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ABSTRACT

The mesoscale dispersion modeling system (MDMS) described herein is under development as a simulation
tool to investigate atmospheric flow and pollution dispersion over complex terrain for domains up to several
hundred kilometers. The system includes a three-dimensional mesoscale meteorological model (MESO), a
Lagrangian particle dispersion (LPD) model, and an Eulerian grid dispersion (EGD) model based on numerical
solution of K-theory advection-diffusion equations. These two dispersion models can be used separately, or
they can be linked together as a hybrid Lagrangian—Eulerian dispersion model. The MDMS has been designed
for use on personal computers and workstations. This paper provides a compact description of the present status
of the modeling system and its applications. Numerical simulations performed for a complex region of the east
coast of the United States demonstrate two complementary approaches to air-pollution dispersion modeling
available in the MDMS: traditional source-oriented modeling, and receptor-oriented modeling.

1. Introduction

Numerical models have proved to be a very useful
tool in studying atmospheric mesoscale phenomena
including air-pollution transport (e.g., Pielke 1984
Penenko and Aloyan 1985; Physick 1988; Pielke et al.
1991). Due to large computer resource requirements,
these models are usually run on powerful mainframe
computers. Recent advances in computer technology,
resulting in powerful personal computers and work-
stations, however, have made mesoscale models avail-
able to a wider community of users. The modern
workstations perform to within a factor of 10 of the
speed of the most advanced supercomputers but cost
only one-hundredth as much. They are also very easy
and inexpensive to maintain, since they require no
special cooling system or other restrictive environ-
mental conditions. These machines can be dedicated
to specific tasks that, if performed on supercomputers,
would normally compete with other jobs.

The mesoscale dispersion modeling system
(MDMS), was originally developed on an IBM PC/
AT clone at the Department of Meteorology, Warsaw
University of Technology, Poland. The objective of the
MDMS is the numerical simulation of atmospheric
flow and air-pollution dispersion on the mesoscale over
complex terrain. Special emphasis has been put on the
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parameterization of land surface processes, including
subgrid-scale terrain features. Research work on the
current form of the modeling system started in the mid-
1980s, using earlier experience in air-pollution disper-
sion modeling and atmospheric boundary-layer mod-
eling, which included the development of a three-di-
mensional (3D) steady-state model of the urban
boundary layer (Sorbjan and Uliasz 1982). Currently,
the MDMS is being further developed and linked to
other mesoscale modeling systems on IBM RISC-6000
workstations at Colorado State University.

The main part of the MDMS is a 3D mesoscale
meteorological model (MESO) (Fig. 1), which pro-
vides meteorological fields used as input by the two
air-pollution dispersion models included in the system.
A Lagrangian particle dispersion (LPD) model allows
one to simulate releases of pollution from arbitrary
emission sources by tracking the motion of particles
(or Gaussian puffs in a simplified version). The LPD
model also can be used for a computer visualization
of the atmospheric flow in complex terrain with the
aid of particle distributions, trajectories, and streak
lines. An Eulerian grid dispersion (EGD) model is
based on numerical solution of K-theory advection-
diffusion equations. These two dispersion models may
be used separately or linked together in a hybrid La-
grangian—Eulerian dispersion model where subgrid-
scale dispersion from point sources is handled by the
LPD model. The unique feature of the MDMS is its
ability to use two different options for dispersion mod-
eling: a traditional source-oriented mode to calculate
concentration forward in time for given emission
sources, and a receptor-oriented mode to calculate in-
fluence functions backward in time for a given receptor.
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FiG. 1. Schematic of MDMS.

The aim of this paper is to briefly present a current
status of the MDMS and its applications. Some features
of this modeling system, including the receptor-ori-
ented dispersion modeling, are demonstrated with the
aid of numerical simulations performed for a region
of complex terrain on the United States east coast. The
paper also illustrates the feasibility of running compli-
cated meteorological models on modern workstations.

