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special thank goes to Hans-Rudolf Rüegg for his extensive work on the aerosol sampler as well as
his help with the assembly of the micrometeorological towers.
Further, I would like to thank the members of the former department of Bio- and Environmental
Meteorology at MeteoSwiss, namely Dr. Regula Gehrig for sharing her ample knowledge on pollen
characteristics and their analysis as well as for her help during the experimental campaign. I would
like to thank Dr. Bernard Clot for always trusting in my work and his expertise in the field as well
as Dr. Andreas Pauling for the interesting discussions on modelling pollen dispersion and emission.
The help of Dr. Barbara Pietragalla with the analysis of pollen from several experiments is highly
appreciated.
At this point, I express my gratefulness to Benôıt Guillod, Ambros Werner and Thomas Meuli
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Abstract

The occurrence of allergic diseases in western countries increased during the last decades due to
greater awareness towards a hygienic lifestyle. The hygiene hypothesis relates the reduced expo-
sure to microbial pollution to an underdevelopment of the immune system, which in turn favours
the development of allergies. In order to provide information to affected individuals on adequate
pre-emptive measures, numerous studies on the health impact of allergenic pollen focus on their
atmospheric abundance and dispersion, including observations and simulation of emission and
transport. Prognostic models for the spatial distribution and concentration of different pollen
species on a regional scale are operational in many countries in order to identify highly affected
regions and allow health offices to announce warnings to the affected population. These models
are capable of predicting long-range transport in a full spatial resolution with respect to meteoro-
logical conditions. However, the initial abundance of airborne pollen in the models is determined
with empirically derived emission parameters, which are mostly based on long-term observation
averages with respect to large areas.
Field measurements and modelling work conducted in the framework of this thesis aimed at de-
scribing the emission and dispersion characteristics of an isolated natural birch pollen source in the
micro-scale, in order to improve the accuracy of the emission part in prognostic pollen transport
models. The basic approach was to infer the emission of the pollen source from downwind obser-
vations, with respect to meteorological conditions, by reproducing the observed pollen dispersion
with numerical simulations. Birch pollen are used, because they are among the most important
aeroallergens in Europe. In terms of quantifying the absolute pollen emission in specific cases,
however, the field observations of pollen concentrations were subject to various difficulties related
to sensor uncertainties and non-stationary conditions in the natural environment.
Firstly, the detailed investigation of pollen transport up- and downwind of the isolated source
relied on a large array of different instruments. In order to make the observations of birch pollen
concentrations comparable among different used instruments, a substantial part of this thesis is
dedicated to the description of performance and uncertainty of different pollen sampling methods.
Secondly, since naturally emitted pollen are used for tracers, instead of a controlled release of
artificial particles, the observed pollen concentration can be biased by natural background con-
centration, which relates to emission from unknown sources upwind of the experiment site. The
windflow directed towards the birch canopy is substantially disturbed by its roughness and, addi-
tionally, a certain amount of airborne pollen is filtered by its vegetation elements. Observations
of undisturbed concentrations upwind of the windbreak thus fall short of describing the complex
pattern of downwind distribution. A computational fluid dynamics model, therefore, is used to
simulate Lagrangian-based trajectories of the pollen with respect to the disturbance of the wind
field. The results indicate that the portion of background concentration in the observed downwind
concentration is largely dependent on effects of accumulation due to deceleration of the wind flow.
Deposition within the birch canopy is accounted for in a separate model, which is based on the
optical porosity of the windbreak. A combination of the two model approaches allows to eliminate
the portion of background concentration from the measured downwind concentrations, providing
information on the emissivity of the isolated birch pollen source.
Based on the corrected concentrations downwind of the windbreak, i.e. un-biased by background
concentration, a method of estimating the source strength of the isolated pollen source with a
Lagrangian particle model is assessed.
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1 INTRODUCTION

1 Introduction

1.1 Preface

In western countries, the prevalence of diseases related to aeroallergens increased over the last
decades and has reached about 20 percent up to date. Adequate protective and pre-emptive
measures require both the reliable assessment of production and release of allergenic pollen species
and the forecasting of their atmospheric dispersion. A new generation of pollen forecast models,
which are either statistically-based or rely on full physical transport and dispersion modelling,
are capable of forecasting pollen concentrations with full spatial coverage (Skjøth et al., 2006;
Helbig et al., 2004; Schueler and Schlünzen, 2006; Sofiev et al., 2006a,b; Siljamo et al., 2013).
Basically, the central part of these recent pollen forecast models corresponds to traditional air
pollution transport and dispersion models (Venkatram and Wyngaard, 1988). The main difference
between traditional air pollutants, such as gaseous matter, and pollen consists of the fact that
the latter are heavy and thus subject to gravitational forces. The most important shortcoming in
recent pollen dispersion systems, however, is the description of the emission, which determines the
actual abundance of airborne pollen. This is largely due to the missing knowledge of the physical
and biological processes that effect the release of pollen and determine the emission rate, namely
turbulent exchange, mean transport and preparedness for release. In order to understand in detail
the physical processes governing the pollen emission and derive robust parameterisations to be
used in a forecast model, the release and dispersion characteristics of an isolated source need to be
described with respect to meteorological factors.

1.2 Objectives

Within the COST Action ES0603 (EUPOL), which was dedicated to the assessment of production,
release distribution and health impact of allergenic pollen in Europe, one working group focused
on pollen production and release and their quantitative description. It included analyses of ob-
servational and modelling information in order to identify key characteristics of these processes.
From this framework the project MicroPoem emerged as a collaboration of the Federal Office of
Meteorology and Climatology MeteoSwiss and the Institute of Meteorology, Climatology and Re-
mote Sensing at the University of Basel. The objectives of the study include three parts:

I. The main objective is the investigation of pollen production and emission by combining
experimental and modelling work in order to quantify the released pollen as function of me-
teorological factors. Birch trees are used, because their pollen are among the most important
allergens in Europe. Micrometeorological analyses focus on reproducing the observed down-
wind pollen distribution with a local three-dimensional Lagrangian-based stochastic particle
dispersion model valid for neutral to convective conditions (Rotach et al., 1996; De Haan and
Rotach, 1998). The micrometeorological observations provide the necessary input of turbu-
lence characteristics. In order to identify and understand the processes related to birch pollen
emission, a small and isolated stand of birch trees was chosen to obtain a well-defined source.
The gained information on the local dispersion from the isolated source and measured con-
centrations can be used to infer the emission rate of birch trees as function of meteorological
conditions. Existing parameterisations of birch pollen emission rely on empirical estimates of
the total pollen release of large areas during one season, rather than an independent dynamic
source strength with respect to short-term atmospheric conditions. The results of this study
help to understand the birch pollen emissivity on a substantially smaller scale, which can be
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extrapolated to larger regions for the use in forecast models.

II. Spatial variations of the pollen concentration are addressed with a large number of aerosol
sensors, which required the use of self-built instruments in order to enhance the spatial reso-
lution of the measurements. An analysis of the data collected with these instruments revealed
a substantial underestimation of the pollen concentration as function of wind velocity. The
present study, therefore, also addresses the uncertainty, performance and correction of aerosol
samplers under non-isokinetic conditions, which includes a separate field study. A special fo-
cus lies on the performance of blunt samplers at yaw orientations to the mean free stream.

III. The streamfield of the wind flow towards the birch stand is substantially disturbed around
the vegetation canopy due to the mechanical influence of the natural barrier on the fluid.
Thus, the birch stand acts both as a pollen source and as a windbreak. The wind field
disturbance results in a complex distribution of the airborne pollen, which originate from
upwind regions, i.e. the background concentration. The spatial variability of background
concentration has been underestimated in the process of the experimental design. Thus, it is
difficult to distinguish the background part from the emission part in downwind observations.
In the present study the distribution of background pollen concentration is addressed with
a numerical simulation of Lagrangian-based pollen trajectories in regard of the wind field
disturbance. The latter is described by a computational fluid dynamics (CFD) model based
on the Reynolds-averaged Navier-Stokes (RANS) method.

1.3 State of current research

Studies focusing on the dispersion of airborne particles have been performed in different fields
of research including observations and modelling under natural and artificial environments. In
the context of heavy particle dispersion under natural conditions, numerous studies have been
motivated by the increasing prevalence of allergic diseases and thus the greater interest in the
atmospheric abundance and short- and long-range transport of allergenic pollen. The importance
of understanding the processes, which determine pollen transport on a local scale, has increased
with the growing adoption of genetically modified (GM) crops and resulting contamination of sur-
rounding areas with their pollen. The protection of adjacent crops from unwanted cross-pollination
or the reduction of particle loss is addressed in studies focusing on the effect of natural windbreaks
on the atmospheric dispersion due to deceleration of the wind flow and filtering within the canopy.
Hence, the current research can be related to purely observational studies focusing on the timing
of emission, observational and modelling of the dispersion, emission parameterisation and pollen
transport through natural windbreaks.

1.3.1 Observations of pollen release

In the context of diseases due to aeroallergens in Europe, Galán et al. (2001) identified the rainfall
in March and air temperature prior to the flowering period as the main factors determining the
pollination intensity. Nieddu et al. (1997) investigated the intensity and timing of olive pollination
in relation to phenological stages and the influence of meteorological parameters on pollen emission
and dispersal. They found a significant positive correlation between pollen concentrations and air
temperature and a negative correlation between pollen concentrations and air humidity. These
findings are confirmed in the case of birch pollen by Méndez et al. (2005), who measured airborne
birch pollen with respect to meteorological variables between 1992 and 2000. A positive correlation
between pollen count and both temperature and shortwave downward radiation and a negative
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correlation to relative humidity were observed. They conclude that air temperature is the governing
factor for flowering onset and intensity. Šaulienė and Veriankaitė (2012) also found that the release
of ragweed pollen is a function of air temperature and humidity. Van Hout et al. (2008) performed
field experiments including vertical profile measurements to study the diurnal cycle of corn pollen
concentration and its relation to meteorological and micrometeorological conditions. The diurnal
cycles of pollen concentrations were characterised as uni-modal or bi-modal with peak values
during the morning and decreasing values during the afternoon. They conclude that humidity and
solar radiation may be important variables that govern the release of pollen. They also found a
correlation of high pollen concentration periods to ejection periods in coherent structures within
the Canopy Boundary Layer.

1.3.2 Observations of pollen dispersion

In terms of investigating plant reproduction and dispersion Raynor et al. (1970) performed a study
on the correlation of meteorological factors to the dispersion and deposition of ragweed pollen
released both naturally and artificially. They conclude that the variation of pollen dispersion and
deposition rates is regulated not only by meteorological but both biological and meteorological
factors. Jarosz et al. (2003, 2005) performed experimental studies on the local dispersion of maize
pollen with respect to deposition to the ground. The findings indicate that pollen concentrations
decrease rapidly with increasing distance from the source. The high deposition rate indicates that
only a small fraction of the emitted pollen is still airborne after a distance of 30 m.
Several studies focus on the pollen transport in high elevations, which is associated to long-range
transport. Lavigne et al. (1998) performed a pollen-dispersal experiment aiming at the assessment
of gene flow associated with the release of transgenic oilseed rape (Lavigne et al., 1996). They
found that 50% of the pollen are deposited within a distance of 1.5 times the plant height and thus
only a small amount is contributing to a larger area. These findings are in contrast to the results of
Brunet et al. (2004), where observations of maize pollen are used, which correspond rapeseed pollen
in terms of their diameter. The presence of viable maize pollen within the Convective Boundary
Layer have been investigated as an evidence for long-range transport. Up to a height of more than
1500 m above the ground, pollen concentrations of the order of near-ground concentrations were
observed, which indicates substantial mixing of heavy pollen in the Convective Boundary Layer.
They also found that maize pollen seem to behave like a gas or small particles, since their settling
velocity is small compared to the vertical velocities found in the Convective Boundary Layer.
Raynor et al. (1974) have investigated the pollen transport of tree pollen up to heights of 3 km.
They found that the vertical distribution of pollen is related to the atmospheric lapse rate. The
pattern of airborne pollen concentrations at high elevations in relation to meteorological factors
was also studied by Comtois et al. (2000) with respect to different species, including pollen released
from trees. The findings confirm the high pollen abundance in high elevations with 130% higher
concentrations compared to the values found near the ground and thus identified an aerobiological
transport layer at 500 m above ground.

1.3.3 Modelling of pollen dispersion

Recent modelling studies on the pollen dispersion often focused on the transport of maize pollen,
because of the increasing interest in cross-pollination by GM crops. In contrast to trees, maize
plants are substantially smaller and thus release their pollen near the ground, where wind velocity
is generally smaller due to friction. The dispersion of airborne pollen is often simulated using a
trajectory-based Lagrangian approach, since it can be extended to complex flow fields. Reynolds
(1999, 2000); Wilson (2000); Boehm and Aylor (2005) extended Lagrangian dispersion models for
traditional pollutants for the use of heavy particles by including the effect of gravitational set-
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Figure 1.1: Eulerian-Eulerian simulation of maize pollen concentration around the vegetation canopy
(dashed white lines). Adapted from: Dupont et al. (2006).

tling, which generally decreases the range of airborne transport du to the higher settling velocity.
The skills of Lagrangian simulations of maize pollen dispersion have been investigated based on
observations by Aylor and Flesch (2001); Jarosz et al. (2004); Aylor et al. (2006); Arritt et al.
(2007); Boehm et al. (2008). The results of the study by Aylor et al. (2006) indicate an average
overestimation of the model due to the fact that the natural pollen flux is not stationary and pollen
are rather released in gusts (Aylor, 1990). Boehm et al. (2008) have assessed the performance of
a Lagrangian simulation with maize pollen measurements in different conditions of atmospheric
stratification. They found a good agreement of vertical profiles of modelled and measured data in
the case of highly convective conditions with low wind velocities. In the case of stronger turbu-
lence due to shear-stress, i.e. less unstable conditions, the model substantially underestimates the
measurements.
An Eulerian-Eulerian approach of maize pollen dispersion is tested by Dupont et al. (2006) and
compared to a Lagrangian-based model (Fig. 1.1). The Eulerian simulation agrees well to the La-
grangian model. However, both models underestimate the settling velocity of the heavy particles.
Chamecki et al. (2009) validated meso-scale Large Eddy Simulations (LES) of pollen dispersal with
experimental observations of artificial tracers and pollen. They conclude that the main parameters
governing the shape of the dispersion is the turbulent transport and pollen settling due to the
gravitational effect.

1.3.4 Modelling pollen transport across a windbreak

In the case of pollen dispersion from a crop, the wind field is influenced due to the roughness of
the canopy, which affects the fluid and particle velocities above. Windbreaks, in contrast, are used
to shelter a certain area from wind or airborne matter in the upwind area. They can be artificial
or natural (shelterbelts) and porous or non-porous. The impact of windbreaks on the dispersion
of particles is characterised mainly by two processes, namely the disturbance of the wind field and
particle filtering. While the effect on the wind field is well-documented (Wilson, 1985; McNaughton,
1988; Cleugh, 1998, 2002; Vigiak et al., 2003; Santiago et al., 2007; Rosenfeld et al., 2010), only
few modelling studies exist on the specific subject of pollen transport through natural windbreaks,
with respect to the disturbance of the wind field and the deposition within the canopy. Bouvet
et al. (2007) use a Lagrangian approach to simulate particle trajectories around a shelterbelt of
maize (Fig. 1.2). The wind field is driven with the RANS method. However, gravitational settling
of the particles (glass beads) and thus inertial effects on their motion are not taken into account.
The filtering effect is based on the impaction of Lagrangian-based pollen onto vegetation obstacles.
A Lagrangian trajectory-based dispersion is capable of resolving spatially and temporally highly
complex situation, which is an advantage in comparison to Eulerian models in the case of local
particle dispersion in a disturbed flow field. The effect of spatio-temporal resolution on the model

4



1 INTRODUCTION

Figure 1.2: Lagrangian trajectoy-based particle concentrations downwind of a windbreak (solid lines)
normalised with the source strength. The wind field is simulated using a Reynolds-averaged Navier-Stokes
approach. The arrows denote vectors of the mean wind field. Adapted from: Bouvet et al. (2007).

detail is indicated by a comparison of Fig. 1.1 and Fig. 1.2. Guo and Maghirang (2012) use an
Eulerian-Eulerian model to incorporate windflow and filtering effects in the case of a row of trees.

1.3.5 Emission parameterisation

Helbig et al. (2004); Sofiev et al. (2013) have established parameterisations of birch pollen emis-
sion, which rely on the observation of airborne pollen concentrations as function of meteorological
factors regardless of the source location. The emission parameterisation by Helbig et al. (2004)
incorporates physical as well as biological mechansims in order to estimate the vertical flux of
pollen Fe. It is defined as:

Fe = wf ceKe
qp

LAI h
u∗, (1.1)

where qp describes the total pollen production during one season in pollen per square meter, LAI
is the leaf-area index and h denotes the canopy height. qp/(LAI h) describes the characteristic
concentration. ce is a plant-specific factor that takes into account that not all plants are flowering at
the same time. Ke denotes a correction factor that relates the pollen emission to certain thresholds
of meteorological variables, such as air temperature and wind velocity. The friction velocity u∗ is
used as the characteristic wind velocity and wf is a weighting factor.
The parameterisation proposed by Sofiev et al. (2013) is based on the principle of temperature sum,
which determines the timing of pollination (Linkosalo et al., 2010). The temperature thresholds for
the start and the end of the birch pollen season are stable from year to year. The parameterisation
provides a release flux of pollen from a certain area during a certain interval via:

Emdl(t, i, j) = Ec(t, i, j)Fb(i, j)S(i, j), (1.2)

where (i, j) describes one grid cell, S(i, j) is the area in question and t is the time interval. Ec(t, i, j)
is the number of pollen emitted from an area of one square meter and Fb(i, j) describes the portion
of birch forest in the area S. The temperature sum thresholds are included in Ec:

Ec(t, i, j) =
dRp
dt

qp pf (t, i, j)CM , (1.3)

where Rp is the part of pollen that have been emitted since the start of the season until t. pf
denotes the probability of flowering in a grid cell and CM accounts for changes in the emission flux
due to meteorological conditions.
Both parameterisations [Helbig et al. (2004) and Sofiev et al. (2013)] include the empirically derived
constant qp, which denotes the total of emitted pollen during the entire pollination season from
one square meter of birch covered area.
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1.4 Structure

The present work is divided into 7 parts, of which each constitutes a section. The content of each
part is shortly presented in the following.
In Section 2 the experiment site and used instruments are described. The analyses and results of
the obtained observations are presented in the Sections 3 to 6, of which the latter three focus each
on one of the main objectives of this study. The results are synthesised and discussed in Section 7.

Experimental design and methods
This part describes the experimental environment and justifies the experiment location. It is situ-
ated in a large valley, where a mountain-valley wind system is dominant throughout the field study.
The isolated source, consisting of a planted shelterbelt of birch trees, is described in detail with
respect to dimension and potential source strength, which has been estimated visually. Also, the
used micrometeorological instruments and two different types of bioaerosol sensors are presented.
In the case of bioaerosol sensors, the methodology of data collection is described in more detail.

Observational data
In this part the meteorological characteristics at the experiment site during the field study in 2009
are described with focus on phenomena, which are related to the observations described in the fol-
lowing sections. This includes above all an overview on weather conditions by means of radiation
data, the description of mean wind and turbulence characteristics with respect to the influence of
the birch canopy and an evaluation of uncorrected airborne pollen concentrations measured with
two different sensor types.

Performance of blunt aerosol samplers
In this part the correction of the self-built Air-O-Cell samplers used in the present study is ad-
dressed. An introduction to the methods of aerosol sampling and the theoretical background of
physical principles are provided, which help to understand the problems arising from measure-
ments in a natural environment. The substantial error of the self-built sensors resulting from these
problems made a separate field experiment necessary, which was conducted in 2010 during the
birch pollen season. The obtained data are used to establish a correction function for vertically
oriented AOC samplers, which is compared to existing correction functions for aerosol samplers at
yaw orientation to the free stream.

Transport of background pollen concentration across a windbreak
In this part the distribution of the background pollen concentration around the birch stand is
investigated. Since the birch canopy has a substantial influence on the streamfield of the oncoming
windflow, the dispersion of the transported pollen is more complex than anticipated. Additionally,
airborne pollen are filtered at vegetation elements, which also impacts the downwind distribution of
pollen concentrations. The set-up and use of a CFD model including trajectory-based Lagrangian
simulation of the pollen dispersion are introduced with respect to different approaches of particle
injection. The filtering efficiency of the birch canopy is determined separately on the basis of its
optical porosity, according to a model developed by Raupach et al. (2001). An introduction to the
filtering model provides the theoretical background of this approach as well as a description of the
methods used to estimate the porosity of the birch canopy.

Estimation of emission using a three-dimensional stochastic Lagrangian disper-
sion model
This part consists of the estimation of the birch pollen emission from the isolated source based on
the CFD-simulated background concentration and the thereby corrected concentration data down-
wind of the windbreak. The previous work allows to infer the emission from the birch trees with
the assumption emission = observed concentration, when the part of background concentration is
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eliminated from the measurements. The simulation of a three-dimensional stochastic Lagrangian
particle dispersion model (Rotach et al., 1996; De Haan and Rotach, 1998) is presented for the
case of unstable atmospheric conditions, i.e. stratifications.

Numbers of figures and tables within journal papers are labelled in relation to their respective
sections, e.g. Fig. 1 and Table 1, but they are referred to with the prefix P1 or P2 outside those
sections, e.g. Fig. P1-1 and Table P2-1, denoting the first (Section 4.4) and the second paper
(Section 5.2), respectively.
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2 Experimental design and methods

2.1 Introduction

Studies focusing on the spatial dispersion of airborne particles in a natural environment often use
artificial tracers in order to be independent of natural emissions. The artificial release of particles
allows to control the source strength, i.e. particle flux, and thus to relate measurements of airborne
concentrations directly to the emission, without biasing due to possible background concentration.
Yet, the produced particle flux and resulting atmospheric concentrations do not necessarily rep-
resent natural conditions. Above all, this is true in the case of natural emission, which involves
biological processes that are difficult to simulate. Studies on natural particle emission and disper-
sion, therefore, need to resort entirely to observations of natural conditions.
The present study aims at inferring the birch pollen emission of an isolated source from downwind
concentration measurements. In order to account for the contribution of background concentration
to the readings, the concentration of the oncoming pollen stream in the upwind area is observed.
This method requires quasi-stationary conditions of wind direction, which conversely determines
the orientation of the set-up along the mean wind. In order to facilitate the measurements and
fulfil these requirements, the experiment was set in a valley, which is dominated by two wind di-
rections. The experimental study was conducted during the birch pollination season 2009 from 2
to 24 April.

