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Abstract. We studied the ice nucleation properties of 12 dif- Ascomycotawhich together make up 98 % of known fungal
ferent species of fungal spores chosen from three classespecies found on Earth. The data show that within both phyla
Agaricomycetes Ustilaginomycetes and Eurotiomycetes  (Ascomycoteand Basidiomycoty there is a wide range of
Agaricomycetesnclude many types of mushroom species freezing properties, and also that the variation within a phy-
and are widely distributed over the gloldstilaginomycetes lum is greater than the variation between the average freez-
are agricultural pathogens and have caused widespread darimg properties of the phyla. Using a global chemistry—climate
age to cropsEurotiomycetesre found on all types of de- transport model, we investigated whether ice nucleation on
caying material and include important human allergens. Wethe studied spores, followed by precipitation, can influence
focused on these classes because they are thought to be abuhe transport and global distributions of these spores in the
dant in the atmosphere and because there is very little inforatmosphere. Simulations suggest that inclusion of ice nu-
mation on the ice nucleation ability of these classes of sporesleation scavenging of these fungal spores in mixed-phase
in the literature. All of the fungal spores investigated con- clouds can decrease the annual mean concentrations of fun-
tained some fraction of spores that serve as ice nuclei at tengal spores in near-surface air over the oceans and polar re-
peratures warmer than homogeneous freezing. The cumulaions, and decrease annual mean concentrations in the upper
tive number of ice nuclei per spore was 0.001 at temperatroposphere.
tures between-19°C and—29°C, 0.01 between-25.5°C
and—31°C, and 0.1 between26°C and—31.5°C. On av-
erage, the order of ice nucleating ability for these spores is
Ustilaginomycetes Agaricomycetes EurotiomycetesThe 1 Introduction
freezing data also suggests that, at temperatures ranging from
—20°C to —25°C, all of the fungal spores studied here are Fungal spores, which are the reproductive structures in the
less efficient ice nuclei compared to Asian mineral dust onlifecycle of fungi, are abundant in the atmosphere (Després
a per surface area basis. We used our new freezing resulgd al., 2012; Madelin, 1994; Bauer et al., 2008). Average
together with data in the literature to compare the freezingfungal spore concentrations of 1 to 10%.have been re-
temperatures of spores from the phyasidiomycotaand  ported in the continental boundary layer (Elbert et al., 2007),
and peak concentrations of 20 to 35" have been observed
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previously (Oliveira et al., 2005; Ho et al., 2005; Goncalvesthe fungal spores investigated are listed in Table 1. We fo-
etal., 2010; Quintero et al., 2010; Khattab and Levetin, 2008;cused on these classes since they are thought to be abundant
Nayar and Jothish, 2013). These spores can be transported the atmosphere (discussed below). Table S1 in the Sup-
large distances and transported to high altitudes in the tropoplement lists previous field studies that have identified these
sphere (Hirstetal., 1967; Gregory, 1978; Bowers et al., 2009spores in the atmosphere. Recently, Pummer et al. (2013)
Amato et al., 2007; Ebner et al., 1989; Fulton, 1966; Kelly studied a few of the same species as were studied Agea
and Pady, 1953; Pady and Kelly, 1953; Pady and Kapicajcus bisporusandAspergillus nigey. Our studies are compli-
1955; Proctor and Parker, 1938), and even into the stratomentary to the studies by Pummer et al. (2013), since we
sphere (Smith et al., 2010; Imshenetsky et al., 1978; Griffin,measured the cumulative number of IN per spore as a func-
2004). tion of temperature, as well as the ice nucleation active sur-
Ice nucleation on fungal spores may be important becauséace site density as a function of temperature, while Pummer
this process could influence the frequency and properties oét al. (2013) reported the temperature at which 50 % of all of
ice and mixed-phase clouds in the atmosphere. On a globahe droplets froze using an average spore mass concentration
annual scale, ice nucleation on fungal spores may be less imsf about 20 mgmE?,
portant than ice nucleation on mineral dust (Hoose et al., Agaricomycetess a class of fungi that includes many
2010a; Sesartic et al., 2013), but ice nucleation on fungatypes of mushroom species, and is widely distributed over the
spores could still influence the frequency and properties ofglobe (Webster and Weber, 2007). This class incluftperi-
ice and mixed-phase clouds regionally and seasonally (Deeus bisporusthe common or button mushroom. Spores from
lort et al., 2010; DeMott and Prenni, 2010; Mdhler et al., this class have been found to be important components of the
2007; Morris et al., 2004; Morris et al., 2011; Pdschl et al., air-borne fungal spore population near the surface (Fréhlich-
2010; Sands et al., 1982; Phillips et al., 2009; Creamean eNowoisky et al., 2012; Mallo et al., 2011; Yamamoto et al.,
al., 2013; Spracklen and Heald, 2013). As examples, numer2012; Oliveira et al., 2009a, b; Magyar et al., 2009; Fréhlich-
ous field studies have illustrated that at certain times, locaNowoisky et al., 2009; De Antoni Zoppas et al., 2006; Her-
tions and conditions, a fraction of the total ice nuclei (IN) rero et al., 2006; Morales et al., 2006) and also at high al-
population may contain biological material (Pratt et al., 2009;titudes (Bowers et al., 2009; Amato et al., 2007). For ex-
Prenni et al., 2009; Garcia et al., 2012; Huffman et al., 2013;ample, over half of the fungal species identified from conti-
Tobo et al., 2013; Hader et al., 2013). Ice nucleation on fun-nental air by Frohlich-Nowoisky et al. (2012) were from the
gal spores may also be important because ice nucleation otlassAgaricomycetesThe few studies that have quantified
fungal spores, followed by precipitation, may be an impor- Agaricomycetespore concentrations at the genus level have
tant removal mechanism of these spores from the atmosphereported surface concentrations of roughly 4@o 1 L1
(Morris et al., 2013a). The main mechanism for the spread o{Magyar et al., 2009; Morales et al., 2006; Li, 2005).
fungi is by wind dissemination of spores (Webster and We- Ustilaginomycetespores have frequently been identified
ber, 2007), and accurate models to predict the spread of funfrom surface air samples (Mallo et al., 2011; Pyrri and
gal spores are needed. In the past, researchers have predictédpsanaki-Gotsi, 2007), and have been shown to make up
the spread of fungal spores using various models (Andrade @b a third of the total fungal spores in some regions (Her-
al., 2009; Aylor, 1986, 2003; Frohlich-Nowoisky et al., 2012; rero et al., 2006; Morales et al., 2006; Hasnain et al., 2005;
Isard et al., 2005; Kim and Beresford, 2008; Magarey et al.,Mitakakis and Guest, 2001). Boundary layer concentrations
2007; Pan et al., 2006; Pfender et al., 2006; Skelsey et alhave been measured to be roughly 0.05 to 6 (Nayar and
2008; Wang et al., 2010; Wilkinson et al., 2012), but ice nu- Jothish, 2013; Magyar et al., 2009; Khattab and Levetin,
cleation followed by precipitation was not included in these 2008; Pyrri and Kapsanaki-Gotsi, 2007; Morales et al., 2006;
models as a sink of the spores from the atmosphere. Hasnain et al., 2005; Wu et al., 2004; Troutt and Levetin,
Fungi can be designated into 35 different classes (Hib-2001; Sabariego et al., 2000; Calderon et al., 1995; Hirst,
bett et al., 2007). So far, the ice nucleation properties 0f1953; Gregory, 1952), and spores from this class have been
spores from the following classes have been investigatedidentified at high altitudes in the troposphere by Pady and
Dothideomycete€xobasidiomycete&urotiomycetesPuc- Kelly (1954). Ustilagomycyceteare agricultural pathogens
ciniomycetesandSordariomyceteéHaga et al., 2013; Mor-  that belong to the group of smut fungi, causing widespread
ris et al., 2013b; lannone et al., 2011; Jayaweera and Flanadamage to cereal crops (Webster and Weber, 2007). Hence,
gan, 1982; Pouleur et al., 1992; Pummer et al., 2013). Thereinderstanding the transport of these spores in the atmosphere
is some evidence that proteins are involved in ice nucleatior(which may involve ice nucleation) is of interest from an eco-
by fungal spores, at least for spores from the genus Fusariumomic perspective.
(Hasegawa et al., 1994). To add to the limited number of data Eurotiomycetesare found on all types of decaying ma-
on the ice nucleation properties of fungal spores, we studiederial, and are one of the most ubiquitous types of fungi
the ice nucleation properties of 12 different species of fungal(Webster and Weber, 200Burotiomycete$ave also been
spores chosen from three class&garicomycetedJstilagi- identified as important human allergens (see, for example,
nomycetesand EurotiomycetesThe species and classes of Horner et al. (1995), and references therein). The specific
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Table 1. Description of the fungal spores investigated in the current study.

