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ABSTRACT: Airborne ﬁne particulate matter (PM) is
responsible for the most severe health eﬀects induced by air
pollution in Europe. Vegetation, and forests in particular, can
play a role in mitigating this pollution since they have a large
surface area to ﬁlter PM out of the air. Many studies have
solely focused on dry deposition of PM onto the tree surface,
but deposited PM can be resuspended to the air or may be
washed oﬀ by precipitation dripping from the plants to the soil.
It is only the latter process that represents a net-removal from
the atmosphere. To quantify this removal all these processes
should be accounted for, which is the case in our modeling
framework. Practically, a multilayered PM removal model for
forest canopies is developed. In addition, the framework has been integrated into an existing forest growth model in order to
account for changes in PM removal eﬃciency during forest growth. A case study was performed on a Scots pine stand in Belgium
(Europe), resulting for 2010 in a dry deposition of 31 kg PM2.5 (PM < 2.5 μm) ha−1 yr−1 from which 76% was resuspended and
24% washed oﬀ. For diﬀerent future emission reduction scenarios from 2010 to 2030, with altering PM2.5 air concentration, the
avoided health costs due to PM2.5 removal was estimated to range from 915 to 1075 euro ha−1 yr−1. The presented model could
even be used to predict nutrient input via particulate matter though further research is needed to improve and better validate the
model.

■

INTRODUCTION
Airborne particulate matter (PM), occurring as solid or liquid
matter, has a considerable damaging eﬀect on human health by
contributing to cardiovascular and cerebrovascular diseases.1−3
According to the World Health Organization (WHO) PM air
pollution contributes to approximately 800 000 premature
deaths each year, ranking it as the 13th leading cause of
mortality worldwide.4 With regard to severity of human
toxicity, an increase in damage has been associated with a
decrease in particle size,5,6 though Perronne et al.7 argue this
matter. Airborne particles are commonly subdivided according
to their size via their (aerodynamic) diameter, for example,
PM2.5 denotes all particles with an (aerodynamic) diameter
smaller than 2.5 μm. Important (emission) sources for PM,
thoroughly discussed in the review by Belis et al.,8 consist of
© XXXX American Chemical Society

traﬃc, crustal/mineral dust, sea/road salt, biomass and fossil
fuel burning, (industrial) point sources and atmospheric
formation of secondary aerosol.
Trees/forests can mitigate the damaging eﬀect of PM
through removal and subsequent lowering of its concentrations
in the air.9−11 This ecosystem process is being increasingly
regarded as an important ecosystem service. Various experimental and modeling studies have by consequence been made
to examine, measure or estimate PM removal by trees and/or
forests.12−22
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Figure 1. Introduced canopy interception and particulate matter removal model (CIPAM) and its integration with the analysis in forest ecosystems
(ANAFORE) model. The leaf area index and shading per canopy layer is provided by ANAFORE as input for CIPAM. Model calculations are made
at a certain time interval (e.g., 30 min) and per canopy layer with living foliage. Only variables with the labeling “(layer)”, need to be known or are
calculated per layer. The feedback loops within the dry matter balance and interception modeling are not depicted. PM: particulate matter; LAI: leaf
area index.

2010 using model runs with half-hourly calculations. To
illustrate the potential importance of PM removal, Scots pine
is a relevant example since studies have reported its good PM
removal eﬃciency.20,27 This is, among other features, caused by
its evergreen and coniferous canopy.28 Scots pine is also a
major tree species in Flanders30 and Europe.29,30 Moreover,
airborne PM is a major health concern in these highly
populated and heavily industrialized areas. In the period 2009−
2011 more than 90% of the European population was exposed
to a yearly average PM2.5 concentration that exceeds the current
threshold value of the WHO (10 μg m−3).31 Also in Flanders
this threshold value is exceeded since the average PM2.5
concentration in 2011 was 17−24 μg m−3 at diﬀerent sites.32
In future, however, PM concentrations are predicted to
decrease in Flanders in response to the implementation of
emission legislation.33 These concentration changes have been
modeled for diﬀerent scenarios until the year 2030.33 The
model introduced below will also run until 2030 for these
emission reduction scenarios to examine the response to
changes in PM concentrations and to predict the future PM
amounts removed by the studied forest.