2.2 Experiment location

The site is located at 46◦ 17’ 49.8” N 6◦ 55’ 39.6” E in Illarsaz, situated in the Rhone valley in the
Southwest of Switzerland (Fig. 2.1). The valley extends in a southeasterly to northwesterly direc-
tion with a width of approximately 5.7 km, where it opens to the Lake of Geneva at approximately
11.5 km from the experiment site. To the south, the valley narrows down to a lateral extension of
about 1.5 km at 12 km from the experiment site. During daytime a northwesterly wind is dominant
with an average velocity of approximately 4 ms−1, which is replaced by wind from southeast dur-
ing the night with average velocities of around 1 ms−1 (see Fig. 2.1). The diurnal course of wind
direction is a component of the mountain-valley wind system, which is characterised by a cycle of
local daytime upvalley winds and nighttime downvalley winds near the surface (Steinacker, 1984;
Weigel et al., 2006). It usually occurs during clear periods with high solar irradiance and weak
synoptic influence. Among others, the geometry of a mountain valley effects that the irradiated
area corresponds to a much smaller volume of air compared to the situation over adjacent plains.
The atmosphere in the valley is, therefore, heated more strongly during daytime and cooling faster
during nighttime compared to air above the plains. The resulting temperature gradient between
plains and valley causes a cyclic wind system with a diurnal pattern. During daytime, air from
the plains flows into the valley and air from the valley flows back into the plains during nighttime.
A return branch at higher elevation is sometimes present, flowing in the opposite direction of the
surface winds and thus completing the circulation. The mean wind direction during daytime was
used to determine the alignment of the instrumental set-up.
The region is characterised by mostly agricultural land-use. Apart from cross-wind vegetation
shelterbelts between different crops, the area around the experiment location is undisturbed. To
the north, the isolated birch stand is bordered by an area of bare soil (i.e. fallow), which extends to
about 475 m in the along-wind direction. The adjacent area to the south extends to approximately
500 m and is divided centrally into a grass field in the east and a potato crop in the west. The
height of the grass was around 0.2 m during the experimental campaign. The potato crop had
not sprouted during the measurement period and was covered with acrylic sheets. In the lateral
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Figure 2.1: Aerial view of the experiment location. Frequency of wind direction and velocities during
daytime are shown in the upper inset plot, nighttime conditions are shown in the bottom inset plot. The
wind data are obtained at the experiment location (cross).

direction the downwind area is mostly undisturbed.
The closest birch populated tree-lines in the north of the experiment location, i.e. daytime upwind
region, is found at a distance of approximately 600 m. For a more detailed view of the experiment
site see Section 5.2.

2.3 Isolated source

The pollen source is a planted shelterbelt (or windbreak) of birch trees, which is aligned in the
cross-wind direction in order to protect the downwind crops from wind damage and loss of fertilizer
due to aerial drift (Wenneker et al., 2005; Mercer, 2009). The birch stand consists of 140 adult
birch trees of two different species (Betula pubescens and B. pendula). Their pollen are nearly
identical in terms of their aerodynamic properties. The shelterbelt is 203 m long in the cross-wind
direction and 30 m wide in the along-wind direction, with an average height of 19 m. The leading
edge of the canopy is exposed to 342◦, which corresponds approximately to the daytime mean
wind direction. According to the ratio of canopy width to height ws/h = 1.6, the birch stand can
be described as a thin windbreak, in contrast to, e.g., small forests, which are considered thick
windbreaks in the context of their influence on wind flow. The trunk space has an average height
of approximately 5 m, which overlaps with an understorey consisting of dense grass and scrubs
with an average height of 1.5 m. For more information on the canopy properties, i.e. its leaf-area
density and porosity, see Section 5.2.
A qualitative estimate of the potential emission strength with respect to variations in the cross-
wind direction has been performed manually based on the number and size of the catkins of each
individual birch tree. The emission potential is classified into four groups, (very weak, weak,
average and strong), which are associated with the indices 1 to 4. In order to derive a cross-wind
distribution of emission potential in the case of a normally approaching wind flow, the indices
of trees in a column in the along-wind direction are cumulated. The resulting distribution is
normalised with the average potential emission. It is defined as the index total of the average
number trees in a row for the case of average potential emission class only. Figure 2.2 shows
that the spatial distribution of birch trees is not regular. In the western part their density is
substantially higher and the spacing is more regular than in the western part. This results in
a west-east gradient of emission potential. The lowest emission, however, is expected around
the middle part of the birch stand, where a group of low-emitting trees and low spatial density
effect a dip in the lateral emission potential. Lateral variations of emission affect the cross-wind
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Figure 2.2: Lateral distribution of qualitatively estimated potential source strength. In the upper part
the locations of the single birch trees in the stand are indicated with circles. In the lower part the potential
source strength is shown as normalised cumulated values in the longitudinal direction, i.e. normal to the
windbreak.

distribution in the downwind area. Therefore, the normalised emission potential distribution is
taken into account in numerical simulations of the pollen dispersion (Section 6).

2.4 Instrumentation

The set-up aimed at monitoring vertical, along-wind and cross-wind profiles of micrometeorological
and airborne aerosol conditions. The orientation of the sensor array was determined according to
the mean daytime wind direction, which is oriented approximately normal to the birch stand. In
order to be able to observe the greater part of pollen dispersal from the birch stand, the arrangement
of the instruments, most importantly their longitudinal and lateral separation, was determined with
preliminary simulations of a three-dimensional Lagrangian particle dispersion mode (Rotach et al.,
1996; De Haan and Rotach, 1998).
Along the center-line of the experimental area three towers of 18 m height were installed, which
were equipped with micrometeorological and aerosol sensors. One tower (T1) was located in the
upwind area of the birch stand in a distance of 20 m in order to measure the vertical profile of
background birch pollen concentration and wind flow conditions during daytime upvalley periods.
At distances of 100 m and 350 m two towers (T2 and T3) were monitoring the corresponding vertical
profiles downwind of the pollen source. The arrangement of the towers is shown in detail in Section
4.4 and 5.2. The instruments on the tower T1 were operational from 2 to 14 April, at T2 and T3 the
measurements were continued until 23 April. Three cross-wind transects of aerosol measurements
near the ground were installed at 100 m, 200 and 350 downwind of the pollen source.

2.4.1 Meteorological sensors

Continuous observations of the meteorological conditions presented in this work were performed
above the grass field south of the birch stand at a boom in 2 m height, providing averaged 10
minute data based on a 1 minute resolution. The components of the radiation balance, i.e. short-
wave downward (Rsd) and upward radiation as well as longwave downward and upward radiation
was measured with a CNR1 net radiometer (Kipp & Zonen B.V.) operated without heating or
ventilation. Air temperature was monitored using a psychrometer using resistance thermometers
for dry (T ) and wet temperature. Precipitation and relative humidity hrel was measured with a
WXT510 weather transmitter (Vaisala Ltd.).
The turbulence and wind profile up- and downwind of the birch stand was probed with CSAT3
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Table 2.1: Tower instrumentation.

instrument height a.g. resolution instrument height a.g. resolution

T1 T2

CSAT3 2.02 m 20 Hz CSAT3 2.06 m 20 Hz
CSAT3 9.10 m 20 Hz CSAT3 4.66 m 20 Hz
CSAT3 17.98 m 20 Hz CSAT3 9.17 m 20 Hz
Burkard 2 m 2 h CSAT3 13.64 m 20 Hz
Burkard 18 m 2 h CSAT3 18.19 m 20 Hz
T3 Burkard Sc. 2 m 2 h
CSAT3 2.16 m 10/20 Hz Burkard Sc 18 m 2 h
CSAT3 9.16 10/20Hz
CSAT3 18.15 10/20Hz
Burkard 2 m 2 h
Burkard 18 m 2 h

ultrasonic anemometers (Campbell Scientific Ltd.) with a resolution of 20 Hz. Only for the
anemometers mounted on tower T3 the sampling rate was set from 20 to 10 Hz on 20 April until
the end of the experiment. The towers T1 and T3, which were located in less disturbed regions
(see Section 3.3) were equipped with three ultrasonic anemometers. The tower T2 located 100 m
behind the windbreak was used to monitor the influence of the windbreak on the windflow with a
higher spatial resolution and, therefore, was equipped with five ultrasonic anemometers. For the
individual sensor heights, see Table 2.1. The calculations of the sensible heat flux and turbulence
parameters are based on 30 minute averages.

2.4.2 Aerosol samplers

The concentration of airborne birch pollen concentration was measured with four different types
of aerosol samplers, of which all rely on a manual analysis of collected particles. Automatic op-
tical instruments in the stage of evaluation are described by Takahashi et al. (2001); Masanari
and Tadashi (2003); Shigeto et al. (2004); Shigetoshi et al. (2005) and Ronneberger (2007). For a
detailed description of the sensor alignment and further information on the used methods of pollen
analysis, including data correction, see Section 5.2.

Hirst-type pollen traps

Information on vertical and longitudinal profiles of atmospheric birch pollen concentration was
obtained with a total of eight aerosol sensors mounted in heights of 2 m and 18 m at all three tow-
ers. The used Hirst-type (Hirst, 1952) Burkard (Burkard Manufacturing Co. Ltd.) and Burkard
Scientific (Sporewatch) pollen traps are widely used in European operational and experimental
frameworks (Fig. 2.3 I). The sensor is originally designed to measure the inhalability of particles
(Tsai and Vincent, 1993; Lacey and West, 2006) and thereby to be able to describe the pollen
concentration with respect to health impact. In order to obtain the absolute atmospheric concen-
tration from the observations, however, the data need to be corrected. The theoretical background
of the applied correction method is described in Frenz (1999).
The sampling part of the sensor is mounted on a pivot and uses a wind vane to align the hori-
zontally oriented inlet towards the oncoming stream. The sensor applies the impaction principle,
where air aspirated with a velocity of 1.84 ms−1is diverted around an adhesive slide, on which the
suspended pollen collide due to their greater inertia. The collected pollen on the slide are manually
analysed (Mandrioli et al., 1998). The used analysis method provided a two-hourly resolution of
the pollen concentration. For all observations with different types of pollen samplers in the present
study, the Burkard trap served as reference.
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2 EXPERIMENTAL DESIGN AND METHODS

I) II)

Figure 2.3: I) Burkard sensor mounted at 2 m above the ground. II) Composition of the AOC sensor. a)
AOC cassette b) hermetical PVC housing c1-4) membrane pumps providing the aspiration of air through
the AOC when inserted into the hermetical housing.

Air-O-Cell pollen trap

An array of 18 additional aersol samplers consisting of three cross-wind transects at 100 m, 200 m
and 350 m distance aimed at at obtaining a high spatial resolution of the atmoshperic pollen distri-
bution in the downwind area of the source with respect to the pollen distribution in the lateral and
longitudinal direction. Since the above-mentioned Burkard samplers are very expensive, a pollen
sampler was developed, which uses Air-O-Cell (AOC) sampling cassettes (Zefon International) for
the pollen collection (Levetin, 2004). Figure 2.3 II shows the composition of the self-built sampler.
A set of parallel operating membrane pumps enclosed in a hermetical housing provide the necessary
aspiration of air through the inlet dock (shown on the left hand side in the figure) with a velocity
of 6.0 ms−1. If an AOC is inserted into the dock, airborne pollen are filtered from the aspirated
air within the cassette, according to the impaction principle mentioned above. The sensors were
oriented vertically (upward facing) in order to make the measurements independent of wind direc-
tion. The AOC array was operated only during intensive operation periods (IOP) in favourable
conditions, i.e. clear weather and persistent wind direction, and provided a one-hourly resolution
of the pollen concentration.

In order to identify the presence of birch pollen in high elevations, the Planetary Boundary Layer
(PBL) was probed in discrete intervals during IOPs using Rotorod pollen collectors mounted on a
tethered balloon. Their methods and results are presented in Appendix A.
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3 Observational data

3.1 Introduction

In this section observations of (micro)meteorological phenomena and patterns of atmospheric pollen
concentrations are analysed, which provides a better understanding of the conditions related to
the results presented in the following parts of this work.

3.2 Meteorological conditions

Atmospheric conditions

In order to assess the significance of the obtained pollen measurements under natural conditions, the
atmospheric conditions during the experimental period are evaluated with respect to meteorological
factors, which reportedly have an impact on pollen emission and airborne concentrations, namely
air temperature and humidity (see Section 1.3). A mountain-valley system is expected to establish
in clear weather conditions, i.e. when the local conditions are not superimposed by synoptic
phenomena.
The course of Rsd (Fig. 3.1) shows that the first half of the experimental period is characterised
by clear weather conditions, whereas the second half was influenced by intermittent periods of
rain and clod coverage. A continuous clear weather period from the beginning of the campaign
until 10 April (including the first and second IOP) is indicated, which resulted in an increasing
trend of air temperature. The highest temperature of more than 20◦C on 10 April (i.e. the
second IOP) are related to a south foehn event. The IOP needed to be interrupted due to the
changing wind direction. The foehn event is followed by a two-day period of warm temperatures
yet intermittent cloud coverage (including the third IOP). After another two days of clear weather
(i.e. the fourth and fifth IOP) a cold front passage from 16 to 18 April, including rainfall, resulted
in a substantial temperature decrease. Until the end of the campaign the meteorological conditions
were characterised by increasing temperature and cloud coverage, except for a clear weather period
on 22 April. During the day the air temperature was above 15◦C except for the cold front period.
This is well above the threshold of 8◦C, which is necessary for the release of birch pollen, according
to the ample experience of MeteoSwiss in long-term pollen monitoring. hrel is characterised by a
distinct diurnal course with values mostly between 80 and 90% during the night and around 50%
during the day. The lowest daytime humidity is observed during the south foehn event, where dry
air was mixed down to the valley.

Wind conditions

The experiment location was dominated by a very reliable mountain-valley system during the
measurement campaign in terms of persistent wind direction and velocities during the day (top
panel in Fig. 3.2). The diurnal course of wind direction (θd) is clearly characterised by southerly
mountain wind during the night with velocities of around 1 ms−1 and northerly daytime wind from
the valley of around 4 ms−1. The transition phase between alternating wind directions is rather
short and can be associated to approximately one hour after sunrise (06:00 h) for the change from
mountain to valley wind and to approximately two hours before sunset (19:00 h) for the change
from valley to mountain wind. The daytime wind direction is more persistent in comparison to the
nighttime conditions, which was generally associated with low wind velocities. The southerly wind
directions during the day displayed in Fig. 3.2 denote consecutive readings during the south foehn
event. Hence, in regard of the two-hourly resolution of the aerosol measurements, the daytime wind
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Figure 3.1: 30 minute averaged data of the course of global radiation Rsd (black line), dry air temperature
T (red line) and relaticve humidity hrel·10 (blue line) during the experimental period. The shaded areas
denote intensive operation periods during favourable weather conditions, when all sensors (including AOCs)
were operated.

conditions were in favour of the alignment of the sensor array. The problems of non-stationarity
of wind conditions in the case of a higher temporal resolution are addressed in Section 5.2, when
the natural conditions are confronted with stationary model conditions.
The influence of the birch canopy on wind velocity is most pronounced between 08:00 h and 22:00 h
regarding the difference between upwind and downwind observations in the case of the average
diurnal course (see bottom panel in Fig. 3.2). During the northerly wind phase, i.e. when the
tower T2 is in the sheltered downwind area, its measurements indicate lower wind velocities than
at T1 (located upwind). Conversely, during the southerly wind phase, i.e. when T2 is upwind of
the windbreak and T1 is in the sheltered area, the measurements at T2 are higher. This effect
occurs also in the case of the observations at the tower T3. Only during the day the wind velocity
is approximetaly the same as upwind of the birch canopy, because its shelter effect is less effective
due to the larger distance and allows the flow to revert to the undisturbed conditions.

3.3 Turbulence characteristics up- and downwind of the wind-
break

In the case of a stationary undisturbed flow, the trajectories of transported heavy particles deviate
from the fluid streamlines due to gravitational settling, resulting eventually in deposition to the
ground. In turbulent conditions, the detachment of particle motion from the fluid is amplified due
to the effect of their greater inertia, resulting in stochastic particle dispersal and thus complex
concentration distribution. Apart from buoyancy, i.e. thermally induced turbulence in a unstable
atmosphere, turbulent atmospheric conditions are produced mechanically by fluid shear stress and
friction on roughness elements (Stull, 1988), i.e. vegetation elements in the case of the birch stand.
In order to understand the effect of the birch canopy on the wind field and the related pollen dis-
persion, the turbulence characteristics up- and downwind of the windbreak are investigated with
focus on mechanical production turbulence.

Purely mechanically induced turbulence is associated with stable atmospheric stratification, when
convective vertical exchange of energy is absent and the PBL is characterised by a uniform potential
temperature profile. An estimate of the atmospheric stability within the Surface Layer (SL)
is based on the characteristic length L (Obukhov, 1946), which relates mechanical to thermal
turbulence. It can be interpreted as a length scale proportional to the vertical height, above
which the production of turbulent kinetic energy (TKE) relies more on buoyant processes than
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d

Figure 3.2: top panel: 30 minute averaged data of the diurnal course of wind velocity measured at 18 m
height at 20 m north of the windbreak (diamonds), 100 m south (circles) and 350 m south of the birch stand
(triangles). The lines denote the average diurnal course at 20 m north (black line), 100 m south (green
line) and 350 m south of the birch stand (blue line). bottom panel 30 minute average data of the diurnal
course of wind direction measured at 18 m height 20 m north of the birch stand.

mechanical turbulence. L is expressed as:

L = − u3∗
k′ g
θt

(w′θ′t)
, (3.1)

where k′ is the von Kármán constant. It characterises the proportionality of wind shear to height
above the surface in the case of neutral stratification. u∗ is a scaling parameter for velocity
(friction velocity), θt denotes the virtual temperature and g is acceleration due to gravity. The
term g/θt accounts for buoyancy. w′ and θ′t denote the turbulent part of vertical velocity w and
θt, respectively. The turbulent part of an entity flow is determined using Reynolds decomposition
based on instantaneous values via:

a′ = A− a, (3.2)

where a′ is the turbulent part of any flow A and a its mean value in a defined averaging interval.
w′θ′t thus expresses the kinematic flux of sensible heat, which determines the sign of L. Negative
values are associated to unstable conditions, i.e. when the heat flux is directed away from the
surface, while positive values are associated to stable conditions, when the flux is directed towards
the surface. Equation 3.1 is tied to the Monin-Obukhov Similarity Theory (MOST) for thermally
stratified layers, which states that fluxes of momentum, sensible and latent heat vary less than 10%
within the SL. It is valid in the case of homogeneous and stationary conditions. A dimensionless
parameter of atmospheric stratification is obtained with the stability index ζ, which is defined as:

ζ =
z − zd
L

, (3.3)

where z is the measuring height above ground and zd denotes the zero-plane displacement, which
is assumed to be 2/3h. Typically, values of −0.05 < ζ < 0.05 denote neutral conditions. Note
that for the analysis of turbulence characteristics the data have been streamline-corrected.
In Fig. 3.3 the relation of wind direction to atmospheric stability is shown in the case of the
observations above bare soil north of the birch canopy with respect to day and night conditions.
Note that zd = 0 m is assumed, since no vegetation is present. The differentiation between daytime
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Figure 3.3: Relation of wind direction to the atmospheric stability index ζ during the day (dots) and
during the night (plus signs) measured at 2 m above the ground north of the birch stand (T1). Negative
values indicate unstable conditions, positive values indicate stable conditions. The vertical dashed lines
denote the transition from neutral (−0.05 < ζ < 0.05) to unstable and stable stratification, respectively.
Values of ζ between the solid and dashed vertical lines (ζ = ± 0.5) are weakly unstable or weakly stable,
respectively.

and nighttime is obtained from measurements of solar irradiance, i.e. Rsd > 0 Wm2 denoting
daytime and Rsd ≤ 0 Wm2 denoting nighttime. 30 minute averages of daytime wind direction
from the valley are mostly associated to weakly unstable conditions. In fewer cases the stability is
neutral, which indicates strong shear stress turbulence due to high wind velocities. Southerly wind
during the night is mostly associated to stable conditions. The few cases of unstable conditions
during the night and stable conditions during the day occur during the transition phases between
upward and downward directed exchange of energy. During the transition periods, the turbulent
heat flux is still directed upward shortly after sunset (i.e. positive) due to the warm surface, and,
conversely, still directed downward shortly after sunrise (i.e. negative), because the surface is still
cooling.

