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Abstract The paper describes the system design of an air poliution emergency systern and presents
application results. The simulation system is able to compute the dispersion of toxic substances from
stationary or mobile sources with better-than real time performance. The air pollution emergency system
consists of a set of source strength estimation modules, a three-dimensional wind field model which serves as
a meteorological preprocessor and a 3D dispersion model. It considers different potential release types to
estimate the release rate of the toxity. Monte Carlo methods are used to take into account input data
uncertainties. A time dependent source term probability function gives the emission rates serving as an input
for a Lagrangian dispersion mode!l. The code of the individual software packages was parallelized using
different parallelizing strategies according to its inherent programming structure, This offers the possibility of
using advanced mwodels in conjunction with uncertainty analysis methods for emergency management
calculations but also enhances the acceptance of model use for training and analyzing tasks.

1. INTRODUCTION

LAGSIM (LAGrangian SIMulation System)} is a
model-based software system to compute release
and dispersion of chemically inert substances in
complex  terrain.  Using  distributed  paraliel
computing, LAGSIM aims at reaching better-than
real time performance for the stmulation of
accidental release of hazardous substances into the
atmosphere,  using state-of-the-art. 3D simulation
models. Thig information can be used in the
framework of decision support and advisory
systems for the support of emergency management
tasks and refated staff training, for fransportation
and  stationary accidents involving hazardous
substances, and tfor hazardoss installations. In
addition to connecting the HPC {High Performance
Computing) simulations to various data sources,
primarily environmental and meteorological
monitoring, LAGSIM explores an  additional
important aspect of HPCN (High Performance
Computing and Networking) based decision
support  applications, namely, the on-line
integration of uncertainty and error anatysis, based
on Monte-Carto methods again realized by parallel
simulation. . With . distributed  parailel  high-
performance  computing  resources, dispersion
calculation results can be provided in better than
real-time mode,
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2. LAGSIM.THE MODELS

LAGSIM uses a number of models for describing
technological risk and emergency situations. These
primarily inclade models for:

_ ¢ the computation of the release of (toxic)

chemicals (release models)

= dispersion calculation (a Lagrangian transport
model)

«  wind field estimation (a 3D diagnostic wind
field model).

One of the most important features of an
atmospheric emergency simulation system is the
computation of a realistic wind field in a complex
terrain. The methodoiogy used to design the core
part of the LAGSIM wind field model is similar to
the weli-know Diagnostic Wind Model {Douglas
1990]. The wind field model generates gridded
wind fields at a specified time. Initialized with a
stability dependent 1D profile of wind and
temperature, it adjusts the domain-scale mean wind
for terrain effects [Allwine 1985, Liu 1980,
O‘Brien 1970] , e.g. kinematic effects, such as
lifting and acceleration of the air flow over terrain
obstacles, as well as thermodynamically generated
slope flows. It performs a divergence minimization
to ensure mass conservation. The diagnostic wind
model is based on a digital elevation map of the
model domain. A grid based mean elevation for



every grid for the desired resolution must be
provided by the customer.

A typical application range of the model extends
from medium scale to regional scale and covers
vertical levels up to the mixing height. The model
is not able to resolve very local wind structures,
¢.g. lee waves at a building, however it provides a
mean wind field and diffusion parameters for the
area of interest.

The model system for the computation of the
source strength consists of different individual
submodules with regard to the release type. The
EAGSIM system inciudes:

= jetrelease of gas,

= stack release,

= evaporating pool release,

» time-dependent line sources emissions.

1f the source strength is known, the release models
are no longer necessary or perform very simply.
However in case of an accident, very often only
some geometric quantities (e.g. of a spill) are
known. Most of the parameters needed for the
seurce strength estimation are very uncertain, To
take these uncertainties into account, a Monte
Carlo simulation is used to determine a source
strength distribution over time instead of a single
number for the soorce strength. Key parameters of
these time dependent distributions are used as an
input  for the dispersion model. Such key
parameters can be, for example, the emission rate
at the mean and at the 95th percentile of the
probability functions,

Although explosion or burning may also be
important release types, thelr explicit handling in
the. system is impossible for. practical reasons (no
data, expensive computational burden). With a high
level of probability, an immediate total release of
the substance can be assumed for explosions. For
release types due to burning, the determination of
the source strength and the properties of the
released  substances may be very uncertain.
However, this is a basic problem, and not merely a
problem of the modelling tools. For fire type
release, the applied methodology is similar to
buoyant jet release, taking into account the
especially broad range of uncertainty for the model
input parameters. The input for the release models
is formed by a set of substance specific parameters
and a set of release specific parameters such as
release type, release and meteorological conditions.

