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• Daily results compared better with the
Hirst observations than the 3-hourly
values.

• For individual pollen types, results similar
to the Hirst were frequently shown by a
few systems.

• Automatic systems performed best for
Betula, then Quercus and Fraxinus, while
worst for Poaceae.

• Different algorithms applied to the same
device also showed different results.

• Some automatic systems are capable of
being used operationally to provide real
time observations.
A B S T R A C T
A R T I C L E I N F O
Guest Editor: Pavlos Kassomenos

Keywords:
Aerobiology
Automatic monitoring
Pollen classification
Intercomparison campaign
Pollen
Real-time
To benefit allergy patients and the medical practitioners, pollen information should be available in both a reliable and
timelymanner; the latter is only recently possible due to automatic monitoring. To evaluate the performance of all cur-
rently available automatic instruments, an international intercomparison campaign was jointly organised by the
EUMETNET AutoPollen Programme and the ADOPT COST Action in Munich, Germany (March–July 2021).
The automatic systems (hardware plus identification algorithms) were compared with manual Hirst-type traps. Mea-
surements were aggregated into 3-hourly or daily values to allow comparison across all devices. We report results for
total pollen as well as for Betula, Fraxinus, Poaceae, and Quercus, for all instruments that provided these data. The re-
sults for daily averages compared better with Hirst observations than the 3-hourly values. For total pollen, there was a
considerable spread among systems, with some reaching R2> 0.6 (3 h) and R2> 0.75 (daily) comparedwith Hirst-type
traps, whilst other systems were not suitable to sample total pollen efficiently (R2 < 0.3). For individual pollen types,
results similar to theHirst were frequently shown by a small group of systems. ForBetula, almost all systems performed
well (R2 > 0.75 for 9 systems for 3-hourly data). Results for Fraxinus and Quercus were not as good for most systems,
while for Poaceae (with some exceptions), the performance was weakest. For all pollen types and for most measure-
ment systems, false positive classifications were observed outside of the main pollen season. Different algorithms ap-
plied to the same device also showed different results, highlighting the importance of this aspect of the measurement
system. Overall, given the 30% error on daily concentrations that is currently accepted for Hirst-type traps, several au-
tomatic systems are currently capable of being used operationally to provide real-time observations at high temporal
resolutions. They provide distinct advantages compared to the manual Hirst-type measurements.
1. Introduction

Pollen is a major cause of allergies worldwide, affecting an estimated
10–30 % of the global population (World Allergy Organization, 2013).
This is likely to worsen with climate change for most allergenic taxa as pol-
len concentrations continue to increase (Glick et al., 2021; Ziska et al.,
2019), with longer pollen seasons, and earlier season start (Anderegg
et al., 2021; Rojo et al., 2021a; Zhang and Steiner, 2022). Historically, pol-
len monitoring sites were mainly established to help diagnose and treat al-
lergy sufferers (Bousquet et al., 2008). However, the sites and observations
are also used for a wide range of other purposes, such as studying the im-
pacts of climate change (Rojo et al., 2021a, 2021b), producing crop fore-
casts (Oteros et al., 2014), tracking invasive species and habitat shifts
(Lake et al., 2017; Thibaudon et al., 2014), or for detecting pathogenic fun-
gal spores (Isard et al., 2011). Themajority of sites still usemanual samplers
(Buters et al., 2018) such as the Hirst-type pollen and spore trap (Hirst,
1952) or the Rotorod (Grinnellet al, 1961). Aerobiological networks have
made real efforts to standardize the method used and to reduce bias to a
minimum, with particular focus on the quality of counting as promoted
by the International Association for Aerobiology (IAA) (Oteros et al.,
2013; Galán et al., 2014; Sikoparija et al., 2017; Milic et al., 2019; Smith
et al., 2019). Themanual methods, although amajor leap forward in pollen
and spore monitoring at the time they were developed, have several draw-
backs. For instance, although in some places the drum is daily replaced and
the slides immediately counted to inform with the lower delay as possible
(Bannister et al., 2021), usually the information provided by these devices
is available with a delay of between 1 and 9 days as a result of the manual
counting process. The data are mostly available only as daily averages, in
part because of logistical and budget restraints related to obtaining data
2

at higher resolutions, but also because of the high level of uncertainty asso-
ciated with the low sampling rate (Adamov et al., 2021). Other uncer-
tainties stem from fluctuations in the airflow (Oteros et al., 2017), the
methodology chosen for counting (Sikoparija et al., 2011), differences be-
tween adhesives (Galán and Domínguez-Vilches, 1997; Maya-Manzano
et al., 2018), and also between pollen counters (Sikoparija et al., 2017;
Oteros et al., 2020). Despite these disadvantages, Hirst-type traps are cur-
rently the only base against which other devices can be compared in
terms of pollen and fungal spore counts.

Over the past few years, a number of devices capable of detecting pollen
and other bioaerosols in real-time have emerged, using a wide spectrum of
different approaches (Buters et al., 2022; Huffman et al., 2020). This in-
cludes the KH-3000 (Kawashima et al., 2017; Kawashima et al., 2007);
the family of Wideband Integrated Bioaerosol Spectrometer (WIBS) instru-
ments (Healy et al., 2014; O'Connor et al., 2014) with its latest model, the
WiBS-NEO/5 (Hughes et al., 2020); the BAA500 (Oteros et al., 2020;
Oteros et al., 2015; Plaza et al., 2022); the PA-300 (Crouzy et al., 2016)
and its successor, the Rapid E (Šaulienė et al., 2019; Tešendić et al.,
2020); the SwisensPoleno (Sauvageat et al., 2020; Sofiev et al., 2022) and
the Automated PollenSense (Jiang et al., 2022). Technologies and methods
are evolving rapidly and new instruments are continuously being devel-
oped.

To evaluate all currently available commercial instruments and re-
search prototypes, an international intercomparison was organised under
the auspices of the EUMETNET AutoPollen Programme and the ADOPT
COST Action (CA18226). The campaign provided a neutral, fair, and trans-
parent assessment of the performance of a large number of different instru-
ments since all measurements were carried out under the same
environmental conditions (meteorology, surrounding land use and
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vegetation) andwith all instruments run by a completely independent oper-
ator. The main aims were (1) to evaluate the performance of all available
bioaerosol monitors, particularly those with the capacity to identify pollen
and/or fungal spores in real-time; (2) to work together with instrument
manufacturers and researchers to provide feedback and encourage further
development; and (3) to build capacity and share experience across the
communityworking with and developing these real-timemonitors. In addi-
tion to the large range of automatic instruments, four manual Hirst-type
traps were run in parallel to provide a baseline against which to evaluate
the automatic devices. The campaign was considerably more extensive in
terms of the number of participating instruments compared to a campaign
carried out in Payerne, Switzerland, in 2019 (Tummon et al., 2021). More-
over, it also established a set of good practices to be considered in any fu-
ture evaluation of real-time bioaerosol monitoring devices (Clot et al.,
2020).

