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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• 38 years of spatially distributed 
modelled daily birch and grass pollen 
concentrations. 

• Temporal trends on spatially distributed 
daily airborne birch and grass pollen 
and weather data from Theil-Sen slopes. 

• Associations between daily pollen con
centrations and meteorological vari
ables from Kendall correlations. 

• Attribution of long-term pollen concen
tration trends to changes in climate 
and/or vegetation dynamics.  

A R T I C L E  I N F O   
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A B S T R A C T   

Changes in climate and land-use may elicit an increased emission of allergenic pollen amounts in the air, causing 
a rise in respiratory allergies and affecting public health more than previously thought. Here we have used a well- 
established pollen transport model SILAM (System for Integrated modeLling of Atmospheric coMposition) for 
attributing the long-term changes in airborne pollen concentrations of birches and grasses to climate change and 
vegetation dynamics. The pollen transport model is applied for Belgium and is driven by ECMWF ERA5 mete
orological data (European Centre for Medium-Range Weather Forecasts, fifth generation of ECMWF atmospheric 
reanalysis of the global climate). The dynamic vegetation components of the model are based on multi-decadal 
datasets for 1982–2019 on spatially distributed birch and grass pollen emission sources. For each model gridcell 
we have computed the change rate of the seasonal birch and grass pollen cycles based on daily pollen concen
trations, and of the daily meteorological model input. Finally, the gridcell based association between trends in 
pollen and climate change are derived. Our findings show that during the period 1982–2019 a strong increase in 
birch pollen concentrations is associated with increasing radiation, decreasing precipitation and decreasing 
horizontal wind speed near the surface. A strong decrease of grass pollen concentrations over time is driven by a 
decreasing trend in grass pollen sources, and it is also associated with decreasing precipitation. The magnitude of 
the associations between meteorology and airborne birch pollen concentrations are almost twice the association 
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between meteorology and grass pollen, and the spatial variations are substantial even on the scales of small 
countries. The specific contribution of birch tree and pollen production dynamics to the concentrations of birch 
pollen in the air over time is highly associated with wind speed and precipitation. Introducing the inter-seasonal 
variation in birch pollen production during the period 1982–2019 intensifies the climate induced increase of 
airborne birch pollen concentrations with ~6%. In contrast, the grass pollen production dynamics resulted into 
~10 times less grass pollen over the studied period compared to climate change effects.   

1. Introduction 

Airborne pollen is a substantial cause of respiratory allergies 
impairing public health, especially in combination with long-term 
exposure to other air pollutants (D’Amato et al., 2007). In Europe, 
more than 20% of the population suffers from pollinosis (WHO, 2003). 
In the northwestern countries such as Belgium, the Netherlands and 
Luxembourg (abbreviated as Benelux) the prevalence of allergic rhinitis 
is estimated to be 10–30% (To et al., 2012; Bauchau and Durham, 2004; 
Blomme et al., 2013). 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 and ~15% due to grass pollen (Blomme et al., 
2013). In the future, even more people might be affected since climate 
change and land-use change elicit an increased amount of allergenic 
airborne pollen and prolonged pollen seasons (Anderegg et al., 2021; 
Beggs, 2021; Tong et al., 2022). The human influence on the climate 
system is clear-cut (IPCC, 2022), and the changes in climate, for instance 
the worldwide increased temperature of 1.2 ± 0.1 ◦C, have multiple 
impacts on the environment and public health (WMO, 2020). 

The observed warming and the increasing temperature extremes 
might already contribute to longer pollen seasons, earlier start of the 
season and an increased pollen load for several allergenic pollen taxa in 
the northern hemisphere in general (Ziska et al., 2019) and more specific 
in North America (Anderegg et al., 2021; Zhang and Steiner, 2022). 
Additional carbon dioxide (CO2) might increase the pollen amount, the 
seasonal intensity, and even the allergen concentration of the pollen. 
Consequently, it might aggravate the symptom severity (Ziska, 2021; 
Zhang and Steiner, 2022). Moreover, also other vegetation related 
changes can influence the production of aeroallergens, increase expo
sure, and may have consequences for public health (Ziska, 2021). For 
instance, changing vegetation height affects pollen dispersion in com
bination with changing wind patterns and speed. Climate induced 
changes in the composition of vegetation in favor of allergenic species 
may increase the impact on patients suffering from allergic diseases. 
Lack of proper vernalization can reduce floral initiation, but warmer 
spring temperatures may accelerate floral bud development and opening 
(Ziska, 2021). Other biotic (for instance plant diseases) and abiotic 
(wind, water, mineral stress, air pollution) environmental interactions 
may change the impact of pollen exposure in favor or disfavor of patients 
suffering from respiratory allergies (Ziska, 2021). 

