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Abstract We present the extension and application of
the mesoscale atmospheric meteorology model
METRAS for dispersion of oak pollen. We incorpo-
rated functions for pollen emission, pollen viability and
pollen deposition into METRAS and simulated pollen
dispersal on a scale of up to 200 km. The basis of the
simulations is a real landscape structure that includes
topography, land use, and the location and size of oak
stands. We simulated the oak pollen dispersion of one
single oak stand with an estimated annual pollen
production of 1 billion pollen grains/m? forest surface
on two exemplary days of the flowering season in 2000.
Depending on the meteorological situation of the simu-
lated days, a pollen cloud with about 10 pollen/m* may
extend up to 30 km from the source. Downstream of
the oak stand, approximately 1,000 pollen/m? deposited
up to a distance of 25 km, and lower amounts of pollen
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deposited up to 100 km away. These values of pollen
concentration and deposition lay within the range of
published field studies. Overall, it is shown that meso-
scale atmospheric models are applicable to simulate
pollen dispersal on the landscape level.
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1. Introduction

Pollen dispersal is a crucial process in the life cycle of
wind-pollinated trees. It provides reproduction and
gene flow, and contributes significantly to the genetic
diversity within and among populations [28]. A proper
understanding of pollen dispersal is important for the
management and conservation of tree species in in-
creasingly fragmented landscapes [36], for the risk
assessment of transgenic tree species [9], and for a
deeper understanding of adaptive and evolutionary
processes in spatial structured populations [3, 11].
Furthermore, the pollen of several tree species act as
major allergen in the human population, with increas-
ing prevalence in many parts of the world [1]. This also
makes forecasting of pollen dispersal an urgent de-
mand of the health care system.

Pollen dispersal can be estimated by in situ meas-
urements using pollen traps or genetic markers. The
first method produces estimates of the ‘potential
pollen flow’ [26], if traps are used around a known
pollen source. Such studies give an impression of the
strong and wide-ranging pollen dispersal of wind-
pollinated trees [25, 38]. For example, 9.5 oak pollen
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grains/mm” were collected after 3 days of a sampling
surface on the Isle of Helgoland, which is situated in
the North Sea about 70 km offshore and on which no
oak trees were growing [38]. However, pollen traps
allow only measurements on a few selected locations,
and the results are affected by the location of the trap
and do not give an overall estimate on pollen dispersion
of one tree or forest. In addition, meteorological factors
influence the transport and settling, and thus data from
one experiment do not necessarily reflect the pollen
dispersion found in another year.

In contrast, quantification of gene flow based on
genetic markers permits the estimation of ‘effective
pollen flow.” The use of genetic fingerprint and pater-
nity analysis with nuclear DN A microsatellites [13] has
considerably improved our knowledge on pollen dis-
persal. In wind-pollinated tree species, various studies
have shown a high impact of pollen from outside a
small study area [10, 55]. Analysis of the pollen dis-
persal of Quercus macrocarpa in a fragmented land-
scape showed a mean pollen dispersal of about 75 m
within the stand, and a high percentage (~62%) of
pollen immigrants from outside the investigated forest
[10]. This illustrates the problem arising from direct
paternity approaches: the paternity can only be
assigned if all potential fathers have been sampled
and analyzed. Thus, reliable estimates of pollen
dispersal with paternity analysis are only possible on
a local scale of a few hundred meters, and the origin of
about 60% of pollen cannot be inferred [10, 55]. The
“Two Generation’ approach was developed to over-
come this problem [54]. Based on genetic data of
progenies from single seed mother trees, this approach
calculates the mean pollen dispersal indirectly, without
knowing every potential father tree.

Modeling of pollen dispersion (i) can overcome the
limitations of the experimental approaches, (ii) can
help to generalize the observed pattern, and (iii) can
be applied for the prediction of pollen concentration
and deposition in terms of forest management, risk
assessment of transgenic trees, and as a health care
service. Recent efforts to predict the potential gene
flow of transgenic crops has led to the development
and validation of several mechanistical and quasi-
mechanistical models for pollen flow [14, 15, 24, 27].
These models deal with pollen dispersal on scales of up
to 1 km, but do not consider transport to larger
distances and detailed impact of meteorology on
pollen emission or dispersion. On the other hand,
several models have been developed to forecast the
pollen concentration of allergy-inducing species, some
of which include pollen emission and dispersion
processes on regional scales [16, 18, 19, 22, 23, 33, 53].
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In this article, we extend the non-hydrostatic meso-
scale model METRAS [39] for oak pollen emission
and transport, and use it to study the release,
transport and settling of oak pollen during 2 days of
the flowering period in the year 2000. Our objectives
were to (i) develop a parameterization for the pollen
emission of oak, (ii) use empirically determined
values of pollen production, and (iii) compare the
simulation results with previous studies concerning
pollen emission, pollen concentration, and pollen
deposition to allow an evaluation of the modeling
approach for gene flow studies on the landscape level.
The study area is situated in Northern Germany and
encloses a fragmented landscape with several oak
stands (figure 1).

