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a b s t r a c t

Accidents that involve large (multi-ton) releases of toxic industrial chemicals and form dense-gas clouds
often yield far fewer fatalities, casualties and environmental effects than standard assessment and
emergency response models predict. This modeling study, which considers both dense-gas turbulence
suppression and deposition to environmental objects (e.g. buildings), demonstrates that dry deposition
to environmental objects may play a significant role in reducing the distance at which adverse impacts
occur—particularly under low-wind, stable atmospheric conditions which are often considered to be the
worst-case scenario for these types of releases. The degree to which the released chemical sticks to (or
reacts with) environmental surfaces is likely a key parameter controlling hazard extents. In all modeled
cases, the deposition to vertical surfaces of environmental objects (e.g. building walls) was more efficient in
hlorine
rban

reducing atmospheric chemical concentrations than deposition to the earth’s surface. This study suggests
that (1) hazard extents may vary widely by release environment (e.g. grasslands vs. suburbia) and release
conditions (e.g. sunlight or humidity may change the rate at which chemicals react with a surface) and
(2) greenbelts (or similar structures) may dramatically reduce the impacts of large-scale releases. While
these results are demonstrated to be qualitatively consistent with the downwind extent of vegetation
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by Kahn and Abbasi [13] (and references therein). None of these
cases include the well-known suppression of vertical turbulence1

within dense-gases [14,15], which would significantly reduce the
actual deposition rate relative that assumed in these studies.2 The
damage in two chlorine re
for additional experiment

. Introduction

Releases of large (multi-ton) quantities of toxic industrial chem-
cals (TICs) at industrial manufacturing sites and along major transit
orridors where large quantities of TICs (multiple railcars) are
ransported, have long been considered to be a threat to surround-
ng populations. Once released, many TICs form concentrated,
ow-lying clouds (termed dense-gas clouds) that are denser than the
mbient atmosphere either by virtue of being colder or physically
eavier (i.e. a concentrated aerosol or a gas with a high molecu-

ar weight) than the ambient atmosphere, or often a combination
f both. These dense-gas clouds can convey high concentrations of
oxic chemicals to downwind populations. For example, the forma-
ion of a dense-gas cloud directly contributed to the large number
f fatalities observed during the Bhopal, India incident [1] and, on a
maller scale, to fatalities associated with the accidental breaching
f chemical storage containers (e.g. [2]).
Such threats have spurred the development of numerous
ense-gas models which are routinely used for research, hazard
ssessment, and emergency response purposes including (but not
imited to) ALOHA [3], SLAB [4], DEGADIS [5], and HGSYSTEMS [6].

∗ Tel.: +1 925 422 6180; fax: +1 925 423 4527.
E-mail addresses: dillon7@llnl.gov, michael dillon2001@yahoo.com.
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s, critical knowledge gaps exist and this study provides recommendations
dies.

© 2008 Elsevier B.V. All rights reserved.

owever, despite several decades of development, model predic-
ions often yield population and environmental impacts that are
ignificantly greater than actually observed [7]. In addition, recent
ork has suggested that models should also more accurately incor-
orate the protection provided by buildings [8,9], more refined
ethods of calculating health effects [10], and more detailed con-

ideration of the initial material release [7,11].
The topic of dense-gas deposition to environmental surfaces has

eceived limited attention and some have considered it likely to
e of limited importance [7]. We are aware of only three anal-
ses that have directly considered dense-gas deposition effects:
onsson et al. [12]; the deposition module within the HGSYSTEM
ense-gas model [6]; and the greenbelt design guidance provided
1 Vertical turbulence is the process by which chemicals are transported vertically
ithin the chemical cloud.
2 The HGSYSTEM documentation explicitly notes this fact and states that the depo-

ition module provides an upper-bound on the loss of material from the dense-gas
loud. The Kahn and Abbasi analyses account for dense-gases effects on cloud path
nd width, but do not include the effects of vertical turbulence suppression.
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http://www.elsevier.com/locate/jhazmat
mailto:dillon7@llnl.gov
mailto:michael_dillon2001@yahoo.com
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onsson et al. analysis demonstrates that deposition to the earth’s
urface can significantly reduce the downwind extent of a hazard
one (e.g. 50% of the released material may be lost in <500 m) and is
ost important under stable (clear-sky, night-time, and low wind)

onditions in which the released material is confined close to the
round. Similar conclusions are available from the output of the
GSYSTEM model. In contrast, Kahn and Abbasi neglect loss to the
arth’s surface and only consider deposition to tight vegetation
anopies. However, their conclusions are similar to Jonsson et al.
nd significant losses are predicted under stable atmospheric con-
itions. For the cases studied, depositional losses increased with

ncreasing greenbelt width, tree height, vegetation density, and
elease proximity.

This paper re-examines the impact of deposition on dense-
as concentrations. In contrast to prior work, it considers both
he effects of dense-gas turbulence suppression and the effects
f deposition to both environmental objects (e.g. buildings) and
he earth’s surface. This analysis will suggest that standard EPA
isk Management Program hazard assessments, which assume
ighly stable, low-wind conditions [16] but do not include depo-
ition, may significantly overestimate the impacts (including
azard extents and casualties) in urban, suburban, or forested
egions.

Due to limited knowledge concerning key parameter values and
he dearth of experimental datasets available to validate the study
ypothesis,3 this analysis is limited to demonstrating that depo-
ition to environmental objects may be prove to be a significant
oss pathway. In demonstrating this point, this study uses two
omplementary methods to qualitatively illustrate some key fea-
ures of this effect and demonstrate that it is likely to be present
n a variety of scenarios (and not limited to a single illustrative
ase).