To quantify the total removal by vegetation, all relevant
underlying dynamic processes should be addressed. These are
dry deposition (DD) on the vegetation surface, the subsequent
(delayed) dry resuspension from the vegetation surface, washoﬀ
due to precipitation events,9 and dissolution in water, plant
uptake and/or encapsulation into the wax layer.18,20,21 Removal
of PM is deﬁned here as the amount that cannot be
resuspended again, thus the washed-oﬀ, taken-up, dissolved
and encapsulated amounts, and not just the deposited share.
No values are currently known for the rates at which
dissolution, encapsulation and uptake of PM occur and they
are therefore not considered further on. To our knowledge
Nowak et al.9 present the only framework which also covers
washoﬀ besides deposition and resuspension, and thus
integrates PM and canopy interception modeling. However,
considerable improvements can be made to their model. The
ﬁrst needed methodological improvement is the consideration
of diﬀerent vegetation layers, as the leaf area may vary
considerably along a vertical gradient of a canopy,23,24 with
water and PM exchange between layers and a layer-speciﬁc
characterization of wind speed, evaporation, dry deposition, etc.
Nowak et al.9 after all only perform calculations for a total tree
canopy without subdivision in layers and considering a site
average wind speed. Second, they did not consider dry
deposition, resuspension and interception evaporation during
precipitation events, while to the contrary PM concentrations
do not drop to zero when it rains.25,26 As a third need for
improvement, in the study by Nowak et al.9 was also assumed
that the PM quantity that is washed oﬀ by precipitation is
independent of the amount of water washed oﬀ, while this
should be calculated otherwise, and they acknowledge this as a
limitation. Lastly, a dynamic modeling of PM removal over time
as the forest grows and alters under diﬀerent management and
weather/climate scenarios is lacking. In this study, a new
modeling framework is therefore presented in order to estimate
PM removal by trees and this by addressing the abovementioned four required improvements. The model is applied
to a case study of a Scots pine (Pinus sylvestris L.) stand in the
Campine region of Flanders (northern Belgium) for the year

■

MATERIALS AND METHODS
Modeling Framework and Integration into ANAFORE.
A new modeling framework, called canopy interception and
particulate matter removal model (CIPAM) is introduced. It
encompasses three submodels that estimate: (1) the wind
speed along the tree crowns: (2) the water interception; and
(3) the particulate matter (PM) balance of the forest canopy
(Figure 1).
The focus of this paper is on the overall framework, and less
attention is paid to the separate submodels. It is integrated into
a forest growth model (4). The selected model is the processbased analysis in forest ecosystems (ANAFORE) model.34,35
Note that through integration, our framework also has
improved the ANAFORE model. CIPAM may, however, be
used on its own if the necessary inputs are provided. These four
diﬀerent aspects are explained separately further on. The
ANAFORE model provides leaf area (index) values, which is an
B
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Figure 2. Considered ﬂuxes per layer (drawing) and modeled results of these for the total tree over time (graphs), concerning the water and
particulate matter (PM) canopy balances in the modeling framework. Washoﬀ and drip occur when the water on the layer exceeds the storage
capacity. The loop to the next tree layer is depicted using dotted arrows in the drawings. The graphs represent the case study results of the complete
canopy for the Scots pine stand on the 1st of July 2010.

considered to be surrounded by other stands of similar height,
so that forest edge eﬀects can be neglected.36 The PM removal
by understory vegetation can also be considered when
including their LAI values and introducing respective model
parameter values. We assume that water and PM are inert to
other processes (aggregation, plant uptake, encapsulation,...)
than the ones described below. Practically, the programming
code is written in FORTRAN (with Intel Fortran compiler
14.02). Despite the presented improvements in the modeling
framework, there are still considerable assumptions and
shortcomings, which are presented throughout the model
description and summarized in Table S1 of the Supporting
Information (SI).
Wind Speed Calculations. Wind speed is a function of
height in the canopy.37 The ANAFORE model already provides
a calculation of wind speed using a natural logarithm function,38
which does not ﬁt observed S-shaped proﬁles.37 We will
therefore adopt the equation of Yi,39 which calculates wind
speed at diﬀerent heights through canopies with a uniform
vertical distribution of the leaf area index (LAI; m2 leaf area m−2
ground area) as

important input variable for all three submodels, and shading
values, which inﬂuence interception evaporation in the canopy
layers. Wind speed is an important driver for the other
submodels since it aﬀects canopy evaporation and dry
deposition and resuspension of PM. The interception model
yields the amount of water dripping to the lower layers per
canopy layer, used to estimate the washoﬀ of PM, and the
interception water amount remaining per layer, which protects
PM from being resuspended. Figure 2 gives an overview. These
calculations are done per horizontal layer with living foliage and
are thus restricted to the canopy part with living foliage. The
thickness and amount of layers can be freely selected as long as
leaf area index (LAI) and shading of all the layers are given as
inputs. If foliage or whole trees die-oﬀ or are cut (due to
thinning) the water and PM on the layers are considered as
throughfall and removed PM, respectively. The calculations of
CIPAM can be done for a given time interval, for example, halfhourly in the case study, and are performed per layer starting
from the top layer and continue progressively toward the lower
layers. Additionally, the ANAFORE model allows estimating
the included processes while the forest is growing and is being
managed. In the following text, subscript denotes a speciﬁc
canopy layer with living foliage, where the layer counting starts
from the top of the tree downward, unless mentioned
otherwise. Note that in this framework no horizontal change
of deposition across the forest is considered. The forest stand is

