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Abstract We use 10 years of data from the Department of Energy (DoE) Atmospheric Radiation
Measurements (ARM) United States Southern Great Plains (SGP) site with nearby regional pollen and
fungal spore measurements to indirectly estimate the seasonal influence of these two primary biological
aerosol particles (PBAP). We estimate possible primary emissions of larger PBAP and PBAP rupture
events, which form submicron organic aerosol during precipitation or high relative humidity. High pollen
counts at two urban stations near SGP occur during late winter/early spring (day of year (DOY) 50-120)
and late summer (DOY 240-310). Around 4-19 days per year show possible pollen events (PPE) when
near-surface lidar observations of daily linear particle depolarization ratio >0.1 are coincident with high
organic aerosol fraction. For PPE days with rainfall, aerosol size distribution observations show enhanced
submicron particle concentrations consistent with pollen rupture events. For fungal spores, high fungal
spore counts occur during late spring/early summer (DOY 110-195) and late summer/autumn (DOY 220-
340). Based on size distribution observations, up to 7% of days have possible fungal spore rupture events
(PFE) with higher aerosol number count specifically over the range expected for fungal spore fragment
mobility diameter (20-50 nm). These short-lived PFE correlate with rainfall or occur after prolonged
exposure to rainfall (e.g., >10 h). While the SGP site lacks direct measurements of bioaerosol and large
particle sizes, this analysis suggests that PBAP primary emissions and rupture events could occur about
32 days per year, representing an important component of the aerosol budget during seasonal emissions.

Plain Language Summary Primary biological aerosol particles (PBAP) are emitted directly
from the Earth's surface and can include pollen, fungal spores, and bacteria. They can act as nuclei for
water droplets or ice crystals and are known to impact clouds and precipitation, and may influence both
the regional and the global climate and hydrological cycle. Because measurements of many PBAPs are
sparse, we use a suite of atmospheric data from the ambient aerosol and meteorological measurements
from the Department of Energy's Atmospheric Radiation Measurements at United States Southern Great
Plains site to indirectly identify possible emissions of pollen and fungal spores from the land surface.

We estimate that PBAP can contribute to the local aerosol burden, especially during their peak emission
periods.

1. Introduction

Primary biological aerosol particles (PBAP) are defined as solid airborne particles derived from biological
organisms. Atmospheric aerosols are typically in the size range of ~1 nm-100 pm (Hinds, 1999; Seinfeld &
Pandis, 2006), and PBAP have a typical size range of several nanometers to a few hundred micrometers (Cox
& Wathes, 1995; Hinds, 1999; Jaenicke, 2005; Pdschl, 2005). PBAP can include viruses (particle diameters of
~0.1 um), bacteria (~1 pm), fungal spores (~1-10 um), pollen (20-100 um), and other plant debris. PBAP
can have a significant impact on atmospheric processes (Andreae & Crutzen, 1997; Després et al., 2012;
Frohlich-Nowoisky et al., 2016; Jaenicke, 2005; Lawler et al., 2020; Sofiev et al., 2006), including influencing
clouds and precipitation by acting as nuclei for water droplets or ice crystals (Prenni et al., 2013; Schnell &
Vali, 1975; Steiner et al., 2015), and may influence both the regional and the global climate and hydrologi-
cal cycle (e.g., Andreae & Rosenfeld, 2008; Joung et al., 2017; Poschl et al., 2010; Wozniak & Steiner, 2017;
Zhang et al., 2014). Despite their possible importance, little is known about PBAP emissions as they are
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challenging to estimate from existing atmospheric observations. Here, we focus on using a suite of obser-
vational data to estimate emission events of two types of PBAP from the land surface: pollen and fungal
spores.

The life cycle of PBAP includes emission, transport, cloud processing, and eventual deposition (Figure 1).
Pollen is the reproductive units of plants and contains the mail gamete used for reproduction in higher
plants and grasses. The larger size of pollen (e.g., 20-100 um) leads to high settling velocities and shorter
atmospheric residence times, which drives a wide range in spatial and temporal variability. Pollen emissions
are largely dependent on the vegetation species and plant functional type, and emissions have a strong
seasonality depending on their flowering time (Wozniak & Steiner, 2017). Atmospheric concentrations of
pollen are largely driven by anemophilous plants (i.e., those with wind-driven pollination strategies; Jones
& Harrison, 2004; Lewis et al., 1983; Straka, 1975), with emissions and dispersion dependent on meteorolog-
ical (e.g., temperature, wind, humidity and precipitation, and friction velocity) and climatological (e.g., tem-
perature, soil moisture) conditions, as well as the physical characteristics of pollen such as shape, density,
and viability (Després et al., 2012; Helbig et al., 2004; Veriankaité et al., 2010). In addition, pollen emissions,
transport, and atmospheric concentrations are also influenced by changes in land use patterns, anthropo-
genic activities, urbanization, weather events, and overall climate change (IPCC, 2007; Sofiev et al., 2006;
Zhang et al., 2014; Ziska, 2016).

Surface temperature and humidity can influence pollen transport, with cooler and moister conditions lim-
iting transport (Jones & Harrison, 2004). High temperature promotes pollen grain dispersal by inducing
atmospheric instability (Kuparinen et al., 2009), and transfers them to higher altitudes while making them
available for pollen-cloud interactions by acting as cloud condensation nuclei (CCN) and ice nucleating
particles (INP) (Després et al., 2012; Diehl et al., 2001; Hader et al., 2014; Huffman et al., 2013; Pummer
et al., 2012; Steiner et al., 2015; Vali et al., 2015; Wozniak & Steiner, 2017; Wozniak et al., 2018; Wright
et al., 2008). Long-distance dispersal is possible via mechanical and thermal-induced updraft turbulent
eddies (Kuparinen, 2006; Mahura et al., 2007) and is important in terms of plant ecology and evolution of
plant species (IPCC, 2007; Kuparinen et al., 2009; Nathan et al., 2011; Tackenberg et al., 2003). Like other
aerosol particles, PBAP are eventually removed from the atmosphere via dry or wet deposition.

Fungal spores are smaller than pollen (1-10 pm), with size varying with biological activity at the Earth's sur-
face, age, meteorology, physico-chemical atmospheric processes (Després et al., 2007, 2012; Graham, 2003;
Poschl et al., 2010; Zhang et al., 2010). They are released from the terrestrial biosphere by changes in os-
motic pressure and surface tension (Ingold, 1999; Lacey, 1996; Pringle et al., 2005). Depending on the stage
of fungal spores during emissions (e.g., during the sexual, asexual, or both stages), spores contain specific
sugars such as arabitol, mannitol, and sterol-like ergosterol compounds (Bauer et al., 2008; Lau et al., 2006),
and hydrophobic compounds (Iannone et al., 2011). Prior studies have shown that fungal spores may ac-
count for ~10% of organic carbon and ~5% of PM;, at urban/suburban locations (Bauer, Kassper-Giebl,
Loflund, et al., 2002, Bauer, Kasper-Giebl, Zibuschka, 2002, Bauer et al., 2008) to ~45% of PM10 in pristine
tropical rainforests (Zhang et al., 2010), depending on the ambient conditions.