2. Numerical models

A detailed description and discussion of model
equations can be found in Uliasz (1990b) and Uliasz
and Pielke (1990). Updated documentation for the
MDMS is available from the author. The main features
of the three models that constitute the MDMS are listed
in the next three sections, including model options.

a. Mesoscale meteorological model (MESO)

e Model equations: hydrostatic, incompressible,
primitive equations formulated for mesoscale pertur-
bations in terrain-following coordinates, 1D, 2D, or
3D; dry thermodynamics (no liquid water, vapor only);
prognostic variables: components of horizontal wind
velocity, virtual potential temperature, and specific
humidity.

e Turbulence parameterization based on a simplified
second-order closure: 1) level-2 diagnostic scheme or
2) level-2.5 scheme with a prognostic equation for tur-
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bulent kinetic energy proposed by Mellor and Yam.ada .
(1982) and modified for the case of growing turbulence
according to Helfand and Labraga (1988).

e Radiation: a simple parameterization of surface
radiation fluxes is adopted for an inclined surface, from
Van Ulden and Holtslag (1985); radiation processes
in the atmosphere are not included.

e Lateral boundary conditions: zero gradient for
mesoscale perturbations.

e Top boundary conditions: vanishing of mesoscale
perturbations of horizontal wind, temperature, hu-
midity, and pressure (Exner function), and vanisaing
of turbulence (turbulent kinetic energy); time-varying,
but horizontally homogeneous, synoptic conditions
(large-scale fields).

e Lower boundary conditions: 1) no-slip conditions
at the roughness level, or 2) profile conditions based
on the surface-layer similarity theory using the modified
universal function proposed by Beljaars and Holislag
(1991).

e Land surface representation:

1) One surface energy balance is considered for a
whole soil-vegetation system following Noilhan, and
Planton ( 1989) and a single surface skin temperature
and surface air humidity are computed for both the
canopy and the ground.

2) Parameterization of evaporation from vegetatlon
canopy follows ideas of Deardorff (1978), with some
adaptations from the Biosphere-Atmosphere Transfer
Scheme (BATS) (Dickinson et al. 1986). :

3) Soil hydrology is described by a two-layer model
developed by Mahrt and Pan (1984).

4) The scheme computes time evolution of four
variables: the surface temperature of the soil-vegetation
system by the force-restore equation, the soil water
content in the upper and lower soil layers, and the
amount of liquid water retained on the foliage.

5) In the simplified version, the vegetation canopy
and soil hydrology are not considered, and the soil
moisture availability must be prescribed.

6) Subgrid-scale landscape variability is taken into
account by weighted averaging of surface turbulent
fluxes calculated for different land types present in a
given grid cell (Avissar and Pielke 1989; Claussen
1991).

o Initialization: horizontally homogeneous initial-
ization using a 1D model version and a single mdlo-
sounding.

e Grid structure: a telescoping grid in the horizontal
with a minimum interval of 1-2 km and stretched (log-
linear) grid in the vertical with a minimum interval at
the surface of 0.1 m.

o Numerical algorithm: two-cycle splitting (frac-
tional steps) method and finite-difference imjlicit
scheme (Marchuk 1975).

¢ Input data: 1) synoptic data, 2) grid-specification
data, and 3) terrain data; terrain height and fract.onal
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coverage of grid cells by different land-use patterns.
The land-use pattern is determined by two primary
parameters: the textural type of the soil, and the type
of vegetation canopy. A set of secondary parameters is
assigned to each primary parameter. Water areas are
characterized by the water surface temperature only,
which is assumed to remain constant during a simu-
lation.

e Output: 1) 3D fields of model prognostic variables,
2) time series of selected model variables, including
micrometeorological and soil parameters at given lo-
cations, and 3) deposition velocity fields for different
pollutants calculated with the aid of a resistance ap-
proach (Wesely 1989).

b. Lagrangian particle dispersion (LPD) model

e Atmospheric dispersion is simulated by tracking
alarge set of particles. Each particle represents a discrete
mass of pollutant. Particles can be released from mul-
tiple emission sources with arbitrary geometry and re-
lease characteristics.

e Particles are moved by resolvable-scale compo-
nents of wind velocity obtained directly from the
MESO model and subgrid-scale turbulent velocity
components derived under assumptions consistent with
the second-order turbulence closure applied in the me-
teorological model. Options:

1) LPD2a: Markov-chain scheme; vertical and hor-
izontal diffusion of particles, including velocity-com-
ponent covariances ( Zanetti 1986).

