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Abstract

Simulating pollen concentrations with numerical weather prediction (NWP) systems
requires a parameterization for pollen emission. We have developed a parameterization
that is adaptable for different plant species. Both biological and physical processes
of pollen emission are taken into account by parameterizing emission as a two-step5

process: (1) the release of the pollen from the flowers, and (2) their entrainment into
the atmosphere. Key factors influencing emission are: temperature, relative humidity,
the turbulent kinetic energy and precipitation.

We have simulated the birch pollen season of 2012 using the NWP system COSMO-
ART, both with a parameterization already present in the model and our new parame-10

terization EMPOL. The statistical results show that the performance of the model can
be enhanced using EMPOL.

1 Introduction

In industrialized countries, a relatively high proportion of the population suffer from
pollen allergies. During the course of the year, different allergenic plants shed their15

pollen at different times leading to several pollen peaks. In Central Europe, the most
important periods for patients are the tree pollen season in spring, the grass pollen
season in late spring and early summer and the ragweed pollen season in late sum-
mer and autumn (only in regions where this invasive plant is present). Even though
medication is possible, the best way to reduce allergic symptoms remains complete20

avoidance of the allergens (van Moerbeke, 1997). Therefore, it is of great importance
to forecast the distribution of airborne pollen a few days in advance. Currently, pollen
forecasts are mainly based on pollen monitoring, weather forecasts, climatological in-
formation about the pollen seasons and the experience of the forecaster. The available
technology (Hirst type traps) for pollen monitoring demands a lot of manpower since25

the pollen grains have to be counted manually. Therefore, the density of the pollen sites
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is low compared to that of meteorological sites. Thus, the spatial resolution of pollen
forecasts is very low (essentially, forecasts are only available at the observational sites
themselves).

Recently, pollen dispersion has been integrated into numerical weather prediction
(NWP) models. The knowledge of the simulated spatial and temporal evolution of pollen5

concentrations enables the forecaster to make nationwide predictions instead of fore-
casts for the pollen sites only. The prerequisite for reliable numerical simulations of
pollen concentrations are (i) an up-to-date distribution map of the plant that indicates
the pollen sources, (ii) a NWP system that can deal with particles (including transport,
deposition, washout of the particles etc.), and (iii) a parameterization of the emission10

process.
Assuming that the first two prerequisites – the distribution map of the plant and the

NWP system including particle dispersion – are available, this work is focused on the
emission of pollen grains which is a combination of physical and biological processes
that are characteristic for each plant species. Thus, the emission parameterization has15

to address two questions: (i) When does emission take place? (ii) How many pollen
grains are emitted? To answer these questions, we have to look closer at the biological
and physical processes leading to pollen ripening and release. Two time scales can be
distinguished that require the use of two sub-models within the emission parameteri-
zation:20

1. The seasonal cycle of pollen emission depends on the percentage of ripe pollen
grains in the anthers, hence the development of the plants. It is driven by the
weather conditions during the previous weeks or months and usually is described
via phenological models (e.g. Sarvas, 1974; García-Mozo et al., 2009).

2. The diurnal cycle of pollen emission is driven by the current meteorological condi-25

tions that lead to a rupture of the anthers (thus, the release of pollen grains from
the flowers) and to the entrainment of the pollen grains into the atmosphere. This
process happens in a time frame of seconds to hours.
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Although the processes leading to pollen emission have been described in the litera-
ture, the information that can be found is mainly of qualitative nature (e.g. Bianchi et al.,
1959). Additionally, both the development of the plants and the release of the pollen are
processes that are characteristic for each plant species. Hence, an emission param-
eterization that is supposed to work for different plant species has to be very flexible5

regarding these biological and physical processes.
In Sect. 2, we briefly describe the meteorological model that is used in our study.

A comparison between different pollen emission parameterizations is given in Sect. 3.
In Sect. 4, a new parameterization for pollen emission is developed, followed by a de-
scription of a basic tuning. The application of this parameterization and a comparison10

of the results to an existing parameterization can be found in Sects. 5 and 6. Finally,
Sect. 7 contains the summary and conclusions.

2 The NWP model system COSMO-ART

COSMO (Consortium for Small-scale Modelling) is a non-hydrostatic regional NWP
model that is used for operational weather forecasts in various European countries15

(Steppeler et al., 2002). Vogel et al. (2009) have developed an extension ART (Aerosols
and Reactive Trace Gases) to COSMO in order to study the interaction between
aerosols and the atmosphere. Physical processes that are incorporated into COSMO-
ART include transport by the mean wind, turbulent diffusion, dry and wet deposition,
coagulation, condensation, wash-out and sedimentation of the aerosols and reactive20

trace gases. ART includes, amongst others, a module to simulate the emission and
dispersion of pollen grains (Vogel et al., 2008; Zink et al., 2012). The default parame-
terization of pollen emission follows the suggestions of Helbig et al. (2004) and Vogel
et al. (2008).

At MeteoSwiss, COSMO-ART has been used as an operational tool for birch pollen25

forecasting since 2011, using a modified version of the Helbig et al. (2004) emission
parameterization. The modification includes the influence of temperature, humidity and
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wind speed and the description of the pollen season and is designed to better model
the physiological processes in the plants. Since the quantitative relationships between
the meteorological parameters and pollen emission are largely unknown, the imple-
mentation of the qualitative knowledge about plant physiology is somewhat subjective.
The error between model and observations was evaluated as a function of temperature,5

relative humidity and wind speed. Using these results, the meteorological functions in
the emission parameterization of Helbig et al. (2004) were adapted. This was done
based on observational data in Switzerland.

