission wavelength of 515 nm. The high-
resolution molecular absorption cross section of NO,, shown
in blue in Fig. 3, has a significant variation from about 1.2 to
3.2x 107" cm® molec. ™! in a 10 nm spectral window around
the actual laser emission. The measured laser emission spec-
trum is therefore mathematically convolved with the molecu-
lar NO; absorption cross section to deduce the laser-specific
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Figure 3. Normalized laser emission spectrum of the 515nm
LuxX®+ laser implemented in the PAAS-4A-02-005 unit (red). The
high-resolution NO, molecular absorption cross section from Van-
daele et al. (2002) is depicted in blue. A laser-specific absorption
cross section of 2.23 x 10719 cm? molec.~! is deduced from the
convolution of both spectra.

absorption cross section. In this example, a systematic bias
of about 40 % is generated in the calibration when using the
manufacturer’s nominal emission wavelength, i.e. 515nm,
instead of the measured emission wavelength spectrum of
the laser unit. The emission spectra measured for the 405 and
660 nm lasers of the corresponding PAAS-4A unit are given
in the Supplement (Fig. S5), together with the emission spec-
tra measured for another PAAS-4A unit.

In the calibration procedure, premixed calibration gas is
diluted step-wise with synthetic air by mixing the two gas
flows in a specifically designed turbulent mixing chamber.
The total flow is always set to 5 SLPM using two mass flow
controllers. From this NOj/synthetic airflow, PAAS-4A is
sampling with 1 SLPM. The calibration procedure always
starts with the undiluted premixed bottle concentration to
bring the cell surfaces into equilibrium with the calibration
gas (Fig. S6). The bottle NO; mixing ratio is then measured
in five dilution steps (1:5, 2:5, 3:5, 4:5) and also undi-
Iuted (5:5). At each dilution, step the instrument measures
4 x 20s periods of the lock-in R output for each laser in a
cycle, with 10 s waiting time after each laser switch. The in-
dividual measurements per dilution step are then averaged
and corrected for the background signal from pure synthetic
air that is measured before and after the calibration proce-
dure. With the above initial bottle gas concentrations, this
calibration procedure spans a NO, mixing ratio from 200 to
5000 ppb, which corresponds to more than 3 orders of mag-
nitude in the NO; absorption coefficient, which is from about
3x107°m~! at a wavelength of 660nmto 7x 10> m~! ata
wavelength of 405 nm, respectively. Figure 4 clearly demon-
strates that the PA cell is represented by a single calibration
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Figure 4. Calibration of a PAAS-4A unit (SN PAAS-3L-01-003)
hosting only three lasers, with nominal wavelengths of 405 nm (pur-
ple), 515 nm (green), and 660 nm (red). NO;/synthetic air mixtures
were presented to the instrument in a specific step-wise procedure
(open circles). The cell constant of 6923 +24VmW 1 is repre-
sented by the slope coefficient =10 of the linear regression fit to
the averaged data per NO, concentration (black line and bold grey
circles). The data show a correlation coefficient of R? = 0.998 with
the linear fit model. The calibration is verified using size-selected
Nigrosin aerosol particles (diamond symbols). A cell constant of
74774310 Vm W~ is deduced for the Nigrosin data only (red
line). The two independently deduced cell constants differ by 8 %.
See the text for details.

constant, which in turn means that the individual laser beams
are well aligned to one axis and that their beam profiles are
similar; otherwise, the geometric overlap factor G of Eq. (3)
would be different for the different lasers.