In addition to the primary emissions and transport, PBAP can undergo transformations in the atmosphere
that affect their size and number, and both pollen and fungal spores have been observed to rupture under
atmospheric conditions. Under high humidity, large sized pollen grains can rupture, forming small frag-
ments ranging from 30 nm to 5 um (Miguel et al., 2006; Taylor et al., 2004). While rainfall can reduce pollen
counts via wet deposition (Hughes et al., 2020), moist conditions can also induce pollen rupture processes
(Rathnayake et al., 2017). Rupturing of pollen grains can be induced by buildup of the osmotic pressure in
the grains (Taylor & Jonsson, 2004), and has been observed in the laboratory to occur under humid con-
ditions (Grote et al., 2001, 2003; Taylor et al., 2004). In the ambient atmosphere, pollen rupture has been
postulated to occur during thunderstorms, when vertical updrafts carry pollen grains to a cloud base where
the high humidity condition ruptures them (Hughes et al., 2020) and subsequent downdrafts resuspend the
respirable pollen fragments near the Earth's surface triggering acute allergic reactions (D'’Amato et al., 2016;
Taylor et al., 2002). Similarly, China et al. (2016) identified that osmotically induced fungal spores burst-
ing episodes could result in the sporadic nanoparticle appearance events in the Amazon during the rainy
season. This has also been observed at the United States Southern Great Plains site by Lawler et al. (2020).
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Figure 1. Schematic representation of the life cycle of primary biological aerosol particles (PBAP) (including pollen and fungal spores) in the atmosphere.

PBAP can act as CCN or as INP, thereby affecting clouds and precipitation. Fungal spores are a good candi-
date for CCN due to their smaller size, and the growth factor (GF) of fungal spores has been observed to be
~1.65 at 98% relative humidity (Lee et al., 2002), unlike pollen which show little or no growth in its geomet-
ric size. However, pollen can take up water up to three times their dry weight (Diehl et al., 2001), which is
an important characteristic for CCN. The large sized pollen grains can behave as CCN at lower supersatu-
rations, and even in very low concentrations these “giant CCN” quickly grow to large cloud droplet sizes
resulting to rain formation (Mohler et al., 2007; Pope, 2010). A more likely contributor to CCN from pollen
may be from ruptured grains. Depending on the amount of subpollen particles (SPP) generated from pollen
rupture, the effects of SPP on clouds and precipitation can vary dramatically. Using ensemble simulations of
the pollen rupture effect, Wozniak et al. (2018) found that low SPP generation rates (e.g., 10’ SPP per grain)
do not influence springtime precipitation. However, in the spring pollen season, if SPP were generated at
high rates (e.g., 10° SPP per grain), the subsequent droplet growth and precipitation would be limited by the
availability of water vapor, suppressing regional precipitation by up to 40%. Diehl et al. (2001) showed that
pollen is capable of taking up a significant amount of water via the capillary effect during humid conditions
and further found it to act as INP at relatively warmer temperatures (—12 to —18°C). Gute and Abbatt (2018)
found that that pollen carries water-extractable compounds with IN activity and that the in-cloud oxidation
may lower the IN ability of the pollens. And, at warmer temperatures, primary ice nucleation from biolog-
ical particles can lead to secondary ice formation similar to that of the Hallet-Mossop process (Szyrmer &
Zawadzki, 1997).

Despite their importance for both climate and health, little is known about the frequency and relevance
of PBAP in the atmosphere as compared to other natural and anthropogenic aerosols. However, there is
recent and growing interest in PBAP, including new monitoring techniques and the development of PBAP
emissions and transport modeling frameworks to help advance the knowledge of regional and global PBAP
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distributions (Després et al., 2012; Giesecke et al., 2010; Marceau et al., 2011; Spracklen & Heald, 2014;
Wozniak & Steiner, 2017; Zhang et al., 2014). To understand the likelihood of occurrence of PBAP events,
we utilize an existing data set with extensive aerosol measurements at the Department of Energy (DoE)
Atmospheric Radiation Measurements (ARM) United States Southern Great Plains (SGP) site. While prior
work has focused on natural and anthropogenic aerosols in the region, very little attention has been paid to
other types of biological aerosols and their effect on clouds and precipitation. This work estimates possible
pollen and fungal spore events from a suite of aerosol measurements at the ARM SGP site. We quantify the
possible pollen and fungal spore emission event days by using the ambient aerosol measurement database
along with the meteorological database from the DoE ARM measurements at SGP. This aims to provide an
essential input to studies related to the climatic impact of PBAPs, climate-related changes in the airborne
pollen and fungal spores, and human health.

2. Observations

2.1. ARM Measurements

Long-term (2011-2015) collocated measurements of aerosol physical, optical and chemical properties, and
meteorological measurements are used from the United States Department of Energy Southern Great Plains
(SGP) Atmospheric Radiation Measurement (ARM) site. Observations utilized from the Central facility
(Lamont, OK) and the ARM user facility data archive (www.arm.gov) include:

1. Aerosol Chemical Speciation Monitor (ACSM) for aerosol composition;

2. Raman Lidar (RL) for vertical profiles of the aerosol extinction coefficient and linear depolarization
ratio;

3. Merged particle size distributions (Marinescu et al., 2019)

4. Meteorological measurements including precipitation, and the temperature, humidity, wind, air temper-
ature, and pressure sensors (THWAPS) system.

ACSM is a thermal vaporization, electron impact ionization mass spectrometer measuring bulk chemical
composition. It provides data for nonrefractory submicron aerosol particles in real time at 30-min inter-
vals, which are daily averaged when required. The ACSM samples aerosols ranging from 40 nm to 1 um
(Budisulistiorini et al., 2013; Ng et al., 2011), and mass concentrations for several chemical species can be
derived from the ACSM data. We use mass concentrations of total organics, sulfate, nitrate, ammonium, and
chloride in the present study.

ARM deploys a Raman Lidar, which is an optical remote sensing system designed to detect the real-time ver-
tical distribution of clouds and atmospheric particles. We use the Raman Lidar vertical profiles (RLPROF)
aerosol extinction coefficient and linear depolarization ratio profile, sampled at an interval of 10 min, which
are averaged to the daily timescale in this analysis. Here, only data with a confidence score above 0.3 have
been used, following the estimated random and systematic uncertainty values (e.g., Thorsen & Fu, 2015;
Thorsen et al., 2015) provided in the same ARM data archive. One advantage to the depolarization ratio is
that it can detect asymmetric particles (Burton et al., 2012). Prior studies have used linear depolarization
ratios to estimate pollen emission events, where values >0.1 have been used an indicator of pollen (Noh
et al., 2013; Sassen, 2008; Sicard et al., 2016). Sicard et al. (2016) found that high pollen counts at an urban
site in Spain were well correlated with high volume and particle depolarization ratios, noting that values
of 0.08 and 0.14 (with hourly maxima of 0.18 and 0.33, respectively) indicated the existence of the pollen
plumes. It is possible that the depolarization could also be used to detect irregularly shaped fungal spores,
but this technique has not been shown to accurately detect events, and therefore we use it for primary pollen
emissions only.