U (h) = Uh × exp( −

1
× LAI × (1 − h /H c))
2

(1)

In this formula, U(h) is the wind speed (m s−1) at the height
h (m) within the canopy, Uh is the wind speed at the top of the
C
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each layer), solar radiation, humidity and temperature.35 As
solar radiation has a considerable inﬂuence on evaporation
rates, we took into account the inﬂuence of shading. For each
layer, separate potential evaporation rates are calculated for the
shaded (Epsi) and sunlit (Epli) canopy parts using their
respective diﬀerent irradiation inputs. An overall potential
evaporation rate is then estimated by the weighted average of
the separate ones, as represented in the next equation:

canopy and Hc is the height of the canopy (m). This is done
for each layer based on the wind speed of above layer and
assuming a tree stand with similar conﬁguration as the
particular layer. The wind speed for each layer i, Ui (m s−1),
is considered as the average of the wind speed at the top and
bottom of the layer.
Interception Modeling. Interception modeling is well
reviewed by Muzylo et al.40 Many studies focus only on water
interception and storage by the leaf surface area. Llorens and
Gallart,41 however, point out the importance of including the
wood area as well, particularly for Scots pine, which was done
accordingly in the present study. Note that we did not account
for stemﬂow. However, stemﬂow is generally a minor ﬂow and
not always accounted for in interception modeling.40 Based on
the review and results of Crockford and Richardson42 we
concluded that stemﬂow is rarely higher than 10% for tree
species, and only 2% is reported for Scots pine by Llorens et
al.43 The calculation of the water mass balance per canopy layer
constitutes the basis of this submodel:44
ΔWi = fi × Ii − Ei − Di

Ep(
U ) = SFi × Epsi(Ui) + LFi × Epli(Ui)
i i

SFi and LFi are the fractions of the layer which are shaded
and lit, respectively, computed by ANAFORE. Having
calculated the potential evaporation rate, the actual evaporation
rate can be calculated via the following equation:44
Ei = (Wi /Si)2/3 × Ep(
U)
i i

(2)

(3)

Di = Wi ‐Si

Factor k is here called the interception coeﬃcient. This
constant is considered equal to 0.7 for forest.35,44
The water input Ii is the sum of the drip and not-yet
intercepted, free throughfall, amount of water input received
from the above layer:
Ii = Di − 1 + (1 − fi ) × Ii ‐ 1

T = Ds + (1 − fs ) × IS − 1

(4)

(10)

The total canopy evaporation rate, CE (mm), is the sum of
the evaporation from all layers per time interval:
S

CE =

∑ Ei
i=1

(11)

This multilayered interception model, with evaporation
based on Penman-Monteith for each layer and inclusion of
wood area and shading, appears to be conceptually a high-end
model among the ones mentioned by Muzylo et al.40 Our
submodel is a considerable improvement compared to the
original approach in the ANAFORE model, in which canopy
evaporation and drip were considered very simple using
constant fractions (0.5) of the intercepted rain amount, based
on Sampson et al.49
Particulate Matter Modeling. The particulate matter
(PM) amount on a tree layer changes over time. The basic
mass balance is the following:

(5)

where SL (mm) and SW (mm) are the speciﬁc storage
capacities per LAI and wood area index (WAI; m2 wood area
m−2 ground area), respectively. The wood area can be related
on an empirical basis to the average leaf area of a certain time
interval t by R, the ratio of LAI per WAI. This results in41
Si = LAIi × 2 × SL + SW/R × π × LAIi(t )

(9)

The Wi (mm) is in that case set equal to Si at the end of an
interval.
The forest throughfall over a certain time interval, T (mm), is
then the water leaving the lowest layer s with living foliage:

For the topmost layer, this input, I1, is the precipitation
(mm) over the given time interval. A crucial parameter for
calculating evaporation and drip is the storage capacity Si
(mm), which is the amount of water which can be stored/
retained/accumulated by a layer on its foliage and wood (stem
and branches). Speciﬁc storage capacity amounts can be
measured for both tree parts as well as for layers.41,46 The
following formula for storage capacity was derived by Llorens
and Gallart:41
Si = LAIi × 2 × SL + SW × WAI

