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H I G H L I G H T S

• Grass pollen monitoring stations cannot
provide timely spatiotemporal info for
rhinitis patients.

• Chemistry TransportModels are capable
to forecast potential pollen episodes
over time and space.

• Chemistry Transport Models require
seasonal updated maps of grass pollen
emissions sources.

• Determination of proper start and end
dates for the grass pollen seasons is
essential.
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Biogenic aerosols such as airborne grass pollen affect the public health badly by putting additional distress on
people already suffering from cardiovascular and respiratory diseases. In Belgium, daily airborne pollen concen-
trations are monitored offline at a few sites only, hampering the timely coverage of the country and short-term
forecasts. Here we apply the Chemistry Transport Model SILAM to the Belgian territory to model the spatio-
temporal airborne grass pollen levels near the surface based on bottom-up inventories of grass pollen emissions
updated with the Copernicus land monitoring Service grassland map of 2015. Transport of aerosols in SILAM is
driven by ECMWF ERA5 meteorological data. The emitted grass pollen amounts in SILAM are computed by the
multiplication of the grass pollen sourcemapwith the release rate determined by the seasonal shape production
curve during the grass flowering period. The onset and offset of this period follow a location-dependent pre-
scribed calendar days. Here we optimize the grass pollen seasonal start and end in SILAM by comparing a
2008–2018 time series of daily airborne grass pollen concentrations from the Belgian aerobiological surveillance
network with the simulations. The effect of the spatial distribution of grass pollen sources is quantified by con-
structing pollen source-receptor relations using model simulations with varying grass pollen emissions in five
areas of themodel domain as input. Up to 33% of the airborne grass pollen in one areawas transport from others
areas inside Belgium. Adjusting the start and end of the grass pollen season improved the model performance
substantially by almost doubling the correlation with local observations. By introducing the temporal scaling of
the inter-seasonal pollen amounts in the model, an additional R2 increase up to 22% was obtained. Further im-
provements can be made by including more detailed grass pollen sources and more dynamic start and end
dates of the pollen season.
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1. Introduction

Air pollution has tremendous effects on mortality and the quality of
life (Landrigan et al., 2017; Liu et al., 2019). Air pollution is not restricted
to anthropogenic contaminants only, since also natural sources (e.g.
soils, lakes, marshes, vegetation, volcanoes) may emit substantial
amounts of unhealthy pollutants (e.g. VOCs, SOX, NOX, aerosols) (EEA,
2017). Also emissions of biogenic aerosols such as pollen affect the pub-
lic health badly, putting additional distress on people already suffering
from cardiovascular and respiratory diseases (D'Amato et al., 2007). In
Europe, >20% of the population suffers from pollinosis (WHO, 2003).
In Belgium, at least ~10% of the people is estimated to develop allergic
rhinitis symptoms due to pollen from trees of the birch family
and ~ 18% due to pollen from grasses (Blomme et al., 2013). Belgium
is a highly industrialized and densely populated country with substan-
tial air pollution (Verstraeten et al., 2018) which may increase the bur-
den of allergic respiratory diseases (D'Amato et al., 2007).

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 differ-
ent sites. Currently, daily airborne pollen concentrations are monitored
offline at five locations in Belgium. This network allows reporting off-
line daily concentration measurements for several allergenic taxa of
trees, shrubs and herbaceous plants to physicians and allergic patients.
This relatively accurate information at a specific time and location, how-
ever, does not permit planning of future outdoor exposure, nor detailed
spatio-temporal data on pollen levels for thewhole territory of Belgium.
In contrast, Chemical Transport Models (CTMs) are able to estimate air-
borne pollen levels both in a consistent spatial as well as temporal way
by dealing with pollen as large biogenic aerosols emitted by vegetation
and subjected to transport and deposition under variousmeteorological
conditions (Sofiev et al., 2013; Sofiev et al., 2015; Sofiev, 2017). CTMs
have the capability to forecast pollen exposures three to five days
ahead depending on the data availability of meteorological forecasts.

The family of grasses (Poaceae) is huge and tens of species contrib-
ute substantially to the amounts of pollen levels in the lower atmo-
sphere (Khwarahma et al., 2017; Brennan et al., 2019). This
complicates the prediction of grass pollen dispersal (Emberlin, 2009).
Europe-wide, grass pollen is the most-widely spread aeroallergen
with the highest concentrations reported in the western Iberian Penin-
sula, central Europe and the UK (Skjoth et al., 2013). In Belgium, grasses
in general are common species, especially in Flanderswhere the fraction
of forested areas is low and grasslands are abundant. Grasslands, how-
ever, vary substantially both in agricultural function as well as in grass
species compositions. Common grassland types are fallow,mixed, seed-
ling grass, permanent grass, rye. Fallow, seedling grass and rye areas are
considered as the main flowering grasses and as such the main sources
of grass pollen (Skjoth et al., 2013). Since grass species are not differen-
tiated while measuring the pollen amounts observed by the Belgian
aerobiological surveillance network, a detailed classification of the com-
position of species in grasslands is not available. In Belgium the patchy
landscape consists of permanent grasslands for commercial dairy pro-
duction and meadows for hay production, but also of meadows for
non-professional keeping of animals especially horses. These grasslands
aremowed only a few times per season and thusmight also be substan-
tial grass pollen sources. Urban and build-up areas are excluded from
any grass species habitats when mapped, but urban and especially sub-
urban gardens may have substantial amounts of grass areas which can
act as pollen sources (Skjoth et al., 2013) despite that most gardens
are mowed frequently. Commercially managed grasslands are mowed
several times a season, but verges along roads, railways, rivers and
channels are not mowed before half of June as dictated by regional
laws. Since Belgium is a country with the densest traffic network in
the world, these verges might sum up to substantial grass pollen

sources, also in urban environments. Though, if necessary for traffic
safety, these verges might be mowed earlier and more frequently. All
these factors contribute to the complexity of pollen release timing and
amounts complicating the modelling and forecasting of grass pollen.
In short, grasses are difficult to model in terms of pollen release.