In order to evaluate the production of TKE due to the vegetation elements of the birch canopy, the
effect of convective turbulence is assessed by comparing the kinematic heat fluxes up- and downwind
of the windbreak. Due to the roughness of the shelterbelt, the MOST condition of homogeneity
is not fulfilled for observations in the disturbed downwind region. As an indicator of convection
(related to thermal turbulence), the kinematic heat flux w′θ′t is assessed by comparing vertical
up- and downwind profiles. Only cases of northlerly wind directions normal to the windbreak are
analysed with a threshold of 15◦. Figure 3.4 (left column) shows that the turbulent heat flux at
2 m above ground is substantially larger upwind than downwind of the windbreak, although the
roughness of the canopy induces mechanical turbulence due to friction on vegetation elements.
This discrepancy can not be explained by stronger shear stress due to the higher upwind velocity,
since the heat flux at the tower T3, where daytime wind velocity is approximately equal (Fig. 3.2),
is also significantly smaller. The larger upwind heat flux rather results from stronger convection
due to the thermal property of the bare soil. Since the soil is not covered by vegetation (in contrast
to the area downwind of the birch stand), the greater part of available energy contributes to the
turbulent exchange of heat. Above the vegetated downwind area, in contrast, the sensible heat
flux is mitigated due to the partition of available energy into evapotranspiration sensible heat.
With increasing height above the ground, the magnitude of w′θ′t 100 m behind the windbreak
substantially increases and approximately equals the upwind condition at z =18 m. The vertical
variation of the upwind flux is around 1.8% and around 5.5% at 350 m. The slightly larger variation
of the measurements at T3 indicate that the disturbance of the windbreak is still effective to some
extent at x/h =18.4. At the closest tower behind the windbreak, however, the vertical variation of
the sensible heat is approximately 65.5%, which indicates the substantial disturbance of the wind
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Figure 3.4: Left column: Vertical profile of the turbulent kinematic heat flux up- and downwind of the
vegetation canopy in the case of northerly normal approach and neutral to unstable conditions identified
at the upwind tower T1. The vertical dashed line denotes the transition from neutral (−0.05 < ζ < 0.05)
to unstable (ζ ≤ −0.05) stratification. The vertical solid line denotes the transition from weakly unstable
(−0.5 < ζ ≤ −0.05) to strongly unstable (ζ ≤ −0.5) conditions. Right column: Normalised turbulence
intensity as function of wind velocity during northerly flow normal to the windbreak. Measurements 20 m
upwind (dark grey), 100 m downwind (green) and 350 m downwind (blue) of the birch canopy. Note that in
the case of upwind measurements (bare soil) zd = 0 m and in the case of downwind measurements (grass)
zd = 0.13 m is assumed. For the exact measuring heights in a-c), respectively d-f), see Table 2.1.

flow that relates to the birch canopy roughness. Furthermore, it can be stated that the produced
mechanical turbulence is strongest at the higher levels of the canopy, where the weaker convective
process is compensated with shear stress, which results in a heat flux equal to the more convective
upwind situation.
An estimate of turbulence intensity is the standard deviation of vertical motion of air (σw). In
order to compare the characteristics of vertical turbulence in flows of different velocities, i.e. up-
and down wind of the birch canopy, it is normalised with the wind velocity u. Figure 3.4 (right
column) shows that the greatest turbulence intensity σw/u is observed close behind the windbreak,
although thermal effects are substantially smaller. This effect is most pronounced for cases, where
u < 2 ms−1 and increases with height above the ground. Hence, the canopy roughness induces
stronger vertical turbulence throughout the height of the birch stand, which affects the dispersion
of airborne pollen.
As shown above, the mechanical disturbance of wind flow due to the birch canopy roughness is
mostly superimposed by buoyant effects due to a thermally stratified SL during northerly approach.
The effect of deceleration and purely mechanically produced turbulence on the profile of wind
velocity and the resulting production of TKE is, therefore, assessed for cases of neutral stability.
In a neutrally stratified PBL, the profile of wind velocity due to friction at the surface and fluid
shear stress is determined via (Stull, 1988):

U(z) =
u∗
k′
ln

(
z

z0

)
, (3.4)
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a) b) c)

d) e) f)

Figure 3.5: Top row: Two examples of wind velocity profiles under neutral conditions in the case of
normal approach to the windbreak: u =2 ms−1 and u =7 ms−1. Blue lines denote the logarithmic wind
profile based on the reference measurement at 18 m above the ground. Note that the x-axis is not equally
scaled in all plots. Bottom row: Corresponding profiles of turbulent kinetic energy (k). Diamonds denote
measurements of u and TKE at a,d) 20 m upwind b,e) 100 m downwind c,f) 350 m downwind of the birch
windbreak.

where U(z) is the wind magnitude as function of height above the ground and z0 is the roughness
length, which can be approximated by z0 = 0.1h. The deviation of the observed wind velocity
profile behind the windbreak from the logarithmic profile due to mechanical disturbance is shown
in Fig. 3.5 for two different velocity classes. In both cases the measurements upwind and far
downwind correspond very well to the theoretical logarithmic case based on the observation at the
specific location. 100 m behind the windbreak the velocities are significantly decreased in relation
to the theoretical wind profile based on the observation at this specific location. Note that in the
case of the higher wind velocity class, the difference to the upwind velocities amounts to about
2 ms−1.
The TKE (k) is defined by (Kaimal and Finnigan, 1994):

k = 0.5
(
u′2 + v′2 + w′2

)
, (3.5)

where v denotes the lateral component of wind and is aligned across the mean direction. Hence,
the TKE accounts for three-dimensional turbulence, in contrast to the turbulence intensity σw
mentioned above. Figure 3.5 indicates that the TKE is substantially increased behind the wind-
break at around z/h = 0.7 due to mechanically induced turbulence. This corresponds to the height
of highest leaf-area density in the canopy (see Section 5.2). The influence of turbulence on the
pollen dispersion in a disturbed flow is described in Section 5.2.
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Figure 3.6: Course of pollen concentrations measured 2 m above the ground at different locations up- and
downwind of the birch stand. Grey lines denote continuous two-hourly Burkard measurements. Red lines
denote discrete one-hourly AOC measurements during intensive operation periods along the center-line of
the instrumental array.

3.4 Atmospheric pollen concentration

The start of observations of atmospheric pollen concentrations (c) was timed by a manual evalua-
tion of the catkins in the birch stand with respect to their preparedness to release pollen. Figure
3.6 shows that at the begin of the measurements birch pollen were already present, yet in very
low concentrations (c < 200 pollen m−3). The main part of emission started on 7 April and ended
on 16 April. The course of pollen concentrations indicate peaks on 7 April, 9 April and 11 April.
The median of the pollen concentration during the main part emission was 412.8 pollen m−3 near
the ground and 535.8 pollen m−3 at a height of 18 m above the ground. After the part of in-
tensive emission, the concentration levelled out again at c < 200 pollen m−3. The data represent
the situation during valley and mountain wind periods, i.e. daytime and nighttime. Ogden et al.
(1969); Von Wahl and Puls (1989); Jäger (1990); Van Hout et al. (2008) and Mahura et al. (2009)
report diurnal courses of pollen concentration, which indicate stronger emission during the day and
nearly zero emission during the night for different species, including birch. In the present study,
however, the abundance of airborne birch pollen is substantial throughout day- and nighttime and
no distinct diurnal pattern is detectable (see Appendix B). Only on average do daytime values
slightly exceed nighttime values during the main emission period. This could be related to mixing
of deposited pollen into the air due to mechanically induced turbulence. Furthermore, a certain
portion of the night concentration could be associated to long-range transport, i.e. pollen, which
have been airborne for a long time and eventually settled into the domain.
Since the abundance of airborne pollen in the upwind area for both valley and mountain wind
was substantial, the observed birch pollen concentrations at the experiment location are biased by
background concentration. In order to be able to determine the pollen emission from the isolated
source only, the amount of background concentration in the readings is determined with numerical
simulations (see Section 5).

The readings of the AOC pollen traps during IOPs indicate a substantial underestimation of pollen
concentrations compared to the Burkard measurements. Since the sensors were facing upward, i.e.
normal to the mean flow, the collection efficiency underlay the effects of inertia as function of wind
velocity in the case of the heavy birch pollen. A correction of the AOC data in relation to the
reference Burkard observations was established on the basis of a separate field experiment using
vertically as well as horizontally oriented (i.e. facing the oncoming wind) sensors. The additional
field experiment and the correction function are presented in Section 4.4.
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4 Performance of blunt volumetric aerosol samplers

4.1 Introduction

The volumetric method of airborne particle observations (e.g. Hirst-type samplers and AOC sam-
plers) relates a quantity of collected pollen to the corresponding volume of air. The air is aspirated
mostly with a constant flow rate, which determines the sampled volume in a given time interval.
Uncertainties of this method relate to distortion of the flow upwind of the sensor, which is induced
by the sensor body opposed to the stream and the discrepancy between aspiration rate and wind
velocity. These uncertainties apply for both sensor types used in the present study. In the case of
the AOC samplers, additional uncertainties arise from their vertical orientation (see Fig. 3.6).

4.2 Aspiration efficiency of blunt samplers at different orienta-
tions

Experimental and theoretical work on the determination of the aspiration efficiency of aerosol sam-
plers are mostly related to thin-walled, tubular inlets facing the freestream, e.g. Badzioch (1959)
and Belyaev and Levin (1974). In theory, a infinitely thin-walled sampler has no physical effect on
the oncoming freestream in terms of disturbance due to its shape. This idealisation is a starting
point to understand the basic principles governing the aspiration of aerosols. In practice, however,
the flow pattern upstream of a sampler orifice is much more complex. It is affected by various
parameters, such as the orientation θ of the orifice, the aspiration velocity Us and the character-
istic bluntness of the sampler body. Vincent et al. (1986) investigated the physics of thin-walled
samplers with respect to their orientation relative to the freestream. Based on his work, Tsai and
Vincent (1993) developed a model for blunt sampler types, which is tested in the present study for
the specific case of vertical orientation.

In theory, the aspiration efficiency of a sampler is defined by:

E = cpl/c, (4.1)

where cpl is the particle concentration entering the plane of the sampler inlet and c is the upstream
concentration, given that the air and particle velocity distributions are uniform. The aspiration
efficiency can be characterised using the following dimensionless parameters:

R =
U

Us
, (4.2)

where U is the freestream velocity and Us is the sampling or aspiration velocity through the
sampling orifice. In the case of idealised thin-walled samplers, R = 1 denotes isokinetic sampling,
where E = 1. The flow directed towards the sampler is not distorted in this case, since the
aspiration velocity equals the oncoming freestream (Fig 4.1). If sampling is sub-isokinetic (R > 1),
the air diverges around the sampler orifice. However, due to their greater inertia, the particles
continue their motion into the orifice, resulting in an overestimation of pollen concentration, i.e.
E > 1. Conversely, if sampling is super-isokinetic (R < 1), the fluid streamlines converge towards
the sampling orifice, whereas particles tend to pass the orifice, resulting in an underestimation of
particle concentrations, i.e. E < 1. Since the Burkard and AOC trap both use a fixed aspiration
rate (see Section 2.4.2), isokinetic sampling conditions are reached in rare cases only due to the
large natural variation of the freestream velocity.
The deviation of particles from fluid streamlines in a distorted flow is related to their inertia. The

20



4 PERFORMANCE OF BLUNT VOLUMETRIC AEROSOL SAMPLERS

a)

b)

c)

Figure 4.1: Streamline patterns in the case of anisokinetic and isokinetic sampling. a) sub-isokinetc
(R >1) b) super-isokinetic (R <1) c) isokinetc (R =1). The dots denote particles, dashed arrow-lines
denote their trajectories and solid arrow-lines denote fluid streamlines. Adapted after: Vincent (2007).

inertially-dominated behaviour of particles in a turbulent flow is described by the dimensionless
Stokes number, which is defined as

St =
τU

δ
, (4.3)

where δ is a characteristic length scale and τ denotes the response time of a particle to perturbation.
In combination with the flow (and particle) velocity, τU describes the stopping distance of a
particle. It can be interpreted as the distance, over which a moving particle would continue its
motion due to its inertia, if the flow velocity abruptly becomes zero ms−1. The Stokes number
thus denotes the ratio of the stopping distance of the particle to a characteristic length, e.g. the
width of the sampling orifice. Small values of St indicate that the particles tend to follow the fluid
trajectories, while large values indicate a separation of particle motion from the fluid motion.
The response time of the particle to perturbation in a Stokesian regime, i.e. in a laminar flow, is
defined as:

τ =
γ∗d2ae
18µ

, (4.4)

where µ is the dynamic molecular viscosity of air and dae is the aerodynamic particle diameter. It
characterises a sphere with the density equivalent to water (γ∗ = 1 gcm−3), which has the same
settling velocity as the particle in question. According to Bates et al. (1966) it can be expressed
as:

dae = d

(
ρp

γ∗κae

)1/2

, (4.5)

where d is the particle diameter, ρp denotes the particle density and κae denotes an aerodynamic
shape factor. For spherical particles (such as birch pollen), κae = 1 is used. In this form, dae is
valid only in a laminar (i.e. Stokesian) flow regime.

With the consideration of sub- and super-isokinetic sampling of a thin-walled sampler (as function
of R), Eq. 4.1 can be extended to:

E =
cpl
c

= 1 + β(R− 1), (4.6)

where β is the impaction efficiency, defined as the ratio between the number of particles impacting
onto the virtual plane between the limiting trajectories and the number of particles impacting onto
the plane of the sampling orifice. A robust empirical expression for β is:

β = 1− 1

1 +GSt
, (4.7)

21





4 PERFORMANCE OF BLUNT VOLUMETRIC AEROSOL SAMPLERS

Together with Eq. 4.8, this provides a model for vertical sampling using thin-walled probes:

E90t =
1

1 + 4G90StR1/2
(4.13)

Vincent et al. (1986) found a good agreement of the model with experimental data for a constant
value G = 2.1 for θ = 0◦ up to 90◦.
The models mentioned so far still represent a rather idealised case, however, since they do not take
into account flow distortion around the sampler inlet due to the sampler body, i.e. its bluntness. In
the specific context of monitoring atmospheric pollen cencentration this problem stands out, since
blunt samplers are very common. On the basis of the model for thin-walled samplers by (Vincent
et al., 1986), a modification for the range of blunt samplers at orientation θ = 90◦ and 180◦ was
developed by Tsai and Vincent (1993). They introduced a characteristic number, which describes
the bluntness of the sampler inlet:

r =
δ

Bw
, (4.14)

where Bw is the width of the sampler body. Thus, a small r accounts for a large bluntness, which
can result in a divergent air flow, even if sampling is isokinetic. In the case of large Stokes numbers
of the sampled particles, this would lead to an overestimation of concentration, due to the inertial
effects discussed earlier. The aspiration model for blunt samplers with orientation θ = 90◦, i.e.
AOC samplers, is based on Eq. 4.13 and has the form

E90 =
1

1 + 4G90rg1StR1/2
, (4.15)

where G90 and g1 are both empirical coefficients. From experimental human head studies (Ogden
and Birkett, 1977; Armbruster and Breuer, 1982) and on the basis of the thin-walled model by
Vincent et al. (1986), Tsai and Vincent (1993) obtained an agreement of the corrected data of
R2 = 0.61 for G90 = 2.21 and g1 = -0.5, where the term G90 r

g1 accounts for the bluntness and
the inlet dimension ratio r.

The physically-based correction function shown in Eq. 4.15 is tested with birch pollen observations
obtained with AOC samplers in comparison to Burkard sensors, since the sampling orifice of the
Burkard sampler is horizontal and facing the oncoming wind (Section 4.4). However, streamline
divergence due to its wide body results in an uncertainty in addition to errors related to anisokinetic
sampling. Therefore, also the measured Burkard data need to be corrected in order to represent
the atmospheric pollen concentration. On the basis of empirical data by Ogden et al. (1974), Frenz
(1999) determined the aspiration efficiency of the Burkard sensor with respect to different pollen
sizes and wind conditions. For Ambrosia pollen, which are similar to birch pollen in terms of mass
and shape, the efficiency of the Burkard traps is defined as:

EB = 2.088U2 − 17.977U + 99.959, (4.16)

where EB denotes the sampling efficiency in percent. Based on Eq. 4.16, the correction factor
CF = 1/(E/100) is defined, which accounts for the influence of wind velocity on the sampling
efficiency and thus compensates over- or underestimation of sampled pollen.

4.3 Particles in a non-Stokesian regime

As mentioned above, the expression of τ (Eq. 4.4) is valid in the Stokesian regime only, where
the flow is laminar. This applies when the particle Reynolds number Rep (Eq. 4.17) is low. A
common threshold for the Stokesian regime is Rep < 1 (Vincent, 2007).

Rep =
dUρ

µ
, (4.17)
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where ρ is the density of air. If the particle motion is influenced by turbulent fluctuations of the
fluid, the particle Reynolds number increases (Rep > 1). The Stokes law describes the influence of
the drag force on particles in motion. Stöber (1972); Raabe (1976) suggested the limitation of Eq.
4.5 to small particle Reynolds numbers. Note that in the case of birch pollen, assuming d = 22
µm and γ = 800 kgm−3, Rep equals 1 at U = 0.75 ms−1 already. Typical wind daytime velocities
during the experiment reached about 4 ms−1 (Fig. 3.2), so that the general daytime particle flow
condition can be described as mainly non-Stokesian. In Eq. 4.15, however, the Stokes number is
described by τ , which is valid in Stokesian conditions only. This can explain the discrepancy of
observations and the function shown in Fig. P1-7 in the journal paper P1 (Section 4.4) and the
need for the establishment of a correction based on own observations.
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4.4 Correction of vertically oriented Air-O-Cell samplers

Michel, D., Rotach, M.W., Gehrig, R. Vogt, R. (2012): On the efficiency and correction of vertically
oriented blunt bioaerosol samplers in moving air, Int. J. of Biometeorol. 56 (6), pp. 1113-1121,
DOI: 10.1007/s00484-012-0526-x.
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Abstract The aspiration efficiency of vertical and wind-
oriented Air-O-Cell samplers was investigated in a field
study using the pollen of hazel, sweet chestnut and birch.
Collected pollen numbers were compared to measure-
ments of a Hirst-type Burkard spore trap. The discrepan-
cy between pollen counts is substantial in the case of
vertical orientation. The results indicate a strong influ-
ence of wind velocity and inlet orientation relative to the
freestream on the aspiration efficiency. Various studies
reported on inertial effects on aerosol motion as function
of wind velocity. The measurements were compared to a
physically based model for the limited case of vertical
blunt samplers. Additionally, a simple linear model based
on pollen counts and wind velocity was developed. Both
correction models notably reduce the error of vertically
oriented samplers, whereas only the physically based
model can be used on independent datasets. The study
also addressed the precision error of the instruments
used, which was substantial for both sampler types.

Keywords Burkard sampler . Air-O-Cell sampler . Orifice
orientation . Birch pollen . Field measurement

Introduction

Experimental investigation of local aerosol dispersion
requires both spatially and temporally detailed information
on their concentrations. Spatial resolution is often limited by
the availability of instruments. Therefore, different instru-
ment types may be used in order to increase the instrumental
set-up, i.e., spatial information. The comparability of differ-
ent aerosol sensors, however, presumes a knowledge of their
aspiration characteristics. The present study was motivated
by a field experiment (Michel et al. 2010) in which different
bioaerosol samplers were used to sample birch pollen
(22 μm diameter). The measurements indicate a substantial
discrepancy between wind-oriented Hirst-type (Hirst 1952)
Burkard samplers and vertically oriented Air-O-Cell sam-
plers. The latter were facing upwards to make the measure-
ments independent of wind direction. In the present study,
field intercomparison of Burkard and Air-O-Cell samplers
was carried out during the birch pollen season in 2010. The
Air-O-Cells were oriented vertically as well as horizontally.
The effect of orifice orientation on the aspiration efficiency
(i.e., the ratio of sampled aerosols to the aerosol number in
the considered volume of air upstream of the orifice) is well-
known (Ogden et al. 1974). Aspiration is related to inertial
effects on particle motion. As the angle between the orifice
and the freestream increases, the behavior of the flow
approaching a sampler is progressively complicated, and
the aspiration efficiency decreases dramatically (Lundgren
et al. 1978; Vincent et al. 1986). Thus, in the case of
vertically oriented blunt samplers, which represents most
pollen samplers used in the field (Levetin 2004), a correc-
tion of the measured data is indispensable. It would be of
great benefit to bioaerosol-related research (e.g., the advanc-
ing field of aeroallergenic studies), if corrections of mea-
sured data were performed at experimental as well as
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operational stations. The impaction efficiency of Air-O-Cell
and Burkard samplers (i.e., the ratio of sampled aerosols to
the number of aspirated aerosols) was investigated under
laboratory conditions by Aizenberg et al. (2000). Their
results indicate a good agreement of the Air-O-Cell with
the Burkard sampler for small fungal and bacterial aerosols
(< 3.5 μm). The aspiration efficiency of the Burkard sampler
was determined under laboratory conditions with respect to
wind velocity and pollen size by Hirst (1952) and Ogden et
al. (1974). For Ambrosia pollen, which have a similar size
as birch pollen (20 μm), Ogden et al. (1974) found an
efficiency declining to 60% for wind velocities < 5 ms−1.
A physically based semi-empirical model accounting for the
effects of vertical oriented sampler inlets, wind velocity and
bluntness of the sampler body on aerosol motion has been
developed by Tsai and Vincent (1993). In the present work,
this aspiration model was verified with the measured data of
the sampler intercomparison. The deviation of vertical Air-
O-Cells from Burkard measurements could be reduced no-
tably. Additionally, an alternative linear correction model
was constructed on the basis of pollen counts and wind
velocity. The linear correction yields a better agreement of
Air-O-Cells with the Burkard sampler, yet it cannot be
transferred to independent datasets.

Apart from aspiration efficiency, uncertainties are also
induced by the manual sample analysis, which is still the
standard at most operational pollen observation sites. Large
errors may occur when aerosol deposition on the impaction
area is inhomogeneous. In the present study, this applies
only to the Burkard sampler, since the Air-O-Cell counting
covers the entire impaction area. Laboratory and field stud-
ies (Comtois et al. 1999; Aizenberg et al. 2000; Gottardini et
al. 2009) on pollen density distribution on the slide of
volumetric pollen samplers showed that the distribution is
mostly inhomogeneous and dependent on pollen size.

Materials and Methods

Pollen sampling methods

The instrument set-up included two different types of bio-
aerosol samplers, which both use the impaction principle,
where aerosols impinge on a sampling substrate as an effect
of greater inertia than that of air, accelerated by aspiration.
The Air-O-Cell (A) sampler (Zefon International, http://
www.zefon.com; Levetin 2004) is a disposable cylindrical
cassette, which includes a sampling substrate-coated glass
slide. Its orifice tapers to a slit of 14.4 mm×1 mm. The
instrument can be mounted wind-oriented (horizontally)
when the wind direction is persistent, or facing upwards
(vertically), making the measurements independent of wind
direction. In the present study both orientations were used.

The Air-O-Cell cassette needs to be connected to a pump,
which is capable of producing an sampling rate of 15 lmin−1.
The pump provided by Zefon is not suitable for experimen-
tal outdoor use and very costly if a larger array of A
samplers is to be equipped. Therefore, an alternative self-
constructed aspiration system consisting of parallel mem-
brane pumps was attached to the cassettes conferring a
cylindrical shape on the total A sampler (see Fig. 2). The
system provides a sampling rate of 18.5 lmin−1, which
exceeds the factory-recommended minimal sampling rate.
A larger sampling rate increases the range of sampled
particles towards lighter particles. The temporal resolution
is determined by the cassette exposure. The sampling rate
was monitored in situ using a thermal gasflowmeter (red-y
smart, Vögtlin Instruments, Aesch, Switzerland). The ex-
posure time was 45 min, then the cassettes were replaced.
The collected pollen numbers were extrapolated to obtain a
1-h resolution. The pollen counting procedure covered the
entire impaction area.

