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Case description for the Aerosol Dynamics Model Exercise within the NORPAC network

Background

During the NORPAC Workshop in Helsinki 21.4.2005 it was decided to launch and intercomparison of aerosol dynamics models. This document gives a short description of the test case setup for the aerosol model intercomparison at urban scale emissions based on the Copenhagen data set. 
Potential participants for such an exercise: 

· Mono32 (Mia/Liisa), 

· UHMA (Tareq/Hannele), 

· Mono32/MATCH (Camilla/SMHI), 

· MAT/Aero3 (Matthias).

The test case is closely related to a data set obtained from a field campaign in the Copenhagen area. The field data are described in:

Ketzel, M., Wåhlin, P., Kristensson, A., Swietlicki, E., Berkowicz, R., Nielsen, O. J., and Palmgren, F. (2004): Particle size distribution and particle mass measurements at urban, near-city and rural level in the Copenhagen area and Southern Sweden. Atmos. Chem. Phys. 4, 281-292. (ACP-Link) 

The application of the test case for model validation is described in:

Ketzel, M. and Berkowicz, R. (2005): Multi-plume aerosol dynamics and transport model for urban scale particle pollution. Atmospheric Environment (attached below). (doi-Link) 
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Test case

The participants will model the evolution of the particle size distribution of an background air mass along a lagrangian trajectory influenced by urban emissions, dilution and aerosol dynamical processes (e.g. coagulation, condensation, deposition). Parameters are given in the Tables 1 and 2 below.

The schematic of the 2-dimensional test case is shown in Figure 1. The simulation starts at time=0s with a background distribution (measured at Lille Valby) given as sum of 3 log normal modes in Table 2 and Figure 2. The air mass is than transported over an (urban traffic) area source with a wind speed utr, the vertical turbulence is hereby w. The emission density of the homogeneous area source is Q and the size distribution of the emitted particles is given in Table 2 and Figure 2. The mixing layer height is HML and - if needed by the model - an initial dilution height (average building height) for the emissions of H0 is assumed.

The evolution of the size distribution will be followed for a simulation time of tsim. 

The models will either model a vertical dilution with a simple plume or diffusion scheme or just consider the whole air column from ground to the mixing layer height. This depends on the type of model used for this exercise (0, 1, 2 or 3 dimensions, Eulerian or Lagrangian frame). 

Model output

In order to identify the influence of the different processes separately the simulation should be performed several times with different processes switched on or off as shown in the following table:

Short name
Emission
Dilution
Deposition
Coagulation
Condensation

EmDi
X
X




+De1
X
X
X1



+Coa
X
X

X


+Con1
X
X


X1

+DeCoa
X
X
X
X


+DeCoaCon
X
X
X
X
X

“X” means the corresponding process is active, all other processes are off.

1 For this simulation two separate model runs for two parameter values should be performed.

The first simulation (EmDi) will e.g. just compare the different dilution schemes that are used in the different models. As output the is required (as Text file or EXCEL) the

· integrated total number and total volume of the size distribution near the ground as function of time every 600s

· integrated total number and total volume of the size distribution as vertical profiles (function of height) after 600s, 1200s, 3600s and 12000s.

· particle size distribution near the ground (lowest model layer) a the end of the simulation (after 12000s).

Plots will be made similar to Fig. 6-8 in Ketzel, M. and Berkowicz, R. (2005) just for the different model approaches. Additionally a short description of the model and selected important parameters for the simulations should be provided.

Contact and time table for submission of results

Please direct all comments, requests for additional information and questions concerning this test case set up to:

Matthias Ketzel, DMU, (mke@dmu.dk)

Please indicate when you will be able to submit your results. The goal is, to give a presentation with first results at the next NOSA meeting in Göteborg 3./4. November 2005. Therefore results should  be submitted in August /September 2005.

Tables and figures

Table 1   Model and input parameters used for the simulations. Two versions of parameters are given for C∞ and u*.

symbol
parameter
value

H0
lower initial dilution height
20 m

H0max
upper limit for H0
41 m

HML
mixing layer height
500 m

Q
particle emission density
230 (particles cm-3) m s-1

C∞
gas phase concentration of condensing vapour
3.1×107 or 1.85×108 molec. cm-3

u*
friction velocity
1.33 or 0.5 m s-1

T
ambient temperature
10°C

utr
wind speed
4 m s-1

w
vertical turbulence
0.4 m s-1

tsim
total simulation time
12000 s

Table 2   Parameters of the 3 log-normal modes for the size distribution at Lille Valby (background air) and the traffic source: number concentration N (cm-3), count median diameter CMD (nm) and geometric standard deviation GSD (-). For the traffic source the sum of all modes was scaled to 1000 cm-3.

parameter/mode number
Lille Valby (westerly winds)
traffic source (JGTV-HCOE)

N1
2189
273

CMD1
82.9
61.8

GSD1
2.38
2.0

N2
2073
632

CMD2
31.6
21.8

GSD2
1.92
1.62

N3
308
95

CMD3
12.5
11.1

GSD3
1.37
1.28
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Figure 1 Schematic of the case set up.
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Figure 2   Size distribution of the traffic source and the background concentration.
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Abstract


The Multi-plume Aerosol dynamics and Transport (MAT) model has been developed to study the dynamics of the


particle size distribution in urban environments. The MAT model uses a novel multi-plume scheme for vertical


dispersion and routines of the aerodynamics models AERO3. It treats the processes: emission from a near ground


source, dilution with background air, deposition, coagulation and condensation. The employed plume approach is


computationally efficient compared to grid models and is therefore suitable for calculating longer time series.