For Europe, studies have shown significant increasing airborne pol
len concentration trends in relation to the changing climate and shifts in 
the timing of the pollen seasons in some northern parts (Bruffaerts et al., 
2018; Hoebeke et al., 2018; Lind et al., 2016) and southern parts of 
Europe (Damialis et al., 2007; Galán et al., 2016; Velasco-Jiménez et al., 
2020). More specific, for the Benelux, airborne pollen of most tree 
species showed an overall trend towards an increase in peak values and 
in the Seasonal Pollen Integral (SPIn) with an overall trend towards an 
earlier start and end of the pollen season (de Weger et al., 2021). For 
birch pollen, a trend towards a decrease in pollen season length was 
observed. In the Benelux, herbaceous species showed a decreasing trend 
in the SPIn and lower peak values. The grass pollen season shifted to
wards earlier starts and longer seasons (de Weger et al., 2021). 

Attributing the long-term changes in the emissions of birch and grass 
pollen to climate change and vegetation dynamics requires a modelling 
approach. Only well-established pollen transport models are capable of 

simulating the pollen concentrations near the surface taking into ac
count all the processes involved such as pollen release, airborne trans
port and surface deposition. The most advanced model scenario for 
airborne pollen concentrations includes a dynamic vegetation compo
nent that reflects the variability of intra-seasonal pollen production and 
emissions on top of the varying meteorological conditions. For quanti
fying the exclusive impact of climate change on pollen emission we use a 
reference or basic scenario model run with a fixed or time invariant 
vegetation component in a bottom-up pollen emission approach. By 
subtracting these two model scenarios (the advanced and reference run), 
the impact of the vegetation component on the amount of pollen in the 
air can be quantified. Here, we apply multi-decadal datasets on birch 
and grass pollen emission sources as the dynamic vegetation compo
nents into the pollen transport model SILAM (System for Integrated 
modeLling of Atmospheric coMposition, http://silam.fmi.fi) (Sofiev 
et al., 2013, 2015). SILAM is applied for Belgium at a 0.1◦ × 0.1◦ grid 
using meteorological data from the ECMWF (European Centre for 
Medium-Range Weather Forecasts) for the period 1982–2019, covering 
almost four decades (ECMWF, 2020). In Belgium, we have a continuous 
long-term dataset of atmospheric concentrations of various pollen spe
cies at Brussels (Elsene, 50.825 N/4.383 E) since 1982, and at De Haan 
at the coast side (51.274 N/3.022 E) since 1984. SILAM is a 
well-established model (Vélez-Pereira et al., 2022) and has been thor
oughly evaluated for Belgium based on historical pollen observations 
from the Belgian aerobiological surveillance network (Verstraeten et al., 
2019; Delcloo et al., 2020; 2021; Verstraeten et al., 2021; 2022). The 
multi-decadal datasets on birch and grass pollen emission sources has 
been developed by merging spaceborne vegetation index data with areal 
vegetation maps using the Random Forest statistical methodology as 
described in Verstraeten et al. (2022). In order to explore the spatial 
behavior of the modelled birch and grass pollen concentrations over 
time for the different scenarios, we compute the change rate in the 
seasonal birch and pollen cycles based on daily pollen concentrations. 
This is also done for meteorological variables. Finally, the association 
between daily pollen trends and trends in meteorology are derived for 
each gridcell of the model (Bruffaerts et al., 2018). 

In short, the objective of this study is attributing the long-term 
changes in airborne birch and grass pollen concentrations to climate 
change and vegetation dynamics. A multi-decadal dataset (1982–2019) 
on birch and grass pollen emission sources is ingested into the pollen 
transport model SILAM to retrieve airborne pollen concentrations. We 
then compute the temporal change rate of the modelled airborne pollen 
concentrations for each day of the 1982–2019 birch and grass pollen 
seasons, as well as for the corresponding meteorological variables to 
estimate the association with trends in pollen. By comparing these 
trends with trends of airborne pollen concentrations obtained with 
SILAM based on only one fixed (time-invariant) birch and grass pollen 
emission source, we then can attribute the contribution of climate 
change or effects of vegetation dynamics to the retrieved trends in 
airborne pollen concentrations. 

2. Methodology 

2.1. Pollen transport model SILAM 

Pollen grains are biogenic aerosols which are much larger than 
conventional (anthropogenic and non-biogenic) atmospheric aerosols. 

W.W. Verstraeten et al.                                                                                                                                                                                                                        
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The main processes involved in aerosol modelling and thus pollen 
transport include wind advection, mixing due to turbulence, and dry and 
wet deposition. These processes are integrated into SILAM (Sofiev et al., 
2006; Kouznetsov and Sofiev, 2012; Sofiev et al., 2015). SILAM is a 
large-scale dispersion model 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 horizontal grid cell resolution of 0.1 × 0.1◦ and a vertical 
resolution consisting 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). 