2) LPD2b: Markov-chain scheme; vertical and
horizontal diffusion of particles.

3) LPD2c: Markov-chain scheme; only vertical dif-
fusion of particles.

4) LPD1b: fully random walk scheme; vertical and
horizontal diffusion of particles.

5) LPDIc: fully random walk scheme; only vertical
diffusion of particles.

6) LPDO: no turbulent diffusion included; particles
are moved using resolvable-scale wind field to calculate
trajectories or streak lines (this option may be used to
run a Gaussian puff model).

In the Markov-chain schemes the turbulent velocity of
the particle depends on its turbulent velocity at the
previous time step and on a random component. The
time step, used to move particles, is variable and de-
termined as a small fraction of the Lagrangian time
scale in the vertical (typically 1 s < At < 15 s). If the
time step At is increased to values much larger than
the Lagrangian time scale, the particle looses its mem-
ory of the previous turbulent velocity and moves fully
randomly. In these fully random walk schemes, the
time step is kept constant (typically Az = 180 s).

e Buoyant plumes: 1) particles are released at an
effective stack height, or 2) a vertical velocity due to
buoyancy is added to the particle velocity. Both options
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are based on analytical integrations of conservation .
equations for momentum and buoyancy fluxes (Briggs
1984) over layers of the atmosphere with different wind
speed and temperature.

o Dispersion of heavy particles with settling velocity:
the crossing trajectory effect, which results in the re-
duction of particle velocity autocorrelation in the ver-
tical, is included ( Walklate 1987); the inertial effect is
neglected.

o Interaction of pollution with the ground surface:
1) a perfect reflection of particles, or 2) a deposition
of particles on the surface with an absorption proba-
bility calculated following Monin ( 1959) and Boughton
et al. (1987).

o Particles can be tracked forward in time starting
at an emission source (source-oriented option), or
backward in time starting at a receptor (receptor-ori-
ented option).

e Concentration calculation: 1) grid-cell averaging;
2) kernel density estimator technique including various
functional forms of the kernels [e.g., uniform and
Gaussian kernels as in Yamada and Bunker (1988)
but with an upper limit for the vertical bandwidth].
In the Gaussian kernel the bandwidths are related to
standard deviations oy, o,, and ¢, calculated for each
particle treated as a Gaussian puff using Taylor’s ho-
mogeneous diffusion theory by time integration of the
velocity variances encountered during the history of
the particle. The sigma coeflicients may be used in the
hybrid dispersion model to determine when particles
contribute to a volume emission field in the EGD
model.

e Meteorological input: 3D fields of wind, temper-
ature, and turbulent energy from the MESO model.
Variances and covariances of wind components, and
Lagrangian time scales are calculated diagnostically in
the LPD model using the level-2.5 scheme. If turbulent
kinetic energy is not available, it is calculated diag-
nostically with the aid of the level-2 scheme. The LPD
model can use meteorological fields calculated on any
number of nested grids.

¢. Eulerian grid dispersion (EGD) model
e Model equations:

1) A set of K-theory advection~diffusion equations
including dry deposition and linear or nonlinear
chemical reactions of pollutants (source-oriented op-
tion). Short-lived species are modeled using pseudo-
steady approximation resulting in algebraic equations.

2) Adjoint equations solved backward in time with
a receptor function as a source term to calculate influ-
ence functions (receptor-oriented option) (Uliasz and
Piclke 1991a).

e Volume or area emission sources (receptors) or
emission field from the LPD model (hybrid dispersion
model option).
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e Grid structure: the same as in the MESO model,
or arbitrary.

e Numerical algorithm: two-cycle-splitting (frac-
tional-step) method (Marchuk 1975). Chapeau func-
tion (linear finite element) method with local Forester
filter applied to 1D equations (Pepper et al. 1979; Fo-
rester 1977). The nonlinear chemistry equations are
decoupled from the transport and diffusion operators
and solved using the algorithm discussed in Hov et al.
(1989).

e Meteorological input: 3D field of wind, temper-
ature, and turbulent energy from the MESO model.
Eddy diffusivities are calculated diagnostically in the
EGD model.

