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Airborne birch pollen may elicit allergies and affect the public health badly. Timely spatially distributed in-
formation on current and forecasted pollen levels may help people with pollen allergies to take preventive
measures. This requires a modelling approach. Here we reconstruct multi-decadal (1982-2019) daily spatially
distributed airborne birch pollen levels by ingesting seasonal dynamic birch pollen emission source maps into the
pollen transport model SILAM (System for Integrated modeLling of Atmospheric coMposition) in a bottom-up
approach. We introduce seasonal variations in the birch pollen emission maps by combining a forest in-
ventory based areal birch fraction map with four decades of spaceborne Normalized Difference Vegetation Index
(NDVI) in a Random Forest statistical framework. The approach of combining the transport model with NDVI
based pollen emission maps is applied and evaluated with birch pollen observations by Hirst method from the
Belgian aerobiological surveillance network that go back to 1982. Transport in SILAM is driven by ECMWF ERA5
meteorological data. The mean seasonal R? values between modelled and observed time series of airborne birch
pollen levels in the period 1982-2019 range between 0.35 and 0.63, but can go up to 0.86 for individual seasons,
indicating good performance of SILAM for Belgium. Here we show that the predicted amount of birch pollen in
the air in Belgium has been increasing on average by 13.1% per decade based on the Sen slopes computed on the
Seasonal Pollen Integral for the period 1982-2019. Analysis of the SILAM runs shows that this increase over time
is mainly climate-induced (8.2% per decade), but it is amplified by the spatiotemporal variations of the birch
pollen emission sources with 4.9% per decade.

1. Introduction geographical variability within and between countries regarding

pollen-associated allergic rhinitis, the most common disease phenotype.

Life quality and life expectancy are largely affected by the long-term
quality of air that we breathe in (Landrigan et al., 2017; Liu et al., 2019).
Air contaminants such as VOCs, SOx, NOx, aerosols (EEA, 2017) dete-
riorate the air quality and may originate both from natural as well as
from anthropogenic emission sources. Allergenic pollen, which are
biogenic aerosols, may also affect the public health badly, especially in
combination with long-term exposure by other air pollutants (D’Amato
et al., 2007). More than 20% of the population in Europe suffers from
pollinosis (WHO, 2003). Pollen allergies are on the rise globally, with
worldwide approximately 10-30% of adults and 40% of children
(Beggs, 2004; Bieber et al., 2016; Schmidt, 2016; Reitsma et al., 2018;
Neumann et al., 2019). Bousquet et al., (2020) pointed to a large
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Looking at the whole spectrum of allergic symptoms that can be trig-
gered by pollen exposure, it appears to be significantly different from
one country to another (Baldacci et al., 2018). Over time, more and more
people suffer from pollen allergies. For instance, allergic rhinitis was
only sparsely reported in the late 1960’s in Finland, while in the early
2000’s more than 10% of the young men suffered from it (Latvala et al,
2005). This rise in pollen allergies is also reflected into a growing
amount of published research Beggs (2021). In Belgium, a highly
industrialized and densely populated country with substantial air
pollution (Verstraeten et al., 2018), at least ~10% of the people develop
allergic rhinitis symptoms due to birch tree pollen (Blomme et al.,
2013). Before we can assess the impact of long-term exposure of air
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pollution and airborne allergenic pollen on the public health, the
amount of allergenic pollen distributed over space and time must be
quantified over a sufficient long period. Historical data on airborne
pollen levels, available from aerobiological surveillance networks, are
very useful but also are very sparse in time and particular in space. In
particular, the only five monitoring stations located in Belgium may not
be enough to address the spatial heterogeneity of pollen exposure in
order to evaluate potential health risks at individual level (Stas et al.,
2021a). Local landscape context is indeed known to drive the airborne
tree pollen composition at specific distances from emission sources (Stas
et al., 2021b).

Reconstructing spatiotemporal airborne birch pollen levels near the
surface over a longer period requires data on vegetation dynamics
connected with in-depth knowledge of processes on pollen release,
transport and deposition under varying meteorological conditions.
Among other modelling approaches to quantify airborne birch pollen
levels (see also review of Maya-Manzano, et al., 2020), Chemistry
Transport Models (CTM’s) combine physical and biological laws and
thus are powerful forecasting and hindcasting tools (Sofiev et al., 2015).
Consequently, pollen transport models are suitable for reconstructing
airborne birch pollen levels near the surface. Pollen transport models
that are based on a bottom-up approach rely on coarse scale vegetation
maps (Siljamo et al., 2013) derived from local inventory data. In such an
approach maps of pollen emission sources are ingested by the CTM.
These maps, however, may be outdated and lack inter-seasonal varia-
tions in birch pollen productivity (Siljamo et al., 2013, Hoebeke et al.,
2018). The total amount of pollen during the pollen season is referred to
as the Seasonal Pollen Integral (SPIn) (Siljamo et al., 2013, Galan et al.,
2017). The inter-seasonal variations of SPIn can be very important,
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especially for trees which present typical production cycles due to mast
seeding (Clement et al., 2010; Hoebeke et al., 2018; Tanentzap &
Monks, 2018, Ritenberga et al, 2018). Therefore, maps of birch pollen
emission sources must be developed that reflect the dynamics in birch
pollen productivity over space and time. The inter-seasonal variations of
vegetation during a long time period can be captured best by
remotely-sensed vegetation indices. The Normalized Difference Vege-
tation Index (NDVI) (Tucker et al., 1979) is a major source on spatio-
temporal vegetation presence since a large dataset is available back to
the early 1980s (GIMMS NDVI3g, Pinzon & Tucker, 2014).

