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1 Introduction
When hazardous gases are released in the atmosphere often there will be one frac-
tion pure gas and another fraction of aerosols. The gas cloud, called the primary
cloud, is transported by the wind and dispersed due to turbulence. As the primary
cloud travels with the wind its concentration decreases both due to turbulent dis-
persion and due to dry deposition on the ground. The aerosols are transported
a short distance by the wind and falls to the ground where they are deposited.
From this ground depositionlayer gas evaporates and creates a gas cloud called
the secondary cloud.

In the current layout of the particle dispersion model used by the Swedish De-
fence Research Agency (FOI), this secondary cloud is created manually from the
possibly huge and irregular ground deposition layer in a time consuming process.
Also, the dry deposition of gases and aerosols are not calculated by the model
and must be given as manually calculated input. Other aspects the model doesn’t
take into account are weather changes during the simulation and complex source
movements, like releases from airplanes.

The main purpose of this work is to implement an integrated handling of evap-
oration from the ground deposition layer and explain and document the parame-
terization of dry deposition needed by the model. Furthermore, changes in the
weather during the simulation as well as complex source movements are imple-
mented in the existing dispersion model.

This report is organized as follows. In chapter two the reader is introduced to
the simulation model. In the first part of chapter two, a short introduction to the
lowest part of the atmosphere, the mixing layer, where the model is applicable, is
given. This is followed by a brief description of the dispersion model and then
a documentation of how to calculate the dry deposition parameter needed in the
dispersion model. In chapter three the old program structure together with the
new and revised routines are presented. In chapter four a verification of the model
is given and in chapter five a test run is shown. The test run is then discussed in
chapter six. A summary of the report is presented together with conclusions in
chapter seven. Finally, in section eight, some suggestions for further development
of the model are presented.
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2 The simulation model

2.1 Boundary layer meteorology

When gases and aerosols are released in the lower part of the atmosphere they are
transported by the wind and dispersed due to turbulence. Almost all turbulence
dispersion of pollution in the atmosphere occurs in the boundary layer which is
the lowest 100 to 3000 meters of the troposphere. The layer of the atmosphere
that is closest to the ground. Above the boundary layer the dispersion is governed
by large-scale weather systems not dealt with in this report. The part of the tro-
posphere above the boundary layer is often called the free atmosphere, see figure
1. The height of the boundary layer, and hence the volume depends on the degree
of turbulence and its generation inside the layer. [17]

Figure 1. The troposphere can be
divided into two part. A boundary
layer near the surface and the free
atmosphere above it.[17]

There are two basic processes that generate turbulence. One is mechanical tur-
bulence generated by the frictional drag on the air flowing over the ground. The
other one is the buoyancy. This occurs when an air parcel1 has a different tem-
perature than the surrounding air thus causing the air to move due to the density
difference between cold and warm air. The degree of turbulence in the boundary
layer is mainly divided into three broad categories.

The first category is called the unstable case which occurs when the tempera-
ture is decreasing with height and hence causes thermals of warm air to rise and
generate buoyancy turbulence. This effect tends to increase the boundary layer
height to well above 1000 meters. The second category is the neutral case, where
the temperature is nearly constant in the boundary layer and the turbulence is
mainly mechanical and weaker. In the last category called the stable case the air
is colder closer to the ground then at the top and the wind speed is rather low.
These effects decrease the boundary layer height.

1An imaginary volume of air to which may be assigned any or all of the basic dynamic and
thermodynamic properties of atmospheric air.

8
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2.2 The dispersion model
There are a number of different methods to simulate dispersion in turbulent flows
e.g., Eulerian, Gaussian and Lagrangian methods. The one used in this work is a
Lagrangian particle method based on a probability density function (PDF).

In Lagrangian methods the coordinate system isn’t fixed to an inertial frame;
instead it is fixed to a fluid particle which moves with the local fluid velocity.
The fluid particles move continuously, so that the model simulates species con-
centration at different locations at different times. This could be compared to an
Eulerian approach where the species concentration are maintained in an array of
fixed computational cells.

The position of a fluid particle is denoted X(t,Y), where Y is the position of
the particle at a reference time t0. The velocity is expressed as

∂

∂t
X(t,Y) = U(X(t,Y), t). (1)

which enlightens the fact that a fluid particle follow the local velocity field. Each
fluid particle carries a mass m = M/N , where M is the total mass of the pollution
and N is the number of particles simulating the pollution.

Langevin Equation

Stochastic differential equations can be useful when ordinary calculus methods
fail. This happens for example when the particles velocities undergo diffusion
processes which lead to continuous but nowhere differentiable velocity trajecto-
ries, see figure 2.2. The types of stochastic differential equations used in this
report are the Langevin equations which take the form

dU(t) = a(U(t),X(t), t)dt + b(X(t), t)dW(t) (2)

dX = Udt (3)

where U is velocity, X position, a(U,X, t) is the drift coefficient, b(X, t)2 is
the diffusion coefficient and W(t) is a Wiener process. In a Wiener process
dW(t) = W(t+dt)−W(t) is a normal distributed stochastic variable with mean
0 and variance dt [13]. These types of equations describe a diffusion process and
are applicable to particles velocities in turbulent flows. The coefficients a and b
depends on the turbulence model via the Fokker-Plank equation:

∂

∂t
P (U) = − ∂

∂U
[aP (U)] +

1
2

∂2

∂U2

[
b2P (U)

]
, (4)

where P (U) is the PDF for the particles tracers, i.e. it is the probability that a
particle is within the box [U,U + dU]. [13]

The Fokker-Plank equation describes how the probability density function for
the fluid elements varies with speed and time. Details about the derivation of a
and b when the boundary layer is dominated by buoyancy generated turbulence,
unstable case, can be found in Sehlstedt (2000) [15]. For the stable and neu-
tral case, when the boundary layer is dominated by mechanical turbulence due to
ground friction, the details of the derivation of a and b can be found in Schönfeldt
(1997) [14].

9
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Figure 2. Three velocities for
fluid particles with the same ini-
tial conditions under influence by a
diffusion process described by the
Langevin equation. The coefficients
a and b are constant.

2.3 Dry deposition

In the model used in this report the calculation of the dry deposition isn’t im-
plemented; instead it is taken as an input to the model, and hence needs to be
calculated before the model can start. Dry deposition of particles and gases ef-
fect pollution concentration levels in the air, and it is of importance to make an
accurate estimate so the model doesn’t over- or underestimate the concentration
levels.

The purpose with this section is to describe how to calculate dry deposition
for a variety of different particles and gases.

Dry deposition refers to the transfer of airborne material, both gases and
aerosols, to the ground including vegetation, soil, leafs etc where it is removed
from the airborne stream. The transfer process leading to dry deposition can
mainly be divided into three processes. The first process involves transport through
the atmosphere to the immediate neighborhood of the surface via surface-layer
turbulence and is referred to as the aerodynamic component of transfer. [2] The
second process is the diffusion of material through the quasi laminar sublayer
next to the surface and is dominated by molecular mechanisms. [2] The third
process is the absorption of the material and its possible removal from the surface
through chemical and biological reactions. This process is called the substrate
transfer component. In this final state the absorptivity of the matter at the surface
determines how much material that is actually removed during the substrate trans-
fer and deposition process. [2] Dry deposition is in the particle dispersion model
modeled by a single parameter vd (m/s), the deposition velocity.