It is important to note here that the NO; absorption mea-
surements at the 405 nm wavelength are affected by NO;
photolysis (Roehl et al., 1994). By knowing the actual laser
emission spectrum, the quantum yield of the NO; photoly-
sis, and the O, + O — O3 exothermic reaction energy, the
reduction in the PA signal by NO; photolysis can be cal-
culated and corrected. According to the data presented in
Roehl et al. (1994), the NO, photolysis quantum yield is 0.41
for the peak emission wavelength of 404.8 nm, as deduced
for the PAAS-4\ unit used in this calibration (PAAS-3L-01-
003; Fig. S5). This means that only 59 % of the absorbed
photon energy is transferred into the PA signal. However,
after the dissociation of NO;, the released oxygen atoms
can react with oxygen molecules to form ozone. This reac-
tion is exothermic and therefore has the potential to con-
tribute to the generation of the PA signal. The released heat
of 143kJ mol~! accounts for about 20 % of the initially ab-
sorbed photon energy, increasing the energy fraction avail-
able for the generation of the PA signal to 79 %.
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Based on this calculation, a correction factor of 1.3 is
applied in Fig. 4 for the 405 nm measurements, which is
within the range of correction factors between 1.29 to 1.56
reported elsewhere for the same laser wavelength (Tian et al.,
2013; Nakayama et al., 2015). A linear regression of the NO;
deduces a regression slope (i.e. the cell constant Ciﬁz =
6923 Vm W), which is in a very good agreement with the
theoretical value of 6900 Vm W~! given in Sect. 2.1.2. The
low relative uncertainty of 0.35 % of the regression analysis
is a result of the intrinsic high dynamic range and the wide
linearity of PAS systems for gas measurements (Bluvshtein
etal., 2017). An instrument precision of 3 % is deduced from
day-to-day calibrations using the same bottle mixture and ap-
plying identical dilution procedures at controlled stable am-
bient conditions in the laboratory.

PAAS-4)A measurements using monodisperse Nigrosin
particles are compared in Fig. 4 to verify the NO; calibra-
tion. For this, Nigrosin dye (Thermo Fisher Scientific Inc.;
CAS 8005-03-6) is dissolved in water and is dispersed, dried,
and size-segregated using a differential mobility analyser
(DMA; model 3080; TSI, USA). Three sizes were selected
and analysed by PAAS-4), with mobility-equivalent diame-
ters of 150, 200, and 250 nm. It is well known that the resid-
ual Nigrosin particles from this aerosolization procedure are
spherical (e.g. Lack et al., 2006). With the refractive index
of Nigrosin deduced by Bluvshtein et al. (2017) from ellip-
sometric measurements on thin film samples, the expected
spectral absorption cross section of these monodisperse par-
ticles can be calculated using Mie theory. A comparison of
the measured and calculated spectral absorption cross sec-
tions are given in Fig. S7 in the Supplement. A condensation
particle counter (CPC; model 3775; TSI, USA) was operated
parallel to the PAAS-4A behind the DMA to obtain the par-
ticle number concentration of the size-segregated samples.
The deduced cell constant Cill%r' =7477Vm W~ is in good
agreement with the above NO;-deduced constant, given the
elevated uncertainty in the Nigrosin calibration procedure.
This uncertainty is due to the combined uncertainties in the
particle size selection and the particle number concentration
measurement and is expressed by the elevated relative un-
certainty of 4 % deduced from the regression analysis. An
instrument accuracy of about 10 % can be estimated from
the two independent calibrations, even though the Nigrosin
calibration procedure has not been fully optimized yet. As
detailed in Bluvshtein et al. (2017), it is very likely that the
remaining discrepancy between the two calibration methods
is due to the uncertainty in the refractive index of Nigrosin
used in the Mie calculations.

3.2 Instrument performance
The detection limit of PAS and filter-based light absorption
instruments is usually characterized by performing an Al-

