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Preface
‘You must look into subjects such as these both far and deep
And consider them from every angle and with broadest sweep.
Keeping in mind how fathomless is the Sum of Things, the All,
You’ll see a single sky is insignificantly small,
A tinier portion of the universe, for what it’s worth,
Than is one human being in relation to the earth.
But if you keep this basic tenet constantly in view,
And see it clearly, many things will cease to puzzle you.’
- Lucretius, De Rerum Natura (The Nature of Things), translated by A.E. Stallings
When I was in high school, I loved to read essays of ancient scientists like Pythagoras and Lucretius.
They hardly had any proven basis upon which to found their theories, but somehow, through nothing
more than careful observing and solid reasoning, they managed to reach an understanding of their
surroundings that would not be equalled again for about two thousand years. They made me want to be
like that too, to pursue knowledge and wisdom as the greatest good.
And now, some years later, I am handing in my Master’s Thesis and feel like I have taken the first step
towards that exact goal. I also realise that there is always something more to learn or master. This
thesis is only my first attempt at producing something worthy of the title ‘scientific’ so I hope you will
value it as it is: part of a learning process and maybe a little bit useful for science.
This thesis focuses on the production of pollen by birch trees and its representation in a computer model.
The main goal of the study was to help improve the pollen model, which in turn will help people suffering
from hay fever to cope with their allergy better. It has been written as part of my Master’s degree in
Biology at Wageningen University & Research.
I have performed my thesis under the guidance of the Environmental Systems Analysis Group and the
Meteorology and Air Quality Group, both from Wageningen University & Research. My supervisors Arnold
van Vliet and Michiel van der Molen both have helped me a lot throughout the study and I am very
grateful to them.
I would like to thank my flatmates for their never wavering support and their offers to cook dinner when
I was working late. Also my friends deserve thanks for their kind words and for brainstorming with me
when I got stuck. Finally, thanks to my parents for their love and for sharing their ideas as nonbiologists, which has helped me a lot in keeping a clear focus on the goal of the study.
And thanks to you, as reader, for at least reading the first page of my thesis. I hope you will enjoy the
rest as well.
Ingeborg Swart
Wageningen, 8th of March 2017
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Summary
All over the world, people suffer from hay fever (i.e. allergic rhinitis). In Europe, about a quarter of the
population is susceptible to hay fever. Helping those people to better cope with their allergies by
informing them when to expect hay-fever symptoms so that they can anticipate and, for example, stay
indoors, could be achieved by a solid, reliable forecasting model. Such a pollen forecast will also help
them understand their allergy better by knowing what exactly triggers their allergy symptoms. Such
models already exist, but often fail to realistically simulate the course of the pollen season. This study
aims to increase the veracity of the existing pollen model HFF, which is developed in Wageningen, by
improving the model’s part that simulates the phenology of birch trees.
This thesis is divided into five parts. Each of the first four part deals with a different aspect that
influences the pollen concentration at any fixed place and time, while the last part evaluates whether low
air quality occurs simultaneous with peak pollen events.
In the first part, I evaluate the factors that influence the timing of the pollen emission, and consider how
these factors can be in the prediction and/or implemented in HFF. Information on the pollen season’s
timing is based on an extensive literature review, subsequent analyses of pollen data collected by the
Leiden University Medical Centre (LUMC) and simulated output from HFF. This review shows that both a
more realistic module for calculating the duration and course of the pollen season and a response module
to calculate when the pollen season will be halfway are necessary. Additionally, minor changes to
improve HFF are also suggested.
In the second part, I evaluated the within-day fluctuations in pollen production and release. I analysed
literature and LUMC pollen concentration data to understand if and how the daily tree rhythm influences
observed fluctuations in the air-borne pollen concentrations. The data did not show a clear view of the
daily tree rhythms and this leads to the provisional conclusion that while daily fluctuations likely occur,
they are rarely constant in their timing and inadequate information exists to include the trees’ daily
variations into HFF.
In the third part, I determine the total amount of pollen annually emitted by trees. The LUMC data
indicate strong differences in pollen counts between years, often, but not always, in a two-yearly cycle.
These findings are strongly supported by the relevant literature. I devise a formula that calculates the
expected total annual pollen counts, correlating several weather variables from the observation year and
the year before.
In the fourth part, I determine whether pollen in a given location are emitted by local or distant trees.
The output from the model shows that most pollen present Leiden’s air actually originate from local
sources. That finding imitates earlier studies and confirms the expectation that pollen sources outside of
the direct environment should be included in HFF and that the information on these sources should be
improved, by including data on the distant trees’ locations and phenologies.
Finally, I assess whether air pollution and pollen concentrations peak simultaneously. I found that both
PM10 and Ozone showed substantially higher concentrations on days with peak pollen concentrations.
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My research conclusions point at improvements already made to HFF, or suggests making further
improvements. In short, I suggest to advance the starting moment to determine the temperature sum,
to implement a dynamic temperature sum threshold for the seasonal halfway point, to change the value
of a variable that indicates the speed of seasonal development and to implement a formula to calculate
the pollen count to be emitted that year.
I have succeeded in my goal by identifying several possible improvements in HFF and answering the set
research questions.
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1 Introduction
Hay fever or allergic rhinitis is a pollen-induced allergic reaction of the respirational system. In Europe,
around a quarter of the population is suffering from this allergy (Bauchau et al. 2004). When suffering
from hay fever, a patient can experience complaints including sneezing, rhinorrhoea and itching
immediately after contact with the allergen and after a few hours can suffer from malaise, fatigue and
irritability (Skoner 2001).
The cause of allergic rhinitis is certain components of the pollen of specific plants, where the plant
species responsible can differ between patients. One of the plants that cause allergic reactions in many
patients in Northern Europe is birch, along with grasses and alder (D'amato et al. 1991, D'amato et al.
1998). From these plants, the allergens present on the outside of the pollen can trigger a reaction, as
well as small pollen fragments that contain those allergens (Andersen 1980, Schäppi et al. 1997, TraidlHoffmann et al. 2003). In birch pollen, the main allergen is Bet v 1 (Taylor et al. 2004). Birch is an
important species in hay fever modelling, in part because it is a tree species that is widely distributed
and also because the location of individual trees is relatively well known.
Hay fever symptoms are not merely present or absent at a certain moment. Instead, they can show a
wide range of effect strengths, varying from minor sniffles to serious health complaints. The severity of
the perceived complaints is determined by the concentration of airborne pollen. Larger amounts of pollen
in the air (up to a certain maximum, although those levels are almost never achieved) generally provoke
stronger allergic reactions (Hyde 1972, Davies et al. 1973, Antepara et al. 1995). Not only enabling a
prediction when pollen will be present but also in what concentrations is therefore important. By
predicting how much pollen will be in the air at a certain place and time, it will help patients anticipate
and avoid some of the symptoms. At the same time a correct simulation of pollen concentrations will
help patients to better understand what causes their health complaints and in retrospect analyse what
pollen are triggering the strongest reactions at which pollen concentration in their particular case.
Before a clear, realistic representation of pollen presence and their effect on the patients can be made,
many factors have to be considered. Figure 1 provides a schematic presentation of the influencing
factors. The different factors are explained below.
Figure 1 shows the many factors that influence the severity of the symptoms experienced by hay-fever
patients. This figure provides a simple overview, and does not include cross-links and interactions
between influencing factors, as that would be too much to possibly depict in a clear way.
Pollen emission
Pollen emissions are influenced by five major (interacting) factors. All of these factors can have both
negative and positive effects on the total amount of pollen emitted. This is why they are depicted with
blue arrows in Figure 1.
1.

Number of trees in the area
The number of trees in an area is linearly correlated with the amount of pollen produced.

2.

Weather conditions
Weather conditions have an effect on pollen concentrations and hay-fever complaints in many
ways, among others by affecting the timing of the pollen release and the amounts of pollen
produced. Several weather variables are involved, like temperature and precipitation. The
general way of predicting the start and end of the flowering season is by counting a temperature
sum (Clot 2001). Precipitation, on the other hand, has a role in the development of flowers on
the birch trees (Andersen 1980) and on the release of pollen from the catkins (Rodríguez-Rajo et
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al. 2003, Sofiev et al. 2013). Other weather conditions that affect the release of pollen into the
air are relative humidity, wind speed and turbulence.

Figure 1: Factors influencing the severity of hay fever symptoms. Red arrows indicate a negative
effect, green arrows a positive effect and blue arrows indicate that a factor can work both ways.

3.

Circadian rhythm in the trees
Most trees show a daily pattern, where they perform the same actions at approximately the
same time of day. That can also be the case for birch trees’ pollen release. The fluctuations are
not only peaks and lows in the season’s course, but also in single days (Galán et al. 1989, Clot
2001, Peternel et al. 2004).

4.

Biennial pattern trees
Birch trees usually show a two-yearly pattern, in which there is a large amount of pollen in one
year and a small amount in the next, determined by both internal and external variables
(Spieksma et al. 1995).

5.

Genetics
Genetic variation affects the timing of the pollen season as well as the amount of pollen released
(Rousi et al. 2007). Unfortunately, genetics of individual trees are very hard to study and use in
a model. In general, there is little variance within and between populations (Järvinen et al.
2003) and even between species (Hicks et al. 1994). Therefore I choose not to include this in
the study.

