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ABSTRACT

The Complex Terrain Model Development (CTMD) project has met its
original objectives of producing an atmospheric dispersion model
appropriate for regulatory agency application to elevated sources of
air pollutants located in mountainous terrain settings. The model
development effort has focused on predicting concentrations. during
stable atmospheric conditions.

The program, initiated in June 1980, has involved the performance
of 4 major field experiments which produced a wealth of data for model
development and verification purposes. The first experiment, held at
Cinder Cone Butte (CCB) in Idaho, involved the extensive use of a
mobile release system to provide a high capture rate of ground-level
concentrations resulting from elevated plumes flowing toward the
butte. The second experiment, at Hogback Ridge (HBR) near Farmington,
New Mexico, featured a very long ridge that provided a site for
testing the importance of terrain aspect ratio on the flow dynamics.
The final field experiments were held at the Tracy Power Plant (TTP)
near Reno, Nevada. This Full Scale Plume Study (FSPS) provided a
large-scale test of the modeling concepts developed. Data were also
obtained from a series of fluid modeling studies performed at EPA's
Fluid Modeling Facility. These tests provided confirmation of some of
the basic theoretical principles adopted in the modeling effort and
provided information on plume behavior as a function of systematic
changes in terrain shapes, release heights and distances to terrain
objects.

The Complex Terrain Dispersion Model (CTDM), fully described in
this report, is an advanced Gaussian model that uses a flow algorithm
to provide terrain-induced plume trajectory and deformation
information. CTDM is suitable for regulatory use, but it requires
substantially more information on terrain and local meteorology than
complex terrain screening models. With simpler data bases, it
demonstrates degraded performance.

The model evaluation effort concentrated first on the use of
field data collected within this program. Subsequent tests were made
with two other data sets obtained from SO; monitoring networks near
a large paper mill and a large power plant, both located in complex
terrain. Statistical performance results of CTDM were compared with
those of other complex terrain models of current regulatory interest
or use. The model evaluation demonstrates that CTDM has superior
performance in the majority of tests and has consistently good
performance among all the sites. The statistical performance of CTDM
in complex terrain settings is shown to be comparable to the
performance of EPA's current refined flat terrain models in simple
terrain settings.
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Tov Terrain effect factor equal to ratio of oy/gyg

Tow Terrain effect factor equal to ratio of ogy/oy,

u Scalar wind speed, along-flow component (m/sec)
ux Friction velocity, m/sec.

ug Geostrophic wind speed, m/sec
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Elliptical coordinates
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Elliptical coordinates of the point where wind speed
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Stability correction for wind profile formulation in
the surface layer

Stream function through the source
Initial unperturbed fluid density in Boussinesq flow

Generic representation of either gy or o, due
to ambient turbulence, m

dy, oz due to buoyancy-enhanced dispersion, m
Oy, Oz due to source-induced turbulence, m
Standard deviation of wind direction, degrees

Standard deviation of the crosswind component of the
wind speed, m/sec. '

Value of oy at s, (flat terrain value)

Standard deviation of vertical wind speed, m/sec.
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9za o, due to ambient turbulence, accounting for
terrain-influenced changes in turbulence parameters, m

Ize Effective oz, accounting for effect of strain in
the flow over terrain om vertical diffusion

€ Surface potential temperature (at z=0). °X

O Mean potential temperature of the mixed layer, °K
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SECTION 1
INTRODUCTION

The Complex Terrain Model Development (CTMD) project, 'sponsored
by the U.S. Environmental Protection Agency (EPA), was initiated in
1980. 1Its purpose is to develop, evaluate, and refine practical plume
models for calculating ground-level air pollutant concentrations that
result from elevated emission sources located in complex terrain
(i.e., terrain which rises to heights well above expected plume
levels). The primary objective of the project is to develop models to
simulate l-hour average concentrations during stable atmospheric
conditions.

These models are to be used in a wide variety of applications,
such as the siting of new energy development facilities and other
sources of air pollution, regulatory decision making, and
environmental planning. Therefore, the models should be easy to
understand and use, with known accuracy and limitationms.

The objectives of the program were described by Holzworth (1980)
and generally follow the recommendations of the participants of the
EPA-sponsored workshop to consider the issues and problems of-
simulating air pollutant dispersion in. complex terrain (Hovind et al.
1979). The program was subsequently designed to include model
development efforts based on physical modeling, field experiments, and
theoretical work.

Four major CTMD field experiments have been completed during the
last seven years to collect data for development and evaluation of
various modeling approaches. The first field experiment, the. Small
Hill Impaction Study No. 1 (SHIS #l), was conducted during the fall of
1980 at Cinder Cone Butte (CCB). Idaho. GCCB is a roughly
axisymmetric, isolated and approximately 100-m tall hill located in
the broad Snake River Basin near Boise, Idaho. The second field
experiment, SHIS #2, was performed during October 1982 at the Hogback
Ridge (HBR) near Farmington, New Mexico. HBR is a long, 90-m tall
ridge located on the Colorado Plateau near the western slopes of the
San Juan Mountains. Both small hill studies consisted of flow
visualization and tracer experiments conducted during stable flow
conditions with supporting meteorological, lidar, and photographic
measurements. At these sites, the tracer gases were released from
mobile cranes or a tower.

The third and fourth field experiments were conducted at the
Tracy Power Plant (TPP) located in the Truckee River Valley east of
the Reno, Nevada.. The third experiment, performed in November 1983,
was undertaken as a feasibility and design study for the Full Scale



Plume Study (FSPS). It was co-sponsored by the Electric Power
Research Institute (EPRI). The November experiment not only
demonstrated the feasibility of conducting the FSPS at the TPP, but
with the expanded scope made possible by EPRI's participation, it also
produced a data base that itself is useful for modeling purposes. The
FSPS was subsequently performed at Tracy in August 1984,

The data bases compiled from the CCB, HBR, and the FSPS
experiments are available from the EPA Project Officer. The data
bases compiled from each of the experiments include the following
components:

-
° Source information: emission rates, locations, and heights
of SFg, CF3Br, and oil-fog releases.

° Meteorological data: measurements of the approach flow as
well as information on flow and dispersion near the
terrain.

° Tracer gas concentrations: data from more than 50,000

individual samples collected during the experiments from as
many as 100 sampler locations in each experiment.

° Lidar data (archived at the Wave Propagation Laboratory):
sections across the plume characterizing the trajectory and
growth of the plume upwind of, interacting with, and
gsometimes in the lee of, key terrain features.

° Photographic data: still photographs taken from fixed
locations, aerial photographs taken at CCB and Tracy from an
aircraft flying overhead, and (occasional) 16-mm and 8-mm
movies and videotapes.

During the course of the CTMD project, five Milestone Reports
(Lavery et al. 1982, Strimaitis et al. 1983, Lavery et al. 1983,
Strimaitis et al. 1985, and DiCristofaro, et al. 1986) have been
published. These reports, which are available from EPA, describe the
progress in developing and evaluating complex terrain models using the
CCB, HBR, and TPP data bases. They also describe in detail the two
small hill studies, the November 1983 Tracy study, the FSPS, and a
series of towing tank and wind tunnel studies performed at the EPA
Fluid Modeling Facility (FMF) in support of the modeling.

A preliminary partially validated model was delivered to the
Project Officer in October 1985. A workshop was held in February 1986
to present to the scientific community results from the field
experiments, model development activities, and related work done both
within and outside the CTMD project and to obtain feedback from users
working with the preliminary model.

This final report provides a brief overview of the program and
discusses the major accomplishments with respect to the model
development and validation efforts since the Fifth Milestone Report.
A detailed description of the final version of CTDM is provided in



Section 3. CTDM now contains a flow model which computes the
deflection experienced by a streamline passing through a given point
over the hill. The model uses a "backwards-looking"” solution of
linearized equations of motion of a steady-state Boussinesq flow. The
deflection calculation provides a more realistic and theoretically
satisfying method for estimating the distance between plume
centerlines and terrain surfaces and for estimating the distortion of
plume shape associated with streamline spacing changes. Appendix A
provides additional details of the algorithm.

The evaluation of CTDM with field data is described in
Section 4. The development of CTDM was guided by the findings and
observations from the field experiments conducted as part of this
project at CCB, HBR and TPP (FSPS). These programs were designed
specifically to gather the meteorological information, observations
and ground level concentration data needed for the model development
effort. CTDM and several other models of regulatory interest were
tested with the same data sets. 1In addition, CTDM was tested against
two other data sets from studies at the Westvaco paper mill at Luke,
Maryland and at the Tennessee Valley Authority's Widow's Creek Steam
Plant. The data sets from these monitoring programs provide an
independent means of evaluating the models. Although the
meteorological and ground-level concentration data were not as
extensive as that collected at the field sites, full years of data are
available. The results of these tests are also presented in Section 4.

CTDM was also subjected to a series of sensitivity tests which
are reported on in Section 5. These tests largely emanated from
recommendations received at the CTDM workshop held in February 1986.
The analyses focus on the effect that variations in measured or
predicted quantities would have on the terrain effect in CTIDM. The
terrain effect is defined as the ratio of the predicted peak
ground-level concentration to the concentrations at the plume
centerline for the same travel time. This measure of sensitivity is
appropriate for the intended use of the model as it focuses attention
to the magnitude of predicted concentrations rather than to changes in
the location of the peak values.

Limitations to the use and applicability of CTDM are addressed in
Section 6 of this report. The specific guidance emerges in part from
the results of the evaluation and sensitivity test efforts and also
from recognizing that testing of the model has not subjected it to all
of the important terrain obstacle shapes and configurations which may
be encountered. The limitations must be placed in the context of
implicit or explicit limitations applicable to EPA's prior complex
terrain modeling techniques.

Finally, a series of conclusions and recommendations which emerge
from this model development effort are presented in Section 7.
Appendices to the report include a paper on the flow model,
statistical results from the model evaluation efforts and a document
describing the contributions made to the CTMD program by EPA's Fluid
Modeling Facility.



SECTION 2
OVERVIEW OF THE CTIMD PROGRAM

2.1 Background and Overall Program Plan

The CTMD program was initiated by EPA in response to
long-standing controversies in the technical and regulatory
communities over the lack of reliable methods for predicting air
quality concentrations in regions of mountainous or complex terrain.
Of particular concern was the absence of a verified dispersion model
for predicting ambient air concentrations during stable atmospheric
conditions, the conditions expected to give rise to the highest
short-term concentrations. EPA had employed "screening” models (most
notably, the Valley model (Burt, 1977)) which were known to be
strongly biased toward overprediction in high terrain areas, but EPA
guidance did not recommend a "refined” model for use in such
settings. It was recognized that a major data collection and model
development effort would be required to develop such a capability.

EPA convened a workshop (Hovind et al., 1979) of specialists in
field measurement programs, fluid modeling and mathematical modeling
for purposes of helping to define the specific elements of such a
program. The workshop report recommended that a two-phased field
program be initiated with a first phase being performed at an isolated
and relatively small terrain feature of simple geometric shape. This
hill would be heavily instrumented and studied at relatively small
cost and the tracer release and sampling program would be capable of
being altered in response to different meteorological conditions. A
second phase field program would involve a "full-scale” site and
increased topographic complexity. An underlying concept was that the
dynamics of an elevated plume's interaction with a terrain feature
could be studied at smaller hills, whereas the effects of larger scale
meteorological flows on transporting plumes toward high terrain would
be better studied at large terrain shapes. 1In accordance with the
above concept, the workshop report also suggested the complementary
use of physical or fluid-modeling facilities to investigate the flow

dynamics involved in a systematic way with scaled-down models of
terrain features.

Mathematical model development was an essential, organizing
component of the proposed program because the ultimate product was to
be a model for regulatory use. The workshop recommended reliance upon
Gaussian-based or "K-Theory"” models because of their conceptual
simplicity and ease of use. Holzworth (1980) stated the overall need
succintly as "the production of a useful model (or models) with
demonstrated reliability and prescribed applicability.”



The program was to focus on understanding the impact during
stable atmospheric conditions and for one-hour averaging periods. EPA
developed a request for proposals for the effort and awarded the
contract for the Complex Terrain Model Development program to ERT in
June, 1980. A parallel and complementary fluid modeling effort was
also expanded upon at the EPA Fluid Modeling Facility (FMF). Scale
model experiments were to be performed on a variety of terrain shapes
including that of the first field experiment site at Cinder Cone Butte
in Idaho.

The components of the CTMD program and the progress made are
well-detailed 3nd documented in a number of reports. In particular,
five Milestone Reports* were written during the course of the program
which describe in detail the model development efforts, the field
experiments, the data gathering and interpretation efforts, and the
model evaluation efforts performed during thé course of this program.

These reports also contain, as appendices, relevant contributions
from EPA's Fluid Modeling Facility efforts. In addition, separate
documents (Greene and Heisler, 1982; Greene, 1985; and Greene, 1986),
describe the quality assurance aspects of various components of the
program. Another document (Lavery et al., 1986) summarizes the
results of a workshop held with users of an early version of the
Complex Terrain Dispersion Model (CTDM). In addition, a number of
other reports relating to this effort have been produced by members of
EPA's FMF and will be referenced as appropriate.

The remaining portions of this section describe the program
components and also identify specific documents containing more
detailed information about these components.

2.2 Field Program
2.2.1 Goals and Design

A program to gather high quality and relevant data from field
experiments was an essential element of the overall study. The
measurements desired were driven by the needs of the model development
effort. 1In accordance with EPA's conceptual plan, the first field
experiment was.held in the fall of 1980 at Cinder Cone Butte (CCB)
near Boise, Idaho. This volcanic hill stands about 100 m high and has
a nearly circular base about 1 kilometer in diameter. Set in a broad
section of the Snake River valley, CCB is an isolated feature
surrounded by relatively flat terrain for tens of kilometers.
Meteorological data showed that stable drainage flows occurred on a
relatively routine basis at night, but there was moderate variability
in wind direction, probably associated with the broadness of the
valley. The field program design had at its core several concepts:

*In the following discussion, these milestone reports will be referred
to as the First, Second, etc. Milestone Reports; they are formally
referenced in Section 1.



(1) two different tracer gases would be released from a mobile crane
at a variety of heights relative to terrain and the critical dividing
streamline heights. The crane would be capable of being moved to
different positions upwind of the butte in accordance with predicted
wind directions, (2) tracer gas concentrations would be obtained at
approximately 90 locations on or around the butte (with sampling time
periods of one hour or less), (3) dense smoke releases would allow
photographic and lidar documentation of plume behavior, and

(4) extensive measurement of meteorological variables of importance to
the model development effort would be made with both fixed and remote
sensing instrumentation.

Because of the emphasis on understanding the flow dynamics under
stable atmospheric conditions, the field experiments were generally
begun in the evening and continued until after daybreak. Weather
forecasting and on-site monitoring of meteorological conditions were
relied upon to set the initial locations of the cranes releasing the
smoke and tracer gases. Participants at the experiments at CCB were:
ERT (overall project management); Western Scientific Services, Inc.
(fixed meteorological data collection); North American Weather
Consultants (smoke and tracer releases, tracer data collection,
photography and mobile meteorology); NOAA Wave Propagation Laboratory
(lidar systems); and TRC, Inc. (independent data audits).

The First Milestone Report provides a detailed description of the
first field experiment configurations at CCB including a discussion of
the quality assurance program.

The second field experiment took place at Hogback Ridge (HBR)
near Farmington, New Mexico in October 1982. This ridge was chosen
because it represents a more-or-less. two-dimensional terrain feature,
having a height of about 85 meters, but extending several kilometers
to either side of the experiment site. An important modeling issue
which needed resolution was the importance of aspect ratio (of length
to height) to plume trajectory behavior. Also needed was an
understanding of how plumes would be transported under stable,
"blocking” conditions upwind of nearly two-dimensional terrain
features. The experimental setup at HBR was similar to that
established at CCB, but included an additional capability for
releasing tracer gases from different levels of a 150-m tower.
Approximately 125 tracer gas samplers were set out for each
experiment, concentrating the coverage in the upwind and downwind
sides of the ridge nearest the tracer releases, but also providing
samplers at considerable distances along the ridge axis.

The NOAA ARLFRD (Air Resources Laboratory Field Research
Division) was responsible for the tracer gas releases, sampling and
analyses, the smoke visualization and the telemetry and meteorological
data archive and display systems for this experiment.
Morrison-Knudsen was responsible for the photographic program. The
NOAA WPL performed lidar measurements and contributed additional
meteorological instrumentation to the program. The HBR field
experiment design is described in the Third Milestone Report.



The final field experiments were conducted at the Tracy Power
Plant (TPP) near Reno, Nevada. A feasibility study was conducted at
the site in November 1983 and the Full Scale Plume Study (FSPS) took
place in August 1984. The TPP is located in the Truckee River Valley
and has a 9l1l.4-meter stack. WNocturnal drainage winds were shown to
routinely transport plumes toward the east. Mountain peaks rise to
several times stack and expected plume heights in the down-valley wind
direction. The site was chosen to test the concepts and preliminary
models developed on the basis of findings from the two prior field
experiment sites. The feasibility study conducted in 1983 was
co-sponsored by EPA and the Electric Power Research Institute. ERT
erected and instrumented the 150-m tower on site. Almost all of the
planned tests for the FSPS were performed. The data collected showed
that the TPP plume would interact with high terrain, especially near a
bend in the valley, down-valley of the plant. The tracer gas release
and measurement systems were shown to work well. An airborme lidar
was added to the program and tested. Intermountain Film Productions
conducted the photographic program under the direction of ERT. EMSI
and TRC, Inc. provided the tracer gas sampling and on-site management,
respectively, for the EPRI-sponsored efforts.

The FSPS conducted in August 1984 continued with the use of two
tracer gases and extensive meteorological measurements. One-hour
samples of ground-level tracer gas concentrations were collected at
over 100 locations. Principal participants were ERT, NOAA/WPL, and
NOAA ARLFRD. Meteorological Standards Institute provided external
audits of instrumentation and Morrison-Knudsen collected the
photographic data. SRI International, under sponsorship of the EPRI,
made airborne lidar measurements. The design and results of the
preliminary field study at TPP are described in ERTI's Fourth Milestone
Report. A full description of the final FSPS is provided in ERT's
FPifth Milestone Report. A separate document (Eberhard, 1986)
describes the NOAA Wave Propagation Laboratory's contributions to all
of the CTMD field programs.

2.2.2 PField Program Results

The Modelers' Data Archives

Data collected at each of the field experiments were archived for
use in the model development and evaluation phases of this program and
for future use. Recognizing the difficulty others have had trying to
utilize raw data from large field experiments, ERT also developed
Modelers' Data Archives (MDA's) for each experiment. The MDA's are
subsets of the complete data sets which are thought to be of most use
to those involved in dispersion model development. The MDA's also
contain the data in an organized format providing greatly increased
ease-of-use. The MDA's for the CCB and HBR experiments are described
in the Third and Fourth Milestone Reports, respectively. The MDA for
the TPP experiment is described in a separate document (DiCristofaro,
1986). The MDA's have been made available to interested parties
through EPA's Terrain Effects Branch.

The raw data have been collected in a series of computer files
which are available on magnetic tape from the Terrain Effects Branch
of EPA. Three reports documenting these files (Truppi and Holzworth,
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1983; Truppi, 1985; and Truppi, 1986) have been prepared and are
available. 1In addition, these data files have been transferred to a
series of SAS™ data sets. They and a report describing them
(Truppi, 1987) are also available from the Terrain Effects Branch.

Field Program Findings

The field programs provided basic data on ground-level
concentrations as a function of source-hill geometries and
meteorological conditions. In addition, the flow visualization
through smoke releases and the photography program together with the
lidar measurements and observer notes provided other information on
the air flow dynamics encountered. Detailed descriptions of the
findings are a main component of the Milestone Reports. The First and
Second Milestone Reports discuss the findings of the CCB experiment.
The Third and Fourth Milestone Reports discuss the results of the HBR
experiment. The Fourth and Fifth Milestone Reports provide results
from the FSPS.

A progression of understanding emerged from these experiments.
Observations from CCB demonstrated the validity of the dividing
streamline concept or critical height, H., in simulating the flow
fields during stable atmospheric conditions. The critical height can
be defined in terms of the meteorological measurements of the wind
speed and temperature as a function of height. Tracers and smoke
released directly upwind of the hill and above H, were generally
obgserved to flow up and over the hill, in accordance with theory.
Plumes released below this height were generally observed to pass
around to the side of the hill, alse in accordance with theory.
Maximum ground-level concentrations at CCB were most commonly
associated with tracer gas releases near the calculated
dividing-streamline height.

At HBR, the dividing streamline concept also was shown to be
applicable, although the flow behavior below this height was different
from that observed at CCB. 1Im particular, at HBR, the lower portion
of the flow was "blocked” behaving as a relatively stagnant flow with
correspondingly low wind speeds. This occurs also in accordance with
theoretical considerations as the two-dimensionality of the ridge
shape offers only a very long path for the air to flow around to the
side. The largest concentrations observed at HBR occurred for
releases below H, and the magnitude of the concentrations
(normalized by release rate) were much larger than those observed at
CCB, or subsequently at the FSPS. Smoke and tracers released above
He were observed to flow over the ridge and resulted in peak
concentrations near the top or on the lee side.

Observations from the FSPS at the Tracy site showed both kinds of
behavior as well. There were portions of the flow which, when they
encountered high terrain away from the river valley walls, became
relatively stagnant as observed at HBR. Plumes embedded in
down-valley flows and enc¢ountering terrain obstacles protruding from
the valley side walls, on the other hand, exhibited an ability to lift



up and over the terrain or readily pass around the sides as seen at
CCB. In each case, H. for each hill proved to be a reliable
parameter for differentiating between these two regimes. Peak
concentrations at the FSPS were most often associated with releases
near the calculated dividing streamline heights.

2.3 Fluid Modeling Program

An integral part of the CTMD program from the beginning was the
efforts undertaken at EPA's Fluid Modeling Facility (FMF) at Research
Triangle Park, NC. Theoretical aspects of the phenomena associated
with interactions of stably-stratified atmospheric flow with terrain
obstacles suggested that scaled-down, fluid modeling experiments could
be used to investigate many of the fluid mechanical issues. The
implications of the dividing streamline concept, in particular, were
especially well-suited to the types of systematic investigations which
could be undertaken with wind tunnels and with stratified towing
tanks. Although the field experiments provide "real world,” "ground
truth” data on the relationship of ground-level concentrations to
emission rates, the results are specific to the field study
configuration and to the meteorological conditions encountered.
Through fluid modeling, one can investigate in a systematic and
reproducible manner, the effects of many geometric configuration or
flow parameter changes which would be virtually impossible and
prohibitively expensive through field experiments. A key
justification for reliance upon the fluid modeling results is a
demonstration that there is a correspondence between field
measurements and a physical model simulation of the field measurements.

Experiments at the FMF included simulations with models of CCB
and HBR and for conditions corresponding to some of the interesting
field experiments. Verification of the dividing streamline concept
was a central focus for experiments that included testing of the
effects of changes in release height and terrain shape. Another
series of experiments addressed the effects on maximum surface
concentrations of sources of different heights being placed upwind and
downwind of simply-shaped terrain obstacles. W. Snyder produced an
independent report summarizing the above and other contributions of
the FMP to the CTMD program. This report is self-standing and is
included in its entirety as Appendix H to this document.

2.4 Model Design for Regulatory Use

The CTMD program has an ultimate goal of providing a dispersion
model for routine use by the air pollution modeling community. CTDM
is to fill the need for a refined model for complex terrain settings
where terrain heights exceed the heights of the sources under review.
This goal provided specific guidance to the form of the model
development effort. First of all, the model had to be based upon
experimental data relevant to the kinds of meteorological and
topographical conditions of historic and expected future concern to
EPA. It was anticipated that many of the future regulatory permitting
requests would emerge from the Western USA. Past efforts had clearly



shown that conditions under nighttime stable meteorological conditions
were the most constraining for compliance with the short-term (l-hour,
3-hour, or 24-hour) National Ambient Air Quality Standards (NAAQS) or
Prevention of Significant Deterioration (PSD) increments.
Demonstrations of compliance with NAAQS and PSD increments require
that the very highest values expected from hour-by-hour sequential
modeling up to five years of meteorological data be used.

Practicality calls for the need for relatively cost-effective computer
code for such demonstrations. In effect, this constrained the program
from pursuing advanced numerical simulation techniques as a modeling
method and supported the concept of advancing Gaussian plume modeling
types of methods to meet the program's needs. There was also a
concern that more advanced techniques might not display improved
performance given the realities comstraining meteorological
measurement programs and inherent uncertainties associated with
atmospheric turbulent flows. Another concept influencing the design
of the dispersion model was that the model should be readily
understood and explainable to others who are affected by the results
of the model, but may have little background in theoretical fluid
mechanics. From this perspective, an approach based more on
analytical equations rather than on turbulence simulation methods was
preferred.

More specifics on the model development plan are presented in the
First and Second Milestone Reports. Subsequent Milestome Reports
describe improvements made to the model in the course of its
development. Section 3 describes the technical basis of the final
version of the CTDM in detail. Separate user‘s manuals have been
provided for those concerned with operating the model or the model
preprocessors.

2.5 Model Evaluation Program

The model development program called for use of findings from the
field experiments and the fluid modeling efforts in assisting with the
theoretical development of equations for the CTDM. In essence, this
took place in several stages. 1Initially, the confirmation of the
dividing streamline concept from the results from CCB contributed to
the development of separate models for addressing flows above and
below H.. A series of tests were made with these models and with
models being used at the time by EPA in its regulatory practice.
Results of these early comparisons are presented in the First
Milestone Report. Subsequent model evaluation efforts focused also on
case-study analyses of model predictions with observations for a large
number of the hours at each of the field sites. Results of these
analyses are presented in each of the subsequent Milestone Reports. A
preliminary version of the model was completed in October 1985 and was
provided to a number of interested groups for independent evaluation.
Representatives of these groups convened at a workshop in February
1986 to share the results of experiences with the model. The results,
especially those from some further fluid modeling tests, suggested
that additional modifications be made to CTDM which would incorporate

the growth of an internal boundary layer as the approach flow above
H, was influenced by the terrain.
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Upon completion of a "final” model, the model evaluation effort
focused on several existing data bases from SO; measurement programs
near large point sources in complex terrain settings. This effort is
described in Section 4 of this report and represents a "hands-off"
evaluation of the CTDM along with several other dispersion models of
regulatory interest. The results show CTDM to be superior to the
other models in its ability to produce concentration estimates that
are in better agreement with observations. In a broad sense, the
model evaluation effort also included tests quantifying the
sensitivity of the model predictions to changes in input parameters or
conditions. Model performance is shown to decline when degraded
meteorological data are used, as might be expected. The results of
the sensitivity tests are presented in Sections 4 and 5 of this
document.
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SECTION 3
DESCRIPTION OF THE COMPLEX TERRAIN DISPERSION MODEL (CTD?)

This section provides a detailed description of CTDM, including
its mathematical derivation. As an introduction to the model,
sub-section 3.1 explains in qualitative terms how the Gaussian plume
framework is modified to include the effects of terrain, and how the
modifications differ from adjustments made for terrain in models
presently used in regulatory applications. Sub-section 3.2 describes
the meteorological and terrain variables needed by the model, and how
these are obtained from the data provided by the meteorological and
terrain preprocessors. Finally, sub-section 3.3 contains the
derivation of the dispersion model formulations. Operational aspects
of CTDM and its preprocessors are discussed by Mills et al. (1987),
Paine (1987), and Paine et al. (1987).

3.1 Qualitative OQverview

CTIDM is a point-source Gaussian plume dispersion model designed
to estimate hourly-averaged concentrations of plume material at
receptors near an isolated hill or near a well-defined segment of ‘an
array of hills. The Gaussian plume model for simulating the
dispersion of pollutants from a continuous point-source describes a
plume by its average properties as a function of distance along the
flow downwind of the point of release. The concentration of material
in the plume is described by a Gaussian distribution in a plane
perpendicular to the flow. The vertical distribution in this plane
has a length scale denoted as sigma-z, and the lateral distribution
has a scale denoted as sigma-y. Complete reflection of the plume at
the ground assures that no plume material disappears from the
atmosphere. The concentration of plume material at any point downwind
of the source is determined by the size of the plume (sigma-y and
sigma-z}, the wind speed, the strength of the source, and the distance
of the sampling point from the axis of the plume. For example, if the
plume is narrow in the vertical (sigma-z is substantially less than
the height of the axis of the plume), the peak concentration is found
at the center of the plume. Sampling points away from the center
would record smaller concentrations. Over level ground, peak
ground-level concentrations are found when sigma-z is of the same
order as the height of the plume.

When a hill is present, the changed flow alters the way in which
plume material can reach the surface. Obviously, the path of the
plume can change as the flow spreads over or around the hill so that
there is a shift in the relative position of a receptor and the center
of the plume. There are also mechanisms for changing the rate at
which the material diffuses toward the surface, as well as allowing
the center of the plume to impinge on the surface of the hill. These
mechanisms are generally responsible for increasing peak
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concentrations expected on terrain beyond those concentrations that
would have been expected for the same meteorological conditions on
level terrain.

In the absence of stratification, all streamlines in the flow
pass over a hill. The centerline of a plume in this flow follows the
streamline that passes through the source of that plume. As the plume
grows in the vertical and horizontal directions (in the plane
perpendicular to the flow), plume material diffuses across adjacent
streamlines, eventually reaching the set of streamlines that marks the
surface of the terrain. Distortions in the flow which are induced by
the hill change the position and relative spacing of the streamlines
from their initial distribution over level terrain, and therefore
change the shape of the plume as it passes over the hill.

Ground-level concentrations (GLC's) of plume material also change, and
this happens in two ways. The first and most obvious change in the
GLC's is the shift in the distribution on the surface of the hill,
arising from the change in the shape of the plume. Typically, the
plume stretches in the horizontal as it passes over the crest of a
simple three-dimensional hill and. this stretching produces a wider
footprint over the hill. The second change in the GLC's is the change
in magnitude, arising from the effect of the distortion on the rate of
diffusion of plume material across streamlines. Typically, spacing
between streamlines is reduced in the vertical and expanded in the
horizontal, while the speed of the flow increases over the crest.
These changes tend to increase the diffusion in the vertical and
reduce it somewhat in the horizontal, thereby altering the magnitude
of the GLC's on the hill. If the diffusion were not altered by the
distortion in the flow, the peak GLC would not change from that
obtained' on level .terrain.

The nature of the flow changes dramatically when the flow is very
gstably stratified. A two-layer structure develops in which the flow
in the lower layer primarily deflects around the hill, while the flow
in the upper layer travels over the top of the hill. A critical
height H, defines the boundary of these two layers in CTDM. This
concept was suggested by theoretical arguments of Drazin (1961) and
Sheppard (1956) and was demonstrated through laboratory experiments by
Riley et al. (1976), Brighton (1978), Hunt and Snyder (1980), Snyder
et al. (1980), and Snyder and Hunt (1984). 1In the layer above H,,
the approach flow has sufficient kinetic energy to transport a fluid
parcel up and over the hill against the density gradient of the
ambient stratification. 1In the layer below H,, the approach flow
has insufficient kinetic energy to push the parcel over the hill, so
that the flow below H, is restricted to lie in a nearly horizontal
plane, allowing little motion in the vertical. Consequently, plume
material below H, travels along and around the terrain rather than
over it.

Above H,, the flow is similar to that just described above
although the degree of distortion depends on the stratification.
Below H,, the flow is approximated as an ideal, steady,
two-dimensional flow. Within this flow, only one streamline at each
elevation touches and follows the surface of a hill, and is referred
to as the stagnation streamline. Plume material reaches the surface
of the hill only if it reaches the stagnation streamline. If the

13



plume centerline lies along the stagnation streamline and if it also
lies below H,, the center of the plume impinges on the hill. But }f
it lies to one side of the stagnation streamline, the centerline will

pass to one side of the hill.

The position of H. and the stagnation streamline relative to
the centerline of the plume dominates the degree to which a hill in
stratified flow is able to alter the peak ground-level concentration
obtained in the absence of the hill. Figure 1 illustrates this. 1In
the model, the H, surface slices the plume into two pieces as the
hill is encountered. Plume material now residing below H. is sliced
once again by the stagnation streamline. Concentrations on the
surface of the hill above H, are determined by the cut made by the
H. surface because this now coincides with the bottom of the plume,
which is in contact with the surface of the hill. Concentrations on
the surface of the hill below H; are determined by the cut made by
the plane of the stagnation streamlines because this cut coincides
with the sides of the plume segments that are in contact with the
surface of the hill. As illustrated, receptors on the hill record
concentrations that are much nearer the center of the plume than do
receptors in the absence of the hill. Figures 2 and 3 provide
further insight into how the plume is modeled in CTDM.

Figure 2 addresses plume material above H,. The upper portion
illustrates what the plume may actually look like in vertical
cross-section as it travels along the surface. Material below H, is
removed at s,, and the remaining material is distorted in the flow
and reflected from the surface of the hill. The size of the plume in
the vertical at s depends on the amount of distortion in the shape of
the plume as well as the amount of additional growth of the plume
caused by changes to the rate of diffusion. The lower portion of
Figure 2 illustrates how the model actually treats the plume.
Reflection of plume material from the surface z=0 is allowed from the
source to s,, and reflection of plume material above H, is allowed
from the surface z-H, beyond s,. Furthermore, the distortion in
the flow (and the plume) beyond s, is scaled out, leaving only the
effect of the distortion on the diffusivity in what is termed the
effective sigma-z (oze). As illustrated, oo exceeds o,
the plume size in the absence of the hill, because the diffusion in
the vertical across streamlines is increased by the contraction in the
vertical spacing of the streamlines.

Figure 3 addresses plume material below He. The diagram on the
left illustrates the plume in horizontal cross- section as it splits
and flows around a hill. 1In this case, plume material has crossed the
stagnation streamline before the hill is encountered, so plume
material is found on both sides of the hill. Onece the plume wraps
around the leading edge of the hill, the stagnation streamline (which
forms the boundary of the hill) becomes a reflecting surface in
addition to the plane z=0, and material cannot diffuse from the
segment of the plume on one side of the hill to the segment on the
other side of the hill. The diagram on the right side of Figure 3
illustrates how the model treats this flow. The actual surface of the
hill is replaced by a line in the plume which corresponds to the
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stagnation streamline cut in Figure 1. All distortion is scaled out
as was done for the flow above H., but the effect of the distortion

on lateral diffusion is ignored as a second order effect. The lateral
position of all receptors below H. essentially collapses onto the
stagnation streamline, as depicted by the points labeled A and B, so
that each is the same distance from the plume centerline. However,
concentrations along one side of the line differ from those on the
other side because diffusion through the line is not allowed.

Adjusting receptor positions while keeping the trajectory of the
plume a straight line simplifies the mathematics of CTDM a great
deal. Rather than keeping track of the actual boundary of a hill and
the deformed trajectory of each of the segments of the plume as in the
left portion of Figure 3, concentrations are computed at receptor
points A and B for a plume geometry like that of the right portion of
Figure 3, which is only slightly more complicated than that for flat
terrain. A similar adjustment of receptor positions is employed for
receptors above H., as illustrated in Figure 4. The upper portion
of the figure shows how a plume in the flow above H, distorts over a
hill as viewed from above. Three streamlines are marked, the
centerline of the plume, and streamlines passing through receptors A
and B. When the deflection of each streamline is removed, and the
distortion in the plume is scaled out, an equivalent plume-receptor
geometry is obtained, as illustrated in the lower portion of the
figure.

Many of the concepts contained in CTDM are not present in complex
terrain screening models currently in use for tegulatory assessments.
Partitioning of plume material about H; in the vertical and about
the stagnation streamline in the horizontal is unique to CTDM. This
partitioning is fundamental to describing the transport of plume
material in the flow field around hills. Furthermore, the treatment
of the effect of the hill on the dispersion process for material above
H, avoids the use of the plume height correction factor found in
other models. This factor is typically applied as a function of
stability and receptor height only. and it leads to an inconsistent
treatment of reflection of plume material from the lower boundary.
Essentially, the height of the plume above the ground is constant all
of the way from the source to a receptor, but this height varies from
receptor to receptor. Hence, adjacent receptors at unequal terrain
elevations are modeled with two very different plumes. If an
impingement computation is invoked, this treatment produces a
‘concentration equal to twice that at the center of the plume in the
absence of terrain. 1In CTDM, the impingement concentration is equal
to that at the center of the plume.

The method used to specify the rate of plume growth also differs
from the other models. Both oy and o, functions depend on the
turbulence intensity, rather tﬁan stability class. 1In the case of
gz, the function describing the rate of growth with time also
depends on the scale of the mixing processes, which depends on the
elevation of the plume above the sucface, and on the stratification
and turbulence near this elevation. 1In contrast, the other models
incorporate a fixed rate-of-growth function for each stability class,
and do not contain the influence of processes at plume height.
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3.2 Use of Meteorological and Terrain Information

The preprocessors for meteorological data and terrain data
provide CTDM with the information needed to compute concentrations,
but several assumptions are made within the model to convert this
information into specifie variables used in the computations. This
subsection describes those assumptions.