2. Material and methods

2.1. Campaign site

The EUMETNET AutoPollen-COST ADOPT campaign was held in Mu-
nich, southern Germany, from 3 March to 14 July 2021. The site is located
at 519 m above sea level in a region with a climate classified as continental
with warm summers (category Cfb; Kottek et al., 2006). All devices were
installed on the rooftop of the Biorepository building at the Helmholtz
Zentrum München, which is located to the north of the city (11.5956°E,
48.2208° N; Supplementary material, Fig. S1). The rooftop is 10.5 m
above the surrounding ground, a height shown to provide representative
sampling (Rojo et al., 2019a). To minimize possible disturbance by turbu-
lence, all monitors were placed at a distance of 4 m from each other and
3m away from the edge of the building. The height of the inlets was slightly
variable but mostly >1.8 m above the surface of the rooftop, including for
the Hirst traps. All data were formatted to CET time. A more complete de-
scription of the surrounding vegetation, the meteorology during the cam-
paign, and the manual Hirst observations is provided by Triviño et al.
(2023).

2.2. Campaign logistics and regulations

To ensure complete transparency, once all devices were installed the in-
strument providers had no access to their devices for the duration of the
campaign. The only exception was given for the PollenSense monitor (see
below), which required internet access to run the algorithm used to classify
pollen types. Monitoring was carried out centrally by an independent oper-
ator and any warnings were sent to instrument providers separately. When
access to a devicewas required, temporary remote access was provided and
any actions taken logged.

The manual pollen counts were carried out by two independent coun-
ters belonging to a group that had no link to any of the devices. Hirst data
were not released to any of the participants until they had submitted the
time series from the automatic instrument(s) to ensure a completely blind
production of datasets from all real-time devices.

Three instruments (a Plair Rapid-E, a SwisensPoleno Neptune, and a
Yamatronics KH-3000) were calibrated using polystyrene latex spheres at
the Swiss Federal Institute of Metrology METAS to assess counting effi-
ciency both before and after the main campaign (following the method ap-
plied in Lieberherr et al., 2021). These tests were carried out for a range of
particle sizes (1, 2, 5, 10, and 15 μm) to assess whether there was any drift
in time in terms of counting efficiency over the campaign. Results from
these analyses will be published in a companion paper.

2.3. Description of the instruments used in the campaign

The list of all participating instruments, their identification capabilities,
and some technical details are provided in Table 1 and in the following par-
agraphs (for further information see Buters et al. (2022)). Table S1 lists the
3

devices for which data were analysed. A few additional prototypes and par-
ticle detectors were also run during the campaign, however the results from
these instruments are not presented here.

2.3.1. Manual Hirst-type traps
Four Hirst-type volumetric traps (all Burkardmodels), calledA, B, C and

D, were installed and run following the European standard method
(EN16828:2020). The airflow for each was set to 10 L/min using hand-
held rotameters, but their flow was later mathematically corrected during
analysis using measurements from resistance-free flowmeters (further de-
scribed in Triviño et al., 2023, submitted). The average resistance-free
flowrate for the traps was 14.4 ± 0.3 L/min for A, 13.4 ± 0.3 L/min for
B, 13.2 ± 0.3 L/min for C, and 13.4 ± 0.3 L/min for D. Due to
malfunctions, data from trap A is only available from 24 March onwards
and from trap B from 31 March until the end of the campaign (14 July).
Traps C and D worked continuously from the beginning (3 March) until
the end. Four longitudinal scans were counted at 400×magnification, rep-
resenting 15.8 % of the total surface area of each slide. This follows the rec-
ommendations (at least 10 %) of the European standard EN 16868:2020.
Further details regarding the Hirst observations are provided by Triviño
et al. (2023). The pollen taxa that were counted and how the total pollen
was calculated are presented in Table S2 (Supplementary material).

2.3.2. Alphasense optical particle counter N3
The Alphasense Optical Particle Counter (OPC) N3 detects particles

with diameters ranging between 0.35 and 40 μm (spherical equivalent
size) based on a refractive index of 1.5. The raw data output is 24 different
particle size bins which record the number of particle counts detected in a
given sample time (generally 5 s) for each size bin. Using the sample time
period and flow rate (mL/s) provided, the raw bin counts were converted
into particle concentrations (particles/m3). Three Alphasense OPC-N3s
were run for the duration of the campaign, with the mean of all devices
for which data was available presented. For this campaign, the flow was
on average 5.2 L/min (range 1.5–7.5 L/min).

The sumof all concentrations of particles>10 μm in diameterwas taken
as a proxy for pollen in this study. This threshold thus likely also includes
some fungal spores and large dust particles. Since the sampled air is not
dried prior tomeasurement, these low-cost sensors have been shown to dis-
play a hygroscopic effect at high relative humidities, with the ratio of mea-
sured mass concentrations relative to reference instruments increasing
exponentially at relative humidities above ∼85 % (Crilley et al., 2018). A
correction factor can be applied using κ-Köhler theory with appropriate hu-
midity values, although it should be noted that no such correction was ap-
plied for this campaign. Instead, the data for episodes with precipitation>2
mm/h or for periods when relative humidity >70 % were set to zero.

2.3.3. Flir instantaneous bioaerosol analysis and Collection-2 (IBAC-2)
The Flir Instantaneous Bioaerosol Analysis and Collection-2 (IBAC-2) is

the latest iteration of instruments previously known as the FIDO B2. The
IBAC-2 uses light-induced fluorescence (LIF) to detect particles with diam-
eters between 0.7 and 10 μm. It has a sample flow rate of 4 L/min and a
time resolution of 1 s. It can potentially differentiate between biological
and non-biological particles using a 405 nm laser to excite fluorescence
(DeFreez, 2009; Flir IBAC-2, 2022). Should the emitted fluorescence (mea-
sured between 450 and 600 nm) exceed a pre-set threshold, a particle is
deemed to be biological. The device can thus potentially detect pollen frag-
ments, spores, bacteria and other biological aerosol particles in the range of
0.7–10 μm (DeFreez, 2009; Santarpia et al., 2013). It should be noted that
individual particle data are not provided. Rather, particles are divided
into four different groups based on both their size and fluorescence. Con-
centration values are thus available for the following categories: “small bi-
ological” (0.7–1.5 μm in size and fluorescent), “large biological” (1.5–10
μm in size and fluorescent), “small total” (all fluorescent and non-
fluorescent particles in the size range 0.7–1.5 μm) and “large total” (all par-
ticles between 1.5 and 10 μm) (DeFreez, 2009; Santarpia et al., 2013;
Jonsson and Kullander, 2014). In this study, the “large biological” category



Table 1
Data availability for each instrument over the duration the campaign (expressed in% of the total campaign time). Also the capabilities of each instrument are shown, accord-
ing to literature.

