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Oblaci ne idu onako kako ljudi govore,
nego onako kako ih vjetar nosi.

Clouds don't go where people tell them to,
but where they're carried by the wind.

Ivana Brlíc-Ma�zuraníc
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Abstract

Atmospheric aerosols play an important role in the Earth system and are one of the major uncertainties
in the assessment of climate change. In order to improve the understanding of aerosols and their role in
the global climate systems, the hitherto neglected but microphysically potentially important biological
aerosol particles (bacteria and fungal spores) have been included as potential ice nuclei (IN) into the
global climate model (GCM) ECHAM5-HAM and their emissions, transport and impact on clouds and
precipitation were investigated.

Bacteria are the most active naturally occurring ice nuclei due to the ice nucleation active proteins
on their surface, which serve as active sites for ice nucleation. Fungal spores have also been shown
to exhibit IN properties. Bacteria in general and those with ice nucleating abilities in particular, are
commonly found on plant leaves and their number concentrations depend on the plant functional type.
Fungal spore concentrations were also found to correlate with vegetation. The observed near surface
bacteria and fungal spore �uxes have therefore been combined with the global spread of plant functional
types taken from the JSBACH dynamic vegetation model, in order to calculate their number emission
�uxes in ECHAM over the crops, grass, shrubs, forests and land ice ecosystems.

In order for bioaerosols to be incorporated into the HAM aerosol module of ECHAM, two new aerosol
modes (bioaerosol insoluble and soluble/mixed) as well as two new aerosol species (bacteria and fungal
spores) have been introduced. Both are initially emitted in the insoluble mode and can transfer to the
mixed mode by coating with sulfuric acid and coagulation with sulfate, soot and organic carbon. Ad-
ditionally, bioaerosols are allowed to coagulate with each other and dust, as this has been observed in
nature.

IN have, when present in suf�ciently high concentrations, the ability to glaciate supercooled liquid
clouds, with signi�cant consequences for radiative properties, precipitation release and lifetimes of the
clouds. It was shown that bacteria can be transported to the middle and upper troposphere and over large
distances, however, their number concentration is two to three orders of magnitude lower than that of
mineral dust, another aerosol type with the ability to act as IN. Therefore, the inclusion of bacteria as IN
in a GCM leads to only minor changes in cloud formation and precipitation on a global level. Neverthe-
less, changes in the liquid water path and ice water path are observed, speci�cally in the boreal regions
where tundra and forests act as sources of bacteria. While the mean observed bacteria concentrations are
captured by the model, it greatly underestimates the variability in the bacteria concentrations. As current
observations of bacteria emissions have many uncertainties and might underestimate their real numbers,
an extreme assumption of a 100-fold increase in bacteria emissions was introduced in a sensitivity study.
This leads to a simulated change in cloud radiative forcing similar to the entire increase in the green-
house effect due to anthropogenic CO2 forcing. Standardised long-term observations with world-wide
coverage are necessary for a more precise model evaluation.

In order to facilitate the modelling of fungal spores and their impact as IN on the global climate,
a literature review was conducted where emission �uxes of fungal spores have been calculated based
on fungal spore concentration observations from different biomes. As the data availability for fungal
spores is similarly poor as for bacteria, due to the heterogeneity of the applied measurement methods as
well as the quality of the measurements themselves, several assumptions and simpli�cations needed to
be adopted while aggregating the data: results from different measurement methods have been treated
equally, while diurnal and seasonal cycles have been neglected. Nevertheless, the resulting global emis-
sion �ux of fungal bioaerosol was proven to be in agreement with previous studies and thus a useful basis
for modelling in ECHAM5-HAM.

Finally, fungal spores were included into ECHAM5-HAM with an ability to act as IN. The emissions
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of fungal spores are successfully captured by the model. Similar as for bacteria, their inclusions leads to
negligible changes in cloud properties. A slight increase in the ice water path can be observed though,
coupled to an increase in the ice crystal radius, especially in boreal regions.

In conclusion, to the best of our current knowledge, the in�uence of bacteria and fungal spores on
the global climate appears small, however, the results suggest that some regional effects might exist,
especially in boreal regions. In order to advance the research on bioaerosols' effect on climate, further
investigations in the �eld, laboratory studies and modelling work are needed, also in collaboration with
other disciplines like microbiology, plant ecology or mycology. Modelling research should focus on local
effects of bioaerosols in highly vegetated regions, e.g. tropical forest, by using high resolution regional
models coupled to a dynamic vegetation scheme.
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Zusammenfassung

Atmospḧarische Aerosole spielen eine wichtige Rolle im System Erde und stellen eine der grössten Un-
sicherheiten bei der Beurteilung des Klimawandels dar. Um das Wissenüber Aerosole und ihrer Rolle
im globalen Klima zu verbessern, wurden die bisher vernachlässigten aber mikrophysikalisch wichti-
gen biologischen Aerosolpartikel (Bakterien und Pilzsporen) als Eiskerne in das globale Klimamodell
ECHAM5-HAM aufgenommen und ihre Emissionen, Transport, sowie Auswirkungen auf Wolken und
Niederschlag untersucht.

Bakterien sind die aktivsten natürlich vorkommenden Eiskerne aufgrund der Proteine auf ihrer
Ober�äche, die als aktive Zentren für Eisnukleation dienen. Bei Pilzsporen wurde eben-
falls Eisnukleations-Aktiviẗat nachgewiesen. Im allgemeinen �nden sich Bakterien häu�g auf
P�anzenober�̈achen, insbesondere diejenigen welcheüber die F̈ahigkeit verf̈ugen Eiskristalle zu bilden.
Je nach dem auf welcher funktionalen P�anzengruppe sie vorkommen, sind die Konzentrationen an-
ders. Ähnliches wurde auch für Pilzsporen beobachtet. Deshalb war es möglich, die beobachteten
Bakterien- und Pilzsporen-Emissionen mit den funktionellen P�anzengruppen zu kombinieren, die dem
dynamischen Vegetationsmodell JSBACH entnommen wurden, um in ECHAM die Emissions�üsse f̈ur
die Ökosysteme der Kulturp�anzen, Gräser, Str̈aucher, Ẅalder und Landeis zu berechnen.

Um Bioaerosole in das HAM Aerosol-Modul von ECHAM einzubauen wurden zwei neue Aerosol-
Modi (unlösliche und l̈osliche / gemischte Bioaerosole) sowie zwei neue Aerosolarten, Bakterien und
Pilzsporen, eingeführt. Beide werden zunächst im unl̈oslichen Modus emittiert. Sie gehen in den gemis-
chten Modus̈uber durch Beschichtung mit Schwefelsäure sowie Koagulation mit Sulfat, Russ und or-
ganischen Kohlenstoff. Darüber hinaus k̈onnen Bioaerosole untereinander, sowie mit Staub, koagulieren,
wie dies auch in der Natur beobachtet worden ist.

In gen̈ugend hohen Konzentrationen haben als Eiskerne fungierende Aerosole die Fähigkeit un-
terkühlte Fl̈ussigwasserwolken zum Gefrieren zu bringen, mit Folgewirkungen für die Strahlungseigen-
schaften, Niederschlag und Lebensdauer der Wolken. Es wurde gezeigt, dass Bakterien bis in die
mittleren und oberen Troposphärenschichten vordringen sowieüber weite Strecken transportiert wer-
den k̈onnen. Ẅahrend ECHAM die beobachteten Bakterienkonzentrationen korrekt wiedergibt, unter-
scḧatzt es stark die Variabilität der Bakterienkonzentration. Insgesamt ist die Konzentration der Bak-
terien zwei bis drei Gr̈ossenordnungen geringer als die von Staub. Daher führt die Ber̈ucksichtigung
von Bakterien als Eiskerne in einem globalen Klimamodell nur zu geringfügigen Änderungen bei
Wolkenbildung und Niederschlag. Auf globaler Ebene können jedoch Veränderungen im Flüssig- und
Eiswassergehalt beobachtet werden, besonders in borealen Regionen, in denen Tundra und Wälder
als Quellen von Bakterien dienen. Da die zur Zeit vorhandenen Beobachtungsdaten von Bakteriene-
missionen mit vielen Unsicherheiten behaftet sind und die Möglichkeit besteht, dass die tatsächlichen
Emissions�̈usse unterscḧatzt wurden, wurde eine Sensitivitätsanalyse durchgeführt mit einer extremen
Annahme eines 100-fachen Anstiegs der Bakterienemissionen. Dies führte zu einer Ver̈anderung des
simulierten Strahlungsantriebs in gleicher Grössenordnung wie dem gesamten durch anthropogene CO2

Emissionen verursachten Treibhauseffekt. Standardisierte globale Langzeitbeobachtungen von Bakte-
rien� üssen sind deshalb notwendig um genauere Resultate zu erhalten und das Modell besser validieren
zu können.

Um die Modellierung von Pilzsporen und deren Auswirkungen als Eiskerne auf das globale Klima
zu erm̈oglichen, wurde eine Literatur-Studie durchgeführt, in der Emissions�̈usse von Pilzsporen
berechnet wurden, basierend auf Beobachtungen der Pilzsporenkonzentration in unterschiedlichen
Ökosystemen. Da die Datenlage für Pilzsporen̈ahnliche Schẅachen aufweist wie bei den Bakterien,
aufgrund der Heterogenität der angewandten Messmethoden sowie der Qualität der Messungen selbst,
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waren mehrere Annahmen und Vereinfachungen bei der Datenaggregation nötig: Ergebnisse aus unter-
schiedlichen Messverfahren wurden gleichermassen behandelt, während Tages- und Jahreszyklen ver-
nachl̈assigt wurden. Dennoch sind die daraus resultierenden weltweiten Emissions�üsse von Pilzsporen
in Übereinstimmung mit fr̈uheren Studien und bieten damit eine nützliche Grundlage f̈ur die Model-
lierung in ECHAM5-HAM.

Zuletzt wurden Pilzsporen als Eiskerne in ECHAM5-HAM eingefügt. Die Emissionen von Pilzsporen
werden durch das Modell korrekt dargestellt.Ähnlich wie bei Bakterien f̈uhrt die Ber̈ucksichtigung von
Pilzsporen als Eiskerne zu vernachlässigbar kleinen̈Anderungen bei Wolkenbildung und Niederschlag.
In borealen Regionen kann jedoch ein leichter Anstieg im Eiswassergehalt beobachtet werden, der mit
einem vergr̈osserten Eiskristallradius einhergeht.

Abschliessend lässt sich zusammenfassen, dass gemäss unserem derzeitigen Wissensstand der Ein�uss
von Bakterien und Pilzsporen auf das globale Klima vernachlässigbar ist. Die Ergebnisse zeigen jedoch,
dass regionale Effekte, besonders in borealen Regionen existieren können. Um die Forschung im Bere-
ich der Bioaerosole und ihrer Ein�üsse auf das globale Klima voranzutreiben, sind weitere Untersuchun-
gen im Feld und Labor n̈otig, auch in Zusammenarbeit mit anderen Disziplinen wie der Mikrobiologie,
P�anzen̈okologie und Mykologie. Zuk̈unftige Untersuchungen durch Modelle sollten sich mit lokalen
Effekten von Bioaerosolen in Gebieten mit dichter Vegetation befassen, z.B. dem tropischen Regenwald,
und dies am besten mit Hilfe von hochau�ösenden regionalen Modellen gekoppelt an eine dynamische
Vegetation.
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Chapter 1

Introduction

1.1 Atmospheric aerosols

Aerosols are suspensions of �ne solid or liquid particles in a gas. In atmospheric science, the term aerosol
refers to the particulate phase only (Seinfeld and Pandis, 2006). Aerosol particles can stem from both
natural and anthropogenic sources and their sizes range from a few nanometres up to tens of micrometres.
One can distinguish between primary aerosols which are directly emitted as particles (e.g. desert dust,
sea salt or biological particles), and secondary aerosols which form in the atmosphere by nucleation from
gaseous precursors (e.g. nucleation of sulfate particles, see Kulmala et al. (2000)).

Atmospheric aerosols play an important role in the Earth system and are one of the major uncertainties
in the assessment of climate change (Forster et al., 2007). This chapter gives a brief overview of the
current knowledge about aerosols and their role in the climate system. The relevant aerosol sources,
sinks and transformation processes are discussed, as well as direct and indirect effects of aerosols on
Earth's climate, via their in�uence on radiation, cloud formation and precipitation. A special focus lies
on biological aerosol particles (bacteria and fungal spores), their ice nucleation properties and possible
role in the climate system.

It is important to study biological aerosols for several reasons. First, bioaerosols have been found to act
as excellent ice nuclei by many studies (Schnell and Vali, 1972, 1973; Yankofsky et al., 1981b,a; Levin
and Yankofsky, 1988; Sands et al., 1982; Pouleur et al., 1992; Bauer et al., 2003; Diehl et al., 2006;
Morris et al., 2004, 2008; Sun and Ariya, 2006). Additionally they have been found at atmospheric
heights relevant for cloud formation (Pratt et al., 2009), as well as in precipitation residuals (Christner
et al., 2008b).

The role of bioaerosols in ice nucleation and thus in precipitation formation, prompted Sands et al.
(1982) to propose the existence of a so-called bioprecipitation cycle, for which recent evidence was
observed by P̈oschl et al. (2010) in the Amazon. By serving as nucleators, bioaerosols sustain the hy-
drological cycle and biological reproduction in the ecosystem. This feedback mechanism needs further
investigation in order to con�rm and understand it thoroughly. Especially in view of human induced
climate change it is important to understand if and to what extent human activities have consequences
for this cycle. For example, how do changing agricultural practice and thus the active modi�cation of
biosystems and the bioaerosols originating therein impact rain formation?

In order to answer these and many further questions, it is crucial to understand �rst how biological
aerosols are transported and how they change cloud microphysical and radiative properties. On the one
hand, aerosol-cloud interactions are still a major source of uncertainty in climate models, and only a
very limited number of models account for biological particles, their sources and possible implications.
On the other hand, it is crucial to understand the Earth system and the interaction of its components,
especially in view of understanding climate and climate change, and the anthropogenic in�uence in the
past, the present, and in the future.

The objective of this dissertation is therefore to incorporate two important biological aerosol groups -
bacteria and fungal spores - in a global aerosol-climate model, and to determine their effects on clouds
and precipitation.
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2 Chapter 1. Introduction

1.1.1 Modes

Observations of atmospheric aerosol particles reveal that their size distribution can be classi�ed by a
superposition of log-normal modes, a concept which takes the production and removal processes into
consideration. Following Whitby (1978), these modes are typically distinguished as the nucleation
mode (particles with radii r< 0:005µm), the Aitken mode (0:005< r< 0:05µm), the accumulation mode
(0:05 < r< 0:5µm), and the coarse mode (0:5µm< r). The different size ranges can comprise a multi-
tude of aerosols, either as separate or mixed particles. The size-distribution, composition and mixing
state of aerosols are determined at the moment of emission or formation and a combination of subse-
quent microphysical and chemical transformation processes. The different modes and their formation
and transformation processes are shown in Figure 1.1 and explained in detail below.

Nucleation and Aitken mode The nucleation mode is made up of the smallest particles with a diam-
eter of up to 10nm. They can be formed either by gas-to-particle conversions at the point and time of
emission (homogeneous nucleation, see also Chapter 1.2.1), or later on in the atmosphere. Nucleation
mode particles can also consist of primary particles from natural or anthropogenic combustion processes,
and their concentrations are especially high in polluted urban areas. They grow by coagulation and con-
densation into the Aitken mode (particles with 10-100 nm in diameter). Those two modes make up the
bulk of airborne particle number concentration, but due to their small size, they contribute only little to
the total aerosol mass in the atmosphere.

Accumulation mode After further growth by coagulation and condensation, particles accumulate in
the accumulation mode with size ranges from 100 nm to 1µm, as removal processes become less ef�cient
in this size range. Due to the small particle mass, sedimentation is not ef�cient, while neither Brown-
ian diffusion nor inertial impaction can ef�ciently coagulate particles in this size range. Accumulation
mode particles are therefore primarily removed by in-cloud scavenging and wet deposition (explained in
Chapter 1.1.2) and have the longest lifetime.

Coarse mode The coarse mode is composed of particles larger than 1µm in diameter, which are mainly
primary natural aerosols like mineral dust, sea salt, volcanic ash and biological particles (bioaerosols).
Particles in the coarse mode have a relatively short residence time in the atmosphere, as they can be
ef�ciently removed by dry or wet deposition within days, but they account for the largest fraction of the
aerosol mass.

1.1.2 Processes

The residence time of aerosol particles strongly depends on the size of the particles and the location
within the atmosphere. While coarse mode particles are removed by dry or wet deposition within days,
particles that are small enough to be transported above the tropopause can remain there for weeks or even
months, as they cannot be removed by scavenging in or below clouds.

Depending on their residence time, aerosols can undergo changes in composition by coagulation with
particles of different chemical composition or by coating with soluble or partly soluble compounds (e.g.
sulfates, nitrates, organics). As mentioned above, formation of secondary aerosols occurs when precursor
gases nucleate to form new particles or dissolve in cloud droplets and undergo chemical reactions in the
aqueous phase, which can result in new particles with low volatility. Coagulation and chemical reactions
on the particle surface then contribute to the aging of the aerosol. Such processes can substantially
in�uence the interaction of aerosol particles with clouds, which is discussed in the next section.

Above water saturation, aerosol particles can grow rapidly to cloud droplets by water vapour uptake,
once they pass a threshold radius determined by their composition and initial size as described by Köhler
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Figure 1.1: Idealised distribution of particle surface area of an atmospheric aerosol as a function of the
diameter. Modes, sources, formation and removal mechanisms of the aerosol are described. Giant par-
ticles are particles with a diameter size above 10 µm and can be classi�ed in the coarse mode. Adapted
from (Whitby and Cantrell, 1976) with modi�cations. Courtesy of Ulrike Lohmann, Atmospheric Physics
lecture at ETH Z̈urich.

theory (Koehler, 1936). Cloud droplets can collect more aerosol particles via diffusion and inertial
impaction. These two mechanisms are called nucleation scavenging and impaction scavenging, respec-
tively. While growing and colliding with each other, cloud droplets collect additional aerosol which then
can be removed as the droplets become large enough to form precipitation and fall out (in-cloud scaveng-
ing). On their way to the surface further particles can be collected by precipitation and thus be removed
from the atmosphere (below-cloud scavenging). The two processes of in- and below-cloud scavenging
together are called wet deposition. Dry deposition on the other hand is made up by diffusional deposition
to surfaces and sedimentation. Additionally, hydrometeors may evaporate before reaching the ground and
release the collected aerosol back into the atmosphere. This new pre-activated aerosol particle can then
be more readily activated in subsequent cloud cycles (e.g. Wurzler et al. (2000)).



4 Chapter 1. Introduction

1.2 Ice nucleation

1.2.1 Homogeneous nucleation

Homogeneous nucleation is the process where a new phase is formed within a parent phase. The phase
change to a state of lower thermodynamic energy is energetically favourable and thus more stable than
the parent phase. However, the formation of the new phase requires the formation of a new surface
between the phases, which requires energy. The balance between the cost and the gain in energy upon
cluster formation depends on the cluster size and represents the energy barrier to cluster formation which
�rst needs to be overcome. The new phase starts with a cluster of molecules which subsequently grow
to a macroscopic size or until the parent phase is completely transformed into the new phase. The rate at
which the formation of ice embryos occurs in the parent phase depends on the energy barrier. It in turn
depends on the conditions of the parent phase (e.g. temperature and supersaturation) as well as substance
properties (e.g. surface tension between the two phases).

Homogeneous nucleation is only relevant in the atmosphere for the case of homogeneous nucleation of
ice in water or solution droplets. For homogeneous nucleation to happen directly from the vapour phase,
the nucleation rate is far too small under atmospherically relevant conditions. According to Pruppacher
and Klett (1997), a nucleation rate of 7� 10� 2 cm� 3s� 1 at � 12� C would require a relative humidity
(RH) around 500%, whereas only a few percent above 100% RH with respect to water can be observed
in the atmosphere. When ice supersaturation reaches a threshold between ice and water saturation (Koop
et al., 2000) or a threshold suf�cient to activate heterogeneous ice nuclei, heterogeneous ice nucleation
occurs (see also Chapter 1.2.2). The homogeneous freezing threshold observed in the atmosphere occurs
around� 38� C and has been con�rmed by measurements (e.g. Rosenfeld and Woodley (2000) and Koop
et al. (2000)).

1.2.2 Heterogeneous nucleation

As discussed previously, the formation of ice in clouds, especially the onset conditions for ice formation,
in�uences cloud radiative properties and the precipitation formation. If ice nuclei (IN), e.g. mineral dust
aerosol, are present, ice formation by heterogeneous nucleation can occur on the surface of the IN at
temperatures well above the onset of homogeneous freezing.

Heterogeneous nucleation occurs at preferential sites such as phase boundaries or impurities on the
particle and requires less energy than homogeneous nucleation. At these so-called active sites the effec-
tive surface energy between the new ice phase and the IN is smaller than the surface energy between the
ice phase and the parent phase, thus lowering the free energy barrier to facilitate the new phase. This
means that for a given temperature, the nucleation rate is enhanced by the presence of the IN. The free
energy needed for heterogeneous nucleation is equal to the product of homogeneous nucleation and a
function of the contact angle. Contact angles greater than zero between phases facilitate nucleation.

There is still a lack of understanding about the thermodynamic conditions required to form an ice
crystal on different type of particles (Szyrmer and Zawadzki, 1997). The fact that different modes of
heterogeneous ice nucleation exist makes IN characterization dif�cult (Deshler and Vali, 1992; Lohmann
and Feichter, 2005). It is common to distinguish four modes which are described by Vali (1985) and are
schematically represented in Figure 1.2.

Deposition nucleation

Deposition nucleation refers to ice formation by deposition of water molecules directly from the vapour
phase supersaturated with respect to ice onto the IN surface (see Figure 1.2). Since the critical radius
and the energy barrier for ice nucleation from the vapour phase are larger than from the liquid phase
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Figure 1.2: Heterogeneous freezing mechanisms. Figure courtesy of Olaf Stetzer.