3 Available emission parameterizations

The approaches to parameterize pollen emission that can be found in the literature10

differ greatly in complexity. Very simple solutions use spatially and temporally uniform
emission fluxes (e.g. Pasken and Pietrowicz, 2005). More sophisticated versions in-
clude current meteorological conditions and/or a curve representing the typical polli-
nating season (e.g. Helbig et al., 2004; Schueler and Schlünzen, 2006; Marceau et al.,
2011; Sofiev et al., 2013). Additionally to the current meteorological conditions, the15

model of Martin et al. (2010) also includes previous values of relative humidity.
In this section, we describe in some detail the differences and analogies of three

different emission parameterizations. These are:

– The parameterization of Helbig et al. (2004), in the following referred to as “Horig”.
It was used to simulate both birch (Vogel et al., 2008) and ragweed (Zink et al.,20

2012) pollen dispersion.

– The parameterization that has been used for operational numerical birch pollen
forecasts at MeteoSwiss, an optimized formulation of Horig. In the following re-
ferred to as “Hopt” (compare Sect. 2).
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– The parameterization of Sofiev et al. (2013). In the following referred to as “S13”. It
has been implemented into the dispersion model system SILAM and was applied
for birch pollen dispersion.

These are the only comprehensive parameterizations that are incorporated into NWP
systems for the application over wider regions that we are aware of. The comparison5

is divided into three parts reflecting the nature of the parameterizations: the first part
describes the seasonal cycle, the second part the daily cycle of pollen emission. Part
three explains additional features of the parameterizations.

3.1 Description of the pollen season

The amount of pollen that is ripe and available for emission depends greatly upon the10

state of the pollen season. At the beginning and the end of the season only a few flow-
ers are open, hence, the amount of available pollen grains is small, regardless of the
meteorological conditions. It is therefore essential to introduce a mathematical model
that describes the course of the pollen season on a daily basis. Horig assumes the
birch pollen season to last for 30 days and to have a fixed shape of a parabola. In Hopt,15

a more sophisticated description of the pollen season is used. Following measured
pollen data, the shape of the pollen curve is chosen to be positively skewed. Addi-
tionally, the length of the season is variable depending on the temperature during the
pollen season. This takes into account that a warm spring season results in a short and
intense birch pollen season whereas a cool spring tends to lengthen the birch pollen20

season because not all birch trees flower at the same time. S13 introduces an inter-
nal model that reflects the seasonal pollen curve. It uses temperature sums to predict
the start and course of the pollen season. The season ends when a certain amount
of pollen has been emitted. The up- and downswing of the pollen curve is parameter-
ized using relaxation functions describing the probability for a single tree to bloom at25

a certain day.
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3.2 Meteorological influences

Naturally, emission has to be linked to a velocity scale since the pollen grains have
to be lifted into the air by wind currents. In Horig and Hopt, the friction velocity u∗ is
taken as the parameter influencing the amount of emitted pollen. A threshold friction
velocity u∗t has to be reached in order to allow emission. The value of u∗t is derived5

using a parameterization for dust entrainment and a meteorological correction factor
(see below). Emission by free convection is not taken into account. S13 uses both the
10 m wind speed and the convective velocity scale w∗ to take into account both ways
of pollen entrainment into the atmosphere.

Theoretically, if unlimited amounts of pollen were available, higher wind speeds10

would yield higher pollen emissions. In reality, this is limited by the fact that at a cer-
tain point, the flowers will run out of pollen grains. This is not considered in Horig. Hopt
and S13 take this into account by introducing a threshold wind speed or a function
converging to a maximal value that stops further increase of emission.

The opening of the flowers is driven by current meteorological conditions. All three15

parameterizations consider these effects using correction terms. Horig and Hopt use
meteorological correction terms for temperature, relative humidity and wind speed that
influence the value of the threshold friction velocity u∗t. However, the individual terms
are different for both parameterizations (cut-offs at different thresholds etc.). Both, Horig
and Hopt, consider precipitation through wash-out. S13 considers relative humidity and20

precipitation as hindrances for emission if their values are in a certain range. In S13,
temperature plays an important role through the seasonal description, short-term ef-
fects on emission are not taken into account.

3.3 Other features

Horig and Hopt use plant-dependent parameters such as the leaf area index (LAI) and25

the height of the plants that influence the amount of emitted pollen. Their use in the
model is reciprocal, leading to higher emissions for small plants and plants with less
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leaves. The idea is that leaves keep the pollen grains within the canopy. These param-
eters are left out in S13.

Resuspension is considered in Horig only.
Horig and S13 use a total amount of pollen that can be produced per season. In S13,

this number defines the end of the pollen season. In Horig it can shorten the pollen5

season if the model runs out of pollen before the prescribed end of the pollen season
after 30 days. Since this feature is unwanted, the total amount of pollen has been
removed in Hopt. The two main problems associated with the total amount of pollen
are: (i) the actual number is basically unknown, and (ii) for some plants (such as birch
trees) this number varies considerably between years (years with high total amounts of10

pollen are referred to as “mast years”).
Some plants (such as birch trees) produce less pollen when they grow at higher

altitudes. To respect this fact in the model, a reducing factor fQ,alt is introduced as
a function of altitude in Hopt.

