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ABSTRACT

The hybrid acid deposition/air quality modeling system for the Rocky Moun-
tains makes use of a mesoscale meteorological model, which includes a new
diagnostic wind model, as a driver for a Lagrangian puff model that treats
transport, dispersion, chemical transformation, and dry and wet deposi-
tion. Transport will be defined from the diagnostic wind model based on
the wind at the puff center. The treatment of dispersion will be based on
the parameterization in the PNL/MELSAR-POLUT, while retaining the MESO-
PUFF-II dispersion algorithms as an option. Based on the evaluation of
the chemical mechanisms, the RIVAD chemistry appears to be the most scien-
tifically sound as well as consistent with the Lagrangian puff model
formulation. Dry deposition will use the CCADM dry deposition module with
some minor adjustments. Wet deposition will be based on the scavenging
coefficient approach, as used in the ERT/MESOPUFF-II.

This modeling approach was guided by the comments of members of the
Western Acid Deposition Task Force (WADTF) in response to a questionnaire
mailed in August 1986 and a meeting in May 1987 in Denver. The modeling
approach recommended by members of the WADTF was use of a Lagrangian acid
deposition model with a complex-terrain wind model to calculate long-term
source-specific deposition of nitrogen and sulfur. This modeling approach
must be cost effective, simple enough for use by the regulatory agencies,
and similiar to the existing regulatory models used for impact assess-
ment. If possible, it was desirable that the model have the ability to
calculate PSD increment consumption of SO, and TSP sources. We feel that
the hybrid modeling system described in tgis report meets these require-
ments in the most technically rigorous manner possible, subject to the
cost and complexity constraints. The modeling approach is not as compre-
hensive as the Eulerian model development effort (RADM) currently being
carried out by the National Center for Atmospheric Research and State
University of New York at Albany. However, this approach is more
technically rigorous than those currently used by regulatory agencies, and
will generate more defensible estimates of incremental impacts of acid
deposition and concentrations in regions of complex terrain in the Rocky
Mountains,

In a previous report we reviewed existing meterological and acid deposi-
tion models, and reported on the selection and preliminary evaluation of



four candidate mesoscale meterological models (CIT/WINDMOD, LANL/ATMOSI,
PNL/MELSAR-MET, AND SAI/CTWM) and four candidate acid deposition models
(ERT/MESOPUFF-II, PNL/MELSAR-POLUT, SAI/CCADM, and SAI/RIVAD).* This
report is a continuation of that report and includes the following topics:

(1) a more detailed evaluation of the candidate meterological models
over terrain within the Rocky Mountains;

(2) the design of a new diagnostic wind (DWM) model that uses com-
ponents of the candidate meteorological models;

(3) an evaluation of the new DWM using the same criteria used to
evaluate the candidate mesoscale meteorological models, then
comparing its predictions with observations from the Rocky Moun-
tains, and then evaluating the DWM for two geographic
settings: a complex terrain/coastal environment and within a
large valley;

(4) a detailed evaluation of the candidate acid deposition models;
and

(5) the design of a new acid deposition/air quality based on compo-
nents in the candidate acid deposition models.

* R. E. Morris and R. C. Kessler, "Rocky Mountain Acid Deposition Model
Assessment--Review of Existing Mesoscale Models for use in Complex
Terrain® (Morris and Kessler, 1987).
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1 INTRODUCTION

1.1 BACKGROUND

Acid deposition has recently become an increasing concern in the western
United States (Roth et al., 1985). Although this problem may not be as
acute in the western United States as it is in the eastern United States,
it is currently a concern of the public and regulatory agencies because of
the high sensitivity of western lakes at high altitudes and the rapid
industrial growth expected to occur in certain areas of the West. An
example of such an area is the region known as the Overthrust Belt in
southwestern Wyoming. Several planned energy-related projects, including
natural gas sweetening plants and coal-fired power plants, may consider-
ably increase emissions of acid precursors in northeastern Utah and north-
western Colorado and significantly affect ecosystems in the sensitive
Rocky Mountain areas.

Under the 1977 Clean Air Act, the U.S. Environmental Protection Agency
(EPA), along with other federal and state agencies, is mandated to pre-
serve and protect air quality throughout the country. As part of the Pre-
vention of Significant Deterioration (PSD) permitting processes, federal
and state agencies are required to evaluate potential impacts of new emis-
sion sources. In particular, Section 165 of the Clean Air Act stipulates
that, except in specially regulated instances, PSD increments shall not be
exceeded and air quality-related values (AQRV's) shall not be adversely
affected. Air-quality-related concerns range from near-source plume
blight to regional-scale acid deposition problems. By law, the Federal
Land Manager of Class I areas has a responsibility to protect air-quality-
related values within those areas. New source permits cannot be issued

by the EPA or the states when the Federal Manager concludes that adverse
impacts on air quality or air-quality-related values will occur. EPA
Region VIII contains some 40 Class I areas in the West, including two
Indian reservations. Similar designation is being considered for several
of the remaining 26 Indian reservations in the region. State and federal
agencies, industries, and environmental groups in the West need accurate
data concerning western source-receptor relationships.

To address this problem, EPA Region VIII needs to designate an air quality
model for application to mesoscale pollutant transport and deposition over



the complex terrain of the Rocky Mountain region for transport distances
ranging from several km to several hundred km. The EPA recognizes the
uncertainties and limitations of currently available air quality models
and the need for continued research and development of air quality models
applicable over regions of complex terrain. Therefore, the objective of
the project reported here is to select and assemble the best air quality

models available for application to the Rocky Mountain area on an interim
basis.

Such modeling is needed to assess the relationship between source emis-
sions and receptor impacts in the West. To address acid deposition
problems in the East, the EPA has launched a major effort to develop a
state-of-the-art regional acid deposition model--RADM (NCAR, 1985).
According to the current plan, this model will undergo an intensive model
evaluation during the period 1988-1989. Realistically, evaluation,
adaptation, and application of this sophisticated model to the West will
probably not occur until 1990 or beyond. Until that time, a practical
modeling tool with which the federal and state agencies can assess air
quality impacts in the West is needed.

Air quality modeling in this region is especially difficult because of the
complex air flow patterns over the Rocky Mountains and the difficulty of
predicting acid deposition levels. Available data bases are jnadequate
for thorough model evaluation studies. Major field studies and the
establishment of a meteorological network throughout the Rocky Mountain
area would be required to collect data necessary for any thorough model
evaluation.

1.2 PURPOSE OF THIS REPORT

This report discusses the development and initial evaluation of a meso-
scale acid deposition modeling system designed for the Rocky Mountain
region for the Rocky Mountain Acid Deposition Modeling Assessment Project
under the auspices of the U.S. EPA. The primary objective of the project
is to assemble a mesoscale air quality model based primarily on models or
modules currently available for use by federal and state agencies in the
Rocky Mountain region. To develop criteria for model selection and
evaluation, the EPA formed an atmospheric processes subgroup of the
Western Atmospheric Deposition Task Force, referred to as WADTF/AP. This
group comprises representatives from the National Park Service, U.S.
Forest Service, EPA Region VIII, the National Oceanic and Atmospheric
Administration, and other federal, state, and private organizations. On
the basis of our review of the modeling needs identified by the WADTF/AP,
the specific requirements of the model for this project are as follows:



Since the anticipated use of this model is to analyze permit applica-
tions and evaluate urban development plans, the model must be able to
process various air pollutants from both point and area sources.

The modeling areas will typically cover spatial regions approximately
200 km to 300 km on the side to assist in permitting new sources
within relatively short distances of Class I areas.

The temporal scales will emphasize longer time periods, such as sea-
sonal and/or annual averages, to obtain cumulative impacts from both
chronic and episodic events.

The model should be able to simulate transport, diffusion, trans-
formation, and deposition of pollutants over complex terrain in the
Rocky Mountain region using relatively sparse NWS upper-air sound-
ings.

1.3 OVERVIEW OF THE NEW HYBRID ACID DEPOSITION/AIR QUALITY
MODELING SYSTEM FOR THE ROCKY MOUNTAINS

The mathematical modeling system for the Rocky Mountain region described
in this report consists of several components or modules. These com-
ponents can be divided into two main categories: those that describe
meteorological processes (a mesoscale meteorological model) and those that
describe pollutant dispersion, chemical transformation, and deposition (an
acid deposition/air quality simulation model).

The components of the Rocky Mountain modeling system were taken from
existing mesoscale meteorological and acid deposition models that were
selected previously (Morris and Kessler, 1987). The components of these
candidate models were evaluated to determine which are the most scientifi-
cally sound yet internally consistent within the overall framework of a
Rocky Mountain acid deposition modeling system. The most technically
rigorous yet consistent components of the candidate models were integrated
together to form the new modeling system. In the development of this
modeling each of the components has been evaluated separately. When new
components were designed that deviate significantly from the candidate
models, such as the new diagnostic wind model (DWM), then a rigorous
evaluation of these new components is made.

1.4 REPORT ORGANIZATION

The candidate mesoscale meteorological and acid deposition models are
evaluated in Sections 2 and 3, respectively. Section 4 describes the



design and implementation of a mesoscale meteorological model for the
Rocky Mountain region. The meteorological model contains a new diagnostic
wind model (DWM), which was subjected to a rigorous performance evaluation
using four different complex terrain regions; its predictions are compared
with observations from the Rocky Mountains. Section 5 describes the
design of the new Lagrangian acid deposition/air quality model. Finally,

Section 6 summarizes the work to date on the development of the modeling
system.



2 EVALUATION OF THE CANDIDATE
METEOROLOGICAL MODELS

Four diagnostic wind models were considered for use in the Rocky Mountain
modeling system--the CIT wind model, PNL's MELSAR-MET, SAI's Complex-
Terrain Wind Model, and LANL's ATMOS1. In this section we expand on the
preliminary evaluation of the four candidate models presented by Morris
and Kessler in their review of the Rocky Mountain modeling system ]
(1987). 1In that report the candidate models are compared and their per-
formance is evaluated in application to an idealized terrain. Here we
briefly summarize the results of applications of the candidate models to
the terrain with 10 km resolution in the Rocky Mountain region depicted
in Figure 2-1, and two new regions containing complex terrain.

2.1 EVALUATION WITH AN IDEALIZED TERRAIN OBSTACLE

As an initial test of the candidate models, the models were exercised
using a three-dimensional bell-shaped mountain of a scale typically found
in the Rocky Mountains using an initial uniform flow field. The results
for each of the models can be summarized as follows.

2.1.1 CIT Wind Model

The CIT model can treat the kinematic effects of terrain on the airflow;
however, it lacks a provision for Froude number flow adjustment and thus
cannot simulate blocking effects if they are not defined by the input wind
data. If input data (wind observations) are plentiful and representative,
the flexibility of the CIT interpolative scheme is desirable; however,
when input data are sparse, the model cannot simulate blocking and deflec-
tion.

2.1.2 MELSAR-MET

The MELSAR model is designed to simulate the blocking and deflection of
air flows typically found in the Rocky Mountain region under weak synoptic
conditions. However, due to the model's unique interpolation scheme used
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to define the gridded wind fields, spurious results are produced near the
boundaries of the modeling domain. Since the MELSAR assumes its initial
gridded wind field is mass consistent without additional constrained
adjustments, it is the most inexpensive of the candidate models. If the
details of the vertical velocity field are unimportant, MELSAR may be suf-
ficient to represent blocking and deflection in the horizontal wind field.

2.1.3 ATMOS1

The ATMOS1 model lacks a Froude number adjustment term to treat blocking
and deflection but can provide a gross simulation of blocking that is
defined through a region-wide stability dependent parameter ay, as user

input. The ATMOS1 does adjust the wind fields to produce reasonable
vertical velocities.

2.1.4 Complex-Terrain Wind Model

The CTWM alone of the candidate models is designed to generate wind fields
using only a domain-mean wind input. It is also the only model that
attempts to simulate thermally generated upslope and downslope flows in
addition to deflection and blocking effects. However, the CTWM is also
the only candidate model formulated in Cartesian coordinates. The use of
a Cartesian coordinate system for simulating airflows in complex terrain
{s undesirable for the following reasons:

Airflows tend to follow the terrain.

The lower boundary condition is difficult to parameterize in
Cartesian coordinates.

Increased vertical resolution near the surface is needed to resolve
complex terrain airflows. In Cartesian coordinates this results in a
prohibitive number of vertical layers.

Also the ability of the CTWM to utilize more than one wind observation
within the model domain is unclear.

2.1.5 Conclusions

The comparative simulations of the mesoscale meteorological models using a
hypothetical terrain obstacle cannot by themselves serve as a basis for
recoomending one model over another. Each of the models contain some
desirable attributes that would be warranted in a meteorological model for
the Rocky Mountain region. Although the CTWM contains several unique fea-
tures, notably the lack of a requirement of extensive input data and the



treatment of upslope/dowrslope winds, the formulation of the model in a
Cartesian coordinates is a serious drawback.

2.2 EVALUATION WITH TERRAIN FROM THE ROCKY MOUNTAINS

In order to evaluate model performance over typical Rocky Mountain ter-
rain, the CIT wind model, MELSAR-MET, and ATMOS] were exercised over the
topographic domain depicted in Figure 2-1, which corresponds to the first
proposed application scenario discussed in the review report (Morris and
Kessler, 1987). The grid spacing used in these simulations was 10 km,
which resulted in a 25 x 25 array of grid cells for this region. The CTWM
was not included in this series of experiments because of the problems
with the coordinate transformation demonstrated in the application to an
idealized terrain obstacle.

In this series of experiments an initially uniform flow of 2 m/s from the
southwest (225°) was specified. Winds were generated at heights of 50,
200, 500, 1000, and 2000 m above ground on a 26 x 26 horizontal grid with
grid spacing of 10 km.

2.2.1 CIT Wind Model

As in the set of experiments using idealized terrain, the CIT divergence
reduction procedure was gxeriised until maximum three-dimensional diver-
gence was reduced to 107° s™*, Figure 2-2 depicts CIT model wind fields
at 50, 200, and 500 m above the ground for the Rocky Mountain domain. The
initial wind field is minimally perturbed by the terrain. Note that the
characteristic terrain slopes in the Rocky Mountain domain are substanti-
ally smaller than those of the idealized bell-shaped mountain; thus the
perturbations in this experiment should have smaller magnitude than those
in the previous experiment.

2.2.2 MELSAR-MET

As in the idealized terrain experiment, the atmosphere is assumed to be
uniformly isothermal. As recommended by Allwine and Whiteman (1985) the
spacing of the "Froude grid" is 50 km.

Figure 2-3 depicts the MELSAR wind fields at 50, 200, and 500 m above
ground. The directional variability exhibited by these fields has a hori-
zontal scale considerably larger than the characteristic terrain scales;
the individual resolved terrain features do not seem to deflect the air-
flow. It is probable that the standard deviation of terrain height within
the Froude grid cells provides relatively low estimates of "obstacle
height" in this case. Also, several of the major terrain features are
aligned along the assumed domain-mean wind direction, minimizing deflec-
tion.

8
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Exaggerated flow appears along the northern and eastern boundaries of the
domain. This behavior may indicate a problem with the the MELSAR poly-
nomial interpolation scheme.

2.2.3 ATMOS1

ATMOS1 was exercised with the parameter ajp set equal to 0.02, and the
model run was halted after 20 iterations of the solution procedure.

Figure 2-4 depicts the ATMOS]1 wind fields at 50, 200, and 500 m above
ground. Unlike the corresponding MELSAR-MET wind field, the ATMOS]1 wind
field at 50 m displays a great deal of variability at horizontal scales
equal to or smaller than the characteristic terrain scales. Note that the
mass-consistent adjustment in ATMOS1 does not contain a smoother; thus
major differences between winds at adjacent grid points are preserved. In
general, maximum ATMOS1 wind speeds occur above the tops of major terrain
obstacles, consistent with potential flow theory.

2.2.4 Remarks

The comparative simulations discussed in this section indicate that no one
of the candidate models is significantly better than another. A compre-
hensive model evaluation would involve tests of the ability of the models
to simulate actual observations in complex terrain. Another approach to
model evaluation 1s comparison of model results with analytic theory, as
discussed by Pielke (1984). As noted previously, Ross and Smith (1986)
demonstrate that ATMOS]1 can reproduce analytic solutions for unstratified
potential flow over idealized obstacles. However, based on the analyses
of mountain-generated airflows by Smith (1979) and others, it is unclear
to us that the potential-flow solutions are relevant on the terrain scales
to be simulated in the Rocky Mountain region.

More relevant, perhaps, are two types of mountain wave disturbances:
trapped lee waves and vertically propagating hydrostatic waves. Durran
and Klemp (1982,1983) demonstrate the ability of a primitive-equation non-
hydrostatic model to reproduce analytic solutions for each of these types
of mountain waves. Additionally, Clark and Gall (1982) have utilized a
nonhydrostatic primitive-equation model to simulate observed lee waves
near Elk Mountain, Wyoming, a location which lies within the domain of
current interest. We note here that none of the candidate models is
capable of simulating either type of mountain wave disturbance unless the
disturbance is fully accounted for by input wind data. There may be cir-
cumstances under which mountain waves play a significant role in horizon-
tal and vertical transport of pollutants; primitive-equation numerical
simulations would be necessary to delineate this role.

15
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The blocking and deflection of airflow by terrain obstacles, especially
important in the Rocky Mountain region under weak synoptic flow condi-
tions, is simulated to varying extents by each candidate model. MELSAR,
in particular, is designed to simulate this effect alone. The CIT model
lacks a provision for Froude number flow adjustment and thus cannot simu-
late blocking effects if they are not defined by input wind data. ATMOSI
similarly lacks a Froude number term, but can provide a gross simulation
of blocking depending on the magnitude of ajp- Ross and Smith (1986)
propose a scheme for calculation of a space-variable ajp as a function of
local Froude number; such a treatment might improve the ability of ATMOSI
to simulate blocking effects. The CTWM appears to be capable of treating
kinematic deflection of airflow; while it attempts to parameterize block-
ing effects, the treatment produces somewhat questionable results.

The CPU time on a Prime 750 minicomputer required by each model for the
{dealized bell-shaped mountain simulations is as follows:

CIT wind model 86 s
MELSAR 23 s
ATMOS]1 (20 iterations) 154 s
CTWM 140 s

MELSAR is inexpensive because its initial gridded wind fields are assumed
to be mass-consistent without additional adjustments. If the details of
the model's vertical velocity field are unimportant, MELSAR may be
sufficient to represent blocking and deflection of the horizontal wind
components by terrain, although the MELSAR obstacle height computation may
be open to question.

If reasonable vertical velocities are desired, ATMOS1, which attempts
adjustment of the vertical velocity based on gross stability considera-
tions (i.e., the specification of 012), may be a better choice. The CIT
wind model is less desirable when input data are sparse because it lacks
the ability to simulate blocking and deflection; however, if input wind
data is plentiful and representative, the flexibility of the CIT model
interpolation scheme may be of value.