(Cooper, 1974), deposition nucleation is expected to be a less ef�cient mechanism in mixed-phase clouds.
Deposition nucleation has been shown to be relevant for the formation of cirrus clouds (e.g. Archuleta
et al. (2005), Kanji and Abbatt (2010) and Welti et al. (2009)).

Condensation and immersion freezing

Condensation freezing refers to the case where at a certain level of supercooling, a water phase temporar-
ily forms on the IN and immediately freezes without further cooling. This requires a relative humidity
above water saturation and suf�cient supercooling. Condensation freezing might be relevant in cases
where a cloud-free air parcel at a temperature below 0� C ascends and reaches the condensation level at a
temperature where the IN are active. Most probably, the condensation freezing and deposition nucleation
would be competing in this case.

Immersion freezing, on the other hand, occurs in a pre-existing cloud rising to a level at which a
droplet with an immersed IN is cooled to a certain temperature at which the IN initiates freezing. It is
currently not certain if condensation and immersion freezing are merely different in what concerns the
ambient conditions, or if the mechanisms themselves are physically different.

Contact freezing

Contact nucleation takes place when a dry aerosol particle collides with a supercooled cloud droplet and
subsequently initiates droplet freezing by reducing the energy barrier for ice nucleation.

Laboratory experiments have been conducted to compare the ice nucleation ef�ciency of the contact
and immersion freezing mechanisms. These showed that contact freezing for the same IN would occur
at substantially higher temperatures than immersion freezing (e.g. Pitter and Pruppacher (1973); Diehl
et al. (2002)). Cooper (1974) proposed a mechanism for contact nucleation which involves the presence
of an ice embryo on the IN prior to the collision with a supercooled droplet. This embryo would be
subcritical with respect to vapour but supercritical with respect to the liquid phase, and therefore initiate
freezing of the droplet after it has been immersed in the liquid phase.

Aging or cloud processing can change the IN activity. Soluble material condensed on the surface of
an IN (e.g. coating of mineral dust with sulfate) can make the IN unavailable for deposition nucleation



6 Chapter 1. Introduction

or contact freezing where a dry aerosol particle is required (Cziczo et al., 2009a). On the other hand, the
particle can then act as an IN in the immersion mode.

1.2.3 Mixed-phase clouds

Clouds represent one of the most fundamental components of our climate system. They are important
regulators of the radiation budget (Kiehl and Trenberth, 1997) and the hydrological cycle (Chahine,
1992) through transportation of heat and moisture (Quante, 2004). Approximately 65� 75% of the Earth
is covered by clouds (Stubenrauch and Kinne, 2009).

Clouds also have an impact on the global energy balance, which is known as “cloud radiative forcing“.
It denotes the difference between net radiant �ux densities measured for average atmospheric conditions
and those measured in the absence of clouds for the same region and similar period of time. The concept
of radiative forcing was originally developed by the IPCC (Intergovernmental Panel on Climate Change)
for long-lived greenhouse gases, which de�nes it as ”the change in net (down minus up) irradiance (solar
plus longwave; in Wm� 2) at the tropopause after allowing for stratospheric temperatures to readjust to
radiative equilibrium, but with surface and tropospheric temperatures and state held �xed at the unper-
turbed values“ (Forster et al., 2007).

As about 70% of the global precipitation forms via the ice phase (Lau and Wu, 2003), our focus lies
mainly on mixed-phase clouds. They contain both liquid and frozen water, are frequent in mid-latitude
and polar regions (Quante, 2004) and spread over a temperature range from 0� C to � 38� C with varying
optical properties due to their height, thickness, number of cloud particles and phase. In this temperature
range water droplets can persist as supercooled liquid unless they freeze through heterogeneous nucle-
ation on insoluble particles (ice nuclei, see Chapter 1.2.2). Precipitation formation is more ef�cient in
mixed-phase clouds (Rogers and Yau, 1989) due to the Wegener-Bergeron-Findeisen process (Wegener,
1911; Bergeron, 1935; Findeisen, 1938). It describes how the air is saturated with respect to super-
cooled liquid water, and thus supersaturated with respect to ice, in the presence of unfrozen droplets.
This imbalance leads to rapid diffusional growth of the ice crystals and subsequent evaporation of liquid
droplets. The size and terminal velocity of the ice crystals increases compared to that of cloud droplets.
Collisions with supercooled cloud droplets lead to further growth of the ice crystals until they eventually
reach precipitation size and sediment out of the cloud.

As mentioned above, ice nucleation operates in different modes. Immersion and contact freezing can
be considered as the dominant mechanisms for ice nucleation in mixed-phase clouds, as they involve
pre-existing liquid droplets. Although contact freezing is active at higher temperatures than immersion
freezing, immersion freezing can be more prevalent at lower temperatures, since contact nucleation is
limited by the collision ef�ciency between IN and cloud droplets (Lohmann and Feichter, 2005). As
contact freezing requires the presence of a dry IN, it is most likely to take place in cloud regions associ-
ated with evaporation, e.g. due to downdraughts or mixing (Young, 1974).

1.2.4 Ice nuclei in the atmosphere

While a considerable fraction of atmospheric aerosol particles can act as cloud condensation nuclei
(CCN) with number concentrations ranging from 100 cm� 3 in maritime areas up to several thousands
per cm3 in polluted areas (Seinfeld and Pandis, 2006), IN number concentration are decidedly smaller.
Richardson et al. (2007) found IN concentrations between 0.001 and 0.01 cm� 3 in a measurement cam-
paign conducted at Storm Peak Laboratory in northwestern Colorado (USA). Despite their scarcity, IN
play an important role in the formation of precipitation and the lifetime of clouds.

As mentioned above, once ice crystals are formed in mixed-phase clouds, they grow at the expense
of the water droplets via the Wegener-Bergeron-Findeisen process. Riming effects (Hallett and Mossop,
1974) with subsequent break-up of the rimed particle can further increase the number concentration of
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ice crystals by several orders of magnitude (Heyms�eld and Mossop, 1984).

Particles acting as IN are usually different from those considered to be good CCN. One of the require-
ments for a particle to act as IN is its insolubility. A good IN should be insoluble or only partly soluble, as
for example mineral dust. Kumai (1961) found clay mineral particles at the center of 87% of around 300
investigated snow crystals. More recent studies by DeMott et al. (2003a) and Richardson et al. (2007)
con�rmed the prevalence of mineral dust and metallic compounds inside ice crystals, whereas the total
aerosol mass was dominated by sulfates and organics. DeMott et al. (2003b) pointed out in their study of
a Saharan dust plume over Florida, that in such special cases, the number concentration of atmospheric
IN can even exceed 1 cm� 3. Those �ndings were con�rmed by Klein et al. (2010) who found a number
concentration of several hundreds of IN per liter within a Saharan dust episode over Germany. With
ongoing deserti�cation, especially in light of anthropogenic activities leading to enhanced soil erosion,
the emission of mineral dust as a natural IN source is expected to increase.

Mineral dust is not the only source of IN in the atmosphere. A potent source of IN can be metallic par-
ticles (Cziczo et al., 2009b) and according to Gorbunov et al. (2001) soot from natural or anthropogenic
origin, especially due to their direct emission from aircraft in the upper troposphere.

Finally, biological aerosol particles, so-called bioaerosols such as bacteria (Levin and Yankofsky,
1983), fungal spores (Pouleur et al., 1992) or pollen (Diehl et al., 2002) were shown in laboratory experi-
ments to act as IN at temperatures only a few degrees below 0� C. Pratt et al. (2009) recently showed that
biological particles were present in the residual material from heterogeneously nucleated ice crystals.
Furthermore, bacteria were found to be present at concentrations of up to about 500 particles per litre of
freshly fallen snow (Christner et al., 2008b). Although bioaerosols exhibit a high ice nucleation activity
at warmer temperatures when compared to mineral dust (Schnell and Vali, 1976; Vali et al., 1976), their
relatively large size (ranging from 0.1 to 750µm) leads to a rapidly decreasing concentration with in-
creasing altitude and limits their residence time in the atmosphere. However, they may still remain in the
atmosphere for several days to weeks and thus affect the cloud coverage and phase (Seinfeld and Pandis,
2006).

In general, the size of aerosol particles has two counteracting effects on their relevance as atmospheric
IN: on one hand, a larger size leads to a shorter residence time and a lower probability for long-range
transport. On the other hand, a larger surface area increases the probability for ef�cient nucleating sites
to be present on the IN surface, as has been shown by Archuleta et al. (2005), Marcolli et al. (2007),
Kanji and Abbatt (2010) and Welti et al. (2009).

Biological ice nuclei

Ice nucleation active (INA) materials can be produced by a wide variety of organisms (bacteria, plants,
fungi, invertebrates and vertebrates). However, a common trait is that almost all biological INA mate-
rial are proteins or proteinaceous compounds that may be associated with lipids, phospholipids and/or
carbohydrates (Lundheim, 2002). The present study focuses on bacteria and fungal spores.

The most widely studied biological ice formation is that of bacteria, as they were found to produce the
most active naturally-occuring ice nuclei (Szyrmer and Zawadzki, 1997). Presently, only a few species
of bacteria are known to produce INA proteins. Most bacteria which act as IN are gram-negative, which
means that they have an outer membrane containing lipopolysaccharide chains on which lipoproteins are
attached (Brock et al., 2000). Their surface area is therefore substantially enlarged and provides more
potential active sites. In particular,Pseudomonas syringaeis an excellent ice nucleator at temperatures
as warm as -2� C due to the ice nucleation activating protein InaZ (Schnell and Vali, 1972; Maki et al.,
1974; Yankofsky et al., 1981a). The InaZ protein is found in the outer membrane of the bacterial cell
and, while individual InaZ proteins cannot serve as ice nuclei, they form large homogeneous aggregates
that collectively orient water molecules into a conformation mimicking the crystalline structure of ice,
thereby catalyzing ice formation (Wolber, 1993).
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INA bacteria are generally species that are frequently found in association with plants (as saprophytic
epiphytes and/or as plant pathogens). The surfaces of aerial plant parts (leaves, shoots, �owers and fruits)
harbour large numbers of bacteria. A typical healthy leaf of a mature plant may carry up to 107 bacteria
per cm� 2 and a smaller population of fungi and other microorganisms (Morris et al., 2004). Typical
INA bacteria species includePseudomonas syringae, P. viridi�ava, P. �uorescens, Pantoea agglomerans
(formerly calledErwinia herbicola), andXanthomonas campestris(Wolber, 1993; Gaignard and Luisetti,
1993). Those plant-dwelling bacteria can be assumed to be hydrophobic as such bacteria live primarily
on solid surfaces (e.g. plant leaves, but also stones, human skin, etc.) (McNamara et al., 1997). It is
important to note that both hydrophobic and hydrophilic bacteria species exist in nature (Brock et al.,
2000).

It is estimated that on a global average 25% of the total mass concentration of atmospheric aerosols is
provided by primary bioaerosols (Jaenicke et al., 2007). Over biomes with high vegetation density such
as the Amazon rainforest, bioaerosols account for as much as 74% of the total aerosol number concen-
tration, with fungal spores contributing 30-50% (Matthias-Maser and Jaenicke, 1995). Even over remote
marine air masses, the contribution of bioaerosol by both number concentration and volume amounts to
10-20% (Gruber et al., 1998). Although bacteria are ubiquitous, the highest number concentration of bac-
teria in the atmosphere is reached during summer (Tong and Lighthart, 2000; Burch and Levetin, 2002;
Amato et al., 2006). They travel by the jetstream and show long residence times (Morris et al., 2008).
INA bacteria were identi�ed from air samples taken at altitudes of several thousand meters (Jayaweera
and Flanagan, 1982; Sands et al., 1982), and bacteria in general were even found up to 41 km above sea
level (Wainwright et al., 2003).

Bacteria may produce and maintain active INA proteins in their cell membrane as a function of envi-
ronmental conditions. The main triggers for the ice nucleation activity of bacteria are cool temperatures
(< 15� C) and low availability of nutrients (Ruggles et al., 1993). It is important to note that the leaf
surface is not a nutrient-rich environment for bacteria and that temperature �uctuation during the di-
urnal cycle act as stressors for bacterial populations growing on leaves. However, the effect of in situ
conditions of the leaf on ice nucleation activity of bacteria has not been investigated (Morris et al., 2004).

Although all cells in a population of INA bacteria have the gene responsible for encoding the INA
protein and are subjected to the same environmental conditions, they do not produce the INA protein to
the same degree. Studies have shown that this variation in nucleation frequency and temperature is due
to the size of the nucleation site on the bacterial cell membrane (Govindarajan and Lindow, 1988b,a).
Wolber (1993) suggested that the ability for the protein to catalyse ice formation is more ef�cient with
increased aggregate size. Furthermore, the bacterial cell membrane itself plays an important role in the
stability of the protein aggregate, thus resulting in puri�ed proteins exhibiting lower activity than whole
cells or cell fragments (Lindow et al., 1989). Contrary to these results, Chou (2011) found that the pure IN
protein from SnomaxTMbacteria exhibited a stronger IN activity thanPseudomonassp. strains sampled
at the Puy de D̂ome in France, and in Antarctica. However, those experiments have been conducted using
bacteria which might not have been properly prepared, which is discussed in more detail in the outlook
in Chapter 5. Unfortunately, to date there are no measurements of the frequency of occurrence of INA
bacterial cells (or bits of cells) in the atmosphere. A �rst estimate by�Santl Temkiv et al. (2009) found
12% of bacteria in rain samples from Denmark to be IN active.

As for bacteria, the primary source of fungal aerosols are plants (Burgess, 2002), but also soil, litter
and decaying organic matter (Heald and Spracklen, 2009). Some fungal spores can act as very effective
ice nucleators. Lichen (a composite organism consisting of a fungus and a symbiotic photosynthetic
partner) were found to nucleate ice at temperatures higher than� 8 � C and some even at temperatures
higher than� 5 � C (Kieft, 1988). Apart from lichen, free-living fungi known to produce INA material are
Fusarium avenaceumandFusarium acuminatum(Pouleur et al., 1992). The ice nucleating activity of
F. avenaceumis comparable to that of the bacteriumPseudomonassp. (Pouleur et al., 1992). In contrast
to those �ndings is the recent research by Iannone et al. (2010) that showed poor ice nucleation ability
of Cladosporiumspores, with immersion freezing starting at� 28.5� C. This might be due to the spores
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being coated with hydrophobic proteins that are widespread in �lamentous fungi such asCladosporium
sp. Additionally, fungal aerosols are likely to be effective CCN, but data on this is still scarce.

Measurements of fungal aerosols report average ground level concentrations of around 10 000–
50 000 spores m� 3, sometimes even exceeding 200 000 spores m� 3 (Levetin, 1995). This is two orders of
magnitude higher than observed peak pollen concentrations (1000–2000 grains m� 3) reported by Man-
drioli (1998). Froehlich-Nowoisky et al. (2009) also state that up to 45% of the coarse particle mass
in tropical rainforest air consists of fungal spores. Jaenicke et al. (2007) found that fungal spores are
the main contributor to the bioaerosol mass in the Amazon basin. Simulations conducted by Heald and
Spracklen (2009) came to the conclusion that 23% of all primary emissions of organic aerosol are of
fungal origin. Furthermore, recent �eld measurements have highlighted the importance of bioaerosols
as ice nucleators in the atmosphere, (Pratt et al., 2009; Prenni et al., 2009). They are also able to reach
altitudes of over 5000 m as has been revealed by Stakman et al. (1923).

As bacteria, fungal spores are a non-negligible part of the atmospheric aerosol. Relying on the above
evidence, there is probably a link between meteorological conditions and fungal spores as well. On
the one hand, fungal spores acting as ice nuclei might in�uence the cloud and precipitation formation
process, as has already been proposed by Morris et al. (2004) for biological ice nuclei in general. On
the other hand, changes in climate conditions also alter the meteorological situation on a smaller time
scale which in turn might in�uence fungal spore release as well as transport according to the respective
release mechanism. It is therefore crucial to gain more knowledge about the circumstances and amounts
in which they are emitted as well as their transport behaviour, and how they change cloud microphysical
and radiative properties.

1.3 In�uence of aerosols in the atmosphere

Besides their impact on human health, aerosol particles have a signi�cant effect on global climate by
in�uencing the Earth's radiative budget and its hydrological cycle. Aerosol number concentrations vary
typically from about 20 cm� 3 in clean polar air to more than 100000 cm� 3 under polluted urban condi-
tions (Seinfeld and Pandis, 2006). In general, concentrations are lower over the oceans than over land.
Human activity has led to a drastic increase in aerosol number and mass concentrations, and a change in
aerosol composition. The following sections deal with aerosols' ability to scatter and absorb incoming
solar radiation as well as outgoing longwave radiation (direct aerosol effect) and with their role as CCN
or IN due to which they in�uence the formation and properties of clouds (indirect aerosol effect).

1.3.1 Aerosol direct effect

Aerosol particles in the atmosphere directly impact the climate by scattering and/or absorbing the in-
coming solar radiation as well as outgoing longwave radiation (Lohmann and Feichter, 2005). The direct
radiative forcing of aerosol particles depends on their optical properties and on their location. Strongly
scattering particles, e.g. liquid sulphuric acid, exert a negative top-of-the-atmosphere (TOA) forcing,
resulting in cooling. Absorbing particles like iron oxides or black carbon, have a positive forcing, i.e.
warming the TOA. This is especially pronounced if they are located over bright surfaces like snow, ice,
or deserts (Forster et al., 2007).

1.3.2 Aerosol indirect effects on clouds

The presence of aerosols is necessary for cloud formation in the Earth's atmosphere. Without them,
homogeneous nucleation of water vapour would require a relative humidity of several hundred percent,
which cannot be naturally reached in the Earth's atmosphere (Pruppacher and Klett, 1997).
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As described in Chapter 1.2, aerosol particles can act as CCN or IN for heterogeneous nucleation of
water vapour, and thus enable formation of cloud droplets and ice crystals only slightly above 100% RH.
Their indirect effects on clouds are summarised below:

Cloud albedo effect

As some aerosol particles act as CCN, increased aerosol concentrations can augment the number of cloud
droplets in clouds (Forster et al., 2007). For a constant liquid water content (LWC) an increase in the
number concentration of CCNs leads to an increased number density of cloud droplets of reduced mean
droplet size (Twomey, 1974). This in turn increases the cloud optical thickness and consequently the
cloud albedo, which causes more solar light radiation to be re�ected back into space. The ensemble-
averaged global-mean model estimates of the cloud albedo effect amount to roughly -0.9 W m� 2 accord-
ing to Lohmann et al. (2010).

Cloud lifetime effect

The cloud albedo effect is linked to the so-called cloud lifetime effect. The increased droplet num-
ber concentration and smaller droplet size reduces the probability that droplets will grow by collision-
coalescence and slows down precipitation formation while increasing the lifetime of a cloud, especially
in shallow marine clouds. Consequently, the low-level cloudiness increases and the re�ection of solar
radiation back to space is enhanced (Albrecht, 1989).

Ferek et al. (2000) and Lu et al. (2007) have observed drizzle suppression together with increased cloud
droplet concentration and a decreased droplet radius in stratus regions polluted by aerosol emissions from
ships. However, Jiang et al. (2006) and Small et al. (2009) could not observe the same phenomenon for
shallow cumulus clouds in large-eddy simulations. They proposed that the lifetime of a polluted cloud
could be reduced by enhanced evaporation of smaller droplets. However, the global climate model
ECHAM5-HAM, as most global climate models, simulates an increase in cloud lifetime in accordance
with Albrecht (1989) theory (Lohmann and Feichter, 2005).

Glaciation effect

The subset of aerosol particles acting as IN can have an additional indirect effect. An increased concen-
tration of anthropogenic IN (e.g. soot) leads to an increased glaciation of stratiform supercooled liquid
clouds. Due to the difference in saturation water vapor pressure over water and ice, ice crystals can
ef�ciently grow to precipitation size at the expense of water droplets (Bergeron-Findeisen process). The
precipitation increases, reducing the cloud lifetime and optical thickness, thus counteracting the aerosol
indirect effects on warm clouds (Lohmann, 2002). Lohmann and Diehl (2006) showed that the mag-
nitude of this effect depends strongly on assumptions concerning the ef�ciency of the natural dust ice
nuclei. In Chapter 2 this is investigated in further detail, as we look into the effect of bacteria acting as
IN on ice formation.

Thermodynamic effect

Khain et al. (2005) and Rosenfeld et al. (2008) obtained an increase of precipitation in polluted deep
convective clouds as compared to clean clouds, using a two-dimensional cloud model. Droplet number
concentrations in polluted clouds are higher and the droplets hence smaller than in clean clouds. Small
droplets have a low collision ef�ciency and probability of immersion freezing. The suppression of warm
rain formation and delayed freezing of smaller cloud droplets result in an increased latent heat release
once the droplets freeze, thus invigorating convection and causing super-cooled clouds to extend to colder
temperatures.
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Riming effect

After initially growing by diffusion of water vapour, ice and snow crystals in mixed-phase clouds grow
also by collisions with supercooled droplets which freeze onto the crystal surface, a process also known
as riming. The riming ef�ciency decreases for smaller droplets (Pruppacher and Klett, 1997). While
Borys et al. (2003) observed a reduction of both riming and snowfall rate in polluted clouds with more
numerous but smaller droplets, global simulations could not con�rm a decrease of the snowfall rate on a
global scale (Lohmann, 2004).

Deactivation effect

Coating of an ice nucleus with a hygroscopic material, e.g. sulfate, can inhibit particles from serving as
ice nuclei in the contact mode. Laboratory experiments have shown that soot coated with sulfate is a less
ef�cient ice nucleator in the deposition mode than uncoated soot (Möhler et al., 2005). Recent research
by Chernoff and Bertram (2010) showed that sulfuric acid coatings reduced the ice nucleation abilities of
different mineral dusts, however, they did not hinder the ice nucleating ability of SnomaxTMparticles (a
proxy for biological ice nucleators made from cells of ice nucleating bacteriumPseudomonas syringae).