Another existing measurement useful for the detection of possible biological particle events is the aerosol
size distribution. We utilize the merged data sets developed by Marinescu et al. (2019) for 2011-2013, and
specifically the merged product “CSA” which contains total aerosol number size distribution from a TSI
3010 condensation particle counter (CPC) along with the aerodynamic particle sizer (APS) and the scanning
mobility particle sizer (SMPS), part of the tandem differential mobility analyzer (TDMA) system. Together,
this data set covers the size range between ~7 nm and ~14 um with 222 bins. We note that many primary
biological particles, especially pollen and some fungal spores are too large to be captured in this data set.
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2.2. Ancillary Data Sets

Daily pollen and fungal spore count data from the National Allergy Bureau (NAB) network from the Amer-
ican Academy of Allergy Asthma and Immunology (AAAAI) are obtained from the closest available sta-
tions to the SGP ARM DoE site. Two sampling stations in Oklahoma City, OK (35.5°N, 97.5°E) and Tulsa,
OK (36.1°N, 96.0°E) are ~140 and 180 km to the south and southeast from the SGP DoE site, respectively.
Pollen counts are collected with a Burkard volumetric air sampler or a Rotorod rotation impaction sampler.
Data are reported as daily pollen/fungal spore concentrations (grains m ™), which is the number of grains/
spores per volume of the air sampled over 24 h. Pollen are grouped into 43 pollen categories with 38 specific
genera and families for trees, grasses, and other herbaceous plants and four composite categories (Other
Tree Pollen, Other Weed Pollen, Other Grass Pollen, and Unestimated Pollen). The total spore counts are
divided into 23 different types of fungal spore species. Here, we use the total pollen and total spore counts
to understand the likelihood of the PBAP events at SGP.

The Interagency Monitoring of Protected Visual Environments (IMPROVE) data are also used to under-
stand regional aerosol chemical composition (Hand et al., 2012). The network collects 24 h aerosol samples
every 3 days for gravimetric and composition analysis. IMPROVE fine dust/soil data from four sites near
the SGP for the period 2002-2016 were considered to be representative for regional scale dust events around
the SGP site. This mass of the fine dust aerosol is calculated assuming normal oxides of typically occurring
soil species (Dust = 2.20 X Al + 1.63 X Ca + 2.42 X Fe + 2.49 X Si + 1.94 x Ti), including aluminum (Al),
calcium (Ca), iron (Fe), silicon (Si), and titanium (Ti) (Hand et al., 2012; Malm et al., 1994). These data sets
are used to distinguish dust particles from our estimations of possible PBAP particles.

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite (Omar
et al., 2009; Winker et al., 2007) provides vertical aerosol and cloud data from June 2006. CALIPSO carries
the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument, which can measure the ver-
tical structure of the atmosphere at three channels, and its repeat cycle is 16 days (Winker et al., 2007). The
CALIOP aerosols or clouds classification feature have been validated in earlier studies (Bhoi et al., 2009;
Kim et al., 2008; Liu et al., 2009; Omar et al., 2009). CALIPSO classifies several aerosol subtypes, including:
(a) clean marine, (b) dust, (c) polluted continental, (d) clean continental, (e) polluted dust, (f) smoke, and
(N/A) not applicable/not identifiable aerosol types. N/A, clean continental, and polluted continental sub-
type have a possible chance of including PBAP aerosols. Here, in order to distinguish days with high soil
dust emission (Omar et al., 2009) CALIPSO, vertical profiles of aerosol subtypes, depolarization ratio, and
total aerosol extinction from 2011 to 2015 are used (https://asdc.larc.nasa.gov/project/ CALIPSO).

2.3. Methodology

The long-term aerosol and meteorological measurements at the SGP site are used to estimate possible PBAP
days having either pollen and/or fungal spore events. First, the measured AAAAI pollen/fungal spore
counts are evaluated during 2003-2010 (based on data availability) to define climatological time periods of
maximum pollen and fungal spore emissions. Although these pollen counts are not colocated with the ARM
data, they provide a climatology of peak PBAP emission periods, which can then be used with ARM aerosol
and meteorological data to estimate possible PBAP event days.

Second, we assess the suite of aerosol measurements for the possible classification of primary PBAP events.
These measurements include (a) ground-based lidar with depolarization to segregate days with near-surface
linear depolarization ratios >0.1, which have been used in prior studies to identify asymmetric biological
particles (e.g., Sicard et al., 2016) and (b) ACSM chemical composition to determine the dominant surface
aerosol composition during the days identified by the AAAAI data. In general, PBAP contains primarily
organics, whereas anthropogenic-influenced aerosol events will have significant fractions of inorganic spe-
cies such as sulfates and nitrates. Therefore, days having organics as one of the major constituents of the
aerosols were further segregated. Taken together, these days were designated as possible primary pollen
emission days. Due to the lack of sufficient information, the estimation of the primary fungal spores has
not been included here.

Third, the TDMA database was analyzed to determine possible PBAP rupture events. Using detailed chem-
ical composition data, Lawler et al. (2020) found that fungal spore rupture events could be estimated in
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the 20-50-nm size range. The compounds estimated during the suggested rupture events include C¢ sugar
alcohols and pyrolysis products of chitin, which is specifically found in the cell walls of fungi. They also
observed that these nanoparticle events are sometimes accompanied by depletion of larger (70-300 nm)
sized particles. In that study, only events with low aerosol sulfate mass fractions were considered to avoid
the influence of concomitant new particle formation. Lawler et al. (2020) noted that the fungal spore events
occurred over a brief period of time, sometimes appearing only for minutes. These events did not signifi-
cantly show particles of size range smaller than 15 nm, which would be likely in the case of new particle
formation and were therefore attributed to fungal spore rupture events. Previous studies have demonstrated
that the new particle formation events at SGP is characterized by increase in sub-15-nm particles (Chen
et al., 2018; Hodshire et al., 2016; Nieminen et al., 2018). The SGP fungal nanoparticles are consistent with
the suspected fungal nanoparticle bursts in the Amazon, which were also unaccompanied by larger parti-
cles (up to 500 nm) (China et al., 2016). A previous study by Wang et al. (2016) at the ARM site found that
airborne soil organic particles which are directly injected into the atmosphere by rain impaction have a
much larger characteristic size (about 0.5 pm). Also, in the case where rain impaction at the surface directly
injects fungal nanoparticles into the atmosphere, it is expected that there would be wide range of particle
sizes. Hence, the emissions considered during these types of events are thought to be dominantly driven
by fungal spore germination and/or chemically or osmotically induced bursting (Bartnicki-Garcia & Lip-
pman, 1972; Lawler et al., 2020; Wang et al., 2016).

We estimate possible fungal spore rupture events as days with (a) a peak of particles in the 20-50-nm size
range, (b) a depletion of larger (70-300 nm) and smaller (<15 nm) particles, (c) following rain events, and
(d) with an abundance of the organics from the ACSM observations. Similarly, pollen rupture events are
estimated as the days having higher particle number concentrations within 1 pm during possible pollen
event days and periods of rainfall.

3. Results and Discussion
3.1. AAAAI Pollen and Fungal Spore Counts

Because counts of pollen and fungal spores are not observed at most atmospheric observation sites, we use
the closest available AAAAI measured counts to the SGP ARM site. The long-term (2003-2010) averaged
daily total pollen count measured at two sites in Oklahoma City (OKC1 and OKC2) and Tulsa (TL1 and
TL2) indicate two distinct time periods with high total pollen counts, with the first occurring in the late
winter/early spring (DOY 50-120) and the second occurring in the late summer (DOY 240-310) (Figure 2).
OKC1 showed a large increase in the pollen count in one of the winters (2004), leading to higher pollen
counts in December and January at this site. The annual averaged pollen count is 165/126 grains m™> for
OKC1/OKC2 and 300/192 grains m™> for TL1/TL2 respectively. Over the time period of available data, the
maximum daily averaged total pollen counts during 2003-2010 ranges from 1,577 to 14,476, 1,083 to 4,769,
2,879 to 27,977, and 2,699 to 7,350 grains m~> at OKC1, OKC2, TL1, and TL2 sites, respectively, indicating
the strong day-to-day variability of the primary emissions. Prior analysis by Wozniak and Steiner (2017)
determined that the first peak in the spring is driven by Juniperus and deciduous trees, with the second
peak in the fall dominantly from Ambrosia (ragweed) (Howard & Levetin, 2014) and a late C, grass peak
(Wozniak & Steiner, 2017).