The Burkard (B) sampler (Burkard Manufacturing,
Rickmansworth, UK) is a wind-oriented instrument with a
2 mm×14 mm slit orifice (Mandrioli et al. 1998). The
sampling rate is 10 lmin−1. Particles are collected on an
adhesive sampling tape mounted on a rotating cylinder,
which provides a continuous 7-day information on pollen
concentration. The temporal resolution depends on the
analysis method. In the present study, a 1-h resolution
was obtained. Four or five longitudinal counting sweeps
were performed across the impaction area, which yields a
coverage of 20.5 and 25.7%, respectively. The total
pollen number was extrapolated to the entire impaction
area. The body shape (i.e., bluntness) is similar to that of
the human head, since the B sampler was designed to
measure inhalable aerosols rather than their atmospheric
concentration. The B sampler is used commonly in
European bioaerosol monitoring networks. In the present
study, therefore, their measurements are taken as a
reference.

Sampler intercomparison experiment

The sampler intercomparison was conducted in Illarsaz,
Switzerland during the emission period of birch (Betula)
pollen from 5–23 April 2010. The study site (Fig. 1) was
located in a valley where birch is common. The region is
dominated by a plains-mountain wind system with persis-
tent wind conditions (mean wind direction 350° during
daytime and southerly wind during the night). Knowledge
of the predominant daytime wind direction was used to align
the instrument set-up normal to the mean wind direction. A
small spatial instrument separation (<10 m) was chosen to
minimize sampling discrepancies due to inhomogeneities of
the atmospheric pollen distribution (Fig. 2). In the case of
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low concentrations, however, atmospheric inhomogeneities
may induce large relative sampling errors of 1-h averages.
The measuring height was 2 m above the ground.

The intercomparison set-up consisted of two B samplers
and four A samplers; two A samplers were oriented horizon-
tally (Ah, where the subscript refers to orientation), facing the
mean wind. Two A samplers were oriented vertically (Av),
facing upwards. This set-up was chosen in order to assess the
difference between the A and B sampler when both are
mounted such that the orifice faces the mean wind direction,
as well as the impact of vertical orientation of the A sampler.
Simultaneously, a USA-1 ultrasonic anemometer (METEK,
Elmshor, Germany, 10 Hz) was mounted at 2 m above the
ground and 21 m upwind of the bioaerosol samplers to mon-
itor the wind velocity. The B samplers as well as the sonic
anemometer were operated during the entire campaign period.
The A samplers were operated only during periods of favour-
able wind conditions (i.e., northerly wind direction).

Additional data were available for different pollen spe-
cies [hazel (Corylus), 28 μm average diameter and sweet

chestnut (Castanea), 14 μm average diameter, Bucher et
al. (2004)]. These shorter intercomparisons were conducted in
2009 using a similar experimental arrangement as in
Fig. 2, but at operational MeteoSwiss pollen monitoring
sites.

Post-processing

The pollen concentration of B samples was calculated
according to the recommendations of Mandrioli et al.
(1998). In the case of A samplers, the pollen concentration
was calculated as the ratio of the total pollen count and the
aspirated volume of air. Since the exposure time was only
45 min, the concentration was extrapolated to 1 h. This may
have led to a certain error when compared to B measure-
ments, because pollen transport occurs as intermittent gusts
rather than a steady pollen flux.

With respect to the azimuth of the horizontal A samplers
(350°), only wind directions related to the mean wind direc-
tion ±50° were accepted for analysis.

a

0 600 m300 0 6 km2 4

Fig. 1 Satellite images of the
experiment locations in Illarsaz,
Switzerland (top left Lake of
Geneva). Inset, lower left
Location of intercomparison
experiment 2010 (a). Inset, top
right The frequency of wind
direction and velocity measured
at a. Federal Office of
Topography swisstopo
(http://www.swisstopo.admin.
ch/internet/swisstopo/en/home.
html)
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Fig. 2 Set-up of instruments in
the sampler intercomparison in
Illarsaz 2010. Sampler B-I was
mounted at the far right side of
this figure. The coordinate
system denotes the orientation
of the wind components relative
to the instrument orientation.
Measurements from the Burkard
Scientific sampler (B-III) were
not used in the present study. The
dimensions of the A sampler
including the pump housing are
specified for Av-I
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Overview on the sampler agreement

Prior to the comparison of different sampler types, the
precision of each sampler type B, Av and Ah was addressed
separately on the basis of sweet chestnut and birch pollen
measurements by analyzing pairs of identical sampler types.

The dataset of hazel pollen was not taken into account
because the sample size was too small. The measurements
indicate a good correlation of all sampler types (R2Q0.61,
Table 1). The root mean square error (rmse) is used to
quantify the precision of the instruments. The relative rmse
is calculated as rmse normalized by 〈c ̄〉, where 〈c ̄〉 is
the spatial and temporal average of the two measurements
(e.g., Av −I/II). The relative rmse of the A and B samplers is
rather large (from 26% to 57%). The large error among the
vertically oriented A samplers may have resulted from
strong statistical effects of atmospheric inhomogeneities in
the case of low〈c ̄〉measurements. In contrast, horizontal A
samplers agree comparably well, since the observed 〈c̄〉 is
considerably larger. The large uncertainty among the B sam-
plers arises from the counting procedure rather than from the
aspiration efficiency. The agreement among identical sampler
types is summarized in Table 1.

A re-analysis of three B slides was performed in order to
quantify the influence of the number of sweeps on the
calculated pollen concentration. The slides have been re-
counted on the basis of 24-h -slides with 4 and 30 longitu-
dinal sweeps of 0.36 mm width, which yields a coverage of
10% and 77%, respectively, of the impaction area (48×
14 mm). Figure 3 illustrates that the position of the sweeps
has a strong influence on the extrapolated total, if the dis-
tribution is not homogeneous (e.g., bipolar). Cariñanos et al.
(2000) investigated different pollen counting methods of
slides using a Hirst-type sampler. They found an overesti-
mation of extrapolated pollen numbers when the sweeps are
positioned in the middle of the slide, where most pollen are
deposited. The present counting method considered deposi-
tions near the edge of the impaction area as well in the
center. The variation in the numbers of sweeps yielded a
relative error of 16%, when only 10% of the deposition area

was analysed instead of 77%. Comtois et al. (1999) found a
larger relative error (almost 30%) in the case of four sweeps
(slide coverage of 13.3%), when 100% of the entire slide
was analyzed.

Quantification of the error induced by vertical orientation

For the following sampler intercomparison, spatial averages of
aspirated pollen concentrations, c, i.e., for example〈cAv 〉, are
analyzed, denoted as cAv , cAh and cB , respectively, where the
subscripts refer to sampler type and orientation. The bias
denotes the mean deviation of a data series from the reference.
The relative bias is calculated as bias normalized by c̄ of the
reference instrument. The relative rmse is calculated as rmse
normalized by c̄ of the reference instrument.

Figure 4 illustrates that the aspiration efficiency is decreased
when the sampler orifice is facing upwards. Hence, the verti-
cally oriented samplers underestimated the pollen concentra-
tion dramatically in comparison to the B sampler. In the case of
sweet chestnut pollen, the relative bias was −70%. The birch
pollen measurements underestimated the concentrationwith an
error of almost three orders of magnitude, with a relative bias
of −104%. The better agreement of the sweet chestnut meas-
urements is a result of their lower inertia compared to the
larger birch pollen. The majority of the vertically measured
concentrations did not exceed 60 pollen m−3, while cB obser-
vations range up to 5 x 103 pollen m−3

The aspiration efficiency of the horizontal A samplers
facing the freestream, in contrast, is considerably better. The
cAh data agree well with the B samplers (R200.76). How-
ever, the Ah samplers also slightly underestimate the pollen
concentration, with a relative bias of −20%. The impaction
efficiency of the A cassette already tends towards 100%
with aerosols of an aerodynamic diameter up to 5 μm

Table 1 Precision of different sampler types. The relative root mean
square error (rmse) is calculated as rmse normalized by〈c̄〉, where
rmse denotes the root mean square difference of two samplers (I and II)
with the same orientation and〈c ̄〉is the spatial and temporal average
of the two samplers. n Sample size

Pollen species sampler Sweet chestnut Birch Birch Birch
Av-I/II Av-I/II Ah-I/II B-I/II

R2 0.61 0.89 0.96 0.90

relative rmse [%] 37 57 26 38

ch i [pollen m-3] 19.0 25.3 684.7 848.9

n 24 47 47 47

Fig. 3 Lateral pollen deposition on the Burkard sampling slide
obtained from 24-h averages of longitudinal pollen counts. Gray area
Absolute pollen counts (y-axis) and analyzed area (x-axis) when 30
sweeps were performed, dark gray bars four sweeps only performed,
black vertical lines outer limits of impaction area, which corresponds
to the inner inlet orifice (2×14 mm)
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(Aizenberg et al. 2000), i.e., much smaller and lighter than
birch pollen (22 μm diameter; Birks 1968). Hence, the error
of the Ah sampler is due mainly to its blunt design, diverting
the approaching freestream. The relative bias between birch
cAv and cAh amounts to −105%. This denotes a very large
error between identical samplers, which is induced by their
orientation. The relative errors of the Av sampler are sum-
marized in Table 3.

Aspiration characteristics of blunt samplers at different
orientations

Experimental and theoretical work on the determination of
the aspiration efficiency of aerosol samplers related mostly
to thin-walled, tubular inlets facing the freestream, e.g.,
Badzioch (1959) and Belyaev and Levin (1974). This ide-
alization was a starting point to understanding the basic
principles that determine aspiration efficiency. In practice,
however, the flow pattern upstream of a sampler orifice is
much more complex. It is affected by various parameters,
such as the orientation, θ, of the orifice relative to the free-
stream, the aspiration velocity and the characteristic blunt-
ness of the sampler body. Vincent et al. (1986) have
investigated the physics of thin-walled samplers with re-
spect to their orientation relative to the freestream. Based
on his work, Tsai and Vincent (1993) developed a model for
the range of blunt samplers, which was assessed in the
present for the single case of vertical orientation.

In theory, the aspiration efficiency of a sampler is defined
by:

Et ¼ c=c0; ð1Þ
where c is the particle concentration entering the plane of
the sampler inlet, and c0 is the upstream concentration,
given that the air and particle velocity distributions are

uniform. Taking into consideration the influence of inertial
effects on the aspiration efficiency due to divergence and
convergence of the flow as it approaches the sampler inlet,
Eq. 1 can be extended to:

E ¼ c

c0
¼ 1þ b R� 1ð Þ; ð2Þ

where β is the impaction efficiency, defined as the ratio
between the number of particles impacting onto the virtual
plane between the limiting trajectories, and the number of
particles impacting onto the plane of the sampling orifice. A
robust empirical expression for β (Vincent 2007) is:

b ¼ 1� 1

1þ GSt
; ð3Þ

where St is the particle Stokes number and G is an empirical
coefficient, which was investigated by Belyaev and Levin
(1974) and Paik and Vincent (2002). R is defined as:

R ¼ U

Us
; ð4Þ

where U is the freestream velocity and Us is the sampling
velocity through the sampling plane. The sampling velocity
of the A sampler is Us01.84 ms−1. In the case of idealized
thin-walled samplers, R01 denotes isokinetic sampling,
where Et01. If sampling is sub-isokinetic (R>1) or super-
isokinetic (R<1), the trajectories of the air flow are diver-
gent or convergent, respectively, and particles are either
gained or lost at the sampler inlet due to inertial effects on
the particle motion. With respect to orientations up to θ0
90°, Eq. 2 can be expressed by an impaction model, which
in similar form was used by Belyaev and Levin (1974);
Durham and Lundgren (1980); Vincent et al. (1986); Wiener
et al. (1988); Lipatov et al. (1988); Vincent (1989); Grinshpun
and Lipatov (1990); Hangal and Willeke (1990a, b);
Grinshpun et al. (1994) and Vincent (2007):

Eθ ¼ c

c0
¼ 1þ bθ R cos θ� 1ð Þ ð5Þ

The aspiration performance of a blunt sampler facing
upwards in calm air, i.e., for super-isokinetic sampling, has
been investigated by Dunnett et al. (2006). The particle
Stokes number St accounts for turbulent particle motion, i.e.,
the inertially dominated behavior of particles in a distorted
flow and is defined as:

St ¼ tU
d

; ð6Þ

where δ is the sampling orifice width, and τ is the response
time of the particle to perturbation. It can be expressed as:

t ¼ g�d2ae
18μ

; ð7Þ

Fig. 4 Agreement of 1-h pollen concentrations measured with B and
A samplers; triangles hazel, squares sweet chestnut, circles birch
pollen. Filled symbols Av data, open symbols Ah data. In the case of
the birch pollen dataset, only cases where the wind direction was ±50°
compared to the azimuth of the Ah samplers are shown. Note that the
plot is double-logarithmic
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where μ is the dynamic molecular viscosity of air, and dae is
the aerodynamic particle diameter. dae characterizes a sphere
with the density equivalent to water γ∗01 gcm−3 and, there-
fore, has the same settling velocity as the particle in question.
For laminar flow dae is defined as:

dae ¼ d
g
g�

� �1 2=

; ð8Þ

where d is the particle diameter.
Thus, the Stokes number denotes the ratio of the stopping

distance τU0 of the particle to the width of the sampler orifice,
when the particle motion is turbulent, i.e., within distorted
flow. Small values of St indicate that the particles tend to
follow the fluid trajectories, while large values indicate a
separation of particle motion from the fluid motion.

Based on experimental studies on the human head
(Ogden and Birkett 1977; Armbruster and Breuer 1982)
and cylindrical thin-walled samplers (Vincent et al. 1986),
an aspiration model for the limited case of blunt samplers
with orientation θ 090° was developed (Tsai and Vincent
1993). It is expressed as:

E90 ¼ 1

1þ 4G90rg1 StR1 2=
; ð9Þ

where G90 and g1 are both empirical coefficients. Tsai and
Vincent (1993) obtained an agreement of the corrected data of
R200.61 forG9002.21 and g10−0.5, whereG90 is a scale of the
sampler bluntness and g1 is a modification of the inlet dimen-
sion ratio r0δ/D, whereD is the characteristic sampler width. It
is important to understand that the area projected upstream by
the sampler body, i.e., its bluntness, increases with θ (Lundgren
et al. 1978). Assuming r01, the term G90r

g1 approaches the
bluntness of a thin-walled sampler, which was empirically
determined to be Gθ02.1 for θ up to 90° (Vincent et al. 1986).

An alternative linear correction for vertical aspiration using
wind velocity

Aspiration efficiency is dependent strongly on the sampler
design, i.e., affected by the characteristic bluntness of the
sampler body and the inlet design, described with r. It is
unknown to what extent the findings of human head studies
(Ogden and Birkett 1977; Armbruster and Breuer 1982;
Vincent et al. 1986) apply to the bulky body of the A
sampler in the present work. Therefore, an alternative ap-
proach to the correction of vertical aspiration is presented,
which applies only to the exact experiment sites of the
present study and that of Michel et al. (2010).

Based on the knowledge of inertial effects on suspended
particle motion, the relation between wind velocity and the
discrepancy betweenAv andAh samplers was determined using
the data collected during sampler intercomparison in order to

obtain a relative correction of Av against Ah. The correlation of
the corrected Av with the B data was then determined.

Since the Ah sampler azimuth is fixed, i.e., not automat-
ically wind-oriented, the effect of yaw orientations needed
to be minimized. Therefore, only the wind component u
facing the Ah sampler orifices with a threshold of ±50° were
accepted for analysis. Hence, R is expressed as R0ū/Us.
Figure 5 shows that the slope of cAv deviations from cAh is
steeper, when R>1, than for cases where R<1. Therefore,
the linear regression was calculated separately for cases
where R≤1 and R>1. Consequently, the correction proce-
dure incorporates sub-models separated according to the
longitudinal wind velocity. The correlation of Av with Ah

data provided two models, which use different sets of coef-
ficients according to values of u (Eqs. 10, 11):

c�lin ¼ a1cAu þ a2u; if R � 1 and cAu > 0 ð10Þ

c�lin ¼ a3cAu þ a4u; if R > 1 and cAu > 0 ; ð11Þ
where c�lin denotes the corrected pollen concentration.
In a second step, the c�lin data are fitted against the B data to

decrease the offset indicated in Fig. 4 between B and Ah mea-
surements. The resulting linear correction model is defined as:

c��lin ¼ b1c
�
lin; if c�lin > 0 ð12Þ

where c��lin refers to the concentration of the vertically oriented
A samplers after the ’double correction’. The goodness-of-fit
and coefficients of linear models c�lin and c��lin are shown in
Table 2.

Results

Performance of the physically based aspiration model

The aspiration model for upwards-facing blunt samplers
(Eq. 9) was tested against the measured aspiration efficiency

Fig. 5 The difference cAv−cAh as a function of R0ū/Us, where ū is the
longitudinal wind component, and Us is the sampling velocity of the
Air-O-Cell sampler (1.84 ms−1)
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of Av samplers, assuming a birch pollen diameter d022 μm
(Birks 1968) and a density γ0800 kg m−3. The measured
aspiration efficiency of the vertical samplers was determined
with EAv0cAv /cB . Note that the aspiration of the B sampler
underlies the same inertial effects discussed above. Its bulky
body presents a considerable obstacle to the freestream,
which distorts the freestream as it approaches the sampler.
Since the B sampler was designed to rather register inhal-
able aerosols, its readings do not exactly represent the
atmospheric concentration. The ‘true’ aspiration efficiency
of the B sampler was determined by Ogden et al. (1974)
using Ambrosia pollen (20 μm). A mathematical equation
for the empirical data was provided by Frenz (1999). Figure 6
shows that the B sampler aspiration declines to 60% at
U05 ms−1. With increasing wind velocity, the aspiration
efficiency exceeds 100%. Hence, measurements aiming at
the atmospheric aerosol concentration need to be corrected
with respect to wind velocity. The physically based aspiration
model, however, was derived also from studies on inhalability
by the human head. Therefore, comparison of the model to the
uncorrected B sampler seems reasonable.

Figure 7 shows that the physically based model dramat-
ically overestimates the aspiration efficiency of the Av

sampler, when the empirical value G102.21 determined
from human head studies (Tsai and Vincent 1993), is used.
The best results (i.e., the lowest bias) for the Av data yields
G90029.35 with g10−0.5. Thus the parameter G90 needs
substantial modification for the vertical A sampler, since the
greater bluntness of the sampler body must be taken into
account. It seems that the exact value of G90 is a strong
function of the very sampler design. To what extent this
value can be considered characteristic for an Air-O-Cell
sampler depends on the dimension of the pump housing.
Thus it would be helpful to determine the dependence of
G90 on different sampler designs. The model was used with
G90029.35 to correct the vertically measured data through:

c�phys ¼
1

E90
cAu; ð13Þ

where c�phys denotes the corrected Av pollen concentration.

Note that the data are corrected only when the deviation
from B samplers is larger than the rmse of the B samplers.
The correlation of the corrected data (R200.39) is consider-
ably less than that of Tsai and Vincent (1993) for their
aerosols of aerodynamic diameters up to 60 μm. The model
generally underestimates the measurements when R≤1 ,and
generally overestimates when R>1. The relative bias and
relative rmse between c�phys and cB is 0% and 89%, respec-

tively. Figure 8a shows that the corrected data as a function
of cB are widely scattered. A significant correlation can be
found only due to a satisfying agreement for pollen concen-
trations c >1x103 pollen m−3. Since no pollen counts are
considered in Eq. 9, the physically based correction can not
take into account errors that are induced by effects other
than the aspiration efficiency, e.g., the error due to the
extrapolation of A sampler data, as discussed earlier. The
errors of the uncorrected and corrected data are summarized
in Table 3.

Table 2 Goodness-of-fit and coefficients of statistical models. c�lin
denotes the linear correction of Av data using Eqs. 10 or 11 according
to the longitudinal wind velocity component ū, c��lin denotes the linear
correction of Av data using Eq. 12

Correction Validity range Predictors R2 P-value

c�lin R≤1 cAu; u 0.62 0.01

c�lin R>1 cAu; u 0.78 1.04·10−10

c��lin Entire data range c�lin 0.85 2.2·10−16

Coefficients

c�lin R≤1 0.91 (α1) 225.93 (α2)

c�lin R>1 36.09 (α3) 176.02 (α4)

c��lin Entire data range 1.17 (β1)

Fig. 6 Aspiration efficiency of the Burkard sampler as a function of
the wind velocity U, using the mathematical equation provided by
Frenz (1999) based on the empirical data of Ogden et al. (1974)

Fig. 7 Measured aspiration efficiency EAv0cAv /cB plotted as a func-
tion of R0U/Us, where U is the freestream velocity and Us is the 
sampling velocity of the Air-O-Cell sampler (1.84 ms−1). Dashed curve 
Modeled aspiration efficiency E90 using G9002.21 and g10−0.5, solid 
curve Modeled (Eq. 9) using G90029.35 and g10−0.5. Note that the y-
axis is logarithmic
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Performance of the linear correction model

The performance of the linear correction was tested
against B sampler measurements. The linear model was
used to correct the vertically measured data. Note that
the data are corrected only when the deviation from B
samplers is larger than the rmse of the B samplers. The
correlation of the corrected data is R200.63 and the
relative rmse is 57%. Although the error is still relatively
large, it is not substantially larger than the precision error
of the B sampler (Table 1). The relative bias of 3%
indicates a slight overestimation of the corrected c��lin .
Figure 8b shows that the scatter of the corrected data c��lin
as function of cB is considerably less than in the case of
the physical model. The linear correction takes into ac-
count the measured pollen concentration. Therefore,
errors resulting from, e.g., the extrapolation of A sampler
data, are taken into account to a certain extent. The errors
of the uncorrected and corrected data are summarized in
Table 3.

Conclusions

The present work quantified in a field experiment the uncer-
tainty of vertically oriented blunt aerosol sampling systems
using Air-O-Cell cassettes. The investigation focussed on the
decrease of vertical pollen aspiration (hazel, sweet chestnut
and birch) due to inertial effects on aerosol motion in moving
air. The aspiration efficiency of the vertical samplers was
determined with wind-oriented reference samplers (Hirst-type
Burkard sampler, horizontal Air-O-Cell sampler). The de-
crease of aspiration efficiency of the vertically oriented sam-
pler resulted in a substantial underestimation of the pollen
count relative to horizontal measurements (−104% relative
bias). This underlines the importance of applying a correction
when the sampler inlet is facing upwards, as is quite common
in, e.g., aeroallergenic research. Wind-oriented mounting of
the same sampler type yields an considerably smaller under-
estimation relative to horizontal measurements (−20% relative
bias). A physically based semi-empirical correction model
was verified with birch pollen measurements for the purpose
of the vertically oriented Air-O-Cell sampler. Additionally, a
linear model was developed on the basis of pollen counts and
wind velocity measurements. Both models were capable of
notably reducing the error induced by vertical sampling. In
comparison to the physical model, the linear correction
yielded a better agreement to the reference. The linear model,
however, is valid only under the very conditions of the exper-
imental site and for the specific sampler design. The physical-
ly based model, in contrast, can be transferred to each
upwards-facing blunt sampler type. It should be noted, how-
ever, that the characteristic bluntness of a sampler might make
a modification of the semi-empirical model necessary in order
to provide a robust correction.