The main objective of this study is the development of a methodology
for building a multi-decadal dataset on birch pollen emission sources
which is applied in a pollen transport model SILAM (System for Inte-
grated modeLling of Atmospheric coMposition, http://silam.fmi.fi)
(Sofiev et al., 2013, 2015) to reconstruct multi-seasonal airborne birch
pollen levels. This methodology is based on merging spaceborne NDVI
data with an areal birch tree fraction map derived from forest inventory
data (Verstraeten et al., 2019) in a Random Forest statistical framework
(Breiman, 2001, Bogawski et al, 2019). This proposed methodology is
then evaluated by comparing the daily modelled birch pollen levels near
the surface from SILAM driven by ECMWF meteorological data for the
period 1982-2019 in a bottom-up approach with long time series of
historical pollen observations from aerobiological surveillance net-
works. Maps with derived temporal trends of the seasonal birch pollen
totals (SPIn) are included to demonstrate the potential of this proposed
methodology.
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Fig. 1. Schematic overview of the general methodology. Satellite-derived AVHRR/NDVI spanning 1982-2019 are processed. A reference map on areal birch tree
fractions is merged with the NDVI time series using Random Forest. These 38 emission maps and the ECMWF meteorological data are input into SILAM to model 38
seasons of airborne birch pollen levels. The methodology is evaluated using daily observed birch pollen levels at five locations. Derived maps are analyzed for long-

term trends of pollen levels.
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2. Methodology

The general methodology for constructing a multi-decadal dataset on
birch pollen emission sources is schematically illustrated in Fig. 1.
Overall, a long time series of spaceborne NDVI data is merged with one
reference map on areal birch tree fractions using a Random Forest sta-
tistical procedure (see Section 2.3 for details) to retrieve a multi-decadal
dataset on birch pollen emission sources. The reference birch tree frac-
tion map was derived from local forest inventory data in previous
research (Verstraeten et al., 2019). The compiled NDVI data, spanning
1982-2019, was obtained by merging two Advanced Very High Reso-
lution Radiometer (AVHRR) NDVI datasets (see Section 2.2 for details).
The GIMMS NDVI3g (Pinzon and Tucker, 2014) dataset covers the
period 1982-2015, while the MetOp ENDVI10 dataset covers the period
2008-20109.

The obtained 1982-2019 maps on birch pollen emission sources are
used in the SILAM model in a bottom-up approach to simulate 38 years
of airborne birch pollen levels near the surface for Belgium at a 0.1° x
0.1° grid using ECMWF meteorological data. We then evaluate the
performance of our approach using pollen observations from the Belgian
aerobiological surveillance network containing measurements that go
back to 1982 (see Section 2.4). Based on our model outputs we then
derive maps with temporal trends of the seasonal birch pollen totals
(SPIn). Using model scenarios, we can estimate the impact of meteo-
rology and vegetation dynamics on the observed seasonal birch pollen
trends covering almost four decades.

2.1. SILAM

The CTM SILAM (System for Integrated modeLling of Atmospheric
coMposition, http://silam.fmi.fi) (Sofiev et al., 2013, 2015) is a
large-scale dispersion model addressing pollen grains as large biogenic
aerosols. SILAM was developed for atmospheric composition and air
quality and it includes both Lagrangian and Eulerian advection-diffusion
formulations. Here, the Eulerian or box mode is used with a basic hor-
izontal grid cell resolution of 0.1 x 0.1° and a vertical resolution con-
sisting of an uneven distribution of nine layers (thickness of layers from
surface to the free troposphere is 25, 50, 100, 200, 400, 750, 1200, 2000,
and 2000 m). SILAM integrates the main processes involved in pollen
transport such as wind advection, mixing due to turbulence, and dry and
wet deposition (Sofiev, 2006; Kouznetsov and Sofiev, 2012; Sofiev et al.,
2015). The start and end of the flowering season, which mark the period
of the pollen emissions, in SILAM is based on the thermal time flowering
model (Sofiev et al., 2006). This start and end are parameterized using
temperature sum thresholds (Linkosalo et al., 2010; Sofiev et al., 2013).
The major assumption is that the timing of birch flowering is mostly
driven by accumulated ambient temperature. The cumulative fraction of
pollen released from the start to the end of the pollen season is assumed
piecewise linear and proportional to the temperature sum during the
main flowering season. Short-term meteorological conditions affect the
amount of airborne pollen. Precipitation and humidity inhibit the pollen
release from trees, while high wind speed favors the pollen release.
Threshold values are used to compute reduction factors from the
meteorological data. Typically, the lower and upper thresholds from
relative humidity are 50% and 80%, respectively. For precipitation the
lower and upper thresholds are 0 and 0.5 mm/h (the grid cell average
rate), respectively. At the saturation wind speed of 5 m/s the pollen
release rate is maximal. At a wind speed around 1 m/s, no pollen
emissions are considered. ECMWF ERAS reanalysis meteorological data
(gridcell of 0.25° x 0.25°) (ECMWF, 2022) is used to drive the transport,
emission and deposition of airborne birch pollen in SILAM. SILAM is
applied for Belgium for the birch pollen season that in general ranges
from March to the end of May for the period 1982-2019, covering
almost four decades.

By implementing SILAM we can model the spatial-temporal distri-
butions of airborne birch pollen concentrations near the surface
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(Verstraeten et al., 2019). Thus, SILAM is a well-established tool for the
reconstruction of pollen levels in time. This pollen modelling is based on
a bottom-up approach, which means that the spatially distributed pollen
emissions sources must be known by SILAM. Hence, maps with the areal
fractions of birches are thus crucial underlying datasets. At the European
scale, a birch tree fraction map was first compiled and refined by Sofiev
et al., (2006) and Sofiev et al., (2013), respectively. In recent previous
research we have merged the birch fraction map on the European scale
with forest inventory data of birch trees on the scale of Belgium (see for
details: Verstraeten et al., 2019) to improve the local birch pollen
emissions. This map, with an update with forest inventory data, is used
here as reference map (see also the scheme in Fig. 1) for developing
multi-decadal datasets on birch pollen emission sources using NDVI data
(see next section).

