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Figure 10. Horizontally distributed FBAP/fungal spore concentra-

tion in 1 L−1, emitted by FFBAP, in the lowest model layer, aver-

aged from 26 August to 1 September 2010 (excluding a spin-up

period of 6 h). Circles indicate the locations of the different FBAP

measurement time series and the color within the white circles rep-

resents the mean FBAP number concentration measured at each lo-

cation.

The simulated mass concentrations of each chemical

aerosol compound are averaged over the land areas of the

model domain and the time period of late August 2010

(Fig. 11). The total aerosol mass concentration is approxi-

mately 2.5 µgm−3. Fungal spores distribute in the domain

with an average number concentration of 26 L−1 over land.

This corresponds to an average mass concentration of fungal

spores of 0.37 µgm−3 which accounts for 15.4 % of the to-

tal simulated aerosol mass. The total aerosol mass excludes

mineral dust as one of the main contributors to the chemical

aerosol composition, which might lower the fraction of fun-

gal spore mass. A list of mass concentrations of the simulated

chemical aerosol compounds, including fungal spores, at the

four measurement sites, is given in Table 5. The mass frac-

tion of fungal spores compared to the total aerosol simulated

for these sites varies between 9 and 30 %.

4 Discussion and conclusions

FBAP measurements from four locations in Europe were

compared with simulated concentrations of fungal spores and

FBAP. Fluorescent particles are often observed to be most

Figure 11. Near-surface chemical aerosol mass composition sim-

ulated by COSMO-ART, horizontally averaged over the land area

in the model domain and temporally averaged from 26 August to

1 September 2010 (excluding a spin-up period of 6 h).

abundant in the diameter range of 2–4 µm (Huffman et al.,

2010, 2012, 2013; Pöschl et al., 2010; Healy et al., 2012a;

Toprak and Schnaiter, 2013). This diameter range for peak

FBAP concentration matches closely with the modal size of

many species of fungal spores known to be present in the at-

mospheric aerosol. Contrary to that, an increase in number

concentration towards small particles has been reported for

some FBAP measurement series, although only a small frac-

tion of FBAP could be identified as bacteria cells (Gabey et

al., 2011; Huffman et al., 2010). Therefore, FBAP cannot be

equated with fungal spores, although the concentrations of

these may agree well in many cases. This complicates the

interpretation of the comparisons conducted in this study.

Comparison of simulations and measurements at four lo-

cations and the correlation of FBAP concentrations to me-

teorological and surface conditions are expected to be most

robust when applying identical methods and conditions at all

locations. These conditions were not fulfilled in our study.

On one hand, site characteristics vary between the stations,

which will influence the sensitivity of PBAP emission to sur-

rounding conditions. On the other hand, the measurements

are made with different instruments. The measurement se-

ries at Karlsruhe, Germany, are done with a WIBS-4 in-

strument which includes technical improvements compared

to the WIBS-3 used at Manchester, UK, and Cork, Ireland

(Gabey et al., 2010; Healy et al., 2012b). At Hyytiälä, Fin-

land, and Killarney, Ireland, the UV-APS is used to deter-

mine the FBAP concentration. This variation may lead to dif-

ferent estimation of the FBAP concentration and within this

case study WIBS may report FBAP at lower concentrations

than UV-APS at different locations but similar meteorologi-

cal conditions.

In this paper, fungal spore concentrations are calcu-

lated with the COSMO-ART atmospheric model by using

literature-based emission parameterizations which are based

on the adaptation of simulated global atmospheric concen-
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Table 5. Simulated aerosol mass concentrations for aerosol chemical components, including fungal spores, in µg m−3 at the measuring sites

as averages over the time period during August 2010.

Particle Mass Karlsruhe, Hyytiälä, Manchester, Killarney,

(µg m−3) Germany Finland UK Ireland

Fungal spores 0.41 0.20 0.35 0.28

Sea salt 0.44 0.01 1.62 1.11

Soot 0.19 0.06 0.42 0.04

SO2−
4

0.18 0.01 0.11 0.05

NH+
4

0.44 0.01 0.14 0.07

NO−
3

1.29 0.01 0.34 0.18

SOA 0.41 0.24 0.14 0.04

aPA 0.67 0.13 0.85 0.11

tration to mannitol measurements or spore colony counts

(Heald and Spracklen, 2009; Sesartic and Dallafior, 2011).

Although mannitol concentration can include contributions

from other PBAP (e.g., insects, bacteria, and algae) and from

lower plants, the association to fungal spore concentration

is reasonable (Di Filippo et al., 2013). Overall, the temporal

development of the literature-based simulated fungal spore

concentrations calculated by COSMO-ART approximately

reproduces the measured FBAP concentrations. Some differ-

ences between simulated fungal spore and observed FBAP

concentrations may be explainable by the usage of FBAP

concentrations as a representative for fungal spores.

By using a time-independent (but spatially varying) emis-

sion flux FS&D, every development in the local temporal pat-

tern arises from meteorological influences. A similar diur-

nal cycle develops between simulations with constant (FS&D)

and time-dependent (FH&S and FFBAP) fungal spore emis-

sions, but the diurnal amplitude differs to varying extent.

Therefore, and from a correlation analysis with the inverse

of the simulated boundary layer height, a diurnal cycle in the

simulated fungal spore concentrations with a maximum be-

tween midnight and sunrise is shown to be influenced at least

partly by boundary layer compression at night. However,

measured FBAP concentrations are in some time periods not

consistent with the simulated hPBL, which suggests that NF,c

is additionally influenced, e.g., by possible increases in bio-

logical emission at night.