2. Model description

The atmospheric mesoscale model METRAS is used
to simulate the meteorological conditions, and the
release, transport, and deposition of oak pollen.
METRAS has been successfully applied to study
atmospheric phenomena in different regions [8, 29, 30,
42, 52] and with consideration of pollution transport
[43, 44, 49, 58, 60].

METRAS is based on the fundamental conservation
principles of fluid dynamics, namely, those of mass,
momentum and energy. Wind, temperature, humidity,
and cloud and rainwater are calculated from prognos-
tic equations, and pressure and density from diagnostic
ones. Reynolds averaging and a first-order turbulence
closure are applied [29]. The concentration of pollen is
calculated on an Eulerian grid by solving the conser-
vation of mass equation in flux form:

oC — ——
_{ = —V(CV) _V(C/V/) + Qemi + Qsed - Qviab~ (1)
ot — ——— N Y
—— . (d) (e) (f)
o (®) ©

The temporal change (a) of the average concen-
tration of viable pollen grains results from the
advection (b), turbulent diffusion (c), pollen emission
(d), pollen sedimentation and settling (e) and from
the pollen viability (f). To describe the advection and
diffusion processes, the average wind ¥ and its
turbulent fluctuations v’ need to be known. Average
winds are calculated from the momentum equations,
thereby fulfilling the anelastic approximation. Turbu-
lent diffusion processes are parameterized with a first-
order closure scheme with inclusion of the counter
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Figure 1 Location and characteristics of the investigated land-
scape. (a) Location of the simulated region with a schematic
representation of the applied horizontal non-uniform grid. The
grid size within the marked core region is 500 x 500m and

gradient term for convective conditions [29]. Sub-grid-
scale land uses are considered by application of the
blending-height concept that uses a flux averaging ap-
proach [59]. The pollen emission (d) and the viability

xS ' Sk

Il Flowering oak forest
[ ] Mixed Landuse Deciduous forest
[:’ Grassland/Acre [ ] Coniferous forest
[ Ishrubs O Location of the ISP
I Housing Behlendorf

increases up to 5,000 x 5,000m outside of the core area. (b)
Topography data of the core region (DGM200). (c) Land-use data
of the core region (Basis DLM) with the integrated digital oak
map and the location of the intensive study plot (ISP) Behlendorf

(f) depend on the meteorological factors as described
below, whereas the sedimentation and deposition (e) of
the pollen is set as a constant settling velocity with
respect to pollen size.
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Table 1 Nomenclature.

APQ  Absolute pollen quantities

C; Average pollen concentration

d Number of days since flowering started

At Model time step

k Fraction of viable pollen grains on the total number
of pollen grains

N Duration of flowering period [days]

PR Pollen production ratio of a given day D

Py Actual pollen production

Prp  Estimated potential pollen production of a given day D
within the flowering period

Py Total pollen production within the flowering period

Py Potential pollen production per second

Qemi Pollen emission

Osed Pollen sedimentation and deposition

Qviap  Pollen reduction due to decrease of viability

rs Pollen sensitivity to sunlight [s™']

RH Relative humidity

RPQ  Relative pollen quantities

RSW  Short wave radiation [W m™ s™']

T Temperature [°C]

vl Measured wind speed

2% Average wind velocity and its turbulent fluctuations
VPD  Water vapor pressure deficit

Vs Pollen survival rate

2.1. Pollen emission

The pollen emission Q,,, is a function of the total
pollen production P; during a flowering period of n
days, with the actual pollen production P, dependent
on the actual meteorological conditions. The relations
used are derived from experimental data.

The pollen release of oak in northern Germany
occurs during 4-6 weeks, beginning in the second half
of April and continuing up to the end of May [61]. The
exact start of the flowering period, the length of the

Figure 2 Oak pollen counts in Liibeck

period, and the intensity of flowering vary from year to
year. Our simulations, however, do not include the
calculation of a whole flowering period. We restrict our
simulations to two typical days of the flowering period
of year 2000 and use the oak pollen counts in Liibeck to
calculate the daily pollen emission. Liibeck is located
approximately 20 km north of the oak stand we want to
study. Pollen data are recorded at Liibeck on a routine
basis by the German Pollen Foundation, using Hirst
volumetric traps [20] and standard analysis [61].

The day-to-day variation in oak flowering intensity
within the flowering period is described following an
idea of Norris-Hill [31], who used a cubic function for
grass pollen emission. We found a fourth-order poly-
nomial curve to fit best to the oak pollen counts at
Liibeck for year 2000 (figure 2):

—~16.633 + 66.267d — 6.5771d?