The interaction of all these indirect effects is complex since they partly counteract each other. Forster
et al. (2007) showed that aerosols tend to have a negative radiative forcing even though the overall forc-
ing (i.e. the net effect of all anthropogenic perturbations) shows a warming. The level of scienti�c
understanding for anthropogenic aerosol effects on clouds is classi�ed as low for the cloud albedo ef-
fect, but very low for all other aerosol indirect effects by the IPCC Fourth Assessment Report (Denman
et al., 2007). Due to insuf�cient knowledge about most indirect effects, only the cloud albedo effect
has been taken into account by the IPCC Fourth Assessment Report in order to calculate the radiative
forcing caused by the aerosol indirect effect between 1750 and 2005. The direct radiative forcing due
to anthropogenic aerosols is estimated by global models to be� 0:5� 0:4 Wm� 2, whereas the indirect
radiative forcing ranges between� 0:3 to� 1:8 Wm� 2, with a best estimate of� 0:7 Wm� 2 (Forster et al.,
2007). However, the uncertainties of the total aerosol contribution are very high (Lohmann et al., 2010),
especially concerning the cloud albedo, which motivates further research.

1.4 Introduction of bacteria and fungal spores in ECHAM5-HAM

For the studies presented in this thesis, the global climate model ECHAM5 was used. This is also
described in Chapters 2 and 4. The section will expand on some technical details of the model concerning
the inclusion of bioaerosols.

ECHAM5 is the �fth generation atmospheric general circulation model (GCM) that evolved from the
model of the European Centre for Medium Range Weather Forecasting (ECMWF) and was further devel-
oped at the Max-Planck Institute for Meteorology (Roeckner et al., 2003). The model solves prognostic
equations for vorticity, divergence, temperature and surface pressure using spherical harmonics with tri-
angular truncation. Water vapour, cloud liquid water and ice, as well as trace components, are transported
using a semi-Lagrangian scheme (Lin and Rood, 1996) on a Gaussian grid.

With the prognostic treatment of both mass and number concentration of cloud water and ice (a so-
called ”double-moment” scheme) following Lohmann et al. (2007), the transport, nucleation, collision-
coalescence, freezing, melting and evaporation of cloud droplets can be taken into account and in�u-
ence the cloud properties at subsequent timesteps. The model includes the cirrus scheme of Kärcher
and Lohmann (2002). Convective clouds and transport are based on the mass-�ux scheme of Tiedtke
(1989) with modi�cations following Nordeng (1994). The solar radiation scheme has 6 spectral bands
(Cagnazzo et al., 2007) and the infrared has 16 spectral bands (Mlawer et al., 1997; Morcrette et al.,
1998).
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The GCM is coupled to the Hamburg Aerosol Model (HAM), which is described in detail by Stier et al.
(2005) and most recently adapted by Lohmann and Hoose (2009). The aerosols in the standard HAM
are represented by seven log-normal modes, 4 internally mixed/soluble modes (nucleation (NS), Aitken
(KS), accumulation (AS), and coarse (CS)) and 3 insoluble modes (Aitken (KI), accumulation (AI), and
coarse (CI)). The standard deviations of the modes are prescribed, and the median radius for each mode is
calculated from the aerosol mass and number distributions in each mode. Aerosol mass and number are
transferred between the modes by the processes of sulphuric acid condensation and coagulation between
aerosols.

The natural emissions of sea salt, dust, and dimethyl sulphide (DMS) from the oceans are calculated
on-line, based on the meteorology of the model. Emissions for all other aerosol species are taken from
the AEROCOM emission inventory, and are representative for the year 2000 (Dentener et al., 2006). The
aerosol emissions and the removal processes of in-cloud scavenging, sedimentation, and dry deposition
are described in detail in Stier et al. (2005).

Because of computational constraints, global climate models have to represent the aerosol composi-
tion, size distribution and life cycle in a simpli�ed way. Therefore GCMs which compute aerosol-cloud
interactions online account only for a selection of aerosol chemical components and a simpli�ed repre-
sentation of the size distribution.

Modeling aerosol indirect effects in GCMs is usually restricted to stratiform clouds, because con-
vective clouds are assumed to exist only on timescales comparable to or smaller than the integration
timestep.

All results presented in this thesis stem from simulations which have been integrated for one year,
following a three months spin-up period. All simulations are nudged to the ECMWF ERA40 reanalysis
data for the year 2000 (Simmons and Gibson, 2000), according to the nudging technique described by
Timmreck and Schulz (2004). The spectral resolution of all simulations is T42 which corresponds to
2:8125� � 2:8125� horizontally, with 19 vertical levels from the surface up to 10 hPa and a 30-min time
step.

As previously established in Chapter 1.2.4, bacteria and fungal spores can be associated with plants
and their concentration depends on the plant functional types. Plant functional types and their seasonally
changing leaf area index from the JSBACH dynamic vegetation model (Raddatz et al., 2007) were com-
bined with observed near surface bacteria �uxes (Burrows et al., 2009b) as well as observed near surface
fungal spores �uxes (Sesartic and Dalla�or, 2011). and used as an input for ECHAM5.

The emission �ux F of bioaerosol is calculated in ECHAM5 according to

F =
5

å
i= 5

fiFi (1.1)

with Fi being the number emission �ux [m� 2s� 1] over a particular ecosystem for bacteria or fungal
spores, respectively,fi denoting the fractional coverage of a gridbox with a certain ecosystem, andi
standing for crops, grass, shrubs, forests and land ice.

Due to the limited available data on emissions of bioaerosol in the air, the ecosystem types available
in JSBACH which are based on the Olson World Ecosystems dataset (Olson, 1992) were lumped into the
aforementioned �ve groups.Cropsandland iceare ecosystem types on their own,grassis comprised by
C3 and C4 grasslands (i.e. non-tropical and tropical, respectively), whileshrubscontains both raingreen
and deciduous shrubs. Theforestcategory is made of tropical broadleaf evergreen and deciduous trees,
temperate broadleaf evergreen and deciduous trees, as well as coniferous evergreen and deciduous trees.

In order for bioaerosol to be incorporated into HAM (Stier et al., 2005) the number of aerosol modes
was increased from 7 to 9 - adding bioaerosol insoluble and soluble/mixed modes - as well as two new
aerosol species - bacteria and fungal spores (see Table 1.1). Both are emitted initially in the bioaerosol
insoluble mode, as IN active bacteria are assumed to be hydrophobic (see chapter 1.2.4). They can
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Table 1.1: The modal structure of HAM with its aerosol species: sulphate (SO4), black carbon (BC),
organic carbon (OC), sea salt (SS), mineral dust (DU), bacteria (BCT) and fungal spores (FNG). The
radius range of the aerosol particles in the respective mode is given by r.

Modes r [µm] Size range mixed/soluble insoluble

Nucleation r� 0:005 SO4

Aitken 0.005< r � 0:05 SO4, BC, OC BC, OC
Accumulation 0.05< r � 0:5 SO4, BC, OC, SS, DU DU
Coarse 0.5< r � 1 SO4, BC, OC, SS, DU DU
Bioaerosol 1< r SO4, BC, OC, SS, DU, BCT, FNG DU, BCT, FNG

transfer to the mixed mode by coating with H2SO4 and coagulation with sulfate, black carbon and organic
carbon. Bioaerosol are additionally allowed to coagulate with each other and dust, as this has been
observed for bacteria in nature (Grif�n, 2007). It is assumed, that fungal spores behave similar to bacteria,
and are thus appointed the same coagulation properties as bacteria (see Table 1.2).

Table 1.2: The logical mask for the coagulation kernels in ECHAM5-HAM adapted from Vignati et al.
(2004), for the different soluble and insoluble modes: nucleation, Aitken, accumulation, coarse and
bioaerosol. TRUE denotes that the aerosol partilces in the modes are allowed to coagulate with each
other, and FALSE denotes that they do not coagulate.

Nucl. sol. Aitken sol. Acc. sol. Coarse sol. Aitken insol. Acc. insol. Coarse insol. Bio insol. Bio sol.
Nucl. sol. TRUE TRUE (1) TRUE TRUE TRUE TRUE TRUE TRUE TRUE
Aitken. sol. FALSE (2) TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE
Acc. sol. FALSE FALSE TRUE FALSE (3) TRUE FALSE FALSE FALSE FALSE
Coarse sol. FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
Aitken insol. FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE
Acc. insol. FALSE FALSE FALSE FALSE FALSE FALSE (4) FALSE TRUE TRUE
Coarse insol. FALSE FALSE FALSE FALSE FALSE FALSE FALSE (5) TRUE TRUE
Bio insol. FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE
Bio sol. FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE

The logical mask for the coagulation kernels in ECHAM5-HAM as described in Table 1.2 is an OR
mask, meaning that a triangular shape of the �lled matrix contains all the necessary information. For
example, to let the aerosol particles in the nucleation soluble and Aitken soluble modes coagulate, it is
suf�cient to de�ne the combination as TRUE once (e.g. in (1)) without having to apply it symmetrically
to the Aitken soluble and nucleation soluble combination (marked with (2)) as well.

Vignati et al. (2004) state that the accumulation soluble and coarse soluble modes do not coagulate
(see (3)), despite being soluble modes. Ideally, the whole upper right ”triangle“ should be set to TRUE
in ECHAM5-HAM in order to treat the modes correctly. The only exception to this is the intra-modal
coagulation of accumulation insoluble (4) and coarse insoluble (5) modes, which consist only of mineral
dust and thus cannot stick together. However, according to personal communication with Elisabetta
Vignati, the reason why the coagulation for certain modes was neglected is that the coagulation time
of these modes is usually longer than the model time-step of 30 min, and thus those calculations were
omitted in order to save computation time. For the case of bioaerosols, they were allowed to coagulate
with each other and with dust, as has been observed (e.g. Kellogg and Grif�n (2006)). Additionally, they
coagulate with the nucleation and Aitken soluble modes, mimicking the behaviour of dust. The rest of
the coagulation matrix was set to FALSE in order to save computational resources. It should further be
noted that the coagulation between coarse soluble and Aitken insoluble modes is calculated in a separate
routine, where both condensation and coagulation effects on the insoluble modes are calculated at the
same time.

The parameterisation for contact freezing of bacteria follows Diehl et al. (2006) and that for immersion
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freezing follows Diehl and Wurzler (2004). According to Pouleur et al. (1992), the freezing behaviour
of fungal spores is comparable to that of bacteria and therefore the same parameterisations are used.
Deposition nucleation on bacteria and fungal spores is not considered, because observational data are
missing. As there were no data available on shortwave and longwave radiative properties of bacteria
and fungal spores, but both have a similar refractive index to sea salt (Wyatt, 1970; Ebert et al., 2002),
identical data as for sea salt (Fenn et al., 1981) were assumed for bacterial shortwave and longwave
radiative properties. The standard deviation of the bioaerosol distribution was set to 2, equal to that of
dust. The mean mass scavenging coef�cient for bioaerosol scavenged by rain was set to 1 kg m� 2 and
to 5� 10� 3 kg m� 2 for bioaerosol scavenged by snow, as estimated from Seinfeld and Pandis (2006).
The mass of a bacterium and a fungal spore respectively, was set in ECHAM to the average values of
10� 15 kg and 33� 10� 15 kg respectively, and their average density was calculated as being 1.2 g cm� 3

and 0.85 g cm� 3 respectively, from data available in Baron and Willeke (2001) and Hinds (1999).

1.5 Objectives and outline of the thesis

Since bioaerosols are able to act as IN and can be found at altitudes relevant for cloud formation, it
is possible that they (especially INA bacteria) can have an impact on precipitation, particularly as they
are linked to vegetation. By in�uencing the rate of evapotranspiration, the surface albedo, emission
of infrared radiation, soil moisture retention, turbulence, etc., vegetation alters numerous land surface
properties linked to rain formation. But, as elaborated above, it also harbours large numbers of microor-
ganisms on its surfaces. Such observations led Sands et al. (1982) to propose the existence of a so-called
bioprecipitation cycle, in which INA bacteria colonising plant surfaces contribute to enhanced precipita-
tion which in turn enhances plant and microbial growth and contributes to the dissemination of bacteria
to new plants (Morris et al., 2004).

The objective of this thesis was to incorporate two important biological aerosol groups - bacteria and
fungal spores - in a global aerosol-climate model, and to determine their effects on clouds and precip-
itation. Chapter 2 focuses on ice nucleation active bacteria. New bioaerosol modes are incorporated
into ECHAM5-HAM, bacteria acting as IN are introduced and their emission and transport, as well as
microphysical effects are quanti�ed. Chapter 3 contains an overview of available fungal spore emissions
observational data, groups them according to different ecosystem regions and provides a database, which
is then further used in Chapter 4, where the effects of fungal spores acting as IN are investigated using
ECHAM5-HAM. The summary and outlook in Chapter 5 provide a conclusion of the �ndings and list
important further research directions to be followed, if the impact of biological particles on clouds and
precipitation is to be further investigated.



Chapter 2

Bacteria in the global climate model ECHAM5-HAM

2.1 Introduction

Primary biological aerosol particles (PBAP, also called bioaerosols) are airborne particles that are either
alive, carry living organisms or are released by them (Ariya and Amyot, 2004). A prominent example of
PBAP are bacteria, on which we focus our research.

The presence of bacteria in the troposphere and even in the stratosphere has long been established by
a variety of aerobiological research (Wainwright et al., 2003; Morris et al., 2011). Most of that research,
has however focused on issues related to health hazards, while ignoring their impacts on cloud formation
and the hydrological cycle.

Bacteria have been shown in laboratory studies to be ef�cient ice nuclei (IN) and it has been suggested
from different sides that bacteria which act as IN or cloud condensation nuclei (CCN) in the atmosphere
could impact the global distribution of clouds and precipitation (Schnell and Vali, 1972, 1973; Yankofsky
et al., 1981b,a; Levin and Yankofsky, 1988; Sands et al., 1982; Bauer et al., 2003; Diehl et al., 2006;
Morris et al., 2004, 2011; Sun and Ariya, 2006).

Bacteria are ubiquitous and can enter the atmosphere as aerosol particles from almost all surfaces
(Jones and Harrison, 2004). Once in the air, they are carried upward by vertical updraughts. They have
relatively long atmospheric residence times on the order of several days (Morris et al., 2011). They can
be transported by wind over long distances (Bovallius et al., 1978b; Prospero et al., 2005) before being
removed by wet scavenging (either in-cloud or below-cloud), or by dry deposition onto surfaces. Burrows
et al. (2009b) summarised that mean concentrations in ambient air are likely to be at least 1� 104 cells
m� 3 over land, while concentrations over ocean may be two to three orders of magnitude lower than over
land and were therefore excluded in this study.

It is estimated that on a global average in the lower troposphere or near the surface, 25% of the total
mass concentration of atmospheric aerosols is provided by primary bioaerosols (Jaenicke et al., 2007).
Over biomes with high vegetation density such as the Amazon rainforest, bioaerosols account for as
much as 74% of the total aerosol mass concentration near the surface (Graham et al., 2003), with fungal
spores contributing 30-50% (Matthias-Maser and Jaenicke, 1995). Even in remote marine air masses,
the contribution of bioaerosols by both number concentration and volume amounts to 10-20% (Gruber
et al., 1998) for particles with a radius> 0:2µm.

The highest number concentration of bacteria in the atmosphere is reached during summer, as this
is the season with most abundant vegetation coverage that provides a habitat for leaf-dwelling bacteria
(Amato et al., 2007b; Tong and Lighthart, 2000). Bacteria which act as IN are gram-negative, which
means that they have an outer membrane containing lipopolysaccharide chains on which lipoproteins are
attached (Brock et al., 2000). Their surface area is therefore substantially enlarged and provides more
potential active sites where ice nucleation is expected to take place. Ice nucleation active bacteria can
catalyse the immersion freezing of supercooled water at temperatures as warm as -2� C due to the ice
nucleation activating protein InaZ (Schnell and Vali, 1972; Maki et al., 1974; Yankofsky et al., 1981a;

� Sesartic, A., Lohmann, U., Storelvmo, T., 2011. Bacteria in the global climate model ECHAM5-HAM. Atmos. Chem. Phys.
Discuss., 11, 1457-1488, doi:10.5194/acpd-11-1457-2011. Submitted correction for ACP
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Möhler et al., 2008).�Santl Temkiv et al. (2009) found 12% of bacteria in rain samples to be IN active.
A recent contribution to the 11th General Meeting of the American Society for Microbiology by Alex
Michaud from Montana State University, showed that the ice in the center of hail stones contained up to
1000 bacteria cells per millilitre of melted hail (et al., 2011).

In particular,Pseudomonas sp.is a bacterial strain which is an excellent CCN/IN. It is commonly
associated with plants as a pathogen living on the leaf surface. Its ice nucleation activity is conferred
by a single gene (inaZ) that encodes the outer membrane InaZ protein. Individual InaZ proteins cannot
serve as IN, but form large, homogeneous aggregates that collectively orient water molecules into a
conformation mimicking the crystalline structure of ice, thereby catalysing ice formation (Baertlein et al.,
1992). It has also been shown that there are ice nucleation active fungi (Pouleur et al., 1992; Iannone
et al., 2010) and pollen (Diehl et al., 2001, 2002; von Blohn et al., 2005), though they initiate freezing at
colder temperatures than bacteria do.

Aircraft observations from the campaign Ice in Clouds Experiment - Layer-clouds (ICE-L) conducted
in Wyoming in 2007 showed that biological particles were present in the residual material from hetero-
geneously nucleated ice crystals (Pratt et al., 2009). Furthermore, biological ice nuclei were found to be
present in concentrations of up to about 500 particles per litre of freshly fallen snow (Christner et al.,
2008a).

Diehl et al. (2006) and Diehl and Wurzler (2004) provide parametrisation for the contact and immer-
sion freezing ef�ciencies of bacteria that can be used together with those for other bioaerosols, mineral
dust and soot. Based on the experimental data from Levin and Yankofsky (1983), Diehl and Wurzler
(2004) and Diehl et al. (2006), Figure 2.4 shows the fraction of frozen droplets for different temperatures
and IN. Ice formation due to contact freezing starts at similar temperatures for bacteria and montmo-
rillonite mineral dust particles, but then proceeds most rapidly for bacteria. For the case of immersion
freezing, bacteria initiate freezing at approximately 10� C higher temperatures than mineral dust (mont-
morillonite and kaolinite) does. As bacteria nucleate ice already at such high temperatures, the ice
particles forming on them have the longest possible time to grow in a cloud and the best chance to grow
to precipitation sizes, which makes them interesting to investigate.

The interactions between aerosols and mixed-phase clouds are still uncertain, as reviewed by Lohmann
and Feichter (2005). Recently there have been various modelling studies on potential impacts from
biological aerosols on clouds, which have reached different conclusions (Grützun et al., 2008; Phillips
et al., 2009; Ariya et al., 2009; Burrows et al., 2009a; Diehl and Wurzler, 2010; Hoose et al., 2010;
Sun et al., 2010). While Hoose et al. (2010) do not �nd any signi�cant impact of bioaerosols on clouds
and precipitation, e.g. Phillips et al. (2009) state that cloud properties are altered by boosted bacterial
concentrations. They agree however, that no impact is observed with realistic bacterial concentrations.

The overall aim of the present study is to examine the in�uence of bacteria on microphysical properties
of stratiform clouds and precipitation on a global scale. sIn the following section, the global climate
model and experimental design are described. Results from sensitivity tests are shown and discussed in
the subsequent section.

ECHAM5 is the �fth generation atmospheric general circulation model (GCM) that evolved from
the model of the European Centre for Medium Range Weather Forecasting (ECMWF) and was further
developed at the Max-Planck Institute for Meteorology (Roeckner et al., 2003). The model solves prog-
nostic equations for vorticity, divergence, temperature and surface pressure using spherical harmonics
with triangular truncation. Water vapour, cloud liquid water and ice, as well as trace components, are
transported using a semi-Lagrangian scheme (Lin and Rood, 1996) on a Gaussian grid. Prognostic equa-
tions for cloud water and ice follow Lohmann et al. (2007). The model includes the cirrus scheme of
Kärcher and Lohmann (2002). Convective clouds and transport are based on the mass-�ux scheme of
Tiedtke (1989) with modi�cations following Nordeng (1994). The solar radiation scheme has 6 spectral
bands (Cagnazzo et al., 2007) and the infrared has 16 spectral bands (Mlawer et al., 1997; Morcrette
et al., 1998).
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Table 2.1: Simulations

Simulation Description

CTL Control simulation. Bacteria are not IN active.
BT1 Bacteria best-estimate emissions Burrows et al. (2009b), 1% of bacteria IN active
BT10 Bacteria best-estimate emissions Burrows et al. (2009b), 10% of bacteria IN active
BT100 Bacteria best-estimate emissions Burrows et al. (2009b), 100% of bacteria IN active

100BT100 Same as BT100 but with a hundredfold increase of bacteria emissions

The GCM is coupled to the Hamburg Aerosol Model (HAM), which is described in detail by Stier
et al. (2005) and most recently adapted by Lohmann and Hoose (2009). The aerosols are represented by
seven log-normal modes, 4 internally mixed/soluble modes (nucleation (NS), Aitken (KS), accumulation
(AS), and coarse (CS)) and 3 insoluble modes (Aitken (KI), accumulation (AI), and coarse (CI)). The
median radius for each mode is calculated from the aerosol mass and number concentration in each
mode. Aerosol mass and number are transferred from the insoluble to the internally mixed modes by the
condensation of sulphuric acid and organic vapours, and coagulation with soluble aerosols.

The natural emissions of sea salt, dust, and dimethyl sulphate (DMS) from the oceans are calculated
on-line, based on the meteorology of the model. Emissions for all other aerosol species are taken from
the AEROCOM emission inventory, and are representative for the year 2000 (Dentener et al., 2006). The
aerosol emissions and the removal processes of wet scavenging, sedimentation, and dry deposition are
described in detail in Stier et al. (2005).

All results presented in this study are from simulations which have been integrated for one year,
following a three months spin-up period. All simulations are nudged to the ECMWF ERA40 reanalysis
data for the year 2000 (Simmons and Gibson, 2000), to minimise differences in dynamics between the
different simulations. The nudging technique is described by Timmreck and Schulz (2004). The spectral
resolution of all simulations is T42 which corresponds to 2:8125� � 2:8125� horizontally, with 19 vertical
levels from the surface up to 10 hPa and a 30-min time step. All simulations conducted in this study are
summarised in Table 2.1.