(8)

The values Wi and Si represent the values at the beginning of
the considered time interval. No actual evaporation rate is
computed separately for the shaded and sunlit part as the
speciﬁc water amounts on these parts are not known and the
sunlit parts of the tree change during daytime as the sun
position alters. A complex geometrical model is needed to
address this matter. Indirectly we thus assume that the water
per surface area is equal for the sunlit and shaded parts of each
layer.
Drip Di (mm) from a layer to the next layer below occurs if
the water input Wi (mm) exceeds the storage capacity Si (mm)
of a layer at the end of a time interval:

where Wi (mm) is the water amount of layer i, Ii (mm) the
water input, f i (−) the fraction of intercepted water, Ei (mm)
the evaporation rate and Di (mm) the drip rate to the next
layer, per layer i and time interval.
The interception fraction f i, as calculated by Deckmyn et
al.,35 is based on Van Dijk and Bruijnzeel:45
fi = 1 − exp( − k × LAIi)

(7)

(6)

Prior to calculation of the actual evaporation rate per layer Ei,
the potential evaporation rate (Epi) needs to be calculated per
time interval. This potential evaporation rate is the rate of
actual evaporation if the considered canopy surface would be
fully covered by water. It is here calculated using the widely
applied Penmann47−Monteith48 equation as done in the
ANAFORE model, but without stomatal resistance. This rate
is based on meteorological conditions: wind speed (varying for

ΔPi = DDi − RSi − WOi + PIi × fi

(12)

where Pi (μg) is the PM amount on the surface of foliage and
wood of the layer, DDi (μg) is the dry deposition, RSi (μg) the
resuspension, and WOi (μg) the washoﬀ amounts per layer and
time interval. The f i term is the interception fraction as
explained in the above section. The last term of this equation
denotes the input, besides through deposition, of PM, PIi, over
D
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knowledge, no mechanistic approach to calculate these values
has been reported yet. Empirical values should therefore be
used. The washoﬀ of PM due to drip is calculated as

layer i and the given time interval. This is the sum of washoﬀ
from and nonintercepted input of the above layer:
PIi = WOi − 1 + (1‐fi ) × PIi − 1

(13)

WOi = Pi × Di /(Si + Di)

Dry deposition is the combined removal of particles from the
atmosphere by sedimentation, Brownian motion, impaction,
and direct interception.17 Sedimentation can be neglected for
smaller-size particles belonging to class PM2.5.50 Diﬀerent
research with associated approaches exists to address dry
deposition on vegetation surfaces (reviewed by Petroﬀ et al.17).
The direct dry deposition rate or ﬂux of a pollutant, here PM,
per leaf area, without considering resuspension, DDi (μg m−2
time interval−1) can be estimated as
DDi = Vi (Ui) × C

In contrast to the approach of Nowak et al., not all PM is
considered to wash oﬀ during canopy drip, which implies an
important diﬀerence. The total PM removed by a forest, PR,
(μg) over a certain time span is (with s the lowest canopy layer
with living foliage):
PR = WOs + (1 − fs ) × WOs − 1

(17)

The total resuspension, TRS, is the sum of the resuspension
of all layers with living foliage:

(14)

S

TRS =

where Vi is the dry deposition velocity of the pollutant, here
PM, per surface area (m time interval−1) and C is the
concentration of the pollutant, here PM (μg m−3).9,51
Deposition is usually expressed per ground surface area instead
of per plant surface area, but here we refer to the one per plant
area unless mentioned otherwise. To obtain the deposition rate
per layer, the deposition velocity is multiplied with the surface
area of the layer. This deposition velocity per plant surface area
depends on the wind speed, particle size and tree conﬁguration,
deﬁned, among others, by the tree species.9,17 For example,
pine needles are highly dissected and have a high surface area
compared to ﬂat broadleaves, per length of primary branch, and
have been found to have 10 times higher deposition velocities
than broadleaves.28 These species-speciﬁc deposition velocities,
related to wind speed (or friction velocity) and PM size, need
to be derived from experiments (empirically), via wind tunnel
or ﬁeld measurements, or calculated (mechanistically).
Although the latter approach has been widely used,16,17,52,53
we here consider an empirical approach, similar to Nowak et
al.9 This approach was selected for its simplicity, linkage with
measured results and inclusion of rebound, that is, the direct
removal of particles during impaction.54
Resuspension, more precisely delayed resuspension, is the
resuspension of material, such as PM, from surfaces, strictly
speaking only the quantity which was deposited via
atmospheric pathways, through wind shear or mechanical
actions. 19,55 Though it is shown to be an important
process,27,55,56 it is rarely addressed in studies on PM removal
by dry deposition onto vegetation. Sometimes a ﬁxed constant
for resuspended fraction per deposited amount is considered,
such as 50% for PM10.13,57 However, resuspension depends on
the accumulated PM amount on the tree (layer) and the wind
speed.19,27,55 The more particles accumulate on the foliage, the
more particles can be removed. In addition, we consider the
prevention of resuspension due to the water present on the
canopy. Though, not the complete surface of the canopy
(layer) is wet, only a part. Here, we estimate this fraction by the
ratio of Wi on Si. Resuspension is then calculated using the
following formula:
RSi = RSfi(Ui) × Pi × (1 − Wi /Si)