2.2. NDVI data

NDVI (Tucker, 1979) is widely used for monitoring terrestrial
vegetation activity and describing vegetation seasonality (Gonsamo
et al., 2018). In this study, we have implemented the GIMMS NDVI3g
(Pinzon and Tucker, 2014) dataset for the period 1982-2015. This
dataset provides bi-monthly NDVI values at a spatial resolution of 1,/12°
(~8 km). The 3" generation NDVI is based on the Global Inventory
Monitoring and Modeling System (GIMMS) and is assembled from
different Advanced Very High Resolution Radiometer (AVHRR) sensors
while accounting for various deleterious effects (calibration loss, orbital
drift, volcanic eruptions, among others). These AVHRR instruments
have provided data from 1981 to the mid-2010s using polar-orbiting
meteorological satellites operated by the National Oceanic and Atmo-
spheric Administration (NOAA). Currently, AVHRR sensors are flying
on-board the MetOp-A and MetOp-B satellites from EUMETSAT (Euro-
pean Organization for the Exploitation of Meteorological Satellites). In
order to extend the NDVI time series to 2019, we also used the 1 km
spatial resolution 10-daily composites of the MetOp AVHRR NDVI S10
(ENDVI10, 2021) data. The 10-daily NDVI composites of ENDVI10 are
produced from the best available observations in the course of every
10-day period by the orbiting earth observation system MetOp-AVHRR
(see also website EUMETSAT, 2021).

For merging both NDVI datasets, we have reprocessed the ENDVI10
data for the period 2008-2019 to the temporal and spatial characteris-
tics of the GIMMS NDVI3g data in three steps. Firstly (i), we have
interpolated the 10-daily composites to bi-monthly time steps for each
gridcell. Hence, the original 36 time stamps in one complete year are
reduced to 24 (twice a month) time stamps. Secondly (ii), we have
downscaled the MetOp NDVI data from the original 1 km spatial reso-
lution to the 1/12° grid by spatial averaging in order to match the res-
olution of the GIMMS NDVI3, grid. In the third step (iii), the overlapping
period of both datasets is used for rescaling the MetOp AVHRR NDVI to
the NDVI3g dataset for the Region Of Interest (ROI) of Belgium (between
48° and 53°N, and between 1.5° and 7.5°E). For the overlapping period
we apply the Savitzky-Golay (Savitzky and Golay 1964) smoothing filter
to both NDVI datasets on each gridcell of the ROI. This smoothing filter
is based on the convolution process. It fits successive subsets of adjacent
data points with a low-degree polynomial using linear least squares.
With this filter, short-term fluctuations are smoothed on both time series
and the derived bias — the averaged difference - is less affected by high
frequency values and the integrated signal is conserved. We then apply
the computed bias on the original MetOp AVHRR NDVI to better fit the
GIMM NDVI3, dataset. We apply the Savitzky-Golay smoothing filter on
the merged datasets. Finally, using the GIMMS NDVI3g and MetOp
AVHRR NDVI S10, we have compiled an NDVI dataset that cover the
period 1982-2019.
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2.3. Seasonal birch pollen emission sources derived from NDVI time series
and Random Forest

For modelling airborne birch pollen levels near the surface with
SILAM in an emission bottom-up approach, a map with birch pollen
emission sources, i.e. a birch tree fraction map, is fundamental model
input. At the European scale, such a map was first compiled and refined
by Sofiev et al., (2006) and Sofiev et al., (2013), respectively. In previous
research, we have merged the birch fraction map on the European scale
with forest inventory data of birch trees on the scale of Belgium. This
retrieved map is illustrated in Fig. 2 (see for details: Verstraeten et al.,
2019). This map was previously applied in modelling birch pollen levels
in Belgium (Delcloo et al., 2019; Verstraeten et al., 2019). We refer to
this map in this study as the 2008 reference map, since it was imple-
mented for the year 2008 (Verstraeten et al., 2019). The spatial distri-
bution of the areal birch tree fractions is summarized in a boxplot (Fig. 2,
inset).

Random Forest is an ensemble decision tree machine learning
method (Breiman, 2001; Grange et al., 2018, among others). Briefly
(based on Grange and Carslaw, 2019), a single decision tree is formed
from a series of binary splits which results in homogeneous groups
during a recursive splitting process. Decision trees are non-parametric
processes which include interaction and collinearity among variables
and which ignore irrelevant variables. Decision trees are fast to train and
to make predictions, but they suffer from overfitting. Random Forest
controls potential overfitting by sampling (with replacement) the
training set with bootstrap aggregation. After training, all the individual
tree predictions within the forest are averaged, and this results into a
single ensemble model prediction.

We train the Random Forest model using the reference birch tree
fraction map for 2008 (derived from local forest inventory data in pre-
vious research, Verstraeten et al., 2019), and the corresponding 2008
NDVI data and the latitude and longitude coordinates (derived from the
merged GIMMS NDVI3g and the MetOp AVHRR NDVI S10 in Section
2.2). The Random Forest procedure connects the input, i.e. the spatially
distributed NDVI data and spatial coordinates to the output, i.e. the
2008 birch fraction map (see also Fig. 2 (a)). Half of the data is used for
training and half for testing (Python 3). From this combination, the
Random Forest procedure has built a statistical model that converts
newly input data (NDVI from other years) to new output data (the
corresponding birch tree fraction maps for the other years). As a result,
the 1982-2019 NDVI time series and latitude and longitude coordinates

ren fraction [0:100)
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Fig. 2. Spatial distribution of areal birch tree fractions (percentage) in Belgium
based on forest inventory data.
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are converted in 38 annual maps with birch pollen emission sources. The
obtained 38 Model Efficiency values (ME, see also Verstraeten et al.,
2006) range between 0.29 and 0.68, with an average value of 0.40.