_ (
= max 0017 — 0002544 0) P

Pep

Equation (2) describes the potential pollen concen-
tration (Prp) as the number of mature oak anthers and
dependent on the number of flowering days (d), with
d=1 for the first flowering day. Under the assumption
that the pollen concentration data from Liibeck are
representative of the regional average pollen produc-
tion, equation (2) can be used to calculate the pollen
production ratio ( pg) of a single day dependent on the
pollen production of the complete flowering period
consisting of N days:

Pep
PR = TWllh Pr —ZPED (3)

The pollen release varies during a day dependent on
the actual meteorological conditions. This relation was
deduced by regression analysis from pollen counts
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within an alder crown (Alnus glutinosa) and two-hourly
measurements of meteorological conditions quantified
on two consecutive days [38]. This kind of data set is —
to our knowledge — very rare, and Rempe’s data set
taken in 1937 [38] is the most complete one ever
published. It combines measurements of meteorologi-
cal variables (Ivl, wind speed; RH, relative humidity; 7,
temperature) and pollen concentration of a wind
pollinated tree in a high temporal resolution. Regres-
sion analysis of pollen concentrations on the given
meteorological parameters identified that only the
dependence of the number of emitted pollen grains
from water vapor pressure deficit (VPD) was approx-
imately the same for both days. Thus, the most rele-
vant meteorological parameter is VPD that was
calculated from the measured values (Appendix A).
Dependence of pollen emission on other meteorolog-
ical parameters than VPD were neglected, and the
following function was used in METRAS:
AtP7,(33VPD — 42) for VPD > 1.273,

Pa= { 0 else. )

The relative number of emitted pollen grains per
square meter oak forest (P,) in each model time step
At is calculated dependent on the total pollen produc-
tion of 1 m? oak forest, expressed as potential number
of pollen grains per second (Pz,), and on VPD. The
total pollen production of 1m? oak forest stand was
estimated by field observations as described below.

2.2. Pollen production

The total annual pollen production Py of a forest, a
single oak tree or 1 m* of oak crown has not been pub-
lished in the literature up to now. To obtain a rough
estimate of the total pollen production, we counted the
number of male catkins that were shed after the pollen
release in 2003. On April 30, we randomly distributed
20 woody frames on the forest floor of a mixed stand
of deciduous trees in which pedunculate oak repre-
sented 78% of the main population. Each frame had a
size of 1 m? and was strung with a rough fly screen.
The frames were emptied on May 8§, 15, 22 and June 4.
The frames were finally emptied and removed on June
18 after all trees had visually shed their catkins and
after two strong windstorms on June 8 and 11. The
mean number of catkins on 1 m? was 1,760. The mean
number of oak pollen grains per catkin was estimated
to be 555,768 for Q. petraea [35]. The mean number of
catkins on 1 m? oak forest and the mean number of
oak pollen grains per catkin resulted in a total annual
pollen production (P7) of 0.978 billion (about 1 x 10°)

pollen grains produced by 1 m?* oak forest stand. This
value was used as P in the simulations.

2.3. Pollen viability

To investigate the biological relevance of pollen dis-
persal, it is essential to study not only the physical
transport, but also the biological effectiveness of the
pollen grain as it changes in dependence of the flight
conditions and the duration of the transport. There-
fore, a contemporaneous study was conducted in which
the percentage of viable pollen grains and the decrease
of the pollen viability with increasing duration of solar
radiation were assessed [48]. This study determined (i)
the fraction of viable pollen grains k on the total num-
ber of pollen, and (ii) the exponential decrease of via-
bility with continuing irradiation. The second term is
introduced with the equation:

( —rsAtRSW )
Voo 250(Wm=2) s)

)

where the pollen survival rate Vg is expressed as an
exponential function of pollen sensitivity to sunlight
(rs in s™), the model time step (Af), and the incoming
short wave radiation (Rsw in Wm™). The fraction of
viable pollen grains k was determined as 0.59, and the
pollen sensitivity to sunlight rg was 4.567 x 10°s™ as
average value of three oak trees within two consecu-
tive years [48]. Vs is computed every model time step
using the actual short wave radiation at every grid point.
The pollen concentration received after integrating
equation (1) is multiplied by Vs in order to consider
the viability. A general consideration of the loss of
viability in Eulerian models is given in Appendix B.

2.4. Pollen sedimentation and deposition

Settling of the pollen depends on pollen size. For small
pollen, the influence of plant surfaces needs to be
considered, which is also relevant for gas exchange and
evaporation from plants. Oak pollen, however, are
relatively large (ca. 27 pm). Thus, their settling is
mainly a function of sedimentation velocity. The
deposition process is thus neglected. This simplifica-
tion is based on the assumption that particles bigger
than 10 um are deposited independent of the rough-
ness of the surface [50].

Sedimentation velocity of the pollen was assumed
to be constant during a 1-day simulation. A list of
previous and recent articles on sedimentation veloci-
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ties of several pollen species is given by Jackson and
Lyford [21]. For oak species, miscellaneous authors
estimated the pollen sedimentation velocity in a range
of 1.83-3.96 cm/s ([21] p. 71). If we calculate the
sedimentation velocity via Stokes’ law for spherical
particles [5] by using the different available measures
of the size and density of oak pollen grains [21, 32], the
sedimentation velocity is between 1.89 and 2.98 cm/s.
We choose 2.9 cm/s as standard sedimentation velocity
in all simulations.