2.1.1 Bacteria in ECHAM5-HAM

Bacteria in general and those with ice nucleating abilities in particular are commonly found on plant
leaves (Lindemann et al., 1982; Hirano and Upper, 2000). Their concentration depends on the ecosystem
they stem from.

The emission �ux F of bacteria is calculated in ECHAM5 according to

F =
5

å
i= 1

fiFi (2.1)

with Fi being the bacterial number emission �ux [m� 2 s� 1] over a particular ecosystem,fi denoting the
fractional coverage of a gridbox with a certain plant functional type, andi standing for crops, grass,
shrubs, forests and land ice. The fractions of the different ecosystems are obtained from the correspond-
ing plant functional type area fractions of the JSBACH dynamic vegetation model (Raddatz et al., 2007).
Burrows et al. (2009b) provided the observed near surface bacteria �uxes (593 m� 2 s� 1 over crops, 1123
m� 2 s� 1 over grassland, 8 m� 2 s� 1 over ice, 520 m� 2 s� 1 over shrubs, and 303 m� 2 s� 1 over forests),
which were weighted by the area fraction of the respective ecosystems in the gridbox (fi).

Due to the limited available data on emissions of bacteria in the air, the ecosystem types available in
JSBACH which are based on the Olson World Ecosystems dataset (Olson, 1992) were lumped into the
aforementioned �ve groups.Cropsandland iceare ecosystem types on their own,grassis comprised by
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Table 2.2: The modal structure of HAM with its aerosol species: sulphate (SO4), black carbon (BC),
organic carbon (OC), sea salt (SS), mineral dust (DU) and bacteria (BCT). The radius range of the
aerosol particles in the respective mode is given by r.

Modes Size range [µm] mixed/soluble insoluble

Nucleation r� 0:005 SO4

Aitken 0.005< r � 0:05 SO4, BC, OC BC, OC
Accumulation 0.05< r � 0:5 SO4, BC, OC, SS, DU DU
Coarse 0.5< r � 1 SO4, BC, OC, SS, DU DU
Bioaerosol 1< r SO4, BC, OC, SS, DU, BCT DU, BCT

Table 2.3: The logical mask for the coagulation kernels in ECHAM5-HAM adapted from Vignati et al.
(2004), for the different soluble and insoluble modes: nucleation, Aitken, accumulation, coarse and
bioaerosol. TRUE denotes that the aerosol partilces in the modes are allowed to coagulate with each
other, and FALSE denotes that they do not coagulate.

Nucl. sol. Aitken sol. Acc. sol. Coarse sol. Aitken insol. Acc. insol. Coarse insol. Bio insol. Bio sol.
Nucl. sol. TRUE TRUE (1) TRUE TRUE TRUE TRUE TRUE TRUE TRUE
Aitken. sol. FALSE (2) TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE
Acc. sol. FALSE FALSE TRUE FALSE (3) TRUE FALSE FALSE FALSE FALSE
Coarse sol. FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
Aitken insol. FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE
Acc. insol. FALSE FALSE FALSE FALSE FALSE FALSE (4) FALSE TRUE TRUE
Coarse insol. FALSE FALSE FALSE FALSE FALSE FALSE FALSE (5) TRUE TRUE
Bio insol. FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE
Bio sol. FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE

C3 and C4 grasslands, whileshrubscontains both raingreen and deciduous shrubs. Theforestcategory is
made of tropical broadleaf evergreen and deciduous trees, temperate broadleaf evergreen and deciduous
trees, as well as coniferous evergreen and deciduous trees. This is of course a very crude assumption, but
unfortunately, there are currently no better data available.

In order for bacteria to be incorporated into HAM (Stier et al., 2005) the number of aerosol modes was
increased from 7 to 9 - adding an insoluble and soluble/mixed bioaerosol mode, that so far only contains
bacteria as a new aerosol species (see Table 2.2). Bacteria are emitted initially in the insoluble bioaerosol
mode, as IN active bacteria are assumed to be hydrophobic because these bacteria live primarily on solid
surfaces on plant leaves, but also on stones, human skin, etc. (McNamara et al., 1997). They can be
transfered to the mixed mode by coating withH2SO4 and organic vapours, coagulation with sulphate,
black carbon and organic carbon. Bacteria are additionally allowed to coagulate with dust, which has
been observed for Saharan dust sampled over the Mediterranean and the Atlantic (Grif�n, 2007; Kellogg
and Grif�n, 2006) (see Table 2.3).

The logical mask for the coagulation kernels in ECHAM5-HAM as described in Table 2.3 is an OR
mask, meaning that a triangular shape of the �lled matrix contains all the necessary information. For
example, to let the aerosol particles in the nucleation soluble and Aitken soluble modes coagulate, it is
suf�cient to de�ne the combination as TRUE once (e.g. in (1)) without having to apply it symmetrically
also to the Aitken soluble and nucleation soluble combination (marked with (2)).

The soluble accumulation and soluble coarse modes do not coagulate (see (3)), despite being soluble
modes (Vignati et al., 2004) because the timescale for their coagulation is much longer than the timescale
for coagulation between the Aitken and the accumulation mode. Ideally, the whole upper right ”triangle“
should be set to TRUE in ECHAM5-HAM in order to treat the modes correctly. The only exception
to this is the intra-modal coagulation of insoluble accumulation (4) and insoluble coarse (5) modes,
which consist only of mineral dust and thus cannot stick together. However, according to personal
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Table 2.4: Parameters ax and bx for contact freezing (Diehl et al., 2006) and parameter cx for immersion
freezing (Diehl and Wurzler, 2004) of black carbon (BC), montmorillonite (MON) and bacteria (BCT).

x ax(K � 1) bx cx (m� 3)

BC - - 0.00291
MON 0.1014 0.3277 32.3
BCT 0.2641 0.7423 6190000

communication with Elisabetta Vignati, the reason why the coagulation for certain modes was neglected
is that the coagulation time of these modes is usually longer than the model time-step of 30 min, and
thus those calculations were omitted in order to save computation time. For the case of bioaerosols,
they were allowed to coagulate with each other and with dust, as has been observed (e.g. Kellogg and
Grif�n (2006)). Additionally, they coagulate with the soluble nucleation and soluble Aitken modes,
mimicking the behaviour of dust. The rest of the coagulation matrix was set to FALSE in order to save
computational resources. It should further be noted that the coagulation between the soluble coarse and
insoluble Aitken modes is calculated in a separate routine, where both condensation and coagulation
effects on the insoluble modes are calculated at the same time.

The parametrisation for contact freezing of bacteria stems from Diehl et al. (2006) and that for im-
mersion freezing from Diehl and Wurzler (2004). Deposition nucleation on bacteria is not considered,
because observational data are missing for that process. Note that deposition freezing is also neglected
for mineral dust, as it generally takes place at lower temperatures than the other heterogeneous freezing
processes and is thought to be negligible in mixed-phase clouds.

Contact freezing is implemented into ECHAM according to Hoose et al. (2008) as follows:

Qf rz;cnt � �
dNl

dt
j f rz;cnt = Dap4pr l Na;cntNl (2.2)

Qf rz;cnt is the freezing rate via contact nucleation,Nl the concentration of liquid droplets,Dap the
size-dependent Brownian aerosol diffusivity,r l the volume-mean dropet radius andNa;cnt the number of
contact nuclei. The latter is calculated as:

Na;cnt = å
x

Max(1;Min(0; (� ax(T � 273:15K) � bx))) �
Ncnt;x

Naer;insol
(Nl + Ni) (2.3)

with x standing for montmorillonite mineral dust particles or bacteria.Ni is the ice crystal number
concentration,Naer;insol the total insoluble aerosol number concentration andNcnt;x a number concentra-
tion of the maximum available contact ice nuclei of materialx. The parametersax andbx (see Table 2.4)
are related to the aerosol's effectiveness to act as ice nuclei in the contact freezing mode as determined
by Diehl et al. (2006).T is the temperature in K.

The immersion freezing parametrisation by Diehl and Wurzler (2004) describes the immersion freez-
ing rate as:

Qf rz;imm � �
dNl

dt
j f rz;imm = Na;immexp(273:15K� T)

dT
dt

r ql

r l
for

dT
dt

< 0 (2.4)

r is the air density,r l the liquid water density andql the cloud water mixing ratio.Na;imm is the
number of immersion nuclei, which is related to a measured effectivenesscx (see Table 2.4, weighted
by the number of potential ice nuclei of the respective materialx (this time denoting black carbon,
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montmorillonite and bacteria) and normalised by the total number of particles larger than 35 nm in
radius (activation threshold according to Lin and Leaitch (1997) as implemented in ECHAM5-HAM by
Lohmann et al. (2007)).

Na;imm = å
s

cx
Nimm;x

N> 35nm
aer;tot

(2.5)

The parametrisation for bacteria relies on data from Levin and Yankofsky (1983). However, the reli-
ability of these results is questionable, as the control freezing experiment conducted with puri�ed water
induced freezing at� 14� C instead of at� 35� C, leading to the conclusion that the droplet generator used
in those experiments might have been contaminated with ice nucleation inducing material. This is further
supported by the fact, that when the same instrument as in the studies by Pitter and Pruppacher (1973)
was used, their control experiments with pure water lead to the expected onset of homogeneous freezing
at � 35� C. Additionally, the number of IN per bacterial cell is unknown.

As there were no data available about shortwave and longwave radiative properties of bacteria, but
they have a similar refractive index as sea salt (Wyatt, 1970; Ebert et al., 2002), the identical data as
for sea salt (Fenn et al., 1981) were assumed for bacterial shortwave and longwave radiative properties.
The standard deviation of the bacterial distribution was set to 2, equal to that of dust. The mean mass
scavenging coef�cient for bacteria scavenged by rain was set to 1 kg m� 2 and to 5� 10� 3 kg m� 2 for
bacteria scavenged by snow, as estimated from Seinfeld and Pandis (2006). The mass of a bacterium in
ECHAM was set to the average value 1� 15 kg and its average density was calculated as being 1.2 g cm� 3

from data available in Baron and Willeke (2001) and Hinds (1999). These values lead to a diameter for
bacteria of 2.5µm. The size range of the most common bacteria lies between 0.5 and 5µm in diameter
(Brock et al., 2000). While Burrows et al. (2009a) and Hoose et al. (2010) assume a diameter of 1µm in
their calculations, our estimate is higher and thus represents an aggregate of several cells, as commonly
found in the air (Pierre Amato, 2011, personal communication). A sensitivity study was conducted, with
a bacteria diameter of 1µm. However, this led to virtually no changes in our model output.

2.2 Results and Discussion

In the reference simulation (CTL) bacteria act only as passive tracer, i.e. bacteria are emitted and trans-
ported around the globe, but have no effects on the radiation budget, cloud microphysics and precipita-
tion. In all the other simulations (cf. Table 2.1) bacteria are allowed to act as IN. In the simulations BT1,
BT10 and BT100 bacteria best estimate emissions from Burrows et al. (2009a) are used and the fraction
of bacteria acting as IN is varied from 1% to 10% and 100%, respectively. The simulation 100BT100
represents an extreme case where all bacteria are assumed to be IN active, and their emission �ux is
increased by a factor of 100. This factor of 100 is plausible for natural �uctuations of bacteria emissions
due to seasonality, vegetation periods and micro-climatic effects. Phillips et al. (2009) also conducted
simulations with bacteria numbers boosted up by two orders of magnitude in their research. Additionally,
this allows us to investigate what would happen if their number concentration was assumed to be on the
same order of magnitude as that of mineral dust aerosol.

The annual zonal mean vertical pro�les of dust and bacteria number concentrations, as depicted in
Figure 2.1 show that there is transport of bacteria to the middle and upper troposphere. However, their
number in the troposphere is two to three orders of magnitude lower than that for dust. By increasing
bacteria emission a hundredfold, their number concentrations become comparable to those of dust, with
average values of 1cm� 3.

The bacteria emissions and burdens as calculated with ECHAM are summarised in Table 2.5. While
the emissions are comparable to the ones calculated by Burrows et al. (2009a), they are higher than those
shown by Hoose et al. (2010) and lower than those of Jacobson and Streets (2009). The burden, however,
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Figure 2.1: Modelled (CTL and 100BT100, see 2.1 for description) annual zonal mean vertical pro�les
of dust and bacteria mass [g m� 3] and number concentrations in [cm� 3].

Table 2.5: Global bacteria emissions and burden calculated with ECHAM5 compared to the model
results by Burrows et al. (2009a), Jacobson and Streets (2009) and Hoose et al. (2010).

Emissions Burden Source
[Tg yr� 1] [Tg]

2.58 0.03 ECHAM5 best estimate bacteria emissions
258 2.82 ECHAM5 hundredfold bacteria emissions

0.4-1.8 0.0087 Burrows et al. (2009a)
28.1 n/a Jacobson and Streets (2009)
0.75 0.0043 Hoose et al. (2010)

is an order of magnitude larger than in the results from Hoose et al. (2010) and Burrows et al. (2009a),
suggesting a weaker removal of bacteria. A hundredfold increase in emissions leads to a hundredfold
increase of the bacterial burden as well.

The results from the BT10 simulation in Figure 2.2 show the emission, deposition and burden of
bacteria as compared to dust. It is evident from Fig. 3 d) that the bacteria are transported over quite large
distances. Their deposition is larger over areas with plenty of vegetation and high precipitation, e.g. the
Amazon, the Congo basin, or South-East Asia. The bacteria burden is large over North-West Africa in a
region with high emissions from the grasslands in a relatively dry climate.

As can be seen in Table 2.6, the emitted and deposited numbers of bacteria are two orders of magnitude
smaller than those of mineral dust. The simulation 100BT100 was therefore included in the sensitivity
study in order to investigate the impact bacteria might have if they were as numerous as dust. While dust
is deposited equally through dry and wet deposition, the primary pathway for removal of bacteria is via
wet deposition. This is due to the fact that bacteria nucleate more readily than dust, and are lighter due
to their lower density. Additionally, dust is emitted primarily in dry regions where there is very little
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Figure 2.2: Modelled (BT10, see 2.1 for description) global annual means of emission, deposition and
burden of bacteria and mineral dust. a) dust emission [g m� 2 yr� 1] b) bacteria emission [g m� 2 yr� 1]
c) dust deposition [g m� 2 yr� 1] d) bacteria deposition [g m� 2 yr� 1] e) dust burden [g m� 2] f) bacteria
burden [g m� 2].

Table 2.6: Modelled global annual means of emissions and deposition of bacteria.

BT10 BT10 100BT100
Dust Bacteria Bacteria
[kg m� 2 yr� 1] [kg m� 2 yr� 1] [kg m� 2 yr� 1]

Emission 4.55� 10� 11 5.49� 10� 13 5.49� 10� 11

Dry Deposition 2.35� 10� 11 1.70� 10� 13 1.56� 10� 11

Wet Deposition 2.19� 10� 11 3.80� 10� 13 3.93� 10� 11

Total Deposition 4.55� 10� 11 5.49� 10� 13 5.49� 10� 11

precipitation and thus wet deposition, while the opposite is true for bacteria.

The simulated bacterial number concentrations were compared to observations at various locations in
Figure 2.3. As the comparability of point measurements to global model data which are mean values
for a 2:8� � 2:8� gridbox is limited, the gridbox values were interpolated to the coordinates of the mea-
surement location. The standard deviation of the observational data is rather large, as the measurement
methods differ for each location and the variability of bacteria concentrations is high. While the mean
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Figure 2.3: Simulated bacteria concentrations at ground level compared to observations. Observations
are averages over different time periods, and the simulated data were interpolated to the measurement
location. The vertical bars indicate the standard deviation for all measurements at one location. Obser-
vations are taken from Bauer et al. (2002a), Bovallius et al. (1978a), Bovallius et al. (1978b), Borodulin
et al. (2005), Chen et al. (2001), DiGiorgio et al. (1996), Fang et al. (2007), Kelly and Pady (1954),
Lindemann et al. (1982), Mouli et al. (2005), Negrin et al. (2007), Pastuszka et al. (2000), Rosas et al.
(1994), R̈uden et al. (1978), Schlesinger et al. (2006), Shaffer and Lighthart (1997), Tilley et al. (2001),
and Vlodavets and Mats (1958).

observed bacteria concentrations are captured by the model, it greatly underestimates the variability in
the bacteria concentrations. Standardised long-term observations with world-wide coverage are neces-
sary for a more precise model evaluation. Such observations would help by providing a uniform database
stemming from �xed measurement methods and thus reducing the errors. The representation of natural
variability in a model could also be improved by dynamic bacteria emission schemes or detailed obser-
vations distinguishing for example between different forest biomes. However, it is necessary to keep in
mind that a GCM can never capture the exact natural variability of any quantity, no matter the detail of
the emission data set, as each gridbox represents an average over several hundred kilometers.

Bacteria produce ice faster and earlier than dust, as can be seen from Figure 2.4, thus depleting mois-
ture available for the formation of ice on dust. At the same time, there are much fewer bacteria than
mineral dust aerosols available as IN. Consequently, the changes from CTL to BT1, BT10 and BT100
in the cloud droplet number concentration (CDNC), ice crystal number concentration (ICNC), precipi-
tation, cloud cover, relative humidity, short-wave (SCF) and long-wave cloud forcing (LCF), as well as
the aerosol optical depth (AOD) remain small (cf. Table 2.7). However, one can see from the vertical
pro�le in Figure 2.5 and the vertically integrated difference in Figure 2.6 that this is partly the result of
averaging.

As Figures 2.7 and 2.8 show, bacteria and mineral dust are similarly important for contact freezing.
As the role of black carbon in contact freezing is not known yet, it only acts as an immersion nuclei in
ECHAM5. The contribution of black carbon to freezing is negligible. Both in contact and immersion
freezing, bacteria initiate freezing at lower altitudes and thus at higher temperatures than mineral dust.
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Figure 2.4: Contact freezing frozen fractions (full lines) and immersion freezing frozen fractions for a
droplet radius of 10µm (dashed lines) of bacteria (red), montmorillonite (green) and kaolinite (blue);
from experimental data. Adapted from Lohmann and Diehl (2006).

Mineral dust plays as stronger role for the immersion freezing in the BT1 simulation (Fig. 2.7). The in-
�uence of bacteria is limited to the equator and high northern latitudes where there are abundant bacteria
sources from vegetation. Dust is the dominating freezing agent in the Southern Hemisphere, where there
is less vegetation as a source for bacteria, but more dust sources with the Australian and Atacama deserts.
In the BT10 simulation results as shown in Fig. 2.8 dominate the immersion freezing mechanism.

Nevertheless, the changes in IWP and LWP remain small, as can be seen from Figure 2.6 and Table
2.7. Although bacteria contribute to heterogeneous freezing, their impact is reduced by their low numbers
compared to other heterogeneous IN. While we reach the same conclusion as Hoose et al. (2010) with
CAM-Oslo (i.e. tiny effect overall), we reach it for different reasons. It seems that the cloud microphysics
in ECHAM5 is such that because there is already mineral dust acting as IN, the effect of adding bacteria
as IN is minor (as measured by changes in precipitation, LWP, IWP, radiation etc.).

There is a slight reduction in LWC and increase in IWC, which is expected, as bacteria are ef�cient
IN. The IWC is slightly higher in the heterogeneous freezing regime, while the LWC is slightly lower, as
can be seen in Figure 2.5. The area of large changes in IWC in the Arctic in Figure 2.5 is due to the fact
that temperatures there are in the range of mixed-phase clouds (0� C to -35� C) for large parts of the year
even at the surface, so the bacteria do not have to be transported high up into the atmosphere to have an
impact in this region. Around the Arctic circle there are vast areas of tundra and boreal forests which are
providing relatively high bacteria concentrations to the Arctic, which is also evident in the zonal mean
bacteria concentration in Figure 2.1.

We consider the simulation BT10 to be the best estimate, according to observations by�Santl Temkiv
et al. (2009) which found 12% of bacteria in rain samples to be IN active. Even in this simulation, the
change in LWP and IWP is small but non-negligible and a feature consistent throughout the simula-
tions. As expected, the IWP increases while the LWP decreases due to the earlier onset of the Bergeron-
Findeisen process, if bacteria are available as additional IN. As evident from Figure 2.6, the change is
especially pronounced on the northern hemisphere, where forests contribute to higher bacteria concen-
trations. The LWP reduction is most prominent in the storm-tracks due to more ef�cient precipitation
formation. Overall the signal is consistent for different bacteria concentrations and IN activities.

Looking at global maps of LWP and IWP in Figures 2.9 and 2.10, respectively, LWP is generally lower
over the continents, and especially over North America and Asia. Corresponding to the LWP decrease
the IWP is increased over continents, speci�cally in the Arctic and over South America, where forests
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Figure 2.5: Modelled annual zonal mean vertical pro�les of the difference between the simulations with
10% of bacteria acting as IN (simulation BT10) and no bacteria acting as IN (simulation CTL), for
the ice water content (IWC), ice crystal number concentration (ICNC), liquid water content (LWC) and
cloud droplet number concentration (CDNC).

act as sources of bacteria.

For the extreme assumption of a 100-fold increase in bacteria emissions in the 100BT100 simulation,
a considerable change can be observed (cf. Table 2.7). There is a 7% reduction in LWP between the
100BT100 and CTL case (cf. Figure 2.6). As a result there is also signi�cantly less solar radiation
re�ected back to space by clouds (DSCF = 1.65W m2). This change in cloud radiative forcing is almost
exactly the same as the entire increase in the greenhouse effect due to anthropogenic CO2 since pre-
industrial times (Forster et al., 2007). There is also more longwave radiation escaping to space (DLCF
= 0.58W m2) because of the reduced number of ice crystals so that the net change is slightly more than
1W m2, which is still a rather strong effect. Additionally, bacteria have an enormous effect on the AOD
in the 100BT100 simulation, leading to a 59% increase by direct re�ection of solar radiation.

2.3 Conclusions

Bacteria as a new aerosol particle mode were introduced into ECHAM5-HAM and their emissions,
transport and impact on clouds and precipitation were investigated.