Class Species Spore stAgm)  Spore typ@ Spores/Drop
Median QFf Q3°
Agaricomycetes Agaricus bisporus 8(£2) x 7(£2) Basidiospore 3 2 5
Amanita muscaria 10(+£2) x 7(+2) Basidiospore 28 8 65
Boletus zelleri 13(+2) x 6(+2) Basidiospore 4 2 8
Lepista nuda 8(£2) x 5(£2) Basidiospore 6 3 14
Trichaptum abietinum 7(£2) x 4(£2) Basidiospore 15 7 57
Ustilaginomycetes  Ustilago nuda 7(£2) x 6(£2) Teliospore 9 5 18
Ustilago nigra 9(£2) x 7(£2) Teliospore 4 2 8
Ustilago avenae 8(£2) x 6(£2) Teliospore 15 7 31
Eurotiomycetes Aspergillus brasiliensis 4(+1) Conidiospore 1 0 2
Aspergillus niger 4(£1) Conidiospore 2 1 5
Penicillium sp.d 4(+1) x 3(£1) Conidiospore 15 7 29
Penicillium brevicompactum 4(+1) x 3(£1) Conidiospore 6 4 9

2 The uncertainties in the size measurements correspond to the resolution limit of the Olympus 1X70 and Zeiss Axiolab A microscopes. The 20
objective was used for thiegaricomyceteand theUstilaginomycetespores, with an uncertainty of approximately 2 um, anc380 x and 50x
objectives were used for theurotiomycetesresulting in uncertainties of approximately 1 pm.

b Definitions for the spore types shown in Table 1:

— Basidiospore: a sexually reproductive spore produced by fungi of the ptB&sidiomycotatypically they are unicellular. Most basidiospores
are ballistospores, which are violently dispersed from the apex of the basidium.

— Teliospore: produced by smut and rust fungi near the end of the growing season; consist of two cells with heavily thickened and darkly
pigmented walls. Teliospores overwinter.

— Conidiospore: an asexually produced fungal spore for aerial dispersal, formed on the surface of modified hyphae called conidiophores.

¢ Q1. first quartile; 25 % of the data were less than or equal to this value. Q3: third quartile; 75 % of the data were less than or equal to this value.
d“sp” indicates an unidentified species.

types of spores from the claBsirotiomycetethat were stud- cotain remote marine regions compared to continental re-
ied here are from th&enicillium and Aspergillusgenera.  gions (Fréhlich-Nowoisky et al., 2012). One possible expla-
These spores are frequently present in surface air (Pyrri andation for this was thaBasidiomycotapores are more effi-
Kapsanaki-Gotsi, 2012; Pyrri and Kapsanaki-Gotsi, 2007;cient ice nuclei compared #scomycotapores, resulting in
Goncalves et al., 2010; Mallo et al., 2011; Shelton et al.,Basidiomycotaspores being more efficiently removed from
2002; Frohlich-Nowoisky et al., 2009), and they often rep- the atmosphere by precipitation from ice and mixed-phase
resent a large fraction of identified spores (up to 35 %), withclouds (Frohlich-Nowoisky et al., 2012). We also use our
typical surface concentrations of roughly 0.1 to 5'L(Na- new freezing data, together with freezing data from the liter-
yar and Jothish, 2013; Iglesias Fernandez et al., 2012; Crawature, to assess if fungal spores from the phyRewsidiomy-
ford et al., 2009; Pyrri and Kapsanaki-Gotsi, 2012; Quinterocotaare better ice nuclei than fungal spores from the phylum
et al., 2010; Khattab and Levetin, 2008; Wu et al., 2004; Li Ascomycota.
and Kendrick, 1995). During periods of high spore produc- In addition to studying the ice nucleation properties of
tivity, concentrations oPenicilliumspores as high as 101 spores from the classégjaricomycetedJstilaginomycetes
have been observed (Pyrri and Kapsanaki-Gotsi, 202)i- andEurotiomyceteswe also investigated whether ice nucle-
cillium spores have also been identified at high altitudes ination on these spores, followed by precipitation, can influ-
the troposphere and stratosphere (Smith et al., 2010; Amatence the transport and removal of these spores in the atmo-
et al., 2007; Griffin, 2004; Jayaweera and Flanagan, 1982sphere. We did this using a global chemistry—climate trans-
Imshenetsky et al., 1978; Fulton, 1966; Pady and Kapicaport model and by comparing simulations with and without
1955; Pady and Kelly, 1954; Kelly and Pady, 1953; Proctorice nucleation included in the model. These simulations sug-
and Parker, 1938), as havspergillusspores (Imshenetsky gest that ice nucleation on the spores studied may be impor-
et al., 1978; Fulton, 1966; Pady and Kapica, 1955; Proctottant for the transport of these spores to remote regions (such
and Parker, 1938; Amato et al., 2007). as the marine boundary layer, polar regions, and the upper
Fungal spores from the phyBasidiomycotandAscomy-  troposphere).
cotamake up approximately 98 % of known fungal species
found on Earth (James et al., 2006). Recent field measure-
ments observed higher ratios AEcomycotdo Basidiomy-
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2 Methods 2.2 Freezing experiments

2.1 Spore samples and slide preparation The instrument used to study the immersion freezing prop-
erties of the fungal spores consisted of an optical micro-
scope (Zeiss Axiolab A with a 18 or 50x objective) cou-

