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Abstract

Particulate matter pollution, especially in an urban environment, is a health risk that affects
many people, and the current trend shows that these problems will increase in the near
future. To combat this form of air pollution, many different strategies and policies are
investigated: from reducing the emission of particulate matter to finding ways of filtering
the air. In this study, we explore the idea of using trees in an urban area to reduce particu-
late matter concentration. Since the absorption of fine dust by trees is a complex problem,
influenced by many factors, we use a computer model to simulate the effect of various
trees throughout the year to find the optimal candidate. We find that coniferous trees have a
significant advantage, since they also absorb during the winter months, where the air qual-
ity is worse. We also conclude that a large enough area of a well-suited tree species is a
feasible way to increase air quality and in some cases even to reduce the particulate matter
pollution to an acceptable level.

Keywords Particulate matter - Pollution absorption - Urban pollution - Molecular
dynamics - Fine dust

1 Introduction

Due to the continuing urbanization more and more people live in an urban environ-
ment (Castells 2010; Clark 2004; Brenner 2013). This increase in density as well as area
leads to diverse challenges and problems (Zhang 2016; Simon 2007). Many of them are
connected to pollution, for example noise pollution, but also air pollution in the form
of many different contaminants (Tarr 1996; Taebi and Droste 2004). While the effects
of CO2 emissions are more global and on a larger timescale, other pollutants have a
more acute effect on human health and well-being. For many cities, particulate matter
(PM), i.e., microscopic solid or liquid matter suspended in the atmosphere, is a sig-
nificant problem. Due to their small size, the particles can enter the bloodstream via the
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lungs unfiltered, causing various medical conditions (Seaton et al. 1995; Harrison and
Yin 2000; Thurston et al. 2005; Valavanidis et al. 2008; Lippmann et al. 2003; Ander-
son et al. 2012). Both WHO and IARC classify PM as a group 1 carcinogen, highlight-
ing their potential to cause or facilitate cancer. Detailed investigations about the main
sources of pollution and their effect on human health were conducted by Karagulian
et al. (2015) and Belis et al. (2013).

Because of this negative effect of PM on human health, many countries implemented
laws and policies to regulate the pollution. In the European Union, for example, the Euro-
pean emission standards also regulate particulate emissions. There are also standards for
the allowed concentration of PM in the air and a limit on how often per year this limit can
be exceeded. For PM10, this limit is 50 g/m® in an averaging period of 24 h, which is per-
mitted to be exceeded 35 times each year.

In order to abide by this law, two different approaches are possible. One could try to
minimize the emission of PM or maximize the absorption. For minimizing emissions, dif-
ferent paths are explored: One could reduce emissions caused by traffic, by limiting the
allowed maximal speed in areas affected by PM pollution or using dust suppressants (Bal-
dasano et al. 2010; Amato et al. 2010). Also the industry can be forced to reduce their
activities in order to limit PM emissions or to use more sophisticated filtering techniques.
Such measures are effective, but they are difficult to implement, since they often lead to
resistance in the population. The strategy of maximizing PM absorption on the other hand
faces different challenges. While the population is generally in favor of policies that reduce
air pollution without any bans or restrictions, they often require some form of investment
and take longer to take effect.

One idea to change the urban landscape to increase PM absorption is planting trees
in existing or newly designated green areas (Beckett et al. 1998; McDonald et al. 2007).
Although absorbing PM can have a negative impact on tree growth (Rai 2016), they bind
the PM permanently, leading to better conditions for surrounding vegetation. In addition
to absorbing PM, trees offer other benefits as well: They absorb CO2 from the atmosphere
to mitigate climate change and offer shade, which helps in adapting to globally rising tem-
peratures. The main challenge for this endeavor is to select the optimal tree for filtering
PM from the air. The absorption rate is not only dependent on the tree species, but also
on external conditions like wind, temperature and current PM concentration (Freer-Smith
et al. 2004; Kappis and Endlicher 2007). This leads to an interesting phenomenon: The tree
species that absorbs most PM in the course of a year might not be the best choice to reduce
the days on which the PM10 concentration is over the limit. Since the PM concentration
follows a distinct pattern through the seasons (for example, in many cities the PM concen-
tration is much higher during seasons where heating is required) and also weather and aver-
age wind speed change over the course of a year, this leads to a complex system and the
optimal candidate cannot be identified without further investigation.