3.2.1 Meteorological Data

The meteorological preprocessor provides CTDM with meteorological
data at several heights above the ground (corresponding to measurement
heights), and it also provides CTDM with surface boundary layer
parameters which allow the model to compute profiles of wind,
temperature, and turbulence within the surface layer, when needed.
Whenever CTDM needs meteorological data at a certain elevation, linear
interpolation between measurement levels is employed. TIf the
elevation exceeds the uppermost measurement level, the measurements at
the uppermost level are used if this height is above the mixing
height; otherwise the value at the uppermost height is scaled upward.

The most extensive use of the profile data is made in the course
of computing the dividing streamline height H. and the Froude number
for the flow above H.. H, is computed for each hill by locating
the lowest height at which the kinetic energy of the approach flow
Jjust balances the potential energy attained in elevating a fluid
parcel from this height to the top of the hill. The statement that
defines this balance is:

N =

uz(Hc) =y M 8%(2) (H-2) dz (1)
c

where u(H,) is the wind speed at z = H., H is the elevation of the
top of the hill, and N(z) is the Brunt-Vaisala frequency at height z.
In practice, the value of H. is obtained by rewriting the integral
on the right-hand side (RHS) of Equation 1 as a series of sums over
layers of constant N. For each layer, say the ith layer,

Z

RHSi= z. ! N
i-1

2

2 (-2)dz = uf (B-z,.) (z,- z, ). (2)

-1

where zp; denotes the mean height of the layer, 0.5 (z3 + z3_7).

The layer that contains H, is found by comparing the LHS of Equation
1 at each measurement height with the accumulated RHS; for all of
the layers between that measurement height and the top of the hill.
If the LHS exceeds the accumulated RHS;, then H, must lie below

that measurement level, and so the process is repeated until the
lowest level is found for which the LHS becomes less than the RHS.
This then identifies the layer that contains He.
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He. is computed within this layer by assuming that the wind
speed follows a linear profile. Denote this as layer j, where the
elevations at the top and bottom of the layer are zj and zj_3,
respectively. Denote u(z) in the layer as

u(z) =a, +b, z
J J
then equation 1 becomes

1 2 .2
2 (85 + by H)® = WL (H - 1/2[z, + H 1) (z; - H) + I RHS, (3)

where the last term, I RHS;, denotes a sum of the RHS; of all
layers between z; and the top of the hill. Equation 3 is quadratic
in H,, and is readily solved for H,.

Once H, is computed for a hill, the Froude number above H, is
computed as

u /N
m m

H-H
c

Fr = (4)

where u, and N, are average values over a layer of depth 1.5
(H-H.), above H,. This Froude number characterizes the degree of
stratification of the flow above H,. Note that N, is computed
from the temperature difference across the layer.

The wind speed shear in the flow above H, is computed between
the plume height and H,. However, if the plume height less H; is
less than one tenth of the hill height, the shear is computed between
the top of the hill and H,. This wind speed shear is used in
computing the flow over the hill (see Section 3.3.6).

3.2.2 Terrain Data

The terrain preprocessor provides CTDM with the location, size,
shape, and orientation of each hill or segment of a hill identified by
the user. This information is tabulated as a series of ellipses which
make up a family of horizontal cross-sections of the hill, and a
series of variables describing inverse polynomial (bell-shaped)
profiles which approximate the portion of the hill above each of the
ellipses.

For non-zero H,, CTDM uses an ellipse to characterize the shape
of the hill below H,. The ellipse used for plume material below
He is found at the minimum of H, and the height of the plume. The
center of this ellipse, its orientation, and the axis lengths are
obtained by linear interpolation between the ellipses provided by the
preprocessor at elevations above and below the target elevation.
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Above H., CTDM uses the orientation, height, and length scales
of the inverse polynomial shape used to approximate the portion of the
hill that lies above the elevation of H.,. However, the current
version of CTDM assumes a Gaussian shape in the formulation of the
flow algorithm rather than the inverse polynomial function. To
convert from the inverse polynomial description to the Gaussian
description, the length scale used in the former shape is divided by
V.75 to convert it to the length scale of the Gaussian shape.

This factor had actually been derived to convert from an inverse
polynomial shape to an equivalent elliptical shape used in an earlier
version of the model. The length scale in the inverse polynomial
description is the half-length of the hill at one-half of the height
of the hill. By demanding that the equivalent ellipse shape coincide
with this profile at the top of the hill and at the point at half of
the height (See Figure 5), the length of the axis of the ellipse is
found to be equal to the length scale at half of the height divided by
v.75. For the Gaussian profile, the length scale is half the length
of the hill at an elevation of 1l/e of the height of the hill. This
length scale is approximately 4% less than the axis length of the
ellipse (conversion factor = v.693), so the earlier conversion
factor was retained.

3.3 Derivation of Concentration Equations
3.3.1 Plume Rise Calculations
Momentum Rise
Momentum rise is used only if the plume rise due to buoyancy flux

is zero (stack temperature not greater than ambient). The following
formulas are used (Briggs, 1975) for momentum rise:

neutral/unstable Ah = 3 dwg/ug (5)
”j a* Ta v 1/6
stable 4Ah = 1.5 aT_ u_ s (6)

where d

= stack diameter
Wg = stack gas exit velocity
ug = stack top wind speed
T, = ambient temperature
Tg = stack gas temperature
s = N2 = (g/Ty) (de/dz).

If L > 0 (stable), the minimum plume rise from equation (5) and
(6) is used.

' An iterative technique is used for calculating buoyancy rise,
since the plume rise is assumed to be a function of the wind speed and
temperature gradient at a height halfway between the stack top and
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final plume height. For some plume rise formulas, this method does
not converge for certain profiles of wind speed and/or d6/dz.

Therefore iteration is stopped after five tries at convergence

(defined by less than 1% change between successive iterations). After
each iteration (and the fifth one, if no convergence), the plume rise
guess for the next iteration (or the final rise, if no convergence) is
the average of the plume rise estimate for the previous two iteratioms.

Neutral/Unstable Buoyant Final Rise

These formulas from Briggs (1975) apply for plumes within the
mixed layer:

2.1/
Final transitional rise: Ah = 1.6 (Fxf )1 3/u (7a)
where x¢ = 119 F2/5 for F > 55m® s~3 and (7b)
x¢ = 49 F3/8 for F ¢ 55m4 s-3 (7¢)
Unstable breakup rise: oh = 4.3 (F/u)3/54-2/5 (8)
¥ Zhs 2
Touchdown plume rise: Ah = 1.0 —3 1+ —Xi) (9
uw
d
F hs 2
Neutral breakup rise: Ah = 1.3 -3 (1 + Kﬁ) (10)
uuy
where u = wind speed at height hg + Ah/2,
F = buoyancy flux, 0.25 wsdzg (Tg-Ty) /Tg,
H = -ui/(o.éL) is the surface heat flux,

Wy = 0.4 wx.

The final neutral/unstable plume rise is the minimum of Equations
7 through 10.

Neutral/Stable Buoyant Final Rise

There are several final plume rise formulas available for stable
conditions, depending on whether winds are nearly calm or not, and
depending on whether conditions are close to neutrality. The final
neutral/stable rise that is used in CTDM is the minimum of those
calculated by means of Equations 7, 10, and the following equations
(11 and 12):

Neutral high wind rise:

W= 154 (F/Cuu, 512 %0 12 (11)

Bent-over stable: Ah = 2.6 (F/(us))l/3) (12a)
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Calm stable: Ah = 4 FL1/4 5-3/8 (12b)

In stable conditions, the distance to final rise, x¢, is given
by

X¢ = 2.07 u s~1/2, (12¢)
3.3.2 Dispersion Parameters

Derivation of o,

The formulation for o, is described in Venkatram et al.
(1984). It is based on the form of Taylor's (1921) theorem of
diffusion for very short and very long times of travel:

o, = awt 3 t<<TL (13a)

1/2
g, = (ZKzt) ; t>>'1'L (13b)

where oy is the standard deviation of the vertical velocity
fluctuations, t is the travel-time, Ty is the Lagrangian time-scale,
and K, is the eddy diffusivity. Using mixing-length arguments, K;
is defined as

K = o, L s L = OVTL (14)

so that in the limit £>>Ty, Equation 13b becomes

1/2
dz =0, (2t TE) . (15)

An interpolation formula used by other authors (Deardorff and Willis,
1975) is employed to span the gap between small and large times of
travel: '

1/2
9, =9, t/(1 + tIZTL) . (1e)

In Equation 16, oy is measured directly, but Ty must be
related to other measurements before o, can be calculated in the
model. This is accomplished by using the -empirical flux-profile
relationships of surface similarity theory (Businger, 1973) to
estimate the mixing length, L. The derivation relies on the
appropriateness of surface similarity theory and on the assumption
that oy is proportional to the friction velocity, ux. If oy
is due mainly to turbulent fluctuations, then the formulation is
appropriate.

Assume that passive material diffuses in the same way as heat in
a turbulent flow so that K; = Ky, and
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K = = (17)

where k is the von Karman constant, ¢y is the non-dimensional
potential temperature gradient, and a is the constant of
proportionality between o, and ux applicable to the stable
boundary layer:

J~a Ux. (18)

From Equation 14, the length scale, %, can be written as

K
A kz kz
g = —= g R e (19)
o, ae a(a+B8z/L)

where a and B are parameters in the surface similarity profiles, and
L is the Monin-Obukhov length. The quotient zZ/L is related to the
gradient Richardson number (Ri), and hence to N/gy, where N is the
Brunt-Vaisala frequency. By assuming once again that oy = aux,

® 2 2
et LR (kaz, Iy, (20
“n w

and noting that ¢p = (a + 8z/L). Equation 20 can be solved for
z2/L:

2,1/2_,

g [1 + B(2Nkaz/ac )“] . (21)

N
[}
N -

By introducing two new constants y and [ whose role will become

clear shortly, the length scale, &, in Equation 19 can be expressed
as

2 2 1/2
1 1 1 N
L “2rz t [(—2rz + ( 3 ) ] (22)
Yo,

where

121= 1/(a2v8)

(23)
[ = k/(aa).

Equation 22 has two distinct limiting forms. When z is very

large, for non-zero N, stratification dominates the scale of the
mixing process and
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L o= y2o,/N = 1. (24)

When N is nearly zero and z is finite, the length scale for the mixing
process is proportional to height above the surface

L =rz = 4. (25)

The quantities g and &, are introduced to distinguish the
mixing lengths for the stable and neutral limits:

Equation 24 states that the length scale for turbulent mixing in
the stable limit is proportional to oy /N, where v2 is the
constant of proportionality. This is consistent with the notion that
a fluid element in this limit must overcome a stable potential
temperature gradient in order to be displaced vertically. Given that
the velocity scale for vertical dispersion is o4, the length scale
that naturally follows is proportional to oy /N. In the neutral
limit, the size of the turbulent eddies is restricted by the height
above the surface, so that the mixing length should be proportional to
z, where ' is the constant of proportionality. Note that

Y = .52
(26)
r = .36
for the choices B8 = 4.7, a = 1.3, and k = .35.
Equation 22 may be viewed as in weighting function for 2
between the limits &4 and %,. A simpler weighting function is
actually used in CTDM: e
1_1 .1
L Tt (27)
n s
It produces values of & which are within 20% of those produced by
Equation 22. With this expression for L, Ty is computed as
L/0y (Equation 14). and o, is computed from Equation 16 as a
function of the time-of-travel, including source effects.
Derivation of oy
An equation similar to that used for o; is used to compute
oy as a function of the time of travel and the turbulence velocity
scale for lateral fluctuations, oy:
oy = oyt/(1 + ts21 ' )1/2, (28)

The departure of this expression from that for o, arises in
specifying the functional form of Tr', which is the Lagrangian
time-scale of the transverse correlogram. In this case, Tp' cannot
be derived from measurements of the mean flow and its statisties.
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Attempts were made to relate Tp' to the difference among the
statistics of lateral fluctuations over periods of five minutes and
those for periods of one hour, but these types of data are typically
not available for routine applications of CTDM. Because no clear
improvement in the performance of the model could be associated with
the use of these data in a formulation of Tp', that formulation was

not incorporated in CTDM.

Instead, Tp' is set equal to the time-of-travel cequired to
cover a distance of 10 lm. This choice reduces oy by about 18%
from the value that would be obtained using a linear growth law at a
distance of 10 km. All of the CTMD field experiments included sampler
locations within 10 km of the source, so that the growth in o
beyond 10 km was not documented. WNearly linear growth in o, over
the first 5 km was typical of many of the experiments, and {he
recommendation of the workshop participants was to use a linear growth
law. The use of the 10 km length scale is meant to underscore the
uncertainty of using linear growth beyond 10 km, while allowing nearly
linear growth within 5 km of the source. Note that the scale used by
Briggs (1973) for dispersion in open country corresponds to 5 km,
which would reduce oy at 10 km by about 29%.

In summary, the following equations are used to calculate the
plume spread parameters o, and dy:

gt
o = X (29a)
1 N 1/2
(1 + o b0 2 * 54 g )
w
ot
v
o, = - (29b)

(1 + ut/20,0001%2

Allowance for Source-Induced Effects

& virtual time of travel is introduced to account for increases
in dy and o, caused by how the plume is released into the
atmosphere. For buoyant releases, the initial growth during plume
rise is characteristically much greater than the growth caused by
ambient turbulence alone. Therefore, once the plume reaches its
equilibrium height and ambient turbulence becomes dominant, the plume
evolves as if it had experienced a greater time of travel.

Write the general form for o, or gy as:

1/2
o,= ot/(1 + t/ZTL) (30)

L

and solve for t:

28



2T. o . 1/2
1+ [1L+4¢ OL 2]
%
t = T (31)
L 01

The virtual time of travel (t,) is found by setting og equal

to the plume size caused by source-induced effects (ogg) and

setting t equal to tg + ty, where tg is the time-of-travel to

the point where ambient turbulence dominates source-induced turbulence:

2T. o 172
1+[1+4(at‘)2]
is
t, = -ty + REETRY (32)
L o

s

As implemented, ogg is just the size of the plume resulting
from buoyant rise (buoyancy-enhanced dispersion):

dgg = 9gp = 4h/3.5 (33)

where 4h is the plume rise. Similarly, tg is the time-of-travel

to final rise (see Section 3.3.1). Ambient turbulence is assumed to
dominate source-induced turbulence quickly during neutral and unstable
conditions, so that tg is set to zero for these conditions.

Depending on the relative values of o (ambient turbulence) and

ogg for the time -tg, ty can become negative in Equation 32.
Physically, this indicates that the growth of the plume due to ambient
turbulence exceeds that due to source effects. In the case of oy,
this frequently happens when meandering is great. Consequently, t,

is never allowed to be less than zero, so that buoyancy enhancement is
active only when it exceeds the growth rate due to the ambient
turbulence. 1In fact, t, is always greater than zero, as it is given
a minimum that corresponds to the time it takes the plume to grow to
the radius of the stack. Once t, is calculated for both the lateral
and vertical scale of the plume, it is added to the actual time of
travel in Equations 16 and 28.

3.3.3 The LIFT Component

The flow above H. is considered to be weakly stratified. That
is, the stratification is strong enough to influence the flow pattern
(e.g§., lee waves), but not strong enough to inhibit significant
vertical motion. To simplify the modeling task, H, is assumed to be
a level surface, and the flow above H, is only affected by that
portion of the hill that lies above H.

The plume is allowed to develop as if the terrain were perfectly

flat until it reaches the point where its trajectory crosses the
height contour equal to H, in elevation (say. at a distance s

29



from the source, see Figure 2). If H. is zero, then this zomne
extends from the source to the base of the hill, although it
conceptually could extend to any point where the hill is thought to
exert a significant influence on the flow. Beyond s,, the plume
material below H. is disregarded by the LIFT component, and the
evolution of the remaining material is modeled as if the terrain were
flat, and the lower boundary were H, (with full reflection).
However, the rate of plume spread and the position of the plume
centerline relative to the receptor are modified to reflect the net
alternation of these properties between s, and s (where s is the
distance from the source to the receptor) induced by the presence of
the hill. The simplicity of the Gaussian plume solution is retained
in this way, while the full dilution of the plume from the source to
the hill (s,) as well as the effects of the hill on both flow and
dispersion beyond s, are explicitly incorporated.

The terrain effect as modeled in LIFT includes re-initializing
the flow at a distance s, downwind of the release. This
re-~initialization can be illustrated first for flat terrain and
uniform flow. The concentration at a receptor downwind of s, is
composed of contributions from the entire concentration distribution
at sy. Conceptually, the flux of plume material through the plane x
= Xg + 85 (note that the x-axis lies along the flow direction, and
the plume is released at xg, yg, Zg) can be thought of as a
distribution of point sources. If we. track the plume material in
terms of the distance downwind of the source, s = x - xg, then the
source strength of one of these point source elements located at the
point (s,, ¥y, z) is given by:

dQ(sq, ¥, 2) = C(sy, ¥y, z) u dy dz. (34)

Because the flow beyond s, is considered to be uniform, the

influence of each of these sources follows the Gaussian plume solution
to the advective diffusion equation so that the contribution of the
source element at the point (sy, ¥, Z) to the concentration at the
point (s, 2, h) is:

dQ(s _.y,2z) y=£.2 z=h 2
o -0.5(6 ) 0.5(d <)

dC(S,’.,h;So)a [e- +

e
kg *
216y o, u y

z+h,2
o050

z 1 (35)

where ay*. oz* denote the plume spread statistics for each

point source element over the interval s - s, (see Figure 6). The
total concentration at (s,%,h) is found by integrating Equation 35
over all point source elements, so that
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Figure 6. Illustration of the relationship between the crosswind-average

concentration profiles at s, and s, and the plume from one
of many point-source elements representing the flux of
material across the plane at s,. The total concentration at
a particular point C(s,z) is constructed by summing the
contribution C(s,z; sq,Z4) from each point-source element

Q(sg,2g) -
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@ @ C(s ,¥,2) 4 g¥=ty2 z-h,2

. 0.5 ( )
C(s,t,h;s )= I So—F—F e o *7 [e o *° +
" 4 = 21my o, y
z+h, 2
0% ) ) gy dz. (36)

The plume spread statistics oy* and o,* for the interval
s-s, are specified by the requirement that Equation 36 for flat
terrain reduces to the expression obtained for the original point
source located at s = 0 (i.e., Equation 35 with s, = 0 and o* =
o(s)). Equating these two expressions for C, with h = 0, we obtain

2 2 2 - 2 2
z cz (s) - °z (so) = oz - dzo (37a)

Q
*
1]

ox2 c6%s)-02c)zal-ao 2 (37b)
y y y o y yo

]
1"

Equations 36 and 37 illustrate the re-initialization technique
for the limiting case of flat terrain and uniform flow. Overcamp
(1983) has developed a similar technique for replacing a simple image
source in a general treatment of the lower boundary condition for the
case of non-Fickian diffusion.

Terrain influences are incorporated by altering the rate of
diffusion within the interval s-sg, and by changing the' position of
the receptor relative to the centerline of the deflected plume.
Furthermore, because no plume material below H, travels over the
hill and because H, defines the lower boundary over the hill beyond
Sy (see Figure 3), the integration in the vertical in Equation 36 is
performed over the domain z=H, to z=» and material from each point
source element is reflected from the boundary z=H, rather than z=0.

Denote the receptor height above ground relative to the
terrain-altered plume as hy' (see the lower part of Figure 2) and
its lateral position relative to the terrain-altered plume centerline

as yg'. Further denote the height of a point source element above
the ground at s, as hg + Hy, and the altered growth rates of the
plume as o;*' and oy*'. Then the contribution of the element

at the point (sgy, y. hg) to the concentration at the point (s,
yR', hR') is:

y-y -
oy NLICR LR RS R 2 g5 :a 2
! R hR chy*'az*'u y [e % *
-0 sch i 3 )2
e "Tla Xt 1. (38)
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The total concentration at the receptor (s, yg', hr') is found by
integrating Equation 38 over all point source elements above H, (at
8g), so that:

= +=c(s,yn) o TR 2 "ha 2
' LY - ——eeeee ¢ X!
C(SlyR ’hR H SO) HI _@I 270 *vcz*o e ay [e Z +
c y

h +hR 2

<0.5(—/ )]
e oz* dy dhs (39)

where the concentration profile at sy is expressed in terms

of hg:

y -~y 2 z -h -H

] 8 s ¢.2
c(s_,y,h )= —Q  -0.5( )[e-O.S( G >,
o ] Zwuayoazo yo zo
z +hs+H 2
-0.5¢( )
%0 ) (40)

for a plume released at (0,yg,zg).

The result of doing the integrals in Equation 39 is simplified by
defining the effective plume spread parameters oze and 9ye-
First, define terrain-effect factors T, and Ty so that

o X' = g-%X/T
4 zZ Z

ay*' = °y*/Ty' (41)

Then the effective plume spread, accounting for the effect of strain
in the flow on the rate at which material diffuses across streamlines,
is defined as

2 2 2
= *x
cze dZO + (dz /TZ)

2 2 2
= + */T . 42
°ye %o (°y y) (42)

Equation 40 can be substituted into Equation 39, and after isolating
terms containing y and hg, we find that the exponential functions
containing either y or hg can be combined and isolated. By
completing the squares in the argument of these functions, and using
the definitions of Equation 42, the concentration at the receptor can
be written as:
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Qe—O.S cye (433)
C(s,y,',h ';s ) = F 43a
R hR o] 4ﬂUdyedze 4
where
‘nR'—zs+Hc 2 )
-0.5 (B=—2-5) _ wrm 1 2um b
F,o=e 9 {1+ERF Az[(zs Hc)(oz /Tz) +hR %0 1}
=0. _ . e
+e % {1+ERF Az[(zs Hc)(oz /T,) ho'o, 1}
hR'+zs+Hc 2 ) )
-0.5 (—m———=) * s
+ e ze {1-ERF Az[(zs+Hc)(oz /Tz) he'o,. 1}
‘-z -H
hR s c.2
-0.5 (——) x 2 . 2
+ e % {1-ERF Az[(zsﬂic)(az /Tz) +hR % 1}
(43b)
and
A =(/2 9 o o*x/T) L (43c)
z zZo ze 2 z

Equation 43 provides the framework for estimating concentrations
due to plume material that travels up and over a hill. It shows how
.the influence of the terrain affects the magnitude and the
distribution of GLC's. The most complicated part of Equation 43 is
the expression for F,, the vertical distribution factor. It
contains four terms because it applies to an elevated receptor, so the
image source contribution is not equal to the contribution from the
primary source (hence two terms are needed rather than one). And it
also applies to a plume segment above H, rather than an entire plume
profile, so that an image source contribution at s, must be
explicitly maintained (hence, two more terms). The error functions
alsc arise from treating only the portion of plume material that lies
above He at sy,. If He is zero, then Equation 43 becomes:

¥o'-Y
Qe-O.S( 5 9)2 he'-25 5
C(s y t hRo.s ) = ye te—O.S(—;“—-) .
'R’ "o zmayecze ze
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hR'+zs)2
o ] (44)
zZe :

e-O.S(

which, with the exception of alterations in the plume size and in the
distance between the plume centerline and the receptor, is the
familiar Gaussian plume equation for the concentration at an elevated
receptor.

The receptor position in Equation 43 is denoted as (hg°’,
YR'), where the primes indicate that the distance of the receptor
from the centerline of the plume has beem altered by the presence of
the hill. Upwind of the hill, streamlines are straight and parallel.
Over the hill, the spacing is variable and the streamlines are subject
to deflections. Because concentrations are computed for a parallel
flow in which the influence of terrain is manifested in the
Ho-partition of plume material, in the altered rates of diffusion,
and in the altered streamline that passes through the receptor, the
chief task in computing (hg',Yr') is in identifying the streamline
that passes through the source, and the streamline that passes through
the receptor. The position of these two streamlines in the
undisturbed flow upwind of the hill defines the effective receptor
location relative to the centerline of the plume. These streamlines
are obtained from the flow model described in subsection 3.3.6.

The design of the.flow model is particularly well-suited to
obtaining hg' and yp' because it is formulated as a
“backwards-looking"” solution. It is designed to compute the
deflection experienced by a streamline that passes through a given
point over the hill. If the given point is a receptor, then the model
will compute the deflection experienced by the streamline that passes
through that receptor. Knowing the actual position of the receptor,
the deflections allow hg' and yp' to be computed.

The LIFT equation for concentration, Equation 43, is applied to
all receptors on a hill that lie above H,, and are downwind of the
point of impingement or the upwind base of the hill (for H, = 0).
Given the way the model must deal with a highly idealized description
of the terrain, there 4re times when a receptor may lie above H,,
but may be positioned upwind of the point of impingement. For
example, the receptor may be on a mast which places it above H., or
the terrain on which a ground-level receptor is placed may exceed
H,. Concentrations at both of these receptors would be estimated
with Equation 44 with two changes:

1) no terrain-effects would be included in computing
9yer» Szes and the lateral position of the receptor;

2) If the surface of the terrain were less than H., the
vertical position of the receptor would be its actual
elevation, relative to zg, as if it were placed on a
pole. 1If the surface actually exceeded the elevation of
He, the difference in elevation would be subtracted from
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the height of the "pole". 1In this way, the flow above H¢
rides up and over any portion of the hill that lies above

He -
3.3.4 Terrain Factors for LIFT: T, and Ty

For axi-symmetric strain, the theory of Hunt and Mulhearn (1973)
shows that

22 1 83e )Rt )dE (45)
B (t) (o) -

o2 (L) =

where o denotes either oy or oz, 8 is the strain fungt?on
for the corresponding component, and K is the diffusivity for that
component. In the case of g3,

t
18 2Kyt (46)

oi(t) = 5—
Bz(t) o

The strain function B8, is given by

t aw 9 t
- 3; (t')dt- - 3; o! w(t')dt"
B (t) = e ° = e (47)

where w is the vertical component of the flow. For small deflections,
the strain function is approximately

a
= 32 (8,(t))

Bz(t) =z e (48)

where §,(t) is the vertical deflection experienced by a streamline
at time t.

The derivation of Equation 45 depends on a local analysis of the
flow field near the centerline of the plume. The strain function is
treated as a constant about the centerline, varying only with distance
(time) along the flow. 1In using this result, we assume that the
strain function can be assigned a representative value for the layer
that contains the bulk of plume material.

Let Th(zp, t), the factor for distortion of streamlines in the
vertical, be the ratio of the spacing of streamlines in the vertical
in the strained flow to that in the incident flow, evaluated at time t
along a streamline whose height far from the hill is Zg. The
streamline of height z; is chosen to represent the layer in which
the plume resides. Then the distortion factor for the layer at time t
ig defined as (Figure 7):
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Derivation of the factor Tp in finite-difference form. The
dashed lines represent the path of two adjacent streamlines,
as they are deflected by the presence of terrain.

Figure 7.
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Th(zm,t) =1 + Py

[6,¢z.)11,_, - (49)
m

With this mean distortion, the height n(z,t) of a streamline above
the surface of the hill at time t is approximately

n(z,t) = zTp(zp,t) (50)

where z is the height of streamline well upwind of the hill. Because
of the form of Equation 50, T is equivalent to a *height-correction
factor” for a plume.

To evaluate T,, consider the argument of the exponential
function in the vertical distribution factor of Equation 44 when the
elevation of the receptor above the surface is zero. The primary
quantity in this argument is the ratio zg/dgze: where oz, is
given in Equation 42. The corresponding ratio in the approach of Hunt
and Mulhearn is n(zg,t)/oz(t) where n(zg,t) is given by
Equation 50, and o,(t) is given by Equation 46. T, can be
evaluated by equating these two quotients. First, rewrite Equation 45
as the sum of two terms:

to 2 ’ ’ v t 2 L] ? L]

2 [ J Bz (t )Kz(t yatr + J Bz (t )Kz(t yde'l.

Bz (t) o to

2
dz (t) =

(51)

where t, is the time-of-travel from the source to the upwind base of
the cut-off hill. '

Because the strain is very weak away from the hill, B,(t') is
virtually unity in the range t<t,, so that the first term is
approximately equal to c%olsgct), the size of the plume
just upwind of the hill divided by the strain function at the receptor
(travel-time t). Therefore,

2 2 2., 2
n (zs,t) Bz (t):f§ Th (zm,t)
26y 2t 2 ) 2
d 1} 1] \ ]
z % * tf Bz (t )zxz(t )dt
o

Equating n/o; with zg/0y, and solving for T,:

o 21-8 2(t)T. %(z_,t)) :t 8 2(er ")de’
zo (o8 (WT(25,0) + 18 (LK (£)dt
ks 2 (53)
2 2 2 2 2
T, RO, RTINS TR
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Using Equations 48 and 49, the strain function can be rewritten
in terms of Ty as:

-(Th-l)
Bz(t) = e . (54)

For weak strain, Tp is of order 1, so that B,(t) =
1/Tp(zp,t). Adopting the weak-strain form of the product
82zTn, the expression for T, becomes:

t -2(T, (z_,t')-1)
I 2K (t')e B M at’
t z

o

1
— = (55)
T 2

z z Zo

Note that the denominator is the difference of the squares of the
plume size across the interval t-t, in the absence of any effects of
terrain.

This expression is implemented in CTDM by breaking the integral
into 25 subintervals along the streamline trajectory over the hill.
Within each subinterval, the strain function is assumed to be
constant, equal to its value at the midpoint of the subinterval. This
allows the integral for one of the subintervals to be written as:

.
? & (£98_2(t)at = B_2(t )(a._2(t,) - o 2(t.)) (56)
4 z Z m za 2 za 1

&

where B, is obtained from Equation 54. The altered value of o,
(0zg) is given by Equation 16, except oy and Ty have been
altered by the changes in the flow over the hill.

The Lagrangian time-scale in the absence of any strain in the
flow is given by the relation

Q

1 uo WO
. -2, WO (57)
TLo Y2 I'zr

where the subscripts 'o' denote flat-terrain quantities. The strain
in the flow alters the stratification (temperature gradient), the
turbulence velocity, and the length scale of the dominant eddies, so
that

2 T

N /v o ow
1 a 2 + 0 (58)
TL v Th(zm,t) Fzs Th (zm,t)
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where Ty, is the ratio oy/oy,-

Close to the surface of a hill, the turn-over time of a
characteristic eddy is much shorter than the tranport time over the
hill, so that the turbulence has time to adjust to changes in the
surface shear stress. Under these conditions the results of
inner-layer theory apply (see Britter et al., 1981) and Tg, =
Ty: the speedup factor for the flow. Because the turbulence
intensity (i) is oy/u, this is equivalent to saying that the
turbulence intensity is not altered. Far from the hill, the changes
to the flow field and turbulence are small, so the turbulence
intensity remains virtually the same. Between these two limits, when
stratification is not important, rapid distortion theory (RTD) may
apply, and Britter et al. report that the turbulence intensity i,
decreases (oy increases, but at a rate slower than the rate of
increase in the wind speed). This applies to eddies whose turn-over
time is less than the time scale for changes in the flow. For
stratified flow, the eddy turn-over time scale may remain small, and
RDT may not apply. Therefore, we have chosen to use the inner-layer
result for all plumes in the model.

A parallel development for T, leads to a similar result. The
distortion factor in the horizontal direction is denoted by
Tg(Zp,t) so that

t ~2(T, (z_,t"')-1)
£k (E) e ' m at’

[+] .

t

- S (59)
T 2

y y yo

This integral is also broken into subintervals, as in Equation 56. In
this case though, dya(t) is given by the linear growth form:

because this form holds for distances of travel of nearly 10 km.
Toy is set to unity, rather than T,, as was done for Tgy.

This choice was made in recognition of the distinction between
large-scale fluctuations in wind direction (meandering) and
small-scale turbulence.

The deformation factors Tp and Ty, and the speed-up factor
Ty are obtained from the flow model. These are computed along the
path of the streamline chosen to be representative of the layer
containing the plume material. Far from the hill, this streamline is
taken to be half of the way between He and the elevation of the
center of mass of plume material above He.

Because a particular streamline must be followed along the flow
(a "forward-looking" process), its position at any time t must be
found from the "backwards-looking" flow model by an iterative
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process. Each "guess” at where the streamline may be at time t
produces a computed position of that streamline in the incident flow.
New guesses are dependent on the difference between the last computed
position, and the position of the targeted streamline.

3.3.5 1Internal Mixing Layer for LIFT

A central assumption involved in the use of the LIFT equations 1is
that the turbulence field is homogeneous. While this assumption is
violated in nearly all applications of the Gaussian plume model, there
is one situation in modeling the dispersion of plume material over a
hill where such a violation is severe.

An elevated plume in a very stably-stratified flow may reside in
a region of nearly laminar flow, with very little turbulence. The
turbulent boundary layer beneath this region can be very shallow.
When H, is greater than the depth of the turbulent flow, the entire
laminar region may flow over the terrain, and an internal boundary
layer must form at the bottom of this layer. If this internal
boundary layer were ignored, then the diffusivity of plume material
would remain virtually zero, and the effect of the terrain would only
be seen in the H.-partition of plume material.

To provide a more realistic treatment of the very stable limit, a
simple mixing layer is included. Within the mixing layer, the
vertical distribution of plume material is uniform, and the
concentration is obtained by sampling the vertical distribution in the
absence of the mixing layer, and taking the average value over the
depth of the layer.

The depth of the mixing layer is estimated by focusing on the
initial stages in the development of such a layer, when turbulent
mixing is very strong. Assume that the turbulence in the layer
produces a layer of constant potential temperature (see Figure 8). As
a result of the rapid mixing in the layer, assume that buoyancy
effects are negligible in the layer, so that the wind speed takes on a
logarithmic structure in the vertical. Wind speed is continuous at
the top of the layer, but its gradient is not.

Csanady (1974) discusses a theory for estimating the evolution of
the depth of such a surface layer. He uses the result of laboratory
simulations by Kato and Phillips (1969) in which a layer is thickening
into a fluid with constant Brunt-Vaisala frequency N, as a result of a
constant stress applied at the bottom of the layer:

2
1 dn _ 2.5 u, em o)
u, dt g A6 h )

Here, h is the thickness of the layer, ux is the surface friction
velocity, g is the acceleration due to gravity, O, is the
potential temperature of the mixed layer, and A6 is the jump in
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potential temperature at the top of the layer. This result is
consistent with the notion that the rate of thickening of the layer is
a function of a buoyancy parameter,

b = gA6/6q, (62)
the surface stress (expressed as ux), and the thickness of the layer

so that the entrainment velocity, when scaled by the friction
velocity, is a function of the dimensionless group bh/uf:

c

-2 _ F(bh/u,2). (63)
u

*
In essence, the entrainment depends on the turbulence generated at the
surface of the layer, and not on any assumptions about shear-generated

turbulence at the interface.

Referring to Figure 8,

© =90 + 40 =90 + 9 & (64)
m- - o0 o dz 2
so that
3
2.5u 20
dh * 0
at = zn ‘haesaz * 1) (65)

If we assume that the layer depths will generally be small enough that
6g >> h d6/dz, or that 6y = 6,, then the subsequent
evaluation of the integral is greatly simplified.

The friction velocity in Equation 65 is given by

—ku
Ux = In(h/z ) (66)

where u is the mean wind speed outside of the layer, k is von Karman's
constant, and z, is the roughness length for the surface of the
hill. Rewriting Equation 65 with g = Op, we find

dh 500 gigz

dx g desdz hzlln(h/zo)]3

. (67)

Noting that 15 k3 = 1, an implicit equation for h is obtained:
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internal mixing layer over the hill above H,.
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h .3 h h .2 2, h 2., (.93
(u/N { (ln ) - (lnz R 2 (3lnz ) - 9(1 ( h) )}
% 0 o
X - X
= 6
u/N ° (68)

This implicit equation has two undesirable traits. The growth of
the mixing layer is extremely rapid for very small times-of-travel
(downwind distance) from the point where the flow first encounters the
hill above H,, and the estimates of mixing depths "blow up™ for weak
stratification. The first of these traits is removed by demanding
that the rate-of-growth not exceed unity (slope of the interface
equals 45°). The second trait is removed by limiting how large u/N
can be in Equation 68.

For convenience, u/N is set equal to the minimum of u/N and
He. This is done because we wish to turn on the mixing layer
primarily for those cases in which turbulence at plume height is
decoupled from the surface. As H, becomes less than half the hill
height, there is a strong likelihood that the turbulent boundary layer
in the approach flow encompasses most of the depth of the flow over
the hill. Hence, in using the minimum of u/N and H,, the stability
is artificially increased for H, less than H/2 so that the depth of
the mixing layer will decrease. As H, goes to zero, the mixing
layer is completely absent, as desired.

