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Abstract. Due to low concentrations and chemical complexity, in-situ observations of bioaerosol are geographically and
temporally sparse, and this limits the accuracy of current emissions inventories. In this study, we apply a new methodology,
including corrections for misidentification of mineral dust, to measurements of single particles over four airborne sampling
campaigns to derive vertical profiles of bioaerosol over the continental United States. The new methodology is based on single
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particle mass spectrometry (SPMS), and it can extend historic datasets to include measurements of bioaerosol, allows for
comparison to other techniques, and generally agrees with a global aerosol model. In the locations sampled, bioaerosols were
at least a factor of 10 less abundant than mineral dust. Below 2 km, bioaerosol concentrations were measured between 6×103
m-3 and 2×104 m-3. Between 2 km and 8 km, bioaerosol concentrations were between 0 and 2×104 m-3, and Above 8 km,
bioaerosol concentrations were between 0 and 1×103 m-3. Between 30% and 80% of single bioaerosol particles detected were
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internally mixed with dust. A direct comparison of the SPMS methodology with a co-located WIBS fluorescence sensor on a
mountaintop site showed agreement to within a factor of 3 over the common size range.

1 Introduction
The effects of aerosols, clouds, and their mutual interactions on the climate system are more uncertain than those of greenhouse
gases (Boucher et al., 2013). Aerosols can influence Earth’s radiative budget both directly, by scattering and absorbing
30

incoming solar radiation, and indirectly, by nucleating clouds. Clouds can then scatter solar radiation and trap terrestrial heat
with a balance that depends on their specific properties (Boucher et al., 2013). Water droplets and ice crystals nucleate on preexisting particles termed cloud condensation nuclei (CCN) and ice nucleating particles (INPs), respectively. Bioaerosol can
1
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act as efficient CCN and, because certain bacteria have been shown to be efficient INPs in laboratory studies (Möhler et al.,
2008), it has been proposed that bioaerosol could play a significant role in atmospheric ice nucleation (Möhler et al., 2007).
Real time and in-situ measurements of atmospheric ice nuclei are scarce, which makes it difficult to directly observe and
quantify this effect (Cziczo et al., 2013, Ebert et al., 2011). Because of high activation temperature (> -15°C) of bioaerosol
5

(Möhler et al., 2008), it is expected to have the strongest influence on mixed-phase clouds, which form in this temperature
regime (Hoose et al., 2010). However, modeling studies suggest that this effect is most important locally, and it is difficult to
capture the variability of bioaerosol using emissions inventories based on sparse measurements (Hoose et al., 2010, Sesartic
et al., 2012) In order to evaluate the importance of bioaerosol, spatially, temporally and altitude-resolved measurements are
necessary, but so far lacking. Most available observations are from ground level and abundances above the planetary boundary
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layer are therefore poorly resolved. Observations made at high altitude research stations (Ebert et al., 2011) can extend above
the planetary boundary layer, but they have low spatial resolution.
Bioaerosol originates from a myriad of sources, including, but not limited to, microbes, fungal spores, pollen, and small
fragments of vegetation (Després et al., 2012). Prior to the development of portable field sensors, measurements of atmospheric
bioaerosol used off-line methods on collected aerosol, such as cultivation, fluorescent labelling, optical and electron
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microscopy (EM) and DNA amplification (Després et al., 2012, Burrows et al., 2009). These techniques yield estimates of
bacteria concentrations near-surface between 1×104 and 7×105 m-3, depending on the ecosystem (Burrows et al., 2009). Data
for fungal spore abundances place their concentrations between 40 and 1.3×104 m-3, depending on the ecosystem (Sesartic and
Dallafior, 2011). Recent flow cytometry measurements at a remote mountain site reported bacterial concentrations between
1×103 and 1×105 m-3, depending on the season, corresponding to, on average, 22% of all particles greater than 0.5 µm diameter
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(Bowers et al., 2012). Scanning electron microscopy and optical microscopy measurements, averaged over one year, found
6×105 m-3 bioaerosol in the remote atmosphere (20% of all particles greater than 0.4 µm diameter) (Matthias-Maser et al.,
2000) and 3×106 m-3 in a semi-rural location (24% of all particles greater than 0.4 µm diameter) (Jaenicke, 2005). In the marine
atmosphere, transmission electron microscopy measurements reported 1% of all particles greater than 0.2 µm diameter to be
bacteria (Jaenicke, 2005), coupled to accumulation mode aerosol measurements at a nearby location (Brechtel et al., 1998) this
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corresponds to an approximate concentration of ~1×106 m-3. These off-line studies generally target surface measurements of
bioaerosol, in part because faster sampling was needed to constrain abundances above the boundary layer (i.e., from an airborne
platform). Additionally, off-line methods can be susceptible to contamination during sample preparation (Salter et al., 2014).
In situ and real-time detection of bioaerosol is now possible with commercial monitors, such as Wideband Integrated
Bioaerosol Sensor (WIBS). These methods utilize fluorescence when excited with UV radiation which is common for, but not
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exclusive to, bioaerosol (Kaye et al., 2005). There are numerous examples of recent WIBS field deployments (Crawford et al.,
2016, Fernández-Rodríguez et al., 2018, Gosselin et al., 2016, Perring et al., 2015) and efforts to improve particle
characterization using clustering techniques (Savage and Huffman, 2018). Recently, WIBS was deployed on an aircraft in the
southeastern U.S. and reported between 1×104 and 3×105 m-3 (at standard conditions) fluorescent particles in vertical profiles
from surface level to the upper troposphere (5- 10% of total particles in the 0.6 – 5 µm diameter range) (Ziemba et al., 2016).
2
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A similar aircraft WIBS deployment derived vertical profiles of fluorescent particles over the U.S. Great Plains (Twohy et al.,
2016). Concentrations up to 1×103 m-3 (at ambient conditions) of fluorescent particles in the 0.8 – 12 µm diameter range were
found in the mid- to upper troposphere (Twohy et al., 2016).
In contrast to the only recently available fluorescence sensors, ground- and aircraft- deployable single-particle mass
5