4 Development of an emission parameterization for pollen grains15

The emission process varies from species to species. For example, grasses need high
relative humidities for the opening of their anthers since they have to swell in order to
crack. On the contrary, low relative humidities favor the release of birch pollen since its
anthers open when they are dry (e.g. Fuckerieder, 1976; Puls, 1985). Since all of the
emission parameterizations mentioned in Sect. 3 have been developed for tree pollen,20

the question remains whether they are suitable for herbaceous plants like grasses or
ragweed. Since both species are allergenic and responsible for important pollen peaks,
it is desirable to have an emission parameterization that is appropriate for these plants
as well. Since the model system COSMO-ART is operationally used at the Federal
Office of Meteorology and Climatology in Switzerland (MeteoSwiss), we have looked25

closer at the two emission parameterizations associated with COSMO-ART (Horig and
Hopt). The parameterizations show the following disadvantages.
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Two plant-dependent parameters in the emission formula are inversely proportional
to the emission flux: the leaf area index and the height of the plant. For trees, the
variability of these parameters lies in a range where their influence is relatively low. For
plants with mean heights of 1 m or less and low leaf area indices, however, these plant-
dependent parameters become prominent. Moreover, their use only makes sense if5

their specific values vary over the model domain or time. Otherwise, they can simply
be incorporated into a tuning factor. An important problem in this respect is that the true
values of both parameters cannot be known in realtime for the entire model domain.
Therefore, they are not suited to be incorporated into the parameterization. Additionally,
the sensitivity of the emission flux on the height of the plant shows an undesirable10

feature: small plants emit more pollen than big plants.
Meteorological influences on the emission flux are incorporated into the parameteri-

zation via a threshold friction velocity (see Sect. 3.2). Only if the friction velocity reaches
this threshold, emission is allowed in the model. The threshold value is not constant
but includes functions of temperature, relative humidity and wind speed. Due to the15

nature of the parameterization, these functions cannot be determined empirically. In
our opinion, one of the main drawbacks of this emission parameterization is the mixing
of biological and meteorological factors that influence different aspects of the emis-
sion process. This leads to complicated formulations that cannot be easily validated
via straight-forward experiments.20

Consequently, we have developed a new emission parameterization EMPOL which
is based on the biological and physical processes leading to pollen emission. It can
easily be adapted to different plant species by adjusting just a few key factors. Plant-
dependent values that are variable over the model domain, such as the actual height
of plants, are omitted. The meteorological influences are designed in a way that allows25

simple experimental determination of the corresponding functions.
The description of the pollen season is not part of EMPOL but is taken from the

seasonal model developed for Hopt (compare Sect. 3.1). It is read into the model as an
input parameter.
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4.1 Basic concepts

Given that the pollen season has started (in other words: plants are ready to emit
pollen), the emission of pollen can be seen as a two-step process: first, changes in
the meteorological conditions lead to a rupture of the pollen sacs. Pollen grains are
released from the flowers. Second, the pollen grains that are now exposed to air mo-5

tions, can be entrained into the atmosphere. We have adopted this view by dividing our
emission parameterization into two parts:

1. Depending on biological and meteorological conditions, a certain number of pollen
grains are released from the flowers and fill up a pollen reservoir.

2. If meteorological conditions are favorable, pollen in the reservoir are entrained10

into the atmosphere.

Figuratively, the pollen reservoir can be seen as a surface where the pollen grains rest
after being released from the anthers, e.g. a leaf. Such a process has been described
by Bianchi et al. (1959) for ragweed: most of the pollen first fall onto the foliage below
the flowers before being entrained into the atmosphere. However, this descriptive view15

should not be exclusive: if the conditions are favorable, pollen grains can be released
from the flowers and entrained into the atmosphere directly. In that case, the reservoir
should only be seen as a way to describe the fact that pollen grains have to be made
available before they can be carried into the atmosphere.

Conceptually, the parameterization can be described as follows: a factor Qpollen,day20

gives the maximal amount of pollen that can be released per day on one square meter
if the conditions were perfect. All other factors take values in the range between 0 and 1
and describe resistances to the pollen release. These factors include, e.g. unfavorable
meteorological conditions, but also a low plant coverage, or an early or late date in the
pollen season.25

The reservoir Rpollen is made up of the pollen that are released from the flowers at
that very time step (∆Rpollen) and the pollen that were left in the reservoir after the
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previous time step (Rpollen,old). We assume that the pollen in the reservoir can be lost
due to random processes (such as animals brushing against the plant and causing
pollen to fall to the ground). This loss is described in the factor Ψrandom. Additionally,
rain washes out a specific portion of the reservoir which is described via the function
Ψprecip. Combining the factors described above, the content of the reservoir is given by5

Rpollen =
(
Ψrandom ·Rpollen,old +∆Rpollen

)
·Ψprecip. (1)

The amount of pollen that the flowers release into the reservoir at each time step is
given by

∆Rpollen =Φplant ·Φmet ·Φbiol. (2)

The factor Φplant combines the plant-specific variables that define the potential amount10

of pollen that could be emitted under perfect meteorological conditions. It only depends
on the abundance and growing state of the plants. This factor consists of the figure de-
scribing the amount of pollen that could be produced per time step and per square me-
ter if it was totally covered with the specific plant (Qpollen,∆t, calculated from Qpollen,day),
the percentage of ground actually covered with the specific plant (fQ,cov [0,1]), a math-15

ematical description of the course of the pollen season fQ,seas [0,1] (see Sect. 3.1),
and a factor fQ,alt [0,1] (see Sect. 3.3) describing the influence of the altitude on the
productivity of the plants:

Φplant =Qpollen,∆t · fQ,cov · fQ,seas · fQ,alt (3)

The meteorological influences on pollen emission are described via mathematical20

functions:

Φmet = fR,T · fR,RH. (4)

They describe the probability that a flower will open under the current meteorological
conditions. Up to now, only temperature and relative humidity are considered. Since
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the processes leading to pollen emission are slightly different between plant species,
these functions are plant-dependent and need to be adapted for the different species.