3.3.6 Flow Model for LIFT

Model Development

CTDM simplifies the treatment of stratified flow over a hill by
separating the flow into two regimes: a lower portion, below He o
which is either blocked (in the case of a long ridge) or flows around
the hill, and an upper portion, above H., which has sufficient
kinetic energy to flow up and over the hill. This simplification
means that for a flow of constant speed, u, which lifts up and over
the hill, one always has the property that (H-H)H/u < 1; or
equivalently, that the Froude number for this portion of the flow
exceeds unity and the flow is not "strongly" stratified. This fact,
coupled with the assumption that the hill is not too steep (i.e., less
than about 15°) enables one to use the linearized equations of motion
for steady-state Boussinesq flow (Smith, 1980):

au _ _ 3

PoY ax = T ax (69a)
p,U %il = - §§L (69b)
PLU %il = = ggl -p'g (69¢c)
2:' + :;’ + g:' =0 (69d)
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and

v - _ (—9 ‘
p' = ( az) n (69e)

These equations, in which x, y, and z indicate downstream,
cross~stream, and vertical coordinates respectively, relate the
perturbation velocities u', v' and w' to the perturbation density,

p', pressure p', and vertical fluid displacement, n = n(x,y,z).

and to the unperturbed initial velocity u and density p,. It

should be noted that n(x, y, z) is the vertical displacement that a
parcel of air at the point (x, y, 2) has experienced. Adding the
kinematic condition for steady flow in a shear-free approach flow gives

. an
wh=u o (70)
Equation 69 can be reduced to the single partial differential equation;
a2 2 2 2
—Z(Vn)+nv n =20, (71a)
H
ax
where
2z 2
H- 2% 2"
Ix y
2 d"o
naN/u, and N = -(g/po) iz . . {71b)

Yamartino (1987; See Appendix A) discusses exact solutions to
Equation 71, but steep terrain or strong stratification tend to
invalidate these solutions because higher-order terms in Equation 69
(e.g., quadratic in a perturbation quantity) can no longer be
neglected. Thus, the great complexity associated with the exact
solution is abandoned in favor of a more easily integrated,
approximate solution. The easiest way to reach the approximate
solution is to integrate Equation 71 twice with respect to x,

2
1 ]
¥2np +n2 (n + % 5% %;3 dx" dx') = 0 (72a)
- . . ]

and approximate the troublesome last term via length scale or
predominant wavenumber arguments, as

2
x x*3ah ., -~ e 2, 2
! ! 2 dx"” dx' = n (Lx /Ly ), (72b)

ay

where L., Ly are the length scales of the hill in the along-,
cross-wind directions, respectively. This approximation, which is
shown in Appendix A to be exact for an infinite field of cosine hills,
leads to the Helmholtz equation,

Vzn + mzn =0 (73a)
45



where

m=n(1+L 2mHY2 (73b)
x 'y

It has the simple particular solution

aG
2 - (74)
n 9z

with G = cos(mR)/R and RZ = x2 + y2 + z2.

This is the Green's function solution for a delta function hill
(i.e., a mathematically narrow but high hill of unit volume). It is
extended to a general hill shape h(x,y) via a two-dimensional
integration combining the hill shape function and the Green‘s funtion
(i.e, the convolution theorem) and the lower boundary conditiom that
the flow at the surface follow the hill shape. Thus, for an arbitrary
hill

I =11 dx'dy’ hix-x*, y-y') G(x',y',2°) (75)

and
ol
n=- 3z (76a)

where use of the height above terrain, z°, instead of absolute z
reflects the fact that the lower boundary condition has been
linearized; that is, the transformation to terrain-following
coordinates assumes very shallow terrain.

The other quantities needed for a complete description of the
flow are obtained by using Equation 76a and going back to the basic
equations of motion, yielding:

2

u'/u = - [é—2 (1) + nzI] =p'/(p uz) (76b)
o
ax
: a3 2 x3r .,

v'/u = - [ax ay (I) +n _QI ay dx'] (76¢)

2
and w'/u = - 2% (76d)

2

X

It should be noted that lateral perturbation velocity, v', and the
subsequent definition of lateral deflection, §, as

§=_Fax (o) = - (8 4 a? X A g gy (76e)

- Ay -® - ay

make the additional assumption that streamline deflections are small
enough that integrating along the x-axis at y, z' from x = —» to x
is equivalent to integrating along the streamline from x = —w,
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Equation 76e also provides another example of how higher-order terms
are neglected, because a geometrical picture of lateral deflection
would indicate that the denominator factor u should actually be the
true x-component of velocity, or approximately u + u'. Note that the
deflections n and § are those experienced by a streamline that

passes through the point (x,y,2'). They tell us where that streamline
originates in the incident flow.

The local strain factors Ty and Ty, used in CTDM can also be
related to I through these quantities:

-1 2. -1
_ 2 31
T, =(1-3) = 1+ (76£)
3z
3s -1 a21 2 x x' 2?1 1
T, =(1l-72) =(L+—>+n I T = dx"dx') . (76B)

Th and Ty are factors that relate the spacing between
adjacent streamlines in the deformed flow to the spacing in the
incident flow. The gradient of the deflection (either an/9z or
34/3y) measures the difference in the deflection experienced by
adjacent streamlines and hence, the degree to which the streamlines
converge or diverge. In this backwards-looking formulation, the
deflection is a function of the streamline position (coordinates)
after deformation (see Figure 9). As detailed in the figure, the
finite-difference form of Equation 76f (and 76g) is readily obtained
from the definitions of streamline positions before and after the
deformation. Note that dn/3z = 1 is a singular point. This
condition would result if streamlines that pass through z;. and
Zy+ were to originate at the same height .in the incident flow. Also
note that Equation 76f differs from Equation 49 because the deflection
in Equation 49 is that for a forward-looking formulation.

Before evaluating Equations 75 and 76 for a realistic hill shape,
it is worthwhile to look back to the solution, G = cos(mR)/R, given by
Equation 74, as properties of the delta function hill solution will
show up for finite hills as well. One positive aspect is that as
stratification disappears (i.e., N, n, m go to zero and cos(mR) equals
one), the exact neutral result G = 1/R is recovered. This exact
neutral result of 1/R is the well-known solution of Laplace's
equation, V26 = 0 (i.e., except at x=y=0), that is incorporated
into neutral flow solvers such as that of Hess and Smith (1962).

Thus, the approximation expressed by Equation 72b will not affect
neutral flow but only the modifications to the neutral flow solution
created by stratification. That these stratification influences might
not be too severe can be anticipated by noting that expansion of the
cosine term, as cos(mR) = 1 - 1/2 m2R2, indicates that changes

to the flow are second-order in m (i.e., m?) rather than

first-order. However, a disturbing aspect of this cos(mR) dependence
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is its isotropic nature; that is, z has no special significance in the
equation, despite the fact that the demsity stratification and thus
the atmosphere's "springiness™ is a z-oriented phenomenon. Exact
solutions to Equation 71 do not display this isotropic behavior.

Thus, one physically significant ramification of the approximation in
Equation 72b becomes apparent. Such isotropic and thus lateral
springiness does, however, occur in the aforementioned infinite field
of cosine hills problem but steps must be taken to suppress this
effect in the single isolated hill problem.

Finally. the connection to the neutral limit solution, G = 1/R,
suggests a way to inject wind speed shear (with height) back into this
shear-free solution. Crapper (1959) points out that the corresponding
vertical deflection in a neutral, shear flow is just

S [€*) R
n = [u(z.)] z'/R (77a)

whereas our current neutral form, G = 1/R, yields
n = z'/R3 (77b)

in the shear-free case. Unfortunately, even this simple factor is
awkward to superpose back onto G exactly. The approximation chosen
for this model yields a final Green's function of

G = [u(0)/u(z*)1/? cos(mR)/R. (78)

Use of the shear exponent of 1/2 represents a compromise between
including shear effects and avoiding negative impacts on the flow
prediction generated by the inexact nature of the approximate solution
given by Equation 78. Any remaining unwanted residual consequences of
this approximation are suppressed by enforcing the constraint that the
deflection of the streamline at the ground equal the rise of the
surface of the hill: -I,. = n = h(x,y) at z' = 0. This ensures

that no stremalines pass beneath the surface of the hill.

Algorithm Development

Referring back to Equation 76, one notes that all quantities of
interest depend on integrals and derivatives of the basic quantity I,
given by Equation 75 and with the use of the approximate shear
solution G expressed by Equation 78. Evaluation of I requires that
the shape of the hill be chosen carefully. Selection of an
appropriate hill shape was governed by

i) the desire to treat as general a shape and orientation as
possible, and

ii) the necessity for performing the integrations in Equation 75
analytically.
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A Gaussian-shaped hill is used because it contains the overall
orientation and scales of the "cut-off"™ hill, and because it has a
tractable mathematical form. The most general Gaussian shape that is
considered involves a hill of height h, having elliptical contours
with major axis L,, and a minor axis Ly, oriented at an angle y

which is counter-clockwise with respect to the flow direction. For a
coordinate system with the x-axis aligned with the direction of flow,
the hill is prescribed by

h(x,y) = h exp{-[xZ/sz + yZ/Lyz +2vxy)} (79)
where
2 . 2 2 .2
1 cos ¢ sin_ ¢ 1 cos ¢ sin ¥
— = { 2t ] ’ 3 = [ 5 + 2 1 s

c
x
of
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<
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I S s
Y= 2~ 2] cosy siny .

bk,

These equations are generated by first writing the hill shape
function, h(x", y") = h exp{-[x"2/Ly 2 + y"zlL 21}, in the hill's
natural coordinate system (x”, y"), where x" and y* are distances
along the minor and major axes, respectively, from the hill center,
and then inserting the rotational relationships, x" = X cosy + y siny
and y" = y cosy - x sing, to eliminate the appearance of the
coordinates (x", y").

For the symmetric hill with Ly = Ly = L, the expression
simplifies greatly., as Ly = Ly =L and v = 0. 1In fact, once the
convoluted form of the hill function (i.e., h(x,y) is rewritten as
h(x~-x',y-y*)) and is substituted into the integral for I, one finds
that the exact analytic integration can be accomplished for a receptor
position (x,y,z') at the crest (and just off the crest) of such a
symmetric Gaussian hill. However, this analytic result, expressed in
terms of the real and imaginary parts of the complex error function,

can be greatly simplified without substantial loss of accuracy via the
approximation

exp(Z2) erfc(Z) = 1/(1 + 2Z/V%),

where Z is a complex number having a positive real part. The
expression finally acrrived at is
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h(x,y) I.n

I=— = - [“%23)11’2{<1+z'/Ln) . cos(mz')
(1+b5) (1+z' /L ) u
Q n
- a,*sin(mz’)/m-a,*(x_/L ) [mecos(mz')+(3— + * ~%—)esin(mz')]}
1 magt (X Ly Lt 2u0) m
(80)
1.1  _1..1/2
where bo = BomLz/ v, Lz= RLIZ ‘L 2+ ) 2)] ’
X y -
1
Ln =2 Lz ’
a is from the shear equation u(z') = u(0) + az* , and
2 1 o
@ =b /-2 u
2 2. 2.1/2
a, = 7 L, o L+l LS ,

2
and xm =X + YLx y

all represent convenient clustering or redefinition of terms.

The two parameters, B, and Ry, arose because there was some

conflict between small and large argument, low-order expansions of the
complex error function and an ‘ambiguity in the definition of L,,
respectively. The parameter B, was set to (v/2)1/2, the

geometric mean of the small and large argument limit values, whereas
Ry, was tuned to 1n(2) = 0.693 based on optimization studies using

the tow tank data described by Snyder et al. (1986).

The expression for I given above is best described as an
admixture of analytic results for the symmetric hill and empirical
extensions for the asymmetric hill subject to the constraints that the
surface boundary condition be obeyed and that known results be
recovered for the 2-d ridge limit of Ly>» and y=0. Higher-order
terms (e.g., (y/ )2 or other such terms arising far from the
crest) are neglected. In addition, we took the liberty of
switching~off the (xp/Ly) term upwind of the hill (i.e., x5 < 0),
as it seemed to create excessive early streamline rise as the hill was
approached and because appropriate damping terms in x% had
already been neglected in the denominator.

Evaluation of the flow variables in Equation 76 involve

straightforward integrations and differentiations of the basic
quantity I, given by Equation 80. Two exceptions to this involve:
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(i) Replacement of {1 + ERF(xp/Ly)} with
{1 - ERF|xy/Ly|}. This appears in terms involving
integrations and double integrations of I with respect to X,
and has the major effect of allowing streamlines to return
laterally to their initial upwind positions more rapidly
after passing by the hill. This relaxation adjustment can
be rationalized on the basis that Equation 80 is most valid
near the crest of the hill.

(ii) A "fully-implicit"” style computation of the lateral
deflection. That is, instegg of assuming that the
streamline spent most of its time at its current lateral
displacement y, we conjecture that most of its time was
spent at its undeflected position, y», evaluated back at
x = -», This enables one to write down the Taylor series
relation &§* = § + (d8/dy)(yo - y) between the ¢
from Equation 76e and the new corrected lateral deflection,
&%, Recognizing that y-ys is just the corrected
deflection, &%, one may rearrange terms and solve for &%
as §% = §/[1 + (d&/dy)]. Such an approach is called
"implicit"” because Yy, is never explicitly computed and
*fully” implicit because the streamline is assumed to spend
"all™ of its time at lateral position y, before rapidly
moving out to its deflected position y. This compensates
for the fact that lateral deflections can be large and
therefore badly violate the "small deflection™ assumption
invoked for Equation 76e. The resulting lateral deflections
are unfortunately smaller than before the correction, but
streamline crossover situations (which create a severe
problem for an iterative streamline solver) for large
lateral aspect ratio hills are greatly suppressed. This
suppression did not quite achieve the required elimination
of crossovers. The above described procedure had to be
carried to second order, i.e.,d* = § - (d&/dy) &* +
1/2 (428/dy?) §*2 and solved, and the absolute
value of (dd/dy) taken (to account for a somewhat spurious
gign flip far from the center of the hill), before
streamline crossover could be completely blocked for high
lateral aspect-ratio hills (e.g., Lg = 10 Lp).

These adjustments to the model, as well as the adjustment of some
of the parameters discussed in association with Equation 80, represent
empirical tuning of the flow algorithm to improve model performance
while avoiding pathologies (e.g., streamline crossover) which create
havoe for an iterative algorithm. It should be noted that these,
sometimes conflicting, considerations led us to consider several other
forms for the Green's function, G, other than the basic G = cos(mR)/R,
later augmented for shear via Equation 78. Some of these trial
Green's functions represented solutions to the governing Equation 73a;
whereas others, such as G = [1-sin(mR)])/R, were designed to inject a
first-order dependence on stratification (i.e., m rather than the
leading 2 dependence from the cosine) into the solution. 1In
general, Green's functions incorporating a first-order dependence on m
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were much more successful in reproducing the tow tank data for 3-d
hills (to be discussed in the following section), but were also more
difficult to tame in terms of pathologies, especially those developing
far from the hill. Damping of these Green's functions at large R
provided some relief from these problems, but the need for an
operational algorithm totally free of pathologies ultimately dictated
that the more conservative cos(mR)/R form, with its relatively gentle
leading m? stratification dependence, be adopted. Thus, there

remains opportunity for improvement in this field.

Algorithm Evaluation

The behavior of streamlines produced by the flow model is
qualitatively illustrated in the following 7 figures.

Figure 10 shows the paths followed by five streamlines (initially
released at 20, 40, 60, 80, and 100 m above the surface well upwind of
the hill) as they pass over the crest of a symmetric 100 m tall
Gaussian hill of aspect ratio 1. The aspect ratio is defined to be
the ratio of the half-length of the hill at one-half the height of the
hill, to the height of the hill. Therefore, a Gaussian hill of aspect
ratio 1, and height equal to 100 m, has a length scale L=120 m. The
streamline patterns in the figure span hill Froude numbers of 1, 2, 4
and infinity. Qualitative features apparent in these patterns include:

° compression of streamlines near the crest, with the degree
of compression increasing at greater stratifications (lower
Froude number); and

° greater upwind/downwind asymmetry of the streamlines with
increasing stratification such that the point of closest
approach of the streamline to the surface of the hill shifts
from the crest to the downwind side of the hill.

The same information is repeated in Figures 11 and 12 for a
symmetric Gaussian hill of aspect ratio 2 (L = 240 m), and an
asymmetric hill with an alongwind aspect ratio of 2 (L = 240m) ‘and a
crosswind aspect ratio of 10 (L = 1200 m). The flow over the latter
hill is taken to represent nearly two-dimensional flow in the vicinity
of the plane y=0, which is the plane that contains the streamlines
illustrated in the figure. The compression of streamlines over the
crest of the hill of aspect ratio 2 is weaker than that over the crest
of the hill of aspect ratio 1, but the upwind/downwind asymmetry is
stronger. Approaching the limit of the two-dimensional ridge, with an
alongwind aspect ratio of 2, the compression over the crest becomes
somewhat weaker while the upwind/downwind asymmetry is similar to that
for the symmetric hill of aspect ratio 2. These results are in
qualitative agreement with laboratory studies.

Figures 13 and 14 illustrate the lateral deflections produced by
the algorithm for a matrix of streamlines. All streamlines lie
originally at the same elevations used in the previous figures, but
they are arranged in a series of eight bands across the flow. The
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position of each streamline well upwind of the hill is shown in the
lower portion of Figure 13, and the position of each over the hill is
also marked in the plane x=0, where the x-axis lies along the flow and
the origin lies at the center of the hill. Froude numbers of 1 and
infinity are simulated for symmetric Gaussian hills of aspect ratio 1
and 2. The compression of streamlines in the vertical is most evident
for the streamlines that pass nearest the crest. The greatest lateral
spread in streamlines in seen in the first two streamer bands beyond
the band that travels directly over the crest. As expected, the
deformation in the flow is greatest near the top of the hill. 1In the
region of greatest lateral deformation, the scaled deformation
decreases with an increase in the aspect ratio of the hill. This is
especially pronounced for neutral flow (Froude number very large), but
not for highly stratified flow (Froude number equals one).

Results for hills that are axi-symmetric are shown in Figure 15.
In the upper panel, the cross-wind aspect ratio is 1, and the
along-wind aspect ratio is 2, so that the flow is along the longer
axis. In the lower panel, the hill is rotated 90 degrees so that the
flow is along the shorter axis. The streamline positions over the
crest lie approximately midway between those for axi-symmetric hills
of aspect ratio 1 and 2. Away from the crest, lateral deflections are
larger when the flow is along the shorter side of the hill, and the
effect of stratification on the streamlines is also greater.

Predictions of streamline position in the plane x=0 are compared
with streamline positions observed in laboratory simulations in Figure
16. The laboratory simulations (Snyder et al. 1986) were performed
with an axi-symmetric hill, described by a fourth order inverse
polynomial function, immersed in a towing tank. Streamline positions
were measured optically for a number of release positions upwind of
the hill, and for various degrees of fluid stratification. The
results displayed in Figure 16 include no stratification (neutral),
Froude number equal to 2, and Froude number equal to 1.

The shape of the hill used in CTDM is restricted to Gaussian
shapes, so that the hill used in the laboratory simulations is not
represented exactly in the model. The Gaussian shape chosen to
represent the inverse polynomial shape matches at the crest, and at
the height contour approximately one-half the height of the crest. 1In
the figure, the Gaussian shape is a heavy solid line, while the
polynomial shape is a heavy dashed line. As illustrated, the
polynomial hill exhibits a flatter top, and steeper sides. This
difference must be recognized when one compares the modeled streamline
positions with those observed, especially with regard to the height of
a streamline above the surface of the hill.

The upper panel in Figure 16 illustrates the correspondence
between the laboratory simulation and modeled results for streamlines
in the limit of neutral flow. Over the crest, there is a bias towards
underestimating streamline height above the surface. Away from the
crest, the streamline heights above the surface (not the absolute
heights) are in generally good agreement. The agreement in the
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lines that originated at the same lateral position are
joined by either a thin line (tow=tank) or a thin dashed
line (CTDM). Note that the polynomial hill used in the
tow-tank (heavy solid line) differs from the Ganssian
hill used by CTDM (heavy dashed line).
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lateral position of the streamline is quite good. Perhaps the bias
towards greater compression of streamlines in the vertical over the
crest is caused by the difference in the degree of "flatness™ between
the two hills. Near the crest, the polynomial hill used in laboratory
simulations, is broader than the Gaussian hill. A broader hill
should, on the basis of the aspect ratios studied above, promote a
smaller degree of compression over the crest.

The center panel im Figure 16 illustrates the results for
moderately stratified flow with a Froude number of 2. Deformation of
streamlines in the vertical over the crest is modeled very well.
However, away from the crest, the streamlines are observed to deflect
more laterally than is predicted by the model. This is especially the
case for streamlines released well below the top of the hill. 1In
spite of the bias toward underestimating the lateral deflections, the
streamline heights above the surface are modeled fairly well.

The lack of good agreement in modeling the lateral deflections is
consistent with the use of the linearized theory in the limit of small
Froude number. Snyder et al. (1986) report results of computations
that make use of the Fast Fourier Transform (FFT) technique in solving
the linearized equations of Smith (1980).

The use of the FFT, although much more computer-intensive, allows
the actual hill shape to be incorporated, and it precludes the need
for many of the approximations adopted in developing the CTDM
algorithm. A comparison of the modeled lateral positions of the
lowest streamline in Figure 16 (center) is presented in Table 1. The
deflections obtained by Synder et al. are virtually matched by those
obtained from CTDM for streamlines that originate within about
one-half the lateral length scale of the hill (from the plane y=0).
Beyond this, out to streamlines that originate near y =
(aspect ratio) °*H, the deflection obtained by CTDM becomes smaller
than that obtained by Snyder et al. This would appear to arise from
approximations contained in the CTDM algorithm for sampling points
away from the center of the hill.

The lower panel in Figure 16 illustrates the results for strongly
stratified flow with a Froude number of 1. The observed lateral
deflections near the surface of the hill become much larger than those
obtained from CTDM, and the compression of streamlines in the vertical
over the crest is stronger. Essentially, the linear theory
substantially underestimates the effects of strong stratification..
This is true of the FFT results also. 1In fact, because the FFT
solution was formulated as a forward-looking algorithm, streamlines
modeled by Snyder et al. actually pass through the surface of the hill
in the lee, even for streamlines whose initial height upwind of the
hill is equal to the height of the hill. The CTDM algorithm contains
no such pathologies, and can therefore be utilized for Froude numbers
as small as unity. The results of CTDM calculations for a Froude
number equal to 1.0 should therefore be viewed as representative of
significantly stratified flow, but not strongly stratified flow.
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TABLE 1
COMPARISON OF THE LATERAL POSITION* OF
STREAMLINES MODELED BY SNYDER ET AL. (1985)
USING FFT'S AND THE CTDM ALGORITHM
FOR A FROUDE NUMBER OF 2

Lateral Position (y/[aspect ratio * H])
Initial Position (x= —®) Observed (x=0) FFT (x=0) CTDM (x=0)

0 0 0 0
.192 .40 .30 .28
.385 77 .56 .56
.577 .97 .82 .80
.769 1.14 1.06 .97
.962 1.34 1.27 1.14

*The streamlines are sampled in the plane x=0, which
corresponds to a plane perpendicular to the flow and passes
through the center of the hill. All streamlines were
initially at an elevation equal to one-quarter the hight of
the hill. The aspect ratio of the hill is 2.6. Note that the
product of H * (aspect ratio) is just the length scale of the
hill at one-half the hill height.
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3.3.7 The WRAP Component

A particle in a steady two-dimensional flow around an obstacle
will experience both accelerations and decelerations as it passes by.
The magnitude of these changes in speed depends upon how close the
particle is to the stagnation streamline of the flow. Maximum changes
occur for particles on the stagnation streamline. Furthermore, the
spacing between adjacent streamlines varies in inverse proportion to
these changes in the speed along streamlines. Figure 17 is a
representation of a typical streamline pattern for flow around an
ellipse when the incident flow is at an angle to the axes of the
ellipse.

A plume in this steady flow (with some small-scale turbulence)
will foilow the streamline patterns, spreading slowly across adjacent
streamlines. However, as streamlines spread apart (or contract) the
plume size in the horizontal will expand (or shrink) to the same
extent. In the absence of diffusion, these kinematic changes in the
horizontal size of the plume will not alter the concentration of
material within the plume. Changes to the horizontal scale of the
plume are balanced by changes in the flow speed so that the flux of
material is unchanged. With the addition of small-scale diffusion,
the rate of plume growth in the horizontal can be altered by changes
in streamline spacing (Hunt and Mulhearn, 1973). However, based on
the observations at CCB and Tracy we choose to ignore the effects of
small-scale diffusion on concentrations in the WRAP component of
CTDM. The observations suggest that low frequency
turbulence--meanders--control crosswind plume growth over hourly
averaging times.

To simulate ground-level concentrations due to dispersion of
releases below H, in complex terrain settings, CTDM must approximate
the key features of steady two-dimensional flow around an ellipse that
were described above. Two key approximations in the WRAP component
are (1) lateral diffusion is insensitive to accelerations in the flow
(i.e., the kinematic deformation of the plume has no effect on the
diffusion rate), and (2) the mean flow for the averaging period (one
hour) is considered steady., while all of the variability in the flow
over the period, including that due to meandering, is considered
"turbulence.”

A primary difference between WRAP and LIFT formulations arises
from the location of solid boundaries and the relationship between the
position of these boundaries and the wind direction fluctuations. The
terrain effect is modeled in WRAP by re-initializing the flow at the
distance s, downwind of the source (see Figure 3). The concentration
at a receptor downwind of s, is composed of concentrations from that
part of the concentration distribution at s, that lies below H,
and that also lies on the same side of the stagnation streamline as
the receptor (see Figure 18). Reflection of plume material in the
vertical is allowed from the plane z = 0 over the entire distance s,
and reflection in the horizontal is also allowed from the hillside
beyond s,. WNote that the stagnation streamline forms the boundary
of the hill surface in horizontal cross section.
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Figure 17. Typical streamline patterns in two-dimensional flow around
an elliptical cylinder.
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For a receptor located on the hillside at a distance s (see
Figure 18) and a height zg above the plane z = 0, the concentration
due to one elemental point source located at (sg,y,z) in the plume
is given by

6Q(s v,z -0.5(z%p?
9C(3,0,25i8,) = Fpug wgx 2= 7
Yy z
Z=Z Z+2Z
R.2 R, 2 .
=035~ =035 (81)
+ [e z + e z ]

Equation 81 assumes that the x-axis of the coordinate system points
along the stagnation streamline, and that the source is located at
(Xg,¥gr2g). The total concentration at the receptor contains
contributions from those elements below H, and on the same side of
the stagnation streamline as yg:

X .2
Hc (=) C(so.Y,z) -0~5(a* )

C(s,O,zR;so) = ) Py pr——— 2e y
o (o) y 2z
z-z Z+z
0.5 —0s(—m?
* [e z + e z ] dydz (82)
where
y-y z-z
-0.5(=3H?% 0522
C(s,,y,2) = 5;:;9—;—- e yo [e zo
yo zo
Z+z
-0.5(‘.,——3)2
+ e zo ]. (83)

These expressions are analogous to Equations 38 through 40 of the LIFT
component. The integral for dy has the limits (0) and («). This is
meant to denote integrating from O to +» if the receptor lies-on the
"positive” side of the stagnation streamline, and integrate from -«

te 0 if the receptor lies on the "negative" side. Note that material
is allowed to diffuse upwards through H, so that receptors which lie
above H;, and which are downwind of s,, can receive a contribution
from the elemental point-sources below H. at sy. The total
concentration at such receptors is the sum of both the LIFT and WRAP
contributions.
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The integrals in Equation 82 are evaluated (using.the same
methods as those employed in the LIFT section) to obtain:

d .2

_0.5(;') dg *
. SR S i ERF (’—-JL—-ﬂ)
C(s.o,zR,so) = imue o © y (1 + sxgn(yR) e

¥y z

yovy
zZ -z Z +2Z
-0.5(-2—F)? ~0.5(-2=H)2
. [Ble -« Z +B,e z ] (84)

Most of the notation here has already been encountered in Section
3.3.3. The factor sign(yp) denotes the sign of the receptor
position in the coordinate system with x-axis aligned with the flow,
and it results from the choice of integrating over the "positive™ or
"negative” portion of the flow in Equation 82. The factors Bj and
By are given by

b, ~-b_~b b _+b_ +b
B. = ERF (—+—2—3) 4 grp (223
1 b b
o o
b.-b_ +b b.+b.-b
B, = ERF (——=2—2) , ERF (—2—2—3) (85)
2 b b
o o
where
::_ x
b0 v2 z %z0 %2
2
bl = Hc dz
2
bz = zR czo
x2
b3 = zs dz

The subscript R denotes the receptor location, and the subscript s
denotes the source location (see Figure 19). The distance from the
stagnation streamline associated with the mean wind direction to the
centerline of the plume is denoted as d, the total sigma-y (for
horizontal spread of the mean plume) as oy, and the total sigma-z
(for the vertical spread) as oz. The amount of plume spread
experienced over the distance to the stagnation point is dendted as
Oz and gy,, and the rate of plume growth beyond the stagnation point
to the receptor is denoted as oz* and ay*, where
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Figure 19.

Stagnation
Streamline /

Stagnation Point

Sketch of the flow around an ideal cylinder of elliptical
cross-section. The section shown is taken either at the
elevation of the centerline of the plume (zg), or at Hg,
depending on which is smaller, and it indicates the
relationship between the streamline through the source
(¥g), the stagnation streamline (¥,=0). and the
coordinate system with x-axis aligned with the mean wind

direction.
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o X =g - . (86)

The ellipse that is used to estimate the flow below H, is taken
from the horizontal cross-section of the hill at the minimum of the
following two elevations: either the elevation of the centerline of
the plume, or the elevation of H,. In this way the shape of the
hill selected is associated with the peak concentration of plume
materi®l found within the layer of fluid below H.

Concentrations at receptors located below H, just upwind of the
stagnation point are estimated as if the receptor sits on a pole of
height equal to the receptor elevation above the base of the stack.
Furthermore, the lateral distance between the plume centerline and the
receptor is set equal to d, so that concentrations at all of these
receptors are controlled by the amount of material on the stagnation
streamline (see Equation 102 for d). In this way plume material below
H, follows streamlines around the hill, and only material which
diffuses onto the stagnation streamline impinges on the hill. The
equation for estimating these concentrations is:

zZ_-Z
- Q _ 2 R 5.2
c mic o exp( O.S(d/oy) ) [exp(-0.5 ( p )
Yy z z
zZ_+Z
+ axp(-0.5 (B (87)
z

Equations 87 and 84 provide estimates of ground-level
concentrations of plume material before and after plume material above
He is "removed,"” respectively. That is, the upper and lower
portions of the flow do not become distinct in CTDM until the
impingement or stagnation point is reached.

3.3.8 Model for Streamlines

The central features of WRAP are the distance between the
stagnation streamline and the streamline that passes through the
source and the relative locations of the source, the receptor, and the
point of impingement. These require a flow model to obtain
streamlines. Because the flow is two-dimensional in this strongly
stratified limit, potential flow solutions are used to obtain the
streamlines.

The hill below H, is represented as a cylinder of elliptical
cross-section, set on end. This shape is chosen because it contains
the overall scale and orientation of the hill, and it is simple enough
that streamline patterns can be expressed analytically. As already
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stated, the ellipse used for the entire flow below H, is the result
of fitting an ellipse to the height-contour that corresponds to the
minimum of H, and the plume height. The potential flow solution is
expressed in elliptical coordinates following the notation of
Batchelor (1970). '

Let the x—axis be aligned with the major axis of ellipse, let a
be the length of the semi-major axis, and b be the length of the
semi-minor axis. Then the elliptical coordinates (u,v) are
related to the cartesian coordinates by the relations

x2 = (az-bz) coshz(u+u°) cosz(v)

y2 = (a®-v?) sinhz(u+po) sinZ(v). (88)

Note that u = u'-uy, where u, is the value of u' along the boundary of
the ellipse (u is constant along ellipses in the family of confocal
ellipses of which the boundary of the hill is a member). Using the
elliptical coordinates, a streamline in the flow is given by

¥ = -85 (a+b) sinh(u) sin(v+aw) (89)

where Sy, is the speed of the incident flow, and ay is its
direction. Note that ay is zero when the flow is directed along
the -x direction, and it increases in the clockwise direction, as
noted in Figure 20.

The wind speed and direction measured at a tower near a hill may
be influenced by the presence of the hill, so that a mean speed and
direction must be estimated at infinity to define the incident flow.
This is calculated from the theory of two-dimensional potential flow
around an ellipse. Let (up,vp) be the coordinates of the point (e.g.,
a tower) at which the speed and direction (S¢, ¢p) are measured,
where ¢p is the direction counter-clockwise from the major axis of
the ellipse. Then the wind direction is parallel to the tangent to
the streamline defined by y=yp at the point (up,vp).

From Equation 89,

*T = -5, (a+b) sinh(uT) s1n(vT+ °w)' (90)
The rate of change of u with v along Yr at the tower position
is found by differentiating Equation 90 with respect to v, and

evaluating it at the point (up, vp):

tanh "T
Iy = -
dv 'T tan(vT+ cw)

(91)
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Figure 20.

Definition of modeling variables, illustrating in particular
the coordinate system in which the xg-axis is aligned with
the tangent to the stagnation streamline at the impingement
point (the B-coordinate system). The coordinates along the
xg-axis of the source are denoted by XgB» ¥p@s and

Xpds respectively.
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Similarly, the slope of the tangent to the streamline is expressed in
terms of the x-y coordinate system by forming the quantity dy/dx by
differentiating Equation 88, and evaluating this at the position of
the tower:

dy | _ (b tanh(uT) + a) tan(vT) (du/dv)|T+ (b + a tanh(uT)) (92
dx 'T (a tanh(uT) + b) (du/dv)lT - (a+b tanh(uT)) tan (vT)

Noting that tan(¢p) = (dy/dx)|T and setting a/b =T,
Equation 92 can now be solved for tan(a,), so that

- tan(av) =

[tan(vr)/coshz(uT)+tan(¢T)tanh<gz)/cosz(vr)1+r tan(¢T)[tanz(vT)+tanh2(uT)]

(tanz(vT)tanhz(uT)+1)+r[tanh(uT)/cosz(vr)+tan(¢r)tan(vT)/coshz(uT)]

(93)
The wind speed at (up, vp) is given by (Batchelor, 1970):
sinhz(u )+sin2(v +a)
s,r2 =2 <§f§) 3 1 I . (94)
sinh (uT+u°) + sin (vT)
Upon expanding the sinh?(uq+u,) term and noting that
cosh(yg) = a/(a2-b2)1/2
(95)
ginh(ug) = b/(a2-b2)1/2
and also using r = a/b, the speed at infinity (far away from the
influence of the hill) is given by
1/2
ST [(rz—l)sinz(vt)+1]/sinhzur+t2+1+2r/tanh(uT)
Se % THl 2 (ora ) /5inb2 () B
1l+sin Vota T
(96)

Once the angle of the incident flow, relative to the major axis
of the ellipse, and the speed S, are known, the stream function
through the source (yg) can be calculated from

¢5 = -§_(a+b) sinh(us) sin(us+aw) . (97)
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The stagnation point can also be calculated. Along the stagnation
streamline, y4=0, so that Equation 94 becomes

0 = =Sa(a+b) sinh(yu) sin(v+aw) . (98)

Because this must be satisfied for all u, v must be equal to
-a, along the stagnation streamline. Therefore, the stagnation
point is at (0, -ay), because u equals zero on the boundary of
the ellipse.

Distance is tracked along the xg-axis, which is parallel to the
stagnation streamline at the stagnation point. This coordinate system
is needed to provide a convenient Cartesian coordinate system that
allows the streamline through the source to be a single-valued
function of x for all o. At the stagnation point, the stagnation
streamline meets the boundary of the ellipse at an angle of 90°. The
tangent to an ellipse is given by

dy b 2
tan () = o= | = -(3) x/y. (99)
x . a
ellipse

The coordinates of the impingement point, (xj,y;) are given by
Equation 93 with (u,v) = (0, - ay)., so that

X; = a cos(ay)
(100)
Yi = b sin(ey).

Because the stagnation streamline is perpendicular to the tangent to
the ellipse at (xi, ¥i), the tangent of the rotation angle, 8,
mist be -1/tan(y).

a
b

The distance between the streamline through the source (¥g)
and the stagnation streamline (y,=0) far from the hill is related
to the value of yg and the wind speed at infinity, S,. Because
the speed of the flow equals the gradient of the stream function far
from the hill, Su = (g - Vo) /4, or

tan (8) = -~ tan(aw) . (101)

d = yg/S. (102)

However, because oy, may be measured closer to the hill, the speed
at the source is substituted for S, to estimate d near the source.

3.3.9 Receptors not Influenced by Hills
In theory, the main subroutines of CTDM give results which are

identical to flat-terrain results in the limit that the hill height
goes to zero. However, the code in the model is not designed to check
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for hill height of zero before executing statements that may require
division by the hill height; and if it were, many extensive
calculations would be needlessly executed, with the model returning no
terrain-effects. Furthermore, the structure of the model requires
that receptors be associated with specific hills wherein each hill
requires extensive information. A flat terrain algorithm is included
in the model to avoid such numerical problems and extra input
requirements.

