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Abstract

Pollen forecasts are a fundamental prerequisite to obtain prophylactic measures for allergic individuals. Mugwort belongs to the
most relevant allergenic pollen types after grasses and birch. An approach to modeling of mugwort pollen concentrations has not
been attempted previously in Germany. A process-oriented mathematical model for the relative local daily average mugwort
airborne pollen concentration was developed on the basis of pollen and weather data measured during a 6-year period. The model
depends on the daily minimum and maximum temperature, amount of precipitation and atmospheric pressure, which have to and
can be supplied by measurement and prediction. The comparison of modeling results and pollen counting for an additional year
confirms the fitness of the model. A computer program was written, which rests upon the model and supplies daily predictions
of mugwort pollen flight during the period of the weather forecast. The latter should allow a pollen forecasting period of about
5 days, with an accuracy of about 32–63% explained variance, which in view of the low mugwort pollen counts (nine grains/m3

maximum in the validation year) represents a high relative measurement error. The mathematical model may serve to improve and
rationalize of present pollen forecasts. © 1998 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Accurate pollen forecasts are an important and fun-
damental prerequisite in the planning of prophylactic
measures for allergic individuals, such as avoidance and
short-term prophylactic measures. Patients may have
less or no complaints, thereby saving costs.

Currently the German weather service (DWD), in
cooperation with the German pollen information ser-
vice (PID), manually combines plant observations and
airborne pollen measurements with the weather forecast
to provide the pollen forecast.

The aim of the work presented here (Spitzer, 1995) is
to rationalize this process by use of a mathematical
model. Paradigmatically, mugwort (Artemisia) pollen in
Bad Lippspringe (North Rhine Westfalia, Germany)
was investigated. Mugwort flowers from July to August
in Germany and is one of the allergologically most
important plants after grasses and birch (Puls and von
Wahl, 1989, p. 40). Whereas pollen concentration or
hay fever stress models exist for birch (Törnevik, 1982),
and grasses (Spieksma, 1980; Tonkelaar, 1986; Mose-
holm et al., 1987; Norris-Hill, 1995), similar models for
mugwort have not been developed.

Bad Lippspringe is a health resort, especially for
allergic individuals, with 13500 inhabitants, 140 m
above sea level, at 51° 47% north latitude and 8° 49% east

* Corresponding author. Tel.: +49 921 555632; fax: +49 921
555799; e-mail: frank.wolf@bitoek.uni-bayreuth.de

0393-5965/98/$ - see front matter © 1998 Elsevier Science Ireland Ltd. All rights reserved.
PII S0393-5965(98)00018-3



F. Wolf et al. / Aerobiologia 14 (1998) 359–373360

longitude. The landscape is dominated by agriculture,
and is mainly flat with some hills in the west.

The genus Artemisia is almost exclusively represented
by the one species Artemisia 6ulgaris L. in the relevant
area, where it is a common wild flower. It is often
found at roadsides and in rural areas in Bad Lipp-
springe and the environment of the pollen trap, which
comprises a park and hedges.

The restriction to only one species may be a promis-
ing condition for modeling in the sense of Moseholm et
al. (1987), p. 320. Poaceae are a family with several
species that have different flowering times. In addition,
A. 6ulgaris L. differs from birch by exhibiting a rela-
tively low variation in its flowering time. This property
may be considered to be another advantage for
modeling.

Unfortunately, Artemisia pollen counts are relatively
low (Table 1; Figs. 9 and 10), which causes a high
relative measurement error. The low mugwort counts
are a known phenomenon, investigated by von Wahl
and Puls (1989). They are caused by the biologic emis-
sion rhythm of mugwort, the diurnal rhythm of wind
and convection, and the usually high (more than 10 m
above ground) pollen traps. Another reason may be
that the genus Artemisia is an anemophilous exception
in the eutomophilous family of the Asteraceae, there-
fore, the pollen and their release mechanism are not as
sophisticated for anemogamy as it is for Betula or
Poaceae.

The low Artemisia pollen concentrations in high
traps should not mislead as to their concentration at
nose height, which could be ten times higher (von Wahl
and Puls, 1989). For pollen predictions of the German
pollen information service, more than six grains of
Artemisia pollen per m3 air daily mean are already
assessed as a severe burden risk for pollen allergic
individuals (Bergmann, 1994, p. 143).

2. Materials and methods

2.1. The data

Pollen counts in Bad Lippspringe have been made by
the PID since 1988 with a Burkard trap 13 m above
ground, on the roof of the Karl-Hansen Hospital. The
Burkard trap is a volumetric device which sucks in a
continuous air stream of 10 l per minute through a slit
of 14×2 mm, held in the direction of the wind. The air
stream passes a vaseline film, which is spanned on a
cylinder with one rotation per week, to which dust and
pollen adhere. The vaseline film is changed every 3
days. After preparation it is cut in strips of 1 day,
which is 48 mm on the 14-mm wide film. From this, the
pollen of four parallel stripes each 250 mm wide, which
account for a total width of 1 mm, and 48 mm long

(the full length of 1 day), are counted under a stereo-
microscope. This yields the pollen concentration in
grains per m3 air (grains/m3), daily mean, because of
the daily air volume of 14.4 m3 sucked in. The Burkard
trap is the common instrument of European pollen
measurement services (see von Wahl, 1987, p. 22 for
further explanation).

For calibrating the model, all mugwort data of the
seasons 1988–1993 were used. However, there are some
early counts outside the main flowering seasons pre-
sented in Fig. 9; these data were never captured in a
modeling approach. For evaluating the model ade-
quacy, however, only data from the main flowering
periods were used (see comparison period in Table 2).
Including the periods with a few (early) pollen counts
would lead to an over-estimation of the model ade-
quacy, because of the many common pollen-free days.
The early exceptions are: one grain/m3 on July 13 1988;
several single peaks in the period from June 1 1990 to
July 9 1990; one grain/m3 on June 11 1991; three
grains/m3 on June 16 1991; eight grains/m3 on July 8
and 9 1991; one grain/m3 on June 20 1992; and one
grain/m3 on July 8 1993. We assume that other pollen
types that were falsely classified as Artemisia pollen
account for the early Artemisia pollen, at least in June,
because none of the 17–18 species of this genus which
are native to Germany flowers this early (i.e. before
July), as known by own observation and reference to
comprehensive German flora literature (Rothmaler et
al., 1990).