Pollen concentration
Airborne pollen concentrations are influenced by five major environmental factors and by pollen
emissions. Some factors show positive effects, some negative, and one both, see Figure 1.
1.

Transport
Apart from what is emitted by local trees, large amounts of pollen actually originate from much
further away. Pollen can travel large distances through the air (Adams-Groom et al. 2002, Ranta
et al. 2006), up to hundreds or even thousands of kilometres (Cabezudo et al. 1997, Smith et al.
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2008) and thus supplement the pollen concentration far from their place of origin. At the same
time, pollen can be carried away by air flows, making transport a two-way influencer.
2.

Deposition
Not only can pollen be destroyed or removed by external influences, but they can also drift to
the ground to remain there, a process known as deposition. These fallen pollen can be lifted up
again through resuspension, or remain on the ground forever, depending on other (weather)
circumstances (Pleasants et al. 2001).

3.

Washout by rain
Like with deposition, airborne pollen can be completely washed out of the air too. Heavy rainfall,
for example, takes away a lot of the atmospheric pollen (Schäppi et al. 1997).

4.

Resuspension
For pollen to become available for transport, they have to be taken up into the air. That can
happen straight from the catkins, but also often occurs through uptake of fallen pollen from the
surface below the catkins. Wind causes the pollen to be taken up into the air after they have
become available (Zink et al. 2013).

5.

Decomposition
The condition of airborne pollen is also influenced by environmental factors, like rainfall. High air
humidity, often caused by rainfall, can cause pollen grains to burst and allergens to be carried
along on smaller particles (Schäppi et al. 1997, Grote et al. 2003, Taylor et al. 2004).
Furthermore, sunlight negatively affects pollen conditions (Schueler et al. 2005).

Hay-fever symptoms
The patient’s hay-fever symptoms are explained by the pollen concentrations as well as four other major
factors. Each factor affects the severity of the symptoms positively, only the patient’s behaviour can lead
to both a positive and a negative effect.
1.

Receptiveness
Not every person is equally receptive to pollen allergens. Even people suffering from hay fever
show large differences (White et al. 1998, Skoner 2001, Wijga et al. 2011). A model simulation
can inform patients of their own patterns and help them evaluate which pollen and which
concentrations trigger the strongest hay-fever symptoms.

2.

Pollen particle size
Smaller particles can penetrate deeper into the lungs, triggering more serious complaints
(Suphioglu et al. 1992). As pollen can break up into smaller pieces, while still retaining (or even
increasing) their allergenicity, the particle size should be kept in mind when forecasting
symptom severity.

3.

Air pollution
Air pollution affects all three parts of the pollen-hay-fever-system. Pollution can make trees
produce more allergens (Grote et al. 2003), pollution can make pollen more allergenic, for
example by breaking them up into smaller pieces with more exposed allergens (Behrendt et al.
1997, Motta et al. 2006), fine particles can take up allergenic pollen pieces and carry them along
(Knox et al. 1997) and air pollutants themselves can render the lungs more susceptible to the
allergens (Jörres et al. 1996, Scannell et al. 1996, D'amato 2000). The effect size of various air
pollutants on hay fever symptoms is currently still largely unclear. The frequency of
simultaneous peaks in air pollution and pollen concentrations are also still unknown.
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4.

Patient behaviour
The behaviour a hay-fever patient strongly affects the severity of their complaints. A person who
is outside a lot, for example, is exposed to much more allergens than someone staying indoors
all the time. Apart from this very obvious example, the behaviour of a person can influence the
amount of allergens he or she encounters in many ways.

Pollen-induced allergies clearly are part of a complex system. The production and release of pollen alone
involve several factors, which make it hard to predict daily or even hourly pollen concentrations. Multiple
pollen forecasting models exist (Schueler et al. 2005, Baklanov et al. 2008, Zink et al. 2012, Sofiev et al.
2013, Zhang et al. 2013), each trying to simulate the production, release and transportation of pollen as
realistically as possible, using tree location and weather conditions as input variables. Wageningen
University & Research develops one such program. The resulting model, which is called Hay-Fever
Forecasting (HFF), includes modules that simulate tree phenology, uptake of pollen in the air and shortand long-range pollen distribution. The model output is the pollen concentration per second per grid cell
(1x1km). The current model version includes only birch trees in two cities in the Netherlands (Helmond
and Leiden). These trees are used to forecast local pollen emissions, while the pollen emissions from
trees over the whole European domain are modelled for the long-range distribution. Helmond and Leiden
are chosen as pollen concentrations are measured by the Elkerliek hospital in Helmond and the Leiden
University Medical Centre (LUMC) in Leiden. Although the model produces an pollen concentration
output, the predictions do not yet match the actual pollen concentrations. At this moment, the source of
the problems is unclear. The error is likely to be hidden in the emissions-module of the model, but even
then its location has to be found, and how to solve it.
With this study, I aim to increase the reliability of the pollen model HFF by improving the parts that
simulate the phenology of birch trees.
The research questions (ROs) are:
RO1

How do weather conditions determine when a birch tree will emit pollen?

RO2

What are the daily fluctuations in pollen release?

RO3

How can amounts of emitted pollen be predicted?

RO4

How much of the pollen in a certain place is from a local source, and how much comes from
further afield?

RO5

Does it often happen that both pollen concentration and air pollution peak simultaneously?

I will address my research questions in the study, which is divided into three parts. I will present a
layered approach with three parts where each next part becomes more applied than the previous one.
That means first a literature study, then a critical analysis of pollen data and finally I will apply my
findings to HFF. Finally I argue that although it is difficult to capture the pollen season in a model,
several improvements to HFF would improve the simulation of the pollen season.
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2 Methods
In this chapter, I explain how I have addressed the research questions and what methods I have used.

2.1 Data
In the analyses I have performed to get more insight into the timing of the birch pollen season, I had
four data sources at my disposal. The first are daily airborne pollen concentrations, collected by the
Leiden University Medical Centre (LUMC) between 1975 and 2007. The pollen data form a solid source of
information about pollen amounts, timing of the season’s start and end and the fluctuations throughout
the pollen season. Obviously, the pollen concentrations in the air are no direct measure of the amount of
pollen emitted (Bringfelt et al. 1982, Puc 2012). But when looking at the pollen season’s timing, the
presence of airborne pollen is an accurate indicator of pollen being produced and released.
For a closer approximation to the actual emitted amounts, I used observed data of the percentage of
flowering catkins on trees per day (Lammers 2014). The dataset offers information about the flowering
time of 77 birch trees along the Diedenweg in Wageningen in spring 2014.
To look for influences of weather conditions on pollen production and release, I have used weather data
from the Royal Dutch Meteorological Institute (KNMI). The KNMI has datasets containing hourly weather
variables from an extended observational network. For the analyses of interaction between weather
conditions and pollen concentrations as collected by the LUMC, I have used the weather station of
Valkenburg, which provided data from the entire period of the pollen data.
Finally, I have received data from the Dutch National Institute for Public Health and the Environment
(RIVM) on air pollution. These data consist of daily averages and maximums of several of the most
common air pollutants (particulate matter, ammonia, ozone, nitrogen oxide and nitrogen dioxide),
collected in Wekerom.
With the data, I have performed analyses on timing of the pollen seasons, the total amounts of pollen
observed each year and the co-occurrence of peaks in pollen and air pollution.

2.2 Start and duration of the pollen season
Many publications on pollen production and pollen seasons already exist, particularly of birch, as that
tree is often used as model species. Because of that, I started by doing an extensive literature review
where I compared studies from different climatic areas and their respective findings and evaluated
whether or not they are suited for application in our Dutch climate as well. Another reason for choosing
literature review for this part of the study is because although I had pollen data at my disposal and have
used that in analyses, I thought more evidence than this one dataset could provide would be useful. The
literature also provided some very interesting points of view, useful suggestions and considerations to
keep in mind when working with often-used ways to calculate the timing of pollen seasons. As well, it
was very useful to compare my own findings with values found in other studies to see where differences
may exist and how that affects the international application of pollen models.
The most common method for predicting the timing of the pollen season is the so-called ‘temperature
sum’-approach. As the name suggests, this sum basically provides a total sum of temperatures (usually
corrected for a threshold temperature). It can be used in different ways, adapting to the needs of the
research and the specific species studied. The one thing that remains the same, however, is having a
fixed starting point from where the temperatures will be counted. Usually also a certain level of the
temperature sum is maintained that needs to be reached in order for a process in the plant to start. In
this case, that is the start of the pollen season in birch. One counts the temperature sum and when it
11