The start, end and the length of the grass pollen season varies both
spatially as well as temporally. The abundance and dispersal of pollen
depend on local grass species, altitude, land use and climate (Galán
et al., 1995; Emberlin et al., 2000). Although the inter-seasonal differ-
ences in total pollen amounts are more important for birches than for
grasses (Hoebeke et al., 2018), the grass Seasonal Pollen Integral
(SPIn), defined as the cumulative daily concentrations over a whole
grass pollen season (as determined by the start and its end datum)
(Galán et al., 2017), also shows large variations. At the monitoring sta-
tion of Brussels for the period 2008–2018, the Coefficient of Variation
(mean/standard deviation ∗ 100) is 49% for the seasonal birch pollen
sum and 21% for grass pollen which is in line with other findings
(Sofiev, 2017). Other important variables are the pollen season onsets
and offsets in models which are often based on general climatology
(i.e. long-term averages for large areas). It is known that with the alter-
ing climate, the start of the season tends to occur earlier, the length of
the season becomes longer while the end of the season tends to occur
somewhat earlier (Bruffaerts et al., 2018; Cristofolini et al., 2019). That
is why the objectives of this paper are fourfold. Firstly, (i) we apply a
grass pollen emission bottom-up inventory in the pollen transport
model SILAM (System for IntegratedmodeLling of Atmospheric coMpo-
sition, http://silam.fmi.fi) (Sofiev et al., 2013; Sofiev et al., 2015; Sofiev,
2017) in order to model the grass pollen levels near the surface over
Belgium at a 0.1° × 0.1° grid using an updated European land use map
for grasslands combined with the MACCIII database for the period
2008–2018 (Sofiev, 2017). We evaluate SILAM using daily airborne
grass pollen concentrations from the Belgian aerobiological surveillance
network. Secondly, (ii) we investigate how the model performance can
be improved by adjusting the seasonal start and end prescribed calen-
dar days for optimal correlation with a 2008–2018 time series of air-
borne grass pollen concentrations from the Belgian aerobiological
surveillance network for different sites in Belgium. Thirdly, (iii) a
source-receptor set-up was applied to study the effect of grass pollen
emission sources from source areas on the airborne grass pollen levels
observed in receptor areas. Belgiumwas split into five geographical sec-
tors for which in each sector varying grass pollen emissions has been
used as input for SILAM simulations. Finally, (iv) we introduce temporal
scaling of the grass pollen emission sources for each grass pollen season
using the observed grass Seasonal Pollen Integral (SPIn) measured at
different sites in Belgium in a correlation analysis with average temper-
ature and precipitation of April and May of the preceding years.

2. Data and methods

2.1. SILAM

Biogenic aerosols such as pollen grains aremuch larger than conven-
tional atmospheric aerosols and can be treated as such in CTM's. We
simulate the airborne grass pollen levels near the surface during the
grass seasons (May–September) for the period 2008–2018 using the
CTM SILAM (System for IntegratedmodeLling of Atmospheric coMposi-
tion) over the Belgian territory (Sofiev et al., 2006; Kouznetsov and
Sofiev, 2012). SILAM is a large-scale dispersionmodel developed for at-
mospheric composition and air quality. The model dynamic core – for
the 3D transport of constituents over time - includes both Lagrangian
and Eulerian advection-diffusion formulations. We apply the Eulerian
or box mode with a basic horizontal grid cell resolution of 0.1 × 0.1°
and a vertical resolution consisting of an uneven distribution of nine
layers. From surface to the free troposphere, the layer thickness is 25,
50, 100, 200, 400, 750, 1200, 2000, and 2000 m respectively. The main
processes involved in pollen transport are advection with wind and
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mixing due to turbulence, while pollen are removed from the air by
gravitational settling (the main driver of pollen dry deposition), and
by scavenging with precipitation (wet deposition). The grass pollen
emission computations in SILAMdo not rely on the degree-daymethod-
ology (heat sum) as it does for birch pollen emissions (Sofiev, 2017). In-
stead, the emitted amounts of airborne grass pollen grains in SILAM are
computed by the multiplication of the grass pollen source map (con-
taining the total amount of grass pollen that can be released during
one season) for each grid cell with the release 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 production during the grass flowering period, and the
onset and offset of this period follow a location-dependent prescribed
calendar expressed in Julian days. Hence, for each grid cell, SILAM uses
prescribed Julian days for the onset and offset of the grass pollen pro-
duction season. For instance, if the grass pollen season start (end) for
a certain location is prescribed as May 1st (July 15th), then the param-
eter of the onset (offset) for that grid cell is day 121 (day 196), respec-
tively for non-leap years.

The produced pollen are supplied to an intermediate buffer as ready-
to-fly particles. The release from the ready-to-fly buffer is controlled by
meteorology and is sensitive to the same meteorological parameters as
other pollen sources of SILAM. During rain and high-humidity periods
the pollen release is inhibited, while wind and turbulence will increase
the release (Sofiev, 2017). The transport, emission and deposition in
SILAM is driven by ECMWF ERA5 reanalysis meteorological data (grid-
cell of 0.25° × 0.25°) (ECMWF).

2.2. Grass pollen emission sources

Modelling the airborne grass pollen concentrations near the surface
(throughout this paper we use the first model layer ranging from 0 to
25 m above the ground) in SILAM is based on a bottom-up approach
using inventories of grass pollen sources. Hence, a map with the areal
fractions of grasses is the fundamental underlying dataset or input. At
the European scale, such a map was first compiled by Sofiev et al.
(2006) and refined by Sofiev et al. (2013). We have updated this
European MACCIII grassland map using the CLMS (2015) land-use
maps on a 100 m spatial resolution (Copernicus, Langanke, 2017) and
scaled to the 0.05° × 0.05° grid cell. The updated map is the maximum
value of the combination of the European grassland data from CLMS
and the MACCIII map. The spatial distribution of grass pollen sources
in Europe and Belgium is shown in the maps of Fig. 1.

2.3. Onset and offset

Unlike for birches, the onsets and offsets of the grass pollen season in
SILAM are location-dependent prescribed calendar days expressed in
Julian days. These calendar days are based on the grass pollen data col-
lected by the European Aeroallergen Network and the mean days are
spatially interpolated (Sofiev, 2017). In order to identify the best calen-
dar days for the onsets and offsets we performed 17 SILAM simulations
for the period 2008–2018 with different start and end days and com-
pared the modelled time series with the observed data at five locations
from the Belgian aerobiological surveillance network (see also
Section 2.5). The list of the available observations is given in Table 1
which includes a map of Belgium pinpointing the monitoring stations.
The key idea is to find the best determination coefficient (R2) between
themeasured time series and themodelled oneswith adjusted calendar
days for each counting location. Based on earlier work onmodelling air-
borne birch pollen levels in Belgium (Verstraeten et al., 2019; Delcloo
et al., 2020) we only tested for an earlier onset and offset of the season.