Device Data availability (%) Instrument Type Identification possibilities according to literature Initial cost

Hirst A 81.4 % Manual instrument Pollen taxa Low
Hirst B 72.6 % Manual instrument Pollen taxa Low
Hirst C 100.0 % Manual instrument Pollen taxa Low
Hirst D 100.0 % Manual instrument Pollen taxa Low
Alphasense1 99.9 % Design prototype Particle counts Low
ACPD TU Graz2 – Design prototype Pollen taxa Low
CNRS Sextant2 – Design prototype Pollen taxa Low
BAA500 99.1 % Commercially-available Pollen taxa, Alternaria spores High
DMT WIBS2 – Commercially-available Particle counts and fluorescent particles Moderate /High
IBAC-21 73.1 % Commercially-available Particle counts and fluorescent particles Low/Moderate
KH-3000 93.2 % Commercially-available Some pollen taxa Low
Poleno Jupiter 100.0 % Commercially-available Pollen taxa, Alternaria spores High
Poleno Mars 78.8 % Commercially-available Pollen taxa, Alternaria spores High
Poleno Neptune 100.0 % Commercially-available Pollen taxa, Alternaria spores High
PollenSense1 99.66 % Commercially-available Pollen taxa Low
Rapid-E 100.0 % Commercially-available Pollen taxa High

1 For devices that were installed after the start date for the campaign (3 March 2021), data availability is calculated from the date of installation.
2 ACPD TU Graz and CNRS Sextant did not cover a significant period of time within the campaign and were not included in further analysis. DMT WIBS decided not to

participate in further analysis.
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of particles was used as a proxy for pollen concentrations, with a similar
rainfall filter applied as for the AlphaSense OPC-N3 (values with precipita-
tion >2 mm/h were set to zero). It is important to note that as for all LIF-
based instruments, the potential for anthropogenic particles to fluoresce
in the same region as biological particles exists, and theymay thus interfere
with results (Santarpia et al., 2013).

The IBAC-2 was designed essentially as a bio-threat detection device
and thus an additional gravimetric filter sampler (secondary sampling sys-
tem) can be activated at a user-selected concentration threshold of fluores-
cent particles. These samples can later be analysed using off-line analytical
methods (Jonsson and Kullander, 2014; Santarpia et al., 2013). This capac-
ity was not used in this study.

2.3.4. Helmut Hund BAA500
The Helmut Hund BAA500 system uses automated optical microscopy

in combination with digital image acquisition and recognition to identify
pollen particles. The sampling unit is a virtual impactor and it samples a
total volume of 1120 L/min for one minute every 10 min (adjustable).
From this, 100 L/min is sampled with particles being deposited onto gel-
covered sample carriers. Sampling is carried out for a period of three
hours (adjustable to a minimum of 1 h) after which the carrier is shifted
to a heating station where the impacting gel is briefly liquefied. This re-
hydrates the pollen grains present in the sample. The sample is then
moved below a digital microscope for analysis. The microscope-camera
photographs around 144 different areas in the carrier (about 33 % of the
surface), and an image stack of each area is generated. Each image stack
is made up of 180 images at different positions along the z-axis and is
used to produce one ‘synthetic’ 2D imagewith increased depth offield. Sub-
sequently, a segmentation algorithm identifies relevant image objects that
are then analysed by a classification algorithm.

In this study, two different algorithms were applied. The original classi-
fication algorithm (BAA500-FIT) uses linear discriminant analysis based on
classical, feature-based techniques. Although this algorithm has shown reli-
able results (Oteros et al., 2020; Plaza et al., 2022), the classification fea-
tures have to be manually selected and adapted. A second, newer
algorithm based on a convolutional neural network (CNN) (BAA500-AI)
was developed and has to-date been tested on 20 pollen classes. Recently,
the identification of Alternaria spores has also been reported (González-
Alonso et al., 2022).

2.3.5. Plair rapid-E
The Plair Rapid-E cytometer samples air at a flowrate of 2.8 L/min. It

uses a 405 nm laser to produce a time-resolved scattering signal which is
measured by 24 detectors located at angles ranging from 45 to 135° from
4

the laser beam. In addition, a LIF UV laser at 337 nm induces fluorescence
that is measured across 32 channels from 350 to 800 nm. Eight sequential
acquisitions at 500 ns intervals are taken while fluorescence lifetime is re-
corded in four spectral bands at 2 ns resolution (Šaulienė et al., 2019).

Three classification algorithms were applied in this study. Two algo-
rithms developed by the BioSense Institute were based on all the above-
mentioned data: scattering image, fluorescence spectrum, and fluorescence
lifetime. Each input is processed with its own convolutional block, which
consists of batch normalisation, convolutional layers, and a ReLu activation
function. The data processing and network algorithm is described in detail
by Tešendić et al. (2020). Reference data for training classification models
were obtained from four different Rapid-E devices measuring in Novi Sad
(Serbia), Osijek (Croatia), San Michele all'Adige (Italy), and Munich
(Germany). i.e. measurements of known pollen of interest and for the
class other (operational measurements from periods when no pollen were
detected in the atmosphere). All training datasets were obtained using the
device's proprietary “smart pollenmode” that, among others,filters out par-
ticles <8 μm in optical diameter (Šikoparija, 2020). The first classification
model from BioSense Institute (Rapid-E BS) classified 16 pollen classes
(Alnus, Betula, Carpinus, Corylus, Fagus, Fraxinus, Plantago, Platanus,
Poaceae, Populus, Quercus, Salix, Taxaceae, Tilia, Ulmus, Urticaceae) and
class otherwhile the secondmodel (Rapid-EV88 BS) classified 9 pollen clas-
ses (Alnus, Betula, Carpinus, Corylus, Fraxinus, Pinus, Poaceae, Taxus, Urtica)
and other.

The third algorithm for the Plair Rapid-E was developed by Siauliai
Academy of Vilnius University and the Finnish Meteorological Institute
(FMI) and applied to the campaign by FMI (Rapid-E FMI). Prior to applica-
tion of the identification algorithm, all non-fluorescent particles (signal in-
tensity <1500 units) were filtered out. The Rapid-E FMI algorithm is based
on a combination of two CNN, one each for the scattering image and fluo-
rescence spectrum, although the architecture is identical for both types of
signals: three convolutional blocks and three fully-connected layers
(Šaulienė et al., 2019; Daunys et al., 2021). The lifetime signal was not
included in the algorithm architecture due to its noisy characteristics and
its negligible influence on recognition skill since very similar information
is provided by the time-resolved fluorescence spectra (Šaulienė et al.,
2019).

2.3.6. PollenSense automated particulate sensor
The PollenSense Automated Particle Sensor (APS) is an image-based au-

tomatic particle detector. Air is sucked in through an orifice at the bottom
of the device at a rate of 13.7 L/min and particles impact onto a tape coated
with adhesive that moves below the orifice at a rate of 68 mm/h. The cam-
era has a 350× magnification and takes pictures once every 80 s. Images
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are directly sent to the cloud where a classification algorithm analyses the
images and assigns each particle to a class with a given probability score.

The APS algorithm was previously trained with data from a number of
allergenic pollen species present in Europe (Alnus glutinosa, Artemisia
vulgaris, Betula spp., Corylus spp., Cupressus sempervirens, Poa pratensis, and
Urtica dioica). Two algorithms were used in this campaign (APS and APS
VT60), with both using a CNN-based architecture (company's proprietary)
(Jiang et al., 2022). The APS algorithm was trained using specimens col-
lected in North America. The APS VT60 algorithm is an updated iteration
of the APS algorithm, including training data collected from European pol-
len taxa.