The flat terrain algorithm simply performs a Gaussian plume
computation which assumes that there is no mixing lid, that all
receptors lie on a single ground-plane, and that plumes travel in
straight lines. All plume rise and growth algorithms match those used
in the other sections of the model. For a plume at height zg above
the surface, released from y = yg, the concentration of plume
material at a receptor placed at a height hy above the surface, and
set at y = yg, is given for a time of travel t from the virtual
source (including a virtual time) by

Y-y
—0.5 (282 Rp-2, 5 Ra+Z, 5
. o -0.5(—) -0.5(—)
clt,y ) = Qe y le °, +e o, i (103)
' R’hR Zﬂuayaz

Note that the time of travel appears in the expressions for oy and
o, (Equation 29).
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SECTION 4
CTDM EVALUATION ANALYSIS

An assessment of the performance of CTDM is described in this
section. CTDM and two other complex terrain models used for rural
applications, COMPLEX I and RTDM (Paine and Egan, 1987), were
evaluated at five sites. These sites included the three CTMD sites
(CCB, HBR, FSPS) as well as two other sites with conventional SO,
data obtained over a one-year period (the Westvaco Lake paper mill and
the Widows Creek steam generating station). The models that were
evaluated and the data bases used are discussed further in Sections
4.1 and 4.2, respectively.

A large part of the CTMD data base (CCB, HBR, FSPS) was used in
the development of CTDM, so the overall results for CTDM at these
three sites do not represent an unbiased test of CTIDM versus COMPLEX I
and RTDM. The CCB data base for both SFg and CF3Br was used
extensively in the development of CTDM. Model development use of the
HBR data base concentrated on only a subset of the CF3Br data (35
hours; see Strimaitis et al., 1985) and none of the SF¢ data (for
which lidar-derived plume heights were not obtained until the
evaluation task). The use of the Tracy Power Plant data for model
development was focused upon hours involving plume travel toward
Beacon Hill and Target Mountain; hours involving impacts on samplers
on other hills were not used. In addition, the model development used
meteorological data from the 150-m tower only, while the model
evaluation data base also included tethersonde and doppler sodar
data. Withheld data that are available for future model evaluations
include 20 hours from HBR (see Lavery et al., 1983, page 184) and all
of the data from the preliminary Tracy experiment in the fall of 1983.

A series of statistical tests (described in Section 4.3) were run
on the models for data sets both paired or unpaired in time and/or
space. These tests examined the models’' overprediction or
underprediction bias as well as the root-mean-square (RMS) error, and
the percentage of predictions within a factor of two of observations.
Results are described in Section 4.4.

Another aspect of the evaluation analysis involved an examination
of the spatial distribution and magnitude of CTDM concentrations for
each hour at the three CTDM tracer sites. CTDM performance in the
LIFT and WRAP components was assessed by examining the behavior of
h?urly patterns of predicted and observed concentrations. Results are
given in Section 4.5.
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4.1 Models Evaluated

At the CTMD tracer sites, CTDM was evaluated using the plume
height set to the tracer release height for near-neutrally buoyant
releases. In some cases with buoyant tracer plumes (for SFg at HBR
and FSPS), CTDM was run using a final plume height based upon lidar
observations of the plume. At FSPS, CTDM runs for SFg releases were
done for both observed and calculated plume heights. The "observed"
plume height at the Tracy Power Plant was obtained by examining the
lidar observations. The first two lidar cross-sections through the
plume were both used independently to define two final observed plume
height. The first cross-section occurred at a downwind distance of
roughly 500 meters, while the second typically occurred at a distance
between 1000 and 1500 meters. The resulting two alternative observed
plume heights were tested using CTDM (results are shown in
Section 4.4). The calculated plume heights at FSPS were derived from
conventional stack gas exit parameters (temperature, velocity. stack
diameter). For the conventional SO, data bases, plume heights were
calculated for each hour.

Other rural complex terrain models that were evaluated included
COMPLEX I and RTDM, which was run in both "default” and "on-site"
modes. RTDM in default mode does not employ vertical and horizontal
turbulence intensity information nor vertical temperature gradient
data. The on-site mode does use these meteorological variables, and
in 80 doing, is similar to CTDM in taking advantage of these available
measurements. COMPLEX I and RTDM were run using observed plume
heights where applicable, except that only calculated plume heights
were evaluated at FSPS.

Tables 2, 3, and 4 list several important features of these
models, including plume transport, plume dispersion and stability
determination, plume rise and terrain impingement, and limits to
vertical mixing. Of the three models, COMPLEX I is the least refined
because it requires no terrain profile or shape information and does
not consider a critical dividing streamline height. The number of
meteorological input variables available to COMPLEX I and to RTDM in
default mode is limited; no hourly temperature gradient or og
and o, data can be accommodated. In on-site mode, RIDM can use
these additional variables. RIDM requires the input of terrain
profiles and hill-top heights for 36 directions in 10° increments
about a common source location. This information is used for partial
reflection and critical dividing streamline height calculations.

CTDM requires more terrain information; a complete
three-dimensional description of each separate hill involved in the
modeling is supplied by a terrain preprocessor. Up-to-date techniques
for computing the mixed layer height and boundary layer parameters
such as Monin-Obukhov length, L, and the friction velocity, ux are
provided by a meteorological preprocessor. CTDM, unlike COMPLEX I and
RTDM, accounts for the horizontal deflection of streamlines in the
vicinity of terrain. The model also can read meteorological input
data from many levels and interpolate or scale wind, temperature, and
turbulence variables to plume height.
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TABLE 2
FEATURES OF COMPLEX TERRAIN MODELS
USED IN THE EVALUATION: CTDM

Plume Transport And Dilution

® Wind speed and direction interpolated from multiple
levels of input data or scaled from the highest
available level to final plume height.

° Plume deflection around (or over) terrain obstacles
accounted for.

. Plume height wind speed used in Gaussian equation.

Plume Dispersion/Stability

® Meteorological preprocessor provides Monin-Obukhov
length, a continuous stability parameter.
. Plume dy' s, determined from measured
g, (or ¢ ), o data and estimated
) v w
Lagrangian time scales.
] Off-centerline (rather than sector averaging) used in

concentration calculations.

. Buoyancy-enhanced vertical and horizontal dispersion.
° Model does not calculate concentrations for unstable
conditions.

Plume Rise/Terrain Impaction

° Plume lifting (terrain adjustment) over terrain
varies hourly as a function of distance to hill, hill
shape, and critical dividing streamline height.

M No minimum terrain approach; direct plume impingement
is possible.

. Briggs final plume rise used; meteorology for plume
rise calculations obtained halfway between stack top

and final plume height.

/8



TABLE 2 (Continued)

° Measured values of d6/dz used for stable rise.

Limits to Vertical Mixing

° Full reflection at the ground, unlimited growth above

) Local internal boundary layer used in vicinity of
hills.

™ No mixing lid restriction used in stable conditionms,

but mixing height governs profiles of wind and
turbulence within the surface layer.
° Nocturnal 1id determined from diagnostic boundary

layer depth formula.

Terrain Depiction
° Digitized terrain contours as read by terrain

preprocessor.

° Mathematical description of each hill.is used by CTDM.
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TABLE 3
FEATURES OF COMPLEX TERRAIN MODELS
USED IN THE EVALUATION: RIDM

Plume Transport and Dilution

e Wind speed scaled to stack-top height for plume rise,
to final plume height for use in Gaussian equation.
. Wind direction as input, not scaled with height.

° No plume deflection around hills (in the horizontal).

Plume Dispersion/Stability

® Discrete Pasquill-Gifford stability categories (A-F).

° In default mode, plume o, growth determined from
Briggs (1973) rural dispersion coefficients.

. In on-site mode, plume o, growth determined by
observed %90 9 data (if available).

® 22.5° horizontal sector averaging for all stability

classes in default mode; off-centerline Gaussian
concentration calculations in on-site mode.

® Buoyancy-enhanced vertical and horizontal dispersion.

Plume Rise/Terrain Impaction

e Terrain adjustments = 0.5 for all stability classes;
changed to 0 for stable classes if the plume is below
the critical dividing streamline height.

® No minimum terrain approach; direct plﬁme impingement
is possible.

M Briggs final rise used as calculated from stack-top
meteorology.

° Stability-dependent values of d6/dz used for stable
rise in default mode; measured values used in on-site

mode.
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TABLE 3 (Continued)

Limits to Vertical Mixing

° Full reflection at ground and mixing 1id, but

unlimited mixing height for stable conditions.
Terrain Depiction
® Terrain profiles (elevation versus distance from
source) specified in 10° angular intervals;

appropriate profile is chosen each hour based upon

wind direction.
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TABLE 4
FEATURES OF COMPLEX TERRAIN MODELS
USED IN THE EVALUATION: COMPLEX I

Plume Transport and Dilution

® Wind speed scaled to stack-top height for plume rise.
. wWind direction as input, not scaled with height.

e No plume deflection around hills (in the horizontal).
. Stack-top height wind speed used in Gaussian equation.

Plume Dispersion/Stability

o Discrete Pasquill-Gifford (P-G) stability categories

(A-F).

® Plume ay, o, growth using P-G dispersion
coefficients (rural).

° 22.5° horizontal sector averaging for all stability
classes. .

® Buoyancy-enhanced vertical and horizontal dispersion.

Plume Rise/Terrain Impaction

° Terrain adjustments = .5 for stabilities A-D, 0 for E
and F.

® Closest plume centerline approach to terrain = 10
meters.

. Briggs final rise used, calculated from stack-top
meteorology.

. Stability-dependent values of d0/dz used for stable
rTise,
° Critical dividing streamline height is not accounted

for.
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TABLE 4 (Continued)

Limits to Vertical Mixing

o Full or partial reflection at ground and mixing lid,

but unlimited mixing height for stable conditions.

Terrain Depiction

[ Receptor heights given only; no hill shape or terrain

profile information used.
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4.2 Data Sets Used for Evaluation

CTDM, COMPLEX I, and RTDM were evaluated with data from the three
CTMD sites: Cinder Cone Butte (CCB), the Hogback Ridge (HBR), and the
Tracy Power Plant (FSPS). For these model runs, the emissions,
meteorological and receptor data were reformatted to be compatible
with the operational version of CTDM. A special provision was made to
allow these models to read observed plume height data, which varied
hourly at the Hogback Ridge and at Tracy.

To supplement the CTMD sites, two other data bases were selected
for the model evaluation: the Westvaco pulp and paper mill in Luke,
Maryland (Wackter and Londergan, 1984) and the Widows Creek Steam
Plant (TVA) in northeastern Alabama (Egan et al., 1985).

At Cinder Cone Butte, an isolated hill, SF¢ and CF3Br
releases were modeled. There were 107 hours of SFg releases and 51
hours of CF3Br releases modeled at 93 receptors (See Figure 21).
The tracers were released from cranes, which were repositioned several
times during the experiment. Each new release position and/or height
was considered as a separate source. Therefore, there were 55 SF¢
sources and 22 CF3Br sources modeled in this evaluation.

The Hogback Ridge (Figure 22) was viewed as one long hill for the
CTDM evaluation. A total of 99 hours were modeled at 106 receptors
from 36 release heights/locations for SFg and CF3Br.

At the Tracy Power Plant, the terrain was divided into 18
individual hills (Figure 23) for the CTDM evaluations. SFg was
released from the Tracy stack and CF3Br was released from 3 levels
of the 150-m tower during the experiment. A total of 128 hours were
modeled at 110 receptors. Each receptor was identified as being on
one of the 18 hillis.

Three sets of meteorological inputs were prepared for each site:
a preferred data set using all available data and two versions of
degraded meteorological data. The degraded meteorological data
consisted of either only one or two levels of wind, temperature, and
turbulence data. At CCB, 8 levels of data were used in the profile
(2, 10, 40, 60, 80, 100, 150 m), plus a level obtained from the
Modelers Data Archives (MDA's) for the meteorological data at plume
height for each hour. The first degraded data set at CCB consisted of
10-m and 80-m tower data and the second degradation contained only
10-m tower data.

The preferred meteorological data set at HBR consisted of 10
levels from the 150-m tower (2, 5, 10, 30, 40, 60, 80, 100, 150 m).
The first degraded data set had only the 10-m and 100-m levels. The
second degradatiom used only the 10-m tower data.

At FSPS, 16 levels of meteorological data were contained in the
preferred data set. The composite profile was obtained from the 150-m
tower, the sodar and the tethersonde. Wind data was extended above
the top of the 150-m tower in 25-m increments up to about 400 m with
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the use of sodar data. Inconsistencies between the tower and sodar
data at 150 m were smoothed out between the levels of 100 and 200
meters. The difference for any hour was handled by linearly
interpolating between the tower level at 100 m and the sodar level at
200 m. Temperatures were extended above 150 m through the use of the
tethersonde temperature gradient above 150 m. In the input data
degradation tests, only the tower data was used. The bottom (10-m)
and top (150-m) levels were used in the first degraded data set and
the second degradation consisted only of the bottom level.

Four hills were identified for modeling with CTDM in the vicinity
of Westvaco's Luke Mill (Figure 24). A single stack was modeled for
11 receptors for a one-year period (December 1980-November 1981).

CTDM was run sequentially for the entire year, but did not calculate
concentrations when the plume was in an unstable layer (Monin-Obukhov
length is negative and the plume is within the mixed layer).

The meteorological profile was obtained from the 30-m Luke Tower
(near site #2, north of the stack) and also from the 100-m
meteorclogical tower on the hill to the southeast (at site #1). The
use of a temperature gradient obtained between the tops of these two
towers was expected to result in better CTDM performance than the use
of a single tower with the lower temperature measurement from 10
meters. (A similar result had previously been obtained independently
for RTDM at Widows Creek, where balloon soundings verified this
finding (Egan et al. 1985)). The "full" profile of meteorological
data involved 5 levels: 190, 210, 326, 366, and 416 meters above the
base of the 190-m stack. The first degrade involved only the 190- and
210-m levels (Luke Tower 10- and 30-m levels) and the second degrade
used only the 190-m level.

A total of five hills were used in the CTDM modeling of the Widow
Creek Steam Plant (Figure 25). Three stacks were modeled for 14
receptors for calendar year 1980. The meteorological data profile was
assembled from two 61-m towers, one in the Tennessee River valley and
one on the top of Sand Mountain (mear Station 3). The full
meteorological profile included data at 10, 61, and 312 meters above
stack base (all of the valley tower and the top of the mountain
tower). One data degrade employed only the valley tower (10- and 6l-m
levels) while a second degrade used the 10-m level of the mountain
tower (261 m above stack base).

For both the Westvaco Lake and Widows Creek data base, the
background concentration was determined for each hour as the lowest
monitored concentration in the network. The hourly background
concentrations were subtracted from the total monitored concentrations
to obtain a residual concentration attributable to the source in
question. The use of the lowest monitored observation always resulted
in a non-negative concentration from the source in question.

4.3 Statistical Tests and Case-Study Analyses
Hourly concentration predictions were obtained for each of the

models described in Section 4.1. Although RTDM and COMPLEX I
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Figure 25. 1980 Widows Creek monitoring network with outlines of
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calculate concentrations for every hour, CTDM does not give
predictions for unstable hours if the plume is within the surface
layer. Therefore, it was necessary to restrict the evaluation results
to only those hours for which CTDM results were available. 1In
addition, comparisons had to be restricted to only those sampler sites
that were operational for any given hour. Analyses were performed for
l-hour averages for the tracer experiments (CCB, HBR, FSPS) and for
1-hour and 3-hour averages for the conventional SO, data bases
(Westvaco Luke and Widows Creek).

Specific statistical tests and data subsets to which they were
applied are listed in Table 5. For tracer data such as the CTMD
sites, primary tests involve data sets paired in time or paired in
time and space. The excellent spatial resolution in these tracer
experiments maximizes the likelihood that the peak observed and
predicted concentrations will be found somewhere in the network. The
occasional movement of the sources and the monitoring network,
especially for CCB and HBR, causes a paired-in-space test to be less
important for some of the tracer data. The data set unpaired in time
and space is similarly difficult to interpret and sometimes misleading
for these tracer data bases because the sources and network are not
fixed in location. For these reasons, results for the test unpaired
in time and space are not presented for the CCB or HBR data sets.

For the conventional data bases, tests that are unpaired in time
are important because of the long time record but relatively poor
spatial resolution. The number of SO, monitors is, however, large
enough to allow testing with data sets paired in time and paired in
time and space.

The model bias test involves the difference of the averages of
the hourly peak model predictions and observations. For each of the
five data sets analyzed, the highest concentration only was used to
compile this statistic. An additional data base employed at the
tracer sites consisted of the average of the highest 5 predictions and
observations each hour. This data base produced results less
dependent upon extreme concentrations and was feasible because of the
high spatial resolution of the tracer samplers. The computed model
bias is the average observation minus the average prediction, so a
negative bias denotes a model overprediction.

The root-mean-square (RMS) error and normalized mean square error
(NMSE) statistics show a measure of model scatter and also_incorporate
the model bias. The mean square error is represented as (C, - Cp) .
where C, is an observed concentration, Cp is a predicted
concentration and an overbar denotes an average over all samples.
While the RMS error is simply the square root of the mean square
error, the NMSE error is represented here in two forms:

NMSE; (or M1) = (Cq - C:I,)Z/Ec:'2

WMSE; (or M2) = (Co - Cp)2/[CqCp]
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TABLE 5
DATA SUBSETS AND EVALUATION TESTS FOR TRACER (CTMD)
AND CONVENTIONAL DATA BASES

1) Unpaired in Time and Space
(Model bias only for measures listed below)
a) Highest concentration
b) Second-highest
¢) Highest Second-Highest

d) Average of Top N values*

2) Paired in Time, Not in Space (peak hourly values)
a) Model bias
b) Root-mean-square (RMS) error
¢c) Normalized mean square error (NMSE)
d) % of predicted peaks within

a factor of 2 of observations

3) Paired in Space (peak values and Top 10 values at each
monitor)
a) Model bias
b) RMS error
c) NMS error
d) % within factor of 2

4) Paired in Time and Space (each site, each hour)
a) Model bias
b) RMS error
c) NMS error
d) % within factor of 2

* N =5 for tracer experiments, 10 for conventional data bases.
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The first of these formulations is desirable because of its simplicity
(no use of the average predicted concentration), while the second one
results in equal treatment for under- and overpredicting models.

The percentage of cases with predictions within a factor of 2 of
observations is listed to summarize the results of a scatter plot of
predictions versus observations. This statistic is also a
rule-of-thumb indicator as to how accurate the model being evaluated
is on a case-by-case basis.

The bias, RMS error, NMSE, and % within a factor of 2 statistics
were also prepared for concentrations paired in time for several
classes of meteorological conditions. These conditions included
stability classes D, E, and F (based upon near-surface conditions) and
3 categories of release-height wind speeds: 0-1, 1-3, and >3 meters
per second.

In addition to the tabulated results described above, scatter
plots of predicted versus observed l-hour and 3-hour average
concentrations were prepared for peak concentrations paired in time.
The results of the statistical tables and scatter plots for the five
evaluation sites are discussed in Section 4.4.

Case-study analyses involving plots of predicted (CTDM only) and
observed concentrations were also performed at the tracer sites. The
concentrations were plotted on pairs of maps for each hour: one for
predicted and one for observed concentrations (See Figure 26a and
26b). The plots include a listing of plume height, H. and Froude
number values as well as the location of the source and the positions
of the highest predicted and observed concentrations. Results of the
analyses of these maps are discussed in Section 4.5. B

4.4 Results of Statistical Evaluation (All Models)

Excerpts of the results of the statistical evaluation of CTDM,
COMPLEX I, and RTDM are presented in this section, including results
for data sets unpaired in time and space, and paired in time but not
in space. Additional results are listed elsewhere:

° complete statistics for observed and predicted
concentrations paired in time, but not in space - Appendix B;

® statistics for concentrations paired in space, not in time
(conventional data bases only) - Appendix C;

° statistics for concentrations paired in time and space -
Appendix D;

] statistics based upon meteorological category for
concentrations paired in time, not in sSpace - Appendix E.

° scatter plots of peak hourly predictions and observations

and residual plots. predicted/observed ratios versus distance
(Appendix F).
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Tables 6 through 13 contain the following results:

Unpaired in Paired in

Time and Space Time Only
CCB (SFg) Table 9a
CCB (CF3Br) Table 9b
HBR (SFg) : Table 10a
HBR (CF4Br) Table 10b
FSPS (SFg) Table 6a Table 1la
FSPS (CF3Br) Table 6b Table 11b
Westvaco (S0j3) Table 7a,b Table 12a,b
Widows Creek (S0j) Table 8a,b Table 13a,b

For each evaluation site, CTDM results for all available tower
levels (see Section 4.2), just two levels, and a single level of
meteorological input data are listed. COMPLEX I and RTDM were run
with a single level of meteorology close to stack top (See Sectiom
4.2).

At the Tracy Power Plant, CTDM with all tower levels showed an
underprediction tendency in the unpaired extreme value tests (Table 6,
a and b), while use of fewer levels resulted in higher
concentrations. COMPLEX I overpredicted for both tracers and RTDM
(on-site mode) underpredicted for both tracers. RTDM in default mode
exhibited a modest overprediction tendency.

Table 7 (a2 and b) shows l-hour and 3-hour average evaluation
results for the unpaired data sets. at Westvaco. CTDM shows an
overprediction tendency for the three combinations of meteorclogical
input data. Use of two tower levels gives poor results - the d6/dz
values are probably too large because one temperature level is too
close to the ground. COMPLEX I shows severe overprediction problems,
while RTDM exhibits a moderate overprediction tendency. The on-site
run of RTDM gives better results than the default mode run.

As shown in Table 8 (a and b), all models overpredict at Widows
Creek. Once again, the CTDM run with two tower levels shows higher
concentrations than the other CTDM runs, again probably due to the
high d6/dz values. COMPLEX I shows the highest overpredictions,
while RTDM (default) moderately overpredicts and RTDM (on-site)
slightly overpredicts.

The CCB evaluation results for the paired in time, unpaired in
space data set (Table 9, a and b) show a significant decline in CTDM
performance toward underprediction for both SFg and CF3Br as the
meteorological input is degraded. CTDM results for the full
meteorological data set are quite good, however. COMPLEX I
overpredicts for both tracers, but by less than a factor of 2. RTDM
in on-site mode shows a modest underprediction tendency, while in
default mode it overpredicts for SFg and underpredicts for CF3Br.
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TABLE 6a

SUMMARY STATISTICS FOR DATA UNPAIRED IN TIME AND SPACE

SITE: TRACY POWER PLANT

DATA SUBSET
OBSERVED
CTDM, SEVERAL
TOWER LEVELS
CTDM, SEVERAL
TOWER LEVELS
(ALT. PLUME HT 1)+
CTDM, SEVERAL
TOWER LEVELS
(ALT. PLUME HT 2)*

CTDM, TWO
TOWER LEVELS

CTDM, ONE _
TOWER LEVEL

COMPLEX I

RTDM, DEFAULT
MODE

RTDM, FULL
ONSITE MODE

TRACER: SF6

UNITS: uS/m**3

1-HOUR AVERAGES, 111 HOURS

HIGHEST

10.227

7.551

6.581

6.725

8.067

11.755

22.605

12.944

6.180

SECOND-
HIGHEST

8.241

6.314

6.314

6.661

6.617

11.679

22.587

11.407

3.966

HIGHEST
SECOND=
HIGHEST

6.452

5.356

5.356

5.356

3.970

11.194

22.587

11.407

2.832

AVG OF
TOP 5

8.092

6.100

5.648
5.677

6.374
10.014

21.686

11.097

3.877

* Alternative plume height #1 was obtained from lidar measurements
at the first cross section downwind from the source.
height #2 was obtained from the second lidar cross section.
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TABLE 6b

SUMMARY STATISTICS FOR DATA UNPAIRED IN TIME AND SPACE

SITE: TRACY POWER PLANT TRACER: CF3Br UNITS: uS/m**3

1-HOUR AVERAGES, 111 HOURS

HIGHEST
SECOND- SECOND- AVG QF
DATA SUBSET HIGHEST HIGHEST HIGHEST TOP 5
OBSERVED 19.463 13.351 7.482 12.900
CTDM, SEVERAL

TOWER LEVELS 8.875 8.433 8.433 7.960
CTDM, TWO

TOWER LEVELS 31.598 16.630 9.530 15.889
CTDM, ONE ,

TOWER LEVEL 36.402 23.554 11.641 17.320
COMPLEX I 31.715 30.304. 27.107 27.312
RTDM, DEFAULT

MODE 21.994 20.943 20,943 19.339

RTDM, FULL
ONSITE MODE 7.917 6.502 5.560 5.834
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TABLE 7a

SUMMARY STATISTICS FOR DATA UNPAIRED IN TIME AND SPACE

SITE: WESTVACO LUKE TRACER: S02 UNITS: ;S/m**3

1-HOUR AVERAGES

HIGHEST
SECOND- SECOND- AVG OF
DATA SUBSET HIGHEST HIGHEST HIGHEST TOP 10
OBSERVED 7.227 6.911 5.755 5.725
CTDM, SEVERAL
TOWER LEVELS 13.593 11.076 11.076 9.356
CTDM, TWO
TOWER LEVELS 24.838 24.308 23.214 22.325
CTDM, ONE
TOWER LEVEL 9.641 9.556 8.353 8.515
COMPLEX I 50.647 49.478 49.382 47.503
RTDM, DEFAULT
MODE 15.369 14.250 13.953 13.619

RTDM, FULL
ONSITE MODE 15.460 8.843 8.519 7.879

99



TABLE 7b

SUMMARY STATISTICS FOR DATA UNPAIRED IN TIME AND SPACE

SITE: WESTVACO LUKE TRACER: SO2 « UNITS: uS/m#*#*3

3-HOUR AVERAGES

HIGHEST
SECOND- SECOND=- AVG OF
DATA SUBSET HIGHEST HIGHEST HIGHEST TOP 10
OBSERVED 5.036 4.405 4.405 3.434
CTDM, SEVERAL

TOWER LEVELS 7.011 5.728 5.728 4.951
CTDM, TWO

TOWER LEVELS 19.556 18.621 17.036 15.754
CTDM, ONE )

TOWER LEVEL 7.003 €.908 6.461 6.053
COMPLEX I 42.780 36.749 36.749 32.384
RTDM, DEFAULT

MODE 11.745 10.274 10.274 9.175
RTDM, FULL
ONSITE MODE 7.945 6.839 3.769 3.864

100



TABLE 8a

SUMMARY STATISTICS FOR DATA UNPAIRED IN TIME AND SPACE

SITE: WIDOWS CREEK TRACER: SO02 UNITS: ug/m**3

1-HOUR AVERAGES

HIGHEST
SECOND- SECOND- AVG OF
DATA SUBSET HIGHEST HIGHEST HIGHEST TOP 10
OBSERVED 4609 3850 2776 2627
CTDM, SEVERAL
TOWER LEVELS 6857 6220 5283 5435
CTDM, TWO .
TOWER LEVELS 8866 8634 7097 6892
CTDM, ONE
TOWER LEVEL 6704 6464 6335 5303
COMPLEX I 12453 11474 11255 10857
RTDM, DEFAULT
MODE 4773 4517 4517 4420
RTDM, FULL
ONSITE MODE 9555 7739 4435 5373
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TABLE 8b

SUMMARY STATISTICS FOR DATA UNPAIRED IN TIME AND SPACE

SITE: WIDOWS CREEK TRACER: SO02 UNITS: ug/m#*#*3

3-HOUR AVERAGES

HIGHEST

SECOND- SECOND- AVG OF

DATA SUBSET HIGHEST HIGHEST HIGHEST TOP 10

OBSERVED 2374 1955 1082 1049
CTDM, SEVERAL

TOWER LEVELS 2670 2286 1798 1868

CTDM, TWO -
TOWER LEVELS 3042 2588 2588 2326
CTDM, ONE

TOWER LEVEL 3915 2992 2805 2782

COMPLEX I 6871 6412 5440 5446
RTDM, DEFAULT

MODE 3470 3403 3403 2757

RTDM, FULL
ONSITE MODE 3293 2349 1478 1603
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TABLE 9a

SUMMARY STATISTICS FOR DATA PAIRED IN TIME, NOT IN SPACE

SITE: CINDER CONE BUTTE TRACER: SF6 UNITS: uS/m#**3 THRESHOLD: 0.00

(HIGHEST VALUE FROM EACH HOUR USED), 100 HOURS

% CASES:
AVERAGE 0.5 <
HOURLY RATIO OF RMS PRE/OBS
DATA SUBSET PEAK VALUE PRE/OBS ERROR < 2.0
OBSERVED 27.96 = ——— -
CTDM, SEVERAL
TOWER LEVELS 26.16 0.94 28.66 37
CTDM, TWO
TOWER LEVELS 12.19 0.44 36.92 21
CTDM, ONE
TOWER LEVEL 6.58 0.24 37.54 17
COMPLEX I 42.18 1.51 45.55 38
RTDM, DEFAULT
MODE 36.35 1.30 58.33 27

RTDM, FULL
ONSITE MODE 21.50 0.77 26.10 38
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TABLE 9b

SUMMARY STATISTICS FOR DATA PAIRED IN TIME, NOT IN SPACE

SITE: CINDER CONE BUTTE TRACER: CF3Br UNITS: uS/m#**3 THRESHOLD: 0.(

(HIGHEST VALUE FROM EACH HOUR USED), 44 HOURS

% CASES:
AVERAGE 0.5 <
HOURLY RATIO OF RMS PRE/OBS
DATA SUBSET PEAK VALUE PRE/OBS ERROR < 2.0
OBSERVED 15.01 - = -
CTDM, SEVERAL
TOWER LEVELS 20.95 1.40 29.21 23
CTDM, TWO
TOWER LEVELS 7.51 0.50 19.92 14
CTDM, ONE
TOWER LEVEL 4.57 0.30 20.94 34
COMPLEX I . 24.45 1.62 28.68 46
RTDM, DEFAULT
MODE 11.04 0.74 24.29 50
RTDM, FULL
ONSITE MODE 13.68 0.91 19.25 32
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The HBR results (Table 10, a and b) show CTDM overpredictions for
SFg (except for the run with one tower level), but underpredictions
for CF3Br. COMPLEX I shows a large overprediction for SFy
(released usually above H.) and a moderate overprediction for
CF3Br (usually released below H.). These differences reveal a
critical weakness in COMPLEX I: the inability to distinguish between
flow regimes passing over rather than around a terrain obstacle. RIDM
results for the on-site mode are very good for both tracers, showing a
modest overprediction tendency. The default mode exhibits a large
overprediction tendency. a result that is not unexpected due to the
large default values of d6/dz that are used. Note that CTDM's
relatively good performance with the HBR SFg data set (not used in
the model development) is consistent with its performance at other
CTMD sites. This result suggests that CTDM's relatively good
evaluation results at the CTMD sites are due to theoretically sound
design rather than from "tuning” and calibration.

Table 11, a and b (FSPS), shows very good results for CTDM, which
has predicted-to-observed ratios close to. 1.0 and a high number of
cases with predictions within a factor of 2 of observations. COMPLEX
I shows large overpredictions while RTDM (default) overpredictions are
more modest. For this site, RTDM (on-site mode) shows a moderate
underprediction tendency. Results for the models are consistent
between the two tracers.

For the Westvaco conventional data base, results are shown for
1-hour averages (Table 12a) and for 3-hour averages (Table 12b).
.Results from Table 12 show good performance for both CIDM (all tower
levels) and RTDM (on-site mode). With fewer tower levels, CTDM
overpredicts significantly, probably due to the use of
unrepresentative or default d6/dz values that are too high.
Overpredictions are quite apparent for RTDM default (dé/dz too high)
and especially COMPLEX I (d®/dz too high and no plume lifting over
terrain in stable conditioms).

Table 13 (a and b) gives results for Widow Creek for 1- and
3-hour averages, respectively. As is the case for Westvaco, the CTDM
results show more overpredictions as the meteorological data input is
degraded. The best results are attained by CTDM (all tower levels)
and RTDM (on-site onsite), while RTDM (default) and COMPLEX T
overpredict for the same reasons as stated above for Westvaco.

Statistics for observed and predicted concentrations paired in
space but unpaired in time are presented in Appendix C. The results
for this test are consistent in general with those for the data set
paired in time only.

In Appendix D, results are given for concentrations paired in
time and space for the five sites. For this test, results are
presented both for all data points as well as predicted-observed
concentration pairs that are both above a nominal value of 0.01
microseconds per cubic meter at tracer sites or 1 microgram per cubic
meter at conventional sites. There are no results that are markedly
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TABLE l0a

SUMMARY STATISTICS FOR DATA PAIRED IN TIME, NOT IN SPACE

SITE: HOGBACK RIDGE TRACER: SF6 UNITS: uS/M*#*3 THRESHOLD: 0.(

(HIGHEST VALUE FROM EACH HOUR USED), 59 HOURS

% CASES:
AVERAGE 0.5 <
HOURLY RATIO OF RMS PRE/OBS
DATA SUBSET PEAK VALUE PRE/OBS ERROR < 2.0
OBSERVED 23.48 - - ——
CTDM, SEVERAL
TOWER LEVELS 47 .84 2.04 58.29 37
CTDM, TWO
TOWER LEVELS 30.09 1.28 44.25 29
CTDM, ONE
TOWER LEVEL l10.82 0.46 29.42 17
COMPLEX I 117.50 5.00 125.10 2
RTDM, DEFAULT
MODE 74.66 3.18 159.86 14
RTDM, FULL
ONSITE MODE 32.60 1.39 69.33 54
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TABLE 1l0b

SUMMARY STATISTICS FOR DATA PAIRED IN TIME, NOT IN SPACE

SITE: HOGBACK RIDGE TRACER: CF3Br UNITS: uS/m**3 THRESHOLD: 0.01

(HIGHEST VALUE FROM EACH HOUR USED), 61 HOURS

. % CASES:
AVERAGE 0.5 <
HOURLY RATIO OF RMS PRE/OBS
DATA SUBSET PEAK VALUE PRE/OBS ERROR < 2.0
OBSERVED 104.32 -— -— -—-
CTDM, SEVERAL

TOWER LEVELS 49.12 0.47 93.05 57
CTDM, TWO

TOWER LEVELS 47.33 0.45 144.72 38
CTDM, ONE ,

TOWER LEVEL 58.53 0.56 101.89 38
COMPLEX I 173.67 1.66 125.62 40
RTDM, DEFAULT

MODE 444.08 4.26 678.30 13

RTDM, FULL.
ONSITE MODE 142.24 1.36 572.34 25
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TABLE lla

SUMMARY STATISTICS FOR DATA PAIRED IN TIME, NOT IN SPACE

SITE: TRACY POWER PLANT TRACER: SF6 UNITS: uS/m**3 THRESHOLD: 0.0

(HIGHEST VALUE FROM EACH HOUR USED), 111 HOURS

% CASES:
AVERAGE 0.5 <
HOURLY RATIO OF RMS PRE/OBS
DATA SUBSET PEAK VALUE PRE/OBS ERROR < 2.0
OBSERVED 1.96 —— o -
CTDM, SEVERAL
TOWER LEVELS 1.94 0.99 2.11 61

CTDM, SEVERAL
TOWER LEVELS 1.92 0.98 1.84 68
(ALT. PLUME HT 1)+*

CTDM, SEVERAL
TOWER LEVELS 1.77 0.20 1.88 69
(ALT. PLUME HT 2)*

CTDM, TWO

TOWER LEVELS 2.07 1.07 2.24 49
CTDM, ONE

TOWER LEVEL 2.41 1.24 3.08 38
COMPLEX I 6.14 3.13 7.27 19

RTDM, DEFAULT

MODE 3.05 1.56 3.38 48
RTDM, FULL
ONSITE MODE 1.18 0.60 2.22 34

* Alternat;ve plume height #1 was obtained from lidar measurements
at'the first cross section downwind from the source. Plume
height #2 was obtained from the second lidar cross section.
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TABLE 1llb

SUMMARY STATISTICS FOR DATA PAIRED IN TIME, NOT IN SPACE

SITE: TRACY POWER PLANT TRACER: CF3Br UNITS: uS/m#*%*3 THRESHOLD: 0.00

(HIGHEST VALUE FROM EACH HOUR USED), 111 HOURS

% CASES:
AVERAGE 0.5 <
HOURLY RATIO OF RMS PRE/OBS
DATA SUBSET PEAK VALUE PRE/OBS ERROR < 2.0
OBSERVED 2.84 —— e -
CTDM, SEVERAL
TOWER LEVELS 2.46 0.87 2.94 60
CTDM, TWO
TOWER LEVELS 3.02 1.06 4.01 53
CTDM, ONE
TOWER LEVEL 3.04 1.07 4.99 31
COMPLEX I 8.54 3.01 9.14 23
RTDM, DEFAULT
MODE 3.76 1.32 4.79 39

RTDM, FULL
ONSITE MODE 1.95 0.69 3.17 52
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TABLE l2a

SUMMARY STATISTICS FOR DATA PAIRED IN TIME, NOT IN SPACE

SITE: WESTVACO LUKE TRACER: S§02 UNITS: uS/M#**3 1-HOUR AVGS

(HIGHEST VALUE FROM EACH HOUR USED)

% CASES:
AVERAGE 0.5 <
HOURLY RATIO OF RMS PRE/OBS
DATA SUBSET PEAK VALUE PRE/OBS ERROR < 2.0
OBSERVED 0.33 e b -
CTDM, SEVERAL
TOWER LEVELS 0.29 0.88 0.83 14
CTDM, TWO
TOWER LEVELS 1.60 4.85 3.30 .19
CTDM, ONE
TOWER LEVEL 1.70 5.15 2.00 15
COMPLEX I 4.12 12.48 9.44 14
RTDM, DEFAULT
MODE 0.98 2.97 2.46 16
RTDM, FULL
ONSITE MODE 0.21 0.64 0.82 15

D - G T S D D D D - D - - - D - - D D S - — D D - D O D D CED D . WD - ) OR - D D D T D T . -

* All hours used with stable conditions
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TABLE 12b

SUMMARY STATISTICS FOR DATA PAIRED IN TIME, NOT IN SPACE

SITE: WESTVACO LUKE TRACER: SO2 UNITS: uS/m#**3 3-HOUR AVGS

(HIGHEST VALUE FROM EACH HOUR USED)

$ CASES:
AVERAGE 0.5 <
3-HOURLY RATIO OF RMS PRE/OBS
DATA SUBSET PEAK VALUE PRE/OBS ERROR < 2.0
OBSERVED 0.30 _— -— -
CTDM, SEVERAL
TOWER LEVELS 0.27 .90 0.62 17
CTDM, TWO
TOWER LEVELS 1.57 5.23 2.89 18
CTDM, ONE
TOWER LEVEL 1.65 5.16 1.82 12
COMPLEX I 3.98 13.27 7.96 9
RTDM, DEFAULT
MODE 0.95 3.17 2.03 11
RTDM, FULL
ONSITE MODE 0.21 0.70 0.64 18

* All stable hours used for which both the highest predicted and
highest observed concentration was at least 0.01 uS/m#**3
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SUMMARY STATISTICS FOR DATA PAIRED IN TIME, NOT IN SPACE

SITE: WIDOWS CREEK

(HIGHEST VALUE FROM EACH HOUR USED)

DATA SUBSET
OBSERVED
CTDM, SEVERAL

TOWER LEVELS

CTDM, TWO
TOWER LEVELS

CTDM, ONE
TOWER LEVEL
COMPLEX I
RTDM, DEFAULT
MODE

RTDM, FULL
ONSITE MODE

TABLE l3a

TRACER:

AVERAGE
HOURLY
PEAK VALUE

71.87

141.78

151.%1

320.43

412.78

322.34

S02

UNITS: ug/m#**3

RATIO OF
PRE/OBS

* All hours used with stable conditions
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RMS
ERROR

403.58

575.81

766.83

1239.13

764.58

1-HOUR AVGS
% CASES:
0.5 <
PRE/OBS
< 2.0
23
12
16
13
7
is



TABLE 13b

SUMMARY STATISTICS FOR DATA PAIRED IN TIME, NOT IN SPACE

SITE: WIDOWS CREEK TRACER: SO2 UNITS: ug/m#**3 3-HOUR AVGS

(HIGHEST VALUE FROM EACH HOUR USED)

% CASES:
AVERAGE 0.5 <
3~-HOURLY RATIO OF RMS PRE/OBS
DATA SUBSET PEAK VALUE PRE/OBS ERROR < 2.0
OBSERVED 66.4 — -— -—-
CTDM, SEVERAL
TOWER LEVELS 112.0 1.69 230.3 31
CTDM, TWO .
TOWER LEVELS 127.0 1.91 323.1 17
CTDM, ONE
TOWER LEVEL 342.4 5.15 579.2 20
COMPLEX I 349.0 5.26 827.8 15
RTDM, DEFAULT
MODE 278.6 4.20 521.4 9
RTDM, FULL
ONSITE MODE 41.2 0.62 169.2 20

* All stable hours used for which both the highest predicted and
highest observed concentration was at least 1.00 ug/m**3



different from those presented for the data set paired in time,
unpaired in space. However, the inclusion of many zero versus zero
comparisons for all data pairs causes some sharp differences between
results with and without a minimum concentration threshold.