2.4. Source-receptor relations

Tree pollen such as birch pollen might be subjected to long-range
transport. For Belgium, the amount of airborne birch pollen origination
from elsewhere, outside the Belgian territory, can be very substantial
(Smith et al., 2005; Sofiev, 2017; Verstraeten et al., 2019). For grasses,
the effect may be smaller than for birch due to limited impact of trans-
port on these large pollens emitted near the surface (Rojo et al., 2019).
In SILAM the mean pollen diameter of birch pollen is 22 μm and for
grasses 32 μm. What is more, there are also morphological differences
between pollen from grass and birch species that facilitates long-range
transport. Grass pollen has a settling velocity which is about four
times larger than that for birch pollen (Sofiev et al., 2006; Skjøth et al.,
2007). For grass, the transport-induced variability is reported as ~15%
of the observed total one and for birches ~30% (Sofiev, 2017). This im-
plies that transport of grass pollen between different locations within
Belgium is far more important than from outside Belgium. In order to
quantify the impact of grass pollen emission sources in one area in
Belgium on the modelled airborne grass pollen levels near the surface
in another area of Belgium we perform source-receptor calculations.
This approach is very common in atmospheric research to quantify the
impact of anthropogenic emissions from one region on the air quality
of another region (Sudo and Akimoto, 2007; Fiore et al., 2009;
Verstraeten et al., 2015).

For the source receptor design, we have divided Belgium into five
sectors covering thewhole territory with five measurement stations lo-
cated approximately in the centers of the corresponding sectors
(Table 1). These sectors (s) are, from West to East and from North to
South, De Haan (sDH), Tournai (sT), Brussels (sB), Genk (sG) and finally
Marche-en-Famenne (sM-F). The sectors have a rectangular shape since
this geometry is easy for preparing the SILAM model input data. This
simple division, albeit not following vegetation patchwork or dynamic
wind footprints, allows for distinguishing the signal from each station
and delineates the area around as themost-important source of the ob-
served grass pollen. Firstly, we quantify the effect of one sector with
grass pollen emission sources on the other sectors without any single
blade of grass (so, no grass pollen sources at all) on the simulated
amount of airborne grass pollen near the surface. For example, panel A
of Fig. 2 shows that in the sector of sDH grass pollen sources are pre-
sented, while in the rest of Belgium there are none.

We then run SILAM for the whole territory of Belgium and quantify
for each sector the amount of airborne pollen near the surface. We re-
peat this for the other sectors in panels B, C, E and F of Fig. 2. As such
we can determine the fraction of grass pollen in the air in the different
receptor sectors that originate from the source sectors in Belgium. Sec-
ondly, we quantify in each sector the fraction of airborne pollen levels
near the surface that are transported/originates from the other sectors.
This is conducted by setting the grass emission sources to zero into
one sector, while the other sectors can still emit grass pollen. This sce-
nario is then used to run SILAM and compared with a reference run of
SILAM that includes grass pollen emission sources everywhere in
Belgium. The set-up of the different grass pollen emission source sce-
narios is shown in Fig. 3. In addition, in order to include knowledge on
dominant transport by wind, wind roses were generated from wind
force and direction data measured for the individual pollen seasons of
2008 and 2018, and for the complete time period 2008–2018
(Fig. 3D). The wind data are taken from the synoptic weather station
of Zaventem at a reference height of 10 m, at Brussels Airport, nearby
Brussels for the period May-August (Van de Vyver and Delcloo, 2011).

2.5. Inter-seasonal scaling of the seasonal grass pollen integral

The SPIn is known to change substantially from year to year depend-
ing on the combination of meteorological factors and physiology of the
plant (Ranta and Satri, 2007), especially for tree species. For birch pol-
len, a good correlation was found between the SPIn of year t (yrt) and
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Fig. 1. Spatial distribution of grass pollen sources in Europe (top panel, A) and in Belgium (left lower panel, B) based on the reference map of (Sofiev, 2017) at a 0.05° × 0.05° resolution.
Right lower panel (C) is the updatedmap with grass pollen sources based on the combination of the reference and the CLMS 2015map (C). The emissions of the grasses are expressed in
2 × 10+7 pollen grains/m2/yr.

Table 1
The names, abbreviation and location of the pollen monitoring stations of the Belgian aerobiological surveillance network and the corresponding observation periods available for this
study. In total 43 grass pollen seasons (1stMay-30th September)were included. At the right, amapof Belgium shows the pollenmonitoring stations and some indicative distances between
locations (in red).

Pollen monitoring locations Latitude/longitude Period

De Haan (DH) 51.274 N/3.022 E 2008–2018
Tournai (T) 50.614 N/3.387 E 2013–2018
Brussels (B) 50.825 N/4.383 E 2008–2018
Marche-en-Famenne (M-F) 50.200 N/5.312 E 2012–2018
Genk (G) 50.965 N/5.495 E 2011–2018

Distances between the pollen monitoring locations: DH− G: ~180 km; DH− M-F: ~200 km; DH− T: ~80 km; DH− B: ~100 km; B − G: ~90 km; B − T: ~80 km; B − M-F: ~100 km;
G − M-F: ~90 km; G − T: ~160 km; T− M-F: ~150 km.
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the annual vegetation activity of two years before (yrt−2) derived from
remotely sensed vegetation photosynthesis (Verstraeten et al., 2019).
For grass pollen, however, we did not find such a correlation. What is
more, the inter-seasonal variability of the SPIn of grasses and birches
tends to be in general not correlated as shown for the monitoring sta-
tion at Brussels in Fig. 4. As mentioned before, the inter-seasonal vari-
ability is larger for birch pollen (CV = 49%) than for grass pollen
(21%) as illustrated in Fig. 4. Another way of incorporating inter-
seasonal variability in the SPIn is to study the correlation of total sea-
sonal pollen counts withmeteorological variables such as the preceding
seasonal temperatures and precipitation (Yli-Panula et al., 2009). Here
we test correlations between the observed SPIn for grass pollen for
2008–2018 (for Brussels and De Haan; for Genk, Tournai and Marche-
en-Famenne shorter time series apply; see also Table 1) and the average
temperature and precipitation totals of the months April and May for
the five Belgian monitoring stations for different annual lags using
local meteorological data from Uccle/Ukkel (Brussels) from 2005 on.
This statistical approach should be used only for practical operational
purposes in anticipation of future methods based on better mechanistic
understandings of grass phenology and blooming in relation with envi-
ronmental and physiological parameters.