2.3.7. Swisens Poleno
The Swisens Poleno instruments are real-time airflow cytometers that

integrate different methods for in-flight particle observations. They mea-
sure uninterrupted and are operated at a constant airflow rate of 40 L/
min. If a particle is detected, two holographic images (0.595 μm pixel reso-
lution) are taken by means of digital inline holography. Subsequently, a
fluorescence measurement is carried out with three different modulated
LED light sources (280 nm, 365 nm, 405 nm), which excite the particle
one after the other. The fluorescence spectrum and lifetime measurement
is carried out in five wavebands between 333 nm and 694 nm. In a final
step, the polarised side-scattering of the particle is measured for 10 ms.
The Swisens Poleno Neptune is exactly the same instrument as the Jupiter
device, except that it does not have the hardware for the fluorescence and
polarizationmeasurements. The Swisens PolenoMars is amore compact in-
strument with the same holographic imaging setup but with the measure-
ment located closer to the concentrated particle air nozzle. In principle,
this results in a narrower particle position distribution on the raw holo-
graphic images without affecting the reconstructed particle images. This
model is optimized for monitoring pollen, therefore the detection limit is
at a higher particle size than either the Poleno Jupiter or Neptune. Since
only pollen is relevant in this measurement campaign, the sensitivity of
the particle trigger was set for all Swisens Poleno devices so that small par-
ticles were not measured.

Three separate algorithmswere applied to the data from the Swisens in-
struments. The MeteoSwiss algorithm makes use of a two-step classifier, as
first developed by Sauvageat et al. (2020), and fully described by Crouzy
et al. (2022). In brief: the first step involves filtering out non-biological par-
ticles with physically-based criteria, i.e. particle area and solidity, which
are both required to fall within the range typical for pollen. Once the pollen
particles have been selected, a CNN is applied to classify particles into dif-
ferent taxa. A vision model, largely inspired by the VGG model
(Simonyan and Zisserman, 2015) is applied to both the holographic images
and features obtained, and then merged into a final, fully-connected layer.
The neural network provides a measure of the classification uncertainty in
addition to the class. The algorithm applied in this study does not make use
of thefluorescence or polarization featuresmeasured by the Swisens Poleno
Jupiter. From hereafter, the results from the different instrument variants
will be noted as follows, Pol-M for the Swisens Poleno Mars, Pol-N for the
Swisens Poleno Neptune, and Pol-J for the Swisens Poleno Jupiter. The ad-
dition MSw or FMI denotes that the classification algorithm was developed
by MeteoSwiss or the Finnish Meteorological Institute (FMI).

Two other classification algorithms were developed by the FMI. The
first closely followed the approach proposed by Sauvageat et al. (2020)
with the same CNN architecture. The training dataset was built upon pollen
samples of species common to Southern Finland. These samples were col-
lected and dried in different countries in 2019 and provided to FMI's
Swisens Poleno Jupiter in February 2021. Invalid events were filtered out
based on shape and size, eliminating outliers (the same nomenclature is
used, e.g. for the Swisens Poleno Mars, the shorthand of Pol M FMI-1 is
used). The second version of FMI's algorithm was developed using training
datasets from samples collected in Finland in 2021 and provided to FMI's
device in late November 2021 in relatively fresh condition. The training
procedure of this algorithm used a more sophisticated approach to filtering
invalid events, including UMAP dimension reduction and other statistical
5

techniques. Fluorescencemeasurementswere not used by FMI's recognition
algorithms in this campaign due to differences influorescent excitations be-
tween FMI's and the campaign's Swisens Poleno Jupiter devices. The same
nomenclature as for the MeteoSwiss algorihms is used, e.g. for the Swisens
PolenoMars, the shorthand of Pol M FMI-2 is used. Recently, the identifica-
tion of Alternaria spores has also been reported (Erbet al, n.d.).

2.3.8. Yamatronics KH-3000
The Yamatronics KH-3000 samples air at a rate of 4.1 L/min

(Kawashima et al., 2007). Air flows through an optical system where each
particle is hit by scattered light from a 780 nm semiconductor laser. Two
signals, forward- and sideward-scattered pulses, are measured and their
peak intensities recorded. Differences between the side and forward inten-
sities are a rough indicator of the particle shape and surface roughness
(Mishchenko et al., 2000). For this study, a fixed extraction window was
used to produce total pollen counts following Kawashima et al., 2017. Tem-
perature effects are removed by automatic control of the laser and while a
correction for avoiding any interference from snowfall episodes has been
developed, it was not used for this campaign. Instead, similar to some of
the other devices, data for periods when rainfall was >2 mm/h were set
to zero.

2.4. Statistical analysis

All systems were compared with the mean of all Hirst-type traps that
were working at a given time (n = 2–4, mostly 4, see Fig. 1). Hourly data
were averaged to 3-hourly or daily values, when at least two thirds of the
data (Tummon et al., 2022) were available for that period (i.e. two hours
for the 3-hourly data and 16 h for the daily values). The interval of 3 h
was selected so as to be able to compare all instruments, since the
BAA500 did not provide data at higher temporal resolution for this cam-
paign. For devices that had more than one algorithm (APS, BAA500,
Swisens Poleno, Rapid-E, etc.), each algorithm was treated independently
as if the results were from a different measurement system.

A different scaling factor (SF) for each system and each pollen taxon as
well as total pollen was applied, similarly to Tešendić et al. (2020). In brief,
the SF was used to compare automatic systems withmanual measurements
and is based on the ratio between 95th percentiles from the Hirst and from
each automatic system. This ratio was then multiplied by the total seasonal
pollen counts of each specific pollen type and for total pollen. The 95th per-
centile is a value in a given dataset that is greater than the remaining 95 %
of values, and its use limits the impact of outliers, which can considerably
affect mean values. For those systems where data was not available for
the entire campaign, the SF was calculated just for the period they were
run. SF = 1 indicates that the pollen concentration measured by the auto-
matic system matches that from the Hirst device exactly. Higher (lower)
SF means that the magnitudes given by the automatic systems are lower
(higher) than the Hirst.

Total pollen was calculated by summing the concentrations of all pollen
taxa counted, which was not necessarily the same for each system (see
Table S2).

For each pollen type and system, four statistics were calculated:

- The R2 (coefficient of determination) is the proportion of the variation
in the dependent variable (automatic devices) that can be predicted
from the independent variable (Hirst). The slope is a parameter consid-
ering the rate of change in concentrations from the automatic system
(y) over the change in concentration from the Hirst count (x).

- The Mean Absolute Error, MAE, is the mean absolute value of the indi-
vidual prediction errors between the value considered as “true”, which
here is assumed to be from theHirst (yi), and the “predicted” value from
the automatic system (yp). MAE has some advantages, such as that it is
robust against outliers, and is simple in concept.

- The Wilcoxon signed-rank test (since the data are non-parametric and
paired) was used to test if the data for automatic systems are statistically
significantly different from the Hirst measurements.



Fig. 1. Data availability for each participating instrument. The beginning of each bar shows the installation date of each device. The Poleno M. (Mars), Hirst A, and Hirst B
were replaced due to malfunctioning after an initial measurement period. The vertical red dashed lines show the start and end date of the official campaign (3 March-14 July
2021). Gaps are defined on an hourly basis.
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- The Spearman rank coefficient (r), provides an estimate of the correla-
tion between different systems. Because of similarities between some
systems, we may expect higher correlations between systems sharing
the same algorithms and between devices sharing the same principles,
but lower correlations with all others.