Test results involving the data set paired in time but unpaired
in space with results given as a function of wind speed and stability
class are shown in Appendix E. CTDM results (for all tower levels)
are discussed here.

At CCB, an overall slight underprediction for SFg was comprised
of underpredictions for neutral, windy conditions and overpredictions
for stable, light wind hours. For CF3Br, slight underpredictions
for stability D and E conditions were offset by overpredictions for
stability F.

Hogback Ridge experiments were dominated by stability F
conditions, so no model performance differences among stability
classes can be determined for that site. CTDM peak hourly predictions
were, on average, quite good at the Tracy Power Plant. Model
performance was consistently good over stability classes D, E, and F.

For the Westvaco data base, CTIDM's predicted average peak hourly
value was close to the observed average value. This good agreement
was not consistent over all meteorological conditions. CTDM showed a
significant underprediction tendency for neutral, windy conditions and
underpredicted somewhat for near-calm, stability F counditions. These
undecrpredictions were offset by slight to moderate overpredictions for
low-wind-stability D and E conditions.

CTDM showed an overall overprediction bias (by about a factor of
2) for the peak hourly SO; concentrations at Widows Creek. Among
the meteorological categories examined, none showed underpredictions
at Widows Creek. The very slight overprediction for neutral windy
conditions is in contrast to the underprediction tendency at
Westvaco. However, this difference may be due to the fact that at
Westvaco, about 25% of the hours have wind speeds greater than 8 m/sec
(at the top of the tower at site #1), while only about 3% of the hours
at Widows Creek are as windy (at the top of the mountain tower). The
highest overprediction biases for CTDM occurred for low speeds (less
than 3 m/sec at release height) for all stability classes.

In an attempt to assess the overall skill of CTDM relative to
COMPLEX I and RTDM, we have assigned arbitrary skill scores to
selected model results. This scoring scheme was not established in
advance and does not reflect a conclusive means of rating the models’
comparative performances. However, this exercise does serve to
condense the large array of statistical results to a more manageable
level for evaluation purposes.

For model bias, an ideal value for the ratio of predicted to
observed concentrations is 1.0. A scoring scale from 1 to 5 has been
established for this exercise, with maximum skill assigned a score of
1 and minimum skill assigned a score of 5. We have devised the
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following scoring scheme for ratios of predicted to observed
concentrations:

1 if ratio is between 0.8 and 1.25 (geometrically

centered at 1.0),.

= 2 if ratio is outside bounds listed above, but between
0.67 and 1.50,

= 3 if ratio is outside bounds listed above, but between
0.50 and 2.00,

= 4 if ratio is outside bounds listed above, but between
0.33 and 3.00,

= 5 if ratio is outside bounds listed above.

Score

Measures of model scatter include normalized mean square error,
or "M" values, such as

Ml = USE/C] or M2 = MSE/(T, * Cp)
where

MSE is the mean square error of model predictions about
the observations,

56 is the mean observed value, and

Eb is the mean predicted value.

The use of instead of Cy in M2 is meant to provide the same

skill scores for models that overpredict and underpredict by the same
ratio. A perfect model would have a mean square error of zero, but
the best available models have M values of order 1. Models with poor
skill have high M values.

The arbitrary scoring method to assess measures of model
prediction scatter about observations involves computing both M1l and
M2. For each data set, the lowest M value among all models evaluated
is first identified. Then a skill score ranging from 1 (most skill)
to 5 (least skill) is assigned as follows, based upon a model's M
value divided by the minimum M value over all models:

If ratio is less than 1.2, skill score = 1;

If ratio is between 1.2 and 1.5, skill score = 2;
1f ratio is between 1.5 and 2.0, skill score = 3;
If ratio is between 2.0 and 5.0, skill score = 4;
If ratio exceeds 5.0, skill score = 5.

The results of our attempt to assess skill levels of the complex
tecrrain models are listed in Tables 14 through 18. Note that the
lowest scores are associated with the model with the best
performance. In each table, a skill score is given for each data base
and each model. For data unpaired in time and space, the highest
concentration (Table 14) and the average of the top 5 or 10 values,
depending upon the site (Table 15), are analyzed. For data paired in
time, the average peak hourly values are examined: ratio of mean
predicted to mean observed (Table 16), model scatter measure M1 (Table
17), and model scatter measure M2 (Table 18).
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SUMMARY OF MODEL EVALUATION RESULTS (SKILL SCORES*%*)

TABLE

14

DATA SUBSET:HIGHEST VALUE UNPAIRED IN TIME AND SPACE

ommmem—m——
SEVERAL
TOWER
DATA BASE LEVELS
TRACY:
SFé6 2
CF3BR 4
WESTVACO
S02 3
WIDOWS
CREEK
S02 4
TOTAL
SKILL
SCORE 13

* FOR RATIO OF PREDICTED/OBSERVED, THE FOLLOWING ARBITRARY
SKILL SCORES ARE ASSIGNED:

TWO

TOWER
LEVELS LEVEL

PRE/OBS

0.80
0.87
0.50
0.33
< 0.33

THIS SCHEME ASSIGNS

14

RATIO

1.25
1.50
2.00
3.00
> 3.

ONE
TOWER

COMPLEX I

- D D . e ap aw o <3

16

SCORE

L WP

<w=== RTDM ====>
FULL
DEFAULT  ONSITE
MODE MODE

2 3

1 4

4 4

1 4

8 15

THE LOWEST SCORE TO THE BEST PERFORMANCE.
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TABLE 15

SUMMARY OF MODEL EVALUATION RESULTS (SKILL SCORES*)

DATA SUBSET:AVERAGE OF TOP N VALUES UNPAIRED IN TIME AND SPACE
(N=5 FOR CCB, HBR, TRACY; N=10 FOR WESTVACO AND WIDOWS CREEK)

Cewmmm——— CTDM =——=—=—- > K=w=== RTDM ====>
SEVERAL TWO ONE FULL
TOWER TOWER TOWER DEFAULT ONSITE
DATA BASE LEVELS LEVELS LEVEL COMPLEX I MODE MODE
TRACY:
SF6 2 2 1 4 2 4
CF3BR 3 1l 2 4 2 4
WESTVACO
S02 3 5 p] 5 4 2
WIDOWS
CREEK
S02 4 5 4 5 3 4
TOTAL
SKILL
SCORE 12 13 9 18 11 14

* FOR RATIO OF PREDICTED/OBSERVED, THE FOLLOWING ARBITRARY
SKILL SCORES ARE ASSIGNED:

PRE/OBS RATIO SCORE
0.80 - 1.25 1
0.67 - 1.50 2
0.50 - 2.00 3
0.33 - 3.00 4

< 0.33 - > 3. 5

THIS SCHEME ASSIGNS THE LOWEST SCORE TO THE BEST PERFORMANCE.
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TABLE 16
SUMMARY OF MODEL EVALUATION RESULTS (SKILL SCORES*)

DATA SUBSET:AVERAGE PEAK HOURLY VALUE, PAIRED IN TIME, UNPAIRED IN SPACE

Cmmmm——— CTDM —===—== > Cm=we= RTDM ====>
SEVERAL TWO ONE FULL
TOWER TOWER TOWER DEFAULT ONSITE
DATA BASE LEVELS LEVELS LEVEL COMPLEX I MODE MODE
CCB:
SF6 1 4 5 3 2 2
CF3BR 3 4 4 3 2 1
HBR:
SF6 3 1 8 3 5 2
CF3BR 4 4 3 3 5 2
TRACY:
SFeé 1 1 1 5 3 3
CF3BR 1 1 1 5 2 2
WESTVACO
S02 1 5 5 5 4 3
WIDOWS
CREEK
S02 4 4 5 5 5 3
TOTAL
SKILL
SCORE 18 24 29 34 28 18

* FOR RATIO OF PREDICTED/OBSERVED, THE FOLLOWING ARBITRARY
SKILL SCORES ARE ASSIGNED:

PRE/OBS RATIO SCORE

0.80 - 1.25
0.67 - 1.50
0.50 - 2.00
0.33 - 3.00
< 0.33 - > 3.

QL WN

THIS SCHEME ASSIGNS THE LOWEST SCORE TO THE BEST PERFORMANCE.
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TABLE 17
SUMMARY OF MODEL EVALUATION RESULTS (SKILL SCORES*)

DATA SUBSET:AVERAGE PEAK HOURLY VALUE, PAIRED IN TIME,
UNPAIRED IN SPACE, (RMS/OBS)**2

e CTDM —=———=—- > <==== RTDM ==-->
- SEVERAL TWO ONE FULL
TOWER TOWER TOWER DEFAULT ONSITE
DATA BASE LEVELS LEVELS LEVEL. COMPLEX I MODE MODE
CCB:
SF6 2 3 4 4 4 1
CF3BR 4 1 1 4 3 1
HBR:
SF6 4 4 1 5 5 5
CF3BR 1 2 2 2 5 5
TRACY :
SF6 1 1 4 5 4 1
CF3BR 1 3 4 5 4 1
WESTVACO
so2 1 5 5 5 5 1
WIDOWS
CREEK
.802 3 4 5 5 5 1
TOTAL
SKILL
SCORE 17 23 26 35 35 16

* FOR MODEL PERFORMANCE MEASURES INVOLVING VARIANCE, THE FOLLOWING
ARBITRARY SKILL SCORES ARE ASSIGNED FOR M = (RMS/OBS) **2

(MODEL M)/ (LOWEST MODEL M) SCORE

1.00 - 1.20

1.20 - 1.50

1.50 - 2.00

2.00 - 5.00
> 5.00

[C P S

THIS SCHEME ASSIGNS THE LOWEST SCORE TO THE BEST PERFORMANCE.
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TABLE 18
SUMMARY OF MODEL EVALUATION RESULTS (SKILL SCORES*)

DATA SUBSET:AVERAGE PEAK HOURLY VALUE, PAIRED IN TIME,
UNPAIRED IN SPACE, (RMS*RMS)/(OBS*PRE)

o ——— CTDM ======= > K==== RTDM ====>
SEVERAL TWO ONE FULL
TOWER TOWER TOWER DEFAULT ONSITE
DATA BASE LEVELS LEVELS LEVEL COMPLEX I MODE MODE
CCB:
SF6 1 4 5 3 4 1
CF3BR 3 3 4 2 3 1
HBR:
SFé6 1 1 2 4 5 4
CF3BR 4 4 4 1 5 5
TRACY:
SF6 1 1 3 4 3 3
CF3BR 1 3 4 4 3 2
WESTVACO
502 1 4 1 5 4 2
WIDOWS
CREEK
S02 1 3 2 4 3 3
TOTAL
SKILL
SCORE 13 23 25 27 30 21

* FOR MODEL PERFORMANCE MEASURES INVOLVING VARIANCE, THE FOLLOWING
ARBITRARY SKILL SCORES ARE ASSIGNED FOR M = (RMS*RMS)/(OBS*PRE)

(MODEL M)/ (LOWEST MODEL M) SCORE

1.00 - 1.20

l1.20 - 1.50

1.50 - 2.00

2.00 - 5.00
> 5.00

O R WN

THIS SCHEME ASSIGNS THE LOWEST SCORE TO THE BEST PERFORMANCE.
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Results in Table 14 for the highest concentrations are based upon
three sites. For the limited period represented by Tracy Power Plant
data base (111 hours), CTDM moderately underpredicted except for the
run using only one tower level. Similarly, RTDM in on-site mode
underpredicted, while RTDM (default) slightly overpredicted. For the
Westvaco data base, CTDM overpredicted for each set of meteorological
data used, but showed the closest agreement (on an unpaired basis) for
the run using the single tower level. RTDM (on-site) overpredicted
less at Westvaco than did RTDM (default), but the reverse was true for
the Widows Creek data base. CTDM run with all available tower levels
showed results similar to that of CTDM run with one tower level at
Widows Creek. .In summary, the single-tower-level runs of CTDM and
RTDM (default) showed somewhat better results for this unpaired
statistic over the three data sets examined than the model runs that
used all available meteorological data. Table 15, which is based upon
a larger sample size, shows similar results. This outcome, showing a
favorable result with the use of minimal on-site data for the
comparisons unpaired in time and space, may be fortuitous in light of
the results for tests paired in time to be discussed below. However,
the unexpected favorable results for unpaired data occurs for both
CTDM and RTIDM, and imply that the default choices for vertical
potential temperature gradient and wind profiles for these models give
acceptable results for the highest concentrations unpaired in time and
space.

Table 16 is of critical importance, for it evaluates model skill
on an event-by-event basis. The skill levels of the models are
clearly distinguishable here, with CTDM using several tower levels
(CTDM-S) and RTDM in on-site mode (RTDM-0) clearly superior to the
‘others. The models currently designated or proposed for screening
purposes in complex terrain, COMPLEX I and RTDM in default mode
(RTDM-D), show considerably less skill.

Tables 17 and 18 show results for the measures of model scatter.
Once again, CTDM-S and RTDM-O show more skill than the other models.
The use of M2, a measure preferred to M1 by statisticians (although
not as simple as M1l), gives a distinet advantage to CTDM-S. (Note,
however, that RTDM-0 is mostly penalized by poor performance at HBR.)

CTDM-S and RTDM-0 show more skill than the other models
evaluated, for reasons that include the following model features:

e plume growth is determined directly from turbulence
measurements;

) hourly values of d0/dz are used;

° superior estimates of the critical dividing streamline

height are used.
The results clearly show that the use of meteorological data with good

resolution in the vertical is necessary to assure good model
performance by CTDM on an event-by-event basis.
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Although CTDM-S and RTIDM-O show comparable skill, CTDM is
preferable to RIDM for the following reasons:

° RTDM performed quite poorly at HBR, with large
overpredictions, which are associated with centerline
impacts at short distances from plumes modeled below Hg
with low dilution wind speeds and small oy and o,
values. CTD¥ avoids these very large overpredictions
because it considers deflection of streamlines by the ridge
and so aveids a direct impingement of plumes on the ridge at
short distances. A major component incorporated into CTDM
that RTDM lacks is the modeling of streamline flow around a
hill; RTDM does not allow deflections in the horizontal
plane.

° RTDM-0 underpredicts concentrations more than CTDM at the
Tracy Power Plant site, which features a relatively long
travel distance to terrain features of interest (at least 3
km). The RTDM values of oy and o, for very stable
conditions are evidently too large at these distances,
causing an overestimate in the plume cross-sectional area
and therefore an underestimate of the centerline
concentration. CTDM, on the other hand, calculates o,
growth based upon the wind speed and the Brunt-Vaisala
frequency, not just the stability class. This refined
treatment results in more accurate predictions of plume
size, especially o,, at large distances.

. CTDM is better able to use meteorological data at plume
height because multiple levels of data can be input to the
model. RTDM, on the other hand, can accept only one level
of data, and therefore cannot readily compute plume height
values of wind and turbulence. Only wind speed profiles are
considered in RTDM; all other meteorological parameters are
assumed to be constant with height, a less sophisticated
treatment.

The tests unpaired in time and space generally show that CTDM
does not underpredict the peak concentrations that would be important
for regulatory application. Exceptions are CF3Br at Hogback Ridge
and SFg at Tracy. Of course, the application of the unpaired test
at tracer sites with intermittently operating monitors results in an
incomplete test. Therefore, the minor underprediction at Tracy of the
highest second-highest l-hour concentration (5.36 us/m3 predicted,
6.45 us/m3 observed) is not cause for concern, especially since
tests paired in time show good results (Table 11, a and b).

A more serious underprediction at HBR (129.5 ws/m3 predicted,
390.0 us/m3 observed) is likely caused by many hours for which the
plume was blown toward the ridge, but for which the wind direction
input to the model indicated otherwise. The 42 case hours involving
CTDM predictions of CFyBr at the Hogback Ridge were segregated into
two groups: one involving hours with releases at Tower A, where the
meteorological data were taken, and the other groups involving
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releases much closer to the ridge. These releases sites are shown in
Figure 26(a,b). Over all these cases, the predicted/observed ratio
for the average of the top 5 concentrations from each hour was 0.67, a
significant underprediction. However, the 19 cases involving releases
from tower A showed a slight overprediction ratio of 1.04; other
remaining cases had a more serious underprediction ratio of 0.36.

This case classification shows that the modeling of release very close
to the ridge using meteorological data a considerable distance away
(in terms of the ridge width length scale) resulted in poor CTDM
performance. This result may not have occurred so dramatically for
other terrain shapes for which small changes in wind direction cause
smaller shifts in plume displacement.

4.5 Results of Case Study Evaluation (CTDM Only)

An in-depth study of the behavior of CTDM predictions relative to
observations was conducted for the three tracer sites. For the three
sites, a total of 255 hourly patterns and 191 CF3B. hourly
patterns were analyzed, with an observed and predicted pair of maps
for each.

For each hour, several characteristics of the observed and
predicted concentration fields were noted:

) the location of the plume height relative to H; (above,
below, or close);
e plume height wind speed category (0-1, 1-3, 3-6, >6 m/sec);

° the average of the top five predictions and observatlons and
the ratio of these averages;

° a categorization of the ratio discussed ‘above (<0.2,
0.2-0.5, 0.5-1.0, 1.0-2.0, 2.0-5.0, > 5.0);

) the locations of the peak predicted and the peak observed
concentrations relative to Hg;

° the comments about the general comparison of predicted and

observed concentrations patterns.

The detailed tabulation of these characteristics for each hour is
included in Appendix G. A summary of CIDM performance for categories
of wind speed and plume height relative to H. is also included in
Appendix G. These results are discussed below.

A summary of the findings from the case studies is given in
Table 19. This table lists the distribution of case hours by ratio of
peak predictions to peak observations as a function of plume height
relative to He. Each site and tracers are listed individually, and
are discussed separately below.

For Cinder Cone Butte SFg release hours, the overall outcome
shows an unbiased model because nearly equal numbers of cases have
predicted-to-observed ratios both above and below 1.0. Cases with
plumes below H, exhibit a slight overprediction while those with
plumes above H, show an overall underprediction bias. Windy
conditions are associated with the underpredictions in the latter
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Plume Height

SUMMARY OF CTDM CASE STUDIES:
PREDICTION BIAS AS A FUNCTION OF PLUME LOCATION

TABLE

19

RELATIVE TO Hc

Distribﬁtion of Hours by

Ratio Category* of top 5 C,/C,y

A
A

Site Relative to Hc**

CCB,CF3Br

HBR, SFy

HBR, CF4Br

FSPS,SFg

FSPS,CF4Br

Grand Total

* Ratio categories:

Below
Near

Above
Total

Below
Near

Above
Total

Below
Wear

Above
Total

Below
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Above
Total

Below
Near

Above
Total

Below
Near

Above
Total

-
> OO b NNO O - O 0O CO0OO0OO0 WO N 0O &

N
N

oo > A
IA
i

nwno o

N O

65

N
oW

NOON ~ BN

e
~N NN NO &

N
o]

24

1
14
39

102

2=

10

= o OoOWn & 500 O

O OO v

11

2
21
34

119

1.0-2.0 is ">=", 2.0-5.0 is ">™, »5.0 is "»>"

** "Near H," was within 5 meters at CCB and HBR, and within 10

meters at FSPS.

124

WWwes o v

N Wwwe

IV
\"

[V, RV, I

= - s
HOOKF NOON POKHW OLWN & O©b

&
wn

<0.2 is "<«<", 0.2-0.5 is <", 0.5-1.0 is

Total
Hours

33
19
42
94

2
10
27
39

23
10
18
51

36
5
1

42

43
11
56
110
60

43
110

446

"<= ,



category, an outcome consistent with that found at Westvaco. In many
of these cases, the observed maximum is on the near side of the hill
and the predicted maximum is on the far side of the hill.

The CCB CF3Br hours show an overall overprediction bias,
contributed to in large part by the LIFT component of the model. The
hours where overpredictions occur often feature a predicted maximum on
the near side of the hill and an observed maximum farther up the hill
or on the far side of the hill. There are also fewer windy hours
associated with the CF3Br LIFT cases than with the SFg LIFT cases,
which may partly explain the difference in the overall outcome between
the SFg and CF3Br LIFT cases at CCB.

At Hogback Ridge, a sharp distinction is evident between the
SFg results (overprediction bias) and the CF3BR results
(underprediction bias). The SFg plumes were released higher than
the CF3Br plumes were. The SF¢ predicted maxima were often
located on the near side of the ridge closer to the source than the
observed peak were located. The predicted CF3Br peaks were almost
always on the near side of the ridge, but displaced laterally from the
observed peaks for hours in which CTDM underpredicted. The hours of
poor CTDM predictions of CF3Br, while being associated with releases
very close to the ridge, also featured large wind direction
variability, causing a poorly defined mean wind direction and a large
effective hourly plume dy.

CTDM predictions at FSPS show an overall modest overprediction
tendency for SFg and a nearly unbiased overall prediction for
CF3Br. Results for LIFT predictions in windy conditions show little
.overall bias.
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SECTION 5
SENSITIVITY TESTS

This section describes a sensitivity study that was performed to
illustrate how the magnitude of the terrain effect in CTDM varies with
meteorology, and with the slope and orientation of the hill. Because
CTDM is a modified Gaussian plume model, many of the characteristics
are already familiar, such as its sensitivity to wind direction.
However, many of the modifications introduce new and complex responses
to variations in meteorology, and these also change depending on the
scale and shape of the terrain that is being modeled. It is the
illustration of these responses that is the subject of this study.

Specific recommendations for analysis of sensitivity had been
made at the CTMD Workshop held in February, 1986. These are discussed
in Section 5.1. The rationale adopted in the sensitivity study, and a
description of how the matrix of model-runs was constructed is
contained in Section 5.2. The results of the study are discussed in
Section 5.3. '

Also described is an operational test of the sensitivity of CTDM
to the manner in which the shape of a hill is specified. 1In this
test, model performance at the Widows Creek site was evaluated for two
alternatives in defining the shape parameters of one of the hills.
This test is discussed in Section 5.4.

5.1 Workshop Recommendations for Sensitivity Analyses

The CTDM Workshop held in February, 1986 made several
recommendations for testing the sensitivity of CTDM. These are:

1. Sensitivity to wind direction, noting whether the effects of
errvors are to move the location of the peak only, or to
change its value as well;

2. Sensitivity to vertical dispersion, both as specified by the
sigma-w input, and the formulation of the model itself;

3. Sensitivity to the definition of the hill shape and
orientation;

4, Sensitivity to plume height relative to the dividing
streamline height;

5. Sensitivity to the potential temperature gradient through
its effect on plume rise, dividing streamline height,
sigma-z, and Froude number; and

6. Sensitivity to horizontal diffusion over a range of travel
times.

gany of these are addressed through the matrix of input data discussed
in Section 5.2, but several are better addressed analytically here.
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The spread of the plume in the vertical direction is the subject
of recommendation 2 as well as part of recommendation 5. As described
in Section 3.3.2, sigma-z in the absence of any hill effects is given
by

oz = out/[1 + t/s21y11/2 (104)

so that the initial growth of sigma-z is linearly proportional to
sigma-w. When the time of travel (this includes a virtual time which
incorporates spread due to source-effects) is large compared to the
Lagrangian time-scale, sigma-z grows as the square root of the time,

-

oz = oy [2tT)1/2 (105)

and is proportional to o,v/T;. The Lagrangian time-scale is
given by

TL = 1/(oy (2.8/z + 3.7 N/gy)] (106)

where N is the Brunt-Vaisala frequency, proportional to the square
toot of the potential temperature gradient, and z is the elevation of
the plume. For larger sources which may have plume heights on the
order of 100 m, Ty is approximately equal to .27/N whenever a
non-zero value of N is measured, so that

oz = o [.54t/N11/2. (107)
When stratification is absent, Ty equals .36z/0y and
oz = [.72ztoy]11/2, (108)

This analysis indicates that, in the absence of significant
source-effects, sigma-z is generally most sensitive to the
turbulence. The potential temperature gradient and plume height are
most important in changing the dependence of plume growth on time from
a linear to a square root trend. Once the square root trend is
established, sigma-z is only weakly dependent on changes in these
because the gradient enters as a one-fourth power, and the plume
height enters as a square root. But note that the jump between the
z/gy-scaling and a 1/N-scaling can be abrupt for high plumes
because of the limit in the ability of temperature observations to
‘resolve very weak temperature gradients.

Source-effects can dominate sigma-z when the virtual travel-time
is large compared to Tp because additional growth occurs at a rate
(30/3t) that is inversely proportional to the square root of
the travel-time. As the virtual time exceeds T; several-fold (due
to source-effects), the rate of additional growth diminishes so that
sigma-z can remain nearly equal to its initial value. This is
particularly evident when the stratification is strong and the
turbulence is weak.

The spread of the plume in the lateral direction is the subject
of recommendation 6. Unlike sigma-z, the Lagrangian time-scale for
sigma-y is not computed within the model. It is set to the time it
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takes the plume to travel 10 km. This scale is chosen because there
appears to be no method available for estimating it, and evidence
suggests that a linear growth is generally seen over distances up to
10 km. Consequently, sigma-y is solely determined in the model by the
wind speed and the turbulence, and is linearly proportional to chanpes
in sigma-v.

Recommendation 5 was addressed in part in the discussion of
sigma-z, and the sensitivity of CTDM to the difference between plume
height and H, (recommendation 4) will be discussed in Section 5.3.
Beyond these issues, the intent of recommendation 5 is to assess the
overall sensitivity of the model to the resolution of the temperature
profile measurements. This has been done to some extent at the five
sites discussed in the evaluation results in Section 4. 1In general,
such a sensitivity study is possible to do only in a very
site-specific way. H, is a function of the hill height and the wind
speed profile as well as the temperature profile. The height of the
plume depends on the wind speed and temperature profiles betwecen the
top of the stack and plume height, and also on the stack height and
buoyancy flux. Furthermore, the Froude number (above H;) depends on
the bulk speed and stratification between H, and the top of the
hill. It seems that estimates of a matrix of plume heights, Froude
numbers, and H; values could be obtained for a range of temperature
gradients and wind speed profiles for a specific source and hill. The
sensitivity of the hill effect in CTDM for each cell in the matrix
might then be obtained from the information in Section 5.3, and an
assessment could be made of the ability of a monitoring system to
resolve that range of gradients for which the model is most sensitive.

5.2 Test Design

The intent of this study is to illustrate how the magnitude of
the terrain effect in CTDM varies with meteorology for various
hill-shapes and orientations, so that the sensitivity of the model to
these aspects of the input data can be discussed. The measure of the
terrain effect used here was obtained by taking the peak concentration
for a simulation, and dividing by the concentration that is predicted
in the center of the plume for the same travel time, but in the
absence of the hill. This "flat/centerline" concentration contains
all of the same dispersion formulations that are contained in CTDM, it
includes complete reflection of plume material from the surface on
which the hill "sits", and it applies to the same downwind distance or
time of travel. Being a centerline concentration, it also represents
what may be thought of as a peak impingement concentration for that
travel time. What it does not include are any of the terrain-specific
features of CIDM, such as changes to the rate of diffusion (above
H.), steering of the plume away from the hill (below H.), or
trapping of plume material against the hill (reflection from H. for
that portion of the hill above H., or reflection from the stagnation
streamline for that portion of the hill below H,). As a result, the
terrain effect is a measure of how close (or far) the sampling "cuts”
through the plume (see Figure 1) along H. and the stagnation
streamline push the receptor toward (or away from) the center of the
plume, combined with how much the alterations in the diffusion and
reflection processes have altered concentrations within the plume.
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Focusing on the predicted terrain effect rather than predicted
concentrations is deliberate. CTDM remains a Gaussian plume model, as
discussed in Section 3, and shares many properties with other widely
used plume models. Instead of demonstrating all of the features
common to this type of model such as sensitivity to wind direction and
source height (relative to the plume spread), we have chosen to
illustrate how the unique features of this model respond to various
input conditions. Also, in exploring various shapes and orientations
of hills, and various wind directions, we have found that resolving
peak concentrations becomes dependent on having a very dense arvay of
receptors all over the hill, regardless of how large the hill may
become. The terrain effect measure reduces the need for such a dense
array of receptors and it is a concise indicator of how the terrain is
either fostering impingement or avoidance behavior.

The matrix of data used as input in this study was based in large
part on the scale of the setting at the Tracy power plant, the site of
the FSPS. A hill that is 300 m tall was placed 4 km from the source.
Several aspect ratios and source positions were specified. The aspect
ratio of a hill was defined for each of its axes as the length of the
axis at one half of the hill height, divided by the height of the
hill. The longer of the axes was oriented north-south (0°), and the
source was placed at several azimuths between 0° and 90° relative to
the center of the hill:

Aspect Ratios (Major Minor) Source Positions (deprees)
2-2 : . 90
3-2 90 80 70 45 20 10 O
5-2 90 80 70 45 20 10 O
10-2 90 80 70

Note that the hill with aspect ratios of 2-2 is a symmetric hill so
that only one source position was required. The longest hill, 10-2,
was modeled only for azimuths of 90°, 80°, and 70° to keep the source
upwind of the hill -- recall that the source is 4 km from the center
of the hill and a hill of aspect ratio 10 and height 300 m has a
length of 3 km at half its height.

Receptors were placed on each of the hills along azimuths at
intervals of 30°, starting at 0°. Along each azimuth, the receptors
were placed every 30 m in elevation between 30 m and 270 m. One
receptor was also placed at the top of the hill at 300 m elevation.
Figure 27 illustrates the relative positions of the hill, the source
locations, and the receptor azimuths for the hill of aspect ratios 3-2.

Meteorological data were chosen to be consistent with the range
of conditions observed during the experiments. The data obtained at
the elevation of the Freon release from the 150-m meteorological tower
indicate that wind speed and o, are strongly cocrelated (the
turbulence intensity is fairly steady), but o, is only weakly
correlated with the wind speed. 1In spite of the weak correlation
exhibited by oy, and wind speed, we have chosen to represent o
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Figure 27. Illustration of receptor radials, source locations, and wind

directions used in the sensitivity analysis of hill 3-2.
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as a quarter of the wind speed. This choice removes the contributions
to the scatter in Figure 28 that are apparently due to meandering at
low wind speed. The stratification (Brunt-Vaisala frequency, N) is
largely independent of the other variables. Figure 28 presents
scatterplots of o4, oy, and N versus the wind speed for these

data. On the basis of this observed behavior, the following matrix of
meteorological data was used in the sensitivity modeling:

Met. Variable Values Chosen
wind speed (m/s) 1.0, 1.5, 2.5, 4.0, 7.0
N (1/s) .01, .02, .03

sigma-w (m/s) 0.1 * wind speed
sigma-v (m/s) 0.25 - wind speed
direction (deg) 0, +/-10, +/-20

The direction indicated above is not simply the wind direction. It is
the difference between the wind direction and the direction from the
center of the hill to the source. For a direction of 0°, the flow
direction is from the source, wherever it may be located, to the
center of the hill.

All other parameters needed in the model were computed from these
values and the assumption that wind speed and stratification are
constant with height. Values computed for H, were 0, 50, 67, 100,
150, 167, 175, 200, 217, 225, 250, and 267 m. Given this range, the
plume height was fixed at 225 m to supply an adequate number of cases
in which the plume is marginally above H,. In practice, the height
of the plume will vary with the meteorology as well, but it was kept
constant in these runs to simplify the assessment of model -
sensitivity, recognizing that sources typically operate at variable
loads which also alters plume height.

This combination of values for wind speed, direction, and
stratification combine to give 75 simulations for each source
position, for each hill. The peak concentration obtained for each
simulation was saved as was the terrain-effect parameter. The results
allow us to see how much the terrain-effect changes with the shape of
the hill, with the orientation of the hill to the flow, with small
changes in wind direction (+/-20°), and with changes in wind speed and
stratification.

5.3 Test Results
5.3.1 Sensitivity to H, and Hill Shape

Figure 29 displays the trend in the terrain effect as a function
of H, for the case of a source located at 90° and a wind direction
deviation of 0° (the source is directly upwind of the center of the
hill). All of the hills used in the analysis are shown on this plot,
as indicated by the legend. Note that the aspect ratios that identify
each hill place the aspect ratio- of the axis that is oriented along 0°
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Figure 29. Terrain-effect factor versus H; for wind and source aligned
perpendicular to the center of the hill. Symbols denote hill
shape by aspect ratios perpendicular to and parallel to the
wind.
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first so that the hill designated 3-2 is modeled for a plume that
passes over its shorter side, while the hill designated 2-3 is modeled
for a plume that passes over its longer side. (Results for hill 2-3
with a source at 90° are equivalent to the results for hill 3-2 with a
source at 0° so long as the wind takes the plume directly over the
hill: in each case.) The results in the upper portion of this figure
are for a Froude number equal to 1.0 above H., which is consistent
with the assumption that the wind speed and the stratification are
constant with height. The Froude number above H. is set equal to

4.0 in the lower pqQrtion to simulate more weakly stratified conditlons
above H,.