First, critical parameter values (and parameterizations) that
ere poorly constrained by prior work were either (a) bounded by

xtreme ranges; (b) chosen to be equal to a best-estimate value and
he importance of accurately characterizing this parameter value
within the context of the study’s stated goals) was assessed with
limited, local sensitivity analysis using bounds derived by infor-
ation available in the literature; or (c) chosen to be equal to a

ounding value, known to be biased, but sufficient for the study
oals. The particular method used was chosen based on the best
vidence currently available in the literature and the context of the
arameter in the overall analysis.

Second, a small set of illustrative cases were examined. While it
s not expected that these illustrative cases will span all reasonable
ombinations of variables; however, they do represent an impor-
ant sample of possible conditions that are likely to actually occur in
he environment. As such, they support both the conceptual validity
f the model in these specific instances. Also, the examples pro-
ided support the likelihood that the model developed here may,
n the future, be developed further and see practical application.

In addition, this study provides both a qualitative comparison
etween the modeling results and environmental damage data

rom known accidents and recommendations for experimental
tudies to clarify key analysis parameters that are poorly charac-
erized.

3 In this context, we refer to experimental datasets that have examined reac-
ive dense-gases released within congested environments. Numerous high-quality
ense-gas datasets have been developed over the last several decades, but those

nvolving reactive materials (e.g. Desert Toroise and Goldfish [14]) took place over
at terrain and those involving complex terrain (e.g. PERF 93-16 [17]) used inert
aterials. In neither case, did the experimenters report the significant depletion of

he dense-gas cloud due to deposition (consistent with the results of this study).
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. Estimating dense gas deposition

.1. The resistance theory of deposition

Deposition of gases from a pollutant cloud to an outdoor surface
s controlled by its atmospheric concentration, the rate at which

aterial travels to the surface, and the degree to which the surface
eacts with, or retains, the depositing gas. The rate at which material
eposits is defined as [18]:

= C(zref)�d(zref) (1)

here F is the flux of depositing material to the surface
mg m−2 s−1); C(zref) is the air concentration of the depositing

aterial at height zref (mg m−3); �d is the deposition velocity at
eight zref (m s−1); and zref is the height at which the other param-
ters are defined (m).

In turn, the deposition velocity is typically represented in terms
f three resistances taken in series [18,19]:

d = 1
ra + rb + rc

(2)

here ra is the aerodynamic resistance, which characterizes how
ast turbulent air motion moves material through the atmosphere
o a layer of air just above the surface (s m−1); rb is the bound-
ry layer resistance, which characterizes how fast material diffuses
cross a very thin layer of air just above a surface (commonly called
he quasi-laminar boundary layer) (s m−1); and rc is the surface
esistance, which characterizes how readily depositing material is
etained on the surface (s m−1).

Eqs. (1) and (2) are convenient for estimating the deposition of
ases onto ideal, flat surfaces, but mask some of the complexities
n estimating deposition to many realistic surfaces. For example,

hen considering deposition to plant canopies (such as trees),
he surface resistance is often written to incorporate not only the
bility of the surface to retain the material, but also the canopy
urface area (often parameterized in terms of leaf area) and the
ransport of the material within the canopy (effectively reducing
he surface resistance relative to a similar flat surface). Further-

ore, it can include the explicit consideration of gas uptake onto
ifferent types of surfaces including actively transpiring and non-
ranspiring vegetation (e.g. leaves vs. twigs, respectively) (e.g. [19]).
ikewise, the boundary layer resistance used for plant canopies,
hich as defined above strictly applies only very locally to the
epositing surface (i.e. the air above a leaf surface), may have
ignificantly different dimensional characteristics and governing
urbulence characteristics when expanded to characterize complex
nvironmental objects, e.g. trees.

In this paper, we use realistic ranges of boundary layer and
urface resistances identified in previous studies to highlight
he significant effect that dry deposition can have on haz-
rd assessment predictions and the importance in appropriately
haracterizing these processes under a range of environmental con-
itions. As such, we implicitly assume quasi-ideal surfaces and do
ot delve into details of the specification of boundary layer and
urface resistances for all reasonable environmental surfaces.

In addition, we assume that the boundary layer and surface

esistance terms, as derived below, are not significantly affected by
a) relatively small changes in atmospheric density, (b) reasonable
ariations in wind orientation, or (c) deposition onto vertical sur-
aces. These assumptions are likely reasonable for gases.4 We also

4 Particle deposition is known to vary with surface orientation, particularly for
arger particles (>5 �m).
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eglect thermophoretic effects – implicitly assuming the cloud and
round are at the same temperature.

Boundary layer resistance (rb): Molecular diffusion controls the
ate at which gases travel across the thin layer of air above the
urface. For this study, we use the following first order estimate of
he boundary layer resistance ([20] and references therein):

b = 5(�/D)2/3

u∗
(3)

here � is the kinematic viscosity of air (∼1.4 × 10−5 m2 s−1 [21]);
is the molecular diffusivity of the gas in air (s m−2); and u* is the

riction velocity of the ambient atmosphere (m s−1).
For context, rb is approximately 50 s m−1 if we use molecular

hlorine as our illustrative gas5 and we assume a friction velocity of
.276 m s−1 to be consistent with the illustrative plume described in
ection 4.1 below. Usually, this term is an order of magnitude lower
han either the surface or aerodynamic resistance term so that large
ncertainties in rb do not translate to large uncertainties in depo-
ition estimates. However, this term can become more important
hen the aerodynamic resistance and surface resistance are both

mall (ra + rc < rb). This would likely be the case for a very reac-
ive gas released in unstable conditions. However even in this case,
ncertainty in the boundary layer resistance does not markedly
ffect the conclusions of this study.

Surface resistance (rc): For common toxic industrial chemicals,
here is extremely limited data concerning the likelihood of mate-
ials to be retained on surfaces (see below). Therefore we consider
wo bounding cases: highly reactive and moderately reactive gases.
hese two cases allow us to (1) determine the importance of sur-
ace resistance to the study conclusions and (2) bound the impact
f deposition on the hazard extent (the maximum distance from
he release at which hazards are expected) without the study con-
lusions being subject to uncertainties in the choice of a specific
urface resistance. Actual hazard extents are expected to lie some-
here within the results of these two bounding cases.