2.4. Local pollen observations

The Belgian aerobiological surveillance network (www.airallergy.
be) has a longstanding history of observing various types of pollen and
fungal spores in the outdoor air since 1982 at the Brussels station, which
is one of the oldest and most stable in Europe (Ziello et al, 2012). In total,
this network has monitored airborne pollen at 13 different sites.
Currently, daily airborne pollen concentrations of 37 tree, shrub and
grass taxa are monitored offline at five locations in Belgium (see Fig. 1
and Table 1 for details).

Continuous time series of birch pollen levels for all seasons exists
from 1982 on for Brussels and from 1984 on for De Haan. In Tournai
seven seasons of daily birch pollen observations are available, and for
Genk and Marche-en-Famenne 13 seasons each, but for different years
(see Table 1). Pollen observations are performed using a Hirst-type 7-
day volumetric spore sampler (Burkard Manufacturing Co., Rickmans-
worth, UK) (Hirst, 1952). Monitoring complies to the requirements of
the European Aerobiology Society (EAS) to the best ability (Galan et al.,
2014). Samplers are placed at a height between 10 and 20 m above the
ground level. Pollen from various taxa are morphologically identified
and manual counted by light microscopy (two longitudinal slide lines
reading). The mean daily pollen concentration is then calculated and
expressed as pollen grains per cubic meter of air (pollen grains/m®).
Here we used observation datasets encompassing 107 birch pollen sea-
sons from five sites that have been monitored over the period
1982-2019. Not all monitoring sites have been operational during the
whole period. Details on the spatial coordinates and the observation
periods are included in Table 1. The monitoring stations are also shown
in the birch fraction map of Belgium in Fig. 2.

3. Results
3.1. Birch pollen emission source maps based on NDVI

The inter-seasonal differences in the SPIn of birch trees in Belgium is
substantial (Coefficient of Variation of 65%, 97%, 65%, 77%, 49% for
Brussels, De Haan, Genk, Marche-en-Famenne, Tournai, respectively). In
order to add inter-seasonal variability of the maximum amount of birch
pollen potentially available for release in the SILAM model, maps with
dynamic birch pollen emission sources were reconstructed as input in
SILAM. These maps are based on the reference map of areal birch frac-
tions and the NDVI in a Random Forest framework. The relative seasonal
variations in the spatial distributions of these maps for Belgium are
illustrated in Fig. 3(a). The reference year is 2008 and set to one. We
have then normalized the birch tree fraction boxplots for all seasons
with respect to the reference season 2008. So, the distributions for the
other years are relative to 2008. On average, most birch pollen emission
sources are within the 25 and 75™ percentage range of the neighboring
years (between 2nd ang 4th quartile) given the 1982-2019 period. The
average values vary between ~ 0.75 and ~1.30 with respect to 2008.

Table 1

The location of the pollen monitoring stations of the Belgian aerobiological
surveillance network and the corresponding observation periods available for
this study. In total, 107 birch pollen seasons st March-30™ June) were
included.

Pollen monitoring locations ~ Latitude / Longitude  Period

De Haan 51.274 N/ 3.022 E 1984-2019

Tournai 50.614 N / 3.387 E 2013-2019

Brussels 50.825 N / 4.383 E 1982-2019
Marche-en-Famenne 50.200 N / 5.312E 2001-2005 and 2012-2019
Genk 50.965 N / 5.495 E 2001-2004 and 2011-2019
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Fig. 3. (a) The relative variations in the distributions of birch pollen emissions sources in Belgium for the period 1982-2019 with respect to 2008 (set to one,
normalization) using the Random Forest statistical approach on the GIMMS/MetOp NDVI time series and the areal birch fraction map of Fig. 2 as reference. The
boxplot of the reference map for 2008 with the spatial distribution of the actual birch tree fractions is shown in Fig. 2 and is set to one. (b) Illustrations of 1982, 1994,

2008, 2019 birch tree fractions maps derived from NDVI and RF.

The 25 - 75th range can be both small (i.e. 1982, 1998) as well as large
(i.e. 1989, 2017). To illustrate the obtained output of the Random Forest
framework and NDVI data, birch tree fraction maps for some seasons are
shown in Fig. 3 (b).

The largest deviation from 2008 is in 2018, showing the lowest
values in birch pollen emission sources. In the last decade, the variations
seem higher (larger 25" - 75 ranges between birch seasons). The low
and high extreme values are also larger compared to the period 1982-
2007. For Brussels, the birch pollen emission sources value is on
average 0.53, and varies between 0.14 and 1.46 for the 1982-2019
period as extracted from the gridcell containing Brussels of the 38
maps of birch pollen emission sources. These 38 maps are used as input
in SILAM for modelling the 1982-2019 spatially distributed birch pollen
levels near the surface for Belgium. Since vegetation activity as derived
from spaceborne vegetation indices or Gross Primary Productivity (GPP,
or plant photosynthesis) lags behind some seasons on the SPIn, we have
introduced a 2-year shift in the NDVI-based emission sources used in
SILAM in agreement with Verstraeten et al., (2019). So, the 1982 NDVI
based birch pollen emission source is used in the 1984 SILAM run, 1983
NDVI for the 1985 SILAM run and so on.