To calculate the deposition velocity the three exchange processes mentioned
are commonly identified as working in series like three resistances in the transport
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process, known as the resistance analogy. The deposition velocity is then a mea-
sure of conductivity between atmosphere and ground, i.e. the reciprocal of these
resistances, vd = 1

Ra+Rb+Rc
.

Here Ra is the aerodynamic resistance determined by the ability of the turbu-
lent eddies to bring material close to the surface. Rb is the sub-layer resistance
which is the resistance to transfer material across the quasi-laminar sublayer. Rc

is the surface resistance representing the combined resistance of the surface and
transfer to substrate [4].

Dry deposition for gases and aerosols are physically different due to the ex-
change processes Below are two descriptions of the three resistances, one for
gases and the other for aerosols.

2.3.1 Gas deposition

When gases are deposited due to dry deposition in the model, the major causes
of resistance generally the sub-layer resistance and the surface resistance. The
aerodynamic resistance is often smaller [4]. Figure 3 gives a short description of
the resistance analogy.

R
 a

R
 b

R
 c

R
 ns

R cut

R

R

 st

 m

R

R

 ac

 g

      Gas Concentration

Soil

Figure 3. Scheme of resistance
analogy.

The modeling of the aerodynamic resistance is based on momentum transfer
through the atmospheric surface level. According to Arya (1999) [2]

Ra =
ln

(
zref
z0

)
− ψ

(
zref
L

)

κu∗
, (5)

where zref is the reference height for aerodynamic resistance, z0 the roughness
height, ψ the integrated stability function for momentum [4], L the Monin-Obukhovs
length defined in Appendix A, κ is von Karman constant (0.4) and u∗ is the friction
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velocity, also defined in Appendix A. Further more Högström (1988) [5] suggests
that the integrated stability function for the momentum can be approximated with
the following empirical formulas

ψ = −6 zref
L , for zref

L ≥ 0

ψ = ln
[(

1+x2

2

) (
1+x

2

)2
]
− 2 tan−1 x + π

2 , for zref
L < 0

(6)

where x = (1− 19.3z/L)1/4.
The equations (6) can be used for most practical applications in which little

precision is needed. The approximations are only valid for smooth and moder-
ately rough surfaces, i.e. z0/L is close to zero. Also note that different authors
make different estimates of the integrated stability function. E.g. Arya (1988) [1]
estimates a constant of 5 instead of a 6 in the stable case and 15 instead of 19.3 in
the unstable case.

The resistance due to molecular diffusion in the thin sublayer near a surface
is defined as [7]

Rb = 2.0
(Sc)2/3

κu∗
, (7)

where the Schmidt number, Sc, is the ratio of the kinematic viscosity of air, ν, to
the particle Brownian diffusivity, D,

Sc =
ν

D
, (8)

where the Brownian diffusivity, D, is calculated by the Stokes-Einstein equation,

D =
kBTCc

6πνρar
. (9)

Here kB is the Boltzmann constant, T is temperature, ρa is the air density and Cc

is the Cunninghan slip correction factor defined as

Cc = 1 +
2λ

2r

(
1.257 + 0.5e−

1.1r
λ

)
, (10)

where λ is the mead free path of gas molecules in air (λ = 0.065 · 10−6 m [4]).
The sublayer resistance increases with increasing surface roughness and de-

creasing diffusivity of the substance. It is noted that different expressions for Rb

are recommended by different authors. For example Hicks et al. [3] uses an ex-
pression where they divide the Schmidt number by the Prandtl number, which is
assumed to be 0.72, thus implying a roughly 24% larger value of Rb.

Dry deposition of gases only takes place as a result of absorption at the sur-
face. Therefore the last resistance, Rc, reflecting the surface properties plays a
vital role in the dry deposition process. In a model presented by Zhang [10] Rc is
in essence described by

1
Rc

=
1−Wst

Rst + Rm
+

1
Rns

, (11)

where
1

Rns
=

1
Rcut

+
1

Rac + Rg
, (12)

12
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where Wst is the fraction of stomatal2 blocking under wet conditions. Rst is the
stomatal resistance calculated using a sunlit/shade stomatal resistance model [11],
where the canopy is subdivided into sunlit leaves and shaded leaves and the resis-
tance is calculated as a function depending on, among other things, temperature,
vapour pressure, photosynthesis etc. The mesophyll3 resistance Rm depends only
on the chemical species and data for it can be found in table 1 [11]. Rns is non
stomatal resistance which is further decomposed into resistance due to cuticle4 up-
take, Rcut, and into resistance to soil uptake including the chemical independent
in-canopy aerodynamic resistance, Rac, and the soil resistance, Rg. The equations
(11) and (12) are only for surfaces with canopies. For surfaces without canopies
like water, ice and desert Rst, Rm, Rac and Rcut would be inapplicable, but for
convenience the same equations are used for all types of surfaces. The only differ-
ence when applying the equations to surfaces without canopies is that Rac equals
0 and Rst, Rm and Rcut are assigned a very large value (i.e. 1025 s m−1).

According to Zhang (2003) [10] Wst is only important during situations when
the sun is shining on a wet ground. Typical examples of this are sunny mornings
with dew and sunshine immediately after rain. Thus the following formulas are
suggested for wet canopies (for dry canopies, Wst always equals 0):

Wst =





0, SR ≤ 200 Wm−2

(SR− 200)/800, 200 < SR ≤ 600 Wm−2

0.5, SR > 600 Wm−2
(13)

where SR is the solar radiation.
According to [10]

Rac =
Rac0LAI1/4

u2∗
, (14)

where

Rac0(t) = Rac0(min) +
LAI(t)− LAI(min)

LAI(max)− LAI(min)
· [Rac0(max)−Rac0(min)]

(15)
Rac0 can be found in table 1 [10], LAI is leaf area index and can be found in table
2 in Zhang (2002)[11].

Rg and Rcut are calculated for SO2 and O3 and then scaled for other gaseous
species based on the formulas [10]

1
Rcut(i)

=
α

Rcut(SO2)
+

β

Rcut(O3)
(16)

and

1
Rg(i)

=
α

Rg(SO2)
+

β

Rg(O3)
, (17)

where the scaling parameters α(i) and β(i) can be found in table 1 in Zhang
(2002) [11] for the different substance, i.

2Small pores in the outer layer of a leaf or stem through which gases and water vapour pass.
Also called stomata.