Highly reactive gases (e.g. nitric acid) are lost from the atmo-
phere as soon as they contact a surface (therefore rc is assumed to
e zero). Implicitly, we assume that the surface is not saturated and
esorption is not important. For the high deposition rates implied
y this analysis these assumptions may not be accurate, but are
onsistent with our upper bound assumptions.

Moderately reactive gases are more selective in which surface
hey will readily deposit and so often deposit slower than highly
eactive gases. For example, the deposition rates for ozone and
ulfur dioxide (both moderately reactive gases) are significantly
igher when plant stomata are open and higher reactivity sur-

aces are exposed. To provide an estimate of moderately reactive
as deposition rates, we consider the case in which the surface
esistance, rc, is 700 s m−1. The value was chosen to be consis-
ent with the slowest surface resistance (corresponding to winter
onditions) expected for moderately reactive gases ozone and sul-
ur dioxide in urban environments [18,19]. This value is similar to
he 500 s m−1 used by Brandt et al. [23] in DREAM (the Danish
impuff and Eulerian Accidental Release Model) for the deposi-
ion of radioactive gaseous iodine (another moderately reactive

as) which was validated against data collected after the Chernobyl
ccident.

For context, two literature reports on chlorine deposition
indoor environments [24] and onto alfalfa plants [25]) demon-

5 We estimated the chlorine molecular diffusivity, D, to be approximately
× 10−6 m2 s−1 (at 0 ◦C, 1 atm) based on theoretical considerations of the mean-

ree path and average molecule speed via equations and data available in Aktins and
e Paula [22].
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trate that chlorine is deposited at a rate similar to other moderately
eactive gases (e.g. ozone and sulfur dioxide).

The aerodynamic resistance (ra) term used in this analysis is from
einfeld and Pandis [18]. For deposition to horizontal surfaces (such
s the earth’s surface), the aerodynamic resistance is defined as:

a =
∫ z2

z1

K−1
z dz (4)

here Kz is the vertical eddy-diffusivity coefficient which describes
ow fast material diffuses vertically (m2 s−1); and z1 and z2 are two
levations between which the deposition rate is measured (m).

When Kz, the eddy-diffusivity coefficient is defined for stable
tmospheric conditions as:

z = ku∗z

˚(�)
(5)

he aerodynamic resistance is:

a =
(

1
ku∗

)[
ln

(
z

zo

)
+ 5

(
� − �o

)]
(6)

here k is von Karman’s constant (k = 0.4); u* is the ambient friction
elocity (m s−1); z is the height above ground (m); zo is the rough-
ess layer height (m); ˚(�) is the atmospheric stability correction

actor = 1 + 5� for stable atmospheres; � = z/L; �o = zo/L; and L is the
onin–Obukhov length (a measure of atmospheric stability) (m).

.2. Dense gas effects

For dense gas clouds in thermal equilibrium with the sur-
oundings, cloud stability can be predicted by a modified
onin–Obukhov length, L [15,26,27]:

−1 = L−1
a + 2gk2 � − �a

�au2∗
(7)

here La is the ambient atmosphere Monin–Obukhov length (m);
is the cloud density (g m−3); �a is the ambient air density (g m−3);

nd g is the gravitational constant (m s−2).
The aerodynamic resistance is expected to decrease as the cloud

volves (i.e. cloud density/stability decreases with time). For con-
ext, this formula predicts that for moderately and weakly stable
ense-gas conditions (L = 1 and 10 m, respectively; u* = 0.276 m s−1),
a is 500 and 60 s m−1, respectively.

We recognize that Monin–Obukhov theory (upon which this
arameterization is based) is not theoretically valid for the strongly
table atmospheric conditions present in a dense-gas cloud. Empir-
cally however, this formulation is used by the FEM3 dense-gas

odel (K-theory local equilibrium version [26]) and has been val-
dated against a series of dense-gas experiments performed over
elatively smooth surfaces (e.g. desert environments) [14,15,27].

We also recognize that for passive gases, the eddy-diffusivity
heory described above is most accurate for locations well above
he surface object (e.g. building) height. While eddy-diffusivity the-
ry can be extended to provide predictive capability for passive
ases at heights below the object height (e.g. [28]), it is not clear
o what degree this limitation applies to dense-gas clouds, whose

icrometeorological conditions are strongly controlled by cloud
ensity rather than the ambient atmosphere. Therefore we use
his parameterization for our analysis because (1) there is a lack of
alidated dense-gas turbulence parameterizations for use in con-
ested environments and (2) our study conclusions depend upon

he approximate magnitude of the vertical and, as described below,
orizontal turbulent flux – not the specific Kz value or details of the
z vertical structure. This approach is qualitatively supported by
he results of the Petroleum Environmental Research Forum (PERF)
3-16 project which demonstrated that: (1) dense-gas dispersion
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henomenology in congested environments (including turbulence
uppression and ambient air entrainment) is similar to that previ-
usly observed in flat terrains and (2) that methods of estimating
he vertical entrainment of ambient air into the dense-gas cloud
n common use are reasonable to use in congested environments
see [17] and references therein). The latter is particularly rel-
vant as vertical entrainment depends sensitively upon vertical
urbulence—implying that the parameterization used in this study
s reasonable in magnitude.6

To assess the sensitivity of our particular choice of turbulence
arameters to model results, we performed two analyses in which
e (1) multiplied and (2) divided the vertical (and horizontal) eddy
iffusivity coefficient by a factor of 5 and examined the impact
n the study conclusions. The factor of 5 was chosen as it is pre-
umed that an order of magnitude error in the dense-gas turbulence
arameterization would have been identified in the PERF study
escribed above as the vertical entrainment rate, which is propor-
ional to the vertical eddy diffusivity, was validated to within 30%.
ur study conclusions regarding the likely overall importance of
eposition, the relative importance of deposition to the earth’s sur-

ace vs. environmental objects, and the importance of accurately
stimating the surface resistance term were not changed.