2.6. Pollen observations

Currently in Belgium, offline pollen observations are performed on a
daily basis at five locations (see also Table 1 for the specific details)
using a Hirst-type 7-day volumetric spore sampler (BurkardManufactur-
ingCo., Rickmansworth,UK) (Hirst, 1952). Samplers are placed at a height
between10 and20mabove the ground level. Pollen fromvarious taxa are
morphologically identified and manually counted by light microscopy

(two longitudinal slide lines reading). The mean daily pollen concentra-
tion is then calculated and expressed as pollen grains per cubic meter of
air (pollen grains/m3). Monitoring complies to the requirements of the
European Aerobiology Society (EAS) (Galán et al., 2014). The Belgian
aerobiological surveillance network maintains and makes available a
large database from daily pollen observations collected at the current
(see Table 1) and former monitoring stations. Here we used observation
datasets encompassing 43 grass pollen seasons from the current five
sites over the period 2008–2018, as shown in Table 1 with the locations
shown at the accompanying map of Belgium. No differentiation on grass
pollen from different grass species is available. In recent studies, the un-
certainty of the Hirst-trap based observations (the best standard of pollen
monitoring available today), was reviewed and its estimate substantially
increased pointing out a systematic flow error of ~34% (Oteros et al.,
2017), inadequate procedures, and sampling errors (Rojo et al., 2019).
Our study has been designed so that their impact on themain conclusions
is minimal (see the Discussion section).

3. Results

3.1. Grass pollen emission sources

In Belgium, grasses are distributed over thewhole territory (Fig. 1B).
However, in both the originalMACCIII as the updated grass pollen emis-
sion sources map (Fig. 1B) the low values correspond to urban, forested
and other agricultural land use. By using the CLMS map for updating,
more grassland areas pop-up with higher amount of pollen emission
sources (Fig. 1C). Especially locations near the coast, in the North close
to the Dutch border, in the South-West near France, in the Ardennes,
in the southern and eastern part of Belgium close to the German border,

Fig. 2. Sectors in Belgium containing grass pollen emission sources for the source receptor design. In panel A, only the De Haan (DH) area shows grass pollen emission sources. The rest of
Belgiumhas no single emission source. In panel B, only the Brussels (B) area contains grass pollen emission sources. Similarly, panel C shows only sourceswithin theGenk (G) area, panel E
only sourceswithin the Tournai (T) area, and panel F only sourceswithin theMarche-en-Famenne (M-F) area. Panel D shows the complete spatial distribution of grass emission sources for
Belgium used in this design. The emissions of the grasses are expressed in 2 × 10+7 pollen grains/m2/yr.
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and in the south-eastern part near theGrandDuchy of Luxembourg. The
higher areal fractions of grasslands from the update do not necessarily
mean that in reality more pollen can be emitted since not all grasslands
are large pollen contributors (see also the Introduction and Discussion
section).

3.2. Onset and offset of the grass pollen season

For the timing of the grass pollen release, SILAM implements a pre-
scribed shape of grass flowering intensity (Sofiev, 2017) stretched
over time by introducing the start and end date of the pollen season.
Hence, the determination of the onset and offset of the grass pollen sea-
son is of utmost importance. Fig. 5 illustrates the change in R2 between

themeasured andmodelled time series when the calendar days at each
of the five sectors with a monitoring location in Belgium for the start
(Fig. 5a) and end of the season (Fig. 5b) are adjusted. For all locations,
except for M-F, the highest R2 values are obtained when the start of
the season is set to 14 days earlier. For M-F, it is only 10 days. Next,
we have performed an additional analysis with fixing the start of the
season to 14 days (10 days for M-F) earlier, followed by shifting the
end of season as shown in Fig. 5b. The highest R2 values are obtained
for a shift of 24 days for all sites but M-F (only 14 days). Compared to
the other sites, M-F has a much more different and distinct environ-
ment. M-F is situated in a rougher terrain where altitudes vary between
200 and 600m, with a dominant forest land use and with a more conti-
nental climate compared to the other sites.

Fig. 3. Complementary maps to Fig. 2. Sectors without grass pollen emission sources in Belgium for the source receptor design. In panel A, the De Haan (DH) area contains no single grass
pollen emission source. The rest of Belgium shows spatially distributed grass pollen emission sources. In panel B, the Brussels (B) area contains no single grass pollen emission source.
Similarly, panel C shows no source inside the Genk (G) area, panel E no source inside the Tournai (T) area, and panel F no source inside the Marche-en-Famenne (M-F) area. Panel D
shows thewind rose for the pollen seasons of 2008 in blue full line, of 2018 in dashed blue line, and for all the seasons of the time period 2008–2018 in black. The emissions of the grasses
are expressed in 2 × 10+7 pollen grains/m2/yr.

Fig. 4. The evolution of the relative seasonal pollen index from 2008 to 2018 for birch (in brown) and grasses (in green) in the monitoring station of Brussels. 2008 is set to 100%.
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3.3. Source-receptor relations

Near surface grass pollen levels for 2008 were simulated for the
whole territory of Belgium with as model input grass pollen emission
sources in one sector only (Fig. 2), while the other sectors have no
grass pollen emission sources at all. Consequently, the modelled air-
borne pollen levels in sectors without any grass pollen (the receptor
area) originate from that single sector with grass pollen emission
sources (the source area). These simulations are repeated for the other
source and receptor regions and the results are summarized in
Table 2. Sub-table (a) shows the source and the effect on the receptor
area and can be read as follows. In Fig. 2A, only the sector of DH (sDH)
emits grass pollen. SILAMsimulates that on average 15pollen/m3 are lo-
cated in the air near the surface in this sector, 3 pollen/m3 in the sector
of B and 1 pollen/m3, 5 pollen/m3, 1 pollen/m3 in the sectors of G (sG), T
(sT) and M-F (sM-F), respectively. The relative values expressed as a
percentage with respect to the source sector are given in sub-table (c).
For example, sDH 15 pollen/m3 is 60% or 15 out of the sum of 15, 3, 1,
5 or 25 pollen/m3 or 15 / 25 ∗ 100 = 60%. In sub-table (b), the source-
receptor relation is shown by setting the sector to zero grass pollen
emission sources while the other sectors have emission sources as
shown in Fig. 3. It is the complementary case of Fig. 2. For the empty sec-
tor of DH (sDH), only 7 pollen/m3 are simulated which are imported
from the other sectors. In the last column of sub-table (b), the fraction
of pollen in a single area that is transported from the other areas is
shown (e.g. 7 / (7+15) ∗ 100=31% for sDH). Note that all the numbers
are rounded.