3The photosynthetic tissue of a leaf.
4A layer of wax like, water-repellent material, cutin, covering the epidermis.
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2.3.2 Particle deposition

In the parameterization of particle dry deposition presented in this report Rc is set
to zero. This is based on the assumption that all particles hitting a surface stick to
it [4]. Furthermore the gravitational settling velocity is included in the expression
for dry deposition velocity. This leads to the following expression for particle dry
deposition

Vd = Vg +
1

Ra + Rb
. (18)

The gravitational settling velocity is calculated numerically according to

Vg =

√
8 · grp(ρp − ρa)ρp

3 · CDρa
(19)

Re = 2
Vgr

ν
(20)

CD =
24

Re(1 + 0.173 · Re0.657)
+

0.413
1 + 16300 · Re−1.09 , (21)

where ρp and ρa is the density of the particle and the density of air respectively,
g is the acceleration of gravity, r is the particle radius, CD the drag coefficient,
ν is the kinematic viscosity of air and Re is the Reynolds number. Notice that
the settling velocity, the Reynolds number and the drag coefficient are dependent
on each other. Several iterations of the equation system are therefore needed to
calculate the settling velocity. For a rough estimation of the settling velocity

Vg =
ρp(2r)2gCc

18η
(22)

may be used as an estimation. [9] Here η is the viscosity coefficient of air and Cc

is the slip correction factor (Cunninghan correction factor) for small particles, see
(10).

The aerodynamic resistance, Ra, is calculated in the same way as for dry de-
position of gases, see (5). The surface resistance in (22), Rb, depends on several
deposition processes, particle size, atmospheric conditions and surface proper-
ties [9]. Rb is parameterized by

Rb =
1

ε0u∗(EB + EIM + EIN)R1
, (23)

where EB, EIM, EIN are collection efficiencies from Brownian diffusion, im-
paction and interaction, respectively; R1 is a correction factor representing the
fraction of particles that stick to the surface. ε0 is an empirical constant and is
assumed to be 3. [9]

The collection efficiency due to Brownian diffusion is a function of the Schmidt
number given as

EB = Sc−γ . (24)

The constant γ varies with land type categories and is value between 1/2 and
2/3 [16].

The impaction process, EIM, is controlled by the Stokes number, St, which
has the form St = Vgu∗/gA for vegetated surfaces and St = Vgu

2∗/ν for smooth

14
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surfaces. A is a characteristic “radius” of large collectors, e.g. grass blades, stalks,
needles etc.

Different expressions for the impaction process are suggested for different
types of surfaces. According to Slinn (1982) [16] smooth surface gives

EIM = 10−3/St (25)

and for vegetative canopies the collection efficiency for impaction is

EIM =
St2

1 + St2
. (26)

Impaction efficiency over a spruce forest is according to Peters and Eiden
(1992) [6]

EIM =
(

St
α + St

)β

, (27)

where α and β are constants. A good choice for β is 2 according to Peters and
Eiden (1992) with α depending on land type category. α varies between 0.8 [6]
and 2 for surfaces with canopies. For surfaces without canopies the impaction
efficiency is neglectable and hence α has a rather large value between; 50-100 [9].

When a particle passes an obstacle at a distance shorter than its own diameter
the mechanisms included in the collection efficiency by interception is of impor-
tance. This is especially true for large particles over hairy leaves. Interception
deposition during particle flow around surfaces as in canopies of coniferous trees
is negligible compared to the other deposition mechanisms. Here the collection
efficiency by interception is defined as

EIN =
1
2

(
2r

A

)2

(28)

where r is the radius of the particles and A is defined as a characteristic radius of
large collectors. Typically A is 2 for evergreen-needleleaf trees and 10 for urban
terrain.

At last the factor R1, which represent the fraction of particles sticking to the
surface in (23), can be simplified to [16]

R1 = e−St1/2

. (29)

2.3.3 Implementation of deposition

The mass flux to the surface is defined by the dry deposition velocity concept

Fm = Cvd, (30)

where C is particle concentration (1/m3) near the surface. This is a cumbersome
approach in the Langevin model since each particle is treated individually and the
concentration is therefore unknown to each simulation particle. To overcome this
problem a deposition probability is derived [8]

P =
Fm

Fp
= (2π)1/2 vd

σ
, (31)
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where σ is the standard deviation of a Gaussian velocity distribution and Fp is
mass flux through the surface due to a Gaussian velocity distribution,

Fp =
∫

w<0
d3V f(V )V cos(θ) =

Cσ

(2π)1/2
. (32)

Where f(V ) is the Gaussian velocity distribution with zero mean and standard
deviation σ, θ is the angle between the particle velocity and the z-axis and the
integration boundary, w < 0, means integration over all velocities with negative
z-component. The probability that an individual particle is deposited when it hits
the surface is proportional to the deposition probability.

2.4 Evaporation from ground deposition
In the implementation of evaporation from the ground deposition the probability
for each individual particle to evaporate is calculated during each time step. The
probability for evaporation from one particle, Pevap, in the time interval ∆t =
t1 − t2 is defined as

Pevap = pppfact ·
∫ t2

t1

dFrre
dt′

dt′, (33)

where pppfact, particle per particle factor, is the factor with unit activity per
particle that relates the number of deposited particles to the number of evaporated
particles and dFrre

dt (%/s) is the evaporation. dFrre
dt is defined as

dFrre
dt

=
˙m(t)

M(t)
, (34)

where ṁ is the change in mass and M is the total mass remaining after the particle

is deposited. However, the evaporation is often given in terms of
˙m(t)

M0
and Fev,

where M0 is the initial mass and Fev the fraction evaporated. This implies that
some modifications to (33) must be done to use these values as inputs. Since the
remaining mass is equal to the initial mass minus the evaporated mass, i.e.

˙m(t)
M(t)

=
˙m(t)

M0 −
∫ t
t0

˙m(t)dt′
(35)

=

˙m(t)
M0

1− ∫ t
t0

ṁ(t)
M0

dt′
,

the (34) can also be written as

Pevap = pppfact ·
∫ t2

t1

dFrre
dt′

dt′ = pppfact ·
∫ t2

t1

˙m(t)
M0

1− Fev(t)
dt′ (36)

The values of ṁ(t)
M0

and Fev are based on a model for evaporation from a glass
surface used by the model GASSY [12] which renders a rather imprecise estima-
tion of the real values in some situations. To make the model more independent

from this approximation
˙m(t)

M0
and Fev are read from a table stored in a separate

data file which easily could be updated.
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3 Software functions
In this section an introduction to the main flow in the model and some of the de-
veloped algorithms are presented. The purpose is to give a short description of the
software in general and to explain the advantages achieved with the new subrou-
tines and discuss some of the decisions made during the development process.

In figure 4 a schematic picture of the existing Fortran90 software is presented
together with both new and old routines. Two entirely new routines, evaporate_
density and init_new_particle, are constructed.
Evaporate_density calculates the number of new evaporated particles from
each deposited particle and init_new_particle generates the new particles.
Some of the modified routines are out_ptp, movepar_ana and movepar_
ana_convective.

Initialization

Time integration
               

Move sources

New particles?

Move particles

1. height

Remove particles

Stop time reached?

Save data?