reaches a certain level, one can assume that the trees start emitting pollen. However, several ways exist
through which to adapt the temperature sum to make it a better fit with the observed data, in this case
on tree behaviour. For example, one can just count all the positive temperature values, but can also
choose to count only the ‘amounts’ of temperature above a certain level, thereby correcting the
temperature sum for a threshold temperature.
In the HFF model, a temperature sum is used to determine when the season is at its halfway point, so
when half of the total amount of pollen are emitted. From now on, that will be referred to as the 50%
temperature sum.
The most straight-forward approach to calculate the temperature sum is to simply use the mean daily
temperature, subtract the threshold value and sum the remaining values to get a daily temperature sum.
But by doing so, a lot of valuable information about daily temperature fluctuations could be lost as it
works with the average. If, for example a day is very warm and the night very cold, that might help the
trees to develop their pollen faster. In this method of calculation, however, such a day would weigh just
as much as when it would be less warm during the day and less cold during the night, resulting in the
same average temperature. To include information about the distribution of the warmth over de day in
the calculations, hourly temperatures can be used to determine the temperature sum. One can then
choose to either calculate the difference between the hourly temperature and the threshold value,
creating ‘working values’, take the mean of that to get daily means and sum those values, or one can
choose to first determine an hourly temperature sum by adding the working values together for an
hourly temperature sum, and then take the daily average or maximum of those values. In testing which
of the two to use, I found that of those latter two, the difference between the resulting values is very
small and does not signify in explaining pollen release. The first gives a slight underestimation of the
temperature sum. However, that deviation is so small, that after performing a paired t-test in SPSS, the
difference between both temperature sums during the pollen season is clearly not significant (paired
samples t-test; t=0.399; p=0.691).
Solantie (2004) proposes a third way to determine the temperature sums. There, the calculation includes
the timing of daylight, giving a ‘daytime temperature sum’. To do so, only the temperatures measured
during the time when the sun is between five degrees above the horizon in the morning and two degrees
in the afternoon are considered. From the resulting temperatures, only the ones above seven degrees
Celsius are selected. This method is particularly useful when sunlight-triggered reactions in the plant are
involved. The downside of the method, however, is that it involves more calculations and the necessary
data might be hard to obtain in an accessible format. Data on the timing of sun positions should be
collected, and then integrated into the model or calculations. Luckily, Solantie (2004) found that while
this method could be beneficial in predicting detailed plant processes, it does not create a large
improvement over the traditional methods when timing of plant development is studied.
In this study, I have chosen to calculate an hourly temperature sum and to then transform that into a
daily temperature sum.
For the analysis of the starting dates (and corresponding temperature sums), I have used the statistical
program SPSS as well as Microsoft Excel. The outcomes of these analyses form a recommendation for
improvement of the HFF pollen forecasting model. I have then tested the adjustments in several trial
runs of the model in a low spatial resolution. I have chosen a low resolution because of time availability.
As a high resolution run would take up to a week to complete, I unfortunately had no possibility to
perform those in this time span, especially since I had to run the model several times and with every
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time had the possibility that another run would be needed if a problem appeared in the output. Therefore
I considered it better to test on a more basic level first, and a more detailed output can be generated
when the model is much improved on the low resolution already.

2.3 Daily patterns
Unfortunately, no hourly data is available on the pollen concentrations in Leiden. Therefore the main part
of the findings on daily patterns in pollen emission come from literature. Apart from that, pollen
concentrations in the air are not only influenced by the rhythm of the tree, but also by numerous
environmental conditions (Bringfelt et al. 1982). If hourly data was available, that might give a bit more
information, as its detailedness might give the opportunity to filter out some fluctuations in pollen while
the weather conditions stayed the same.

2.4 Amounts of pollen
The analysis of the amounts of pollen produced and emitted are based on a mixture of sources. I
reviewed literature to get the currently available knowledge and make myself familiar with commonly
used methods and the best supported explanations. Subsequently, I used the previously mentioned
LUMC pollen data to perform analyses on the fluctuations in pollen amounts between years. Combined
with information on the environmental conditions from the KNMI weather station in Valkenburg, I have
performed graphical and statistical tests to determine if weather conditions can explain the variation in
annual pollen counts and the distribution of the pollen amounts over the season.

2.5 Local sources and further away
To get an idea of how much of the pollen in a certain location come from local or distant sources, I have
performed an analysis using the HFF model. In the analysis, I have generated output for the pollen
season of 2014, where the pollen are divided based on their original source creating two categories: local
and background. Logically, local pollen are those produced in the near vicinity of the place of recording,
in this case around the LUMC, while the background pollen come from distant sources. In the model, the
trees in a box of 1x1km are regarded as local. I have compared the amount and timing of the two groups
and provide a recommendation whether or not simulating the pollen from distant trees will be worthwhile
to invest time and energy in.

2.6 Air pollution
To investigate whether air pollutants and pollen might show similar peaks, I have used the data obtained
from the RIVM, as described in the first part of the methods section. I compared the air quality data to
the LUMC pollen data. The data contained information on the daily averages and maximums of
particulate matter, NH3, O3, NO and NO2, for the air quality station of Wekerom during the years 2013
and 2014. To analyse whether air pollution often has high levels when pollen concentrations are high, I
have selected the top 20 of days with the highest pollen concentrations for 2013 and 2014, and
evaluated the air quality on those days, based on the air quality guidelines supplied by the RIVM.

2.7 Model
In the study, I have analysed the performance of the HFF model, which is built upon the basis of the
already existing SILAM model. I will explain in short what the model is and does.
Most current models assume a constant emission from the catkins, where they create a linear formula in
which only the temperature sum determines the amount of released pollen (Linkosalo et al. 2010, Sofiev
et al. 2013). In those models, the simulated tree will ‘emit’ pollen until the total (predicted or previously
13

measured) amount is reached. In HFF, which is based on the SILAM model, the effect of rain and
humidity is included as a prohibiting factor on pollen release where a threshold of air humidity or rainfall
has to be reached before the (prohibiting) factor will be activated in the model. Above a second, higher
threshold, the humidity or rainfall is assumed to completely remove all pollen from the air (Sofiev et al.
2013).
Wind strength is included in a way where low speeds (<0.5 m/sec) can pick up fallen pollen from the
ground, medium speeds (1 m/sec) also remove pollen from the catkins with increasing intensity if wind
speed increases, and above 5 m/sec, stronger winds do not increase the effect, for there might be no
more pollen to take up in the air (Sofiev et al. 2013).
HFF uses a variable called Relative Daily Presentation Rate (RDPR) to simulate the timing and duration of
the pollen season. The RDPR represents the amount of ripe pollen made available from the catkins that
could be taken up into the air at that particular day, relative to the total amount of pollen of the entire
season. The RDPR does not provide absolute values, nor does it tell something about the concentration
of pollen in the air, as it is a relative value. However, in order for pollen to appear in the air, they have to
be presented by the trees. As the RDPR shows if pollen are presented, analysing RDPR is a good way to
evaluate the performance of the model as it provides the most clear view of the tree phenology, without
being influenced by the weather conditions that particularly affect pollen release and/or uptake. The
RDPR can offer information about timing, as the RDPR should behave synchronous with the appearance
of flowering catkins and should increase in value just before or at the same time as the pollen
concentration in the air increases. The RDPR is calculated with the following formula:
𝑅𝐷𝑃𝑅 = 𝑃𝑟𝑎𝑡𝑒 ∗ 𝐶𝑅𝑃𝑅 ∗ (
With 𝐶𝑅𝑃𝑅 =

𝑃𝑚𝑎𝑥−𝐶𝑅𝑃𝑅
𝑃𝑚𝑎𝑥

EQ1

) ∗ 𝑑𝑇𝑠𝑢𝑚𝑑𝑡

𝑃𝑚𝑎𝑥

EQ2

1+exp(−1∗Prate∗(Tsum−Tusm50))