lan variance or deviation analysis (e.g. Fischer and Smith,
2018; Asmi et al., 2021). Although the Allan deviation anal-
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ysis is primarily used to define the maximum averaging time
that can be deployed without averaging over a significant
signal drift (i.e. the characteristic instrument drift stability),
the Allan deviation for a specific averaging time also equals
the 1o detection limit of the instrument in case the signal
noise shows white noise characteristics (Asmi et al., 2021).
To characterize the PAAS-4A stability and detection limit,
particle-filtered laboratory air needs to be sampled over a
long period of time (e.g. 40h in Fig. 5). As can be seen in
Fig. 5, the PAAS-4A drift stability is typically between 1000
and 3000s, which is when the 1o Allan deviation starts to
deviate from the 1/,/T white noise characteristic decrease
with averaging time t. This means that after about 30 min
measurement time, the instrument background (i.e. particle-
filtered ambient air) should be measured to obtain a drift-free
background that corresponds to the aerosol sample period in
between. An ultimate 1o detection limit around or below
0.1Mm~! can be deduced from the Allan deviation analy-
sis in Fig. 5. Interestingly, the characteristic PAAS-4A Allan
deviation plot shown in Fig. 5 is very similar to the corre-
sponding plot shown in Fig. 2 of Fischer and Smith (2018)
for a state-of-the-art four-wavelength PAS system with a sin-
gle PA cell (MultiPAS-IV). This is remarkable given that
the MultiPAS-IV uses a multi-pass mirror set-up around the
PA cell to increase the laser power inside the cell by 30 to
56 times, while the PAAS-4A works with just one laser pass.
One can speculate that a PAS optical set-up with just one
laser pass through the cell is more stable and less prone to
temperature- or vibration-dependent alignment drifts com-
pared to a system with an additional multi-pass optical cell.
As already mentioned, the Allan deviation analysis is use-
ful for deducing the signal drift stability and the ultimate de-
tection limit, but it can also be used to estimate the practi-
cal detection limits for other, more realistic averaging times.
This is especially important for sequential measuring sys-
tems, like the PAAS-4X, where the actual averaging time is
the sample or background period divided by the number of
lasers in the system. For long-term field measurements, a typ-
ical sample period is 20 min, followed by a particle-filtered
background period of 4 min that is sandwiched between two
cell-flushing periods of 3 min each. Thus, one sample filter
cycle has a total duration of 30 min. This results in effective
averaging times per laser of 5 min for the sample period and
1 min for the background period. According to Fig. 5, the 1o
detection limits for 1 and 5 min averaging times are 0.4 and
0.2Mm™!, respectively. One can assume that in such a mea-
surement procedure the larger detection limit of the back-
ground period will define the overall limit. To verify this as-
sumption, the background data of Fig. 5 were reanalysed, as-
suming such a measurement procedure. The 40 h background
data are subdivided into alternating sample filter cycles, each
consisting of a 20 min sample period and a 4 min background
period that is sandwiched by two 3 min flushing periods. The
data in each sample and background period are then aver-
aged, resulting in 5 and 1 min laser averages, respectively.
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Figure 5. Allan deviation analysis of a 40 h background measure-
ment. The instrument sampled particle-filtered laboratory air with a
basic averaging time of 5 s per laser wavelength. A white noise char-
acteristic slope is plotted for the 405 nm wavelength (thin purple
line). Signal drift starts between 1000 and 3000 s averaging time,
resulting in an ultimate detection limit of less than 0.1 Mm~! for
these averaging times. More practical detection limits for averaging
times of 60, 120, and 300 s are indicated by dashed black, magenta,
and blue lines, respectively.

Finally, the averaged data of two background periods be-
fore and after a sample period are averaged and subtracted
from the corresponding averaged sample data to calculate the
background-corrected data; the same procedure is applied to
the field data in Sect. 4. The result of this analysis is shown
in Fig. 6. By comparing Figs. 5 and 6, it is clear that the
1o detection limit that is expected for background-corrected
20 min sample data in a 30 min sample background cycle is
defined by the shorter background periods, as the 1o values
given in Fig. 6 match the 60s detection limit indicated in
Fig. 5.

4 Measurement examples from a remote field site

In the following, data from long-term PAAS-4A measure-
ments at an unattended remote monitoring station are pre-
sented. The data are collected at an air quality monitoring
station located in the Finnish Arctic on top of the Sammal-
tunturi fell (67°58' N, 24°7’ E; 560 m a.s.1. — above sea level),
which is about 140 km north of the Arctic circle. The station,
referred to as Pallas from now on, belongs to the Pallas—
Sodankyld Atmosphere—Ecosystem Supersite Facility oper-
ated by the Finnish Meteorological Institute, which is also
part of the Aerosols, Clouds, and Trace gases Research In-
fraStructure (ACTRIS) project. Details of the site and the
ongoing measurements can be found in Lohila et al. (2015).
The station usually resides in relatively clean Arctic back-
ground air, with monthly median BC mass concentrations
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Figure 6. Background data of Fig. 5 reanalysed to simulate a typical measurement sequence, where the sample measurements are background
corrected every 30 min (left panels). Averaging times are 5 and 1 min per laser wavelength in the sample and background periods, respectively.
Histograms of the background-corrected data and corresponding 1o deviations are given in the right panels. See the text for details.

below 50ng m~3 (Asmi et al., 2021). Only from time to time
is the station influenced by long-range transported anthro-
pogenic pollution from central and southern Europe and from
biomass burning aerosol emitted by wildfires in northern
Eurasia (Hyvirinen et al., 2011). The location of the Pallas
station in conjunction with its unattended operation makes
it ideal for testing novel monitoring instruments. PAAS-4A
measurements at Pallas have been ongoing since December
2021.