Heo_Greater Than or Equal to Plume Height (225 m)

This class contains peak concentrations which are primarily
associated with impingement conditions. The terrain effect factor
lies between .8 and 1.0 and the results are nearly identical for all
hill-shapes. Although a factor of 1.0 may have been anticipated for
this class, lower values result because peak concentrations are found
at receptors upwind of the point at which the centerline of the pluwe
meets the hill, due to smaller values of o, and dy at these
distances. The single difference between the upper and lower poritions
of the figure in this class occurs for H, equal to plume height. 1In
this case, plume growth rates differ and the peak concentration is
actually found at a receptor above H, at 240 m for all hills except
2-5 for a Froude number of 1.0. When the Froude number is 4.0, the
peak concentration occurs at a receptor below H, at 210 m. Note
that the results for all hills with the same along-wind aspect ratio
and for the same Froude number are identical.

H._ Less Than Plume Height (225 m)

Three features dominate the behavior of the terrain-effect factor
in this class. (1) For H, just below the height of the plume (He
equals 217 m and the plume is at 225 m for these simulations), the
factor equals approximately 0.99 for all of the hill-shapes. Peak
concentrations are found as the plume material above H, just begins
to move up the hill, and the scale or shape of the hill has little
influence on the magnitude of the terrain-effect. This is nearly an
impingement situation even though the center of the plume lies above
He. (2) For smaller values of H,, as small as 140 m, the factor
may increase or decrease depending on the Froude number and the shape
of the hill. 1In this region, the effects of strain in the flow and
reflection from the surface of the hill determine the magnitude of the
hill-effect, which may exceed unity. (3) Beyond this range, at ever
smaller values of H., the terrain-effect diminishes for all of the
hills because the bulk of the plume lies far above the hill and
receptors remain far from the centerline of the plume. Over the
latter two regimes, the magnitude of the terrain-effect increases with
the degree of strain and the length of time that the plume experiences
the strain. The terrain-effect is generally weakest for flow across a
ridge, and strongest for flow along an elongated hill.
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5.3.2 Sensitivity to Source Position and Wind Direction:
Symmetric Hill and 2D Hill

Figure 30 illustrates the sensitivity of the model to wind
direction and the azimuthal position of a source for the extremes of a
three-dimensional hill and a nearly two--dimensional ridge. As
indicated by the legend, the various curves on each of the plots
correspond to differences in wind direction of 0°, +/-10°, and +/-20°
from the direction that aligns the center of the hill and the source,
Note that the Froude number above H, is equal to 1.0 in all of the
remaining figures in this section.

H. Greater Than Plume Height (225 m)

The sensitivity of the model to wind direction is extreme for
this class. When the source is located at 90°, the terrain-effect
drops from .85 or .9 to .6 for a shift in wind direction of 10°, and
it drops to a factor as small as .2 for an additional change of 10°.
This behavior is the result of steering the plume away from the hill
when it is well within the stable layer below H.. The primary
difference between hill 2-2 and hill 10-2 occurs for a shift of 20°
with H, equal to 250 m in which case the peak concentration at hill
10-2 occurs above H. on the north side of the hill, while that at
hill 2-2 remains below H,. When the source moves more to the north
(azimuths 80° and 70°) the symmetry for differences of +/-10° and 20°
disappears, as expected, and the range in the terrain-effect factors
extends to smaller values.

He_Less Than or Equal to Plume Height (225 m)

The sensitivity of the model to wind direction remains
substantial for hill 2-2, but not for hill 10-2. This results from
the length of hill 10-2 in the cross-wind direction compared to hill
2-2. The plumes in this analysis always pass over a substantial
portion of hill 10-2, but pass more to the side of hill 2-2 with
increasing shifts in the wind direction. Differences among the three
plots for hill 10-2 occur primarily for H. between 160 m and 200 m.
Over this range, changes in the wind direction and the orientation of
the source produce changes in both the strain in the flow and in the
length of the path over the hill, and this fosters relatively minor
changes in the terrain effect. Some of the variability is also
associated with the spacing between receptors in that the centerline
of the plumes may pass nearer a receptor for one of the combinations
of source location and wind direction.

5.3.3 Sensitivity to Source Position and Wind Direction:
Asymmetric Hills

Figure 31 illustrates the sensitivity of the model to wind
direction and the azimuthal position of the source for hills
intermediate in scale between the extremes of a symmetric hill and a
ridge. The extreme sensitivity to wind direction when the plume is
well below H, remains evident in each of the plots. At smaller
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values of H., sensitivity to wind direction is smallest for plumes
crossing an elongated hill over its shorter side, and greatest for
plumes crossing the same hill along its longer side. Intermediate
results are obtained for sources midway, at 45°. This behavior is
consistent with the results already discussed.

All of these results indicate the importance of H, and the
stagnation streamline in allowing the center of the plume to either
impact a receptor on a hill, or avoid it. Regardless of the overall
shape of the hill, the stagnation streamline is directly related to
the wind direction and the direction from the center of the hill to
the source. Peak concentrations are obtained for plumes well below
He only when the source lies on the stagnation streamline, and
concentrations drop rapidly as the wind direction deviates from this
condition. The terrain-effect factor for plumes above H, may exceed
that of direct impingement, depending on the shape and orientation of
the hill, but peak concentrations are generally less than those
resulting from impingement, because the increase in travel time leads
to an increase plume dilution.

5.4 Operational test on Hill Shape Sensitivity

Terrain features in the vicinity of the Widows Creek Steam Plant
presented an opportunity to test the sensitivity of CTDM to
uncertainties in specifying the shape of the hill. Sand Mountain,
which lies to the southeast of the power plant, is actually a broad
plateau with a sharp rise from the Tennessee River valley to the
plateau level. Because this hill is not an isolated feature, it is
unclear how to digitize it for the terrain preprocessor and how to
specify the center. For this exercise, two hill centers were chosen
after a sufficient amount of the hill was digitized (Sec Figure 32).
One center was positioned to create a rather nacrrow hill (Figuce 33),
while a second choice caused a wider hill to be created for input to
CTDM (Figure 34). CTDM was then run for a full year of meteorological
data, using all available tower levels, to test the sensitivity of the
model to these alternative choices.

Peak concentrations at the 7 monitors on the hill (positioned as
shown in Figure 32) are listed in Table 20. The location of the peak
concentrations change, but their magnitude is nearly the same in this
case. The orientations of the two fitted hills differ by about 10°,
resulting in a different deflection of the plume being modeled. 1In
this case, it is likely that if adequate receptor coverage ig given,
the peak concentrations will not be very sensitive to changes in the
terrain input. '
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Figure 32. Digitized contours of Sand Mountain, located southeast of
the Widow's Creek steam station (see triangle), with
positions of S0, monitors indicated by site number.
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Figure 33. Elliptical fits to contours with hill "center” (see heavy
circle) positioned relatively close to the edge of the
plateau (narrow hill).
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Figure 34, Elliptical fits to contours with hill “center" (see heavy
circle) located far from the edge of the plateau (wide hill)
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TABLE 20
PEAK "1-HOUR S0, CONCENTRATLONS (ug/n)
PREDICTED BY CTDM FOR SAND MOUNTAIN MONITORS USING
TWO DIFFERENT HILL CONFIGURATTONS
(WIDOWS CREEK 1980 DATA)

arcow Hill Wide Hill

——

Highest Second Highest Highest Second Highest
Rank Site # Concentration Site ## Concentration Site ## Concentration Site # Concentration

1 6 6857 6 5283 25 6847 25 4942
2 25 6219 3 5034 6 6303 6 4896
3 10 5437 9 4725 9 5957 3 4828
4 3 5394 10 4579 3 5491 10 4816
5 11 5330 25 4531 10 5328 9 4794
6 9 4882 11 2374 11 3111 11 2421
7 24 1607 24 1345 24 2008 24 718



SECTION 6
MODEL APPLICABILITY AND LIMITATIONS

The question of applicability requires a discussion of the
theoretical limitations inherent in the algorithms of CTDM as well as
a discussion of how well the model performed for the various sites and
meteorological data sets reported in Section 5. Theoretical
limitations are addressed first.

The focus of much of the model development activity that has
culminated in CTDM is the stable plume impingement problem. A plume
is emitted into a stably-stratified flow which carries it toward
elevated terrain. The growth rate of the plume in the vertical is
small compared to that typically found in non-stably-stratified
flows. As the plume encounters the terrain, concentrations of plume
material on the hill are much greater than those that would have
occurred if the plume had diffused to the surface in the absence of
the terrain. This focus places primary emphasis on the interaction of
a plume with one terrain feature, in a flow that is documented by
measurements of wind, turbulence, and temperature stratification at
many levels in the vertical near the source. During impingement, peak
concentrations are expected along the windward face of the terrain, or
in the case of near-impingement, near the crest of the hill.

As a result, CTDM is most applicable for periods of stable
stratification at sites in which nearby terrain exceeds plume height
and at which the terrain elements can be isclated. Meteorological
data should provide adequate definition of the vertical structure of
the approach flow to the terrain, and generally should be obtained
near the source. The degree of stratification that can be
accommodated in CTDM includes neatr-neutral conditions as well as
strongly stratified conditioms.

Implicit in this statement of applicability are several
restrictions and assumptions that were adopted in the overall design
of the model:

1. CTDM contains no wake algorithms for simulating the mixing
and recirculation found in cavity zones in the lee of a
hill. Therefore, sources within the lee of terrain features
are not treated in the model and estimates of concentrations
at receptors in the lee may not be reliable when such zones
are present.

2. CIDM contains no global flow calculation that accounts for
the presence of many hills. The path taken by a plume
through an array of hills cannot be simulated by the model.
It relies on measurements of the flow taken in the
neighborhood of the source to define the incident flow field
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for each of the hills or terrain segments independently. If
there is a strong channeling of the flow due to large-scale
terrain features (e.g: a valley setting), then this will be
reflected in the modeling only insofar as it is contained in
the measurements.

3. All hills that are explicitly modeled are done so in
isolation; any changes to the plume size caused by one hill
are not carried forward to subsequent simulations downwind.

4, CTDM assumes that the meteorological data are representative
of the entire l-hour averaging period, and apply to the
entire spatial domain. Spatial and temporal variability
that may be resolved by an array of meteorological towers
cannot be used directly in the model.

5. As an outgrowth of 4 in combination with the Gaussian plume
formulation, unsteady conditions which foster recirculation
of plume material are not treated in CTDM.

Other limitations arise from assumptions adopted in formulating
algorithms for phenomena included in the model. The flow-field
solutions used both above and below H, demand simple models for the
shape of the hill. Below H,, the model is a cylinder of elliptical
cross-section. Above H,, the model is a hill of Gaussian profile in
the vertical and elliptical cross-section in the horizontal. The
choice of length scales for these shapes becomes less apparent as the
complexity of the terrain increases. Typical problems encountered in
selecting terrain attributes are discussed in the terrain preprocessor
user manual (Mills et al., 1987). But beyond the problem of
representing the terrain is the question of whether a terrain feature
can be modeled at all by CIDM. Above H., the flow model is
formulated for hills of low-to-moderate slope. Steep-walled buttes
and mesas violate the low-slope assumption, and the LIFT computation
is clearly inappropriate. However, the formulation for the flow below
He is quite appropriate for such steep-walled features, provided
that a suitable ellipse can be used. Hence, CTDM may be considered
for use in modeling such features in the limit of very stable
stratification.

Lest these restrictions on the application of CTIDM appear too
severe, we point out that CTDM is an extension to the level-terrain
Gaussian plume model. It is designed for use in the near-field of a
source where the steady-state formulation is most appropriate. It
simulates the effect of actual terrain on flow and dispersion by using
simplified terrain elements as a surrogate for the actual terrain
features. The surrogate features reflect the overall scale and
orientation of the actual terrain. Within this context, the lack of a
global treatment of transport and diffusion among an array of terrain
features is not a crippling deficiency.

A potential limitation of CTDM involves its neglect of drainage
flows. Certainly. large-scale drainage flows would be resolved by
on-site meteorological measurements, and a drainage flow would in some
circumstances be the transport flow for the plume calculation. But in
a complex array of tributary valleys, the combined effect of these
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large-scale flows on the elevation and transport of a plume would not
be modeled. Local drainage flows are another matter. Although these
too are neglected, it is not clear that this represents a limitation.
Shallow, local drainage flows were observed during the field
experiments conducted during the course of this program, but they
never had an observable effect on the location or magnitude of the
peak concentrations. The effect of the local flows appears to have
been limited to the transport of diluted plume material into the lower
basins.

The limits on the vertical growth of a plume trapped in an
elevated layer are qualitatively understood, but could not be easily
incorporated into the operational version of CTDM. The depth of such
a layer involves detailed sodar observations which are often difficult
to interpret. Underpredictions can occur, therefore, when the modeled
o, growth exceeds the thickness of the elevated layer occupied by
the plume.

Application of CTDM in the model evaluation tasks raises several
additional issues regarding limitations to the model. At the Westvaco
site, CTDM shows a tendency toward underpredicting peak concentratlions
under high wind speed (neutral) conditions. For these conditions for
SFg predictions at CCB, the peak observed concentrations are
typically found on the windward face of the hill, while the model
typically places them on the leeward side. This suggests that the
rate of plume growth in the vertical in the presence of the hill is
underestimated for this condition. This may be attributable to the
formulation of sigma-z in the neutral limit for high plumes. The
evaluations at Westvaco and Widows Creek alse underscore the need for
temperature gradient measurements that properly resolve the
stratification of the flow. When a single delta-T is measured, the
elevation of the lower measurement must not be too close to the
surface. TIf it is too close, the degree of stratification is
overestimated and the performance of CTDM suffers. 1In fact, all of
the tests of the model that involved the use of less than the full sel
of on-site measurements showed a degradation in model performance.
This trend should not be viewed as a limitation of the model, but
rather as a guide to what can be expected from it in certain
applications with poor resolution in the vertical structure of the
flow.

A special note of caution in applying CTDM to sources very close
to a ridge may be read into its performance at the Hogback Ridge
site. When all of the cases in which the plume is below H. are
grouped together, CTDM shows a strong bias toward underestimating peak
concentrations. But in many of these cases, the plume was released at
the foot of the ridge, while the meteorology was measured further
away. Upon removing these cases, the bias is largely removed. Most
of the cases remaining in this data set involved the release of the
plume from the main meteorological tower. Hence, it appears that one
should strive to capture the properties of the flow as close to the
source as is practical, especially for sources in the vicinity of
large, two-dimensional hills that have a substantial impact on the
flow near the source.
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SECTION 7
CONCLUSIONS AND RECOMMENDATIONS

The Complex Terrain Model Development program objectives have
been met. The Complex Terrain Dispersion Model, CTIDM, is the primary
product of the effort. This model displays considerable improvement
over the models that EPA has been using in regulatory practice,
especially on an event-by-event basis. It also shows improved
performance over RTDM, a model EPA is adopting as a third-level
screening model and which benefited from the early findings of the
CTMD program on the importance of the dividing streamline concept to
understanding stable flows.

Before describing more specific conclusions about CTDM, it is
appropriate to identify some of the other products and contributions
which have resulted from this effort.

The four field programs have produced a wealth of data for others
to use. Although the CTMD field programs were designed to focus on
specific model development needs, the data bases contain information
which should be of interest to future researchers in a number of
areas. Examples include information for further development of
dispersion models for unstable conditions and lee side effects. The
density of the sampling arrays provides sufficient coverage for
statistical analyses of monitoring plan efficiencies. The
meteorological data is extensive.  The multiple towers and
supplementary remote sensing and sounding data provide detailed
information on time and spatial variations in wind and temperature
fields of special interest to micrometeorologists and, as well, to
those interested in measurement technology issues.

One of the key technical concepts in the CTMD program was the
complementary use of field experiment data together with fluid
modeling experiment data in the development and testing of
mathematical modeling concepts. This program represents, to our
knowledge, the largest endeavor in the area of dispersion modeling to
effectively utilize this approach. The fluid modeling efforts
assisted in the design of the field experiments, in the verification
of some of the field experiment findings, and in exploring technical
areas of uncertainty in the late stages of the mathematical model
development. The success of our use of these complementary approaches
will, hopefully, encourage others to consider similar use in future
model development efforts.

.CTDM_Attributes and Limitations
CTDM is an improved and versatile refined air quality model for
use with elevated point sources in high terrain settings during stable

conditions. Its improvements over the screening models currently used
in complex terrain applications can be attributed to several factors:
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° its ability to use observed vertical profiles of
meteorological data (rather than just one level) to obtain
plume height estimates of these variables;

. computation of plume dispersion parameters, gy and
oz, directly from turbulence measurements rather than
indirectly from discrete stability classes.

Despite these advances, CTDM still contains several limitations:
° Its framework is a steady-state Gaussian model. It is not
designed for extreme light-wind conditioms with highly

variable wind directions.

® The mathematical depiction of terrain shapes is simplified
from actual shapes.

° Flow interactions among different terrain features are not
explicitly accounted for.

. Meteorological data can be input to the model for only one
location.
' Flow deformation in the LIFT module is treated with

linearized equations of motion for steady-state Boussinesq
flow, with higher order terms neglected. These assumptions
are not valid for applications involving steep terrain
(greater than about 159) or strongly stable flow (Froude
number of order 1).

CTDM can be used for regulatory applications involving a long
series (e.g., a full year) of model simulations. Several of its
limitations are related to the desire to keep the computer execution
time reasonable.

An operational limitation of the current version of CTDK is that
it provides concentration estimates only for stable hours. For
averages of concentrations over several hours, including nonstable
conditions, a second model must be run to augment the CTDM
predictions. CTDM also presents operational challenges to the user.
Detailed terrain and meteorological data must be provided. "Isolated"
terrain elements need to be defined, and this task can be complicated
by superimposed and/or interconnected features. The considerable
demands for meteorological input, while necessary. represent a
significant increase over those for current models that use a single
level of data.

The CTIDM user must be careful in obtaining the proper
meteorological data for the model. As has been stated in Section 5,
CTDM can be very sensitive to errors in wind direction, for example.
Plume o, and o, calculations are critically dependent upon
on-site turbulence measurements at plume height. The evaluation
results have shown that use of near-surface data or data with poor
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resolution in the vertical will degrade the performance of CTDM (on an
event-by-event basis, at least). The use of tall towers or doppler
acoustic sounders will be necessary to obtain representative wind and
turbulence data. The capability for accurate remote temperature
sensing is still being developed, but representative AT measurements
are essential for obtaining accurate concentration estimates. Such
measurements can be obtained from two levels on a tall tower or from
two separate (but electronically linked) shorter towers (one on a
hill) if instruments are placed well away from the ground (e.g., 50
meters or higher) on each tower.

Performance Assessment

The accuracy of CTDM has been assessed in the model evaluation
analysis described in Section 4. Various statistical measures used in
the evaluation include model bias, model "scatter,” and the percentage
of model predictions within a factor of 2 of the observations. A
particularly relevant statistic for model evaluation (Hanna and
Heinold, 1985) is the normalized mean square error (version 2 as used
in Section 4):

M value = MSE/(C, * Cp).

This parameter is chosen because it contains no arbitrary
weighting and accounts for both model bias and random variances in the
model predictions. To simplify comparisons among data sets, the mean
square error is made dimensionless by dividing it by the product of
the mean observed and predicted concentrations. Low values of M are
agsociated with good models. High concentrations are strongly
weighted in this gscheme because the difference, cp-co, is likely
to be large for high concentrations. In general, a very good model
has an M value of the order 1 or less, while models with little skill
have on M value of about 5 or more (see Hanna and Heinold, 1985).

The M values from the evaluation results reported in Section 4
are summarized in Table 21. For the tracer experiments, with high
spatial resolution, results are shown for the data sets paired in
time, not space. For the conventional SO; networks with low spatial
resolution but a long monitoring record, results are reported for the
data subset paired in space, not time. The CTDM results for all tower
levels are quite good, with most M values between 1 and 2. A
deterioration in performance is evident for CTDM using the degraded
data. RTDM (on-site) shows good performance except for HBR; reasons
for its problems at HBR have been discussed in Section 4. The benefit
of on-site meteorological data is evident for both CTDM (all tower
levels) and RTDM (on-site).

It is useful to compare CTDM's M values with those of EPA refined
models as listed in Appendix A of the Guideline om Air Quality Models
(Revised), 1986. CRSTER has been tested at tracer sites in Illinois
(flat site) and Tennessee (moderately hilly site; see Hanna et al,
1986). These experiments, sponsored by the Electric Power Research
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TABLE 21
SUMMARY OF M VALUES FROM THE COMPLEX TERRAIN EVALUATION DATA BASES*

CTDM, All CTDM, 2 Tower CTDM, 1 Tower

Tower Levels Levels Level Complex 1 RTDM, Default RTDM, On-Site
CCB, SE‘6 1.12 4.00 7.66 1.76 3.35 1.13
ccB, CP3B1‘ 2.71 3.52 6.39 2.22 3.56 1.80
HBR, SF6 3.03 2.17 3.41 5.59 14.58 6.28
HBR, CFaBr 1.92 3.75 1.94 0.82 9.37 . 22.52
FSPS, SE‘6 1.17 1.25 2.03 4.41 . 1.92 2.13
FSFPS, CFjﬂr 1.24 1.88 2.88 3.44 2.15 1.82
Westvaco, SO2 0.27 1.58 0.16 5.58 0.64 0.36
Widows Creek, SO 1.27 1.82 1.30 3.02 0.98 2.22

2

*Data subset paired in time, not space was used for the tracer experiments (CCB, HBR, FSPS);

data subset palred in space not time was used for the SO, sites, 1-hour averages

2
(Westvaco, Widows Creek).



Institute, featured several weeks of data collection at a network of
150-200 tracer samples. 1ISC was tested by Hanna and Schulman (1985)
with tracer data bases collected by the American Gas Association (AGA)
at two natural gas compressor stations. These tests featured movable
arrays of some 40 tracer samples that were located in the wake zone of
a building; the aerodynamic building downwash algorithm in ISC was
tested.

The M values from these evaluation results are summarized in
Table 22. It is evident that CTDM's performance at the CIMD tracer
sites is comparable to those of EPA-designated refined models in
similar test environments. =

CTDM, while showing good performance at the evaluation sites,
also exhibits an overprediction tendency for most of the data bases;
this is important for regulators who are interested in protecting air
quality through the use of analytical modeling techniques. The most
serious underprediction result, at Hogback Ridge (CF3Br), is
associated with mobile crane tracer releases close to the ridge, while
using meteorological data from the main tower farther from the ridge.
This supports the concept that the location as well as the vertical
resolution of the meteorological data must be designed with care for
CTDM use.

Reconmendations

The additional number of meteorological and terrain input
variables requires more care on the part of the user. The terrain
must be specified for each receptor; the best model performance is
realized when the terrain feature most local to each receptor is
specified (see terrain preprocessor user guide, Mills et al., 1987).
Receptor coverage on each terrain feature should be extensive to
assure the identification of the highest concentrations.
Meteorological measurements made close to the release point’'s
horizontal and vertical positions are essential for good model
results. Some testing on the sensitivity of CTDM to less ideal input
to the model has been discussed in Sections 4 and S. We recommend
more testing of CTIDM by the user community in real-world applications
to provide additional information on model sensitivity. The terrain
input requirements are new to complex terrain modelers and feedback on
actual experience will be valuable. Requirements for meteorological
data are quite demanding. Situations to avoid due to poor resulting
model performance need to be further defined, such as the HBR CF3Br
releases very close to the ridge that were accompanied by, perhaps,
misrepresentative meteorological input. Special attention should be
given to model performance for two-dimensional ridge or mountain
valley situations. In addition, cases involving plume transport for
several kilometers before terrain is encountered (such as buttes or
mesas in the western U.S.) need to be tested.

CTDM does not predict concentrations for hours when the modeled

plumes are in a convective boundary layer. We see the need for
further model development to close this gap and provide a "complete"”
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TABLE 22
SUMMARY OF M VALUES FROM TRACER EXPERIMENTS*
FOR CTDM AND OTHER REFINED AIR QUALITY MODELS

Data Base Model M Value
“CCB, SF6 CTDM 1.12
CCB, CFSBF CTDM 2.71
HBR, SF6 CTDM 3.03
HBR, CFSBr CTDM 1.92
FSPS, SF6 CTDM 1.17
FSPS, CF3Br CTDM 1.24
Kincaid, SFs** CRSTER 1.26
Bull Run, SFG** CRSTER 7.04
AGAXXX 1sC 4.32

* All data base subsets are paired in time, not space

** M value reported is the average from developmental and
evaluation portions of the data (Hanna et al., 1986).
Kincaid is a flat site and Bull Run is a moderately hilly
site.

*%* Test of ISC's building wake dispersion algorithm (Schulman

and Hanna, 1985)
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model for regulatory applications requiring sequential use of
meteorological data. Some of the CTMD experiments did cover the
period of inversion breakup and subsequent convective activity. These
data could be used as part of the recommended further development.

Future work on complex terrain models should also seek to improve
the estimates of meteorological data at release height for cases where
observations are not ideally designed. A model preprocessor that
takes into account terrain interactions and thermal stratification as
well as multiple sources for meteorological data could be used to
refine the input data to CTDM.

The CTMD program was designed to focus upon plume impingement
cases on nearby terrain features. This project has resulted in a
model that has been applied to a larger variety of plume interactions
with terrain. For example, concentration estimates at receptors on
the lee side of the hills have been attempted for the CTMD sites, even
though CTDM was not specifically designed and developed for that
application. Synder, 1987 (Appendix H) reports upon the ratio of
maximum ground-level concentrations measured in the Fluid Modeling
Facility tow tank in the presence of hills versus those with the hill
removed. This ratio, called the terrain amplification factor, can be
highest on the lee side of the hill in some cases. Therefore, we
recommend more investigation into the phenomena of lee-side effects as
well as plume behavior on terrain features beyond those adjacent to a
source.

The data analyses performed during this program effort support
the concept that there are inherent limits to our ability to predict
measured or observed air quality concentrations. Improvements to
models, such as those accomplished in this effort, establish
confidence that a model is properly accounting for the physical
phenomena involved, and is therefore "fair" in its application to
different situations. It is especially noteworthy in this regard that
CTDM consistently performed well with all of the data sets used, in
contrast to the other models tested. Nevertheless, the effort has not
resulted in a "breakthrough" in reducing statistical uncertainty
-asgsociated with individual predictions versus observations. The use
of a high resolution profile of meteorology measurements with height
resulted in improvements to CTDM's performance. It is apparent from
our case-study analyses that further model performance improvements
would emerge from an increase in the information on horizontal as well
as vertical variations in meteorological data (i.e., better local,
geographic coverage).
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Exact Solutions to the Linearized Equation for Stratified
Flow Over Terrain in Multidimensional Space

Robert J. Yamartino
Sigma Research Corporation

1. Introduction

In an attempt to improve the theoretical basis of the U.S. EPA’s Complex
Terraln Dispersion Model (CTDM) and enhance its predictive power under a
range of stratification (and shear) conditions, a basic investigation of
the linearized, partial differential governing equations was undertaken.

A number of researchers have examined various aspects of the problem of
stratified flow over two- and three-dimensional obstacles. Queney

(1847) considered hydrostatic (i.e., highly stratified) flow past a 2-d

ridge and Smith (1980) extended this to 3-d symmetric hills. The

hydrostatic assumption makes it difficult, however, to connect these

solutions to those appropriate for neutral flows. Hunt, Leibovich, and Lumley
(1981) and Hunt and Richards (1984) suggest interpolative methods for
connecting these regimes. Other researchers have focused on the nature of the
lee waves far downwind of the hill. Wurtele (1957) and Crapper (19539)
examined the vertical velocity fileld of these far field waves, whereas
Janowitz (1984) provides a complete description of all flow quantities in the
far field of a dipole (i.e., Dirac delta function) obstacle. Berkshire (1885)

and Bois (1984) provide detailed analyses of far field lee waves in two
dimensions.

As the EPA is concerned with estimating pollutant concentrations in hilly
terrain, it becomes necessary to predict the path followed by pollutant plumes
in the near vicinity of such terrain. Thus, far fleld solutions are of
limited usefulness and efforts must be focused on the near field (or complete)
solutions. In addition, the moderately stratified conditions that often exist
in nature, correspond to hill Froude numbers of order unity: a regime that
satisfles neither the near neutral assumption of Fr>> 1 nor the hydrostatic
assumption of Fr<< 1. Hence , effort must be directed to eliminating
approximations in several areas. Finally, the results must be easy to use and

lnexpensive to compute; thus, eliminating integral formulations (e.g.,
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Trubnikov, 1958) or numerical methods requiring repeated application of Fast
Fourier Transform (FFT) techniques. In this paper we report on the pure

theoretical developments associated with this effort.

Section 2 describes the basis for the partial differential equation
governing the three-dimensional (3-d) problem and the integral formulation of
this problem. Section 3 presents the exact solution for the 3-d problem,
whereas solutions in fewer dimensional space and their interrelations are
discussed in Section 4. Finally, Section S summarizes the results of this
paper.

2. The Mathematical Model

We begin with the linearized equation of motion for steady-state
flow of a Boussinesq fluid (Smith, 1980):

P, Uu; = -P; (1a)

~ ’ —p’ (1b)
po va = Py

pOJUw; = -Pé -p'g (1c)
u +v. . +w =0 (1d)
x y z
and p’ = - ffg 7 (1e)
dz

These equations, in which subscripts x, y, and z indicate derivatives with
respect to downstream, cross-stream, and vertical coordinates respectively,
relate the perturbation velocitles, u’, v/, and w’, to the perturbation
density, p’, and vertical fluid displacement, 7 = 7(x,y,z),and to the
unperturbed initial velocity U and density P, Adding the kinematic condition

for steady flow in a shear-free flow,

W= Unx (2)

Egs. (1) can be reduced to the single partial differential equation (PDE) for
m
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2
= 3)
(Vzn)xx+nV5n 0 (
2 2
where Viaa—-§+i—2- »
ax ay

n = N/U, and the Brunt Vaisala frequency, N, is defined as

N 2= -(g/po) Efg
dz

Representing n(x,y,z) as the 2-d Fourier transform

[+ -]
n =2 I dk d19 exp{i(kx + &)} (4)

reduces Eq.(3) to the equation

%zz + mzﬁ =0 (5)

where m% = n° (k2 + £)/K2 - (K2 + £, (6)

and the outgoing wave, or radlation, condition dictates that the exp(+imz)
solution choice be made. Smith (1980) chose to work with the solution of
Eq.(5), that is, %(k,8,2) = H(k.2,0) exp(imz); however, this is cumbersome

as m involves a branch cut. Instead, we utilize the relation

[: -]
exp(imz) = 2 { % I dq exp(iqz) } (7)
-

az q2 _mz

to convert the singularity to a simple pole and re-express the problem,
including the linearized terrain boundary condition that flow at the ground
follow the ground or 7(x,y,z’ = 0) = hi(x,y), (where h(x,y) is the terrain

height function and z’ represents height above terrain), in terms of the
convolution

n = 'Iz , (8a)

wMﬂ=%§”&WN@&wWM%%fL (8b)
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Re denotes the real part, and G is the Green’s function

G(x',y’,2’) = -15 [IJ dk d¢ dq exp(i(k x’'+& y'+q z'))/(qz-mz) (9)
2n

-0

For the Dirac delta function hill, normalized such that
J]ax'dy' h(x’,y’) = 1, we see that I(x,y,z’) = G(x,y,z2’)/(2rn), as
one expects from the definition of a Green’s function solution.

In Appendix A, one solution of Eq.(8) is determined to be

G(x’,y’,2’) = sin(nRz’/d)/R , . (10a)

2 2

where R? = x’2 +y'" 2z 2

and d2 3y’ o+ 2’2; however, this solution does not
obey the surface boundary condition that the vertical deflection,

n= -Iz, = - Gz,/(2n), vanish at the surface away from the origin (x‘=y’'=0).
Yamartino and Pavelle (1987) show by direct substitution, using the algebraic
processor MACSYMA, that both Eq. (10a) and

G(x’,y’,2’) = cos(nRz’/d)/R (10b)
are solutions to the equation
(V1) + n°V1 = 0 .an
xx H

for the delta function hill and therefore are solutions to the basic PDE
given by Eq. (3).

The solution given by Eq. (10b) obéys the aforementioned surface boundary
condition and also has the desirable property that G goes to the well known
solution G = 1/R in the neutral (n = 0) limit. However, Egs.(10a) and (10b)
are not the only solutlons. Any linear combination of these solutlions and any
spatial derivative of these solutions is also a solution. Hence, after
siruggling to obtain one solution, we now have the ambiguity of an infinity of
solutions, that can only be resolved by obtaining the correct particular
solution via proper evaluation of the integral in Eq.(9). Thus, there is no
guarantee that Eq. (10b) is the correct cholice; nevertheless, it is one of the
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simplest.

In Appendix AB, the Eq. (10b) solution is applied to the problem of the
infinite field of cosine hills and is found to yield a solution that differs
f - 1)1/2, where k is the
x-wavenumber of the hills. This implies that Eq.(10b) is not the correct

full form of the Green’s function and that other combinations should be

from the correct solution by a factor of (nz/k

checked (e.g., derivatives and/or linear combinations); however, very few of
the possible candidates can even be checked via the direct integration
approach of Appendix AB, as the integrals are not presently doable. This, of
course, ralses the practical consideration of the value of expending
substantial effort to find the correct particular Green’s function solution if
integrals convolving it (e.g., I, Ix, Ixx) together with practical hill
functions can not be easily evaluated. Nevertheless, it would be of

considerable theoretical interest to have the correct form of the solution.

Janowitz (1984) has isolated the leading term of the far-field portion
(1.e., nR >> 1) of the problem and his solution has the same argument of the
trigonometric functions as in Eq. (10), but does not appear computable as
simple derivatives of either Eq.(10a) or (i0Ob). This is not surprising, as
the stationary phase technique he employed projects out the leading dependence
and not necessarily a complete or exact solution. Nevertheless, Janowitz’s

solution represents an important theoretical milestone.

The closest we can presently come to matching his far field expression

involves taking 5%7 of the expression presented in Eq.(10b). Thus, (ignoring
the primes on x and y) # = - ze,/2n and the longest 1lived, or wave, part

(i.e., decays slowest in R) of this expression is Jjust

1/2
2 ’ . 1/2 4 22
n
nE — 35 . §§ . [d4 + xzyz] . [d rxy cos(nRz’ /d).
2 d R

Rd

In the limit x >> y >> 2, one finds that { } > 1 and, with the exception of 2

factor n/2, Janowitz’s result is obtained. Hence, Eq. (10b) cannot be too far
from the desired result.

The correct particular solution could also possibly involve an

166



X

integration {e.g.. I dx cos(nRz’/d)/R] however, this would lead us into the
-0

realm of the generalized cosine-integral functions, about which little seems

to have been done analytically since the studies of Aiken (19489).

Several other issues also emerge when the exact particular solution is
sought. The first of these involves the related differential equation
governing the conJugatel, potential function variable. If the formal
solution for n as g = -Iz is substituted back through the Eq. (1) system

of governing equations, one obtains

P = - 2:1 = pr
u’' /U = [Ixx +nI]l =P /(pouz) (12a)
VU= - I + 021 (12b)
Xy Yy
and w' /U = -Ixz , (12¢)

as a complete description of the flow. If one now integrates Eq.(11)
twice with respect to x and assumes that no f(x) .quantities appear on the
right hand side, one has

VI + n° [1 + 1’;‘;]= 0 , (13)

which for n - 0 is identical to the V2¢ = 0 PDE for the potential function ¢.
Hence, if Ix is reset to ¢, such that Eq.(12a) becomes

WU = - [«»x + n2¢"] ,

for example, then the divergence-free relation (1d) leads immediately to

1'Janowitz (1984) shows that the delta function hill problem is without

swirl and therefore describable in terms of a potential.
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Vo + n° {¢ + ¢;§] =0 (14)

Thus, the identical nature of the PDE’'s for ¢ and I as given by Egs. (13)

and (14) could suggest that the solutions given by Eq.(10) might be more

correctly called ¢ solutions, with I being subsequently computed as [ = ¢x.

Finally, the richness of the solution possibilities offered by a
fourth-order PDE should not be underestimated. One approach to evaluating the
integral, Eq.(9), for the simplified case of x' = y’ = 0 leads to the
particular solution.

= T

1y = & - -T2 -
6(0,0,2°) = {1 al_(a) Z[Jl(a)l-lo(a) 3 (a) Hl(a)], (15)
vwhere a = nz’ and whe J and H indicate Bessel and Struve functions
respectively. While quite cumbersome to work with, Eq.(15) has the
interesting feature that it has a lowest-order n (rather than nz) dependence.
Such a stronger dependence on the stratification varlable n appeared desirable

during efforts to reproduce laboratory. studies.

3. A Related 3-d Problem

The twice integrated PDE given by Eq.(13) seen in a Fourier transform
A
sense converts the rightmost term into (éz/kz)l. In the case of the infinite

field of cosine hills problem (Appendix B), only the wave numbers

(k“, ﬂ‘) assoclated with the hill shape survive. In the language of hill
length scales (Lx’ Ly) this term becomes (Li/Li)I and Eq. (13) can be
rewritten as the Helmholtz equation

VI + 0%l = 0 (16a)

172

where n‘’=n (1 + Lz/Li) , A (16b)

which has the known Green’s functicn solution
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G = cos(n‘R)/R (17)

(plus other solutions) in three dimensions. As anticipated from the foregoing
discussion, Eq.(17) correctly solves the field of cosine hills problem

and the necessary integrals are discussed in Appendix B. This solution is
quite useful because it is easier to deal with in subsequent integrations and
because it provides a valuable bridge between the three- and two-dimensional
problems. However, a clear shortcoming is that its simple R dependence
suggests isotropy; that is, z has no special significance in the equation,
despite the fact that the density stratification and thus the atmosphere’s
"springiness" 1s a z-orlented phenomenon. Such isotropic "springiness" is,
however, expected for a repetitive field of cosine hills.