The procedure of the pollen emission is different for birch and grass 
pollen. The start and end of the flowering season of birches, i.e. the 
period of the pollen emissions, in SILAM is based on the thermal time 
flowering model (Sofiev et al., 2006) and is parameterized using tem
perature sum thresholds (Linkosalo et al., 2010; Sofiev et al., 2013). The 
timing of birch flowering is assumed to be mostly driven by accumulated 
ambient temperature. The cumulative fraction of pollen emitted 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. 
The grass pollen emission computations in SILAM do not rely on the 
temperature sum. The emitted amounts of airborne grass pollen grains 
are computed by the multiplication of the grass pollen source map for 
each gridcell with the emission rate determined by the prescribed shape 
of the grass flowering intensity stretched from the season’s start to the 
season’s end (see also Fig. 3 in Sofiev, 2017). This function is the average 
shape of the seasonal distribution of the seasonal pollen grains pro
duction during the grass flowering period. The onset and offset of this 
period follow a location-dependent prescribed calendar expressed in 
Julian days. 

Short-term meteorological conditions affect the amount of airborne 
birch and grass pollen depending on the specific aerodynamic proper
ties. Precipitation and humidity inhibit the emission of pollen from 
vegetation, while high wind speed favors the pollen emission. ECMWF 
(European Centre for Medium-Range Weather Forecasts) ERA5 (fifth 
generation of ECMWF atmospheric reanalysis of the global climate) 
reanalysis meteorological datasets (gridcell of 0.25◦ × 0.25◦) (ECMWF) 
are used to drive the transport, emission and deposition of airborne 
pollen in SILAM. In Belgium, the general birch pollen season ranges from 
March to June (largest amounts in April), and the grass season from May 
to August (largest amounts in June). 

Modelling the airborne birch and grass pollen concentrations near 
the surface in SILAM is based on a bottom-up approach using inventories 
of birch and grass pollen sources. Hence, maps with the areal fractions of 
birches and grasses are crucial underlying datasets. At the European 
scale, birch and grass pollen emissions maps were first compiled and 
refined by Sofiev et al. (2006) and Sofiev et al. (2013), respectively. 
Recently, we have merged the birch tree 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. We also have updated the European MACCIII grass
land map using the Copernicus Land Monitoring Service (CLMS) (2015) 
land-use maps on a 100m spatial resolution (Copernicus, Langanke, 
2017) scaled to the 0.05◦ × 0.05◦ gridcell. The updated map is the 
maximum value of the combination of the European grassland data from 
CLMS and the MACCIII map (see for details: Verstraeten et al., 2021). In 
order to introduce pollen emission maps for each season from 1982 to 
2019, multi-decadal datasets on birch and grass pollen emission sources 
were developed by merging spaceborne NDVI data (Normalized Differ
ence Vegetation Index, Tucker, 1979) with the above mentioned birch 
tree fraction and grass pollen emission maps using the Random Forest 
statistical methodology as described in Verstraeten et al. (2022). The 
compiled NDVI dataset is a combination of the GIMMS NDVI3g (Pinzon 
and Tucker, 2014) data covering 1982–2015 and the METOP AVHRR 
NDVI (ENDVI10, ENDVI10, 2021) data covering the period 2009–2019. 
Illustrations of areal birch fraction and grass emission maps are given in 
Fig. 1. 

2.2. Attribution of change rate 

In order to attribute changes in airborne pollen concentrations over 
time to climate change or to vegetation dynamics, we compute trends 
and associations between trends in meteorological variables and pollen 
concentrations obtained from SILAM. We apply the methodology 
described in Bruffaerts et al. (2018) based on Makra et al. (2011) and 
also used in de Weger et al. (2021). The first part determines the change 
rate. The procedure to derive temporal trends (the change rate) of pollen 
concentrations begins with the time series of daily pollen concentrations 
of birches and grasses for each gridcell of Belgium as modelled by SILAM 
(i) covering the period 1982–2019 (38 years). A typical example of such 
a time series is shown in Fig. 2(a) for airborne birch pollen concentra
tions extracted for the gridcell of Brussels. In the next step (ii), we 

Fig. 1. (a) Spatial distribution of areal birch tree fractions (percentage) in Belgium based on forest inventory data (see Verstraeten et al., 2019 for details, produced 
with Grads). (b) Similar, but for grasses expressed as the amount of emitted pollen (counts) (Verstraeten et al., 2021). 
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compute the Theil-Sen slope values for each day of the birch (and also 
grass) pollen season for the period 1982–2019. The Theil-Sen slope 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. For 
the birch season we start at March 1st, and we construct a time series of 
all March 1st values from 1982 to 2019 (38 values). On these 38 values 
the Theil-Sen slope is derived, as illustrated in Fig. 2(b). We compute the 
area under the trapezium (trapezoidal method) determined by the linear 
regression using the Theil-Sen slope (representing the 38-year period 
total increase/decrease of pollen concentrations), only if the slope is 
significantly different from zero (P < 0.05, Mann-Kendall non-para
metric procedure). The numerical value of the area under the trapezium 
is then plotted for March 1st. This is repeated for all the days of the birch 
season (March 1st – July 1st: 123 days) and we obtain the (red) curve in 
Fig. 2(c) after applying the LOcally Estimated Scatterplot Smoothing 
(LOESS) method (García-Mozo et al., 2014), setting the span to 0.1. 
Finally, we compute the Area Under the Curve, by summing all positive 
and negative values for all 123 days (iii). We obtain an AUC of 1432 in 
Fig. 2(c), which is positive (also considering the negative values during 
late April in Fig. 2(c)) indicating a strong increase in the amount of birch 
pollen in the air during the period 1982–2019 for the gridcell of Brus
sels. The same procedure is also applied to compute the AUC for the 
meteorological variables such as the daily mean, maximum and mini
mum air temperatures, the mean, maximum and minimum dew point 