At the four sites (OK1/OK2/TL1/TL2), the highest seasonal averaged total pollen count is observed in
the spring (March-April-May, MAM) (295/255/826/514 grains m™> by site), with a dominant contribution
from Cupressaceae, Morus, and Quercus. During the winter (December-January-February; DJF), the aver-
age of the total pollen counts at OK1/OK2/TL1/TL2 sites is 175/65/123/58 grains m™> with the maximum
pollen count dominated by Cupressaceae, although we note that this may be influenced by long-distance
transport (Howard & Levetin, 2014). In fall (September-October-November; SON), the average maxi-
mum count is dominated by Ambrosia with the average total pollen count at OK1/OK2/TL1/TL2 sites of
144/105/186/135 grains m™>. Summer (June-July-August; JJA) pollen counts are relatively low, with to-
tal pollen of 36/33/49/41 grains m™> at OK1/OK2/TL1/TL2 sites and predominantly from grasses (Gram-
inacea/Poaceae). Overall, this temporal variation of pollen counts near the SGP site suggests that pollen
emissions have a potential impact on the interannual/seasonal variation of the columnar aerosol loading,
particularly in the spring when counts are the highest.
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(TL1 and TL2). Black solid line represents the multiyear (2003-2010) average, green dashed and dotted lines indicate +one standard deviation. Gray shaded
region indicates the two pollen emission time periods (day of year [DOY] 50-120 in the spring and DOY 240-310 in the fall).

Averaged (2003-2008) daily total fungal counts measured at two Tulsa sites display two distinct time pe-
riods with high total fungal spore counts, with the first occurring in the late spring/early summer (DOY
110-195) and the second occurring in the late summer/autumn (DOY 220-340) (Figure 3). The annual
averaged total fungal spore count is 6,515/6,022 spores m ™ for Tulsa sites 1 and 2, respectively. The highest
number of fungal fragments belongs to Cladosporium (3,374/3,073 grains m ™ in site TL1/TL2) followed by
undifferentiated Ascospores (2,222/1,359 grains m~ in site TL1/TL2) in both the sites. Other species like un-
differentiated Basidiospores (624 grains m™ in site 2), Stemphylium (430 grains m in site 1), Diatrypaceae
(268 grains m > in TL1), Smuts/Myxomycetes (180/280 grains m™ in site TL1/TL2), Penicillium/Aspergillus
(203 grains m™* in site TL2), and Alternaria (177/193 grains m™> in site TL1/TL2) also shows considerable
counts. Each fungal spore taxa shows a distinct seasonal behavior, e.g., Cladosporium spores highly influ-
ence both seasonal maxima whereas the undifferentiated Ascospores show just a single peak during first
phase of fungal spore events. In subsequent analysis, we consider only the total fungal spore counts yet note
that these seasonal differences might be useful for process-level emissions analysis.
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Figure 3. American Academy of Allergy Asthma and Immunology (AAAAI) total fungal spores counts for two Tulsa
City sites (TL1 upper; TL2 lower). Black solid line represents the multiyear (2003-2008) average, green dashed and
dotted lines indicate the +one standard deviation. Gray vertical lines in the second panel indicate the two fungal
spore emission time period (day of year [DOY] 110-195 in the late spring/early summer and DOY 220-340 in the late
summer/autumn).

3.2. Bulk Aerosol Properties
3.2.1. Lidar Vertical Profiles

The real-time vertical distribution of atmospheric aerosol particles is evaluated using aerosol extinction
coefficients from RLPROFs available from 2011 to 2015 at the SGP site. Aerosols are present predominantly
below 1.5 km, with higher values of the extinction coefficient near the surface (<0.5 km) indicating aerosol
emission sources at or close to the surface (Figure 4). The average annual aerosol optical depth (AOD) from
RLPROFs during 2011-2015 was 0.03 within 1.5 km, with significant variation in the interannual seasonal
aerosol loading. The highest climatological AOD was during winter (0.035 within 0.5 km and 0.052 from
0.5 to 1.5 km). This was followed by autumn/spring with values 0.023/0.022 below 0.5 km and 0.037/0.039
within 0.5-1.5 km and summer with values ~0.01 within 1.5 km. Overall, these low AOD values suggests
relatively low near-surface aerosol concentrations at the site. However, we see number of short-lived aerosol
events with AOD values much higher than that of the background mean. Frequently in all years during the
winter, the early spring and the autumn months, daily AOD values can exceed 0.3 (Figure 4). These higher
AOD events are likely associated with the local anthropogenic emissions such as agricultural, vehicular,
industrial, and the local burning activities, and the natural emissions such as dust, natural biomass burning
and PBAP, and augmented by the long-range transport of aerosols.
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Figure 4. Daily aerosol optical depth at Southern Great Plains (SGP) Atmospheric Radiation Measurements (ARM) site in the first 1.5 km (pink) and 0.5 km
(blue) from the Raman Lidar for 2011 to 2015 (al-a5). Contours represent the daily vertical profiles of the aerosol extinction coefficients for respective years
(b1-b5). Gray shading represents missing data.
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Aerosols above the atmospheric boundary layer (ABL) do occur episodically and are likely associated with
long-range and convective transport processes (Bourgeois et al., 2015; Lee et al., 2019). The variation in the
vertical loading of the aerosols indicates that aerosol loading over SGP can be influenced by the distant
sources apart from those on the ground. Based on HYSPLIT back trajectories, Parworth et al. (2015) re-
ported that the site was influenced by trajectories from both south and north during the spring transition,
depending on high-pressure and low-pressure systems.

We also examine the Lidar linear depolarization ratio, as this can estimate the presence of asymmetric
particles such as pollen, fungal spores, or dust. Higher depolarization ratios near the surface can provide
evidence for emissions of PBAP, and prior studies have noted that high depolarization ratios near the sur-
face and extending into the boundary layer over time can be a signature of pollen emission events (e.g.,
Sicard et al., 2016). We use near-surface depolarization values to estimate the possible pollen event days in
Section 4.1.

Comparing Figure 4 and Figure 5, there are many instances where a high near-surface extinction coefficient
is not coupled with higher near-surface depolarization ratios (e.g., spring 2011, winter 2014, and summer
2015), indicating the overall aerosol loading at a location is influenced by multiple sources. However, on
days when there is a high near-surface extinction from aerosols as well as a high near-surface depolarization
ratio, it suggests that PBAP may provide a substantial contribution to the overall aerosol extinction coeffi-
cient. Hence, the near-surface high aerosol optical depth and depolarization ratios can together represent
the existence of PBAP.

