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Toxic gas clouds: Effects and implications of
dry deposition on concentration
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Abstract

The influence of the dry deposition process on concentration pertaining to toxic gas clouds was investigated by model calculations. Three
main release scenarios were simulated, with nine micrometeorological cases considered for each. To compare and confirm the results, two
model types, a stochastic particle model and a box-type model, were independently used to simulate many of the different cases. The results
showed that the effects of dry deposition may be strong for releases at, or confined close to the ground, e.g. neutral or unstable stratification can
cause higher concentrations than stable stratification after 10–15 km. Risk distances are in turn affected and may be substantially shortened,
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.g. for a zero-height release like that from an evaporating pool, a 50% reduction in total airborne substance may occur within 500
ind velocity and neutral or stable stratification.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The aim of this research was to call attention to some
f the effects of dry deposition on concentration regarding
azardous gas clouds and in particular to the importance
f the combined effect of dry deposition and atmospheric
tratification as well as release height. The investigation
sed SO2 and the nerve agents sarin and VX as examples of
azardous gases.

The processes of dry deposition and wet deposition control
he amount of pollutant that is transferred to a surface. Dry
eposition influences the concentration of the pollutant in the
ir and its residence time. It is usually formulated in disper-
ion models by using the dry deposition velocity,vd, defined
svd =F/C, whereF is the flux to the surface andC is the con-
entration of an agent at some reference height. Reactive or
ater miscible/soluble gases often have a highervd than non-

eactive or immiscible gases. A dry deposition velocity in the
ange of 1.6–3.7 cm s−1 has been reported in literature for Cl2

∗ Corresponding author. Tel.: +46 90 10 68 36; fax: +46 90 10 68 02.

and HF and a dry deposition velocity of 0.04–7.5 cm s−1 for
SO2 [1]. The SO2 values are from 14 different published m
surements made under various conditions. The lowest
(0.04) represents a laboratory measurement. A value of
is for snow under stable conditions. The highest value
corresponds to urban conditions (St. Louis). The nerve a
sarin and VX, which are highly soluble in water, have
estimated dry deposition velocity of approximately 0.5
2 cm s−1, respectively, under summer conditions but lo
values in wintertime[2].

Normally, calculation of the removal of gaseous toxic s
stances from the air by dry deposition is included in regio
scale dispersion models used in air-quality and environm
studies[3–5]. However, in some models dry deposition
not been applied in the near field[3] since it is assumed mo
important at greater downwind distances. Dry deposition
process also included in some hazardous-gas dispersion
els, for example HGSYSTEM[6]. Hazardous-gas mode
also exist which exclude dry deposition without explana
[7–8], a possible indication that the effect of dry deposi
may be underestimated. Heavy-gas and hazardous-ga
E-mail address:lage.jonsson@foi.se (L. Jonsson). persion models designed only for short distances often do
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not take dry deposition into account because it is believed to
be of minor significance compared to other factors[9–12].
Whenvd is taken into account in hazardous-gas dispersion
models, it is normally treated as a constant or a near con-
stant. In models of air quality,vd is often a function of time
of day and year, terrain and weather, and furthermore,vd is
calculated from aerodynamic resistance, viscous sub-layer
resistance and surface resistance[4].

Observations made from a chlorine accident along with
supportive experiments[13], point to absorption of 1000 kg
of chlorine within a 500 m radius from a chlorine release of
5000 kg. The wind speed was 1–1.5 m s−1 and the dispersion
was slow due to an uneven terrain. This accident indicates
a need to include dry deposition in the near-field modeling
of the dispersion of hazardous gases. Singh and Ghosh[14]
found it very important to consider dry deposition in mod-
eling the dispersion of the methyl isocyanate in the Bhopal
gas tragedy. They found that dry deposition and chemical
reactions with atmospheric moisture significantly reduced the
residence time of the gas and the affected area. Without these
processes, the event would have been far more tragic than
it was. Dry deposition has also been shown to be capable of
significantly reducing the indoor concentration of toxic gases
released outdoors[15–16]especially at low ventilation rates.

In theirHandbook on Atmospheric Dispersion,Hanna et
al.[17] present Gaussian model calculations, which show that
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height influences the effects of dry deposition and whether
or not calculations using more sophisticated models will ren-
der similar results to previous calculations with Gaussian and
box models that use a constantvd value.

In this study three models, a Lagrangian dispersion model
[21], a long-range transport box model[18] and a puff box
model, were employed to show some of the effects of dry
deposition on the concentration of hazardous gas clouds and
the importance of release height and atmospheric stratifica-
tion. Simulations of three different release scenarios occur-
ring under different weather conditions were carried out with
each model and the results compared.

2. Dry deposition modeling

The dry deposition flux of gases and particles from the
atmosphere to the surface is governed by their concentration
in the air, turbulent transport in the boundary layer, molec-
ular transport in the viscous sub-layer and by the chemical
and physical nature of the depositing species that determine
how efficiently the surface can capture or absorb gases and
particles. To describe the exchange process three stages are
commonly identified working in series like three resistances,
a resistance analogy[22–23]. This provides a common frame-
work for the parameterization of the deposition velocity,
d
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he largest transfers of substance to the surface occur
he release is at the surface, the atmospheric stratific
s very stable and the wind speed is low. As much as
f the released substance could be transferred to the s
ithin 100 m. The transfer to the surface is lower in neu
nd unstable stratification, or if the release is placed at
eight above the surface. Karlsson[18] showed that a hig
ixing height (i.e. unstable stratification) is most favora

or the long-range transport of pollutants due to low de
ition with model calculations using a simple box mode
ough estimation showed that the residence time for a p
ant in the atmosphere is proportional toH/vd, whereH is the
ixing height of the boundary layer andvd is the dry depo

ition velocity. Thus, the longest residence times and
avorable conditions for long-range transport are achiev
nstable stratification whenH is largest despite the fact th

he increased dispersion works in the other direction.
The discussion above raises a question: can the

ry deposition transfer to the surface in stable stratifica
hown by Hanna et al., influence the concentration fro
round-level release in such a way that the highest con

ration is achieved not in stable stratification, but instea
eutral or unstable stratification? If the answer were t
es, this would be contrary to what is normally believed
o views reflected in many rules of thumb and handbo
8,19,20]. If not, will the concentration from a ground-lev
elease at a short distance be highest at a stable concent
ut for a longer distance shift to being highest at neutr
nstable stratification and, if so, at which distance would
hift occur? Other questions to be addressed are how re
,

efined by the relation[24]:

= vd(zref)C(zref) (1)

herezref is a reference height,F is the flux of species to th
urface,C(zref) is the concentration at heightzref andvd is the
ry deposition velocity. Within this framework,vd provides
measure of conductivity between atmosphere and gr

nd is as such widely used to parameterize gas uptake
round[25–27], according to:

d = 1

Ra + Rs + Rc
(2)

hereRa is the aerodynamic resistance in the atmosph
urface layer[28],Rs is the sub-layer resistance[29], andRc

s the surface (canopy) resistance[30].

a = (ln(zref/z0) − Ψ (zref/L))

κu∗
(3)

herez0 is the roughness height,Ψ the integrated stabilit
unction for momentum[28], L the Monin-Obukhov length
is von Karman constant,u* is the friction velocity andzref

s the reference height, which in the case of the box m
s half the vertical extent of the cloud. The variableu∗ in
he box-type models used in this investigation (Section3) is
etermined by:

∗ = κu

(ln(zref/z0) − Ψ (zref/z0))
(4)

hereu is the wind speed.