It was shown that bacteria can successfully be transported to the middle and upper troposphere, how-
ever, their number concentration is two to three orders of magnitude lower than that of dust. The bacteria
emissions and burdens calculated with ECHAM are comparable to those in previous studies and it could
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Figure 2.6: Modelled annual zonal mean vertically integrated difference between the simulations with
1% of bacteria acting as IN (simulation BT1, black line), 10% of bacteria acting as IN (simulation BT10,
red line), 100% of bacteria acting as IN (simulation BT100, green line), 100% of hundredfold bacteria
acting as IN (simulation 100BT100, blue line) and no bacteria acting as IN (simulation CTL), for the ice
water path (IWP) and liquid water path (LWP), respectively.

be shown that they are successfully transported over large distances. Comparison with the few avail-
able observations shows that the modelled emission �uxes are on the same order of magnitude as the
observations. While the mean observed bacteria concentrations are captured by the model, it greatly
underestimates the variability in the bacteria concentrations. Standardised long-term observations with
world-wide coverage are necessary for a more precise model evaluation. Hereby they need to distinguish
more precisely between different biomes especially between tropical, temperate and boreal forests. A
dynamic bacteria emission scheme depending on the vegetation properties would also help to improve
the representation of natural variability in the models.

Concerning their microphysical properties, the changes compared to a no-bacteria reference simulation
are minor. Changes in the liquid water path and ice water path can be observed, speci�cally in the boreal
regions of the Arctic circle where tundra and forests act as sources of bacteria. Those changes are small
but non-negligible and a feature consistent throughout the simulations.

A sensitivity study with the extreme assumption of a 100-fold increase in bacteria emissions leads to
a 7% reduction in the LWP as compared to the reference case. Consequently, there is also less solar
radiation re�ected back to space by clouds. This change in cloud radiative forcing is almost exactly the
same as the entire increase in the greenhouse effect due to anthropogenic CO2 since pre-industrial times.
At this point we do not know enough about bacteria emissions to rule out that simulation as unrealistic.
However, to the best of our current knowledge, the in�uence of bacteria on the global climate appears
small.

More observational data about bacterial emissions and deposition, as well as in-situ measurements
inside clouds and vertical pro�les of bacteria concentration are needed for a better comparison of model
results with observations. Past measurements of ambient bacterial concentrations have focused on point
sources, thus neglecting many ecosystems, especially the less accessible and remote ones (e.g. tropical
rainforests, wetlands, deserts, tundra). Especially the forests include a variety of diverse ecosystems and
it would be meaningful to distinguish the various forest types in a future study. In order to get a consistent
picture of bioaerosol sources, all biomes need to be considered in the observations. Likewise, only few
measurements have been made over oceans. As oceans cover a large area of our planet it is important
to clarify if biological particle �uxes from marine sources make a signi�cant contribution to the high IN
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Figure 2.7: Modelled annual zonal mean latitude vs pressure cross sections of the percentage fraction
of the different freezing mechanisms from simulation BT1 for black carbon, mineral dust and bacteria.

concentrations observed in these regions as argued by Schnell and Vali (1976) and Bigg et al. (2004).
Long-term observations of bioaerosols with a world wide coverage could help bridge those gaps.

There are currently several uncertainties constraining the modelling of the impact of bacteria on cli-
mate and precipitation, for example their exact emissions, size distributions, ice nucleation active frac-
tions etc. Additional data is also needed on the impact of coating and ageing on the bacterial IN-ability,
as well as some fundamental data on density, aerodynamic diameter and refractive index of the bacteria.

Global modelling results suggest that bioaerosols have only a minor impact on the Earth's climate,
but might show regional effects. Further modelling research should therefore focus on regional and local
effects of bioaerosols, especially in highly vegetated regions, like tropical forests, as a potential impact
of bacteria on local climate might be expected.
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Figure 2.8: Modelled annual zonal mean latitude vs pressure cross sections of the percentage fraction
of the different freezing mechanisms from simulation BT10 for black carbon, mineral dust and bacteria.
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Figure 2.9: Modelled annual global mean liquid water path (LWP), and the difference between BT10
and CTL.

Figure 2.10: Modelled annual global mean ice water path (IWP), and the difference between BT10 and
CTL.
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Table 2.7: Yearly average values for the simulations CTL, BT1, BT10 and BT100 compared to observa-
tions (OBS). The table displays liquid water path (LWP), ice water path (IWP), total cloud cover (TCC),
the vertically integrated cloud droplet number concentration (CDNC) and ice crystal number concen-
tration (ICNC), total precipitation (P), shortwave cloud forcing (SCF), longwave cloud forcing (LCF),
radiation budget at the top of the atmosphere Fnet and aerosol optical depth (AOD). See 2.1 for the
description of the simulation acronyms. Global averaged annual estimates and zonal mean estimated
observational data are taken from the Global Precipitation Climatology Project (GPCP) for total pre-
cipitation Ptot (Huffman et al., 1997; Adler et al., 2003). LWP stem from satellite (SSM/I) retrievals by
Wentz (1997), Greenwald et al. (1993) and Weng and Grody (1994). IWP is derived from the Interna-
tional Satellite Cloud Climatology Project ISCCP data (Storelvmo et al., 2008). Cloud droplet number
concentration Nl retrievals are from Han et al. (1998). The ISCCP dataset is available for a temperature
range of -50� C to 50� C based on four months from the year 1987. Shortwave and longwave cloud forcing
(SCF and LCF) are deduced from Kiehl and Trenberth (1997). The data of aerosol optical depth AOD
are provided by Schulz et al. (2006) and S. Kinne (personal communication). Cloud cover observations
are derived from observations of ISCCP (Rossow and Schiffer, 1999), surface observations collected by
Hahn et al. (1995) and satellite observations estimated by Stubenrauch and Kinne (2009).

ECHAM5.5- CTL BT1 BT10 BT100 100BT100 OBS
LWP [g m� 2] 56.61 56.24 56.09 55.78 52.80 48-83
IWP [g m� 2] 6.965 6.976 6.990 7.007 7.019 29
TCC [%] 60.14 60.16 60.21 60.18 60.12 65-75
CDNC [1010 m� 2] 3.415 3.397 3.401 3.403 3.192 4
ICNC [1010 m� 2] 0.124 0.123 0.122 0.121 0.096 -
P [mm day� 1] 2.839 2.840 2.840 2.841 2.856 2.74
SCF [W m� 2] -48.81 -48.76 -48.77 -48.71 -47.16 -47 to -50
LCF [W m� 2] 26.33 26.33 26.33 26.29 25.75 2-30
AOD 0.117 0.117 0.117 0.117 0.187 0.15-0.18



Chapter 3

Global fungal spore emissions, review and synthesis of literature data

3.1 Introduction

Fungal spores are part of the bioaerosol population in our atmosphere which also comprises components
such as pollen, bacteria or viruses. Interest in bioaerosols is mainly related to their health effects, agri-
culture, ice nucleation and cloud droplet activation or atmospheric chemistry (Ariya et al., 2009). In the
present study, the focus lies on fungal aerosols.

Measurements of fungal aerosols report average ground level concentrations of around 10 000–
50 000 spores m� 3, sometimes even exceeding 200 000 spores m� 3 (Levetin, 1995). This is two orders of
magnitude higher than observed peak pollen concentrations (1000–2000 grains m� 3) (Mandrioli, 1998).
Froehlich-Nowoisky et al. (2009) also state that up to 45 % of the coarse particle mass in tropical rainfor-
est air consists of fungal spores. Elbert et al. (2007) found that fungal spores are the main contributor to
the bioaerosol mass in the Amazon basin. Simulations conducted by Heald and Spracklen (2009) came to
the conclusion that 23 % of all primary emissions of organic aerosol are of fungal origin. Investigations
of Bauer et al. (2002a) have shown that “5.8 % of the organic carbon in the coarse aerosol mode” was due
to fungal spores and bacteria. When sampling bioaerosols at the Rothampsted Experimental Station in
the south of England, Gregory (1978) found that they mainly consisted of fungal spores; nearly half of a
fair weather sample consisted ofCladosporiumspores (a mould) and only one percent of all bioaerosols
were plant pollen. These �ndings show that fungal spores are an non-negligible part of the atmospheric
aerosol. Fungi are even found in marine habitats where they are important decomposers of plant sub-
strates (Hyde et al., 1998). As marine fungal spore emission observations are lacking so far, this biome
has not been further taken account of in this review.

The primary source of fungal aerosols are plants (Burgess, 2002), soil, litter and decaying organic
matter (Heald and Spracklen, 2009). Release mechanisms of fungal spores are numerous and vary from
species to species (Elbert et al., 2007; Gregory, 1967, 1973; Levetin, 1995; Jones and Harrison, 2004;
Madelin, 1994; Hirst, 1953). Generally, release of spores is highly dependent on meteorological factors.
Some require rather humid conditions whereas others favour dry and windy conditions for spore release.
Several studies have been conducted on the relationship between meteorological factors and spore con-
centrations. Signi�cant correlations between spore counts and wind speeds could be found (Glikson
et al., 1995) as well as a positive correlation ofAlternaria spore counts with temperature (Burch and
Levetin, 2002). Stepalska and Wolek (2009) on the other hand could not �nd a signi�cant correlation
of spore concentrations with weather conditions for most species investigated in their study. It is hence
dif�cult to predict which and how many spores are released according to weather conditions.

As for their transport behaviour, most of the spores do not travel very long distances. As calculations
by Gregory (1962) have shown only a fraction of about 10 % of all released fungal spores is transported
farther away than 100m. This fraction is called the “escape fraction”. The measured concentrations are
a blend of local emissions and advected spores. It is dif�cult to distinguish between those two groups. A
possible distinction criterion might be the size or shape since larger particles are deposited more easily
than smaller ones. However, Heald and Spracklen (2009) note that the larger size fraction is less well

†A. Sesartic and T. N. Dalla�or, 2011. Global fungal spore emissions, review and synthesis of literature data. Biogeosciences,
8, 1181-1192, doi:10.5194/bg-8-1181-2011
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investigated due to measurement device constraints. The farther away the sampling device is from the
spore source, the more is the measured concentration in�uenced by deposition and other processes. This
can lead to devices in immediate proximity to the ground measuring the actually emitted spore numbers,
whereas other devices on higher levels might measure the escape fraction only. As most observational
data was taken further away from the ground, we assume our estimate to represent the escape fraction.

Wind speed, temperature, atmospheric pressure or precipitation are important conditions determining
transport and deposition of the dispersed aerosols (Hirst et al., 1967). There is evidence that fungal
spores can also be transported over long distances (Grif�n et al., 2006, 2001; Prospero et al., 2005)
before they are deposited either due to gravity, wash-out by rain or impaction (Gregory, 1967). Among
others, Prospero et al. (2005) found fungal spores originating from the African desert to in�uence the
prevailing fungal spore concentrations on the Virgin Islands in the Caribbean.

Some fungal spores can act as very effective ice nucleators. Lichen were found to nucleate ice at
temperatures higher than� 8 � C and some even at temperatures higher than� 5 � C (Kieft, 1988). The
lichen fungusRhizoplaca chrysoleucawas even found to be an active ice nucleus at temperatures as high
as� 2 � C (Kieft, 1988; Kieft and Ruscetti, 1990). To date, only a few fungus species have been found
to be active ice nucleators: besides the above mentioned lichen these areFusarium avenaceumand
Fusarium acuminatum(Pouleur et al., 1992). The ice nucleating activity ofF. avenaceumis comparable
to that of the bacteriumPseudomonassp. (Pouleur et al., 1992). In contrast to those �ndings is the recent
research by Iannone et al. (2010) that showed poor ice nucleation ability ofCladosporiumspores, with
immersion freezing starting at� 28.5� C. This might be due to the spores being coated with hydrophobic
proteins that are widespread in �lamentous fungi such asCladosporiumsp. Additionally, fungal aerosols
are likely to be effective cloud condensation nuclei, but data on behalf of this is still scarce.

Recent �eld measurements have highlighted the importance of bioaerosols as ice nucleators in the
atmosphere, e.g. Pratt et al. (2009) and Prenni et al. (2009). Relying on the above evidence, there is
probably a link between meteorological conditions and fungal spores as well. On the one hand, fungal
spores acting as ice nuclei might in�uence cloud and precipitation formation process, as has already
been proposed by Morris et al. (2004) in general for biological ice nuclei. On the other hand, changes
in climatic conditions also alter the meteorological situation on a smaller time scale which in turn might
in�uence fungal spore release as well as transport according to the respective release mechanism. These
possible interactions with the weather and climate system as well as the fact that fungi are one of the ma-
jor contributors to global bioaerosols makes it crucial to gain more knowledge about the circumstances
and amounts in which they are emitted as well as their transport behaviour. Many studies have already
focused on sampling of fungal spores in order to estimate their concentration in the atmosphere. How-
ever, a standardised procedure in order to do so is still missing which leads to very heterogeneous and
hardly comparable results.

The goal of this paper is to review the available literature data on fungal spores and estimate global
fungal spore emissions by biome area. Available literature is reviewed and data provided used to derive
the respective fungal spore �uxes for major ecoregions. Moreover, measurement methods are reviewed
and discussed.

3.2 Data and methods

A review of available fungal spore concentration data has been undertaken. Fungal spore concentration
data have been assigned to an ecosystem and converted to surface number and mass �uxes. More than
150 studies have been reviewed of which 35 have been found to contain data relevant for this study,
and thus were taken into account for �ux calculations. Exclusion criteria were a lack of information
about measurement sites, biomes, measurement period, only absolute spore counts considered instead of
concentrations, and petri dish samplings.

The biome areas by Olson et al. (2001) have been used for ecosystem classi�cation. But since data
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Table 3.1: Attribution of ecosystems by (Olson et al., 2001) to the respective biome areas

Ecoregion after Olson et al. (2001) Biome Area [km� 2]

Tropical and Subtropical Moist Broadleaf Forests Tropical forest
Tropical and Subtropical Dry Broadleaf Forests Tropical forest 14 076 491
Tropical and Subtropical Coniferous Forests Tropical forest
Temperate Broadleaf and Mixed Forests Forest 26 253 000
Boreal Forests/Taiga Forest
Tropical and Subtropical Grasslands, Savannahs, and Shrubland Shrub
Temperate Grasslands, Savannahs, and Shrubland Shrub
Flooded Grasslands and Savannahs Shrub 23 343 164
Montane Grasslands and Shrubland Shrub
Mediterranean Forests, Woodlands, and Shrubs Shrub
Desert and Xeric Shrublands Grassland 10 542 721
Crop Crop 15 206 323
Tundra Tundra 4 630 000

Figure 3.1: Global distribution of locations where fungal spore emissions have been measured. The
transect over the ocean denotes ship measurements.

points were not suf�ciently dense, broader de�nitions of the respective biomes had to be taken. These
ecoregions covered tropical and non-tropical forests, shrub, grass, crop, tundra and land ice (data based
on (World Resource Institute, 2003a,b)). Attribution of the respective ecoregions by Olson et al. (2001)
to the biome areas used here has been done according to Table 3.1. The biome “crop” was used when the
studies mentioned close proximity to agriculture land. Effects of urban environments were not taken into
account. Biome area data has been derived from World Resource Institute (2003a,b). Figure 3.1 shows
the global distribution of available measurement data.

Fluxes have been calculated based on fungal spore concentrations, the height (Dz) at which the spore
concentration has been measured and the time (Dt) necessary for an uniform mixing of the atmospheric
layer between ground and the height of the measurement:

Ffungal spore=
number concentration� spore mass� Dz

Dt
(3.1)

Dz has been assumed to be 10 m. This is the average sampling height at which fungal spore con-
centrations have been measured, considering that sometimes samples have been taken at ground level,
sometimes above tree level or on top of buildings. The height of 10 m forDzis justi�ed because it is at the
top of the Prandtl layer in which �uxes between the ground and the atmosphere are constant with height
(Colombe Siegenthaler-LeDrian and Tanja Stanelle, personal communication, 2011). We assume the
concentration measured at this level to be in a steady state between spore emissions and dry deposition.

As the density of fungal spores is slightly lower than that of air, they are lifted with thermals and their
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Table 3.2: Number �uxes of fungal spores per square metre of biome and second [m� 2 s� 1].

Biome low estimate best estimate high estimate

Tropical forest 93 194 458
Forest 31 214 387
Shrub 37 1203 3472
Grassland 14 165 1111
Crop 2469 2509 2549
Tundra 1 8 15

dry deposition can be neglected for this of�ine calculation. This is supported by a terminal velocity of
v = 6:12� 10� 7ms� 1 which can be derived assuming a fungal spore diameter of 10µm and a density of
1kg m� 3.

The timescale for turbulent diffusion in the 10 m layer can be obtained from

Dt =
(Dz)2

2� Kturb
= 50s (3.2)

with Dz= 10 m and turbulence diffusion coef�cientKturb = 105cm� 2s� 1 (Jacob, 1999).

Alternative approaches to calculate fungus �uxes have been derived for instance by Heald and
Spracklen (2009) and used by Hoose et al. (2010):

Ffungal spores= 500m� 2s� 1LAI
5

q

1:5� 10� 2kg kg� 1 (3.3)

where LAI is the leaf area index, a measure for the leaf area per surface area andq is the speci�c humid-
ity. The second of the two �ux calculation methods has not been used since the LAI is not necessarily a
good measure of spore emissions, as it would create a bias towards too low fungal spore �uxes in regions
where the LAI is very low, such as grasslands.

Spore masses have been derived by Winiwarter et al. (2009): Assuming an average carbon content of
13 pg C per spore (Bauer et al., 2002b,a), a water content of 20 % per spore and 50 % C per dry mass
(Sedlbauer and Krus, 2001) they determined a fungal spore mass of 33 pg. Calculations by Elbert et al.
(2007) resulted in remarkably higher values: assuming a mass density of about 1 g cm� 3 and a volume
equivalent diameter of about 7µm, the average mass of wet spore discharged by Ascomycota would be
around 200 pg. Assuming the same density for Basidiomycota, Elbert et al. (2007) derived a mass of
65 pg.

For calculation of mass �uxes in this paper, the average mass of 33 pg per spore has been assumed.
The number and mass �uxes are listed once per second and once per second and square meter of the
speci�c biome. Global averages are derived by taking the mean of the respective values for each biome
area.

The following assumptions have been made for the �ux calculations:

� Seasonal or daily cycles do not in�uence the measured spore concentrations.

� There is no difference between colony forming units (CFU) and total counts.

� Due to data scarcity the measurements taken at speci�c ecosystems were summarised in broader
categories (cf. Table 3.1).

� Similar assumptions have been made for the other biome regions.

Best estimates have been calculated from all average spore concentration data available. Lau et al. (2006)
are the only researchers that have expressed their data with the geometric mean instead of the arithmetic
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Table 3.3: Mass �uxes of fungal spores per square metre of biome and second [kg m� 2 s� 1].

Biome low estimate best estimate high estimate

Tropical forest 3.06� 10� 12 6.40� 10� 12 1.51� 10� 11

Forest 1.02� 10� 12 7.08� 10� 12 1.28� 10� 11

Shrub 1.22� 10� 12 3.97� 10� 11 1.15� 10� 10

Grassland 4.65� 10� 13 5.44� 10� 12 3.67� 10� 11

Crop 8.15� 10� 11 8.28� 10� 11 8.41� 10� 11

Tundra 4.49� 10� 14 2.62� 10� 13 4.79� 10� 13

Figure 3.2: Best estimate weighted annual mean fungal spore number �ux in m� 2 s� 1.

mean. Since the difference between the geometric mean and the arithmetic mean are small, they have
been treated in the same manner. It should be noted that for the low and high estimates of crop emissions,
only one measurement result was available. Where no average concentrations were provided, the average
between the maximum and minimum spore concentrations (if available) has been taken instead. The high
and low estimates are the averages of all minimum and maximum spore counts (where available). In the
optimum case, total spore counts were provided covering all identi�able species. However, in some
studies, only certain genera were investigated. Where spore counts had been split according to species,
the sum over all has been taken in order to get as close as possible to the number of total counts.

Table 3.2 shows the aggregated number �uxes of fungal spores per square metre of biome and second,
while Table 3.3 shows the respective mass �uxes in kg per square metre and second. The biome area
with the largest fungal spore �ux is crop followed by shrub, tropical and non-tropical forest, grassland
and tundra in descending order. This can also be seen in Fig.3.2, showing the fungal number �ux, which
was produced by combining the best estimates of reviewed fungal spore data with the plant functional
types from the JSBACH dynamic vegetation model (Raddatz et al., 2007).

As for the prevalence of different spore genera, most of the studies agree thatCladosporiummake up
a very dominant part of the fungal spore air spora, e.g. Sakiyan and Inceoglu (2003); Mallo et al. (2010).
Other species such asAlternaria, Aspergillus, Ganoderma, Agaricus, Coprinus, Leptosphaeriaor smuts
and rusts have been considered as important constituents, but usually showed much lower concentrations
thanCladosporium(e.g. Sakiyan and Inceoglu, 2003; Mallo et al., 2010). Based on literature studies,
Goncalvez et al. (2010) concluded thatAsperigllus, AlternariaandPenicilliumwere predominant in hot
climates, whereasCladosporiumspores were found to be most abundant in temperate climatic regimes.
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3.2.1 Review of measurement methods

The simplest method to measure airborne fungal spores is to expose sticky surfaces or petri dishes and
then count either all detectable fungal spores or, in the case of petri dishes, the colony forming units
(CFU). This method has for instance been used by Bhati and Gaur (1979) or Abu-Dieyeh et al. (2010).
The obtained sample results are useful in order to get a qualitative impression of the composition of the
prevailing air spora. However, Gregory (1952) pointed out that these data imply the “tacit assumption
that the relation between the number of particles suspended in the air �owing over the surface and the
number deposited on the surface is known”. Gregory (1952) further argue that these simple rules would
only apply for still air. According to the authors of the study, the ef�ciency of a sticky surface to collect
fungal spores rather varies with wind speed and subsequently number concentrations per unit volume are
dif�cult to obtain. Gregory (1952) note, that a good sampling device draws in “a known volume of air
without altering its spore content, removes all particles over the 2–100µm size range, and leaves them in
a form in which they can be examined, counted and classi�ed”.