It should be noted that for use in Eq. (8b), the Green’s function
given by Eq.(17) represents only the real part. For completeness, and
to satisfy the outgoing wave energy constraint, the full complex Green’'s

function,
G = exp(i n” R)/R, (17a)

should be used in Eq.(8b). The real part is then taken after the
convolution process is complete. The same argument holds in the fewer

dimension problems that follow.
4. Solutions in Fewer Dimensions

As our 3-d hill starts to spread in the crosswind (i.e., % y) direction,

variability in the y direction drops (i.e., 5% terms get smaller, except

near the hill’s y boundaries) until the situation of the infinite crosswind
2

ridge is achieved. In this case all g—y and _a_z terms vanish and the PDE for
ay
shear-free flow given by Eq.(13) becomes
V1+nll=0, (18)
2
2 2
where Vg = 2—2 + 2—5
ax 8z
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Thus, the most troublesome I;; term has disappeared and, along with it, any
differences between the Eq.(17) solution, with n’ = n (as I..y - »), and
whatever the correct particular solution of Eq.(3) or (13) should be.

Eq. (18) is known to have zeroth-order Bessel function solutions, Jo(nr) and
Yo(nr) where rz = x2 + 22. but it should be possible to obtain the correct 2-d
Green’s function, GZ' by integrating the 3-d Green’'s function, GB’ over y.

It is here where the "dimensional bridge" solution provided by Eq.(17) proves

particularly useful. Using it, one finds

[ ] [ -]
02 = Iﬁy G3 = I dy cos(nR)/R
-0 -
[ ]
dp
2 f N cos(nrp) = - Y o(nr) (18)
0 p -1

via the aid of the transformation p = R/r and an integral representation of
Yv found in Abramowitz and Stegun (1972) (pg. 360, Eq. 8.1.24). Writing G2 in

its full complex form as

G,=1n Hil)(nr) (20)

(1)

where Ho (x) = Jo(x) + 1 Yo(x) is the Hankel function, then enables one
to proceed easily to the 1-d problem. Integrating over x from - to +®, one
obtains the one-dimensional Green’s function

e1nz’
61 = 2n I . (21)

which corresponds to upward travelling waves resulting from a displacement of
the entire x-y plane.

5. Discussion

Several solutions to the fourth-order PDE for linearized fluid flow over
a 3-d obstacle, as expressed by Egs. (3) and (11), are found. These solutions
are given by Eq. (10) and have been verified to be exact solutions by the
algebraic processor MACSYMA. Two steps that alded in determining these
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Green’s function solutions involved,
° working with the integrated quantity I, such that 5 = - Iz" and
) converting the branch cut to a contour integral over a pole.

The first of these steps actually goes a long way toward restructuring the
integral into a form more closely related to known tabulated integrals.

The candidate solution, Eq. (10b), is used in connection with the problem
of an infinite 2-d fleld of cosine hills and found not to be the exact
particular solution. However, comparison with the far-field, wave solution of
Janowitz (1984) suggests that Eq. (10b) (or actually its derivative with
respect to x) may be appropriate. Unfortunately, the needed integrals to test
this hypothesis are not presently tractable.

A related Helmholtz PDE, Eq.(16), is developed along dimensional
arguments and its solution, Eq.(17), is also found to yield the correct
solution to the above-mentioned, fleld of cosine hills problem. In addition,
this solution, Eq.(17), provides.a convenient bridge to the Green’'s function
solutions to the stratified flow problem in fewer (i.e., 2- and 1-d)

dimensions.
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Appendix AA: The 3-d Green’'s Function Integral

Eq. (9) can be put in a more compact form by first defining
> 2

the vectors Q = (k,4,q) and R = (x’,y’,2’) and noting that

>

R

EY .
kx’+8y’ +qz'=Q*R = QR cos6’. In spherical coordinates, Eq.(8) then
becomes
o 2t 1
4
Glx',y . z')= L ZJQQ QZJQ¢J§(cose)e1QR°°s° (A-1)
2n Qz_nz/cosz¢
o o -1
where k = Q sing cos¢ x'=R sinBR cos¢R
= Q sine sin¢ y’= R sin&R sin¢R
q = Q cosé N z’= R cos@ .

R

cos@’ = cose-coseR + sinevsinea{%os¢-cos¢R + sin¢-s1n¢R},

cose~coseR + sine-sineR-cos[¢-¢RJ
and q2 -l = q2 + k24 8 - 0P+ Prnd
= Q2 - n2/cosz¢

The presence of the cosz¢ term prevents one from beneficially rotating the

system so that 6 becomes 8° (i.e., this simplicity ls offset by the resulting
complexity in the rotated cos¢ term).

Next, we non-dimensionalize the Q integration by defining a« = QR and
a = nr, and then alter the usual spherical integration limits to yleld

G = G'/R (A-22)
® 2n +1/2
with G'= -12- % Jéa-aZJABsine-Jg¢ o t0COS0 {A-2b)
2n - az-aa/cosz¢
-o o -n/2

Doing the « integration first, by picking up the pole at a = a/cos¢ and
‘closing the contour in the upper-half-plane (UHP), we obtain
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+n/2 2n

a J§¢ J;e sing eiacose /cos¢ (A-3)

=

GI

i; cos¢

-/2 O

The 8 integration is made possible by substituting the complex form
for siné and extending a result given In Groebner and Hofreiter (1873,
pg. 337, 9b) via the analytic continuation Il(ix)=iJ1(x), where 11, and

J1 are Bessel functions of order 1. The result is

n/2
a
G = - % cosép Ja¢ . J1{cos¢ ] (A-4)

cos¢
-n/2

172
vhere v = {%oszeR + sinzeR . cosz(¢-¢R)} .

However, because a number of square roots, and thus sign ambiguities, are
involved in the intermediate calculation leading up to Eq. (A-4), it is not
clear that (A-4) represents the only solution for G’.

The ¢ integration could not be accomplished analytically, but was
instead evaluated to a high degree of accuracy2 for hundreds of
different values of a = nR, er,and ¢R' In all cases the computations were

consistent with the result

G’ = -sin(nRz’/d) (A-5)

with d2 = y’2 + z’z, so that

G = -sin(nRz’/d)/R (A-8)
becomes the needed result.

2 The integrand was sampled at 50,000 points, Jjudiciously avoiding the
end points at ¢=tu/2, and the results appeared to be accurate to within

a few percent.
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Appendix AB: Solution for a Field of Cosine Hills

Consider the case of the infinitely repetitive grouping of cosine hills,
given by the hill function

hi(x,y) = h cos(kux)-cos(lhy). (B-1)
where k = 2n/A2 and & = 2n/A
H H H y

relate the hill’'s x,y wavelengths lx, Ay' respectively, to equivalent

wave numbers.

The fact that the actual peak-to-trough height of the hills is 2h is not
of particular concern; however, the relationship between the Fourier transform

and the Dirac delta function proves particularly useful. That is,

1
2n

[ ] [- -]

J;x cos(k x)e_ikx = 1— J&x~l [eiX(ku-k) + ein(ku+kll
H 2n 2

w0 g -}

1
5 { a(knmk) + 6(-kumk)}

G(RH-k) »

(B-2)

where the last line in Eq. (B-2) reflects the fact that there are no
differences between plus and minus ku properties of the hill function. Thus,
the Fourier transform of the hill shape function is simply

A
h(k,2) = h 8(ku-k)°8(tn-£) (B-3)

In the sections which follow, the vertical deflection, 7, will be
computed from both the wavenumber space (i.e., Eq.(B-3)) and coordinate space

(i.e., Eq.(B-1)) representations of the hiill.
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Wavenumber Space Approach

The fundamental defintion of the Dirac delta function as

[}

j'dk F0)3(k -k) = £k ), (B-4)
-®

coupled with the outgoing wave solution of Eq.(5) as
A A
n(k,¢,z) = n(k,2,0) exp(+imz), (B-5)

‘and the Fourier transform of the linearized (l.e., z - z’ = height above

terrain) surface boundary condition
A A
'n(k,l,O) = h(k,l). (B"S)

enables one to solve directly for 7. Guided by Eq. (4), one may then write

A
n(x,y,2) = JJ;k-dl-h(k,l) exp[im(k,l)z'] exp{}(kx + &y)} (B-7a)

o0
= h exp{im(k".tu)z'}-exp{i(knx + L“y)} (B-7b)
where m(kn,ln) = {nz(kf + Zﬁ)/kf - (ki + tﬁ)}l/z from Eq. (8).

After taking the appropriate real parts, one obtains

h cos{m(ku,lu)z’ + knx} . cos(tuy) for nzku
(B-7¢)

n(x,y,2’) = _
k exp{- Im(k",tu)z’l} . cos(k“x) . cos(tuy) for O Snsk

The two solutions given by (B-7¢c) are equivalent for n=k" and correspond to
reasonant driving of the entire fluid in a z-independent (i.e., as m=0) mode.

Coordinate Space Approach

The simplicity of Eq.(8) seems to suggest that this may be the simpler

177



route, but that does not turn out to be the case. First, it is necessary to

consider the hill shape function in the convolution form
h(x-x’, y=y’) = h cos{%n(x—x’)} . cos{}u(yﬂy’)}; (B-8)

however, noting that
cos{%u(x—x’)} = cos(k“x) . cos(k"x ) + sin(kﬂx) . sin(kwx ),

and that integration from x’ = - to + o will kill off terms odd in x’

(assuming that the Green’'s function is purely even in x’), one obtains

n(x,y,2) = =Iz (B-9a)
with
- ° h ® L] ¥ L] Sund
I = Re 5 cos(kux) cos(&ny) {B-9b)
-] [-.:]
Zj‘dy’cos(tuy’) . Zjdx'cos(kux’) G(x',y’.,2’)
(o] (o]

Before proceeding further, a candidate Green's function is required. Using
the exact solution expressed by Eq. (i0b) and noting that (e.g. see Gradshteyn
and Ryzhik, 1965, pg. 472)
T s Vo)

/2, 2 ] 2 .2
J dx cos(kux’)cos p VX' +d = - g Yo d vp -kn

x’+d2

(o]
for 0 < ku < p,

where p = nz’/d and d2 = y’2 + z’2

one obtains,

@®
I=-Re h(x,y) de'cos(tuy') Yo[ Vnzz'z-kfdz ] (B=10a)
o

Rewriting the argument of the Yo Bessel function as

2, 2.2 .2 .2
kHYé {n ~kH)/kH - ¥’ and referring to the above cited reference (pg. 737,

involving the Hankel function Hél)

), one finally obtains
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I = -Re h(x,y) - sin{z’ [nz—kz] [kf + 22] /‘ku}[kz + 2 ] (B-10b)

H H H

Inspection of the argument of the sin() shows that it is Jjust m(kH,ZH)z’ as
expected from comparison with Eq. (B=7c), but computation of 7 = -Iz yields

2 52 172
n(x,y,z) = hix,y) - cos{m[ku,tn]z'} . m[k“,cu]/[kn + u] .

Eq. (B-11) exhibits two departures from Eq. (B-7c):

(B-11)

° the ka term is separated from the m(kn,ﬂ‘)z’ term, and
' the presence of a multiplicative term
5 172
m[k , 2 ]/[k2 + 82]1/2 = [n_ - 1] .
H H H H kz -

H

The first of these problems is minor and could be justifiably corrected
by keeping the x-portion of the hill shape function in complex form and taking
the real part at the end. The second problem is fatal, however, and tells us
that the solution given by Eq.(10b) cannot be the particular solution that is

needed.
Repeating the above steps for the trial Green’s function

G{x’,y’,2’) = cos(n’R)/R (B-12)

172
with n’ = n[l + tﬁ/kﬁ]

does lead to the desired result given by Eq. (B-7c); however, it is not
legitimate that the Green’s function contain characteristics of the hill

function (i.e., a factor such as [1 + tﬁ/kf ]1/2). In addition, Eq. (B-12)

is not a solution of the basic PDE given by Eq. (3); nevertheless, it is a
solution of Eq.(16a), does provide the solution for the infinite field of
cosine hills, and has other uses as one reduces the number of dimensions under

consideration.
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APPENDIX B
EVALUATION RESULTS FOR CONCENTRATIONS
PAIRED IN TIME, UNPAIRED IN SPACE
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APPENDIX B

EVALUATION RESULTS FOR CONCENTRATIONS
PAIRED IN TIME, UNPAIRED IN SPACE

Bvaluation statistics for data subsets paired in time, not in
space, are presented in tabular form in this appendix. A guide to the
tables is given below. The statistical tests and their results are
discussed further in Section 4.

Table # Degcription

B-1 Evaluation results for SFg at CCB

B-2 Evaluation results for CF3Br at CCB
B-3 Evaluation results for SFg at HBR

B-4 Evaluation results for CF3Br at HBR
B-5 Evaluation results for SFg at FSPS

B-6 Evaluation results for CF3Br at FSPS
B-7 Evaluation results for S0, at Westvaco,

1-hour averages

B-8 Evaluation results for SO; at Westvaco,
3-hour averages

B-9 Evaluation results for S0, at Widows
Creek, l-hour averages

B-10 Evaluation results for SO, at Widows
-Creek, 3-hour averages

For the CTMD (tracer) sites, the average of the top §
concentrations is considered as well as the peak hourly value to
provide a larger sample size. In nearly all cases, all of the top 5
values represent significant plume impacts.
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TABLE B-1

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

1-HOUR AVERAGES

(Concentrations* given in units of microseconds per cubic meter.)

TRACER: SF6

SITE:

CINDER CONE BUTTE

% CASES:
0.5 <
# _ _ _  PRE/OBS
HOURS OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0
HIGHEST 1-HOUR
VALUES:
CTDM, SEVERAL
TOWER LEVELS 100 28.0 26.2 0.94 28.7 1.05 1.12 37
TWO TOWER LEVELS 1060 28.0 12.2 0.44 36.9 1.74 4.00 21
ONE TOWER LEVEL 100 28.0 6.6 0.24 37.5 1.80 7.66 17
COMPLEX I 100 28.0 42.2 1.51 45.6 2.65 1.76 38
RTDM (DEFAULT) 100 28.0 36.4 1.30 58.3 4.35 3.35 27
RTDM (ONSITE) 100 28.0 21.5 g.77 26.1 0.87 1.13 18
AVERAGE OF THE
TOP 5 VALUES
FROM EACH HOUR:
CTDM, SEVERAL ,
TOWER LEVELS 100 18.4 19.5 1.06 21.4 1.36 1.28 38
TWO TOWER LEVELS 100 18.4 8.5 0.46 24.9 1.83 3.96 19
ONE TOWER LEVEL 100 18.4 5.2 0.28 25.0 1.84 6.49 16
COMPLEX I 100 18.4 33.3 1.81 38.0 4.27 2.36 9
RTDM (DEFAULT) 100 18.4 25.1 1.37 34.1 3.45 2.53 28
RTDM (ONSITE) 100 18.4 15.8 0.86 17.6 0.92 1.07 36

* Threshold for both observed and predicted concentrations = .00 uS/M#**3
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TABLE B-2

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

1-HOUR AVERAGES TRACER: CF3BR SITE: CINDER CONE BUTTE
(Concentrations* given in units of microseconds per cubic meter.)

% CASES:
0.5 <

# _ o PRE/OBS
HOURS OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

HIGHEST 1-HOUR

VALUES:
CTDM, SEVERAL
TOWER LEVELS 44 15.0 21.0 1.40 29.2 3.79 2.71 23
TWO TOWER LEVELS 44 15.0 7.5 0.50 19.9 1.76 3.52 14
- ONE TOWER LEVEL 44 15.0 4.6 0.30 20.9 1.95 6.39 34
COMPLEX I 50 15.1 24.5 1.62 28.7 3.59 2.22 46
RTDM (DEFAULT) 44 15.0 1l1.0 0.74 24.3 2.62 3.56 S0
RTDM (ONSITE) 44 15.0 13.7 0.91 19.3 1.65 1.80 32

AVERAGE OF THE
TOP 5 VALUES
FROM EACH HOUR:

CTDM, SEVERAL .
TOWER LEVELS 44 8.0 3.8 1.72 20.0 6.19 3.60 16

TWO TOWER LEVELS 44 8.0 4.9 0.62 12.8 2.54 4.12 14

ONE TOWER LEVEL 44 8.0 2.7 0.34 12.6 2.46 7.20 30
COMPLEX I 50 8.4 19.5 2.32 23.4 7.84 3.38 28
RTDM (DEFAULT) 44 8.0 8.7 1.09 17.6 4.79 4.42 45
RTDM (ONSITE) 44 8.0 9.0 1.12 11.9 2.20 1.97 36

* Threshold for both observed and predicted concentrations = .00 uS/M*=*3
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TABLE B-3

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

1-HOUR AVERAGES

TRACER: SF6

SITE: HOGBACK RIDGE

(Concentrations* given in units of microseconds per cubic meter.)

% CASES:
0.5 <
# . _ _ _  PRE/OBS
HOURS OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0
HIGHEST 1-HOUR
VALUES:
CTDM, SEVERAL
TOWER LEVELS 59 23.5 47.8 2.04 58.3 6.16 3.03 a7
TWO TOWER LEVELS 59 23.5 30.1 1.28 44.3 13.55 2.77 29
ONE TOWER LEVEL 59 23.5 10.8 0.46 29.4 1.57 3.41 17
COMPLEX I 60 23.8 117.5 4.94 125.1 27.61 5.59 2
RTDM (DEFAULT) 59 23.5 74.7 3.18 159.9 46.35 14.58 14
RTDM (ONSITE) $9 23.5 32.6 1.39 69.3 8.72 6.28 54
AVERAGE OF THE
TOP 5 VALUES
FROM EACH HOUR:
CTDM, SEVERAL
TOWER LEVELS 59 18.3 36.4 1.99 137.6 4.22 2.12 25
TWO TOWER LEVELS 59 18.3 22.6 1.23 29.6 2.60 2.11 27
ONE TOWER LEVEL 59 18.3 9.0 0.49 23.7 1.67 3.40 14
COMPLEX I 60 18.6 101.6 S5.47 10%9.5 34.68 6.34 2
RTDM (DEFAULT) 59 18.3 46.6 2.54 77.0 17.66 6.94 15
RTDM (ONSITE) 59 18.3 22.3 1.22 31.7 3.00 2.46 54

* Threshold for both observed and predicted concentrations = .00 uS/M¥**3
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TABLE B-4

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

1-HOUR AVERAGES

TRACER:

CF3BR

SITE: HOGBACK RIDGE

(Concentrations* given in units of microseconds per cubic meter.)

% CASES:
0.5 <
# _ _ _ PRE/OBS
HOURS OBS ©PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0
HIGHEST 1-HOUR
VALUES:
CTDM, SEVERAL
TOWER LEVELS 42 92.0 49.1 0.53 3.1 1.02 1.92 57
TWO TOWER LEVELS 24 118.2 47.3 0.40 144.7 11.50 3.78 38
ONE TOWER LEVEL 13 91.6 58.5 0.64 101.9 1.24 1.94 58
COMPLEX I 40 111.3 173.7 1.56 125.6 1.27 0.82 40
RTDM (DEFAULT) 38 110.6 444.1 4.02 678.3 37.63 9.37 13
RTDM (ONSITE) 61 102.3 142.2 1.39 572.3 31.33 22.52 25
AVERAGE OF THE
TOP 5 VALUES
FROM EACH HOUR:
CTDM, SEVERAL
TOWER LEVELS 42 59.9 40.2 0.67 48.5 0.65 0.98 50
TWO TOWER LEVELS 24 75.1 39.8 0.53 77.4 1.06 2.01 38
ONE TOWER LEVEL 13 58.0 51.7 0.89 52.2 0.81 0.91 62
COMPLEX I 40 73.0 151.0 2.07 112.3 2.37 1.14 40
RTDM (DEFAULT) 37 67.7 179.7 2.65 218.9 10.45 3.94 3
RTDM (ONSITE) 61 63.7 52.9 0.83 145.1 5.18 6.24 20
*# Threshold for both observed and predicted concentrations = .01 uS/M#*#*3
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TABLE B-5

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

1-HOUR AVERAGES

(Concentrations+*

HIGHEST 1-HOUR
VALUES:

CTDM, SEVERAL
TOWER LEVELS

(ALT. PLUME HT 1)=*

(ALT. PLUME HT 2)*
TWQO TOWER LEVELS
ONE TOWER LEVEL

COMPLEX I

RTDM (DEFAULT)

RTDM (ONSITE)

AVERAGE OF THE

TOP S VALUES

FROM EACH HOUR:

CTDM, SEVERAL
TOWER LEVELS

TWO TOWER LEVELS
ONE TOWER LEVEL
COMPLEX I
RTDM (DEFAULT)

RTDM (ONSITE)

TRACER: SF6

given in units of microseconds per cubic meter.)

SITE:

TRACY POWER PLANT

% CASES:

0.5 <
# _ _ _  PRE/OBS
HOURS OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0
110 1.96 1.94 0.99 2.11 1.16 1.17 61
* 110 1.96 1.92 0.98 1.84 0.88 0.90 68
* 110 1.96 1.77 0.90 1.88 0.92 1.02 69
109 1.94 2.07 1.07 2.24 1.33 1.25 49
105 1.94 2.41 1.24 3,08 2.52 2.03 38
111 1.95 6.14 3.15 7.27 13.90 4.41 19
111 1.95 3.05 1.56 3.38 3.00 1.92 48
110 1.96 1.18 0.60 2.22 1.28  2.13 34
110 1.29 1.36 1.05 1.15 0.80 0.75 85
109 1.28 1.36 1.06 1.33 1.08 1.02 49
105 1.27 1.36 1.07 1.95 2.36 2.20 37
111 1.28 4.14 3.23 4.83 14.24 4.40 16
111 1.28 1.87 1.46 1.86 2.11 1.45 44
110 1.29 0.76 0,59 1.33 1.06 1.80 37

* Threshold for both observed and predicted concentrations = .00 uS/M**3

** Alternative plume height #1 was obtained from lidar measurements

at_the first cross section downwind from the source.
height #2 was obtained from the second lidar cross section.
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TABLE B-6

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

1-HOUR AVERAGES TRACER: CF3BR SITE: TRACY.POWER PLANT
(Concentrations* given in units of microseconds per‘cubic meter.)

% CASES:
0.5 <

# _ _ PRE/OBS
HOURS OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

HIGHEST 1-HOUR

VALUES:
CTDM, SEVERAL
TOWER LEVELS 110 2.84 2.46 0.87 2.94 1.07 1.24 60
TWO TOWER LEVELS 109 2.84 3.02 1.06 4.01 1.99 1.88 53
ONE TOWER LEVEL . 105 2.84 3.04 1.07 4.99 3.09 2.88 31
EOMPLEX I 111 2.84 8.54 3.01 9.14 10.36 3.44 23
RTDM (DEFAULT) 111 2.84 3.76 1.32 4.79 2.85 2.15 43
RTDM (ONSITE) 110 2.84 1.95 0.69 3.17 1.25 1.82 52

AVERAGE OF THE
TOP 5 VALUES
FROM EACH HOUR:

CTDM, SEVERAL

TOWER LEVELS 110 1.74 1.30 0.75 1.45 0.69 0.93 66
TWO TOWER LEVELS 109 1.73 1l.24 0.72 1.54 0.79 1.11 57
ONE TOWER LEVEL 105 1.73 1.02 0.59 2.04 1.39 2.36 32
COMPLEX I 111 1.73 5.27 3.05. 5.55 10.29 3.38 30
RTDM (DEFAULT) 111 1.73 1l.74 1.01 1.83 1l.12 1.11 46
RTDM (ONSITE) 110 1.74 1.15 0.66 1.55 0.7¢9 1.20 57

Threshold for both observed and predicted concentrations = .00 uS/M#*=*3
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TABLE B-=7

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

1-HOUR AVERAGES

TRACER: S02 SITE: WESTVACO LUKE

(Concentrations* given in units of microseconds per cubic meter.)

% CASES:
0.5 <
4 _ _ _ PRE/OBS
HOURS OBS DPRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0
HIGHEST 1~-HOUR
VALUES:
CTDM, SEVERAL
TOWER LEVELS 4687 0.33 0.29 0.88 .0.83 6.3 7.2 14
TWO TOWER LEVELS 4702 0.33 1.60 4.85 3.30 100.0 20.6 19
ONE TOWER LEVEL 4022 0.34 1.70 5.00 2.00 34.6 6.9 15
COMPLEX I 4687 0.33 4.12 12.48 9.44 818.3 65.5 14
RTDM (DEFAULT) 4687 0.33 0.98 2.97 2.46 55.6 18.7 16
RTDM (ONSITE) 4687 0.33 0.21 0.64 0.82 6.2 9.7 15

.* Threshold for both observed and

predicted concentrations = .00 uS/M#**3
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TABLE B-8

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
3=-HOUR AVERAGES TRACER: S02 SITE: WESTVACO LUKE

(Concentrations* given in units of microseconds per cubic meter.)

% CASES:
0.5 <
# PRE/OBS

HOURS OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

HIGHEST 3-HOUR
VALUES:

CTDM, SEVERAL
TOWER LEVELS 1318 0.30 0.27 0.90 0.62 4.3 4.7 17

TWO TOWER LEVELS 1322 0.30 1.57 5.23 2.89 92.8 17.7 18
ONE TOWER LEVEL 1136 0.32 11.65 5.16 1.82 32.3 6.3 12

COMPLEX I 1318 0.30 3.98 13.27 7.96 704.0 53.1 9
RTDM (DEFAULT) 1318 0.30 0.95 3.17 2.03 45.8 14.5 11

RTDM (ONSITE) 1318 0.30 0.21 0.70 0.64 4.6 6.5 R

* Threshold for both observed and predicted concentrations = .00 uS/M#*#*3
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TABLE B-9

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

1-HOUR AVERAGES, 1980

TRACER: S02

SITE: WIDOWS CREEK

(Concentrations* given in units of micrograms per cubic meter.)

% CASES:
0.5 <
# _ _ PRE/OBS
HQURS OBS -PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0
HIGHEST 1-HQUR
VALUES:
CTDM, SEVERAL
TOWER LEVELS 4942 71.92 142 1.97 404 31.5 16.0 23
TWO TOWER LEVELS 4809 70.8 152 2.15 576 66.1 30.8 12
ONE TOWER LEVEL 4131 76.3 390 5.55 767 118.9 21.4 16
COMPLEX I 5065 71.1 413 5.80 1239 303.4 52.3 13
RTDM (DEFAULT) §065 71.1 322 4.53 765 1i5.5 25.% 7
RTDM (ONSITE) 5065 71.1 48 0.67 299 17.6 26.3 15

* Threshold for both observed and predicted concentrations = .00 uG/M¥*3
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TABLE B-10

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

3-HOUR AVERAGES, 1980 TRACER: S02 SITE: WIDOWS CREEK
(Concentrations* given in units of micrograms per cubic meter.)

% CASES:
0.5 <

# _ _ _  PRE/OBS
HOURS OBS PRE PRE/OBS RMS V/Co2 V/(ToCp) < 2.0

HIGHEST 3-HOUR

VALUES:
CTDM, SEVERAL .
TOWER LEVELS 1370 66.4 1l1l2. 1.69 230. 1l2.0 7.1 31
TWO TOWER LEVELS 1321 65.4 127. 1.94 323. 24.4 11l2.6 17
ONE TOWER LEVEL 1089 64.3 342. 5.33 579. 8l.2 15.2 20
COMPLEX I 1423 65.4 349. 5.34 828. 160.3 30.0 15
RTDM (DEFAULT) 1423 65.4 279. 4.26 521. 63.6 1.4.9 °
RTDM (ONSITE) 1423 65.4 41. 0.63 1l69. 6.7 10.6 20

* Threshold for both observed and predicted concentrations = .00 uS/M#%*3
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EVALUATION RESULTS FOR CONCENTRATIONS
PAIRED IN SPACE, UNPAIRED IN TIME
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APPENDIX C

EVALUATION RESULTS FOR CONCENTRATIONS
PAIRED IN SPACE, UNPAIRED IN TIME

Statistics for the evaluation data subset paired in space, not in
time are presented here. These tests and their results are discussed
in more detail in Section 4. A guide to the tables in this appendix
is given below.

Table # Description
c-1 Evaluation results for SFg at CCB
c-2 Evaluation results for CF3Br at CCB
c-3 Evaluation results for SFg at HBR
C-4 Evaluation results for CF3Br at HBR
c-5 Evaluation results for SFg at FSPS
C-6 Evaluation results for CF3Br at

FSPS

c-7 Evaluation results for S0 at

Westvaco, l-hour averages

c-8 Evaluation results for S0; at
Westvaco, 3-hour averages

c-9 Evaluation results for S0, at
Widows Creek, l-hour averages

c-10 Evaluation results for SO, at
Widows Creek, 3-hour averages

The number of monitoring sites in the evaluation sample are
listed in each table. The average over the top 5 events for the
tracer sites and the top 10 events at the SO, sites were computed to
provide a larger evaluation sample then just the highest concentration
event at each receptor.
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TABLE C-1

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN SPACE

1-HOUR AVERAGES TRACER: SFé6 SITE: CINDER CONE BUTTE
(Concentrations* given in units of microseconds per cubic meter.)

% CASES:
0.5 <

# - _ _  PRE/OBS
SITES OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

AVERAGE OF
HIGHEST VALUES o
FOR EACH MONITOR:

CTDM, SEVERAL

TOWER LEVELS 93 46.37 51.08 1.10 37.11 0.64 0.58 67
TWO TOWER LEVELS 93 46.37 30.47 0.66 29.92 0.42 0.63 65
ONE TOWER LEVEL 93 46.37 19.03 0.41 39.18 0.71 1.74 33
COMPLEX I 93 46.37 84.34 1.82 51.80 1.25 .69 51
RTDM (DEFAULT) 93 46.37 77.37 1.67 56.03 1l.46 0.88 56
RTDM (ONSITE) 93 46.37 36.87 0.80 27.54 0.35 0.44 72

AVERAGE OF THE
TOP 5 VALUES
OBTAINED FOR
EACH MONITOR:

CTDM, SEVERAL

TOWER LEVELS 93 27.26 28.52 1.05 17.68 0.42 0.40 71
TWO TOWER LEVELS 93 27.26 14.42 0.53 18.65 0.47 0.89 57
ONE TOWER LEVEL 93 27.26 9.58 0.35 23.39 0.74 2.10 23

COMPLEX I 93 27.26 55.36 2.03 35.59 1.71 0.84 39

RTDM (DEFAULT) 93 27.26 43.23 1.59 31.22 1.31 0.83 67

RTDM (ONSITE) 93 27.26 21.20 0.78 13.38 " 0.24 0.31 76

Threshold for both observed and predicted concentrations = .00 uS/M*+*3
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TABLE C-2

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN SPACE

1-HOUR AVERAGES TRACER: CF3BR SiTE: CINDER CONE BUTTE
(Concentrations* given in units of microseconds per cubic meter.)

% CASES:
0.5 <

# - _ _ _ PRE/OBS
SITES OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

AVERAGE OF
HIGHEST VALUES
FOR EACH MONITOR:

CTDM, SEVERAL

TOWER LEVELS 80 15.18 27.03 1.78 29.50 3.78 2.12 25
TWO TOWER LEVELS 80 15.18 11.65 0.77 17.89 1l.39 1.31 33
ONE TOWER LEVEL Bd 15.18 7.13 0.47 18.31 1.46 3.10 24
COMPLEX I 81 15.59 35.02 2.25 36.24 5.40 2.41 32
RTDM (DEFAULT) ‘80 15.18 18.69 1.23 27.86 3.37 2.74 34
RTDM (ONSITE) 80 15.18 14.74 0.97 19.37 1l.63 1.68 36

AVERAGE OF THE
TOP 5 VALUES
OBTAINED FOR
EACH MONITOR:

CTDM, SEVERAL

TOWER LEVELS 93 4.53 8.50 1.88 10.43 5.30 2.83 34
TWO TOWER LEVELS 93 4.53 3.31 0.73 5.68 1.57 2.15 45
ONE TOWER LEVEL 93 4.53 1.78 0.39 6.05 1.78 4.54 34
COMPLEX I 93 5.18 13.12 2.53 13.04 6.34 2.50° 34
RTDM (DEFAULT) 93 4.53 5.41 1.19 7.36 2.64 2.21 46
RTDM (ONSITE) 93 4.53 5.09 1.12 6.35 1.97 1.75 47

* Threshold for both observed and predicted concentrations = .00 uS/M#*#*3
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TABLE C-3

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN SPACE

1-HOUR AVERAGES TRACER: SF6 SITE: HOGBACK RIDGE
(Concentrations* given in units of microseconds per cubic meter.)

% CASES:

0.5 <

# _ _ _  PRE/OBS
SITES OBS ©DRE PRE/OBS RMS V/To2 V/(Colp) < 2.0

AVERAGE OF
HIGHEST VALUES
FOR EACH MONITOR:

CTDM, SEVERAL

TOWER LEVELS. 106 35.86 61.65 1.72 62.77 3.06 1.78 58
TWO TOWER LEVELS 106 35.86 49.84 1.3% 41.19 1.32 0.95 67
ONE TOWER LEVEL 106 35.86 32.17 0.90 25.%52 0.51 0.57 61
COMPLEX I 106 36.04 127.85 3.55 132.13 13.44 3.79 14
RTDM (DEFAULT) 106 35.86 111.08 3.10 157.67 19.33 6.24 32
RTDM (ONSITE) 106 35.86 36.13 1.01 57.68 2.59 2,57 43

AVERAGE OF THE
TOP 5 VALUES
OBTAINED FOR
EACH MONITOR:

CTDM, SEVERAL

TOWER LEVELS 106 22.17 36.22 1.63 28.64 1.67 1.02 61
TWO TOWER LEVELS 106 22.17 29.10 1.31 21.83 0.97 0.74 59
ONE TOWER LEVEL 106 22.17 15.75 0.71 16.34 - 0.54 0.77 53
COMPLEX I 106 22.44 79.19 3.53 82.59 13.55 3.84 9
RTDM (DEFAULT) 106 22.17 40.01 1.81 46.29 4.36 2.42 36
RTDM (ONSITE) 106 22.17 19.09 0.86 17.26 0.61 0.70 53

Threshold for both observed and predicted concentrations = .00 uS/M#**3
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TABLE C-4

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN SPACE

1-HOUR AVERAGES TRACER: CF3BR SITE: HOGBACK RIDGE
(Concentrations* given in units of microseconds per cubic meter.)

- % CASES:
0.5 <

# _ - PRE/OBS
SITES OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

AVERAGE OF
HIGHEST VALUES
FOR EACH MONITOR:

CTDM, SEVERAL

TOWER LEVELS 106 122.9 43.4 0.35 104.6 0.72 2.05 14
TWO TOWER LEVELS 106 122.9 39.0 0.32 11l1.2 0.82 2.58 22
ONE TOWER LEVEL 105 121.4 28.8 0.24 114.0 0.88 3.72 15
COMPLEX I. loé 122.9 190.6 1.55 118.1 0.92 0.60 " 41
RTDM (DEFAULT) 104 123.9 271.1 2.19 381l.4 9.48 4.33 32
RTDM (ONSITE) 106 122.9 120.8 0.98 400.7 10.63 10.82 19

AVERAGE OF THE
TOP 5 VALUES
OBTAINED FOR
EACH MONITOR:

CTDM, SEVERAL

TOWER LEVELS 106 73.2 27.7 0.38 55.82 0.58 1.54 18

TWO TOWER LEVELS 106 73.2 21.9 0.30 62.79 0.74 2.46 12
ONE TOWER LEVEL 105 - 72.8 14.9 0.21 68.22 0.88 4.28 11
COMPLEX I 106‘ 73.2 123.3 1.68 85.32 1.36 0.81 38
RTDM (DEFAULT) 102 74.6 91.4 1.23 114.05 2.34 1.91 49
RTDM (ONSITE) 106 73.2 38.6 0.53 98.73 1.82 3.45 25

* Threshold for both observed and predicted concentrations = .01 uS/M#*3
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TABLE C-5
EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN SPACE

1-HOUR AVERAGES = TRACER: SF6 SITE: TRACY POWER PLANT

(Concentrations* given in units of microseconds per cubic meter.)
’ % CASES:
0.5 <
# - _ _ PRE/OBS
SITES OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

AVERAGE OF
HIGHEST VALUES
FOR EACH MONITOR:

CTDM, SEVERAL

TOWER LEVELS 106 2.19 1.80 0.82 2.25 1.06 1.28 40
(ALT. PLUME HT 1)%* 106 2.19 1.67 Q.76 2.02 1l.486 1.12 42
(ALT. PLUME HT 2)* 106 2.19 1.68 0.77 2.09 1.55 1.19 43

TWO TOWER LEVELS 106 2.18 1.72 0.79 2.36 1.17 1l.49 37

ONE TOWER LEVEL 10 2.15 2.08 G.97 3.87 2.76 2.85 25
COMPLEX £ 106 2.19 5.95 2.72 7.10 10,51 3.87 23
RTDM (DEFAULT) 106 2.19 2.80 1.28 3.50 2.55 2.00 30
RTDM (ONSITE) 106 2.19 1.25 0.57 2.17 0.98 1.72 43

AVERAGE OF THE
TOP 5 VALUES
OBTAINED FOR
EACH MONITOR:

CTDM, SEVERAL

TOWER LEVELS 106 1.32 1.05 0.80 1.04 0.62 0.78 41
TWO TOWER LEVELS 106 1.30 1.03 0.79 1.20 0.85 1.08 36
ONE TOWER LEVEL 106 1.27 1.11 0.87 1.97 2.41 2.75 21
COMPLEX I 106 1.32 4.02 3.05 4.83 13.39 4.40 i3
RTDM (DEFAULT) 106 1.32 1.66 1.26 1.89 2.05 1.63 31
RTDM (ONSITE) 106 l.3é 0.76 0.58 1.09 0.68 1.18 47

Threshold for both observed and predicted concentrations = .00 uS/M#*3
* Alternative plume height #1 was obtained from lidar measurements

at the first cross section downwind from the source. Plume

height #2 was obtained from the second lidar cross section.
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TABLE C-6

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN SPACE
1-HOUR AVERAGES TRACER: CF3BR SITE: TRACY POWER PLANT

(Concentrations* given in units of microseconds per cubic meter.)