All simulations with METRAS are being performed
with relative pollen quantities (RPQ). The absolute
pollen quantities (APQ) are calculated from the model
results of a single day by multiplying the simulated
RPQs with the fraction of viable pollen grains k£ and
with the pollen production ratio [ pr in equation (3)] of
the corresponding day:

APQ = RPQkp. (6)

3. Model area

The study region is located in North Germany between
Hamburg and Liibeck (figure 1a). This landscape is
characterized by relatively flat terrain containing
only slight differences in elevation of about 100 m
(figure 1b). Fragmented forests, cultivated fields, and
pastures well separated by hedges adorn the rural
landscape (figure 1c). Main owners of the forests are
the city of Liibeck and the Herzogtum Lauenburg
County, with a small area privately owned. Land-use
and orography data are taken from the ATKIS digital
landscape model ‘Basis-DLM’ and the digital terrain
model ‘DGM200.” These models were provided by the
Federal Agency for Cartography and Geodesy (Frank-
furt-am-Main, Germany 2002). Within this landscape
the Institute for Forest Genetics and Forest Tree
Breeding maintains the intensive study plot (ISP)
‘Behlendorf’ [6, 7, 47], from which the annual pollen
production was estimated (Section 2.2.). The fate of
oak pollen emitted from this stand was investigated in
simulations. The ISP belongs to the communal forests
of the city of Liibeck. The age of the 228 oak trees is
estimated to be 183 years, the average height is 33 m,
and the average diameter at breast height is 71 cm [6].
The whole stand has a size of about 4.65 ha. Digital
maps of the oak stand and data from Basis-DLM and
DGM200 were combined to create a topography data
set with a rough landscape for the simulations. This data
set was embedded in the computational domain with
a size of 210 x 205 x 10 km. The vertical resolution is
20 m at the ground, and increases above with a factor
of 1.2 to a maximal grid size of 1,000 m. The model top
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lies at a height of about 10,000 m. The horizontal
resolution is non-uniform with a grid size of 500 m
within the core area of the investigated landscape
(32 x 28 km), and an increasing grid size (factor 1.2)
to 5,000 m (see schematic representation in figure 1a).
Topography data outside the core area contain land-use
and height data in a resolution of 5 km without
specific information about oaks. Together, the com-
putational domain consisted of 115 x 106 horizontal
and 32 vertical grid cells.

3.1. Meteorological situation

Simulations were performed for a meteorological si-
tuation based on the weather of April 30 and May 2
in year 2000. On these days, the lowest (April 30) and
the highest (May 2) pollen concentrations were
recorded at the pollen station Liibeck in the flowering
period of year 2000 (figure 2). Simulations were
initialized with average atmospheric soundings from
Bergen, Schleswig and Greifswald (DWD Offenbach,
Germany) taken at midnight of May 2 and April 30,
respectively. For both 1-day simulations, the large-
scale meteorological situation was kept constant, while
the typical diurnal changes in the meteorological
variables caused by the diurnal cycle were included in
the model simulations. Simulations were performed
with the ISP as the only pollen source in the model
area (figure 1).

On April 30, ground fog was observed in the morn-
ing; thereafter, a cloudy sky with a maximum temper-
ature of 19° C, a relative humidity of 70%, and a wind
of 2 m/s from southwest were observed. In May 2, a
maximum temperature of about 22° C, a sunshine
duration of 7 h, a relative humidity of 60%, and a wind
with approximately 4 m/s from north to northeast were
recorded in the region of Hamburg-Liibeck.

4. Model results

The obtained simulation results were analyzed for the
number of emitted pollen, horizontal pollen concen-
trations within in the lowest vertical grid cells, vertical
pollen concentrations in the atmosphere, and pollen-
settling pattern.

4.1. Pollen emission

Pollen emission in the stand ‘Behlendorf* is displayed
in figure 3 as the number of emitted pollen of 1 m? oak
forest/s for the simulated days. On April 30, emission
started at 7:13 AM. with low values of a few 10 pollen/s
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and increased up to 5,700 pollen/s at 6:00 p.M. After 2 h
with a continuous high emission, the emission de-
creased to 3,500 pollen/s at midnight. The total emission
of 1 m? oak forest stand is 2 x 10® pollen on April 30.
On May 2, emission started at 6:45 AM. and constantly
increased up to 5,030 pollen/s at 2:45 pM. After
3:00 p.M. the emission decreased throughout the after-
noon and evening, and reached zero emission around
11:40 AM. The simulated emissions of 1 m?* oak forest
stand for May 2 amounted to 1.7-10° pollen in total.

Pollen emission includes all pollen, viable and dead
pollen grains, as neither the initial pollen viability k&
nor pollen sensitivity to sunlight rg affects the pollen
emission. In contrast, the following descriptions of
pollen concentration and pollen deposition belong
only to the distribution of viable pollen.