Finally, to assess the differences between algorithms applied to the same
device, the Friedman test (Friedman, 1940) was performed for those instru-
ments forwhich three ormore results were available (i.e. the Swisens Polenos
and the Rapid-E). When p < 0.05, a Dunn's post-hoc test (Dunn, 1964) was
used, correcting the p-value using the Bonferroni method. For the
PollenSense, BAA500, and Rapid-E (where n = 2), the Wilcoxon signed-
rank test was applied instead. Statistical differences in all cases were reported
when p-values were < 0.05. All data treatment and the analysis were per-
formed in R (R Core Team, 2021), with the packages Tidyverse (Wickham
et al., 2019), AeRobiology (Rojo et al., 2019b), openair (Carslaw and
Ropkins, 2012) and lubridate (Grolemund and Wickham, 2011).

2.5. Meteorological data

Meteorological data for Munich for the campaign were obtained from
the German National Meteorological Service (DWD), using the R package
rdwd (Boessenkool, 2021). Data from the München-City station, located
7.5 km away from the sampling site were acquired, with the following me-
teorological parameters: air pressure (hPa), air temperature (°C), rainfall
(mm), relative humidity (%), sunshine duration (hourly sum, in minutes),
wind direction (°) and wind speed (m/s).

2.6. Pollen taxa chosen for this study

In addition to total pollen, several individual pollen taxa were selected
for more in-depth analysis. The choice of taxa was a compromise between
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a) the importance of each pollen type in terms of allergenicity, b) the num-
ber of devices capable of distinguishing that particular pollen, c) technical
problems (e.g. the main pollen season for Alnus and Corylus was largely
missed since the Hirst data are available only from 3March 2021 onwards,
and second, some devices, such as the APS or Swisens Poleno Mars, did not
start functioning until lateMarch due to problemswith connectivity or with
some of their components), and d) the seasonal abundance as observed in
the Hirst data. Four pollen taxa were thus selected: Betula, Poaceae,
Fraxinus, and Quercus. Other pollen taxa, such as Alnus, Corylus, Pinus,
Taxaceae/Cupressaceae or Urticaceae, are not discussed further in this
paper but results can be visualized in the following online application:
autopollen-interactive.shinyapps.io/022_APP_AUTOPOLLEN. This application
also provides better detail for the discussed pollen taxa for each automatic
system in comparison to manual reference counts.

3. Results and discussion

3.1. General aspects regarding the campaign

Overall, the intercomparison campaign demonstrated that several auto-
matic monitoring systems perform well in comparison with the current
standard Hirst-type observations. They potentially even overcome some
of the issues related to the manual method such as differences between
counters (Sikoparija et al., 2017; Oteros et al., 2020), inaccurate sampling
volumes related to variability in airflow (Oteros et al., 2017; Triviño
et al., 2023, submitted), or increased uncertainty at low pollen concentra-
tions (Chappuis et al., 2020; Oteros et al., 2020; Adamov et al., 2021).
This campaign also highlighted various aspects about the standardisation
of practices for such instrument comparisons, for example, the importance
of good site selection, independent operators, and a completely blind com-
parison of all participating devices. Equally important are several issues re-
lated to the analysis, including assessing performance over the whole
measurement period to ensure any detection of pollen outside of the main

http://interactive.shinyapps.io
Image of Fig. 1
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pollen seasons and the fact that all algorithms should be compared, not just
different instruments. Further publications tackling specific aspects of the
campaign in more detail are in preparation.

One of the limitations of this study was that the Hirst counts were not
completely blinded, i.e. the technicians knew which part of the season they
were analysing and this potentially may have influenced the pollen counts
since human counters may smooth the start and end of the main pollen sea-
son (even if subconsciously) and peaks outside of the season ignored. In a
small number of cases we observed pollen peaks with several automatic de-
vices while the Hirst reported none, indicating that they may have been
missed in themanual counts. Thismayhave resulted either from the low sam-
pling of the Hirst traps or because of issues with the counting. Another possi-
ble error is related to the impaction efficiency of the Hirst-type traps, with
differences in flow rates that potentially have an influence on the efficiency
of particle impaction on to the adhesive depending on size or even ornamen-
tation (Razmovski et al., 1998). Finally, the use of Hirst-type pollen traps as
reference instruments, and the lack of reference measurements more gener-
ally (externally calibrated pollen concentrations) is also a limitation, although
one that is not possible to overcome at this time. Even so, a number of mea-
sures to minimize errors were taken, including, for example, that the pollen
counts were performed in the same laboratory, the flow for all traps was
corrected with resistance-free flowmeters (Oteros et al., 2017; Triviño et al.,
2023, submitted), and the clocks checked to ensure optimal performance
(Triviño et al., 2023, submitted), and the mean of 4 traps was used.

3.2. Data availability and device reliability

For the duration of the campaign most devices showed very good reli-
ability (Table 1, Fig. 1), with data availability ranging from 73.1 %
(IBAC-2) to 100 % of the time (Rapid-E, Poleno Jupiter, Poleno Neptune).
The high reliability reported here agrees with previous experience with de-
vices such as the BAA500 (Oteros et al., 2020) and the PAA-300, precursor
of the Rapid-E (Crouzy et al., 2016). The only gaps in data were due to
malfunctions of the device or parts of it (e.g. for the IBAC-2 and Poleno
Mars), failures resulting from electrical shortcuts outside the instrument
(BAA500, KH-3000), or provoked by overheating of the ventilation system
(BAA500). Some instruments, such as the Alphasense, the APS or the IBAC-
2, started measurements later because of logistical delays with transport,
set-up problems, or in the case of the APS, the need to be connected to
the internet to compute particle classifications. Although the Hirst devices
are considered robust and are expected to perform continuously outdoors
(Beggs et al., 2017), two of the four devices malfunctioned at the beginning
of the intercomparison. Hirst A was replaced early in the campaign due to
problemswith the clock (81.4%data available), while Hirst Bwas replaced
at a later date because of problems with the pump (72.6 % data available).
Hirst C and D worked continuously for the entire campaign.

3.3. Scaling factors

The scaling factors for each system and pollen type are presented in
Fig. 2. There is a large spread across devices for all pollen taxa, but the larg-
est differences of up to 20-fold were observed for Betula. The systems that
fall within the orange dashed vertical lines in Fig. 2 have scaling factors
that are within a factor of two of the Hirst average (i.e. the automatic sys-
tem has values 2 times higher or lower than the Hirst). This is considered
reasonable given the uncertainty of themanual counts. There are, however,
several instruments that have considerably higher or lower scaling factors,
with no discernible pattern across pollen taxa. The differences in scaling
factor depend on the pollen type, even between otherwise identical instru-
ments and classification algorithms. Overall, there is no single system that
appears to provide a result within a range of factor 2 for all parameters con-
sidered (individual pollen taxa and total pollen). The use of a scaling factor
for comparison between the automatic systems and the manual baseline
should ideally be avoided, even if this method has been used in previous
studies (Kawashima et al., 2017; Šaulienė et al., 2019; Tešendić et al.,
2020). Given the errors related to the manual counts, scaling against the
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Hirst may simply increase the error in the automatic system and does not
facilitate the comparison between automatic systems. Indeed it may even
mask their real capabilities. For example, if one system detected more pol-
len for one taxon than the Hirst (slope > 1) but we applied a SF, it would
reduce the slope of this system, reducing it to a value closer to 1. Rather,
more advanced methods (e.g. Lieberherr et al., 2021) should be applied
to accurately assess the number counts of automatic systems, even if these
have not yet been developed for pollen or other bioaerosol particles.