Prate is the rate of change of season, original value = 0.028;
Pmax is 100;
Tsum50 is the temperature sum reached at the moment when half of the total pollen for that season are
emitted.
HFF calculates all of its weather variables by itself. It does not take input about environmental
conditions, and can thus show a (slight) deviation from observed weather data.
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3 Results
3.1 Literature study
3.1.1 Timing of the pollen season
The start of the pollen season is often defined as the day of the year when 1% of the total amount of
pollen of that season has been counted. The end of the season, consequently, is when 99% of the total
of that year has been counted (Piotrowska et al. 2011). But opinions on these percentages differ.
Usually, the release of birch pollen happens just before the first leaves appear (Newnham et al. 2013).
Trees need a certain amount of heat after the winter before they start flowering and will emit pollen. The
amount of heat required before flowering can be expressed with a temperature sum. As mentioned in the
methods, a temperature sum is basically a summation of achieved temperatures above a threshold
temperature from a fixed starting date onwards (Sofiev et al. 2013). The calculation results in a value of
x degree days, degree hours or sometimes even degree seconds. When the temperature sum then
reaches a threshold, one can assume the birch trees to start flowering and emitting pollen.
The threshold temperatures above which temperatures are counted vary for birch trees. Some studies
use a threshold value of zero degrees Celsius (Clot 2001), while other studies choose to only count
temperatures above a certain threshold (Sofiev et al. 2013). For birch trees in Finland a temperature
baseline threshold of 3.5° C is used above which temperatures are counted, starting the count on the
first of March. After reaching the temperature sum required for the pollen season to start (270 degree
days, starting the count on February first), Clot (2001) found that a daily average temperature of ten
degrees Celsius is needed before a tree will release its pollen, though he is the only one to so explicitly
describe this second condition for the start of the season. Other studies and models have not found or
used such a requirement.
Most studies suggest that counting for the temperature sum could best start on the first day of February
(Andersen 1980, Bringfelt et al. 1982, Clot 2001, Piotrowska et al. 2011), although others start on the
first of January (Spieksma et al. 1995, Stach et al. 2008), or the first of March (Sofiev et al. 2013). As
temperatures in February and March seem to influence the starting date of the flowering season in birch
trees the strongest (Adams-Groom et al. 2002, Rodríguez-Rajo et al. 2003), including at least the month
February in the temperature sum seems wise to me. Studies who get fitting results when starting their
temperature counting for birch on a later date are often based on data from climates different from ours,
where the entire growing season might be later than in the Netherlands, for example higher up in the
mountains (Clot 2001), further up towards the North (Bringfelt et al. 1982) or more inland (Piotrowska et
al. 2011). Therefore, in the situation of our pollen model, which is mainly aimed at the Netherlands, an
early counting would be good.
Especially with regard to climate change, the current starting dates of temperature counts might not be
adequate in the future. In general, due to a changing climate and the related increase in temperature,
flowers appear earlier in the year, including those of birch (Ahas et al. 2002, van Vliet et al. 2002).
However, Rousi et al. (2007) argue that the future response of birch trees to climate change is hard to
predict, based on ‘only’ a few decades of data. They found that within-population variation was in their
case too large to allow for a clear trend on that timescale. But the amount of trees from which they
collected data was very small. Also, their study took place in northern and southern Finland, which has
quite a different climate, and a quicker changing one, from the Netherlands. Looking at two other
studies, in Denmark and Switzerland, a change in birch pollen season timing becomes clear, where the
season tends to start earlier and also ends slightly earlier each year (Rasmussen 2002, Frei et al. 2008).
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In both of those projects, the birch pollen season started earlier with a change of 14 days (between 1977
and 2000) and 15 days (between 1969 and 2006) respectively.
The prediction for an earlier start of the season with climate change might be based on the increased
temperatures our country is experiencing. Along with (parts of) the rest of the year, early spring gets
warmer in the Netherlands too, which leads the temperature sum to go up quicker compared to previous
years. And as temperatures in February and March affect the starting date of the flowering season in
birch trees strongest (Adams-Groom et al. 2002, Rodríguez-Rajo et al. 2003), these warmer spring
months can easily lead to an earlier pollen season.
But increased spring temperatures are not the only changes to expect with a warming climate. The
winter might also become warmer, and thus make the trees start ‘counting’ earlier, as the temperatures
might cross the daily temperature threshold with larger frequency already in January or even December.
However, birch trees do need a winter chilling, which is a certain amount of cold days or cold
temperatures, like a reversed temperature sum, usually between November and January, to break
dormancy (Emberlin et al. 2002, Rodríguez-Rajo et al. 2003). This winter chilling might favour the
argument that earlier flowering of birch trees originates from higher spring temperatures, rather than
from warmer winters, as warmer winters could lack the required amount of chilling and thus slow down
the development of flowers in the spring. This delay of growth is ensured by an internal process of the
tree that leads to a decrease in the effect of springtime temperatures. That way, if the temperature sum
increases, each warm day has a smaller effect than it would have if a cold period had presented itself
beforehand (Rodríguez-Rajo et al. 2003, Schaber et al. 2003, Newnham et al. 2013). In the end, that
results in the trees probably flowering at approximately the same time as they otherwise would have,
even though the temperatures have gone up sooner or the spring was warmer.
At this moment, although some knowledge on winter chilling in birch trees exists, that is insufficient to
be properly incorporated into a model. Linkosalo et al. (2008) have shown that models only involving a
temperature count from a fixed date more accurately simulated the starting date of the pollen season
than models including chilling. But, they state, with climate change, the relative importance of cold
periods might increase (Linkosalo et al. 2006, Linkosalo et al. 2008). After all, if the amount of chilling
needed would be so small that at this moment it is always quickly reached already in December, with
warmer winters in the future, it might become more of a tight squeeze to get enough chilling. That could
lead to the phenology of birch trees changing. In that case, the change in tree phenology depends upon
how far the chilling threshold is exceeded nowadays, and if they have enough space for climate change
to be buffered in future. The amount of required chilling hours and the base temperatures vary with
location (Rodríguez-Rajo et al. 2003). But no research has yet been performed on these variables in the
Netherlands, or many other places, so for the current version of HFF, I will have to assume the chilling
period to be fulfilled even in the warmer (near) future.

3.1.2 Daily patterns
Trees typically know daily patterns where the amounts of pollen emitted fluctuate over the day. Often,
the amounts of pollen in the air tend to be lower in the morning, reaching higher values in the afternoon
and at night, although that is (in part) due to atmospherical processes (Berggren et al. 1995). On the
other hand, sometimes the situation gets reversed and the majority of the pollen is released in the first
twelve hours of the day (Puc 2012). And, adding to the already messy view, Clot (2001) found that the
daily patterns in his Swiss study were clearly irregular.
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3.1.3 Amounts of pollen produced
The amount of pollen a tree produces in a year depends on the temperature, as well as on genetic
variance. Both a higher maximum temperature and a higher temperature sum after the start of flowering
seem to increase the total amount of pollen emitted (Bringfelt et al. 1982, Strandhede 1996, Frei et al.
2008, Stach et al. 2008, Piotrowska et al. 2011).
Some studies suggest that the amount of pollen produced is influenced by the weather conditions during
the spring and summer of the previous year (Hicks et al. 1994, Latałowa et al. 2002, Ranta et al. 2008).
Particularly the temperatures from January till July in the preceding year were of influence in Polish
trees, showing a positive correlation (Latałowa et al. 2002). In trees in the UK, the temperatures in the
preceding year also showed a positive correlation with pollen production. In that study, especially the
mean daily temperatures at day 71-80 (counting from January 1st), mean daily temperatures in February
and mean average daily temperatures from January to March showed strong correlations with the pollen
production in the next year (Norris-Hill et al. 1991).
Apart from weather conditions, the trees themselves have an influence on the total amount of pollen
produced in a year as well. Birch trees have been known for showing a biennial pattern, where they
produce a large amount of pollen in one year, and then a small amount in the next (Andersen 1980,
Spieksma et al. 1995, Latałowa et al. 2002). This happens synchronous with all trees of the same species
at the same time, even over a wide geographic distance, to get an optimal gain from the high amounts
of pollen in the air (Ranta et al. 2008). However, the pattern is not always clearly observed. In a study
performed on pollen data from both England and Poland, only the pollen in England indicated a biennial
pattern (Stach et al. 2008). They also did not find any proof that birch trees located in different countries
had higher pollen production at the same time.

3.1.4 Uptake of pollen in the air
The uptake of pollen from wind pollinating trees can be divided into two parts. First is the actual release
of the pollen from the catkins, where they either fall down to a surface below or are taken up into the air
immediately. Secondly is the uptake by the wind, which can both be from the catkins directly or from a
small heap where they pollen have fallen and gathered.
For the release of the pollen from the catkins, pollen should able to fall off easily. So during rain or with
high air humidity, less pollen will be released as they stick to the catkins (Rodríguez-Rajo et al. 2003,
Peternel et al. 2005, Sofiev et al. 2013). Heavy rainfall also washes the airborne pollen out of the air.
However, sometimes just before or at the onset of a shower, a sudden peak in pollen is reached
(Berggren et al. 1995). Normally, though, the opening of the anthers containing the pollen is set in
motion by a certain degree of dehydration from the tree, indicating a dry environment that will be
favourable for the transportation of the released pollen (Efstathiou et al. 2011, Puc 2012).
Another possible, if slightly less well-understood, factor influencing the pollen release seems to be the
occurrence of nitrogen oxides in the air. A correlation exists between the concentration of nitrogen oxides
and pollen count (Puc 2012). A medical study has shown that asthma patients tend to exhale more NO in
environments with many airborne pollen than in clean environments or compared to healthy people
(Baraldi et al. 1999). And pollen tubes can actually produce NO for use in signalling pathways (McInnis et
al. 2006). However, no conclusive evidence exists of a causal-relationship between NO and airborne
pollen, and favourable conditions for pollen release might just as well also promote nitrogen oxide to be
released or retained in the air.
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Other environmental factors that affect the amount of pollen in the air, mostly by affecting their uptake
in the air, are mean temperature, radiation, wind speed, relative humidity and air pressure (Käpylä
1984, Vogel et al. 2008, Efstathiou et al. 2011, Puc 2012). The uptake in the air is a part of the model
that will not be discussed in too much detail in this study.

3.1.5 Local pollen and sources far away
In the previous paragraphs, the focus has been on locally produced pollen and how they behave. Which
is what will help me on the way toward a better understanding of the phenology of birch trees and the
timing and quantities of produced pollen. However, not all pollen in a certain place come from trees that
are nearby. Pollen can travel large distances through the air, sometimes up to hundreds or thousands of
kilometres (Cabezudo et al. 1997, Smith et al. 2008). These transported pollen can trigger hay fever
reactions in people everywhere along their journey, as long as the patient is allergic to that particular
kind of allergens. In that process, uncertainty in pollen predictions is created, for the pollen from far
away could be emitted and transported at a totally different moment than the pollen in the local
environment. People might suddenly experience symptoms before their ‘local’ hay fever season has even
started. Comparing the flowering moments of birch at different latitudes, trees in the south often start
their pollen season around the mid of March (Jato et al. 2007), while the trees from Leiden started
flowering halfway into April and trees in Finland are later still (Hicks et al. 1994). The pollen season
timing deviates from ‘normal’ in many areas through of the arrival of pollen from other places (Hicks et
al. 1994, Skjøth et al. 2007, Siljamo et al. 2008).