Ambient aerosol and gas compositions are continuously
monitored at Pallas by a suite of permanently installed instru-
ments, from which the filter-based absorption photometers,
the Aethalometer® (Aerosol Magee Scientific, USA; model
A33) and the MAAP, have been selected for the intercompar-
ison of byps(X) with PAAS-4) measurements. Furthermore,
the PAAS-4A is also compared against a COSMOS instru-
ment that has been deployed at Pallas since 2019. COSMOS
is a filter-based absorption photometer with a specific inlet
that is heated to 300 °C to remove volatile light-scattering
particles and BC coatings from the sampled aerosol. There-
fore, the filter-based light attenuation measured by COSMOS
has a direct and fixed correlation with the BC mass concen-
tration (Mpc), with no cross-sensitivity to light-scattering
aerosol mass. This has been demonstrated by intercompar-
ison studies with a single-particle soot photometer (SP2;
Droplet Measurement Technologies, Longmont, CO, USA)
in the laboratory and at different field sites. Details of the
COSMOS instrument can be found in Ohata et al. (2021) and
references therein.

The AE33, COSMOS, and PAAS-4A instruments sample
from a main inlet, which is a total aerosol inlet designed
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to collect both aerosol particles and the cloud droplets dur-
ing the in-cloud periods at the station. Of the total volu-
metric flow through the total aerosol inlet of 40 L min~!, a
fraction of 16.5Lmin~! is dried with Nafion dryer (MD-
700; Perma Pure LLC) and divided between different in-
struments by a sample manifold consisting of 6 mm outer
diameter exit tubes. Conductive silicon tubing with an in-
ner diameter of 4.8 mm is used to connect the instruments to
the manifold. The MAAP instrument is connected to a sep-
arate, size-selective interstitial inlet equipped with a PM> 5
sampling head and a separate Nafion drier (MD-700; Perma
Pure LLC). A difference in aerosol sampling between the to-
tal and the interstitial inlet for absorbing aerosol is signif-
icant, mainly during the in-cloud periods, which are there-
fore separated in the data (Hyvirinen et al., 2011). Sampling
flows are set to 5.0, 0.7, 10.0, and 1.0 L min—! for the AE33,
COSMOS, MAAP, and PAAS-4), respectively. COSMOS
uses a cyclone impactor with a cut size of 1 um to remove
supermicron-sized particles from the aerosol. All other in-
struments do not use an additional impactor.

4.1 Instrument long-term performance

A total of 11 months of PAAS-4A data from the Pallas sta-
tion is used to analyse the instrument long-term performance.
These data cover the period from 21 December 2021 to
21 November 2022. During this period, the collected data
cover 99 % of the time (Table 1). The remaining unintended
data gaps are due to forced operating system updates and
a station power outage that all resulted in a forced reboot
of the instrument panel computer. None of the data gaps is
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due to a failure of one of the instrument components like
laser, electronics, or flow system components, which clearly
demonstrates the technological readiness of PAAS-4A for
unattended long-term operation at remote air quality stations.
The relatively long data gaps from the unintended computer
reboots in Table 1 result from the unawareness of the remote
user rather than being evoked by the incident itself. In any of
these cases, the data acquisition could be restarted via remote
access without the attendance of station personnel. An auto-
mated data acquisition restart after a computer reboot will be
implemented in future long-term deployments.

Figure 7 shows the temperature and relative humidity (RH)
variations in the sampled aerosol during this deployment
time. The PAAS-4) temperature and RH sensor (E+4E Elek-
tronik, Austria; model EE23-T6) is located downstream of
the PA cell in the flow unit. As mentioned in Sect. 2.1, the
dissipated heat from the lasers results in a stabilized temper-
ature inside the optics housing of about 30 °C. The PA cell
metal body is adapting to this temperature within a warm-
up time of about 1 h. The RH inside the photoacoustic cell
can then be translated from the RH and temperature of the
aerosol measured outside the optics housing downstream of
the PA cell. Figure 7 clearly shows that, most of the time, the
aerosol inside the PA cell has an RH below 30 %. Only during
the summer months was the RH elevated but generally lim-
ited to values below 35 %, with 4 d in July where RH reached
40 %. This is important, as the photoacoustic signal starts to
show significant low biases of more than 10 % for RH val-
ues larger than a critical RH of about 35 % (Langridge et al.,
2013).