The treatment of the different processes in the model was validated against analytical solutions and literature data


and later the full model was applied to a field data set from the Copenhagen area. The range of changes in particle


concentration including all processes compared to an inert treatment of particles lies between 13% and 23% of loss in


total number concentration and 2% loss and 8% gain for the total volume concentration. This agrees well with


measurements in Copenhagen that indicated total number concentration (ToN) losses in the range of 15–30% between


kerbside and urban rooftop level. The model also reproduces the shift of the maximum in the size distribution to slightly


larger diameters between street and urban rooftop level.


Because of the uncertainties in the parameters describing the different processes and their similar influence on the


particle size distribution, it is possible to obtain similar results with different parameter combinations. More research


and model validation is needed to narrow the range of possible input parameters and model assumptions for this type of


modelling.


r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction


Elevated particle concentrations in urban areas are


mainly caused by traffic emissions and could be related


to adverse health effects (Seaton et al., 1995; Donaldson


et al., 1998; Wichmann and Peters, 2000). Particle size is

e front matter r 2005 Elsevier Ltd. All rights reserve


mosenv.2005.01.058
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214.


ess: mke@dmu.dk (M. Ketzel).

a key parameter within all aspects of particle formation


and transformation processes as well as for deposition


inside the respiratory system and health effects. There-


fore, much research has been undertaken on measuring


and modelling the particle size distribution in traffic


exhaust and ambient environment.


Particle size resolving vehicle emission factors


were estimated under real-world driving conditions


for different vehicle fleets and ambient conditions


(Jamriska and Morawska, 2001; Gehrig et al., 2003;

d.
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Ketzel et al., 2003; Gidhagen, 2004; Kittelson et al.,


2004; Kristensson et al., 2004) and show consistent


results.


The transformation of the particle size distribution


has been investigated in several recent studies in the


direct exhaust plume of a single vehicle for simulation


times up to 25 s (Vignati et al., 1999; Bessagnet and


Rosset, 2001; Pohjola et al., 2003). As an example,


Vignati et al. (1999) employed an 0-D box trajectory


model for the dilution process coupled with the sectional


aerosol dynamics model AERO3, which represents the


size distribution in 46 size classes and found coagulation


and condensation of water vapour insignificant com-


pared to the dominating dilution process. Pohjola et al.


(2003) used the same box model coupled to the aerosol


dynamics model MONO32, using 4 monodisperse size


modes. They also found coagulation negligible in the


vehicle exhaust plume and concluded that condensation


is relevant if the concentration of an insoluble organic


vapour exceeds the threshold value of 1010 or


1011molecules cm�3. Sectional aerosol dynamics models


were also coupled with a Gaussian plume model (Kim,


2002) and a 1-D column trajectory model (Capaldo and


Pandis, 2001) to follow the evolution of the size


distribution in the plume of a heavy-duty truck up to


travel times of 30min. Gidhagen et al. coupled the


MONO32 to a 3-D hydrodynamical grid model and


studied the development of the size distribution in


several microenvironments, i.e. road tunnel, street


canyon and close to a highway (Gidhagen et al., 2003,


2004; Gidhagen, 2004). They showed that coagulation


and deposition are most important removal mechanisms


due to the high concentration levels inside the road


tunnel with 41–77% loss depending on particle size and


estimated smaller effects in a street canyon or close to a


highway with losses of 10–30% depending on wind


speed. Gidhagen (2004) also coupled the MONO32


using 7 size modes with a regional grid model to study


the particle dynamics in the Stockholm area and found


particle losses due to coagulation and deposition of


about 25%, thereof coagulation accounted only for a


minor part of the reduction. Jacobson and Seinfeld


(2004) studied the evolution of the particle size distribu-


tion near a highway source using a sectional multiple


component aerosol model and a 3-D grid model


concluding that dilution is more important than


coagulation at reducing the total number concentration


and that van der Waals/viscous forces and treatment of


fractal geometry might enhance Brownian coagulation


substantially.


A recent time scale analysis (Ketzel and Berkowicz,


2004) confirmed that dilution is the dominating process


in the exhaust plume and at kerbsides while particle


dynamics is less significant. It was also shown that at


urban scale the dilution process has a time scale in the


same order of magnitude as, e.g. coagulation and

deposition and therefore particle dynamics might be


more significant.


Therefore, here we investigate the transformation of


the particle size distribution at urban scale considering


the simultaneous emissions from many traffic sources


inside an urban area. The particle dynamics is modelled


using the sectional aerosol dynamics model AERO3


(Vignati, 1999). A sectional model is used in order to


represent the particle size distribution in a high


resolution that corresponds to available measurements


employing differential mobility particle sizer (DMPS). A


new multi-plume approach was developed combining


the properties of a plume model with a 1-D Langrangian


trajectory framework. The plume model provides an


accurate description of the dispersion from a single


source, while Eulerian grid models would require


significantly more computational power, contain the


error of numerical diffusion and cannot reproduce


the dispersion close to the source in an accurate way.


The Lagrangian framework limits the computational


requirements and the common difficulty with this type


of model, i.e. the superposition and mixing between


Lagrangian particles, was solved by using the multi-


plume approach.


In the following section, the Multi-plume Aerosol


dynamics and Transport model (MAT) is presented and


the treated processes are described: continuous emission


and dilution with background air, coagulation, deposi-


tion and condensation of a low volatile vapour. After


sensitivity test and a validation of the single processes


the model is applied to a field data set obtained for


Copenhagen. Model results are compared with the field


data and sensitivity studies show the importance of the


various processes.

2. Description of the multi-plume dispersion model


This section shows a brief description of the governing


model equations for the dispersion, the aerosol dy-


namics and the numerical method used for the integra-


tion.