END

No

Yes

Stabile

Yes

No

No

START

2. height_conv

Read infile

PBL height

Wind profile

2.1. rkdumb 2.1.2. rk4

2.1.1. derivs

3. tableconstruction

3.1. newt 3.1.1. fdjac

3.1.2. ludcmp

3.1.1.1 funcv

3.1.3. lubksb

3.1.2. lnsrch

Unstabile

Unstabile

5. iniran

6.1. init_new_particle
6.1.1 radius_lognorm

6.1.2 w_settling

6.1.3 movepar_ana

6.1.4 movpar_ana_convective

6.1.3.1 takestep_ana 

6.5. out_ptp

Unstabile

Stabile

6. ptkstp_ana

6.2. evaporate_density

Sources

Dep. layer

Figure 4. A schematic picture over
the structure of the program with its
subroutines and functions. The bold
and italic text marks new routines
and the italic text marks improved
old routines.

The reason for modifying these routines are mainly due to the introduction
of a derived-type structure in the loop_ana routine. In Fortran a derived-type
structure is a variable that contains other variables called attributes. The derived-
type in loop_ana controls the particles attributes, e.g. position, velocity, size
etc.

The execution of the program starts in the main function ptk_move_ana
which reads the input variables from the data file input_ana.nml and there-
after calculates boundary layer height and aligns the x-axis along with the wind
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direction. The main function then calls the routine ptkstp_ana, which con-
trols the simulation. This routine consists of a main loop over the total time dur-
ing which a particle will be moved and three sub loops inside this main loop, the
“distribution loop”, the “evaporation loop” and the “old particle movement loop”.

Before the main loop in ptkstp_ana reaches any of the sub loops a time
interval during which particles will be moved is decided and all source movements
due to waypoints given by the user are made. A waypoint is a position where a
source is supposed to be at a given time, and hence the waypoints define a route
for the sources. The time interval is adjusted so that no source-start or -stop time
or output time as decided by the user is missed. When a time interval is set and all
source movements are done ptksp_ana reaches the “distribution loop” which
is a loop over the sources. In this source loop the total number of particles that is
going to be released during the time interval is decided.

When this is known all the new particles are released using the new routine
init_new_particle. The routine decides initial position, particle radius and
deposition velocity by calling radius_lognorm and w_settling, and then
moves the new particles during the time interval by calling either movepar_ana
if the weather conditions simulated are neutral or stable, or movpar_ana_
convective if the weather conditions are unstable.

The next loop entered is the “evaporation loop” which is a loop over all the
evaporable deposited particles. The purpose of this loop is to decide the num-
ber of evaporated particles in the given time interval. For each deposited par-
ticle an evaporation probability is determined depending on the time since the
particle deposited and the evaporation rate which is tabulated in the input file
evaporation data. Then the routine init_new_particle generates the
new gas particles.

Thereafter the rest of the particles that haven’t been moved yet are moved in
the “old particle movement loop” which moves them with the movepar_ana
routines. In the last part of the main loop the routine out_ptp, where the par-
ticles state are written to files, is called every time the actual time coincides with
the output time interval.

The routine that calculates the evaporation probability in the “evaporation
loop” mentioned above is evaporate_density. The routine takes a deposited
particle and calculates an evaporation probability by integrating dRe

dt according to
equation (33). The integration is performed with a variant of the trapezoidal rule
which is a fast method with limited accuracy, especially when a small number of
data points are used. However the error caused by the trapezoid rule will be a
little bit smaller than expected. The reason for this is that the fewer particles left
on the ground, the harder it is to maintain a constant mass flow from the depo-
sition layer. Therefore, a temporary overestimation of the integrand, will at first
overestimate the mass flow but later on, when the number of deposited particles
has decreased sufficiently much the mass flow will be underestimated. The net
mass flow is therefore a little bit lower than suggested by the trapezoid rule. The
opposite occurs if the integrand is underestimated.

3.1 New and improved functions

The changes in the program for previous versions are summarized below:
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• Modeling of the evaporation for deposited particles is automated which is a
major improvement.

• A separate file is created at the end of the simulation so another simula-
tion can continue where the old one stopped by reading all the old particle
data from that file. This is useful for changing weather condition during
a simulation. It can be done by editing the input data between different
simulations.

• The wind direction can change to an arbitrary direction during the simula-
tion.

• The sources can move in any direction throughout the entire simulation.
This is made possible by specifying discrete trajectories for the sources.
The trajectories are defined by points in time and space, here called way-
points.

3.2 Program flowchart and main structure
Following is a short description of the main algorithm in the program.

1. In ptk_move_ana

1.1 Read input variables from input_ana.nml

1.2 Calculate boundary layer height.

1.3 Align x-axis along the wind direction.

2. Call ptkstp_ana

2.1 Read the rate of evaporation as a function of time from input table
given in input_ana.nml

2.2 Start the main-loop

2.2.1 Decide the current time interval so that no source start or stop
time is missed and so that each output time given by the user
occurs.

2.2.2 Calculate source movement and move them according to the given
Waypoints.

2.2.3 Start distribution loop
2.2.3.1 Loop over each source and calculate the number of new parti-

cles released from each source during the given time interval.
2.2.3.2 Initiate the new particles with the function init_new_

particle

2.2.3.3 Call radius_lognorm and w_settling to calculate par-
ticle radius and settling velocity.

2.2.3.4 Call a movepar_ana routine to move the particle.
2.2.4 Start evaporation loop.

2.2.4.1 Loop over each deposited particles and check the rate of evap-
oration during the time interval with the function evaporate_
density.

19



FOI-R–1462–SE

2.2.4.2 Integrate the rate of evaporation to calculate the number of
new gas particles from the deposited particles.

2.2.4.3 Loop over the newly evaporated particles and initiate them
with the init_new_particle function.

2.3 Start the old particle movement loop

2.3.1 Loop over each old particle that hasn’t been moved yet.
2.3.2 Call some of the movepar_ana routines to move the old parti-

cles.

2.4 Call outptp to save the particle information to files.

3. Finally create a data file that contains information such as how the simula-
tion was set up, simulation time etc.
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4 Model verification
In this section a verification of the model is presented and evaluated. The major
evaluation is to confirm that the evaporation from the ground deposition layer is
consistent with the evaporation given in the input. Further, since no changes are
made in the dispersion model the simulated dispersion has to be unaffected by the
new implementations. This is confirmed by comparing the results obtained by the
newly developed model with old results.

The first verification done is an evaluation of the evaporation from the ground
deposition layer. A number of simulations are done with different substances
evaporating from a ground deposition layer during different weather conditions.
The evaporation is then compared to the evaporation given by GASSY [12]. GASSY
was the theoretical model used to estimate the evaporation rate in the dispersion
model during the verification.

The simulated substances are VX and sarin. VX is chosen because of its
low volatility and hence long evaporation time and sarin is chosen because it’s
high volatility and short evaporation time. Both impure and pure variants of the
substances are tested. Each substance was simulated with two different pppfact
factors and with different purities in two different weather situations, see table
4. The pppfact factor specifies the relationship between the source’s mass and
the number of evaporated particles. If 5 particles are deposited representing 5
kg and pppfact is chosen to 10, then 50 particles will evaporated from these 5
deposited particles. Each deposited particles will represent a mass of 1 kg and
each evaporated particle will represent a mass of 0.1 kg. The pppfact factor is
especially useful when the substance has a very low volatility and more particles
are needed to improve the statistic.