L. Jonsson et al. / Journal of Hazardous Materials A124 (2005) 1–18 3

Rs is calculated by:

Rs = 2(νair/Dsubstance)2/3

κ × u∗
(5)

whereνair is the kinematic viscosity of air andDsubstance
denotes the molecular diffusivity of the substance in air. It
is worth noting that different researchers recommend differ-
ent expressions forRs. For example, some use an expression
where they divide the Schmidt number (νair/Dsubstance) by the
Prandtl number (which is assumed to be 0.72)[31], [26], thus
obtaining a largerRs value (≈24%) compared to the result
derived from Eq.(5).

Dry deposition will take place only as a result of removal
from the air to the surface. Such being the case, surface prop-
erties, as reflected byRc, are very important in the final stage
of the dry deposition process for gases. Zhang et al.[30] pre-
sented a model forRc, which, in essence could be described
by:

1

Rc
= 1 − Wst

Rst + Rm
+ 1

Rns
(6)

where

1

Rns
= 1

Rcut
+ 1

Rac + Rg
(7)
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distance of 10 km. InFig. 1a it can be seen that bothRs andRa
decrease when the wind speed increases.Fig. 1b shows that
Rs increases somewhat whileRa decreases for more stable
conditions. Based on the model by Zhang et al.[30], the
highest value ofνd for SO2 (7.5 cm/s) presented by Sehmel
[1] (see Section1) seems to be very rare.

3. Dispersion models

Many advanced dispersion models like VLSTRACK[34],
HPAC/SCIPUFF[35], ADPIC [36–39] and MATCH [40]
allow for three-dimensional time-dependent meteorologi-
cal input provided by mesoscale models. For example,
HPAC/SCIPUFF may require both three-dimensional mete-
orological mean fields (e.g. wind and temperature) and
two-dimensional boundary conditions (e.g. friction velocity,
surface roughness, and sensible heat flux.) While this high
functionality may increase the accuracy and capability of real
applications, it is thought to be of less benefit in illustrating
the influence of dry deposition on dispersion since simpler
wind fields, terrain descriptions, etc., make the results more
clear. Therefore, two simple analytical models and one some-
what more complex Lagrangian model with Langevin formu-
lation (LEM model) were used for the simulations. The LEM
model utilized only horizontally homogenous wind fields.
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The variableWst is the fraction of stomatalblocking
nder wet conditions.Rst is the stomatal resistance calcula
sing a sunlit/shade stomatal resistance submodel[32] and
m is the mesophyll2 resistance dependent only on the ch

cal species[32]. Rns is the non-stomatal resistance, wh
urther is broken down into resistance to the cuticle3 uptake
cut, and resistance to the soil uptake including in-can
erodynamic resistance,Rac, and the soil resistance,Rg. The
ariablesRst, Rm, Rac, andRcut are not applicable for lan
ithout canopies. To use Eqs.(6) and (7)for such land,Rac

s set to 0 andRst, Rm, andRcut to a very large value, i.
c =Rns=Rg. Numerical values forRg are suggested[30].

The non-stomatal resistance,Rns, parameterizes for SO2
nd O3 as a function of friction velocity, relative humi

ty, leaf-area index (LAI), and canopy wetness[30]. Non-
tomatal resistance for other chemical species can be s
o those of SO2 and O3 based on their characteristics, s
s solubility and half-redox reactivity[33]. It is worth noting

hat in the model by Zhang et al.[30], the canopy cuticle resi
ance is separately calculated for dry and wet conditions
hat both the soil resistance and the resistance to the c
ptake are adjusted according to a snow-cover fraction

Fig. 1illustrates the variation due to wind speed (Fig. 1a)
nd stratification (Fig. 1b) of the sub-layer resistance for SO2,
s, and the aerodynamic resistance,Ra, in the atmospheri
urface layer calculated for a cloud thickness determine

1 Small pores in the outer layer of a leaf or stem through which gase
ater vapor pass. Also called stomata.
2 The photosynthetic tissue of a leaf.
3 A covering layer of wax-like, water-repellent material.
.1. Box-type models

Two box-type models were used since dry deposition
e explicitly formulated in such models. The effects of
eposition are therefore easier to understand, identify
iscuss.

.1.1. Continuous source model
Following the work of Scriven and Fisher[41], a two-

imensional dispersion in thex–zplane is considered, whe
is a horizontal coordinate andza vertical coordinate. IfC(x)

s the concentration at distancex, the rate at which the co
aminant crosses a vertical plane isu(x)H(x)L(x)C(x), where
is the horizontal velocity perpendicular to the plane,H is the
eight of the plane,L is the lateral extension of the plane a
is the concentration at the plane. Eq.(1)defines the depos

ion velocity[24], νd. Neglecting any other loss except los
he bottom and assumingu(x)= constant, the mass-balan
quation forC(x) is:

d

dx
(H(x)L(x)C(x)) = −vdL(x)C(x) (8)

f

(x) = L0 + 2θyx (9)

hereL0 is the lateral extension at the source andθy is the
ateral dispersion parameter, then Eq.(8) has a well-known
olution if θy andH do not depend onx (Eq. (10)) [34],
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Fig. 1. (a) Variations by wind speed of the sub-layer resistance for SO2, Rs, and the aerodynamic resistance,Ra, in the atmospheric surface layer calculated
for a cloud thickness determined at a distance of 10 km in the case of neutral stratification; (b) illustrates howRs, andRa are affected by different stratification
cases (Pasquille types C, D and E determined, according to[17], c.f. Table 1) for a cloud thickness determined at a distance of 10 km for a wind speed of 2 m/s.
The dashed lines represent the surface (canopy) resistance for SO2, Rc, during wet days.

which describes the variation in concentration in the down-
wind direction of a continuous source under perfect mixing
conditions. Thus, ifH=Hm is thought of as the height of the
mixing layer andφy= the constant value ofθy, then

C(x) = C0
1

(1 + 2φy(x/L0))
e−(vd/Hm)x/u (10)

(the different variables defined above). Scriven and Fisher
use aφy value of 0.08 for long-range dispersion. To study the
long-range transport of pollutants[18,34], several researchers
have used Eq.(10), though there are many approaches that
can be taken[42,43]. However, in this study the distance-
dependent lateral dispersion parameters for conditions per-
taining to open country recommended by Briggs[44] for
different Pasquille-type stability classes were used[45,46].