The CTWM alone among the candidate models is designed to generate wind
fields with only domain-scale input wind information. It is the only
candidate model that explicitly attempts to treat thermally generated up-
slope and downslope flows. The CTWM requires specification of several
arbitrary coefficients with 1ittle guidance. Accurate specification of
the coefficients would probably require a specific "tuning" of the

19



coefficients for the Rocky Mountain region, based on available observed
wind data. Also, the CTWM does not have the ability to utilize randomly
spaced observations.

The CTWM is formulated in Cartesian vertical coordinates. We believe that
terrain-following vertical coordinates are strongly desirable for a wind
model in complex terrain. The transformation of the CTWM from Cartesian
to terrain-following coordinates is ambiguous when the slope flow treat-
ment is included. Thus, as currently formulated in a Cartesian coordinate
system, the CTWM would not be an appropriate wind model to simulate air
flows over the complex terrain of the Rocky Mountains.
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3 EVALUATION OF THE CANDIDATE ACID DEPOSITION MODELS

Four acid deposition/air quality models were chosen for possible incorpor-
ation into an acid deposition modeling system for application to the Rocky
Mountain region. These four models are the SAI/CCADM, a Lagrangian box
model; the ERT/MESOPUFF-II and PNL/MELSAR-POLUT, both Lagrangian puff
models; and the SAI/RIVAD, a Lagrangian plume segment model. These four
models contain different modeling approaches and parameterizations of the
processes that lead to acid deposition and pollutant transport in complex
terrain. These four models were not chosen with the idea that any one of
the models would serve as the final acid deposition model, but that each
of the models contains modules and parameterizations that can be incor-
porated into the final acid deposition model.

The review of the existing models (Morris and Kessler, 1987) presented a
preliminary evaluation of the candidate acid deposition models' treatment
of the processes of transport, dispersion, chemical transformation, and
dry and wet deposition. Here we present a more detailed evaluation of the
candidate acid models' treatment of these processes. Based on this
evaluation, the most appropriate modules were chosen for incorporation
into the new acid deposition model for the Rocky Mountains, which is
described in Section 4.

3.1 TRANSPORT

The transport winds for the acid deposition model will be defined from the
mulitilayer terrain-following wind fields generated by the new diagnostic
wind model described in Section 4. Three of the candidate acid deposition
mode1s--MELSAR-POLUT, MESOPUFF-II, and RIVAD--define the plume trajectory
by using the wind at the plume centerliine for advection. The fourth
candidate model, the CCADM, requires user input of the Lagrangian box
trajectory. As noted by Morris and Kessler (1987), use of the plume
centerline wind vector to advect the entire puff, whose vertical extent
may be over 1000 m, may not simulate the correct transport of the plume
mass, especially under conditions of decoupled flow regimes as occurs in
complex terrain. In this section we briefly examine the sensitivity of
air parcel trajectories in complex terrain to the height of the air parcel
above the ground.
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Figures 3-1 through 3-4 depict air parcel trajectories at plume heights of
10, 300 and 1,000 m for release times at 0400, 1000, 1600, and 2200. Wind
fields were generated by the diagnostic wind model for the September 17-
18, 1984 simulations in the Rocky Mountains. These simulations used sup-
plemental data collected for the ASCOT Brush Creek drainage flow experi-
ments (see Section 4.1.2.3). The stagnant flow conditions present during
these simulations should produce the maximum differences between trajec-
tories at different heights above ground since the complex-terrain wind
fields are not driven by synoptic forcing.

As seen in Figures 3-1 to 3-4, the surface trajectory (10 m) deviates
greatly from the two elevated (300 and 1,000 m) trajectories. In fact, as
can be seen by the symbols on the trajectories spaced six hours apart, the
maximum wind speeds occur in the surface trajectories when the air parcel
starts at the top of the 2400 m ridge during the two six-hour nighttime
trajectory segments (2200-0400 and 0400-1000). Thus it appears that
drainage winds dominate the surface trajectory paths on this day. This is
confirmed by the upper-air trajectories, which tend to be disorganized due
to the stagnant conditions.

This preliminary trajectory analysis illustrates the differences in trans-
port of air parcels at different heights in complex terrain:

The difference in transport characteristics between surface and ele-
vated releases confirms the need for multilevel wind fields in com-
plex terrain. The use of a surface wind speed with the power law
relationship with height cannot accurately characterize transport in
complex terrain.

When an emission release becomes well mixed, the advection of the air
parcel near the surface should ideally be handled differently than
parcels aloft. Currently there are no Lagrangian models that treat
the vertical splitting of puffs. The acid deposition model for the
Rocky Mountains described in Section 4 has been formulated so that
this vertical splitting can be easily incorporated at a future time.

3.2 DISPERSION

The plume segment model, RIVAD, and the two Gaussian puff models, MESO-
PUFF-II and POLUT, all represent dispersion by expanding the plume seg-
ments or puffs in terms of the puff dispersion parameters o, and o,. In
the CCADM there are two options for simulating diffusion. fither the
horizontal and vertical diffusivities are specified at edges of the
Lagrangian box, or the user specifies the size of the box as it moves
downwind. Either method requires that the user specify the dispersion
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rate; thus the CCADM methods for dispersion involves excessive user inter-
action. In the following sections we briefly review how the horizontal
and vertical dispersion parameters are calculated in the MESOPUFF-II,
RIVAD, and POLUT models and then evaluate these dispersion algorithms by
intercomparing the puff dispersion parameters predicted by the three
algorithms and comparing these predictions with the dispersion curves
estimates made by Pasquill, Gifford, and Turner (Turner, 1970).

3.2.1 Description of the Dispersion Algorithms

3.2.1.1 MESOPUFF-II

The MESOPUFF-II calculates o, and o, for distances out to 100 km using
formulas fitted to curves of Turner (1970). For distances greater than
100 km the plume growth rates given by Heffter (1965) are used. The
implementation of the plume expansion at each time step is in the dif-
ferential form:

do
oy(s + sA) = oy(s) + Asagx AS (3-1)
S + 7

so that the puffs always grow with time. The integral formulas for o, and

o, for travel distances less than 100 km are as follows: y
oy(s) = as09
o,(s) = ¢ sd (3-2)

where a, ¢, and d are stability-dependent constants (Benkley and Bass,
1979b). For distances greater than 100 km, dispersion is based on time,
t (seconds), instead of downwind distance, using the following formulas
(Heffter, 1965):

oy(t + At) cy(t) + 0.5 at

oz(t + At)

o (t) + d-at/vt (3-3)

where d is a stability-dependent parameter. The vertical extent of the
plume defined by o, is limited to the mixing depth.

3.2.1.2 RIVAD

Horizontal dispersion in the RIVAD accounts for the effect of vertical
wind shear using an approach suggested by Randerson (1972). On the basis
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of field measurements, Randerson found that diffusivities increase rapidly

during a transition phase, which typically lasts about 10 hours. During
this phase

° * °y(0)(§_0>1.2 ' (3-4)

where % (0) is oy at t = tg, and t is the transport time.

This wind-shear-induced dispersion is several orders of magnitude greater
than eddy diffusivity. Beyond about 10 hours, diffusivity becomes con-
stant and we have the following 1imit on horizontal dispersion:

o, < (2 Ky, )%, (3-5)

where KHG =7 x 108 cmz/s.

Vertical dispersion in the RIVAD is handled in a somewhat similar way in
that dispersion is keyed to transport time:

o, = oz(o)(%a>k . (3-6)

where k is determined from Pasquill-Gifford curves to be 2.10, 1.09, 0.53,
0.36, and 0.30 for stabilities A, B, C, D, E, and F, respectively.

Vertical downward dispersion in RIVAD is ultimately limited by the ground,
and vertical upward dispersion by the height of the mixed layer (Hm).

3.2.1.3  MELSAR-POLUT

The horizontal dispersion in gELSAR-POLUT assumes that the square of the
total horizontal diffusion, o, is the sum of the sguares of three com-
ponents: an initial buoyancy-induced dispersion (A ), diffusion resulting
from atmospheric turbulence (By). and diffusion resulting from horizontal
wind shear (Cy):

172
- (a2 2 2 -
oy (L\y+By+Cy> . (3-7)
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Similarly, the vertical diffusion coefficient is

1/2
o, = (Ai + Bg) (3-8)

where A, is the initial buoyancy-induced dispersion and B, is the vertical
diffusion due to atmospheric turbulence. The formulas used in calculating
the diffusion coefficient in MELSAR-POLUT are complex and involve the use
of downwind distance, travel time, standard deviation of the horizontal
and vertical components of the wind, terrain roughness, Monin-Obukhov
length, and friction velocity. These formulas are presented in Appendix A
of the report by Morris and Kessler (1987).

The user has two options for the calculation of horizontal and vertical
dispersion due to atmospheric turbulence under neutral and stable condi-
tions in the POLUT model. The first option is a scheme proposed by Irwin
(1979); the second option uses an empirical relationship developed by Mac-
Cready, Baboul, and Lissman (1974), which accounts for effects of terrain
roughness on atmospheric turbulence. These parameterizations are
described in detail by Morris and Kessler (1987) and by Allwine and White-
man (1985).

3.2.2 Evaluation of the Dispersion Algorithms

The dispersion algorithms of the four candidate models are evaluated below
by comparing the calculated horizontal and vertical dispersion values with
each other and with the estimates of Pasquill, Gifford and Turner (PGT) at
different downwind distances and stabilities.

3.2.2.1 Horizontal Dispersion (oy)

Unstable Conditions

The growth of o, as a function of downwind distance as calculated by the
four models and the Pasquill, Gifford, and Turner (PGT) estimates for the
A, B, and C stability classes (unstable) are given in Figures 3-5, 3-6,
and 3-7. Note that the two methods in the MELSAR-PCLUT model, those of
Irwin and MacCready, produce identical results for unstable conditions.
The MELSAR-POLUT and MESOPUFF-II horizontal dispersion algorithm produce
results very similiar to the PGT dispersion estimates for downwind dis-
tance under 10 km. The MELSAR-POLUT algorithm for horizontal dispersion
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due to atmospheric turbulence treats the near-field versus far-field dis-
persion effects by taking the maximum calculated dispersion rate of dif-
ferent formulas proposed by Draxler and Gifford. This produces a kink in
the oy that appears at approximately 10 km downwind for the unstable
cases. The MESOPUFF-II oy values match the PGT estimates better at
greater downwind distances until the MESOPUFF-I1 switches to the far-field
dispersion algorithms at 100 km, at which time the MESOPUFF-II o, curves
deviate from the PGT estimates. Since the near-field MESOPUFF-I¥ disper-
sfon algorithms are designed to match the PGT curves, it is not suprising
that they do. However, as noted by Gifford (1982), if typical short-range
diffusion coefficients are extrapolated to large downwind distances, the
results will fall short of both observed and theoretical values by amounts
ranging up to nearly an order of magnitude.

The RIVAD model calculates the largest horizontal dispersion parameters
for unstable conditions. At a distance of 10 km downwind the RIVAD hori-
zontal plume extent is approximately four times that of the other models
and the PGT estimate. This increased diffusion in the RIVAD is most
probably due to its parameterization of diffusion at the regional-scale,
which accounts for the effects of wind shear, while the MESOPUFF-II and
MELSAR-POLUT contain separate near-field and far-field algorithms.

Neutral Conditions

The horizontal dispersion parameters at different downwind distances under
neutral stability for the different methods are given in Figure 3-8. The
PGT, MESOPUFF-II, and MELSAR-POLUT, all of which use Irwin's scheme, pro-
duce similiar dispersion curves for neutral conditions. The MELSAR-POLUT
method, using MacCready's scheme, produces slightly higher horizontal dif-
fusion, while the RIVAD model produces the highest horizontal dispersion
parameters for neutral stability.

The MacCready algorithm in the MELSAR-POLUT model is the only algorithm in
which variations in complex terrain are used. As such, it is sensitive to
the terrain roughness and the height of the plume above ground. For the
dispersion curves shown in Figure 3-8, a terrain roughness value of 300 m
was specified, and the height above ground was 10 m. The terrain rough-
ness value of 300 m was the average terrain roughness for the mesoscale
region in the Rocky Mountain region depicted in Figure 2-1. The terrain
roughness for that region varied from 40 to 1000 m.

The sensitivity of the MacCready scheme to the prescription of terrain
roughness and height above ground for neutral conditions is shown in
Figures 3-9 and 3-10. As can be seen in Figure 3-9, the MacCready scheme
is very sensitive to the terrain roughness, where an increase by a factor
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of 10 in the terrain roughness results in an increase by a factor of 2 in
the horizontal plume extent. A terrain roughness value of between 10 and
100 m would give the best match with the PGT dispersion estimates; such
values are consistent with the values used in tthe experiments that led to
the development of the PGT curves. The MacCready scheme is less sensitive
to the height above ground, as shown in Figure 3-10; a terrain roughness
value of 300 m was used in the sensitivity tests. The behavior of the
MacCready algorithm to variations in terrain roughness and plume height is
as expected; the more complex terrain results in enchanced dispersion, and
the influence of the terrain on the dispersion is less as the plume height
above the terrain increases.

Stable Conditions

The horizontal dispersion parameters for stable conditions (classes E and
F) are given in Figures 3-11 and 3-12. These figures are similiar to
those produced for neutral conditions except that the MacCready scheme in
MELSAR-POLUT produces the largest horizontal dispersion parameters. This
is not suprising since complex terrain will enhance dispersion and the
MacCready scheme is the only algorithm that takes into account this
enhancement. The effect is increased in these figures because the terrain
roughness chosen for these experiments, 300 m, was from a region of very
complex terrain in the Rocky Mountains. Use of a lower value will produce
dispersion results closer to those produced by the other algorithms (see
Figure 3-9).

3.2.3.2 Vertical Dispersion (oy)

A1l of the models assume that the vertical expansion of the plume segments
or puffs is 1imited to the mixing height when the plume height 1ies below
the mixing depth. Since over long distances the plume will eventually
become uniformly mixed within the mixed layer, the characterization of
vertical dispersion is not as important as that of horizontal disper-
sion. Rather, the correct calculation of the mixing depth and plume
height is required. When the plume centerline is above the mixing height,
the upward expansion of the plumes is at a rate for stable conditions
regardless of the stability within the boundary layer.

Unstable Conditions

The growth of the vertical dispersion parameter as a function of downwind
distance for A, B, and C stabilities is shown in Figures 3-13, 3-14, and
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3-15. As for the horizontal dispersion parameters under unstable condi-
tions, the RIVAD algorithms calculate the fastest vertical expansion, and
the MESOPUFF-II matches the PGT dispersion estimates well. On the other
hand, for class A stability, the MELSAR-POLUT algorithm (i.e., the Irwin
method, since the MacCready method is used only for neutral and unstable
conditions) produces the lowest vertical expansion rates. As the atmo-
sphere becomes less unstable, the o, values produced by the MELSAR-POLUT
algorithm tend toward those produced by the other parameterizations. As
seen in Figure 3-15 for C stability, all of the algorithms show good
agreement with each other and with the PGT estimates. As noted above,
under unstable conditions the plume will eventually become well mixed in
the mixed layer.

Neutral Conditions

Under neutral conditions the MacCready scheme (in MELSAR-POLUT) produces
the largest vertical dispersion rates, followed by the Irwin scheme (also
in MELSAR-POLUT), the RIVAD, and the MESOPUFF-II. The MESOPUFF-II verti-
cal dispersion curves again match the PGT dispersion estimates (Figure 3-
16). As for the horizontal dispersion parameters calculated by the Mac-
Cready scheme, the vertical dispersion rates are very sensitive to the
specification of the terrain roughness (Figure 3-17) and a little sensi-
tive to the plume height above ground (Figure 3-18). Figure 3-17 shows
that the large vertical diffusion rates produced by the MacCready scheme
under neutral conditions (shown in Figure 3-16) are due to the terrain
roughness value of 300 m used in these experiments.

Stable Conditions

Due to the terrain roughness value used, the MacCready scheme in MELSAR-
POLUT produces the largest vertical diffusion rate for stable conditions
(Figure 3-19 and 3-20). The other methods all produce very low rates,
with o, in the range of 100 to 200 m under F stability at a downwind dis-
tance of 100 km. Even under E stability, at a downwind distance of 100
km, the o, produced by a1l of the algorithms except the MacCready scheme
o, are in the range of 200 to 400 m.

3.3 CHEMICAL TRANSFORMATION

Each of the four candidate acid deposition models contains different
methods for treating the chemical transformation of SO, to sulfates and
NO, to nitrates and nitric acid. The MELSAR-POLUT model does not treat
chemical transformation; the MESOPUFF-II uses an empirical fit to chemical
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box model simulations; the RIVAD uses a highly condensed chemical
mechanism that is an extension of the mechanism used in the PLUVUE-II
model; and the CCADM uses comprehensive gas-phase and aqueous phase non-
1inear chemical kinetic mechanisms. The choice of one or more of these
chemical modules for use in a Lagrangian model for the Rocky Mountain
region is based on the following criteria:

At a minimum the mechanism must treat the oxidation of both SOZ and
NO, .
X

The chemical mechanism must be consistent with the formulation of a
Lagrangian model. Any nonlinearities within the chemical mechansim
must be based on conditions within the puff so that the puff super-
position principle will not be violated.

The chemical mechanism must be appropriate for the Rocky Mountain
region. A mechanism that is tuned for an urban atmosphere would
greatly exaggerate the oxidation rates in the Rocky Mountain region.

As with other components of the modeling system, the chemical
mechanism must be computationally efficient so that long-term
averages can be readily calculated.

The chemical reactions that lead to the formation of sulfates, nitrates,

and nitric acid are briefly discussed below along with the chemical
mechanisms used by the candidate models.

3.3.1 Review of the Chemistry of Acid Deposition

3.3.1.1 Sulfate Chemistry

The oxidation of S0, to sulfate in the atmosphere involves both gas- and
liquid-phase reactions (NRC, 1983). The most important gas-phase
(homogeneous) reaction for the formation of sulfates is the oxidation of
S0, by the hydroxyl radical (OH.), which is formed mainly through ozone
photolysis:

502 + OH. - HSO3 ene = H2504
There are several pathways for the formation of sulfates in the liquid
phase, including the direct oxidation of SOZ by ozone and metal-catalyzed

oxidation. The most important pathway for the oxidation of 502 in the
aqueous phase is the reaction with hydrogen peroxide:
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502 + H202 - HzSO4

SOZ + 03 -+ sae =+ H2$04

Although aqueous-phase oxidation of SOZ can be very rapid, near the source
it 1s generally 1imited to the amount of H,0, available (oxidant limited).
Further downwind the oxidation of SOZ by H202 may be limited by the amount
of SO, available (SO0, limited).