Table 1. Values of the different pa-
rameters that are used as input to the
model for the four different weather
types tested.

Substance Wind (m/s) Temperature (◦C) Purity (%) Particle diameter (mm)
VX 0.57 20 100 0.3
VX 1.0 20 50 0.3

Sarin 0.3 13 100 0.3
Sarin 4 13 50 0.3

The results of the evaporation test can be seen in figure 5 and table 4. In
each picture there are three different graphs. One with pppfact=1, one with
pppfact=10 and the third one is the evaporation given from the GASSY model.
Our model tends to slightly overestimate the evaporation compared to GASSY,
especially when the substances are impure. For pure substances the error is below
2.2 % in the end of each simulation. In all the four cases a higher pppfact factor
improves accuracy of the model.

The evaporation overestimation is due to the choice of integration scheme.
Between each data point a linear fit is made and this approximation of the curve
is then integrated, and this leads to the same result as if the trapezoid rule should
have been used as integration scheme. The trapezoid rule,

∫ x2

x1

f(x)dx =
x2 − x1

N

[
1
2
f(x1) +

1
2
f(x2)

]
+ O

(
(x2 − x1)3

N3
f ′′

)
, (37)

where N is the number if steps, is indeed fast but inaccurate. This is especially
true in this case since the known points are few, and in the impure cases unevenly
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distributed. Further the integrand is a monotonic decreasing or increasing function
and hence the second derivative is non zero, see equation (36). The maximal
theoretical relative error due to the trapezoid rule when the substance is VX with
50 % purity is about 9%. This should be compared to the error shown in figure 5
which is about 7%, see table 4.

Table 2. The relative error in
evaporation compared to GASSY
for different substance, purity and
pppfact factor.

Substance Purity (%) pppfact Mass evaporated (%) Relative error (%)
VX 100 1 90 2.2
VX 100 10 90 2.0
VX 50 1 90 6.5
VX 50 10 90 6.4

sarin 100 1 90 1.7
sarin 100 10 90 2.1
sarin 50 1 90 7.7
sarin 50 10 90 6.4

The second verification of the model is the comparison with simulations done
before any changes were made to the model. For that purpose four simulations
including the new developments were compared with previous simulations made
by Näslund et al [7]. They did two scenarios, a chemical attack with VX, and a
chemical attack with sarin. The attacks were supposed to take place in a typical
Swedish forest with a roughness factor of 1.0 meter. The chemical substances
were released with shells exploding about 10 meters above the ground, creating
both a primary and a secondary cloud. In table 4 and table 4 the amount of gas
and liquid in the initial state is presented together with the assumed weather.

Table 3. Weather, initial airborne
part of 2160 kg sarin. Drop diame-
ter 0.3 mm. Ground contamination
area 1 km2. L is Monin-Obukhovs
length and u∗ is friction velocity,
both explained in appendix A

Weather L (m) u∗ (m/s) Initial airborne
part

+10 - +15◦C, wind 1m/s,
stable stratification

350 0.170 1296 kg (60%)

+10 - +15◦C, wind 4 m/s,
neutral stratification

1 · 106 0.695 1296 kg (60%)

Table 4. Weather, initial airborne
part of 1520 kg VX. Drop diame-
ter 0.3 mm. Ground contamination
area 800 × 600 m. L is Monin-
Obukhovs length and u∗ is friction
velocity, both explained in appen-
dix A

Weather L (m) u∗ (m/s) Initial airborne
part

+10 - +15◦C, wind 1m/s,
stable stratification

350 0.170 152 kg (10%)

+10 - +15◦C, wind 4 m/s,
neutral stratification

1 · 106 0.695 152 kg (10%)

In figure 6 the effects of the chemical attacks are plotted. Note the difference
in resolution between the sarin pictures and the VX pictures. This is due to the
difference in the number of simulation particles used for VX and sarin. With
sarin gas more particles evaporates from the ground deposition and hence a higher
resolution is chosen. The levels, or risk distances, in the figure are specified with
LD50, LD05 and ED05 values where ED and LD are short for effect dosage and
lethal dosage. The subscript 50 stands for percent and can be interpreted as the
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Figure 5. Percentage evaporated
plotted against time. The green line
with squares is evaporation with
pppfact=1, the red line with x:s is
evaporation with pppfact=10 and
the blue line with diamonds is evap-
oration due to the GASSY model.

share of people that would show these kind of symptoms if they where exposed to
this concentration during, in this case, one hour.

In a comparison of the risk distances attained by Näslund et al [7] who used
the old model the LD50 and LD05 risk distances for VX are shorter when they
are calculated with the improved model. The ED05 risk distances are on the other
hand longer when compared to Näslunds calculations. For sarin the LD50 risk
distances are shorter, but the LD05 and ED05 risk distances are longer. These
differences are probably due to differently assumed injury levels. See table 4 for
a comparison between the two models.

The verification of the model shows that the transport and dispersion model
are unaffected by the new developments. Also, when comparing the model to
[12] the difference in evaporation from ground deposition is small and below the
theoretical error. This means, since the ground evaporation now is implemented,
that the revised model offers a significant decrease in preparation time needed to
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Figure 6. The two pictures on the
top shows damage effect from an at-
tack with 2160 kg sarin during sum-
mer conditions. The two pictures
on the bottom show damage effect
from an attack with 1520 kg VX dur-
ing summer conditions. Red colors
indicates areas with 50% deadly
wounded, yellow areas means 5%
deadly wounded and green areas
means 5% wounded.

do a simulation.
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Table 5. Estimation of risk dis-
tance with the model used in this
work and previous models.

Substance Wind
speed
(m/s)

Dosage Distance old
model (km)

Distance new
model (km)

Relative dif-
ference (%)

VX 1 LD50 9 5 44
VX 1 LD05 11 8 27
VX 1 ED05 14 15 7
VX 4 LD50 7 6 14
VX 4 LD05 9 10 10
VX 4 ED05 12 20 67

sarin 1 LD50 9 5 44
sarin 1 LD05 20 25 25
sarin 1 ED05 30 36 20
sarin 4 LD50 6 3 50
sarin 4 LD05 17 20 18
sarin 4 ED05 31 38 23
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5 Result of Test Simulation
In the preceding section the model were evaluated and compared to previous re-
sults. In this section the models capability of running complex scenarios will
be demonstrated. As an exercise for a NBC-management team, a good scenario
which includes most of the models functionality was constructed in the spring
2004.

An airplane with a load of 300 kg liquid soman unleashes its load over Umeå.
The load is released along a path from Rådhuset to the railroad station where the
plane turns left along E12 towards the viaduct where the E4 crosses the E12. On
this viaduct the entire load has been released and hence the release stops. From the
ground contamination caused, gas evaporates and a hazardous secondary cloud is
created. The time of the scenario is three hours starting with the 30 seconds flight
followed by a three our long evaporation process. A description of the weather
during the scenario is given in table 5.