The same procedures as shown in Table 2, Figs. 2 and 3 are repeated
using meteorological data of 2018, instead of 2008. The output is very
similar to 2008. The simulated transport is 30, 28, 17, 38, 9% in 2018
compared to 31, 32, 25, 33, 9% in 2008, respectively. And the contribu-
tions of the different sectors are also very similar: 62, 66, 75, 74, 95%
in 2018 instead of 60, 64, 80, 67, 92% in 2008, notwithstanding the

fact that 2008 and 2018 have substantial different wind patterns for
Belgium (Fig. 3D). For the 2008 grass pollen season, the main wind di-
rection is South-West. This is contrasted by the pollen season of 2018
which shows more winds blowing from the North. We have increased
the grass pollen emission sources with 10% and repeated all the simula-
tions for both 2008 and 2018. No change in the percentages were ob-
tained (data not shown), indicating that the amount of modelled
pollen in the air is linearly related to an increase or reduction in grass
pollen emission sources. This numerical experiment quantifies how
the amount of airborne grass pollen near the surface in one sector (re-
ceptor area) can be affected by changes in emission sources in the
other sectors (source area). This is useful info when updating grass pol-
len emission source maps.

3.4. Inter-seasonal scaling of the seasonal grass pollen index

The methodology for the temporal scaling of the SPIn for grasses in
SILAM is based on the inter-seasonal variation of the SPIn observed in
the five Belgian pollen monitoring stations in combination with the av-
erage monthly temperature and total precipitation of April and May
from previous seasons (from Uccle/Ukkel). The best correlation is
opted for. The meteorological station of Uccle/Ukkel is the main refer-
ence station for Belgium and, although local differences in temperature
and precipitation occur over the Belgian territory, the area is small
enough to consider monthly values - provided by this station - suffi-
ciently representative for other stations. The temporal scaling factors
for 2008–2018 for thefivemonitoring stations in Belgiumare illustrated
in Fig. 6. For Brussels the average temperature of the three seasons pre-
ceding 2008 were used in combination with the one season-lag of total
precipitation for April and May. For De Haan, a two season time lag for

Fig. 5. Change in the R2 values computed from the observed and modelled time series of
near surface grass pollen levels with adjusted calendar days for each monitoring
location in Belgium for the start date (a) and end of the grass pollen season (b).

Table 2
Sub-table (a): The area-averaged seasonal pollen index SPIn (pollen grains/m3) modelled
by SILAM based on the scenario with grass pollen emission sources only in sDH (column
2) or sB (column 3) or sG (column 4) or sT (column 5) or sM-F (column 6), but no single
grass pollen emission source in the other areas (seemaps in Fig. 2). The last column shows
the local pollen production as the area averaged SPIn for each sector in pollen grains/m3

(e.g. the sumof 15 and 7 for sDH). SILAMrunswere basedon2008 ECMWFmeteorological
data.
Sub-table (b) is complementary to sub-table (a): The area-averaged seasonal pollen index
SPIn (pollen grains/m3)modelled by SILAMbasedon the scenariowithout any single grass
pollen emission source in sDH (column 2) or sB (column 3) or sG (column 4) or sT (col-
umn 5) or sM-F (column 6) (see maps in Fig. 3). In the last column the fraction of pollen
in a single area that is imported from the other areas is shown (e.g. 7 /
(7 + 15) ∗ 100 = 31% for sector sDH).
Sub-table (c): Overview of the pollen emission contribution in percentage of one single
area with grass pollen emission sources on the airborne pollen levels in the other areas
(see sub-table (a)). The last column shows the percentage of airborne grass pollen that
originates from the local grass emission sources in one single sector.

(a) SPI 2008 sDH sB sG sT sM-F Local pollen production

sDH 15 2 1 3 1 21
sB 3 28 4 3 3 41
sG 1 7 49 1 8 66
sT 5 3 1 20 2 30
sM-F 1 5 8 3 165 181

(b) SPI 2008 sDH sB sG sT sM-F Pollen import (%)

sDH 7 19 20 18 20 31
sB 38 13 37 38 38 32
sG 65 59 17 65 57 25
sT 25 27 29 10 28 33
sM-F 180 176 173 178 16 9

(c) SPI in % sDH sB sG sT sM-F Local pollen production (%)

sDH 60 5 1 9 1 69
sB 13 64 6 11 2 68
sG 2 15 80 3 5 75
sT 20 6 1 67 1 66
sM-F 5 10 12 10 92 91
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average temperature and total precipitation gave the best R2 (see also
Fig. 6 for the slopes, intercept and R2 values). For the site in Genk, a
four season time lag for temperature and a one season lag of total pre-
cipitation was used. For Tournai, a three season time lag for both tem-
perature and precipitation resulted in the best R2. For Marche-en-
Famenne, a four year time lag for temperature and a three year time
lag for total precipitation were selected. Since only two monitoring
sites (Brussels, De Haan) have a 2008–2018 coverage of observed air-
borne grass pollen levels, the temporal scaling for the other three sec-
tors were based on shorter times series (from 2011 on for Genk, 2012
for Marche-en-Famenne, and from 2013 on for Tournai). The site of
Brussels was then used to extrapolate the temporal scaling back to
2008 for the other sites.

3.5. Time series of near surface grass pollen levels

Grass pollen levels near the surface at daily basis during the grass
pollen season (May – September) for the period 2008–2018 were ex-
tracted from the SILAM output for the five pollen monitoring station
sites in Belgium (see Table 1) and compared with observations
(Fig. 7). The corresponding statistics (slope, intercept, R2 of the SILAM
versus observational data) are given in Table 3 for four different
model scenarios, (i) including the model run with the reference
MACCIII grass pollen emission sources and the prescribed start and
end of the pollen season (Table 3a), (ii) the same scenario (MACCIII
emission sources) but with varying start and end days (Table 3b), (iii)
the updated grass pollen emission source map based on the CLMS
data fixed for the simulation period including varying start and end cal-
endar days (Table 3c), and the final run (iv) after temporal scaling of the

updated emission sources using meteorological variables including
varying start and end calendar days (Table 3d).