3.2. Time series of modelled and observed airborne birch pollen levels

SILAM was run for the period 1982-2019 using ERA5 ECMWF
meteorological data for two scenarios. In the reference (REF) scenario
(i), the 2008 areal birch fraction map was used to model the daily birch
pollen levels for all birch seasons from 1982 to 2019. In the updated
(UPD) scenario (ii) SILAM was run using the 38 seasons of birch emis-
sion sources based on the 1982-2019 NDVI time series and the 2008
reference map of areal birch fractions in a Random Forest approach,
shifted forward by two years. Airborne birch pollen levels near the

surface at daily basis for the period 1982-2019 were extracted from the
SILAM output for each pollen monitoring station from Fig. 2 and
compared with observations. As an illustration, the complete time series
are shown for Brussels and De Haan in Fig. 4 (two stations with the
longest observation history).

As illustrated in Fig. 4, the updated run of SILAM for Brussels
generally reduces the amount of birch pollen grains in the air. This is
shown by the negative difference between the UPD and REF run on the
right y-axis of Fig. 4. For De Haan, however, the updated SILAM run
increases the birch pollen amounts. In order to evaluate the model
performance for the individual birch seasons at all the five available
monitoring stations, the determination coefficients (R?) and the slopes
between the observed and modelled daily birch pollen levels are plotted
in Fig. 5 spanning the period 1982-2019 into Taylor diagrams for three
birch pollen emission source maps.

Taylor diagrams (Taylor, 2001) can graphically illustrate the
behavior or performances of models at different time periods (pollen
seasons for example) described in terms of three statistical measures.
Here we use only two statistical measures (R* values and slopes between
the observed and modelled daily birch pollen levels). Optimally, all
seasons should be close to the dashed arc (slope is one) and close to an R?
value of one. This location is indicated as a star (*) in the diagrams of
Fig. 5. The Taylor diagram (Fig. 5) for Brussels shows a cluster of seasons
between R? values of 0.30 and 0.80 with slopes (modelled vs observed
daily values) ranging from ~0.40 to 1.35. For De Haan, however, most
R? values are smaller than 0.60, with slopes that vary between 0.20 and
1.40. For Genk, all R values are more clustered between ~0.50 and 0.80
with slopes that show a large spread. The R? and slope values for
Marche-en-Famenne are very scattered, while for Tournai the scatter is
much smaller. So in general, plenty of birch pollen seasons show
reasonably high R? values, especially for the monitoring sites of Brussels,
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Fig. 4. The observed (black) and modelled (reference run in red) 1982-2019 daily airborne birch pollen level time series near the surface (pollen grains m~2) at the
monitoring stations of Brussels (a) (two upper panels, range 1982-2000 and 2001-2019) and De Haan (b) (two lower panels). In blue the contribution of the variable
birch pollen emission sources to the airborne pollen levels of the updated model run by taking the difference between the updated (UPD) and reference (REF)

SILAM run.

Genk, Marche-en-Famenne and Tournai (see Fig. 5, Taylor diagrams and
time series). Some seasons, however, show bad model performance
(1991, 2001, 2005 for Brussels). The 1982-2019 overall R? values for
these monitoring stations are 0.27, 0.36, 0.53, 0.46 and 0.56, respec-
tively (see Table 2). This table shows the slope, intercept and determi-
nation coefficients (R?) between the daily observed and modelled birch
pollen levels for the period 1982-2019 (not individual seasons) at all the
monitoring stations available for this study.

The 1982-2019 R? values for the monitoring station of De Haan are in
general much lower (overall 0.27 for the NDVI case, Table 2) than for
the other sites (up to 0.58). This station is located at the vicinity of the
North Sea. Very low values (R? < 0.10) are observed in 1998, 2001,
2005-2007, 2012. The monitoring station of Marche-en-Famenne per-
forms well for the NDVI based update, except for 2002. The mean R>
values (for the separate seasons, NDVI based) are 0.34, 0.51, 0.62, 0.56,
and 0.63 for De Haan, Brussels, Genk, Marche-en-Famenne and Tournai,
respectively. The critical threshold above which the majority of

sensitized patients is considered to develop allergy symptoms is under
debate (Steckling-Muschack et al., 2021). The Belgian aerobiological
surveillance network uses so far the daily 80 birch pollen grains/m? as
indicatory threshold value. Based on the dichotomous classification
using Odds Ratio (OR) (Siljamo et al., 2013; Ritenberga et al., 2018),
SILAM is able to detect pollen levels larger than this threshold with OR
values between 10 and 21 at the five monitoring sites. The OR values are
also larger than 8 for the thresholds of 25 or 50 birch pollen grains/m?>.
OR is a statistic that quantifies the strength of the association between
two events. If the ratio is one, both events are not associated to each
other. If the OR is larger or smaller than one, then there is a positive or
negative association, respectively. Here the OR is computed as the ratio
of the probability of detection of correct high predictions and the
probability of false detection giving low-concentration that are pre-
dicted as high. More explanation on the used formulas are provided in
Siljamo et al., (2013).



W.W. Verstraeten et al.

Agricultural and Forest Meteorology 320 (2022) 108942

00 ' 00 00
L S o be
T T2
e ~o¢ 2012
135 135 N
2001
2005
2017
120 120
105 108
_______ 1989 SR
e L/ 0 XNy T AL A XNy T
0% 0%
1986
075 ‘\‘ ors
2083 2006 204 208
2013 2008 \
060 499 060
2004 2018 2004
201
oss T o 2004
nl!
19940, 2002 20}
9 90%0;
1999 19
on o \ ox ox 2002
4\ 1964
! |
| , | \
% * \5 o * i: ™ i .
o ofs 0% o4 0w oi5 0% 105 1m 1% 000 o5 0% o045 o0& 0% 105 1w 13 000 ols 0% o4 om0 o015 0% 105 1m 13
Siope of the lmear comeiaion Siope o the near comretation Siope ofthe lmear comelaton
00 ) 00
L R ¢ wu
2 2o
T~
135 135 7S
120 120
105 105
090 2002 09
ors ors
2013 2019
o0 )
2018
045 0ss \
2016 \
030 2001 0% \\
\
o1s 015 |
|
. i L i L
000  ols 0% o4 075 0% 105 1m 1% 000 o5 0% o4 0% 105 1m 13

060
Sloge of the lnear correlation

060
Sioge of the in

neat correlation

Fig. 5. Taylor diagrams including the determination coefficient (R?) and the slopes between the daily SILAM-modelled and observed birch pollen concentrations for
each pollen season from 1982 to 2019 at five pollen monitoring stations in Belgium (107 birch seasons).