3.3.1.2 Nitrate Chemistry

The formation of nitrate aeorosol and nitric acid vapor from NO, occurs
mainly in the gas phase. During the day the reaction of NO, with the
hydroxyl radical forms nitric acid at a rate almost seven times faster
than the reaction that forms sulfates:

NOZ + OH, --» HN03

Thus during the day the oxidation of S0, and NO, compete with each other
for the available hydroxyl radical. At night, nitrates and nitric acid
are formed with a direct reaction with ozone:

NOZ + 03 - N03 + 02
N03 + NOZ - N205
N205 + Hzo - 2HNO3

The relative concentrations of nitrates and nitric acid is dependent on
the amount of ammonia present. For the typical nitrate and ammonia con-
centrations found in the Rocky Mountains, most of the nitrates are con-
verted to nitric acid. Since both nitrates and nitric acid are scavenged
efficiently by precipitation, the distinction between these species can be
ignored for purposes of modeling nitrogen deposition. When calculating
the pH of deposition or visibility impairment, however, it is important to
distinguish between them. Information concerning the total nitrate and
ammonia concentration is required in order to split the nitrate species
between nitrates and nitric acid. Since the Lagrangian model being
developed here only has information concerning concentrations from the
source in question, it cannot distinguish between nitrates and nitric
acid.
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3.3.2 Review of the Chemical Mechanisms in the Candidate Models

3.3.2.1 MESOPUFF-II

The MESOPUFF-II contains five methods for treating the oxidation of S0, to
sulfates and two methods for treating the oxidation of NO, to nitrates and
nitric acid. These methods are: user-specified rate constants, the ERT
theoretical method, and three methods for treating 50, oxidation based on
an analysis of air quality data by Gillani (1981, St. Louis plume data),
Henry and Hidy (1982, St. Louis urban data), and Henry and Hidy (1981, Los
Angles urban data). Clearly those SO, oxidation methods based solely on
the analysis of urban aerometric data would not be appropriate for the
Rocky Mountains. Thus we restrict our discussion to the ERT method.

The ERT chemical transformation method produces rate constants for the
following reactions:

S0, -+ SO,

NO, -» HNOg

NO, -» NO3
NH3

HNO3  «-- NO3

The transformation rates for these reactions were developed by statisti-
cally analyzing hourly transformation rates produced by a box model using
the Atkinson and Lloyd chemical kinetic mechanism (Atkinson, Lloyd, and
Winges 1982). These transformation rates were obtained by simulating the
dispersal of plume SO,/NO, into background air containing ozone and reac-
tive hydrocarbons (RHC) over a wide range of environmental conditions
representing different solar radiation intensities, temperatures, disper-
sion conditions, background ozone and RHC, and time of day. Stepwise
linear regression on the logarithms of the resultant concentrations was
performed to find the controlling variables. Linear regression techniques
were then performed on these variables to determine the transformation
rates for the above equations. Since the Atkinson and Lloyd mechanism
treats only homogeneous oxidation of $0,, an empirically determined
heterogeneous S0, conversion term based on relative humidity (3 x 10-8
RHC) is added on to the homogeneous term with an imposed minimum value of
0.2 ¥/h.

The controlling variables for the homogeneous reactions for SO, were solar
radiation, atmospheric stability, and background ozone. For the oxidation
of NO, the controlling variables were atmospheric stability, background
ozone, and plume NO, concentrations. Although it is well known that
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photochemical activity (and hence SO, and NO, oxidation rates) increases
with increasing temperature, the MESSPUFF 11 chemistry module does not
account for the effects of temperature on oxidation rates. In addition,
the oxidation rates produced by the ERT mechanism will be relevant for the
background RHC levels used in the box model simulations. The dependence
of the NO, oxidation rate on the plume NO, concentrations presents a dif-
ferent prob]em. As stated by the model deve1opers when puffs overlap it
would be incorrect to calculate a NOx oxidation rate for a puff based only
on the puff's own NO concentration. Thus the MESOPUFF-II sums the NOx
concentrations from a11 overlapping puffs to obtain a single oxidation
rate for the puff in question. However, what is not stated by the model
developers is that a single puff from a NO, source will have the NO, con-
centrations in a Gaussian distribution around the plume centerline; thus

the use of a single NO, oxidation rate for the entire puff may neverthe-
less be incorrect.

3.3.2.2 RIVAD

The RIVAD model uses a highly condensed, simplified chemical mechanism to
calculate the chemical transformation rates for the formation of sulfates,
nitrates, and nitric acid. The homogeneous oxidation of S0, and NO, comes
from the reaction of SO, with the hydroxyl radical (OH-). The RIVAD model
estimates the concentration of the OH radical based on solar radiation
intensity, ozone concentration, temperature, relative humidity, and NO,
and SO, concentrations. A maximum possible calculated OH- concentration
is defined based on numerous smog chamber simulations that used a complete
photochemical kinetic chemical mechanism. A constant S0, oxidation rate
of 0.2 ¥/h 1s added on to the homogeneous rate estimated from the OH. con-
centration to take into account any heterogenous reactions.

At night, a reduction in the hydroxyl radical reduces the rate of 502
oxidation in the RIVAD down to the heterogenous rate of 0.2 %h.

The RIVAD model uses the photo-steady relationship between NO, NO,, and 03
in order to determine the steady-state NO, and 03 concentrations. The
oxidation of NO, to nitric acid in the RIVAD depends on the estimated
hydroxyl radical concentration, as discussed above. At night, however,
nitric acid is formed through a direct reaction with the NO, and ozone
concentrations. For a more complete explanation of the RIVAD nitrate
chemistry mechanism, see Latimer, Gery, and Hogo (1986).

3.3.2.3 CCADM

The CCADM contains complete gas-phase and aqueous-phase chemical kinetic
mechamisms with associated mass transfer algorithms between phases (Gery
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et al., 1987; Morris and Kessler, 1987). This mechanism contains up-to-
date gas- and aqueous-phase reactions based on the literature as of Novem-
ber 1986. The mechanism is highly nonlinear and the reaction rates also
depend on the background concentrations. As such, this mechanism would
not be appropriate for use with a Lagrangian puff model treating a single
source without complete information concerning the background concentra-
tions. Since these background concentrations within the Rocky Mountain
region are not available at this time, either through measurement programs
or modeling of regional photochemistry or acid deposition, the explicit
CCADM mechanism cannot be used in a Lagrangian puff model for this region.

However, the CCADM can be used to generate a table of oxidation rates, as
has been done for the MESOPUFF-II and RTM-IINL models (Morris and Kessler,
1987). These oxidation rates would be obtained by repeated simulations of
the CCADM using different ambient and chemical conditions in the Rocky
Mountains. Although time constraints preclude development of this chemi-
cal mechanism for the initial version of the Rocky Mountain model, its
development is currently underway and will be incorporated in later
versions of the model.

3.3.3 Evaluation of the Chemical Mechanisms

The chemical mechanisms used in the MESOPUFF-II and RIVAD models were
evaluated by calculating SO, and NO, oxidation rates for a variety of
ambient and plume conditions. The evaluation procedure consisted of
determining whether the mechanisms calculate reasonable oxidation rates
and respond to changes in environmental conditions in a fashion expected
by our knowledge of the chemistry of acid deposition. We started with the
following baseline conditions:

Ozone concentration = 40 ppb
NO, concentration = 1 ppb
S0, Concentration = 1 ppb
Relative humidity = 50 %

Temperature = 298 K
Solar declination angle = 25° daytime, 90° nighttime

Each of the important environmental and plume parameters were then varied

across a range of values to determine the responses of the two chemical
mechanisms.

3.3.3.1 Solar Radiation

Increases in solar radiation cause increases in ozone photolysis and hence
increases in the hydroxyl radical and the oxidation of S0, and NO,.
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Figure 3-21 shows the oxidation rates produced by the MESOPUFF-II and
RIVAD as a function of the solar zenith angle (90° minus solar zenith
angle) for the baseline environmental conditions. Both chemical
mechanisms behave similiarly in response to changes in solar intensity.
The MESOPUFF-II oxidation rates illustrate a steplike response to changes
in solar intensity that is a result of using the step function stability
in its parameterization of oxidation rates rather a continuous function,
such as the N02 photolysis rate or solar elevation. The most important
difference between the two mechanisms is that at maximum solar intensity
the NO, oxidation rate calculated by MESOPUFF-II peaks at 3.7 %/h whereas
the rate calculated by RIVAD peaks at approximately 8.3 ¥/h. Since NO,
oxidation should be approximately seven times that of SO, (which is
approximately 1.6 to 2.0 %¥/h in Figure 3-2), we would expect NO, oxidation
rates from the models on the order of 10 ¥/h, which is about what the
RIVAD calculates.

3.3.3.2 Temperature

Figures 3-22 and 3-23 show the sensitivity of the chemical mechanisms to
temperature variations for daytime and nighttime conditions respec-
tively. The RIVAD chemical mechanism is highly sensitive to variations in
temperature, while the MESOPUFF-II algorithm does not respond at all to
temperature variations. At low temperatures the OH concentrations drop
partly because several species, such as PAN, become strong sinks for OH
under low temperatures. At night, under the ambient conditions shown in
Figure 3-23, the 50, oxidation rate for both the MESOPUFF-II and RIVAD
mechanisms is at the minimum rate defined by the 0.2 %/h heterogeneous
minimum value. The RIVAD NO, oxidation rate at night is also sensitive to
the ambient temperature; however, this is driven by the temperature-sensi-
tive NOZ, NZOS, N03, HN03 equilibrium rather than the hydroxyl radical,
which is zero at night. The temperature dependence of these oxidation
rates could be an important advantage for an acid deposition model for the
Rocky Mountains because the high terrain produces low temperatures even in
the presence of sunlight.

3.3.3.3 Relative Humidity

The effect of relative humidity on the two chemical mechanisms for daytime
and nighttime conditions are shown in Figures 3-24 and 3-25 respec-
tively. It is interesting to note that although the MESOPUFF-II and RIVAD
predict similar daytime S0, oxidation rates for the range of relative
humidity between 25 and 50 percent, they deviate from each other on the
two extreme ranges of relative humidity. Under the daytime environmental
conditions used in these tests, the RIVAD estimation of the OH, concentra-
tion reaches the maximum allowable value at a relative humidity of about
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25 percent, which causes both the S0, and NO, oxidation rates to flatten
out for relative humidities greater than 25 percent. On the other hand,
the MESOPUFF-II 50, oxidation rate starts increasing for relative humidi-
ties greater than about 50 percent. This {is due to the parameterization
of the heterogeneous gxidation of SO, oxidation based on relative
humidity, RH (3 x 107° RH), which is a surrogate for the aqueous oxidation
of SO,. The reasoning behind this heterogeneous parameterization is
unclear and no explanation is offered by the model developers in the docu-
mentation of the model (Scire et al., 1983). The aqueous-phase oxidation
of 502 should depend mainly on the liquid water content, hydrogen peroxide
concentration, and solar intensity, not the water vapor concentration
(relative humidity).

At night, for the environmental conditions used in these tests, both the
MESOPUFF-II and RIVAD produce their minimal allowable SO, oxidation rates
of 0.2 %/h. For NO, oxidation at night the MESOPUFF-II calculates fits
minimal allowable value of 2 %¥/h, while the RIVAD model shows some sensi-
tivity to relative humidity because of the influence of water vapor in the
NOZ. N03. NZOS equilibrium calculation.

3.3.3.4 Ozone Concentrations

Both the MESOPUFF-II and RIVAD require estimates of the background ozone
concentrations in order to estimate their oxidation rates. Figures 3-26
and 3-27 {llustrate the sensitivity of the two mechanisms to ozone concen-
trations for day and night conditions. During the day the MESOPUFF-II 50,
and NO, oxidation rates are very sensitive to the specification of the
background ozone concentrations. For the environmental conditions used in
these tests, the RIVAD calculated the maximum value for OH. at a low ozone
concentration; hence its SOZ oxidation rate is not very sensitive to back-
ground ozone. The RIVAD daytime N02 oxidation rate shows a curiously weak
dependency on the ozone concentration that cannot come from the reaction
with OH., which has been set to the maximum aliowable value for ozone
greater than about 15 ppb. As it turns out, this increase in NOx oxida-
tion rate with increasing ozone concentration is a result of the photosta-
tionary state relationship of NO, NO,, and O3 used in the RIVAD. Since it
s NO, and not NO that converts to nitrates and nitric acid, the RIVAD
model apportions the NO, concentration to NO and NOp, using the NO,
photolysis rate value and the background ozone concentration, and then
calculates the amount of nitrate and nitric acid formed based on the NO
concentration. Thus this weak dependency of the daytime NOx oxidation
rate on ozone in the RIVAD mechanism is actually the result of more of the
NO, being apportioned into NO, as the ozone increases.

At night the MESOPUFF-II predicts its nighttime minimum S0, and NO, oxida-
tion rates of 0.2 and 2.0 ¥/h. In the RIVAD the 502 oxidation rate at
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night 1s also 0.2 %¥/h regardless of the ozone concentration, while the NOx
oxidation rate increases with background ozone concentration because of
the effect of ozone on the NO,, NO3, and N205 equlibrium calculation.

3.3.3.5 Nitrogen Oxide Concentration

The sensitivity of the oxidation rates to NO, concentrations are shown in
Figures 3-28 and 3-29 for daytime and nighttime conditions respectively.
Daytime NOx oxidation rates calculated by the MESOPUFF-II and RIVAD models
exhibit similiar responses to increases in NO, concentration. However,
the MESOPUFF-II daytime SO, oxidation rate appears totally insensitive to
changes in NO, concentrations. Since the oxidation of SO, and NO, during
the day revolves around competition for the hydroxyl radical, this lack of
sensitivity is somewhat disturbing. Thus in a plume containing both SO,
and NO,, as produced by a shale oil plant, the MESOPUFF-II will greatly
overpredict the oxidation of 502 because it does not account for the com-
petition for the hydroxyl radical from the NO, reaction.

In both MESOPUFF-II and RIVAD the SO, oxidation rate at night is insensi-
tive to changes in NO, concentrations and is at its minimum value of 0.2
%/h. Similiarly, the MESOPUFF-II produces its minimum 2 %/h NO, oxidation
rate during the night regardless of NO, concentration. The RIVAD model,
however, produces a peak nighttime NO, oxidation rate at a NOx concentra-
tion of 20 ppb, with the rate reducing to zero for a NO_ concentration of
40 ppb. This is because, for high NOx concentrations, the RIVAD assumes
all the NO, is NO. Thus at night, when the NO, concentration exceeds the
ozone concentration, all of the ozone is titrated out, resulting in no
more ozone to oxidize the NO,.

3.3.3.6 Sulfur Dioxide Concentration

The effects of changes in S0, concentrations on the S0, and NO oxidation
rates calculated by MESOPUFF-II and RIVAD are given in Figures 3-30 and
3-31. The MESOPUFF-II chemistry is totally insensitive to changes in S0,
concentrations both during the day and night. The RIVAD mechanism is
insenitive to changes in SO, concentration at night; however, during the
day both the SO, and NO, oxidation rates decrease as SO0, concentrations
increase. This is because of the limited availability of the hydroxyl
radical, which dominates the daytime oxidation of both SOZ and NOX.

3.3.4 Remarks
3.3.4.1 Daytime Chemistry

The MESOPUFF-II daytime oxidation rates appear to be most sensitive to
changes in solar intensity and background ozone concentrations, while the
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RIVAD mechanism is less sensitive to changes in ozone concentrations dur-
ing the day, at least for the enviromental conditions used in these

tests. However, the RIVAD chemistry is more sensitive to changes in tem-
perature and NO, and SO, concentrations, and is also very sensitive to
solar intensity. Of particular note is the ability of the RIVAD to cor-
rectly simulate the competition between SOZ and NOx for the hydroxyl radi-
cal, which drives the daytime gas-phase oxidation of these species. Since
the MESOPUFF-II shows no sensitivity to changes in 50, concentrations, and
no sensitivity in its SOZ oxidation rate to changes in NOx concentrations,
it will overpredict the oxidation rates of these species for plumes near
the source.

3.3.4.2 Nighttime Chemistry

The MESOPUFF-II produces constant 30, and NO, oxidation rates of 0.2 %/h
and 2.0 %/h respectively. The RIVAD model aﬁso produces a constant 0.2
%/h 50, oxidation rate at night regardless of the enviromental condi-
tions. However, the oxidation rate of NO, is sensitive to changes in all
environmental conditions examined except changes in 50, concentrations.
This is due to the influences of ozone, temperature, and water vapor on
the NOz, N205, N03, and HN03 equﬂibrium.

3.3.4.3 Aqueous Chemistry

Neither the MESOPUFF-II or the RIVAD chemical mechanisms contain explicit
treatment of aqueous chemistry. Both contain surrogate heterogeneous S0,
oxidation rates with a minimum value of 0.2 %¥/h. The MESOPUFF-II ties
this heterogenous oxidation rate to relative humidity during daytime.
However, as noted above, aqueous-phase chemistry should be tied to 1iquid
water content, not water vapor concentrations; thus this parameterization
of surrogate aqueous-phase chemistry appears to be unjustified by current
knowledge.

3.3.4.4 Conclusions

For the initial version of the Rocky Mountain acid deposition model
(described in Section 5) both the MESOPUFF-II and RIVAD chemical
mechanisms will be included as optional treatments of chemical transforma-
tion. Based on the evaluation of the two chemical mechanisms, the RIVAD
parameterization is preferred over the MESOPUFF-II for the following
reasons.
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The RIVAD mechansism treats the competition between the S0, and NO,
species for the hydroxyl radical during the day.

The oxidation rates produced by the RIVAD show sensitivity to changes

in temperature, which can be important in the high terrain of the
Rocky Mountain region.

The RIVAD model treats the sensitivity of NO, oxidation to changes in
conditions at night, whereas the MESOPUFF-II uses constant values
regardless of the conditions.

The individual species of NO and NO, are treated seperately by the
RIVAD model, while the MESOPUFF-1I Tumps NO and NO, together as
NO,. Since NOz is a criteria pollutant with an annual NAAQS, and
several western states and counties have their own standards--e.g.,
New Mexico has a 24-hour NO, standard, California has an hourly NO,
standard, and Santa Barbara County has an hourly incremental NO
standard)--the distinction between NO and NO, is important from a
regulatory perspective.

3.4 DRY DEPOSITION

Two of the candidate models, the MESOPUFF-II and the CCADM, use the more
technically rigorous resistance approach for the parameterization of dry
deposition. The RIVAD uses the dry deposition velocity concept, while the
POLUT does not consider pollutant loss from dry deposition.