) o ) pled to a flow cell that had temperature and relative humid-
Columbia (BC), Canada. The remainimggaricomycetes v control. This apparatus or a similar apparatus has been
fungi (Amanita muscaria Boletus zelleri Lepista nuda ;54 in many previous ice nucleation studies (lannone et al.,
and Trichaptum abietinunwere harvested from the Pa- 2011; Dymarska et al., 2006; Koop et al., 1998; Chernoff and
cific Spirit Regional Park surrounding the University of Bertram, 2010; Wheeler and Bertram, 2012), and will only

British Columbia (UBC) campus in Vancouver, BC. To pre- e gescribed briefly here. A hydrophobic glass cover slide is
pare slides containinggaricomycetespores, sections of the ;seq to support the fungal spores inside the flow cell. First,

fruiting body were placed on a wire mesh in a sealed and huy5¢er vapor is condensed on the spores to grow droplets ap-

midified chamber. Hydrophobic glass slides (Hampton Re‘proximately 30-150 um in size by adjusting the dew point of
search, HR3-215) were placed underneath the wire mesh &Xpq carrier gas to 2C and the temperature of the flow cell
posed to the part of the fungus that releases spores under hys qoc. Next, the flow cell was isolated from the humidi-
midified conditions. Over time, spores were released natusieq flow, and the temperature was lowered at a rate of 5—

rally and deposited onto the glass slides. , ~10°Cmin~! down to —40°C. Finally, the temperature was
Ustilaginomycetesspores Ustilago nuda Ustilago ni-  ised to room temperature to evaporate the droplets, leaving
gra, and Ustilago avenap were acquired from the Ce- gy the fungal spores on the glass slide. Digital video and
real Research Centre, Agriculture and Agri-Food Canadayemperature were recorded during the freezing experiments.
Winnipeg, Manitoba, Canada. Slides contain#gfilagino-  £or each droplet, the freezing temperature and the 2-D sur-

mycetesspores were prepared analogously to the methoG,ce area of the fungal spores contained within each droplet
used by Haga et al. (2013) for rugt(cciniomycetgspores.  \yare determined.

Briefly, a sealed glass vessel containing spores and a small
fan were |mmers§d ina sonicator bath: The combination of; 5 Spore properties and number of spores per drop
the fan and the vibrations from the sonicator bath generated

a spore cloud within the_vessel, and resulted in spores beir_‘@)sing microscope images, we calculated the average pro-
deposited onto glass slides that were suspended on a Wil teq 2-D surface area per spore and the spore dimensions

mesh within the vessel. , _(length and width) for each species. From this information
The Eurotiomycetesspecies studied here were obtained ;4 the 2-D surface area of spores per drop (S8}, we

from the UBC Department of Chemistry Bioservices Lab- jatermined the number of spores per drop.
oratory collection‘Aspergillus brasiliensigcollection #56),
Aspergillus niger(collection #161) Penicillium sp. (collec-
tion #58), andPencillium brevicompactur(collection #54). ¢ iace features of the spores. ImagesAomuscaria B.
Aspergillusspores were isolated using techniques similar t0,¢lleri, L. nuda T. abietinum A. brasiliensis A. niger, U.
those described by Jones et al. (1992) and Allan and Pross%ruda U. nigra, andU. avenaewere acquired using variable
(1983). In short, the fungi were grown in petri dishes, and aPpressure SEM (Hitachi S2600 VP-SEM. bisporus Peni-
proximately 1§ glass beads (0.5 mm in diameter) (BioSpec gjjjjym sp., andP. brevicompactunspores were imaged by
Products Inc.) were rolled over the surface of the fungal cul-o14 emission SEM (Hitachi S4700 FESEM). Glass slides
ture, which resulted in the spores being dislodged from thecontainingAgaricomycetesporesA. bisporusA. muscaria
culture and attached to the beads. The beads and spores W€ elleri L. nuda andT. abietinur) andAspergillusspores
then transferred to a sample vial containing ultrapure Wa-a prasiliensisandA. bisporug were affixed onto aluminum
ter. This resulted in a suspension of spores, while the glasg g stups using double-sided glue tabs, sputter coated with
beads settled on the bottom of the sample vial. The resulting 5 gold (Au) palladium (Pd) and mounted in the SEM
spore suspension was sprayed onto hydrophobic glass slidgSsirument. Similarly, looselstilaginomycetegU. nuda U.
using a Meinhard nebulizer (model TR-30-ABencillium oy enae and U. nigra) spores were deposited directly onto
spores were aerosolized from fungal cultures and deposited,,pje-sided glue tabs, affixed onto aluminum SEM stubs,
onto a hydrophobic glass slide using a custom-built flow ceIISputter coated with 8nm Au, and mounted in the SEM in-
recently developed in our laboratory and previously used forgi., ment. To preparenicillium sp. andP. brevicompactum
depositingCladosporiumspores onto hydrophobic surfaces samples for imaging, cultures of each fungal species were
(lannone et al., 2011). first fixed using osmium vapor (4% Os@agq)), and then

a portion of the culture was excised and mounted onto an

aluminum SEM stub using Aquadag (a graphite-based adhe-

sive). Finally, the samples were allowed to air-dry prior to

Agaricus bisporusthe common button mushroom, was pur-
chased from a local grocery store in Vancouver, British