4.2. Pollen concentration

The diurnal dynamics of pollen concentration in the
lowest vertical layer (20 m) as horizontal and verti-
cal cross-sections are given in figures 4 and 5 for the
2 days simulated. The horizontal cross-section displays
60 x 60 km of the simulated area, focused on the ISP
as a single pollen source. The vertical cross-section cuts
the ISP in south-north direction (40 km) and displays
the concentration profiles up to a height of 1,500 m.
On April 30 (figure 4), moderate winds from south
contributed to a relatively small pollen cloud of 20 km
length around 6:30 p.M. Not surprisingly, the highest
concentrations were found between 6:00 P.M. and
8:00 pM. close to the source with more than 1,000
pollen/m>. In the afternoon, the convection regime
transports the pollen cloud with concentrations be-
tween 10 and 20 pollen/m® up to a height of 1,300 m.
Vertical cross-sections for 6:30 P.M. and 8:30 p.M. show
the horizontal transport towards north and the sinking

of the pollen due to sedimentation as well as the
stabilizing effect of the evening boundary layer.

On May 2 (figure 5), wind from northerly directions
advects the pollen cloud to the south and southwest
directions. The highest concentration values can be
found directly at the pollen source with values bet-
ween 300 and 1,000 pollen/m>. The tip of the pollen
cloud with concentrations between 3 and 10 pollen/m?
extends up to 30 km. This longest stretch was found
around 7:00 p.M., a few hours after the emission peak
and with a wind speed of about 4m/s. The vertical
cross-section illustrates the vertical transport of pollen
that extends up to 600 m with concentrations between
10 and 20 pollen/m®. The pollen cloud reached its
highest altitude between 12:00 noon and 1:00 p.M.

4.3. Pollen deposition

The pollen deposition pattern of the simulated days is
displayed in figure 6, showing the complete simulation
area of 200 x 200 km (left) and a subsection of
60 x 60 km (right) that contains the ISP in its centre.
Additionally, the area size on which a certain number
of pollen deposited (encircled by the respective iso-
lines) was calculated and is given in the legend. On
April 30, a small number of 10-100 viable pollen/m?
deposited in a region that spans 1,718 km?. This area
extends up to 70 km north of the pollen source. The
area on which 1,000-10,000 pollen deposited per m*
spans 156 km? A value of 1,000 pollen/m* can be seen
as a critical value for pollination [45]. The largest
pollen deposition occurred in an area of approximately
0.4 km? around the source, with more than 10° pollen/
m?. On May 2, 10-100 pollen/m? deposited on an area
of 5,713 km?, which extends to more than 100 km
away from its source. However, sufficient pollen
numbers for pollination (>1,000 pollen/m?) were only
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Figure 4 Diurnal spatial dynamics of the pollen concentration and

the wind field within the atmosphere on April 30, 2000, at five
selected times. The horizontal cross-section (left) depicts a 60 x 60
km sub-section of the simulation area in which the ISP as single
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Figure 5 Same as figure 4, but

for May 2, 2000
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April 30, 2000
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Figure 6 Pollen deposition pattern, integrated over 24 h. The
horizontal cross-sections display the entire simulation area with
200 x 200km (left) and a more focused sub-section of 60 x 60 km

100.00 -30.00

found in an area of 363 km?, less than 25 km away from
the source. The area with a very high number of de-
posited pollen (>10° pollen/m?) has a size of 2.5 km?>.

5. Discussion

5.1. Usability of the approach for dispersal
of pollen and gene flow

Mesoscale meteorological models are widely applied
for the simulation of transport and chemical trans-
formations of pollutants in the atmospheric boundary
layer [40]. By considering pollen as particle in terms of
atmospheric science, the state of atmospheric transport
models can be taken as grant for their application to
pollen dispersal. The quality of current transports
models is within + 50% of the measured concentration
values, and mostly better for wind and other meteoro-
logical parameters [40, 42]. This is a good precondition
for basing pollen dispersal models on meteorological
transport models. In recent years, a few studies also
evaluated the use of mesoscale models for pollen
dispersion studies: the meteorological model MMS5
was coupled with the Lagrangian dispersion model
HYSPLIT 4 for predicting pollen concentrations of
oak [33], the regional climate model RCM-NARCM
was used to analyze a ragweed pollen cloud over a
Canadian city [16], and the mesoscale model system
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X [kea] 30.00

(right). Beside the legend, the calculated area size with the
specific number of pollen deposited is given. Top: April 30.
Bottom: May 2

KAMM/DRALIS was tested for Hazel and Alder pollen
[18]. These studies were aimed at forecasting allergen-
ic pollen concentrations in the atmosphere; and the
parameterizations applied were derived from measure-
ments [16] or from an assumed dependence of pollen
release from the meteorological conditions [18, 33]. In
contrast to these studies, the presented application of a
mesoscale meteorological model is focused on pollen
dispersal processes for a quantification of gene flow [45,
46] and the risk assessment of transgenic trees [9, 12].
This required the incorporation of biological relevant
functions for pollen emission and pollen viability, and
the parameterization of pollen production with empir-
ical values. This combination of meteorological infor-
mation from the mesoscale model system and biological
parameters is a surplus when using meteorological
models for investigating pollen dispersion. The biolog-
ical functions affect the obtained dispersion and polli-
nation pattern.