3.4. Total pollen

In general, largermean absolute error (MAE) values are observed for total
pollen compared to the individual taxa (Fig. 3). It is important to note that
most identification algorithms were developed to classify individual pollen
taxa and the total pollen shown here is the sum of all trained individual
taxa available, which varied from one system to the other (Table S2).
Obtaining good results for this category (if the system is able to distinguish
well between pollen and other particles) can thus simply be the result of in-
creasing the list of available taxa. This approach can thus only be considered
as a rough proxy for real total pollen. Results for the daily averages are con-
siderably better than for the 3-hourly values (Fig. 3 and Table S3). This is
to be expected, since the temporal averaging applied to obtain daily values re-
sults in less deviation between instruments, either automatic or manual
(Crouzy et al., 2016; Adamov et al., 2021). Nevertheless, for the 3-hourly
values, 9 out of the 18 systems have R2 values >0.5. For daily averages,
also 9 out of the 18 systems show R2 > 0.5, but with 3 of them with values
of R2> 0.75 (equating to excellent agreement with themanual observations).

The devices that provided only observations of total pollen (KH-3000,
Alphasense, IBAC-2) performed relatively poorly. It should be noted, how-
ever, that the latter two devices were not initially designed to provide pol-
len concentrations but rather particle counts or fluorescent particle counts.
Furthermore, these devices frequently showed false positives in periods
with no pollen. It is possible that this can be attributed to high humidity,
fog, or snow events during the months of March and April, even if correc-
tions (when rainfall >2 mm) for this issue were applied. Indeed, for the
KH-3000, meteorological conditions are quite important to effectively filter
out rainfall events. An alternative explanation for the higher particle counts
may be the construction work that was ongoing close by, which may have
resulted in localised dust events that potentially may have caused artificial
peaks and affected the instruments that measure coarse particulate matter
concentrations rather than total pollen (i.e. Alphasense). This phenomenon
has also been observed at other sites with other devices (e.g. Šikoparija,
2020). Finally, for the IBAC-2, it is important to mention that the data
from the size bin (>1.5 μm) provided is unlikely to be appropriate for just
pollen since it also almost certainly includes dust and other small
bioaerosols (bacteria, fungal spores, etc.).

3.5. Individual pollen taxa classification

Despite having multiple advantages compared to the Hirst-type traps,
the number of false positives identified by the automatic devices both out-
side and during the main pollen season needs to be reduced. This is partic-
ularly important for allergy sufferers, for whom it is important not to issue
false alarms. False negatives or more metrics about the systems have not
been included in this work, since it is beyond the scope of this article. To
fairly compare different algorithms, the same taxa should be included in
any confusion matrix used (Tummon et al., 2022), however, this was not
possible in this campaign (Table S2). Rather, Spearman's rank coefficient
(r) between systems for each pollen type is shown in Table S4. These results
indicate that the systems had the highest number of correlations >0.7 for
Betula (53.3 % of all possible cases), then for Quercus (47.5 %), Fraxinus
(39.7 %) and finally for Poaceae (24.2 %).

3.5.1. Betula
In terms of goodness-of-fit, most systems performed best for Betula

(Fig. 3), with several devices having R2 > 0.5 (equivalent to a correlation



Fig. 2. Scaling Factor (SF) for each system and different pollen taxa/total considered in this study. The black vertical dashed line indicates SF = 1 (no scaling), while the
orange vertical dashed lines show the limit between SF = 0.5 (the automatic system has values 2 times higher than the Hirst) and SF = 2 (the automatic system is two
times lower than the Hirst).
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coefficient of>0.7) andMAE< 20. Overall, the systems that performed best
were the BAA500 and Swisens Polenos, with only four systems not reaching
R2 values >0.5 at 3-hourly resolution (the three Rapid-E systems and the
APS). Similar performances for the identification of Betula have been re-
ported in the past for related systems (Oteros et al., 2015, 2020; Crouzy
et al., 2016; Tešendić et al., 2020). Some misclassification issues have
been reported by other authors for the Rapid-E systems for the family of
Betulaceae (Šaulienė et al., 2019), although in this study this issue was
only observed for the Rapid-E FMI algorithm, which showed a slightly
lower MAE value (69.06 vs. 70.48) and the same coefficient of determina-
tion for the combination Alnus+ Corylus + Betula than for Betula alone.

Fig. 4a shows the time series for Betula for each of the devices capable of
distinguishing these pollen taxa. The systems performedwell over themain
pollen season but some showed false positive classifications (assuming the
Hirst results are correct) outside of the main season. The Pol N MSw algo-
rithm shows a peak in Betula on 4 March when in fact Alnus, Corylus and
Cupressaceae/Taxaceae are present, the Rapid-E BS a peak on 13 March
when Cupressaceae/Taxaceae is present, the BAA500-AI on 25 May when
Quercus is abundant, the Pol M FMI 1 on 4 June when in fact Poaceae are
present, and the Rapid-E FMI on 12 July when Urticaceae are present. Rel-
atively simple methods (e.g Crouzy et al., 2022) exist that can be used to
Fig. 3. a. Statistical summary of the campaign. Scatter plot showing R2 (coefficient
considered. The automatic systems are compared to the manual Hirst-type observatio
better agreement with the Hirst), whilst MAE is a negatively-oriented score (lower va
Statistical summary of the campaign. Scatter plot showing R2 (coefficient of determinat
automatic systems are compared to the manual Hirst-type observations for daily avera
the Hirst), whilst MAE is a negatively-oriented score (lower values indicate better agree
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deal with the issue of the identification of false positives but were not ap-
plied in any of the algorithms except the Pol MSw algorithms. Future devel-
opment should take such methods into account and could result in
significantly improved performance in terms of incorrect classifications
outside of the main pollen season.

3.5.2. Fraxinus
The BAA500 algorithms, as well as some of the Swisens Poleno algo-

rithms, showed good scores for Fraxinus (R2 ≈ 0.75 and MAE < 6 for 3-
hourly values), although the scores were lower than for Betula. The
Rapid-E and APS did not perform as well, neither did the Poleno N FMI 1
and Pol J FMI 1 algorithms. The poorer performance is likely related to
false positive classifications outside of the main pollen season, with peaks
of>200 pollen grains/m3 observed for both the Pol J FMI and Pol N FMI al-
gorithms on 4, 11, and 24March as well as for the Rapid-E BS algorithm on
4 March. On these days, Alnus, Corylus and Cupressaceae/Taxaceae were
present rather than Fraxinus. Furthermore, after the main pollen season,
false Fraxinus positives appeared for the Pol M FMI 1 algorithm on 20
June when Pinus, Urticaceae and Poaceae were present, and for both
BAA500 algorithms on 5 June when Poaceae was present. The APS re-
ported high numbers of false positives on several days, with peaks >100
of determination) vs MAE (Mean Absolute Error) for all systems and pollen taxa
ns for 3-hourly averages. R2 is a positively-oriented score (higher values show a
lues indicate better agreement with the Hirst). Note the different x-axis scales. b.
ion) vs MAE (Mean Absolute Error) for all systems and pollen taxa considered. The
ges. R2 is a positively-oriented score (higher values show a better agreement with
ment with the Hirst). Note the different x-axis scales.
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Image of Fig. 3
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pollen grains/m3 on 10 and 21 May when instead Quercus and Pinus were
airborne, on 17 May when Fraxinus was possibly confused with Quercus,
and on 10 June when it was rather Poaceae and Urticaceae that were pres-
ent.