Scanning electron microscopy (SEM) images, acquired at
the UBC Bioimaging Facility, were used to determine the
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imaging. For the SEM experiments, images were capturedive aerosol particles from the Chernobyl accident (Lelieveld
using secondary electrons, a working distance between 5 anet al., 2012).
15mm, and an acceleration voltage between 3 and 25 kV. Removal processes of particles simulated in the model
included sedimentation, dry deposition, impaction scaveng-
ing, and nucleation scavenging by liquid, mixed-phase, and
ice clouds. We use the methods outlined by Burrows et
al. (2009) to describe sedimentation, dry deposition, and im-
We conducted idealized simulations of fungal spore transporpaction scavenging. Nucleation scavenging was prescribed
to investigate the sensitivity of simulated atmospheric con-with a scavenging parametet, where Rnyc, lig and Rnuc, ice
centrations to the activity of spores as ice nuclei. We simu-are the fractions of particles embedded in cloud droplets
lated the transport and removal of atmospheric aerosol partier ice particles within clouds, respectively. For warm liquid
cles in a global chemistry—climate model, ECHAM-MESSy clouds (i.e., clouds at temperatures >Q), we assume that
Atmospheric Chemistry (EMAC). The EMAC model is @ Rnuc, Iiq i unity, as done previously (Heald and Spracklen,
numerical chemistry and climate simulation system that in-2009). A value of unity assumes that the particles are ef-
cludes sub-models describing tropospheric and middle atficient cloud condensation nuclei (CCN). Here, we use the
mosphere processes and their interaction with oceans, landnmersion freezing results to assess implications for fun-
and human influences (Jockel et al., 2006; Jockel et al.gal spore global transport. In order for the spores to act as
2005; Kerkweg et al., 2006; Tost et al., 2006; Lawrenceimmersion-freezing nuclei, they would first have to be incor-
and Rasch, 2005). It uses the Modular Earth Submodel Sysporated into liquid cloud droplets during the droplet nucle-
tem (MESSy) to link multi-institutional computer codes. ation and growth process, which is ensured by the assump-
The core atmospheric model is the fifth-generation Euro-tion Rnyc, liq= 1. For mixed-phase clouds (i.e., clouds at tem-
pean Centre Hamburg general circulation model (ECHAMS5 peratures between°@ and—35°C), we carried out simu-
GCM) (Roeckner et al., 2003). For the present study, we apiations with two different values oRnyc, ice These two dif-
plied EMAC (ECHAMS version 5.3.01, MESSy version 1.9) ferent simulations were carried out to test if ice nucleation
in the T63L31 resolution; i.e., with a spherical truncation of can impact the long-distance transport of the spores in the at-
T63 (corresponding to a quadratic Gaussian grid of approxi-mosphere. In the first simulation (referred to as IN-Inactive),
mately 1.9x 1.9° in latitude and longitude, or approximately we used anRnyc, ice Value of zero at all temperatures rele-
140x 210km at middle latitudes), with 31 vertical hybrid vant for mixed-phase clouds (below 0 t635°C), and in
pressure levels up to 10 hPa. This model resolution provideshe second simulation (referred to as IN-Active), we assumed
a reasonable balance between accuracy and computationgilat Rnc, iceiS zero for mixed phase clouds at temperatures
expense: tracer transport in the ECHAM5 GCM has beemabove—25°C, but equal to unity for temperatures between
shown to be comparatively insensitive to further increases in—25 and—35°C. A temperature of-25°C for the onset of
model resolution (Aghedo et al., 2010). mixed-phase ice nucleation scavenging was chosen because
Simulations were performed for five years and an addi-it represents the approximate temperature where freezing oc-
tional year of spin-up time, with the model setup describedcurs for the spores studied here (see Fig. 3). For ice clouds
in detail by Burrows et al. (2009), and with modifications (i.e., clouds at temperatures—35°C, which is the homo-
to the scavenging scheme (Tost et al., 2010), including thegeneous freezing temperature of water droplets), we assume
slow downward transport of crystal-borne species due to thehat Rnyc, ice iS 0.05 for both simulations mentioned above
sedimentation of crystals, and the release and repartitioningIN-Inactive and IN-Active). This is the default value used in
of tracers associated with evaporation of droplets and meltthis EMAC version, chosen because it is consistent with mea-
ing of ice crystals. Briefly, aerosols are treated as monodissurements of cloud scavenging at low temperatures (Henning
perse passive aerosol tracers emitted at the Earth’s surfacet al., 2004; Verheggen et al., 2007). We also note that the
As a simplification, we assumed constant emissions from allvalue of this parameter has a negligible effect on modeled
land surfaces (excluding land ice) at a rate of 20GsT?! aerosol transport compared to other model parameters, as
(Elbert et al., 2007). All transport and removal processes inwe have shown elsewhere (Burrows et al., 2013), and that
the model depend linearly on spore concentration, and sporemeasurements are not available for fungal spore IN activity
concentrations do not affect clouds or radiation in the model.at temperatures —35°C. Therefore, although we acknowl-
For these idealized simulations, we do not distinguish be-edge that scavenging in ice clouds may also differ between
tween different fungal spore species. Atmospheric transportN-Active and IN-Inactive particles, in this study we focus on
is simulated (including advection and parameterized convecthe sensitivity to scavenging in mixed-phase clouds, and do
tive mass flux), and tracers are removed by dry and wet denot vary the ice-phase cloud scavenging parameter. A sum-
position to the surface. The EMAC model, used in similar mary of the nucleation scavenging coefficients used in the
configurations, has been shown to be capable of realistic simdifferent simulations is included in Table 2.
ulations of aerosol transport and deposition for the transport
of African dust to Europe (Glaser et al., 2012) and radioac-

2.4 EMAC global chemistry—climate transport model
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Table 2. Nucleation scavenging schemes used in EMAC.

Scavenging scheme  Liquid nucleation Ice nucleation scaven@ing (ice
scavengingRnuc, ligg Mixed-phase clouds Ice clouds
(0°C>T > —35°C) (T <-35°C)
IN-Inactive 1 0 for entire 0.05
temperature range
IN-Active 1 OforT > —25°C 0.05

1for—-25°C>T > —35°C

The in-cloud local rate of change in the concentration3.2 Fraction of droplets frozen vs. temperature
of particles (i.e., the number of particles per number of air o _ _
molecules;) due to nucleation scavenging and subsequenShown in Fig. 2 is the fraction of frozen droplets as a func-

precipitation is tion of temperature, including all freezing events that were
observed during these experiments. Results for droplets con-

AX; X; f° (Rnuc, ice" anow+ Rnuc, lig- Frain) (1) taining Agaricomycetespores are shown in blue (open sym-

At iwc lwe ’ bols). Ustilaginomycetespores are shown in green (open

symbols with a horizontal line) anHurotiomycetespores

where At is the length of the model time step® is the  are in red (open symbols with a vertical line). The median
grid-box mean cloud fractionfsnow and Frain are the fluxes  number of spores per droplet is given for each spore species
of snow and rain, respectiveliyyc andlwc are the ice water in Table 1, as well as the first and third quartiles. Also in-
content and liquid water content of the cloud, respectively,cluded in Fig. 2 (as's) are previous results from lannone et
and Rnyc, ice and Rnyc, lig @re the nucleation scavenging ef- al. (2011) for homogeneous nucleation using the same exper-
ficiencies of cloud ice and cloud liquid water, respectively imental method as used here. Figure 2 shows that the fungal
(and as described in Table 2). spores studied here contained some fraction of spores that

For nucleation scavenging, the same scavenging parameénitiated freezing at warmer freezing temperatures compared
terizations were applied to both stratiform clouds and param+o the homogeneous results of lannone et al. (2011). Since the
eterized convective clouds. Simulations were run for 3 pmnumber of spores per droplet varies for the different fungal
and 8 um diameter spherical particles, which overlaps withspecies studied, conclusions about the relative freezing prop-

the sizes (volume equivalent diameters) of the spores studiedrties of these spores should not be formulated from Fig. 2.
here (see Table 1).

. ) 3.3 Cumulative number of ice nuclei per spore as a
3 Results and discussion function of temperature, INperSpore(T)

3.1 Spore properties Using the method presented by Vali (1971), the cumulative

number of ice nuclei per spore as a function of temperature,

Listed in Table 1 are the average dimensions of the Sporeﬁ\lperSpore('l’,)was determined from the number of spores

StUd'ed. here, determined b_y optlca_l MICToscopy. Values re'per drop and the fraction of droplets frozen as a function of
ported in Table 1 are consistent with the literature values:

. ~~temperature (Fig. 2). First, the droplets were binned by the
Bockus et al. (2010), Gilbertson and Ryvarden (1987), I'm'number of spores per drop. Then, from the binned data, the
coff (1981), Mathre (1982), Mitchell and Walter (1999),

=) I (1991). R | (194 ny 1 7cumulative number of ice nuclei per spore as a function of
asanen et al. (1991), Raper et al. (1949), and Vanky (198 )temperature was calculated with the following equation (note

SEMimages of the fungal spores studied are shown in Fig. 1that only those bins containing at least 5 droplets were used