3.1.2. Puff model
To derive an analytical model equation for a simple

three-dimensional homogenous puff including dry deposi-

tion where the puff is located at ground level, one approach
could be to extend Eq.(10) by a simple mass-balance con-
sideration for a puff, yielding:

C(x) = C0
1

(1 + 2Φy(x/L0))

1

(1 + 2Φx(x/S0))

× 1

(1 + ((Φzx)/H0))
e−(vd/H0+(Φzx))x/u (11)

whereC0 is the initial concentration in the source volume
defined byL0 S0H0, L0 is the source extent in the cross-
wind direction,S0 the source extent in the wind direction
and H0 the height of the source. The distance-dependent
lateral and vertical dispersion parameters for open coun-
try conditions recommended by Briggs[44] for different
Pasquille-type stability classes[45,46] are denoted byΦx,
Φy, andΦz. The variablex is the distance from the source
location andu is the (constant) wind speed. An explanation
of the reasoning behind the variation of H in the downwind
direction can be found in the Appendix. As the dispersion
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parameters depend on the distance to the source,x, Eq.(11),
as well as Eq.(10), do not strictly represent correct solu-
tions. However, these equations can be expected to render
good approximations, as is illustrated in the Appendix for
Eq.(11).

These two types of box-like models (Eqs.(10) and (11))
were used in this study with the modification that the height
of the clouds is restricted to the mixing-layer height. From
Eqs.(10) and (11)it can be seen that the dry deposition effect
is approximately expressed by e−vdx/Hu, whereH is now a
mean vertical extent of the cloud. A lowH value, that is sta-
ble stratification, and a low wind velocity,u, lead to a greater
dry-deposition effect. For example, a ground release of
H= 30 m,u= 1 m s−1, vd = 0.01 m s−1 andx= 3000 m results
in e−vdx/Hu ≈ e−1 ≈ 0.37, which shows that the concentra-
tion is reduced by 63% after 3000 m. However,vd also needs
to be formulated according toH andu (see Eqs.(3)–(7)). In
these equations the micrometeorological variables are deter-
mined from the Monin-Obukhov similarity profile relations
[28]. Furthermore, in the box models the wind speedu is
independent of height. Hence, all the different parameters in
Eqs. (3)–(7) can be given specific and constant values for
each case studied.

3.2. Langevin formulation of lagrange model
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model used in this investigation[51,52] is based on the
Langevin equation.

The Langevin equation can be formulated as:

dx(t)

dt
= Ax(t) + ξ(t) (12)

wherex(t) is a p× 1 random vector representing position.
The variablep is the number of particles in the model,A is a
p×pmatrix,�(t) is ap× 1 random vector whose correlation
matrix satisfies

Rξ(t, τ) = 〈
ξ(t + τ)ξ∗(t)

〉 → Rξ(τ) (13)

whereξ∗ stands for conjugated transposed.
The application of similar stochastic differential equa-

tions to turbulent diffusion began several decades ago and
includes homogenous turbulence[53] as well as inhomoge-
neous turbulence[54] and skewed turbulence[55]. In the
specific LEM model used in our study the boundary-layer
height and wind profile is modelled, ccording to Zilitinke-
vich et al.[56]. Implementation of the Langevin equation for
stable and neutral stratification is achieved as follows:


dxi = uidt

ui = ui,old + dui

dui = ai(�x, �u, t)dt + bi,j(e)dWj(t)

(14)
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One drawback of the box-type models is that the c
entration is constant with height, which might lead
n underestimation of the deposition flux, especially f
ource located at ground level. Another drawback is the
tant wind-height profile (both speed and direction). Th
ore, a Lagrange approach to turbulent dispersion was
mployed in the investigation. The Lagrange approach

nates from Taylor’s classic (1921) paper ‘Diffusion by C
inuous Movements’[47]. Taylor argued that the transport
pecies due to molecular diffusion is negligible compa
o advective and turbulent transport and consequentl
ean flow field can be evaluated from data on the mo
f fluid particles. Compared to the box-type models, a m
ealistic concentration and wind profile is implemented
he Lagrange model used. Variations in height in both
ind and turbulence fields are considered. Taylor arg

egarding the model, that the dispersion of a passive
tance is computed by tracing the motion of fictive partic
hich can represent air parcels or aerosol particles. T
ctive particles are assumed to represent the ensemble
ge values of the actual particle distribution. By allottin
ertain amount of the substance to each particle, the
ling to the total amount of substance is represented. S
nd light particles follow turbulent fluid fluctuations so th
articulate diffusivity is identical to the fluid eddy diffus

ty [48]. Thus, it should be possible to follow the turbul
otion in eddies by supplementing the Lagrange appr
ith a sufficient model of the velocity of a fluid particle

urbulence such as the Langevin model (LEM)[49] (orig-
nally proposed by Langevin (1908)[50]). The Lagrang
-

here dWj(t) represents an increment in a Wiener proc
ith an expected mean of 0 and deviation dt. The functionsai
ndbi,j are a deterministic and stochastic acceleration, re

ively. For unstable stratification, the correlation between
ateral and vertical velocity components is neglected.

odel uses the dry deposition velocity to calculate the p
bility that model particles reach and are deposited on
urface[21]. This deposition probability is expressed by:

= φm

φp
= (2π)1/2 vd

σw
(15)

here�m is the mass flux through any given surface,φp is
he mass flux in the negative z direction through a surfa
he case of a Gaussian velocity distribution with a zero a
ge velocity and a standard deviationσw [57]. The use of
eposition probability entails that there is no need for a l
alue of concentration in the dry-deposition calculation. T
eposition algorithm was verified against carefully contro
eposition experiments by Karlsson et al.[21]. Furthermore
ince the overall deposition in the Lagrange model is ap
ery close to the surface and the turbulent transfer calcul
s inherent in the model, the aerodynamic resistance bec
nsignificant, i.e., it would have a value close to zero. S
ar approaches were already reported by Boughton[58] and

ilson [59] and are nowadays quite common. In the mo
sed in this investigation, the dry-deposition rate can be g
s a fixed-value data input, or, alternatively, it can be ca

ated according to a model presented by Zhang et al.[60]. No
pecial heavy-gas effects are taken into account in eith
he box models or the LEM model. However, a pancake
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source is used in one case to partly simulate the effects of dry
deposition on heavy-gas clouds.