3.5.3. Poaceae
In terms of individual taxa, the lowest performance was seen for

Poaceae for which none of the systems reached a R2 > 0.75 for 3-hourly
data and only 6 for daily resolution. The best scores were achieved by
both BAA500 algorithms (AI and FIT) and for the three MeteoSwiss Poleno
algorithms (Pol JMSw, Pol NMSw and PolMMSw). A possible explanation
for these lower identification capabilities could be the higher variability in
size within the Poaceae family, with a sequence of different species
flowering over the pollen season (Frenguelli et al., 2010; Tormo et al.,
2011). Other explanations include possible confusion with mist or water
droplets, which has been observed previously, or as seen for the
PollenSense, the small size of its image library (Jiang et al., 2022). Many
of the systems showed days when Poaceae were confused with other pollen
types outside of the main pollen season. For example, on 22 and 27 April
(when Betula and Fraxinus were present) and 12 July (Urticaceae) for the
APS VT60 algorithm, or 31 March (Fraxinus and Cupressaceae/Taxaceae),
8 and 11 April (Fraxinus, Cupressaceae/Taxaceae and Betula), or 12 July
(Urticaceae) for the three MeteoSwiss Poleno algorithms. For the Pol M
FMI 2 and Pol N FMI 2 systems, issues were seen on 1 April (Fraxinus and
Fig. 4. Time series for systems that report individual pollen classifications. Data for a) Bet
of all Hirst devices working at each particular time (n=2–4) while the grey shading pro
the start and end date of the main pollen season (calculated using the 95 % method). N
pollen) and other systems can be visualized through the interactive graphs available at:

10
Cupressaceae/Taxaceae), 10 April (Fraxinus, Cupressaceae/Taxaceae and
Betula), 25 May (Pinus and Quercus), as well as on and 29 and 30 May
(Pinus). For the Rapid-E systems, false positives were detected on 28 April
by the Rapid-E V88 (Fraxinus) as well as on 4 May (Betula), and 25 May
(Pinus and Quercus), and finally the Rapid-E FMI system identified one
peak of over 1250 pollen grains/m3 on 12 July when in fact it was largely
Urticaceae that were present in the atmosphere. For the BAA500 systems,
both algorithms (FIT and AI) showed small peaks of 40–60 pollen grains/
m3 between 24 March and 26 April before the start of the main pollen sea-
son (presence of Cupressaceae/Taxaceae, Betula, Fraxinus and Quercus).

3.5.4. Quercus
The performance for identification of Quercus was similar to that for

Fraxinus, with the best results obtained by both BAA500 systems (FIT and
AI) algorithms and the Poleno algorithms (Pol J FMI 2 and Pol N FMI 2),
with a higher R2 for these two Poleno algorithms but lower error (MAE)
for the BAA500. The lowest scores were seen for the Rapid-E and
PollenSense systems. Nevertheless, all systems identified false events, par-
ticularly before the main pollen season. For example, for the APS algorithm
on 22 April (presence of Betula, Fraxinus and Cupressaceae/Taxaceae) and
12 June (Poaceae and Urticaceae) or for the APS VT60 on 30 March (pres-
ence of Fraxinus and Cupressaceae/Taxaceae), 5 April (Fraxinus), and 12
June (>200 pollen grains/m3, presence of Poaceae and Urticaceae). The
BAA500 had false peaks of around 40 pollen grains/m3 on 31 March – 1
ula, b) Fraxinus, c) Poaceae and d)Quercus. The black timeseries represents themean
vides the range across all Hirst-type traps. The vertical black dashed lines represent
ote the different y-axis scales. Further figures for other pollen taxa (including total
autopollen-interactive.shinyapps.io/022_APP_AUTOPOLLEN.

Image of Fig. 4
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April (Cupressaceae/Taxaceae and Fraxinus), 60 pollen grains/m3 on
10–11 April (Cupressaceae/Taxaceae, Fraxinus and Betula), and < 30 dur-
ing much of June (Poaceae, Urticaceae and Pinus). For all Swisens Poleno
systems, some peaks with concentrations around 20 pollen grains/m3

were also observed in June and a peak of >45 pollen grains/m3 on 6 July
(Urticaceae and Poaceae). Furthermore, prior to the season, issues were
also identified on 11 April (Cupressaceae/Taxaceae, Fraxinus and Betula).
Finally, the Rapid-E falsely identified Quercus over much of the period,
with two particularly large peaks for the Rapid-E BS occurring on 2 and
11 April (when Cupressaceae/Taxaceae, Fraxinus and Betulawere present).
3.6. Differences between algorithms applied to the same device

Table 2 shows the statistical differences calculated for each of the algo-
rithms applied to each of the instruments for the different pollen taxa pre-
sented in this study. Fig. 5 presents how the results for each system are
distributed in terms of R2 and MAE. As already mentioned, bigger differ-
ences between all systems were seen at the 3-hourly resolution than for
the daily averages.
3.6.1. PollenSense
For the PollenSense instrument, statistically significant differenceswere

seen between the APS and APS VT60 algorithms for Fraxinus, Poaceae, and
Quercus, while Betula and Total Pollen were not evaluated with the APS
VT60 algorithm. Both systems showed similar values regarding the quality
of results, although the APS algorithm performed slightly better (Fig. 3),
and further algorithm training for European taxa would help to improve
performance, particularly for Poaceae and Quercus.
3.6.2. BAA500
Statistically significant differences (p < 0.05) were found for all pollen

types between the BAA500-FIT and BAA500-AI algorithms, with the latter
algorithm performing better in all cases except for Quercus. These differ-
ences can be attributed to the different structure of the algorithms, the latter
being considerablymore complex, stable and less sensitive to small datasets
(Tharwat et al., 2017).
Table 2
3-hourly and daily statistical differences between systems. ns, *, ** and *** represent p-

Betula Fraxinus Po

3-hourly data Daily data 3-hourly data Daily data 3-h

System 1 System 2 n p.adj.
signif

n p.adj.
signif

n p.adj.
signif

n p.adj.
signif

n

APS APS VT60 – – – – 891 *** 111 *** 89
BAA500-AI BAA500-FIT 1035 *** 129 *** 1035 *** 129 *** 10
Pol J FMI 1 Pol J FMI 2 820 ns 101 ns 820 *** 101 *** –
Pol J FMI 1 Pol J MSw 820 *** 101 *** 820 *** 101 * –
Pol J FMI 2 Pol J MSw 820 *** 101 *** 820 *** 101 ns 82
Pol M FMI
1