temperatures, daily radiation, daily precipitation, horizontal wind 
components (North and East component) near the surface (10m) for the 
period 1982–2019 for each day of the pollen season and for each model 
gridcell. 

In the second part, the association of pollen and climatic trends are 
estimated using the Kendall tau correlation on the pairs of the Theil-Sen 
slopes representing the pollen and the climatic trend for the same day of 
the pollen season. This means that the Theil-Sen slope for each day of the 
pollen season (derived in Fig. 2(b)) for birch pollen is paired with the 
Theil-Sen slope computed for a meteorological variable (precipitation in 
the example of Fig. 2) of the corresponding day. Hence, we obtain 123 
pairs of Theil-Sen slope values (precipitation vs birch pollen) as illus
trated in Fig. 2 (d) (only non-zero values are shown) used for the com
putations of the Kendall tau correlation. This procedure (Fig. 2) is 
repeated for the grass pollen and the corresponding meteorological 
variables also spanning 123 days (grass pollen season from May 1st until 
August 31st). 

Basically, for each pollen type we have three kinds of time series of 
daily airborne pollen concentrations for each model gridcell: (i) the 
reference model run (REF) where the vegetation component is time 
invariant (fixed pollen emission for 38 seasons), (ii) the advanced model 
run (ADV) including vegetation dynamics (38 seasons with varying 
pollen emissions), and (iii) the difference between the advanced (ADV) 
and reference (REF) model run (ADV-REF) to isolate the sole effect of the 
changing pollen emissions over time. For each of the three kinds of 
pollen concentration time series, the Kendall tau associations are 

Fig. 2. Computation procedure of associating the change rate of pollen concentrations with meteorological variables. (a) SILAM modelled airborne birch pollen 
concentration time series (in red) for one location (gridcell with Brussels as example) for the period 1982–2019 (example Reference or REF scenario). (b) Selection of 
the same day of every pollen season (example 5 April) from 1982 to 2019. Calculating the Theil-Sen slope from the regression of 38 values of that specific day. 
Compute the surface of the trapezium (in grey) determined by the regression function (c). Repeating this for all days of the pollen season. Smoothing the Theil-Sen 
slope values determined from the trapezoidal shape. AUC is the sum of the area determined by the curve. (d) Comparison of the birch pollen concentration Theil-Sen 
slopes for every day of the pollen season with the corresponding Theil-Sen slopes of the meteorological variables (example precipitation). Computation of the Kendall 
correlation from these Theil-Sen slope pairs over the pollen season. 
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computed for each meteorological variable (mean, maximum and min
imum air temperatures; mean, maximum and minimum dew point 
temperatures; radiation, precipitation, horizontal wind components 
near the surface). Finally, the Kendall tau correlations are mapped for 
each model gridcell. Fig. 9 in section 3.3 illustrates the applied pro
cedure of computing Theil-Sen slopes, AUC values and Kendall tau 
correlations for birch and grass pollen levels and precipitation, radiation 
and wind for the three SILAM scenarios (REF, ADV, ADV-REF) as an 
example for the gridcell of Brussels for 1982–2019. This methodology 
has the advantage that the overall trend reflected by the AUC compared 
to trends directly computed on the SPIn for instance keeps its sensitivity 
for day-to-day change due to the difference in the integration time (daily 
change rate versus fixes seasonal length). Averaging the values of daily 
slopes of linear trends over the pollination seasons (this is essential what 
AUC does) gives rates of change of the total annual pollen counts even 
when overall trends are not significant at the 10% level (Makra et al., 
2011). Moreover, using day-to-day change associations between trends 
of different variables can be computed. 

3. Results and discussions 

3.1. Association between daily birch pollen concentrations and 
meteorological variables 

As an indicator for overall trend to explore the behavior of the birch 
pollen over time, the Area Under the Curve (AUC) was calculated as 
illustrated into Fig. 2. A substantial increase of airborne birch pollen 
amounts over the period 1982–2019 is found for both the SILAM 
reference scenario (focusing on the impact of climate change on birch 
pollen concentrations only) as well as for the advanced scenario 
(combining vegetation dynamics and climate change) as shown in 
Fig. 3a and b. Both scenarios have large positive AUC values, indicating 
that the birch pollen increase in the air is mainly climate change driven. 
The spatially distributed AUC values for the birch pollen concentrations 
time series that are based on the difference between the advanced and 
reference scenario run of SILAM are mainly negative for the northern 
part of Belgium (Fig. 3(c)). 