(16)
9

∑ RSi
i=1

(18)

Integration into the ANAFORE Model. The processbased ANAFORE model was developed by Deckmyn et al.35
and later on improved with a new soil submodel.34 It has
already been applied to and validated for the Scots pine stand
considered here.34,35 For more information, see SI section B.
Because of the high variance in time of wind speed, PM
concentrations, weather conditions and rainfall, it is crucial that
the calculations are done using appropriate small time intervals.
Our submodels were therefore integrated at the lowest, halfhourly, time step of ANAFORE. The inputs for the submodels
are the leaf area (index) of the diﬀerent canopy layers and the
shading. The leaf area and LAI are recalculated on a daily basis,
while the share of sunlit and shaded leaf area is determined on a
half-hourly basis. The layer height is variable and is here set at
0.6 m, the smallest that can be used in the model, as LAI may
vary considerably along a tree stem.
Case Study. The model is tested for PM2.5 exchange
between the atmosphere and a Scots pine stand for the year
2010 and also ran for diﬀerent future scenarios for the period
2010−2030 while the forest grows.
Site Description. The speciﬁc forest ecosystem is a
managed Scots pine forest stand located in Belgium
(51°18′33” N, 4°31′14” E), the same stand as described and
researched by Schaubroeck et al.58 but now for the year 2010.
Stand characteristics are discussed in the below section. A map
is given in SI section C.
Model Input Data for the Speciﬁc Scots Pine Stand.
The main input variables concerning the Scots pine stand for
the ANAFORE model are derived from Gielen et al.59 and
Neirynck et al.,60 and are mentioned in the SI section D. The
modeled forest consists of trees which are assumed to be
identical and no understory vegetation was considered to be
present. This latter consideration is reasonable as on average
the deposition velocity below the tree is only 15% of that at the
canopy top due to a drop in wind speed and understory
vegetation only represented 8% of the net primary production
from 2001 to 2010 on average, reﬂecting a low yearly average
LAI.59 A yearly value of nitrogen deposition to the soil is
considered of 40 kg N ha−1 yr−1 with a share of 0.21 NOy-N
and 0.79 NHx-N,60 and 390 ppmv CO2. Half-hourly values for
wind speed above the tree tops, air temperature, precipitation,
relative humidity and radiation are obtained speciﬁcally for the
Scots pine stand for the year 2010 from the Research Institute
of Nature and Forest61 and were measured as described in
Neirynck et al.50 These meteorological values are considered to

(15)

In this equation RSfi (−) is the fraction of resuspensed PM
per PM present on the layer per time interval of layer i. The
values of Wi, Si, and Pi are those at the beginning of the time
interval. Note that Wi can be maximally equal to Si at the
beginning of a time interval (see section interception
modeling). RSfi is inﬂuenced by the wind speed.27,55 To our
E
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Figure 3. Distribution (%) of measured wind speed values (m s−1) above the tree top at the Scots pine stand, considered deposition velocities (cm
s−1) per leaf area and resuspended fraction (%) as a function of wind speed.9,27,28 Wind speed was measured on a half-hourly basis as described by
Neirynck et al.50 All discrete values (labeled points on the graph) of the deposition velocity and resuspended fraction, except the (0,0) points, which
are set by default, are retrieved from Beckett et al.28 and Pullman,27 respectively. Linear interpolation between these discrete values, represented by
the straight lines, is used to obtain values for other wind speeds.

Figure 4. Change of airborne PM2.5 concentrations (left graph), the associated dry deposition (DD, full lines) and removal (RM, dotted lines) of PM
and the leaf are index (LAI, black dotted line) as the forest grows over time (middle graph). This all is shown for the “CURRENT” (blue) scenario
(PM concentration unchanged since year 2010) and for the two future scenarios “REF” (red), a business-as-usual scenario, and “EUR” (green), a
scenario where environmental European guidelines are followed. In the last graph DD and RM are presented in a monetary unit (based on the value
of 150 euro kg−1 PM2.5), depicted for the three scenarios.