Table 6. Weather during the sce-
nario. time weather

12:00-12:55 wind from east 3m/s, cloudy, 12 ◦C
12.55-13.05 wind from east 2m/s, partly cloudy, 20◦C
13:05-14:00 wind from east 2m/s, sunny, 25 ◦C
14:00-15:00 wind from west 3m/s, sunny, 25 ◦C

In the simulation two different types of atmospheric stabilities are simulated.
Changes in the wind speed and its direction are also included. Together with
the source movements in different directions this illustrates all the improvements
made of the model i.e., the scenario tests the models capability of handling evap-
oration from the ground deposition layer, weather changes and complex source
movements.

As can be seen in figure 5, the ground concentration in the first hour when the
stratification is stable is higher further away than it is during the two last hours
when the stratification is unstable. This is the case despite the temperature in-
crease and hence a faster evaporation in the last two hours. At 13.30 when the
sun has heated the ground the air concentration raises again compared to the con-
centration at 13.00. The wind turn at 14.00 spreads the secondary cloud and un-
healthy concentration levels occurs further away from the deposition layer. When
the wind increases at 14.00 the concentration levels decreases again as can be seen
in the picture from 14.30. At 15.00 the ground deposition layer starts to vanish
leading to a lower concentration.
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Figure 7. The figures show dif-
ferent concentration levels at six
different times during an attack
against Umeå centre with 300 kg
liquid soman. Risk for unhealthy
effects can occur when the concen-
tration levels are higher then 0.03
mg/m3 and deadly effects can occur
when the concentration is higher
then 0.3 mg/m3. Notice that, how
the concentration affects humans is
dependent on exposure time. A
longer exposure time increases the
risk of severe wounds.
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6 Discussion
Bellow is discussed what the model manage to predict in the test simulation (sec-
tion 5) and what it doesn’t predict.

Just like the old model, the model predicts that the highest concentration is
during the first hour when the boundary layer height is low and hence the part of
the atmosphere where the gas is able to mix is small. The model then predicts the
concentration increase between 13.00 and 13.30 which exists due to the tempera-
ture increase on the ground. When the wind increases the last hour more air passes
the ground deposition layer in a shorter time and hence is the secondary cloud re-
leased into a larger volume. This effect is larger than the increase in evaporation
rate and hence does the concentration decrease. But this concentration decrease is
also an effect of the decreasing amount of soman in the ground deposition layer.

One can notice is that the model neglect individual streets and houses. Instead
one average value, called the roughness factor, is calculated as a function of the
obstacles heights and used by the model. If the model hadn’t neglected objects
on the ground, the concentration would have been higher on the streets and some
part of the gas might even have traveled a short distance in the opposite wind
direction due to whirls around buildings. But as an average estimation of the con-
centration levels the model should be able to reasonably well predict the airborne
concentration of the C-agent.

Furthermore, the evaporation rate is approximately proportional to the temper-
ature, but the model has a constant ground temperature all over the region as long
as the air temperature is the same. Hence the evaporation rate is constant in the
entire region. In reality different sections on the road have different temperatures
due to different heat capacity, color and received solar radiation. Therefore, small
errors in the concentration level arise on regions colder and warmer compared to
the average ground temperature.

Beside the effects of the homogeneous wind field and temperature, the statis-
tics is also an important factor. In this simulation it is not good enough to predict
the geometry and concentration of the gas cloud when the concentration is close
to zero. The smallest concentration areas, green and yellow dots, that can be seen
in figure 5 consists of single simulation particles. This makes it hard to estimate
the concentration and geometry of the gas cloud in these areas due to the lack of
statistic. To make a better estimation of the secondary cloud the number of sim-
ulation particles has to increase by a factor of ten or more, or several simulations
with different seeds to the random number generator must be done to improve the
statistics. Notice that the pppfact was chosen to 10 during the simulation and
hence the number of gas particles is 10 times more then the number of fluid par-
ticles in the ground deposition layer. Without this choice of pppfact the number
of simulation particles in the contaminated area would have been huge and the
simulation time would have increased significantly to arrive at the same result.

But the major drawback of the simulation is the lack of an estimation of the
error. Without a good error estimation it is hard to trust the results from the model
since the transport and dispersion of the gas depends on several uncertain input
parameters like the wind speed, wind direction, boundary layer height etc. An
easy way to achieve this would have been to make several simulations with small
variations in the input parameters, and from the results calculate mean and stan-
dard deviation.
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7 Summary and Conclusions
In this master thesis a dispersion model based on a Lagrangian particle method has
been enhanced with an integrated handling of evaporation from a ground deposi-
tion layer. Further more an explanation of the parametrization of dry deposition
velocity for both gases and particles is given. The goals i.e, to simplify the pre-
processing needed to start the calculations in the dispersion model, are fulfilled.
This is done by both the evaporation implementation and the given documentation
of the dry deposition velocity.

In addition to those changes the possibility of complex source movements and
weather changes during a simulation are implemented in the model.

Two main verifications of the model have been done. First the evaporation rate
was compared to the GASSY [12] model. The results from that comparison were
good and all the results were inside the estimated theoretical error. The second
verification was a dispersion comparison between the revised model and the old
model. The disagreement was acceptable and was probably due to differently
assumed injury levels.

Finally, a scenario consisting of complex source movements, weather changes,
dry deposition and evaporation from the ground deposition layer was constructed
and tested. The model performed well and behaved as expected.
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8 Future development
The current implementation of the particle dispersion model has some disadvan-
tage like the horizontally homogeneous wind field and the disability to specify the
roughness parameter in more than one direction. Future work on the model could
investigate the possibility to include both a wind grid and a roughness grid.

Other possible improvements of the model could be made in the post process-
ing of data obtained from the model. Often the goal with a simulation is to es-
timate the concentration at a given position (or more likely, many positions), x,
from a set of calculated particle positions. Since the concentration at the point x
is either zero or infinite, it is inevitable that the estimate must involve particles in
the vicinity of x. In the current model this is done by specifying cubical boxes
with the same size through the entire region, counting the number of particles in
each box and dividing with the box volumes, hence achieving a concentration,
particles/(box volume).

A better way would be to find a good weighted mean over the particles in the
vicinity of x, i.e. a so called kernel estimate, i.e. a weighed mean with the weight
being proportional to a specified kernel function. With a smart kernel function,
kernel estimation can be used to estimate mean fields, such as concentration, from
the particles values. Moreover, the error estimation of the concentration field
could be made easier with a kernel function.
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Appendix A

User guide

A.1 Meteorological data

Weather conditions affect the degree of turbulence in the planetary boundary layer.
Relevant weather conditions should be specified for a simulation of a particle

dispersion in the planetary boundary layer.
The first thing of interest when particle dispersion in the planetary boundary

layer is to be simulated is the weather conditions during the simulation which
affect the degree of turbulence.

Below is a parameter by parameter description the parameters that should be
specified in the file input_ana.nml.

Roughness length

The roughness length z0 is defined to be the height over the displacement plane
where the mean wind becomes zero. Typically this value is around 1/10 of the
vegetation and obstacles covering the ground.

z0 together with the parameter for the lowest allowed z-value can affect the
stability of the differential equations solved in the convective case.

Friction velocity

The friction velocity u∗ = (|τ/ρ|)1/2, where τ is the Reynolds stress and ρ is
density, is approximately proportional to the mean velocity. The square of the
friction velocity, u2∗, is called the kinematic stress and is stress per unit density of
air.

