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[1] The contribution of primary biological aerosol particles
(PBAP) to the global budget of organic aerosol is poorly
understood. Concentrations of mannitol, a biotracer for
fungal spores, are used here to constrain the first global
model (GEOS-Chem) simulation of PBAP from fungi.
Emissions are driven by leaf area index and atmospheric
water vapor concentrations and are empirically optimized
based on the geographical and seasonal variability of
observed mannitol concentrations. Optimized global
emissions total 28 Tg yr ', with 25% of that total emitted
as fine mode (PM, 5) aerosol. Fungal spores contribute 23%
of total primary emissions of organic aerosol, or 7% of the
fine-mode source. Annual mean simulated surface
concentrations of PBAP over vegetated regions range
from 0.1-0.7 ugm > (PM,s) and 0.4—3.0 ugm > (PM,,),
with the highest concentrations in the tropics, where PBAP
may be the dominant source of organic aerosol. Further
validation is required to reduce the substantial uncertainties
on this budget. Citation: Heald, C. L., and D. V. Spracklen
(2009), Atmospheric budget of primary biological aerosol
particles from fungal spores, Geophys. Res. Lett., 36, 109806,
doi:10.1029/2009GL037493.

[2] Primary biological acrosol particles (PBAP) may
make up a large unrecognized fraction of organic aerosol
in the atmosphere [Elbert et al., 2007; Jaenicke, 2005]. A
variety of cellular particles contribute to this aerosol class,
including viruses, bacteria, fungal spores, pollen and veg-
etative debris. Certain among them play a demonstrable
climate-forcing role, whether as cloud condensation nuclei
(CCN) [Bauer et al.,2003] or ice nuclei (IN) [ Christner et al.,
2008; Diehl et al., 2001]. However, the identification and
detection of these particles is challenging and often limited to
laborious staining and counting methods. Mahowald et al.
[2008] estimated the budget of coarse bioaerosol based on a
statistical attribution of the sources of phosphorous. The
sugar alcohol mannitol (C¢Hg(OH),), has been identified as
a unique tracer of fungal spore PBAP [Bauer et al., 2008a;
Elbert et al., 2007]. We use observations of mannitol to
develop the first global simulation of PBAP from fungal
spores and examine the contribution that this source makes
to the organic aerosol budget.

[3] Spores from fungi, a class of bioaerosol which can
include yeasts and molds, can be sources of both infection
and allergic reaction [e.g., Green et al., 2003]. They are
associated with vegetation, soil, litter and decaying organic
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matter and are emitted to the atmosphere both via active
injection and passively through the action of wind which
ultimately disperses spores away from sources [Cox and
Wathes, 1995]. These spores generally span the 1-20 pum
size range and have been found to dominate the coarse
mode bioaerosol in certain environments [Glikson et al.,
1995]. Attempts have been made to quantify the contribu-
tion of fungal spores to atmospheric particulate matter based
on their phospholipid [Womiloju et al., 2003] or their
culturable content [DiGiorgio et al., 1996], but more
recently sugar alcohols, such as mannitol, have been shown
to be a unique biomarker for these spores [Bauer et al.,
2008a]. Elbert et al. [2007] and Bauer et al. [2008a]
estimate that each spore contains 1.7 pg of mannitol. These
studies report different values for the mean mass of organic
matter associated with each spore, from 33 pg/spore [Bauer
et al., 2008a] to 65 pg/spore [Elbert et al., 2007], however
Bauer et al. [2002] find a wide range of carbon content for
spores which may reflect variation in species of fungi. The
resulting scaling from mannitol concentration to organic
matter (OM) concentration may therefore range from 19 to
38 g OM/g mannitol. We use the larger value in this study
and thus the fungal spore PBAP budget estimated here is
likely an upper limit.

[4] Elbert et al. [2007] compiled measured mannitol
concentrations in organic aerosol particles from diverse
environments. Based on typical extratropical mannitol con-
centrations, they estimate a total global flux of PBAP from
fungal sources of 50 Tg yr~'. Emission of OC aerosol from
combustion sources are estimated to total 47 Tg yr~' [Bond
et al., 2004] (with significantly year-to-year variability)
however, these particles are generally sub-micron in size.
While previous studies have compared total estimated
PBAP emission to these combustion sources, we attempt
to assess the contribution to both the fine (PM, 5, diameter <
2.5 pm) and the coarse (PM;,, diameter < 10 pum) mode
here. This separation of size is critical to the interpretation
of ambient organic aerosol measurements, where instrument
and sampling design often dictates fine mode sampling
only. In addition, this size segregation provides a crude
delineation between small, longer-lived particles and larger
particles which may be more rapidly deposited from the
atmosphere. We use data from Elbert et al. [2007] as a
starting point of this study and exploit the geographical and
seasonal diversity of observed mannitol concentrations to
constrain the emission source for both fine and coarse mode
PBAP.