The flux of pollutants to the ground due to dry deposition can be expres-
sed as:

Fd = Vd c (3-9)
where V, is the deposition velocity, and ¢ is concentration at some refer-
ence height. In the RIVAD the deposition velocity is a function of land-
use type and is set to zero at night to account for the shielding effect
of the stable nocturnal boundary layer. During the day. however, the
deposition velocity is applied to the mixed-layer concentration, effec-
tively enhancing the rate of vertical diffusion of pollutants because mass
removed at the surface is immediately replaced with material from above.

In the resistance approach to dry deposition, the deposition velocity is
expressed as the inverse sum of the atmosphere, surface, and canopy resis-
tances:

Vd = (ra +rg+ rc) (3-10)
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In the MESOPUFF-II an option exists to treat vertically well-mixed puffs
with a three-layer model. This parameterization essentially removes the
enhanced rate of vertical diffusion by considering the loss of pollutants
only out of the surface layer.

The CCADM uses the dry deposition algorithm in the NCAR/RADM for gaseous
species (Walcek et al., 1986) and the algorithm in the ERT/ADOM for par-
ticulate species (Pleim, Venkatram, and Yamertino, 1984). It also uses a
surface layer for calculating atmospheric resistance to minimize the exag-
geration of depletion by instantaneous vertical mixing. The parameteriza-
tions of dry deposition used by the MESOPUFF-II and the CCADM are compared
below.

3.4.1 MESOPUFF-I1 and CCADM Parameterizations

In the MESOPUFF-II the atmospheric (aerodynamic) resistance, r,, is given
by the following formula proposed by Wesley and Hicks (1977):

ry = ()™l Din(z,r2,) - o) (3-11)

The stability-dependent function yy is given by:

vy = -5z, /L, 0<z/L<1 (stable)

exp{0.509 + 0.39

1n(-zS/L) -0.090[1n(-zr/L)]2}

-1<z /L<O (unstable)

= 0 z /L =0 (neutral) (3-12)

N
]

r = the reference height (10 m)
= the surface roughness (m)

= the friction velocity (m/s)
the von Karman constant

the Monin-Obukhov length (m)

c N
> % O
1 |

In the CCADM the surface resistance is given by the following equations
(Businger, 1973):
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1 1- ¢h(zh/L) 1- ¢h(20/L)
Y‘a = ku* In 1 ry ¢h(zh/L) - 1In T—'—z_y_'_ ¢h ZO/L

A

0 (unstable)

-1 1 -1 1
+ Z[tan <W> - tan <W>]} for ¢

1 (z, - 25)
ra = ki, 1n (zh/L) + 4.7 1T for ¢ > 0 (stable)
r.= L In(z, /2,) for ¢ = 0 (neutral)
a  ku, h’“0 ¢
(3-13)
op(z) = 0.74 - (1 - 9;)‘1/2 for ¢ < 0 (unstable)
= 0.74 + 4.7¢ for ¢ = 0 (neutral)

= 0.74 for ¢ > 0 (stable) (3-14)

where ¢ = 2/L. These two representations of the atmospheric resistance

are similar; both are proportional to the inverse friction velocity. Thus
as the wind speed increases, the atmospheric resistance decreases.

For gaseous species the surface resistance (also known as the quasilaminar
sublayer resistance), rg, can be expressed as follows (Wesley and Hicks,
1977):

-1
re = (k u,) kB

(3-15)
where B-1 s the surface transfer coefficient. As suggested by Wesley and
Hicks (1977). a value of 2.6 is used for kB™" for SO, and the other gases

(N0, and HNO3) in the MESOPUFF-II. For the aerosol species in MESOPUFF-II
(sulfate and nitrate) the surface resistance is assumed to be 10 s/cm.
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In the CCADM the surface resistance is obtained using a species-dependent
formula taken from the ADOM/TADAP model:

_a - Sc2/3

L (3-16)

where Sc is the Schmidt number, defined as the ratio of the molecular dif-
fusivity of air (0.149) to the molecular diffusivity of the gaseous
species in question. As currently implemented in the CCADM, all gaseous
species are assumed to have the same molecular diffusivity as 50,

(0.126). The value of a in Equation 3-16 is set to 5 as recommended by
Hicks (1983).

For aerosol species in the CCADM the gravitational settling resistance
1/Vg acts in parallel to the other resistances:

1
V,=V_+ (3-17)
d g rytre+ rarbvg

The gravitional settling velocity in the CCADM is given by Stokes law:

_pd-gC i
vg‘P_mg_’ (3-18)

particle density = 1.0 g m-3

particle diameter = 10°6 m

gravitational acceleration = 9.8 m/s

dynamic viscosity coefficient for air = 1.83 . 10-4

where

3 @ QA °
"

and the value C is a correction factor for small particles, given by
C=1+ T 1.257 + 0.4 exp[-0.55 - d/r] (3-19)

where A is the mean free path of air molecules. Although the mean free
path is known to be dependent upon pressure, both the ADOM model (Pleim,
Venkatram, and Yamartino, 1984) and the CCADM model (Gery et al., 1987)
assume a constant value of 6.53 x 107 cm for a.
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The quasilaminar sublayer resistance (surface resistance) for particles is
obtained from the friction velocity and collection efficiency as follows
(Pleim, Venkatram, and Yamartino, 1984):

-
re = 0,E (3-20)

where E is the collection efficiency given by
E = 5c2/3 4 1073/5t (3-21)

and St is the Stokes number defined ag St = 1 UE/n, where t is the
stopping time specified as 1.31 x 107° m for a particle with a radius of
1 ym and n is the dynamic viscosity of air.

In Equation 3-20 the value of a is 1.7, as recommended by Moller and Schu-
mann (1970), because it gives the best fit to measured deposition
velocities for particles.

The values for canopy resistance, rcs to SO, used in the MESOPUFF-II are
from Sheih and co-workers (1979), who estimate summertime canopy resis-
tance for SOZ as a function of land use and stability class for summertime
conditions (Table 3-1). The canopy resistance to HNO; and the aerosol
species (SO, and NO7) are assumed to be 0. For NO, the canopy resistances
(in s/cm) are defined as follows:

'c(Nox) = 1.3, unstable
= 5, neutral
= 15, stable

In the CCADM the canopy resistance to 502 varys diurnally and seasonally
and also varys if the surface is wet, as shown in Table 3-2 (Walcek et
al., 1986). The canopy resistances to other gaseous species are related
to the canopy resistance to S0, according to the multiplicative factors
given in Table 3-3.

For aerosol species in the CCADM the canopy resistance is 0. However, in

the equation for particulate deposition velocity there is a third resis-
tance, ra'ng- referred to as a virtual resistance in view of the fact
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TABLE 3-1.

Summertime SO, canopy resistances used in the
Mesopuff-11 as a function of land use type and stability

class. (From: Sheih, Wesely, and Hicks, 1979).
Stability Class
Category Land Use Type %o) A,B,C D E ¥
o
1 cropland and pasture 0.20 100. 300. 1000. 0.
2 cropland, woodland and grazing )
land 0.30 100. 300. 1000. 0.
3 irrigated crops 0.05 100. 300. 1000. 0.
3 grazed forest and woodland 0.90 100. 300. 1000. 0.
5 ungrazed forest and woodland 1.00 100. 300. 1000. 0.
6 subhumid grassland and semiarid
grazing land 0.10 100. 300. 1000. 0.
7 open woodland grazed 0.20 100. 300. 1000. 0.
8 desert shrubland 0.30 200, 500. 1000. 1000.
9 svanp 0.20 50. 75, 100. 0.
10 marshland 0.50 75. 300. 1000. 0.
11 metropolitan city 1.0 1000. 1000. 1000. 0.
12 lake or ocean 107 0. 0. 0. 0.
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TABLE 3-2.

SOZ canop, resistance, RSO
CCADM. (Source: Walcek et al., 1985.)

2

(s m'l), used in the

LAND USE

Urban

Agriculture

Range

Deciduous
forest

Coniferous
forest

Forested
swamp

Water

Swamp

Agricufture-
range mixture

SEASON

spring
summer
early fall
{ate fall
winter

spring
summer
early fall
late fall
winter

spring
summer
earty fall
late fall
winter

spring
summer
earty fall
tate fall
winter

spring
summer
early fall
late falt
winter

spring
summer

early fall

- e fall

winter

spring
summer
earty fall
tate fall
winter

spring
summer
earty fall
tate fall
winter

spring
summer
earty fall
late fall
winter

INSOLATION (Watts m'2)

»400 200-400 0-200 NIGHT  WETTED
1000 1000 1000 1000 1000
1000 1000 1000 1000 0
1000 1000 1000 1000 1000
1000 1000 1000 1000 1000
200 200 200 200 200
80 €0 75 100 Q
70 120 200 500 0
500 500 500 500 100
50 50 50 50 50
100 100 100 100 100
100 140 200 400 0
100 140 200 500 0
500 500 500 500 100
500 500 500 500 100
100 100 100 100 100
100 200 400 1000 0
60 130 300 1000 0
1000 1000 1000 1000 500
1000 1000 1000 1000 500
1000 1000 1000 1000 1000
150 240 400 1000 0
150 240 400 1000 0
800 800 800 800 100
800 800 1000 1000 100
500 500 500 500 500
100 200 400 1000 0
70 140 300 1000 0
800 800 800 800 300
800 800 1000 1000 300
800 800 800 800 800
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 Y 0
0 0 0 0 0
S0 60 £ 100 0
50 60 75 100 0
100 100 100 100 £
100 100 100 100 ]
100 100 100 100 100
75 100 150 250 0
100 140 200 500 0
500 500 500 500 100
200 200 200 200 100
100 100 100 100 100
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TABLE 3-3. Canopy resistances used in the CCADM assumed for
dry-deposited gases relative to SO, surface resistance. (Source:
Chang et al., 1986).

Surface Resistance (s m™)*

Pollutant Over Land Surfaces Over wetted surfaces
NO Rsoz 500
NO, Rson 500
0, 0.6R¢0, 2000
HNO, 0.0 0.0
H,0, 0.1Rg0, 0.1Rg(,
Aldchyde 2.0Rgn, 2.0Rgp,
HCHO 0.5R¢0, 0.5Rg0,
Methyl-hydrogen 0.3Rg0; 0.3Rg0,
peroxide
Peroxyacetic acid 0.3Rg0, 0.3Rg,
HCOOH Rsoa Rso
NH, 0.2Rgp, 0.2Rgq,

2
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that it is a mathematical artifact of ths equation manipulation rather
than a physical resistance (see Pleim, Venkatram, and Yamertino, 1984; and
Gery et al., 1987).

The canopy resistance for the MESOPUFF-II js chosen from Table 3-1 based
on one of the 12 land-use classifications specified in the grid cell con-
taining the puff centroid. Clearly, when the puff is large and covers an
area that includes several different land uses, this simplification may
introduce some errors.

In the CCADM the fraction of coverage of each of the nine land-use clas-
sifications (in Table 3-2) is specified for each grid cell. The CCADM
then calculates the fraction coverage across the base of the Lagrangian
box through weighted averaging of the grid cells covered by the box. Then
an average deposition velocity for the area covered is calculated using
the method proposed by Walcek and others (1986).

3.4.2 Comparison of MESOPUFF-II and CCADM Performance

The deposition velocities produced by the dry deposition algorithms in
MESOPUFF-II and CCADM are compared here using a variety of environmental
conditions and several land use classifications. Since the two algorithms
do not use the same land use classification scheme, the land use cate-
gories for the CCADM (Table 3-2) are adjusted to match the MESOPUFF-II
land use classes as closely as possible. The enviromental conditions that
vary are the surface wind speed and the exposure class, which is a measure
of insolation as follows:

Cc = 3, strong
= 2, moderate Daytime insolation
= 1, slight
= 0, heavy overcast Day or night
= -1, zg cloud cover
3 Nighttime cloudiness

L]
1
N
-

<

cloud cover

[o o)

The stability class can be.estimated from the exposure class and wind
speed using the method of Turner (1970). Although the CCADM predicts
deposition velocities for many species, we compare only the deposition
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velocities for the five species in the MESOPUFF-II: SO,, sulfate, NO,,
nitrate, and nitric acid. Since there are very few measurements of dry
deposition, we cannot directly evaluate the two dry deposition algor-
ithms. Instead, the two methods will be compared against each other and
against the ranges of measured deposition velocities reported in the
literature.

3.4.2.1 Sulfur Dioxide Dry Deposition

The SOZ deposition velocities predicted by the MESOPUFF-II and the CCADM
for three different land use classes are given in Figure 3-32. (A com-
plete set of predicted 50, deposition velocities for all land use classi-
fications is given in the Appendix.) The results for MESOPUFF-II and
CCADM are similiar for all three of the land use classes depicted in
Figure 3-32. For cropland and pasture, the MESOPUFF-II predicts deposi-
tion velocities that range from 0.1 to 1.0 cm/s, while the CCADM values
range from 0.1 to 0.7 cm/s. For the forest land use class, both models
predict s1ightly higher deposition velocities, ranging from 0.1 to 1.0
cm/s. The deposition velocities for these two land use classes produced
by the two models aiso have similiar characteristics as a function of
exposure class and surface wind speed.

The differences between the MESOPUFF-II and the CCADM for the positive
exposure class (daytime) can be attributed to differences in the methods
of representing stability in the two algorithms. The CCADM uses the expo-
sure class directly, whereas the MESOPUFF-II uses the Pasquill-Gifford
stability classification scheme in which stability (A-F) is a function of
exposure class and wind speed. At night the MESOPUFF-II appears to pro-
duce an anomalous 502 dry deposition velocity peak for clear skies and
wind speed around 2.5 m/s. These environmental conditions result in a
stability F classification, by which the MESOPUFF-II will assume a zero
canopy resistance to SO, (see Table 3-1). In general, under night condi-
tions the atmospheric resistance should be the dominant resistance, thus
the sensitivity to the canopy resistance under these conditions is ques-
tionable. Both the MESOPUFF-II and CCADM predict SO, dry deposition
velocities that are well within the range 0.04 to 2.8 cm/s for several
surface types cited in the literature (McMahon and Dennison, 1979).

For dry deposition over water, the MESOPUFF-II and the CCADM predict
remarkably similar patterns of SO, deposition velocities. The CCADM pre-
dicts values ranging from 0.5 to 3.0 cm/s, while the MESOPUFF-II values
from 0.1 to 2.0 cm/s. The reported measured values for SO, dry deposition
over water are 0.2 and 1.4 cm/s (Spedding, 1969), 0.9 and 0.5 cm/s (Owers
and Powell 1974), 2.2 cm/s (Whelpdale and Shaw, 1974), 2 cm/s (Prahm,
Tarp, and Stern, 1976), 0.41 cm/s (Garland, 1977), 0.5 cm/s (Smith and
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Hunt, 1978), and 0.4 to 4.0 cm/s (Sehemel, 1980). Sheih, Wesley, and
Hicks (1979) estimated S0, deposition velocities over the Atlantic Ocean
that ranged from 0.1 to 0.7 cm/s.

3.4.2.2 Sulfate Deposition

Predicted sulfate deposition velocities for three land use types—cropland/
pasture, forest/woodland, and water--are shown in Figure 3-33 (sulfate
deposition velocities for all land use classes are displayed in the appen-
dix). Although the MESOPUFF-II and the CCADM predict similiar patterns
for sulfate deposition, the MESOPUFF-II predicts much smaller values.

This result is directly related to the assumption in the MESOPUFF-II of a
constant surface (quasilaminar sublayer) resistance of 10 s/cm for aero-
sols. Thus the maximum possible sulfate deposition velocity in the MESO-
PUFF-II is 0.1 cm/s. Measured values of sulfate deposition velocities
range from 0.03 to 1.0 cm/s (McMahon and Dennison, 1979); thus the upper
1imit of 0.1 cm/s imposed by the MESOPUFF-1I appears a little low. This
can be easily rectified by changing the assumed constant surface resis-
tance in the MESOPUFF-II. The CCADM predicts sulfate deposition veloci-
ties from 0.05 to 0.8 cm/s for the three land use classes in Figure 3-32;
the highest values occur for the forest land use class. For all land use
classes, the MESOPUFF-IT predicts sulfate dry deposition values with
1ittle variation at wind speeds above 1 m/s (0.070 to 0.1 cm/s).

3.4.2.3 Nitrogen Oxide Deposition

The CCADM predicts deposition velocities for NO and NO, separately, where-
as the MESOPUFF-II gives values for NO,. However, the NO and NO, deposi-
tion velocities predicted by the CCADM are identical to each other since
the same canopy resistances are used for these two species (see Table 3-
3). Figure 3-34 compares the NO, deposition velocities predicted by the
MESOPUFF-II and CCADM for three §and use classes. The CCADM predicts the
same dry deposition velocities for NO, as it does for S0,. The MESOPUFF-
Il deposition velocities for NO, resemble those calculated by MESOPUFF-I1
for 50, without the anomalous peak for F stability. This is because the
MESOPUFF-II uses constant NO, resistances for the stable case.

For the cropland/pasture and forest/woodland land use classes the range of
NOx dry deposition velocities for the MESOPUFF-II is 0.1 to 0.7 cm/s and
for the CCADM 0.1 to 1.0 cm/s. The two models predict different deposi-
tion behavior over water; the CCADM-predicted dry deposition velocity for
NO, is as high as 3.0 cm/s. Since NO and NO, are not as soluble as SO,,
the use of the same canopy resistance for these species over water seems
questionable. It should be noted that over wet surfaces, regardless of
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1and use class, the CCADM predicts NO, dry deposition velocities that
range from 0.1 to 0.2 cm/s, i.e., over a factor of 10 lower than for
water. Measurement of NOx deposition velocities is extremely difficult
because of the fast NO-0; reaction and because the release of nitrogen
compounds from the soil may result in a net negative deposition rate.

Hi11 and Chamberlain (1976) reported an NO, dry deposition velocity of 1.9
cm/s and a deposition velocity for NO of 0.1 cm/s. In a review of dry
deposition velocities from three studies, Sehmel (1980) reported a range
of NOx deposition velocities from negative values to 0.5 cm/s. Studying
dry deposition in the Netherlands, van Aalst and co-workers (1983) mea-
sured values of the dry deposition velocities of NOx that ranged from -2.6
to 1.5 cm/s. Except for the NO, dry deposition velocity over water calcu-
lated by CCADM, both models predict numbers that are within the range of
the measurements. Since there are no reported measurements of deposition
of NO, over water at this time, one cannot discount the CCADM-predicted
NOx deposition velocity; however, since NO and N02 are not as soluble as
502. it 1s expected that over water the deposition velocity for NO and NO,
would be lower than for 50,. Thus the CCADM-predicted deposition
velocities for NO and NO, over water are questionable.