.3. Deposition to vertical surfaces

The deposition parameterization previously described only
pplies to material depositing onto horizontal surfaces. Here we
xtend this theory to deposition onto the vertical surfaces of envi-
onmental obstacles such as building walls.

.3.1. Horizontal turbulence
For consistency, we use the FEM3 dense-gas parameterizations

or our estimates of horizontal turbulence. In FEM3, the horizontal
Kh) and vertical (Kz) eddy-diffusivity coefficients are related as

h = ˇKz (8)

here ˇ is a constant equal to 6.5.7

We consider this parameterization to be very approximate
see below) and consider it likely to underestimate the horizontal
urbulence (although the degree of underestimate is not well char-
cterized). Due to the importance of deposition to environmental
bjects through horizontal transport, we recommend revisiting this
arameterization in future work.

We have three reasons for believing this parameterization is
ikely to underestimate the horizontal turbulence. First, the value
f ˇ chosen was derived from studies of passive gas dispersion
nd that other studies have suggested higher ratios (10–25) may
e appropriate for stable conditions, e.g. Havens [29].

Second, we note that few experiments have validated horizon-
al turbulence parameterizations. In contrast to vertical turbulence,
alidation against concentration data provides limited guidance
n the accuracy of dense-gas horizontal turbulence parameteriza-
ions. Gravity flow contributes significantly to the overall horizontal
preading of the dense-gas cloud and so the horizontal evolution of

he dense-gas cloud is less sensitive to horizontal diffusion relative
o the corresponding vertical case. In addition, there are few labo-
atory or field experiments that have directly measured dense-gas
urbulence, particularly horizontal, within a congested environ-

6 The vertical turbulence parameterization used in this study was not validated in
17], but other parameterizations, previously demonstrated to yield similar results,
ere validated.
7 The number of significant figures is that provided in the FEM3 model documen-

ation and is repeated here for consistency.
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ent. However, some information relevant to this study is available.
n a series of wind-tunnel experiments, Zhu et al. [30] studied
ense-gas releases within congested environments to demonstrate
hat: (1) vertical and horizontal turbulence intensities decrease
ithin and above dense-gas clouds (relative to the ambient atmo-

phere); (2) the reduction in turbulence varies with height above
he surface, distance downwind from the source, and ambient wind
peed; and (3) the dense-gas reduction in horizontal turbulence,
hile present, is smaller than the corresponding reduction in ver-

ical turbulence. Thus Zhu et al.’s data suggest that ˇ, which is
roportional to the ratio of horizontal to vertical turbulence, will

ncrease within the dense-gas cloud relative to the passive gas ratio
iven above.

Third, theoretical considerations suggest that, for a given envi-
onment, the ratio of horizontal to vertical turbulence increases
ith increasing stability. Andronopoulos et al. [31] and Statharas

t al. [32] demonstrate accurate dense-gas model predictions in
ongested environments can be based on a turbulence parame-
erization which assumes that turbulence length scales near the
round depend primarily upon the nearness of solid boundary
urfaces and local stability. The vertical turbulence length scale
ecreases with increasing stability due to buoyancy considerations.

n contrast, the horizontal turbulence length scale is not affected
the horizontal turbulence intensity will still decrease due to the
verall turbulence suppression). Thus at any given location ˇ, which
s proportional to the ratio of horizontal to vertical turbulence
ength scales, increases with increasing stability.

.3.2. Aerodynamic resistance
If �x is the closest horizontal distance that gas molecules must

ravel to deposit, then Eqs. (4), (5), and (8) combine to yield the
erodynamic resistance for a gas to travel to a vertical surface, ra,h:

a,h ≈
(

1 + 5(z/L)
ˇku∗z

)
�x (9)

or context, under moderately stable dense-gas conditions (L = 1 m;
* = 0.276 m s−1) ra,h equals 7.2�x s m−1 at z = 5 m or 36 s m−1 for a
x = 5 m.

.4. Dense-gas deposition velocities

Using Eq. (2), we estimate the dense-gas deposition velocity by
ombining the aerodynamic, boundary layer, and surface resistance
erms derived in the previous section. In this section, we assume
o = 1 m (effectively a 10 m obstacle height) and u* = 0.276 (chosen
o be consistent with the illustrative plume discussed below). Sim-
lar figures are obtained when u* is varied from 0.1 to 0.5 m s−1.

e note that Eqs. (6) and (9) were derived for stable atmospheres
nd similar equations were derived for use in neutral and unsta-
le atmospheres using ˚(�) = 1 and (1 − 15(z/L))−1/4, respectively
18]. The deposition velocity to the earth’s surface and to verti-
al surfaces is referenced (zref) to 5 m agl – roughly half the 10 m
bstacle height. Fig. 1 shows the resulting deposition velocity as a
unction of cloud stability for (a) highly and (b) moderately reactive
ases. In this figure, the deposition velocity to the earth is depicted
s a blue line and the deposition velocity to vertical surfaces (e.g.
uilding walls) is depicted as red dotted and green dashed lines for
hort (�x = 1 m) and long (�x = 5 m) travel distances, respectively.

e note that this figure does not indicate the relative losses of the
loud with respect to deposition as the effects of cloud height and

bstacle geometry has not been accounted for (this is addressed in
ection 3).

As shown in Fig. 1, the relative magnitude of deposition veloc-
ties to environmental obstacle walls and the earth’s surface
epends strongly upon the stability within the cloud. For neutral
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Fig. 1. Deposition velocities. Deposition velocity as a function of c

nd unstable (passive-gas) clouds (L−1 ≤ 0), there is little differ-
nce between the deposition velocities to the earth’s surface and
nvironmental obstacle walls. However under stable conditions
L > 0), the deposition to the earth’s surface rapidly decreases
ith increasing stability and deposition estimates using passive-

as parameterizations are likely to significantly overestimate the
eposition to the earth’s surface. In contrast, deposition to envi-
onmental obstacle walls is predicted to decrease less rapidly with
ncreasing L and (as shown below) can contribute to significant
eposition loss rates.