spectrometers have existed since the mid-1990’s and have generated an extensive record of atmospheric aerosol composition
(Murphy, 2007). If bioaerosol can be accurately identified, these data offer an opportunity to extend our knowledge of
bioaerosol abundance and link historic measurements and modern instrumentation specifically designed for their detection.
Recently, bioaerosols have been detected in single particle mass spectra using the presence and relative magnitude of
phosphorous and organic ion peaks (Zawadowicz et al., 2017). Using this new method, we have derived vertical profiles from
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the boundary layer to the free troposphere from four airborne measurement campaigns. These datasets span the continental
United States and two seasons and compare favorably with a global aerosol model output. Additionally, our bioaerosol
detection technique was found to compare well with a co-located WIBS sensor during a 2015 mountaintop study.

2 Methods
2.1 Particle Analysis by Laser Mass Spectrometry (PALMS)
15

The PALMS instrument has been discussed in detail elsewhere (Cziczo et al., 2006, Thomson et al., 2000). Briefly, PALMS
uses an aerodynamic lens inlet to sample aerosols and impart them with a size-dependent velocity distribution (Zhang et al.,
2002, Zhang et al., 2004). Aerodynamic particle diameter is measured by timing the particle time of flight between two
continuous-wave laser beams (532 nm Nd:YAG in laboratory PALMS and 405 nm diode in flight PALMS). The particles are
ablated and ionized in one step by a 193 nm excimer laser. A unipolar reflectron time of flight mass spectrometer is then used
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to acquire mass spectra. Due to the laser fluence used for desorption and ionization (~109 W/cm2), PALMS spectra show both
atomic ions and ion clusters. This type of technique, generally called single particle mass spectrometry, is considered semiquantitative because the ion signal depends on the ionization potential of the substance and its abundance (Murphy, 2007).
Additionally, the ionization potentials can depend on the overall chemical composition of the particle (i.e., the particle matrix)
(Murphy, 2007). The lower particle size threshold for PALMS is set by the amount of detectable scattered light at ~200 nm
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and the upper size threshold is set by the aerodynamic lens at ~4 µm (Cziczo et al., 2006). The 193 nm excimer laser can ionize
all atmospherically-relevant particles within this size range with minimal detection biases (Murphy, 2007). Currently, there
are two versions of the PALMS instrument. Flight PALMS, which is more compact, is aircraft deployable (Thomson et al.,
2000), and it has been used to collect the field datasets analyzed in this study.
2.2 Wideband Integrated Bioaerosol Sensor (WIBS)