The spatially averaged AUC value for the reference model scenario is 
~1040. This is somewhat smaller than for the advanced scenario 
(~1075) (Fig. 3). The contribution of the vegetation dynamics counts for 
a positive AUCADV-REF value (~66), which is ~6% of AUCREF. This 

suggests that introducing dynamic birch tree fraction maps for the 
period 1982–2019 may intensify the climate change induced increase of 
the amount of birch pollen in the air. However, there are regional dif
ferences where the AUCADV-REF values are negative (in blue), mainly 
occur on locations with increased amount of birch trees compared to the 
reference map (Verstraeten et al., 2019). 

The spatial distributions of the AUC values for daily rainfall, mean air 
temperature, mean dew point temperature, radiation, and the horizontal 
wind velocity components from ERA5 during the birch pollen season 
(March–June), used as input in the SILAM model, for the period 
1982–2019 are shown in Fig. 4. A substantial decrease in the AUC values 
for precipitation and the horizontal wind speed are found while radia
tion, the mean and dew point temperatures show large increases (Fig. 4). 
Less precipitation and higher temperatures are in favor of higher 
airborne birch pollen amounts. 

Association of pollen and meteorological trends are estimated using 
the Kendall tau correlation of pairs of Theil-Sen slopes. For every day of 
the birch pollen season, the Theil-Sen slope of the pollen concentrations 
derived from SILAM is compared with the Theil-Sen slope of the specific 
meteorological variables (see also Fig. 2). This is done for all the 
meteorological variables. We apply this procedure for the reference and 
advanced scenario, and for the time series derived as the difference 
between the two scenarios (runs from March 1st till July 1st). The spatial 
distributions of the Kendall tau correlations between each pollen sce
nario and precipitation, radiation, and the horizontal wind speed com
ponents are illustrated in Fig. 5. From the reference and advanced 
SILAM scenario a substantial increase of the amount of birch pollen in 
the air is associated with a decrease (in blue) in rainfall, WU (i.e. east
ward component of horizontal wind speed) and to a lesser extend WV (i. 
e. northward component of horizontal wind speed), and an increase (in 
red) in radiation (but not for central Belgium). 

In order to isolate the impact of the introduced decadal birch pollen 
emission maps, i.e. the dynamic vegetation component, the difference 
scenario (ADV-REF) is compared with meteorological variables. For 
some (mainly but not exclusively northern) parts of Belgium, substantial 
decreases in the amount of airborne birch pollen induced by the dy
namic vegetation component (covering both natural as anthropogenic 
changes in land-use) are associated with a decrease in rainfall and of the 
WU (eastward) wind component, and an increase in radiation. Most 
model gridcells do not contain statistical significant correlations (P- 
value >0.05) for all the other meteorological variables (minimum, mean 

Fig. 3. (a) Spatial distribution of the Area Under the Curve (AUC) values of airborne birch pollen concentrations for Belgium based on the reference scenario of 
SILAM for the period 1982–2019. (b) Same as for (a) but using the advanced scenario of SILAM. (c) Same as for (a), but the AUC is computed from the time series of 
the difference between the advanced (ADV) and reference (REF) SILAM. The locations with the longest time series of observed pollen concentration are indicated as 
rectangles (Brussels at 50.825 N/4.383 E; De Haan at 51.274 N/3.022 E). The spatially averaged AUC values (±st dev) for Belgium are also provided. 
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and max air temperatures and minimum, mean and max dew point 
temperatures) and are not shown. The spatially averaged Kendall tau 
correlations for the maps between birch pollen concentrations of the 
REF and ADV model scenarios and used meteorological variables are 
positive for radiation and negative for precipitation and wind speed. The 
birch pollen difference scenario shows opposite correlations with the 
respective meteorological variables. For computing the spatially aver
aged correlation value only correlation values are considered which 
were statistically significant different from zero (P-value <0.05). 
Regionally, the sign of the correlations can be reversed. 

3.2. Association between daily grass pollen concentrations and 
meteorological variables 

For evaluating the change of daily grass pollen concentrations over 
time and the association with meteorological variables the same analysis 
as for the birch pollen (section 3.1) was carried out. Fig. 6 shows the 
small increase in the amount of grass pollen over 1982–2019 due to 
climate change only (Fig. 6(a)), which is more than ten times lower for 
the advanced scenario (AUCREF = ~55 versus AUCADV = ~-531) (Fig. 6 
(b)). Introducing dynamic grass pollen emission maps leads to much 
smaller amounts of airborne grass pollen over time (Fig. 6(c)) as 
compared with time invariant grass maps (AUCADV-REF = ~-507 or half 

the AUCADV and almost ten times smaller than the AUCREF). The values 
of the AUC’s for birch and grass pollen are substantially different in sign 
and the absolute values, since also the total amount of emitted pollen is 
different. Consider that the average grass SPIn for Brussels is only ~45% 
of the birch SPIn, but for the coast side it is rather similar. In the birch 
tree rich areas of Belgium, the grass SPIn is only 20% of the birch SPIn. 