[5] To optimize estimates of fungal spore PBAP emis-
sions, we implement a PBAP simulation in the GEOS-Chem
global chemical transport model (http://www-as.harvard.
edu/chemistry/trop/geos), driven by GEOS-4 assimilated
meteorology from the NASA Global Modeling and Assim-
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Figure 1. Point-by-point comparison between observed
fungal PBAP and corresponding GEOS-Chem model
simulation for both constant emissions (black) and optimized
emissions (red). Observations are compared to simulated
monthly or seasonal means as appropriate. Also shown are
the corresponding linear regressions (solid lines) and the 1:1
relationship (thick black line). The correlation coefficient and
slopes for the linear regressions are indicated. Statistics were
computed with the reduced-major-axis method [Hirsch and
Gilroy, 1984].

ilation Office. We employ here v7.04.13 of GEOS-Chem at a
2° x 2.5° horizontal resolution for the year 2003. PBAP is
added to the GEOS-Chem simulation in 2 size modes: fine
(<2.5 pum) and coarse (2.5—10 pm). We assume an organic
matter to carbon (OM:OC) ratio of 2.6 and thus a molecular
weight of 31 g mol™'[Bauer et al., 2008b]. Dry deposition
velocities for PBAP are calculated with a size-dependent
scheme [Zhang et al., 2001], matching the treatment of dust
and sea salt deposition in GEOS-Chem. We assume that
fungal spores can readily be integrated in cloud droplets, and
are therefore treated as soluble. The implied rapid removal
reduces the possible lifetime of PBAP in the atmosphere, and
thus ensures that all emission estimates here are an upper-
limit. Aerosol scavenging in GEOS-Chem follows the
scheme of Liu et al. [2001]. Anthropogenic emissions of
OC are as described by Park et al. [2003] and biomass
burning emissions are from the Global Fire Emissions
Database version 2 (GFEDV2) [van der Werf et al., 2006].
Emissions of primary organic aerosol from these combustion
sources total 66 Tg yr ~ in 2003. We assume that 50% of
OC emitted from combustion sources is hydrophobic with a
1.2 day e-folding conversion from hydrophobic to hydro-
philic [Park et al., 2003]. Formation of secondary organic
aerosol (SOA) from the products of isoprene, monoterpenes
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and other volatile organic compounds (OVOCs) oxidation
follows the 2-product model as implemented by Chung and
Seinfeld [2002] based on empirical fits to smog chamber
data. Biogenic SOA production in GEOS-Chem totals
26.8 Tg yr ' [Henze et al., 2008]. An 80% scavenging
efficiency is assumed for SOA [Chung and Seinfeld, 2002].
With the exception of PBAP, OC is treated as bulk sub-
micron aerosol.

[6] We first test whether a constant emission rate can
reproduce the magnitude and range of observed mannitol
concentrations. These measurements reflect long-term aver-
ages ranging from weeks to months of sampling in a variety
of continental locations and seasons [Elbert et al., 2007,
Table A3]. Measured mannitol concentrations in coarse
mode particles (N = 13) exceed those in the fine mode (N =
11) by a factor of 3—4. We therefore apply the emission rate
estimated by Elbert et al. [2007] (1.1 x 10 ¥ gm 2s ') as
20% fine and 80% coarse mode PBAP. Global emissions total
44 Tg yr~ ', which is lower than the 50 Tg yr~ ' estimated by
Elbert et al. [2007] because we do not emit from ice and
snow-covered surfaces. Figure 1 compares the resulting
GEOS-Chem simulation of PBAP in the fine and coarse
mode to the fungal spore PBAP observations (scaled from
mannitol concentrations) in black. The GEOS-Chem simu-
lation has little skill in capturing the variability of the
observed PBAP or the range of concentrations when these
constant emissions are employed. Measured mannitol con-
centrations reflect an important geographical variability with
concentrations in Amazonia and Rondonia 2—3 times higher
than those reported at extratropical locations [Elbert et al.,
2007]. In addition, the GEOS-Chem simulation reveals a
seasonal bias, with concentrations reported in spring and
winter overestimated and summer/fall concentrations under-
estimated. Due to the long-term sampling, the meteorological
variability between particular years of observation and
the 2003 simulation is not expected to be a factor in these
comparisons.