30

WIBS (Droplet Measurement Technologies, Boulder, CO) is a commercial sensor that measures the optical size and
fluorescence of individual particles which are used as a proxy for bioaerosol. Briefly, particles scatter light during transit of a
3
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635 nm laser beam, which triggers the sequential firing of xenon flash lamps filtered to emit at 280 nm and 370 nm. The
resulting emissions are imaged onto PMTs filtered to detect fluorescent light in two bands: 310 – 400 nm (the FL1 detector)
and 420 – 650 nm (the FL2 detector). For data collected in 2015 at Storm Peak Laboratory in Colorado, the WIBS was run at
an increased gain such that it was able to count, size and retrieve fluorescent information for particles between 0.4 and 10 um.
5

The counting efficiency in this size window was assessed by comparison with a co-located Laser Aerosol Spectrometer (LAS,
TSI Incorporated, Shoreview, MN) and the agreement between the two instruments was within 10%.
The excitation and emission wavelengths were chosen to target fluorescence expected from tryptophan, an amino acid and
NADH, a by-product of bacterial metabolism (Gabey et al., 2010, Kaye et al., 2000, Kaye et al., 2005). The FL1 detector
detects fluorescence resulting from the 280 nm excitation and is saturated by the 370 nm flash while the FL2 detector detects
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fluorescence resulting from both flashes. Thus, each fluorescent particle can have signal in any of three “channels”.
2.3 Field Data
Four flight data sets were used in this study (Figure 1). These included the New England Air Quality Study (NEAQS),
consisting of 17 research flights on WP-3D aircraft in the summer of 2004 (Peltier et al., 2007). The flights were concentrated
around New England and they were the lowest in altitude compared to the others used in this work. The 2012 Deep Convective
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Clouds and Chemistry (DC3) campaign was aimed at understanding the effect of convective storms on the upper troposphere
(Barth et al., 2015). PALMS was flown on the NASA DC-8 aircraft and the flights were concentrated around Colorado, Kansas
and Oklahoma. During the 2013 Studies of Emissions and Atmospheric Composition, Clouds and Climate Coupling by
Regional Surveys (SEAC4RS) field mission, PALMS was also deployed on the DC-8, and the flights included Western and
Central U.S. (Toon et al., 2016). The 2011 The Mid-latitude Airborne Cirrus Properties Experiment (MACPEX) campaign
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was based in Houston, TX and it was focused on cirrus cloud properties (Cziczo et al., 2013). PALMS was deployed on the
WB-57 aircraft. Flights focused on central U.S. and they reached higher altitudes than the other three campaigns used in this
work. Overall, 539,589 total particle spectra were analyzed: 232,545 for NEAQS, 6,335 for MACPEX, 127,835 for DC3 and
172,874 for SEAC4RS. The ground dataset used to compare WIBS and PALMS was acquired as a part of the Fifth Ice
Nucleation Workshop—phase 3 (FIN03). The flight PALMS instrument was used to sample ambient air at Storm Peak
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Laboratory, a high-altitude site atop Mt. Werner in Colorado (elevation: 3220 m M.S.L) in North-central Colorado during
September, 2015. WIBS was used to sample the ambient air using the same inlet.
2.4 Data Analysis
2.4.1 PALMS
The PALMS spectra considered for bioaerosol classification are negative-polarity only, as successful classification of