From the weather station of the DWD, 1 km from
the pollen trap, the following nine daily parameters
were obtained for 1988–1993: minimum, mean and
maximum temperature, amount of precipitation, rela-
tive humidity (mean from the measurements at 08:30,
15:30 and 22:30 h CEST), atmospheric pressure at
ground level (mean from the measurements at 08:30,
15:30 and 22:30 h CEST), amount of global radiation,
duration of sunshine and average wind speed, 10 m
above ground.

As proposed and successfully applied by Defila
(1988), Klante (1989), Marletto et al. (1992) and the
German pollen service, phenological data from plant
observers of the environment of Bad Lippspringe
should be considered for modeling the flowering season.
From the central weather bureau of the DWD in
Offenbach, the data from plant observers of 59 reason-
able phenological phases were available for 1988–1991,
and of two phases from 1988 to 1993, at the time of
model calibration in 1994. The phases were the begin-
ning of flowering of Alnus glutinosa (L.) Gaertn.,
Anemone nemorose L., Betula pendula Roth, Cornus
mas L., Corylus a6ellana L., Forsythia suspense
(Thunb.) Vahl and Galanthus ni6alis L. Unfortunately,
there were no data from Brachypodium pinnatum (L.)
P.B. or Plantago lanceolata L., which were also found
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predictive for the flowering of A. 6ulgaris L. by Mar-
letto et al. (1992), p. 80.

Phenological data for Bad Lippspringe were not
available from plant observers but from the pollen trap,
which is the same instrument used for the Artemisia
pollen counts. The only well-defined phenological
events captured by the trap, that may be useful for the
prediction of mugwort flowering dates, were the air-
borne pollen concentration maxima (here also denoted
as main flowering days) of the pollen types Betula,
Poaceae, Carpinus, Fagus, Fraxinus, Pinus, Plantanus,
Populus, Quercus and Salix. (Plantago pollen counts
were performed, but are very low and have no definite
maximum.)

The model was cross-validated using the correspond-
ing and necessary (see below) weather and pollen data
from 1994.

2.2. The modeling approach

In the literature a large number of trivial and more
complex dependencies between the airborne pollen con-
tent and different weather parameters can be found.
Not all of them could be considered in a model, be-
cause of intercorrelations and the coarse or few calibra-
tion data. One fact seems to be accepted by every
investigator: warm and dry weather favors high pollen
concentrations in the flowering season. But how much
of the variations could be explained by this principle?
For example, Törnevik (1982) found a reasonable birch
pollen model dependent on the daily mean temperature
only, Moseholm et al. (1987) found additional use of
the relative humidity for a grass pollen model, and
Norris-Hill (1995) additionally applied the maximum
temperature and daily rainfall for a grass pollen model.

Our idea was to establish a basic model, with which
the effect of different climatic parameters could be
investigated separately. Thus, the search for relevant
parameters was performed by model calibration, which
seems to be a ‘more natural’ way, as sophisticated
dependencies may be hard to find by (linear) statistics
exclusively.

The model rests on a simple concentration differen-
tial equation, which was used by both Törnevik (1982)
and Tonkelaar (1986). According to this equation,
changes in the airborne pollen concentration C at time
t at a certain location result from pollen production P
(i.e. from the surrounding plants) and from dilution D
(i.e. dispersal, deposition) of the airborne pollen:

d
dt

C(t)=P(t)+D(t) · C(t) (1)

In contrast to Törnevik (1982), who used this ap-
proach for a birch pollen model and Tonkelaar (1986),
who used this approach for a grass pollen model, the
sign of D(t) in Eq. (1) is chosen positive, because the

weights and signs of all components of D(t) should be
a result of unrestricted optimization. A positive sign
would mean a self-increase of the airborne pollen,
which makes no sense. The correct sign was in fact a
result of optimization (Section 3.1.4), which confirmed
the assumptions of Eq. (1).

Starting from Eq. (1), terms P and D had to be
established, containing parametric effect functions of
the different weather parameters, which should be
polynoms (Fig. 7), jump functions (Figs. 3 and 6), or
optimum curves (Figs. 2 and 8) (Section 2.3).

The description of all modeling approaches explored
is beyond the scope of this article. The interested reader
might have a look at Spitzer (1995), pp. 62–95.

2.3. Model calibration

The calibration of a model means the determination
of its parameters and concrete structure (Janssen and
Heuberger, 1995). This should be performed on the
basis of the measurements from 1988–1993 (calibration
period) and prior knowledge in the following steps.

2.3.1. Estimation of a le6el of plant de6elopment
This indicates the main flowering (maximum pollen

concentration) day at a certain threshold and should be
used as the time component in the production rate P. It
should be calculated by integrating daily growth rates,
which could depend on daily sunshine duration
(Klante, 1989), global radiation (Strasburger et al.,
1991), etc., but mainly on temperature. Assuming a
linear temperature dependent growth rate yields the
method of Marletto et al. (1992) and that of linear
temperature sums (Fritz and Gressel, 1983; Defila,
1988; Puls, 1987). We want to investigate especially the
temperature dependence of a growth rate by an opti-
mum curve, according to experimental experience
(Törnevik, 1982, p. 19; Strasburger et al., 1991, pp. 287,
399; Mohr and Schopfer, 1992, p. 449; and Fig. 2, solid
line) From the three temperature parameters and other
climatic parameters it should be possible to conclude a
specific plant temperature (Puls, 1987, p. 35). The ini-
tiation of plant growth, and therefore the start of
integration, should be defined by a temperature
threshold or a phenological phase.

2.3.2. The mean pollen season
Now, the simplest realization of terms P and D in the

concentration Eq. (1) was performed, which yields a
pollen season without deviations around the mean sea-
son. Therefore, P should consist of a source strength
and a Gaussian function in the level of plant develop-
ment, as found in Section 2.3.1, with the level of plant
development at the main flowering day as expected
value and an additional variance parameter (Fig. 5).
The deposition term should consist of one constant
deposition rate only. This results in a basic model.
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2.3.3. The complete model
The complete model also includes variations. Contin-

uing from the basic model of Section 2.3.2, attempts
were made to refine and improve terms P and D
separately and subsequently by further parametric ef-
fect functions in different weather parameters to de-
scribe the observed pollen counts. Thus, a pollen release
condition for P and effects of pollen uptake by the
wind, washing out with rain and flight conditions de-
pending on relative humidity and others for D should
be investigated.