4. Results

The main question we wanted to answer with this investi-
gation was whether or not, due to dry deposition, the concen-
tration from a ground release of hazardous gas would be lower
in stable stratification than in neutral or unstable stratification,
and if so, under which particular conditions. We also wanted
to quantify how the effect of dry deposition is influenced by
release height for some conditions. For this purpose, we used
the three different models presented in Section3 to simulate
the effect in a number of cases divided into three scenarios: an
instantaneous ground-level release, an instantaneous elevated
release and a continuous release. The simulations were often
extended to 100 km where dispersion models are not usu-
ally verified by experiments. Therefore, we do not expect the
absolute concentration levels to be highly reliable. However,
since this study focused on the relative effect of dry deposi-
tion rather than its absolute consequences and, furthermore,
used a well-established formulation for the dry deposition
process, it is believed that the effect of this uncertainty is not
detrimental to the purpose of this study.

In this section the results of the investigation are pre-
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Lagrange LEM model described in the preceding section.
The extension of the source was set to 10 m× 10 m× 10 m
(in one case 31.6 m× 31.6 m× 1 m) and the initial concen-
tration arbitrarily to 105 mg/m3.

As a starting point, the Lagrange LEM model was used to
identify the expected situation for a zero dry deposition veloc-
ity. This is illustrated inFig. 2a (ground release) and 2b (ele-
vated release), where the calculated maximum ground-level
concentration versus distance from a 10 m× 10 m× 10 m
instantaneous release with a wind speed of 2 m s−1 is pre-
sented. Also, in order to understand how the LEM model
results and the box-type puff model results would relate, it
was deemed of value to compare dispersion as predicted by
each model without dry deposition (i.e.vd = 0) for a stable
and a neutral weather situation. This is also shown inFig. 2a
where it can be observed that the two model types rendered
quite similar predictions for neutral stratification while the
box-type puff model predicted less dispersion for stable strat-
ification. It can also be seen inFig. 2, and in all the following
curves representing results from the LEM model, that the
curves are not perfectly smooth. This is mainly due to some
randomness built into the model that results in several maxi-
mum values in the cloud appearing as the cloud grows, thus
making the exact determination of the location of the max-
imum point difficult. To deal with this problem, a statistical
procedure was adopted but in spite of this effort some ran-
d EM
m

4
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ented. In the next section, Section5, the findings from th
imulations of each of the scenarios are summarized
iscussed. One neutral and one stable weather case is d

or each of the scenarios used in this investigation. Also
nstable case is defined in two of the scenarios. The sp
ata used for each weather condition can be found inTable 1.
ther specific data common to all scenarios are the kine
iscosity of air (vd = 1.6× 10−5 m2 s−1), the molecular diffu
ivity of the substance in air(Dsarin= 6.9× 10−6 m2 s−1 [61],
VX = 4.8× 10−6 m2 s−1 [61], DSO2= 1.3× 10−5 m2 s−1),

oughness height (z0 = 0.3 m), Coriolis paramet
1.15× 10−4) and the von Karman constant (κ = 0.41).

.1. Instantaneous release

This puff-type release was investigated using both
nalytical puff model, Eq.(11), and the more sophisticat

able 1
pecific data used for each weather condition

tability Wind (10 m) [m s−1] The height of the boundary laye

table 1 49
eutral 1 176
nstable 1 1500
table 2 69
eutral 2 347
nstable 2 1500
table 4 89
eutral 4 680
nstable 4 1500

tability determined in accordance with the work of Hanna et al.[17].
d

omness can still be found in curves plotted from the L
odel results.

.1.1. Ground-level release
How dry deposition affects the calculated maximum c

entration for an instantaneous ground-level release is
llustrated inFig. 3by using the box-type puff model whe
he dry deposition velocity was calculated for sarin, SO2 and
X for stable, neutral and unstable stratification. It can
een inFig. 3 that the influence of dry deposition lowers
oncentration more in the case of stable stratification
n the case of neutral or unstable stratification. Heuristic
iven the initial amount in the release, the low mixing la

n stable stratification favors dry deposition at an early s
ecause the smaller mixing volume means a higher co

ration, and thereby a higher dry-deposition rate. If the
loud does not move too fast and the deposition rate is

Monin-Obukhov length [m] Friction velocity [m s−1] Stability

50 0.085 E
109 0.115 D

−9 0.138 A
50 0.168 E
109 0.23 D

−50 0.23 C
50 0.32 E
109 0.457 D

−50 0.46 C
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Fig. 2. The figure illustrates the situation without dry deposition and shows the calculated maximum ground-level concentration vs. distance from a
10 m× 10 m× 10 m instantaneous release where the wind speed is 2 m s−1. The maximum concentration is calculated for stable and neutral stratification
using a Lagrange LEM model: (a) shows the situation for a ground-level release while (b) shows the situation for a release extending from a height of 58–68 m.
Also, (a) shows the difference between the predictions of dispersion without dry deposition (vd = 0) as predicted by the two model types used, a Lagrange LEM
model and a box-type puff long range model, respectively, for both a stable and a neutral weather situation.

enough, a condition will eventually arise; the gas concentra-
tion in the low mixing layer will be reduced to the same level
as the one in the higher mixing layer present in neutral strat-
ification. From that point in time, when the concentrations,
and thus the deposition rates, are equal, the concentration in
the low mixing layer will decrease faster as the cloud moves
because of the smaller volume of gas (mass) represented by
the lower mixing layer. The difference in deposition velocity
among VX, SO2 and sarin for a wind speed of 2 m s−1 does
not seem to affect the concentration much during unstable
stratification and, only marginally, during neutral. However,
a clear difference can be seen for stable stratification among
sarin, SO2 and VX. For VX, the concentration for a stable
stratification is lower than for a neutral stratification after
about 70 km and lower than for an unstable stratification
after more than 100 km. InTables 2 and 3, the corresponding
intersections of concentration curves for stable-neutral and
stable-unstable stratification, with wind speeds of 1 m s−1

and 4 m s−1, can also be found. The intersection of the con-

Table 2
Intersecting of stable and neutral curves for different substances for a ground
release of 10 m× 10 m× 10 m

Wind [m s−1] Distance from source [km]

Sarin VX SO2

1 60 49 50
2 107 72 87
4 >100 104 >100

Figures from analysis using a box-type puff long-range model equation.

Table 3
Intersecting of stable and unstable curves for different substances for a
ground release of 10 m× 10 m× 10 m

Wind [m s−1] Distance from source [km]

Sarin VX SO2

1 106 86 88
2 >100 >100 >100
4 >100 >100 >100

Figures from analysis using a box-type puff long-range model equation.
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Fig. 3. The figure illustrates the effect of dry deposition for different micrometeorological conditions using a box-type long-range puff model and shows the
calculated maximum concentration for a wind speed of 2 m s−1 vs. distance from a 10 m× 10 m× 10 m instantaneous release at ground level. The concentration
is calculated for stable, neutral and unstable stratification. Different curves are shown where dry deposition resistance is calculated for sarin, SO2 and VX,
respectively.

centration curves is contrary to what was found without dry
deposition (Fig. 2a).