2.1. General equations


The dynamic equation of a particle size distribution


can be written in the following form:


dNi


dt
¼ Pi � LiNi,


Pi ¼ Pemi
i þ Pdil


i þ P
coag
i þ Pcond


i ,


Li ¼ L
dep
i þ Ldil


i þ L
coag
i þ Lcond


i , ð1Þ


where Pi (units: particles cm
�3 s�1) and Li (s


�1) are the


sum of the production and loss terms for several


processes and Ni is the particle number concentration
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in the ith size section. Since the terms Pi and Li also


depend on the particle concentrations in size intervals


other than i, Eq. (1) is a system of coupled, ordinary


differential equations (ODEs). Including the second-


order process coagulation makes the system non-linear.


The processes dilution, coagulation and condensation


have both production and loss terms, while emission is a


pure production process and deposition has only a loss


component. The detailed form of these terms is


described in the following sections.


2.2. Plume dilution and emissions


The treatment of the vertical dilution of the urban


emissions is adopted from the Urban Background


Model (UBM) presented by Berkowicz (2000). Fig. 1


gives the schematics of the plume development in UBM.


It is assumed that the urban emissions are initially


diluted up to an average height of the buildings H0 and


that the height of the vertical dispersion (later referred as


plume height Hp) is increasing proportional to the


travelled distance x or with travel time t according to


Hp ¼ H0 þ sw
x


utr
¼ H0 þ swt, (2)


where sw (m s
�1) is the vertical turbulence which governs


the vertical dilution and utr (m s
�1) is the transport


velocity of the emissions which is proportional to the


wind velocity. The plume height is eventually limited by


the mixing layer height HML. This assumed linear plume


growth corresponds to observations made in atmo-


spheric dilution experiments (Pasquill and Smith, 1983)


and is also reflected in the empirical relation for the


vertical dispersion: sz / xb for Gaussian plume models,


where b is close to unity for neutral and slightly unstable


conditions (Turner, 1969). This growth relation can be


interpreted with the picture that the rate in which a


plume will be diluted by the atmospheric turbulence


depends on the size of the plume (Fig. 1). Only turbulent

Fig. 1. Schematic of the dispersion in a linear growing plume.

eddies of the size of the plume or smaller can ‘dilute’ the


plume while larger eddies will only move the entire


plume but not dilute it with the surrounding background


air. With growing plume size a larger part of the


atmospheric turbulence spectrum can contribute to the


dilution. This type of linear growth can be simulated in a


Lagrangian frame where the transport time or the plume


size is known. In grid box models (Eulerian frame) the


vertical dispersion is usually modelled as a function of


the local concentration gradient using the so-called K-


theory. This generally results in a growth that is


proportional to
ffiffiffi
x


p
:


The schematic in Fig. 1 and the explanations given


above describe the dilution of a single source emitting at


x ¼ 0: This is the case when only one single source, e.g.
plume of one car is regarded. In the case of an urban


environment the emissions continue for x40: For


tracers that do not undergo any non-linear reactions it


is possible to superimpose many plumes starting at


different distances x and integrate the concentration


profile analytically. This approach was used for the


models UBM and OSPM (Berkowicz, 2000; Berkowicz


et al., 1997) and yields an analytical solution for the


height dependence of the concentration in the plume as


Nðt;HÞ ¼
Q


sw
ln


H0 þ swt


H
þ Nb


with H0pHpH0 þ swt, ð3Þ


where Q (particlesm�2 s�1) is the emission density, H


(m) the height above ground and Nb (particlesm
�3) the


background concentration.


This way of an analytical integration is not possible


for the application described here since a non-linear


process, namely coagulation, has to be treated. That


means the plume dispersion has to be expressed at each


time step in production and loss terms as will be


described in the following paragraphs.


The schematic of the dilution algorithm developed


here is depicted in Fig. 2. Similar to the previous scheme


(shown in Fig. 1) the emissions are diluted initially up to


a height H0, but here the emissions continue and are


diluted into the growing plume. After the plume reaches


a height H0max a new plume with the initial height H0 is


created and now the emissions are only added into the


lowest plume. The dilution process continues, all plumes


are growing with time and whenever the lowest plume


exceeds the height H0max a new plume is created. The


new plume is initialised with the concentrations from the


previous plume. The time dependence of the concentra-


tions in each plume are stored and followed according to


Eq. (1) including all relevant processes. In this way a


height dependence of the concentrations is developing


over time. Eventually the upper plume reaches the


mixing layer height and it will be excluded from the


model.
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Fig. 2. Schematic for multi-plume approach. Numbers give the


vertical z-index of the plume layer.
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The production term due to emissions from the


surface is given by


Pemi
i ¼


Qi


Hp;0
, (4)


where Qi is the emission density for the ith particle size


section and Hp,0 is the plume height of the lowest plume


at the present time step (with H0pHp,0pH0max ). The


emissions are only treated at the lowest plume index


(z ¼ 0).


Here the index z is introduced for the vertical plume


layer (Nz, Hp,z, etc.). Therefore the index i for particle


class that is associated with N, Pdil and Ldil will be


dropped in the following discussion in order to avoid


double indices. For the lowest plume (adjacent to the


ground surface) z equals 0 and for the highest plume


z ¼ zmax: Initially zmax equals 1 and N1 is identical with


the background concentration shown in Fig. 2. The total


height of each plume is denoted with Hp,z and the


thickness with DHp;z: Here, a few definitions and special


cases follow: DHp;0 ¼ Hp;0; DHp;z ¼ Hp;z2Hp;z�1 (for


z40); Hp;zmax ¼ HML: The latter equality shows that the
uppermost layer extends up to the mixing layer height.


As mentioned before, the production and loss terms


for the dilution process have to simulate the linear


plume growth and the associated mixing of air from


upper plumes or from the background into the lower


plumes. The different plume layers have a different age


(or travel time) that corresponds to their total height


above ground. This different age and plume height result


in different turbulent mixing that is accounted for in the


approach presented here.