The separate parameters were estimated by minimiz-
ing the quadratic error between calculated and mea-
sured pollen concentrations, or the actual and
reconstructed main flowering day in the first modeling
step. On the solutions one had to decide whether a
weather parameter in a certain effect function was
relevant and whether other approaches had to be inves-
tigated. This decision was based on a visual inspection
of the model curves and critical comparison with the
measurement curves.

Such a procedure appears somewhat arbitrary, but it
is a way to find out what is adequately described by a
certain model structure. For example, greater rain
events are rare in Bad Lippspringe (Fig. 7) but, as we
found, their effect on the pollen counts could not be
described (adequately) by any other climatic variable in
the tested effect functions, although the improvement
of the error function seemed to be negligible. The
consideration of rainfall would thus yield no significant
improvement, but as we are interested in the variation
of airborne pollen, and thus in the washout effects, we
could not ignore this influence.

2.4. Parameter optimization

The progress of the pollen season is of special interest
for allergic individuals. Thus, the smoothing effect of
the quadratic error as optimization criterion might be
inadequate. Other error measures, such as the squared
error of the gradients, which hopefully should yield a
better consideration of the season dynamics, were inves-
tigated. But this led to distortions, which justified the
choice of the customary quadratic error measure.

The error functions, which depend on the model
parameters, are discrete and rather noisy, which is
caused by the used discrete (daily) and noisy weather
data. So common optimization methods using deriva-
tives, which could only be coarsely approximated nu-
merically, would get trapped in one of the numerous
local minima. Therefore, we chose the stochastic opti-
mization algorithm ‘Simulated Annealing’, which was
introduced by Kirkpatrick et al. (1983). This algorithm
is derived from a statistical description of (for example)
crystal growing from a melt. A regular crystal is a state

of a global minimum of energy after a slow cooling
process with thermodynamic equilibrium at each tem-
perature step. The algorithm allows an increase of the
cost function at a decreasing level, so that local minima
may be left again. The tolerated deterioration, its de-
creasing rate and other parameters have to be well
adapted to the problem and the progress of its solution.

‘Simulated Annealing’ is a powerful tool in discrete
stochastic computation. Several publications, e.g. in the
field of operations research, can be found concerning
this topic. An overview of combinatorial algorithms
including ‘Simulated Annealing’ is given by Lengauer
(1990).

Generating new parameters, their start values and
their quantity has to be well considered for each model-
ing approach, to ensure effective work of the optimiza-
tion algorithm and to avoid mathematical fitting results
without practical utility. Thus, at first only one new
weather parameter or modified effect function was in-
vestigated in one optimization phase. In a final step, the
relevant components were put together and their
parameters had to run new optimizations.

3. Results

The modeling led to a formula for the relative daily
mugwort airborne pollen concentration of Bad Lipp-
springe depending on the four weather parameters:
minimum and maximum temperature, amount of pre-
cipitation and atmospheric pressure. Section 3.1 pre-
sents the resulting model. More details on all
considered modeling approaches and the modeling pro-
cess can be found in Spitzer (1995), pp. 107–130.

3.1. The model

An introductory overview of the components and
mechanism of the model is given by Figs. 1–8 and their
order: From the beginning of plant growth initiation
(Fig. 1, paradigmatically for 1989), a positive growth
rate is assumed, which depends on the minimum tem-
perature (Fig. 2) and, from a few days before flowering,
on precipitation (Fig. 3). This cumulates in a level of
plant development (Fig. 4) as the time parameter of the
flowering ripeness or likelihood (Fig. 5). Pollen produc-
tion is then determined by flowering ripeness and a
release condition (Fig. 6). The airborne pollen deposit
with constant speed, could be washed out by rain
events (Fig. 7) and are dispersed in relation to pressure
gradients (Fig. 8). Fig. 9 shows the modeled pollen
concentrations versus the counts in the calibration pe-
riod 1988–1993. The model components are presented
in detail below.
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Table 1
Events of the mugwort pollen modeling period

1990 1991 1992 19931988 1989

10.3.5.3. 6.4.Plant growth initiation 16.2.9.4. 21.3.
9.7. 18.7. 5.7. 29.6.Beginning of possible development delay 10.7. 14.7.

18.7.19.7.28.7.Beginning of modeled pollen season 22.7.23.7. 25.7.

Values represent: day.month.

3.1.1. Plant de6elopment
Plant growth is initiated on the first day of the year,

when the average daily maximum temperature exceeds
13.3°C for 10 days. This defines day ts, which is used as
the start of integration in Eqs. (2) and (7) with initial
condition in Eq. (8). Note that the 13.3°C, as well as
the 10 days and all other model parameters mentioned
in Section 3.1, are a result of optimization. The result-
ing days from the condition for the beginning of plant
development in the calibration period are summarized
in Table 1. This property seems to confirm the experi-
ence that rather than the exceeding of a single tempera-
ture peak or of a level of the seasonal trend
temperature alone (yielded by smoothing over about 30
days) a few subsequent warm days are necessary for the
growth initiation of plants in spring (cf. Fig. 1). But the
actual biological meaning of the detected mugwort
specific temperature threshold is unknown.

Among the models using phenological indicators in-
stead of temperature for growth initiation, the best
results were obtained with the maximum of the Fraxi-
nus airborne pollen content of Bad Lippspringe. How-
ever, these models are less accurate. A promising result
with data from the plant observers could be found with
the beginning of flowering of Forsythia suspensa
(Thunb.) Vahl in Sande, 100 m above sea level, 11 km
west of Bad Lippspringe. But there were too few data
(1988–1991 only) for a reasonable confirmation of this
trend and for a further application in model calibra-
tion. No predictive power could be established for the
two 6-year exceptions, the beginning of flowering of
Galanthus ni6alis L. and of Corylus a6ellana L. observed
in Steinhagen, 110 m above sea level, 37 km north-west
of Bad Lippspringe.