30

bioaerosol can only be performed in negative mode. Phosphate ions, PO3- and PO2-, are key features used in the classification
(Zawadowicz et al., 2017) and they are prominent only in negative PALMS spectra. Definitions and methods for classification
4
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of single particle spectra of bioaerosol and inorganic phosphorus-rich particles were described previously (Zawadowicz et al.,
2017). Briefly, a library of single particle phosphorus-rich PALMS spectra of known composition was constructed, including
biological, mineral and combustion aerosols. Those spectra were plotted in a CN-/CNO- vs. PO3-/PO2- space, according to
relative abundances of phosphate and organic nitrate ions. A two-dimensional boundary for a binary classifier was calculated
5

using support vector machines (SVM), a machine learning algorithm. This trained classifier can now be used on unknown data
which contains phosphate and organic nitrate ions. The uncertainties reported in this paper are a result of fitting the SVM
scores to a probability distribution using Platt scaling, as outlined in Zawadowicz et al. (2017). The result are probabilities of
correct classification for the field data. Classification probabilities lower than 80% are flagged as uncertain and reported as
error bars.
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Number concentrations and particle fractions were calculated by combining PALMS composition data with coincident size
distribution data from the LAS instrument or a similar optical particle spectrometer. The average fraction of particles identified
as bioaerosol, inorganic phosphate, and silicate particles were determined as a function of size at 3-5 minute sampling intervals.
PALMS and LAS data were identically binned according to particle size. Within each size bin, the average fraction of each
PALMS particle type was multiplied by the absolute number concentration measured by LAS to give number distributions for
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each type. These were integrated over size to yield absolute number concentrations of bioaerosol, inorganic phosphate, and
mineral/metallic particles. Particle type concentrations were divided by total particle concentration to give number fractions.
Results were binned according to sampling altitude for the aircraft studies or averaged of the entire measurement period for
the FIN03 ground study.
2.4.2 WIBS

20

We use the categorization scheme described in Perring et al. (2015), along with laboratory results of known bioaerosol
(Hernandez et al., 2016) to interpret fluorescent aerosol concentrations. Hernandez et al. (2016) report, for example, that
bacteria generally have signal in the FL1 detector following 280 nm excitation, denoted channel A in Perring et al. (2015), and
do not have signal in either of the other channels. Similarly, fungal spores all tend to have signal in channel A and sometimes
have signal detected by the FL2 detector following 280 nm excitation (channel B) and 370 nm excitation (channel C). Using
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the Perring et al. (2015) categorization this would be denoted as a mixture of types A, AB and ABC. Pollen tends to always
have signal in channel C and sometimes has signal in channels A and B; in other words, pollen appears as a mixture of types
C, BC and ABC. Type B particles (i.e. particles for which the only fluorescent signal is seen by FL2 following 280 nm
excitation) are very rarely found in tests of known bioaerosol and are, instead, frequently observed in ambient data during
periods of biomass burning influence. Thus, for the present study, we derive our implied bioaerosol concentrations from the
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WIBS as the sum of all observed particles of types A, AB, ABC, BC or C and we exclude particles exhibiting type B
fluorescence. Very few type AC particles are observed in the lab or in ambient data, however they are also excluded from
reported bioaerosol concentrations in this study.

5
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In typical applications, size is also used as an identifying factor to further reduce the likelihood of non-biological fluorescent
interferences. Non-biological interferences in the accumulation mode can affect derived bioaerosol concentrations
substantially even if only a small fraction of the accumulation mode number contributes. Therefore, submicron fluorescent
particles are often excluded from analysis. Here, in order to maximize the size range of overlap between the PALMS and the
5

WIBS, we have not excluded particles based on size though we note that there are known interferences in the accumulation
mode associated with various particle types including black and brown carbon and humic material (Savage et al., 2017, Pöhlker
et al., 2012). These are spectrally similar to known bioaerosol and likely contribute to our reported concentrations at the smaller
sizes.
2.5 Modeling
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The global aerosol microphysics model used in this study is the modal version of the Global Model of Aerosol Processes
(GLOMAP-mode) with incorporated fungal spore and bacteria emissions, as described previously (Heald and Spracklen, 2009,
Spracklen and Heald, 2014). Fungal spore emissions are driven by leaf area index (LAI) and water vapor concentrations (Heald
and Spracklen, 2009). Bacteria emissions are implemented following the ecosystem-dependent scheme of Hoose et al. (2010).
The model is driven by ECMWF meteorology and is run at a horizontal resolution of 2.8°×2.8° with 31 vertical levels between
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the surface and 10 hPa.These simulations are described in greater detail in (Spracklen and Heald, 2014). We note that while
the model is sampled for the location of the airborne measurements, the simulation is performed for the year 2000 and thus
not matched to the specific year of each campaign.