. Dense gas depositional losses

The degree to which deposition will affect the evolution of a
ense-gas cloud is event specific. Thus we illustrate the impor-
ance of deposition on predicted hazard extents in two stages. In
he first stage, we develop an illustrative scenario loosely based
n a catastrophic breach of a chlorine railcar. Using this scenario,
e examine the degree to which the gas is lost to deposition and
etermine the distance downwind at which deposition losses sig-
ificantly affect the predicted cloud concentrations. In the second
tage, we expand the initial analysis to more broadly characterize
he conditions under which deposition is expected to significantly

ffect cloud concentrations.

In both stages, we make several simplifying assumptions that
hould be revisited if a quantitative model is developed. First, we
ssume that the dense-gas cloud properties are unaffected by the
oss of material due to deposition. While this assumption is valid

s
t
c
s
s

stability for highly (top) and moderately (bottom) reactive gases.

nly in regions where deposition has not significantly altered the
loud concentration, it is a reasonable assumption for our analy-
is as we are interested in obtaining a qualitative estimate of the
ownwind distance at which deposition significantly affects the
loud concentration. We recommend caution in interpreting the
esults of this analysis beyond the distance at which the deposition
ignificantly affected the cloud concentration.

Second, our dense-gas dispersion modeling does not explicitly
ccount for environmental objects, but rather assumes a large sur-
ace roughness value (zo = 1 m, which roughly corresponds to 10 m
igh objects). This approach; while not providing detailed descrip-
ions of dense-gas flow around buildings, trees, and other objects;
oes account for the effect of obstacles on bulk cloud properties
such as cloud width, height, and turbulence intensities) used in
his analysis (see [17] and references therein). However, we note
hat our analysis does not consider the effects of local perturba-
ions to the bulk cloud properties nor the physical exclusion of the
ense-gas cloud by buildings and other large objects.

Third, we assume all deposition surfaces are quasi-ideal flat
lanes (i.e. Eqs. (6) and (9) are valid) that are aligned along the
mbient wind direction.

Fourth, we assume fixed reference distances for deposition to
oth vertical and horizontal surfaces. For deposition to the earth’s

urface, we use a deposition reference height, z in Eq. (6), that is
he lower of the cloud height or 5 m above the ground (for most
ases, the cloud height was above 5 m). For deposition to vertical
urfaces, we reference the deposition velocity calculations to the
hortest horizontal travel distance, �x in Eq. (9), to either 1 or 5 m
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ig. 2. The illustrative plume. Top panel: the dense-gas cloud stability and height;
hird panel: cloud lifetimes with respect to deposition to the earth, environmental o
espect to deposition to the earth, environmental objects, and all surfaces. X50 is th
educed by 50%.

termed loosely and tightly packed environments, respectively). To
ccount for the variation in deposition velocity with height, we use
dense-gas cloud deposition velocity that is the average of individ-
al horizontal deposition velocities calculated at 5 evenly spaced
eights within the lower of (1) the cloud height or (2) 10 m (the
ssumed object height).

Fifth, we neglect deposition to horizontal environmental object
urfaces (e.g. building roofs).

These assumptions allow us to qualitatively model those losses
xpected from a dense-gas cloud as it flows down a series of
treets 2 or 10 m wide, respectively, oriented parallel to the ambi-
nt wind direction. We expect that this approach will overestimate
he amount of material deposited to the earth’s surface to a greater
xtent than that deposited to environmental obstacles.
.1. Deposition of an illustrative plume

For the purposes of this illustration, we assume the entire con-
ents of a 90-ton railcar filled with a highly reactive gas with

�

w
E
d

d panel: deposition velocity with respect to the earth and environmental objects;
, and all surfaces; and bottom panel: fraction of the cloud remaining airborne with
nce at which the cloud centerline concentration at ground level is predicted to be

hemical properties assumed to be identical to chlorine are instan-
aneously released into a congested environment with a stable
tmosphere and a slow ambient wind speed (E class stability,
o = 1 m, ambient wind speed = 2 m s−1 at 10 m agl, and �x = 5 m).

e use the SLAB dense-gas model [4] to provide an initial estimate
f cloud properties as a function of time and distance from release.
t has been well documented that other models would produce
imilar results [7,33,34]. For this illustration, we define:

d,Earth ≡ Hc

vd,Earth
(10)

d,Obstacles ≡
[

�x

2vd,Obstacles

][
Hc

min(Hc, Ho)

]
(11)
−1
d,All ≡ �−1

d,Earth + �−1
d,Obstacles (12)

here �d,Earth is the cloud lifetime with respect to deposition to the
arth’s surface (s), �d,Obstacles is the cloud lifetime with respect to
eposition to environmental obstacles (s), �d,All is the cloud lifetime
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ig. 3. Parameter study. The downwind distance at which deposition is predicted to
anel) reactive gases. Both cases include deposition to the earth and environmental
000 m. X50 values less than 100 m should be interpreted as X50 < 100 m.

ith respect to deposition to both the Earth’s surface and environ-
ental obstacles (s), Hc is the cloud height (m), Ho is the obstacle

eight (m), �d,Earth is the deposition velocity with respect to the
arth’s surface (m s−1), and �d,Obstacles is the deposition velocity
ith respect to environmental obstacles (m s−1).

Fig. 2 shows several parameters (as a function of downwind dis-
ance) describing the evolution of our illustrative plume. The top
anel shows the cloud height (H) and stability (L−1). The second
anel shows the deposition velocity with respect to the earth (blue
pen circles) and environmental objects (green squares). The third
anel shows the cloud lifetime when only deposition to the earth
blue open circles) or environmental object surface (green squares)
re considered and when all (red line) surfaces are considered.
inally, the fourth panel shows the fraction of cloud remaining after
ccounting for: deposition only to the earth (open blue circles), only
o environmental objects (green squares), and all (red line) surfaces.

