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Abstract

Itis a generally accepted fact that urban vegetation has the
potential to filter fine and ultra fine dust particles (PM10
and smaller) out of the air through deposition processes
taking place at the leaf surfaces. It is therefore an obvi-
ous idea to investigate the potential of vegetation for im-
proving the local air quality in urban areas, especially in
those locations that are heavily polluted by local parti-
cle sources. Unfortunately, the prognosis of the impact of
vegetation on local air quality is far from being trivial. De-
spite the fact that vegetation absorbs a certain amount of
particles, it has also a large effect on the local wind flow
which in return directly affects the dispersion of particles
and therethrough the local air quality. This paper suggests
a simple approach to quantify the net effect of vegetation
on the local particle concentration. We will also discuss
the open questions related to this area of research.
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1 Introduction

In January 2005 the European guideline 1999/30/EG reg-
ulating the maximum allowed concentration of fine dust
particles smaller or equal to 10pm (PM10) became legally
binding. Against this background many cities all over Eu-
rope were forced to find solutions for those locations,
where the new and more stringent threshold values are ex-
ceeded. This task soon turned out to be challenging, as the
fine dust problem is both a multi-scale problem (regional
background against local pollutants) and a multi-source
problem (fine dust sources vary from car exhausts over
tire rub offs up to natural sources such as sea spray).

From the collection of possible methods to improve lo-
cal air quality, the application of vegetation seems to be
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an attractive tool to counteract air pollution. This is basi-
cally due to the undoubted fact, that vegetation structures
can act as local sinks for dust particles through deposition
processes at their leaf surfaces. In addition, vegetation in-
fluences the wind speed and direction and can therefore
be used to modify the distribution of particles.

However, the question whether adding local vegetation is
an appropriate tool to improve local air quality or not is
above all a quantitative question. The local air quality in
an urban environment is basically defined by two domi-
nating aspects: The amount of released pollutants on the
one hand and the ability to remove polluted air on the
other. Especially inside narrow street canyons the second
point is crucial. If the wind circulation is restricted and
the polluted air cannot be replaced properly by fresh air,
even average strong pollutant sources can lead to critical
pollutant concentrations.

While vegetation is known to filter dust particles out of the
air, it is also well known to act as an efficient wind shelter.
This effect clearly works against the potential benefits of
the filtering capacity. If located in the wrong place, veg-
etation can actually increase the local pollutant concen-
tration as a consequence of the reduced wind circulation
(Ries and Eichhorn, 2001; Watanabe et al., 2005).

In general, there are many different parameters that in-
fluence the overall effect of vegetation structures on local
air quality and it is not possible to find an universal so-
lution that will work in all situations. Hence, in order to
analyse the impact of different design scenarios on local
air quality and to optimize the design decision, computer
simulations are an irreplaceable tool.

While the effects of vegetation elements on the wind
flow and the local turbulence are well known and us-
able model approaches exist (see e.g. Wang and Takle,
1995), a black hole exists when it comes to quantify the
deposition process of particles at the leaf surface. There
are a number of empirical studies (see e.g. Freer-Smith
et al., 2005; Sehmel, 1980) deducing the deposition ve-
locity from measurements, but the range of observed ve-
locities range from less than 0.01 cm s~! up to more than
10 cm s~ 1, which seems unrealistic even if taking into ac-
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count different types of vegetation and sizes of particles.
Furthermore, empirically based deposition factors can not
easily be transferred to complex urban situations where
wind speed, turbulence and flow patterns show a large
spatial variation.

Based on a very simple approach which neglects the ex-
posure of the leafs to the emissions and the structure of
the wind field, Litschke and Kuttler (2007) calculated for
a 100 m long street segment with a daily traffic volume of
40,000 cars a potential removal of 8% of the car emis-
sions if a deposition velocity of 0.1 cm s~! could be
reached and the maximum possible green cover is used.
For a higher or lower deposition velocities, the amount
increases and decreases accordingly.