The precision error of the wind-oriented Air-O-Cell sam-
pler is rather large (26% of the mean concentration), yet is
smaller than the precision error found for the Burkard sampler
(38%). The Air-O-Cell cassette itself, therefore, can be con-
sidered a good low-priced alternative to, e.g., the widely used
Burkard sampler. Attention should focus on the pump housing
that is attached to the sampling cassette, however, since it may
strongly affect the aspiration efficiency.

a bFig. 8 a Corrected 1-h Av data
(c�phys) using the physically
based model, as function of cB.
b Corrected 1-hour Av data
(c��lin) using the linear model, as
function of cB. Note that the
plots are double-logarithmic

Table 3 Summary of relative bias (mean deviation normalized by the
corresponding mean pollen concentration ch i shown in Table 1) and
relative rmse (normalized by the corresponding mean pollen concentra-
tion ch i shown in Table 1) between uncorrected and corrected Av and B
samplers (reference) using the physically based and the linear model,
respectively. cAv denotes uncorrected measurements of the vertically
oriented Av sampler, cAh denotes measurements of the horizontally ori-
ented Ah sampler, cB denotes measurements of the B sampler, c��lin denotes
the corrected cAv data using the linear model (Eq. 12) andc�phys denotes the
corrected cAv data using the physically based model (Eq. 9). The values of
the relative bias and relative rmse are given in percent

Data cAh (Reference) cB (Reference)

Relative
bias

Relative
rmse

R2 Relative
bias

Relative
rmse

R2

cAv −105 154 0.00 −104 140 0.00

cAh – – – −20 50 0.76

c�lin 9 74 0.60 – – –

c��lin – – – 3 57 0.63

c�phys – – – 0 89 0.39
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The results of the sampler intercomparison clearly point
out that aspiration of aerosols (i.e., heavy aerosols such as
pollen) should always be wind-oriented. In the case of blunt
samplers and non-isokinetic sampling, the sampling error is
a function of wind velocity, also in the case of a wind-
oriented inlet. Thus under field conditions, a physically
based correction of pollen counts is indispensable.
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5 TRANSPORT OF BACKGROUND POLLEN CONCENTRATION ACROSS A NATURAL WINDBREAK

5 Transport of background pollen concentration across
a natural windbreak

5.1 Introduction

In Section 3.3 the disturbance of the wind flow due to mechanical production of turbulence in the
birch canopy has been addressed. In the case of heavy particles, fluid dynamics of the turbulent flow
have a large effect on suspended particles, due to their greater inertia. Complex spatial variations
of the concentration result from stochastic acceleration and deceleration of the particle with the
disturbed flow regime. Additionally, the birch canopy acts as a sink for particles, since a part of
the pollen impacting on the canopy are deposited on vegetation elements. The combined effect of
wind field disturbance and deposition yields a very complex pattern of background concentration
in comparison to the undisturbed upwind situation. In order to be able to accurately estimate
the emission from the isolated source by eliminating the bias of background concentration, the
transport of the latter across the windbreak is simulated using a CFD model incorporating the
wind field effect as well as a separate model accounting for deposition.
The used methods and results of the pollen dispersion simulations are described in the following
Section 5.2, which is prepared for submission to Agr. Forest Meteorol. in an adapted form.

5.2 Modelling and observations of pollen transport through a
natural windbreak

Michel, D.1, Gartmann, A.1, Rotach, M.W.2

1) MCR Lab, University of Basel, Switzerland
2) Institute of Meteorology and Geophysics, University of Innsbruck, Austria

Abstract

Vertical profile measurements of birch pollen concentrations up- and downwind of a windbreak
consisting of emitting birch trees are used to asses the transport of pollen through the vegetation
canopy. A modelling approach aims at simulating the dispersion of birch pollen several hundreds
of meters up- and downwind of the thin windbreak with a width/height ratio ws/h = 1.6. The
windbreak effect on the concentration fields is numerically simulated with a CFD (computational
fluid dynamics) model. The trajectories of airborne pollen are modelled with respect to gravita-
tional settling using a stochastic Lagrangian approach, driven by a wind and turbulence field based
on the RANS (Reynolds-averaged Navier-Stokes) method. The filtering effect, i.e. deposition of
pollen on vegetation elements within the windbreak, is estimated using a pollen transmissivity
model based on the optical porosity of the canopy. The simulated dispersion of background pollen
with respect to the two effects is compared to measurements of birch pollen concentrations up-
and downwind of the windbreak in order to validate the model performance.
Although the windbreak is thin and porous, the effect of updraft in its upwind area induced by the
bluffness of the windbreak as well as accumulation due to deceleration both result in significant
local variations of the pollen concentration. Pollen entrapment within the windbreak, on the other
hand, has a comparably small effect due to the high porosity of the windbreak.
Using numerical models for assessing the influence of windbreaks on particle concentration under
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natural conditions may sometimes be too elaborate in existing or planned operational and experi-
mental frameworks. Therefore, a parameterisation of the particle transport across the windbreak
based on the numerical simulations is presented, which allows to estimate windbreak effects on up-
and downwind concentrations as function of the distance from the roughness element without the
use of a numerical model.

Introduction

Natural windbreaks or shelterbelts are often planted in order to minimise particle loss by drift
(e.g. fertilizer), or to shelter adjacent downwind areas from contamination, e.g. with pesticides
or pollen of genetically modified (GM) crops (Wenneker et al., 2005; Mercer, 2009). Observations
and modelling of the particle concentration field up- and downwind of windbreaks aim at assessing
their effectiveness of reducing particle transport into the downwind area. Dispersion of particles
up- and downwind of a natural porous windbreak is influenced essentially by two effects: Distortion
of the wind flow and turbulence fields up- and downwind of the shelterbelt and modification of the
particle deposition within the canopy. The distortion effect of natural windbreaks on the wind field
has been investigated in several numerical simulation and observation studies, e.g. Wilson (1985);
McNaughton (1988); Cleugh (1998, 2002); Vigiak et al. (2003); Santiago et al. (2007) and Rosenfeld
et al. (2010). If the downwind particle concentration field originating from an upwind source is of
interest, both the up- and downwind flow distortion as well as the upwind source location relative
to the leading edge of the windbreak are relevant. Within the windbreak, deposition of airborne
particles is also modified due to disturbance of wind flow and turbulence on the one hand and
impact on vegetation elements on the other hand. This effect reduces the particle load emerging
on the downwind face of the shelterbelt in comparison to the upwind particle concentration. This
influence of the vegetation on particle deposition will be called the filtering effect. The process of
particle deposition to plant canopies has been investigated by Bache (1981); Petroff et al. (2008,
2009). The skills of numerical simulation of heavy particle dispersion with respect to inertial
effects using a Lagrangian approach have been documented by Wilson (2000); Reynolds (2000);
Aylor and Flesch (2001); Boehm and Aylor (2005); Cai et al. (2006). Only few observational and
numerical simulation studies focus on the dispersion of heavy particles in a wind field disturbed
by a natural windbreak, i.e. with respect to either the effects of flow distortion due to the canopy
roughness (Jarosz et al., 2003, 2004) or filtering (Bouvet et al., 2007; Guo and Maghirang, 2012) on
downwind particle concentration. To the knowledge of the authors no systematic investigation of
the combined effect of both processes are available with respect to particle inertia and for several
hundreds of meters up- and downwind of a natural windbreak.
The present study is motivated by an ’emission experiment’, which aimed at estimating the strength
of birch pollen emission of an isolated natural source (Michel et al., 2010), i.e. a thin shelterbelt
consisting of birch trees with the width/height ratio ws/h = 1.6. Birch trees were used because
their pollen are among the most important allergens in Europe, contributing to the continuously
increasing prevalence of diseases due to aeroallergens over the last decades (Skoner, 2001). The
study used temporally and spatially highly-resolved vertical and longitudinal observations in order
to infer the natural pollen emission from the distribution of downwind pollen concentrations and
detailed meteorological information.
In the present contribution a CFD model, simulating the particle trajectories with respect to inertial
motion using a stochastic Lagrangian approach driven by a RANS flow field, is used to model the
influence of the windbreak on wind flow and particle deposition in order to estimate the shelter
effect of the windbreak. The results are used to isolate the emission strength, which will be the
subject of a later study. A parameterisation of the particle transport across the windbreak derived
from the numerical simulations is established based on vertical footprints of pollen concentration,
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Figure 1: Satellite images of the experiment location in Illarsaz, Switzerland (Lake of Geneva at the
top left). The image at the lower left shows the location of the study site (cross), the square denotes the
outline of the windbreak. The frequency of wind direction and velocity measured at 18 m above ground
upwind of the windbreak is shown at the top right. Federal Office of Topography swisstopo.

in order to provide an estimate of the windbreak effect on observations in case no numerical
simulations were available.
The present paper is structured as follows: In the second section the material used in the ’emission
experiment’ and the principles of particle transport through a natural windbreak as well as of
the CFD model are explained. In the third section the results of the particle simulations are
compared to in-situ measurements. The fourth section includes the principles and results of the
parameterisation of the simulations.

Material and Methods

Experimental site

Since the study uses ’natural tracers’ rather than a controlled particle release, the experimental set-
up had to respond to the need of inferring the emission from the observed downwind concentration.
To faciliate the measurements, the study site was chosen such that it is dominated by persistent
wind directions. The field measurements were conducted in the Rhone River Valley in Illarsaz,
Switzerland during the birch emission period from 2 to 24 April 2009 (Fig. 1). The location is
characterised by a mountain-valley wind system during clear weather periods, which produced
northeasterly upvalley winds during daytime and southerly downvalley winds during nighttime.
The windbreak is located centrally in the valley with an approximately normal exposition to the
mean wind. This natural windbreak consists of five rows of mainly birch trees (Betula pendula and
B. pubescens), which extends 203 m in the cross-wind and 30 m in the along-wind direction. The
average height is h =19 m. The height of the understorey is approximately 0.75 m and consists of
grass. The region around the tree stand consists of bare soil in the upwind area. The downwind
area is divided along the center-line of the windbreak into a pasture crop (east) and a potato crop
(west), which was covered with acrylic sheets.

Instrumentation

The set-up was laid out up- and downwind of the pollen source along the main wind direction and
aimed at continuously measuring the exchange conditions in longitudinal and cross-wind transects.
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Figure 2: Set-up of sonic anemometers and bioaerosol samplers at the upwind tower T1 and the downwind
towers T2 and T3. The black icons denote Hirst-type samplers and the grey icons denote AOC samplers.
The dark grey area south of the windbreak denotes the grass crop, the light grey area denotes the acrylic
cover. The distances from the windbreak are a) 30 m b) 100 m c) 200 and 350 m.

Vertical profiles of micrometeorological variables and pollen concentrations were monitored at three
towers of 18 m height. They were located centrally (with respect to the cross-wind distance of the
windbreak) at 20 m north and 100 m/350 m south of the pollen source (T1−3 in Fig. 2). Each
tower was equipped with three (T1,3) or five (T2) CSAT3 ultrasonic anemometers (Campbell
Scientific, Ltd., 20 Hz resolution) and two Hirst-type (Hirst, 1952) pollen samplers [7-Day Spore
Sampler, Burkard Manufacturing Co. Ltd. (Mandrioli et al., 1998) at T1,3 and Sporewatch,
Burkard Scientific at T2] at 2 m and 18 m, respectively, above ground. Two additonal Burkard
traps at 2 m height were located 30 m and 200 m downwind of the windbreak (see Fig. 2).
In addition to the continuous two-hour measurements, an array of 18 Air-O-Cell (AOC) aspiration
samplers [Zefon Int., (Levetin, 2004)] was laid-out at 2 m above ground, which was operated during
five intensive operation periods (IOP), when the weather was clear and northerly (upvalley) wind
prevailed. The sensor array aimed at measuring the pollen concentration in three cross-wind
transects in the distances of 100 m, 200 m and 350 m downwind of the source.
The Hirst-type pollen traps use the impaction method, where airborne particles are aspirated
with a rate of rate of 0.6 m3hour−1 through a slit orifice and impinge on a sampling substrate.
The sampling substrate is applied to a rotating cylinder, which yields a continuous seven-day
information on airborne particle abundance. The number of trapped pollen is determined according
to the statistical methods described by Mandrioli et al. (1998), to achieve a temporal resolution of
two hours. The sensors use a wind vane to align the orifice towards the oncoming wind. The sensor
is designed to measure the inhalability of particles rather than their atmospheric concentration
(Tsai and Vincent, 1993; Lacey and West, 2006), using a constant aspiration rate. The sampled
volume of air is defined as:

Vs = Us t Ao, (1)

where Ao is the area of the sampling orifice and t is the sampling interval. In the case of isokinetic
sampling (Gregory et al., 1961; Raynor, 1972; Aylor and Qiu, 1996) the collected pollen can be
associated to the volume of air Va that passed the area Ao and thus yielding the atmospheric pollen
concentration, because Vs = Va. In the case of anisokinetic sampling, i.e. when the aspirated
flow velocity (Us) does not equal the free stream velocity, the particle collection is biased due
to divergence or convergence, respectively, of the free stream upwind of the sensor (May, 1945;
Watson, 1954). In addition, the sampling efficiency is affected as function of wind velocity by
the upwind-projected bluntness of the sensor, inducing divergence of the free stream (Ingham,
1981; Vincent and Mark, 1982; Vincent et al., 1982; Dunnet and Ingham, 1986). A comprehensive
description of the underlying physical processes in particle sampling can be found in Vincent (2007).
The sampling efficiency is strongly influenced by diverging particle and fluid trajectories due to
inertial movement of heavy particles. The measured Burkard data thus need to be corrected in
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order to represent the atmospheric pollen concentration. On the basis of empirical data (Ogden
et al., 1974; Frenz, 1999) a correction function for Burkard data (CF ) has been defined, which
accounts for the influence of wind velocity (U) on the sampling efficiency and thus compensates
over- or underestimation of sampled pollen. CF is based on the ratio between the known sampling
velocity of the Burkard trap and the variable freestream velocity. At sensor locations, where no
direct wind measurement is available (20 and 200 m downwind of the windbreak), input for CF
was determined by interpolation of adjacent measurements. The atmospheric concentration c can
be calculated from the Burkard measurements with:

c =

(
np

Us t Ao

)
CF , (2)

where np denotes the number of sampled pollen and t is the length of the measurements interval.
The factor (Us t AB) expresses the sampled volume of air.
The AOC sampling also uses the impaction method. Airborne particles are aspirated through
disposable cassettes, which contain a glass slide coated with a sampling substrate. The sampling
aspiration was generated with a self-built membrane pump, which produces an air flow rate of
1.1 m3hour−1. The temporal information relates to the exposure time of the cassette. A temporal
resolution of one hour was achieved by extrapolating the exposure time of 45 minutes of each AOC
sampling slide. In order to determine the number of trapped pollen, the entire sampling slide was
analysed. The sensors were oriented vertically (upward facing) in order to make the measurements
independent of wind direction. Yet, besides the effects of divergence and convergence of the free
stream, the orifice orientation perpendicular to the mean horizontal pollen flow has a large impact
on the sampling efficiency due to the inertial movement of the airborne pollen, resulting in a
substantial underestimation of the sampled pollen number. Therefore, the performance of the
AOC samplers was investigated in a separate field experiment (Michel et al., 2012). A correction
function based on the longitudinal wind velocity component was established in reference to the
Burkard measurements. CF is therefore also applied to the corrected AOC observations in order
to account for anisokinetic sampling.

Pollen transport across a windbreak

Within an undisturbed airflow under neutral stability conditions, the vertical wind profile can
be assumed to be logarithmic. The concentration field of airborne particles under undisturbed
conditions is assumed to be uniform in the longitudinal and cross-wind direction and to vary
only with height. If the airflow encounters a transverse windbreak, the wind profile is disturbed,
which affects the distribution of the airborne particles. Divergence of the fluid trajectories and
deceleration of wind velocity favour the deposition of pollen to the ground. Filtering due to
impaction and entrapment on obstacle elements in the canopy (stems, branches and leaves) results
in a smaller number of pollen emerging from its downwind face. Hence, the windbreak transforms
the undisturbed upwind pollen distribution into a non-uniform concentration field within the up-
and downwind area. The shelter effect weakens from top to ground with increasing distance
as pollen from above the windbreak are entrained, until the downwind concentration eventually
adjusts to the undisturbed upwind situation. The undisturbed pollen concentration far upwind of
the windbreak will be named background concentration (c0), which is only a function of height,
according to the assumption of uniform longitudinal and cross-wind distribution. The influence of
the windbreak on the up-and downwind pollen concentration can be expressed as:

βc(x, zs) =
c1(x, zs)

c0(zs)
, (3)

where x denotes the longitudinal position in relation to the windbreak location (see Fig. 2), zs
is a specified height above ground and c1 denotes the pollen concentration field downwind of c0,
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i.e. in the area surrounding the windbreak in the up- and downwind direction. βc indicates the
modification of pollen concentration at a certain position in the domain in relation to the far up-
wind pollen concentration at the corresponding height, which results from the combined effects
of wind field disturbance and filtering. The total impact of the shelterbelt on pollen distribution
can be estimated based on observations of c0 and c1. This is only true, however, if the downwind
concentration field is un-biased by particles that are not related to c0. In the present case of a
birch stand, however, the shelterbelt does not only act as a pollen sink due to filtering, but also as
a pollen source, which contributes to the concentration field in the downwind domain. Note that
c1 and, consequently, βc are a function of the spatial position in the area around the shelterbelt.
In order to estimate the impact of the shelterbelt on particle distribution without the unwanted
emission term and thus independently of c1, a numerical model was used to simulate pollen tra-
jectories with a stochastic Lagrangian approach in a flow field driven by a RANS model. Since
neither particle deposition nor a particle source within the canopy is implemented in the model,
it only accounts for the effect of wind field distortion. The deposition part is thus estimated with
a second model based on the parameterisation of pollen impaction and the optical porosity of the
windbreak. With respect to the individual windbreak effects, βc can be expressed as:

βc(x, zs) = σp(zs) ω(x, zs), (4)

where σp denotes the transmissivity factor related to filtering and ω accounts for the effect of
wind field distortion on particle dispersion, which will be named wind field effect. ω describes the
portion of upwind concentration that arrives in the sheltered area (see Section Wind field effect
ω). σp describes the fraction of upwind particles, which are not affected by deposition and thus
emerge from the downwind face of the windbreak. Conversely, the particle deposition rate within
the windbreak can be expressed as 1−σp. The filtering effect of the present windbreak is estimated
based on a parameterisation from the literature (see the following section).

Windbreak transmissivity σp

The transmissivity of a windbreak is inversely related to its filtering effect. Particles are filtered
from the particle plume by a natural windbreak if the collision with a vegetation obstacle or
the deceleration of its velocity results in deposition, i.e. entrapment of the particle within the
canopy. For the case of particle impact on vegetation surface, Paw U (1983) found a critical
’rebound’ velocity (Uc) as function of the adhesion force field between the particle and the impinging
surface. If the particle velocity is below Uc before impact, the particle is deposited. In the case
of thick windbreaks with low porosity such as maize Bouvet et al. (2007) implemented Uc in a
dispersion model for glass beads, where vegetation elements are represented with a parameter for
the probability of impaction. In the present study, particle velocity is modified as function of the
drag coefficient of the canopy, which is described by the leaf-area density, and vegetation elements
are not actually accounted for. For ragweed pollen, which are similar to birch pollen in terms of
shape, diamater and mass, Paw U (1983) found a critical rebound velocity of 2.87 ms−1. Applying
Uc to the CFD-simulated particle velocities (see Section CFD model) would yield a large deposition
rate for low velocities, which seems highly improbable in regard of the high windbreak porosity.
For thin windbreaks Raupach et al. (2001) found a simple empirical estimation of the particle
transmissivity σp based on the optical porosity of the windbreak and the turbulent motion through
the canopy. For the case of birch pollen, σp can be expressed as:

σp = κmE , (5)

where κ is the optical porosity, E denotes the impaction efficiency of particles on obstacles and m
denotes the ratio of the meandering distance across the windbreak to its width.
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Figure 3: View on the north face of the windbreak with the upwind mast T1.

A common empirical definition of the impaction efficiency is:

E =

(
St

St+ ps

)qs
, (6)

where ps and qs are dimensionless coefficients, for which Peters and Eiden (1992) found ps = 0.8
and qs = 2, which are valid for different obstacle shapes. St is the Stokes number, which describes
the motion of particles in relation to its surrounding fluid. It is defined as:

St =

(
ρpd

2

18µ

)(
δ

U

)−1
, (7)

where ρp is the particle density, µ is the dynamic molecular viscosity of air and δ is the characteristic
size of the obstacle element. The average obstacle length δ = 0.02 m was determined with manual
measurements of branches and leaves. For the estimation of the meandering factor Raupach et al.
(2001) propose a parameterisation using the upwind turbulence intensity, expressed as:

m =
(
1 + I2u + I2v + I2w

)1/2
, (8)

where Iu,v,w are the turbulence intensities of the three wind components, which can be calculated
from the measurements via Ij = σj/U , where σ is the standard deviation and the subscript j
denotes the wind component. The optical porosity κ is defined as the proportion of background
visible through the canopy (Loeffler et al., 1992; Vigiak et al., 2003). A photograph of the windbreak
(see Fig. 3 and Appendix C) was used to determine the vertical profile κ(z), where z denotes the
height above ground. Raupach et al. (2001) derived a modification of κ as function of wind
velocity, which accounts for streamlining of the vegetation elements in strong wind. Since the wind
velocity was rather low during the measurement period, the effect of streamlining is neglected in
the calculation of the windbreak transmissivity. With the impaction efficiency of birch pollen (Eq.
6) and the meandering factor (Eq. 8) being known from the sonic measurements, the transmissivity
can be calculated. Note that for cases, when z > h, the transmissivity is defined as σp(z) = 1. The
filtering effect as function of z is applied to the CFD-simulated pollen dispersion via 1 − σp(z),
which defines the probability of trapping for a single particle entering the windbreak at a certain
height z, which is deposited within the canopy, i.e. does not emerge from the downwind face of
the windbreak. Particle deposition is applied to the model results by ignoring the trajectories of a
certain fraction 1− σp(z) of randomly chosen particles at the moment they cross the upwind face
of the windbreak at x = −30 m and at the height z. This simplified method, however, does not
account for an increasing deposition rate across the longitudinal extent of the windbreak, which
might be expected under natural conditions. Since κ is a one-dimensional (i.e. vertical) porosity
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scale and thus provides no information on variability in the along-wind direction, σp can not be a
function of x. Therefore, 1−σp describes the filtering effect as the ratio of the number of particles
emerging from the downwind face of the windbreak to the number of particles entering the upwind
face.