In general, the R2 values computed from the modelled and observed
grass pollen level time series increased with a factor of ~1.4 to ~2.1
when applying the full run compared with the reference run (Fig. 7
and Table 3). Similar factors are found for the 3-day averaged pollen
concentrations (Table 3) ranging between ~1.2 and ~2.1. The 3-day av-
eraged pollen concentration smooths the daily peaks.When focusing on
single pollen seasons and considering the best two R2 values between
the time series of the updated SILAM model runs and the observations
next results can be reported: Brussels R2 = 0.70 (2013) and 0.74
(2017); De Haan 0.31 (2014) and 0.32 (2015); Genk 0.67 (2013) and
0.59 (2017); Tournai 0.59 (2013) and 0.61 (2017); Marche-en-
Famenne 0.62 (2017) and 0.54 (2018). Fig. S1 shows the time series of
daily grass pollen levels of the best andworstmodelled grass pollen sea-
sons for the fivemonitoring locations in Belgium (Supplementary infor-
mation). The statistics for each individual grass pollen season from2008
to 2018 are shown in Table S1 (Supplementary information) for the
SILAM run that includes temporal scaling of the pollen seasons, the up-
dated grass pollen sources and the varying start and end of the pollen
seasons. For each site the R2 values between the best and worst grass
pollen season may vary substantially, for instance for Brussels between
0.25 in 2011 and 0.74 in 2017. The grass pollen season of 2017 seems to
bemodelled reasonablywell at all pollen observation sites especially for
Brussels, M-H and Tournai, while 2011 (worst model performance for
De Haan and Brussels) and to a lesser extend also 2012 (worst model
performance for M-F) seems to be more problematic seasons for the
model. Generally, the seasons 2013 (best for Genk), 2015 (best for De
Haan) and 2017 (best for Brussels, M-H and Tournai) are modelled
well considering the modelling statistics at the five available pollen
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Fig. 6. The temporal scaling factors for updating the grass pollen sources in thefive sectors of Fig. 2 based on the SPInmeasured in thefivemonitoring stations in Table 1 andmeteorological
data on average temperature and total precipitation of the months April and May of the previous seasons for Uccle/Ukkel (Brussels). The slopes, intercepts and R2 values between the
combined meteorological data and the SPIn values for the five pollen stations are given. Only for the monitoring sites of Brussels and De Haan the correlation was computed for the
time period 2008–2018. The three other sites have shorter time periods. Brussels was then used to extrapolate the temporal scaling back to 2008 for the other three sectors.

Fig. 7. Time series of observed (black) and SILAM modelled (red) daily mean airborne grass pollen concentration (pollen grains/m3) near the surface for the period 2008–2018 in five
monitoring stations of the Belgian aerobiological surveillance network (see Table 1). SILAM runs with the updated emission source map from CLMS seasonal scaled using
meteorological data.
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observation sites. A detailed look at Fig. S1 reveals thatmissing observed
pollen peaks by themodel and/or false peaks thatwere not observed are
the main reasons for poor grass pollen modelling performances during
the problematic seasons. Generally, the best seasons to model are char-
acterized by lower pollen amounts and smaller and less pollen peaks
(flatter pollen lines). Based on the dichotomous classification using
the Odds Ratio (OR) (Siljamo et al., 2013; Ritenberga et al., 2018), the
ability of SILAM to detect either less or >50 pollen grains/m3 (the criti-
cal threshold above which the majority of sensitized patients is

considered to develop allergy symptoms as used in the Belgian aerobio-
logical surveillance network) shows OR values that are larger than two.
Also for other thresholds (5 or 25 pollen grains/m3) the OR values ex-
ceed two. On top of using the R2 values and the OR to evaluate the
model performance of SILAM using the different improvements of the
model input we have also included the Model Efficiency (ME) measure
for additional comparison (Verstraeten et al., 2005, 2006). The ME is
computed as:

ME ¼ 1−
Pn

i Oi−Pið Þ2
Pn

i Oi−O
� �

2
ð1Þ

In Eq. (1), Oi is the ith observed value, Pi is ith modelled value, n is
the total amount of available observations in the considered time inter-
val, and Ō is the average of the observations. ME measures the correla-
tion between observed and simulated data and should optimally be one.
If 0 < ME < 1, the modelling results are acceptable; for ME= 0, the av-
erage of the observed values is as good as themodel; andwhenME< 0,
taking the average of the observed values gives better results and the
model should be therefore rejected. TheME values for the different pol-
len count stations using the four model scenarios of Table 3 are given in
Table S2 (Supplementary information). Except for the pollen station of
De Haan, all ME values are between zero and one indicating acceptable
modelling results. Generally, theME values increase substantially when
adapting the start and end of the grass pollen season and by updating
the grass pollen emission sources. Adding temporal scaling to introduce
inter-seasonal variability is of minor importance for Brussels and Genk
but more important for Marche-en-Famenne and Tournai.

4. Discussion

Similarly to other research (Prank et al., 2013; Verstraeten et al.,
2019) for ragweed and birch pollen, we have adjusted the grass pollen
emission source maps so no model parameters on pollen release must
be changed. Changing the model inputs such as the start and end of
the grass pollen season increased the model performance substantially.
It demonstrates the potential for improvement of grass pollen predic-
tions if high-resolution information is included. The effect is governed
by: (i) short transport distance of grass pollen, and (ii) grass being the
only fixed-calendar species in the SILAM pollen emission model
(Sofiev, 2017). As a result, the European-scale model optimization,
while making the model unbiased on average, leaves very substantial
room for improvement at every specific location. In the current case,
the contrast between M-F and other locations considering the change
in seasonal start and end (respectively 10 and 14 days) is not reproduc-
ible at the European scale where the correlation distance for the key
model parameters has to be longer than 100 km. For potential opera-
tional use of SILAM for modelling grass pollen concentrations at the
level of Belgium we will start with refining the maps for the onset and
offset dates for the different sectors. The maps of the reference run
were produced with the correlation extending up to 100 km distance
between the stations. Reduction of this scale to ~20 km will lead to
maps reflecting the details of the maritime microclimates in Belgium.
However inter-seasonal variations in onsets and offsets must still be
accounted for in an operationalmode. Ambient temperatures preceding
the grass growing season might be used, but this must be investigated
further on. Again, it calls for a mechanistic grass floweringmodel appli-
cable at regional and continental scales – still a distant solution despite
several attempts made during last 10 years.