One promising approach to finding the species of tree best suited to reach the goal of
reducing PM pollution is to use a computer simulation. For this system, the microscale is
especially interesting: The interaction between leaves, the fine dust particles and the wind
needs to be modeled in great detail, in order to gain accurate results. For this reason, we
designed a molecular dynamics model using NetLogo (Wilensky 1999), calibrated using
empirical data about the ability of different types of trees to absorb PM. Using this model,
we then simulate for 1 year, which is representative in terms of PM concentration and aver-
age wind speed for each respective month, and extrapolate from the microscale to the mac-
roscale. We then compare the effect of different types of trees and investigate what area
would be needed for a significant reduction in days which exceed the PM limit.
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This paper is organized as follows: Sect. 2.1 describes the used model; the calibration of
the model to empirical data is detailed in Sect. 2.2. Section 3 presents the obtained results
and a sensitivity analysis of the model. Section 4 closes with a discussion and conclusions.

2 Methods

In order to gain new knowledge about the ability of trees to absorb PM under different
circumstances, we use a molecular dynamics model (Hoover 1986). We model the micro-
scale, i.e., the interaction between individual fine dust particles and the surface of the leaf.
In that way, all relevant effects, like wind speed and PM concentration, can be included in a
convenient way. Once we know the absorption rate of a single leaf, we can then extrapolate
to the macroscale via the overall leaf surface of the tree. Since the empirical data we use to
calibrate the model have a macroscopic perspective, the average absorption is independent
of the leaf position within the model and its effect included via averages.

2.1 Model

The core of the model is an idealized leaf with the ability to absorb PM. It is surrounded by
air, which has a certain concentration of PM. The movement of PM is governed by temper-
ature-dependent Brownian motion (Li et al. 2010) on the one hand and the wind speed on
the other hand. The particles are modeled as ideal gas, so there are no collisions between
gas particles. Every time a PM particle hits the surface of the leaf, there is a certain chance
for the particle to be absorbed. Absorbed particles are removed from the simulation. In
order for the PM concentration to remain constant, a new particle is generated at a random
position. If the collision between leaf and particle does not lead to an absorption, the parti-
cle bounces off the leaf and could be absorbed at a later time. Figure 1 shows a screenshot
of the running model.

Another important effect is the interaction between leaf and wind. This is different for
deciduous trees and conifers. While the leaves of deciduous trees are flexible and move in
the wind, so that the wind is mostly parallel to the leaf surface at higher wind speeds, the
needles (here also referred to a leaves in a more general sense) show on average no pre-
ferred angle between leaf surface and wind direction. In the model, this is implemented as

Fig. 1 Screenshot of the running
model: The idealized leaf (green)
is surrounded by moving fine 0805 %0 °
dust particles (gray) '

T "¢ & 9 © leaf surface
ot « particulate matter
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follows: For conifers, the wind direction is completely random, while for deciduous trees
only certain angles are allowed. If the wind speed exceeds 1 m/s, the angle between leaf
surface and wind direction is maximally 10 degrees.

The model then simulates a certain time frame in adjustable environmental conditions
and counts the number of absorbed particles. For each month, different weather and pollu-
tion conditions are chosen, so that we gain an accurate depiction of the absorption rate of
different trees over the course of a year.

2.2 Model calibration

In order to gain realistic results, the calibration of the model to empirical data is para-
mount. First of all, we need to find the absorption probability of a particle hitting a leaf.
Therefore, we used empirical data obtained by (Terzaghi et al. 2013), which analyzed the
PM absorption capacity of trees. We used the same environmental parameters as in this
study and varied the model parameter that governs the absorption probability of the leaf
until the absorption capacities matched. Depending on the species, this leads to absorption
probabilities between 1.7% and 3.4%.

In order to find realistic parameters for weather conditions and PM pollution, we need
to select a city with high PM pollution. We chose the Austrian City of Graz, a city with
roughly 300000 inhabitants. Due to the city position in the basin, there is little wind and
the PM concentration is very high, especially in the winter months. In the year 2017, Graz
had 54 days with PM concentration above the threshold (Steiermark 2018), so significantly
above the EU limit. For the calibration, we also need the weather data (average temperature
and wind speed for each month) and the PM concentration for each month.

With this information we were able to simulate the absorption capacity of various trees
throughout the year. We chose to investigate three species of trees that grow naturally in
this area and that were investigated in (Terzaghi et al. 2013): two deciduous trees, the syca-
more maple (Acer pseudoplatanus) and the Cornelian cherry (Cornus mas), and one coni-
fer, the stone pine (Pinus pinea). These three were chosen to maximize the different types
of foliage: large leaves, small leaves and needles.

3 Results

We perform simulations for every species of tree for each month of the year. Simulated
absorption is then extrapolated and normalized to 1 km? of green area using the leaf area
index (LAI) (Tio et al. 2014). The final results are presented in Fig. 2.