Additionally, a switch Φbiol is introduced that turns off emission as soon as a certain
daily amount of emitted pollen is reached. Under optimal conditions, it can happen that
all ripe pollen grains are emitted before the end of the day. Once the flowers have run5

out of ripe pollen grains, pollen release will stop despite the continuously good emission
conditions.

The second part of the emission parameterization describes the entrainment of the
pollen from the reservoir into the atmosphere. This process is mainly driven by meteo-
rological conditions, namely moisture and turbulence. The pollen flux is given by10

FE ,pollen =
Rpollen

∆t
· fE ,TKE · fE ,RH. (5)

With ∆t being the time step of the simulation. It is assumed that the pollen are dis-
persed instantaneously and homogeneously within the grid box. The real concentra-
tion mainly depends on the amount of turbulence that lifts the pollen into the air. This
is considered through the function fE ,TKE [0,1]. In moist conditions, emission is reduced15

as pollen grains tend to stick to the surface. The strength of this constraint – fE ,RH [0,1]
– is given as a function of the relative humidity.

4.2 Tuning of the emission parameterization

One of the ideas behind EMPOL is the possibility to deduce the main parameters via
dedicated experiments (e.g. Michel et al., 2012). In a laboratory, it should be possible to20

measure the functions relating the amount of emitted (or produced) pollen and specific
environmental conditions (e.g. temperature) while keeping the remaining parameters
constant. For lack of such experimental data, we had to formulate the missing functions
in the parameterization on the basis of measured pollen concentrations. EMPOL con-
tains several parameters that have to be tuned: Qpollen,day, Qpollen,∆t, fR,T , fR,RH, fE ,TKE,25

fE ,RH, Ψrandom and Ψprecip. We used bihourly birch pollen measurements in Switzerland
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and simulations with COSMO-ART to derive a first guess for each of these parameters.
Taking this version of the parameterization, we simulated two months during the birch
pollen season (April 2010 and April 2011) to improve this first guess. It should be noted
that – using birch pollen measurements as a basis – the formulations and values de-
scribed here are valid only for birch. It should also be kept in mind that using the full5

modeling system and measured pollen concentrations at this stage introduces some
strong assumptions. The most important of these is that any atmospheric transport and
dispersion processes are neglected, i.e. larger pollen concentrations are solely due to
larger emissions. The present exercise, therefore, is not more than a “second guess”
and still leaves room for improvement based on a true parameter tuning exercise in10

which the error is minimized by varying all the parameters which will be performed as
soon as corresponding data will be available. The present tuning only attempts to ren-
der the resulting emissions in a broadly reasonable range, while attempting to describe
the physical and biological overall performance.

The parameter Qpollen,day reflects the overall level of the pollen flux. It was tuned by15

calculating the overall bias between measurements and model. Based on these values,
Qpollen,day was set to 2.133×109 pollen per square meter and per day. The maximal
amount of pollen that can be emitted per time step ∆t is calculated from the amount
of pollen that can be emitted per day under perfect conditions (Qpollen,day). The formula
takes into account that the flowers can run out of ripe pollen grains before the end of the20

day. In our implementation, this will happen after 16 h of optimal emission conditions:

Qpollen,∆t =
Qpollen,day ·∆t

16 ·3600
. (6)

The functions fR,T , fR,RH and fE ,TKE were tuned by calculating the absolute error be-
tween model and measurements for each measuring station. These errors were plot-
ted against different meteorological variables. These plots were then used to adjust the25

functions describing the meteorological influences on pollen emission. The resulting
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functions are (the corresponding curves can be found in Figs. 1, 2 and 3):

fR,T =
1.04(

1+e−0.27T+76
)
·
(
1+e0.45T−137

) (7)

fR,RH =
1

1+e21rh−15
(8)

5

fE ,TKE =
1

1+e−2.1TKE+4
−0.017. (9)

In these functions, T denotes temperature, rh the relative humidity and TKE the tur-
bulent kinetic energy on the lowest model level. The half-life of the reservoir is set to
12 h. This is contained in the function that describes the loss from the reservoir through
random processes:10

Ψrandom = exp
{

ln0.5 ·∆t
12 ·3600

}
, (10)

where ∆t is the timestep of the model given in seconds.
The wash-out of the reservoir is given by:

Ψprecip = −2000 p+1 0 < p < 0.0005 (11a)

Ψprecip = 0 p ≥ 0.0005. (11b)15

Wherein p denotes the sum of convective and grid-scale precipitation in the model. It
is given in kgm−2 s−1.

The tendency of the pollen to stick to the surface under moist conditions is given as
a function of the relative humidity rh:20

fE ,RH = 1 rh ≤ 90% (12a)

fE ,RH = 0.5 90% < rh ≤ 95% (12b)

fE ,RH = 0 95% < rh ≤ 100%. (12c)
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5 Testing the new parameterization

After debiasing the model using Swiss pollen data from 2010 and 2011, we have sim-
ulated the birch pollen season of 2012 using two model configurations. Both use an
identical setup with the emission parameterization being the only difference. First, sim-
ulations were carried out using the parameterization Hopt (see Sect. 3). Secondly, we5

have adapted COSMO-ART to run with our newly developed emission parameteriza-
tion EMPOL.