3.2.2. Distinguishing PBAP From Dust

Typically, high depolarization ratios are attributed to dust, yet they could also be driven by the presence of
PBAP. A wide range of dust depolarization ratios has been reported from prior short-term and long-term
experiments. Dust aerosols are classified by satellite-based algorithms (CALIPSO) with the volume depolar-
ization ratio >0.075 (Mielonen et al., 2009; Omar et al., 2009) and the linear particle depolarization ratio at
532 nm to be ~0.22 (He & Yi, 2015) to 0.25-0.35 from ground-based measurements from Barbados (Haarig
et al., 2016) and Morocco (Freudenthaler et al., 2009). Similarly, a laboratory-measured linear depolariza-
tion ratio ranged from 0.03 to 0.3 at 488 and 552-nm wavelengths (Jdrvinen et al., 2016). Daily mean par-
ticle depolarization ratios at 532 nm of the pollen layers have been identified to be 0.38 + 0.23 (Bohlmann
et al., 2019), with a volume depolarization ratio of 0.08-0.14 (Noh et al., 2013; Sicard et al., 2016) and 0.30
(Sassen, 2008) on days with high pollen counts. Overall, the available studies suggest that the depolarization
ratios of pollens are slightly higher than that of dust. However, it is difficult to clearly separate the two spe-
cies solely on the basis of depolarization ratios without additional experimental evidence.

Because, we do not have sufficient observations to separate the coexistence of dust and pollen, we estimate
the annual distribution of dust particles and exclude days with higher concentrations of dust. Dust compo-
sition is not included in the ACSM data; therefore, we use IMPROVE data from sites near the SGP available
during the period 2002-2016 as representative for regional scale dust events that may influence surface con-
centrations at the SGP site. The archived IMPROVE data from nearby stations Cherokee Nation (~290 km
away in the east direction with 9 years of data), Stillwell (~323 km away in the southeast direction with
7 years of data), Tallgrass (~240 km away in the north direction with 15 years of data), and Wichita Moun-
tains (~290 km away in the southwest direction with 15 years of data) show a consistent seasonal cycle
with the most prominent soil mass during summer and the highest concentrations during July (Figure 6).
This peak emission period of soil is coincident with the lowest emission period of PBAP (170-230 days
of the year). Very occasional dust peaks are observed during spring, and are the strongest at the Wichita
Mountains site (Figure 6). To avoid the influence of the high soil emissions during the pollen event days,
we consider the IMPROVE daily soil concentrations for each of the possible pollen event days (Section 4.1).

Another method to remove days with high soil dust emission is by using CALIPSO (Mielonen et al., 2009;
Omar et al., 2009) vertical profiles. CALIPSO data sets were coincident for 14 PPE days during 2011-2015.
Figure S1 shows two typical examples of CALIPSO profiles during PPE days. The first case on February
19, 2015 shows an example where the aerosols are unclassified (Omar et al., 2009), that is, a not applicable
(N/A) aerosol type throughout the column of the atmosphere. However, the depolarization ratio is high
from surface to 4 km, suggesting the presence of PBAP aerosols. The second case on April 09, 2013 shows
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Figure 5. Daily profiles of linear particle depolarization ratio measured at Southern Great Plains (SGP) Atmospheric Radiation Measurements (ARM) site
using Raman Lidar from 2011 to 2015 panels (a-e). Gray shading represents missing data.
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color contours.

an example of unidentified aerosol types (N/A) closer to the ground (<1 km), with dust estimated aloft
(>3 km), suggesting regional dust transport. However, the depolarization ratios near the surface are still
high when the aerosol type is categorized as N/A type. Because we cannot clearly infer that the lower al-
titude particles are from PBAP, days having a profile similar to the April 09, 2013 case have been excluded
from the total possible PPE count in Section 4.1.

3.2.3. ACSM Particle Composition Mass Concentration

Because meteorological conditions influence aerosol concentrations and emission processes, we evaluate
temperature, relatively humidity, rainfall, and winds at the site (Figure 7). Generally, rainfall peaks at the
site in the summer (3.2 = 0.3 mm h™') with a minimum in the spring (1.0 + 0.1 mm h™"), yet there is
substantial interannual variability during the data record. Year 2011 (annual average 0.3 + 0.02 mm h™")
and 2012 (annual average 0.2 + 0.02 mm h™") were relatively dry years compared to 2013 (annual average
2.5 + 0.2 mm h™"), 2014 (annual average 6.0 + 0.4 mm h™"), and 2015 (annual average 2.0 + 0.1 mm h™").
2012 was the driest year with very low annual hourly rainfall of 0.7 cm h™ yr™" compared to the wet years
with heavy rainfall, such as 2013 and 2014 with annual hourly rainfall of 8.68 and 21.50 cm h™" yr™’, respec-
tively. The site exhibits a continental climate, with average temperature highest in summer (26.7 £+ 0.35°C)
and lowest in winter (2.5 £ 0.31°C). The annual average relative humidity during 2011-2015 was
63.4 £ 0.37%, with seasonal variations reaching a maximum in winter (67.4 + 0.66%) and a minimum in
summer (58.4 + 0.79%). Variable wind directions (Figure 7b) and their back trajectories (Figure S2) indicate
that both nearby and distant possible aerosol sources and their precursors can be transferred to the SGP site.

ACSM measurements capture the submicron aerosol mass concentration at the SGP site from 2011 to 2015
(Figures 7 and 8). The total averaged particle mass concentration is 7.34 g m™, with the highest value
during summer (9.72 pig m™~) and minimum value during autumn (4.8 ug m™>). Total organics contribute
the highest fraction of the total mass concentrations, with the annual averaged mass concentration of total
organics of 4.01 ug m™ (~54.63% of the total particle mass concentration 7.34 ug m™>). This is followed by
nitrate (16.08%, 1.18 ug m™), sulfate (~20.16%, 1.48 ug m™), ammonium (~8.72%, 0.64 ug m™), and chlo-
ride (~0.41%, 0.03 ug m™>) (Figure 8). The mass concentration of SOﬁ" is highest (~25%, 2.46 ug m™°) in
summer and lowest (~13%, 1.0 ug m~>) in winter, with NO3 concentrations highest (~37%, 2.79 ug m™>) in
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Figure 7. Meteorological and aerosol composition data at Southern Great Plains (SGP) Atmospheric Radiation Measurements (ARM) site using Aerosol
Chemical Speciation Monitor (ACSM) from 2011 to 2015, including (a) Relative humidity (%) and temperature (°C), (b) Rainfall rate (mm h™") and wind
direction (°), and (c) The daily aerosol composition concentration (ug m ) for total organics (green), nitrate (blue), sulfate (red), ammonium (orange), and
chloride (purple). Dashed lines separate calendar years.

winter and lowest in summer (4%, 0.42 ug m ™). Previous ACSM studies by Zhang et al. (2007) and Parworth
et al. (2015) found the molar equivalent ratios of ammonium to anions (i.e., nitrate, sulfate, and chloride) to
be nearly one, suggesting the particles are neutralized.

The annual mass concentration of each component is highly variable and exhibits substantial interannual
variability, but it is possible to make some general conclusions about the seasonal cycle of aerosol compo-
sition. In a prior study analyzing aerosol composition at the SGP site from November 2010 to June 2012,
Parworth et al. (2015) found that emissions of biomass burning organic aerosols and the formation of am-
monium nitrate resulted in a high mass concentration of submicrometer during spring and winter months,
respectively, with oxygenated organic aerosol and sulfate dominating in the summer season. During the
2011-2015 period, high values of nitrates (daily maxima of 10-20 ug m™) typically occur in winter due to
lower PBL heights (Figure S3), lower temperature enhancement of the condensation of semivolatile species
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July-August (JJA)-summer, (d) September-October-November (SON)-autumn by mass (g m~*) and percentage. Colors represent aerosol composition for total
organics (green), nitrate (blue), sulfate (red), ammonium (orange), chloride (purple).

such as NH,NOs;, and local agricultural burning during winter and early spring (Lindley et al., 2019). The
mass concentration of Soi’ peaks in summer, likely due to the sulfur dioxide emission sources around SGP
as well as enhanced flow from urban areas to the southwest (Parworth et al., 2015).