3.4.2.4 Nitric Acid Deposition

Nitric acid has a very high deposition rate compared with the other gases
studied because of its high reactivity. Both the MESOPUFF-II and the
CCADM assume a zero canopy resistance to nitric acid for all land use
categories. As shown in Figure 3-35 and the appendix, the two models also
predict remarkably similiar dry deposition velocities of nitric acid for
different enviromental conditions and land use characteristics. The ran-
ges of nitric acid dry deposition velocities for the two models are
approximately 0.5 to 4.0 cm/s for cropland, 1 to 11 cm/s for forest, and
0.1 to 2.5 cm/s for water. There are very few measurements of the dry
deposition velocity of nitric acid; van Aalst (1983) reports a value of
0.6 cm/s. However, the fact that the two models agree on the dry deposi-
tion velocities for nitric acid gives us some confidence that the predic-
tions are reasonable.

3.4.2.5 Nitrate Deposition

Both the MESOPUFF-II and the CCADM predict similar dry deposition veloci-
ties for nitrate (Figure 3-36) as for sulfate (Figure 3-33). Thus the
discussion of sulfate dry deposition applies to nitrate. In particular,
the very low nitrate deposition velocities predicted by the MESOPUFF-I1
(less than 0.1 cm/s) may be questionable.

83



Cxposure Closs

MESOPUFF -l CCADM

Exposure Closs

L 1 2 3 4 5 [ 7 8 9 ‘% Ko} 1 2 3 4 S [] 7 8 \%
T T 3 T T 1 7 v 77 777 ]
T S
L ¢] - ~N
- [-] ~ - -y - O v -
2 o » b -2 2+ n bt ” ~2
} o o bd i L -] -] () R
[ o o 0 ) 1 - -
L - 3 - 4 - F @ ° r
W+ i 41 8 41
- P (S & -
- ® - -y
i ] 3
(=] L3
of - n - do & of ° - Ho
L 4 E o}
| = - 3 [-] o w
(] w ~ v
L 4 L 4
-1 - - - ~ -
" - -
- % 4 F o o .
- - - -
: S EEREEAN
- | 1 -2 - L L\ I 1 T Y S _2
0 6 8 9 [s] 0 2 3 4 5 6 7 9 10
Surfoce w-no Speed (m/s) Surface wind Speed (m/s)
HNO3 Deposition Velocities (cm/s) for CROPLAND AND PASTURE Lond Use Type
MESOPUFF -1l CCADM
<L 1 2 3 4 b (] 7 -] 9 1% ) 1 2 3 4 S -] 7 8 9 1(5
) T “ L 1] [ T Tl T l T T T T 7 T L] l T
o & © = - - & R
S J L 4
2:— - - 2 2-— [ - -2
L - . ~ ° ] L c
- L - b ~ o
&~
: - P -] - - : - o -
o 1 ¢ -1 8 1 ) =
o} 4 O ° )
. - . [ - 4
: | ] 2 [ ]
° . °
e or & © - <0 & or © -0
w L J w -
L ! 4 L P
S < B L T 4
-t —4-1 -+ =1
o :L fage o tL -
- \ \ A\ 1, .k \ \ ]
1 - 1 -
£ 9 6?2 e 8 67
Surfoca Vlnd Speed (m/s) Suﬂace mnd Spced (m/s)
HNO3 Deposition Velocities (cm/s) for UNGRAZED FOREST/WOODLAND Land Use Type
MESOPUHE 1
£ 1 2 3 4 [ 7 8 9 1% ) 1 2 3 4 3 ) 7 8 g I(S
r I T ]I ll ] r il I hd T T ]T 1 T T Tl T T
[« - ® - - » ] [ = »
F c ° o - - ~ o B P >
- - - o - — L 4] [N] -
Toleriets2l=11<13¥ T ¢ 5 ik
i - © i - ) b
B : : : (X .: - = T [ [ b
"W -1 o W -1
s st J
S 4 b p
o ° ~ -] g r © b
or Stletlesi it =][~q0 & o 2 ~ ~o
a3 \ ~ = o -
- © o - - - - - 3 o -3 E
| -~ - o - o © 4 | L o d
-t PS - - © -4-1 - " ° -{-1
- [ w \, \ - - o - n -
- i J \ \ L] 7 - [ \ 1 1 1 ' _2
+J ‘ 5 6 7 8 8 10 o] 1 2 S5 8 9 W0
Swﬂxe wind Speed (m/s) Surfoce Vlmd Speed (m/l)

HNO3 Deposition Velocities (cm/s) for LAKE OR OCEAN Lond Use Type.

FIGURE 3-35. Comparison of MESOPUFF-II and CCADY predicted
nitric acid dry deposition velocities for three land classes

84



Exposure Closs

Exposure Closs

MESOPUFT -1t CCADM

L 1 2 3 4 S 6 7 8 9 l% ] 1 2 p 4 S [ 7 8 9 \%
el T 1 L T L] T T T I[ T T L Li T

I é 1 [ S <1

Lo 4 s ° o -

S 4 L 4

R ° - g 5 4

v

L g 4 S o ; 4

- > - o b g
WS <41 8 1t 41

- - © ¢+ E

®
| 4 :tt 4
o

F B - S } e n < b
o\ 3 <40 & or s ° o0

L w L <

L % < i o e °

L o v

o o ﬁ - o © g -e
-t \lell % -1 -¢ ° [ J

RIFI-Y . s m 3

o >

| ] 1 \ .
I 1 1 Lood 1 -2 - 1 i A { 1 | _2

D 1 2 3 4 L) ) 7 ) ®$ w0 1 2 3 4 s [} 7 8 10

Surface Wind Speea (m/s) Surfoce Wind Speed (m/s)

NO3 Deposition Velocities (cm/s) for CROPLAND AND PASTURE Lond Use Type

. Exposure Closs

MESOPUFF -1l CCADM
2 p) 4 S 6 7 -] 9 1% 0 1 2 3 4 S 6 7 8 9 1(5
L T 1 T T 1 3 T 1T 7
© p L 4
g ~ o o
o 7 I o v o 4
4 L 4
-2 2+ o -3 ~ -2
4 - - - © )
o - - °© <
(=3 (-]
8 4 s T < o 4
-7 © W} -
1 St 1
] g 1
o e I " o
2 4o & of 2 P o -0
. Jd w L
A 1 - o - © 4
o, ] [ Z s <
2 e -1 -t -1
[=] t ©
" g 1 - % o
A I A\
AN L\ b0 ] - [ A 1 2
2 3 4 5 [} 7 8 g 10 0 1 2 3 4 5 6 7 8 9 10
Surfoce Wind Speed (m/s) Surfoce Wind Speed (m/s)

NO3 Deposition Velocities (cm/s) for UNGRAZED FOREST/WOODLAND Lond Use Type

MESOPUFF -1l CCADM
L 1 2 h) 4 =) [ 7 8 9 I% L0 1 2 3 4 k) [] 7 8 9 1%
7T T T T T T T T T 1T 19 SR K‘ll T ]
L J - °
L 1] § J - ; o 4
B 4 - ° -

2; S -2 2-: 5 8 ; 2
- -4 o o £ «
2 3 1 o F s 5 1

W 41 ©° W+ -1
L i © 1 p
L ittt 4
- ° -1 s b 9 n r

of 3 <o & of o c —o
- 4 w - o
o Do - - cg E g L
2 = -4 r- © E

- o -t - o =4 -1
Nt E 4 - c g 1
r\ \ § L 4
+ \ ], \

- L 1 L 1 L | 1 -2 - 1 1 i | 1 1 Il | -2
0 1 2 J 4 S 6 7 8 $ 10 0 1 2 h 4 5 6 7 8 $ 10

Surfoce Wing Spees (m/s) Surfoce Wind Speed (m/s)

NO3 Deposition Velocities {(em/s) for LAKE OR OCEAN Lond Use Type.

FI(}URE 3-36. Comparison of MESOPUFF-I1 and CCADM predicted
nitrates dry deposition velocities for three land use classes

85



3.5 WET DEPOSITION

The wet removal of pollutants consists of both in-cloud scavenging (rain-
out) and below-cloud scavenging (washout). Many factors contribute to the
scavenging rate of pollutants, including pollutant type, cloud type and
history, and the precipitation rate. It is generally believed that the
scavenging of particulates, such as sulfate and nitrate aerosols, is irre-
versible and the scavenging of gaseous species is reversible (NRC,

1983). Reversible scavenging refers to the release of contaminants from a
rain droplet back into the atmosphere before the rain drop impacts the
ground. We now briefly discuss the wet deposition parameterizations with-
in the three candidate models that treat wet scavenging. For a more com-
plete description of these algorithms and a review of the processes that
lead to wet deposition see Morris and Kessler (1987).

3.5.1 Review of the Wet Deposition Algorithms
in the Candidate Models

3.5.1.1  CCADM

0f the candidate models, the CCADM is the only model with a wet deposition
algorithm to treat both reversible and irreversible scavenging. The cal-
culation of rainout for the gaseous species in the CCADM relies on the
gaseous-1iquid equilibrium component of the aqueous-phase chemistry module
(Gery et al., 1987). Particulate species are assumed to be totally in the
1iquid state (i.e. complete nucleation for aerosols) within the cloud.
Washout of particulates is parameterized using the algorithms of Scott
(1978). Gaseous species are washed out assuming that the species concen-
trations within the raindrop are in gaseous-liquid equilibrium with the
ambient air as the raindrop falls. Thus it is possible for some of the
gaseous species inside the raindrop to be released back into the atmo-
sphere. The calculation of the gaseous-liquid equilbrium is dependent on
the species concentrations, the temperature, and the pH of the cloud
water. Since this algorithm requires knowledge of the total concentration
of all species that contribute to the cloud pH, and all species for which
scavenging rates are being calculated, use of this algorithm in a Lagran-
gian puff model is not appropriate.

3.5.1.2  MESOPUFF-II
The MESOPUFF-II and the RIVAD both contain simplified wet deposition

algorithms that are consistent with a Lagrangian puff model. The MESO-
PUFF-II uses the scavenging coefficient approach to calculate the wet
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deposition of »02 SO4, NO, HN03 and N03 This approach assumes that the
loss of pollutant mass over one time step, at (s), due to a precipitation
rate, R (mm/h), Is expressed as follows:

Q(t + at) = Q(t) exp(- A at)

where Q(t) and Q(t + at) represent the m?ss of the pollutant at the begin-

ning and end of the time step, and A (s™') is the scavenging ratio expres-
sed as: A = A(R/Rl).

Here Ry is a re{erence rainfall rate (1 mm/h) and A is the scavenging
coeff1c1ent (s™*) whose value depends on the species and whether the pre-
cipitation 1s liquid or frozen. The MESQOPUFF-II uses the rainfall rate
and type from the nearest observation site.

3.5.1.3 RIVAD

The parameterization of wet deposition of gases in the RIVAD follows the
method suggested by Hales and Sutter (1973). The wet deposition rate con-
stant, W (1/h), for a gaseous species is defined as follows:

"o 24.026 R
h{0.00667 R/V + SOL)

where R = precipitation rate (m/h)
h = plume parcel depth (m)
V = raindrop velocity (m/s)
SOL = species-dependent solubility parameter based on Henry's law

constant and the cloud pH (assumed to be 4.5 in the RIVAD)

The parameterization of wet deposition of particulates and sulfate aerosol
uses a method proposed by Scott (1978). The irreversible scavenging
algorithm is based on the assumptions that sulfate is scavenged within
clouds primarily by cloud dropliet nucleation and beneath clouds the
largest aerosols are washed out by impaction. Scott's algorithm, which is
used in RIVAD, can be expressed as

14 M 0.75 S5 (1 - 4.41 x 1072 g-0-88)
RO % * (1.56 + 0.44 1n R) +0.3 ¢y m sty (3-22)
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where
x = ratio of sulfate mass to precipitation mass (gram sulfate/

gram HzO),
R = rainfall rate (mm/h),

m, = Concentration of subcloud sulfate aerosols greater than 1 um
in diameter, assumed equal to 0.1 Sg»

Sg = Subcloud sulfate hydrometeor concentration,

sty = time required for hydrometeor to fall from cloud base to
ground,

()
—
o

2 0-3 for 1iquid hydrometeor
7 x 1073

5.2 x 1
3.7 x1 for frozen hydrometeor

(4.41 x 1072 -g0-88y(a35 g-0-71 | 1200

Mg = 0.75 Sg exp (8450 ~ 2383 tn R)

For convective clouds or clouds whose tops
are warmer than 0° C

0.1 SO For layer clouds not dependent on Bergeron
process for rain initiation

=0 For layer clouds dependent on Bergeron
process for rain initiation.

The RIVAD is currently configured for layer clouds dependent on Bergeron
process for rain initiation.

3.5.2 Evaluation of the Wet Deposition Algorithms

Of the three candidate models that treat wet deposition, both the MESO-
PUFF-II and the RIVAD wet deposition formulation are consistent with the
Lagrangian puff model framework. Although the two methods used--scaveng.
ing coefficient and solubility approach--are basically different, they
have some similarities. First, sulfate and nitrate aeorosols are both
scavenged at the same rate by the MESOPUFF-II and the RIVAD. Second,
neither model treats gaseous scavenging as irreversible. Third, both
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parameterizations combine in-cloud scavenging (rainout) and below-cloud
scavenging (washout) into one scavenging rate. Finally, these parameteri-
zations are linear and the scavenging rate depends only on the precipita-
tion rate and species type and for MESOPUFF-I1I, whether the precipitation
is liquid or frozen, not on the species concentrations.

3.5.2.1 Sulfur Dioxide

The SO, wet scavenging rates produced by the MESOPUFF-II and RIVAD models
as a function of precipitation rate are shown in Figure 3-37a. The MESO-
PUFF-II assumes that SO, is not scavenged by a frozen hydrometer. Despite
the differences in their formulations, the shapes of the curves for the
two models are very similar. However, the MESOPUFF-II produced wet
scavenging rates that are approximately twice those of the RIVAD model.
Due to the lack of quantitative measurements, it cannot be determined

whether one algorithm is predicting a more accurate scavenging rate than
the other.

3.5.2.2 Sulfate

In both the MESOPUFF-II and the RIVAD the scavenging of particulates is
calculated based on the scavenging rate calculated for sulfate. Thus the
evaluation of the scavenging rates for sulfates also applies to nitrates
and particulate matter species. The wet sulfate scavenging rates for the
two models as a function of precipitation rate are given in Figure 3-
37b. Given the differences in their formulations, the similiarity of the
sulfate scavenging rates produced by the two models for 1iquid precipita-
tion is quite encouraging. For precipitation rates below 0.1 in/h, the
RIVAD produces a rate that is about 10 %/h higher than the rate given by
the MESOPUFF-II. The MESOPUFF-II wet scavenging rate for the frozen case
is much lower than that for the liquid case, reflecting the fact that it
is difficult for the particles to become embedded in ice crystals except
through the process of rimming.

3.5.2.3 Nitrogen Oxides

The MESOPUFF-II assumes that NO, is not scavenged through the process of
precipitation. This is verified by the RIVAD model, which produces very
Tow NO, scavenging rates (Figure 3-38a). This is because NO, and, even
more so, NO are both not very soluble and have a very low Henry's Law con-
stant.
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3.5.2.4 Nitric Acid

Nitric acid is very soluble. The solubility parameter used for nitric
acid in the RIVAD is approximately 14 magnitudes greater than for NO, and
8 magnitudes greater than for SO,. Thus the RIVAD model calculates a wet
scavenging rate for nitric acid of 100 %/h for precipitation rates as low
as 0.0001 in/h. The MESOPUFF-II produces scavenging rates that are com-
parable to those produced for sulfate (Figure 3-38b). The calculation of
a wet scavenging rate of 100 ¥/h regardless of the precipitation rate is a
1ittle suspicious; however, because of the high solublity and reactivity
of nitric acid it cannot be discounted.

3.5.3 Remarks

This discussion on wet deposition has deliberately been restricted to the
calculation of scavenging rates for given precipitation rates. The pro-
cess of wet deposition of pollutants involves the complex interaction of
cloud physics, including entrainment, venting, vertical tranport within
the cloud, and cloud microphysics (phase changes of H,0 between gas, fice,
cloud water, and rain water), aqueous- and gas-phase chemistry, as well as
wet scavenging. In addition, there are several other issues relating to
the modeling of wet deposition, including the representation of the
patchiness of clouds and cloud ensembles. Current research, by groups
such as the Regional Acid Deposition Model (RADM) team, is underway to
develop modeling techniques for dealing with these issues. However, for
the purposes of developing an acid deposition model capable of estimating
annual acid deposition increments from specified sources in a cost-effec-
tive manner, rigorous treatment of all these processes is impossible.
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4 DESIGN OF THE METEOROLOGICAL MODEL

The heart of the new mesoscale meteorological model is the wind field
generation algorithm. Of the diagnostic wind models reviewed, no one
model appears to be clearly superior to the other models. If there were a
total lack of observational data, the CTWM would be the best choice for a
wind field generator; however, it cannot take full advantage of any exist-
ing meteorological data. The MELSAR-MET wind model is attractive because
of fts ability to represent blocking and deflection in a cost-effective
manner. However, the MELSAR, ATMOS1, and CIT wind models all require
meteorological measurements to infer any dynamic properties in the wind
field.

In addition to wind fields, an acid deposition model requires other
meteorological inputs, including boundary layer heights, temperatures,
temperature lapse rates, relative humidities, stability, and such micro-
meteorological variables as friction velocity and Monin-Obukhov length.
The only candidate model that also generates fields of such meteorological
variables is the MELSAR-MET. The MELSAR-MET is coded in a highly modular
fashion, which allows for ease of addition, replacement, or modification
of any existing module. Thus the mesoscale meteorological model for the
Rocky Mountains will make use of the MELSAR-MET code as a basis for
generating wind fields and other meteorological variables needed for acid
deposition modeling in complex terrain.

Rather than adopt an existing wind model, we have elected to design a new
model that combines features from several existing diagnostic wind
models. This wind model would utilize all existing wind observations,
while simulating the effects of complex terrain in data-sparse sub-
regions. The design and formulation of the wind model is discussed in
detail in Section 4.1. A preliminary evaluation of the model is reported
in Section 4.2. The model is first evaluated using the same tests as for
the candidate models; then the model predictions are compared against wind
observations from the Rocky Mountains; finally, the model is applied to
entirely different terrain settings--a large valley and a complex
terrain/coastal environment.
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4.1 THE DIAGNOSTIC WIND MODEL

4.1.1 Design Overview

The diagnostic model is used to generate gridded fields of the horizontal
wind components, u and v, at several user-specified vertical levels and at
a specified time. This model will use local surface and upper-air wind
observations, where available, while providing some information on ter-

rain-generated air flows in regions where local observations are insuffi-
cient to account for terrain effects.

The diagnostic model requires gridded terrain heights, a mean wind value
for the modeling region, and region-average stability information (d7/dz,

or Pasquill stability class). The model will also accept surface and
upper-air wind observations.