Similar to the birch pollen, the spatial distribution of the AUC values 
for some meteorological variables during the grass pollen season 
(May–August) for the period 1982–2019 are shown in Fig. 7. 

Decreases in precipitation in large parts of Belgium are observed, but 
less pronounced in the south. The other meteorological variables in
crease over time, especially the mean temperature. The horizontal wind 
speeds near the surface shows only some slightly higher values over 
time. Generally, the absolute AUC values of the meteorological variables 
for the grass season are smaller than those of the birch season (except for 
WV) notwithstanding the fact that the grass pollen season is in general 
somewhat longer. 

The spatial distributions of the Kendall tau correlations between 
each grass pollen scenario and precipitation, radiation, and the hori
zontal wind speed components for May–August are given in Fig. 8. 

The slight increases in the amount of grass pollen over time derived 
from the REF model run are associated with decreases in rainfall over 
large parts of Belgium and in WU (i.e. eastward component of horizontal 

Fig. 4. Spatial distribution of the Area Under the Curve (AUC) of a selection of ERA5 meteorology during the birch pollen season (March–June) for the period 
1982–2019 in Belgium. (a) Daily precipitation, (b) mean air temperature, (c) mean dew point temperature, (d) radiation, (e) the horizontal wind speed WU, and WV 
(f). Radiation is scaled with 1E-08. The spatially averaged AUC values (±stdev) of each map are also provided. 
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wind speed near the surface), a slight increase in WV (northward wind 
component) and a stronger rise in radiation (Fig. 8, panels of the first 
row). The introduction of dynamic grass maps (covering both natural 
and anthropogenic changes in land-use) decreases the amount of grass 
pollen in the air over time (Fig. 6(b,c)). The obtained reduction is mainly 
positively associated with changes in precipitation (Fig. 8, lower left 

panel). This means that decreases in precipitation (and to a lesser extend 
horizontal wind speed near the surface) over time corresponds to de
creases in grass pollen concentrations induced by the dynamic vegeta
tion maps which alterations are partly human-induced. For radiation, a 
mixed situation is obtained when the contribution of the grass pollen 
emission source dynamics is considered. Most parts of Belgium remain 

Fig. 5. Spatial distribution of the Kendall tau correlation for on one hand the birch pollen concentrations derived from the reference and advanced SILAM 
scenarios, and from the difference time series, and on the other hand the meteorological variables precipitation, radiation and horizontal wind speed components. 
Only significant correlations (P-value <0.05) are shown, based on Mann-Kendall non-parametric procedure. The spatially averaged correlation (tau) and the stdev for 
each map are also given (right column). 

Fig. 6. (a) Spatial distribution of the Area Under the Curve (AUC) values of airborne grass pollen concentrations for Belgium based on the reference scenario of 
SILAM for the period 1982–2019 (left panel). (b) Same as for (a) but using the advanced scenario of SILAM (middle panel). (c) Same as for (a), but the AUC is 
computed from the time series of the difference between the advanced (ADV) and reference (REF) SILAM (right panel). The average AUC values (±stdev) of each map 
are also provided. 
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white (i.e. no significant change, P-value ≥0.05). The grass dynamic 
component has slightly negative associations for radiation and positive 
for the wind components on the amount of pollen. In general, the grass 
pollen associations with climate change are smaller than the birch pollen 
associations (see ratios of the provided spatially averaged correlation 
values in Figs. 5 and 8). 

3.3. Further interpretation 

In order to illustrate the interpretation of the Kendall tau correlations 
in Figs. 5 and 8, time series of the Theil-Sen slopes of birch and grass 
pollen concentrations derived from the SILAM scenarios and the corre
sponding Theil-Sen slopes of the meteorological variables (see Figs. 5 
and 8) are extracted for the Brussels gridcell (Fig. 9). For example, the 
ADV-REF birch pollen concentration scenario (Fig. 9, first row) shows 
negative Theil-Sen slopes (black dashed) in the first half of April. In the 
same period the Theil-Sen slopes of the precipitation are also negative. 
This results into a positive Kendall tau correlation (Fig. 9, third row, 
green). Overall, for the REF and ADV scenarios (positive Theil-Sen 
slopes in first half of April), the correlation with precipitation is nega
tive (negative Theil-Sen slopes). 