As Fig. 2 illustrates, the cloud concentrations are predicted to be
ignificantly impacted by deposition after the cloud has moved just
ver a hundred meters downwind due to the combination of low
loud height and deposition to environmental objects. We define
50 as the distance at which the cloud centerline concentration at
round level is predicted to be reduced by 50% by deposition. For
his illustrative case, X50 is 150 m (Fig. 2, bottom panel).

We note that for this case (and presumably other cases in which
nvironmental objects are present), deposition to the earth con-
ributes a negligibly small fraction to the overall depositional loss
ue to the suppression of vertical turbulence within the dense gas
loud.

.2. Additional illustrative cases

In this section, we expand the illustrative example discussed
bove to explore additional cases in which depositional losses may

e important. These cases were selected to qualitatively highlight
few key features of this loss pathway and demonstrate that the

ignificance of this loss pathway is not likely to be restricted to
he single illustrative case examined above. It is recognized that
his set of cases does not span all reasonable combinations of input

u
a
m
t
l

e plume concentrations by 50%, X50, for highly (top panel) and moderately (bottom
s. When deposition negligibly affects the plume concentrations, X50 is greater than

arameter values or interesting scenarios. For simplicity, we restrict
ur analysis to isothermal dense gases (such as chlorine). We note
hat some widely transported TICs, such as ammonia and hydrogen
uoride, rapidly form aerosols and also undergo significant ther-
al changes in the atmosphere and so will require an expansion of

he deposition parameterizations described in this study. Unless as
xplicitly noted, each scenario parameter is identical to the illus-
rative plume described above. Here we examine the variation of
50 with ambient atmospheric stability (ranging from unstable, or B
lass atmospheric stability; neutral, or D class stability; and stable,
r E class stability), gas reactivity (high and moderate), and obsta-
le spacing (loosely (10 m) and tightly (2 m) packed objects). Fig. 3
hows the results of this parameter study for highly (top panel) and
oderately (bottom panel) reactive gases. The x-axis denotes the

istance at which 50% of the plume is predicted to be lost to deposi-
ion (X50). The grey and white bars indicate the 10 and 2 m obstacle
eparation (�x = 5 and 1), respectively. X50 values of greater than
000 m indicate that deposition has a negligible effect on plume
oncentrations. X50 values less than 100 m should be interpreted
s X50 < 100 m.

This analysis predicts that, for the cases considered, there will
e a dramatic difference between the highly and moderately reac-
ive gases – with most of the depositional losses due to deposition
o environmental obstacles. This result suggests that the surface
esistance of the depositing species is a critical parameter. This
onclusion is underscored by the fact that we have likely under-
stimated the rate at which material is deposited to environmental
bjects.

These results also illustrate another key feature of this sys-
em. Since deposition to environmental obstacles is the critical loss

echanism, depositional losses only matter if most of the released
aterial remains sufficiently close to the ground to deposit to the

bstacles (limited in this study to 10 m above the ground). Under

nstable (shown) or high wind (not shown) conditions, the rate
t which the dense-gas cloud breaks up (and diffuses above 10 m)
ay be sufficiently high, relative to deposition rates, that deposi-

ion is a negligible loss term. Therefore we expect the depositional
osses will be maximized for stable atmospheric conditions with
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ightly packed objects. We also note that if we have, as is likely,
nderestimated the rate of deposition to environmental objects,
hen the distance at which deposition losses become important
ill more closely resemble the tightly packed object case (shown in
hite). This is particularly true for the moderately reactive species

n which the surface resistance is the dominant factor controlling
epositional losses.

.3. Qualitative comparison to vegetative damage extents

Patterns of vegetation damage observed during the recent Gran-
teville, SC accident and an earlier accident in Alberton, MO are
ualitatively consistent with our hypothesis that dense-gas depo-
ition is an important factor.

During the Graniteville accident, ∼40 tons of chlorine were
atastrophically released into a suburban/forested area on a lightly
table night with low wind speeds (roughly corresponding to the
llustrative plume case discussed above8) [2]. The local terrain sig-
ificantly affected the evolution of the chlorine plumes by limiting
he horizontal dispersion, turning the plume direction from the
mbient wind direction, and likely extending the plume extent
reater than the flat earth case modeled here. Hunter [35] and Buck-
ey et al. [2] noted that 1 month after the release, vegetation damage
primarily pine and juniper trees) extended approximately 2 km
ownwind of the release location. A similar (55 ton) night time
elease of chlorine in a forested river valley near Alberton, MO pro-
uced measurable damage to Ponderosa Pine and Douglas Fir trees
t distances greater than 0.8 km, but less than 1.5 km downwind
36].

Plant species vary in their sensitivity to chlorine concentrations
37,38] and the extent of injury is correlated non-linearly with con-
entration and exposure time (see Griffiths and Smith [38] and
eferences therein). However, a detailed study of chlorine expo-
ure to three pine species demonstrated that these three species:
1) responded similarly to chlorine exposure at a variety of concen-
rations and exposure times and (2) vegetative damage occurred at
oncentrations between 1 and 10 ppm for short (15 min) exposures
39]. While we do not know if the species tested were among those
bserved in the Graniteville accident (they were not the same as
hose examined in the Alberton accident), the species tested were
esistant to ozone damage (another moderately reactive gas) rela-
ive to other pine species. Additionally other, more sensitive plants
re known to be damaged by concentrations 10× lower than those
ffecting the three pine species tested [37,39]. Thus for the pur-
oses of this qualitative comparison, we consider a 10 min average
ir concentration of 10 ppm likely to produce noticeable damage to
egetation within the plume.