To verify the detection limit, which has been deduced from
the laboratory data shown in Sect. 3.2 for the long-term op-
eration at Pallas, the particle-filtered air (background) data
from Pallas are analysed. The background correction proce-
dure that is applied to the PAAS-4A raw data averages two
consecutive 1 min averaged background measurements of a
filter sample filter cycle and subtracts this average from the
corresponding sample measurement. One can, therefore, as-
sume that the difference between these two background mea-
surements defines the uncertainty in the corresponding sam-
ple measurement. Figure 8 depicts the difference between
two consecutive background measurements that are 30 min
apart over the course of the instrument deployment at Pallas,
which encompasses a total of 16000 data points. The data
are normally distributed around the zero line, with 1o distri-
bution widths that are a factor of roughly 2 larger than the
corresponding 1 min averages of the laboratory Allan analy-
sis shown in Fig. 5 and the corresponding background anal-
ysis shown in Fig. 6. In contrast to the laboratory conditions,
the conditions in- and outside the Pallas station likely cause
higher levels of ambient electromagnetic and sound noise, in
addition to larger fluctuations in the temperature, aerosol rel-
ative humidity, and trace gas composition of the sampled air,
which jointly impacts the PAAS-4)\ measurements. In par-
ticular, the impact of light-absorbing trace gases like, for ex-
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Figure 7. Variation in the aerosol temperature and relative humidity
(RH) measured downstream of the PAAS-4 optics unit inside the
flow unit (blue and black lines, respectively). Ambient temperature
and RH measured outside the Pallas station are also shown (grey
lines). The RH measurement downstream of the PA cell is trans-
lated to the elevated temperature conditions inside the optics unit
by assuming a fixed PA cell temperature of 30 °C (red line). The
critical RH of 35 %, given by Langridge et al. (2013) for unbiased
PAS measurements, is indicated by the dashed black line.

ample, NO, or O3 that are co-transported with combustion
aerosol can be clearly seen in Fig. 8 by the higher back-
ground fluctuations in the March to May period when the
station was frequently influenced by long-range transported
pollution episodes (see Sect. 4.2).

As the long-term PAAS-41 measurements at Pallas are ba-
sically averaged over 3h before using them in any instru-
ment intercomparison or scientific analysis, the background
data of Fig. 8 are averaged over 3h in Fig. 9. This averag-
ing pushes the 1o distribution widths into a range that agrees
with the Allan analysis result shown in Fig. 5. A 20 detec-
tion limit of 0.28, 0.3, 0.24, and 0.24 Mm™! can therefore be
deduced for the 3 h averaged PAAS-4)\ measurements from
Pallas for the 405, 473, 515, and 660 nm wavelengths, re-
spectively.

4.2 Time series and instrument intercomparisons

The time series of background-corrected PAAS-4A absorp-
tion coefficients byps(A) measured at Pallas during the long-
term deployment are shown in Fig. 10a. Concurrent measure-
ments of the BC mass concentration Mpc by the COSMOS
instrument are shown as well. Both data sets are averaged
over 3h. , In general, the data reflect the very clean Arctic
background conditions expected at Pallas, with annual av-
erages of BC between 60 and 70ngm~> (Hyvirinen et al.,
2011). Actually, the COSMOS data reveal a lower averaged
BC mass concentration of only 22ngm™ for the measure-
ment period discussed here. Pollution episodes with higher

https://doi.org/10.5194/amt-16-2753-2023



F. M. Schnaiter et al.: The four-wavelength Photoacoustic Aerosol Absorption Spectrometer (PAAS-41)

2763

Table 1. Overview of data gaps and the resulting data coverage during 11 months of unattended operation of PAAS-4A at Pallas, Finland.