The generation of the wind field involves two major steps. Step 1 is
based on the approach taken in the SAI Complex Terrain Wind Model, as
described by Liu and Yocke (1980). A mean wind value for the modeling
region is adjusted for the kinematic effects of terrain, thermodynamically
generated slope flows, and blocking effects based on a set of gross
parameterizations of these effects. Step 1 produces a spatially varying
gridded field of u and v at each vertical level.

Step 2 involves the addition of observational information to the step 1
(u,v) field. An objective analysis scheme is used to produce a new
gridded (u,v) field. The scheme {is designed so that the observations are
weighted relatively heavily in subregions where they are deemed represen-
tative of the mesoscale air flow, whereas in subregions where observations
are deemed unrepresentative the (u,v)-values from step 1 are weighted
heavily. Once the new gridded (u,v) field is generated, it can be
adjusted to mass consistency by the divergence-reduction procedure
described by Goodin and co-workers (1980).

4.1.2 Model Formulation

4.1.2.1 Vertical Coordinates

The diagnostic model is formulated in terrain-parallel vertical coordi-
nates. This allows computation of winds at constant heights above ground,
as well as variable vertical resolution. The horizontal position vari-
ables (x,y) and velocity variables (u,v) are invariant upon transformation
from Cartesian to terrain-parallel coordinates. If h denotes terrain
height, z denotes the Cartesian vertical position variable, and Z denotes
the terrain-parallel position variable, then
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Z=12-h(x,y) . (4-1)

If w denotes Cartesian vertical velocity, and W denotes terrain-parallel
vertical velocity, then

W=w-~udh/dx - v dh/dy . (4-2)

In terrain-parallel coordinates the incompressible conservation-of-mass
equation becomes

du/dx + dv/dy + dW/dZ = 0 (4-3)

4.1.2.2 Divergence Minimization Procedure

The divergence minimization procedure is utilized in both steps 1 and 2
and thus is described here. This procedure is nearly identical to the
procedure described by Goodin and co-workers (1980). The inputs to the
procedure are a "first-guess" three-dimensional (u,v) field and a three-
dimensional W field defined at points horizontally and vertically stag-
gered with the (u,v) levels. Assuming the W field is invariant, the pro-
cedure performs an iterative adjustment of the (u,v) field until the cen-
tered-difference approximation of the inequality,

du/dx + dv/dy + dW/dZ < ¢ (4-4)

is satisfied at all grid points. ¢ is the maximum allowable three-dimen-
sional divergence specified by the user.

The iterative adjustment is carried out as follows. At each grid point
(1,3,k) the three-dimensional divergence D(i,j,k) is computed,

o Mtz Mgketyz o Yisd gk T Yic1,g 0k
ijk = Y 28%

(a-5)

AT 5 WS T 5 Y
28y ’

where ax and Ay are the horizontal grid spacing in the x and y direction
(assumed constant) and az is the vertical layer thickness between k - 1/2
and k + 1/2. Note that W is defined at vertically staggered grid levels.
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Velocity components at the surrounding grid points are adjusted so that
D(1,J,k) is zero. The adjustment at a given grid point adds divergence at
surrounding grid points; thus the entire grid must be scanned iteratively
until the divergence minimization criterion is met at all points. The
adjustments take the form

u(i+l,j,k) = u(i+l,j,k) + ug (4-6)
U(i-l,j,k) = U(i—l,j,k) - UT
v(i,j+l,k) = v(1,j+1,k) + V1

V(i,J-l,k) = V(i,j-l,k)

1

In making this adjustment, it is arbitrarily assumed that uy = vy; given
constant horizontal grid spacing, one can then show from Equation 4-5 that

up = - D ax/2 . (4-7)

4,1.2.3 Step 1 of Wind Field Generation

Kinematic Effects of Terrain. The treatment of the kinematic effects of
terrain follows the procedure described by Liu and Yocke (1980). Given a
mean wind, V, for the modeling region, and terrain height, h(x,y), a
terrain-forced Cartesian vertical velocity of the following form is
assumed:

w= (V- grad h) exp k? (4-8)

where k is a coefficient of exponential decay that increases with
atmospheric stability. Liu and Yocke assume that

k = N/|V| (4-9)

where N is the Brunt-Vaisala frequency, (g/e) (de/dz); Q is the potential
temperature; and |V| is the magnitude of the mean wind.

In the current model the Cartesian w of Equation 4-8 is transformed to a
terrain-parallel W, as in Equation 4-2, using the mean wind for the
modeling region. Thus dW/dZ = dw/dz. Assuming the mean wind as a first-
guess gridded (u,v) field, the divergence minimization scheme is exercised
to produce a gridded wind field, (u,v)k, adjusted for the kinematic
effects of terrain.
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Slope Flows. At each grid point in regions of complex terrain, the diag-
nostic model computes a slope flow vector (u,v).. This vector is added to
the gridded wind field (u,v), to obtain a new field (u,v)is-

Let h, and h.y denote ah/dx and ah/dy, respectively. We define the slope
angle, a,

a = tan"1[h 2 + hyzl‘i . (4-10)
The drainage direction, 84> 1s computed as shown by Allwine and Whiteman

(1985). An angle, g', is defined as

B! = tan'l(hy/hx) . (4-11)

A second angle, 8", is defined from the following table:

Condition h, =0 hx <0 h, >0

X X
hy =0 * g' + 180 g' + 360
h_y <0 270 g' + 180 g + 360
hy >0 90 g' + 180 B'

* Terrain is flat, no drainage direction.

The final definition of 84 (in degrees) is

90 - 8", 0 <g" <90

™ (4-12)

Bg = 450 - 8", 90 < g" < 360

The slope flow vector is oriented in the drainage direction. The speed of
the slope flow component is determined by the details of the parameteriza-
tion; in our discussion a positive speed denotes upslope flow.

Analytic solutions for downslope flows under highly idealized conditions
have been obtained by Prandtl (1942) and, more recently, by Mahrt (1982)
and Fitzjarrald (1984). However, analysis of upslope flow has received
much less attention, perhaps because the presence of turbulent mixing over
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a heated slope complicates the analysis. Although analytic solutions pro-
vide useful insight into the physics of slope flow, their direct applica-
tion to complex-terrain situations is doubtful. Given the crudity of
other parameterizations in the diagnostic model, and given that local air
flow is frequently influenced by terrain features of horizontal scales
significantly smaller than model grid scales, we feel justified in formu-
lating a relatively arbitrary parameterization of slope flow effects.

The speed, S, of the parameterized slope flow is defined as follows:
S = SO X fl(t) X fz(z.t) X f3(u) . (4—13)

Sp Is an arbitrarily specified slope flow "amplitude"; this is a region-
average parameter that is an estimate of the maximum speed of the slope
flow. The function f; is a specified function of time of day that, in
general, will be assigned a value of -1 for fully developed downslope flow
and +1 for fully developed upslope flow. It may be allowed to vary during
periods of transition. The function f, is a vertical profile function.
Loosely guided by the Prandtl analytic solution for slope flow (as

presented by Rao and Snodgrass, 1981), the following expression is
proposed for f,:

f2(2/1g) = A sin(Z/1) exp(-Z/1) (4-14)
Here ]s is a vertical scale length for the slope flow, and
A = 0.707 exp(-n/4) (4-15)

normalizes f, so that its maximum value is 1. Note that we have substi-
tuted the terrain-parallel vertical coordinate Z for Prandtl's slope-nor-
mal coordinate n. Note also that the expression for f, allows for an
overlying layer of reverse flow considerably weaker than the ground-based
slope flow. The depth of the ground-based slope flow layer is = x 143 the
maximum slope flow speed occurs at Z/1¢ = r/4.

Although an expression for 1 is derived as part of Prandti's solution,
for the purposes of this model Tg will be specified arbitrarily as a func-
tion of time. For daytime upslope flow, ]s should probably be set equal
to the estimated mixing height; for nighttime downslope flow, 1. should
probably be set at 50-100 m based on the analyses and numerical experi-
ments of Rao and Snodgrass (1981), Arritt and Pielke (1986), and others.
If the vertical resolution of the model is coarse compared to the estimate
of 1, f, can be arbitrarily specified, independent of Equation 4-14, for
each model level as a function of time.
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The function f, describes the variability of the slope flow speed with
slope angle. ?he numerical simulations of Arritt and Pielke (1986) indi-
cate that the siope flow intensity is relatively insensitive to slope
angle when the angle is between 5 and 20 degrees, and that slope flow is
virtually absent for slope angles of 1 degree. On the basis of these
results, we propose for f3 the form

f, =a/an, a <a
3 0 0 (4-16)

f3=1, a2 ag

where ag is an arbitrarily specified angle somewhere between 1 and §
degrees. This slope flow parameterization does not at this time account
for nonlinear interaction of slope flow with ambient flow. Again we
Jjustify this omission on the basis of the one-dimensional downslope flow
simulations reported by Arritt and Pielke (1986); the range of results
obtained by Arritt for a variety of ambient flows seems well within the
uncertainty of this crude parameterization technique in complex terrain.

Terrain Blocking Effects. The treatment of the blocking effects of ter-
rain in the diagnostic model follows the procedure described by Allwine
and Whiteman (1985). From the gridded wind field, (u,v), the available
atmospheric stability information, and the gridded terrain heights, a
local Froude number,

Fr =S / N sh (4-17)

is computed at each grid point. Here S is the grid-point wind speed, N is
the Brunt-Vaisala frequency as defined in Equation 4-9, and ah is the
"effective obstacle height" at the given grid point. If Fr is less than a
critical Froude number, Fre (usually equal to 1), and (u,v),¢ at the given
grid point has an uphill component, (u,v)kS is adjusted so that the flow
is in a terrain-tangent direction, with no change in speed. If Fr > Fr.,
the flow is not adjusted. Thus a new gridded wind field (u,v); is
obtained that reflects both terrain kinematic effects and thermodynamic

blocking effects.
We assume that

ah(x,¥,2) = hpay(Xsy) - 2(x,y,2) (4-18)
where h .. is the elevation (MSL or above some reference height) of the
"obstacle top" and z is the elevation of the grid point. The assignment

of a value to hp,, in regions of complex terrain can be somewhat arbi-
trary. One option is to assume that hp,,(x,y) is the largest value of the
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terrain height, h, within a specified radius of the given grid point; this
radius should be determined by the dominant horizontal scale of the ter-
rain. A second option is simply to subjectively assign a value of hn
each grid point. Both options will be available in this model.

ax to

4.1.2.4 Step 2 of Wind Field Generation

Step 2 of the diagnostic model combines the gridded wind field (u, v)&
generated in step 1 with available observed data to produce a "final
gridded wind field (u, v) This fnvolves four substeps: (1) objective
analysis; (2) smoothing of the analyzed field; (3) computation of a verti-
cal velocity field; and (4) minimization of three-dimensional divergence.

Objective Analysis. The objective analysis procedure is a modified
inverse-distance weighting scheme based on procedures utilized by Goodin
and others (1980), Godden and Lurmann (1983), and Ross and Smith (1986)

It is carried out separately for each model level. It is assumed that all
surface wind observations will be incorporated at the lowest model

level. A preprocessor program will interpolate upper-air observations
vertically and temporally so that "soundings" of u and v are defined at
all model levels at a given horizontal location.

For the purpose of discussion, (u sVg) denotes an observed wind at sta-
tion k, and r, denotes the horizonta? distance from station k to a given
grid point. At each grid point, the wind vector is thus updated:

(u,v)' = [?[r;" (ugevg)y + Rin (u.v)ll/[{:r;n + R'l'nl (4-19)

This procedure weights the step 1 wind field, (u,v);, heavily in regions
far removed from observations; the degree of influence exerted by (u,v);
s inversely related to the value of the parameter Ry. The exponent, n,
controls the relative influence of observations distant from a given grid
point. Goodin and co-workers suggest that n should be 2 for a relatively
dense set of surface observations, and 1 for a relatively sparse set of
upper-air observations.

Several constraints can be placed on the evaluation of Equation 4-19 at
the option of the user. A maximum radius of influence, Rpy,,, may be
specified; if Tk > Rmax' the observation at station k is excluded from
Equation 4-19. If observations are densely spaced and representative of
the spatial variability of the air flow, Rmax should be relatively small;

otherwise, evaluation of Equation 5-18 may result in unwanted smoothing
effects.
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Alternatively, a parameter Kmax may be specified that allows inclusion in
Equation 4-19 of only the Kpax Closest stations. With this parameter the
effective maximum radius of influence can increase or decrease depending
on local observation density.

Finally, the user may construct barriers by specifying end points of 1ine
segments in (x,y) space; if a specified barrier lies between a station and
a given grid point, that station is not considered when evaluating Equa-
tion 4-19. This technique can be used to reduce or eliminate deleterious

effects on the analysis of stations heavily influenced by local terrain
features (e.g., a canyon).

The parameters n, Ry, Ry.,, and Knax 8s Just defined are specified separ-
ately for surface and upper-air observations. Each barrier specification

will include a specification of the maximum model vertical grid level at
which the barrier will be applied.

Smoothing of the Analyzed Wind Field. Goodin and co-workers (1980) indi-
cate the desirability of smoothing the gridded wind field resulting from
Equation 4-19. Thus, a simple five-point smoothing of the form

Asm (1sj) = 0~2[A(1’j) + A(i + loj) + A(i - l,J)
+ A1, - 1) + A(i,§ + 1)] (4-20)

may be applied to (u,v)'. Although Goodin and co-workers indicate that
the amount of smoothing should be an increasing function of atmospheric
stability, we prefer to simply specify the number of smoothing passes
(usually no more than three) at each model vertical level. Smoothing of
the gridded wind field speeds up the divergence minimization procedure.
However, it should also be noted that overuse of such smoothing can obli-

terate important air flow features (e.g., a well-defined sea-breeze con-
vergence zone).

Computation of Vertical Velocity. An initial field of vertical velocities
in terrain-parallel coordinates, W', is computed from (u,v)' by integra-
ting the equation for incompressible conservation-of-mass (Equation 4-

3). The resulting three-dimensional velocity field is thus mass-consis-
tent. However, Godden and Lurmann (1983) note that vertical velocities
obtained from objectively analyzed (u,v) fields may be unrealistically
large near the top of the model domain. Godden and Lurmann utilize a pro-
cedure suggested by 0'Brien (1970) to modify W':

Wo(Z) = W' (2) - (Z/Ztop) wéop (4-21)

Note that W, is zero at the model top and is not mass-consistent with
(u,v)'. We believe that there may be situations in which utilization of
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the 0'Brien procedure may not be desirable; for example, the model top may
pass through a well-resolved sea-breeze convergence zone within which a
large W value is legitimate (not an issue in the Rocky Mountains). Thus,
in this model, imposition of Equation 4-21 is an option. If Equation 4-21
is not invoked, the final product of the model, (u,v),, is equal to
(u,v)'.

Minimization of Three-Dimensional Divergence. If Equation 4-21 is
invoked, it is necessary to adjust the objective analysis product, (u,v)',
so that 1t s mass consistent with W,. The divergence minimization pro-
cedure described at the beginning of Section 4.1.2.2 is exercised with
(u,v)' as a first-guess horizontal wind field and with W, held constant.

The adjusted horizontal wind field, (u,v)z, is the final product of the
diagnostic model.

4.2 EVALUATION OF THE DIAGNOSTIC WIND MODEL

We carried out a preliminary evaluation of the new diagnostic wind model
(DWM) in the same manner as our evaluation of the candidate wind models
(see Section 2). The DWM was exercised on both the hypothetical bell-
shaped mountain described in the review report (Section 5.1.2; Morris and
Kessler, 1987) and the Rocky Mountain terrain (see Section 2 here). For
these tests the model was run without input of mesoscale observational
data, with an initially uniform flow.

The new DWM is also evaluated using observations from the Rocky Mountain
region. These simulations illustrate the ability of the new DWM to
assimilate observational data into its mesoscale wind field. Simulations
are carried out with all wind observations, and then without some of the
observations so that the model predictions can be compared with observa-
tions not used in its wind field generation procedure.

As an {llustration of the applicability of the new DWM, the DWM was exer-
cised for two completely new and different terrain configurations. The
first is a coastal/complex terrain environment with a dense network of
wind observations; the second is within a large valley where the wind pat-
tern is dominated by complicated slope flows. In the latter simulation
the flexibility and adaptability of the new DWM is further illustrated by
the use of output from two-dimensional simulations of a primitive equation
mesoscale meteorological model used as input to the DWM.

4.2.1 Flow Over Idealized Terrain

Three simulations of flow over a bell-shaped mountain were carried out.
In simulation Al an isothermal atmosphere is assumed and slope flow
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effects are excluded. Simulation A2 is identical to simulation Al except
that slope flow effects are added, with the slope flow parameterization
tuned to produce maximum downslope flow of approximately 2 m s'1 at the 50
m level only. Simulation A3 is similar to simulation A2 except that the
atmosphere is assumed to be neutrally stratified and the slope flow para-

meierization is tuned to produce maximum upslope flow of approximately 2 m
s™" at the 50 m level.

As in the previous tests, an initially uniform flow of 2 m s~ from the
West (270°) was specified. The model grid specifications are identical to
those reported in the review report (Morris and Kessler, 1987).

Figure 4-1 shows the wind fields predicted by DWM under simulation Al at
50, 200, and 500 m above ground. The parameterization of blocking effects
produces marked deflection of flow upwind of the mountain top at each of
these levels, while the mountain top acceleration due to terrain kinematic
effects is most apparent at the 50 m level. Although the blocking
parameterization in DWM 1s essentially that of MELSAR, the results in
Figure 4-1 differ substantially from those of the MELSAR simulation
(depicted in Figure 5-2 of the review report) for two reasons: (1) the
methods of computing obstacle heights in the two models are different; and
(2) the MELSAR polynomial representation of the wind field tends to act as
a smoother.

Figure 4-2 shows the results of simulation A2. At the 50 m level results
are qualitatively similar to those obtained with the CTWM for downslope
flow (Figure 5-6 of the review report) although the slope flow magnitude
is weaker. However, at the 200 m and 500 m levels the results of simula-
tion A2 are nearly identical to those of simulation Al; the spurious
"return" flow produced by the transformed CTWM does not appear in the cor-
responding DWM simulation.

Model results for simulation A3 at the 50 m level reflect the combination
of the kinematic effects of terrain and the imposed upslope flow (Figure
4-3). The levels above are minimally effected; blocking effects are
absent given the assumed neutral stratification.

4.2.2 Flow Over Rocky Mountain Terrain

We carried out three DWM simulations of flow over the Rocky Mountain
domain depicted in Figure 2-1. Simulations Bl, B2, and B3 are identical
respectively to simulations Al, A2, and A3 in idealized terrain except
that the Rocky Mountain terrain depicted in Figure 2-1 is substituted for
the bell-shaped mountain. Grid specifications and initial conditions are
as described in Section 2.2.