3. Source- and receptor-oriented dispersion modeling

The source-oriented and receptor-oriented disper-
sion modeling techniques can be used as complemen-
tary tools in air-quality studies ( Uliasz and Pielke 1990,
1991a). These two alternative techniques illustrated in
Fig. 2 can be defined as follows:

®(C) = ff RCdtdx = ff C*Qdtdx, (1)

MESOSCALE METEOROLOGICAL MODEL

SOURCE RECEPTOR
ORIENTED ORIENTED
APPROACH APPROACH

forward ’ backward
trajectories trajec‘tv:rries

(LPD model) " (LPD model)

: I atmospheric I
model equati L chemistry | adjoint equations
%"'...:Q .. —%—‘-+...=R
(EGD model) - emission Q (EGD model)
J INPUT DATA ]
pollution influence
concentration function
C(t,x) C*(t,x)
OUTPUT
2[C]
{ [ RCdtdx air pollution § [ C*Qdtdx
in receptor
receptor
function
R(t,x)

FI1G. 2. Source-oriented and receptor-oriented approaches

in air-pollution modeling.
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where the source- and receptor-oriented approaches ire
represented by the first and second integrals, respec-
tively. It is assumed that a final goal of dispersion mad-
eling is to calculate a certain characteristic of air pol-
lution at a given receptor ®( C), which can be defined,
in general, as the integral of concentration C(x, t) over
the time and space modeling domain. The recepror
function R determines geometry (point, area, or vol-
ume) and location of the receptor and sampling time
of concentration at the receptor. Therefore, this integral
expresses averaging of the concentration field over re-
ceptor and sampling time with the weight function R.

The traditional source-oriented approach consists of
solving model equations forward in time for given
emission sources of pollutant Q(x, ¢) to obtain a time-
and space-distributed concentration field C(x, ¢). It
allows us to calculate various air-pollution characti:r-
istics ® for any number of receptors located within the
modeling domain. For any new emission scenario,
however, the model solution must be repeated in order
to calculate ®. :

In many practical applications, when air pollution
at the receptor is of primary interest, the alternate re-
ceptor-oriented modeling may be considered a mdre
effective approach. In this case, an influence function
C*(x, t) is calculated backward in time for a given
receptor. The influence function C* is defined by the
second integral in Eq. (1). It depends on meteorology,
deposition, and transformations of pollutant in the 4t-
mosphere, but is independent of emission sources. The
air pollution at the receptor (C) may be now calcii-
lated directly, with the aid of the influence functio‘a,
from the emission field Q(x, ¢). It should be pointed
out that these calculations can be repeated for ary
emission field or emission scenario Q without addi-
tional solving of model equations. The new influence
function, however, must be determined for each re-
ceptor.

In the particular case when the emission field

0= Z eid(x — x)o(y — yi)o(z ~z;)  (2)

consists of multiple point sources with coordinates x; ,
¥i, Zi, and constant emission rates ¢;, the average cor.-
centration at the receptor may be rewritten in a simple
form: :

€O = T e [ CHxyo n Ol ()

where the source vertical coordinate (effective stack
height) z; may vary in time. This case is discussed in
sample results presented in section 8. If the model ini-
tial and boundary conditions are taken into account,
the influence function allows us to express ®(C) as a
sum of contributions from 1) local sources within the
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modeling domain, 2) distant sources outside the mod-
eling domain in terms of pollution flux across the
model boundaries, and 3 ) initial pollution in the mod-
eling domain. For a sufficiently long period of simu-
lation, the contribution from the initial concentration
field is negligible and the time-integrated influence
function may be used to characterize the dispersion
conditions in the atmosphere for the receptor.