Pol M FMI 2 820 * 101 ns 820 *** 101 *** –

Pol M FMI
1

Pol M MSw 820 *** 101 *** 820 *** 101 *** –

Pol M FMI
2

Pol M MSw 820 *** 101 *** 820 *** 101 *** 82

Pol N FMI
1

Pol N FMI 2 820 * 101 ns 820 *** 101 ** –

Pol N FMI
1

Pol N MSw 820 *** 101 *** 820 *** 101 ns –

Pol N FMI
2

Pol N MSw 820 *** 101 *** 820 *** 101 ** 82

Rapid-E BS Rapid-E FMI 1068 *** 134 *** 1068 *** 133 ** 10

Rapid-E BS
Rapid-E V88
BS

1068 *** 134 *** 1068 *** 133 *** 10

Rapid-E
FMI

Rapid-E V88
BS

1068 *** 134 *** 1068 ns 133 ns 10

11
3.6.3. Swisens Poleno
For the Swisens Poleno, most differences between the systems were ob-

served for Fraxinus (9 out of 9 cases for 3-hourly and 8 for daily values) and
the fewest for total pollen (5 out of 9 cases for 3-hourly values and none for
the daily averages). In comparison with the Hirst observations (Fig. 3), the
algorithms developed by MeteoSwiss ranked higher for Fraxinus and
Poaceae, whilst the FMI (in particular FMI 2) algorithms performed better
forQuercus. For Betula and total pollen, the algorithms performed similarly,
with the MeteoSwiss systems having lower R2 values but also lower MAE
for Betula, while the contrary was seen for total pollen. Overall, the second
version of the FMI algorithm (FMI-2) performed better than thefirst version
of the algorithm (FMI-1) trained using dry pollen and less sophisticated
data cleaning techniques.

3.6.4. Plair rapid-E
The Rapid-E algorithms from the BioSense Institute (Rapid-E BS and

Rapid-E V88 BS) were different from that of the FMI (Rapid-E-FMI) for
Betula, Poaceae, Quercus, and total pollen.For Fraxinus we only find differ-
ences for the Rapid-E BS compared to the FMI algorithm. The fluorescence
threshold used to filter the Betula data in the Rapid-E FMI algorithm is po-
tentially too low, allowing toomany events to pass through andmany of the
resulting concentrations being too high (i.e. the true signal beingflooded by
other particles). In contrast, having a training dataset collected from four
different devices for the BS algorithm may have resulted in an algorithm
trained to identify differences between devices rather than between pollen
taxa if the fluorescent signals are different for the same speciesmeasured by
different Rapid-E devices. The two algorithms from the Biosense Institute
were similar only for total pollen, but in comparisonwith the Hirst observa-
tions better results were obtained for the Rapid-E BS for Fraxinus and for
Rapid-E V88 BS for total pollen. For the FMI algorithm, pollen counts
were multiplied by a value of 2, which is an efficiency coefficient roughly
estimated from previous experience (Šaulienė et al., 2019).

4. Conclusions

An international intercomparison of automatic bioaerosol monitors was
organisedwithin the framework of the EUMETNETAutoPollen Programme
and the ADOPT COST Action. The campaign took place in Munich,
values of non-significant (> 0.05),≤ 0.05,≤ 0.01, and ≤ 0.001, respectively.

aceae Quercus Total Pollen

ourly data Daily data 3-hourly data Daily data 3-hourly data Daily data

p.adj.
signif

n p.adj.
signif

n p.adj.
signif

n p.adj.
signif

n p.adj.
signif

n p.adj.
signif

1 *** 111 *** 891 *** 111 *** – – – –
35 *** 129 *** 1035 *** 129 *** 1035 *** 129 ***

– – – 820 *** 101 ** 820 *** 101 ns
– – – 820 *** 101 ns 820 ns 101 ns

0 *** 101 ns 820 ns 101 ns 820 *** 101 ns
– – – 820 *** 101 ** 820 ns 101 ns

– – – 820 *** 101 ** 820 * 101 ns

0 *** 101 ns 820 ns 101 ns 820 ns 101 ns

– – – 820 *** 101 ** 820 *** 101 ns

– – – 820 *** 101 * 820 ns 101 ns

0 *** 101 ns 820 ns 101 ns 820 *** 101 ns

68 ns 134 ns 1068 *** 134 *** 1068 *** 134 ***

68 *** 134 *** – – – – 1068 ns 134 ns

68 *** 134 ns – – – – 1068 *** 134 ***



Fig. 5. 3-hourly scatter plots for systems that report individual pollen classifications. The best performing algorithm for each instrument and pollen taxa is shown for a) Betula,
b) Fraxinus, c) Poaceae and d) Quercus (the selection was based on a compromise of the best R2 and slope values). The dashed grey line represents a perfect fit with the Hirst
data (slope = 1). Further figures for other pollen taxa (including total pollen) and other systems can be visualized through the interactive graphs available at: autopollen-
interactive.shinyapps.io/022_APP_AUTOPOLLEN.
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Germany, from 3 March-14 July 2021 with 14 participating real-time in-
struments run in parallel with up to 4 manual Hirst-type traps. Data avail-
ability was in general higher than 99 % thus indicating good reliability of
the automatic devices. Comparisons with the reference observations (the
mean of 4 Hirst traps) in terms of a selection of individual pollen taxa as
well as total pollen showed that certain automatic systems (instrument
plus identification algorithm) are already well suited for continuous real-
time pollen monitoring. In general, results for daily averages agreed better
with the baseline ofmanual observations than for the 3-hourly observations
(likely because of the larger variability of the Hirst method at high time res-
olutions (Adamov et al., 2021)), with the same being true for individual
pollen taxa compared to total pollen. Of the four individual pollen taxa con-
sidered, the systems capable of distinguishing them provided the best re-
sults for Betula, Fraxinus, Quercus, and then for Poaceae, respectively.
Several systems showed periodswith false positives outside of themain pol-
len season. Furthermore, different algorithms applied to the same device
12
provided different results, indicating that the entire system (device+ algo-
rithm) is important for a good classification. Instruments that were only
able to identify total pollen had some issues with interferences, largely
due to meteorological conditions, dust events or possible inclusion of
other bioaerosols, and did not reach the same data quality levels.

Overall, the results show that several automatic systems delivered re-
sults in good agreement with manual Hirst-type observations, but other in-
struments are far from being operativewith the required accuracy. The new
systems have the potential to perform even better since they do not suffer
from many of the limitations of Hirst-type pollen traps, although there is
certainly room for improvement. One key issue in particular is the availabil-
ity of referencemeasurements. Until a calibration standard for airborne pol-
len is developed, the drawback of comparing automatic instruments with
the Hirst-type trap, which itself is subject to a number of errors, cannot be
circumvented. This again highlights the disadvantage of using a scaling fac-
tor to adjust the results of an automatic device to those of the Hirst-type

Image of Fig. 5
http://interactive.shinyapps.io
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trap: this adjusts an instrument to replicate the manual datawhichmight in
fact not be correct in terms of the real airborne number concentrations.

Our intercomparison evaluates the state of the art in pollen monitoring,
identifies specific strengths and possible improvements, encouraging further
development to ensure continuous progress for the community and users.
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