The most important of the biological variables is the
parameterization of the pollen emission Q,,,;, which
was drawn from an experimental data set of 1937 [38].
The use of such an old data set was necessary since no
newer simultaneous measurements of pollen concen-
tration and meteorological conditions close to the
source and with a high temporal resolution were avail-
able for deciduous trees. Despite the age of this data
set, the derived parameterization result in a reasonable
emission function if we compare the emission pattern
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with other and newer, but more qualitative, descrip-
tions of the pollen emission of oak. The pollen
shedding of various white oak species were found to
occur at days were relative humidity (RH) dropped
below 45% and air temperature (7) reached 17-21°C
[51]. These conditions occurred in the afternoon
between 2 pPM. and 6 pM. [51]. Also, the strongest
pollen emission of a single oak tree was observed at a
time when RH was lowest, between 2 PM. and 3 P.M.
[34]. This fits the results of our parameterization,
which has its emission peak at 3 P.M. on May 2 and at
6 pM. on April 30, the times with the highest VDP.
VPD is strongly correlated with RH and air tempera-
ture (7). The use of VPD, instead of RH and T,
enables the application of emission function for
different spring flowering trees. While the parameters
were derived for alder, which flowers in March, they
produce convincing results for oak, which flowers in
late April and May, and for poplar, which flowers in
April (unpublished data). Nevertheless, an experimen-
tal determination of pollen emission and meteorolog-
ical conditions in a high temporal resolution would be
a step forward and required for detailed validations of
the model.

Besides the diurnal dynamics of pollen emission due
to changes in meteorological variables, the strength of
emission depends on the availability of mature oak
anthers. Following the idea of grass pollen forecasts
[31], this relationship was modeled by a fourth-order
polynomial function [equation (2)] that was adjusted
to the regional pollen counts. This simplest solution to
determine the pollen production of a specific day is
rather descriptive and can only be applied after the
flowering season is over. A use of this function for the
flowering season of other years or to forecast the daily
pollen release during flowering is inappropriate. To
include such desirable features, detailed phenological
observations of the flowering, pollen counts, and mea-
surements of the meteorological conditions are neces-
sary. A framework for the integration of these
variables into pollen dispersal models, provided that
sufficient data are available, is demonstrated by a model
for the dispersion of airborne cedar pollen [22, 23].

The second biological parameter in the dispersion
model is the total pollen production (P7) within the
flowering period. The present study describes one of
the first attempts to estimate P7. Relative pollen
production ratios, which have been estimated for
paleobotanical questions (e.g., [2, 35]), are not usable
for a quantification of the source strength. A similar
quantification of Pt was carried out by V. Jato and
N. Dacosta (Department of Plant Biology and Soil
Sciences, University of Vigo, Spain) for 2002 and 2003

in Spain. Their results (Jato, personal communication)
and a comparison with the estimated values of this
study suggest a high variability in the yearly pollen
production by a factor of about 5, which should be
accounted for within the model [45].

The third biological parameter, pollen viability
O.iap, Was integrated into the model by taking into
consideration the dependence of pollen viability on the
level and length of solar irradiation that is character-
istic for the flowering period of oak. A detailed de-
scription of this parameter and a sensitivity analysis is
given elsewhere [48].

The METRAS model used here provides the oppor-
tunity to include more biological or chemical variables.
For example, sedimentation velocity of the pollen that
is assumed to be constant in the present study can be
considered dependent on its moisture content and the
atmospheric humidity [4], thereby considering the in-
creasing weight of pollen by uptake of water vapor.
This is very similar to atmospheric particle transport
and similar approaches can be used [60].

5.2. Evaluation strategy and comparison
of the simulated data with field studies

Experimental studies on pollen flow on the landscape
level are difficult and rare. This is attributable to (i) the
common and wide-ranging occurrence of wind-polli-
nated trees, (ii) difficulties in receiving representative
measurements of pollen concentration and deposition
in a temporal and spatial resolution comparable to the
model, and (iii) uncertainty in assigning a collected
pollen sample to a specific tree or forest stand. A
quantitative evaluation of the model quality based on
measured data is therefore not yet possible. However,
we provide a qualitative evaluation where we compare
simulation results with field data of pollen concentra-
tion and deposition studies. In our model, quality
control consists of three steps: first, a comparison of
the simulated weather situation with the observed
meteorology; second, a comparison of the simulated
pollen concentration pattern with available field data;
and third, an analysis of the pollen deposition pattern
with comparable data.

5.2.1. Comparison of meteorological data

Meteorological data from the simulations were com-
pared with the actual meteorological conditions ob-
served at the synoptic stations in the region (DWD
Offenbach, Germany) according to the evaluation
scheme of Schliinzen and Katzfey [42]. In addition,
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bias (average difference of simulated and measured
values) was calculated. On April 30, a good agreement
is found for wind speed (hit rate 75%, bias -0.7 m/s),
a satisfying result for dew point temperature (hit rate
51%, bias 1.1 K) and temperature (hit rate 40%, bias
2.8 K), and a weak result for wind direction (hit rate
20%, bias —46°). On May 2, a good agreement was
again found for wind speed (hit rate 69%, bias
-0.7 m/s) and temperature (hit rate 58%, bias 1.1 K),
whereas dew point temperature (hit rate 33%, bias 2.5
K) and wind direction (hit rate 40%, bias -17°)
achieved only moderate hit rates. Is should be noted
that these differences can be partly explained by the
large-scale meteorological situation that was kept
constant during both of the 2 days.