Table 2

Slope, intercept and the determination coefficient (R%) between the daily
observed and SILAM modelled birch pollen levels at five pollen monitoring
stations in Belgium (107 seasons) covering the period 1982-2019.

Daily De Brussels  Genk Marche-en-  Tournai
Values Haan Famenne
Slope 0.70 0.61 0.75 0.12 0.78
UPDATE Intercept 22.32 47.74 55.22  73.84 21.76
NDVI RF
R? 0.27 0.36 053  0.46 0.56

3.3. Analyzing four decades of reconstructed birch pollen levels

In order to explore the behavior of the birch pollen over time, we
have computed the change rate in seasonal birch pollen cycles based on
daily pollen levels. We apply the methodology as described in Bruffaerts
et al., (2018) for the observations and modelled data of Brussels (i.e.
longest time series). It is based on computing Sen slopes from mean daily
pollen concentration data, considering different years of a given calen-
dar day. This is a method for robustly fitting a line to sample points in
the plane (simple linear regression) by choosing the median of the slopes
of all lines through pairs of points (Theil, 1950; Sen 1968). It is based on
non-parametric statistics and the estimator is insensitive to outliers.
Briefly, in this method the Sen slope values are computed for each day of
the pollen season for the period 1982-2019 (Makra et al., 2011). The
obtained curve with Sen slopes for each day of the pollen season was
then smoothed with the LOcally Estimated Scatterplot Smoothing
(LOESS) method (Garcia-Mozo et al., 2014), setting the span to 0.1. As
an indicator for overall trend, the Area Under the Curve (AUC) was
calculated by the trapezoidal method. This methodology is very
appropriate for the analysis of local changes in pollen levels and has the

advantage to illustrate changes that occur within the pollen season
including shifts in the start and end of the season. In Fig. 6, the change
rate is shown of the seasonal cycles of daily birch pollen levels between
1982 and 2019 as observed at the monitoring station of Brussels (in
black line), and as modelled by SILAM using the 38 maps of birch pollen
emission sources based on NDVI and RF (UPD in red line), and using
only one reference map for the period 1982-2019 (REF, dashed brown).
The change rate is computed for the difference of the UPD and REF
SILAM run time series (see dashed yellow). Fig. 6 illustrates these curves
applied for the airborne birch pollen observations in Brussels for
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Fig. 6. Change rate in the seasonal cycles of daily birch pollen levels between
1982 and 2019 as observed at the monitoring station of Brussels (in black line),
and as modelled by SILAM using the 38 maps of birch pollen emission sources
based on NDVI and RF (UPD in red line), as using only one reference map for
the period 1982-2019 (REF, dashed brown), and the difference (see dashed
yellow). The area under the curve (AUC) is included.
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1982-2019 and the corresponding levels using the REF and UPD SILAM.
The AUC values are in the same order of magnitude for the observations
(794) and the UPD model run (1054), indicating comparable temporal
behavior of the birch seasons over four decades. For the REF run,
however, the AUC is substantially higher (1432). Apart from similar-
ities, also differences in the seasonal cycle between observations and
model runs can be derived from Fig. 6. Between the end of March and
mid-April, the curves are more comparable. The model values show
negative trends for the 3" week of April on, while the trends in the
observations lag behind by 4 days. The slopes in the early and late period
of the birch pollen season are much steeper (increasing and decreasing,
respectively) for the models compared with the slopes computed from
the observations. The slopes of the UPD run and observations are more
similar in the middle part of the birch pollen season. More complicated is
that the AUC value computed from the daily slopes based on the dif-
ference of the UPD and REF SILAM runs (AUC = -195) is not just the
difference of the AUC values separately computed from the UPD and
REF SILAM runs (AUC = -378). By taking the difference between the
UPD and REF SILAM runs (UPD-REF), we can isolate the contribution of
the changing birch pollen emission sources over 1982-2019 to the
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changing amount of pollen in the air driven by meteorology. The dif-
ference in the daily slopes of the birch pollen season computed for the
UPD and REF runs separately deviates strongly from the daily slopes
directly computed from the difference of the UPD and REF runs.

Large (absolute) effect of the dynamic birch pollen emission sources
is observed in early April (from 6™ on for Brussels) until 14-16 April.
Then it is close to zero during 17-19™ April which is roughly after the
peak of the birch pollen season in Belgium. During the period 20-30™
April, more towards the end of the season, it is high again with the
highest (absolute values) impact on 23" April. Finally, in the end tail of
the season it turns close to zero again, indicating almost no effect of the
variable birch pollen emission sources. During the middle part of the
pollen season (e.g. peaks), the zero impact suggests that the increase of
airborne pollen levels is primarily driven by meteorology and hence
climate variations. The negative peak values during the early and mid-
stage and the late stage of the pollen season might imply that the vari-
ations in pollen sources (birch trees) dampen the positive change rate of
the amount of pollen in the air during this stages of the season induced
by meteorological variations and climate effects. Stated otherwise, the
dynamic birch pollen emission sources clearly reduce the climate