5.1 Setup of the simulations

We have used the COSMO-ART version 2.0 in combination with the COSMO version
4.19. The operational COSMO-ART domain of MeteoSwiss covers a large part of cen-10

tral and western Europe, reaching from Portugal in the West to the Balkans in the
East, and from southern Italy in the South to the southern parts of Scandinavia in the
North. The model is run at a spatial resolution of 0.06◦(≈6.6 km) with 60 vertical levels
and a time step of 60 s. Our simulations start on 21 March 2012 and end on 16 May
2012, covering the entire birch pollen season in central Europe. Every 72 h, a new15

run is initialized using updated meteorological boundary and initial conditions from the
operational NWP modeling system.

As the map of possible pollen sources, we use the birch distribution dataset that was
produced by Pauling et al. (2012). They present a method to create plant distribution
datasets using birch as an example. This method combines forest inventory and land20

use data from Switzerland to derive a distribution map. The transfer to a larger do-
main (southern and central Europe) is achieved by using the Global Land Cover 2000
dataset in combination with pollen data.
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5.2 Comparison to pollen measurements

The simulated pollen concentrations (mean over 9 grid points) are compared to daily
measurements at 34 observational sites throughout Europe for the entire pollen season
of 2012. A list of the sites, including their geographical location, can be found in Table 1.

The level of the simulated pollen concentrations at the start and end of the pollen5

season strongly depends on the seasonal description (fQ,seas, Sect. 3.1). Since the aim
of our exercise is the comparison of the parameterization of pollen emission and ex-
plicitly not that of the seasonal description, it has to be made sure that the day-to-day
differences between modeled and observed pollen concentrations can be accounted
mainly to the emission parameterization. Therefore, we exclude days outside the main10

pollen season from the exercise. The main pollen season is defined as the period be-
tween the first and last occurence of 70 pollen per cubic meter in the observations (daily
means). This corresponds to a pollen class of “strong” (compare Table 2). Secondly,
we exclude days at the beginning and end of the simulated pollen season since the up-
and downswing of the description of the pollen season is not yet very well defined. To15

ensure that these days are not taken into account, we exclude days where the value of
the modeled pollen season (fQ,seas [0,1]) is below 0.3.

6 Performance of the different model versions

6.1 Statistical measures

Manual operational pollen forecasts are usually done for pollen classes that reflect20

more or less the strength of the allergenic symptoms that are induced by the given
pollen concentration. Table 2 gives the thresholds for birch pollen concentrations used
for this purpose at MeteoSwiss. These thresholds are based on allergological studies.
Taking this classification, using a lower and upper limit, the continuous values of pollen
concentrations were classified, both for the modeled and the measured values. For25
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each pollen class, a 2×2 contingency table (see Table 3) was completed taking the
occurence of the class as an event and the occurence of any other class as a non-
event. Whether the modeled pollen class is higher or lower than the observed one,
or the distance between them, cannot be taken into account. Additionally, it has to
be noted that the occurrence of any non-event in measurements and simulations is5

counted as a correct negative. Since a non-event is any pollen class other than the
one currently under observation, a correct negative does not necessarily mean that
the correct pollen class is forecast.

Additional to this approach based on the usual manner of manual pollen forecasts,
we classified the pollen data using single thresholds as it is usually done for precip-10

itation. This reflects the fact that for most allergenic patients, the excess of a certain
personal threshold pollen concentration triggers symptoms, and thus necessitates the
intake of medication. Whether this threshold is just reached or strongly overpassed is
of minor importance.

Based on the four numbers in a 2×2 contingency table (compare Table 3), a series15

of skill scores has been computed (Wilks, 2006). Generally, several of these scores
should be looked at together in order to present a complete picture of the performance
of a model. We have chosen the Threat Score, False Alarm Rate, as well as the Pierce
Skill Score.

The Threat Score TS (Eq. 13) measures the proportion of correct forecasts without20

taking into account the correct non-events:

TS =
a

a+b+c
. (13)

Usually, this is done for rare events where correct non-events are meaningless. In our
case, disregarding the correct non-events is especially wanted since they are not nec-
essarily correct, as described above. TS ranges between 0 and 1, with 1 being a perfect25

score.
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The False Alarm Ratio FAR (Eq. 14) gives the fraction of simulated events that were
not observed:

FAR =
b

a+b
. (14)

FAR takes values between 0 and 1, a perfect score renders a value of 0.
The Pierce Skill Score PSS (Eq. 15) is a measure that describes the performance of5

a model compared to an unbiased random forecast:

PSS =
ad −bc

(a+c)(b+d )
. (15)

PSS can take values between −1 and 1. Forecasts worse than a random forecast
render negative values. Forecasts with some skill better than random result in positive
values. Rare events that are correctly forecast count more than frequent events.10

Additionally, we calculated some statistical measures that reflect the pollen concen-
trations as opposed to pollen classes. This overcomes the problem of classification:
values close to the thresholds might lead to a wrong class even though they are not
far away from the observed value. Contrary to that, classes that cover a big interval of
concentrations lead to correct counts of events even if the real value is several factors15

wrong. We have calculated the correlation coefficient r2, the p-value, the root-mean-
square-error rmse, the index of agreement d1, the fraction of predictions within a factor
of two of observations FAC2, and the geometric mean bias GMB (GAW Report No.
181, 2008).