(2015, 2020, 2025, 2030) PM concentrations were predicted
for 3 × 3 km grids in Flanders for two alternative scenarios as
was done in Van steertegem.33 This was done based on the
integrated approach of Deutsch et al.65 in which the outcomes
of the BelEUROS model, the integrated Eulerian air quality
modeling system for European Operational Smog adapted to
model PM in Belgium, was interpolated with RIO, Residual
Interpolation Optimized for ozone and extended to other
pollutants,65,66 for the year 2007. These were renormalized to
the measured value of 2010. The values for the years within the
ﬁve-year intervals were determined using interpolation. The
two alternative environmental policy scenarios are speciﬁc for
Flanders and are those presented by a Flemish report of the
VMM:33 the Reference scenario (REF), representing future
conditions under an unaltered Flemish environmental policy of
the year 2008, and the Europe scenario (EUR), in which
stricter policy regarding emission of PM and its precursors of
the European Union is fulﬁlled.67 The hourly PM concentrations are divided by the yearly 2010 average and multiplied
with the predicted value. These values are shown in Figure 4.

be the same for all other years in all scenarios, e.g. windspeed
on a speciﬁc time in 2030 is equal to that on the same time in
2010. A distribution of these yearly wind speed values is
depicted in Figure 3. Less than 1% of the time points had no
value and were given the average wind speed value of 2010,
namely 1.931 m s−1.
Hourly PM2.5 concentrations above the Scots pine stand for
the year 2010 are obtained from the Belgian Interregional
Environment Agency (IRCEL),62 which uses interpolation
techniques to derive the concentration at other locations than
those measured in discrete points by the Flemish Environment
Agency (VMM).63 For these data the more accurate RIO
model was used with a resolution of 4 × 4 km.64 In 2010 the
modeled average PM2.5 concentration above the Scots pine
stand amounted to 17.65 μg m−3 (71% of PM10), which was
due to vehicle emission from a nearby highway, surrounding
suburban traﬃc and particle/soot emissions from petrochemical reﬁnery/power plants situated at the left bank of Antwerp
port (see SI section C). For the predictions until 2030 only the
PM concentrations were assumed to alter. Every ﬁve year
F
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Model Parameter Values for Scots Pine. The parameter
values are given in Figure 3 and as in Table S3 of SI.
Regarding the leaf and woody storage capacity, speciﬁc values
for Scots pine were adopted from the study of Llorens and
Gallart.41 The leaf storage capacity value is less than half of the
value used by Nowak et al.9 for all their considered tree species.
An important parameter in interception modeling is the Rratio (LAI/WAI), though this ratio is variable. Deblonde et al.74
denote an R-ratio of 3.0−11.6 for diﬀerent red and jack pine
stands. This R-ratio depends on diﬀerent stand characteristics.
Therefore, in our study we have selected the R-ratio value of
11.6 (i.e., the value of a stand most similar to ours). See SI,
section F. A variable R-ratio in function of (these) stand
characteristics or a direct calculation of WAI is needed to better
address this matter.
For the deposition velocity per foliar surface area as a
function of wind speed, we used values for black pine (Pinus
nigra) reported by Becket et al.28 based on wind tunnel tests
with pot-grown small trees using particles of 1.28 (±0.07) μm
diameter. Since Pinus sylvestris and Pinus nigra belong to the
same genus, their branching (amount, structure and orientation) and needle structure is rather similar, justifying the use of
black pine values for Scots pine. However, the deposition
velocity also depends on the particle size.12,17 Since the
particles used by Beckett et al.28 were smaller than 2.5 μm,
applying their values is a reasonable choice, though it might be
a crude estimation. Deposition velocities and resuspension
fractions are only given for discrete values of wind speed
(Figure 4), so that functions are needed to determine these
values as a function of wind speed. Similar to Nowak et al.,9 for
0 m s−1 the deposition velocity was set to 0 cm s−1 and the
resuspended fraction to 0, by default, and linear interpolation
was used to derive estimated values between the discrete values.
Pullman27 studied the resuspension of PM3.0 (with a massbased average of 2.5 μm) from tree branches of three
coniferous species in wind tunnel tests during 5, 10, and 20
min. We used the data from this study as reinterpreted by
Nowak et al.9 to address resuspension fractions. Note that latter
authors used these values for all types of diﬀerent tree species
over an hour. Since Scots pine is a conifer, as are the tested
species of Pullman,27 it is appropriate to apply her values. Also
here the values are used for a half-hourly interval, which is
closer to the original intervals reported by Pullman.27 However,
since the values are for PM3.0, an overestimation of PM2.5
resuspension is probable.