3.1.6 Air pollution and pollen
Air pollution plays an important role in all parts of the pollen life cycle (Error! Reference source not
ound.). One of its biggest effects is the increase in pollen-induced complaints in patients suffering from
hay fever. Air pollution modifies the pollen particles to a state with more allergens exposed (Behrendt et
al. 1997, Behrendt et al. 2001, Grote et al. 2003, Motta et al. 2006), allergens adhere to small particles
and takes them along for transportation further into the lungs (Knox et al. 1997), and air pollution
makes the lungs more sensitive to inhaled allergens (Jörres et al. 1996, Scannell et al. 1996). Knowing if
and when pollen concentrations and air pollution often peak at the same time is therefore an important
next step in helping people cope with their allergies better.
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3.2 Analyses on observed pollen data
3.2.1 Distribution of observed pollen throughout the season
As can be seen in Figure 2, the course of the pollen season is not every year strictly the same. The
season does always show a logistic curve, but the timing can differ as much as thirty days between the
most extreme years. Figure 3 shows the average timing of reached percentages of the total pollen
emitted of the years 1975 to 2007, revealing an s-shaped curve that is not completely symmetrical.

Figure 2: percentage of pollen observed per year, as function of the day number

Figure 3: average curve of course pollen season
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Figure 4 and Table 1 better emphasise the skewedness of the pollen season, showing that especially the
temperature sum shows a much bigger change in the second half of the season.

Figure 4: course of the pollen season (average) regarding day numbers and temperature sums
Table 1: average day number and temperature sum upon reaching cumulative amounts of pollen
released (st.dev between brackets)
1%

2%

5%

10%

25%

50%

75%

98%

99%

Day

94.1

97.9

102.7

105.7

109.2

113.6

118.5

139.5

152.2

number

(14.6)

(11.8)

(9.4)

(8.7)

(8.6)

(9.7)

(9.5)

(12.3)

(21.2)

Tsum

144.1

157.8

179.7

192.7

212.2

237.9

267.5

440.4

583.2

(51.9)

(47.5)

(43.8)

(46.2)

(47.0)

(47.8)

(54.7)

(125.3)

(222.7)

Evaluating the importance of the temperature threshold in calculating the 50% temperature sum, I found
that the value of the threshold actually has a small influence on the functioning of the system. The
threshold shows very little sensitivity for changes, which is clearly seen in the explanatory values of the
RDPR on the observed pollen data, calculated using several threshold values for the observed pollen
concentrations for the years 1975 to 2007 (Table 2).

Table 2: explanatory values of calculated RDPR with different temperature thresholds used in
calculating the temperature sum
Threshold 0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0.3945

0.3952

0.3956

0.3955

0.3945

0.3921

0.3875

0.3800

0.3690

(°C)
R2

0.3936
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The starting moment for counting the temperature sum, when using the 3.5°C threshold, can be both
the first of January or the first of February. There is hardly a difference in the explanatory strength of the
resulting calculated RDPR’s, based on the 50% temperature sum (R2 = 0.391 for January; R2 = 0.392 for
February). From now on, I will use a temperature sum based on a threshold of 3.5°C and starting on the
first day of February.

3.2.2 Start of the pollen season
Evaluating what to consider as the starting moment of the pollen season, I have tested several
percentage criteria for the data collected in Leiden: 1%, 2% and 5%. As can be seen in Figure 5,
requiring a larger percentage of pollen to have been emitted to qualify as the start of the pollen season,
there are less outliers at the lower end of the temperature sum, and the day number shows less
variation. Also the temperature sum seems to better explain the starting date of the season, when
keeping to a 5% rule (R2 = 0.0018 for 1%; R2 = 0.033 for 2%; R2 = 0.238 for 5%). However, these
values are very low, which suggests the temperature sum cannot be one-on-one translated into a
starting date.

Figure 5: day number and temperature sum of reaching cumulative pollen season start threshold
between 1975 and 2007
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With the eye on climate change, when analysing the data from the LUMC in SPSS, I have not found a
significant change in timing of the start of the season for any of the three starting-date criteria (onesample t-test; 1%: t=0.035; p=0.972; 2%: t=0.434; p=0.667; 5%: t=0.421; p=0.677). Also, warmer
winters do not lead to trees flowering earlier, as you can see for the birch pollen in Figure 6.

Figure 6: the starting moment of the pollen season, plotted against the average temperatures of
December and January of that winter combined.
When starting the temperature sum count on the first day of February, I found an average temperature
sum of 145.9 degree days (st.dev. 52.14) as the starting moment of the season (Figure 7). I used the
threshold of 3.5 degree Celsius, as that is the threshold used in the SILAM-model upon which our HFF
model is based, and I had previously shown that the RDPR calculation is not sensitive to small changes in
the temperature threshold value. The mean starting date of the pollen season is day number 94 (st.dev.
15). The average temperature in February and March does seem to have an effect on the starting date of
the pollen season (Figure 8).

Figure 7: start of the pollen season for birch in Leiden and the temperature sum (counting from the
first of February) at the start of the season.
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Figure 8: the starting moment of the pollen season, plotted against the average temperature of
February and March of that spring combined
Striking are the extremely low temperature sums reached before the start of the season in 1979 and
1996 (Figure 5), while the starting dates do not differ notably from other years. The very cold winter
previous to the growing season could explain the situation. Both of the winters previous to these pollen
seasons showed temperatures much below average, especially in January and February (KNMI 2016).

3.2.3 50% temperature sum and rate of change
In the calculation of the pollen season through the RDPR, the main parameter that determines timing is
the temperature sum that indicates that 50% of the pollen of that season have been released, from now
on called the 50% temperature sum. For a start on the first of February, 238 degree days is the average
value of the 50% temperature sum for the pollen data from Leiden.

Figure 9: Temperature sum reached at the moment when 50% of total pollen for that season are
emitted, the orange line represents the average over all years
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However, the 50% temperature sum fluctuates greatly from year to year (Figure 9). I wanted to test if
the value for each year individually could be calculated, to get a better idea of the timing of the pollen
season. I used average temperatures of certain periods to design an equation to calculate the ideal 50%
temperature sum threshold for each year separately (adj. R2 = 0.740). The chosen periods overlap in
time, but the combination of these periods has proven to give the most accurate output:
𝑇𝑠𝑢𝑚50 = 182.346 − 60.73 ∗ 𝑇𝑎𝑣𝑓𝑒𝑏 + 109.97 ∗ 𝑇𝑎𝑣𝑑𝑎𝑦32:80 + 22.51 ∗ 𝑇𝑎𝑣𝑑𝑎𝑦40:80 − 55.42 ∗ 𝑇𝑎𝑣𝑑𝑎𝑦60:80

EQ3

Where Tavfeb is the average temperature of February and the Tavday… variables represent the average
temperatures in the period between those day numbers, all temperatures go in degrees Celsius. As the
last day used for the calculation, day 80, is almost always before the start of the pollen season, to
calculate the 50% temperature sum is not a problem only when those data are collected. See the
comparison between the modelled and observed thresholds in Figure 10. (Goodness of fit: R2 = 0.77)

Figure 10: modelled and observed 50% temperature sum values in Leiden based on pollen
concentration observations

Figure 11: Manually calculated RDPR based on an adjusted Tsum50 compared to the observed
percentage of flowering trees for 2014
24

Testing the effect of the newly calculated 50% temperature sum on the RDPR, the RDPR values for both
2013 and 2014 formed an improvement over the original values used. The timing of the observed data
matched very well for 2014 (R2 = 0.733), and at least improved over the old RDPR for 2013 (R2 = 0.172)
(Figure 11 and Figure 12). From here on, I will always use the variable 50% temperature sum in my
analyses and calculations, unless stated otherwise.

Figure 12: Manually calculated RDPR based on an adjusted Tsum50 compared to the measured
pollen concentrations for 2013, compared to the RDPR based on original values
The season of 2013 is at its halfway point at the right time, but as you can see in Figure 12, the
simulated season takes too long to develop and wind down. The Prate is a variable used to represent
how strongly the trees react to an increasing temperature sum. Choosing the best Prate value for 2013, I
based my decision on the explanatory value of the resulting RDPR for the corresponding observed pollen
data (Table 3). In the table, the upper row indicates chosen Prate values while the lower row shows the
corresponding explanatory values.

Table 3: Prate and corresponding R2 of resulting RDPR with observed pollen concentrations in 2013
Prate

0.02

0.028

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.15

0.20

R

0.099

0.172

0.190

0.276

0.352

0.418

0.474

0.523

0.565

0.599

0.672

0.636

2

To illustrate the importance of the 50% temperature sum and the Prate, by changing the Prate value to
0.15 and the Tsum50 to 138.8 and manually calculating the RDPR for 2013 through the formula as
mentioned in the methods, the pollen season is represented rather good (R2 old model = 0.015, R2 new
model = 0.672). That supports the idea that these values should be dependent on the environmental
conditions in and around each year independently (Figure 13).
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Figure 13: modelled RDPR and measured pollen concentrations in Leiden, The Netherlands, in the
spring of 2013 with a Tsum50 of 138.8 and a Prate of 0.15
At this point, I have only simulated two years. For other years, the situation may be different again. I
tested the model with both the adjusted 50% temperature sums and Prates for 2013 and 2014, for the
randomly chosen year of 2000, for example, and got the output disparity as seen in Figure 14. This time,
the modelled season based on the adapted 50% temperature sum and Prate from 2013 is way too early
(R2 = 0.0376), while the modelled output based on those values fit for 2014 is slightly too late, but
rather okay (R2 = 0.487). Only letting the 50% temperature sum being calculated with the equation
might be sufficient to make the model work for 2000, leaving the Prate in its original value.