We have calculated the p-value for r2. It gives the probability to obtain the observed20

data if the null hypothesis is true. In our case, the null hypothesis is: “Observations
and modeled simulations do not correlate.” If the p-value falls below a predetermined
significance level (we use a value of 0.05), one can assume that the null hypothesis is
wrong. It has to be noted that the p-value is not a proof that the alternative hypothesis is
correct. However, if the p-value is above the chosen significance level, it is not justified25

to reject the null hypothesis.
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The index of agreement (Willmott et al., 1985) is based on the sums of the absolute
values of the errors between observations and modeled values. It can take values
between zero and one, with one being a perfect score. It is given by

d1 = 1−
∑N

i=1 |Pi −Oi |∑N
i=1

(∣∣∣Pi −O
∣∣∣+ ∣∣∣Oi −O

∣∣∣) . (16)

Where Pi denote the simulated values, Oi the observations, O the observational mean5

and N the number of data points.
FAC2 gives the fraction of the predictions that are within a factor of two of the obser-

vations. It is calculated as

FAC2 =
1
N

N∑
i=1

ni , (17)

with ni = 1 if the modeled value lies within a factor of two of the observed value. Other-10

wise, ni is zero. A “perfect” forecast (with respect to the factor of two) renders a score
of one.

The geometric mean bias is given as

GMB = exp

(
1
N

N∑
i=1

lnPi −
1
N

N∑
i=1

lnOi

)
. (18)

It has to be noted that GMB is sensitive to the order of magnitude. The difference be-15

tween 0.1 and 1 is rated equally false as the difference between 10 and 100. In reality,
the former is of little importance to allergic people whereas the latter is crucial. Addi-
tionally, the measuring systems cannot distinguish between 0.1 and 1 while they are
clearly sensitive to the difference between 10 and 100. Furthermore, in the observed
pollen concentrations, values of 0 pollen per cubic meter can occur. This obviously re-20

sults in an error for the logarithm. Hence, the logarithm of pollen concentrations smaller
than 20.1 pollen per cubic meter was set to 3.
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6.2 Results regarding pollen classes

We have studied the ability of the model versions to forecast a certain pollen class using
TS and FAR. The results using a double threshold to define a pollen class (upper and
lower bound) can be found in Figs. 4 and 5. Both model versions show that the ability
to correctly forecast a pollen class is different for the different pollen classes. Appar-5

ently, it is easier to predict higher pollen classes. This is desirable since higher pollen
classes induce stronger allergenic symptoms. In any case, the class “low pollen load”
scores worst. This can partly be explained by the fact that the higher pollen classes
cover a wider range of pollen concentrations (see Table 2): e.g. for the pollen class
“very strong” the concentration needs to be anything above 300 pollen per cubic meter,10

whereas for the class “low” the concentration needs to be below 10 pollen per cubic
meter. Obviously, the latter is more difficult to hit. It has to be noted, that the class “low
pollen load” is very rare during the main pollen season, both in observations and in the
models. The scores are therefore based on only a few data points where the observa-
tions fall into this class. Additionally, measurements of small pollen concentrations are15

uncertain due to the nature of the measuring system.
The same scores have also been computed using a single threshold to define

a pollen class rather than an upper and lower limit. The results given in Table 4 still
show strong differences between the classes. However, the conclusion drawn from the
exercise is reversed: now, the results indicate that it is easier to forecast the lower pollen20

classes. This demonstrates that the scores are very sensitive to the way an “event” or
“non-event” is defined (single or double threshold). Which definition is appropriate de-
pends very much on the question of the study.

The PSS using a double threshold is shown in Fig. 6. For the three lower pollen
classes, the values of PSS are in the order of 0.3 (EMPOL) and less than 0.1 (Hopt).25

The scores for the pollen class “very strong” are better for both parameterizations: 0.49
and 0.24, respectively. The results indicate that, indeed, the highest pollen class is
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better predicted than the lower pollen classes. This is true for both emission parame-
terizations and for both definitions of an “event” (not shown).

In order to get a feeling for the quality of our results, we have compared the PSS val-
ues for pollen to the results obtained for operational COSMO forecasts of precipitation
at MeteoSwiss. For precipitation, 8 different thresholds are used for the classification,5

starting with 0.1 kgm−2 and ending with 50 kgm−2. The analysis has been done sepa-
rately for the four seasons (spring, summer, autumn, winter). The corresponding values
can be found in Table 5. In contrary to pollen classes, precipitation is better forecast for
the lower thresholds. The best score for pollen classes (EMPOL, class “very strong”,
see Fig. 6) is in the same order than the best scores for precipitation (0.6). Likewise, the10

worst scores for precipitation and pollen (Hopt, classes “low”, “moderate” and “strong”)
are in the same range of less than 0.1. Considering that precipitation has already been
forecast in NWP models for some decades, this is an encouraging outcome for simula-
tions of pollen concentrations that have been introduced to NWP systems just recently.

Summing up the results, EMPOL scores higher than Hopt for any of the pollen classes15

and for all of the computed skill scores, regardless of the definition of an “event” (see
e.g. Figs. 4 to 6).

6.3 Results regarding pollen concentrations

The mean correlation coefficient is clearly better for EMPOL than for Hopt (see upper
panel in Fig. 7). However, to reject the null hypothesis (“Modeled and observed concen-20

trations are uncorrelated”.), the p-values have to be less than 0.05. Neither the mean
p-value of Hopt nor that of EMPOL fall below that threshold (lower panel of Fig. 7). The
picture changes when looking at individual measuring sites. For Hopt, the p-values are
generally higher, with only three stations below 0.05 (stations 4, 16, and 30). These
coincide with the three highest correlation coefficents for Hopt. In contrast, EMPOL has25

p-values of less than 0.05 at 17 stations and only a few stations with very high p-values.
Again, the high p-values generally coincide with small correlation coefficients (e.g. sta-
tions 2, 14, 15, 21, 23, 33, 34) and vice versa. Hopt only performs better at 7 out of
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the 34 measuring sites. This can be interpreted such that the biological and physical
processes are represented better in EMPOL compared to Hopt. Both parameterizations
have been tuned using Swiss pollen data of the previous years. For EMPOL, this re-
sults in better correlation coefficients and very low p-values at most of the Swiss pollen
stations (numbers 5 to 13). But apparently, the chosen parameterization also works5

well for many stations outside of Switzerland (e.g. stations 3, 16, 18, 19, 24, 26, 27,
29, 30). Such a refinement of the results for the stations included in the tuning process
cannot be found for Hopt.