In a recent post-event simulation of the Graniteville chlorine
lume, Hanna [7] demonstrated that 6 commonly used dense-gas
odels (including SLAB) predict peak 10-min chlorine concentra-

ions 10 km from the release site to be well above (<5×) the 10 ppm
oncentration expected to produce noticeable vegetation damage.
ndeed at the extent of vegetation damage in the Alberton and
raniteville releases, (∼1 and ∼2 km, respectively), all models pre-

icted ground level concentrations greater than 1000 and 300 ppm,
espectively.

While our limited understanding of the chlorine surface losses
see Section 2 above) and accident details prevent a quantita-

8 Only half of the 90 ton chlorine tank was catastrophically released. While addi-
ional material was released over an extended time period at a much slower rate,
his secondary release does not affect the discussion and conclusions presented in
his study. We note that the graphs in Figs. 3 and 4 show the impacts of a complete
90 ton) tank release.
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ive comparison, we note that the observed vegetation damage
xtents are: (1) clearly shorter than predicted by traditional
odels, (2) between the bounds predicted by the highly reac-

ive and moderately reactive gas cases described above and (3)
horter for the more tightly packed environment (e.g. the Alberton
elease).

. Discussion and conclusions

.1. Implications for modeling hazard extents

To put our results into the context of risk to human populations,
e provide a zero-order estimate on the effect that depositional

osses may have on hazard extents. For this illustration, we define a
easure of the hazard posed by a release as the maximum distance

t which sensitive individuals are expected to be lethally affected
ollowing a catastrophic release of 90 tons (1 railcar) of chlorine. We
dopt the commonly used U.S. emergency response methodology
nd follow the National Research Council Acute Exposure Guideline
evel 3 (AEGL3) guidance to estimate atmospheric concentrations
t which individuals may die (a 10 min exposure to at least 50 ppm)
40]. This level is designed to protect the most sensitive individuals
nd is known to overestimate the hazards posed to the average
ndividual.

As before, we have assumed that the dense-gas cloud properties
except concentration) are not affected by the removal of material.
s such, the hazard extents presented in this section should be con-
idered to be rough estimates of the true hazard extent and should
ot be used for emergency response or planning purposes.

Fig. 4 shows hazard extents corresponding to the atmospheric
onditions shown in Fig. 3 (note that Figs. 3 and 4 x-axes are not
dentical). Consistent with the above analysis, the reduction in haz-
rd extent is predominately controlled by how readily material
s retained on the surface (i.e. surface resistance) with a smaller
ependence on atmospheric conditions.

.2. Comparison to prior work

This analysis demonstrates that the suppression of vertical tur-
ulence significantly reduces the amount of material lost to the
arth’s surface. Indeed in the absence of environmental objects
such as buildings and trees), the loss of material due to deposi-
ion is modest (for example, see Fig. 2). This conclusion suggests
hat the prior analyses of Jonsson et al. [12] and the HGSYS-
EM deposition module (both of which neglect the reduction in
ense-gas turbulence) may significantly overestimate the losses
o the earth’s surface. However due to the importance of depo-
ition to environmental objects (which was not included in the
rior analyses), the current analysis supports the prior conclusions
hat deposition is most important for stable, low-wind condi-
ions in which the plume is confined to be relatively low to the
round.

While the current analysis did not directly analyze deposition
ithin vegetation canopies, it is consistent with the general conclu-

ions of Khan and Abbasi [13] that greenbelts (strips of vegetation
urrounding a potential release site) offer the potential to sig-
ificantly reduce the impacts of the large-scale releases of toxic

ndustrial materials – with the greatest reductions associated with
table atmospheric conditions (commonly considered to be the
worst-case” for these types of releases). However, in contrast with

he Kahn and Abbasi conclusions, this analysis suggests that rela-
ively wide object spacing (2–10 m distance between objects) may
e sufficient to achieve rapid reductions in atmospheric concen-
rations – particularly if the released material is readily retained on
nvironmental surfaces.
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top panel) and moderately (bottom panel) reactive gases under the atmospheric
ontext, we have included the hazard extent assuming no deposition (black bar) wh

.3. Impact of neglected factors

This analysis did not consider several key factors that have the
otential to alter dense-gas dispersion and deposition rates. In
his section, we qualitatively discuss the potential implications of
ncluding these effects in this analysis. We note that while some
f these effects may reduce the overall importance of depositional
osses, these effects are unlikely to eliminate significant deposition
osses in all scenarios of interest.

First, this study did not consider how dense-gas cloud properties
except concentration) were changed by the removal of material
y deposition. As the cloud concentration decreases, the cloud
ecomes less stable and behaves more like a passive (neutrally
uoyant) gas. This implies that the cloud turbulence increases,

ncreasing the deposition velocity to both environmental objects as
ell as the earth’s surface (in Fig. 1, this corresponds to moving to

he right along the x-axis). In addition, the cloud mixes more rapidly
ith the ambient atmosphere, further reducing the cloud concen-

ration, increasing the cloud height, and decreasing the cloud width
relative to that assumed in this study).

Paradoxically, in some cases the net impact of these processes
ay extend the range at which low concentration hazards will exist

elative to those shown in Fig. 4. The higher loss rates near the
urface are offset by the lofting of hazardous material above the
eposition zone (which can then mix back down to the surface fur-

her downwind). For example, deposition reduced a passive-gas
loud concentration by 50% at 6 km downwind from the release
or a case similar to the illustrative plume discussed above [12].9

or context, the cloud concentration in the illustrative dense-gas

9 Deposition to environmental objects was not considered in [12].
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e centerline 10 min average ground level concentration exceeds 50 ppm) for highly
ions shown in Fig. 3 (note that Fig. 3 and this figure x-axes are not identical). For
rresponds to standard EPA hazard assessment modeling.

lume was reduced by 50% less than 100 m from the release. This
tark contrast between the passive and dense-gas losses suggests
hat the overall importance of deposition is related the relative rate
f deposition loss versus vertical mixing.