From day ts, a standardized level of plant develop-
ment LPD, according to general growth, but especially
flowering, is calculated. It should indicate the readiness
for flowering and the main flowering day. LPD is the
numerical integral in the daily mean development veloc-
ity nPD:

LPD(tj)= %
j

l=s+1

nPD(tl)Dtl (2)

nPD(tl)=J5R(R(tl)) ·Oe(q–(tl)) ·
1
d

(3)

The sustainable factor of nPD is an optimum curve in
the minimum temperature q–:

Oe(q−)=Í
Ã

Ã

Á

Ä

e−
k(q− −qo)2

(q− −qm)(qM−q− )

0

if qmBq−BqM,

else

(4)

with a minimum growth temperature of qm= −
8.5°C, an optimum growth temperature of qo=24.5°C,
a maximum growth temperature of qM=35.8°C and a
distortion parameter k=2.142. This infinite differen-
tiable function is presented in Fig. 2. One can see that
the minimum and maximum growth temperatures do
not coat the growth interval in the used resolution. This
is mainly caused by the distortion parameter: below
:−2.0°C and above :35.0°C no growth is possible.
Growth rate increases with the minimum temperature
above −2.0°C. A maximum growth velocity is reached
at the temperature optimum qo=24.5°C. Beyond this
value growth velocity decreases again and stagnates at
approx. 35.0°C.

Oe may be seen as the mathematical description of a
further development of the Van’t Hoff curve (simplified
from Törnevik, 1982, p. 19; Strasburger et al., 1991, p.
287):

nPD,H(q)=n0e
q−q0

q1 (5)

or Arrhenius curve (simplified from Strasburger et
al., 1991, p. 399; Mohr and Schopfer, 1992, p. 65):

nPD,A(q)=n0e
q1

q−q0 (6)

Both describe plant growth or development rates and
are depicted in Fig. 2, but experiments show (Törnevik,
1982, p. 19; Strasburger et al., 1991, pp. 287, 399, 401)
that plant growth is ruled by an optimum law.
Törnevik has satisfied this conflict using a Gaussian
function, but as the empirical curves are asymmetric
(the increasing parts seem to have a lower slope than
the decreasing ones), we want to consider the extreme
temperatures and go on from Arrhenius, Eq. (5). Thus,
we prefer the description used by Eq. (4).



F. Wolf et al. / Aerobiologia 14 (1998) 359–373364

Fig. 1. Plant growth initiation 1989. Maximum temperatures in the first half of 1989 (dotted line) and averages over the following 10 days (solid
line) as used for the temperature threshold of 13.3°C (horizontal line) for the beginning of plant (Artemisia) development, here March 21 (vertical
line)

The frequency function of the minimum tempera-
tures in the relevant period, also depicted in Fig. 2,
shows that only the increasing branch of Oe is used for
a description of plant development by the minimum
temperature under natural conditions. This is the part
which could also be described by the Arrhenius curve
(Fig. 2), where a more accurate adjustification of the
Arrhenius curve to Oe was avoided for optical reasons.
Such surrogate would save one model parameter only.
We prefer the optimum curve, because its parameters
are easy to interpret and it is able to deal with excep-
tional temperatures more reasonably, and this is the
behavior really found by experiments.

A linear increase of the growth rate can be seen in
Fig. 2 between :6°C and 17°C. This corresponds to
the common linear temperature sum rules (Fritz and
Gressel, 1983; Puls, 1987; Defila, 1988; Marletto et al.,
1992) for predictions of a special flowering date, be-
cause of the summation for the level of development
(Eq. (2)) and its meaning for the flowering ripeness
function (see below). A justification for the temperature
rules may be seen, because this temperature range
appears with a frequency of 68%. But the temperatures
below 6°C, responsible for the clear non-linear contri-
bution of nPD, appear with a frequency of 28% and,
thus, could not be omitted. A linear dependency would
lead to an underestimation of the effect of low temper-
atures. The tested direct temperature sums (from an
optimized minimum) for the prediction of the main
flowering day were indeed less accurate.

The preference of the minimum temperature for
plant growth velocity is a result of optimization, as the
parameters of Eq. (4) and all other model parameters
are. We investigated a weighted mean of all three
temperatures, but the weight of the minimum tempera-
ture was always the dominant one and tended to 1,
whereas the others were almost 0, even if an unfavor-
able start vector of the weights was chosen for the
minimization routine. A comparable attempt to predict
the maximum of Betula and Poaceae airborne pollen
content reveals the maximum temperature (and corre-
lated weather parameters like radiation, sunshine dura-
tion and mean temperature) to be the effective variable
for nPD. For Artemisia, the minimum temperature ap-
pears to be the most important parameter determining
development rate.

The standardized plant development velocity nPD of
Eq. (3) is influenced by an additional delay factor, J5R.
J5R is the interpolation polynom of 5th degree in the
amount of precipitation (rain) R of day tl for a smooth
jump up to the 2. derivative between 1 at and below 6.4
mm and 0 at and below 15.4 mm (Fig. 3), if LPD]
33.39, otherwise J5R
1. This enables a delay of plant
development above a certain level of development from
13 days on average before the flowering period (Table
1), if the daily amount of precipitation exceeds 6.3 mm.
The delay increases with the precipitation up to suspen-
sion at 15.4 mm daily precipitation. The extension and
shift of the pollen season, because of precipitation
shortly before and during the flowering period, is al-
ready known and is a result of Klante (1989).
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Fig. 2. The exponential optimum curve in minimum temperature, Oe (solid line, left scale) defined in Eq. (4), as the sustainable factor of plant
development velocity; compared with adjusted Van’t Hoff (dashed line, n0=1, q0=11°C, q1=4°C in Eq. (5)) and Arrhenius (dash-dotted line,
n0=3, q0= −6°C, q1=30°C in Eq. (6)) curves, left scale. The smoothed (over 1°C, i.e. ten values) frequencies of minimum temperatures (dotted
line, right scale) are computed in the development period up to the end of the comparison period (Tables 1 and 2).