The influence function is calculated from backward
trajectories of particles in the LPD model, where par-
ticles are released from the receptor during the assumed
sampling time. In the case of the EGD model, the in-
fluence function is obtained as a solution of the adjoint
equations with the receptor function R as a source term.
Applicability of the receptor-oriented option is limited
to linear dispersion models. It is necessary to assume
that all chemical reactions of pollutants are linear and
that pollutants do not affect the atmospheric dynamics.
The adjoint formulation of the model governed by
partial differential equations, however, may be still
useful in performing sensitivity analyses of dispersion
models with nonlinear chemistry (Uliasz 1985; Uliasz
and Pielke 1991b). The integral of concentration in
Eq. (1) also must be linear, but it can be defined in an
arbitrary form depending on application; particularly,
it can involve concentrations of several pollutants.

4. Hybrid dispersion model

The K-theory EGD model is applicable for large
(with respect to the model grid) area or volume emis-
sion sources (or receptors). The LPD model is more
general and can be applied for arbitrary emission
sources. The particle model, however, is computation-
ally expensive if it is necessary to track a large number
of particles for long distances.

To overcome these difficulties, a hybrid Lagrangian-
Eulerian model is used, where the LPD model is applied
to simulate subgrid-scale dispersion close to point-line
emission sources (or receptors) (Uliasz and Pielke
1990). After sufficiently long travel time, particles are
assumed to contribute a volume emission field in the
EGD model and then disappear. Thus, pollution dis-
persion close to point emission sources is simulated by
the Lagrangian particle technique, and for larger dis-
tances, when plume sizes are large in comparison to
the grid increments, the numerical solution of the ad-
vection—diffusion equations is applied. The condition
that determines when the particle contributes to the
volume emission field is related to its horizontal sigma
coefhicient since the plume is usually resolved much
faster by vertical grid than by horizontal grid in the
EGD model. The hybrid dispersion model is more ef-
ficient than the pure LPD model that requires tracking
of several thousand particles. It can be used in both
source- and receptor-oriented modes.
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5. Program environment

The numerical models interact within a program
environment (Fig. 1) containing several pre- and post-
processing programs:

e MESH: an interactive program used to create 3D
numerical grids for the MESO and EGD models (a
regular or telescoping grid in the horizontal and a log-
linear grid in the vertical).

o AREAMAP: a preprocessing program used to
prepare terrain data for mesoscale simulations. Gridded
terrain data or the coordinates of coastlines, isolines of
terrain height, and borders of land-use areas, which
can all be digitized from available topographical maps,
are processed. A matrix of terrain height above sea level
and matrices of the percentage of grid cells covered by
various land-use categories are obtained for a required
computational grid.

e PROFILE: a postprocessing program that allows
one to extract x, ¥, and z profiles and time series of
selected model variables at a required location from
the 3D output of the MESO model. Several variables;
for example, turbulent fluxes or boundary-layer height,
can be calculated diagnostically. Output is written in
a worksheet format and can be plotted by any standard
graphical package. Two-dimensional fields may be ex-
tracted in a similar format.

e PLP: a graphical postprocessing package used to
analyze and plot results from all models included in
the MDMS. Its main functions are 1) to plot 2D sec-
tions of meteorological fields (isolines, streamlines,
vectors); 2) to plot 2D or 3D particle distributions,
particle trajectories, and streak lines; 3) to calculate
concentration (influence functions) in the form of 2D
fields, 1D profiles, and time series at given points from
the particle distribution; and 4) to combine concen-
tration (influence function) fields obtained from the
LPD and EGD models (hybrid dispersion model op-
tion). Several options to select a subset of particles
based on their attributes and status (airborne and de-
posited particles) and a variety of concentration cal-
culation methods using the kernel estimator technique
are provided. It is possible to combine or overwrite
different fields or results from different simulations.
The current analysis package is based on the Graphical
Kernel System (GKS) version of National Center for
Atmospheric Research (NCAR) graphics. The Ximage
package is used on IBM RISC stations to perform an-
imation of NCAR graphics products.

o RLINK: the interface to other meteorological
models. Meteorological fields are rewritten in a format
readable by the MDMS, and then, they may be used
to run both dispersion models or the analysis package.
Currently, interfaces are available to two modeling sys-
tems: 1) the Colorado State University (CSU) Regional
Atmospheric Modeling System (RAMS) (Pielke et al.
1991), where meteorological output from nested grids