Concerning the PM balance, our modeling framework,
CIPAM with ANAFORE, calculated for 2010 a total dry
deposition of 31.43 kg ha−1 yr−1 PM2.5, from which 23.93 kg
was resuspended, 7.38 kg was considered as deﬁnitely removed
(dripping of the canopy to the forest ﬂoor) and 0.11 kg was still
present on the tree canopy at the end of the year. Data
validation of removal on a monthly time scale is presented in SI
section G.2. The contribution of resuspension is 76%, which is
rather high, but not unrealistic as Hirabayashi et al.13 assumed a
resuspension fraction of 50%, based on the work of Zinke et
al.,57 and Nowak et al.9 obtained an average of 34% with a range
of 27−43%. However, one needs to keep into account the
diﬀerences, discussed in this manuscript, between our model
and that of Nowak et al.9 On the other hand, the applied
parameter values need to be deﬁned more precisely. Hence, it is
clear that further research is required to improve the model
parameters. Regarding dry deposition, most of the concerned
studies have reported deposition velocities per ground area of
forest. For our study we obtained a yearly value for PM2.5
(based on the yearly total deposition and average PM2.5
concentration) of 0.56 cm s−1 and a yearly average (of halfhourly deposition velocities) of 0.71 cm s−1 with a standard
deviation of 0.83 cm s−1. This is within the normal range of
0.1−1 cm s−1 reported by Belot et al.68 and Pryor et al.19
Speciﬁcally for this Scots pine stand Neirynck et al.50 calculated
a deposition velocity for particulate NH4+ as fraction of PM2.5
of 1.2 cm s−1 from September 1999 to October 2000 and of 1.5
cm s−1 from January until March 2001. These values are about
double as high as ours, though a diﬀerent approach was used to
obtain their values and they were only for the NH4+ fraction of
PM2.5. Deposition velocity values for Scots pine mentioned in
the review by Petroﬀ et al.17 range from 0.15 to 4 cm s−1,
although this is for diﬀerent particle sizes. There is thus still
large variation in reported deposition values. Additionally, an
accurate size distribution of the considered PM needs to be
known to calculate and use more precise deposition velocities
as a function of particle diameter and wind speed. Regarding
model uncertainty, the exact size of uncertainty is impossible to
deﬁne as no uncertainty intervals are known for all input and
parameter values. It will however for sure be considerable with
a roughly estimated deviation of 15−50% for the ﬁnal PM2.5
removal. For a better understanding of CIPAM, its assets and
limitations, the inﬂuence of parameters wind speed, precipitation, PM2.5 concentration and LAI was assessed by altering
these parameter values for the Scots pine stand in 2010. This
sensitivity analysis is given in SI section H.
Predictions for Future Scenarios Until 2030. First we
discuss the results of the current scenario (no change in PM
concentration), in order to deﬁne the inﬂuence of the change in
forest growth. The most important variable of the forest in this
context is LAI, its change over time is depicted in Figure 4.
Note that the number of trees is assumed to stay the same (no
management or dieback). The average LAI of 2010 was
calculated as 2.17. LAI dropped slightly at the beginning, then
increased and further on remained quasi constant at 2.3. Its
increase might be attributed to canopy closure as there was still
a gap fraction of 43% in the period 2007−2008.69 Dry
deposition (DD) and removal (RM) of PM2.5 follow the same
pattern as LAI, although the relative increase in DD and RM is
less pronounced compared to the LAI increase. This is mainly
due to the fact that increasing LAI reduces the wind speed
within the canopy, which is a negative feedback on deposition
and removal. For more information see section H.4.