It is clearly visible that the matching between pollution and absorption is very different
for each species of tree. Although a high PM concentration leads to more absorption, other
effects like wind speed and the loss of leaves outside the vegetation period have a signifi-
cant effect. The best result was obtained for the stone pine: Since it keeps its needles dur-
ing the winter, it has a high absorption potential throughout the year. Needles are also less
affected by wind, so they can bind PM independent of the weather. Especially during the
winter, they have a huge potential to reduce PM pollution, mainly because there is a high
PM concentration. So even though all trees are suitable to absorb PM, the coniferous stone
pine is the best candidate to reduce the pollution at exactly those times, where fine dust
absorption is needed.
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Fig.2 Absolute PM absorption for different species of tree through the course of 1 year. While the absorp-
tion chance is constant over the year for each type of tree, differences in PM concentration, wind and foliage
over the year lead to more collisions between particles and leaf surface and thus more absolute absorption.
The gray background shows the average PM pollution each month

In order to see the actual effect of introducing more stone pines to the city, we need to
look at the number of days where the limit was exceeded in each month, the PM emissions
in that month and the added PM absorption. All the days where the PM limit was exceeded
are given in Table 1.

To gain insight into the emission of PM, we consulted (Heiden et al. 2008) to find out
that during 1 year, traffic causes 154.2 t of PM, the industry is responsible for 85.72 t and
heating (domestic and commercial) produces 72.05 t of PM each year. Assuming that the
pollution from traffic and industry is more or less constant during a year and heating is only
relevant in the winter months, we find average emissions of 44.01 t each winter month and
20.00 t during non-winter months. This value can then be compared to the mass of PM
1 km? of stone pines can absorb. The relative reduction in PM is given in Table 2.

Under the assumption that absorbing x% of the emitted PM also reduces the PM concen-
tration in the air by x%, we can then calculate the reduced PM concentrations and find out at
which days the PM concentration would have been reduced to a value under the PM limit.
The result of this investigation is presented in Table 3, where those days are italicized.

We see that in many cases, the PM concentration was reduced enough to be under the
limit. Without the trees, there were 54 days with too much PM pollution (so significantly
more than the allowed maximum of 35). With the trees, this number has been reduced by
25 to only 29 days with too much PM pollution. This value is now under the maximally
allowed number, so 1 km? of stone pines would be enough to reduce the fine dust pollu-
tion sufficiently. To gain an understanding of the size of such a forest compared to the size
of the investigated city, Fig. 3 shows a map of the city (Contributors 2012), with an area
of 1 km? highlighted in green. While this is of course a large area, it is at least feasible if
one would separate it into many small areas, which would also increase the absorption
potential.
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Table 1 PM 10 concentration in ug/m? on days exceeding the limit

Date PM conc. Date PM conc. Date PM conc.
01.01.2017 157 30.01.2017 82 02.11.2017 53
02.01.2017 89 31.01.2017 101 15.11.2017 52
03.01.2017 72 01.02.2017 114 17.11.2017 51
04.01.2017 60 02.02.2017 95 21.11.2017 58
11.01.2017 82 09.02.2017 62 22.11.2017 67
12.01.2017 96 10.02.2017 58 23.11.2017 61
17.01.2017 52 11.02.2017 61 24.11.2017 62
18.01.2017 78 12.02.2017 71 28.11.2017 54
19.01.2017 78 13.02.2017 65 04.12.2017 76
20.01.2017 86 14.02.2017 54 05.12.2017 66
21.01.2017 94 15.02.2017 58 07.12.2017 72
22.01.2017 105 16.02.2017 57 19.12.2017 59
23.01.2017 140 17.02.2017 64 20.12.2017 52
24.01.2017 113 21.02.2017 72 21.12.2017 64
25.01.2017 57 22.02.2017 51 22.12.2017 57
27.01.2017 68 23.02.2017 52 24.12.2017 53
28.01.2017 71 22.08.2017 71 26.12.2017 51
29.01.2017 86 20.10.2017 58 31.12.2017 53
Table 2. PM emission and Month PM emission PM absorption Relative
absorption in tonnes for each change
month %)
January 44.01 7.17 16.3
February 44.01 10.43 22.7
March 20.00 9.19 46.0
April 20.00 6.49 325
May 20.00 5.22 26.1
June 20.00 4.76 23.8
July 20.00 5.87 29.4
August 20.00 3.80 19.0
September 20.00 4.32 21.6
October 20.00 2.75 13.8
November 20.00 4.58 229
December 44.01 6.02 13.7