As illustrated by the eddies in Fig. 1, the mixing is a


non-local process and the background air that is


entrained into the plume is evenly distributed over the

entire plume down to the lowest layer so that no vertical


gradient is formed inside the plume. This means,


transferred into the multi-plume approach depicted in


Fig. 2, that at the time step from t to t þ Dt air mass has


to be diluted (or mixed) from plume 3 (background) into


plumes 0, 1 and 2 proportional to their layer thickness.


At the same time some air also has to be diluted from


plume 2 into plume 0 and 1 and from plume 1 into 0.


For all these air transports the mass balance has to be


made in a way that plume 3 has a net loss of dH ¼ Dtsw
and plume 0 has a net gain of dH and all other layers


have a zero net loss. The following equations describe


the dilution process between the different plume layers.


The production terms for a layer z is given by


Pdil
z ¼


sw
DHp;z


0 0 � � � 0 0


Azmax�1 ;zmax 0 � � � 0 0


..


. ..
.


Ai;j
..
. ..


.


A1;zmax A1;zmax�1 � � � 0 0


A0;zmax A0;zmax�1 � � � A0;1 0


0
BBBBBBBBBB@


1
CCCCCCCCCCA


�


Nzmax


Nzmax�1


..


.


N1


N0


0
BBBBBBBBB@


1
CCCCCCCCCA


,


ð5Þ


where the matrix elements Aij describe the entrainment


of air from the layer j into the layer i. Since the layer i


will receive entrained air only from layers above, all


elements Aij with iXj are zero. The distribution of air


from layer j to a the layers ioj is proportional to the


layer height i. The definitions of Aij are therefore


Ai;j ¼ 0 for iXj;


Ai;j ¼
DHp;i


Hp;j�1
aj for ioj


(6)


with aj being the total amount of air transported from


layer j to all layers below. The elements Aij and aj are


normalised by the total air volume transported from


layer zmax. Each layer 0ozozmax can only redistribute


downward that amount of air, which was in total


received from above. This is necessary to assure mass


balance and is described by


azmax ¼ 1,


ai ¼
X


j


Aij for jozmax. ð7Þ


Appendix A contains an example that illustrates the


procedure described here to calculate the matrix Aij. The


loss term due to dilution is defined as


Ldil
z ¼


sw
DHp;z


az for zozmax (8)


and is proportional to the air volume that is mixed into


the layer from above (aj).


The above described multi-plume dilution scheme


treats the upward transport of the near ground


emissions by a linear growth of the plume heights
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according to Eq. (2), while the downward transport of


the entrained background air is solved by the non-local


scheme according to Eq. (5). The performance of this


scheme was tested by comparing the analytical solution


in Eq. (3) with the calculated concentration profiles


when the only processes included are emission and


dilution. Fig. 3 shows an excellent agreement of the


numerical integrated results with the analytical solution


both for the vertical profiles and the time dependence at


ground level. The mass conservation in the numerical


scheme is satisfied within less than 0.5%. Fig. 3 also


shows the difference between the multi-plume scheme


and a simple single plume approach, where all emissions


are immediately diluted up to the total plume height and
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Fig. 3. (a) Vertical concentration profiles calculated by


numerical integration with the MAT model (triangles) and


with the analytical solution (bold lines) at simulation times


600 s, 3600s and 12 000 s. (b) Time dependence of the total


particle concentration at ground level for MAT model results


(EmDi) and the analytical solution for the multi-plume


approach. For comparison the analytic solution for the


single-plume approach and the development of the total plume


height are given.

no vertical gradient is present. Both plume models give


initially similar results, since the total plume height is


small. With growing total plume height the multi-plume


approach gives increasingly higher concentrations com-


pared to the single plume model, until the total plume


height reaches the mixing layer height and the difference


between both plume approaches remains constant.


2.3. Aerosol dynamics model


The aerosol dynamics model AERO3, developed by


Vignati (1999), was modified and employed here to treat


the processes coagulation, deposition and condensation.


AERO3 was designed for the system H2SO4–H2O–soot


including externally mixed particles, but in this study


only a single component aerosol was assumed. The size


distribution is described using the fixed sectional method


with logarithmically spaced sections. The number of size


classes is variable, here a relatively fine distribution with


121 classes in the range from 2 nm to 2mm was used in


order to minimise the numerical diffusion in the case of


condensational growth.


2.3.1. Coagulation


Only the coagulation due to Brownian motions of the


particles is treated here, which is the dominating


coagulation process under atmospheric conditions


(Wexler et al., 1994).


The loss rate of particles in size class i due to their


coagulation with all other particles is given by


L
coag
i ¼


X
j


KijNj , (9)


where Kij is the coagulation coefficient.


The production of new particles in size class i is


calculated by


P
coag
i ¼ 0:5


X
j;k


KjkNjNk, (10)


where j and k are such that R3
i ¼ R3


j þ R3
k:


The coagulation coefficient Kij is defined based on the


standard formulations found, e.g. in Hinds (1999) and


the exact expressions used in the model are given in our


time scale analysis (Ketzel and Berkowicz, 2004).


2.3.2. Deposition


Deposition occurs only in the lowest layer and the loss


of particles in size class i due to deposition is given by


L
dep
i ¼


vd;i


Hp;0
, (11)


where vd,i (m s
�1) is the deposition velocity and Hp,0 the


height of the lowest plume.


According to the resistance model the deposition


velocity is described as a combination of aerodynamic


resistance ra, quasi laminar layer resistance rb and the
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gravitational settling velocity vs (Seinfeld and Pandis,


1998; Slinn and Slinn, 1980):


vd;i ¼
1


ra þ rb;i þ rarb;ivs;i
þ vs;i. (12)


The aerodynamic resistance ra, is independent of


particle size. Here we assume a typical value for urban


conditions of ra ¼ 33 sm�1: In contrary, rb and vs show a


strong dependence on particle size and friction velocity


u*. Using u* values of 1.33 and 0.5m s
�1 gives deposition


velocities that cover the range of atmospheric observa-


tions (Gallagher et al., 1997) or assumptions in models


(Nho-Kim et al., 2004, Fig. 1) for the deposition velocity


above different surfaces. Both u* values are used in this


study as upper/lower estimates for the deposition.