The frequencies of precipitation events are shown in
Fig. 7 and can be compared with the effect curve in
Fig. 3. Integration of nPD yields the standardized level
of plant development LPD (Eq. (2)) which is depicted
in Fig. 4 paradigmatically for 1989. There, the effect
of the delay factor is demonstrated by the arrows, and
the reaching of LPD]33.39 and LPD]LPDm for the
main flowering day, that means the maximum flower-
ing likelihood (Fig. 5), at LPDm=48.42 is shown. Now,
the preparations were made for the integration of Eq.
(1).

3.1.2. Integration of Eq. (1)
Eq. (1) had to be integrated numerically, because the

underlying data were all discrete daily values. So, time
t converted to tj [days=d], as a certain day of the year,
dt converted to Dtj= tj− tj−1, and dC(t) converted to
DC(tj)=C(tj)−C(tj−1,) where the pollen concentra-
tion C(tj) of day tj is in grains/m3. Application of the
simplest rule for numeric integration of Eq. (1), i.e.
solution of the according difference equation, yields the
recursion formula

C(tj)=
P(tj)Dtj+C(tj−1)

1−D(tj)Dtj

(7)

for the local daily mean airborne Artemisia pollen
concentration C(tj) of day tj, with the initial condition
that there were no airborne pollen at the beginning of
plant development ts

C(ts)=0
grains

m3 (8)

Eq. (7) will only hold if

D(tj)"1
1
d

(9)

which will always be satisfied as becomes obvious
when assuming the opposite and solving the difference
equation (see also remark with Eq. (1)).

Up to now, the model, Eq. (7) is a common formula
applicable for other aerosols and pollen types. The
following specifications turn it into a formula which is
specific for the A. 6ulgaris L. pollen of Bad Lipp-
springe. This specific formula is obtained by calibrating
the terms in Eq. (7) using the procedures described
above. For another location, Eq. (7) must be parame-
terized with data specific for that location. For other
pollen types the following specifications may also be
qualitatively wrong. Especially for large plant groups
like Poaceae, which is a family with several genera and
species, several independent production terms P may be
required.

3.1.3. The production rate
The production rate P(tj) [grains/(m3d)] at day tj in

Eq. (7) resulted in a product of a source strength,
release condition and flowering ripeness:

P(tj)=P0,y ·J5q(q+(tj)) · e−
(LPD(tj)−LPD,m )2

s (10)

The time of the pollen season is determined by the
flowering ripeness or flowering likelihood of the local
plant population, the third factor in Eq. (10), which is
a Gaussian function in the dimension standardized level
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Fig. 3. Delay factor of plant development velocity by the amount of
precipitation, J5R of Eq. (3), which holds above a level of plant
development of 33.39. For a frequency dispersion of precipitation see
Fig. 7.

ever, this is a negligible inconsistency for the
production term, being the leading component for in-
creasing and high pollen concentrations. In the predic-
tion program (Section 3.3)

P0,y
100
%
d

(12)

so that the model output is pollen concentration in
percent of the seasonal maximum at the main flowering
day.

3.1.4. The dilution rate
The dilution rate D(tj) [1/d ] at day tj in Eq. (7)

contains deposition, washout and dispersion:

D(tj)=d0+d1R2(tj)+d2O5(�p(tj)−p(tj−1)�) (13)

A constant deposition velocity d0= −0.9528 1/d re-
constructs the permanent sinking process of airborne
pollen grains.

Additionally, pollen concentration decreases quadrat-
ically with the amount of precipitation (rain) R. The
exponent was obtained by optimization, like all other
model parameters, where non-integer exponents were
also allowed. This influence is weighted with d1= −
0.01579 1/(mm2d). The washing out of airborne pollen
through precipitation is a well-known process (Puls,
1987, p. 39). Washout should not be understood as a
resolution of pollen in rain drops, as shown by Puls and
von Wahl (1989), pp. 38ff, but as a turbulent down-
dragging of the airborne pollen and sticking to the wet
surface. Fig. 7 shows the washout parabola and the
frequency distribution of precipitation events of Bad

of plant development LPD (Section 3.1.1). The flowering
ripeness peaks (main flowering day) at a development
level of LPD,m=48.42. s=14.43 defines the variance in
flowering time. Fig. 5 in combination with Fig. 4 pro-
vides some insight into the distribution of flower
ripeness.

Pollen release is governed by J5q which is the interpo-
lation polynom of 5th degree in the maximum tempera-
ture q+(tj) of day tj for a smooth jump up to the 2.
derivative between 0 at and below 20.9°C and 1 at and
above 21.3°C. This is a threshold condition which
allows no pollen release below 20.9°C and unhindered
release, restricted to the time of flower ripeness, above
21.3°C. The smooth jump between the two threshold
temperatures is so sharp, that one can say there is only
one threshold temperature at 21.1°C for pollen release.
Fig. 6 depicts this function and the related frequency
distribution in the calibration period (Table 2), which
shows that a majority of 64% of the temperatures
reached this threshold. With the daily mean or mini-
mum temperature, the resulting jump ranges several
degrees Celsius and the corresponding model curves
were not satisfactory.

P0,y represents the source strength of the year y,
which corresponds to the pollen production at the main
flowering day. No attempt was made to model this
quantity. For verification with the measured data dur-
ing modeling and in the figures we used the measured
maximum pollen concentration Cmax,y of the corre-
sponding season:

P0,y=Cmax,y ·
1
d

(11)

So we accept a small error, because the measured
pollen concentration is a result of production and depo-
sition, but should apply for the production only. How-

Fig. 4. Level of plant development LPD, Eq. (2), for 1989, from
growth initiation on March 21 to the end of the Artemisia pollen
season. Indicated events: the beginning of possible development delay
by precipitation from a level of 33.39 on July 13 and the main
flowering day at a level of 48.42 on August 12. The arrows point to
(almost) stagnation caused by the precipitation events on August 16
(13.0 mm) and August 27 (26.6 mm).
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Fig. 5. Flowering ripeness as a Gaussian function in the level of plant
development, third factor of Eq. (10).

An explanation of the dispersion effect of pressure
gradients can be given on the basis of the studies of
von Wahl and Puls (von Wahl and Puls, 1989, 1991).