The lower amounts of precipitation during the peak of the birch 
pollen season (less wet deposition of pollen to the ground) in 

combination with more radiation (clearer skies, more plant activity) 
decreasing wind speeds (in favor of emissions that have a local char
acter, if the wind speed is not too low), might explain the higher pollen 
concentrations over time. For grass pollen the association is more 
complex. Overall, the AUCREF value for grass pollen is positive while the 
AUCADV and AUCADV-REF values are negative, as well as the AUC of the 
precipitation. Examining the Theil-Sen slopes of the pollen concentra
tions from the advanced model scenario and the precipitation, however, 
shows that the slopes tend to be contra-acting. The Theil-Sen slopes for 
the pollen from the ADV and ADV-REF model scenarios are negative 
while the slopes for precipitation show more variation. Early and late 
June, the slopes for precipitation are negative, while in mid-June and 
August the slopes are generally positive. Overall, combining all pairwise 
Theil-Sen slopes returns positive associations for the ADV and ADV-REF 
model runs as shown in the third panel of Fig. 9. 

The changing climate has been affecting the concentrations of 
allergenic pollen. For the Benelux, airborne pollen of most tree species 
showed an overall increasing trend in peak values and in the SPIn (de 
Weger et al., 2021), which corroborates our findings of the large positive 
AUC values for birch pollen concentrations. Although, the warming is 
reported to contribute to increased pollen load for several allergenic 
pollen taxa in the northern hemisphere (Ziska et al., 2019), our analysis 
indicates that during the birch pollen season the increased pollen 

Fig. 7. Spatial distribution of the Area Under the Curve (AUC) of a selection of ERA5 meteorological variables during the grass pollen season (May–August) for 
the period 1982–2019 in Belgium. (a) Daily precipitation, (b) mean air temperature, (c) mean dew point temperature, (d) radiation, (e) the horizontal wind speed 
WU, and WV (f). For representation, the AUC of precipitation is scaled with 3, and for radiation with 10− 8. The average AUC values (±stdev) of each map are 
also provided. 
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concentrations over time (1982–2019) are strongly associated with 
decreasing precipitation, lower wind speed, and higher radiation (not 
for central Belgium). The association with rising temperature (especially 
maximum temperature) is substantial for the southern half of Belgium, 
but not for the northern part in Flanders. This is in line with the analysis 
of the observed birch pollen concentrations in the Benelux (de Weger 
et al., 2021) and for SPIn in the US (Zhang and Steiner, 2022). As shown 
in Fig. 10 (left panel), substantial increases of birch pollen emissions 
sources have been observed for Belgium. Locally some significant de
creases pop-up. For the grass pollen concentrations, a decline in the 
pollen amounts was also reported for the Benelux between 1982 and 
2020 (de Weger et al., 2021), which corresponds to the decreasing trend 
observed at Brussels for the period 1982–2015 (Bruffaerts et al., 2018). 
For the US, future changes in temperature and precipitation affect the 
grass pollen negatively (Zhang and Steiner, 2022), and changes in 
land-use show a mix of decreasing and increasing effects. This corrob
orates with our results from the advanced model run based on the grass 
pollen emission sources that show a substantial decreasing trend 
(Fig. 10, right panel). 

In Verstraeten et al. (2022), an AUCOBS value of is ~790 was ob
tained based on the observation of Brussels from the Belgian aero
biological surveillance network (Hirst, 1952; Hoebeke et al., 2018) for 
the birch pollen season from 1982 to 2019. The AUCREF of the SILAM 
reference scenario for Brussels is ~1430 while introducing the vegeta
tion dynamics for the birch pollen emission maps results into a AUCADV 
value of ~1050 which is closer to the AUCOBS (Verstraeten et al., 2022). 
Since the advanced SILAM run is closer to the observations, it might 
demonstrate the important impact of birch vegetation dynamics on the 
pollen concentrations in a changing climate. Also in Ireland, airborne 
birch pollen concentrations have risen over the last 40 years. Though, 
this was mainly attributed to increases in the fraction of birch trees in 
forest areas as well as ornamental use (Maya-Manzano et al., 2021). 

Increasing urbanization might also affect the rising allergenic pollen 
concentrations due to increased CO2 (Ziello et al., 2012; Zhang and 
Steiner, 2022), or to the increased ornamental use of allergenic tree 
species (Aerts et al., 2021) combined with urban heat island effects 
(Charalampopoulos et al., 2021; Tong et al., 2022). A substantial 
decrease in birch pollen emission sources over the urban region of 
Brussels in the SILAM model (~− 8% per decade, Fig. 10) suggests a 
large impact of climate on the birch pollen concentrations. We also must 
consider whether the European vegetation already started accommo
dating to the higher temperatures by decreasing the thermal sensitivity 
(Fu et al., 2015). 