2.3.3. Condensation


The change in number concentration for particles of


diameter dp due to condensation is given by


dNðdpÞ


dt
¼ �


q
qdp


IðdpÞNðdpÞ
	 



. (13)


The rate of change in particle diameter I(dp) (also


denoted as growth rate) is described by


IðdpÞ ¼
ddp


dt
¼


2


prd2p


dm


dt
¼


2Mm


prd2pNA


dnm


dt
, (14)


where r (kgm�3) is the particle density, NA (mol
�1) the


Avogadro’s constant, Mm the molar mass of the


condensing species m and dnm/dt the condensational


molecular flux towards particles if size dp. The latter is


expressed by


CcondðdpÞ ¼
dnm


dt
¼


2pDmdp


1þ 8Dm


�
ac̄mdp


	 
 ðC1 � Csurf Þ,


(15)


where Dm (m2 s�1) is the diffusion coefficient of species


m, c̄m (m s�1) its mean molecular velocity, a (-) the


accommodation coefficient (generally between 10�3 and


1), CN and Csurf (cm
�3) the concentrations of species m


in the gas phase and at the particle surface (vapour


concentration), respectively.


Formulating Eq. (13) for discrete size sections leads to


the expressions of the production and loss terms for


condensation:


Pcond
i ¼


Ccond
i�1 Ni�1


di


and Lcond
i ¼


Ccond
iþ1


diþ1
, (16)


where di is the number of molecules needed to grow


particles from size section i�1 to size i given by


di ¼
NA


6Mm


pr d3p;i � d3p;i�1


� 

. (17)


These equations are valid under the assumption of


spherical particle shape. Further, an accommodation


coefficient of unity is assumed here and Csurf is set to

zero, indicating a species with a negligible vapour


pressure. The gas-phase concentrations will be variable


for the sensitivity tests. Presently, very little is known


about the nature and properties of the condensing


species causing atmospheric particles to grow, presum-


ably, low volatile organics and H2SO4 are important


(Kulmala et al., 2004). Here the properties of H2SO4 are


chosen for the condensing species (Mm ¼ 98 gmol�1;
d ¼ 1:84 g cm�3). In connection with particle formation


events in Copenhagen, growth rates in the range of


1–6 nmh�1 were observed (Ketzel, 2004, Fig. 10). These


growth rates are used in this study as lower/upper


estimates and could be reproduced in the model


assuming gas-phase concentrations of 3.1
 107 cm�3


and 1.85
 108 cm�3.


2.4. Numerical scheme


For integration of Eq. (1) an iterative method is used


based on the backward Euler approximation. The


number concentration at the time step t þ Dt is


estimated by


NtþDt
i ¼


Nt
i þ PtþDt


i Dt


1þ LtþDt
i Dt


. (18)


This so-called Euler Backward Iterative (EBI) method


has been tested and is recommended for its accuracy and


efficiency (Hertel et al., 1993). The production and loss


terms are recalculated using the concentrations from the


last time step and the iteration procedure in Eq. (18) is


repeated until the following convergence criterion is full


filled:


Nold � Nnewj jpA Nold þ Nnewð Þ, (19)


where Nold and Nnew are the concentrations from the


previous and actual iteration step, respectively, and A is


the prescribed accuracy (relative error).

3. Sensitivity tests and model validation


In a model validation phase several sensitivity tests


and comparisons with analytical solutions or examples


from textbooks have been performed. Already men-


tioned was the validation of the vertical dilution scheme


against the analytical solution (see Section 2.2 and


Fig. 3). The coagulation scheme has been successfully


tested by recalculating an example given in Hinds


(1999); results are shown in (Ketzel, 2004). The


conservation of the total particle volume during the


coagulation was tested and the error is smaller than


0.2% for a 5 h simulation.


The simulation of condensational growth with a


sectional representation of the size distribution is


influenced by numerical diffusion (Zhang et al., 1999).


A sensitivity test simulating the growth of a relatively
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narrow log-normal size distribution (geometric standard


deviation GSD ¼ 1.2) has shown that a finer resolution


of the size distribution (dlogDp ¼ 0.025) compared to


the original version of AERO3 (dlogDp ¼ 0.1) can


substantially reduce the numerical diffusion (Ketzel,


2004, Fig. 12). For wider size distributions (GSD larger


than 1.2) as they are usually observed under ambient


conditions numerical diffusion will be smaller. There-


fore, numerical diffusion in connection with the simula-


tion of condensation will not be a problem in this model


application. Moreover, the conservation of the total


particle number in the condensation scheme was tested.


The relative error was smaller than 0.01% for a 5 h


simulation.


The parameters for the model application were chosen


as results of the sensitivity tests and are given in Table 1,


which also contains several input parameters described


in the following section.
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Fig. 4. Size distribution of the traffic source and the back-


ground concentration.

4. Model configuration and input data


The model application described here uses measured


particle size distributions from a field campaign in


September–November 2002 in the Copenhagen area


(Ketzel et al., 2004). We use the subset of data with


westerly wind directions, in total, 92 h of measurements.