In many of the imag(_as, the spores appear d.e.fla&e_d)(s- in the calculation in order to have reasonable statistics in each
porus U. nuda U. nigra, U. avenae A. brasiliensis A. bin):

niger, Penicillium sp., andP. brevicompactuinor as partial

spheroidsT. abietinun). These features are likely due to the i [—In (Nunfmzen,gr)) Y N, |']

sample processing prior to imaging (see S&c3), or to a o] Notalj totalJ

loss in turgidity of the fungal spores in the vacuum of the INperSpore(T)= . N 3
SEM instrument. > SPD; x Niotal,j

j=1

where j is the bin numberp is the total number of bins,
Nunfrozen; (T) is the number of unfrozen drops in bjnat
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4. bisporus | I ——
= | 1 um

Figure 1. SEM images of spores from the clasgemricomycete§A. bisporusA. muscariaB. zelleri L. nuda andT. abietinun), Ustilagi-
nomycetegU. nudg U. nigra, andU. avenag andEurotiomycete¢A. brasiliensisA. niger, Penicilliumsp., andP. brevicompactuin

10
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—A— B. zelleri
—v— L. nuda
—O—T. abietinum
Ustilaginomycetes
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—&— A. brasiliensis
- —V— A niger
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—_
S

F Ilannone et al. [2011]:
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10” +———
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Figure 2. Fraction of droplets frozen as a function of temperatAgaricomycetespores A. bisporusA. muscariaB. zellerj L. nudag and

T. abietinum are in blue (open symbolslstilaginomycetespores . nuda U. nigra, andU. avenag are in green (open symbols with a
horizontal line);Eurotiomycetespores A. brasiliensis A. niger, Penicilliumsp., andP. brevicompactujnare in red (open symbols with a
vertical line). Homogeneous freezing results (x) (lannone et al., 2011), obtained using the same apparatus as this study, are also included.
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Figure 3. Cumulative number of ice nuclei per spore as a function of temperdilperSpore(T)as derived from the measurement data
shown in Fig. 2 Agaricomycetespores A. bisporus A. muscariaB. zellerj L. nudg andT. abietinun) are in blue (open symbolslsti-
laginomycetespores (J. nuda U. nigra, andU. avenag are in green (open symbols with a horizontal linEyrotiomycetespores A.
brasiliensis A. niger, Penicillium sp., andP. brevicompactujnare in red (open symbols with a vertical line). Also shown is liKper-
Spore(T)or Eurotiomycetespores studied by Jayaweera and Flanagan (1982) (filled symbols), and the cumulative number of ice nuclei per
particleINperParticle(T)for submicron Asian dust studied by Niemand et al. (2012) (half-filled diamonds).

temperaturdl’, Nyotal ; iS the total number of drops in bij Jayaweera and Flanagan (1982) and Pummer et al. (2013)
andSPD; is the number of spores per drop in hinNote that  are the only other studies to measure the ice nucleation ability
the cumulative number of ice nuclei per spore is equivalent toof spores from the three classes investigated here. The results
the average number of ice nucleation sites per spore. ValueBom Jayaweera and Flanagan (1982) are included in Fig. 3
of INperSpore(Tyvere not calculated for temperatures below for comparison (filled symbols). The results from Pummer
—35°C since at these temperatures homogeneous freezing @t al. (2013) are not included in Fig. 3, since they did not
the droplets can dominate. report the cumulative number of IN per spore, and it was
Shown in Fig. 3 are thdNperSpore(T)values for the  not possible to calculate this value from their experimental
different fungal species studiedgaricomycetespores are  description.
shown in blue (open blue symbols)Jstilaginomycetes From Fig. 3, when comparing the temperatures at which
spores are shown in green (open green symbols with a hothe cumulative number of ice nuclei per spore is equal to
izontal line), andEurotiomycetesspores are in red (open 0.01, all of theUstilaginomycetesAgaricomycetesnd Eu-
red symbols with a vertical line). From Fig. 3, the cumu- rotiomycetesspores studied here are poorer IN than those
lative number of ice nuclei per spore was 0.001 betweenstudied by Jayaweera and Flanagan (1982). Comparing just
—19°C and —29°C, 0.01 between-25.5°C and —31°C, the Penicilliumresults from the current study to those from
and 0.1 between-26°C and —31.5°C. Also, on average, Jayaweera and Flanagan (1982) suggests th&eiigillium
the order of ice nucleating ability for these sporeldstilagi- sp. andP. brevicompactunare poor IN compared tB. dig-
nomycete$ Agaricomycetes: EurotiomycetesTo illustrate  itatum P. notatum andP. frequentensand that (2) within
this point, as an example, the cumulative number of ice nuthe same genus, tHdlperSporevalues can vary drastically
clei per spore was 0.01 at approximatelg7°C for theUsti- (e.g., the freezing temperature atlBiperSporevalue of 0.01
laginomycetespores, 0.01 at approximately29°C for the  varies by approximately 20C in the genu®enicilliumas ev-
Agaricomycetespores, and 0.01 at approximatel28.5°C ident in Fig. 3).
for the Eurotiomycetespores.
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I This study:
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Figure 4. Ice nucleation active surface site densiiy,(mfz), for fungal spores determined using the data in Figh@aricomycetespores
(A. bisporus A. muscariaB. zelleri L. nudg andT. abietinuny are in blue (open symbolsystilaginomycetespores (J. nuda U. nigra,
andU. avenagare in green (open symbols with a horizontal line); &uwlotiomycetespores A. brasiliensisA. niger, Penicilliumsp., and

P. brevicompactuirare in red (open symbols with a vertical line). Also shownsayealues forEurotiomycetespores studied by Jayaweera
and Flanagan (1982) (filled symbols), as well as for Asian mineral dust studied by Niemand et al. (2012) (half-filled diamonds).

It is important to consider the possibility that the fungal nuda and A. muscaria there was no indication of surface
spores studied here may contain bacterial or fungal contameontamination. From the discussion above, it seems unlikely
inants on their surface, and to discuss the likelihood thatthat the ice nucleation properties of the spores studied here
these contaminants will change the ice nucleating propertieare affected appreciably by surface contamination by fungi or
of the spores (Morris et al., 2013b). From the SEM imagesbacteria. However, we cannot rule out this possibility, and so
presented in Fig. 1, there is no indication of any bacterialthe INperSporespectra presented in the current study should
or fungal surface contamination on the fungal spores (perbe taken as upper limits.
sonal communication, D. Horne, UBC Bioimaging Facility, = Mineral dust particles are considered to be important at-
2013). Since th&urotiomycetestudied hereA. brasilien-  mospheric ice nuclei. For comparison in Fig. 3 (half-filled
sis A. niger, Penicillium sp., andP. brevicompactuinwere  diamonds), we have included recent immersion freezing re-
grown in culture, any bacterial contamination of the sporessults by Niemand et al. (2012) for submicron Asian min-
would have been apparent in the culture stage of these exeral dust (experiments ACI04_16 and ACIO4_18)perPar-
periments. The remaining spores (with the exceptiolof ticle(T) for the Asian mineral dust was calculated from the
bisporug were qualitatively tested for surface contamina- ice nucleation active surface site density,values from Nie-
tion by bacteria and/or fungi using the same method frommand et al. (2012), and as described by Haga et al. (2013).
Haga et al. (2013) for rust and bunt spores: the spores to b&Vith the exception olJ. nigraandA. brasiliensis all of the
tested were cultured in media (nutrient agar and tryptic soyspores studied here are poorer IN than the Asian mineral
agar) that would support contaminant growth, and the cul-dust studied by Niemand et al. (2012) on a per particle ba-
tures were monitored for two weeks. The test indicated lowsis. ThelNperSpore(T)yalues forU. nigra are similar to the
levels of surface contamination for four of the fungal sporesiNperParticle(T)values for Asian mineral dusts over the en-
studied here. Specifically). avenaeU. nigra, andU. nuda tire temperature range studied by Niemand et al. (2012); for
cultures indicated surface contamination on the spores aftef. brasiliensis the INperSpore(T)alues are comparable to
4 days, and colonies were observed in Thabietinumcul- theINperParticle(T)values for the dust only at temperatures
ture after 13 days. For the remaining sporBszelleri L. below approximately-25°C.
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3.4 Ice nucleation active surface site densityis 3.5 Ascomycotarss. Basidiomycota