SPINnupp-ReF

Change in SPIn [%/yr]
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Fig. 7. Spatial distribution of the temporal change rate represented by the smoothed Seasonal Pollen Integral (SPIn) of airborne birch pollen levels in Belgium
derived from SILAM runs for the period 1982-2019 (maps made in IDL.8.5.1). (a) Change in SPIn for the reference (REF) SILAM run solely reflecting the variable
meteorology (SPInggg). (b) Change in SPIn for the updated (UPD) SILAM model run showing the combined effect of variations in meteorology and in birch pollen
emission sources based on the NDVI (SPInypp). (c) The difference of the changes in SPIn values of maps (b) and (a) (SPInypp-SPInggr). (d) Change in SPIn values
computed for the difference of the updated and reference SILAM model run (SPInypp.rer). Only statistically significant Sen slope values are shown (P < 0.05).
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impacts on increases in airborne birch pollen levels in the SILAM model
run with at least ~-14% ( -195/1432x100) for the gridcell and site in
Brussels. This corresponds with ~3.6% per decade. Considering the
AUCypp of 1054 and the AUCggr of 1432, the change per decade is
~-7.0% computed as (1054-1432)/1432x100.

In order to illustrate the spatial distribution of seasonal pollen level
trends for birches during the period 1982-2019 over Belgium based on
SILAM, we compute the Sen slopes on the smoothed SPIn for the REF and
UPD SILAM model runs as shown in Fig. 7. The Boxcar filter with a span
of three years was applied to smooth for masting cycles (Hoebeke et al.,
2018). The rectangular areas on the maps illustrate the different pollen
levels in neighboring gridcells close to the monitoring stations of Brus-
sels and De Haan. Time series analysis based on SPIn values is more
traditional than using the AUC values from daily pollen cycle values.
Fig. 7 shows that the REF SILAM run produces in general higher trends
than the UPD run (Fig. 7(a),(b)), which is similar as observed in Fig. 6 for
the daily values of Brussels (AUC).

The trends of the SPIn of the UPD run compared to REF values
illustrate a mixed pattern (see difference map in Fig. 7(c)). Most areas in
Belgium show an increase, although four smaller parts with decreasing
trends can be distinguished (in the west, north, south-west and east).
The SPIn trend values computed on the difference of the UPD and REF
SILAM runs (UPD-REF, Fig. 7(d)) are mainly insignificant (white color in
the maps indicating P-values > 0.05) or positive (red color), with locally
some negative trend values in areas with substantial birch trees as
suggested in the map of Fig. 7(a) (REF SILAM run) and the fraction map
of Fig. 1. The gridcells with negative values for the UPD-REF scenario
(Fig. 7(d)) imply a decelerating effect or slow-down on the increasing
pollen levels in the air due to the dynamics and change in the pollen
emission sources between seasons. The positive values for the UPD-REF
scenario (Fig. 7(d)), however, suggest an accelerating impact of the
pollen emission source dynamics on the airborne pollen levels.

Overall for Belgium, an increase of 8.2%/decade in the amount of
airborne birch pollen is observed from the SILAM run based on the REF
birch fraction map. Based on the UPD run of SILAM using NDVI in a RF
methodology to produce 38 maps with birch pollen emission sources, an
increase in birch pollen grains of 13.1%/decade is observed. This is
much higher compared to the REF run (+4.9%/decade). It indicates an
accelerating or intensifying effect in the seasonal birch pollen increase
with 59.8% per decade (+4.9/8.2x100) when vegetation dynamics are
included in the model. This contrasts with the AUC based value of
-7.0%/decade reported for Brussels (Fig. 6), but agrees well with the
general increasing trend in birch pollen emission sources in Belgium as
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shown in Fig. 8. For Brussels, indeed, the slope is negative (blue values)
resulting in a more moderate increase of airborne birch pollen levels
since only meteorological induced increasing effects play. The signifi-
cant gridcells for Brussels (blue values) correspond to decadal decreases
in birch pollen emissions sources between ~ -6.4 and -9.4%.

4. Discussions

The birch pollen emission sources ingested by SILAM were updated
based on a bottom-up approach, so no model parameters on pollen
release must be changed (Prank et al., 2013; Verstraeten et al., 2019,
2021). The NDVI was used for introducing seasonal dynamics to the
pollen emission sources since this index is associated to vegetation cover
and implemented in pollen research (Khwarahma et al, 2017;
Gonzalez-Naharro at al., 2019). We have applied the Random Forest
approach on the NDVI data and the reference birch fraction map based
on forest inventory data since this and similar methods have been
demonstrated to give promising results in airborne pollen research
(Bogawski et al., 2019; Gonzalez-Naharro at al., 2019). The obtained
1982-2019 birch pollen emission source maps reflect the inter-seasonal
dynamics of the SPIn, the pollen productivity, rather than variations in
real areal birch fractions. These maps are apparent areal birch fraction
maps since we cannot assume that the amount of birch trees changes
that quickly. That is why we refer to these maps as birch pollen emission
source maps. These fraction maps form the basic input into SILAM to
quantify the distribution of the birch pollen emission sources which is
related to the year-to-year changes in the SPIn. As before mentioned,
vegetation activity lags behind some seasons on the SPIn (Hoebeke et al.,
2018, Ritenberga et al., 2018), so we have introduced a 2-year shift in
the NDVI-based emission sources as previously done (Verstraeten et al.,
2019). The correlation (R?) between the birch fractions based on NDVI
and the SPIn monitored at Brussels is 0.10, only if a shift of two years is
introduced, otherwise it is close to zero.