Second, this study also did not consider thermophoretic effects
implicitly assuming that the cloud and depositing surfaces are

t the same temperature. This assumption is incorrect for some
azardous materials of interest (e.g. ammonia). For dense-gases
hat are colder than the surrounding environment, thermophoretic
ffects may reduce the deposition losses through two mechanisms.
irst, the addition of heat from the surrounding environment will
educe the dense-gas stability (see above). Second, the rate at
hich gas is transported to the wall to deposit will likely decrease

decreasing the overall deposition rate).
Third, this study considered a single, idealized object geome-

ry and did not consider the spatial or temporal details of air-flow
round objects. In studies of dense-gas flow around individual
bjects (e.g. [31,32,41] and references therein), the presence of
bjects resulted in significant perturbations to the dense-gas cloud
oncentrations and flow properties (including flow direction, con-
entration, and turbulence). This is particularly evident on the
ownwind side (i.e. the building wake) in which the dense-gas
loud often rises well above the unperturbed cloud height and
ocally enhanced mixing noticeably decreases cloud concentra-
ions. Laboratory and field experiments with environmental object
rrays have demonstrated that while the above effects are evident
s the dense-gas cloud first encounters the object array, once the

ense-gas cloud equilibrates to the presence of the objects array,
he effects of subsequent perturbations depend strongly on flow
onditions and range from minimal to significant (with the latter
ccurring at high Reynolds number flows corresponding to very
ow wind speeds) (e.g. [17,30,42]).
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This study implicitly assumes that the dense-gas flow is such
hat environmental obstacles cause limited local perturbations and
o the average cloud properties calculated by the SLAB model are
enerally representative of the overall cloud (see Section 3). While
he above studies suggest that this is a reasonable assumption for

any scenarios of interest, investigations into other flow condi-
ions and the role that local perturbations may play in enhancing
due to locally enhanced turbulence) or decreasing (due to locally
ecreased concentration) the importance of deposition to environ-
ental obstacles should be addressed in future work.

.4. Suggestions for future work

This analysis demonstrates that dry deposition may play
significant role in controlling atmospheric concentrations of

arge-releases of toxic industrial chemicals. However, significant
nowledge gaps prevent the current work from being directly
pplied to develop reliable predictive models for assessment and
mergency response purposes. In this section, we provide sug-
estions for future work to address the critical knowledge gaps
dentified by this work. If future investigation confirms the results
f this initial study, the author recommends the inclusion of this
ffect in hazard assessment models, both simplified and complex,
s well as the consideration of using this effect to reduce the hazards
ssociated with this type of accident (e.g. greenbelts).

First, this analysis examined the deposition of isothermal dense-
ases to quasi-ideal surfaces. Many important toxic industrial
hemicals (e.g. ammonia, hydrogen fluoride, and oleum (SO2/SO3))
re known to readily form aerosols and undergo significant chem-
cal and thermal changes when released into the atmosphere. All
hree of these factors have the potential to alter deposition rates;
herefore we recommend extending this analysis to include these
ffects. In addition, we recommend quantitatively examining the
elative efficiency of different environmental objects (e.g. trees vs.
uildings) and geometries (e.g. suburban streets vs. forests) on the
eduction of atmospheric concentrations due to deposition.

Second, this analysis points to an urgent need for new experi-
ental investigations to further understand and validate dense-gas

eposition in congested environments. Unfortunately, there is a
earth of relevant experimental datasets and so we recommend
he following experiments and analysis. (1) We recommend further
tudy of reactive gas deposition rates (including surface resistances)

with particular attention to chlorine in different sunlight and
umidity conditions. Chlorine is readily photolyzable by sunlight
nd the resulting chlorine radicals (and other potential chemical
roducts) may be more readily deposited during daylight hours
han the two night-time accidents discussed in this study. (2) We
ecommend investigating the magnitude and stability dependence
f dense-gas turbulence within a variety of congested environ-
ents (obstacle geometries), particularly with respect to horizontal

urbulence. Further analysis of currently available experimental
atasets (e.g. [17,30,41]) may serve as a useful first step in this inves-
igation. (3) We recommend a release of reactive materials within
ongested environments to directly measure the effects of vertical
nd horizontal deposition on plume extent.

While a detailed description of how the above uncertainties may
e investigated is beyond the scope of this study, we offer the fol-

owing suggestions. First due to the number of knowledge gaps
nd variables to be examined, we recommend performing labo-
atory studies using representative objects in deposition chambers

analogous to Hill [25]) and wind tunnels in which key parameters
e.g. wind speed, turbulence, dense-gas concentration, tempera-
ure, and the obstacle type and geometry) would be systematically
aried. Second, these experiments could be followed by larger-
cale wind-tunnel studies (analogous to the Hawk test series which
terials 164 (2009) 1293–1303

xamined the removal efficiency of hydrogen fluoride with respect
o water sprays [43]). Finally, large-scale outdoor releases in a
emote environment (e.g. the Nevada Test Site – the location of
he previous large-scale ammonia and hydrogen fluoride releases)
ould be used to test if the knowledge gained from the labora-

ory and large-scale wind tunnels tests were sufficient to describe
ull-scale releases.

We note that many key industrial chemicals are highly toxic
nd/or corrosive. Therefore the judicious use of surrogate com-
ounds will likely be critical, particularly to leverage existing
ind-tunnels and deposition chambers during the laboratory
hase. We note that the key parameter in such an investigation

s the relative affinity between the depositing gas (or aerosol) and
he surface – not the absolute reactivity of the depositing mate-
ial. As such, the careful selection of the depositing gas and surface
e.g. a weak acid/base pair, an inert aerosol/tacky surface, a mildly
eactive gas/high surface area object) may offer the possibility to
educe the hazard and environmental impact posed by conducting
uch an experiment – reducing the cost and increasing the number
f potential experimental sites.
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