Obviously, the correct estimation of the potential and ac-
tual particle absorption capacity of urban vegetation is not
only of academic interest, but decisive when assessing the
feasibility of air quality improvement through vegetation.

In this paper we will present a basic numerical approach
to simulate the effects of vegetation on particle disper-
sion and removal. The approach is based on common
laws from atmospheric physics and was adjusted partly
to fit the special requirements of microscale urban envi-
ronments.

2 The particle dispersion and
deposition model: The
prognostic equations

The particle dispersion and deposition model presented
here is designed and implemented as a submodel of the
microclimate model ENVI-met Version 3.0/3.1 (Bruse,
2004; Bruse and Fleer, 1998). Therefore the symbols used
in this paper match with the notations used in the ENVI-
met model descriptions.

2.1 Prognostic equations

The atmospheric dispersion of a particulate substance can
be expressed using a standard advection-diffusion equa-
tion written in Eulerian notation as:
9] 0
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with the cartesian co-ordinates x; ={z,y, z} and the cor-
responding wind velocity vectors u; = {u, v, w}.

x is the local particulate matter concentration used in
the pressure independent SI-unit [mg(x)kg~!(Air)]. Lo-
cal processes that lead to a decrease or increase of y like

local pollutant sources or the sedimentation of particles
are included explicitly into the prognostic equations using
the source and sink terms (), and .S, respectively.

2.1.1 Formal definition of particle sources

Local particle sources can be separated into four different
types with respect to their spatial structure (and conse-
quently in the unit of their definition):

1. Point Sources: gj,, Unit [mgs™!]
1m71]
1

2. Line Sources: ¢;, Unit [mgs™
m~2]

4. Volume Sources: ¢, Unit [mgs ™ 'm ™3]

3. Area Sources: gy, Unit [mgs™

Distinction between those four types is essential, when
defining external sources (e.g. car exhausts) in the model
area.

Before using sources in the prognostic model equations,
their emission rate must be transformed into the non-
dimensional unit [mgkg~! s~'] as required for Q, to fit
with the prognostic equations.

First, all types of sources are transformed into ¢* in
[mgs!]:

q = {4p

@ - Az,y

a5 - AzAy

= @ AxAyAz

Secondly, @, is calculated with respect to the cell size in
which the source is located:

Qyx=¢q" - (vol - p)~ !
with cell volume vol = AxAyAz. Note, that for the out-
put of local concentrations, it is common to have the data
related to the air volume in [mg m 2] rather than related
to the air mass in [mgkg~!]. Therefore, for output the lo-
cal concentration is converted by

X" =x-p

ENVI-met allows to simulate sources with time dependent
emission rates. To implement this, each source is defined
by 24 values representing the emission rates g(h) for each
hour h [0-23] of the day. The actual emission rate for a
hour h and a minute m [0-59] is then linearly interpolated
as:

60 —m
60

M og(h+1)

h =
q(h,m) + 50

q(h)

After hour h=23 the calculation restarts with h=0. The fre-
quency of updating the emission rate can be selected by
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the user and should normally be around 10 min. Changes
in emission rates only influence the local sources, no
trend correction will be performed at the atmospheric grid
points. In case of rapid changes in emissions, a smaller up-
date interval is necessary to avoid unrealistic oscillations.

2.2 Implementation of particle
sedimentation and deposition
processes

The deposition of particles at different surfaces is com-
plex process which is still not fully understood and lacks
usable numerical parameterizations. The model approach
used here is therefore based on classical approaches for
particle dynamics in the atmosphere and at surfaces.

The local sink term S, in (1) is composed out of two indi-
vidual components which, in their final balance, give the
local sink rate of the component x. These components are:

e concentration change due to gravitational settling in-
cluding deposition at surfaces (composed of down-
ward flux x| and flux received from grid boxes above

b
X
e deposition at leaf surfaces (Xpiant)

(All fluxes in [mgkg~'s~!]). In the following sections,
the estimation of these components will be presented in
detail.