The fact that the comparisons are made between two stabil-
ities, both having the same wind speed, should not be a serious
restriction since, as illustrated inFig. 3, dry deposition mainly
has an effect in stable stratification. For example, in the case
of VX, the distance to the intersection of the curve represent-
ing stable stratification with a wind speed of 1 ms−1 and the
curve representing neutral stratification with a wind speed of
6 ms−1 is 52 km. This is an increase of only about 6% com-
pared to the corresponding distance when both wind speeds
are 1 ms−1, i.e. the distance to the intersection increases from
49 km (Table 2) to 52 km.

For comparison, the calculated maximum concentration
using a Lagrange LEM model is shown inFig. 4 for stable
and neutral stratification with a wind speed of 2 m s−1 and a
dry deposition velocity matching VX. With a source extend-
ing from the ground to a height of 10 m (hereafter referred
to as release height 0–10 m) it can be seen inFig. 4a that
the concentration for a stable stratification becomes lower
than for neutral stratification after around 32 km, contrary
to what was observed with no dry deposition, i.e.vd = 0
(Fig. 2a). Illustrating the results for a release height of 0–1 m,
Fig. 4b shows that the concentration for a stable stratification
becomes lower than for neutral stratification after approxi-
mately 14 km, which is less than half the distance for the
h

4
the

L ten-

sion of the source was set to 10 m× 10 m× 10 m and the
initial concentration arbitrarily to 105 mg/m3, but instead of
being located at ground level, in this scenario the source was
located 58 m above the ground, i.e. just beneath the boundary-
layer height for the 2 m s−1 stable stratification.

In Fig. 5, the calculated maximum concentration at ground
level versus horizontal distance from the instantaneous ele-
vated release is shown. The wind speed is 2 m s−1 and the
dry deposition velocity resembles the value for VX, i.e.
1.4 cm s−1 for stable stratification and 1.8 cm s−1 for neutral
stratification. It can be observed that the calculated maxi-
mum concentration at ground level for stable stratification
reaches its highest value further away from the source than
does the concentration for neutral stratification. Once the con-
centration for stable stratification becomes higher than for
neutral stratification, it does not decrease below the corre-
sponding curve for neutral stratification for distances shorter
than 100 km, which is in line with the case without deposition
(Fig. 2b).

4.1.3. Differences in the influence of dry deposition on a
ground-level and elevated release

As a comparison,Fig. 6 shows the calculated maxi-
mum concentration at ground level versus horizontal distance
from an instantaneous 10 m× 10 m× 10 m elevated release
( und-
l e-
v a
o ses
a
c

igher source height (Fig. 4a).

.1.2. Release at 58–68m
This puff-type release was investigated using only

agrange LEM model. As for the ground release, the ex
58–68 m above ground level, dotted curve) and a gro
evel release (solid curve). InFig. 6a, both ground and el
ated releases are shown for neutral stratification andvd
f 1.4 cm s−1. In Fig. 6b, both ground and elevated relea
re shown for stable stratification and avd of 1.4 cm s−1. All
urves in the figure represent a wind speed of 2 m s−1. The
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Fig. 4. The figure illustrates the effect of dry deposition in different micrometeorological conditions using a Lagrange LEM model and shows the calculated
maximum concentration vs. distance from an instantaneous release at ground level for a wind speed of 2 m s−1 and a dry deposition velocity matching VX.
The maximum concentration is calculated for stable and neutral stratification; (a) shows the situation for a 10 m× 10 m× 10 m release, (b) shows the situation
for a source with height 1 m and a volume equal to the source in (a). Note the different scales on thex-axis in (a) and (b).

Fig. 5. The figure shows calculated maximum concentration at ground level vs. horizontal distance from a 10 m× 10 m× 10 m instantaneous high-source-height
release (58–68 m above ground level) for a wind speed of 2 m s−1 and a dry deposition velocity matching VX. The maximum concentration is calculated for
stable and neutral stratification using a Lagrange LEM model.



10 L. Jonsson et al. / Journal of Hazardous Materials A124 (2005) 1–18

figure reveals that for both stable and neutral stratification, the
concentration at ground level for the elevated release reaches
its maximum value shortly after it exceeds the corresponding
concentration for the ground-level release. Moreover, once

the concentration for the elevated release becomes greater
than that for the ground-level release, it does not decrease
below the curve for the ground-level release, although the dif-
ference between the two neutral-stratification cases inFig. 6a

F
a
a
2
t
t

ig. 6. Calculated maximum concentration at ground level vs. horizontal dista
bove ground level, dotted curve) and a ground-level release (solid curve). In
vd of 1.4 cm s−1. In (b) high and low heights of the sources are compared fo
m s−1. The maximum concentration is calculated using a Lagrange LEM m

he ground-level release, it does not decrease below the curve for the groun
he ground release renders a higher concentration for all distances (c).
nce from a 10 m× 10 m× 10 m instantaneous high-source-height release (58–68 m
(a) high and low heights of the sources are compared for neutral stratification and

r stable stratification and avd of 1.4 cm s−1. All cases represent a wind speed of
odel. Once the concentration for the high release becomes greater than that for

d-level release. This is opposite the situation with no dry deposition (vd = 0) where
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Table 4
Approximate time in seconds up to the point where half of the total amount from a ground release of 10 m× 10 m× 10 m has deposited

Stability Approximate time [s] until total airborne amount is reduced by 50% due to dry deposition only (wind 2 ms−1)

Ground level release (0–10 m) High release (58–68 m)

vd = 0.8 [cm s−1] vd = 1.1 [cm s−1] vd = 1.4 [cm s−1] vd = 1.8 [cm s−1] vd = 1.1 [cm s−1] vd = 1.4 [cm s−1]

E 3000 2400 1790 1320 14,000 13,200
D 18,000 13,200 9600 7200 21,600 19,200

The figures in the table are from calculations using the Lagrange LEM model.

is very small after approximately 25 km. This is opposite
to what was found for the situation with no dry deposition
(vd = 0) where the ground release rendered a higher ground-
level concentration for all distances (Fig. 6c).

4.1.4. Half-value time and half-value distance
The time up to the point where half of the initially airborne

amount has deposited, as calculated (LEM simulation) for
both a ground release and an elevated release, can be found
in Table 4. Obviously, this half-value time decreases with
an increasing deposition velocity for both types of releases.
Also, the half-value time due to dry deposition is considerably
larger for the elevated release than for the ground level. Fur-
thermore, this difference between ground-level and elevated
releases seems to be somewhat increasing with an increasing
deposition velocity. In the case of a ground-level release, the
half-value time for the neutral case (stability D) is 5.4–6 times
larger than the corresponding time for the stable case (stabil-
ity E) while the corresponding relation is approximately 1.5
for the elevated release. Interestingly, the half-value time also
seems to be roughly inversely proportional to the dry depo-
sition velocities within stability class and release type.