Figure 14: Observed pollen concentrations in 2000, compared to modelled RDPR based on data
from 2013 and 2014
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I think that an extra formula should be added that adjusts the Prate only when necessary. Based on the
measured data from 1975 till 2007, where I have applied the same comparison method as for 2013
described earlier, the Prate should vary between 0.02 in years with a warm spring and 0.2 in years with
and exceptionally cold spring, where the majority (82%) clusters around the 0.028 value (Figure 15).

Figure 15: ideal Prates for the years 1975 - 2007
As the temperature conditions are already used in the calculation of the 50% temperature sum, and no
variables other than the 50% temperature sum are significantly affecting the Prate, I would like to
propose a simple two-way switch system where the calculated 50% temperature sum is used as a
measure in choosing which of two possible Prate values to use. As the years with a deviating ideal Prate
vary between 0.041 and 0.20, with a mean of 0.06, I propose to use that average for all of those years
in the first trial. These years all have a 50% temperature sum of less than 170 degree days. Following
that idea, I want to implement that all years where the 50% temperature sum threshold is below 170
degree days, the Prate gets a value of 0.06. In years when the threshold is above that level, the normal
Prate of 0.028 will be kept. This forms a simple solution that will be rather easy to implement into the
model. It will still keep some inaccuracy, but should form a step into the direction of properly correcting
for outstanding years with very cold spring temperatures.
By using that simple module in the manual calculation of the RDPR, the result is a representation of the
duration of the pollen season that is not yet perfect, but definitely improved. See Figure 16 for the
comparison between observed pollen concentrations and modelled RDPR for four randomly picked years,
and Table 4 for the corresponding old and new explanatory values.

Table 4: R2 of old and new modelled RDPR's for four random years
Old model
New model

1977
0.283
0.389

1984
0.050
0.145

1993
0.481
0.313
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2000
0.431
0.622

Figure 16: Comparison between observed pollen concentrations (orange) and manually modelled
RDPR (blue) in several years in Leiden. The axis range for the observed pollen is different for
different years, because of the strong fluctuations between years and to keep the figure readable.

3.2.4 Amounts of pollen produced
To better predict the amount of pollen that will be observed in a single place during a specific year, I
used the pollen data from the LUMC to devise an equation that can do just that, using weather data from
the preceding year. The resulting equation (R2 = 0.442) is:
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑜𝑙𝑙𝑒𝑛 = −10666 + 21.93 ∗ 𝑃𝑎𝑝𝑟𝑖𝑙 + 403.18 ∗ 𝑇𝑚𝑎𝑦 + 73.77 ∗ 𝑇𝑗𝑢𝑛𝑒 + 659.51 ∗ 𝑇𝑗𝑢𝑙𝑦 − 504.19 ∗ 𝑇𝑦𝑒𝑎𝑟𝑎𝑣𝑒𝑟𝑎𝑔𝑒
EQ4

(with the temperature in degrees Celsius and the rain in mm, and where Papril is the amount of
precipitation in the month of April in the preceding year, the Tmay, Tjune and Tjuly the average
temperatures in the respective months in the preceding year and Tyearaverage the average temperature of
the preceding year as a whole)
With this equation, a prediction of the total amount of pollen produced in a year can be given. However,
with a rather small explanatory value, I doubt if it is really worth the effort. In Figure 17, a comparison
between the amounts calculated by the equation and the actual observed data is presented, which shows
that although there are some faults, the general tendency is relatively well depicted (R2 = 0.442).
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Figure 17: Measured pollen numbers per year compared to modelled amounts produced with the
simple equation mentioned before.
As can also be seen in Figure 17 above, from the pollen concentrations collected in Leiden, a loose
biennial pattern can be distinguished. The total amount of recorded pollen show a fluctuating pattern,
mostly switching between large amounts and small amounts every other year. But, as is also very clear,
in some instances the higher amounts of total produced pollen last longer than one year, sometimes
even up to three years in a row (1989 – 1991). The same goes for low amounts, in the years 1977 –
1979. These abnormalities from the pattern might partially be caused by changes or flaws in the
methods of recording the pollen, but can also very well be a result of different external factors
influencing the trees into producing high amounts of pollen for several years consecutively.

3.3 Analyses and test runs with the HFF model
3.3.1 Temperature sum calculation
As the HFF model leans heavily on the temperature sum, the first test to perform is whether or not the
temperature sum is calculated correctly. Remember that the model calculates its weather conditions
itself, which could lead to deviations from the observed KNMI data. I compared the model output with
the actual temperature sum based on data from the KNMI in 2013. The comparison shows (Figure 18)
that the temperature sum is calculated very accurately in the model (R2 = 0.997), and does not need to
be changed. The only difference in the two occurs before day 67, and at that point the RDPR is still very
small, so that deviation should not affect the model output.

Figure 18: modelled and observed temperature sum in 2013
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3.3.2 Start and duration of the pollen season
In the model output shown in the first part of this section, already the new 50% temperature sum of 238
degree days when starting the count on the first of February is used.
To evaluate the precision in which the HFF model predicts amounts of birch pollen by comparing the
model output with the observations from the LUMC, I first looked at the Relative Daily Presentation Rate
(RDPR). When comparing the RDPR output of the model for 2014 with the observed flowering time of the
birch trees in that year (Figure 19), I saw that the modelled RDPR and the observed data for flowering
catkins in Wageningen match quite well (R2 = 0.626). Note that only the timing and shape is suitable for
comparing, as the two variables in the output are on different axes and cannot be compared
quantitatively. Overall, the timing is more or less the same in both cases, although the RDPR seems to
reach its peak a bit too early.

Figure 19: Percentage of flowering trees compared to the modelled RDPR in 2014
I also compared the modelled pollen concentrations in Leiden to the ones actually observed by the LUMC.
Figure 20 shows that the pollen concentrations are modelled to appear earlier than what was observed.
The modelled pollen show more or less the same shape as the observed pollen in the figure, only earlier
than was the case, which gives the model to a low explanatory value (R2 = 0.221). The peak later on in
the season, at day 110, however, was modelled correctly. At the start of the season, the disparity
between model and reality is as much as six or seven days. However, upon looking closely, the model
shows the first peak at the same time when the observed values go up a bit as well. That indicates that
the season has indeed started at that moment, but the model assumes it to develop quicker than is the
reality. A note on the values of the pollen concentrations: at this moment the model is mostly focussed
on getting the timing right, and can therefore differ from the observed data in amounts of emitted pollen.
That is a problem to be fixed in a later stadium of model development.
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Figure 20: Modelled and observed pollen concentrations in Leiden in 2014
However, when I compared model output for 2013 with pollen concentrations observed at that time, a
clear mismatch became evident (Figure 21). Obviously, although both curves have the same general
shape, their timing differs greatly (R2 = 0.000072). Where the observed pollen concentrations increased
around day 110 (a rather normal moment, compared to other years), the RDPR only really starts to
increase after day 120, when almost no pollen were observed in Leiden any more.
Do note that the first slight increase in RDPR and modelled concentrations is in fact in time with the
observed data, only again in the development of the rest of the season does the model deviate from
observations. However, the modelled RDPR does match the shape of the observed pollen concentrations.

Figure 21: Observed pollen concentrations compared to modelled RDPR in 2013
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Also upon comparing the modelled concentrations with the observed data, again a clear mismatch shows
with the model being way behind in timing on the observed data (Figure 22).

Figure 22: Observed pollen concentrations compared to modelled concentrations in 2013
Table 5 shows that while the day number of the 50% moment is no different in 2013, the temperature
sum is, suggesting that the previously calculated average 50% temperature sum is not representative for
this specific year.

Table 5: comparison parameter values 50% moment average and 2013
50% day number

50% temperature sum (degree days)

Average

113.6

237.9

2013

114.0

138.8

When implementing the equation for calculating the 50% temperature sum (see Paragraph 3.1.1) in the
model for 2014, so that the 50% temperature sum is calculated by the model, I got a representation of
the pollen season that is not at all improved over the previous output. In Figure 23 the percentage of
flowering trees is depicted, compared to original (R2 = 0.626) and new (R2 = 0.002) modelled RDPR for
2014. In Figure 24 the new modelled concentrations of pollen are compared to previous output and the
actual observed data.

32

Figure 23: original and new modelled RDPR and the percentage of flowering trees in 2014

Figure 24: original and new modelled pollen concentrations compared to measured data from the
LUMC in 2014
As can be seen, the RDPR now peaks much earlier than before, as does the resulting modelled
concentration of pollen. That is strange, for when using the formula to manually calculate the ideal 50%
temperature sum for 2014, I get a value of 304.5, which is achieved on day number 97. However, the
new model does not show any activity at all any more on that day, all the pollen are released long before
then.
When I evaluated the functioning of the new variables introduced to support the formula, all four
temperature averages seem to be working as they should, starting and stopping at the right time (Figure
25).
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Figure 25: temperature averages collected in the model for 2014
The calculated average temperatures did deviate slightly from KNMI data. Table 6 below shows the
temperature averages used by the model and as recorded by the KNMI, and their resulting 50%
temperature sums.