Hirst (1952) described the features a measurement device should have in order to give useful results:
Besides the ability of assessing the spore concentration per unit volume of air, it should also be possible
to measure in distinct time intervals to better correlate concentrations with meteorological conditions.
He designed a spore trap that was able to suck in air and subsequently impact the contained spores on a
sticky surface. The principle of suction increases, as Hirst (1952) argues, the ef�ciency of �ltration and
impaction. However, he also found that this does not guarantee for the air masses entering the trap being
representative of the actual spore load (collection ef�ciency). To counteract this problem, Hirst (1952)
proposed that air should be sampled isokinetically and that the ori�ce should always be directed into the
air-stream. In order to get a distinction in time, a sticky slide is moved slowly past the ori�ce (Hirst,
1952). As suction rates are constant, trapping ef�ciencies change with wind speeds (Hirst, 1953).

Recent methods take advantage of biochemical properties of fungal spores. Elbert et al. (2007) for
instance use mannitol (a component of fungal cell membranes) as a fungal biomarker to determine their
prevalence in air masses. Bauer et al. (2008) rely on other biochemical tracers such as mannitol or
arabitol to measure the fungal spore content in the precipitation.

A review of the available studies of spore concentrations showed that the measurement methods ap-
plied were diverse. As outlined above, data from measurements with petri dishes have not been included
in the �ux calculations for this paper due to the above named reasons. The trapping ef�ciency of petri
dishes is no higher than 5 % which is remarkably lower than the 80 % trapping ef�ciency of a Hirst trap
(Davies et al., 1963, citing Gregory and Stedman, 1953).

Among the data sets used for calculations, many of the researchers relied on the Hirst-type spore trap
as described above, e.g. (Davies et al., 1963; Hamilton, 1959; Rodr�́guez-Rajo et al., 2005; Oliveira et al.,
2009; Mallo et al., 2010; Levetin and Dorsey, 2006; Herrero et al., 2006; Wu et al., 2004; Stepalska and
Wolek, 2009; Kasprzyk and Worek, 2006; Sakiyan and Inceoglu, 2003). Among these, mostly models
from Lanzoni (VPPS 2000) (Lanzoni, 2010) or Burkard (Burkard Scienti�c, 2000) were used. Others
relied on Filterhousings containing 2µm �lter membranes, e.g. Prospero et al. (2005); Grif�n et al. (2001,
2003); Grif�n (2007), for their measurement. Another device sometimes used was the May Cascade
Impactor (May, 1945). However, this device was found to have a considerably lower trapping ef�ciency
for small spores than the Volumetric Spore Trap (Hirst, 1953). Only a few of the studies monitored the
fungal spore content in cloud droplets or precipitation (Amato et al., 2007a; Bauer et al., 2002b) and
some other measurement devices and methods apart from those named above have been used as well (for
detailed information on measurement methods see Table A1 in the appendix).

The measurement duration varied from a few minutes to continuous measurements seven days a week
(especially applied for the Hirst-type spore traps). Also the time span over the year varied from study
to study: some only measured on one single day, e.g. Cote et al. (2008), others even over several years
continuously, e.g. Mallo et al. (2010).
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Besides the heterogeneity of the used measurement devices also the air�ow varied from 1.9 l min� 1

(Grif�n et al., 2001) up to 1.13 m3 min� 1 (Lau et al., 2006). An air�ow of 10 l min� 1 seems to be the
most commonly used value for such measurements. Moreover it was dif�cult to retrieve the air�ow
rates from all studies. The correct choice of air�ow is an important factor for spore measurements since
measurements that are not conducted isokinetically can lead to remarkable biases in spore counts.

Furthermore the height at which the devices had been installed was not the same in the respective
studies. Some used air samples in heights up to several kilometres, whereas other conducted ground-
based measurements in heights from 2 m up to 50 m. When considering spore dispersal from a boundary
layer meteorological point of view, the choice of the measurement height might be crucial since it decides
on whether measurements are taken within or outside the turbulent layer.

The situation is alike for the different impaction media chosen: whereas those using the Lanzoni Hirst-
type spore trap rely on so-called Melinex tape which is mounted after spore collection with glycerol jelly,
others use different surfaces. The same situation can be found when it comes to the use of nutrient media
for growth of the trapped fungal spores (viable counts). Some rely on R2A agar, others on YM (yeast-
morphology) agar, others on Sabouraud's medium for fungi or malt-agar extract, etc. The possibilities
for fungus incubation for viable counts are numerous. Incubation times vary from two days up to two
weeks and longer and so do also the incubation temperatures applied. Moreover, counting methods
are not the same in all studies. Some use optical methods such as microscopy or macroscopy with
different magni�cations (ranging from 40x� 1000x) while others use Polymerase Chain Reaction (PCR)
to determine genera and species from their genome. As for the nutrient medium chosen, both Abdel-
Hafez and Shoreit (1985) and Abdel-Hafez et al. (1986) conclude that the choice of nutrient medium had
an in�uence on the prevalence of respective species counted.

To sum up, the measurement methods differ at many stages of the measurement and counting process:
The counting device, the air�ow chosen, the placement of the sampling device, the sticky medium, the
nutrient medium (for viable counts), the incubation duration and the counting method. It is crucial to
introduce a convention on how to exactly measure fungal spores in the atmosphere in order to prevent
biases due to different measurement methods and to increase comparability of results.

3.2.2 CFU vs. total spore count

Not all studies have investigated both the total count of all spores available and the counts of viable
spores called colony forming units (CFU) after incubation. However, this would be an important source
of information on what share of the atmospheric fungal spora is viable and which is not (Gregory, 1967).
In very few of the studies, both the viable and total counts of spores have been investigated, e.g. Lau
et al. (2006); Pady and Kapica (1955); Grif�n et al. (2001); Bauer et al. (2002b). All other studies
either published total spores or only CFUs. In order to assess their activity as CCN or IN it is not
relevant whether they are alive or not. The important feature is the shape and presence of the active
proteins which actually act as nuclei (Kieft and Ruscetti, 1990). Therefore, it is not the viability of the
fungal spore that affects its IN activity, but whether the ice nucleation active proteins on its surface are
denatured or not. If the protein conformation is intact, it can trigger the ice nucleation, regardless of the
cell's viability. However, it is important that the cell has been alive at one point in order to produce the
ice nucleation proteins in the �rst place. Therefore it is all the more important to evaluate total counts
instead of only viable counts in order to include all possible IN present on the spore surface.

Pady and Kapica (1955) found that silicone slides exposed in a slit sampler revealed spore counts a
manifold higher than those of plates exposed at the same time where CFUs had been counted. This could
be explained by a remarkable bias between viable and total spore counts. Gregory (1967) found that
viability of Alternaria spores averaged at 80 % and that ofCladosporiumspores at 42 % with viability
decreasing at midday. Hence, viability varies from species to species. Other sources reportCladosporium
viability to be on average at 62 % (Pady and Gregory, 1963). Experiments by Harvey (1967) investigated
viability of Cladosporiumand came to the conclusion that single spores germinate more readily than
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Table 3.4: Weighted average number [m� 2 s� 1] and mass [kg m� 2 s� 1] �uxes of fungal spore emissions
over land.

low estimate best estimate high estimate

number �ux 273 513 995
mass �ux 9.01� 10� 12 1.69� 10� 11 3.28� 10� 11

clumps of spores. Moreover they also found a diurnal cycle in germination that reached maximum
values between 10:00 UTC and 18:00 UTC and minimum values at 02:00 UTC. However, the authors
also state that this cyclicality of viability is in disagreement with the �ndings by Pathak and Pady (1965).
Bauer et al. (2002b) estimated the total viability of the sampled bacteria and fungi to be around 87 %
using the condition of the cell wall as a criterion to determine viability. Analysis of snow samples then
showed that the cultivable part of fungi amounted only up to 0.7 % (Bauer et al., 2002b). This seems a
very low number, but it is sensible considering the fact that these spores already had to survive very harsh
conditions within the ice crystals or even during precipitation formation processes. Fisar et al. (1990)
compared two counting methods, CFUs and direct counts (Fluorescence technique; see respective paper
for detailed description of this method) and came to the conclusion that the difference between CFUs and
direct counts for both, bacteria and yeasts, is not only considerable but also highly variable. The authors
added that seasonal trends in these discrepancies were not detected.

The information provided in the above section is strong evidence for the fact that CFU counts and total
spore counts are not equal at all. Due to the scarcity of studies including both viable and total counts,
values for CFUs and total spore counts have been treated equally in this paper knowing that the two
counting methods show remarkable differences in resulting counts.

3.3 Discussion

The fungal spore �uxes for the respective biome areas are in the expected orders of magnitude. The more
a biome region is vegetated, the higher are the fungal spore emissions (cf. Table 3.2 and Fig. 3.2). This
makes sense considering the fact that plants are the largest source of fungal bioaerosol. This reasoning is
also supported by Heald and Spracklen (2009), although their fungal spore �ux calculations are based on
the leaf area index (LAI) which might result in a bias towards too low emissions for biomes with lower
LAI as already pointed out in Sect. 3.2.

Unfortunately, no useful data in land ice areas were found so that emissions are not available for
this ecoregion. It would nonetheless be worth investigating these regions as well. Lichen soredia
(i.e. the reproductive structure of lichen) have been reported to be most abundant in maritime Antarctica
(Henderson-Begg et al., 2009, citing Marshall 1996). Considering the fact that lichen have been found
to be effective ice nuclei, it is probable that lichen in these ecoregions do have an in�uence on cloud mi-
crophysical processes as well as precipitation formation. A number of studies mainly focused on species
such asCladosporium, Aspergillusor Alternaria. This is mainly because these fungi can cause allergies
(Goncalvez et al., 2010, citing Vijay 2005 and Shen 2007).

Heald and Spracklen (2009) conducted an estimate of fungal spore emissions based on mannitol con-
centrations (a biotracer for fungi) using the GEOS-chem chemical transport model (see respective paper
for detailed information). Two major differences between the respective results can be seen in the tropical
regions. Whereas Heald and Spracklen (2009) found highest values in the Amazon and tropical African
region, the present study does not reveal maximum values in these regions. Moreover, mass �uxes found
by Heald and Spracklen (2009) are with 5.96� 10� 12 kg m� 2 s� 1 an order of magnitude lower than those
presented here (cf. Table 3.4). (Winiwarter et al., 2009), who calculated global average fungal spore
emissions of 5.71� 10� 13 kg m� 2 s� 1 came to values two orders of magnitude smaller. Nevertheless, the
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values presented here (1.69� 10� 11 kg m� 2 s� 1, for best estimate cf. Table 3.4) are in agreement with
the study by Elbert et al. (2007) that presents a fungal spore mass �ux of 2.26� 10� 11 kg m� 2 s� 1.

The lower values found in tropical regions can partly be explained by the fact that fungal spore data
for tropical forests have been aggregated up to one biome area irrespective of forest type. Both methods
are prone to biases and errors. The downsides of the present method will be outlined in Sect. 3.3.1. How-
ever, it is also likely that the results by Heald and Spracklen (2009) are based on different asumptions.
As outlined in Sect. 3.1 fungal spore composition and size can be very heterogeneous and variable. Nev-
ertheless, the approach of Heald and Spracklen (2009) is promising as seasonality and meteorological
in�uences have been taken into account.

Probably the measurements of actual spore concentrations as well as the measurements of biological
tracer substances to derive fungal spore �uxes have to be seen in a complementary way. Concentration
measurements on the one hand yield absolute counts of all fungal spores, but comprise measurement
issues outlined in previous sections as well as some problems with the identi�cation of fungal spores. As
for the biochemical tracer method, these problems are not encountered, but more knowledge needs to be
gained in terms of chemical composition of primary biological aerosols as to better describe them and
hence yield more accurate results. Therefore it is useful to intercompare the two approaches in order to
determine possible sources of error and strengthen hypotheses where agreement is achieved.

3.3.1 Sources of error

As mentioned above, the results of this study have to be taken with caution. The density of measurement
points was not suf�cient to take into account all ecosystems and therefore only a very coarse distinction
into the here presented biome areas could be made. This also implies that for example a deciduous
broadleaf forest is considered to emit the same amount and kind of spores as a coniferous forest in higher
latitudes. This of course does not make sense from a biological point of view. Moreover, the seasonal
and diurnal cycles which clearly have been detected (see Sect. 3.2) could not be extended to all biomes
and fungal species due to scarcity of data. The fact that the difference between CFUs and total counts is
not considered clearly must bias the results especially since only very little information is available on
what share of fungal spores are viable.

The present data have been calculated on the basis of many simpli�cations and assumptions that had
to be made due to the scarcity of data. As outlined in Sect. 3.2, also measurement methods showed high
heterogeneity which can clearly be regarded as a source of bias in the present dataset. Nevertheless it is
a step towards enumerating fungal spore concentrations and �uxes on a global basis. We hope that our
review will motivate further observations of fungal spore emissions, which might ultimately lead to an
improved global database.

3.3.2 Outlook

In order to minimise the above named sources of error, measurement methods need to be standardised
in order to allow for better comparability. Furthermore, results should always comprise both CFU and
viable count data. To allow for a �ner resolution of �ux data, data points should be distributed more
densely and represent a larger set of investigated ecosystems. In order to account for seasonal and daily
cycles, measurements should be continuous over periods at least lasting a full year.

Since investigation of bioaerosols in general is highly interesting due to their possible in�uence on
cloud microphysical processes, further research would be needed to learn more about the potential of
fungal spores to act as CCN or IN. Moreover, lichen which have been reported to be effective IN should
be investigated better since they are more abundant in the atmosphere than bacteria (Henderson-Begg
et al., 2009). Additionally, data should not only focus on allergy causing fungi, but also on those spores
which presumably in�uence atmospheric processes. It would therefore also make sense to investigate
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concentrations of IN active spores such asFusariumin order to get a broader picture of what share of all
fungal spores is actually involved in ice crystal formation processes.

3.4 Conclusions

The present study has reviewed data and information available on fungal spore concentrations and derived
fungal spore emissions. As outlined above, data quality in general is rather poor due to the heterogeneity
of the applied measurement methods as well as the quality of the measurements themselves. A stan-
dardized measurement method would be of help in order to minimize measurement biases and allow for
better intercomparability of measurements. The resulting global emission �ux of fungal bioaerosol of
1.69� 10� 11 kg m� 2 s� 1 was proven to be in agreement with previous studies. Despite manifold sources
of error, the calculated �uxes can be considered as a good �rst result. This could provide a basis for
further research on fungal spore emissions depending on biome area. The resulting �uxes are useful in
order to evaluate the impact of global fungal aerosol on weather and climate.
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3.6 Appendix: Overview of measurement methods and observational data

The following tables comprise information on measurement methods employed by the respective studies
(see Table A1) as well as all the values used for �ux calculations (see Table A2). Multiple values
for the same source can occur in case multiple measurements over different intervals of time had been
undertaken or different sites had been chosen for measurement. These cases were treated as single
measurement points.
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Table A1. Sources used for fungal spore �ux calculations and details about their measurement procedure.
Most samplings considered the total spore counts, those that considered only certain genera are indicated
by the footnotes.

Source Sampling Device Air�ow Sample Period/Number of Samplings

Amato et al. (2005) Single stage cloud collectors n/a 2 Samplings
Amato et al. (2007a) Sterilised cloud droplet impactor n/a 7 cloud events
Bauer et al. (2002b) Active cloud water sampler n/a 3 cloud events, 8 samplings
Beaumont et al. (1985) Andersen Sampler model 0101 28.3 l min� 1 1981–1983/weekly, 3 samplings per day
Burch and Levetin (2002) Burkart volumetric spore trap n/a four days in September
Cote et al. (2008) 12.5 l min� 1 6.5 h/one sampling
Davies et al. (1963) Hirst-type spore trap 10 l min� 1 n/a
Herrero et al. (2006) Hirst-type spore trap (Burkart) n/a year 2003/continuous samplings
DiGiorgio et al. (1996) Hirst-type spore trap (Burkart) 40 l min� 1 one year/2 samplings a week
Elbert et al. (2007) Rotating impactor, isokinetic jet impactor n/a 2001/continuous measurements
Fisar et al. (1990) Single stage large-volume impactor 42 l min� 1 50–200l per sample, i.e. a few minutes
Glikson et al. (1995) Te�on �lters for PM10 n/a 4–8 1992/daily samplings
Gregory (1952) May cascade impactor 10 l min� 1 24 h
Grif�n et al. (2001) Filter samples 9.3 l min� 1 18–28 July 2000 5 samplings
Grif�n et al. (2003) Filter membrane 6.5–28.4 l min� 1 18 July 2000–8 August 2001
Grif�n et al. (2006) Filter membrane 1.9–17.4 l min� 1 06:30–18:45 UTC/2–3 air samplings
Grif�n (2007) Membrane Filtration n/a 3–10 2002/continuous samplings
Grif�n et al. (2007) Data taken from multiple sources n/a n/a
Hamilton (1959) Hirst-type spore trap 10 l min� 1 5–9 1954/15 min per day
Ho et al. (2005) Hirst-type spore trap 10 l min� 1 continuous from 1993 to 1996
Kasprzyk and Worek (2006) Hirst-type spore trap (Lanzoni) 10 l min� 1 one year/continuous samplings
Kellogg et al. (2004) in-house designed system 10 l min� 1 n/a
Lau et al. (2006) Graseby GMWT 2200 1.13 m3 min� 1 8–12 2002/weekly samples (72 h)
Levetin and Dorsey (2006) Hirst-type spore trap (Burkart) n/a 2002/daily samplings
Mallo et al. (2010) Hirst-type spore trap (Lanzoni) 10 l min� 1 1998–2001 continuous samplings
Marks et al. (2001) Sartorius MD-8 air �ltration unit 0.5–1 m3 2–5 July 97 and 2–14 98
Oliveira et al. (2009) Hirst-type volumetric spore trap 10 l min� 1 2005–2007/continuous samplings
Pady and Kapica (1955) Bourdillong slit sampler and McGill GE 28.3 l min� 1 2 sampling �ights Montŕeal-London
Prospero et al. (2005) Filter Samples 10 l min� 1 1996–1997/continuous samplings
Rodŕ�guez-Rajo et al. (2005)� Hirst-type spore trap (Lanzoni) 10 l min� 1 whole year/continuous samplings
Sabariego et al. (2000) Hirst-type spore trap (Burkart) 10 l min� 1 whole year/continuous samplings
Sakiyan and Inceoglu (2003)† Hirst-type spore trap (Burkart) 10 l min� 1 whole year/continuous samplings
Simeray et al. (1993) S.A.S. Sampler 0.15 m3 1989–1990, 100 s per sample/once a week
Stepalska and Wolek (2009)‡ Hirst-type spore trap 10 l min� 1 Daily average concentrations 1997–1999
Winiwarter et al. (2009) Data taken from multiple sources n/a n/a
Wu et al. (2004) Hirst-type spore trap (Burkart) 10 l min� 1 12 2000–04 2001/continuous sampling
Wu et al. (2007) Portable air samplers for agar plates 20 l min� 1 03 2003–12 2004, 2 min/sample/2x monthly

� Considered species:Cladosporium sp.andAlternaria sp.
† Considered species:Cladosporium sp.andAlternaria sp.
‡ Considered species:Alternaria sp., Botrytis sp., Cladosporium sp., Didymella sp., andGanoderma sp.
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Table A2. Data used as input for fungal spore �ux calculations; average, minimum and maximum
number concentrations and number �uxes of fungal spores. The data were always rounded to a whole
number. The column CFU (Culture Forming Units) counts denotes if a culture based technique was used
for the analysis (yes), if it was a culture-independent technique (no), or if both methods were used.

Source Ecosystem Average conc. Min conc. Max. conc. Average �ux Min �ux Max �ux CFU counts
[m� 3] [m � 3] [m � 3] [m � 2 s� 1] [m � 2 s� 1] [m � 2 s� 1]

Amato et al. (2005) Forest 222 53 390 44 11 78 yes
Bauer et al. (2002b) Forest 2200 340 5000 440 68 1000 no
Bauer et al. (2002b) Forest 1200 170 3200 240 34 640 no
Bauer et al. (2002b) Forest 346 49 863 69 10 173 no
Beaumont et al. (1985) Forest 258 n/a n/a 52 n/a n/a yes
Cote et al. (2008) Forest 615 492 738 123 98 148 yes
Fisar et al. (1990) Forest 17 n/a n/a 3 n/a n/a Both methods
Gregory (1967) Forest n/a n/a 43 300 n/a n/a 8660 no
Gregory (1967) Forest 5250 n/a n/a n/a n/a 1050 no
Gregory (1967) Forest n/a 766 n/a 153 n/a n/a no
Kasprzyk and Worek (2006) Forest 2144 n/a n/a 429 n/a n/a no
Kasprzyk and Worek (2006) Forest 2183 n/a n/a 437 n/a n/a no
Kasprzyk and Worek (2006) Forest 2093 n/a n/a 419 n/a n/a no
Kasprzyk and Worek (2006) Forest 2146 n/a n/a 429 n/a n/a no
Marks et al. (2001) Forest 105 0 1000 21 0 200 yes
Marks et al. (2001) Forest 223 0 600 45 0 120 yes
Marks et al. (2001) Forest 26 0 200 5 0 40 yes
Marks et al. (2001) Forest 12 0 45 2 0 9 yes
Oliveira et al. (2009) Forest 531 n/a 8509 106 n/a 1702 no
Rodŕ�guez-Rajo et al. (2005) Forest 564 n/a n/a 113 n/a n/a no
Winiwarter et al. (2009) Forest 49 n/a n/a 10 n/a n/a
Elbert et al. (2007) Tropical forest 12 476 4764 20 188 2495 953 4038 no
Grif�n et al. (2001) Tropical forest 45 n/a n/a 9 n/a n/a no
Grif�n et al. (2003) Tropical forest 0 n/a n/a 0 n/a n/a yes
Grif�n et al. (2003) Tropical forest 57 n/a n/a 11 n/a n/a yes
Grif�n et al. (2003) Tropical forest 9 5 20 2 1 4 yes
Grif�n et al. (2003) Tropical forest 12 8 24 2 2 5 yes
Grif�n (2007) Tropical forest 1702 100 8510 340 20 1702 yes
Lau et al. (2006) Tropical forest 86 18 341 17 4 68 both methods
Lau et al. (2006) Tropical forest 72 30 294 14 6 59 both methods
Lau et al. (2006) Tropical forest 292 7 2386 58 1 477 both methods
Lau et al. (2006) Tropical forest 247 50 1540 49 10 308 both methods
Prospero et al. (2005) Tropical forest 92 n/a n/a 18 n/a n/a yes
Prospero et al. (2005) Tropical forest 213 n/a n/a 43 n/a n/a yes
Pady and Kapica (1955) Tropical forest 37 6 67 7 1 13 both methods
Pady and Kapica (1955) Tropical forest 230 170 291 46 24 58 both methods
Pady and Kapica (1955) Tropical forest 6 6 6 1 1 1 both methods
Pady and Kapica (1955) Tropical forest 44 39 49 9 8 10 both methods
Pady and Kapica (1955) Tropical forest 16 n/a n/a 3 n/a n/a both methods
Pady and Kapica (1955) Tropical forest 31 n/a n/a 6 n/a n/a both methods
Wu et al. (2007) Tropical forest 2233 n/a n/a 447 n/a n/a yes
Wu et al. (2007) Tropical forest 2278 n/a n/a 456 n/a n/a yes
Burch and Levetin (2002) Shrub 50 000 n/a n/a 10 000 n/a n/a no
Herrero et al. (2006) Shrub 609 n/a n/a 122 n/a n/a no
DiGiorgio et al. (1996) Shrub 92 n/a n/a 18 n/a n/a no
DiGiorgio et al. (1996) Shrub 46 n/a n/a 9 n/a n/a no
Grif�n (2007) Shrub 73 31 115 15 6 23 yes
Grif�n (2007) Shrub 25 0 291 5 0 58 yes
Katial et al. (1997) Shrub 409 n/a n/a 82 n/a n/a no
Pady (1957) Shrub 24 499 837 48 162 4 900 167 9632 no
Pady (1957) Shrub 715 170 1261 143 34 252 no
Levetin and Dorsey (2006) Shrub 24 121 53 48 188 4824 11 9638 yes
Levetin and Dorsey (2006) Shrub 5459 n/a 64 363 1092 n/a 12 873 yes
Mallo et al. (2010) Shrub 285 n/a 2000 57 n/a 400 no
Mallo et al. (2010) Shrub 814 n/a 3488 163 n/a 698 no
Oliveira et al. (2009) Shrub 934 n/a 8761 187 n/a 1752 no
Rodŕ�guez-Rajo et al. (2005) Shrub 950 n/a n/a 190 n/a n/a no
Rodŕ�guez-Rajo et al. (2005) Shrub 979 n/a n/a 196 n/a n/a no
Sabariego et al. (2000) Shrub 832 n/a n/a 166 n/a n/a no
Sakiyan and Inceoglu (2003) Shrub 2917 17 5817 583 3 1163 no
Gregory (1952) Crop 9175 n/a n/a 1835 n/a n/a no
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Table A2. Continued.