The approximate distances until the total airborne amount
is reduced by 50% due to dry deposition could also be
heuristically compared to the data presented by Hanna et al.
[17], i.e. half-value distances for source heights of 0, 10 and
5 y
o
w na et

al. are greater than those calculated in this study representing
the ground-level release (0 m). However, this study’s calcu-
lations resulted in larger half-value distances for all other
cases.

In order to obtain a better understanding of how sensitive
the data inTable 5is to changes in assumptions reflected in
input data,Table 6shows the calculated half-value distances
compared to corresponding data for a wind speed of 2 m s−1

instead of 1 m s−1 and more diffuse sources, i.e. with source
extensions of 10× 10× 10 m like those used in other calcu-
lations in this investigation instead of 1 m× 1 m× 0.01 m as
used in the comparison with data presented by Hanna et al.
As expected, the combined effect of the doubling of the wind
speed and a more diffuse source was found to be significant,
resulting in at least a doubling of the half-value distance in
most cases. One exception was the stable stratification case
where the source was elevated/extended to 10 m above the
ground. For the lower wind-speed case (1 m s−1), the fact that
all the physical extension of the source was elevated tended
to increase the half-value distance, while at the same time
the lower wind speed tended to decrease it. Regarding the
corresponding neutral case, the higher turbulence and mix-
ing layer made this case much less sensitive to the elevation
of the source.

The data presented for the zero-height release case in
Tables 5 and 6can be used to estimate the effect of dry
d uid
c d
t

T
H agrang ased amo
i

S duced

on

[m s−1]

C
D
E

T ource a d. The figur
w of the simulation is
1

0 m, a wind speed of 1 m s−1 and dry deposition velocit
f 1.0 cm s−1. The comparison is illustrated inTable 5. It is
orth noting that the zero-height data presented by Han

able 5
euristic comparison of some values presented by Hanna et al. and L

s depleted by dry deposition for stability classes D and E

tability Approximate distance [km] until total airborne amount is re

Low height release

Hanna et. al.[17] Present (LEM) calculati

vd = 1.0 [cm s−1] Wind 1 [m s−1] vd = 1.0 [cm s−1] Wind 1
Height Height

0 [m] 10 [m] 0 [m] 10 [m]

1.8 18
0.4 3.5 0.2 (0.3) 14 (18)
0.15 2.2 0.04 (0.1) 4.2 (6.5)

he present calculation figures represent the distance between the s
ithin parentheses represent the approximate distance to the front
m× 1 m× 0.01 m.
eposition on the evaporating vapor from a pool of a liq
hemical, e.g. Cl2, NH3, or HF, for whichvd can be estimate
o be about 1–2 cm s−1 at a wind velocity equal to 1–2 m s−1.

e LEM calculations of distances in kilometers at which 50% of the releunt

by 50% due to dry deposition only

Higher height release

Hanna et. al.[17] Present (LEM) calculation

vd = 1.0 [cm s−1] Wind 1 [m s−1] vd = 1.0 [cm s−1] Wind 1 [m s−1]
Height Height

50 [m] 49 [m]

43
8.6 26 (32)
8.3 30 (35)

nd the maximum concentration in a 10-m high layer above the grounes
cloud in the same layer. The extension of the sources in the LEM
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Table 6
Illustration of sensitivity to changes in input data shown by a comparison of values of distance in kilometers at which 50% of the released amount is depleted
by dry deposition for wind speeds of 1 and 2 m s−1 and different source extensions

Stability Illustration of sensitivity to changes in input data showing the effect of wind and diffuse source extent on
approximate distance [km] until total airborne amount is reduced by 50% due to dry deposition only

Low height release Higher height release

Wind 1 [m s−1] Wind 2 [m s−1] Wind 1 [m s−1] Wind 2 [m s−1]

vd = 1.0 [cm s−1] vd = 1.1 [cm s−1] vd = 1.0 [cm s−1] vd = 1.1 [cm s−1]
Height Height Height Height

0 [m] 10 [m] 0–1[m] 0–10 [m] 50 [m] 58–68 [m]

D 0.2 (0.3) 14.4 (18) 12 (15) 42a (51) 26 (32) 67 (83)
E 0.04 (0.1) 4.2 (6.5) 1 (1.7) 5.7b (12) 30 (35) 77 (86)

The figures represent the distance between the source and the maximum concentration in a 10-m high layer above the ground. The figures within parentheses
represent the approximate distance to the front of the cloud in the same layer.

a The corresponding value for the box-type model (Eq.(11)) is 22 km.
b The corresponding value for the box-type model (Eq.(11)) is 4.4 km.

The half-value distance at neutral and stable stratification is
<500 m, indicating a strong reduction in the gas concentra-
tion. The 0–1 m source-height data inTable 6can be used to
estimate the effect of dry deposition on a pancake-like cloud
of a heavy gas released from a ruptured tank containing, e.g.
Cl2, NH3. The half-value distance is 1 km for 2 m s−1 at sta-
ble stratification, which indicates a strong effect. These two
examples show the need to consider dry deposition in risk-
analysis dispersion models for industrial chemicals.

4.2. Continuous release

This type of release was investigated using only an ana-
lytical model, Eq.(10). The extension of the source was set
to H× 500 m and the initial concentration,C0, arbitrarily to
102 mg/m3 for unstable weather conditions with a wind speed
of 2 m s−1 for which the height of the boundary layer, H,
is 1500 m (Table 1). Under other weather conditions,C0 is
scaled byHu, whereu is the wind speed, to preserve the rate

of totally released amount per second among the micromete-
orological cases.

In Fig. 7, where the calculated dry deposition velocity is
presented for VX in all cases (wind velocity of 2 m s−1), it
can be observed that the concentration for stable stratifica-
tion becomes lower than for neutral stratification after about
53 km and lower than for unstable stratification after about
85 km. This differs from the situation with no dry deposition
(vd = 0), where no intersecting of the curves would occur and
stable stratification would give the highest concentration for
all distances. It also differs from the scenario of an instanta-
neous release in that the distance to the intersection points is
shorter, although the influence of the dry deposition velocity
manifests itself in the same way.

In Table 7, the corresponding intersections of concentra-
tion curves for stable/neutral and stable/unstable stratification
for wind speeds of 1 and 4 m s−1 can be found. For exam-
ple, the concentration for stable stratification becomes lower
than that for neutral stratification after about 32 km and low-

F ification a
h ulated
ig. 7. Calculated concentration for stable, neutral and unstable strat
eight given by the boundary layer. The dry deposition velocity is calc
using a box-type long-range model for a 500-m wide continuous relese with the
for VX. The figure shows the situation for a wind speed of 2 m s−1.
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Table 7
Intersecting of stable and neutral curves and stable and unstable curves,
respectively, for the substance VX for a ground releaseH× 500 m

Wind [m s−1] Distance from source [km] VX

Stable/neutral
intersection

Stable/unstable
intersection

1 32 60
2 53 85
4 83 112

Figures from calculations using a box-type continuous-source long-range
model.

ers than for unstable stratification after about 60 km with a
wind speed of 1 m s−1.