To understand the influence of the various meteorological factors, we analyzed the aerosol composition
with respect to meteorological parameters (Figure S4). Temperature showed distinct seasonal character-
istics with higher NO3 and NH} during the colder months (DJF and MAM), with SO 4 and OC dominant
during warmer months (JJA and SON). The dependence of aerosol composition with respect to the relative
humidity was not present; however, the direction seems to play an important role in terms of aerosol load-
ing over the SGP site, especially for OC and SO;". NH; showed a slight increase in loading with wind from
the south in JJA and SON, and from the north during DJF and MAM. However, OC and SO%’ showed larger
loading from the south during JJA and SON. However, variable wind directions at the SGP site suggest
that other possible sources can also contribute to sulfate loading at the SGP site (Figures 7b and S4), and
Parworth et al. (2015) noted higher SO?{ when winds were from the southwest. Anthropogenic emission
sources are located southwest of the SGP site in southcentral Kansas and near Oklahoma City, and our
analysis also found wind trajectories coming from these locations especially during February and March.

We hypothesize that PBAP emissions during late winter/early spring/early summer and autumn can in-
fluence the total organic composition of aerosols, hence making the organic fraction an important metric
in estimating the PBAP events. In the aerosol compositional analysis, organic aerosols are high during late
winter and early spring periods and dominate in JJA during 2011-2015. From the distribution of organics
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with respect to wind direction (Figure S4), high magnitudes of organics are likely influenced by the winds
from SE to SW directions during summer. Summer organic aerosol in the region is likely dominated by sec-
ondary organic formation from anthropogenic and biogenic precursors and local fire sources. Along with
the existing studies (Melvin, 2018; NIFC, 2019; Parworth et al., 2015; Steiner et al., 2020), here, we have
explored the MODIS fire radiative powers data (MCD14DL, collection 6, Giglio et al., 2016) for the period
2011-2015 (Figure S5). Both the medium (30-80%) and high (80-100%) confidence FRP data show high val-
ues during the summer months. More than 1 million ha area at Oklahoma including its neighboring states,
Kansas, Texas, and Nebraska is highly affected by wildfire (Melvin, 2018; NIFC, 2019). Steiner et al. (2020)
noted three significant grassland wildfires namely, the Anderson Creek, Starbuck, and Perryton wildfires in
the Southern Great Plains during 2016-2017, and Donovan et al. (2017) found that the wild fire activity in
Great Plain regions has been increasing in the past three decades. These events drive strong seasonal and
interannual variability of aerosol loading over the SGP site when aided by the variation of the wind trajecto-
ries and other primary emission sources. Because our PBAP analysis focuses on the so-called “shoulder sea-
sons” (late winter/early spring and the late summer/early autumn), biomass burning is relatively low dur-
ing these time periods and we do not think that it would be the dominant contribution to organic aerosol.

3.2.4. Particle Size Distribution

In addition to composition, the particle size distribution can provide another indicator of possible PBAP
emissions, despite its limited range to particles in the 20 nm-14-um size range. The temporal distribution of
the aerosol number concentration obtained using merged size distribution data at the SGP DoE ARM site
during 2011-2013 (Marinescu et al., 2019) shows that most of the particles are smaller than 1 um (Figure 9).
Overall, 2013 was comparatively wetter than 2011 and 2012 (Figure 7), which may contribute to either great-
er biogenic source emissions from vegetation or more humid conditions that enable fine particle growth.
This is also supported by higher aerosol loading in 2013 in the ACSM measurements, with an enhancement
of the total organic particles during the high rainfall period (May-June; Figure 7c). Additionally, rainfall can
enhance PBAP rupture rates, and it is possible that some of the increase in organic material may be from
biological fragments from PBAP rupture or exposure to rainfall/high humidity conditions. In Section 4.2,
we utilize these particle size distribution measurements to segregate the days having the size ranges from
20 to 50 nm, which is considered as a step toward the estimation of the possible fungal spore/pollen grain
rupture event days.

From Figure 9, we have a comparatively low number of aerosols larger than 1 pm, with the corresponding
volume size distribution showing slightly different features (Figure S6). The small volume of the <1 um
aerosols contributes to lower volume concentration despite being larger in number, with larger particles
driving higher volume concentrations that are likely dominantly from PBAP or dust. Both 2012 and 2013
exhibits high volume concentrations during summer (150-220 DOY) and occasionally large volume con-
centrations during spring and fall (60-150 and 220-320 DOY). From the seasonal cycle of both PBAP (Fig-
ures 2 and 3) and dust concentrations (Figure 6), we infer that large values during summer can be related to
the high values of soil/dust (Figure 6) whereas the occasional peaks during spring and fall are more likely
related to the PBAP. Here, it is important to consider the large number of missing data points especially for
2011 and 2013; therefore, these data sets are not the exact or complete representation of the particle volume
distributions.

4. PBAP Event Detection
4.1. Pollen Event and Pollen Rupture Detection

To consider impacts of all the possible local and distant emissions sources and the prevalent meteorological
conditions, we combined several observations to estimate PPE days. The daily linear particle depolarization
is analyzed to estimate possible primary pollen emission events. The volume depolarization ratio for prima-
ry pollen emissions has been estimated to range from 0.08 to 0.14 (Noh et al., 2013; Sicard et al., 2016) to 0.30
(Sassen, 2008), and we first select possible depolarization signal values with a linear particle depolarization
ratio >0.1 near the surface where emissions could be detected.

Prior studies have shown that PBAP such as pollen consists of organic matter (Bozzetti et al., 2016; Després
et al., 2012; Sun & Ariya, 2006; Zhu et al., 2015), and we utilize ACSM data to provide information about the
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Figure 9. Time series of the aerosol number size distribution (dN/dInDp, in color shading) for 2011-2013 as a function of diameter (left axis) using merged
(CSA, CPC + SMPS + APS) data at Southern Great Plains (SGP) Atmospheric Radiation Measurements (ARM) site. White filled circles represent the total
integrated number concentrations (right axis) data set used in this study.

composition during high depolarization days. The organic concentration from ACSM is primarily used to
determine if there is a dominance of other aerosol species on that day, which would suggest advection to the
site of all aerosol sources, and could the influence of number concentration on the total aerosol loading for
that day. Also, ACSM sulfate data are used to exclude nucleation-sized particles and allow the detection of
fragments of PBAP aerosols. Generally, organics provide the highest fraction of particle composition mass
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Figure 10. Annual distribution of days estimated as the possible primary pollen emission event (bars) and
pollen rupture event (crosses) days by year of analysis. Colored bars and crosses show the averaged near-surface
(<500 m amsl) linear depolarization ratio for each possible event. Gray shading indicates the pollen event periods
estimated from nearby pollen count stations (Figure 2).

concentrations during pollination periods (48.76%, 3.45 ug m ™) followed by nitrate (24.78%, 1.74 ug m™),
sulfate (16.55%, 1.17 ug m ™), ammonium (9.51%, 0.67 ug m ), and chloride (0.40%, 0.03 ug m™>).