3 Results and Discussion
Flight tracks of the four campaigns analyzed in this study are shown in Figure 1. The datasets were filtered for particles
20

matching bioaerosol chemistry according a previously described method (Zawadowicz et al., 2017). Figure 2 shows a typical
bioaerosol spectrum and size distribution (Figure 2; panels A and B). Note that inorganic phosphorus-bearing aerosol (Figure
2; panels C and D) and bioaerosol have many of the same chemical features and overlapping size distributions and may have
been previously confused (Zawadowicz et al., 2017). Internal mixing, where silicate mineral (Figure 2; panel E) and bioaerosol
features coexist, may represent particles derived from fertile soils (Zawadowicz et al., 2017). Depending on the campaign and

25

season, 30% - 82% of all bioaerosols also had silicate features (Table 1). All three particle types shown in Figure 2 have similar
size distributions, and have to be discriminated on the basis of chemistry rather than size alone.
Vertical profiles of bioaerosol from four flight campaigns are shown in Figure 1. They are compared to previously measured
concentrations derived from literature (Bowers et al., 2012, Burrows et al., 2009, Twohy et al., 2016). The literature estimates
are approximate ranges due to sparse data above ground level and different measurement techniques used. Near the ground (<
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2 km), bioaerosol concentrations were measured between 6×103 m-3 and 2×104 m-3(at ambient conditions). At intermediate
altitudes (between 2 km and 8 km), bioaerosol concentrations were between 0 and 2×104 m-3 (at ambient conditions). At high
6
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altitudes, in the free troposphere, (between 8 km and 14 km) bioaerosol concentrations were between 0 and 1×103 m-3 (at
ambient conditions). Note that Figure 1 uses a log-scale x-axis to capture large ranges of observed and modeled concentrations,
but this obscures instances where PALMS-derived concentrations were 0 (i.e. no bioaerosols detected in this altitude bin), for
instance during the MACPEX campaign at 4 – 8 km. Those instances should be interpreted as being below the instrument
5

detection limit.
The vertical profiles derived here are also compared with the GLOMAP simulation described in Section 2.5 (Spracklen and
Heald, 2014) (Figure 1; panel A). Model results generally capture the decrease in bioaerosol concentrations with altitude,
except for the DC3 campaign, which targeted intense vertical motion (i.e., convective systems), and to a lesser extent the
SEAC4RS campaign. The model does not capture the influence of convective systems during these campaigns because it is
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driven by year 2000 meteorology. With the exception of convective features and concentrations below the detection limit in
MACPEX for intermediate altitudes, the model and observations tend to agree within an order of magnitude throughout the
profiles.
Concentrations of bioaerosols should always be interpreted noting the instrumental size range, ~0.3 – 4 µm for PALMS (Cziczo
et al., 2006). WIBS, in contrast, can report diameters between 0.5 µm and 16 µm (Gabey et al., 2010) and there is no technical
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upper limit for microscopy. Bioaerosol can be relatively large: for example, some pollen grains range from 10 µm to greater
than 100 µm in diameter (Emberlin, 2008), although the atmospheric lifetime of ~100 µm particles is short due to both
gravitational settling and wet-depositional processes (Seinfeld and Pandis, 2006). We compare PALMS and WIBS during the
FIN03 study over the 0.5 – 4 um diameter size range (Figure 3; panel A). Because fluorescence is not unique to bioaerosol and
is impacted by non-biological interferences (Hernandez et al., 2016), data from WIBS are interpreted in conjunction with size
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and shape information to minimize potential interferences (Hernandez et al., 2016, Perring et al., 2015), as described in the
Data Analysis section. We note that interferences are likely worse at smaller sizes, which is why some previous studies (Perring
et al., 2015) only consider super-micrometer fluorescent particle loadings. The percentages reported by the fluorescence sensor
are similar, on average 1.8 times higher, over the common instrument range. The average concentrations during FIN03 reported
by both instruments agree within a factor of 3 (Figure 3; panel B). Exact comparisons between those two instruments are
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complicated because concentration calculations are sensitive to instrumental size ranges. Additionally, the fluorescence sensor
reports optical particle size, while the mass spectrometer reports aerodynamic particle size. The overall bioaerosol abundance
reported by both instruments, <1% of total particles in the size range, is consistent with historic EM results (Pósfai et al., 2003).
Vertical profiles of bioaerosol derived in this study can be compared with profiles of particles with similar chemical features
and size distributions: inorganic phosphorus-bearing aerosol (see also Figure 2; panels C and D) and mineral/metallic aerosol.