Differences in the simulated and observed meteo-
rological situation affect the pollen dispersion in the
following manner: first, travel distance is quite reliable
for both days, since wind speed is simulated well.
Second, the differences in simulated wind directions
affect the orientation of the pollen cloud within the
landscape. This is not very relevant in the present in-
vestigations, since the size and shape of the pollen
cloud should be quite similar in all directions. In addi-
tion, in the present study we are more interested in
general results on pollen dispersion and not in a per-
fect hindcast of it. Third, for pollen emission water VPD
[equation (4)] is important. VPD is not a measurement
quantity, but has been calculated from measured and
simulated values to estimate the reliability of pollen
emission rates dependent on atmospheric humidity.
The VPD values — which are, for April 30, mainly too
high and, for May 2, mainly too low — will lead to an
overestimation of pollen emission for April 30 and to
an underestimation on May 2. Therefore, on May 2
higher pollen emission and consequentially a larger
pollen cloud could be expected in reality, while on
April 30 real pollen emissions were lower than
simulated. The similarity in the simulated values for
VPD can also explain the similarity of total pollen
emission on the simulated days (April 30: 2x10®
pollen, May 2: 1.7 x 10® pollen). Overall, accuracy of
meteorological parameters is reasonable in the light of
the applied stationary synoptic situation, and sufficient
for the exemplary pollen dispersion simulations of this
study.

5.2.2. Comparison of pollen concentration data
Simulated results for pollen concentrations fit well
with the range of observed data on physical pollen

dispersal. Empirical investigations revealed an oak
pollen concentration of 700 pollen/m® measured with
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a Rotorod sampler and 3,000 pollen/m® measured with
a Burkhard trap on the peak day of flowering within
an oak stand [25]. In our simulations, the pollen
concentration at the pollen source is between 1,000
and 10,000 pollen/m® on April 30, and between 100
and 1,000 pollen/m®> on May 2. Considering the
variability in the different sampling methods in the
field, a sufficient agreement is given. Qualitative
agreement is also found in the decrease in pollen
concentration a few kilometers outside the oak stand,
where a ‘more than hundred times’ lower concentra-
tion than inside the stand has been reported [25]. Also,
in our simulations, the concentrations decrease to
values smaller than 10 pollen/m’ about 8 km down-
wind and a few hundred meters upwind of the stand.
The vertical concentration patterns can be compared
with pollen sampling data from aircraft or balloon
flights. On 15 flights over mountainous and flat terrain,
significant amounts of up to 5 oak pollen/m® were found
in heights ranging from 1,000 up to 3,000 m, depending
on weather conditions and date of the flight [38].
Similar vertical pollen distribution patterns were
observed during 29 flights over Long Island [37].
These flights measured oak pollen concentrations of
up to 20 pollen/m® in heights up to 3,000 m [37]. Our
simulations produce comparable vertical profiles with
pollen distributed up to 1,300 m and distinct concen-
tration peaks in higher altitudes (figure 4, 8:30 P.M.).

5.2.3. Comparison of pollen deposition data

Several studies have been conducted to determine
the pollen deposition of species that are important
paleobotanical indicators, one of which is oak. For
example, the annual pollen deposition of oak was
investigated at eight different sampling sites in
Germany [17], but none of the traps was located close
to an oak forest. In dependence of the location of
the trap, pollen deposition values from 7 x 10° up to
1.4 x 107 pollen/m* (average values of 3 years) were
found [17]. The pollen deposition of a complete
flowering period within an oak stand and on various
locations within the surrounding landscape was deter-
mined in a Danish woodland [57]. The highest numbers
of deposited pollen within this study were found within
the oak stand with approximately 2.7 x 107 pollen/m*
sampled with roofed Tauber traps [56]. Other sampling
stations 150-400 m away from the oak stand measured
pollen depositions between 1 x 10° and 6 x 10° pollen/
m?. In our simulations, which represent — in contrast to
these field studies — only 1 day within the flowering
period, the number of deposited pollen extends to
values >10° only within a very small area. A few
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Table 2 Linear regression analysis on 2days of alder flowering (data from [38]) to determine

parameters that affect the pollen release.

the most important meteorological

Day 1 Day 2
a b R? a b R?
VPD [hPa] 33.07 —42.24 0.8712 31.36 —31.537 0.9882
RH [%] —4.7111 334.11 0.8699 —2.3995 182.64 0.9587
v[ms™] 71.817 10.111 0.9388 —9.2089 38.822 0.3329
T[°C] 19.512 33.39 0.8096 7.9187 33.122 0.324
VPD + v 12.957 —-13.817 0.9511 —3.0601 33.972 0.0142

hundred meters away from the pollen source, the
pollen deposition decreases to values between 0 and
much lower than 10° depending on the simulated
meteorological situation. If we consider the different
time scale, the uncertainty of the pollen traps, and the
single oak stand considered for pollen emission in our
present study, the simulated results and the results of
the mentioned field studies are within the same range.
A better agreement cannot be expected in regard of
the many unknown parameters in such a comparison.