For these wind directions the station Lille Valby


(LVBY) located 30 km west of Copenhagen is ‘‘upwind’’


of Copenhagen. Therefore, the average size distribution


measured at LVBY is used as initial background


distribution in the simulations. The measured average


wind speed of about 4m/s and temperature of 10 1C are


also applied in the model runs. It is further assumed that


the particle emissions in Copenhagen are dominated by


traffic sources and have a size distribution according to


measurements in two streets in Copenhagen. Fig. 4


shows the size distribution of the street traffic source for


Jagtvej (JGTV) and H.C. Andersens Boulevard (HCAB)

Table 1


Model and input parameters used for the simulations


Symbol Parameter


Dt Integration time step


A Accuracy of the iteration, see Eq. (22)


dlogDp Logarithmic width of the size sections


H0 Lower initial dilution height


H0max Upper limit for H0


HML Mixing layer height


Q Particle emission density


C1 Gas-phase concentration of condensing


u* Friction velocity


T Ambient temperature


utr Wind speed


sw Vertical turbulence

estimated from measurements in 2001 and 2002 (see


Ketzel et al., 2004, Fig. 9). The size distributions were


corrected for urban background concentrations mea-


sured at the roof of the H.C. Ørsted Institute (HCOE,


located in 500m distance from JGTV) and normalised


with the difference of the NOx concentrations. The


HCOE site is considered to represent well urban


background conditions at JGTV, while it might be less


correct for HCAB (3 km distance). The traffic size


distribution at these two street stations are very similar


supporting the assumption of a uniform size distribution


for the Copenhagen traffic source. The measured size


distributions for traffic source (JGTV minus HCOE)


and regional background (LVBY) were fitted to a


sum of 3 log-normal modes; their parameters (given in


Table 2) are used in the simulations.


The particle emission density of the traffic source is


estimated with help of the NOx emission survey for


Copenhagen also used by Berkowicz (2000). A typical


NOx emission density for the inner part of Copenhagen


is approx. 350 kg (2 km)�2 day�1 (see Berkowicz, 2000,


Fig. 1), which corresponds to 1.01
 10�6 gm�2 s�1. For


the traffic source in Copenhagen the particle/NOx ratio

Value


5 s


0.001


0.025


20m


41m


500m


230 (particles cm�3) m s�1


vapour 3.1
 107; 1.85
 108molec. cm�3


1.33; 0.5m s�1


10 1C


4ms�1


0.4m s�1
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is relatively constant and a typical value of 420


(part cm�3 ppb�1) is used (see e.g. Ketzel et al., 2004,


Fig. 10). Combining these two numbers gives an


estimate for the particle number emission density in


Copenhagen of about 230 (pt cm�3) m s�1.


The vertical turbulence sw that governs the growth of
the plume height via Eq. (2) is assumed to be 10% of the


wind speed, i.e. 0.4m s�1. This will result in a ratio


plume height to travel distance of approx. 0.1, corre-


sponding to atmospheric observations under neutral to


slightly unstable conditions in the Pasquill–Gillford


curves for plume dispersion (Gifford, 1961).


The total simulation time is set to 12 000 s, which


corresponds to a travel distance of 48 km for a transport


speed of 4m s�1. In urban areas the effective transport


speed of the pollution is reduced due to the interaction


of the wind field with the urban roughness and the


‘‘trapping’’ of pollution in-between buildings. The

Table 2


Parameters of the 3 log-normal modes for the size distribution


at Lille Valby and the traffic source: number concentration N


(cm�3), count median diameter CMD (nm) and geometric


standard deviation GSD (-). For the traffic source the sum of all


modes was scaled to 1000 cm�3


Parameter/mode


number


Lille Valby


(westerly winds)


Traffic source


(JGTV-HCOE)


N1 2189 273


CMD1 82.9 61.8


GSD1 2.38 2.0


N2 2073 632


CMD2 31.6 21.8


GSD2 1.92 1.62


N3 308 95


CMD3 12.5 11.1


GSD3 1.37 1.28


Table 3


Model simulations performed in this study and applied parameters


Short name Em Di De


LVBY+De X


LVBY+Coa


LVBY+Con


EmDi X X


+De X X X


+Coa X X


+Con X X


+DeCoa X X X


+DeCoaCon X X X

model UBM accounts for this effect by assuming a


factor 0.5 on the transport speed. This corresponds to a


reduced travel distance of 24 km during the simulation


time of 12 000 s, comparable to the distance the air mass


considered here has to move over the Copenhagen area


before reaching the HCOE measuring station for the


regarded westerly wind directions.

5. Results


In order to investigate the effect of the different


aerosol dynamics processes nine model simulations are


presented here. An overview of the model simulations is


given in Table 3. The first three simulations investigate


the transformation of the measured particle distribution


at LVBY due to deposition, coagulation or condensa-


tion over a simulation time of 12 000 s. No emission or


dilution processes are considered in these simulations.


The following six simulations account for emissions


from traffic sources and a dilution using the multi-plume


approach together with different combinations of


aerosol dynamics processes.


Fig. 5 shows the results of the first three simulations


that consider two values for the growth rate (GR) and


the friction velocity u* for condensation and deposition,


respectively. All considered processes remove the


smallest particles from the lower end of the size


distribution and accomplish therefore a growth of the


(geometric) mean diameter of the distribution. Coagula-


tion will remove about 10% of the total number


concentration (ToN) during the simulation while de-


position reduces ToN by about 50% or 70% depending


on the assumed deposition velocity. Condensation does


not change ToN but causes a growth of the particles by


circa 3 or 20 nm depending on the growth rate. Since


smaller particles appear to grow ‘‘faster’’ than bigger


particles in a logarithmic plot as in Fig. 5 the particle


size distribution is getting narrower with time and


consequently higher because ToN (equal to the area

Coa Con Parameter


u� ¼ 0:5; 1.3m s�1


X


X GR ¼ 1; 6 nmh�1


u� ¼ 1:3m s�1


X


X GR ¼ 1 nmh�1


X u� ¼ 1:3m s�1


X X u� ¼ 1:3m s�1; GR ¼ 1 nmh�1
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under the size distribution curve) has to remain


constant.