Date (yyyy-mm-dd) Duration  Reason for data gap Type
2022-01-18 05:56:38  Forced operating system update Unintended
2022-02-11 01:39:10  Forced operating system update Unintended
2022-07-05 40:53:23  Power outage at the Pallas station Unintended
2022-08-17 01:32:51 Maintenance and on-site calibration  Intended
2022-09-21 19:30:57  Forced operating system update Unintended
Total gap duration 68 h Excluding duration of intended data gaps

Total deployment duration 8040 h 21 December 2021 to 21 November 2022

Data coverage 99.15 %

I Histogram
o i 3 —— Normal PDF
[o=079Mm™]

Histogram
—— Normal PDF

0=0.84 Mm"

Histogram
—— Normal PDF

g= 065Mm

| Hlstogram
Y —Normal PDF
- [o=064Mm "]

May 2022
Time

Jan 2022 Mar 2022

g
Jul 2022

1
Sep 2022 Nov 2022 1.5

Probablllty Densny

Figure 8. Difference between the two filtered-air (background) measurements of all filter sample filter cycles that were conducted over a
period of 11 months during the unattended PAAS-4) deployment at Sammaltunturi. Each data point reflects the difference between two
consecutive 1 min averaged filtered-air measurements that are 30 min apart. The dashed horizontal lines represent the +2¢° detection limit.

baps(X) values of typically 1 to 3Mm~!, corresponding to
Mpgc values between 50 and 200 ng m—3, are clearly distinct
from this clean Arctic background. The pollution episodes
last for time periods of typically more than 12h and show
a higher frequency of occurrence in the winter and spring
period compared to summer and autumn. At Pallas, these
episodes can be attributed to polluted air masses that are
transported from central and eastern Europe to northern Fin-
land (Hyvirinen et al., 2011).

The PAAS-4) absorption coefficients byps (1) are strongly
correlated with the BC mass concentration Mpc from
COSMOS (R? = 0.94-0.96), resulting in mass-specific ab-
sorption cross sections (MACs) of 19.7, 15.9, 14.9, and
11.2m? g~! for the 405, 473, 515, and 660 nm wavelengths,
respectively (Fig. 10b). Ohata et al. (2021) compared long-
term Mpc measurements by COSMOS with concurrent
filter-based baps measurements by Aetholometers, MAAPs,
and particle soot absorption photometers (PSAPs) from four
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Arctic sites including Pallas. They deduced an average MAC
of 134+ 1.6m?g~! at A =550nm from all measurements,
covering a period from 2012 to 2021. Interpolating the
MAC(515 nm) = 14.9 m? g~ !, deduced from the PAAS-41
versus COSMOS correlation in Fig. 10b, to a wavelength of
A = 550 nm results in MAC(550 nm) = 13.8 m? g~!, which
is in excellent agreement with the Arctic average from Ohata
etal. (2021). Here, the absorption Angstrém exponent (AAE)
of 1.14 deduced from the MAC()) of Fig. 10b is used for the
interpolation. Furthermore, interpolating the MAC(660 nm)
of 11.2m? g~! from PAAS-41 to the MAAP wavelength of
A = 637 nm results in a MAC(637 nm) of 11.7m? g~ !, which
is 10 % lower than the MAC(637 nm) = 13.0m? g~ ! given by
Ohata et al. (2021) for the COSMOS versus MAAP correla-
tion from Pallas for the July 2020 to July 2021 time period
but still within their variability range of 27 %.

As mentioned in Sect. 1, a common problem of the filter-
based measurement methods of b,n(A) is that the raw fil-
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ter attenuation data barn have to be corrected for multiple
light-scattering and particle loading effects within the filter
matrix, which significantly affects their measurement uncer-
tainty. It has been concluded that concurrent measurements
with non-intrusive methods like PAS over longer time pe-
riods in the field would be ideal to further investigate these
uncertainties under target operational conditions. The follow-
ing paragraphs should therefore briefly emphasize the poten-
tial contributions from long-term PAAS-4A deployments in
air quality monitoring stations for validating commonly used
filter-based instruments and their correction schemes.

The MAAP instrument is generally considered to be a
valid reference for by, as it is does not rely on an empiric
corrections of the multiple-scattering and loading effects but