2.2.1 Formal description of sedimentation and
deposition

The changes in local concentration due to sedimentation
and deposition can be written analogous to an advective
flux using the sedimentation / deposition velocity v,,q as
the relevant transportation velocity:

Ix ox
A - A 2
ot wed Vs/d Oz ( )
The derivation of v, /4 will be described in the next sec-
tion.

As only downward fluxes can occur in the case of gravi-
tational settling, a simple upstream scheme can be used to
transform (2) into the finite-difference form:

Ax| _,  xz+1) = x(2)
s/d Az

sed

At )

where Az is the vertical distance between the prognostic
calculation points for level z and z + 1. Please note, that
the movement of particles due to vertical advection by the
vertical wind vector component w is included in the base

advection terms in (1). Hence, the vertical net flux of par-
ticle as calculated by (1) is the sum of the advective and
the gravitational fluxes.

Splitting the equation above into a loss and a gain term we
get
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where the reception of particles from the z-level above is
counted positive and the loss of particles is counted nega-
tive.

The downward flux of particles per time unit () due to

gravitational settling can be written as

x1(2) = v

®)

and the gain of particles settling from the level above (x')

is
x(z+1)

He) = AL A

OETE (6)
Obviously and in order to keep the model mass-
conserving, eq. (6) for level z must be balanced with eq.

(5) for level z + 1.

If the concerned grid box is the lowest box above the
ground surface or the box below is occupied by a build-
ing, the deposition velocity v, (for calculation see Section
2.3.2) is used instead of the settlement speed v, in (5).

Finally, we need to include the deposition of particles at
vegetation elements into the mass balance. The flux of
particles towards the leaf surface ()pian) can be written
as:

Xplam(z) = LAD(%ZU, Z) . fcap . 1}5 ' X(Z) (7N

where LAD is the local leaf area density (counted one-
side) and f.p is a leaf capacity dependent scale factor
ranging from 1 for a fresh, clean leaf to O for a dirty leaf,
whose filtering capacity is exhausted.

For the capacity factor f., there is lack of empirical data
to formulate an appropriate capacity function. Therefore
we set fcap to a constant value of 1 and assume an infinite
filtering leaf unless better data are available.

Finally, the total pollutant balance due to sedimentation
and deposition can now be written as:

Ix(z
D) @) ) @
or, as sink term for the prognostic equation:
Sy(@,y,2) = x'(2) + x1(2) + Xpm(2) - (9)
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The total amount of deposed particle mass on a surface

[mg m2s~!], is then calculated with
m
Ms _ o ) A
o1 XL PRz

with p being the density of the air (=1.29 kgm~3). The
total mass deposed in the grid box volume is projected
onto the horizontal AxAy surface area as the horizontal
surface is the only place where deposed particles can ac-
cumulate.

For the leaf surfaces the equation

Mplant _ (Z) ) 1 )
ot plant LAD(z,y, 2) P

is used in which the deposed mass inside the grid box is
distributed evenly over the available leaf area inside the
grid cell.

In the recent version of ENVI-met, no re-suspension of
particles is taken into account. The calculation of the sed-
imentation and deposition processes is realized explicitly,
which means that the concentration of the last time step is
used to calculate the flux through the horizontal cell walls
and to the leaf surface. This leads to an additional stability
condition to ensure that no negative concentration values
can occur in the case of high sedimentation rates (see Sec-
tion 2.4 for details).

2.3 Calculation of sedimentation and
deposition

2.3.1 Calculation of sedimentation speed v,

The sedimentation speed (or settling velocity) of a particle
depends on the particle diameter D, its density p, and
the turbulence characteristics of the air flowing around the
particle given by the Reynolds number Re.