5. Summary and discussion

Despite the fact that dry deposition nowadays is a common
process implemented in atmospheric dispersion models, few
studies have been carried out on its effect on the concentration
of hazardous gases for different atmospheric stratifications
and release heights. This investigation focused on how dry
deposition influences the concentration of toxic gas clouds.
We specifically investigated the conditions under which it
could be expected that neutral or even unstable stratification
might render higher concentrations than stable stratification
due to the effect of dry deposition when proper consideration
is given to the variation in different parameters governing the
dry deposition velocity. The influence on the reliability of
the investigation findings of any serious drawback associated
with one of the particular models used is counteracted by
the utilization of different model types which are thought to
complement each other in different ways, and also by the
selection of release cases.

5.1. Dry deposition velocity
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interest to investigate if the same also occurs for hazardous
gases onto vegetated surfaces.

5.2. Dispersion models

While different types of models could be used to inves-
tigate and illustrate the effects of dry deposition on the
concentration of hazardous gas clouds, and in particu-
lar the importance of the combined effect of dry depo-
sition and release height as well as atmospheric strat-
ification, they all have their particular advantages and
disadvantages.

Two box-type dispersion models were used in this research
because they permit explicit formulation of the dry deposi-
tion process and also for the advantage of comparison and
to be able to identify and exclude possible simulation model
peculiarities that could lead to erroneous conclusions. The
box model type is described in the literature[18,41]and has
been used for simulation of long-range transport of pollutants.
However, since the gas concentration in box-type models is
constant with height, the dry deposition flux may be underes-
timated for ground-level releases. Another drawback of the
box-type model is that the aerodynamic resistance is calcu-
lated for a certain cloud thickness, in this study taken to be
at a distance of 10 km, which may be an underestimation
of v for distances below 10 km and an overestimation for
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Data on dry deposition velocity for hazardous gase
carce. Only a few data points on values up to some cm−1

re available. Since many toxic gases are highly rea
nd/or water miscible, the surface (canopy) resistancrc,

s expected to be low for vegetated surfaces. In that cas
tmospheric resistances (ra, rs), which are calculated usin
ell-established formulations, often determine the dry d
ition velocity, which is consistent with the observations
ind velocities less than or approximately equal to 4 m−1.
owever, because of the rather rough estimation ofrc, the

esults for specific agents should be seen more as examp
ossible solutions than as actual results. Furthermore, f
ontinuous-release case, there are indications[29,62]that the
ry deposition velocity onto water and snow surfaces sh
e treated as a decreasing function of the time from the
f release of the agent, the reason for this being desorpt
previously deposited agent. In future work, it would b
f

d
istances larger than 10 km. The selection of horizonta
ertical dispersion parameters also involves choosing am
everal alternatives, with those used in this work bein
ccordance with Briggs[44].

A Lagrange model with Langevin formulation was the
ore used in addition to the box models. This model h
ore realistic gas concentration and wind profile than
ox model. The relatively large turning of the wind dir

ion in stable stratification (Fig. 8), which dilutes the ga
ontributes to the difference between the results from
ox and Lagrange models (Fig. 2a). Since the Lagrang
odel itself calculates the turbulent transfer, the aerodyn

esistance is near zero and there is no need to determine
rence height to computera as when using the box mod
owever, the Lagrange model type itself has some d
antages. For example, with a finite number of Lagra
articles, any calculated mean value of concentration dep
n the shape and size of the volume in which the m
alue is calculated. Conditional concentration mean-va
an be determined using kernel estimation. The likelih
f error in such estimates approaches zero as the nu
f particles approaches infinity, but they do so quite slo

49]. Thus, there is an uncertainty in the results in prac
temming from for example, the number of particles. O
ncertainties may arise in connection to specific parame
or example, in the case of the maximum concentratio

he gas cloud, several maximum values appear as the
rows due to some randomness built into the model, ma
etermination of the exact location of the maximum p
ifficult.
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Fig. 8. The figure shows the wind profiles used in the Lagrange simulation for a wind speed of 2 m s−1 at 10 m height. Horizontal wind components are shown in
the figure, as well as the total wind (solid curve); (a) shows the wind profile for unstable stratification, (b) for neutral stratification and (c) for stable stratification.
For easier comparison, equal scales have been chosen in (a–c) though the PBL height is much lower for stable stratification. Notably, well below a height of
50 m the total wind speed for stable stratification exceeds that of both unstable and neutral stratification.
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5.3. Influence of dry deposition on concentration of
hazardous gas clouds for different kinds of releases

Using different types of models, a number of microme-
teorological conditions were investigated for three different
scenarios: a puff release at 58–68 m height, a puff release at
ground level, and continuous release. The gas concentration
was found to be reduced by dry deposition at all distances.
Consistent with results presented by Hanna et al.[17], the
degree of reduction was found to depend onvd, atmospheric
stability, wind speed and release height. Furthermore, for
sources extending from zero height above the ground, the
results indicate that the dry deposition process influences
dispersion in such a way that neutral or even unstable stratifi-
cation may cause the highest concentration level in hazardous
gas clouds some distance away from the source. This is most
probable for situations where there is a low wind speed and
for substances, terrain and weather conditions that render a
high dry deposition velocity. On the other hand, as the height
of the source increases, or if the source is elevated, this effect
of dry deposition decreases, and is possibly diminished for
some weather conditions. The results for the different sce-
narios are briefly discussed below.

5.3.1. Puff source with extension to ground level
As expected and predicted by the different models, stable
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siderably shorter, i.e. for a source height of 0–1 m the distance
to the intersection point could be around 10 km for VX or
even shorter while the corresponding distance for a more dif-
fuse source that is 0–10 m above the ground could be in the
range of 30–80 km. For most release scenarios with industrial
chemicals the risk distance is less than 10 km, which means
that there may be no intersection within the risk distance.

5.3.2. Elevated puff source release at 58–68 m
The effect of dry deposition is a small reduction in the

concentration at all distances. Contrary to the ground-level
release, the result is similar to the situation with no deposition
(Figs. 5 and 2b). No intersecting of the curves occurs. A com-
parison between elevated release and ground-level release
shows dry deposition to have a greater effect on a ground-
level release, resulting in a lower concentration than for an
elevated release some distance away from the source (Fig. 6a
and b). This relation between the concentration curves, for
releases extending to ground level and elevated releases, is
opposite to the situation with no dry deposition (Fig. 6c).