From the selected days with high depolarization ratios, we consider only those days with predominance
of total organics as possible pollen event (PPE) days (Figure 10). Most of the PPE days fall during the two
pollen event periods, which are late winter/early spring (DOY 50-120) and late summer (DOY 240-310).
Further the merged product has been used to estimate the days having higher volume concentration during
the pollen event period. As mentioned in Section 3.2.4, 2011 data sets are unavailable and there are very few
days (4 days in 2012 and 5 days in 2013) coincident with the PPE days. IMPROVE observations at four differ-
ent sites around SGP shows that the daily soil concentration during pollen event days was 0.32 ug m ™. Two
of the PPE days where the values of soil emission went above 1.0 pg m ™~ (March 16, 2015 with 1.15 ug m™>
and October 13, 2015 with 1.09516 g m™) have been excluded from the total possible pollen emission days
to exclude possible confounding effects of dust.

Based on these two criteria, we estimate about 4-19 days per year during the total study period 2011-2015
as PPE days, or equivalent to an average of 12 days per year. To estimate possible pollen rupture events, we
use the merged size distribution and the hourly rainfall measured in conjunction with the prior estimation
of PPE based on the depolarization ratio >0.1 and a dominant composition of organics. Using the available
data over the three-year period (2011-2013), we estimate a total of 2-6 days per year with possible pollen
rupture events.

Figure 11 shows a typical example of a day (DOY 81, March 22, 2013) estimated as a PPE day. The vertical
profiles with greater extinction near the surface suggest that the aerosol loading on this day was likely
related to near-surface emissions. Specifically, near-surface high extinction coefficients (within the first
0.25 km) during 06:00-16:00 h (UTC) are high (>0.5), and the height of maximum extinction slowly in-
creases in altitude at around 17:00 UTC, reaching the height of around 0.7 km at around 22:00 UTC (Fig-
ure 11a). The diurnal variation of linear particle depolarization ratio profile shows a similar pattern to the
aerosol extinction coefficient, with greater depolarization values (>0.1) close to the surface, which slowly
starts to increase with height after 17:00 UTC (Figure 11b). Vertical transport of the aerosols is likely driven
by surface heating, increasing near-surface temperatures and thus promoting aerosol dispersion via convec-
tion (Taylor & Jonsson, 2004; Wright et al., 2008).

For this possible event, we also evaluate the aerosol composition, following the hypothesis that the organic
aerosol fraction should be high during pollen emission events. The aerosol composition shows a dominance
of organic components (~48%, Figure 11c), with inorganic components contributing to rest of the total
mass (Nog—ll%, SO?{—32.5%, NHX—S%, ClI™—0.5%). We do not see the typical late morning peak and
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Figure 11. Selected possible pollen event (day of year [DOY] 81) in 2013. Diurnal distribution of (a) Aerosol extinction coefficient, (b) Linear depolarization
ratio, (c) Particle composition mass concentration from Aerosol Chemical Speciation Monitor (ACSM) measurements and (d) Rainfall rate from rain gauge
measurements at Southern Great Plains (SGP) Atmospheric Radiation Measurements (ARM) site for the event period.

afternoon decrease of the total organic particle mass concentration during this day like that of the earlier
reported pollen emission days (Jones & Harrison, 2004). Pollen can be highly influenced by the local me-
teorology, with the rainfall playing an important role in this rupture events (Figure 11d). The high rainfall
during 06:00-07:00 UTC lowers the aerosol loading (Figures 11a and 11b), with a reduction in the mass con-
centrations of the aerosol components. After this first rainfall event, the aerosol loading starts to accumulate
with minimal precipitation from 08:00 to 19:00 UTC. A secondary peak of the rainfall during 20:00-22:00
UTC coincides with the lowering of the aerosol components other than the total organics, which appears to
remove some of the particles, yet the continued high concentration of organics suggests the possibility for
pollen rupture and the formation of SPPs due to their prolonged exposure to the rainfall.

4.2. Fungal Spore Rupture Event Detection

Because there have not been methods to quantify the use of depolarization ratios for fungal spore emissions,
we do not have sufficient information to estimate primary fungal spore emission events as the pollen emis-
sion events (Section 4.1). Therefore, we focus on the estimation of possible fungal spore rupture events to
understand the frequency of this type of biological particle event as these have been estimated previously
at the site (Lawler et al., 2020).

To estimate possible fungal spore rupture events (PFE), we use the daily merged aerosol size distribution to
estimate days with higher aerosol concentrations in the 20-50-nm diameter range (Lawler et al., 2020) and
organic mass fraction >70% for 2011-2013 (see Section 2.3). While the aerosol size distribution has large
standard deviation from the mean, the days having the highest aerosol number concentration between 20
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Figure 12. Daily averaged (N = number of days) merged aerosol number size distribution as a function of diameter for fungal events (higher aerosol
concentrations in the 20-50-nm diameter range with organic mass fraction >70%; green) and nonfungal events (lower aerosol concentrations in the 20-50-nm
diameter range with organic mass fraction >70%; black) in (a) 2011 and (b) 2013; (c) daily averaged size distributions averaged over all Thermal Desorption
Chemical Ionization Mass Spectrometry (TDCIMS) negative ion mode collection periods in 2016 with total counted ions for chitin monomer (CsH;,NOs~) > 500
and estimated organic mass fraction >70% for sampled ~20-50-nm particles (green), and all other TDCIMS negative ion mode collection periods (black).

and 50 nm show a lower standard deviation compared to nonevent days (Figures 12a and 12b), suggesting
similar source material.

Ambient size distributions from a 2016 campaign with over 216 TDCIMS negative ion mode collection
periods are also analyzed. The Aitken mode aerosol composition was measured using Thermal Desorption
Chemical Ionization Mass Spectrometry (TDCIMS) at ARM SGP site during August-September 2016, as
described in Lawler et al. (2020). The collected mass was assessed using a scanning mobility particle sizer
(SMPS) downstream of the TDCIMS sampling filament (TSI 3025A with homemade blower/HV control).
Instrument sensitivity to sulfate was calibrated using ammonium sulfate aerosol generated by atomization.
Particle organic mass was estimated to be equal to the nonsulfate mass, and particle collections with low
sulfate fraction and high organic fraction are less likely to be strongly influenced by particles formed by
homogeneous new particle formation. In Figure 12c, the average particle size distribution when the total
counted ions for chitin monomer (CgH;,NOs™~) exceeded 500 and estimated organic mass fraction was great-
er than 70% is compared to the size distribution for the remaining TDCIMS negative ion mode collection
periods, effectively separating clear fungal nanoparticle signal from other time periods. From Figure 12c,
the characteristic fungal fragment aerosol size distribution defined using nanoparticle chemical composi-
tion shows a peak around 20-50 nm, which is consistent with the peak in aerosol size distribution during
the fungal spore rupture event days as estimated from earlier SGP data (Figures 12a and 12b).

Rainfall and humidity changes over time play an important role in fungal spore rupture events (China
et al., 2016; Lawler et al., 2020). As discussed in Section 3.1, fungal spores increase during and after rain
events, where rupture can occur with exposure to high humidity and rainfall for >10 h. It is kept in consid-
eration that PFE days have an abundance of total organics and it is difficult to measure the larger fungal
spores considering the lower limit of particle detection in aerosol compositional analysis instrument (Sec-
tion 2). Also, as discussed in Section 4.1, the available days of the particle counts beyond the particle size
range of 1 um is very small and possible primary fungal events within 1-10 um could not be detected.