This parameter could be used to edit the wind speed.

Obukhovs length

(Monin-)Obukhovs length defined as, L = −u3∗Tv

kgQv0
, where Tv is virtual tempera-

ture5, k is von Karman’s constant which is set to a value of 0.4 [18], g is gravita-
tional acceleration and Qv0 is kinematic virtual temperature flux at the surface in
units of K · m/s. Obukhovs length is interpreted as the height where the buoy-
ancy generated turbulence becomes dominant over the dynamically generated tur-
bulence.

This parameter indicates if the stratification is stable, neutral or unstable.
Where L is positive for stable conditions, negative for unstable and 0 for neu-
tral conditions. Obukhovs length can also be used to edit the wind speed.

5Virtual temperature is the temperature that dry air would have if its pressure and density where
equal to that of moist air.
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Vertical virtual potential temperature gradient, γ

The constant γ is the gradient of the virtual potential temperature, γ = ∂Θ
∂z , where

Θ is the virtual potential temperature and z is the height above ground. By using
Θ, the degree of stratification is divided into the three categories:

1. Unstable, when ∂Θ
∂z < 0

2. Neutral, when ∂Θ
∂z = 0

3. Stable, when ∂Θ
∂z > 0

Brunt-Väsiälä frequency

Brunt-Väisälä frequency, N =
(

g
Tv

∂Θv
∂z

)1/2
is defined to be the frequency at

which a sufficiently small volume of air would oscillate when displaced verti-
cally under stable conditions. ∂Θv

∂z is the vertical gradient of the virtual potential
temperature6, g is gravitational acceleration and Tv is virtual temperature. The
oscillation arises when air parcels are hotter (or cooler) than the surrounding air
and experience a buoyancy force will gives them an upward (or downward) veloc-
ity towards equilibrium. When the air parcels pass the equilibrium condition the
buoyancy force is reversed and an oscillation start.

The frequency is undefined during unstable stratification and equals 0 in neu-
trals stratification.

Coriolis parameter

The Coriolis parameter is derived from the scalar value of the Coriolis force that
acts on a moving object on earth. The Coriolis force, F = 2Ω sinΘv+sinΘv2/R,
where Ω is angular frequency of earth given in radians per second and Θ is lat-
itude, R is the earth radius and v is the speed of the object. The last term is so
small, it can be neglected compared to the first term. Thus F = 2Ω sinΘ·v = f ·v,
where f is the Coriolis parameter.

Typical value in Sweden is 1.3 · 10−4 1/s.

Large scale vertical velocity

The large scale vertical velocity, WBL, is the vertical velocity on the top of the
boundary layer. The WBL tends to increase the boundary layer height.

Wind angle

The wind angle rotates the wind clockwise around the z-axis. The wind angle is
defined in standard meteorological convention so that 270◦ corresponds to a west
wind or wind in the positive x-direction, i.e. the standard direction for the wind in
the model, and a wind angle of 0◦ is the same as a wind in the negative y-direction,
or north wind, see figure A.1.

6Virtual potential temperature is the potential temperature where dry air would have the same
density as moist air.

34



FOI-R–1462–SE

Figure 8. A west wind in the coor-
dinate system with meteorological
angle convention.

A.2 Evaporation

When estimating evaporation from the ground deposition layer the interesting fac-
tor is the change in the relative fraction remaining with time, defined as dFr

dt . The
number of particles evaporated is roughly this factor times ∆t. Theoretically dFr

dt
is constant with time and a function of temperature, particle diameter, substance
purity and wind speed at a constant height above the ground. However due to
impurities and ground absorption dFr

dt is time dependent.
The parameter dFr

dt is read from a separate data file containing a table of the
form:

1. Number of different temperatures, number of different wind speeds and
number of different deposited aerosol drop diameters.

2. For each temperature:

2.1 For each wind speed:

2.1.1 For each diameter:

2.1.1.1 Time in hour to use the specific dFr
dt , the value of the deriva-

tive and the fraction evaporated.

See table A.2 for a complete description of the file layout.
There is a Python script called gassy.py for generating evaporation tables

using the model GASSY.
Bellow is a description of parameters necessary to define for evaporation in

the input file.

Evaporate

The parameter Evaporate is a logical variable set to true if deposited non-gas
particles are be able to evaporate.
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Table 7. Example of an input data
table for estimation of dFr

dt
. Com-

ments start with !.

! Number of differ-
ent temperatures in
file

Number of differ-
ent wind speeds in
file

Number of differ-
ent diameters in file

2 2 2
! temp [◦C] wind speed [m/s] diameter [m]
10.0 1.0 0.001
! time [h] dFr

dt Mass evaporated
(%)

.339 .0000819 10.0

...
...

4.403 .0000239 90.0
! temp [◦C] wind speed [m/s] diameter [m]
10.0 1.0 0.002
...

...
...

! temp [◦C] wind speed [m/s] diameter [m]
10.0 2.0 0.001
...

...
...

! temp [◦C] wind speed [m/s] diameter [m]
10.0 2.0 0.002
...

...
...

! temp [◦C] wind speed [m/s] diameter [m]
20.0 1.0 0.001
...

...
...

! temp [◦C] wind speed [m/s] diameter [m]
20.0 1.0 0.002
...

...
...

! temp [◦C] wind speed [m/s] diameter [m]
20.0 2.0 0.001
...

...
...

! temp [◦C] wind speed [m/s] diameter [m]
20.0 2.0 0.002
...

...
...

pppfact

The pppfact parameter specifies the relationship between the number of evapo-
rated particles and the number of particles released from the source, i.e. if pppfact,
is equal to 10 when 100 fluid particles are released from the source representing
a total mass of 100 kg each evaporated particle will represent 0.1 kg of the sub-
stance. In concentration pppfact acts as

cm = c
mtot

Nf

1
pppfact

, (38)

where cm is mass concentration (kg/m3), c is particle concentration (1/m3), mtot

is the total mass (kg) released from the source and Nf is the number of particles
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released from the same source.

resusp_fact

With resusp_fact the particle type from different sources can be specified. A
source with resusp_fact defined to 0 is a gas source, 1 is a source with fluid drops
and 2 is a solid particle source.

create_evap_file

The parameter create_evap_file is used to specify what type of out file the program
should produce, see table A.2 for the different values of the parameter and their
meanings.

release_fact

Dimension less factor used to modulate evaporated particles release height. Evap-
orated particles release height is equal to

height =
νazrough

u∗
· 105

zlow
release_fact, (39)

where νa is air viscosity. The first part in equation (39) (zrough · νa/u∗) represent
the upper level where the aerodynamic resistance is the dominating deposition
resistance.

A.3 Source waypoints

To simulate source movements a number of waypoints can be specified for each
source. Each source must have the same number of waypoints. If one source is
moving and the other is not then the one not moving must have fixed waypoints.