5.2.4. Towards a more validated model

Mesoscale meteorology and tracer transport models
are widely applied. Together with accurate meteo-
rological parameterizations, these models have al-
ready been validated. They provide a high level of
accuracy for the meteorological situation and trans-
port of physical tracers [40, 42], provided the initial
and boundary values are sufficiently close to reality.
Thus, mesoscale meteorological models can be used as
meteorological drivers for pollen dispersion studies
without further extensions.

In contrast, the biological parameterizations used in
the model were derived from rough estimates and
from some very rare experimental investigations. Thus,
more experimental studies using up-to-date measure-
ment equipment are essential to improve and validate
the biological functions involved in pollen emission
and viability.

A validation of the combined model including
meteorology and pollen dispersal requires representa-
tive measures of pollen concentration and pollen
deposition over a complete flowering period with a
resolution of hours. Moreover, it requires selecting a
specific landscape/tree species combination, where the
simulated tree species should be restricted to a very
few stands as pollen sources, while the landscape itself
and the climate conditions should be typical for the
selected species. Only within such a landscape can we
expect a reliable assignment of pollen samples to a

given pollen source. Validation should also include
analysis of pollen viability from the pollen samples and
should be combined with a genetic analysis of the
sampled pollen or the seeds that emerged after the ana-
lyzed pollination period. Together, these data will help
us to evaluate mesoscale pollen dispersal models for
various purposes, e.g., gene flow, allergy monitoring, or
atmospheric aerosol load, where pollen also play a role.

6. Conclusion

The present study describes the successful extension
and application of a mesoscale meteorological model
to simulate the emission and dispersion of windborne
pollen. This approach enables the study of pollen
dispersion and pollination on the landscape level by
considering landscape structure, local meteorological
conditions during flowering, and biological parameters
of the pollen, e.g., diurnal cycle of pollen emission, total
pollen production, pollen viability. Due to difficulties
encountered in measuring pollen dispersal on a land-
scape level, a quantitative validation has not been car-
ried out within the present study. A qualitative
evaluation revealed that simulated values of pollen
concentration and emission lay within the range of
published field data.

The application of mesoscale meteorological models
for pollen dispersal is a promising approach for the
management of wind-pollinated trees in fragmented
landscapes, and for risk assessment studies of transgenic
trees. However, further studies would aid these appli-
cations. Besides a revision of the referred biological
parameters with more experimental data, further
extensions may include: (i) use of a higher-resolution
model (less than 500 x 500 m) for a better representa-
tion of the landscape structure; (ii) use of nested simu-
lations with dynamic boundary conditions for a higher
accuracy of the meteorological conditions, which
proved to be an important factor for pollen emission
and dispersion; (iii) distinction between pollen from
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different stands for a consideration of pollen competi-
tion; and (iv) study of pollen dispersion within a stand,
where obstacle and vegetation resolving atmospheric
models (e.g., [41]) might be adapted.
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1. Appendix

A. Regression analysis to identify the most important
meteorological factors for pollen release

Regression analysis was made from measurements of
pollen concentration within an alder crown and the
synchronous record of relative humidity (RH), temper-
ature (7)), and wind speed (Ivl). From temperature and
relative humidity, we calculated the water vapor
pressure deficit (VPD) according to the formulae

VPD = €sat — Ccurr (Al)

with the saturation vapor pressure (e, hPa) following
MAGNUS:

22.44294T,
_ ) 6.1078 e T for temperature 7, < 0°C
r— 17.08085T,
* 6.1078 ez 577 for temperature 7, > 0°C

(A2)
and the current water vapor pressure (e.,,,, hPa):
RH
Ccurr = Csat m . (A3)
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Regression analysis was made with every meteorological
factor (RH, T, Ivl), with VPD, and with a combination
of the water vapor pressure deficit and the wind speed
(VPD + Ivl). Table 2 shows the results of the linear
regression ( f(x)=ax + b) and the coefficient of deter-
mination (R?) for the 2 days; data are available from
[38].

B. Consideration of changes in pollen viability
during transport in Eulerian models

Integration of equation (1) forward in time results in:
Ci+] :Ci
+ At = VCof' = V[ + Qamil + Ouel)

- AthiabV:
(B1)

where C**! describes the concentration at time step i + 1
and C' indicates the concentration at time step i. When
summarizing all | terms, except Qyiap, on the right-hand
side of (B1) to Ci*!, equation (B1) reads:

Ci+1 = 6i+1 - Athiab|i- (BZ)

With the pollen survival rate Vs, given in equation (5),
C™! results in:

Ci+l _ 6i+1 VS~ (B3)

Rearranging gives the following relation for Q,.»:

(1-Vs)

6i+1'
At

Qviab = (B4)
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