Release and atmospheric guantities form the input
of the l.agrangian type atmospheric transport
model [Gerharz 1997]. The basic concept of
Lagrangian models is the observation of air
volumes or airborne particles, which is why these
models are also referred to as Lagrangian particle

simulation models. The term “particle” denotes any
air poliutant or any buoyant substance in the air, In
case of gaseous dispersion, every particle
represents a certain mass although it is assumed to
be mass free regarding to its transport behavior.
Additionally, i has no spatial extension. In contrast
to Gaussian models, which are based on an
analytical solution of the advection diffusion
equation applicable only under very restricted
conditions  such as  homogeneous, stationary
meteorology and flat terrain, Lagrangian trajectory
modeis are appropriate for the description of
dispersion in complex meteorological situations or
heavily structured topography.

The Lagrangian model uses winds and fluctuation
caused by turbulence to predict the pathways of
individual particles or air volumes and register
modifications in their characteristics for each time
step. Particles or air volumes, respectively, may be
released from any number of locations. The type of
source, e.g. point or line source, is of no influence.
The underlying basic methodology of the model
can be described as foilows: The position of a
particle is given by its previous position plus a term
describing the motion by advection processes and
turbulence. The advective wind is completely
determined by the velocity and direction of the
wind, while the fluctuation or turbulent component
describes the actual #luctuation. The simulation of
turbulence 13 based on the statistical theory of
Taylor [1921] for diffusion effects. and an
extension made by Obukhov [195%] and Smith
[1968]. The fluctuation is simulated by a Markov
process of first order, a random component
describes the coincidental effects in diffusion. If
required and the deposition velocity of the
substance is known, deposition éffects can also be
considered each time the new position of a particle
is determined. The main advantages of the
Lagrangian model to the analytical solution of the
advection diffusion egquation or even to the
numerical selutien in a Eulerian approach of the
equation can be summarized as follows. It

¢ is able to describe transport in complex terrain,

° is easy to paralielize and is therefore suitable
for HPCN,

«  shows good accuracy/performance ratio

* is scalable over a wide range (from a few
centimeters to some kilometers),

On the other hand, the particle methodology is not
well suited to treat chemical reactive species. As
long as the reactions can be described by a linear
rate, chemistry can easily be included. But for
complex nonlinear chemical reactions, a Eulerian
approach should be used. For emergency
management purpuses, the computation of
chemical changes is irrelevant due o the lack of
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detailed information of the chemical reaction paths
and reaction rates.

3 PARALLELIZATION

For emergency planning and  especially for
emergency management purposes, the system has
to provide a resuit in a period of time at least an
order of magnitude sheorter than real time. This
requires rapid data management as well as a fast
execution of the underlying models.

To date, simple screening models have been used
tor these purposes. These models are very fast, but
very limited in their application because they
normally assume a flat terrain and do not allow
complex wind fields as an input, although a
realistic determination of the wind field and its use
in the transport model provides the basis for a
reliable  concentration  calculation.  Anather
drawback of these models 1s that, although the
quality of the input parameters is often very
questionable, they are considered as known,

The LAGSIM approach uses advanced models in
conjunction with uncertainty analysis methods. In
general, the execotion of this system in an
appropriate resolution is too slow for emergency
management purposes. To accelerate the execution,
the numerical algorithm must be optimized with
respect to the run-time requirements. Also, the use
of fast hardware platforms is necessary which
implies, of course, an expensive supercomputer.
However, only a small number of customers
‘possess or have permanent access to such a
machine. To guarantee fast execution and flexible
installation options, the time-consuming parts of
the model code have been parallelized. An
advantage of this approach lies in the Hexibility of
the installation, Wherever a cluster of workstations
is available, irrespective of type, the program can
be employed with the appropriate underiying
software. The code remains scalable, depending on
the actual number of workstations or CPUPs the
progran is abie to run on different configurations.
The parallelizations use the paradigin of Parallel
Virtual Machine (PVM) [Geist [994]. PYM is a
software package that allows the use of a
heterogeneous computer cluster interconnected by
a network as a single parallel computer. This
guarantees a maximum of flexibility and portability
to a variety of hardware platforms.