Evaluating the location of grass pollen emission sources remains a
big challenge since only small fraction of the agricultural areas such as
fallow, rye, grass seedling contains significant amounts of grass pollen
(Skjoth et al., 2013). These portions, however, are described poorly in
general land use maps such as the European one of CLMS. Large
permeant grasslands, which are low pollen emitters, are much easier

Table 3
Airborne grass pollen concentration for 2008–2018 simulatedwith the SILAMmodel using
different grass pollen emission sources compared to observations collected at five pollen
monitoring stations in Belgium (Table 1). Slope, intercept and the determination coeffi-
cient (R2) betweenmodelled andobservedgrass pollen concentrations are given. Compar-
ison is made for daily pollen concentration values and for 3-day averaged values. Four
scenarios are presented: (a) Reference grass pollen emission sources and prescribed start
and end of the pollen season; (b) reference grass pollen emission sources and varying start
and end of the pollen season; (c) updated grass pollen emission sources and varying start
and end of the pollen season; (d) temporally scaled and updated grass pollen emission
sources and varying start and end of the pollen season (Fig. 7).

(a) Reference grass pollen emission sources map (MACCIII) & prescribed start and
end of the pollen season

De Haan Tournai Brussels Marche-en-Famenne Genk

Daily values
Slope 0.26 0.20 0.29 0.17 0.21
Intercept 4.54 11.13 7.09 10.25 7.86
R2 0.11 0.26 0.27 0.25 0.24

3-day average
Slope 0.46 0.21 0.37 0.18 0.25
Intercept 2.68 9.91 5.75 9.49 7.01
R2 0.40 0.34 0.41 0.33 0.33

(b) Reference grass pollen emission sources map (MACCIII) & varying start and
end of the grass season

De Haan Tournai Brussels Marche-en-Famenne Genk

Daily values
Slope 0.27 0.27 0.33 0.23 0.26
Intercept 4.57 9.33 6.16 8.80 6.90
R2 0.15 0.44 0.43 0.40 0.38

3-day average
Slope 0.46 0.28 0.42 0.24 0.30
Intercept 2.75 8.10 4.86 7.79 5.83
R2 0.48 0.55 0.62 0.52 0.53

(c) Updated grass pollen emission sources map (CLMS) & varying start and end of
the pollen season

De Haan Tournai Brussels Marche-en-Famenne Genk

Daily values
Slope 0.33 0.32 0.48 0.48 0.40
Intercept 5.46 10.56 7.91 16.38 10.93
R2 0.14 0.45 0.46 0.40 0.35

3-day average
Slope 0.56 0.33 0.59 0.50 0.47
Intercept 3.26 9.12 6.19 14.51 9.28
R2 0.47 0.55 0.64 0.54 0.51

(d) Temporally scaled and updated grass pollen emission sources map &varying
start and end of the pollen season

De Haan Tournai Brussels Marche-en-Famenne Genk

Daily values
Slope 0.32 0.50 0.60 0.53 0.46
Intercept 5.05 11.81 9.39 16.91 12.56
R2 0.15 0.55 0.47 0.43 0.36

3-day average
Slope 0.54 0.54 0.72 0.57 0.55
Intercept 3.08 10.78 7.10 14.79 10.65
R2 0.48 0.68 0.67 0.59 0.52
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to include in inventories than seasonal highly variable land use fractions
mentioned above (McInnes et al., 2017; Kurganskiy et al., 2020). An ad-
ditional complicating factor is that land cover type management strate-
gies for grasses also affect pollen concentrations and thus the annual
airborne pollen levels (Khwarahma et al., 2017). Alternatively, spatially
high-resolution remote sensing images taken during the entire vegeta-
tion period have more potential to identify all types of grass pollen
emission sources. However, high spatial resolution remote sensors in
general have low revisiting times. Adding even more complexity is the
fact that in urban areas also the influence of the urban heat island on
phenological development of grasses (Khwarahma et al., 2017) may
have effect on the timing and intensity of grass pollen release.

Vegetation distribution and activity is crucial for predicting the air-
borne pollen levels, butmeteorological conditions during and preceding
a growing season (SánchezMesa et al., 2003) are also very important. It
has been shown that 20–40% of the inter-seasonal variation of pollen
levels could be attributed to weather variations (Sofiev, 2017). One im-
portant meteorological variable is wind, the major driver for airborne
pollen transport. The typical transport distance for pollen of many spe-
cies is suggested to be in the range of 30–100 km (Faegri and Iversen,
1992; Avolio et al., 2008). This is corroborated by our results in
Table 2a, showing that pollen sources in the sector of De Haan (coast)
are hardly reaching Marche-en-Famenne which is ~200 km away,
while pollen from the sector of Brussels and Genk reach Marche-en-
Famenne more easily (distance is 100 and 90 km respectively) (see
also Table 1 for some indicative distances betweenmonitoring stations).
Major wind directionsmight be very important. The dominant wind di-
rection in Belgium during May is WSW, during June–August SW (RMI
website). The two years (2008 and 2018) that were selected for the
source receptor relations have substantial different wind patterns (see
Fig. 3D), although the sectorial transport fractions remain quite similar.
This might indicate that the grass pollen in Belgium are predominantly
transported locally. Yet, grass pollen originating from distant sources
beyond 200 km are also reported in literature (Smith et al., 2005).

The start and end of the grass pollen season do not necessarily corre-
spondwith the start or end of the pollinosis symptoms, since also other
factors might play a role (Pfaar et al., 2017). The allergenicity of grasses
is related to the relative amount of allergen and allergenic extracts in
the pollen grains (Buters et al., 2012). However, the start and end are
crucial parameters in pollen transport models. For birches, it has been
known that the air temperature during the period directly preceding
the birch pollen release is of decisive influence on the starting date
(Spieksma et al., 1995). Increased temperature during spring favors
the earlier flower development and pollen dispersal (Yli-Panula et al.,
2009) and there is large inter-seasonal variation in start and end of
the birch pollen season (Ritenberga et al., 2016). In a review, García-
Mozo (2017) also points to changes in temperature and rainfall patterns
during the period prior to phenophase onset of grasses as the cause of
phenological trends, but also on the internal response of grass popula-
tions to the negative feedback mechanisms of population dynamics.
The rationale behind that is that water availability and temperature af-
fect plant growth and later in the season also blooming. Apart from local
temperature and rainfall, plant water availability is also determined by
other environmental conditions such as soil type. For example, grasses
on sandy soils have less beneficial soil water conditions than grasses
on more loamy soils, but this cannot be generalized too much since
some grass species are adapted to dry conditions (Munson and Long,
2017). British research has shown that the onset date for the grass pol-
len season can be derived from remotely-sensed data, since it is corre-
lated with the MERIS Terrestrial Chlorophyll Index (MTCI), a
vegetation index on ~1 by 1 km2 spatial grid (Khwarahma et al.,
2017). The start of the season could be identified when 75% of themax-
imum MTCI was reached. Consequently, this is a promising technique.
Future research should focus on the applicability of readily available
remotely-sensed vegetation indices in determining the onset and offset
of the grass pollen season and for identifying grass pollen emission