Here is an example with n waypoints and m sources where subscription de-
notes the waypoint number and superscription denotes the source number:

n_waypoints = n
x_waypoint = x1

1 x1
2 . . . x1

n x2
1 . . . x2

n . . . xm
1 . . . xm

n

y_waypoint = y1
1 y1

2 . . . y1
n y2

1 . . . y2
n . . . ym

1 . . . ym
n

z_waypoint = z1
1 z1

2 . . . z1
n z2

1 . . . z2
n . . . zm

1 . . . zm
n

A.4 Weather condition changes

To change weather conditions during a simulation the model can write to an out
file specified by the variable save_out_file that stores the entire final state
the particles have at the end of the run. Then another simulation with a differ-
ent input data can continue from exactly the same position, if the out file from
the previous run is renamed to the name of the in file specified be the variable
read_in_file.
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Table 8. Possible values for the
variable creat_evap_file in the file
input_ana.nml.

create_evap_file Out files description
1 Don’t separate between any types of particles. Only create

the four files:

NAMN_IN_t.dat Contains time for output and
the number of airborne parti-
cles.

NAMN_IN_xyz.dat Contains x-, y-, z-, age, ra-
dius and settling velocity for
the airborne particles.

NAMN_IN_t_dep.dat Contains times for output and
number of deposited particles.

NAMN_IN_xyz_dep.dat Contains x-, y-, z-, age, radius
and settling velocity for the de-
posited particles.

2 Separate between gas and non-gas particles. Creates the
four files mention above, but this time they only contains
non-gas particles, and additionally the four files:

NAMN_IN_gas_t.dat Contains time for output
and the number of air-
borne gas particles.

NAMN_IN_gas_xyz.dat Contains x-, y-, z-, age,
radius and settling veloc-
ity for the airborne gas
particles.

NAMN_IN_gas_t_dep.dat Contains times for output
and number of deposited
gas particles.

NAMN_IN_gas_xyz_dep.dat Contains x-, y-, z-, age,
radius and settling veloc-
ity for the deposited gas
particles.

3 Separates between evaporated and non evaporated particles
in the same way as above for gas and non-gas particles. In
addition to the four files in case one, in this case also the
files:

NAMN_IN_evap_t.dat Specified as in case 2 but
for evaporated particles.

NAMN_IN_evap_xyz.dat Specified as in case 2 but
for evaporated particles.

NAMN_IN_evap_t_dep.dat Specified as in case 2 but
for evaporated particles.

NAMN_IN_evap_xyz_dep.dat Specified as in case 2 but
for evaporated particles.

A.5 Input
The input data to the model are stored in a file called input_ana.nml, see
tables A.5, A.5, A.5, A.5, A.5 and A.5 for the full list of input parameters that
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must be stated in the file.
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Table 9. Different surface areas
variables in the file input_ana.nml.

Variable Description # of values Unit
n_z0 number of roughness areas. I.e.

number of different surfaces in the
x-direction. In the unstable case
n_z0 = 1

1 -

X_Z0 x-coordinates where a new z0 value
becomes valid. The first X_Z0 value
must be less than the lowest x-value
in the simulation.

n_z0 m

Z_ROUGH Roughness length for the different
surfaces. The height above the
ground where the mean wind be-
comes zero.

n_z0 m

UST Friction velocity. n_z0 m/s
MO_L (Monin-)Obukhovs length n_z0 m
N_FREQ Brunt-Väisälä frequency n_z0 1/s
F_PARAM Coriolis parameter n_z0 1/s
WERT_VEL Large scale vertical velocity n_z0 m/s
ground_temp temperature at ground n_z0 K
h_start Start value for unstable boundary

height calculation
1 m

t_end Length of time period during which
the unstable boundary height grows

1 h

gamma the stratification above the PBL, po-
tential temperature

1 K/m

XHIGH the largest x-value in the calculation
domain

1 m

ZLOW the lowest z-value in the calculation
domain

1 m

VD the deposition velocity due to trans-
port through the laminar surface
layer and surface resistance

1 m/s

AGE0 age of particles at the release n_source s
WIND_ANGLE rotate the wind clockwise in the xy-

plane
1 ◦

0◦ gives wind from north⇒ wind in
(−y)-direction
90◦ gives wind from east ⇒ wind in
(−x)-direction
180◦ gives wind from south⇒ wind
in y-direction
270◦ gives wind from west ⇒ wind
in x-direction

RELEASE_FACT Used to modulate evaporated parti-
cles release height

1 -
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Table 10. Namelist method in
input_ana.nml.

Variable Description # of values Unit
DIFCOEF Switch for LEM/RDM. Not in use.

Must be = 1 in this model
1 -

DTMAX Maximum time step 1 s
TOT_TIME Time limit in the calculations 1 s
PDENS release rate for particles n_source 1/s
PTK_ST source release start n_source s
PTK_END source release stop n_source s
EVAPORATE if true then deposited fluid particles

can evaporate. If false then evap-
oration from the ground deposition
layer is ignored as in previous mod-
els.

1 -

Table 11. Namelist moving-

source in input_ana.nml.
Variable Description # of values Unit
n_waypoints number of waypoints. Set to 0 if

the sources should be fix. The way-
points specifies trajectories for the
sources

1

−

X_WAYPOINT x position of waypoints n_waypoints·
n_source

m

Y_WAYPOINT y position of waypoints n_waypoints·
n_source

m

Z_WAYPOINT z position of waypoints n_waypoints·
n_source

m

T_WAYPOINT time to reach waypoint n_waypoints s

Table 12. Namelist settling in
input_ana.nml.

Variable Description # of values Unit
s standard deviation of particle radius n_source −
r0 median particle radii n_source m
rmax maximum radius in the distribution n_source m
rmin minimum radius in the distribution n_source m
p air pressure used to calculate settling

velocity
n_z0 Pa

T air temperature used to calculate set-
tling velocity

n_z0 K

rho_part density of the particles n_source kg/m3

g_earth acceleration due to gravity 1 m/s2

pppfact evaporated particles per particle
from fluid drop source

n_source −

resusp_fact particle type, gas=0, fluid=1,
solid=2. The current version of the
model only calculates evaporation
from deposited fluid particles.
Different particle types are treated
in the same way except from
evaporation

n_source −
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Table 13. Source position vari-
ables input_ana.nml. Variable Description # of values Unit

n_source number of sources 1 -
XINL1 low x-coordinates for the sources n_source m
XINL2 high x-coordinates for the sources n_source m
YINL1 low y-coordinates for the sources n_source m
YINL2 high y-coordinates for the sources n_source m
ZINL1 low z-coordinates for the sources n_source m
ZINL2 high z-coordinates for the sources n_source m

Table 14. Namelist utdata in
input_ana.nml.

Variable Description # of values Unit
DELT_UT time interval for output 1 s
NAMN_IN carries basic part of the name of out-

put files
1 −

TABLE_NAME name of evaporate data table 1 −
CREATE_EVAP_
FILE

see table A.2 1 −

READ_IN_FILE A file containing particle informa-
tion from previous run. If empty or
don’t exist then no file will be read
implying that the simulation should
start from scratch.

1 -

SAVE_OUT_FILEA file for storing the particles status
at the end of the run. If empty no file
will be created. This file can be read
by READ_IN_FILE.

1 -
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