Results of simulation Bl are depicted in Figure 4-4. Simulation Bl is
most directly comparable to the MELSAR and ATMOS1 simulations depicted in
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Figures 2-3 and 2-4, respectively. Like ATMOS1, and unlike MELSAR, the
DWM appears to respond on the characteristic horizontal terrain scales.
The differences in the ATMOS1 and DWM solutions are most apparent to the
lee of terrain obstacles, for two reasons: (1) the DWM includes a direct
parameterization of blocking that operates upstream but not downstream of

an obstacle; and (2) the DWM includes a smoothing operation, while ATMOSI
does not.

Results of simulations B2 and B3 are depicted in Figures 4-5 and 4-6
respectively. In simulation B2 downslope flow vectors are added at the 50
m level to the corresponding field obtained in simulation Bl; at upper
levels the wind fields from simulations Bl and B2 are nearly identical.

In simulation B3 the lowest level reflects the addition of upslope flow
vectors. Upper levels are essentially undisturbed; the parameterizations
of terrain kinematic effects and blocking effects are essentially inopera-
tive in the assumed neutral atmosphere.

4.2.3 Evaluation of the New DWM Using Observations
from the Rocky Mountains

Using the same mesoscale domain in the Rocky Mountains that was used in
the previous tests, we exercised the new DWM with surface and upper-air
measurements. The DWM was exercised from 1600 on 17 September 1984 to
1500 on 18 September 1984 to produce hourly gridded wind fields in six
vertical layers. This period was selected because of the availablity of
supplementary radiosonde observations at three sites within the mesoscale
modeling domain. These three supplemental observations (Meeker, Rangely,
and Rifle, CO) were collected as part of the Atmospheric Studies in Com-
plex Terrain (ASCOT) Brush Creek experiments. Although many more meteoro-
logical measurements were available within Brush Creek Canyon itself, this
canyon is very narrow and measurements made within it are only applicable
to the canyon.

The DWM was exercised twice for each hour of the 24-hour period, once
using the routine NWS data only and once with the supplemental data. In
this manner the DWM can be evaluated by qualitatively comparing the wind
fields generated with and without the supplemental data and performing a
quantitative performance evaluation of the DWM by comparing the predicted
wind speeds and wind direction from the simulation without the supple-
mental data with the supplemental data.

The ASCOT Brush Creek experiments were designed to study drainage winds
in the Brush Creek canyon. The formation of drainage winds generally
requires clear stagnant nights. If there is significant synoptic flow
it will over power the drainage winds.
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4.2.3.1 Qualitative Evaluation

Figure 4-7 illustrates the DWM-generated wind fields at the six vertical
levels at 0500 on 18 September 1984, Figure 4-7 shows the wind fields
generated by the DWM in the simulations that used all meteorological
observations and the simulations that used just the routine NWS meteoro-
logical data. The routine NWS data within the mesoscale modeling domain
consisted of an upper-air sounding at Grand Junction (GNDJ) and a surface
site at Eagle (EAGL). The threee supplemental radiosonde observation sites
were located at Meeker (MKR), Rifle (RFL) and Rangely (RNG), Colorado.
Additional meteorological observations outside of the mesoscale domain

were used as input: Lander, Wyoming (to the north) and Denver, Colarado
(to the east).

Surface wind fields generated by the DWM with and without the supplemental
radiosonde observations are identical. This is because the supplemental
observations did not include any observations near the surface. The sur-

face wind fields show significant downslope flow from all of the major
terrain features.

For the higher levels the effects of the supplemental data on the DWM wind
fields can be seen. Of particular note is that the Rangely sounding
appears to be calm from 100 to 1,500 m. The Meeker observation shows
winds coming from the southeast at approximately 5 m/s at 100-300 m and
then becoming calm until 1500 m. A11 the upper-air soundings indicate low
winds from the southwest at 1500 m. Clearly the power law relationship
used to extrapolate surface wind speeds to wind speeds aloft in EPA-
approved models is not valid for this time period and location.

Examples of DWM-generated wind fields with and without the supplemental
data at 1400 on 18 September are shown in Figure 4-8. Again the surface
wind fields with and without the supplemental data are identical, only
this time there is upslope flow around the terrain obstacles. For the
upper levels the DWM wind fields without the supplemental data are domina-
ted by the Grand Junction sounding, which is recording calm winds away
from the surface. These calm winds are not reflected in the Rangely and
Meeker supplemental observations; thus the wind fields above the surface

are very different in the simulations with and without the supplemental
data.
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4,2.3.2 Quantitative Evaluation

A preliminary quantitative evaluation of the DWM was made by comparing the
wind vectors predicted in the simulation without the supplemental data and
the winds observed in the supplemental soundings. A scatter plot of the
predicted versus observed wind speeds is shown in Figure 4-9. The DWM
underpredicts the observed wind speed by 0.6 m/s out of an average
observed wind speed of 2.1 m/s. This is because the Grand Junction sound-
ing dominates the upper-level flows predicted by the DWM. Grand Junction
is located in a valley and thus records lower wind speeds. As seen in the
scatterplot, the predicted and observed wind speeds do not correlate well
(correlation coefficient 0.037). The stagnant nature of the period simu-
lated 1s shown by the large number (50 percent) of calm winds (< 1 m/s) in
the predictions and observations.

The predicted and observed wind directions are compared in Figure 4-10.
Figure 4-10a shows the deviation of the predictions from the observations;
Figure 4-10b {is similar but the calm wind data points have been removed.
As seen in Figure 4-10a, for all data, the positive and negative devia-
tions from the observations exactly cancel each other out, resulting in a
zero bias. When the calm wind conditions are removed (Figure 4-10b) there
is a higher percentage of deviations near zero although there is also a
net negative bias of approximately -10 degrees.

The percentage of predicted wind directions within 30 degrees of the
observations is 28 percent for all data and 43 percent when the calm winds
are removed. The number of predictions within 60 degrees of the observa-
tions is 51 percent for all data and 72 percent without the calm winds.

4.2.3.3 Remarks

This preliminary evaluation of the DWM using observations from the Rocky
Mountains is probably the most stringent test that can be designed for the
model. The stagnant conditions that existed during these tests results in
slope flows dominating the surface winds while local wind eddies and
fluctuations dominate the observed winds aloft. The lack of good agree-
ment between the predicted and observed wind speeds is somewhat dis-
appointing, but the model generally did replicate the stagnant conditions,
with both observed and predicted wind speeds under 4 m/s.

More encouraging was the model's ability to predict wind directions. The
centering of the predicted-observed wind direction residuals on the zero
line with a Gaussian-1like profile indicates that deviations of the predic-
tions from the observations are not systematic.
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FIGURE 4-9. Scatterplot and statistics of predicted versus observed

wind speeds at the three supplemental soundings (N=103).
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This evaluation further i1lustrates the importance of having a dense

array of meteorological observations in order to reproduce observed wind
fields. Even though the new DWM was designed to run with a sparse set of
observations through the parameterizing of the physical processes that
drive air flows in complex terrain. At any given time these parameteriza-

tions need to be tied to observations to replicate the observed condi-
tions.

4.2.4 Evaluation of the DWM in a Complex Terrain/
Coastal Environment and Within a Large Valley

The new DWM was evaluated using two different modeling regions. The first
is an area along the California coast that includes complex terrain. The
second region consists of part of the California Central Valley. The
locations of these two regions are shown in Figure 4-11.

4.2.4.1 Complex Terrain and Coastal Environment

Increased activities in oil exploration and drilling off of the coast of
California near Santa Barbara has raised questions concerning the effects
of these activities on air quality in the South Central Coast Air Basin
(SCCAB) of California. This concern has resulted in several federal,
state, and county agencies joining together to sponser a massive meteoro-
logical and air quality measurement collection program known as the South
Central Coast Cooperative Aerometric Monitoring Program (SCCCAMP). This
comprehensive measurement program collected several types of meteorologi-
cal and air quality data during periods of the summers in 1984 and 1985.

One of the purposes of this program was to characterize air flow patterns
in the region to aid in the analysis of impacts on air quality in the
SCCAB from future emission sources. The characterization of these air
flow patterns is made particularly difficult because of the combined
effects of the complex terrain of the Santa Ynez, San Rafael, and Santa
Monica mountains and land-sea breezes generated by the Pacific Ocean.

This difficulty is further compounded by the fact that most of the wind
measurements are along the coast, thus there are regions with a dense
array of measurements (the coastline) and regions with sparse data (inland
and out to sea). Thus the DWM developed under the auspices of the Rocky
Mountain Acid Deposition Model Project was identified as the most
appropriate diagnostic wind model for predicting wind flow patterns in the
region because of its ability to predict wind flows in areas with and
without measurements in a cost effective manner.
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The Minerals Management Services, the federal agency responsible for
managing the oil deposits, has funded a study that uses the new DWM to
characterize wind flow pattterns in the region. In addition, other groups
who have interests in the area, such as the Western 011 and Gas Associa-
tion, have also funded efforts to use the new DWM with the SCCCAMP data to
predict gridded wind fields in the SCCAB. At this time, the new DWM has
been used to generate hourly wind fields in the region for 11 case days
from the 1985 SCCCAMP study, and four case days from the 1984 SCCCAMP
study. For the 1985 simulations approximately 80 surface and 20 upper-air
wind observation sites were used as input into the DWM. The 1984 SCCCAMP
data base has fewer observation sites; approximately 20 surface and five
upper-air sites are available.

An example of two hours of the surface wind fields produced by the DWM and
the observations used for the SCCAB region are depicted in Figure 4-12 and
4-13. Figure 4-12a shows the wind field for 0400 PDT on 23 September
1985. The simulation shows significant downslope flow, which is also
evident in the observations. Also evident is the sea breeze coming from
the northwest, which is deflected further south by the downslope winds
coming off of the terrain features inland.

The wind fields for the SCCAB region for 1200 PDT on 23 September are
shown in Figure 4-13. During the afternoon both the DWM and the observa-
tions reflect upslope winds in the complex terrain region. The sea breeze
circulation around Gaviota Pass (middie left of figure) has formed the so-
called Gaviota eddy. The DWM wind fields match the observations quite
well, which is not surprising since they are used as input into the modei.

These simulations 1llustrate the ability of the DWM to make use of many
observations in its generation of wind fields yet still produce major flow
features (e.g., slope flows and terrain deflection) away from the observa-
tions. This ongoing work effort will be reported on in early 1988.

4,2.4.2 Simulations in a Large Valley

In 1986 the U.S. National Park Service sponsored a scoping study to deter-
mine whether ozone concentrations produced by urban areas and oil produc-
tion in the California Central Valley could be transported to national
parks in the Sierra Nevada mountains (Yosemite, Sequoia, and Kings Canyon
national parks). The regional oxidant model, the RTM-III (Liu, Morris,
and Killus 1984), was deemed the most appropriate tool for this task.

One of the most important inputs for any regional or mesoscale air quality

model 1s the wind fields. In the California Central Valley elevated ozone
concentrations are usually associated with stagnant conditions in which
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FIGURE 4-12. DWM generated and observed surface wind fields (10 m) for the
SCCAB Region at 0400 PDT on 23 September 1987.
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FIGURE 4-13. DWM-generated and observed surface wind fields (10 m) for the
SCCAB Region at 1200 PDT on 23 September 1987.
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slope flows dominant the flow regime. Thus it was initially determined

that in order to simulate these complicated slope flows a three-dimen-
sional primitive equation model was required.

A three-dimensional primitive equation mesoscale meteorological model
(Pielke, 1974) was exercised for several hours of the selected oxidant
episode. Although the model produced the slope flows, cost considerations
precluded its use for generating three-dimensional wind fields for this
study. Thus the primitive equation model was exercised in its two-
dimensional form to reproduce vertical cross sections of upslope and down-

slope wind fields and boundary layer heights across the valley as repre-
sented in Figure 4-14,

Because of the flexibility of the formulation of the initial version of
the DWM, the results of the two-dimensional primitive equation model could
be input into the DWM as psuedo-observational soundings. Examples of the
layer 1 and 3 wind fields generated for the California Central Valley at
0100 and 1200 are shown Figures 4-15 and 4-16. As for the Rocky Mountain
and SCCAB regions, the model produced both nighttime downslope and daytime
upslope winds. In addition, due to the psuedo-soundings from the primi-
tive equation model, the model was also able to produce the return flows
in the third layer (see Figures 4-15 and 4-16). Details of the applica-
tion of this initial version of the DWM to the California Central Valley
have been reported by Moore, Morris, and Daly (1987). The finalized
version of the DWM and the RTM-III are presently being applied to an
expanded region containing the California Central Valley and San Francisco
Bay Area under the sponsorship of the NPS; results are to be reported in
early 1988.

4.3 SPECIFICATION OF OTHER METEOROLOGICAL VARIABLES

The acid deposition modeling system will require grid-point estimates of a
number of meteorological variables, based on rather sparse surface and
upper-air observational data. These variables include

mixing height

Pasquill-Gifford stability class
friction velocity

convective velocity
Monin-Obukhov length

surface temperature
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surface pressure
relative humidity
precipitation rate

The MELSAR-MET model served as the basis for the development of the new
meteorological driver for the Rocky Mountain acid deposition model. Much
of the following discussion on the prescription of meteorological inputs

is abstracted from the technical description of MELSAR-MET (Allwine and
Whiteman, 1985).

4.3.1 Mixing Heights

The gridded mixing heights are computed for each hour using surface
weather observations and upper-air observations. The hourly mixing height
at a grid point is the maximum of a convective mixing height or a mechani-
cal mixing height. The convective mixing height is set equal to zerog dur-
ing the night. The mechanical mixing height is computed as 53 x 104 Ug,
where U, is the free stream wind speed (m/s). This formulation for the
mechanigal mixing height is given by Benkley and Bass (1979).

The convective mixing height is computed using a technique described by
Benkley and Schulman (1979). The hourly mixing height at a weather sta-
tion is estimated by determining the height of the intersection of the
surface potential temperature and the morning potential temperature sound-
ing. The technique accounts for warm or cold air advection into the
region by adjusting the hourly surface potential temperature values
according to an advection rate. The advection rate is determined from the
difference in potential temperature between the afternoon and morning
sounding at a height above the convective mixing height. The technique
also makes adjustments for differences between the temperature at the sur-
face station and the surface temperature at the radiosonde station, or
makes adjustments if the minimum surface temperature occurs before the
morning sounding. This is accomplished by adjusting the morning sounding
to fit the minimum surface temperature observation.

Once the mixing height is computed at each weather station, the mixing

height at a grid point is determined by an inverse-distance-square weight-
ing of the station mixing heights to the grid points.

4.3.2 Stability Classification

The Pasquill-Gifford-Turner (PGT) stability classes are determined for
each grid cell for each hour using the approach given by Turner (1970).
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Given the wind speed at the surface, the solar elevation angle, and the
fractional cloud cover, the PGT stability class can be determined from the
following table (from Turner, 1970):

Day Night
Wind Speed Incoming Solar Radiation Some Few
at 10 m Strong Moderate S1ight Clouds Clouds
<2 m/s A A-B B E F
2-3 A-B B C E F
3-5 B B-C C D E
5-6 C C-D D D D
>6 C D D D D

4.3.3 Friction Velocity

The surface friction velocity, use (m/s), is computed for each grid cell
for each hour using surface weather observations. The approach used is a
modification of the approach given by Scire and co-workers (1984). The
surface friction velocity for unstable conditions can be estimated by the
method described by Wang and Chen (1980):

u,=u {l+ain[l+b 00/001} (4-22)
kum |
i = (4-23
* n lzm/zoi
2, =2, - 425 (4-24)
Q = H/ (e Cp) (4-25)
H = AOR + Ho (4-26)
Hy = 2.4C, - 25.5 (4-27)
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~3

) e u,
= 4-28
Q gz (4-28)
m
a=20.128 + 0.005 1n (zO/zm), zo/zm << 0.01
(4-29)
= 0.107, zO/zm > 0.01
b = 1.95 + 32.6 (z,/2.)"*%° (4-30)
where
k = the von Karman constant (-0.4)
Cp = the specific heat of air at constant pressure (996 m2/s2 - deg)
Up = the wind speed (m/s) measured at height z . (m)
zg = the surface roughness (mg
p = the density of air (kg/m°)
g = acceleration due to gravity (9.81 m/sz)
e = surface potential temperature (K)
R = incoming solar radiation (H/mz)
Ag = fraction of R converted to sensible heat flux
Cop = opague cloud cover (tenths).

During stable conditions, us is determined by the following method (Venka-
tram, 1980a):

cDN Un

uy = 21 11 4 c0+) (4-31)
Con = T T 7z (4-32)

m’ “0

4ug
C=1- , €20 (4-33)

o u2

DN™m

2 _ Y7

Yo = CA (4-34)

where y and A are constants with values of 4.7 and 1100, respectively, and
Con s the neutral drag coefficient.
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4.3.4 Convective Velocity

The convective velocity scale, wy (m/s), is computed for each grid cell
for each hour using surface weather observations. The approach used is
that given by Scire and co-workers (1984). During convective conditions,
we 1s calculated from its definition:

1/3
W, = (%3 Q, z1> (4-35)

where Tp is the surface air temperature (K), Qp is from Equation 4-25, and

z; 1s the mixing height from Section 4.3. 1. For Qp less than zero, wx is
equal to zero.

4.3.5 Monin-Obukhov Length

The Monin-Obukhv length, L (meters), is computed for each grid cell for

each hour using surface weather observations. For unstable conditions it
is computed from its definition:

AT (4-36)

whose terms have been defined earlier. During stable conditions, L is
given by Venkatram (1980b) as

= 1100 2 (4-37)

4.3.6 Temperature

The surface temperature, T (kelvins) is computed for each grid cell for
each hour using surface observations and a seasonal empirical relationship
between surface temperature and elevation (surface temperature lapse rate)
derived from analysis of climatological data in western Colorado (PEDCO,
1981). PEDCO analyzed up to 40 years of surface temperature observations
for nine stations in western Colorado. They determined the average tem-
perature change with elevation for each month of the year. These monthly
surface temperature lapse rates were plotted versus Julian day and the
points connected with straight lines. The slopes and intercepts of these
Yines are given in Table 4-1. The hourly temperature observation at each
surface station is interpolated to each grid point using an inverse-
distance-squared weighting factor. The interpolated temperature from each
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TABLE 4-1. Slope and intercept of temper-
ature lapse rate correction by Julian Day.