The AUCOBS for the grass pollen season from 1982 to 2019 for 
Brussels is ~ -245. The AUCREF of the SILAM reference scenario is ~2 
while introducing grass pollen emission dynamics resulted into a 
AUCADV value of ~ -490, reflecting the substantial decrease in grass 
pollen sources in the urban region of Brussels (− 6.5% per decade, 
Fig. 10). The AUCADV value is closer to the magnitude and sign of 
AUCOBS. At the coast side, we observe positive associations between the 
grass pollen decrease over time and all the considered meteorological 
variables except for the eastward horizontal wind component. For 
Brussels, most associations of pollen concentrations and meteorological 
variables are not significant. Only the northward wind component and 
precipitation show significant positive associations with the 
(decreasing) trend in grass pollen concentrations, and there is a negative 
association with the minimum dew point temperature. On average, 
negative associations between grass pollen concentrations and mini
mum, maximum and mean temperatures occur, as well as for the min
imum dew point temperature and the eastward wind component. The 
other variables (mean dew point temperature, northward wind 
component, precipitation and radiation) are positively associated. 

In this analysis we focused on the data pairs of pollen and meteo
rological variables, where we have compared the data for each day of 

Fig. 8. Spatial distribution of the Kendall tau correlation for on one hand the grass pollen concentrations derived from the reference and advanced SILAM sce
narios, and from the difference time series, and on the other hand the meteorological variables precipitation, radiation and horizontal wind speed components. 
Only significant correlations (P-value <0.05) are shown. The spatially averaged correlation (tau) and the stdev for the maps are also given (right columns). 
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the pollen season. Introducing time lags may reveal other correlations 
that could be helpful. For instance, from observations at Brussels we 
obtain a strong (negative) correlation (R = − 0.76) between the summer 
precipitation (June, July, August) and the SPIn of birch for the next 
season for the period 2008–2019. Expanding the period back to 1982, 
deteriorates the relationship. The correlation between averaged summer 
air temperature and SPIn of the next season is +0.75, and if the summer 
precipitation and temperature ratio is used, then the correlation in
creases to +0.78. This suggests that the temperature and water stress 
might be a good indicator for estimating next season birch pollen SPIn. 
Something similar was found for the temperature and precipitation just 
before the start of the grass pollen season (Kurganskiy et al., 2021) or 

using the annual mean temperature of the previous year (Zhang and 
Steiner, 2022). 

4. Conclusions and future research 

The introduction of dynamic birch tree fraction maps for the period 
1982–2019 intensifies the climate change induced increase of the 
amount of birch pollen in the air, but for some locations in Belgium it has 
a dampening effect. The rise in birch pollen amounts over time are 
associated with decreases in rainfall and the eastward horizontal wind 
component and an increase in radiation. However, when focusing on the 
contribution of birch pollen emission sources only, the overall 

Fig. 9. Rate of change in the seasonal cycles of birch (left, March–June) and grass (right, May–August) pollen concentrations between 1982 and 2019 for the three 
SILAM scenarios (REF, ADV, ADV-REF) based on the Theil-Sen slope for every day of the season. The corresponding Theil-Sen slopes are also shown for radiation 
(red), precipitation (blue) (first row), and for the horizontal wind components (light and dark green, second row). Scatter plot with the Kendall tau correlation 
derived from pairs of the pollen Theil-Sen slopes and precipitation (third row). For graphical representation, scaling is applied on the Theil-Sen slopes of precipi
tation, wind components (factor of 50), radiation (2.5 × 10− 6) for the birch pollen season, and for the grass pollen season on radiation (10− 8) and on the pollen 
(10− 1). The Theil-Sen slopes of the grass pollen are actual 10 times higher (scaling applied). 
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associations between birch pollen concentrations and precipitation and 
wind are positive. Introducing dynamic grass pollen emission maps 
resulted in a decrease of grass pollen concentrations over time. The 
reduction is mainly positively associated with changes in precipitation 
and wind, and is negatively associated with for radiation. 

Although SILAM is a well-established model, uncertainties associ
ated with the pollen emission parameterizations (i.e. these values can 
change over time) might limit the model outcome. Increasing number of 
observations across space and time could improve our understanding of 
pollen production and help in better constraining model simulations. 
This study provides a tool for evaluating the past and future changes in 
climate and the possible consequences on pollen production and their 
corresponding health effects. Despite the limitation of this study, we 
could quantify how trends in airborne grass and birch pollen concen
trations over almost four decades in Belgium are associated with climate 
change and with changes in the spatial distribution of the pollen pro
duction. Moreover, we show that the spatial variations of these associ
ations might be substantial even on the scales of small countries. 

Future research should focus on how well pollen transport models 
perform using highly detailed maps with pollen emission sources over a 
long time period as conducted in this study. More investigations are 
required on the impact of climate-induced changes in plant physiology 
and how they affect current model parametrizations. Furthered, the use 
of ECMWF ERA5 meteorology compared to ECMWF FORECAST data in 
pollen transport might lead to different outcomes. Moreover, also the 
meteorological conditions in the months preceding the actual pollen 
season have shown impact on pollen emissions. Assimilating these data 
can be helpful to refine the pollen transport model parameterization to 
increase the pollen forecasting skills of the upcoming pollen season. 
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