Source Ecosystem Average conc. Min conc. Max. conc. Average �ux Min �ux Max �ux CFU counts
[m� 3] [m � 3] [m � 3] [m � 2 s� 1] [m � 2 s� 1] [m � 2 s� 1]

Gregory (1952) Crop 11900 n/a n/a 2380 n/a n/a no
Gregory (1952) Crop 6975 n/a n/a 1395 n/a n/a no
Gregory (1952) Crop 9372 n/a n/a 1874 n/a n/a no
Gregory (1952) Crop 13970 n/a n/a 2794 n/a n/a no
Gregory (1952) Crop 9830 n/a n/a 1966 n/a n/a no
Hamilton (1959) Crop 14 800 n/a n/a 2960 n/a n/a no
Hamilton (1959) Crop 8200 6400 10 000 1640 1280 2000 no
Wu et al. (2004) Crop 28684 n/a n/a 5737 n/a n/a no
Grif�n et al. (2001) Grassland 42 n/a n/a 8 n/a n/a no
Grif�n et al. (2003) Grassland 24 n/a n/a 5 n/a n/a yes
Grif�n et al. (2003) Grassland 46 27 57 9 5 11 yes
Grif�n et al. (2003) Grassland 65 48 90 13 10 18 yes
Grif�n et al. (2003) Grassland 11 8 14 2 3 2 yes
Grif�n (2007) Grassland 869 n/a n/a 174 n/a n/a yes
Grif�n (2007) Grassland 215 205 226 43 41 45 yes
Grif�n (2007) Grassland 66 0 703 13 0 141 yes
Grif�n (2007) Grassland 3 0 27 1 0 5 yes
Grif�n (2007) Grassland 1398 336 6992 280 67 1398 yes
Grif�n (2007) Grassland 6078 n/a n/a 1216 n/a n/a yes
Kellogg et al. (2004) Grassland 225 80 370 45 16 74 yes
Kellogg et al. (2004) Grassland 65 0 130 13 0 26 yes
Kellogg and Grif�n (2006) Grassland 0 n/a n/a 0 n/a n/a yes (apart from one source)
Kellogg and Grif�n (2006) Grassland 60 n/a n/a 12 n/a n/a yes (apart from one source)
Kellogg and Grif�n (2006) Grassland 6078 n/a n/a 1216 n/a n/a yes (apart from one source)
Kellogg and Grif�n (2006) Grassland 4839 n/a n/a 968 n/a n/a yes (apart from one source)
Prospero et al. (2005) Grassland 0 n/a n/a 0 n/a n/a yes
Wu et al. (2004) Grassland n/a n/a 29 038 n/a n/a 5808 no
Pady and Kapica (1955) Tundra 30 4 57 6 1 11 both methods
Pady and Kapica (1955) Tundra 87 14 159 17 3 32 both methods
Pady and Kapica (1955) Tundra 3 2 4 1 0 1 both methods
Pady and Kapica (1955) Tundra 39 7 71 8 1 14 both methods
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Chapter 4

Fungal spores in the global climate model ECHAM5-HAM

4.1 Introduction

Fungal spores are part of the atmospheric bioaerosols which also comprise particles such as pollen,
bacteria or viruses. Interest in bioaerosols is mainly related to their health effects, impacts on agriculture,
ice nucleation and cloud droplet activation and atmospheric chemistry (Ariya et al., 2009). In the present
study, the focus lies on fungal aerosols and the modelling of their emission, transport and impacts on
cloud microphysics.

Grif�n et al. (2006, 2001) and Prospero et al. (2005) showed that fungal spores can be transported
over long distances before being deposited either due to gravity, wash-out by rain or impaction (Gregory,
1967). Furthermore, Jaenicke et al. (2007) found that fungal spores are the main contributor to the
bioaerosol mass in the Amazon basin, while simulations conducted by Heald and Spracklen (2009) came
to the conclusion that 23% of all primary emissions of organic aerosol are of fungal origin.

The research on ice-nucleation activity of fungal spores and lichen is still in its beginning, however
it has been found that some fungal spores can act as very effective ice nucleators. Lichen were found
to nucleate ice at temperatures of� 8 � C or higher (Kieft, 1988; Kieft and Ruscetti, 1990). The fun-
gal speciesFusarium avenaceumandFusarium acuminatum(Pouleur et al., 1992) also produce highly
effective ice nuclei (IN) with a nucleating activity comparable to that of the well known IN bacterium
Pseudomonassp. (Pouleur et al., 1992). In contrast to those �ndings Iannone et al. (2010) observed a
poor ice nucleation ability ofCladosporiumspores, with immersion freezing starting only at� 28.5� C.
This might be due to the spore surface being coated with hydrophobic proteins that are widespread in
�lamentous fungi such asCladosporiumsp.

Recent �eld measurements have highlighted the possible importance of bioaerosols as ice nucleators
in the atmosphere (Pratt et al., 2009; Prenni et al., 2009). Spores acting as ice nuclei might in�uence
cloud and precipitation formation processes, as has already been proposed by Morris et al. (2004) in
general for biological ice nuclei.

These possible interactions with the weather and climate system as well as the fact that fungi are one
of the major contributors of bioaerosols makes it crucial to gain more knowledge about the circumstances
and amounts in which they are emitted as well as their transport behaviour. Recently there have been
various modelling studies on potential impacts from biological aerosols on clouds, which have reached
different conclusions (M̈ohler et al., 2008; Phillips et al., 2009; Burrows et al., 2009a; Hoose et al., 2010;
Sesartic et al., 2011). While Hoose et al. (2010) and Sesartic et al. (2011) do not �nd any signi�cant
impact of bioaerosols respectively, on clouds and precipitation, e.g. Phillips et al. (2009) state that cloud
properties are altered by boosted bacterial concentrations. They agree, however, that there is no impact
to be observed with realistic bioaerosol concentrations. However, it needs to be noted that the many
studies focusing on sampling of fungal spores and other bioaerosols lacked a standardised procedure
so far, which may lead to vast uncertainties and very heterogeneous observed bioaerosol concentrations
which are used as input in the global climate models.

‡Sesartic, A., Lohmann, U., Storelvmo, T., 2011, Fungal spores in the global climate model ECHAM5-HAM, Atmos. Chem.
Phys. Discuss., in prep.
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In the present study we aim to examine the in�uence of bacteria on microphysical properties of strat-
iform clouds and precipitation on a global scale, using observational data compiled by Sesartic and
Dalla�or (2011) in order to get a �rst estimate of the possible impacts. In the following section, the
global climate model and experimental design are described. Results from sensitivity tests are shown
and discussed in the subsequent section.

4.2 Model setup

ECHAM5 is the �fth generation atmospheric general circulation model (GCM) that evolved from the
model of the European Centre for Medium Range Weather Forecasting (ECMWF) and was further de-
veloped at the Max-Planck Institute for Meteorology (Roeckner et al., 2003). The model solves prognos-
tic equations for vorticity, divergence, temperature and surface pressure using spherical harmonics with
triangular truncation. Water vapour, cloud liquid water and ice, as well as trace components, are trans-
ported using a semi-Lagrangian scheme (Lin and Rood, 1996) on a Gaussian grid. Prognostic equations
for cloud water and ice follow Lohmann et al. (2007). The model includes the cirrus scheme of Kärcher
and Lohmann (2002). Convective clouds and transport are based on the mass-�ux scheme of Tiedtke
(1989) with modi�cations following Nordeng (1994). The solar radiation scheme has 6 spectral bands
(Cagnazzo et al., 2007) and the infrared has 16 spectral bands (Mlawer et al., 1997; Morcrette et al.,
1998).

The GCM is coupled to the Hamburg Aerosol Model (HAM), which is described in detail by Stier et al.
(2005) and most recently adapted by Lohmann and Hoose (2009). The aerosols are represented by seven
log-normal modes, 4 internally mixed/soluble modes (nucleation (NS), Aitken (KS), accumulation (AS),
and coarse (CS)) and 3 insoluble modes (Aitken (KI), accumulation (AI), and coarse (CI)). The median
radius for each mode is calculated from the aerosol mass and number distributions in each mode. Aerosol
mass and number are transferred between the modes by the processes of sulphuric acid condensation, and
coagulation between aerosols.

Table 4.1: The modal structure of HAM. r denotes the radius of the aerosol particles in the respective
mode. HAM contains sulphate (SO4), black carbon (BC), organic carbon (OC), sea salt (SS), mineral
dust (DU), bacteria (BCT) and fungal spores (FNG).

Modes r [µm] Size range mixed/soluble insoluble

Nucleation r� 0.005 SO4

Aitken 0.005< r � 0.05 SO4, BC, OC BC, OC
Accumulation 0.05< r � 0.5 SO4, BC, OC, SS, DU DU
Coarse 0.5< r � 1 SO4, BC, OC, SS, DU DU
Bioaerosol 1< r SO4, BC, OC, SS, DU, BCT, FNG DU, BCT, FNG

Fungal spores were introduced as a new aerosol species into HAM (Stier et al., 2005) which was re-
cently augmented by Sesartic et al. (2011) to include bioaerosol modes (see Table 4.1). Fungal spores
are emitted initially in the bioaerosol insoluble mode. They can be transferred to the mixed mode by
coating withH2SO4 and coagulation with sulfate, black carbon and organic carbon. It is assumed that
fungal spores behave similarly to bacteria, and are thus allowed to coagulate with dust, as this process
has been observed for bacteria in nature (Grif�n, 2007). According to Pouleur et al. (1992), the freezing
behaviour of IN active fungal spores is comparable to that of the bacteriumPseudomonassp. Therefore
the same parameterisations for contact freezing of fungal spores as those for bacteria from Diehl et al.
(2006), and analogue for the immersion freezing Diehl and Wurzler (2004) are used. Deposition nucle-
ation on fungal spores is not considered, because the observational data are missing. As there are no data
available about shortwave and longwave radiative properties of fungal spores, but they have a similar
refractive index as sea salt (Ebert et al., 2002) the identical data as for sea salt (Fenn et al., 1981) were
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assumed for fungal spore shortwave and longwave radiative properties. The standard deviation of the
fungal spore distribution was set to 2, equal to that of bacteria. The mean mass scavenging coef�cient for
fungal spores scavenged by rain was set to 1 kg m� 2 and to 5� 10� 3 kg m� 2 for fungal spores scavenged
by snow, as estimated from Seinfeld and Pandis (2006). The average mass of a fungal spore in ECHAM
is assumed to be 33� 10� 15 kg and its average density was calculated as being 0.85 g cm� 3 from data
available in Baron and Willeke (2001).

The primary source of fungal aerosols are plants (Burgess, 2002), soil, litter and decaying organic
matter (Heald and Spracklen, 2009). The emissions of fungal spores differ for different plant functional
types and they change with season. These effects are taken into account by obtaining the plant functional
type and the seasonally changing leaf area index from the JSBACH dynamic vegetation model (Raddatz
et al., 2007). These data are combined with observed near surface fungal spore �uxes (Sesartic and
Dalla�or, 2011) and used as an input for ECHAM5.

The emission �ux F of fungal spores is calculated in ECHAM5 analogue to Sesartic et al. (2011)

F =
5

å
i= 5

fiFi (4.1)

with Fi being the number emission �ux [m� 2s� 1] over a particular ecosystem,fi denoting the fractional
coverage of a gridbox with a certain ecosystem, andi standing for crops, grass, shrubs, forests and land
ice. Due to the limited available data on emissions of bacteria in the air, the ecosystem types available in
JSBACH which are based on the Olson World Ecosystems dataset (Olson, 1992) were lumped into the
aforementioned �ve groups.

The natural emissions of sea salt, dust, and dimethyl sulphate (DMS) from the oceans are calculated
on-line, based on the meteorology of the model. Emissions for all other aerosol species are taken from
the AEROCOM emission inventory, and are representative for the year 2000 (Dentener et al., 2006). The
aerosol emissions and the removal processes of in-cloud scavenging, sedimentation, and dry deposition
are described in detail in Stier et al. (2005).

All results presented in this study are from simulations which have been integrated for one year,
following a three months spin-up period. All simulations are nudged to the ECMWF ERA40 reanalysis
data for the year 2000 (Simmons and Gibson, 2000), according to the nudging technique described by
Timmreck and Schulz (2004). The spectral resolution of all simulations is T42 which corresponds to
2:8125� � 2:8125� horizontally, with 19 vertical levels from the surface up to 10 hPa and a 30-min time
step.

All simulations conducted in this study are summarised in Table 4.1.

Table 4.2: Simulations

Simulation Description

CTL Control simulation. No bioaerosols acting as IN.
FNG1 Fungal spores best-estimate emissions Sesartic and Dalla�or (2011), 1% of fungal spores IN active
FNG10 Fungal spores best-estimate emissions Sesartic and Dalla�or (2011), 10% of fungal spores IN active
FNG100 Fungal spores best-estimate emissions Sesartic and Dalla�or (2011), 100% of fungal spores IN active
BT1FNG1 Bacteria best-estimate emissions Burrows et al. (2009b), 1% of bacteria IN active

Fungal spores best-estimate emissions Sesartic and Dalla�or (2011), 1% of fungal spores IN active

4.3 Results and Discussion

In the reference simulation (CTL) bioaerosols act only as passive tracer, i.e. bacteria and fungal spores
are emitted and transported around the globe, but have no effects on the radiation budget, cloud micro-
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physics and precipitation. In all the other simulations (cf. Table 4.2) the bioaerosol are allowed to act as
IN. In the simulations FNG1, FNG10 and FNG100 fungal spore best estimate emissions from Sesartic
and Dalla�or (2011) are used and the fraction of fungal spores acting as IN is varied from 1% to 10% and
100%, respectively. The simulation BT1FNG1 includes bacteria best estimate emissions from Burrows
et al. (2009a) and fungal spore best estimate emissions from Sesartic and Dalla�or (2011)s with 1% of
both bacteria and fungal spores acting as IN.

The annual zonal mean vertical pro�les of dust, bacteria and fungal spore number concentrations,
as depicted in Figure 4.1 show that there is transport of bacteria to the middle and upper troposphere.
However, their number concentrations in the troposphere is two to three orders of magnitude lower than
that for dust, and the number of fungal spores is in turn two to three orders of magnitude lower than that
for bacteria. This is not surprising as fungal spores are larger than bacteria. Gregory (1962) has shown
that only the so-called ”escape fraction”, i.e. about 10% of all released fungal spores is transported away
from the source region (i.e. further away than 100m). We therefore assume that the FNG1 simulation
(10% of the ”escaped” fungal spores acting as IN) is the most realistic scenario according to our current
state of knowledge.

Figure 4.1: Modelled (CTL) annual zonal mean vertical pro�les of dust, bacteria and fungal spore mass
and number concentrations [m� 3].

Compared to the fungal spore emissions and burdens calculated by Elbert et al. (2007), Heald and
Spracklen (2009), Jacobson and Streets (2009), Winiwarter et al. (2009) and Hoose et al. (2010),
ECHAM exhibits emissions an order of magnitude smaller, and shows the smallest burden of all the
other models (see Table 4.3). This means that fungal spores are ef�ciently washed out of the atmosphere
within less than a day, due to their relatively large mass for an aerosol.

The results from the BT1FNG1 simulation in Figure 4.2 show the emission, deposition and burden
of fungal spores compared to bacteria. It is evident from the �gure that fungal spores behave similar
to bacteria. They are equally transported over large distances and their deposition is enhanced over
areas with lots of vegetation and high amounts of precipitation, e.g. the Amazon, the Congo basin, or
South-East Asia (see Figure 4.3).
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Table 4.3: Global fungal spore emissions and burdens calculated with ECHAM5-HAM compared to the
model results by Winiwarter et al. (2009) and Jacobson and Streets (2009).

Emissions Burden Source
[Tg yr� 1] [Tg]
3.972 0.001 ECHAM5 best estimate fungal spore emissions
50 n/a Elbert et al. (2007)
28 0.018 Heald and Spracklen (2009)
31 0.094 Hoose et al. (2010)
186 n/a Jacobson and Streets (2009)
0.23 n/a Winiwarter et al. (2009)

Unfortunately, to the best of our knowledge, there is no observational data on the dry and wet deposi-
tion of fungal spores available, thus allowing only for a relative comparison of fungal spores to bacteria.

However, fungal spore observations over the Atlantic and North America conducted by sampling
from aircraft at three different altitudes, allowed for a comparison of the observed vertical fungal spore
number concentration with ECHAM5-HAM (Fulton, 1966c,b,a; Fulton and Mitchell, 1966) (see Table
4.4). Judging by the available data, the model appears to underestimate the availability of fungal spores
at altitudes relevant for low to mid-level cloud formation.

Table 4.4: Global fungal spore number concentrations annual mean from observations (Fulton,
1966c,b,a; Fulton and Mitchell, 1966) and the FNG1 model simulation for three altitudes.

Altitude Observations FNG1
[m.a.s.l.] [m� 3] [m � 3]
915 125 6.29
1825 24.2 4.29
3352 8.70 0.25

Table 4.5: Modelled global annual means of emissions and deposition of dust, bacteria and fungal
spores.

BT1FNG1 BT1FNG1 BT1FNG1
Dust Bacteria Fungal spores
[kg m� 2 yr� 1] [kg m� 2 yr� 1] [kg m� 2 yr� 1]

Emission 4.54� 10� 11 5.49� 10� 13 4.77� 10� 11

Dry Deposition 2.35� 10� 11 3.92� 10� 13 3.41� 10� 12

Wet Deposition 2.19� 10� 11 1.57� 10� 13 1.36� 10� 12

Total Deposition 4.54� 10� 11 5.49� 10� 13 4.77� 10� 11

According to Gregory (1962) only 10% of fungal spores belong the escape fraction (i.e. are transported
further than 100 m) from their emission source. 10% of those spores are assumed to belong to an IN-
active species. Therefore, only 1% of fungal spores is said to act as active IN in the end. This is looked
at in the FNG1 simulation, that we assume to be the best estimate. In this simulation we see a slight
reduction in LWC and increase in IWC, which is expected, as bioaerosols (bacteria and fungal spores)
were shown to be ef�cient IN (Morris et al., 2011). The IWC is slightly higher in the heterogeneous
freezing regime, while the LWC is lower, as can be seen in Figure 4.4. The maximum in ICNC seen
around 238 K is very likely due to homogeneous freezing. The reduction in the ICNC, seen especially
between 30� 60� N, can be explained by the increase in the effective radius of ice crystals (see Figure
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Figure 4.2: Modelled (BT1FNG1, see Table 4.1 for description) global annual means of emission, de-
position and burden of fungal spores and bacteria. a) fungal spore emission [g m� 2 yr� 1] b) bacteria
emission [g m� 2 yr� 1] c) fungal spore deposition [g m� 2 yr� 1] d) bacteria deposition [g m� 2 yr� 1] e)
fungal spore burden [g m� 2] f) bacteria burden [g m� 2].

4.6). As fungal spores are effective and large IN, the resulting ice crystals are larger in FNG1 than in
CTL, thus explaining the decrease in ICNC and the parallel slightly increased IWC.