Since heterogeneous ice nucleation is a surface processhe phylaBasidiomycotaand Ascomycotaogether make
larger particles may be more efficient IN on a per particleyp 98 % of known fungal species found on Earth (James
basis because they have more surface area available for ngt al., 2006). Recent field measurements found increased
cleation. To take into account the difference in surface areaoncentrations oAscomycotapores relative t@asidiomy-

per particle, we calculated the ice nucleation active surfaceota spores in remote marine regions, and it was suggested
site densityss, for the fungal spores in the current study. The (based on preliminary ice nucleation results) that these find-
ice nucleation active surface site density corresponds to théhgs may be explained Hyasidiomycotapores being better
number of ice nucleation sites per unit surface area of a partN compared toAscomycotapores (Frohlich-Nowoisky et
ticular type of IN (Connolly et al., 2009), and was calculated a|., 2012). To investigate further whether there is a system-
according to atic difference in the ice nucleating ability of tAscomycota

andBasidiomycotdungi, we have compared the cumulative

(3)  number of ice nuclei per spore and the ice nucleation active
Aaer surface site density @asidiomycotandAscomycotéungal

To calculate the surface area for each fungal spagg), we  SPOres in Fig. 5 and Fig. 6, respectively. The datg are taken
approximated all spores other than #epergillusspores as from the current study as well as from the following stud-
prolate spheroids having the lengths and widths shown in Taies: Haga et al. (2013), lannone et al. (2011), Jayaweera and
ble 1.Aspergillusspores were approximated as being sphered12nagan (1982), and Morris et al. (2013D). _
with the diameters given in Table 1. To calculatdNperSporefor Cladosporiunsp., studied by
The temperature dependentvalues for the fungal spores lannone et al. (2011),_ we reanalysed the results from Ign-
studied here are shown in Fig. 4. For comparison, included'on€ et al. (2011) using the same procedure as described
in Fig. 4 arens values for Asian mineral dust (Niemand above (i.e., procedures described in Se28and2.3). All
et al., 2012) (experiments ACI04_16 and ACI04_19), and©f the otherINperSporevalues shown in Fig. 5 were pro-
also results from Jayaweera and Flanagan (1982)Efor vided in the original studies (Haga et al., 2013; Morrls_et
rotiomycetesspores. Thers values for theEurotiomycetes ~ &l-» 2013b; Jayaweera and Flanagan, 1982). Based on Fig. 5,
spores studied by Jayaweera and Flanagan (1982) were catome of theAscomycotapores Renicilliumsp. andP. bre-
culated using spore dimensions and morphologies from thé/icompactum are the poorest IN, but, on the other hand,
literature (Raper et al., 1949). SpecificaBydigitatum was ~ SOMe of the spores from this phylum are also the best IN
approximated to be a prolate spheroid having dimensiondP- digitatum P. notatumP. frequentensA. brasiliensisand
7.75x 5.5 um and botfP. notatumandP. frequentenspores ~ C- herbarun). Within both phyla,Ascomycoteand Basid-
were assumed to be spheres with a diameter of 3.25um.  10mycota there is a wide range of freezing properties. Also,
After accounting for surface area, Fig. 4 shows thatthe the variation within each phyIL!m is greater than the varia-
spectra for all of the fungal species studied here are simifion between the average freezing properties of each phylum.
lar. Figure 4 also shows that a difference in surface area car@Verall, we conclude thaasidiomycotaspores are not all
not explain the difference in freezing temperatures within thePettér IN compared tAscomycotapores. Fig. 5 also shows
same genus observed in Fig. 3 for speciedeficillium that the ice nucleating ability of Asian mineral dust particles

Finally, Fig. 4 suggests that, at temperatures ranging frorstudied by Niemand et al. (2012) is approximately in the mid-
—20°C to —25°C, all of the fungal spores studied here are dle of the range observed fBasidiomycotandAscomycota

less efficient ice nuclei compared to Asian mineral dust on alungal spores. _
per surface area basis. Figure 6 shows previous results of for fungal spores

Some of the spores studied have rough surfaces (seBOm the phylaBasidiomycotaand AscomycotaTo calcu-
Fig. 1). Based on the SEM images, we estimate that the sur@t€ ns for the spores studied by Morris et al. (2013b), we
face areas of some of the spores may be up to a factor gRbproximated the spores as prolate spherplds based on lit-
10 higher than the geometric surface areas. As a result, thérature values for spore morphology and size ranges (Cum-
ns values reported here, which were calculated assuming &1nS and Husain, 1966; Bruckart et al., 2007; Anikster
geometric surface area, should be considered as upper limi@! al. 2005; Anikster et al., 2004; Laundon and Water-
to the truens values. A similar argument can be applied to StoNn, 1964). Specifically, we used dimensions of length
the mineral dusts values shown in Fig. 4, since Niemand a@nd width as follows: 29.0x25.0pm foP. aristidae

et al. (2012) used the volume-equivalent spherical diameteit4-6 X 12.5 um foP. lagenophorag25.0 x 20.6 um foPuc-
when determinings for mineral dust particles. ciniasp., 25.0 x 21.7 um fd®. allii, 24.4 x 19.7 um foP. stri-
iformis, 28.3 x 17.5 pm foP. graminis 32.0 x 23.0 pm foH.

vastratrix and 23.3x20.4um foP. triticina. The calcula-
tion of ng for the Penicillium spores studied by Jayaweera
and Flanagan (1982) was discussed in Seet. The other

_ INperSpore

ns
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Figure 5. Comparison between the cumulative number of ice nuclei per spore as a function of temptaen®pore(T,)for Ascomycota
andBasidiomycotapores investigated in this study and earlier studies, including Haga et al. (2013), lannone et al. (2011), Jayaweera and
Flanagan (1982), and Morris et al. (2013b). Also showrlldperParticle(T)values for submicron Asian mineral dust (Niemand et al., 2012).