■

RESULTS AND DISCUSSION
Case Study Results for 2010, Validation and Interpretation. Figure 2 shows half-hourly example results of the
water and particulate matter (PM) balances of the Scots pine
stand at the smallest time interval. The total measured rainfall
of 2010 was 842 mm of which, according to two measurement
campaigns, 678 and 720 mm were measured in two gutter-like
throughfall collectors.50 Our modeling framework, using a halfhourly time step, estimated a throughfall amount of 697 mm,
which is very close to the measured amounts. The associated
canopy evaporation was 145 mm. For validation of throughfall
results on smaller time scales, see SI section G.1. The
ANAFORE model as presented in Deckmyn et al., 35
unadjusted, would have obtained a throughfall of 518 mm.
Hence, according to these ﬁrst results, our modiﬁed ANAFORE
model leads to more accurate results in terms of canopy
interception modeling.
G
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pollution.12 Concerning nitrogen deposition for the Scots pine
stand, studied in this study, Neirynck et al.50 calculated that dry
deposition of the particulate NH4+ and NO3− comprised in
PM2.5 was already responsible for 20% of the total, showcasing
the importance of this pathway for nitrogen input. In that ﬁeld
of science so-called canopy budget models are mostly applied
to derive removal (in that context called deposition) and
canopy exchange of diﬀerent compounds from measured data
of throughfall and wet deposition, but they are inapt for
predictive purposes.71−73 CIPAM can in fact be seen as a
predictive canopy budget model which is only suited for PM. It
does not account for gaseous compounds and does not allow
for canopy exchange, although the model might be extended for
these purposes.
Of the studied Scots pine stand, at maximum only 15% of the
wet and dry nitrogen deposition (also including deposition of
gases) was estimated to be taken up by the canopy.50
Nonetheless, not considering interactions on the vegetation
surface between water, PM, and the vegetation itself, is an
important limitation of the proposed model, which should be
kept in mind. If rates of these processes are known, they should
be integrated into the modeling framework. Considering these
interactions, resuspension and removal could change considerably. CIPAM may, however, be further used as a tool to study
these interactions as it generates half-hourly water and PM
amounts on plant surfaces per canopy layer.

For the two future scenarios, REF and EUR, the PM2.5
concentration declines over time (Figure 4), which is due to a
decrease in secondary PM formation because of a reduction in
emission of precursors such as NOx (transport sector), NH3
(cattle) and SO2 (energy and household sectors). This decline
is, as such, not caused by a decrease of (primary) PM emission,
which only decreases until 2015 but then starts to increase
again until 2030 because of a rise in emissions from the industry
and energy (coal burning) sectors due to economic growth.33
This drop in PM2.5 concentration is logically more profound for
the EUR than the REF scenario.
In the ﬁrst years, DD and RM decrease for both the REF and
EUR scenario mainly in response to the LAI decrease, along
with the decrease in PM2.5 concentration. After that, DD and
RM in the EUR and REF scenarios follow the same pattern as
the current scenario but lower values are reached. The decrease
in PM concentration outweighs the eﬀect of an increased LAI
and subsequently DD and RM decrease. After 20 years, the
relative decrease in DD and RM is quasi identical to the relative
decrease in airborne PM2.5 concentration. Overall, change in
land characteristics and PM concentrations need both to be
predicted in order to estimate future PM removal.
Associated Health/Economic Beneﬁt. Speciﬁcally for
Flanders, based on hospital stay, work absence and willingnessto-pay costs induced by health damage, the health beneﬁt of
PM2.5 removal can be converted to an estimated average
monetary value of 150 euro kg−1 PM2.5 removed, while this is
only 25 euro kg−1 in case of PM2.5−10, often called coarse
PM.5,70 The derivation of this value in literature is summarized
in SI section I. As the site is situated close to populated areas
(see SI section C) and the region Flanders, for which the
number is valid, is a densely populated area, this validates to a
certain extent the use of a single estimated value as an
approximation. We applied the value to our case study results
(see Figure 4). For the year 2010 this results in a beneﬁt of
1073 euro ha−1 yr−1 for removed PM2.5, compared to 4763 euro
ha−1 yr−1 if only deposition without resuspension would be
considered. Over the period 2010−2030, an average range of
915−1075 euro ha−1 yr−1 is obtained for PM2.5 removal for the
diﬀerent future scenarios; the lowering in PM2.5 concentration
due to emission legislation, decreases its removal by the Scots
pine stand. In 2030 a larger diﬀerence is obtained: 853 euro
ha−1 yr−1 for the EUR scenario compared to 1093 euro ha−1
yr−1 for the current scenario. Comparing these values with an
estimated rental price of 143.6 euro ha−1 yr−1 (based on the sale
price for the Scots pine stand of 16000 euro ha−1, obtained
from the current public owner Agency of Nature and Forest,
and on a local land buy to rent price ratio) illustrates for all
scenarios that this ecosystem service, removal of PM2.5 out of
the air, is currently underrated.
Future Perspectives. First, besides the perspectives
mentioned here, the limitations and assumptions (see SI
Table S1) can be elucidated through additional research.
Second, CIPAM results should be validated with more
experimental results. Third, the model can be adapted to
other tree species for further improvement and validation.
Fourth, the model can be modiﬁed to calculate removal of
other (gaseous) pollutants besides PM, such as nitrogen
dioxide, sulfur dioxide, etc.13 In addition, dry deposition of
atmospheric particles is, besides wet deposition via rainfall, an
important pathway for relevant chemical compounds (e.g.,
nitrogen compounds), which do not only aﬀect forest growth
but also alter global biogeochemical cycling, water and soil
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