3.1 Sensitivity analysis

In order to gain more insight into the accuracy of our model we performed a sensitivity
analysis. We investigated the influence of the wind speed as well as the influence of PM
concentration on our results. Wind speed was analyzed from 0.5 m/s to 3 m/s with a con-
stant PM concentration of 50 ug/m?, while PM concentration was analyzed from 25 pg/m?3
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Table 3 PM concentration in yg/m? from Table 1 after absorption

Date PM conc. Date PM conc. Date PM conc.
01.01.2017 131 30.01.2017 69 02.11.2017 41
02.01.2017 74 31.01.2017 85 15.11.2017 40
03.01.2017 60 01.02.2017 88 17.11.2017 39
04.01.2017 50 02.02.2017 73 21.11.2017 48
11.01.2017 69 09.02.2017 48 22.11.2017 51
12.01.2017 80 10.02.2017 44 23.11.2017 47
17.01.2017 44 11.02.2017 47 24.11.2017 48
18.01.2017 65 12.02.2017 55 28.11.2017 42
19.01.2017 65 13.02.2017 50 04.12.2017 66
20.01.2017 72 14.02.2017 41 05.12.2017 57
21.01.2017 79 15.02.2017 44 07.12.2017 62
22.01.2017 88 16.02.2017 44 19.12.2017 51
23.01.2017 117 17.02.2017 49 20.12.2017 45
24.01.2017 95 21.02.2017 55 21.12.2017 55
25.01.2017 48 22.02.2017 39 22.12.2017 49
27.01.2017 56 23.02.2017 40 24.12.2017 46
28.01.2017 59 22.08.2017 58 26.12.2017 44
29.01.2017 72 20.10.2017 50 31.12.2017 46
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Fig.3 Map of the investigated City of Graz. The dark green area is exactly the size of the simulated forest,
i.e., 1 km2. Left: The area located in the middle of the city. Right: The same area distributed throughout the
city

to 100 ug/m> with a constant wind speed of 2 m/s. These sensitivity analyses are shown in
Figs. 4 and 5 with error bars denoting the standard deviation. The point at which the leaves
react to the wind is clearly visible, since the absorption decreases abruptly and then slowly
recovers. The dependency of the absorption to the PM concentration is nearly linear, as
expected.
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Fig.5 Sensitivity of the simulation results to PM concentration

4 Discussion

Using a computer model, we were able to show the potential to absorb fine dust of differ-
ent trees throughout the year. The species of trees is of great importance, especially since
coniferous trees are also effective during the winter months, where the PM pollution is
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usually higher because of heating and weather effects. To calibrate the model to empirical
data, we applied it to the situation of the City of Graz, an Austrian city with much PM pol-
lution. We found that an area of 1 km? of stone pines could be sufficient to reduce the fine
dust pollution of Graz to an acceptable level.

However, there are some limitations that need to be mentioned. The model uses sev-
eral simplifications which could lead to differences between simulation and reality. First
of all, we assume a locally constant PM concentration. In reality, trees that are surrounded
by other trees would be exposed to a lower concentration, thus limiting their absorption
potential. Secondly, a planting density of 100% might be unrealistic, since there should
be sufficient space between the individual trees, especially in an urban environment. This
means that the actually needed green area might be bigger than in the simulation. Also the
interaction between wind and trees is only approximated: In reality, the local wind speed
is influenced by trees, so we overestimate the effect of the wind in the model. Another
assumption that leads to an error is the assumption that absorbing x% of the emitted pollu-
tion leads to an x% reduction in PM concentration. While this is a good starting point, the
reality is much more complex and the correct correlation would need further investigation.
Additionally we are limited by the empirical data available, restricting us to a small num-
ber of tree species that can be investigated.

Several expansions could further improve the predictive power of the presented model.
One could extend the simulation from a single leaf to several trees. In that way, spacial
effects like a non-uniform wind speed and PM concentration would be included. Also the
interaction between wind and leaves could be modeled in greater detail, using dynamic
leaves. However, such expansions would significantly increase the computation time of the
model and would require additional empirical data, which are currently not available.

Even though the presented model is simplified and thus may not lead to quantitatively
correct results, it was still possible to show the potential of trees to absorb PM. In gen-
eral, the model overestimates the absorption potential of trees; nevertheless, the quali-
tative results are accurate. Because of the change of pollution and wind throughout the
year, coniferous trees are much better suited to absorb PM than deciduous trees and a large
enough area would even be sufficient to solve the fine dust problem altogether in some
urban areas. Since urban trees have many other benefits on local and global scales, it is
definitely an idea worth further exploration.
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