The area of pronounced changes in IWC in the Arctic visible in Figure 4.4 is due to the fact that
temperatures there are in the range of mixed-phase clouds (0� C to -35� C) for large parts of the year even
at the surface, so the fungal spores do not have to be transported high up into the atmosphere to have an
impact in this region. Around the Arctic circle there are vast areas of tundra and boreal forests which
are providing slightly higher fungal spores concentrations to the Arctic. This is also evident in the zonal
mean fungal spore concentration in Figure 4.1.
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Figure 4.3: Modelled (BT1FNG1, see Table 4.1 for description) global annual means of emission and
deposition and burden of fungal spores and bacteria, with detailed scale showing local maxima. a)
fungal spore emission [g m� 2 yr� 1] b) bacteria emission [g m� 2 yr� 1] c) fungal spore deposition [g m� 2

yr� 1] d) bacteria deposition [g m� 2 yr� 1]

The changes for the liquid water path (LWP), ice water path (IWP), cloud droplet number concen-
tration (CDNC), ice crystal number concentration (ICNC), precipitation, cloud cover, relative humidity,
short-wave (SCF) and long-wave cloud forcing (LCF), as well as the aerosol optical depth (AOD) in the
simulations with fungal spores as compared to the reference simulation remain small (cf. Table 4.5). The
largest changes in the cloud droplet and ice crystal concentration are observed when 10% of both fungal
spores and bacteria act as IN. Then CDNC slightly decreases and ICNC increases as compared to the
reference simulation. As expected, the IWP increases while the LWP decreases due to the earlier onset
of the Bergeron-Findeisen process if fungal spores as additional IN are available. The changes in LWP
and IWP are very small but a consistent feature throughout the simulations. Looking at the global map of
Figure 4.5 for the simulation FNG100 which assumes that all fungal spores act as IN, the IWP is slightly
higher over the continents, and especially over North America and Asia, where tundra and forests act
as sources of fungal spores. However, their large mass and thus short residence time in the atmosphere
contributes to the negligible effect of fungal spores on cloud microphysical properties.

4.4 Conclusions

Fungal spores as a new aerosol particle species were introduced into ECHAM5-HAM. The model cap-
tures the observed fungal spore emissions satisfactorly. The inclusion of fungal spores acting as ice
nuclei in a GCM leads to negligible changes in cloud formation and precipitation on a global level.
Nevertheless, changes in the liquid water path and ice water path can be observed, speci�cally in the
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Figure 4.4: Modelled annual zonal mean vertical pro�les of the difference between the simulations with
1% of fungal spores acting as IN (simulation FNG1) and no bioaerosol acting as IN (simulation CTL),
for the ice water content (IWC), ice crystal number concentration (ICNC), liquid water content (LWC)
and cloud droplet number concentration (CDNC).

boreal regions where tundra and forests act as sources of fungal spores. This goes hand in hand with
a decreased ICNC and increased effective radius of ice crystals. Those results are comparable to the
ones achieved with bacteria (Sesartic et al., 2011). More observational data about fungal spore emissions
and deposition, as well as in-situ measurements inside clouds and vertical pro�les are needed for a better
comparison of model results with the observations. There are currently several uncertainties constraining
the modelling of the impact of fungal spores on climate and precipitation, for example their exact emis-
sions, size distributions, ice nucleation active fractions etc. Further research should focus on regional
and local effects of fungal spores, especially in the tropical and boreal regions where a potential impact
on local climate might be expected.
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Figure 4.5: Modelled annual global mean ice water path (IWP), and the difference between FNG100
and CTL.

Figure 4.6: Modelled weighted effective ice crystal radius [µm] for CTL, and the difference between
FNG1, FNG10 and FNG10 regarding CTL.
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Table 4.6: Yearly average values for the simulations CTL, FNG1, FNG10, FNG100 and BT1FNG1
compared to observations (OBS). The table displays liquid water path (LWP), ice water path (IWP),
total cloud cover (TCC), cloud droplet number concentration (Nl ), ice crystal number concentration
(Ni), total precipitation (P), shortwave cloud forcing (SCF), longwave cloud forcing (LCF), radiation
budget at the top of the atmosphere Fnet and aerosol optical depth (AOD). See Table 1 for the description
of the simulation acronyms. Global averaged annual estimates and zonal mean estimated observational
data are taken from the Global Precipitation Climatology Project (GPCP) for total precipitation Ptot

(Huffman et al., 1997; Adler et al., 2003). LWP stem from satellite (SSM/I) retrievals by Wentz (1997),
Greenwald et al. (1993) and Weng and Grody (1994). IWP is derived from the International Satellite
Cloud Climatology Project ISCCP data (Storelvmo et al., 2008). Cloud droplet number concentration Nl

retrievals are from Han et al. (1998). The ISCCP dataset is available for a temperature range of -50� C
to 50� C based on four months from the year 1987. Shortwave and longwave cloud forcing (SCF and
LCF) are deduced from Kiehl and Trenberth (1997). The data of aerosol optical depth AOD are provided
by (Schulz et al., 2006) and S. Kinne (personal communication). Cloud cover observations are derived
from observations of ISCCP (Rossow and Schiffer, 1999), surface observations collected by Hahn et al.
(1995) and satellite observations estimated by Stubenrauch and Kinne (2009).

ECHAM5.5- CTL FNG1 FNG10 FNG100 BT1FNG1 OBS
LWP [g m� 2] 56.64 56.09 55.78 55.22 56.14 48-83
IWP [g m� 2] 6.965 6.973 6.991 7.016 6.974 29
TCC [%] 60.12 59.94 59.98 59.97 60.00 65-75
Nl [1010 m� 2] 3.418 3.376 3.372 3.371 3.379 4
Ni [1010 m� 2] 0.124 0.125 0.120 0.117 0.121 -
P [mm day� 1] 2.839 2.842 2.842 2.842 2.842 2.74
SCF [W m� 2] -48.81 -48.60 -48.59 -48.49 -48.69 -47 to -50
LCF [W m� 2] 26.32 26.29 26.29 26.22 26.31 2-30
AOD 0.117 0.125 0.125 0.125 0.125 0.15-0.18



Chapter 5

Summary and Outlook

5.1 Summary

In order to improve the understanding of aerosols and their role in the global climate system, the hitherto
neglected but microphysically important biological aerosol particles (bacteria and fungal spores acting
as ice nuclei) have been included into the global climate model ECHAM5-HAM and their emissions,
transport and impact on clouds and precipitation were investigated.

It was shown that bacteria can successfully be transported to the middle and upper troposphere, how-
ever, their number concentration is two to three orders of magnitude lower than that of dust. The bacteria
emissions and burdens calculated with ECHAM are comparable to the ones calculated by Burrows et al.
(2009a) and Jacobson and Streets (2009), and it could be shown that they are successfully transported
over large distances.

The inclusion of bacteria acting as IN leads to only minor changes in cloud formation and precipitation
on a global level, however, changes in the liquid water path and ice water path can be observed, speci�-
cally in the boreal regions where tundra and forests act as sources of bacteria. Comparison with the few
available observations shows that the modelled emission �uxes are in the same order of magnitude as
the observations. While the mean observed bacteria concentrations are captured by the model, it greatly
underestimates the variability in the bacteria concentrations. Standardised long-term observations with
world-wide coverage are necessary for a more precise model evaluation.

Concerning their microphysical properties, the changes compared to a no-bacteria reference simulation
are minor. Changes in the LWP and IWP are small but non-negligible and a feature consistent throughout
the simulations. As expected, the IWP increases while the LWP decreases due to the earlier onset of
the Bergeron-Findeisen process, if bacteria as additional IN are available. This change is especially
pronounced in the northern hemisphere, where forests, speci�cally in the boreal regions, contribute to
higher bacteria concentrations.

A sensitivity study with the extreme assumption of a 100-fold increase in bacteria emissions leads to
a considerable 7% reduction in the LWP compared to the reference case. Consequently, there is also
signi�cantly less solar radiation re�ected back to space by clouds (D SCF 1.65 Wm2). This change in
cloud radiative forcing is almost exactly the same as the entire increase in the greenhouse effect due to
anthropogenic CO2 (Forster et al., 2007). There is also more longwave radiation escaping to space (D
LCF 0.58 Wm2) because of the reduced LWP so that the net change is slightly more than 1 Wm2, which
is still a rather strong effect.

At this point we do not know enough about bacteria emissions to rule that simulation out as unrealistic.
However, to the best of our current knowledge, the in�uence of bacteria on the global climate appears
small.

In order to facilitate the modelling of fungal spores and their impact as IN on the global climate, a
literature review was conducted where emission �uxes of fungal spores have been calculated based on
observations of fungal spore concentrations from different biomes. As the data availability for fungal
spores is similarly poor as for bacteria, due to the heterogeneity of the applied measurement methods as
well as the quality of the measurements themselves, several assumptions and simpli�cations needed to
be adopted while aggregating the data: results from different measurement methods have been treated
equally, while diurnal and seasonal cycles have been neglected.
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The annual mean global �uxes of fungal spores amount to 1.69� 10� 11 kg m� 2 s� 1 as the best esti-
mates, and 9.01� 10� 12 kg m� 2 s� 1 and 3.28� 10� 11 kg m� 2 s� 1 as the low and high estimate, respec-
tively. This is in accordance with previous studies and thus a useful basis for further modelling in
ECHAM5-HAM.

Finally, fungal spores were included into ECHAM as well in order to study their impact as IN. Again,
only a negligible impact on atmospheric properties could be observed. Similar to bacteria, there is a
slight increase in the IWP and IWC coupled to a decrease in the LWP and LWC. At the same time both
the CDNC and ICNC decrease. This can be explained by the enhanced effective ice crystal radius which
leads to bigger but fewer ice crystals, especially in boreal regions.

5.2 Outlook

In order to advance the research on bioaerosols' effect on climate, further investigations in the �eld, in
laboratory studies and modelling work are needed; also in collaboration with other disciplines like mi-
crobiology, plant ecology or mycology. This section outlines some ideas and starting points for possible
future work.

Observations and laboratory experiments Past measurements of ambient bacterial and fungal spore
concentrations have focused on point sources, thus neglecting many ecosystems, especially the less ac-
cessible and remote ones (e.g. tropical rainforests, wetlands, deserts, tundra). Especially the forests
include a variety of diverse ecosystems and it would be meaningful to distinguish the various types in a
future study. In order to get a consistent picture of bioaerosol sources, all biomes need to be considered
in the observations. Likewise, only few measurements have been made over oceans. As oceans cover a
large area of our planet it is important to clarify if biological particle �uxes from marine sources make a
signi�cant contribution to the high IN concentrations observed in these regions as argued by Schnell and
Vali (1976) and Bigg et al. (2004).

When conducting �ux measurements, attention should be paid to quantifying total bioaerosol concen-
trations, as opposed to enumerating only viable particles as was hitherto often the case. Better knowledge
on the temporal pro�le of bioaerosol emissions is needed to improve the global emission estimates and
overall mean residence times. Special focus should be paid to in-situ measurements, emission �uxes and
vertical pro�les, which currently do not exist in a satisfactory amount but are crucial for validation of
modelling results.

Additionally, emissions of bioaerosols depend on many environmental factors like temperature, hu-
midity, wind, season and time of day. These dependencies are still poorly characterised. Another unan-
swered question is to what degree bacteria are able to reproduce in the atmosphere and are thus adapted to
this particular niche, by e.g. exhibiting stronger cell walls to protect dessication or showing pigmentation
as protection from DNA damage caused by UV radiation at high altitudes (Sattler et al., 2001; Amato
et al., 2007b). Furthermore, it is important to investigate to which extent the factors of UV radiation, cell
desiccation, pollution, and contact with cloud water and its associated chemicals constrain bacterial ice
nucleation activity. As noted in Chapter 1.2.4, the key to IN activity is the presence of INA proteins. The
proteins can only be produced while the organism is alive. However, once the protein is present on the
cell membrane, and as long as it is not denaturated, it can initiate ice formation regardless of the viability
of the bacterium.

No matter what kind of observations are to be conducted, it is important for them to be standardised in
order to improve data quality and account for errors, as so far bioaerosol observations were accomplished
by a broad variety of differing techniques. The simplest method to measure bioaerosols is to expose
sticky surfaces or petri dishes to the ambient air and then count either all detectable bioaerosols or, in
the case of petri dishes, the colony forming units (CFU). However, Gregory (1952) pointed out that data
collected in such manner assumes that the relation between the number of particles suspended in the air
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�owing over the surface and the number deposited on the surface is known. Additionally, the ef�ciency
of a sticky surface varies with wind speed, thus making number concentrations per unit volume dif�cult
to derive. Even the choice of the nutrient medium has an in�uence on the prevalence of different species
(Grif�n, 2007).

An ideal sampling device should be able to sample a de�ned air volume without altering its bioaerosol
content, remove all particles which do not �t in the desired size range, and leave them in a state in which
they can be examined, counted and classi�ed. Hirst (1952) developed a spore trap which assesses the
spore concentration per unit volume of air, however, they argue that this does not guarantee that the air
masses entering the trap will be representative of the actual spore load. As the suction rate is not altered
with the wind speed to maintain isokinetic sampling, the trapping ef�ciency varies with the wind speed
(Hirst, 1953). Nevertheless, the trapping ef�ciency of a Hirst trap of 80% is much higher than the 5%
obtained with Petri dishes (Davies et al., 1963).

As a large number of bioaerosol observations was still conducted using the Petri dish method, it can
be safely assumed that the real bioaerosol number concentrtations are substantially underestimated. Fur-
thermore, we do not know the amount of bacteria and fungal species which really do exhibit IN activity,
as only a few species have been investigated so far (see also Chapter 1.2.4). Only less than 1% of the
existing bacteria species have been described to date (Horner-Devine et al., 2004). Likewise, less than
5% of the 1.5 million known fungal species have been formally classi�ed (Deacon, 2005).

Recent progress in bioaerosol measurements has started to address those problems. For example, El-
bert et al. (2007) and Bauer et al. (2008) have taken advantage of biochemical properties of fungal spores
and measured ergosterol or mannitol and arabitol, respectively, as biomarkers for fungal spore presence
in the airmasses. Bundke et al. (2010) developed a new detector to classify IN for their biological content,
and to couple it to the Fast Ice Nucleus CHamber FINCH. This device combines an auto-�uorescence
detector and a circular depolarization detector for simultaneous detection of biological material and dis-
crimination between water droplets, ice crystals and non activated large aerosol particles. Gabey et al.
(2010) measured aerosol particle size distributions using a single particle dual channel �uorescence spec-
trometer. An ultraviolet aerodynamic particle sizer (UV-APS) was shown by Agranovski and Ristovski
(2005) to be able to estimate the number concentration of airborne viable bacterial cells in aerosol parti-
cles. The same instrument was recently used by Huffman et al. (2010) to measure �uorescent bioaerosol
number concentrations and size distributions in Europe.

To sum up, the measurement methods differ on many stages of the measurement process. It is therefore
crucial to introduce a convention on how to measure bioaerosols in the atmosphere in order to prevent
biases due to different methods, and to increase the comparability of results (see also Chapter 3 for
details). Additionally, long-term global measurements are needed (e.g. through automated bioaerosol
sampling at Global Atmospheric Watch (GAW) or AERONET observation stations) in order to build a
database for aerosol climatology which in turn could be used in climate models.

Apart from observations, further laboratory measurements are needed to investigate the activity of
bacteria, fungal spores and other bioaerosols in cloud droplet and ice crystal formation. It is already
established that some bacteria are highly effective ice nucleators, although it remains unclear what per-
centage of the global bacterial �ora is IN-active. The same is true for fungal spores and other bioaerosols.
Also, it is as of yet unclear how to treat the CCN activity of bacteria and other bioaerosol.

The usual size of bacteria ranges from 0.5 to 50µm. However, their whole size spectrum extends
from 0.2µm to 750µm thus letting their mass vary over more than 10 orders of magnitude (Schulz and
Jorgensen, 2001). It is therefore important to test additional bacteria species for their IN activity and thus
to establish a �rm estimate for the size spectrum of IN producing bacteria.

Furthermore, the scavenging ef�ciency for bioaerosols should be quanti�ed by investigating the uptake
of bioaerosols into hydrometeors. Additional data is also needed on the impact of coating and aging
on the bioaerosol IN-ability, as well as some fundamental data on density, aerodynamic diameter and
refractive index of the particles.
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Chemical processes need also to be addressed, e.g. the impact of bacterial metabolism on organic
compounds and droplet chemistry (Deguillaume et al., 2008). Tied to this is the question of the de-
tailed IN-bacteria life-cycle and their adaptation to the atmosphere, e.g. strategies that allow to prevent
desiccation and damage of genetic material by UV radiation (Morgan-Kiss et al., 2006).

Better parameterizations of bacteria acting as contact and immersion freezing IN are urgently needed
as well. The only parameterisation available so far relies on measurements from Levin and Yankofsky
(1983). However, the reliability of these results is questionable, as the control freezing experiment con-
ducted with puri�ed water induced freezing at� 14� C instead of at� 35� C, leading to the conclusion
that the droplet generator used in those experiments might have been contaminated with ice nucleation
inducing material. This is further supported by the fact, that the same instrument as by Pitter and Prup-
pacher (1973) was used, but their control experiments with pure water lead to the expected onset of
homogeneous freezing at� 35� C.

Chou (2011) recently investigated the IN activity ofPseudomonassp. strains sampled at the Puy de
Dôme in France, as well as in Antarctica, and compared them to the pure IN protein from SnomaxTM .
The latter was found to exhibit a stronger IN activity than the whole bacteria. However, there are some
issues to be raised concerning the bacterial preparation. After cultivating the bacteria in Petri dishes,
they were suspended in high purity water. This might cause some bacterial cells to rupture if the osmotic
gradient is too large for their cell walls to withstand (Engelkirk and Duben-Engelkirk, 2010). In order for
the bacteria to express the INA protein, this suspension was incubated for one hour at 4� C. However, this
time-span might have been too short. As protein synthesis is an energetically expensive process (Berg
et al., 2003), bacteria might need a longer cold signal (e.g. a frost night) in order to start expressing
the INA protein (Morris et al., 2004). This should be taken into consideration at the next measurement
campaign that investigates the IN ability of bacteria.

Modelling Because of large uncertainties associated with bioaerosol emissions and their IN ability it
is not possible to draw �rm conclusions based on only two GCM studies. However, global modelling
results suggest that bioaerosols have only a minor impact on the Earth's climate, but might show regional
effects. Further modelling research should therefore focus on regional and local effects of bioaerosols,
especially in highly vegetated regions, like tropical forests.

It would be highly recommended for future research to use global models which are coupled to a
dynamic vegetation scheme (e.g. ECHAM6-HAM which uses JSBACH) or regional models at a high
resolution (COSMO-CLM) or a regional climate model that includes dynamic vegetation (COSMO-
CLM2). This would allow for a dramatic improvement of data quality, as it would re�ect the reality in a
better way.

In pristine areas like rainforests or the tundra and boreal forests in the Northern Hemisphere it would
be interesting to observe if local outbreaks of fungal spores or pollen during the �owering season have
an in�uence on local weather patterns. Of course, it would �rst be necessary to gain detailed knowledge
through local measurements and simulations with regional climate models. Nevertheless, the question
can be posed whether the use of bioaerosols in regional climate models might eventually help improve
the quality of local weather prediction for those areas.

However, as long as there are no better estimates on the percentage of bioaerosols expressing IN
activity, it remains uncertain if the results obtained with models capture the actual processes in the
atmosphere, as assuming different percentages of INA bioaerosols and different number �uxes by a
few orders of magnitude can substantially change the resulting impact on clouds and precipitation (see
Chapter 2).

Furthermore, the current study is restricted to modelling aerosol indirect effects on stratiform clouds,
because convective clouds are assumed to exist on timescales comparable to or smaller than the inte-
gration timestep. However, this is a very crude simpli�cations, as bioaerosol emissions are especially
pronounced in areas with high convective precipitation, like the tropics, where local effects on precipita-
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tion might be expected. This has recently been con�rmed by Diehl and Wurzler (2010) who used parcel
model simulations of a convective cloud to show that the effects of bacteria acting as IN in a convective
cloud are similar to those of soot particles acting as IN therein.

Land-climate interactions play an essential role in the climate system and are relevant for extreme
events as well as climate variability. In view of anthropogenic global warming it would be interesting
to explore the role of bioaerosols in past and future climate, as well as to what extent human activities
(e.g. land-use change, heat-waves etc.) have an effect on the bioprecipitation cycle through a shift of
bioaerosol emissions. Pre-industrial vs. present climate simulations including bioaerosols could study
the impact bioaerosols had in a world prior to industrialisation. By coupling atmospheric models to
dynamic vegetation models, the role of bioaerosols on stabilizing or shifting biome areas in a changing
climate could be investigated as well.
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List of Symbols and Abbreviations

Abbreviation Description Units
AI accumulation insoluble mode
AOD aerosol optical depth
AP aerosol particle
AS accumulation soluble/mixed mode
BC black carbon
BCT bacteria
BI bioaerosol insoluble mode
BS bioaerosol soluble mode
BT bacteria
C3 C3 carbon �xation pathway used by most in temperate

regions
C4 C4 carbon �xation pathway used by plants adapted to

arid environments
CCN cloud condensation nucleus
CDNC cloud droplet number concentration
CI coarse insoluble mode
CFU colony forming unit, a measure of viable bacterial or

fungal numbers
CO2 carbon dioxide
CS coarse soluble mode
CTL control simulation
DU dust
ECHAM GCM derived from the ECMWF model, developed at

the Max-Planck Institute in Hamburg, Germany
ECMWF European Centre for Medium-Range Weather Forecasts
Fnet top-of-the-atmosphere net (shortwave+longwave) ra-

diative �ux
W m� 2

FNG fungal spore
g nominal acceleration due to gravity at the Earth's sur-

face at sea level
9:81 m s� 2

GCM global climate model, general circulation model
HAM Hamburg Aerosol Module
ICNC ice crystal number concentration cm� 3

IN ice nucleus
INA ice nucleation active
IWC ice water content g m� 3

IWP ice water path g m� 2

KI Aitken insoluble mode
KS Aitken soluble/mixed mode
LAI leaf area index, the ratio of total upper leaf surface of

vegetation divided by the surface area of the land on
which the vegetation grows

LCF longwave cloud forcing W m� 2

LWC liquid water content g m� 3
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Abbreviation Description Units
LWP liquid water path g m� 2

Ni ice crystal number burden m� 2

Nl cloud droplet number burden m� 2

NS nucleation soluble mode
OC organic carbon
p pressure Pa
P precipitation mm day� 1

POM particulate organic matter
r radius µm
RH relative humidity
SCF shortwave cloud forcing W m� 2

SO2 sulfur dioxide
SO4 sulfate
SS sea salt
T temperature K,� C
t time s
TCC total cloud cover %
TOA top of the atmosphere
Greek letters
D difference
r air air density kg m� 3
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