Following the criteria for PFE events outlined in Section 3.2, we estimate up to 7% of the total number of
days of observations in 2011-2013 as PFE days (Figure 13), or about 15-24 days (average of 20 days) per year
depending on the conditions. Most of these days fall within the fungal peak period based on observations
(Figure 3).

We note that these PFEs are short-lived and last from a few minutes to a few hours. PFE events occur within
the rainfall time period or after a couple of hours of rainfall. We have selected three typical examples to re-
flect two main characteristics of fungal spore rupture events (Figure 14) duration of event and rainfall. The
first two events (November 19, 2013; Figure 14a and November 03, 2013; Figure 14b) illustrate the range of
the PFE time period, i.e., ~7 and 2 h, respectively. Both of these days exhibit high aerosol number concen-
trations and the diameter range that can estimate fungal spore rupture (20-50 nm; Figures 14e and 14f) and

SUBBA ET AL.

19 of 26



Ay
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2021JD034679

8000 paaad e e aa by a by b by v g s by Lo g by s by s Laiaag

+
Fungal spores

event period

6000 + 2011 B
] + 2012

+
2013 aF duan

r + L
4000 - ot o -

2000 _

Particle number concentration (1/cm3)
(Average from 20 to 50 nm)

0 LILINLINLI LI L LN L L LB N L LN N L L L L L L LI L B LI L

J F M A M J J A S (@] N D
Month

Figure 13. Annual distribution of days estimated as the possible fungal spore rupture event days. Colored crosses
show the averaged particle number concentration (within the diameter range 20-50 nm) in each year, and the gray
background indicates the fungal spore event periods from American Academy of Allergy Asthma and Immunology
(AAAATI) measurements (Figure 3).

both occur during rainfall events. In the third case (October 23, 2013; Figure 14c) the PFE occurred after a
prolonged period of exposure to rainfall for >10 h.

Aerosol number concentration counts during PFEs show higher values for the diameter range of 20-50 nm,
unlike non-PFEs time periods for the same day (Figures 14e-14g). These results are consistent with the
results obtained by Lawler et al. (2020) at SGP site. For contrast, we also show a non-PFE day that lacks par-
ticles number concentration peak in the diameter range from 20 to 50 nm alone (Figures 14d-14h). This day
has a low rainfall intensity, showing gradual decline of the particle number concentration as the diameter
range increases, with highest number concentration in the small diameter range (<20 nm). This shows an
event close to a typical “banana-shaped” pattern during new particle formation event (Kalivitis et al., 2019),
where there is a sudden burst and the particles show gradual growth unlike the previous examples during
PFE days.

5. Conclusions

We utilize the suite of extensive aerosol measurements at the SGP DoE ARM observation site to understand
the probability of occurrence of primary biological particle emission and rupture events, including both
emissions and rupture for pollen as well as fungal spore rupture events for the period 2011-2015.

The long-term (2003-2010) daily pollen and fungal spores count data are obtained from the AAAATI network
based closest available stations to that of the SGP ARM DoE site. For pollen, measurements at two sites in
Oklahoma City and Tulsa show two distinct time periods with high total pollen counts, i.e., late winter/early
spring (DOY 50-120) and late summer (DOY 240-310). For fungal spores, local counts at Tulsa suggest two
distinct time periods with high total fungal spores counts, that is, late spring/early summer (DOY 110-195)
and late summer/autumn (DOY 220-340). These measurements are used to estimate the likelihood of the
occurrence of possible PBAP event days found using the “total aerosol” properties and the meteorological
database. It is not possible to directly determine larger particle primary emissions (e.g., >1 um) from the
size distribution data due to instrument limitations; therefore, AAAAI data are generally used to classify
the primary emission periods. However, ancillary data from the SGP site including chemical composition,
the linear depolarization ratio, and smaller size particle distributions to estimate rupture events can provide
some indication of the possible for biological particle events.
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Figure 14. (a-d) The diurnal distribution of aerosol number size distribution (dN/dInDp, in color shading) as a function of diameter (left axis) for three
selected days with possible fungal spore rupture events (PFE; November 19, 2013, November 03, 2013, and October 23, 2013) and a non-PFE day (November 28,
2011). Yellow circles represent hourly rainfall (right axis). Vertical red dashed lines mark the possible fungal spore event (PFE) time period. Averaged aerosol
number size distribution for the respective days (e-h) with red and black lines representing the PFE and non-PFE time period of each day, respectively.
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Because most primary biological aerosol particles are larger than the particle sizes measured by the existing
in-situ instrument, we are unable to use particle size alone to estimate the primary emissions of pollen and
fungal spores. We estimate possible pollen emission events by (a) segregation of the days having near-sur-
face linear depolarization ratios >0.1 provided the PPE days, (b) dominant organics fraction as compared to
inorganic fractions, (c) size distribution data, and (d) diurnal patterns of size and altitude that are consistent
with surface emissions. Overall, 4-19 days per year were selected as PPE days, most of which fall during
the primary late winter/early spring pollination period. To estimate rupture events, daily merged aerosol
size distribution data are used to estimate days with high concentration of aerosols within the size range
<1 um that occur during or after prolonged exposure of rainfall. These days were estimated as the possible
pollen rupture event days which is generally known to be triggered by rainfall, while emitting the subpollen
particles into the atmosphere. We further estimate possible fungal spore rupture (PFE) which met criteria
similar to that of pollen ruptures, including (a) a peak of particles in the 20-50-nm size range, (b) a deple-
tion of larger (70-300 nm) and smaller (<15 nm) particles, (c) occurrence during or after rain events, and
(d) an abundance of total aerosol organics. Overall ~7% of the days are determined as PFE days.

We note that there are substantial uncertainties in the estimation of biological aerosol emission and rupture
events. Currently, most ground-based observations sites do not have adequate instrumentation to estimate
pollen and fungal spores, nor do we have sufficient information on their optical and chemical properties.
Growing interest in PBAP and its contribution to the atmospheric aerosol loading will require the imple-
mentation of other aerosol measurement techniques, including fluorescence, breakdown, and Raman spec-
troscopy; elastic scattering microscopy and holography; mass spectrometry; microfluid, paired aqueous, and
remote sensing techniques (Huffman et al., 2020). Future measurements including larger size distributions,
more detailed chemical composition as in Lawler et al. (2020) on longer time scales, and aerosol fluores-
cence measurements would be helpful to improve uncertainties on the frequency on these measurements.

Despite these limitations, here, we provide a first attempt to use long-term, existing suite of the combined
aerosol and meteorological measurements to provide an estimate of the frequency of possible occurrence
of biological aerosols. Overall, we estimate that PBAP primary emissions and rupture events occur about
32 days per year for a time period of few minutes to hours. This shows that these short-lived biological aero-
sols may have an important role in influencing the regional and global aerosol budget, and could be helpful
for estimating the budget of organic aerosols. While the uncertainty of estimating the biological particle
events is still high given the lack of measurements, this methodology serves as a proxy to quantify the days
having possible climatic influence and health hazards due to biological aerosols even in the absence of
their direct measurements. Future measurement campaigns with new instrumentation could constrain and
refine this estimate in the future.

Data Availability Statement

Other atmospheric observations were obtained from the Atmospheric radiation Measurement (ARM) User
facility, A U.S. Department of Energy (DOE) Office of Science user facility managed by the Biological and
Environmental Research Program, and data are available from their website (https://www.arm.gov/data/).
IMPROVE data are available from the Federal Land Manager Environmental Database (FED; http://views.
cira.colostate.edu/fed).
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