Mugwort pollen are released in the morning, due to
a biological rhythm. A high trap (more than 10 m
above ground; here, 13 m) detects this pollen peak on
average (a few hours) later and (about ten times)
lower, than a trap at approximately plant height. The
reason is a dominant diurnal course of radiation and
thermal, and the existence of a stable mixing impeding
inversion layer, which emerge from weather situations
with low gradients of atmospheric pressure usual in
the mugwort flowering time (see pressure difference
frequencies in Fig. 8). The warming of the ground lets
the wind and thermal rise slowly and the height of the
inversion layer increases. The deposition of already
released pollen and the absence of a supply of emitted
pollen, because of the biologic rhythm, lets only few
pollen reach the high trap.

High pressure gradients characterize through passing
low pressures with high turbulence. The stronger
winds and the absence of an inversion lets all emitted
pollen immediately disperse in a higher air volume,
but does not let it sink to the ground or whirls it up
again. Pollen, which was emitted at the biological re-
lease time, can reach the trap. Summarizing, the mug-
wort pollen gauge of high traps equals that at low
pressure gradients (B2 hPa). Here, the mixing im-
peding inversion layer and its diurnal course let pollen
disperse in a smaller air volume, but it can easily
deposit so that little pollen reaches the trap, because
the inversion layer passes it after the emission maxi-
mum. An additional effect between those two scenar-
ios, namely the defragmentation of an initially existing
inversion layer, causes a dispersion promotion of the

Lippspringe in the studied period. Intensive rain events
seldom occur, but may weight much more than the
deposition do.

Finally, the absolute difference between the average
daily atmospheric pressure p(tj) and its previous value
p(tj−1), is of importance: moderate changes of 2.0–7.1
hPa promote a thinning of the mugwort airborne pol-
len concentration. The strongest thinning is observed
at a difference of 2.7 hPa. These are the parameters of
the smooth (up to the 2. derivative) optimum function
O5, which consist of two interpolation polynoms of
5th degree like J5R from Eq. (3) or J5q from Eq. (10)
such that O5=0 at and below a difference of 2.0 hPa,
then O5 follows a smooth jump to O5=1 at 2.7 hPa
with vanishing first two derivatives and decreases to 0
at and above 7.1 hPa (Fig. 8). The influence of the
atmospheric pressure, denoted as dispersion, is
weighted with d2= −2.238 1/d. Thus, its effect can be
of approximately double magnitude than the constant
deposition.

The dispersion effect of moderate pressure gradients
may appear surprising, but it was well investigated.
Different kinds of effect functions, like polynoms up
to 8th degree in the direct pressure difference, or jump
functions and optimum functions of 3rd and 5th poly-
nomial degree for the decrease and the increase of the
pressure were investigated, which means their parame-
ters had to run several optimization routines with dif-
ferent start vectors. Some indications for a slightly
emphasized thinning effect of negative pressure gradi-
ents were observed but, as a whole, the effect has an
optimum curve character with the same absolute range
and effect magnitude for positive and negative pres-
sure gradients. Thus, a distinction between positive
and negative gradients, and therefore eight instead of
four model parameters, could not be justified.

Fig. 6. Maximum temperature threshold, J5q of Eq. (10), for
Artemisia pollen release above :21.1°C (solid line, left scale). The
frequency distribution of the maximum temperature, smoothed over
1.0°C (ten values) during the calibration period 1988–1993 (255 days;
Table 1) is depicted as a dotted curve (right scale).
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Table 2
Comparison of measured and modelled mugwort pollen concentrations

1991 1992 19931988 19941989 1990

321663Model efficiency (%) 8673 85 71
1.6 4.0RMSE (grains/m3) 3.7 1.8 2.8 3.1 2.1

242716RMSE/Cmax (%) 912 11 10
67 36Correlation, r2 (%) 77 86 73 87 41
10 15Cmax (grains/m3) 31 17 30 35 9

17.7.13.7. 21.7.Comparison from 16.7.17.7. 20.7. 16.7.
2.9. 21.8. 24.8.to (day.month.) 29.8. 27.8. 12.8.28.8.

233940Comparison term (days) 4944 39 44
0 4Gaps in measurement 0 0 4 60

Cmax is the measured seasonal maximum pollen concentration. The comparison period includes the whole modelled pollen season and the main
measured season as depicted in Figs. 9 and 10 and described in the text, Section 2.1. RMSE, root mean squared error.

pollen. As a whole, this results in the effect depicted in
Fig. 8. The steep increase of the curve from 2.0 to 2.7
hPa indicates a well-defined minimum gradient neces-
sary for the inversion fragmentation.

Surprisingly, all modeling approaches including the
daily average velocity of the wind proved to be unsatis-
factory. This was also reported by Moseholm et al.
(1987), p. 318. Perhaps the maximum peak of the wind
velocity, or a measure of its dynamic, are a more
suitable basis for predicting the amount of the airborne
pollen, than is the average velocity.

Only the relative humidity as dispersion component,
apart from pressure gradients, accounts for some of the
variation in the pollen concentrations, but is not as
accurate as the pressure differences. This reveals some
similarities with the grass pollen models of Moseholm
et al. (1987) and Norris-Hill (1995), who took humidity
into consideration.

3.1.5. Assessment of the components
In this subsection, the explanatory power of the

individual model components in the calibration period
1988–1993 is compared by the model efficiency, also
denoted as explained variance as it actually is for linear
regressions:

ME=1−
%
N

i=1

(Pi−Oi)2

%
N

i=1

(Oi−O( )2

(14)

with the N observations Oi and predictions Pi, and
the mean observation O( (Janssen and Heuberger, 1995,
p. 63). ‘‘Any positive value of ME can be interpreted as
an improvement over the ‘nominal’ situation O( ; the
closer to +1 the better’’ (Janssen and Heuberger, 1995,
p. 65).

Fig. 7. Washout effect of precipitation events (solid line, left scale).
Absolute contribution of the amount of precipitation to the dilution
rate D of Eq. (13). The frequency function of the amount of precipi-
tation in the calibration period 1988–1993 (255 days; Table 1) is
depicted as columns (right scale); 0.0-mm precipitation appears with
a frequency of 0.55.