The model’s ability to forecast a concentration in reasonable closeness to the ob-
served value can be measured using FAC2 (see Fig. 8). It can be seen that EMPOL10

performs better at 28 of the 34 stations which leads to a considerably higher mean
value than for Hopt. Overall, about 50 % of the simulated concentrations are within
a factor of two of the observed values for EMPOL. For Hopt, only about 30 % fall in
that range. Similar conclusions can be drawn from d1 (not shown). Here again, for EM-
POL, the results tend to be slightly better at the Swiss stations while Hopt does not15

show this preference (not shown).
The mean rmse is very high for both parameterizations (see Table 6). The individual

values for different stations are quite diverse (not shown). In many cases, high values
of rmse coincide for the two parameterizations. This suggests that the error could have
its origin outside the emission parameterizations. Examples of such external factors20

are the plant distribution or a wrong altitude of Alpine stations in the model due to the
low spatial resolution.

A different picture can be found for the GMB (see Fig. 9). Here, again, similar values
coincide at some of the stations (e.g. sites 12, 19, 20, 25, 26, 33). However, at the
majority of stations, one parameterization clearly shows a stronger bias than the other25

(e.g. sites 1–4, 14, 21, 24). Here, the difference in the error has to originate in the
emission parameterizations since the other influencing parameters are the same for
both model versions.
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7 Summary and conclusions

We have developed an emission parameterization EMPOL for pollen grains for the use
in NWP systems. It needs the plant distribution and a description of the pollen sea-
son as input parameters. The emission process is separated into two steps: first, the
release of the pollen from the flowers into a pollen reservoir. This is driven by temper-5

ature and relative humidity. Second, the emission of the pollen from the reservoir into
the atmosphere. This is driven by the turbulent kinetic energy. Additional processes that
are included: wash-out of the reservoir by precipitation, loss of pollen in the reservoir
due to random processes, sticking of the pollen grains in the reservoir in case of high
relative humidities. Under favorable conditions, the available pollen grains can be re-10

leased rapidly. In that case, emission is turned off for the rest of the day. The maximum
daily amount of available pollen is a function of the progression of the pollen season.

The meteorological functions have been implemented in a way that allows adaptation
for different pollen species. This is important since the opening processes of the flowers
are different between plant species. Additionally, EMPOL uses individual functions for15

each of the meteorological parameters. This and the separation of the different steps
leading to pollen emission facilitate the design of experiments to determine the different
meteorological parameters. Another advantage over the parameterizations based on
Helbig et al. (2004) (Horig and Hopt) is the avoidance of unknown parameters like LAI
that introduce unnecessary uncertainty.20

Statistical scores show that the model version using EMPOL performs better than
the model version using Hopt. This is true both for analyses using continuous values
and for analyses based on pollen classes.

TS and FAR show that the performance of the model differs between pollen classes.
Using a lower and upper limit to define classes, the higher pollen classes are predicted25

better than the lower pollen classes. Using a single threshold to discriminate between
classes, the lower pollen classes reach better scores. For PSS, the scores of the higher
pollen classes are better, both for single and double thresholds. Overall, the scores
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are comparable to the ones that are reached for operational forecasts of precipitation
using the COSMO model. The best score (0.49) is reached for the pollen class “very
strong” and EMPOL. The mean correlation coefficient for Hopt is 0.12, whereas for
EMPOL it reaches a value of 0.43. The results are quite diverse between the different
observational sites. Using EMPOL, 49 % of the simulated values deviate less than5

a factor of two from the observations (Hopt: 29 %).
It has to be noted, however, that this parameterization is not yet fully tuned. The func-

tions in the parameterization work in the timescale of a time step. In our case, these
are 60 s. It is hardly possible to tune these functions using daily resolved observations.
Only recently, pollen observations with a higher temporal resolution (bihourly values)10

have started to be registered on an operational basis. Additionally, it would be desir-
able to conduct laboratory experiments for the explicit determination of the functions
that connect the amount of emitted pollen to meteorological variables. Taking these
exercises into account, EMPOL has a great potential to become considerably better in
the future.15

For the time being, the functions have only been constructed for birch pollen emis-
sion. Right now, versions for grasses and ragweed pollen are under construction at
MeteoSwiss. Further plant species, such as hazel, alder or ash, should follow to en-
able the operational use of numerical predictions for the main allergenic pollen species.

Supplementary material related to this article is available online at:20

http://www.geosci-model-dev-discuss.net/6/3137/2013/
gmdd-6-3137-2013-supplement.pdf.
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Table 1. Sites of the pollen measurements and their geographical locations, numbers refer to
the numbering in the figures of Sect. 6.