5.3.3. Continuous source in contact with the ground
The effect of dry deposition for a continuous source in con-

tact with the ground is similar to that found for the puff source
at ground level, but the distances to the intersection points
differ somewhat (Fig. 7). Thus, the continuous-source box-
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tratification will lead to the highest gas-cloud concentra
f dry deposition is not considered for a given wind at any
ance from the source (Fig. 2a). However, including the pro
ess of dry deposition in the dispersion simulation cha
he picture. As can be seen inFigs. 3 and 4, the concentratio
urves for stable stratification start at a higher concentr
evel close to the source but cross the curves represe
eutral stratification after some distance. Although the

undamentally different models used, the box-type mode
he Lagrange LEM model, predict different absolute c
entration levels (as revealed in comparingFigs. 3 and 4),
he results from both of the models show the same tend
nd in fact predict that neutral stratification causes a hi
round-level concentration at some distance away from
ource than does stable stratification.

However, the distance to the intersection point is pred
o be much shorter by the Lagrange model than the box m
pproximately 30 km compared to about 70 km, respecti
his is mainly due to a relatively large change in the w
irection with increasing height in stable stratification (Fig. 8)
hich dilutes the gas concentration at ground level. M
ver, as presented inTables 2–3andTable 7, the tendenc
ecomes stronger as the wind decreases. The tende
lso strengthened by increasing dry deposition, as cou
educed from the combined information inFigs. 1 and 3.
his is more pronounced for sources with a delimited v
al extension in close proximity to the ground, as show
ig. 4.

Note that if the source is very close to the ground,Fig. 4b
hows that the distance to the intersection point becomes
ype model employed supports the tendencies observ
he results of the puff box-type and corresponding Lagra
EM model simulations.

.3.4. Half-value time and half-value distance
In agreement with the results by Hanna et al.[17], it can

e seen (Tables 5 and 6) that the influence of dry depositio
as predicted to be strongest when the source is clo
nd confined close to the ground, the stratification is st

he wind speed is low and the dry deposition velocity h
ince low-height sources are typical of industrial chem

eleases, this means that the concentration is predicted
ignificantly reduced also for Cl2, NH3, or HF, although th

ntersection point may not be reached within the risk dista
owever, as pointed out, the presented figures of half-v

imes/distances are strongly influenced by rather mod
hanges in parameters such as wind speed, physical lo
nd source extension. Note that the above factors iden
s leading to the process of dry deposition having a st

nfluence on the cloud concentration are the same fac
hich in certain combinations may cause a neutral, or ev
nstable stratification to render the highest concentratio

he hazardous gas cloud some distance away from the re

.4. Risk distance and human injury

The reduced hazardous-gas concentration due to dry
ition also reduces the risk distance for toxic gases, espe
or ground-level releases and a low vertical extent of so
eight, e.g. heavy gases. The reduction in risk distance
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be even more pronounced than the reduction in concentration
according to reported results[63–66]indicating that the toxic
effect depends on

∫
cndt, wheren≥ 1, which may increase

the effect of a concentration change. The intersecting of the
concentration curves inFigs. 3, 4 and 7can also be related
to risk distance, and indicate the highest risk to exist at neu-
tral or unstable concentration at some distance away from the
source. This is important especially for toxic gases with risk
distances greater than approx. 10 km, e.g. nerve agents. Con-
sequently, with regard to the development of risk and alarm
templates intended for use in any atmospheric stratification,
many weather conditions should be considered as the dry
deposition process can lead to different types of atmospheric
stratification rendering the highest risk at some distance from
the source. This especially applies to low risk levels that
would be associated with longer risk distances.

5.5. Implications for aerosols

The effect of wind and terrain on dry deposition is different
for aerosols and gases[60]. Thus, the results for gases cannot
be assumed to fully apply to the case of hazardous aerosols
(e.g. biological warfare agents). However, some similarities
probably do exist. Clearly there is also a need to investigate
the effects of dry deposition on consequences and risk areas
a

6

ntra-
of a

table

stratification. This indicates that it is essential that the dry
deposition process be carefully described and modeled
in order to make more realistic calculations and estima-
tions.

(b) A worst-case scenario for a release at ground level may
not necessarily include the condition of stable stratifica-
tion. Our findings indicate that instead, due to the effects
of dry deposition, a neutral or even unstable stratifica-
tion may lead to the highest toxic-gas concentration and
longest risk distance. This appears to contradict what is
normally believed and reflected in rules of thumb and
handbooks.
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Lundvall for their assistance in preparing the manuscript.

Appendix A

In extending Eq.(10) to a model equation for a simple
t osi-
t
i n
t

s
a

H

w

F .2) mult n as
g 2 m s−
w

fter aerosol releases.

. Conclusions

Two main conclusions can be drawn:

(a) Dry deposition may substantially reduce the conce
tion, risks and consequences following the release
toxic gas, especially at long distances and for very s

ig. A.1. One plot (denoted “numerical”) of a numerical solution to Eq(A.
iven by Eq.(11). The values used for the plot areC0 = 100000 mg/m3, u=
ith values recommended by Briggs[44] for stability class E[45,46].
hree-dimensional homogenous puff including dry dep
ion, Eq.(11), it should be noted that ifH=H(x), i.e.H varies
n the down-wind direction, Eq.(11)is not a genuine solutio
o Eq.(8).

In order to get an idea of how close Eq.(11)approximate
solution to Eq.(8), let

(x) = H0 + φzx (A.1)

hereφz is a vertical constant dispersion parameter

iplied byΠ and another plot (denoted “analytical”) of the concentratio
1, vd = 0.0059 m s−1, L0 = 10 m,S0 = 10 m,H0 = 10 m andФx, Фy, andФz
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Eq.(A.1), (9) in (8) results in:

d

dx
(C(x)) = − (d + ex)

(a + bx + cx2)
C(x) (A.2)

where the notations (A.3)–(A.7) below have been used.

a = uH0L0 (A.3)

b = 2uH0φy + uL0φz (A.4)

c = 2uφyφz (A.5)

d = 2uH0φy + uL0φz + vdL0 (A.6)

e = 4uφyφz + 2vdφy (A.7)

whereφx, φy are lateral and constant dispersion parameters.
Eq.(A.2), with the initial conditionC(0) =C0 could easily

be solved numerically. Forφz= 0, the numerical solution to
Eq. (A.2) shows identical results as Eq.(10). To be able to
compare the solution to Eq.(A.2), i.e.C(x), with theφz 
=0
puff model, Eq.(11),C(x)is multiplied by 1

(1+2φx(x/S0)) = Π,
thus imposing mass conservation while the cloud is symmet-
rically growing in the downwind direction. To illustrate the
agreement, a plot of one numerical solution of Eq.(A.2) mul-
tiplied byΠ is shown inFig. A.1, where it could be compared
with a plot of the corresponding analytical result derived from
Eq.(11).
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