Atmos. Meas. Tech., 16, 2753-2769, 2023

uses additional measurements of diffusely scattered radiation
in the backward hemisphere that allows the determination
of baps analytically within a radiative transfer model of the
particle-loaded filter (Petzold and Schonlinner, 2004). The
intercomparison of MAAP with PAAS-4) for the 11-month
deployment period of PAAS-4A at Pallas verifies this consid-
eration (Fig. 11). The two data sets are well correlated, with
a correlation coefficient of R? =0.9. The regression slope
of 0.86 is within the ~ 20 % combined accuracy of the two
instruments (i.e. 10 % for PAAS-4) and 12 % for MAAP).
Aecthalometers® are the most widely used filter-based in-
struments and are, therefore, most intensively characterized
and developed. The latest instrument version (AE33) uses a
dual-spot approach to obtain an online compensation of the

https://doi.org/10.5194/amt-16-2753-2023
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filter loading effect (Drinovec et al., 2015). Figure 12 shows
the intercomparison of AE33 with PAAS-4X over the period
of use of PAAS-4A at Pallas so far. Only those wavelengths
have been selected from the available seven wavelengths of
AE33 that have the closest match with the wavelengths of the
PAAS-4A unit deployed at Pallas. The two data sets are well
correlated, with correlation coefficients R? between 0.89 and
0.92. The regression slope equals the multiple-scattering cor-
rection factor C, assuming that b,,s from PAAS-4A rep-
resents an unbiased reference. Correction factors of 2.5,
2.4, 2.3, and 2.1 are determined for the 405/370, 473/470,
515/520, and 660 nm wavelength pairs, respectively. The fac-
tor C = 2.1 at 660 nm is in a very good agreement with the
factors 2.13 £0.57 for pure diesel soot and 2.29 + 1.36 for
diesel soot externally mixed with ammonium sulfate parti-
cles, as determined by Weingartner et al. (2003) for the same
wavelength of the AE30 Aethalometer®. Their data were ac-
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quired in aerosol chamber experiments, with the difference
in the spectral extinction and total scattering measurements
being the reference for the absorption coefficient (Schnaiter
et al., 2003). Furthermore, the C(660nm)=2.1 factor also
fits the broad C(637nm) factor range of 1.99-2.78 given
in Yus-Diez et al. (2021) for AE33 versus MAAP correla-
tion analyses of data from different urban and regional back-
grounds and mountaintop sites.

The correction factors C in Fig. 12 also indicate a weak
negative wavelength dependence, with larger values for
shorter wavelengths, which is an interesting observation, as
it contradicts the current assumption of no or a rather positive
dependence (Yus-Diez et al., 2021). A first statistical analy-
sis of the individual 3 h averaged C(A) factors confirms the
wavelength trend found in the regression analysis, with dif-
ferences in the median C(X) factors that are statistically sig-
nificant according to the Wilcoxon rank sum test. However,

Atmos. Meas. Tech., 16, 2753-2769, 2023
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further detailed analyses of the Pallas data set are necessary
to strengthen this observation in relation to the actual aerosol
composition (i.e. the single-scattering albedo). Furthermore,
as long-range transported pollution episodes are nicely con-
trasting the clean Arctic background with absorption coeffi-
cients around the detection limit of PAAS-4A, these episodes
can be specifically analysed in terms of instrument intercom-
parisons. An example of such an analysis is given in the Sup-
plement (Fig. S9).

5 Summary

Photoacoustic aerosol spectroscopy (PAS) is one of the non-
intrusive methods of measuring the spectral absorption co-
efficient byps(1) of the atmospheric aerosol that comprises
fine-mode combustion particles like black carbon (BC) in
varying mass fractions. It represents an alternative method
to the commonly used filter-based absorption photometers,
like the Aethalometer®, which are prone to measurement
errors that are difficult to correct. These errors are caused
by multiple light scattering and total particle light absorp-
tion within the filter matrix that is continuously accumulat-
ing particles. Even though PAS instruments are not affected
by particle light scattering or total light absorption by the
particles, they are commonly regarded to have less sensitiv-
ity and robustness and need significantly more user interfer-
ence to keep them operational (compared to filter-based in-
struments). Therefore, PAS instruments are usually not con-
sidered to be suitable for long-term monitoring tasks in (re-
mote) air quality monitoring stations.

In this work, the commercial four-wavelength Photoacous-
tic Aerosol Absorption Spectrometer PAAS-4) is introduced
that has been specifically designed for unattended operation
in remote air quality monitoring stations. The PAAS-4A com-
bines a compact and robust four-laser beam combiner with a
single photoacoustic (PA) cell in a simple optical arrange-
ment. This optical set-up is implemented in a laser class 1
enclosure equipped with a thermal concept, using the dissi-
pated heat from the lasers to thermally stabilize PA cell at
about 30 °C. Dual-phase lock-in technology in combination
with an embedded real-time frequency generator is used to
sensitively detect the photoacoustic signal even under ele-
vated electronic and sound noise conditions. A touchscreen
computer is implemented in the electronics unit of PAAS-4A,
where the instrument application autonomously operates the
instrument through predefined measurement sequences that
also allow the control of peripheral components, e.g. for im-
plementing inlet switch cycles or calibration procedures in
the measurement sequence.