Fig. 8. Absolute dispersion effect of the absolute daily differences of
atmospheric pressure (solid line, left scale). See explanations for Eq.
(13). The empirical frequency of the pressure differences in the
calibration period 1988–1993 (255 days; Table 1) is depicted as a
dotted curve (right scale), smoothed over 1 hPa (ten values).
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Fig. 9. Evaluation of mugwort pollen concentrations compared to the counts of Bad Lippspringe for the calibration term 1988–1993. Modeled
values are multiplied with the respective value of the maximum pollen concentration (Section 3.1.3). Note the different scaling of pollen counts,
to ensure best possibility of dividing the curves.

The basic model, which solves the concentration Eq.
(1), consists of a pollen production Eq. (10) without a
release condition and a constant deposition in Eq. (13)
only. Its parameters differ slightly from the ones pre-
sented in the preceding subsections, because they were
obtained from an optimization without the other com-
ponents. This model, which captures no intraseasonal
variations of the airborne pollen content, explains al-
most 50% of the variance of the Artemisia pollen
concentrations of Bad Lippspringe in the calibration
years 1988–1993 on average. An increase to 57% model
efficiency was achieved taking the release condition of

Eq. (10) into account. This seems comparable to the
result of Norris-Hill (1995), p. 184. An extension of the
basic model by the washout effect of Eq. (13) gives an
improvement to only 52% explained variance, but
should be taken into account nonetheless, because of its
ability to explain special dilution events not captured
by other means. The basic model extended by the
dispersion effect of atmospheric pressure differences
yields 60% model efficiency. Therefore, this is the most
meaningful component of the model with regard to the
variations of airborne mugwort pollen variations in
Bad Lippspringe as seen by the model efficiency.
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The complete model explains 66% of the variance of
the Artemisia pollen concentrations of Bad Lippspringe
in the calibration years 1988 –1993 on average. The
total 255-day comparison period used for the evalua-
tion of model performance measures includes the total
model pollen season and the (main) observed pollen
season (Section 2.1) and is depicted in Table 2 and in
Fig. 9. Table 2 gives an overview of some different
measures, judging the performance of the complete
model in the distinct years. The modeling of 1993 was
obviously bad, which was the same for every modeling
approach. If this is not an indication of a principal
error in the model concept, it may be a consequence of
the low pollen concentrations, (therefore) measurement
errors, or the many rain events during the season,
whose appearance and effects are too sophisticated to
be attributed to the amount of precipitation only.

3.2. Cross-6alidation

After completing the model, a cross-validation was
performed using the independent data of 1994. A com-
parison of the retrospective prediction, i.e. model calcu-
lation using the measurements of the dependent four
climatic parameters, with the measured pollen concen-
trations is given in Fig. 10. With respect to the damage
of the pollen trap (Fig. 10), which led to a short
comparison period, and the low pollen concentrations,
which led to a high relative error in measurement, one
can say that the seasonal interval and the essential
progress of the pollen season is described by the model,
but not the intra-seasonal variations. The model effi-
ciency of 32% indicates an improvement over the nom-
inal situation (Section 3.1.5), but is not really
convincing. For the comparison term, which includes
all Artemisia pollen counts of that year in Bad Lipp-
springe, and other performance measures, see Table 2.

Fig. 11. Fictive pollen forecast with the prediction program for
August 16 1989, paradigmatically, using the measurements of the
required climatic parameters, assuming a weather and pollen forecast
of 5 days (dashed part). The pollen report is not presented.

The interpretation of this result is problematic be-
cause of the low counts and trap damage, as mentioned
above. If one assumes the minimum possible measure-
ment error of only one grain/m3, all local concentration
extremes in July may be wrong (Fig. 10). The conclu-
sion we dare to draw is that with an optimal weather
forecast, a mugwort pollen forecast for Bad Lipp-
springe on the basis of the model would have been
possible in 1994, with respect to the temporal range and
the essential progress of the season.

3.3. The prediction program

A computer program for PCs with MS-Windows was
written as an application of the model for real mugwort
pollen forecasts. The program requires as input the four
relevant weather parameters from measurement
(weather station, Bad Lippspringe) and forecast, which
is available. Thereby, an immediate pollen forecast can
be provided every day for the duration of the weather
forecast.

The forecast duration was not exactly estimated, but
is limited by that of the weather parameters. As stated
by the German weather service (Deutscher Wetterdi-
enst, 1993, p. 30), the minimum temperature can be
predicted up to 6 days in advance, maximum tempera-
ture and a measure including the statement whether
there is precipitation or not have a positive prognostic
power up to 7 days in advance. We do not know the
prognostic power of the amount of precipitation. The
atmospheric pressure as the best predictive parameter
(cf. Deutscher Wetterdienst, 1993, p. 22) was not con-
sidered in this estimate. Thus estimating the prediction
time range to be 5 days appears to be warranted.

The evaluation and (graphic) output of the pollen
concentration occurs as a percentage of the seasonal
maximum (Fig. 11), consider Eq. (11). The beginning of
the mugwort pollen season will be recognized in the
program by the first exceeding of a user-defined
threshold value for the pollen concentration. This
threshold can be set according to experience (default

Fig. 10. Cross-validation. Retrospective evaluation of mugwort pollen
concentrations compared to the counts of Bad Lippspringe in the
independent year 1994. Remarks and legend as in Fig. 9.
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value: 2.0%). The relative pollen concentrations are
related to burden classes as proposed by von Wahl
(1989) and Bergmann (1994), p. 143, which may also be
adjusted by the user. A sustainable allergenic content of
the air is assumed (Pehkonen and Rantio-Lehtimäki,
1994) and therefore a moderate burden with possible
bronchial complaints will be predicted, when the pollen
concentration declines to the lowest burden class or at
the end of the pollen flight season.

The program provides several options concerning the
graphical output (range, size, colors, line types or
shape; defaults and automatic adaptation), the storage
of climatic parameters and forecast parameters
(threshold for the beginning of the season, burden class
borders, warning period after the last medium burden
class).

4. Discussion

Several known correlations of climatic parameters
and pollen counts could be confirmed and additional
relations could be established. A summary of the
biometeorological results is given in Figs. 1–8. A bio-
logical or meteorological interpretation of the model
components is possible.