For a given Re, the settling velocity vs can be calculated
following Seinfeld and Pandis (1999) with

.D-qg- 1/2
v, = (4"’>< D-g CC) (10)

3Cq - py

where C'. is the so-called Slip-Correction-Factor given by
(11) and Cy is the drag force on the particle calculated
after (12).

; D < 10pum
; D > 10um
an

ccz{ 1+%(1.257+0.4exp(7%))

The mean free path of air molecules (\) used in the equa-
tion above is set to a constant value of 0.0651 pym which

corresponds to an air temperature of 298 K, the small de-
pendency of A on the air temperature is hence neglected
in the model. !

The drag force C; on a particle is calculated with respect
to the local Reynolds Number:

s Re < 0.1
5(1+%R6+%;gR621n(2Re)) 0.1 <Re<1
5(1+0.15Re”°®) 1 < Re < 900
0.44 900 < Re
(12)

Ca

with s = 24/ Re. The transition values for switching be-
tween the equations have been changed from the original
values given by Seinfeld and Pandis (1999) in order to al-
low a smoother transition between the definition intervals.
For Reynolds numbers smaller then 0.1, the formulation
of Cy is equivalent to the Stokes’ law.

The Reynolds Number for a spherical particle is given by

_pX'Us'D
"

Re (13)

where 1 is the viscosity of the air (=1.8 - 107° kgm~1s~!

at 298K, kept constant).

Obviously, equation (10) for v, cannot be solved directly
as C4 depends on vg over Re. The equation set can be
solved quickly in a few iteration steps, starting with v,
calculated using the linear expression valid for Re < 0.1
as a first estimate:

_PX'DQ'Q'CC

o (14)

Us

The iteration is canceled after the change of v, per itera-
tion step falls below 0.1 mm/s.

As a simplification we neglect the influence of the ver-
tical flow component w on the Reynolds number which
seems justifiable as the gravitational settling dominates
only when the wind field is weak.

2.3.2 Calculation of deposition velocity vggﬂ

The deposition velocity is distinguished into the deposi-
tion towards horizontal surface (v4) and the deposition on
leaf surfaces (v%).

In general, the deposition velocity of a particle can be ex-
pressed as the inverse sum of two different transfer resis-
tances r, and 7, (Seinfeld and Pandis, 1999):

IFor the calculation, all variables must be in SI units (D in [m], px in
[kgm~3], ...)
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1
Ug,)z))art = ) + Us,0

rt(lp + 7y + TaThVs,0

15)

Here, 7, is the aerodynamic resistance of the ground or
leaf surface and 7}, is the sub-layer resistance of the sur-
face, v, o is the settlement speed close to the surface, set
equal to v, calculated after (10). The aerodynamic resis-
tance is treated differently for a vertical ground surface
(r4) and for plant leafs (r?) while r;, and v o are the same
for both types of surfaces.

However, the formulation suggested above is only correct
for a horizontal surface, where the gravitational settling
is the main source of transport towards the leaf surface
(see Fig. 1 a). If we assume the other extreme, a vertical
orientated leaf, this component does not have any impact
on the particle transport. In this case, the advective impact
through the horizontal flow components is the dominating
force (see Fig. 1 b) and we need to relate v, o in (15) to
Uy, representing the horizontal flow field.

w

Flow components
uv=u,, (

deuhm

Leaf surface

vd=vsl
o

Leaf surface

a) horizontal leaf b) vertical leaf

Figure 1: Interpretation of deposition velocity depending
on leaf inclination.

Unfortunately, it is not clear to which fraction the hori-
zontal flow components can be treated as a deposition ve-
locity in case of a vertical leaf. As the air flows around
the leaf and most of the particles follow the mean air flow,
only some of them will be ”shot” into the leaf surface.
How large this number of impacted particles is related to
the wind speed depends on the particle mass, the leaf sur-
face structure and the morphological structure of the veg-
etation canopy. As this information is not available yet,
we will use the vertical v, o for all surfaces.