Wind field effect ω

The wind field in the surrounding area up- and downwind and its influence on particle dispersion
was simulated with a CFD model in order to estimate the effect of the windbreak on the pollen
concentration field c1, when filtering is neglected. Based on Eq. 3, ω can be expressed as:

ω =
c1|σp = 1

c0
, (9)

where the condition |σp = 1 determines that no deposition occurs within the windbreak and c1 is
modified by the wind field distortion only.

CFD model

CFD simulations are able to simulate turbulent flows over ground including complex topography.
The area of interest is divided by a grid, based on which the Navier-Stokes-Equations (NSE) are
discretised and solved. The CFD simulations were performed for different velocity classes and
windbreak widths using the open-source OpenFOAM (Open Field Operation and Manipulation)
software package (OpenFOAM Foundation, 2014). For the present work the solver simpleFOAM
was used for the wind field simulation. For the particle simulation the solver uncoupledKinematic-
ParcelFOAM has been adapted (Gartmann, 2012).

Governing equations

The NSE describe the physics of liquids and gases in motion and can be written for incompressible
fluids as

DUi
Dt

= −1

ρ

δp

δxi
+ fi + µ

δ2Ui
δx2j

, (10)

where Ui are the velocity components in three dimensions, fi the body force per unit mass, ρ the
density and µ the dynamic viscosity (Versteeg and Malalasekera, 2007). The continuity equation
for incompressible flows is defined as:

∂Ui
∂xi

= 5U = 0 (11)

Incompressible flows are characterized by very low Mach numbers. The term ’incompressible’ thus
describes a property of flow and not a fluid property.

Turbulence modelling

A very common turbulent model approach is obtained by applying the Reynolds Decomposition
(Eq. 12) to the NSE (Eq. 10)

Ui = 〈Ui〉+ ui, (12)

which leads to the RANS equations:

D̄〈Ui〉
D̄t

= −1

ρ

∂〈p〉
∂xi

+ fi + ν
∂2Ui
∂x2i

− ∂〈uiuj〉
∂xj

(13)
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The additional terms
∂〈uiuj〉
∂xj

denote Reynolds stresses and are crucial to turbulence modelling

using the RANS method. By applying the turbulent-viscosity hypothesis, a proportional relation
between the Reynolds stresses and the mean rate of strain can be derived. The scalar coefficient
of the ratio is the turbulent viscosity νt.

〈uiuj〉 =
2

3
kδij − νt

(
∂〈Ui〉
∂〈xj〉

+
∂〈Uj〉
∂〈xi〉

)
, (14)

where k is the turbulent kinetic energy (TKE) k = 1
2 〈uiui〉. Two-equation models are among the

more evolved methods to compute the turbulent viscosity. There is a wide range of approaches
(Pope, 2000), of which the k-ε model is the most commonly used model in engineering applications.
It solves two transport equations for k and dissipation ε. The turbulent viscosity can then be
obtained via:

νt = Cµ
k2

ε
, (15)

where Cµ = 0.09 is a model parameter. The Reynolds stresses (Eq. 14) are determined based on
νt and the NSE can be calculated.

Incorporation of vegetation effects

The effects of vegetation on the flow field can be incorporated in the CFD calculations by adding
an additional source term in the governing equations (Kobayashi et al., 1994). The vegetation
canopy effects the reduction of momentum from the flow and production of turbulent kinetic
energy (Wilson and Shaw, 1977). The reduction of momentum can be achieved by adding the
following source term to the RANS:

Su,i =
1

ρ

∂p

∂x
= Cdα|U |Ui, (16)

where Cd is the drag coefficient and α denotes the leaf-area density. Both parameters are dependent
on the vegetation canopy. Lalic and Mihailovic (2004) propose an empirical model for α in forest
canopies based on the height zm and magnitude of the maximum leaf-area density αm. Iterative
CFD calculations were performed to determine these parameters for the birch stand on the basis
of measured wind profiles and typical values of the drag coefficient Cd, which yielded αm = 0.2
and zm/h = 0.7. The numerically derived value of αm corresponds to the findings of Stadt and
Lieffers (2000) for birch trees, which suggest the range 0.042 to 0.222, depending on the flowering
phase. For the understorey, α = 0.75 is assumed. Following Sanz (2003), the turbulent kinetic
transport equation can be modelled with the source term of k:

Sk = Cdα
[
βp|Ui|3 − βdk|Ui|

]
, (17)

where βp ∈ [0, 1] is the transfer coefficient of turbulent energy production by the mean velocity
and βd the coefficient for the TKE breakdown. Furthermore, the source term for the dissipation
is:

Sε =
Cdα

2

[
Cε4 βp

ε

k
|Ui|3 − Cε5 βd|Ui|ε

]
, (18)

where Cε4 and Cε5 are model parameters. Based on the relationship between k and ε, Sanz (2003)
derived Eq. 19 from the transport equation of the k − ε model:

βd = C1/2
µ

(
2

υ

)2/3

βp +
3

σk
(19)

Cε4 = σk

[
2

σε
−
√
Cµ

6

(
2

υ

)2/3

(Cε2 − Cε1)

]
, (20)
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Table 1: Summary of the used model parameters

Cε1 Cε2 βp βd std Cε4/Cε5 real Cε4/Cε5 υ

0.43 1.9 1.0 6.508 1.352 1.6502 0.05
std denotes parameters used in the the standard k − ε model and real denotes parameters used in the
realizable model.

where υ is a dimensionless coefficient independent of the vegetation characteristics and σk and σε
denote the standard deviations of k and ε, respectively. Cε1 and Cε2 are model parameters. The
parameters used for the turbulence simulation are summarised in Table 1.

Lagrangian particle dispersion modelling

A Lagrangian approach was applied to simulate pollen dispersion. Newton’s Second Law postulates
the following relation for a falling particle in the air (Shao, 2008):

ρpV
∂Ui,p
∂t

= −ρf
πd2

8
Cdp(Uip − Ui)|Ui,p − Ui|+ V g(ρp − ρf ), (21)

where the subscript p denotes particle properties and the subscript f denotes properties of the
gaseous fluid. g = 9.81 ms−2 is the acceleration due to gravity, V denotes the volume and d the
particle diameter. Equation (21) can be rearranged to:

∂Ui,p
∂t

= −Ui,p − Ui
τ

+ F (22)

with the particle response time τ (Shao, 2008):

τ =
8ρpV

πρfCdpd2|Ui,p − Ui|
, (23)

F abbreviates the forces of gravity and lift. The particle aerodynamic drag coefficient is depen-
dent on the particle Reynolds number Rep (Shao, 2008) and modelled using the SphereModel of
OpenFOAM, which incorporates the following relations:

Rep =
|Ui,p − Ui|d

νf
� 1 : Cdp =

24

Rep
(24)

0� Rep < 1000 : Cdp =
24

Rep
(1 +

1

6
Rep

2/3) (25)

Rep > 1000 : Cdp = 0.424 (26)

The trajectories of the particles, i.e. pollen, are not only influenced by the mean velocity compo-
nents Ui, but also by the turbulence behaviour of the gaseous fluid (Fritsching, 2004). The influence
of the turbulence on the particle trajectories is modelled according to Sommerfeld (1992). The
basic idea is that turbulence influences the particle path during a defined time period τi, which
precisely corresponds to the time the particle is influenced by one eddy, before the influence of
another eddy begins. The time period τi is defined as:

τi =
Lt

|Ui,p − Ui|
, (27)
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Figure 4: Agreement of modelled (solid lines) and averages of measured 10-minute wind velocities (dots)
for 1 - 6 ms−1 (panels a - f ) at 20 m upwind (left) 100 m downwind (middle) and 350 m downwind (right)
of the windbreak in the case of normal approach with a threshold of±10◦. n denotes the sample size of
each velocity class with respect to its threshold. One simulation run was performed per velocity class.
The horizontal lines denote the standard deviations of the measured wind velocities. The wind velocity
observed 20 m upwind of the windbreak at 18 m height was used to determine the corresponding velocity
class.

where Lt is the Lagrangian integral time scale of the turbulence according to Sommerfeld (1992),
expressed as:

Lt = ci
k

ε
, (28)

where ci = 0.3 is an empirically derived parameter. The fluctuating velocities are sampled using
a Gaussian distribution with a standard deviation of an isotropic turbulence field ui =

√
2k/3

(Gjesing et al., 2009). The turbulence is included through:

Ui,new = Ui + UiR
√

2k/3, (29)

where the subscript new defines the updated velocity field and R is a random number.
Using the trajectory information of every particle, analyses of the particle concentration distribu-
tion can be made with respect to the source location based on the model runs 1-6 ms−1.

CFD set-up

In order to asses the influence of edge effects on the particle dispersion behind the windbreak,
the wind field around the shelterbelt was simulated with a focus on cross-wind variations using
three-dimensional runs of the wind flow simulations. The results indicated that the downwind
sensor array is not affected by effects induced at the lateral edges, which could have an influence
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Figure 5: Lateral view of the simulated wind field around the windbreak calculated for the case of 4 ms−1

at z = 18 m at the upwind model boundary. The contour lines denote the wind velocity in ms−1. The
bold solid square denotes the outline of the windbreak.

on concentrations. Hence, the lateral dimension of the windbreak facing the oncoming free stream
in relation to the downwind array of sensors is large enough to be assumed as infinite. The model
is thus constricted to two dimensions along the center-line of the model domain with a length of
1000 m in the longitudinal and 100 m in the vertical direction. The windbreak with the height
h =19 m was located in a distance of 250 m from the inlet boundary in order to ensure undisturbed
flow conditions upwind of the canopy. The mesh consisted of 50 elements in the vertical direction
with a spacing of 2 m. The ratio from near-ground to top mesh cell was 1:50 in order to obtain
a higher mesh resolution near the ground. The inflow velocity boundary condition was based
on the profile according to Richards and Hoxey (1993). The aerodynamic roughness length (z0)
was converted to the roughness height according Blocken et al. (2007) for the ground roughness
property. The vegetation density in the windbreak was incorporated by an additional field with
the leaf-area density obtained from an empirical function for birch trees (Lalic and Mihailovic,
2004).
Since the actual shape of the profile c0(z) is mostly unknown except for the observations at 2 m
and 18 m, a uniform far upwind source profile c0u is assumed in order to simulate undisturbed
conditions. Taking into account non-stationary wind conditions, ω is a function of wind velocity.
The model is thus run for six velocity classes, i.e. 1, 2, 3, 4, 5 and 6 ms−1, which correspond to the
range of measured upwind velocity during favourable conditions. The wind field runs were forced
by a logarithmic wind profile Ui(z) at the upwind model boundary, where the velocity at 18 m
height was used as the reference for the velocity class. The initial wind profile is defined as:

Ui(z) =
u∗
k′
ln

(
z

z0

)
, (30)

where k’ is the von Kármán constant and the roughness length z0 = 0.01 m is assumed for the
bare soil in the fetch area. The specific friction velocity u∗ for a particular velocity class was
calculated based on the corresponding upwind reference value at T1, e.g. Ui(18 m) = 1 ms−1 for
the 1 ms−1 velocity class. The incorporated width of the windbreak used for the six velocity classes
corresponds to the actual width ws = 30 m. In order to assess the influence of windbreak width on
particle dispersion, two additional runs for U= 4 ms−1 are performed with a windbreak width of
ws =15 m and ws =60 m, respectively (see Section Parameterisation CFD-based pollen transport).
Figure 4 shows that the modelled wind profiles agree well with the observations at the three to-
wers. The mean deviations of all heights and all velocity classes lie well between -0.5 ms−1 and 0.5
ms−1. The calculations for the velocity were steady-state, which were used as initial fields for the
transient particle dispersion. The convergence criteria for the iteratively solved velocity fields were
set to normalised residuals lower than 10−5 ms−1. Based on the small spherical particle diameter
(d = 23µm), the particle calculations were coupled one-way: the flow field could influence the
trajectories, but the particles did not influence the flow properties.
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Figure 6: Lateral view of the simulated particle distribution in the 4 ms−1 wind class for a single ’snapshot’
in the equilibrium state (every 30th particle shown). The particle colour alternates with respective release
height. The bold square denotes the outline of the windbreak.

The particles are introduced from a vertical source array consisting of 16 point sources in the
undisturbed region at x=-230 m (or x/h=-12.1, respectively, see Fig. 5). The lowest source point
was located at a height of 0.5 m, the higher source points were set at 2 to 30 m with a separation
distance of 2 m.
As mentioned above, a uniform upwind concentration profile c0u is used to describe the inlet condi-
tions. It is defined as c0u=67 pollen m−2. In order to obtain this vertically uniform concentration
field at the inlet under neutral wind conditions characterised by the logarithmic wind profile, the
strength of the point sources Q(z) in the undisturbed upwind region was defined via:

Q(z) =
c0u U(z)

b
, (31)

where b denotes the height of the bin around the source points, i.e. 2 m, except for b =1 m in the
case of the lowest source point. The total number of particles emitted in a single run as function
of the velocity class can be approximated with np = 1 · 106 pollen/ms−1 · U .
In order to achieve well-mixed conditions of the particle distribution right from the start, the release
height from each source was statistically distributed within the bin length (Fig. 6). The field of
particle concentration is calculated by using the box-counting method with a grid consisting of cells
of 10 m length and 2 m height. In order to achieve stationary conditions of the particle transport,
the model runtime with continuous particle emission was 1500 s in the case of the velocity classes
1 to 3 ms−1 and 1000 s in the case of the velocity classes 4 to 6 ms−1 with a temporal resolution
of 1 s. During stationary periods, i.e. when the particle transport from the upwind to downwind
boundary was steady, the number of particles in each box at each timestep was counted. The
average from the samples during the timesteps within the equilibrium period was used to obtain
the concentration field. The model analysis was restricted to the area between the particle inlet
and up to 500 m downwind of the windbreak and from the ground to a height of 30 m, which was
large enough to capture the pollen dispersion patterns in the experimental array. Figure 5 shows
how the logarithmic velocity profile of the oncoming flow is disturbed as it moves through the
windbreak. Deceleration of wind starts upwind of the canopy and already reaches its maximum at
the downwind face of the windbreak. At a distance of x/h = 32, the influence of the disturbance
is still visible, yet the profile has almost returned to the logarithmic shape. The influence of the
windbreak on the flow is still substantial for heights z/h > 2, i.e. >38 m. The source profile was
limited to the height, from where the amount of released particles arriving at the downwind sensors
near the ground is less than one percent, i.e. z = 30 m. The contribution of individual source
points on the downwind area decreases with increasing height above the canopy, because turbulent
motions become less important above the windbreak and the settling of particles depends mostly
on gravity. Figure 7 shows that for low wind velocities, i.e. when the longitudinal displacement of
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c

Figure 7: Modelled fraction of the inlet particle concentration for the velocity class 1 ms−1 if only one
single source height (30 m) is analysed. The square denotes the outline of the windbreak. Plus signs
indicate the positions of the Burkard measurements.

settling particles is smallest, less than one percent of the particles released from the highest source
point arrive at the farthest observation point near the ground and less than five percent arrive at
the corresponding observation point at 18 m.

Results

Pollen transmissivity of the canopy

The pollen transmissivity of the windbreak is calculated for all velocity classes with respect to the
optical porosity (Eq. 5). For each class, a logarithmic initial wind profile is assumed, according
to Eq. 30. The vertical profiles of porosity and transmissivity are inversely related to the vertical
profile of foliage density. Therefore, σp based on the measured optical porosity is compared to
the leaf-area density used in the numerical simulation. Figure 8 shows that the height z/h of the
lowest pollen transmissivity within the crown area (z/h > 0.25), which is based on the optical
porosity, coincides well with the height of the maximum leaf-area density zm/h = 0.7, which was
derived from the CFD calculations. In the case of birch trees, Lalic and Mihailovic (2004) found
zm/h = 0.8. The transmissivity is also compared to the windbreak porosity P , which is defined
as the volume of air in relation to the total volume of the stand. Gross (1993) provides a function
α = f(P ), which can be solved numerically for P , if α is known. The rather high transmissivity
calculated with Eq. 5 seems reasonable in perspective of the high porosity. Note that in Fig. 8
the understorey is only considered for σp, since α is derived from a generic function, as mentioned
above. The optical porosity of the grass understorey ranges from zero to 0.03 and is thus considered
impermeable for particles.
The uncertainty of the transmissivity is sensitive mainly to the assumed value of the obstacle length
scale δ. An increase from the used 0.02 to 0.04 m generates an increase of σp(z) from 0.89 to 0.95
in the case of a wind velocity of 6 ms−1. Using δ = 0.002, e.g. for a coniferous canopy with the
same optical porosity, σp(z) would decrease to approximately 0.5 in the case of a wind velocity of
6 ms−1. Thus, it can be stated that the deposition within a birch stand with an optical porosity
similar to the present windbreak is generally low and less important compared to coniferous stands.
Figure 8 also shows the effect of wind velocity on particle transmissivity. It is larger for low wind
velocities and lower for high wind velocities. This relation is explained by Eq. 6 and 7, where the
impaction efficiency E increases with wind velocity: The higher the particle velocity, the stronger
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Figure 8: Pollen transmissivity σp through the windbreak for different velocity classes (solid lines) cal-
culated via Eq. 5. The numbers denote the velocity class in ms−1. Within the understorey (z/h < 0.04),
the pollen transmissivity is approximately zero. The dashed line denotes the windbreak porosity (P ). The
solid lines with squares denote the leaf-area density (α).

the tendency of the airborne particles to maintain their initial direction and deviate from the
diverging fluid trajectories upwind of the obstacle, which results in impaction. In the case of the
used filtering model, impaction equals deposition. In general, it can be stated that the total pollen
transmissivity of the thin windbreak is very high for the velocity classes used in the present work.
The strongest filtering effect of the windbreak is associated to the denser crown area. However, for
very low velocities (U ≤ 1 ms−1) the filtering effect is almost negligible. For higher velocities, i.e.
6 ms−1, almost 25% of the particles are filtered at zm. Within the trunk space, deposition is very
low (i.e. a transimissivity of >95%), regardless of the wind velocity.

Results of the numerical simulations

The effect of the windbreak on the up- and downwind concentration field is strongly dependent
on the velocity of the oncoming flow, resulting in an increase or decrease of pollen concentration
up- and downwind of the shelterbelt. Figure 9 shows the simulated field of ω and βc, i.e. without
and with filtering, based on the uniform inlet concentration profile for the velocity classes 1 ms−1

and 5 ms−1. In the case of low wind velocities (panel a) the downwind concentrations are largely
increased due to accumulation, which is induced by deceleration of the flow in the windbreak.
Compared to the upwind concentration at the same height, the downwind concentrations near
the ground reach values of up to 134%. Right behind the windbreak accumulation builds up a
high-concentration layer, which imbeds the observation points at 2 m above the ground. The tur-
bulence is relatively weak in this velocity class, so that a large portion of the pollen can settle to
the ground and is not mixed into higher regions. As the stream velocity increases, accumulation
is weaker due to stronger turbulent mixing in the downwind area (panel c). Hence, in the case
of the velocity class of 5 ms−1 and near the ground, the downwind concentrations are lower than
upwind, i.e. 75%. The reduction of the accumulation layer with increasing wind velocity is shown
in Appendix A.
The effect of the leaf-area density profile α(z) on the stream velocity and thus pollen concentration
is clearly visible for all velocity classes (Fig. 9 and A.1). At around the height z/h = 0.7, a layer of
higher downwind concentrations is generated due to higher foliage density, which decelerates the
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Figure 9: Modelled field of pollen concentration around the windbreak normalised by a vertically uniform
inlet concentration (βc = c1/c0u) for the velocity class 1 ms−1 (top row) and 5 ms−1 (bottom row). The
panels on the left show the relative concentration field ω based purely on wind field effects. The panels
on the right show the relative concentration field βc resulting from the combined effects of wind field
disturbance and particle trapping. The square denotes the outline of the windbreak. Plus signs indicate
the positions of the Burkard measurements.

wind flow at this level. The observations at 18 m, however, are not as strongly affected by accumu-
lation as the measurements near the ground, since higher velocities from above the windbreak are
entrained, which mitigates the deceleration at this level. The banking of the wind flow upwind of
the shelterbelt results in an updraft of the oncoming particle stream near the ground, as it flows
around the canopy. This results in regions of lower concentrations near the ground. On the other
hand, upwind regions of higher concentration are generated, where the trajectories of the lifted
pollen converge. In the case of higher velocities, this effect is more pronounced (panel c).
Figures 9b and 9d show how the filtering effect of the windbreak increases with increasing wind
velocity due to the higher impaction efficiency. While the downwind concentration is not sig-
nificantly reduced by deposition within the canopy in the case of wind velocities around 1 ms−1

(panel b), the effect is more pronounced in the case of higher velocities (panel d). Pollen travelling
through the windbreak at around z/h = 0.7, i.e. at the maximum thickness of the foliage, are
more affected by filtering than pollen crossing in the trunk space. The increase of the filtering
effect with increasing wind velocity is shown in more detail in Fig. A.1.
Note that the ’reference’ upwind observations of the oncoming pollen field are also substantially
influenced by the windbreak. The lower and upper sensor are both located in regions of divergence,
i.e. in regions with lower pollen concentration than in the undisturbed conditions further upwind.