The predictive potential of accumulated temperature
values has been clearly demonstrated. Those are suc-
cessfully used in an ‘‘effective biological time function’’
(Törnevik, 1982, p. 23), in linear temperature sum rules
for the prediction of a flowering event, i.e. beginning or
main (Fritz and Gressel, 1983; Puls, 1987; Defila, 1988;
Marletto et al., 1992), in a multiple regression analysis
for the forecast of the main flowering day of Secale
cereale L. (Klante, 1989), or as component up to the 2.
power in a multiple regression model for the daily grass
pollen concentration (Norris-Hill, 1995). Normally, the
maximum or mean temperature was used. Here, an
optimum function in the minimum temperature was
accumulated as a level of plant development for a
flowering ripeness function. The minimum temperature
proved to be most appropriate for Artemisia, because
of its well-defined pollen release in the morning (von
Wahl and Puls, 1989) and because of the temperature
use in a development level concerning the flowering
ripeness. In contrast, the emission of pollen from the
different grass species is possible at different times of
the day (for summary see Fuckerieder, 1976, p. 58).
Birch pollen were observed to be emitted from 08:00 to
22:00 h (Törnevik, 1982, p. 5).

The meaning of a plant (and site) specific release
temperature was emphasized, for example, by Fuck-
erieder (1976), p. 67, Wachter (1978), pp. 177, 181, and
Puls (1987). Minimum emission temperatures for mug-
wort pollen were found: 18°C (Wachter, 1978, p. 177)
or 10°C (von Wahl and Puls, 1989, p. 61). Here, the

exceeding of about 21.1°C maximum temperature was
found to be reliable for the mugwort pollen release.
How this threshold corresponds to the mugwort plant
temperature at release time in the morning is unknown.

The detected flowering delay and washout effect by
precipitation is not striking, but descriptive in so far as
we found no explanation of these effects by other
means. The washout is a well-known effect (Puls, 1987,
p. 39; Puls and von Wahl, 1989, p. 33ff). Precipitation
is also used in the models of Moseholm et al. (1987)
and Norris-Hill (1995). An additional influence of pre-
cipitation on acceleration of the flowering period was
found. A similar effect was mentioned in the overview
of Puls (1987) concerning Olea europaea L., and de-
tected by Klante (1989) concerning Secale cereale L.

An undescribed dependency of the pollen dispersion
promotion of moderate absolute differences of the daily
mean atmospheric pressure from one day to the next
was detected (Section 3.1.4). Hereby, the largest in-
crease in explained variance, apart from the mean
pollen season, was achieved. This is assumed to be a
specific effect for mugwort or comparable herb pollen
types with a biologic release rhythm in the morning,
such as the Rumex conglomeratus group (von Wahl and
Puls, 1991), measured with high (more than 10 m above
ground) pollen traps. Nevertheless, it might be promis-
ing to check a similar dependency for other pollen
types, as the pressure gradient is an indicator for the
general weather situation.

An omission of the model is the prediction of the
annual source strength. Thus, for the comparison with
the pollen counts, the measured maximum pollen con-
centration was used (Eq. (11)). The prediction of pollen
concentrations is given as a percentage of the unknown
maximum pollen concentration (Eq. (12)). This means
no loss of the predictive power of the model while the
qualitative progress of the pollen season is of allergo-
logic interest. Additionally, the discussion about the
allergologic potential of mugwort pollen and relevant
pollen concentrations respective to the height of the
pollen traps with which they were estimated is of no
importance for a model with no absolute pollen
concentrations.

The evaluation of the mugwort pollen model accu-
racy is a difficult topic and difficult to compare to that
of, for example, the birch pollen model of Törnevik
(1982) or the grass pollen models of Moseholm et al.
(1987) and Norris-Hill (1995). This is mainly due to the
low mugwort pollen concentrations measured by a high
pollen trap (von Wahl and Puls, 1989). Therefore a
high error in detecting a representative score of the
mugwort pollen and a high relative error for the count
of the samples have to be assumed. The damage to the
pollen trap in the validation year 1994 led to a short
comparison period. With this in mind, the model effi-
ciency of 66% explained variance in the calibration
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term and 32% for the independent year 1994, which
indicates at least an improvement over the nominal
situation (Section 3.1.5), should be judged as a success
for the modeling of the local daily relative mugwort
pollen concentrations.

With the user-friendly mugwort pollen prediction
program based on the developed model, a practical tool
for pollen forecasts is given. The relevant climatic
parameters are available from measurement and predic-
tion. No pollen counts, plant observations or estima-
tion of the beginning of the pollen season is necessary.
This program could be modified or extended for the
application of other pollen models.

The interpretation of pollen concentrations according
to allergic complaints is difficult, but a correlation
clearly exists (Fuckerieder, 1976, p. 71ff; Törnevik,
1982, p. 2; Kersten et al., 1995). A pollen forecast
should be a forecast of the anticipated complaints,
which depend not only on the current pollen concentra-
tion, but also on the airborne amount of allergenic
particles and the particular time in the pollen season.
The amount of the airborne allergenic particles is not
correlated to meteorological parameters (Pehkonen and
Rantio-Lehtimäki, 1994) and therefore hard to predict.
A clever method is a direct model and prediction of the
anticipated complaints by climatic parameters as pro-
posed by Spieksma (1980) Unfortunately, we are un-
aware of any study relating mugwort allergenic
complaints to climatic parameters. With a model for
the (relative) progress of the airborne mugwort pollen
concentration and the knowledge of the dependency of
allergic complaints and pollen concentrations in gen-
eral, a pollen forecast for allergic individuals should be
possible. Therefore, a better description of the early
season might be desirable (cf. Kersten et al., 1995).

The model is only locally valid for the position of the
pollen trap of Bad Lippspringe or a certain environ-
ment, because of the data employed. In a further step,
criteria (e.g. geographic site, height above sea level) for
transferability should be investigated. Whether large-
scale calculations of pollen trajectories may be a rea-
sonable approach is doubted, because most pollen
grains are deposited close to the source (Puls, 1987, p.
37).

5. Conclusion

The presented model is considered as a first success-
ful approach to modeling mugwort pollen concentra-
tions. Thus, a first step with respect to an objective
(mugwort) pollen forecast in Germany by mathematical
modeling was made. It is intended that an operational
test (which was not possible earlier for reasons of
organization) of the model be performed by the Ger-
man weather service in the mugwort pollen season
1997.
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