This first set of simulations illustrates the effect of the


aerosol dynamics processes and the sensitivity to


parameter variations within typical ranges. An experi-


mental verification of the parameter values would


require measurements at two stations along the trajec-


tory of an air mass that is not affected by emissions. This


is not possible with the data set available here. In the


considered experiment the traffic emissions play a


crucial role and they are treated in the succeeding six


simulations.


Fig. 6 shows the time development of ToN at the


ground level for five model runs including the traffic


emission and dilution process. The simulation ‘‘EmDi’’


represents the reference case without removal or


aerodynamics processes, i.e. the particles are treated as


inert tracers. The simulation ‘‘+Con’’ gives practically


the same ToN as ‘‘EmDi’’ and was omitted in the plot.


Coagulation is a non-linear process since the loss rate


is proportional to the number concentration, see Eq. (9).


Therefore, coagulation is less efficient in reducing ToN


at the start of the simulation, when concentrations are


lower compared to the end of the simulation. This is


visible in a reducing slope of the curve ‘‘+Coa’’ in Fig. 6


with increasing simulation times. Moreover, the emitted


particles from the traffic source are of smaller size and


therefore coagulate faster compared to the larger back-


ground particles (see Fig. 4).


Deposition is a linear process with regard to the


number concentration, see Eq. (11), but still shows a

dependence on particle size, which changes with simula-


tion time due to the traffic emission as described above.


Therefore, deposition is also slightly more efficient


towards the end of the simulation, visible as small


bending of the curve ‘‘+De’’ in Fig. 6. The simulation


‘‘+DeCoa’’ shows the largest removal of particles since


deposition and coagulation act simultaneously. When,


in addition, the condensation process is simulated


(‘‘+DeCoaCon’’) less particles are removed, i.e. more


particles remain at the end of the simulation. The reason


for this behaviour is that condensation causes particles


to grow from smaller sizes (o10–20 nm), where removal


processes act rapid, to larger sizes, where removal is


slower and contributes herewith to a higher ‘‘survival’’


chance.


Fig. 7 gives the ToN and ToV (total volume


concentration) both as absolute values and ratios


relative to the reference case ‘‘EmDi’’ at the end of the


different simulations. The effects with respect to ToN


have been discussed above in connection with Fig. 6.


The influence of deposition on ToV is moderate (o3%)


since deposition velocity has its minimum at particle


sizes 0.2–1 mm, where most of the mass of the particle
size distribution is located. Coagulation is neutral


towards ToV, while condensation increases the particle


mass by 9% and 1.4% for growth rates 6 and 1 nmh�1,


respectively. Fig. 7 also indicates the range of results


that can be obtained by variation of the parameters GR


and u*. The overall range of changes including all


processes lies between 13% and 23% of loss in ToN and


2% loss and 8% gain for ToV. This agrees well with
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measurements in Copenhagen that indicated ToN losses


in the range of 15–30% between kerbside and urban


rooftop level (Ketzel et al., 2004).


Fig. 8a shows the size distribution at the end of four


different simulations together with the measured dis-


tribution during the described field campaign in 2002 at


LVBY (background) and HCOE, the urban roof level


distribution that is the target of the simulations. The


simulation including all processes ‘‘+DeCoaCon’’ and


using the parameters given in Table 3 shows a good


agreement with the curve measured at HCOE, both in


terms of the concentration level and the position of the


maximum in the size distribution. The uncertainties of


the parameters used in this simulation are discussed in


the following section. Simulations using a growth rate of


6 nmh�1 do not agree with the measured distribution at


HCOE; the shift of the size distribution is too large and


the reduction of the particle concentration in the size

range below 30 nm is considerably overestimated. A


growth rate of approx. 1 nmh�1 seems to be more


realistic for the data set used here.


Fig. 8b gives the modelled size distributions in log-log


presentation in order to display also the upper and lower


end of the distribution where concentration levels are


small. It is obvious that the considered particle dynamics


processes act mainly at the lower end of the size


spectrum, while only small changes appear for particle


sizes larger than 100 nm. Since the processes coagulation,


deposition and condensation shape the size distribution


in such a similar way, it is difficult to estimate which


process and to what extent is responsible for any


observed temporal or spatial variation in a data set of


particle size measurements. Also, modelling studies


cannot give an exact estimate of the effect of each


process since the uncertainties of the input parameters


might shift the weighting between the different processes.
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Fig. 8. (a) Size distribution calculated with different particle


dynamics processes considered. Parameters as given Table 3,
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6. Discussion and conclusion


The Multi-plume Aerosol dynamics and Transport


(MAT) model has been developed to study the dynamics


and dispersion of a particle size distribution in urban


environments. The MAT model uses a novel multi-


plume scheme for vertical dispersion and routines of the


aerodynamics models AERO3. It treats the processes


emission from a near ground source, dilution with

background air, deposition, coagulation and condensa-


tion. The model was validated and applied to a field data


set from the Copenhagen area. For the processes


condensation and deposition a reasonable range of


parameters has been used. The model was able to


reproduce the observed reduction in particle number


and the growth in particle diameter between street traffic


source and urban rooftop level for selected parameter


combinations.


The processes coagulation, deposition and condensa-


tion act in a similar way in removing smaller particles


(o20–30 nm) and increasing the mean particle diameter


of the size distribution and all three processes are


candidates for causing the observed changes. Because of


the uncertainties in the parameters describing the


different processes and their similar influence on the


particle size distribution, it is possible to obtain similar


results with different parameter combinations, i.e. the


processes can ‘‘replace’’ each other. Therefore, the


contribution of each aerosol dynamics process to


the observed changes in the particle size distribution is


not exactly defined. The uncertainties in the processes


treated in this model application are discussed in the


following:




 Here, only coagulation due to Brownian motion of


the particles is considered. A possible enhancement of


coagulation due to van der Waals and viscous forces


and the fractal shape of the soot agglomerates might


increase the coagulation process by a factor 3–5


(Kerminen, 1994; Bessagnet and Rosset, 2001;


Jacobson and Seinfeld, 2004). However, little experi-


mental data exist so far to validate these coagulation


enhancements for traffic and urban aerosol.