sources, crucial inputs in pollen transport models. The main challenge,
however, is not only identifying locations with grass, but also the iden-
tification of the locations with grasses that substantially produce grass
pollen. Overall, next lessons can be learned fromTable 3. The correlation
between modelled and observed time series of grass pollen levels near
the surface increased substantially by adjusting the start and end of
the grass pollen season. Using new grass pollen sources and introducing
the temporal scaling between seasons resulted in slightly better R2

values. Increasing the pollen emission sources over the whole area in-
creased the slopes of the linear relation between the observed and
modelled pollen level time series closer to one.

The uncertainty of the Hirst-trap based observations is an important
subject receiving high attention in recent years (Oteros et al., 2017; Rojo
et al., 2019). In particular, the systematic flow error of ~34% and random
fluctuations of ~30% of daily concentrations have been reported. There-
fore, the current study has been designed to minimize their impact. The
significant systematic error can be assumed nearly constant for each
trap, therefore it does not significantly affect the correlations, neither
during the season nor between the seasons. The latter assumption is po-
tentially problematic, but this hypothesis is supported by the well-
pronounced grass pollen production cycle (see Fig. 4), i.e. the overall
error is smaller than the variability of the herbaceous plants. Moreover,
the synchronicity of this production cycle among all the five stations ap-
pears to be clear, i.e. the inter-station error is also smaller than the sig-
nal. What concerns the day-to-day repeatability, this uncertainty is
significant for the specific peaks during the season but is averaged out
at the annual and inter-annual levels.

5. Conclusions and future research

Airborne grass pollen levels near the surface were modelled with
SILAM using an updated bottom-up inventory on grass pollen emission
sources for Belgium. The model was evaluated with daily observations
at five pollen monitoring stations for 2008–2018. Pollen source-
receptor relations have indicated that the emission sources of grass pol-
len in most parts of Belgium affect each other considerably. More than
30% of the airborne grass pollen levels in one area in Belgium originate
from emissions in other areas. By adapting the start and end calendar
days of the grass pollen season in SILAM, the comparisonwith observed
grass pollen data improved substantially. Temporal scaling of the inter-
seasonal SPIn further increased themodel performance. However, more
research should be conducted on comparing and analyzing the individ-
ual modelled and observed grass pollen seasons in order to better ex-
plain the inter-seasonal variation in model performance. Further
research should focus on integrating readily available remotely-sensed
vegetation indices for determining the spatial distribution of the onset
and offset of the grass pollen season. A more advanced way of making
progress in modelling airborne grass pollen levels could be by applying
the degree-day-methodology similar to the approach of modelling air-
borne birch pollen. In that case, there would be no need at all for setting
the seasonal onset and offset days. However, attempts to formulate and
parameterize such a model so-far showed unsatisfactory results. High
spatial resolution remote sensing data could also improve the spatial
as well as temporal distribution of grass pollen emission sources,
which is a critical input parameter when using emission bottom-up ap-
proaches for airborne grass pollen modelling. Daily grass pollen levels
estimates can also be improved by integrating observed pollen levels
in the pollen source maps in a top-down approach. The most advanced
methodology is probably the 4D-var data assimilation, thereby simulta-
neously changing themodel parameters and pollen sources accordingly
to observed time series of airborne grass pollen levels. Finally, more re-
search is required on the inter-seasonal variation of the SPIn for grasses
and on how models can cope with that.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.141903.
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Table S1. Airborne grass pollen concentration for each individual grass pollen season from 2008 to 2018 simulated 

with the SILAM model using the temporally scaled and updated grass pollen emission sources and varying start and 

end of the pollen season (see also Figure 7) compared to observations collected at five pollen monitoring stations 

in Belgium (see also Table 1). Slope, intercept and the determination coefficient (R²) between modelled and 

observed grass pollen concentrations are given for each grass pollen season. 

 

 

 

Brussel De Haan Genk M-F Tournai

2008 slope 0.97 0.32

Intc 3.80 5.35

R² 0.69 0.07

2009 slope 0.54 0.34

Intc 9.12 5.71

R² 0.54 0.06

2010 slope 0.73 0.63

Intc 9.34 4.60

R² 0.51 0.10

2011 slope 0.57 0.31 0.46

Intc 10.66 5.68 11.90

R² 0.25 0.05 0.29

2012 slope 0.59 0.30 0.35 0.88

Intc 9.83 6.48 14.42 10.15

R² 0.40 0.17 0.25 0.43

2013 slope 0.68 0.30 0.66 0.51 0.56

Intc 7.30 4.29 10.41 18.88 9.96

R² 0.70 0.15 0.67 0.47 0.59

2014 slope 0.66 0.29 0.53 0.51 0.68

Intc 6.70 3.06 9.41 14.85 5.67

R² 0.56 0.31 0.49 0.54 0.57

2015 slope 0.52 0.34 0.41 0.32 0.46

Intc 10.26 4.80 13.05 24.87 15.11

R² 0.57 0.32 0.44 0.44 0.55

2016 slope 0.46 0.30 0.32 0.72 0.45

Intc 13.02 3.97 15.68 9.62 11.72

R² 0.34 0.19 0.18 0.44 0.57

2017 slope 0.73 0.55 0.66 0.96 0.70

Intc 6.53 4.57 8.13 8.90 7.91

R² 0.74 0.25 0.59 0.62 0.61

2018 slope 0.63 0.20 0.57 0.67 0.60

Intc 12.43 5.33 14.08 13.90 13.36

R² 0.40 0.07 0.32 0.54 0.47
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Table S2. Model performance of SILAM for the four (A-D) scenarios of Table 3A-D evaluated using the Model 

Efficiency (ME)  

  

 

 

De Haan Tournai Brussels Marche-en- Genk

ME [-] Famenne

Daily values

A -0.08 0.22 0.24 0.17 0.17

B 0.05 0.35 0.38 0.27 0.28

C -0.10 0.40 0.45 0.38 0.34

D -0.02 0.54 0.43 0.40 0.32
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                         Worst model run                     Best model run 

 

Figure S1 
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