In this work, a new emission parameterization for FBAP

particles is developed by a regression analysis to observa-

tions. As was formulated by Heald and Spracklen (2009), it

depends on the specific humidity and the LAI, but is extended

by temperature. The resulting concentrations have on the av-

erage a smaller NMB and a slightly smaller RMSE compared

to the measured FBAP concentrations than the previously

used fungal spore emission parameterizations, but variations

in the measurements are not always captured by the simu-

lation. Thus, the correlation coefficient remains low (0.43).

Possible reasons include biases due to local conditions at

the measurement stations, biases in the input parameters and

model errors related to the transport, mixing and sink pro-

cesses (including boundary layer turbulence and washout by

precipitation). Future work including a long-term analysis of

FBAP concentrations and environmental conditions may re-

sult in a further adjustment of the coefficients or reveal other

parameters or functional dependencies driving the emission.

Ideally, the observations would be split into a training data

set and an evaluation data set, which was not possible until

now due to the limited number of available observations.

Using the new emission parameterization on a model do-

main for Europe, FBAP emission fluxes are extrapolated

from northern parts of the domain, where UV-LIF measure-

ments were located, also to southern Europe. There, much

higher emission fluxes occur in the simulation, partially

caused by higher specific humidity, which is also the case for

FH&S, as well by temperature dependence in FFBAP. This ex-

trapolation is without support from local southern European

measurements, however, and thus further UV-LIF measure-

ments are recommended for this region in southern Europe

where fungal spore emission fluxes are potentially larger.

As a result of the relatively low model horizontal resolu-

tion of 14 km, small-scale variations influencing fungal spore

and FBAP emission at the measurement sites may not be re-

solved. Influences on a small scale might be due to an in-

creased amount of fungi for the given vegetation type. When

taking the LAI as a surrogate for the vegetation type, uncer-

tainties may result from an insufficient relation to the pres-

ence of fungi or additional surrounding factors favoring fungi

growth. Furthermore, variations in precipitation may not be

captured by the model, which then may lead to biases in the

fungal spore concentrations. The same holds for small wind

gusts and convective cells which may have a strong influence

on spore dispersion, but are not captured well in the model.

An increase in FBAP and fungal spore concentration dur-

ing or shortly after rain events (Huffman et al., 2013) could

not be reproduced by the simulations, as this effect is not in-

cluded in the emission parameterizations to an adequate ex-

tent.
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The module calculating the dispersion of FBAP/fungal

spores does not include all processes of aerosol dynamics

and cloud physics. Of the processes not included, only break-

ing up of spores can enhance their number concentration.

Coagulation is neglected, as in most cases the FBAP/fungal

spore number concentration is low and, hence, their colli-

sion is highly improbable. A coagulation of spores with other

aerosol particles is more likely to happen, but not included in

the simulations. Not much is known about the role of fun-

gal spores and other biological particles in clouds and their

ability to act as CCN.

The simulations presented in this paper highlight the im-

portance of PBAP to the composition of atmospheric aerosol.

Fungal spores, the focus of this paper, are among the main

contributors to PBAP and therefore exert significant influ-

ence on aerosol loading. In this study, COSMO-ART is

used to simulate all major chemical aerosol compounds ex-

cept for mineral dust in a domain covering western Eu-

rope. When averaging the mass concentration horizontally

across the land-covered part of the model domain and over

all time steps of the simulation, fungal spores (assumed

to be represented by FBAP) are among the major mass

components (Fig. 11). However, the mass fraction of fun-

gal spores might be overestimated here, as another major

aerosol component, mineral dust, is not included, because

the domain does not include any desert dust source areas. At

the selected time periods, back trajectories with HYSPLIT

(Draxler and Rolph, 2013) and the operational dust forecast

with the BSC-DREAM8b model, operated by the Barcelona

Supercomputing Center (http://www.bsc.es/earth-sciences/

mineral-dust-forecast-system/) suggest that transport of Sa-

hara dust to the measurement stations is low (not shown), but

influences the aerosol concentrations in southern Spain The

emission from non-desert dust sources (in particular agricul-

tural areas) is strongly episodical, as it is linked not only to

meteorological conditions but also to human activity (e.g.,

tillage operations (Funk et al., 2008; Goossens et al., 2001),

traffic). The magnitude of the local dust source strength is un-

certain and not included in the model, as no validated emis-

sion parameterization is available at present. (Beuck et al.,

2011) estimated that mineral dust (including both long-range

transport and local sources) corresponds, on average, to 10 %

of PM10 concentrations in rural northwestern Germany, and

14 % of PM10 concentrations in urban areas in this region.

The fungal spore mass concentration may reach up to 30 %

of simulated near-surface chemical aerosol mass components

in rural areas of Finland (Table 5). In comparison, ratios of

PBAP to total aerosol concentrations given in literature can

assume similar values. The volume fraction of biological par-

ticles among particles larger than 0.2 µm during 1 year of

measurements at a remote site in Siberia reaches 28 % on the

average and at Mainz, Germany, the volume fraction amounts

to 22 % (Matthias-Maser et al., 2000). Both of these frac-

tions agree well with simulated mass fractions of this study

for comparable locations, although simulated concentrations

given in this study are much lower than total PBAP num-

ber concentrations given in Matthias-Maser et al. (2000).

In contrast, the number and mass fractions in the Amazo-

nian basin are above 80 % (Pöschl et al., 2010) and therefore

much higher than in the urban and remote areas in this study

(Pöschl et al., 2010).

PBAP and especially fungal spores might account for a

major part of the aerosol loading. Local correlations be-

tween FBAP and ice nuclei number concentration (Tobo et

al., 2013) show that future model studies of PBAP impacts

on clouds are needed to determine their relevance to atmo-

spheric ice nucleation.
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