Julian Day (d) Slope (m) Intercept (b)

l1<d<16 -0.0152 -1.6950
16 <d <75 -0.0607 -0.9592
75 < d < 105 0.0093 -6.2100

105 < d < 136 -0.0552 0.5619
136 < d < 166 0.0180 -9.3880
166 < d < 197 -0.0135 -4.1510
197 < d < 228 0.0116 -9.1077
228 < d < 258 0.0037 -7.2960
258 < d < 289 0.0832 -27.8223
289 < d < 319 0.0500 -18.2200
319 < d < 350 0.0261 -10.6052
350 < d < 366 -0.0152 3.8600
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weather station is corrected for altitude differences between the weather
station and the grid point. The corrected temperature is

Te = Tg + (Eg - Eg) * LR/548.6 (4-38)
where

Tg = temperature at grid point (K)

Tg = temperature at weather station (K)

E; = elevation at grid point (m MSL)

Ec = elevation of weather station (m MSL)

LR =

correction surface temperature lapse rate (°F/1000 ft)

The lapse rate, LR, to correct surface temperature for variation in alti-
tude is computed by

LR = md + b (4-39)

where d is Julian day, and m and b are given in Table 4-1.

4,3.7 Pressure

The surface pressure, (mb), is computed for each grid cell for each
hour using a density re?at1onsh1p derived by Drake, Huang, and Davis
(1981) assuming dry adiabatic conditions and the gridded temperature
values from Section 4.3.6.

5/2
- G
o< 10500 (1 - 1E) (4-40)
where
R, = universal gas constant (2.869 m3-mb)/(kg-K)
To = surface temperature at grid point (K)
Eg = elevation of grid point (m MSL)
p(0) = 353.1/e, air density at sea level (kg/m3)
Hy = € e/g, height of the adiabatic atmosphere (m).

In the definition for H; and (o) above, & is the average potential tem-
perature at sea level for an hour from all surface weather stations. It
is obtained by first calculating the air density, pgs 81 each surface wea-
ther station from the observed surface temperature, TS, and pressure,

Pes at the site:
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then solving the following equation for e using Newton's method:

— EG 5/2
pg = o(0) (1 - (4-42)

a

4.3.8 Relative Humidity

The Lagrangian acid deposition model requires relative humidity in order
to estimate water vapor concentrations used in the calculation of chemical
transformation rates. The interpolation of relative humidity is an uncer-
tain process because of its dependence on temperature. Thus the mesoscale
meteorological model interpolates dew point in space and time, from which
a three-dimensional distribution of relative humidity can be obtained.

The procedures used to interpolate dew point are very similar to those
used for temperature. First a surface dew point field is obtained by
interpolating the measurements from the surface sites using an elevation
adjustment derived from an analysis of upper-air soundings from the Rocky
Mountains. At each upper-air station, dew point lapse rates in the free
atmosphere are calculated above and below the mixing height. These dew
point lapse rates are then interpolated onto the grid using an inverse
distance squared weighting procedure. The Lagrangian acid deposition
model then calculates the relative humidity at any three-dimensional point
in the modeling domain by first calculating the temperature, T, and dew
point, Tp, at the point using the surface values and lapse rates, and then
calculating the relative humidity using the following equation:

7.5 TD
T 237.3+7T

7.5 1
RH = 100 - 10 2373 (4-43)

4.3.9 Precipitation Rate

Modeling of wet deposition requires estimates of precipitation at each
grid cell of the modeling region. For the Rocky Mountain model it is
expected that one-hour or 3-hour precipitation averages will be required
depending on the user-defined update interval. The spatial extrapolation
of precipitation at such short time scales represents a special challenge
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over complex terrain such as the Rocky Mountains. Precipitation often
occurs as the result of terrain-forced 1ifting of air masses above the
point where condensation takes place. After air masses pass over such
terrain obstacles, there is no moisture for precipitation on the lee side
of the mountain. As a result, there is often augmented precipitation on
the windward side of ridges, and rain shadows (minimums) in the lee of the

ridges. Terrain height and slope are obvious factors in determining how
much precipitation will fall.

Unfortunately, simple rules for spatially interpolating precipitation
using terrain information do not always hold. For example, there may be
substantial channeling of the paths that moist air masses may take. This
channeling may be other than west-east along which most synoptic-scale
storms travel over the western Rockies. Therefore such factors as north-
south canyons and unresolved terrain features may act to produce precipi-
tation variations that do not obey simple relations for precipitation
estimates, such as functions of elevation and east-west terrain slope.

The goal of the present analysis was to obtain a year of short-term pre-
cipitation data at a grid resolution of approximately 5-10 km. Observed
data was used as a starting point in the interpolation process. Contribu-
tions of precipitation due to terrain effects are added to precipitation
estimates obtained by spatial interpolation of observed data. By making
extensive use of the observations we guided the spatial interpolation pro-
cess so that it did not produce spurious precipitation amounts.

Two sources of precipitation data are available--daily precipitation
totals and hourly precipitation rates. In the interpolation methodology
described in the following paragraphs we attempt to use all of the data to
provide realistic fields of precipitation, thereby avoiding some global
assumptions that leave the interpolated precipitation fields with serious
departures from reality, such as the phenomena of "popping" rainfields
where rainfall maximums appear simultaneously over the modeling region.

4,3.9.1 Interpolation of Daily Precipitation Data
The first step in the interpolation methgdology is to estimate the dis-.
tance of the (1,j) grid cell from the kth observation site. The following

inverse distance weight is estimated for each grid cell and observation
site:

wm(k) = 1.0/03 = 1.0/[(x1'j - xk)2 + (Yi.J - Yk)zll’5
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The largest two weights for each (1,j) grid cell are retained. A
coefficient C; s estimated that will make the w; (k) over all 24-hour

precipitation observation sites sum to one. Thig’coefficient is then used

to estimate new weights that sum to one, i.e.,

w%’j(k) = w1’j(k) Cl

Only the highest and second largest weights are used to estimate the

interpolated value at the (i,J) grid cell. The remaining portion of the
concerning the underlying terrain.

The weight used to factor in the regressed value of precipitation is
determined from

Bi,j(k) = 1.0 - [w%’j(1argest) + w%’J(an largest)]

The geographically induced portion of the precipitation, X eo® is computed
within the sphere of influence of each site. The sphere o? ?nfluence for
the kth observation site is defined as all grid cells that identified the
kth site as having the largest weight. The interpolated precipitation
estimate, xi,j- is computed from the following equation:

Xy,q = X Wy, 30+ % Wi, gD+ Xgoo By 5(K) 8

where k denotes the site with the largest weight; 1 denotes the site with
the second largest weight; &, 4 = 1 if Xy #0,8 ,=01fX = 0.
L] *

The X eo depends on whether the east-west slope 51' is either positive or
negat?ve. The slope is computed using the 10 km average terrain, H, in
the following manner:

54,5 =M1,y My
If the slope at the (i,j) cell is positive and the slope at the kth obser-
vation site is also positive, the following equation is used:

Xqeo = 001 (Hy y - H) + X,

If the slope is negative then a different set of regression equations
applies. If the slope S, is greater than zero then the following relation
is used:
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X +0.45 S

geo = X4, 1,4
If the slope S, is less than zero then the following relation is used:

If the slope S, is negative, but the slope at S j is positive, then we
estimate the precipitation from ground level as £5011ows:

Xgeo = 0.01 H1,j
These formulas can occasionally produce rainfall fields that in places are
relatively discontinuous and may be somewhat spurious. To deal with these
cases we first smooth the precipitation field with N passes of a simple
five-point filter, i.e.,

<X1’j> = 0.5 )(JI’J + 0.125 (X1+1’j + xi-l,j + X1'1+1 + xi,J-l)
The number of passes is generally less than 10 to avoid excessively smooth
precipitation fields.

The interpolated rainfall using this procedure was well behaved enough so
that no smoothing was required (N = 0). In order to avoid the intrusion
of precipitation into areas without rain, we take the following precau-
tions. First, all daily precipitations of less than 0.01 inch are set
equal to zero. Secondly, where the kth observation site does not show any
significant precipitation, interpolated precipitation values less than
0.05 inches are set equal to zero within the "dominant” sphere of infiu-
ence of that station.

4.3.9.2 Distribution of Rainfall Within the Day

At each of the hourly observation sites the total precipitation within
each day was weighted so that the sum over all hours of the day equals
1.0. Weighted precipitation within a day was created even for days when
no precipitation occurred at the site. This was done to provide weights
when rain might have occurred at adjacent sites. These weights were
created by linearly interpolating between days when precipitation did
occur. The linear interpolation was done in such a way that the sums of
these weights over the day still sum to 1.0.

The inverse distance weights for each (i,j) grid cell and kth observation
site were computed in the same fashion as was done for the daily data.

These weights were then muitiplied by the weights for calculating the dis-
tribution of the daily rainfall. The resulting product of weights had to
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be such that the distributed daily total precipitation must sum to the
daily observed or interpolated precipitation, i.e.,

Xy, 5(k) = €y j(k) wy (k) py (k)

where pi’j(k) is the weight for the distribution of precipitation at the
kth site’within a single day. The Cy (k) is the constant required for
recovery of the observed or 1nterpo1afed daily precipitation at the (i,j)

grid cell. When the distributed precipitation is less than one, the pre-
cipitation 1s assumed to be zero.
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5 DESIGN OF THE ACID DEPOSITION MODEL
FOR THE ROCKY MOUNTAIN REGION

Our evaluation of the final four candidate acid deposition models indi-
cates that no one of these models is the best choice for calculating
source-specific acid deposition impacts in the Rocky Mountain region
(Morris and Kessler, 1987). Our evaluation also indicates that the most
flexible modeling approach would be the Gaussian puff model formulation.
However, neither of the candidate Gaussian puff models (the MESOPUFF-II or
MELSAR-POLUT) appears to be superior in all processes that lead to acid
deposition. The MELSAR-POLUT model appears to describe transport and dis-
persion in complex terrain better than the MESOPUFF-II; however, the MEL-
SAR-POLUT does not treat chemical transformation or scavenging. In this
section we describe a new acid deposition model that uses the most scien-
tifically sound components of the candidate models.

5.1 TRANSPORT

A1l of the candidate acid deposition models, except the CCADM, use the
wind at the plume centeriine to advect the puff or plume. The CCADM
relies on user input for its trajectory definition. The analysis of
transport as a function of height (Section 3.1) indicates that the
resultant trajectory in complex terrain is very dependent on the height of
the air parcel above the ground. The differences in trajectories at dif-
ferent heights were magnified by the stagnant conditions that existed in
the evaluation tests; however, those tests did verify that defining tra-
jectories in complex terrain is very uncertain.

Use of the wind at the plume centerline is consistent with an actual simu-
lated air parcel trajectory at some height and with the formulation of the
new Rocky Mountain Lagrangian acid deposition model. The use of a verti-
cally vector averaged wind for advecting a puff through complex terrain
may result in an impossible trajectory if sufficient wind shear exists.

In the formulation of the Rocky Mountain acid deposition model considera-
tions are given for the future implementation of allowing vertical shear-
ing of the Lagrangian puffs when decoupled flow conditions exist. How-
ever, for this initial version of the Rocky Mountain model, the Lagrangian
puff is advected as a cohesive unit.
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5.2 DISPERSION

Of the four candidate models, the MELSAR-POLUT parameterization of disper-
sfon includes the most complete description of diffusion over complex ter-
rain (see Appendix A in Morris and Kessler, 1987; or Allwine and Whiteman,
1985). Thus the MELSAR-POLUT dispersion algorithm has been implemented

in the new Rocky Mountain model. The performance evaluation of this

algorithm showed that it reacts as expected to changes in terrain rough-
ness (see Section 3.2).

Since the Rocky Mountain model is intended to be used for the calculation
of impacts as part of the PSD permitting process, the user should have the
option of calculating dispersion in a manner similiar to EPA-approved
models. Thus, the MESOPUFF-II dispersion algorithms have also been
implemented in the Rocky Mountain model. The MESOPUFF-II parameterization
of the o, and o, curves attempts to duplicate the values suggested by Pas-
quill, Gifford and Turner (Turner 1970), which are used in most EPA-
approved models.

5.3 CHEMICAL TRANSFORMATION

Of the candidate models, the CCADM contains the most comprehensive chemis-
try module. However, the computational requirements of CCADM and the
model's need for an ambient field of background concentrations preclude
its use in the Rocky Mountain acid deposition model. In the evaluations
of the parameterized pseudo-first-order chemistry mechanisms used in the
MESOPUFF-II and RIVAD (see Section 3.3), the RIVAD chemistry responded as
expected to changes in environmental and concentration conditions. The
MESOPUFF-1I oxidation rates were totally insensitive to changes in tem-
peratures, which may be important in the higher elevations of the Rocky
Mountains. In addition, the MESOPUFF-II chemical mechanisms appear to be
designed for the urban or polluted atmosphere of the East Coast. The
RIVAD model has been applied to the western states, including the Rocky
Mountains, and evaluation of the model's performance shows quite good
agreement between the predicted and observed ambient concentrations.

Thus, the RIVAD chemical mechanism has been implemented in the Rocky Moun-
tain model. In order to give the user other options for chemical trans-
formation, the MESOPUFF-II theoretical chemical mechanism has also been
implemented in the Rocky Mountain model as an option.

The modular design of the Rocky Mountain model will easily allow the

insertion of new chemical mechanisms as they become available. Future
mechanisms could be developed for the Rocky Mountain region by exercising
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a model with a sophisticated chemical kinetic mechnism, such as the RADM
or CCADM, and parameterizing the chemical reaction rates in terms of a
look-up table, as is done in the RTM-IINL, or through regression equa-
tions. 1In addition, when the engineering version of the RADM becomes

available, the chemical mechanism therein may be appropriate for the Rocky
Mountain model.

5.4 DRY DEPOSITION

The preferred approach for the modeling of dry deposition involves the
resistance concept. The deposition velocities produced by the two candi-
date models that use the resistance approach, the MESOPUFF-II and the
CCADM, were compared and evaluated (see Section 3.4). The deposition
velocities calculated by these models were generally consistent with
available measurements; notable exceptions were the deposition velocities
for the aerosol species (sulfates and nitrates) calculated by the
MESOPUFF-I11, and the deposition velocity for NOZ over water produced by
the CCADM. The CCADM calculates an areal average deposition velocity over
the region occupied by the plume, while the MESOPUFF-II bases its deposi-
tion velocity on to a single land use category located at the puff's
center. Thus it seems more appropriate to use the CCADM dry deposition
module within the Rocky Mountain acid deposition model. The CCADM dry
deposition algorithm is also the one most 1ike the parameterization in
RADM. The CCADM algorithm was extended to include dry deposition of
pollutants over snow. In addition, the surface resistance of NO, over
water has been increased. This modified version of the CCADM has been
implemented in the Rocky Mountain model.

5.5 WET DEPOSITION

Evaluation of the wet deposition algorithms (see Section 3.5) shows that
the MESOPUFF-II scavenging coefficient approach is the most flexible and
consistent with the Lagrangian puff formulation of the Rocky Mountain
model. The ability to easily incorporate the different scavenging
characteristics of liquid versus frozen precipitation is especially
important in the high elevation regions of the Rocky Mountains. Thus wet
scavenging within the Rocky Mountain model is parameterized in terms of
the scavenging coefficient approach. As new scavenging ratios are
reported in the literature, they can be easily incorporated in the model.

5.6  SUMMARY

The acid deposition/air quality module of the Rocky Mountain model incor-
porates the most appropriate and scientifically sound components of the
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candidate acid deposition models. The model uses the Lagrangian puff
model formulation and parameterizes the major processes as follows:

Transport--uses the wind vector from the new diagnostic wind model at
the plume centeriine height above ground.

Dispersion--uses the MELSAR-POLUT complex terrain dispersion formulas
with the MESOPUFF-II parameterization of the PGT disperiosn curves
also implemented as an option.

Chemical Transformation--uses the RIVAD peusdo first-order chemical
reaction rate mechanism; the MESOPUFF-II theoretical rate expressions
are implemented in the model as an optional mechanism.

Dry Deposition--uses the CCADM resistence approach with the cell-
averaging procedure currently implemented in the RADM,

Wet Deposition--uses the scavenging coefficient approach as used in
the MESOPUFF-II model.
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6  SUMMARY AND RECOMMENDATIONS

A new hybrid mesoscale acid deposition/air quality model has been designed
specifically for calculating incremental impacts of deposition of nitrogen
and sulfur species and concentrations of PSD pollutants in the complex
terrain region of the Rocky Mountains. The modeling system contains two
principal components: a mesoscale meteorological model and an acid depo-
sition/air quality model. The formulation of the new model combines the
most technically advanced components of existing candidate mesoscale
meteorological and acid deposition models that are consistent with the
overall design of the modeling system. The selection of the candidate
models and a preliminary evaluation was presented in a previous report
(Morris and Kessler, 1987). The overall design of the modeling system was
guided by the recommendations of the potential users represented by the
members of the Western Acid Deposition Task Force.

A preliminary evaluation of the modeling system was conducted. The new
Diagnostic Wind Model (DWM) was evaluated using a hypothetical terrain
obstacle, terrain from the Rocky Mountains, a complex terrain/coastal
environment with a dense observational network, and within a large valiey;
finally, the DWM predictions were compared with observations from the
Rocky Mountains. These evaluations of the new DWM illustrated the flexi-
bility of the DWM in simulating air flows over a variety of complex-
terrain configurations in areas with and without observations.

The acid deposition/air quality component of the hybrid modeling system
was evaluated by evaluating the individual modules and components that
comprise the model.

Although the hybrid modeling system was constructed by using state-of-the-
art components from existing models, the modeling system was designed to
be flexible and easily expanded. Instead of selecting a single component
for insertion into the modeling system, the model was configured with
several options to treat major processes, such as transport, dispersion,
and chemical transformation. In addition, as our understanding of these
processes increases, the insertion of new modules into the modeling system
can be easily accomplished.
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The delivery of the initial version of the model is scheduled for the end
of 1987. Along with the model code, a user's guide and a document
describing the technical formulation of the modeling system is also
scheduled for delivery. Other documents under development as part of the
Rocky Mountain Model Assessment Project are a protocol for evaluating the

performance of the new modeling system and a report describing the evalua-
tion.

The performance evaluation of the new model is required in order to have
confidence in the model predictions and identify any areas of the modeling
system that need improvement. In particular, it must be demonstrated that
the model adequately predicts source-receptor relationships of acid depo-
sition in complex terrain. Unfortunately, there are currently no data
bases for the evaluation of acid deposition source-receptor relation-
ships. The best data bases available for evaluation source-receptor rela-
tionships consist of several tracer experiments. The model evaluation
protocol will contain a review of all pertinent tracer data bases avail-
able for evaluating the new Rocky Mountain model and will select a few for
the evaluation. In addition, the protocol will also recommmend ways in

which the new model's ability to predict acid deposition impacts can be
evaluated.
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APPENDIX

Dry deposition velocities (cm/s) predicted by the MESOPUFF-II and the
CCADM for

Sulfur dioxide (S0,)
Sulfate (SO4)

NO, (NO,)

Nitric Acid (HNO3)
Nitrate (NOj3)
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Surface Wind Speed (m/s)

NO3 Deposition Velocities (cm/s) for METROPOLITAN CITY Land Use Type.
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