[7] We attempt to optimize emissions to reflect the sea-
sonal and geographical variability in the observations. In-situ
fungal spore concentrations have been observed to vary with
a range of meteorological and surface variables [Jones and
Harrison, 2004]. We examine how observed mannitol con-
centrations might be related to a series of meteorological
and phenological drivers including: temperature, radiation,
wind speeds, surface wetness, precipitation, leaf area index
(LAI), relative humidity, water vapor concentrations and
boundary layer depths. Figure 2 shows the two factors most
highly correlated with mannitol concentrations: LAI (a
measure of vegetation density) and atmospheric water vapor
concentrations. These two variables can be taken as proxies
for the density of the source medium (LAI) and water
availability, both of which have been seen to control long-
term fungal spore concentrations [Jones and Harrison,
2004]. However, some of the drivers are highly correlated
(for example, LAI and temperature), and so the empirical
drivers shown to give the best correspondence may be
surrogates for other factors controlling fungal sources.
Previous studies have used annual-mean biomass density,
a measure similar to LAI, to drive their total PBAP
[Mahowald et al., 2005, 2008]. We further note that the
observations do not allow us to assess what might control
the hourly-daily variability in concentrations, where factors
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Figure 2. Correlation of observed mannitol concentrations
with (left) monthly-mean LAI and (right) water vapor
concentrations at each location. Points are colored by season:
spring (green), summer (red), autumn (orange), and winter
(blue).

such as wind speed and humidity may be more important
[Jones and Harrison, 2004].

[8] Figure 1 compares the GEOS-Chem simulation with
optimized emissions to the observations of organic aerosol
from fungal spores (in red). A number of emission iterations
were tested, including scaling emissions by either one of
LAI or water vapor concentrations (as well as other param-
eters). The objective of the optimization was to minimize
the mean differences between observed and simulated
observations and to maximize the degree of variability

a) PBAF (fungal spore) Emissions
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reproduced by the model. Shown here are the emissions
optimized to fit the mean observed concentrations, by
linearly scaling a constant emission rate by both LAI and
water vapor concentrations. The model captures the vari-
ability in the fine mode PBAP concentrations (R = 0.86),
with little bias (slope = 0.99) when these optimized emis-
sions are implemented. Coarse mode emissions are obtained
by uniformly scaling fine mode emissions by a factor of
three and thus reproduce the mean magnitude of the
measured coarse concentrations (slope = 0.98). The simu-
lation is less successful in reproducing the variability
observed in the coarse mode PBAP (R = 0.28).This repre-
sents an improvement over the constant emissions scheme,
although better constraints are required to establish what
additional parameters might control the emission of fungal
spores in the coarse mode. The global optimized emissions
total 7 Tg yr ' in the fine mode and 21 Tg yr ' in the
coarse mode. Winiwarter et al. [2009] used atmospheric
concentrations of fungal spores observed at a site in Europe
to derive a fungal spore emission estimate of 3 x 107> —
0.08 g m~2 yr '. Our emissions in the same region are
higher at 0.2 g m? yr', however if we assume the same
organic matter conversion used by Winiwarter et al. [2009]
we obtain values at the upper limit of their range. Mahowald
et al. [2008] estimate a total coarse mode PBAP emission
of 164 Tg yr ' with a similar geographical distribution;
taken with our results this would suggest that fungal spores
make up ~12% of coarse PBAP. Fungal spores contribute
23% of total primary emissions of organic aerosol in this
simulation, or 7% of the fine-mode source. Figure 3a shows
the global distribution of emissions, which are highest in the
tropics. In the extratropics, where vegetation cover varies
significantly throughout the year, simulated emissions and
concentrations exhibit a pronounced seasonal cycle, peaking

b) Contribution of PBAP to Surface OA (fine)
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Figure 3. Annual mean of optimized GEOS-Chem simulation of fungal PBAP: (a) PBAP emissions, (b) percentage
contribution of fungal PBAP to fine organic acrosol (OA) surface concentrations, (c¢) fine-mode fungal PBAP surface
concentrations, and (d) coarse-mode fungal PBAP surface concentrations. Observation locations are shown as white circles

in Figure 3d (note some locations overlap).
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Figure 4. Seasonality in mean simulated fine mode PBAP
surface concentrations over indicated domains: North
America (NA, solid), Europe (EU, dotted), Asia (AS, dash)
and South America (SA, grey).

in late local summer and early fall (Figure 4). Measured spore
counts in urban and suburban Vienna [Bauer et al., 2008b],
the Hyytiala field site in Finland (H. E. Manninen, personal
communication, 2009), and in Hualien, Taiwan [Ho et al.,
2005] confirm this seasonality.