Aerodynamic Resistances r, and 2

The aerodynamic resistance of a surface to particles r,, is
supposed to be the same as the resistance for heat transfer.

In the ENVI-met model, r, can be derived directly from
the turbulent exchange coefficient for heat at the ground

surface or at the walls K ,%) (more precisely here: roofs),

in which the effect of thermal stratification is already in-
cluded. Hence, the formulation for r, at the ground sur-
faces, at roofs and at walls becomes:

(16)

in which A, is the distance between the point where

K }(Lwo) is defined and the ground or wall surface (Az in the
case of roofs and the ground surface).

At plant leafs, the aerodynamic resistance 7% is calculated
following the expression given by Braden (1982):

D*

max(u,0.05) a7

P _
rP=A

where u is the wind speed at the leaf surface which is set
equal to the overall wind speed calculated for the corre-
sponding grid box (all there components counted).

A and D* are plant specific parameters which are set
to A=87 s%®m~! for deciduous trees and grass and to
A=200 s> m~! for conifers. D* represents the typical
leaf diameter and is 0.02 m for conifers and grass and 0.15
m for deciduous trees (Schilling, 1990; Naot and Mahrer,
1989).

Within the framework of deposition modelling, the ap-
proaches introduced above which origin from heat trans-
fer modelling are surly too simple for an accurate descrip-
tion of the processes taking place. There are many more
factors that influence the aerodynamic resistance of a leaf
surface, for example leaf hairs or the condition of the cu-
ticula.

Sublayer Resistance

The sublayer resistance 7, is an additional resistance
caused by the quasi-laminar layer adjacent to the surface,
across which the transfer velocity depends on the molec-
ular properties of the transported substance as well as on
the surface characteristics.

The sublayer resistance for particulate matters can be es-
timated as

1
Ty =

o, (50—2/3 + 10—3/575) (18)

The Schmidt-Number Sc is defined as

Se=v/D,

with the kinematic viscosity of the air v (set to v =
1.5-107° at 298 K). D, is the relevant diffusion velocity
which is in case of particles equal to the Brownian dif-
fusivity. The D, depends on the particle size as smaller
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particles experience faster Brownian motion and therefore
less sublayer resistance than bigger ones.

The estimation of the Brownian diffusion coefficient is
based on the Stokes-Einstein relationship :
_k-T-C.

= 1
X" 3x.u-D (19)

where k is the Boltzmann constant (=1.38-10723 JK—1),
and C. is the slip correction factor given by (11).

The Stokes Number is given by

(20)

For the ground surfaces (including water) and for roofs,
the friction velocity is re-calculated from the correspond-
ing exchange coefficient Kf:,”()) provided by the main

model and the horizontal wind component with

u .
. =y e

21

In case of vegetation elements, u, is recalculated from the
aerodynamic resistance r, (see above) with

1
— [ul
Ta

(22)

Uy =

where u is the three dimensional wind speed.

2.4 Numerical aspects

The explicit calculation of the sedimentation and deposi-
tion process adds a new stability criteria for the solution of
the prognostic equation. The time step used must be small
enough to ensure, that no negative concentrations can oc-
cur due to an overestimated downward sedimentation flux
or deposition.

For each grid cell, a critical time %, is calculated, at
which the concentration would be zero if all fluxes were
kept constant:

x(i, 4, k)

_(Xl(i’j7 k") - Xl(i7j7 k) - Xplant(i,j, k)
(23)

tzem(i7 jv k) =

If t,e00 1S below O, the concentration in the cell is increas-
ing and no restriction for the time step apply. The maxi-
mum usable time step in the model can then be defined to
be half of the time needed to reach the zero concentration
condition:

Atmax = 0-5tzer0 (24)

The determination of ¢, has to be performed after each
solution of the prognostic equation. If Aty ., is below
the main time step of the ADI system, the solution pro-
cedure is splitted into sub-loops using smaller time steps
with At = At,.« until the main time step is reached.
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