Table 6: Temperatures as calculated by the HFF model and measured by the KNMI for 2014, all in
degrees Celsius
Tavfeb

Tav32:80

Tav40:80

Tav60:80

Tsum50

Model

8.101

8.106

8.793

9.422

257.54

KNMI

6.617

7.310

7.463

8.081

304.54

The 50% temperature sum as resulting from the modelled temperatures is clearly different from the one
calculated with the KNMI data. However, even the temperature sum of 257.54, as calculated by the
model, would lead to the season being at its halfway point on day 92, which is now clearly not the case.
Also for the model output for 2013, there is again hardly any improvement with the inclusion of the
equation (Figure 26 and Figure 27).

Figure 26: original (R2 = 0.00723) and new (R2 = 0.0457) modelled RDPR compared to measured
pollen concentrations from the LUMC in 2013
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Figure 27: original (R2 = 0.000072) and new (R2 = 0.00402) modelled pollen concentrations
compared to measured pollen concentrations from the LUMC in 2013

3.3.3 Daily patterns
The model at this moment does not include a module that specifically identifies a daily pattern in
behaviour of the trees themselves, as there is yet so little known about that. The model does, of course,
consider environmental variables that influence the emission of pollen from the trees. On close inspection
of the model output, I found that the average amount of emitted pollen is higher during the day (08:00 –
17:00) than during the night. As Figure 28 clearly shows, the pollen are emitted at every moment of the
day, but the average does have a definite variation (Figure 29).

Figure 28: the emitted pollen in 2013 plotted against the time of day, as modelled by the HFF
model. The orange dots represents the average
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Figure 29: average amount of emitted pollen per hour of day in 2013

3.3.4 Local pollen and sources far away
The comparison between the pollen produced locally and the ‘background’ pollen originating from the
entire test area, in this case Europe, gives a clue as to how many pollen from further away actually
arrive in the Netherlands. Figure 30, clearly shows that the pollen observed in Leiden originate for the
largest part from the local area, the local pollen. Note that the pollen concentrations are shown on
different y-axes, to keep the figure readable.

Figure 30: background and local pollen concentrations in 2014 in Leiden, as modelled by the HFF
model
The amounts of pollen from local sources are in the majority. In total over the season, the model creates
an output that shows only 4.7% of the total amount of pollen originated from background sources.
However, at the end of the season, some background pollen occur when no local pollen are around
anymore. The occurrence of pre- and post-season pollen due to long range transport was also reported
by Skjøth et al. (2007) in Denmark. Also in Lithuania the pollen season often starts earlier than the
actual flowering of local trees, due to long range transport (Veriankaitė et al. 2010) and in Fennoscania,
the pollen season can be shifted in this way towards an earlier start by as much as several weeks
(Hjelmroos 1991).
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3.4 Air pollution and pollen
In both 2013 and 2014, of the analysed days (the top 20 days with highest pollen concentrations), none
showed air quality values that qualified as bad or very bad. Only a few had maximum pollution amounts
that were considered insufficient, while there were no insufficient daily averages. Many of the days were
moderate, in terms of pollution. See Table 7 and Table 8 below.

Table 7: percentage of days within each air quality category in the pollen tot-20 days of 2013,
percentage for the entire year between brackets
Daily

Daily

Daily

Maximum

Maximum

Maximum

average

average

average

PM10

O3

NO2

PM10

O3

NO2

Moderate

15 (12)

95 (61)

0 (7)

90 (59)

100 (88)

50 (42)

Insufficient

0 (0)

0 (1)

0 (0)

0 (4)

35 (14)

0 (0)

Bad

0 (0)

0 (0)

0 (0)

0 (0)

0 (1)

0 (0)

Very bad

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

Table 8: percentage of days within each air quality category in the pollen tot-20 days of 2014,
percentage for the entire year between brackets
Daily

Daily

Daily

Maximum

Maximum

Maximum

average

average

average

PM10

O3

NO2

PM10

O3

NO2

Moderate

55 (14)

70 (58)

10 (6)

95 (67)

100 (88)

50 (36)

Insufficient

0 (0)

0 (1)

0 (0)

15 (6)

15 (10)

0 (0)

Bad

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

Very bad

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

Comparing the percentages of days in each category of the days with highest pollen concentrations, with
the percentages taken over the entire year, I find that pollen-rich days generally have high air pollution
more often. Also when only reviewing the period of the first of February until the 31st of May, the
percentages of the entire period are lower than those of the peak pollen days (Table 9 and Table 10).
Comparing to the entire year, the air quality in terms of daily average PM10 and O3 is indeed significantly
different during the peak days of pollen (t-test for equality of means, PM10: t=-3.599; O3: t= -4.044),
for NO2 this is not the case. The same pattern is visible when looking at the daily maximum values (t-test
for equality of means, PM10: t=-4.704; O3: t= -5.574).

Table 9: percentage of days within each air quality category in the pollen tot-20 days of 2013,
percentage for the pollen season (February – May) between brackets
Daily

Daily

Daily

Maximum

Maximum

Maximum

average

average

average

PM10

O3

NO2

PM10

O3

NO2

Moderate

15 (19)

95 (77)

0 (6)

90 (75)

100 (91)

50 (38)

Insufficient

0 (0)

0 (0)

0 (0)

0 (6)

35 (13)

0 (1)

Bad

0 (0)

0 (0)

0 (0)

0 (0)

0 (1)

0 (0)

Very bad

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

37

Table 10: percentage of days within each air quality category in the pollen tot-20 days of 2014,
percentage for the pollen season (February – May) between brackets
Daily

Daily

Daily

Maximum

Maximum

Maximum

average

average

average

PM10

O3

NO2

PM10

O3

NO2

Moderate

55 (19)

70 (71)

10 (5)

95 (73)

100 (98)

50 (39)

Insufficient

0 (0)

0 (0)

0 (0)

15 (10)

15 (9)

0 (0)

Bad

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

Very bad

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

Ozone is the pollutant that most often reaches insufficient levels, but only with its daily maximum. A
more detailed study can show when those maximums occur and inform hay fever patients to avoid that
time of day.
The general thought from the analyses performed in this study, is that air pollutants and pollen do tend
to have higher concentrations at the same time. The possible reasons for that, and other notes on the
study can be found in the next chapter.
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4 Discussion
4.1 Environmental factors and modelling the pollen season
The temperature sum used in both the model and the manual analysis is shown to have strong effect on
the timing of the pollen season. The temperature sum predicts the timing of the pollen season most
accurately in numerous previous studies over a range of different climates (Davies et al. 1973, Hicks et
al. 1994, Clot 2001, Ribeiro et al. 2003). Having the temperature as the only factor influencing the
timing of the pollen season provides us with a relatively simple way of modelling the production and
emission of pollen. However, it ignores some factors that might be of influence as well, albeit in a small
way. Such factors may not have been proven to have an effect, for instance because the influence is now
always the same, but might become important in the future, when these factors start showing
exceptional values or rhythms due to climate change.
The method to determine the temperature sum used in this study is by calculating an hourly temperature
sum first and then transforming it into a daily value. This is not the method used in the HFF model, as
that uses hourly temperatures to form a mean daily temperature and then start summing. This different
approach originates from my earlier analyses and calculations on the pollen data, before I got to know
the model. I adopted a major method from the literature (Bringfelt et al. 1982, Linkosalo et al. 2010). By
the time I started work with the HFF model, I had already performed many analyses, and as the
difference in output between the two methods was insignificant (Wilcoxon signed rank test; p=0.891), I
decided to combine the two methods in this study and keep the results from my original analyses as
foundation for the rest of the study.
The adjustments regarding the duration of the season are as yet still a bit unrefined. They most certainly
provide an improvement in the model, but they will have to be tweaked to get the best results in
modelling the pollen season. These adjustments are still in the development phase because little is
currently written about such modules. To my knowledge, none of the existing models include the effects
of cold spring temperatures on the length of the pollen season. Only the study performed by Linkosalo et
al. (2010) mentions how the temperatures in spring affect the duration of the pollen season. I very
clearly show in my data that they were right and that this would fix the timing problem that the HFF
model is facing. I therefore really wanted to include this calculation of the length of the pollen season, if
only as a prototype. As I had to design a way of doing this with limited time and resources, the
adjustments are so far only a first version that can be improved in the future. I, however, think that
including a module that uses the speed with which the season proceeds is necessary in forming a solid
model of pollen emissions as the trees have developed ways to compensate for low temperature sums.
My crude first draft of such a module is thus only the first step in using this in a pollen model.
Also the implementation of the new module for calculating the 50% temperature sum in the HFF model
needs serious attention. The model clearly does not follow the equation as expected. Since the
temperature values collected by the model lead to a more or less correct calculated 50% temperature
sum, the problem probably lies in the processing of the equation by the model. I will have to look further
into this inconsistency to find the cause of the problem. However, the data analyses clearly show that the
50% temperature sum can be calculated with my equation and that it leads to a better simulation of the
pollen season. Thus, in answer to my first research question, I can say that mostly temperature
determines when a tree will emit pollen.
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4.2 Daily rhythm
Not much is known about the daily patterns of birch trees. The few studies on the topic have shown a
wide array of results and explanations, often contradicting each other (Käpylä 1984, Norris-Hill et al.
1991, Berggren et al. 1995). Information on those rhythms, however, would be very useful in improving
pollen prediction. If people can anticipate higher pollen concentrations, this could guide them in their
own daily rhythm (when to go outside etc.). Currently, all daily fluctuations in pollen release and
concentrations in the HFF model are the product of environmental variables. For example, wind speeds
are lower at night (KNMI 2016), leading to less uptake of pollen into the air and less removal of pollen
from their catkins. This is in itself a very useful thing to know, as it has a large impact on pollen
concentrations and as increased levels of pollen in the air lead to increased hay fever complaints. Such
insights would be very useful for patients to know at what times of a day they could better stay indoors.
But to be able to include daily rhythms of the trees themselves in the model, more research will have to
be performed on the behaviour of trees. A thorough study on birch trees, particularly in the Netherlands
as that is the main focus of the HFF model, where not the concentrations in the air, but the actual
release and/or emission of pollen from the catkins are monitored, would be ideal. Without such
information and with my inability to collect it, for now the model continues to assume daily emission
variations as it currently does, and attribute most of these daily fluctuations to varying weather
conditions. At a later stage, when the timing of the season as a whole and the amounts of pollen emitted
are modelled correctly, the daily rhythm can be included.
However, knowing the daily fluctuations in pollen release from a tree does not give a clear view of when
the worst allergic complaints can be expected. Occasional peak concentrations occur a few times in every
pollen season. In these peaks, the concentrations are much higher than the average throughout the
season and also higher than the normal value that would be expected at that particular moment in time,
when only looking at the time-curve of the season. Such peak concentrations can occur on any time of
day, regardless of the normal patterns (Käpylä 1984, Berggren et al. 1995, Clot 2001) and can continue
for days on end, disrupting normally expected patterns and increasing pollen concentrations to values
higher than expected. As those peak concentrations are a big source of increased hay fever complaints in
many patients, the ‘abnormal’ peaks are much more worth modelling than small, daily fluctuations.
Adding to that, most pollen in the air at a certain location actually have their origin in a completely
different area (Adams-Groom et al. 2002, Ranta et al. 2006, Skjøth et al. 2007). The ability of birch
pollen to travel long distances through the air makes a prediction in daily patterns very hard.