Validation of modelled actual pollen concentrations

The actual pollen concentration field c1 is sensitive to the shape of the undisturbed background
concentration profile, which is not necessarily uniform under natural conditions. The pollen dis-
persion resulting from the CFD simulations is, therefore, analysed with respect to non-uniform
background concentration profiles, as observed at the upwind tower T1. From here on, the non-
uniform background concentration c0 as function of height is thus used instead of c0u. Since the
trajectories of all particles are known from the Lagrangian dispersion approach, the contribution
of each individual source to any point in the domain can be determined. This allows to derive the
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Figure 10: Variability of the ratio between measured cm and simulated cs pollen concentration behind the
windbreak in the case of wind directed normally to the windbreak with a threshold of ±10◦. The sample
consists of 18 cases. a) data of measurements at 2 m height and b) data of measurements at 18 m height.
The background concentration was calculated with respect to the range of sensor uncertainty (±38%)
according to Michel et al. (2012): upper limit of the uncertainty range (white), lower limit (dark grey), no
alteration (light grey). Squares denote the mean value, horizontal lines denote the median, vertical lines
denote the spread between the 0.05 and 0.95 percentile, respectively. The shaded area denotes the spread
of the 0.25 and 0.75 percentile, respectively. The solid line denotes the lower range of data within the
sensor uncertainty.

virtual emission φ of undisturbed background concentration c0. The fraction φ at each position
in the domain can be estimated by summing all the particles coming from a particular height and
dividing by the number of particles released at the corresponding height. Introducing height ranges
or bins (zq) then yield:

c1(x, z) =

nz∑

i=1

φ(x, z, zqi) c0(zqi) σp(zqi), (32)

where nz denotes the number of bins in the background concentration profile, i.e. nz =16 for the
present CFD-source profile from 1 to 30 m with bins of 1 and 2 m, respectively.
The CFD simulations of βc have shown that the upwind tower T1 is located within a disturbed
region upwind of the shelterbelt (see Fig. 9). The observations of pollen concentration at T1, which
will be named cT1, thus do not represent the true undisturbed upwind concentration c0. There-
fore, the actual undisturbed far upwind concentration profile c0(z) is estimated by extrapolating
the measured upwind concentration observations via c0 = 1/βc with βc at x =-50 m and z =2 m
and z = 18m, respectively. In response to the stationary wind direction in the two-dimensional
CFD model, pollen measurements at the upwind tower T1 are only accepted for analysis during
situations, when the wind is directed normally to the windbreak with a threshold of ±10◦ and
wind velocities larger than 0.5 ms−1.
The measurements of the oncoming pollen field revealed that the upwind profile is non-uniform in
most cases. The ratio of the upper to lower concentrations (cu/cl) ranges from 0.7 to 4.7 with an
average ratio of 3.1, which indicates that the concentration at 18 m is mostly higher than near the
ground.
On the downwind side, the validation of the model with measured data must rely on the observation
of total concentration, without the knowledge of the additional emission part. A good agreement of
simulation and observation can theoretically only be expected in the case of zero emission from the
birch stand. The plausibility of the simulation is thus assessed with the assumption that the ratio
of measured concentration cm to simulated concentration cs should be cm/cs ≥ 1. Consequently,
cm/cs = 1 ideally describes situations with zero emission from the birch stand.
The model performance is assessed with respect to the uncertainty of the measurements. The
relative precision error of Burkard pollen traps in the case of birch pollen is substantial (±38%)
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Figure 11: a) Pollen concentration measured (solid lines) and modelled (dashed lines) at the towers T1−3

in relation to the concentration cT1 measured at the upwind tower for the cases of a vertical profile ratio of
upper to lower measurement cu/cl =0.9 (black) on 6 April 12 UTC+1 and cu/cl =3.3 (blue) on 6 April 14
UTC+1. b) Modelled field βc of pollen concentration normalised by the inlet concentration for the velocity
class 2.0 ms−1 in the case of release below 10 m only. The square denotes the outline of the windbreak.
Plus signs indicate the positions of the Burkard measurements.

according to the findings of the sensor inter-comparison field experiment by (Michel et al., 2012).
The precision error is taken into account in the model validation by applying the precision error
to cs, i.e. 0.62cs and 1.38cs, which thereon represent the validity range of the observations. Con-
sequently, also lower validity threshold for situations with zero emission reduces to cm/cs = 0.62
instead of cm/cs = 1. Figure 10 shows that in most cases the measured concentrations are larger
than the simulated background concentration, even in the case of the largest positive uncertainty.
The performance of the model is also assessed with respect to different patterns of vertical pollen
concentration profiles, as they move through the windbreak. The example in Fig. 11a shows
that if the measured pollen concentration at the upper sensor is higher than near the ground, i.e.
cu/cl > 1, the concentration at 18 m height and 100 m behind the windbreak is lower than upwind.
If the ratio of upper to lower observation is cu/cl < 1, the downwind concentration is higher than
upwind. This specific correlation of vertical ratio to longitudinal ratio at the upper sensors is an
effect which is typical for the entire data series. In both cases, the measured pattern of longitudinal
increase/decrease as function of the vertical ratio is reproduced.
Figure 11b shows how the effect of the upwind profile to the downwind concentration is related to
the turbulent mixing of pollen behind the canopy. In the case of cu/cl < 1, few pollen from the
upper upwind level contribute to the downwind area and a larger amount from the lower upwind
region contributes to the upper level. The total of horizontally and vertically transported pollen
then results in an increase at 18 m above the ground and 100 m behind the windbreak, compared
to the same height upwind. In the case of cu/cl > 1 (not shown), the downwind concentration
100 m behind the windbreak is decreased at the upper sensor position, because it is mixed with
the less disturbed stream above the canopy, as mentioned above. When the pollen concentration
is low near the ground, only few pollen are lifted up to this region.

Sensitivity to non-stationary conditions

Micrometeorological observations in a natural environment are often characterised by a large va-
riability due to non-stationary conditions. Near-stationary conditions of a variable during a mea-
surement interval can be achieved by using a high temporal resolution. The field observations in
the present study indicate substantial variability of wind conditions and pollen concentrations in
the case of a one- and two-hourly resolution. The sensitivity of the agreement between modelled
and measured data is assessed with respect to variable wind direction and pollen concentration.
Figure 12a shows an example of the modelled concentration and measured concentration in the
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Figure 12: The left column (panels a and d) shows the longitudinal variability of pollen concentrations
and the frequency distribution of wind direction at T1−3 in a height of 2 and 18 m, respectively, for April 6
2010 12-14 UTC+1. The middle column (panels b and e) shows the same for April 14 2010 8-10 UTC+1.
In panels a and b solid lines denote Burkard observations and the dashed lines denote modelled pollen
concentrations. Dots denote data at 2 m height, squares denote data at 18 m height. The right column
(panels c and f ) shows longitudinal Burkard and AOC observations at 2 m height along the center-line of
the downwind area and the corresponding measured and modelled wind velocity profiles at the upwind
tower T1. In panel c the solid lines denote two-hourly Burkard data and the dashed lines denote one-hourly
AOC data. For AOC data, empty triangles correspond to the first (1) and filled triangles correspond to
the second half (2) of the two-hour measurement interval. Plus signs denote the two-hour averages of AOC
data. In panel f the solid lines denote the modelled wind profiles and diamonds denote the average of
measured wind velocities. Horizontal lines denote the standard deviation of the measured wind velocity
for the corresponding one-hour interval. The blue dashed line denotes the two-hour average wind profile.

case of persistent wind direction normal to the windbreak (see panel d). The amount of observed
concentration exceeding the modelled concentration can thus be associated to emission from the
birch stand. In the case of the large variability of the wind direction shown in panel e, which
on average fulfills the requirement of a normal approach, the simulation largely overestimates the
concentration at 18 m (panel b). Note that the situation at 2 m is not shown here. When the flow
approaches the downwind area from a lateral or opposite direction (|∆θd| ≥ 90◦), the windbreak
has no effect on the natural pollen distribution in the instrumental array, resulting in lower con-
centrations, which explains the discrepancy between modelled and measured data.
The effect of non-stationary wind velocity and pollen concentration is demonstrated in Fig. 12c
based on the hourly AOC observations. The average of the nearest AOCs east and west of the
center-line are used, when the spatial variability of pollen concentrations is assumed to be low
within the lateral distance of < 33 m and these AOC observations are comparable to the Burkard
data. The AOC data indicate that the variability of the measured pollen concentration can be
substantial within a two-hour interval. This variability is averaged out in the two-hourly Burkard
data. The difference of the two consecutive intervals of one hour increases with distance from the
windbreak. Figure 12f clearly shows the influence of wind velocity on the longitudinal decrease
rate of concentration due to settling, as mentioned above.
Temporal variations of the upwind pollen concentration within the two-hour interval might also
have a substantial influence on the observed downwind concentration. However, observations of the
oncoming pollen stream is limited to the two-hour Burkard measurements. Therefore, temporal
variations of the upwind pollen concentration could not be monitored.
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Figure 13: Top row: Probability density of the particle release height as function of wind velocity and
longitudinal distance from the windbreak at 2 m above ground. Bottom row: Virtual emission φ as function
of wind velocity and longitudinal distance from the windbreak at 2 m above ground. Note that for both
parameters the pollen transmissivity σp =1 is assumed. The lines denote model data, diamonds denote
the discrete parameterised profile for the 1 ms−1 wind class, plus signs denote the discrete parameterised
profile for the 6 ms−1 wind class. The distance from the windbreak increases from left to right.

Parameterisation of CFD-based pollen transport

In the context of both operational or experimental observations of atmospheric pollen concentra-
tions, it is important to eliminate the problem of disturbance due to obstacles in the surrounding
area, or to quantify its influence. In terms of a brief evaluation of the conditions in a given en-
vironment, the use of a numerical simulation may be unpractical. In order to provide a simple
estimate of the dispersion of particles similar to birch pollen, the results of the CFD simulations
are parameterised. Since the model respects very specific conditions, i.e. pollen size and windbreak
characteristics, the parameterisation is valid only for particles with a diameter of around 23µm
and for natural windbreaks with a porosity corresponding to the canopy described in the present
study, as well as for distances from the windbreak of up to x/h = 26.3, which corresponds to the
length of the model domain. The parameterisation is also limited to 2 m above the ground, since
this is a standard height for pollen observations.
The parameterisation of ω is based on the vertical footprint of the downwind concentration c1. It
denotes the probability density of the height zp in the undisturbed background profile of pollen,
which contribute to a certain location behind the windbreak. The vertical footprint of any point
in the model domain was determined by fitting the corresponding histogram of the CFD-based
discrete zp/h for all positions and velocity classes. The probability densities as function of z/h can
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be described by a continuous Weibull (Weibull, 1951) probability density function (pdf), which is
only based on wind velocity, longitudinal distance from the windbreak, a shape factor (kw) and a
scale factor (λ). Integrating the pdf of zp/h over a certain vertical range thus yields the probability
φP of particles originating from the chosen vertical section in the background concentration profile
and contributing to c1 behind the windbreak. The parameterisation of φP with the Weibull pdf
normalised with h can be expressed as:

φP (zq) =

∫ z2

z1

[
kw
λ

(
zq/h

λ

)kw−1
e
−
(
zq/h

λ

)kw
]
dzq, (33)

where z1 is defined as zq−b/2 and z2 is defined as zq+b/2 and thus denote the lower and upper limit
of the bin around the respective height zq. Curve-fitting of φP for all velocity classes and distances
from the windbreak with the Weibull function indicated that the density function is sensitive to
variations of the scale factor only and variations of the shape factor can thus be neglected. The best
fit of the Weibull function to the frequency of zp(z/h) with a constant shape factor was obtained
using kw = 1.65. The dependence of the scale factor λ on U and x was determined by using the
constant kw and fitting the Weibull pdf to the frequency of zp(z/h). The best results were obtained
with an exponential function:

λ = e

[
(0.17 xh )/(

x
h )

0.54
]
λ0, (34)

where λ0 is a scaling factor as function of velocity:

λ0(U) = 0.36− 0.05U 1 ms−1 ≤ U ≤ 2 ms−1

= 0.27− 0.009U U > 2 ms−1
(35)

Note that φP (zq) indicates the probability distribution of virtual pollen emission as function of
height and not the actual virtual emission. φ, however, is directly proportional to φP , and can be
calculated via:

φ(zq) = φP (zq) rf , (36)

where rf = rfi + rfs accounts for the proportionality between φ and φP . The best results for rfi
and rfs were found using linear fitting. The term rfi is used to scale φP with respect to wind
velocity:

rfi(U) = 1.52− 0.37U 1 ms−1 ≤ U ≤ 2 ms−1

= 0.89− 0.05U U > 2 ms−1
(37)

rfs accounts for the distance from the windbreak and can be approximated with a third order
polynomial of x/h:

rfs(x/h) = 0.04
x

h
− 0.003

(x
h

)2
+ 6.4 · 10−5

(x
h

)3
(38)

Once the profile φ(zq) is determined, the absolute particle concentration c1 can be calculated via
Eq. 32.

With increasing distance from the source, more particles from higher regions contribute to the
concentration near the ground, which results in a larger vertical spread of the density function
(see Fig. 13a-c). The linear form of Eq. 37 allows to apply wind velocities, which are larger
than the classes addressed with the CFD model. In contrast to the effect of distance, increasing
wind velocity reduces the vertical spread, because particles from higher regions travel further in the
same time interval. Hence, particles are less effectively transported to lower regions by gravitational
settling and turbulent mixing. The fitted Weibull function agrees very well with the results of the
simulation. The use of the scaling factor rf on the Weibull function integrated over the bin size
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Figure 14: Distribution of the deviation of parameterised virtual emission φp from CFD-based φ vertical
profiles as function of zq/h with respect to all velocity classes and distances from the windbreak. Diamonds
denote the mean value, horizontal lines denote the spread between the 0.25 and 0.75 percentile, respectively.
The shaded area denotes the spread of the 0.05 and 0.95 percentile, respectively.

(Fig. 13d-f ) results in higher values of φ(zq/h) for lower wind velocities, since the contribution
of each height to any location x/h near the ground increases, because the effect of gravitational
settling becomes more important. In the case of high wind velocities, e.g. 15 ms−1, settling is
less important and φ becomes small. Fig. 13f shows that for U =15 ms−1 only few particles are
observed at x/h =26.3 in relation to the upwind profile, because settling to the ground is reduced
by the high velocity. Note, however, that φ(zq/h) is a relative estimate of the vertical footprint of a
concentration profile. Thus, if the background concentration is very large, the actual concentration
at this point could still be substantial.
In order to assess the performance of the parameterisation of φ, its equations are solved using the
height z, longitudinal distance x, wind velocity U and bin size b according to the CFD set-up,
which yields φp. It is compared to φ derived from the model results taking into account all wind
velocity classes and values of x against the vertical profiles. Figure 14 shows that the average
absolute deviation of the parameterised profiles φp(zq/h) from φ(zq/h) is smaller than 0.01. This
corresponds to an average under- or overestimation of one percent of the portion of the particles,
which originate from a certain height and contribute to c1. The deviation decreases with increasing
height, since the wind flow is less disturbed around the top of the canopy, in contrast to regions near
the ground. In order to estimate the validity range of the parameterisation in terms of the fixed
windbreak width, the sensitivity of the simulated pollen distribution to the width of the windbreak
is assessed (Fig. 15). Note that the leaf-area density remains the same for all cases. Differences
of the pollen dispersion thus result solely from enhanced or reduced turbulence in the canopy due
to the canopy thickness. Effects of the windbreak width on the dispersion are investigated with
half (15 m) and double (60 m) the original width (30 m), respectively. The ratios of the resulting
normalised concentration fields based on a uniform background profile are shown with respect to the
longitudinal distance. The data are scattered between a ratio of 0.8 and 1.2, which indicates that
the influence of the windbreak is not uniform for different heights and distances from the windbreak.
In general, a smaller windbreak width results in mostly higher concentrations (and hence larger
ω) and a wider windbreak results in lower concentrations (and smaller ω) behind the canopy in
comparison to the situation with the original windbreak. The median of the vertical range of ratios
in regard of the longitudinal locations indicates that the pollen concentration directly behind a
thinner windbreak is lower in comparison to the situation with the original windbreak and that
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Figure 15: Normalised modelled concentration without respect to filtering in the case of a windbreak
width of ws/h = 0.8 (blue dots) and ws/h = 3.2 (plus sign), respectively, in relation to the standard width
of ws/h = 1.6, with respect to height (2 to 10 m above the ground) and distance from the windbreak. The
used velocity class is 4 ms−1. The blue line denotes the median of the entire vertical profile (0 to 30 m)
in the case of ws/h = 0.8, the black line denotes the median of the entire vertical profile in the case of
ws/h = 3.2.

the concentration slightly increases with distance and eventually exceeds the pollen concentration
in the case of the smaller windbreak width. This effect is related to higher wind velocities, which
mitigate the accumulation right behind the canopy and move the pollen further away, where they
eventually settle to the ground. In the case of a larger canopy width, accumulation is favoured near
the downwind edge due to stronger deceleration. Consequently, the concentration is slightly lower
in the distance, because a certain amount is already deposited in the accumulation area behind
the windbreak. In general, however, it can be stated that the influence of the windbreak width on
pollen dispersion is not substantial within the range of the tested canopy thickness and is therefore
neglected in this parameterisation.

Conclusions

Observations up- and downwind of a pollen-emitting birch canopy aimed at inferring its emission
strength as function of meteorological conditions and with a high temporal resolution. A CFD
model was used to quantify the bias of the readings due to background concentration, which is
influenced by the shelter effect of the canopy. For the validation of particle models in a disturbed
wind field, monitoring the initial conditions of the wind field and particle distribution is crucial
in order to get the source strength right. This is of particular importance, when simulations are
assessed in a natural environment. In order to minimise the uncertainty induced by natural va-
riability of particle concentration, corresponding experiments are thus usually performed by using
controllable artificial sources and particles. The present study illustrates the difficulty of calibrating
and validating particle dispersion simulations, when both particle emission and wind conditions are
largely variable. The observations of birch pollen concentrations and wind flow have indicated that
non-stationary source strength and meteorological conditions in a two-hourly interval, especially
wind direction, strongly impede the prediction of pollen dispersion. Even in the case of rather
steady conditions, as found in a mountain-valley system, short gusts of pollen from different wind
directions can result in substantially different readings of pollen samplers compared to the model.
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However, the CFD simulations were able to reproduce certain observed patterns, which are related
to the shape of the vertical background concentration profile and changes of wind direction. Note
that the validation of the simulations would benefit from a higher temporal resolution of pollen
measurements, which would allow a more detailed assessment of model accuracy based on shorter
events. However, available and operational pollen sensors can only provide a higher resolution at
the expense of accuracy. The findings allow to attest the model a certain degree of plausibility.
The simulations thus give insight into phenomena, which can be of interest for experimental and
operational monitoring sites in areas characterised by wind flow distortion due to large roughness
elements: The concentration field around a porous windbreak is altered by the combined effects of
pollen filtering within and deceleration of the wind flow in the downwind area. Both effects are de-
pendent on the upwind velocity of the freestream and are counteracting. Low freestream velocities
result in lower pollen deposition on vegetation elements, while accumulation behind the canopy is
favoured. With increasing wind velocity, filtering gets stronger, whereas pollen tend to be carried
further away, resulting in a more homogeneous and lower concentration in the downwind area. In
the case of the thin and rather porous birch canopy, the influence of the filtering effect on pollen
dispersion is always substantially smaller the the wind field effect. Deceleration and divergence of
the flow crossing the canopy result also in a distortion of the upwind pollen concentration field, up
to a distance of more than the canopy height. The CFD simulations with respect to the settling
velocity of the heavy birch pollen have shown that the wind field effect is still detectable several
hundreds of meters downwind.
The analyses of the numerical simulations highlighted the benefit of using a trajectory-based La-
grangian approach, where the position of each particle, i.e. also its origin, can be monitored. In
contrast to a grid-based Eulerian model, this allows a more detailed investigation of the pollen
transport and a focus on the connections between wind field and particle dispersion. This was
of special importance in the present study, where the initial conditions to force the model were
largely unknown. The information on particle trajectories also allowed to establish a parameteri-
sation of the pollen dispersion, which agrees very well with the model data for the case of pollen
concentrations near the ground. Although the applicability of the parameterisation is limited to
thin shelterbelts of broadleaf trees, it may be useful to understand and estimate the combined
effects of filtering and windbreak without the use of a model.
The approach of estimating the natural particle emission of an isolated source with a high temporal
resolution on the base of downwind observations is very straightforward and can be successful if
an capable dispersion model is used. The measurements in this study have shown, however, that
any influence of background concentration should be avoided, since it is hardly possible to take
the variability of upwind conditions into account.
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Appendix A Effect of wind velocity on pollen dispersion

Figure A.1 shows how the effect of accumulation near the ground is reduced with increasing wind
velocity. The effect of the thickness at the height of maximum leaf-area density is clearly visible
in all velocity classes, resulting in higher pollen concentrations at that height due to stronger
deceleration. The increasing filtering strength of the windbreak with increasing wind velocity is
indicated in the case of the 6 ms−1 velocity class (panel f, where the largest discrepancies between
ω and βc are observed. The scattered regions shown in panel f result from the problem of grid
resolution in relation to the wind velocity. In the case of high wind velocities, certain particles skip
a box from one timestep to another due to their velocity, which yields lower concentrations in the
simulation at this particular point. This effect is explained in e.g. De Haan (1999).
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Figure A.1: Modelled field of pollen concentration around the windbreak normalised by a vertically
uniform inlet concentration (βc = c1/c0u) for the velocity class 1 ms−1 through 6 ms−1 (a-f). The plots
on the left show the relative concentration field based purely on wind field effects. The plots on the right
show the relative concentration field resulting from the combined effects of wind field disturbance and
particle trapping. The square denotes the outline of the windbreak. Plus signs indicate the positions of
the Burkard measurements.
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5.3 Set-up of the source characteristics in the CFD model

The results in Section 5.2 show that the observations upwind of the windbreak are already in-
fluenced by the banking effect of the canopy on the oncoming wind flow. Several approaches of
implementing particle release into the model domain have been tested with focus on achieving
well-mixed conditions well before the location of the upwind sensors, in order to be able to quan-
tify the disturbance in relation to the uniform case. Figure 5.1 indicates that introducing the
particles at the exact longitudinal position of the sensors results in mixed conditions only behind
the shelterbelt due to production of mechanical turbulence. If the particles are introduced further
upwind, e.g. 100 m in front of the windbreak, the induced turbulence is visible, yet the sources are
still too close to the canopy to react to the turbulent conditions. If the particles are released 200 m
upwind uf the windbreak, the boundary layer building up to the canopy is indicated by a region
of higher turbulence near the ground. However, the pollen trajectories are mostly identical for
several timesteps after their release, until turbulence is large enough to initiate random dispersion.
The cases of identical particle trajectories are associated to undisturbed conditions, where the
vertical profile of background concentration is transported more or less in its original shape. This
corresponds to the uniform normalised distribution upwind of the canopy, shown in Fig. P2-9 and
P2-A.1 in the paper P2 (Section 5.2). Only near the ground well-mixed conditions are induced
due to friction. The distance that a particle travels without new turbulent input, is dependent on
the time period τi, which denotes the time a particle is influenced by one eddy. The downward
trend of the trajectories in the undisturbed regions behind the release points relates to the settling
velocity of the pollen.
The concentration of simulated particles is highly sensitive to the applied cell grid, when the parti-
cle counting method is applied. In the case of a vertical point source profile, derived concentrations
are sensitive mostly to the height of the cells. If the cells are too small, i.e. smaller than the verti-
cal spacing of the point sources, concentration distribution becomes scattered, if turbulence is low
and the cell lies between two particle streams. If the grid cells are too large, i.e. larger than the
vertical spacing of the sources, spatial variability is oversmoothed (De Haan, 1999). Therefore, the
particle dispersion presented in Section 5.2 (Fig. P2-6) is based on the same point sources as in
Fig. 5.1c, yet with a randomly distributed source height per bin. The wind velocity acting on a
released particle, however, is equal to the velocity at the ’real’ source height. Since the maximum
height difference is 1 m only, this effect is neglected in order to achieve well-mixed conditions at
the particle inlet.