Ascomycotapore studied by Jayaweera and Flanagan (1982)vas set to zero for mixed-phase cloud temperatures (i.e., 0 to
was Cladosporium herbarugrand to calculates this spore —35°C). In the second scenario (IN-Active), ice nucleation
was approximated as a prolate spheroid with dimensions ofcavenging for fungal spores was set to zero for temperatures
19.5x 6.0 um (Schubert et al., 2007). To calculatg for above—25°C, but unity for temperatures at or belev25°C
Cladosporiumsp. from lannone et al. (2011), the spores and above—35°C (see Table 2). Results from the simula-
were approximated as prolate spheroids with dimensions ofions are presented in terms of percentage difference in the
4.6 x 3.2 um (based on microscope images of the spores). fungal spore concentration between the two scavenging sce-
Figure 6 shows that, once normalized to surface @aa, narios (i.e., (IN-Active — IN-Inactive)/IN-Inactive 100 %).
sidiomycotaspores are not all better IN comparedscomy-  Positive non-zero values indicate increased concentrations
cotaspores. Fig. 6 also shows that the variability in freezing due to scavenging from heterogeneous ice nucleation at tem-
properties within both phylaBasidiomycotaand Ascomy-  peratures at or below-25°C and above-35°C, whereas
cota) cannot be accounted for by a difference in surface areaegative non-zero values indicate decreased concentrations
between different spore species. Finally, Fig. 6 suggests thatjue to scavenging from heterogeneous ice nucleation over
at temperatures ranging from20°C to —25°C, all fungal  this temperature range. The results from these simulations
spores for which data are available are poorer immersion INare given in Figs. 7 and 8. In both figures, the top and bottom

than Asian mineral dust on a per surface area basis. panels correspond to results for the 3 um and 8 um particles,
respectively. Differences between simulations with 3 um and
3.6 Modeling results 8 um particles are minor. Figures 9 and 10 display, respec-

_ _ tively, the simulated annual surface mean concentrations and
We used the global chemistry—climate transport model.the annual zonal mean concentration of spores in the global
EMAC, to study the effects of ice nucleation on the trans- atmosphere, for all simulation cases (i.e., IN-Inactive and IN-

port and distribution of fungal spores in the atmosphere. TwoActive). Because emissions are held constant, but removal
scavenging scenarios were compared: in the first scenario

(IN-Inactive), ice nucleation scavenging by fungal spores
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Figure 6. Comparison between ice nucleation active surface site density spescts ) for AscomycotandBasidiomycotdungal spores
calculated using the data in Fig. 5 and using approximations for spore size and shape detailed in the text. Included are results from the curren
study as well as results from the following studies: Haga et al. (2013), lannone et al. (2011), Jayaweera and Flanagan (1982), and Morris et
al. (2013b). Also shown in the figure are previous results for submicron Asian mineral dust (Niemand et al., 2012).

processes are more efficient for 8 um than for 3 um particlesimixed-phase clouds leads to a decrease in mean concentra-
the absolute concentrations are higher for the 3 um particlestions in the middle to upper troposphere, particularly at the
Figure 7 illustrates that the inclusion of ice nucleation middle latitudes, where precipitation scavenging in mixed-
scavenging of fungal spores in mixed-phase clouds can dephase clouds exerts a strong control on aerosol transport to
crease the surface annual mean concentrations of funggdolar regions (Bourgeois and Bey, 2011; Zhang et al., 2012).
spores over the oceans and in polar regions. Since the sour&elow 5 km and in the region between 50 and 8Qthere is
of fungal spores in the simulations was land surfaces, exan increase in concentrations of fungal spores when ice nu-
cluding land ice, the decrease in the surface concentrationsleation in mixed-phase clouds is included. An explanation
of fungal spores over these regions can be explained by a dder this observation is ice nucleation occurring at high alti-
crease in the long-distance transport of fungal spores fromudes, followed by evaporation of the ice crystals at heights
land surfaces to these remote regions due to ice nucleatiohetween 0 and 5km. Since the only change in the simula-
followed by precipitation. In stark contrast, scavenging by tion is the ice nucleation scavenging efficiency, and meteo-
ice nucleation in mixed-phase clouds increased surface corrological fields are identical between simulations, downward
centrations of fungal spores in the region between roughlytransport within frozen hydrometeors is the only possible ex-
50 and 80S. This can be explained by increased down- planation for the changes in the simulation. Large relative in-
ward transport of ice-borne spores from mixed-phase cloud€reases in concentrations are possible because the initial con-
at higher altitudes to lower altitudes, where ice evaporatesentrations are extremely low in this remote region (Figs. 9
and releases spores in the region between 50 ah8.8this  and 10), so even a small source of particles from above can
explanation is supported by results shown in Fig. 8, whichhave a large relative impact on boundary-layer concentra-
shows the percentage change in a zonally averaged verttions. The very low concentrations in the boundary layer
cal profile of the annual mean concentration. This figure il- over the Southern Ocean and Antarctica are the result of the
lustrates that the inclusion of ice nucleation scavenging inlarge distance from continental sources, as well as strong and
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tween IN-Active and IN-Inactive EMAC simulations in zonally av-
Figure 7. Global model results showing percentage change betweerraged vertical profiles of annual mean concentrations, with per-
IN-Active and IN-Inactive EMAC simulations in surface annual centage change being calculated as (IN-Active — IN-Inactive)/IN-
mean concentration, with percentage change being calculated ggactivex 100 %.(a) 3 um particles(b) 8 um particles. In all sim-
(IN-Active — IN-Inactive)/IN-Inactivex 100 %. (a) 3um particles;  ylations, spores are assumed to be CCN active. IN-Active assumes
(b) 8 um particles. In all simulations, spores are assumed to be CCNhat particles are removed by ice-phase nucleation at temperatures
active. IN-Active assumes that particles are removed by ice-phas@t and below-25°C and above-35°C. Emissions were simulated
nucleation at temperatures at and bele#5°C and above-35°C.  from |and surfaces, with the exception of land covered with ice.
Constant emissions were simulated from land surfaces, except for
land covered with ice.

4 Summary and conclusions

frequent precipitation, which efficiently scavenges patrticles
within and below precipitating clouds in these regions.