Over almost four decades, the SILAM model performed well with R?
values up to 0.56, and higher values for individual seasons (Fig. 3,
Table 2). This is in agreement with results reported by Siljamo et al.,
(2013) for several stations, with Sofiev et al., (2015) for multi-model
comparison, and Ritenberga et al., (2016) for Riga. The model perfor-
mance also depends on the quality of the observed pollen data derived
from the Hirst observation method which is also subjected to uncertainty
(Oteros et al, 2017, Rojo et al., 2019). What is more, the reference data
might differ from other methods since for instance a portable sampler to
monitor pollen at street level reported birch pollen ~10 days earlier
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Fig. 8. Spatial distribution of the temporal change rate in birch pollen emission sources in Belgium derived from the 1982-2019 birch pollen emission source maps
based on NDVI time series and Random Forest. Only statistically significant slope values are shown (P< 0.05).
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than at the rooftop level (de Weger et al., 2020).

The change rate in seasonal birch pollen cycles based on daily pollen
levels for the period 1982-2019 shows substantial increases. This was
associated to the temperature rise over four decades, as suggested by the
observed temperature anomaly trend of 0.4 °C per decade at the mete-
orological station of Ukkel in Brussels (period 1981-2020, KMI, 2021)
and other studies. For observations back to 1977, de Weger et al., (2021)
also suggest these climate effects for the BENELUX (Belgium, the
Netherlands, Luxemburg) on birch pollen releases. Anderegg et al.,
(2021) have reported increases in pollen concentrations across North
America over the last three decades, which are strongly coupled to
observed warming. Tree pollen showed the largest increases in spring
and SPIn values. Ziska et al., (2019) have studied the northern hemi-
sphere in a retrospective data analysis (including observation data in
Belgium) and found that ongoing increases in temperature extremes
(Tmin and Tpax) might already be contributing to higher pollen load for
multiple allergenic pollen taxa. Also for the Mediterranean tree taxa,
larger pollen quantities were found to be emitted to the atmosphere
(Fernandez-Llamazares et al., 2014). In Ireland, airborne birch pollen
concentrations have risen over the last 40 years, which was related to
increases in the fraction of birch trees in forest areas as well as orna-
mental use (Maya-Manzano et al., 2021).

The effect of the variable birch pollen emission sources on the change
rate of the birch pollen seasonal cycle (Fig. 6) and on the SPIn (Fig. 7)
suggests a mix of dampening and amplification on the amount of emitted
pollen associated to the temperature increases of the last four decades by
birches. The intensified rise of birch pollen levels corresponds to in-
creases of the birch pollen emissions sources over 38 years in large parts
of Belgium as demonstrated in Fig. 8. This is in line with an Irish study
(Maya-Manzano et al., 2021) that associates the higher amount of birch
pollen over time to the increased fraction of birch trees. The question
how models will cope with airborne pollen levels when more detailed
(high resolution) emission maps are introduced over such a long period
as done in this study must be investigated further.

The results of the model-measurement comparison also contribute to
the on-going discussion on whether the European vegetation already
started accommodating to the warmer temperatures. In particular Fu
et al., (2015), based on phenological data collected in Germany, argued
for a very substantial reduction of thermal sensitivity of the majority of
the European trees. For birch, the suggested reduction of the sensitivity
is as large as 1.3 — 2.0 days/°C of difference between 1980-1999 and
2000-2013 periods. So strong adaptation effect would render all models
performing well in 1980s inadequate in 2010s. However, we did not see
such trend: the same thermal sensitivity was applied in SILAM
throughout the whole period with no significant trend in the model
performance.

5. Conclusions and future research

A methodology was developed to reconstruct multi-decadal airborne
birch pollen levels near the surface using the SILAM chemistry transport
model in a bottom-up emission approach of birch pollen sources for
Belgium. This methodology consisted of the combination of a birch
fraction map derived from the forest inventory data from previous
research with 38 years of AVHRR-GIMMS3g NDVI data (1982-2015)
extended with NDVI data from MetOp-AVHRR after 2015 using a
Random Forest statistical approach. Daily observation data of five birch
pollen monitoring stations were used to evaluate the simulated airborne
birch pollen levels. The mean R? values of individual pollen seasons
between daily observed and SILAM modelled birch pollen levels range
from 0.35 to 0.63, but for individual seasons the value can go up to 0.86.
The overall R* values at the monitoring sites, combining all the 1982-
2019 seasons where available, range from 0.27 to 0.56. This is an
indication of the good performance of SILAM for Belgium. Temporal
analysis of daily airborne pollen data shows a substantial increase of the
amount of pollen emitted over time, evident both from the observations
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in Brussels as well as from the SILAM run with the updated emission
inventory. On average, for Belgium there is an increase of 13.1% per
decade. SILAM model results suggest an enhanced effect of almost 4.9%
per decade on the amount of emitted pollen. Hence, the increase in
levels of airborne birch pollen over time is mainly climate-induced
(8.2% per decade), but it is amplified by the increase in the emission
sources.

The impact of climate change on the dynamics of long-range trans-
port of birch pollen levels can be substantial and should be investigated
in more details. Application of NDVI as a proxy of lagged pollen pro-
duction showed its potential, but integration of available remotely-
sensed vegetation indices at higher resolutions for Belgium and
beyond in future research should be of great interest to increase the
detail of the birch pollen emission source maps. Implementing the
developed methodology to use the NDVI and birch fraction maps in a
statistical framework for running SILAM on the European scale and
other continents in combination with long time series of pollen obser-
vations can be of great benefit to improve our understanding in birch
pollen induced air allergies. Improving pollen dispersion models by the
incorporation of observed pollen data in the model emission sources
should be further investigated, including the possibilities of the assim-
ilation of near-real-time observed pollen data in CTMs. Finally, the next
step is to set-up and test the SILAM model in a birch pollen forecasting
mode for Belgium.
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