Country Town Lon Lat

1 Austria Rosalia 16.3033 47.7030
2 Austria Vienna 16.3561 48.2488
3 Belgium Brussels 4.3500 50.8333
4 Belgium Genk 5.5000 50.9500
5 Switzerland Basel 7.5830 47.5638
6 Switzerland Bern 7.4211 46.9477
7 Switzerland Geneva 6.1500 46.2166
8 Switzerland La-Chaux-de-Fonds 6.8333 47.1144
9 Switzerland Lausanne 6.6500 46.5333
10 Switzerland Lucerne 8.2833 47.0500
11 Switzerland Münsterlingen 9.2333 47.6333
12 Switzerland Neuchâtel 6.9166 46.9833
13 Switzerland Zurich 8.5500 47.3833
14 Germany Berlin 13.4166 52.5333
15 Germany Delmenhorst 8.6333 53.0500
16 Denmark Copenhagen 12.5500 55.6833
17 France Chalon-sur-Saône 4.8369 46.7933
18 France Chambéry 5.9169 45.5652
19 France Metz 6.1822 49.0925
20 France Montluçon 2.6050 46.3400
21 Croatia Zagreb 15.9833 45.8166
22 Hungary Györ 17.6000 47.6666
23 Hungary Kecskemét 19.6666 46.9166
24 Hungary Budapest 19.0666 47.5000
25 Hungary Salgótarján 19.9008 48.0455
26 Hungary Szolnok 20.2000 47.1666
27 Hungary Tata 18.3180 47.6388
28 Hungary Veszprém 17.9163 47.1000
29 Italy Busto Arsizio 8.8541 45.6119
30 Italy Legnano 8.9088 45.5969
31 Italy Parma 10.3333 44.7167
32 Poland Lodz 19.4650 51.7661
33 Poland Poznan Morasko 16.9166 52.4500
34 Poland Poznan 16.8833 52.4166
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Table 2. Pollen classes for birch pollen concentrations (Cpollen) used for the operational pollen
forecasts at MeteoSwiss.

Pollen class Pollen concentration in m−3

low pollen load Cpollen < 10
moderate pollen load 10 ≤ Cpollen < 70
strong pollen load 70 ≤ Cpollen < 300
very strong pollen load 300 ≤ Cpollen
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Table 3. 2×2 contingency table: pairs of measured and simulated values are classified as
hits (a), false alarms (b), misses (c) and correct negatives (d).

Observation
yes no

Forecast
yes a b

no c d
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Table 4. TS and FAR for pollen classes using a single threshold. The threshold is given in pollen
per cubic meter.

Score Threshold Hopt EMPOL

TS 10 0.91 0.95
TS 70 0.65 0.69
TS 300 0.34 0.48
FAR 10 0.03 0.02
FAR 70 0.27 0.21
FAR 300 0.58 0.29
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Table 5. Values of the Pierce Skill Score for operational COSMO forecasts of precipitation at
MeteoSwiss using different thresholds. The four seasons are evaluated separately.

Threshold in kgm−2 Spring Summer Autumn Winter

0.1 0.64 0.60 0.63 0.61
1 0.62 0.54 0.64 0.64
2 0.55 0.47 0.59 0.59
5 0.45 0.38 0.55 0.53
10 0.36 0.28 0.48 0.41
20 0.21 0.21 0.35 0.21
30 0.15 0.16 0.26 0.09
50 0.03 0.05 0.10 0.08
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Table 6. Statistical results for the two model configurations based on pollen concentrations.
Values are means over all measuring sites. The rmse is given in pollen per cubic meter. Figures
in the last column give the number of sites where EMPOL scores better than Hopt. The total
number is 34 sites.

Statistical measure Hopt EMPOL #

d1 0.31 0.46 29
FAC2 0.29 0.49 28
rmse 585 345 32
GMB 2.14 1.18 26
r2 0.12 0.43 27
p-value 0.49 0.19 28
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Fig. 1. Function describing the influence of temperature on the opening of birch catkins.
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Fig. 2. Function describing the influence of relative humidity on the opening of birch catkins.
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Fig. 4. Threat Score, based on classes defined by an upper and lower limit.
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Fig. 5. False Alarm Ratio, based on classes defined by an upper and lower limit.
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Fig. 6. Pierce Skill Score, based on classes defined by an upper and lower limit.
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Fig. 7. Correlation coefficients (upper panel) and their corresponding p-values (lower panel) for the two model configurations at each of the
measuring sites. The colored lines denote the mean over all stations. The black line in the lower panel shows the significance level of 0.05.

since the other influencing parameters are the same for both730

model versions.

7 Summary and conclusions

We have developed an emission parameterization EMPOL
for pollen grains for the use in NWP systems. It needs the
plant distribution and a description of the pollen season as735

input parameters. The emission process is separated into two
steps: first, the release of the pollen from the flowers into
a pollen reservoir. This is driven by temperature and rela-

tive humidity. Second, the emission of the pollen from the
reservoir into the atmosphere. This is driven by the turbu-740

lent kinetic energy. Additional processes that are included:
wash-out of the reservoir by precipitation, loss of pollen in
the reservoir due to random processes, sticking of the pollen
grains in the reservoir in case of high relative humidities.
Under favorable conditions, the available pollen grains can745

be released rapidly. In that case, emission is turned off for
the rest of the day. The maximum daily amount of available
pollen is a function of the progression of the pollen season.
The meteorological functions have been implemented in a
way that allows adaptation for different pollen species. This750

Fig. 7. Correlation coefficients (upper panel) and their corresponding p-values (lower panel)
for the two model configurations at each of the measuring sites. The colored lines denote the
mean over all stations. The black line in the lower panel shows the significance level of 0.05.
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Fig. 8. Fractions of predictions within a factor of two of observations for the two model configu-
rations at each of the measuring sites. The colored lines denote the mean over all stations.
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Fig. 9. Geometric mean biases for the two model configurations at each of the measuring sites.
The colored lines denote the mean over all stations.
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