Our results represent an upper-bound estimate of the effej dd to the limited ber of dat the | leati
of ice nucleation on the transport of the spores studied, sinc 0 add to the imited number of data on the ice nucieation

the freezing efficiency of the studied spores is less than 1propert?es of f“”9"?" SPores, we studied the ice nucleation
at temperatures betweer25 and—30°C (Fig. 3). Further- properties of 12 different species of fungal spores chosen

more, these simulations do not treat competition betweer{zromt?hree clfs?/?/ﬁ?arlcorgycet??stlIalglnomygetesand h
multiple ice nucleating species for freezing and water vapor urotiomycetesive focused on Inese classes because they

uptake: to our knowledge, this capability is not yet presentare thought to be abundant in the atmosphere, and also be-

in any global models and is a topic of ongoing research andrause ther(.a.are currently few quantitative data on the ice nu-
cleation ability of spores from these classes.

development. Competition with other ice nucleating species All of the f | : tigated tained f
would tend to decrease the scavenging of fungal spores, since ot the fungal Spores Investigated contain€d some frac-

fewer fungal spores would nucleate ice, and therefore mord!on of spores that serve asice nulei at temperatures warmer
than homogeneous freezing. The cumulative number of ice

res woul return he interstitial ph vapora-

32:1) gjrin(;utr?ebge?gtzroﬁd—li?ntd:isetr? F;srtotcaesp;ase by evapo anuclei per spore was 0.001 at temperatures betwekd?C
and —29°C, 0.01 between-25.5°C and—-31°C, and 0.1

between-26°C and—31.5°C (Fig. 3). On average, the or-
der of ice nucleating ability for these spores vdstilagino-
mycetes Agaricomycetes: EurotiomycetesOn a per sur-
face area basis, all of the fungal spores studied had similar
freezing properties (Fig. 4). In addition, the freezing data

suggest that at temperatures ranging freg0°C to —25°C,

4.1 Ice nucleation on fungal spores

www.atmos-chem-phys.net/14/8611/2014/ Atmos. Chem. Phys., 14, 8&BBg 2014
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Figure 9. Annual mean spore concentrationsi?f) at the surface in each global model simulatia). IN-Active, 3 um particles(b) IN-
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Figure 10. Annual zonal mean spore concentrationS‘ﬁhin each global model simulatioa) IN-Active, 3 um particles(b) IN-Active,
8 um particles(c) IN-Inactive, 3 um particles; an@l) IN-Active, 8 um particles.

all of the fungal spores studied here were less efficient icepare the freezing temperatures of spores from the pBgita
nuclei compared to Asian mineral dust on a per surface areaidiomycotaand Ascomycotawhich together make up 98 %
basis. of known fungal species found on Earth (James et al., 2006).
Comparing our results to previous results we show that,The data show that within both phylAscomycotand Ba-
within the same genus the freezing temperatures can vargidiomycotathere is a wide range of freezing properties, and
drastically (e.g., the freezing temperature atlldperSpore  also that not alBasidiomycotapores are better IN thaks-
value of 0.01 can vary by approximately 20). We used our  comycotaspores.
freezing results together with data from the literature to com-
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1 : that explore ice nucleation by these fungal spores in other
10° 5 E10° .
freezing modes would be useful, and they would complement
10 = the current results.
lO‘é Asian Mineral Dust % 10
1 i 4.3 Atmospheric implications for the formation and
properties of ice and mixed-phase clouds
?10’1§ §1cr1
szé 10 In order for the fungal spores studied here to influence
10° L 10 mixed-phase cloud formation and properties on a global
E Fungal Spores E . .
10+ 1o scale, their IN concentrations must be comparable to other
o] . important atmospheric IN such as mineral dust. To investi-
gate this further, the global annual mean IN concentration
' & for the fungal spores studied here were calculated using the
5o s 20 same method as Haga et al. (2013) for rust and bunt fun-
Temperature(°C) gal spores, and based on the method of Murray et al. (2012).

Figure 11. Global annual IN concentrations TE) for the fungal The formula usl,.ed to perform th's calculation is shown below
spores studied here and for Asian mineral dust (Niemand et al.(Hoose and Méhler, 2012; Vali, 1971):

2012), estimated using the method of Murray et al. (2012) and

Egs. @) and 6). The IN concentrations for fungal spores should [/N(T)] = [Spores] x {1—exp(=INperSpore(T))}. (4)

be considered as upper limits. . . .
where |N(T)] is the IN concentration andSpore$ is the

global annual mean concentration of fungal spores. For com-
parison, a similar calculation was done for the Asian mineral

4.2 Global transport of fungal spores dust studied by Niemand et al. (2012) as follows:

Using a global chemistry—climate transport model, we Show[7 N (T)] = [ Dust] x {1 — exp(—I Nper Particle(T))}, (5)
that ice nucleation on the fungal spores studied may modify

their atmospheric transport and global distributions by pro-where Pusi is the global annual mean concentration of min-
viding an additional removal mechanism of the spores fromeral dust.
the atmosphere. Specifically, we show that the inclusion of Equations4) and &) were evaluated using thiperSpore
ice nucleation scavenging of fungal spores in mixed-phasend thelNperParticleresults from Sectio.3 (Fig. 3), and
clouds may (1) decrease the surface annual mean concentrasing particle concentrations from the global modeling study
tions of fungal spores over the oceans and polar regions, andf Hoose et al. (2010b) at the 200 and 800 hPa levels. Specif-
(2) decrease the annual mean concentrations in the upper tracally, [Spore$was set equal to 1@ to 1° L1, and Pusf
posphere. was set equal to o 10* L~1. The value of §pore$should

To our knowledge, this study is the first to model glob- be considered as an upper limit, since the fungal spores stud-
ally the effect of IN activity on the distribution of fungal ied here are a subset of all of the species of fungal spores that
spores in the atmosphere and their long-distance transporéxist in the atmosphere.
While the treatment of ice nucleation scavenging is simpli- The global annual mean IN concentrations calculated with
fied, this study gives an initial indication of the regions that the assumptions discussed above are shown in Fig. 11. Even
are most sensitive to removal of spores due to scavenging bysing an upper limit for fungal spore concentrations, the
ice nucleation, as well as the potential magnitude of theseglobal annual mean IN concentrations for the spores studied
effects. In the real atmosphere, scavenging of fungal sporekere are expected to be lower than for Asian mineral dust at
through their activity as IN may be reduced by competition temperatures less thar20°C. This is because mineral dusts
for freezing with other more effective or more abundant ice- have higher atmospheric concentrations compared to fungal
nucleating particles. spores. These results suggest that the fungal spores studied

In the simulations, we assumed that the fungal sporesere are notimportant IN on global and annual scales at tem-
were efficient cloud condensation nuclei, as done previouslperatures less than20°C, a finding that is consistent with
(Heald and Spracklen, 2009). Experiments to verify this as-recent modeling studies (Hoose et al., 2010a; Sesartic et al.,
sumption are needed, however. Because of their large sizes, 2012, 2013).
is a reasonable first assumption that fungal spores will nucle- Fungal spores may be important IN for mixed-phase cloud
ate cloud droplets. The CCN activity of particles significantly processes on a local and regional scale, especially during
affects their removal by precipitation in the atmosphere, andimes of high spore emissions and when the concentration of
CCN and IN activities have interacting effects on aerosol bur-mineral dust is low, and at warmer temperatures where min-
dens (Burrows et al., 2013). In addition, the freezing resultseral dust may be less important for ice nucleation (Spracklen
shown here were for immersion freezing only. Experimentsand Heald, 2013). The results from this study should be

www.atmos-chem-phys.net/14/8611/2014/ Atmos. Chem. Phys., 14, 8&®BB6 2014
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useful in future modeling studies examining the effects of Bauer, H., Schueller, E., Weinke, G., Berger, A., Hitzenberger, R.,

fungal spore ice nucleation on regional mixed-phase cloud Marr, I. L., and Puxbaum, H.: Significant contributions of fungal

processes. spores to the organic carbon and to the aerosol mass balance of
the urban atmospheric aerosol, Atmos. Environ., 42, 5542-5549,
doi:10.1016/j.atmosenv.2008.03.Q2D08.
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