[o] Figure 3 also shows annual mean simulated surface
concentrations in both the fine and coarse mode. Concen-
trations of fine-mode PBAP rarely exceed 0.3 pug m >,
while concentratlon of coarse-mode PBAP are typically
0.4 pg m~> or larger over Vegetated regions. If we convert
typical concentrations of 0.1 ug m— and 0.5 ug m > for the
fine and coarse mode respectively to equivalent number
concentrations (assuming a density of 1 g ecm™> and
diameters in the middle of each size range) we obtam
number concentrations of 10° m~* (fine) and 8 x 10> m
(coarse). Elbert et al. [2007] ;gest that spore concentra-
tions are typically less than 10" m ~ but can reach up to
10° m™. Our values are very sensitive to the assumed
spore diameter. For example, assuming that the mean
diameter of the fine mode aerosol is 2 pm rather than
1.25 pm would reduce the fine mode number concentration
by a factor of 4. In a future study, which will focus on the
contribution of these particles to CCN activity, we will
investigate how the size of these particles can be optimized
to match fungal spore counts, while matching mass emis-
sions estimated here.

[10] The simulated annual mean burden of PBAP from
fungal sources determined from GEOS-Chem and the
optimized emission model is 0.18 Tg. Fine mode PBAP
makes up a larger fraction of the burden (30%) than its
proportional emission (25%) due to the longer lifetime of
the smaller size mode (global mean lifetime of 2.8 days for
fine mode and 2.2 days for coarse mode). Figure 3b shows
that the percentage of fine mode organic aerosol at the
surface over land that can be attributed to PBAP from
fungal sources is of the order of 10% but can exceed 30%
in the tropics. In the free troposphere concentrations of
fungal spores are less than 0.05 g m > and contribute less
than 5% to fine organic aerosol. Assumptions in the model
were specified consistently such that these values should
be taken as an upper-estimate.
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[11] PBAP from fungal sources represent an important
addition to the global organic aerosol budget, particularly
over clean, densely vegetated environments. Uncertainties
on the fungal spore PBAP budget estimated here are large,
particularly given the limited set of observations used to
optimize emissions. There is a critical need for more
extensive datasets against which this empirical model sim-
ulation can be evaluated. This includes measurements in
diverse environments, over multiple seasons with high
temporal sampling. Much of this aerosol may fall within
the coarse size range, motivating a need for further size-
resolved field observations. The contribution of this fungal
source to CCN (and IN) concentrations now needs to be
evaluated as do implications for climate and the potential
for PBAP-climate feedbacks. Field observations suggest
that primary biological aerosol particles are ubiquitous
[Cox and Wathes, 1995]. This study represents a first-step
towards building a global atmospheric source-specific bio-
aerosol budget.

[12] Acknowledgment. We thank Tony Prenni for useful discussions.

References

Bauer, H., et al. (2002), Determination of the carbon content of airborne
fungal spores, Anal. Chem., 74(1), 91-95.

Bauer, H., H. Giebl, R. Hitzenberger, A. Kasper-Giebl, G. Reischl,
F. Zibuschka, and H. Puxbaum (2003), Airborne bacteria as cloud con-
densation nuclei, J. Geophys. Res., 108(D21), 4658, doi:10.1029/
2003JD003545.

Bauer, H., et al. (2008a), Arabitol and mannitol as tracers for the quantifi-
cation of airborne fungal spores, Atmos. Environ., 42(3), 588—593.

Bauer, H., et al. (2008b), Significant contributions of fungal spores to the
organic carbon and to the aerosol mass balance of the urban atmospheric
aerosol, Atmos. Environ., 42(22), 5542—5549.

Bond, T. C., D. G. Streets, K. F. Yarber, S. M. Nelson, J.-H. Woo, and
Z. Klimont (2004), A technology-based global inventory of black and
organic carbon emissions from combustion, J. Geophys. Res., 109,
D14203, doi:10.1029/2003JD003697.

Christner, B. C., et al. (2008), Geographic, seasonal, and precipitation
chemistry influence on the abundance and activity of biological ice nu-
cleators in rain and snow, Proc. Natl. Acad. Sci. U. S. A., 105(48),
18,854-18,859.