One of the main features of the wind field mode] is
the solution of the continuity equation. In its
simplified formulation, a divergence minimization
procedure ensures the construction of a mass-
consistent wind figld. The divergence minimization
is an iterative process using a predefined tolerance
(a reasonably small margin of around 0.0001). This
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Fig. 1. Execution time vs. number of processors
for the wind field model

process can easily count for more than 90 % of the
total CPU time of the sequential execution of the
wind field model. The parallelization exploits the
independence of the divergence computation in
every vertical level. The different vertical levels are
distributed  step-wise among the processors,
beginning from the botiom. Usually, the layers
close te the surface show the largest divergences,
therefore requiring many more iteration steps
before obtaining the accepted tolerance criteria for
the levels at the top of the domain. This results ina
strong load balance problem if the number of nodes
is not appropriate in relation to the number of
vertical tevels used. An alternating distribution
scheme of the vertical levels and a proper selection
of the number of levels improves the load
batancing significantly. The optimum corfiguration
of a SUN cluster for the wind field model consists
of 5 machines for the given test grid. The speed-up
is rather high, reaching a value of approximately
4.2 with a total execution time in the range of |
minute which meets the user requirements (Fig. 1),
The paratlelization of the Moente Carlo process for
the evaporation model is based on the complete
independence of each parameter run. Thus the
same segment of code runs for the total time
segquence on the selected number of nodes {or
workstations). The user must specify the number of
input parameters which are not precisely known. In
addition, an unceriainty range must be given for
every parameter. 'This range can vary in positive or
negative direction. In the initialization phase of the
program, the master starts with a large but
reasunable number for defining the first-guess
source streagth distribution. A predefined rule
system for the program truncation helps to check
whether a nearly smooth distribution has been
reached. If not, more runs are executed until the
truncation rules are valid. The truncation rules take
into  account the derivation of statistical
characteristics of the distribution, e.g. the mean of
the distribution, hetween two steps, If it exceeds a
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given epsion (reasonably small number), another
set of simulation starts,

In the Lagrangian approach to the dispersion
calcufation, concentrations are represented by
particie densities. The model uses winds and
fluctuation computed by the wind field model to
predict the trajectories of individual particles or air
volumes. As long as an output time step has not
been reached. the individual particles can be
considered as fully independent. This makes the
model well suited for numerical parallelization.
The amount of emitted particles per time step
representing 4 cerfain released mass is usually
chosen to an acceptable but relatively small
number.  Unfortunately, no method has been
establishad for determining the appropriate number
of particles for a desired application. Thus the
selection of this number is often left to choice, or
the number is limited by the hardware resources.
Insufficient particle numbers lead to unrealistic
results, bad resolution and rippled concentration
patterns, Nevertheless, the question of determining
the appropriate particle number still remains. Test
runs cannot be generalized and can only serve as a
first approach. In order to ensure that calculations
are, in most cases, on the “right side”, the use of
semewhat large particle ensembles derived from
test runs with different particle numbers s
recommended. However, neglecting the time
required for an output (and computing the related
concentration patterns), the execution time is
nearly linearly proportional to the number of
trunsported particles. A parallel implementation
offers the possibility of using a large set of particies
and guarantees a reasonable execution time. Fig, 2
shows & result of a run-time study with the
Lagrangian particle model. The resalts indicate an

2o

- -
< tn
e e

execulbion img {min}
*

n
T
T

ot . :

4
number of progessors

Fig. 2: Execution time vs. number ol processors
for the Lagrangian model

ideal speed-up of 8 for 8 processors and a reduction
of the total execution time from approximately
{085 seconds for the single processor run to 136
seconds for the cluster of 8 processors.
Additionally, the problem remains scalable which
offers the possibility to enlarge the number of

processors considerably, with an expected further
reduction of the execution time.

The bottleneck of efficiency can be found in the
final  output computation. As  saon  as 2
concentration calculation is required (because an
output is desired), the particles are no longer
indepenadent  and  communication  becomes
necessary. Therefore, the number of output
intervals should be reasonably small in order to
avord excessive decrease of the speed-up of the
paraiiel implementation,

Run-time studies indicate that with the help of a
code paralfefization of the core parts of the model
system a considerable decrease of the run-time can
be achieved. By conducting some further
optimizations, the total execution time of a full run
of the model system in the air domain including
Monte Carlo  uncertainty  analysis, three-
dimensional wind field generation and Lagrangian
transport  cafculation can  be reduced to
approximately 10% of real time.

4. APPLICATION EXAMPLE: TOXIC
SPILL OF CHLORINE IN THE SWISS
REUSS VALLEY

Transsecting the Swiss Reuss valley, a major
transeuropean transpottation route links the north
of Europe to the south, from Switzerland to Ttaly,
via the Alpine Gotthard pass. It is frequently used
by trucks as well as raiflways transporting toxic
substances and other chemicals,

The Reuss vailey is relatively flat at the bottom,
approximately 450 m above sea level with steep
mountain sfopes rising to a height of 3000 m. The
alpine wind systems driven by kinetic and thermal
effects are very complex. Therefore, predictions of
areas affected by toxins in case of an accident are
noatrivial, An example of a predicted surface wind
field with North-West synoptic scale wind and
slightly stable meteorological conditions is shown
in Fig. 3. Within the Reuss valley, the wind comes
from different directions. On the slopes, a tendency
of weak down-slope winds is visible. Accidental
welease of toxic materials in the atmosphere,
especially in this environment, can severely
damage human health. To investigate the results of
an accidental release of toxic materials in the
valley, three typical meteorotogical conditions were
analyzed:

= scenario | strong winter inversion layer, weak
synoptic wind from north-west

= scenario 20 moderate  winter  invession,
moederate synoptic wind from nerth-east (see
Fig. B
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= scenario 3: Fohn, strong synoptic-scale wind
from scuth, deep convection

"G

Fig. 3: Wind field above orography in the Swiss
Reuss valley for scenario 2

The release location was close to the.entry of a side
valley, near the village Birglen. Toxic spill of 5
tons of liquid chlorine was assumed. The liquid
chlorine vaporizes relatively fast depending on the
leakage geometry and the meteorclogical
conditions, A Monte Carlo method was used to
vary these input parameters for the evaporation
pool release model. Rather than using a single
vatue, a time dependent source strength probability
function serves as the input for the dispersion
calculation. The emission maxima for the three
different scenarios for the mean and the 95th
percentite are given in Tab. 1. For the same
metecrological scenario. the rates are considerably
different caused for the most part by the
(I it h e of the
. ave mrean and the emission sate o
the 95th percentile of the tme dependent source
term probabitity fonction sve used as an input e
the Lagrangian  dispersion
represents a rate close o
zmission : I
TEPreseRis 4 worst ©
vate excludin
higher emisston rates.
rates of the thres scenurios
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of the evaporation from metecrological quantities
at the source location. The simutated average

scenario| maximuin mean maximum
emission rate [g/s]| emission rate of
the 95th percentile
[g/s]
SCENArio 280 750
i
scenario 45() 1100
2
SCenario 1100 3000
3

Tab. |: Maximum emission rates for three different
meteorological scenarios

maximum concentration in an area of about
100x100m® is given in Tab. 2. Although the
maximum emission rate increases from scenario |
to  scenario 3, the maximum concentration
decreases because of the given meteorological
conditions.  Under stagnant  meteorological
conditions, represented by scenaric 1, a low
inversion layer develops. This prevents deeper
thermal convection and can lead, in conjunction
with calm  synoptic winds, to high surface
concentrations of toxic materials close to the
release location. In contrast to scenario 1, higher
wind speeds at the ground, upslope winds and
higher vertical mixing lead to a faster dilution with
the ambient air for scenario 3.

maximum
concentration for-
the emission rate

of the 95th
percentile[g*m™]

maximum
concentration for
the mean emission
rate fg*’m"3]

scenario

scenario 138 360
i

scenario 100 253
2

seenarin "5 jg 205

L3
i

Tab, % Maximom simulnted concentrations for
thees different metoorological scennrios

face conceatrntion dsiribution in the model
shomatn 20 minutes affer the accident for soenaric 2
in shown bn Fig. 4 The twexle plome rematns within
the valley, the influence of the valley's geometry
deterines 85 shape, Albough the main wind
wi from the pocthesast, the fow s northe




westerly directed in the source-near areas due to
local wind systems, Later on, it follows the shape
of the valley and side-valleys.

Fig. 4: Simulated chlorine concentration in the
Reuss valley after 20 minutes for scenario 2

The dispersion calculation for the alpine terrain in
the Swiss Reuss valley exhibits completely
ditferent and very complex concentration patterns
of chlorine for different meteorological conditions.
These results provide qualitatively new insighis for
intervention forces and management authorities.

5. COMCLUSIONS

LAGSIM has been successfully applied in a
number of investigations of toxic release in
complex terrain, for example in the Swiss Reuss
valtey and in Gavirate near Milan (Italy). It has also
been chosen as the core model part for the
development of an emergency management system
(HITERM - High-Performance Computing for
Technological Risk Management). The HITERM
system integrates vartous simulation models (e.g. it
includes most of the LAGSIM components) for

describing technological risk and emergency
situations. In particular HITERM is based on:

* models for chemical spills or runaway/
undesirable reactions, leading to atmospheric
dispersion of u toxic gas or evaporating fquid,
fires and explosions of a gas, liquid or
evaporating liquid, transport and dispersion in
soif, groundwater and surface water systems,

*  pre-processor codes such as 3D diagnostic wind
field models and source models such as spill/
pool or tank evaporation models,

= routing algorithms for transportation risk
analysis,

= impact models.
The applications of the HITERM system cover also
dynamic adaptive traffic routing taking into
account dynamically updated environmentai risk
criteria and transportaiion accident simulation to
address transportation risks of hazardous goods by
road and rail.
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