A calibration procedure using certificated NOj/air mix-
tures in step-wise dilution sequences is applied, which im-
proves the calibration repeatability, resulting in a given in-
strument precision of 3 %. When calibrating with NO,,
knowledge of the actual laser emission spectra is crucial
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to achieve a high instrument accuracy. Therefore, the laser
emission spectra are routinely measured in the calibration
procedures, resulting in a given instrument accuracy of 10 %
that was verified in separate calibration runs using size-
segregated Nigrosin particles. The Allan analysis of the
PAAS-4A background signal reveals a very good ultimate 1o
detection limit of 0.1 Mm™!, which is comparable to other
non-commercial, state-of-the-art multi-wavelength PAS in-
struments (e.g. Fischer and Smith, 2018). However, un-
der usual operational settings with particle-free background
measurements every 30 min, the shorter background aver-
aging time defines the detection limit. The practical lo
detection limit is deduced in the range between 0.35 and
0.46 Mm™!, again in good agreement with the Fischer and
Smith (2018) instrument.

To demonstrate the instrument performance under target
operational conditions, a PAAS-4) unit has been installed
in December 2021 at the remote air quality monitoring sta-
tion Pallas located in Finland, which i about 140 km north
of the Arctic circle. The instrument has been acquiring data
continuously since then, with only very minor involvement
from local station personnel. During the deployment so far,
the instrument worked very reliably, with a data coverage
of more than 99 %. By analysing the background data that
were captured every 30 min, practical 1o detection limits be-
tween 0.64 and 0.79 Mm~! are deduced that are higher than
those from the laboratory. Here, the variability in the absorb-
ing trace gases in the sampled air might cause at least part of
these higher limits. Averaging the data over 3 h reduces the
detection limits to the range from 0.12 to 0.15 Mm™!.

Instrument intercomparisons between PAAS-4) and the
filter-based photometers MAAP, AE33, in addition to the
COSMOS BC monitor are presented for the 11-month de-
ployment period at Pallas. In any case, there is a strong cor-
relation observed between PAAS-4A and these filter-based
instruments. The correlation between PAAS-4A and the BC
mass concentration from COSMOS revealed mass-specific
absorption cross sections (MAC) of 11.2, 14.9, 15.9, and
19.7 m? g’] for the 660, 515, 473, and 405 nm wavelengths,
respectively. The single-wavelength MAAP photometer is
frequently used as a reference instrument for the aerosol ab-
sorption coefficient baps(637 nm), which is confirmed in the
correlation analysis with byps(660 nm) from PAAS-4A, giv-
ing a linear regression slope of 0.86 that is within the com-
bined accuracy of both instruments. Finally, the intercom-
parison of PAAS-4) with the Aethalometer® AE33 results
in multiple scattering correction factors C (1) of 2.1, 2.3, 2.4,
and 2.5 for the 660, 515/520, 473/470, and 405/370 nm wave-
length pairs, respectively.

The time series and instrument intercomparisons pre-
sented in this work are intended to give the first insights
into the applicability and value of PAAS-4A for long-term
aerosol monitoring purposes in (remote) air quality stations.
Future analyses of such data will help give a better under-
standing of the contribution of light-absorbing particles to the
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aerosol composition, sources, atmospheric processing, long-
term trends, and the role of combustion aerosol for climate
forcing. Furthermore, this study has demonstrated, for the
first time, the utility of the PAS technology for long-term
unattended monitoring operations. This makes the technol-
ogy a noteworthy candidate for the correct quantification of
light-absorbing particles and their spectral absorption proper-
ties in monitoring networks alongside commonly used filter-
based methods.

Data availability. The data used for the intercomparison of
PAAS-4) with AE33, MAAP, and COSMOS are available from
https://doi.org/10.5445/IR/1000158429 (Schnaiter et al., 2023) in
the KITOpen repository, the central open-access publication plat-
form of KIT (email: kitopen @bibliothek.kit.edu).
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