 The deposition over an inhomogeneous surface such


as an urban area with building structures, vegetation


and water surfaces is difficult to assess. The range of


deposition parameters used here tries to account for


these uncertainties, but there might be arguments for


deposition velocities outside this range.




 Condensation is able to act as an ‘‘indirect’’ source of


particles by growing particles out of the lower size


range with high removal rates. Little information


exists so far about the chemical character and the


concentrations of the condensing vapours in urban


areas. Here, the gas-phase concentration of a


hypothetical vapour was assumed so that the growth


rates observed during particle formation events in


Copenhagen could be reproduced. This indirect


method gives a range of possible gas concentrations.


The vapour pressure at the particle surface was


assumed to be zero. This approximation might be


questioned. Assuming non-zero vapour pressure


would allow for evaporation, which is another


possible process for efficient removal of small
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particles. More research is needed to identify the


main condensing vapours and find parameterisation


of their concentrations based on available measure-


ments that could be included in the model.




 The dilution process is modelled assuming a simple


linear growth of concentration plumes. Uncertain


parameters are hereby the mixing layer height,


the vertical turbulence and the transport speed of


the concentrations. The latter relates directly to the


transport time or simulation time that will affect all


processes.




 The uncertainties related to the emission process are


the assumed emission density and the size distribution


of the emissions. They were estimated using the NOx


emissions density and measurements at two streets in


Copenhagen.

Our results are consistent with a simple model study


by Wehner et al. (2002) that considered the transforma-


tion from street to urban level with the processes


emission, dilution, coagulation and condensation. They


could as well reproduce their urban rooftop measure-


ments with a wide parameter range for the regarded


processes. The maximum diameter of the size distribu-


tion measured at urban rooftop was 24 nm, slightly


larger compared to street level where the maximum was


observed at 13 nm.


Gidhagen (2004) found in an urban scale modelling


study particle losses due to coagulation and deposition


of 25% under average conditions. This agrees with the


range of the results obtained here.


For the multi-plume dilution scheme developed here a


few further extensions or improvements might be


implemented in the future.




 The plume growth is not to be restricted to a simple


linear growth as given in Eq. (2). It is possible to


include non-linear growth, e.g. as function of


stability. Moreover, the vertical turbulence could be


treated as function of stability, height and/or trans-


port time.




 In the present version all middle plume layers have an


equal thickness (approx. H0max � H0; here 20m) as
shown in Fig. 2. This high vertical resolution is not


needed at larger heights because the concentration


gradients are smaller than near the ground. More-


over, the plume dilution scheme can handle variable


thickness of the plume layers. It is therefore possible


to reduce the number of layers with increasing height


by merging adjacent plume layers. This reduction of


layers will help to reduce the computational time for


the model.




 The emission density and the emitted particle size


distribution are in reality not constant as assumed in


this test application; they should be functions in space

and time. This dependence can be readily introduced


in the model, but the estimation of the appropriate


input data seems to be more difficult.


Despite the above-discussed uncertainty in the input


parameters, the MAT model has shown its ability to


model the dispersion and aerosol dynamics of a particle


size distribution in an urban area. The used plume


approach is computationally efficient compared to grid


models and is therefore suitable for time series calcula-


tions, especially for a small number of receptor points


(e.g. measurement locations). More research and model


validation is needed to narrow the range of possible


input parameters and model assumptions for this type of


modelling. This could be achieved employing longer


time series of simultaneous particle size measurements in


the centre and in the vicinity of an urban area that allow


for a separation into different meteorological conditions


such as wind speed, wind direction, stability and mixing


layer height. The comparison of the MAT model results


and observations during these different conditions could


further validate the model and its parameters. The


suggested improvements will allow the model to perform


time series calculations for operational use, e.g in


connection with health effects and human exposure


studies.
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Appendix A. : Example for the dilution matrix Aij


The following case is considered to demonstrate the


calculation of the dilution matrix Aij: zmax ¼ 3; i.e. there
exist four concentration layers z ¼ 0y3 as in Fig. 2 at


the marked time t.


The heights (m) of the layers Hz and its thickness DHz


are considered as


HML ¼ 500; Hz ¼


500


70


50


30


0
BBB@


1
CCCA; DHz ¼


430


20


20


30


0
BBB@


1
CCCA. (20)


The calculation of the matrix Aij has to be done in an


iterative way starting at the upper index z ¼ zmax and


moving down to z ¼ 0: All the diagonal elements and
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above the diagonal are set to zero per definition in


Eq. (6).


Step 1. Per definition in Eq. (7) azmax ¼ a3 ¼ 1


Step 2. Knowing a3 it is possible to fill the left column


in Aij with j ¼ zmax ¼ 3 according to Eq. (6) using the Hz


and DHz given above, resulting in


Aij ¼


0 0 0 0
2
7


0 0 0
2
7


0 0
3
7


0


0
BBBB@


1
CCCCA
. (21)


Step 3. Using Eq. (7) it is now possible to calculate


a2 ¼
2
7
as sum of the elements in row i ¼ 2.


Step 4. Now steps 2 and 3 are repeated in iterations


lowering the indices j and i by 1 each time, giving the


final result:


Aij ¼


0 0 0 0
2
7


0 0 0
2
7


4
35


0 0
3
7


6
35


2
5


0


0
BBBB@


1
CCCCA
; ai ¼


1
2
7
2
7


1


0
BBB@


1
CCCA. (22)
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