5.4 Estimating background concentration based on spatial uni-
formity

The original plan in the present study was to infer the pollen emission directly from observations
downwind of the windbreak with respect to the background concentration obtained at the tower
T1. The background concentration had been assumed to be more or less uniform in the longitudinal
direction and to vary only with height above ground. In Section 5.2 it is demonstrated, however,
that the pollen dispersion in the up- and downwind area is substantially modified by the windbreak.
The modelled concentration is normalised with the undisturbed initial background concentration
c0, which yields βc. The results have shown that the observations of the upwind sensors at T1,
which aimed at determining the level of background concentration, are in fact biased due to the
barrier effect of the shelterbelt. Using these distorted upwind observations as a reference for
initial concentrations for the numerical simulations would thus result in inaccurate downwind
concentrations. Therefore, the uncertainty of predicted downwind concentrations in the case of
assumed longitudinal uniformity of background concentration is assessed.
βc represents a normalised pollen distribution, which relates concentrations to the background
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a)

b)

c)

Figure 5.1: Different approaches of implementing particle release at the point sources. a) Stationary
release conditions 20 m upwind of the windbreak at 15 point sources from 2 to 30 m with a vertical
separation of 2 m. b) Stationary release conditions 100 m (x = −130m) upwind of the windbreak at 15
point sources from 2 to 30 m with a vertical separation of 2 m. c) Stationary release conditions 200 m
(x = −230m) upwind of the windbreak at 16 point sources from 1 to 30 m with a vertical separation of
1 m between the lowest two source heights and a vertical separation of 2 m between the heights above. The
solid black lines denote the windbreak and the dots denote particles (every 30th particle shown). All cases
represent the 4 s−1 velocity class.

concentration c0. By comparing the value of βc at T1 to any point in the domain the relative error
induced by the assumption of longitudinal uniformity of background concentration (see Fig. 5.2)
is obtained with:

βe(x, zs) =
βc(xT1, zs)− βc(x, zs)

βc(xT1, zs
, (5.1)

where xT1 =-50 m, i.e. at the longitudinal position of the upwind measurements of tower T1.
With respect to the sensor positions, the largest underestimation (-22.3%) would result in the
case of the velocity class 1 ms−1 at 200 m downwind of the birch stand (Fig. 5.2a). The largest
overestimation (13.1%) would also result in the case of the velocity class 1 ms−1 at the upper
sensor 350 m downwind of the birch stand. In general, the background concentration is mostly
underestimated in all wind velocity classes. Only at the furthest sensor location, both near the
ground and at a height of 18 m, the background concentration is mostly overestimated. The best
agreement is also found at the furthest position in the velocity class 2 ms−1.
The error of the uniform concentration approach basically results from an underestimation of
the accumulation in the near downwind area and an underestimation of the deposition at the
furthest locations. The substantial errors induced by assuming a longitudinally uniform background
concentration based on the upwind measurements thus underline the importance of simulating the
transport of background pollen through the disturbed wind field.
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Figure 5.2: Relative error of the modelled background concentration between longitudinally uniform and
disturbed background concentration in the case of a vertically uniform background concentration field.
The relative error is calculated via Eq. 5.1. Negative values indicate an underestimation, positive values
indicate an overestimation of background concentration. Panels a-f : Velocity classes 1 through 6 ms−1.
Plus signs indicate the positions of the Burkard measurements.
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6 On the estimation of pollen emission using a
Lagrangian dispersion model

6.1 Introduction

With the information of the CFD model on the distribution of background concentration in the
downwind area (Section 5.2), its part of the observed concentration can be eliminated with respect
to wind velocity, height above ground and distance from the source, according to the pollen source
profile Qp = f(U, x, z). The residual pollen load should thus represent a concentration, which is
related solely to pollen released from the isolated source. In order to infer the absolute emission
flux of the isolated source, a three-dimensional stochastic Lagrangian particle model is used to
reproduce observations of the background-corrected measurements. In the case of congruency
between measured and simulated distribution of pollen in the downwind area, the applied source
strength in the model can be used as an estimate for the natural emission flux.
This approach is tested for a single case using AOC measurements of an IOP for the information
on the longitudinal and lateral pollen distribution pattern in the downwind area.

6.2 The LPDM model

For the estimation of pollen emission from βc-corrected observations of pollen concentration, a
three-dimensional Lagrangian stochastic particle dispersion model (LPDM) is used, which is based
on the two-dimensional model by Rotach et al. (1996). The extension of the latter model to three
dimensions is described in De Haan and Rotach (1998). The LPDM uses a pdf of particle velocities,
which is suitable for neutral (Gaussian pdf for u, v and w) to convective conditions (skewed pdf
for w, Gaussian for u and v). The model is, therefore, capable of simulating the atmospheric
conditions at the experiment site during daytime, i.e. unstable conditions (see Section 3.3). In the
three-dimensional LPDM, concentrations are estimated with density kernels (De Haan, 1999). In
this methodology, the mass represented by particles is spread out spatially as function of a density
distribution. Note that in the LPDM the settling velocity is not incorporated.
The LPDM originally uses a single point source, which can be shifted among the domain in
three dimensions to define the release location. In this thesis, the model was adapted in order
to represent the dimension of the birch stand. Any number of sources with individual locations
can be defined. However, all particles released within one timestep at the different locations, behave
identically. Hence, turbulence characteristics are spatially uniform in one timestep. This method
allows to simulate the simultaneous emission from different source locations, which corresponds to
the natural case. Since the LPDM uses a fixed coordinate system, the wind direction observed in
the field is accounted for by shifting each sensor and source location in relation to the normal wind
approach in the model.
The required input for the model, i.e. turbulence characteristics, including the Obukhov length L
as a measure of atmospheric stability, and a wind velocity profile, is obtained from the observations
at T1.

6.3 Assessment of the approach

In order to simulate the pollen emission from the birch stand, an array of 40 sources in the
cross-wind direction (200 m) with a horizontal separation of 5 m and 15 sources in the vertical
dimension with a vertical separation of 1 m was set-up, yielding a total of 615 individual sources.
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Figure 6.1: Interpolated βc-corrected longitudinal and lateral downwind pollen concentration observed
with AOC sensors at 2 m height in a single two hour interval on 14 April 2010 12-14 UTC+1. The dots
denote the location of the used AOC samplers. E denotes east and W denotes west.

The lowest source points were located at a height of 5 m, which corresponds approximately to
the lower limit of the crown area. The relative source strength was estimated according to the
manual evaluation of the potential source strength (see Fig. 2.2). Figure 6.1 shows the interpolated
longitudinal and cross-wind distribution of birch pollen concentration measured on 14 April 2010
12-14 UTC+1. Based on the corresponding meteorological observations, which in this case indicate
weakly unstable conditions (ζ = −0.2) and a mean wind direction of 352.5◦, the model was initiated
with 500 particles per source, yielding a total number of particles per timestep of np=307500. The
internal timestep was 0.1 s and every 0.2 s the output was written.

W

E

Figure 6.2: Interpolated modelled longitudinal and lateral downwind pollen concentration at 2 m height
for the situation on 14 April 2010 14 UTC+1. The dots denote the location of the Air-O-Cell samplers. E
denotes east and W denotes west.

Based on the longitudinal transect of the βc-corrected AOC observations at the cross-wind po-
sition of 70 m in Fig. 6.1, the vertical source strength of the LPDM was scaled empirically. In
order to achieve the rapidly decreasing concentration with increasing distance from the source, the
strongest sources were positioned at 18 m, which is approximately 1 m below the crown top of the
birch trees. The resulting modelled concentration field, which is interpolated based on the sensor
locations only (Fig. 6.2), resembles the measured pattern only at the longitudinal transect, where
the source strength was scaled. In the modelled case, the signal of the cross-wind potential source
strength (Fig. 2.2) is clearly visible. In accordance with the measured concentration pattern, the
influence of the wind direction (approximately +10◦ from normal approach) is indicated by a slight
shift of the dispersion towards southwest.
Based on the total number of particles released from one source, the relative weight of one ’pollen’
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can be estimated. For this particular case, the average emission strength of the birch stand de-
termined at the downwind face of the canopy (at x = 0) is 0.07 pollen m−2s−1. The method
of inferring the emission from observed concentration with a Lagrangian particle model works in
theory. However, the large discrepancies between the measured and modelled concentration distri-
bution can be related to uncertainties of the observation, over- or underestimation of the potential
source strength, or to non-stationary wind conditions.
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7 Summary and conclusions

In this thesis an extensive field study used a large instrumental array in order to continuously
observe the dispersion of birch pollen from an isolated source with respect to micrometeorological
factors. The instrumentation included meteorological and aerosol sensors with a high temporal
and spatial resolution, comprising horizontal alignment in the longitudinal and cross-wind direc-
tion as well as vertical alignment. The observation of pollen concentration up- and downwind of
the pollen source with respect to simultaneous longitudinal and vertical variation is a key feature of
the experimental set-up. The situation of the experiment site in a valley dominated by persistent
wind conditions allowed to investigate dispersion patterns with respect to upwind and downwind
conditions. The observational array aimed at inferring the source strength of an isolated source in
the micro-scale in order to enhance the accuracy of the emission parameter in operational prog-
nostic transport models.

Performance and uncertainty of aerosol samplers: The high spatial resolution of the
experimental set-up demanded for the use of different aerosol samplers, including self-fabricated
sensors. In order to obtain a consistent standard accuracy between different sampler types, the
agreement of the sensors was assessed based on in-situ measurements and in reference to the stan-
dard instrument (wind-aligned Burkard trap). Apart from certain errors related to the manual
analysis method, the results indicate a substantial underestimation of the pollen abundance (-
104% relative bias) as function of wind velocity in the case of upward-facing sensors (Air-O-Cell
sampler). The error relates to the effect of inertia on the response time of heavy birch pollen to
abrupt changes of direction, which is most pronounced in the case of vertical aspiration, i.e. normal
to the mean wind.
The large uncertainty of Air-O-Cell samplers was investigated in three separate field intercompar-
ison studies including different pollen species, which aimed at determining the relative error to the
Burkard reference. With respect to wind velocity, the influence of sampler orientation was assessed
by using vertically as well as horizontally aligned instruments. The effect of particle inertia was
confirmed with good agreements of horizontally oriented Air-O-Cell samplers with the Burkard
reference. The correction of the erroneous samplers with a physically-based function developed for
light particles in the Stokesian regime proved to be unfit for the heavy birch pollen. Therefore,
an in-situ correction algorithm based on the longitudinal wind component was established, which
mitigated the relative bias to 3%. However, the intercomparison also revealed a substantial preci-
sion error of the reference instrument (38% relative root mean square error). The findings of the
sampler intercomparison lead to the recommendation that only wind-oriented samplers should be
used, when heavy particles are to be monitored.
In general, the uncertainty and precision error of bioaerosol samplers is often underestimated in
experimental field studies focussing on atmospheric concentrations, because inaccuracies related to
inertial motion are also induced due to convergence and divergence of the freestream upwind of a
sampler body. For the case of the widely used Burkard samplers, an empirically derived correction
function from the literature was used to correct the data.
However, it must be stated, that the significance of the results presented in this thesis is reduced
to a certain degree by the substantial uncertainty of all used aerosol samplers.

Quantification of the background concentration bias: The persistent wind direction
during the experimental campaign allowed to divide the experiment site into a upwind and down-
wind area, in terms of their location in front of or behind the isolated source. The upwind pollen
observations were used to determine the background concentration in the experiment area, since the
downwind readings are substantially biased by birch pollen, which originate from regions upwind
of the isolated source. In the case of an undisturbed flow, a pollen-loaded Surface Layer is charac-
terised by a horizontally uniform pollen concentration in the longitudinal direction. However, it is
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shown that the birch canopy acts as a windbreak, where turbulence is induced mechanically due
to friction on the vegetation elements. The approach of assuming a uniform background concen-
tration is thus compromised by the wind flow disturbance.
The contribution of background concentration to the downwind area as function of wind velocity is
estimated with a numerical simulation of Lagrangian-based pollen trajectories with respect to the
wind field disturbance, which is described by a computational fluid dynamics (CFD) model based
on the Reynolds-averaged Navier-Stokes method. The results indicate a substantial longitudinal
variation of background concentration due to the pollen settling velocity alone. In general, loca-
tions further away from the windbreak are less influenced by background concentration. Closer to
the source, the background signal behind the windbreak can even exceed the upwind case in low
wind velocities, since pollen tend to accumulate due to flow deceleration within the canopy. The
distribution of pollen behind the windbreak is also influenced by deposition within the canopy on
vegetation obstacles such as stems, branches and leaves. This filtering effect is a function of the
windbreak porosity, which is proportional to the leaf-area density of the canopy. In addition to
the wind field disturbance, the filtering effect is estimated separately with a model based on the
optical porosity. Both effects combined yield an estimate of the total windbreak effect on pollen
transport across the shelterbelt. In the case of the birch stand, however, the effect of deposition
within the canopy is substantially smaller than the effect of wind field disturbance.
Since the background simulation is used to correct a long time series rather than individual cases,
the numerical simulations are generalised by determining the ratio of down- to upwind concen-
trations. Applying the simulated ratio to measured upwind concentrations allows to predict the
actual background concentration. The simulated concentration upwind of the birch stand indicates
a substantial influence 20 m in front of the canopy due to the development of a boundary layer
around the roughness element. These findings illustrate that undisturbed conditions are only found
further away from the birch stand.
Regardless of the plausibility of the numerical simulation, a conclusive evaluation of the model
results can only be achieved by reproducing the simulated pattern by artificially released particles
or by monitoring different pollen species. In this thesis, however, a significant model validation
was not feasible. Furthermore, non-stationary conditions of pollen emission and wind direction
in the natural environment result in large discrepancies between observations and the numerical
simulation.

Estimating the emission with a Lagrangian particle model: Based on a single case of
Air-O-Cell observations, which are corrected for their vertical orientation as well as cleared of the
portion of background concentration, the approach of inferring the corresponding emission from
the isolated source is tested. The basic idea is to reproduce an observed pollen distribution by
adapting the strength and distribution of simulated sources with respect to the natural dimensions
of the birch stand. Based on the used input parameters, the corresponding emission characteristics
yielding the observed pattern and absolute concentration can be determined. The results indicate
that the method is feasible in theory. However, the reference dataset is subject to a series of un-
certainties and corrections, which makes it difficult to estimate its reliability and thus to evaluate
the accuracy of the simulated case.

In conclusion, it is stated that the main goal, i.e. obtaining a robust estimation of pollen emission
from the birch stand with respect to micrometeorological factors, could not be fulfilled conclu-
sively. The problems encountered in this thesis relate, on the one hand, to shortcomings of the
experimental design: Firstly, the use of untested pollen samplers in combination with their verti-
cal orientation initiated a series of studies, which were only marginally related to the main goal,
yet essential for its pursuit. Secondly, the complexity of the distribution of background pollen
concentration in the downwind area was substantially underestimated. However, since the thesis
aimed at determining natural birch pollen emission, this problem could only have been avoided, if
the experiment had been located in an environment with zero background concentration. On the
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other hand, certain problems arose from non-stationary conditions of pollen emission and wind
conditions in the case of highly resolved measurements in the temporal dimension.
However, the evaluation of uncertainties in pollen observations with a high temporal resolution
provided further knowledge at the interface of health-related and biometeorological studies. Also,
the use of the CFD model in combination with respect to the pollen settling velocity, i.e. their
inertial motion, and deposition within the birch canopy, is a great benefit for ongoing studies in
related fields of research.

Outlook: The knowledge gained from the extensive field study can be used to adapt and improve
future similar field experiments with respect to the provided information on the used material, sen-
sor uncertainties and pitfalls in terms of applied methods. The use of a three-dimensional CFD
model to simulate emission and dispersion of pollen as well as the distribution of background
concentration could be very promising in order to take into account all factors related to the
atmospheric conditions and pollen abundance presented in this thesis.
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Appendix A Pollen concentration in high elevations

A.1 Methods

During discrete intervals (Table A.2), pollen concentrations in high elevations were observed using
a tethered balloon ascending to a maximum height of 300 m above the ground downwind of the
birch stand. The limited payload of the balloon required a light and stand-alone pollen sampler
type. Three Rotorod Model 20 samplers (Sampling Technologies Inc.) (Mandrioli et al., 1998) were
attached to the balloon cord (Fig. A.1). The pollen sampler consists of a electric motor which
rotates two vertical four-sided rods. The lateral surface facing towards the rotation direction is
coated with silicone. Airborne pollen are trapped as the rods move through the air. From the
rectangular area moving ahead and the cyclic distance covered in a certain amount of time, a
volume can be determined which corresponds to the sampling volume. The pollen concentration
can be calculated via c = np/3.12, where np is the number of trapped pollen. The rotation rate is
2400 rpm. It was necessary to modify the original design of the Rotorods to achieve a lower weight
and fix them to the tether. The temporal resolution of the measurements is one hour. During the
ascent and descent, respectively, the Rotorods were not operated in order to avoid the signal to
be biased by different layers. If the instrument is not operated, the rods are spring-retracted and
thus not exposed to pollen. The counting procedure was performed according to the AOC analysis
method.

a)

b)

Figure A.1: Rotorod sampler [mounted in the field during the intercomparison experiment 2009 (Section
4.4)]. a) The position of sampling rods during operation. The arrows denote the movement of the sampling
rods between idle (horizontal) and operation mode (vertical). b) Electric motor producing 2400 rotations
per minute.

78



A.2 Observations

Figure A.2 shows that the abundance of birch pollen in higher elevations was substantial. However,
the concentrations rapidly decrease with height. At 25 m above the ground the measurements range
from 300 to 900 pollen m−3. Above a height of 100 m and up to 260 m the concentrations already
decreased to a range from 50 to 350 pollen m−3. Hence, the findings of Comtois et al. (2000) and
Brunet et al. (2004), which indicate a uniform profile of pollen concentration up to 1500 m or even
higher concentrations than near the ground, could not be confirmed.

Figure A.2: Birch pollen concentrations measured with Rotord samplers mounted on the tethering of
a balloon during intensive operation periods (IOP). In the case of a vertical orientation of the tether
the measuring heights were 25 m, 100 m and 290 m above the ground. Real heights are determined via
observations of air pressure at a meteorological sensor mounted below the balloon in a height of 300 m in
the case of a vertical tether.

Table A.2: Timing of tethered balloon ascents.

IOP number I I II III IV IV V

time (UTC+1) 13:00 17:00 13:00 13:00 11:00 14:00 11:00
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Appendix B Diurnal course of pollen concentrations

The course of pollen concentrations measured near the ground up-and downwind of the windbreak
presents a slight diurnal pattern only for average values, which indicates stronger pollen emission
during the day. However, a more pronounced increase of concentration is indicated during the
night, which could be related to lifting of deposited pollen due to mechanical turbulence or settling
of long-range transported pollen.

Figure B.1: Diurnal course of normalised pollen concentration observed at 2 m above the ground during
the experimental period, using corrected Burkard data (correction described in Section 4.2). The data are
normalised with the maximum of the respective 24-hour period. Grey symbols denote two-hourly data of
individual Burkard samplers (symbols according to Fig 3.6). The lines denote the average diurnal course
for the sensor at 20 m upwind (light grey), 30 m downwind (blue), 100 m downwind (dark grey), 200 m
downwind (light blue) and 350 m downwind (green).
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Appendix D Stepwise pollen dispersal across a wind-
break

The attached CD contains:

• NormalPollenConcu1.mp4 : Movie of the distribution of normalised pollen concentration
into an empty domain for the velocity class 1 ms−1).

• NormalPollenConcu2.mp4 : Movie of the distribution of normalised pollen concentration
into an empty domain for the velocity class 2 ms−1).

• NormalPollenConcu3.mp4 : Movie of the distribution of normalised pollen concentration
into an empty domain for the velocity class 3 ms−1).

• NormalPollenConcu4.mp4 : Movie of the distribution of normalised pollen concentration
into an empty domain for the velocity class 4 ms−1).

• NormalPollenConcu5.mp4 : Movie of the distribution of normalised pollen concentration
into an empty domain for the velocity class 5 ms−1).

• NormalPollenConcu6.mp4 : Movie of the distribution of normalised pollen concentration
into an empty domain for the velocity class 6 ms−1).

The movies show the normalised pollen concentration c1/c0 from t =0 s to t =1500 s in the case
of the velocity classes 1 to 3 ms−1 and from t =0 s to t =1000 s in the case of the velocity classes
1 to 3 ms−1. The upper plot shows the dispersion based on the wind field disturbance only. In
the lower plot deposition within the windbreak is enabled. One timestep equals 0.5 s. The replay
speed is scaled 33:1. The start and duration of the equilibrium conditions (Section 5.2) for each
velocity class is shown in Table D.1.

Table D.1: Start and duration of stationary source conditions in CFD simulations.

velocity class [ms]−1] 1 2 3 4 5 6

start time [s] 1300 700 700 600 500 500
duration [s] 200 800 800 400 500 500
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