4.3 Amounts of pollen
Modelling the year-to-year variation in pollen amounts seems realistic with an equation including several
weather variables from the preceding year, but it does not give completely accurate results yet. To
achieve that, the ideal would be to include additional information on the genetics of the trees in the
calculations. Although birch trees show a striking synchronous behaviour when it comes to the diurnal
variation and manage to have the peak years at the same time of large areas (Shibata et al. 2002, Ranta
et al. 2008), the individual genetic variation can cause some differences in the production of pollen in
trees of the same species or in the same area (Ranta et al. 2008, Lammers 2014). But, as one can
imagine, analysing and recording the genetic information of every single birch tree in the modelled area
is impossible. Let alone, the maintenance of those data. Would the entire area be checked yearly to see
if all included trees still exist and no new ones have grown? Generating a sort of buffer to correct for
(part of) the uncertainty caused by the genetic variance would be the best solution to the problem. At
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this moment, a population average of tree phenology is used for the model, as it is assumed to represent
the behaviour of the trees best. A new model could try to include a way of correcting for the error such
an assumption might cause. However, assume that at this moment the average amount of pollen emitted
is used, and that such an average would be sufficient when trees cancel each other’s variances out. If
that were the case, the model creates a rather good main view.
In the end, I think anyone working with the HFF model should realise that is only a model and that, as
any other model, it offers a simplification of reality. However, even without complete accuracy in
simulating the pollen season of each individual tree correctly, HFF can offer a solid representation of the
overall pollen season in an area, which is exactly what it was designed to do.

4.4 Pollen sources
The analysis of the source of pollen in a certain area has shown that pollen from the direct surroundings
make up a big part of the total pollen in the air. That result has come unexpected, as many studies have
mentioned the importance of long range transportation on the total amount of pollen in the air (Skjøth et
al. 2008, Smith et al. 2008) and the timing and duration of the pollen season (Ranta et al. 2006, Skjøth
et al. 2007, Veriankaitė et al. 2010). However, the methods of determining the proportion of pollen from
sources further away are insufficient in my study. As the output of the HFF computer model is the only
source of information for the analysis, any possible faults and imperfections in the system could be
influencing the results. The main issue with the model output is the way in which the model distributes
trees over the area. It assumes that in a larger area, the trees are distributed further apart, leading to
the same amount of trees as in a small block, but then over a much bigger area. Logically then, the
amount of pollen produced by the trees in the big area will never exceed the amount from the trees in
the small, local area, even without dilution during the transport. I therefore suggest that the results from
this analysis will not be used to show the difference in source of pollen in an area. The results are,
however, important indicators that long-range pollen transport is included in HFF and that it simulates
pollen to be transported over longer distances, despite the low concentrations of background pollen.
Other issues with simulating the long-range transport could be the tree phenology in other areas that
deviates from what is currently modelled and an incorrect or incomplete modelling of the influences
weather conditions have on the allergenicity and general intactness of the pollen particles. To evaluate
how big of an impact such factors have on the amounts of pollen arriving in the Netherlands, comparing
the modelled amounts of long-range transported pollen and the actual amounts would be useful. These
different sources can be determined through genetic analysis. But also consider that while some
variables might be lacking or are insufficiently understood, the HFF model is based on the solidly founded
WRF model that has proven itself in weather predictions many times already (Kain et al. 2006, Hines et
al. 2008, Michalakes et al. 2008), that indicates that at least the meteorological part of the model is
successful. HFF is thus likely reliable to offer information that is robust. So despite possible deviations
from the real ratio of local versus background pollen, this first analysis is and clearly shows that long
range transportation does indeed play a role in determining the amount of pollen that is present at a
certain place at a certain time. This role, however, is probably only small.

4.5 Air pollution
In the analysis of co-occurrence between peaks of air pollution and airborne pollen, evidence of
simultaneous peaks was found. Most selected peak-pollen days showed a moderate amount of air
pollution (in all three analysed substances), but so were many of the other days where fewer pollen were
present. Even in those other days, people that suffer from hay fever can still feel the effects of the

41

combination of pollution and pollen. Apart from that, a higher resolution of the data might give results on
a smaller time-scale. As the only available data was of daily averages and maximums, subtle nuances
might have been lost. Especially in the case of air pollution and pollen, influencing factors might interact
on much shorter timescales, in- or decreasing air pollution and pollen concentration in the air in a matter
of hours, instead of days. Weather conditions have a big impact on the concentration of pollen in the air
and their allergenicity (Grote et al. 2003, Taylor et al. 2004), and that those weather conditions can have
an immediate impact (Ribeiro et al. 2003, Puc 2012). The same goes for air pollution, where, for
example, different wind types can affect the amounts of air pollutants in the air (Kallos et al. 1993,
McGregor et al. 1995). However, the analysis shows interaction on a daily scale, that will help people
with hay fever to better cope with their allergy because they can try to avoid going outside on those
days.
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5 Conclusions
Research question one: The timing of the emission of pollen is most strongly based on the temperatures
in the preceding months. This mechanism can be captured in a temperature sum module, where the total
amount of degrees above a certain threshold is counted. For the pollen collected in Leiden, the middle of
the season was well explained by the temperature sum starting on the first of February. At that moment,
half of the total pollen for that season would be emitted. No clear evidence of a shift in pollen season
timing due to climate change was found. There was also no proof of an effect of cold winters on the
general timing of the season, although some cases were identified in which the temperature sum needed
at the halfway point of the season was lowered due to low spring temperatures. The average
temperatures from several periods of time within February and March can be used to calculate when the
pollen season will be halfway.
To better model the duration of the pollen season, several adjustments and recommendations have been
made. The temperature sum is now counted from the first of February, instead of the first of March, the
start-of-season threshold of temperature sums has been adjusted, and a new, interactive submodule has
been added to better model the moment when half of the pollen is emitted. That last adjustment includes
a formula to calculate the 50% temperature sum threshold for each year individually. Finally, a
suggestion has been made to include a two-option statement to help the computer pick the right value
for the parameter representing the speed with which the season progresses.
Research question two: The daily rhythm of birch trees in the HFF model at this moment shows that
more pollen are emitted during the day than during the night. The biggest daily fluctuations in airborne
pollen are caused by environmental variables such as wind speed and precipitation. Mostly rainfall and
relative humidity influence the actual release of pollen, whereas most of the other weather conditions
affect the uptake of pollen in the air, or the removal of pollen from the air.
Research question three: The amount of total emitted pollen in a year is dependent on several
environmental conditions, and on the biennial fluctuations that are inherent to the trees themselves. The
external cues involved are the amount of precipitation in April of the preceding year, the average
temperatures in May, June and July of the preceding year, and the average temperature of the preceding
year as a whole. Quantifying the effects of these variables and implementing them in an equation, the
released amounts of pollen for each year individually can be simulated. The formula is yet to be
implemented in the model, but will then produce output by itself with only the weather data as required
input.
Research question four: The analysis on the source of pollen that are present in the air in the area of
Leiden shows that most airborne pollen originate from the local area. This fraction is probably
underestimated in my study. Despite scaling issues, the analysis has shown that HFF simulates the
transport of pollen over long distances.
Research question five: Clear evidence of simultaneous peaks of air pollution and pollen has been found.
A moderate level of air pollution seems to be present on many days, including the days with most pollen,
but is more frequent on days with high pollen concentrations. High values for both daily averages and
daily maximums of PM10 and O3 showed a clear co-occurrence with pollen peaks.
In the end, I have shown that simulating the birch pollen season involves a complex set of factors, but I
have also found several applicable means to improve the phenology part of the HFF model.
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