30

The mineral/metallic category used here is consistent with previous studies (Cziczo et al., 2013). In our data, bioaerosols
comprise up to 0.08% of particles in the 0.3 – 4 µm diameter size range (Figure 4). By comparison, inorganic phosphorusbearing aerosol comprises up to 0.9% of particles, and mineral/metallic particles, comprise 0.6 – 10% of particles. Vertical
profiles of inorganic phosphorous-rich aerosol align with those of silicate mineral dust, which likely reflects similar surface
sources such as saltation or phosphorous-rich fertilizer use (Koppelaar and Weikard, 2013). It should be noted that inorganic
7
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phosphorus-bearing mineral dust abundances can be 2-10 times higher than bioaerosol, which illustrates the importance of
distinguishing between those chemical classes.
The PALMS technique applied here requires the presence of CN-, CNO-, PO2- and PO3- markers to classify a particle as
biological. It is calibrated against laboratory reference material containing bacteria, fungi and their spores and pollen fragments.
5

It is therefore sensitive to those microorganisms and their fragments, but it does not necessarily detect pure saccharides, such
as cellulose, or other pure biogenic components once their decomposed into their fundamental constituents. The definition of
“bioaerosol” used here and in Zawadowicz, et al (2017) encompasses microorganisms directly released into the atmosphere,
their fragments and reproductive dispersal units (e.g. pollen and spores). This technique also does not address speciation of
these bioaerosols. However, based on the sizes of biological material detected, observed mixing states, and comparison with
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WIBS during FIN03, the presence of both soil-derived bacteria and fungal spores is likely. Bacteria derived from soils can
range from submicron up to 5 µm in diameter, but the majority was found to be less than 1.2 µm (Portillo et al., 2013). Fungal
spores are bigger than soil bacteria, between 2 and 10 µm (Yamamoto et al., 2012) and can be common in forested areas (Zhu
et al., 2016). At FIN03, the majority of bioaerosols measured with WIBS were bacteria and fungal spores according to the
Perring et al. (2015) classification and only a small fraction were identified as pollen fragments (Figure 3). In the light of this,
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the comparison to GLOMAP-mode is also valid, as bacteria and fungal spores are both included.
Internal mixing of single particles detected with PALMS can reveal some information about particle sources. However, some
caution is warranted, as coagulation is also likely during long-range transport of aerosols. Many particles analyzed in this study
were internally mixed with dust components (Table 1 and Figure 2), which could indicate a soil origin. Prior studies have
shown that dust and microorganisms are often ejected into the atmosphere together, suggesting a similarity of sources (Hallar
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et al., 2011, Mazar et al., 2016, Tang et al., 2018). A smaller portion of detected bioaerosol particles also had sea salt markers
(Table 1). Those might indicate bioaerosols that have been lofted into the marine atmosphere, or transported over the ocean,
but it is not enough to suggest bioaerosols ejected from the ocean. Generally, concentrations of bioaerosols over the ocean are
lower than over the continents (Burrows et al., 2009) and in studies of marine bioaerosols that included genetic typing, a large
portion of bioaerosols detected over the ocean were terrestrial in origin (Seifried et al., 2015, Xia et al., 2015).