Chung, S. H., and J. H. Seinfeld (2002), Global distribution and climate
forcing of carbonaceous aerosols, J. Geophys. Res., 107(D19), 4407,
do0i:10.1029/2001JD001397.

Cox, C. S., and C. M. Wathes (1995), Bioaerosols Handbook, 623 pp.,
Lewis, London.

Diehl, K., et al. (2001), The ice nucleating ability of pollen—Part I: La-
boratory studies in deposition and condensation freezing modes, Atmos.
Res., 58(2), 75-87.

DiGiorgio, C., et al. (1996), Atmospheric pollution by airborne microor-
ganisms in the city of Marseilles, Atmos. Environ., 30(1), 155—160.

Elbert, W., et al. (2007), Contribution of fungi to primary biogenic aerosols
in the atmosphere: Wet and dry discharged spores, carbohydrates, and
inorganic ions, Atmos. Chem. Phys., 7, 4569—4588.

Glikson, M., et al. (1995), Microscopic and submicron components of
atmospheric particulate matter during high asthma periods in Brisbane,
Queensland, Australia, Afmos. Environ., 29(4), 549—562.

Green, B. J., et al. (2003), Allergen detection from 11 fungal species before
and after germination, J. Allergy Clin. Immunol., 111(2), 285-289.

Henze, D. K., et al. (2008), Global modeling of secondary organic aerosol
formation from aromatic hydrocarbons: High- vs. low-yield pathways,
Atmos. Chem. Phys., 8, 2405-2420.

Hirsch, R. M., and E. J. Gilroy (1984), Methods of fitting a straight line to
data: Examples in water resources, Water Resour. Bull., 20, 705—711.
Ho, H. M, et al. (2005), Characteristics and determinants of ambient fungal

spores in Hualien, Taiwan, Atmos. Environ., 39(32), 5839—5850.

Jaenicke, R. (2005), Abundance of cellular material and proteins in the
atmosphere, Science, 308(5718), 73-73.

Jones, A. M., and R. M. Harrison (2004), The effects of meteorological
factors on atmospheric bioaerosol concentrations—A review, Sci. Total
Environ., 326(1-3), 151-180.

Liu, H., D J. Jacob I. Bey, and R. M. Yantosca (2001), Constraints
from 2'Pb and "Be on wet deposition and transport in a global

4 of 5



L09806

three-dimensional chemical tracer model driven by assimilated meteoro-
logical fields, J. Geophys. Res., 106(D11), 12,109—12,128.

Mahowald, N. M., P. Artaxo, A. R. Baker, T. D. Jickells, G. S. Okin, J. T.
Randerson, and A. R. Townsend (2005), Impacts of biomass burning
emissions and land use change on Amazonian atmospheric phosphorus
cycling and deposition, Global Biogeochem. Cycles, 19, GB4030,
doi:10.1029/2005GB002541.

Mahowald, N., et al. (2008), Global distribution of atmospheric phosphorus
sources, concentrations and deposition rates, and anthropogenic impacts,
Global Biogeochem. Cycles, 22, GB4026, doi:10.1029/2008GB003240.

Park, R. J., D. J. Jacob, M. Chin, and R. V. Martin (2003), Sources of
carbonaceous aerosols over the United States and implications for natural
visibility, J. Geophys. Res., 108(D12), 4355, doi:10.1029/2002JD003190.

van der Werf, G. R., et al. (2006), Interannual variability in global biomass
burning emissions from 1997 to 2004, Atmos. Chem. Phys., 6,3423—-3441.

HEALD AND SPRACKLEN: ATMOSPHERIC BUDGET OF PBAP

L09806

Winiwarter, W., et al. (2009), Quantifying emissions of primary biological
aerosol particle mass in Europe, Atmos. Environ., 43, 1403—14009.

Womiloju, T. O., et al. (2003), Methods to determine the biological com-
position of particulate matter collected from outdoor air, Atmos. Environ.,
37(31), 4335-4344.

Zhang, L. M., et al. (2001), A size-segregated particle dry deposition
scheme for an atmospheric aerosol module, Atmos. Environ., 35(3),
549-560.

C. L. Heald, Department of Atmospheric Science, Colorado State
University, 1371 Campus Delivery, Fort Collins, CO 80525-1371, USA.
(heald@atmos.colostate.edu)

D. V. Spracklen, School of Earth and Environment, University of Leeds,
Woodhouse Lane, Leeds LS2 9JT, UK.

5of5