25

4 Conclusion
Single-particle mass spectrometry is a real time, in-situ technique that can be used for measurement of bioaerosol. By mining
historic data, this method can provide measurements with wider temporal and spatial coverage than previous culturing and
microscopy techniques (Burrows et al., 2009), and it is free of contamination that can critically impact laboratory-intensive
off-line identification techniques, such as DNA amplification (Salter et al., 2014). In this study, we compare mass spectrometry

30

measurements with WIBS, showing an agreement to within a factor of 3 in the common 0.5 – 4 µm size range. The
measurements also exhibit agreement with an aerosol microphysics model within a few factors in the upper troposphere and
within an order of magnitude under all conditions. The agreement between two different measurement techniques and a model
8
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is an important step in constraining global abundances of this poorly understood but possibly important source of atmospheric
aerosol. This offers the potential to use past data sets over different seasons, locations and altitude to build long-term trends in
bioaerosol to both constrain and compare to models. Overall, these studies found bioaerosol to be consistently present in the
upper troposphere, but an order of magnitude less abundant than mineral/metallic aerosol. These bioaerosol, despite their low
5

abundance, could be important for some atmospheric processes, such as the nucleation of ice at high temperatures (> -15°C),
where they are more likely than mineral dust to activate. As both dust and bioaerosol have been shown to nucleate ice in
laboratory (Atkinson et al., 2013, Möhler et al., 2008), this technique can be further applied to studies aimed at constraining
the importance of bioaerosol on cloud formation.
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%bioaerosol internally mixed
with dust

%bioaerosol internally mixed
with sea salt

DC3

58%

1%

SEAC4RS

27%

10%

NEAQS

28%

6%

MACPEX

82%

3%

FIN03

56%

3%

Campaign name

5

Table 1: Internal mixing of bioaerosol particles described in this study. Bioaerosol markers as defined in Zawadowicz et al.
(2017) can be co-located with silicate markers (Figure 2) or sea salt markers (Cl- and other NaCl-derived clusters) in the
same particle, indicating internal mixing.
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Figure 1: Flight tracks (A) and altitude-resolved concentrations of particles categorized as bioaerosol (B) during four aircraft
studies: MACPEX, NEAQS, DC3 and SEAC4RS. The PALMS size range is 0.3 – 2 µm for MACPEX and 0.3 – 4 µm for all
other campaigns. Note there was no MACPEX data for altitudes less than 2 km. The error bars on PALMS data correspond to
5

particle type assignment confidence estimated using laboratory data and SVM algorithm. Results are shown for the GLOMAP
model sampled at the measurement locations. Error bars on model results correspond to standard deviations in the model
estimates in each altitude bin. Concentrations for both model and PALMS measurements are reported in particles per ambient
m3. Typical literature values are estimated using Burrows, et al (2009) for surface values (< 1 km), Twohy, et al (2016) and
Bowers, et al (2012) for 2 km – 5 km and Twohy, et al (2016) for 5 km – 12 km.
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Figure 2. Representative spectra and size distributions of the three types of particles considered in this study: A. Representative
spectrum of bioaerosol (DC3 campaign). B. Size distribution of bioaerosol particles in DC3, SEAC4RS, NEAQS, MACPEX
and FIN03. The hatched pattern indicates the percentage of particles that also exhibited silicate mineral markers. C.
5

Representative spectrum of an inorganic phosphorous-rich particle (DC3 campaign). D. Size distributions of inorganic
phosphorous-rich particles in DC3, SEAC4RS, NEAQS, MACPEX and FIN03 campaigns. E. Representative spectrum of a
silicate mineral dust particle (DC3 campaign). F. Size distributions of mineral dust particles in DC3, SEAC4RS, NEAQS,
MACPEX and FIN03 campaigns.
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Figure 3. A. Bioaerosol abundances (as percent of all particles) detected by PALMS and WIBS, grouped into size bins. The
error bars on PALMS data correspond to particle type assignment confidence estimated using laboratory data and SVM
algorithm. The error bars on WIBS data represent standard deviations of the hourly average in each size bin. B. A comparison
5

of measured concentrations from FIN03 and aerosol model results. A lower cut-off size of 0.4 µm has been used to report
PALMS concentrations to match the WIBS size range.
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Figure 4. A. Vertical profiles expressed as particle number fractions for particles identified as bioaerosol, inorganic
phosphorus-bearing aerosol and mineral/metallic aerosol for the MACPEX (A), NEAQS (B), DC3 (C) and SEAC4RS (D)
campaigns. Note that the x-axis for the mineral/metallic profiles is x10 the x-axis for bioaerosol and inorganic phosphorus5

bearing aerosol. Patterned bars indicate particles with uncertain assignment, as determined using laboratory data and SVM
algorithm.
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