% CASES:

0.5 <
# _ o PRE/OBS
SITES OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

AVERAGE OF
HIGHEST VALUES
FOR EACH MONITOR:

CTDM, SEVERAL

TOWER LEVELS 106 2.70 1.49 0.55 2.93 1.18 2.13 41
TWO TOWER LEVELS 106 2.70 1.64 0.61 4.21 2.43 4.00 32
ONE TOWER LEVEL 106 2.69 1l1l.66 0.62 4.99 3.44 5.58 20
COMPLEX I 106 2.70 6.89 2.55 7.50 7.72 3.02 13
RTDM (DEFAULT) 106 2.70 2.40 0.89 3.47 1.65 1.86 37
RTDM (ONSITE) 106 2.70 1.58 0.59 2.86 1l.12 1.92 53

AVERAGE OF THE
TOP 5 VALUES
OBTAINED FOR
EACH MONITOR:

CTDM, SEVERAL

TOWER LEVELS 106 1.57 0.93 0.59 1.34 0.73 1.23 37
TWO TOWER LEVELS 106 1.57 0.89 0.57 i.83 1.36 2.40 25
ONE TOWER LEVEL 106 1.55 0.78 0.50 2.15 1.92 3.82 15
COMPLEX I 106 1.58 4.62 2.92 5.52 12.21 4.17 11
RTDM (DEFAULT) 106 1.58 1.36 0.86 1.99 1.59 1.84 35
RTDM (ONSITE) 106 1.57 1.01 0.64 1.22 0.60 0.94 58

* Threéhold for both observed and predicted concentrations = .00 uS/M#*=*3
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EVALUATION STATISTICS

1-HOUR AVERAGES

TABLE C-~7

TRACER:

502

FOR DATA SUBSET PAIRED IN SPACE

SITE: WESTVACO LUKE

(Concentrations* given in units of microseconds per cubic meter.)

AVERAGE OF
HIGHEST VALUES
FOR EACH MONITOR:

CTDM, SEVERAL
TOWER LEVELS

TWO TOWER LEVELS
ONE TOWER LEVEL
COMPLEX I
RTDM (DEFAULT)
RTDM (ONSITE)
AVERAGE OF THE
TOP 10 VALUES
OBTAINED FOR
EACH MONITOR:

CTDM, SEVERAL
TOWER LEVELS

TWO TOWER LEVELS
ONE TOWER LEVEL
COMPLEX I
RTDM (DEFAULT)

RTDM (ONSITE)

% CASES:
0.5 <
# o _ _  PRE/OBS
SITES OBS DPRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0
11 4.77 6.48 1.36 2.86 0.36 0.27 64
11 4.77 10.09 2.12 8.71 3.33 1.58 45
11 4.61 5.71 1.24 2.03 0.19 0.16 82
11 4.77 23.97 5.03 25.26 28.04 5.58 9
11 4.77 7.44 1.56 4.78 1.00 0.64 45
11 4.77 5.80 1.22 3.16 0.44 0.36 73
11 3.05 3.97 1.30 1.56 0.26 0.20 73
11 3.05 7.20 2.36 7.63 6.26 2.65 45
11 2.95 4.15 1.41 1.97 0.45 0.32 73
11 3.05 20.13 6.60 22.51 54.47 8.25 9
11 3.05 6.04 1.98 4.67 2.34 1,18 55
11 3.05 3.10 1.02 1.17 0.15 0.15 91

* Threshold for both observed and predicted concentrations = .00 uS/M#**3
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‘TABLE C-8

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN SPACE

3-HOUR AVERAGES TRACER: S02 SITE: WESTVACO LUKE
(Concentrations* given in units of microseconds per cubic meter.)

% CASES:
0.5 <

# _ _ PRE/OBS
SITES OBsS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

AVERAGE OF
HIGHEST VALUES
FOR EACH MONITOR:

CTDM, SEVERAL
TOWER LEVELS 11 2.76 3.27 1.19 1.41 0.26 0.22 64

TWO TOWER LEVELS 11 2.76 6.03 2.19 7.19 6.79 3.11 55
ONE TOWER LEVEL 11 2.76 3.34 1.21 1.61 0.34 0.28 73

COMPLEX I 11 2.76 17.38 6.30 19.34 49.10 7.80 0
RTDM (DEFAULT) 11 2.76 5.07 1.84 3.84 1.94 1.05 45
RTDM (ONSITE) 11 2.76 3.09 1.12 1.79 0.42 0.38 73

AVERAGE OF THE
TOP 10 VALUES
OBTAINED FOR
EACH MONITOR:

CTDM, SEVERAL
TOWER LEVELS 11 1.63 1.69 1.04 0.69 0.18 0.17 73

TWO TOWER LEVELS 11 1.63 4.07 2.50 5.18 10.10 4.05 55

ONE TOWER LEVEL 11 1.62 2.57 1.59 1.57 0.94 0.59 65

COMPLEX I 11 1.63 12.17 7.47 14.59 80.12 10.73 0
RTDM (DEFAULT) 11 1.63 3.63 2.23 3.30 4.10 1.84 45
.RTDM (ONSITE) 11 1.63 1.48 0.91 0.67 0.17 0.19 82

* Threshold for both observed and predicted concentrations = .00 usS/M#**3

201



TABLE C-9

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN SPACE

1-HOUR AVERAGES, 1980 TRACER: SO02 SITE: WIDOWS CREEK
(Concentrations* given in units of micrograms per cubic meter.)

% CASES:
0.5 <

# _ _ _  PRE/OBS
SITES OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

AVERAGE OF
HIGHEST VALUES
FOR EACH MONITOR:

CTIDM, SEVERAL

TOWER LEVELS 14 1685 3720 2.20 2830 2.7¢9 1.27 43
TWO TOWER LEVELS 14 1695 4142 2.44 3577 4.46 1.82 43
ONE TOWER: LEVEL 14 1609 2822 1.75 2433 2.29 1.30 43
COMPLEX I 14 16985 4953 2.92 5033 8.82 3.02 36
RTDM (DEFAULT) 14 1695 2189 1.29 1911 1.27 °0.98 36
RTDM (ONSITE) 14 1695 3700 2.18 3727 4.84 2.22 43

AVERAGE OF THE
TOP 10 VALUES
OBTAINED FOR
EACH MONITOR:

CTDM, SEVERAL

TOWER LEVELS 14 740 1886 2.55 1548 4.38 1.72 S0
TWO TOWER LEVELS 14 724 2456 3.39 2304 10.14 2.99 14
ONE TOWER LEVEL 14 645 2079 3.22 1940 9.04 2.80 14
COMPLEX I i4 740 3919 5.30 4582 38.35 7.24 14
RTDM (DEFAULT) 14 740 1914 2.59 1762 5.67 2.19 36
RTDM (ONSITE) 14 740 994 1.34 748 1.02 0.76 50

* Threshold for both observed and predicted concentrations = .00 uG/M**3
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EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN SPACE

3-HOUR AVERAGES, 1980

(Concentrations* given in units of micrograms per cubic meter.)

AVERAGE OF
HIGHEST VALUES
FOR EACH MONITOR:

CTDM, SEVERAL
TOWER LEVELS

TWO TOWER LEVELS
ONE TQWER LEVEL
COMPLEX I
RTDM (DEFAULT)
RTDM (ONSITE)
AVERAGE OF THE
TOP 10 VALUES
OBTAINED FOR
EACH MONITOR:

CTDM, SEVERAL
TOWER LEVELS

TWO TOWER LEVELS
ONE TOWER LEVEL
COMPLEX I
RTDM (DEFAULT)
RTDM (ONSITE)

TABLE C-10

TRACER:

SQ2

SITE:

WIDOWS CREEK

% CASES:
0.5 <
# - _ _ _ PRE/OBS
SITES OBS ©DPRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0
14 840 1454 1.73 1058 1.59 0.92 50
14 840 1288 1.53 843 1.01 0.66 43
14 725 1629 2.25 1409 3.77 1.68 29
14 840 2859 3.40 3113 13.74 4.04 36
14 840 1476 1.76 1296 2.38 1.36 50
14 840 1137 1.35 1239 2.18 1.61 43
14 324 719  2.22 559 2.98  1.34 57
14 319 752  2.36 637 3.98 1.69 36
14 279 1139 4.09 1130 16.48 4.03 7
14 325 1755 5.40 2089 41.38 7.66 14
14 325 1001 3.08 992 9.34 3.03 36
14 325 341 1.05 294 .82 .78 43

* Threshold for both observed and
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APPENDIX D

EVALUATION RESULTS FOR CONCENTRATIONS
PAIRED IN TIME AND SPACE

Evaluation statistics for data for all hours and monitoring sites
- paired in time and space - are given in this appendix. Further
discussions can be found in Sectien 4. A guide to the table showing
the results is listed below.

Table # Description

D=1 Evaluation results for SFg at CCB

D-2 Evaluation results for CF3Br at CCB
D-3 Evaluation results for SFg at HBR

D--4 Evaluation results for CF3Br at HBR
D-5 Evaluation results for SFg at FSPS

D-6 Evaluation results for CF3Br at FSPS
D=7 Evaluation results for SO; at Westvaco,

l-hour averages

D-8 Evaluation results for S0, at Westvaco,
3-hour averages

D-9 Evaluation results for SO; at Widows
Creek, l-hour averages

D-10 Evaluation results for SO; at Widows
Creek, 3-hour averages

These tables contain results for two concentration
thresholds. The zero threshold retains all cases, while the nonzero
threshold must be exceeded by both the prediction and the observation
to be included in the statistics. The nonzero threshold effectively
deletes the uninteresting zero versus zero matchup.
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TABLE D=1

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME AND SPACE

1-HOUR AVERAGES TRACER: SF6 SITE: CINDER CONE BUTTE

(Concentrations given in units of microseconds per cubic meter.)

% CASES:
# 0.5 <
SITE= PRE/OBS

HOURS OBS DPRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

DATA FROM ALL
PERIODS AND
MONITGCRS:

1) THRESHOLD =
0.0 uS/M#*3

CTDM, SEVERAL
TOWER LEVELS 3683 5.87 5.74 0.98 14.2 5.83 5.96 20
TWO TOWER LEVELS 3683 5.87 2.52 .45 14.1 5.73 12.74 14
ONE TOWER LEVEL 3683 5.87 1.62 0.28 13.2 5.07 18.38 15
COMPLEX I 3683 5.87 1ll.96 2.04 .23.7 16.26 7.98 25
RTDM (DEFAULT) 3683 5.87 8.60 1.47 21.7 13.65 9.32 25
RTDM (ONSITE) 3683 5.87 4.95 0.84 12.2 4.33 5.13 25

2) THRESHOLD =
0.01 uS/M*#*3

CTDM, SEVERAL

TOWER LEVELS 2079 9.34 8.99 0.96 17.2 3.38 3.51 30
TWO TOWER LEVELS 1584 9.44 4.89 0.52 16.3 2.99 5.77 19
ONE TOWER LEVEL 1214 9.71 4.19 0.43 15.3 2.49 5.76 19
COMPLEX I 1351 10.83 27.57 2.55 33.5 9.59 3.77 29
RTDM (DEFAULT) 1329 10.42 20.35 1.%5 31l.1 8.91 4.56 28
RTDM (ONSITE) 2203 8.82 7.05 0.80 1l4.2 2.59 3.24 29
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TABLE D-2

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME AND SPACE

1-HOUR AVERAGES TRACER: CF3BR SITE: CINDER CONE BUTTE

(Concentrations given in units of microseconds per cubic meter.)

% CASES:
# 0.5 <
SITE- PRE/OBS

HOURS OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

DATA FROM ALL
PERIODS AND
MONITORS:

THRESHOLD =
0.0 uS/M##3

CTDM, SEVERAL

TOWER LEVELS 566 3.90 7.39 1.90 16.3 17.49 9.23 9
TWO TOWER LEVELS 566 3.90 2.77 0.71 10.5 7.29 10.26 13
ONE TOWER LEVEL 566 3.90 1.48 0.38 10.0 6.55 17.26 29
COMPLEX I 565 3.90 11.30 2.90 18.9 23.49 8.10 40
RTDM (DEFAULT) 566 3.90 4.87 1.25 13.4 11.84 9.48 42
RTDM (ONSITE) 566 3.90 4.69 1.20 1l1.2 8.25 6.86 22

THRESHOLD =.
0.01 uS/M#*#*3

CTDM, SEVERAL

TOWER LEVELS 208 8.79 12.16 1.38 22.1 6.30 4.56 21
TWO TOWER LEVELS 164 9.69 $.36 0.55 15.9 2.71 4.89 18
ONE TOWER LEVEL 123 9.90 3.6% 0.37 16.3 2.70 7.37 28
COMPLEX I 221 8.55 18.08 2.12 21.7 6.41 3.03 32
RTDM (DEFAULT) 182 8.51 8.65 1.02 18.9 4.91 4.83 41
RTDM (ONSITE) 225 8.41 6.37 0.76 13.8 2.70 3.56 26
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1)

2)

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME AND SPACE

1-HOUR AVERAGES

(Concentrations given in units of

TABLE D-3

TRACER: S

Fé

SITE: HOGBACK RIDGE

microseconds per cubic meter.)

% CASES:
# 0.5 <
SITE- _ _ _ PRE/OBS
HOURS OBsS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0
DATA FROM ALL
PERIODS AND
MONITORS:
THRESHOLD =
0.0 uS/M*+*3
CTDM, SEVERAL
TOWER LEVELS 4714 S§.19 8.45 1.63 17.9 11.86 7.28 19
TWO TOWER LEVELS 4714 '5.19% 4.60 0.89 14.8 8.18 9.22 9
ONE TOWER LEVEL 4714 '5.19 1.94 0.37 11.8 5.20 13.90 4
COMPLEX I 4792 5.28 12.83 2.44 37.%5 50.94 20.84 2
RTDM (DEFAULT) 4714 5.19 4.7% 0.92 29.0 31.29 34.19 4
RTDM (ONSITE) 4714 5.19 4.30 0.83 13.2 6.47 7.81 20
THRESHOLD =
0.01 uS/M##*3
CTDM, SEVERAL
TOWER LEVELS 3271 5.66 12.17 2.15 20.7 13.31 6.19 26
TWO TOWER LEVELS 1823 7.14 11.87 1.66 21.6 9.18 5.52 20
ONE TOWER LEVEL 957 4.62 9.54 2.07 16.4 12.63 6.12 i7
COMPLEX I 903 7.64 68.08 8.91 84.3 121.61 13.65 [
RTDM (DEFAULT) 743 7.91 30.13 3.81 70.1 78.56 20.63 18
RTDM (ONSITE) 3162 5.¢98 6.39 1.07 14.8 6.14 5.75 29

208



TABLE D-4

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME AND SPACE

1-HOUR AVERAGES TRACER: CF3BR SITE: HOGBACK RIDGE

(Concentrations given in units of microseconds per cubic meter.)

% CASES:
# 0.5 <
SITE~- . PRE/OBS

HOURS OBS DRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

DATA FROM ALL

PERIODS AND
MONITORS:
THRESHOLD =
0.0 uS/M*#*3
CTDM, SEVERAL
TOWER LEVELS 5026 15.31 6.55 0.43 32.1 4.39 10.27 22
TWO TOWER LEVEﬁS 5026 15.31 3.22- 0.21 133.0 4.64 22.05 15
ONE TOWER LEVEL 5026 15.31 1.86 0.12 34.7 5.15 42.38 13
COMPLEX I 5175 14.96 14.68 0.98 53.9 13.00 13.25 12
RTDM (DEFAULT) 5175 14.96 9.16 0.61 80.3 28.78 47.00 12
RTDM (ONSITE) 5026 15.31 5.61 0.37 72.7 22.55 61.54 21

THRESHOLD =
0.01 usS/M»*3

CTDM, SEVERAL

TOWER LEVELS 2729 16.84 11.51 0.68 26.6 2.50 3.66 32
TWO TOWER LEVELS 1366 21.02 11.53 0.55 38.9 3.42 6.24 26
ONE TOWER LEVEL 613 15.96 14.64 0.92 32.2 4.08 4.44 21
COMPLEX I 557 19.29 134.60 6.98 129.8 45.26 6.49 6
RTDM (DEFAULT) 367 17.83 128.;4 7.20 274.1 236.36 32.81 12
RTDM (ONSITE) 2333 16.56 11.80 0.71 99.4 36.05 30.539 29
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TABLE D-5

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME AND SPACE

1-HOUR AVERAGES TRACER: SF6 SITE:TRACY POWER PLANT
(Concentrations given in units of microseconds per cubic meter.)
% CASES:
# 0.5 <
SITE- PRE/OBS

HOURS OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0

DATA FROM ALL

PERIODS AND

MONITORS:

THRESHOLD = 0.0 uS/M**3

CTDM, SEVERAL

TOWER LEVELS 9713 0.19 0.13 0.68 0.59 9.64 14.09 7
(ALT. PLUME HT 1)* 9713 0.19 0.13 0.68 0.58 9.32 13.62 7
(ALT. PLUME HT 2)#* 9713 0.19 0.12 .63 0.58 9.32 14.75 7

TWO TOWER LEVELS 9633 0.19 0.12 0.63 0.61 10.31 16.32 5

ONE TOWER LEVEL 9291 0.19 0.0% 0.47 0.75 15.58 32.90 2
COMPLEX I 9806 0.19 0.36 1.89 1.61 71.80 37.90 2
RTDM (DEFAULT) 9806 0.1 0.15 0.79 0.82 18.63 23.59 3
RTDM (ONSITE) '9713 0.1% 0.08 0.42 0.53 7.78 18.48 6

THRESHOLD = 0.01 uS/M*#3

CTIDM, SEVERAL
TOWER LEVELS 2366 0.40 0.54 1.35 0.98 6.00 4.45 27

TWO TOWER LEVELS 2010 0.35 0.56 1.60 1.03 8.66 5.41 25

ONE TOWER LEVEL 918 0.33 0.94 2.85 1.89 32.80 11.52 19

COMPLEX I 1309 0.33 2.66 8.06 4.21 162.76 20.19 18
RTDM (DEFAULT) 1126 - 0.34 1.30 3.82 2.00 34.60 9.08 25
RTDM (ONSITE) 2329 0.37 0.34 0.92 0.76 4.22 4.59 25

* Alternative plume height #1 was obtained from lidar measurements
at_the first cross section downwind from the source. Plume
height #2 was obtained from the second lidar cross section.

210



TABLE D-6

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME AND SPACE

1-HOUR AVERAGES TRACER: CF3BR SITE:TRACY POWER PLANT

(Concentrations given in units of microseconds per cubic meter.)

% CASES:
# 0.5 <
SITE- PRE/OBS

HOURS OBS PRE DPRE/OBS RMS V/Co2 V/(CoCp) < 2.0

DATA FROM ALL
PERIODS AND

MONITORS:
THRESHOLD =
0.0 uS/M##*3
CTDM, SEVERAL
TOWER LEVELS 9713 0.28 0.11 0.39 0.72 6.61 16.83 6
TWO TOWER LEVELS 9633 0.27 0.09 0.33 0.82 9.22 27.67 5
ONE TOWER LEVEL 9291 0.27 0.06 0.22 0.89 10.87 48.90 1
COMPLEX I 9806 0.28 0.42 1.50 1.93 47.51 31.67 2
RTDM (DEFAULT) 9806 0.28 0.12 0.43 0.94 11.27 26.30 2
RTDM (ONSITE) 9713 0.28 0.11 0.39 0.70 6.25 15.91 6
THRESHOLD =

0.01 uS/M#*%*3

CTDM, SEVERAL
TOWER LEVELS 2067 0.59 0.52 0.88 1.27 4.63 5.26 30

TWO TOWER LEVELS 1524 0.42 0.57 1.36 1.47 12.25 9.03 29
ONE TOWER LEVEL 556 0.48 1.02 2.13 2.62 29.79 14.02 20

COMPLEX I 1256 0.53 3.27 6.17 5.15 94.42 15.30 18
RTDM (DEFAULT) 1036 0.55 1.17 2.13 2.22 16.29 7.66 23
RTDM (ONSITE) 2269 0.53 0.48 0.91 1.15 4.71 5.20 26
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1)

2)

EVALUATICN STATISTICS FOR DATA SUBSET PAIRED IN TIME AND SPACE

1-HOUR AVERAGES

TABLE D=7

TRACER: S02

SITE:

WESTVACO LUKE

(Concentrations given in units of microseconds per cubic meter.)

% CASES:
# 0.5 <
SITE- : _ _ PRE/OBS
HOURS OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0
DATA FROM ALL
PERIODS AND
MONITORS:
THRESHOLD =
0.0 uS/M*+3

CTDM, SEVERAL

TOWER LEVELS 46092 0.09 0.05. 0.56 0.38 17.8 32.1 40

TWO TOWER LEVELS46283 0.09 0.24 0.67 1.20 177.8 66.7 38

ONE TOWER LEVEL 39838 0.10 0.32 3.20 6.86 74 .0 23.1 32
COMPLEX I 46092 0.09 0.52 5.78 3.34 1377.2 238.4 55
RTDM (DEFAULT) 46092 0.09 0.13 1l.44 0.92 104.5 72.3 55
RTDM (ONSITE) 46092 0.09 0.04 0.44. 0.36 16.0 36.0 45
THRESHOLD =

0.01 uS/M**3

CTDM, SEVERAL

TOWER LEVELS 2865 0.53 0.60 1.13 1.18 5.0 4.4 26

TWO TOWER LEVELS 5119 0.35 1.39 3.97 2.93 70.1 17.8 23

ONE TOWER LEVEL 6796 0.28 1.10 3.93 1.44 26.4 6.7 21
COMPLEX I 1006 0.34 16.94 49.82 18.90 3090.1 62.0 1
RTDM (DEFAULT) 1668 0.36 2.49 6.92 3.86 115.0 1l6.6 7
RTDM (ONSITE) 3477 0.34 0.35 1.03 0.83 6.0 5.8 26
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1)

2)

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME AND SPACE

3-HOUR AVERAGES

TABLE D-8

TRACER: S02

SITE: WESTVACO LUKE

(Concentrations given in units of microseconds per cubic meter.)

#
SITE-~

HOURS OBS

% CASES:
005 <
PRE/OBS

PRE DPRE/OBS RMS V/Co2 V/(CoCp) < 2.0

DATA FROM ALL
PERIODS AND
MONITORS:

THRESHOLD =
0.0 usS/M*#*3

CTDM, SEVERAL
TOWER LEVELS - 12969

TWO TOWER LEVELS13020
ONE TOWER LEVEL 11252

COMPLEX I 12969
RTDM (DEFAULT) 12969
RTDM (ONSITE) 12969
THRESHOLD =

0.01 uS/M##*3

CTDM, SEVERAL
TOWER LEVELS 1344

TWO TOWER LEVELS 2231
ONE TOWER LEVEL 2753

COMPLEX I 597
RTDM (DEFAULT) 765
RTDM (ONSITE) 1542

0.09
0.10
0.09
0.09

0.09

0.05
0.26
0.33
0.55
0.14

0.04

0.40
1.14
0.95

10.24
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0.28
1.05
0.78
2.81
0.76

0.30

136.1
60.8
974.8
71.3

11.1

3.1
76.2
32.3

2035.0
92.6

4.8

17.4
47.1
18.4
159.5
45.8

25.0

3.1
17.4
7.5
53.7

13.6

32
30
25
43
44

35

32
25
20

29



1)

2)

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME AND SPACE

1-HOUR AVERAGES, 1980

(Concentrations given in units of micrograms per cubic meter.)

TABLE D=9

TRACER:

S02

SITE:

WIDOWS

CREEX

. ¥ CASES:
# 0.5 <
SITE- _ _ _ PRE/OBS
HOURS OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0
DATA FROM ALL
PERIODS AND
MONITORS:
THRESHQLD =
0.0 uS/M#»#3
CTDM, SEVERAL
TOWER LEVELS 69762 14.76 13.28 0,90 132.8 81.0 80.0 47
TWO TOWER LEVELS 67900 14.71 16.95 1.15 186.8 161.3 140.0 47
ONE TOWER LEVEL 57876 14.97 $6.91 3.80 278.0 344.%9 90.7 44
COMPLEX I 71736 14.5% 35.04 2.40 366.5 631.0 262.8 56
RTDM (DEFAULT) 71736 14.59 26.73 1.83 227.5%5 243.2 132.7 56
RTDM (ONSITE) 71736 14.59 5.24 0.36 96.%5 43.8 121.9 49
THRESHOLD =
1.00 uG/M#**3
CTDM, SEVERAL
TOWER LEVELS 3682 65.8 142 2.15 358 29.7 13.8 31
TWO TOER LEVELS 2184 50.3 288 5.27 744 219.2 41.6 22
ONE TOWER LEVEL 4144 5S57.1 414 7.25 783 174.0 24.0 20
COMPLEX I 1886 81.5 786 9.864 1756 463.9 48.1 21
RTDM (DEFAULT) 1330 66.9 742 11.10 1160 300.7 27.1 8
RTDM (ONSITE) 3133 67.5 656 0.97 318 22.1 22.8 25
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1)

2)

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME AND SPACE

3-HOUR AVERAGES, 1980

(Concentrations given in units of micrograms per cubic meter.)

DATA FROM ALL
PERIODS AND
MONITORS:

THRESHOLD =
0.0 uS/M#*3

CTDM, SEVERAL
TOWER LEVELS

TWO TOWER LEVELS
ONE TOWER LEVEL
COMPLEX I

RTDM (DEFAULT)
RTDM (ONSITE)

THRESHOLD =
1.00 uG/M#*=»3

CTDM, SEVERAL
TOWER LEVELS

TWO TOER LEVELS
ONE TOWER LEVEL
COMPLEX I.

RTDM (DEFAULT)

RTDM (ONSITE)

TABLE D-10

TRACER:

S02

SITE:

WIDOWS CREEK

215

% CASES:
# 0.5 <
SITE- _ _ _  PRE/OBS
HOURS OBS PRE PRE/OBS RMS V/Co2 V/(CoCp) < 2.0
18021 15.93 13.51 0.85 93.2 34.2 40.3 37
17377 15.88 16.15 1.02 112.0 49.8 48.9 34
14449 15.85 55.52 3.50 218.9 190.8 S4.5 33
18695 15.71 36.58 2.33 266.4 287.6 123.5 46
18695 15.71 29.98 1.91 170.7 118.1 61.9 45
18695 15.71 5.42 0.35 67.5 18.4 83.5 38
1824 47.9 97 2.02 213 19.8 9.8 30
1370 38.5 136 3.53 305 62.8 17.8 24
1926 42.3 295 6.97 516 149.1 21.4 20
1129 57.5 449 7.82 932 263.0 33.6 19
927 53.0 402 7.59 619 136.2 18.0 13
1704 51.7 42 0.80 181 12.3 15.3 27
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APPENDIX E

EVALUATION RESULTS BY METEOROLOGICAL CATEGORY
FOR CONCENTRATIONS PAIRED IN TIME, UNPAIRED IN SPACE

In this appendix, the results presented in Appendix B for
concentrations paired in time, not space, are extended to
meteorological categories. These categories include three stability
classes (D,E,F) and three wind speed categories (0-1, 1-3 and >3 m/sec
at release height). More discussion can be found in Section 4. A
guide to these tables is listed below. Note that the six model runs
(CTDM for several, two and one tower level(s), COMPLEX I, and RTDM
(default and on-site) are grouped together for each site and tracer.

Table # Description

E-1 through E-6 Evaluation results for SFg at CCB

E-7 through E-12 Evaluation results for CF3Br at GCCB
E-13 through E-18 Evaluation results for SFg at HBR

E-19 thorugh E-24 Evaluation results for CF3Br at HBR
E-25 through E-30 Evaluation results for SFg at FSPS
E-31 through E-36 Evaluation results for CF3Br at FSPS
E-37 through E-42 Evaluation results for SO, at Westvaco,

1-hour averages

E-43 through E-48 Evaluation results for S0; at Widows
Creek, l-hour averages
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EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

TABLE E-1

(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

MODEL:

TRACER: SF6

CTDM

SITE: CINDER CONE BUTTE

THRESHOLD:

.00 uS/M**3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0=-1 1=3 GT 3 0-1 i-3 GT 3 0=1 1-3 GT 3
# OF DATA PAIRS Q 1 27 3 9 i6 2 30 12
MEAN FOR OBS — wome 21,73 === 13.31 30.31 === 33.58 36.35
MEAN FOR PRE —— —— 11.?5 === 14.69 24.17 === 39,72 37.71
BIAS (PRE/OBS) ——c —— .52 = 1.10 .80 —— i.18 1.04
RMS ERROR — == 17.851 =w=  14.93 19.54 wee  36.10 39.58
V/Co2 —— —— .65 ——— 1.26 .42 —cmem 1.16 1.19
V/ (CoCp) — e 1.26 - 1.14 .52 m—— .98 1.14
$ WITHIN FACTOR 2 === —~—- 26. - 22. 50. o= 47. 42.
AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY

WIND SPEED(M/S) 0=1 1-3 GT 3 0=1 1-3 GT 3 0-1 1-3 GT 3
# OF DATA PAIRS — ——— 27 — 9 i6 -—— 30 12
MEAN FOR OBS — === 15.05 —— 8.18 21.91 -== 21.83 23.76
MEAN FOR PRE —— - 8.02 = 9.48 16.88 == 30.83 28.44
BIAS (PRE/OBS) - —— .53 === 1.16 .77 === 1.41 1.20
RMS ERROR . —— ==w 11.18 == 11,45 14.59 -== 28.41 31.00
V/Co2 ——— ——= .55 --=- 1.96 .44 === 1.69 1.70
V/ (CoCp) == == .1.04 -—=  1.69 .58 === 1.20 1.42
% WITHIN FACTOR 2 === — 33. —-——— 11. 50. —— 43. 50.
* Statistics are not presented for cases with less than 6 data pairs
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TABLE E-2

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES TRACER: SF6 SITE: CINDER CONE BUTTE

MODEL: CTDM (DEGR1) THRESHOLD: .00 uS/M#*%*3 -

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F

WIND SPEED(M/S) ©0-1 1-3 GT 3 0-1 1-3  GT 3 0-1 1-3 GT 3

# OF DATA PAIRS 0 1 27 3 9 16 2 30 12
MEAN FOR OBS -— .- 21.73 --- 13.31 30.31 --- 33.58 36.35
MEAN FOR PRE -— == 11.43 -—- 22.78 8.74 --—- 9.83 19.15
BIAS (PRE/OBS) -— — .53 - 1.71 .29 -— .29. .53
RMS ERROR —-— == 17.15 -—- 38.26 32.48 -—- 49.83 33.83
V/Co2 - -— .62 -—- 8.27 1.15 -— 2.20 .87
v/ (CoCp) ——  e==  1.18 - 4.83 3.98 -  7.52  1.64
% WITHIN FACTOR 2 === -— 33. -— 22. 19. -— 10. 33.

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F

WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3 GT 3

# OF DATA PAIRS 0 1 27 3 9 16 2 30 12
MEAN FOR OBS -— === 15.05 --- 8.18 21.91 -== 21.83 23.76
MEAN FOR PRE —— -—— 8.78 --- 12.28 5.56 -==  7.00 14.50
BIAS (PRE/OBS) -— - .58 -——-  1.50 .25 — .32 .61
RMS ERROR -— -—- 11.21 --- 22.87 25.42 -—- 34.71 22.25
v/Co2 -— -— .55 -—- 7.83 1.35 -—-  2.53 .88
v/ (CoCp) -— — .95 --- 5.21 5.30 -——- 7.89 1.44
% WITHIN FACTOR 2 =-- -— 30. -— 22. 19. -— 10. 25.

* Statistics are not presented for cases with less than 6 data pairs.
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TABLE E-3

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES TRACER: SF6 SITE: CINDER CONE BUTTE
. -
MODEL: CTDM (DEGR2) THRESHOLD: .00 uS/M#*#*3
(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 i-3 GT 3 o-1 1-3 GT 3 0-1 ~-;¢3 GT 3
# OF DATA PAIRS 0 1 27 3 - 9 16 2 30 - 12
MEAN FOR OBS —— -=- 21.73 === 13.31 30.31 «== 33,58 36,35
MEAN FOR PRE -—- -~ 7.09 -—=  3.16 8.46 om= 4,35 10.70
BIAS (PRE/OBS) -—- -— .33 -— .24 .28 — .13 .29
RMS ERROR -—- === 20.53 === 18.37 35.07 -== 51,08 39.00
V/Co2 -— -— .89 ---  1.90 1.34 -—= 2,31 1.15
v/ (CoCp) -— .- 2.73 -—=  8.03 4.79 -== 17.87 3.91
$ WITHIN FACTOR 2 --- ——- 33. -— 0. 19. C m—— 10. 17.

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F

WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1=-3 GT 3
# OF DATA PAIRS 0 i 27 3 9 16 2 30 12
MEAN FOR OBS -— --- 15.05 -=- 8,18 21.91 -== 21.83 23.76
MEAN FOR PRE -— -— .40 —— .28 .32 -—— .14 .37
BIAS (PRE/OBS) -— - .40 — .28 .32 -— .14 .37
RMS ERROR ——— -==  14.29 -== 13,10 26.03 ~== 34,16 26.05
V/Co2 -——— e .90 -—— 2,57 1.41 e==  2.45 1.20
V/-(CoCp) —— -==  2.28 -=-= 9,18 4.44 -=-- 17.01 3.21
$ WITHIN FACTOR 2 === -—- 26. -—- 0. 25. -— 10. 17.

* Statistics are not presented for cases with less than 6 data pairs.
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TABLE E-4

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

MODEL:

TRACER: SF6

COMPLEX I

THRESHOLD:

SITE:

.00 us

/M**3

CINDER CONE BUTTE

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
4 OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
v/Co2

V/ (CoCp)

3 WITHIN FACTOR 2

AVERAGE OF THE TOP S VALUES

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

$ WITHIN FACTOR

* Statistics are not presented

STABILITY D STABILITY E STABILITY F
0=-1 1-3 GT 3 0-1 1-3 GT 3 0=-1 1-3 ;;-;-
0 1l 27 3 9 16 2 30 12
——— == 21.73 === 13.31 30.31 --= 33.58 36.35
—— === 10.45 === 42.11] 25.50 -== 68.63 48.31
—— ——- .48 ——— .3.16 .84 —— 2.04 1.33
- —— 19.54 -—= 51.38 23.61 -== 58.68 28.73
— —— .81 === 14.91 .61 ---— 3.05 .62
—— —— 1.68 ——— 4.71 .72 —— 1.49 .47
—— —— 52. ———— 11. 56. —— 20. 58.

FROM EACH 1-HOUR PERIOD:

STABILITY D STABILITY E STABILITY F
0-1 1-3 GT 3 0=-1 1=3 GT 3 0-1 1-3 GT 3
0 1 27 3 9 16 2 30 12
—— == 15.05 —-—— 8.18 21.91 === 21.83 23.76
—— — 9.15 === 31.15 20.76 == 52.96 41.23
—— ——— .61 —— 3.81 .95 —— 2.43 1.74
—— -== 13.30 -== 41.33 20.34 == 47.46 26.97
—— — .78 -—= 25.56 .86 —— 4.73 1.2¢9
—— —— 1.28 ——- 6.71 .91 —— 1.95 .74
2 === —— 59. —-—— 11. 56. —-— 23. S0.

for cases with less than 6 data pairs

2
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TABLE E-5

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

TRACER:

SFé

MODEL: RTDM (DEFAULT)

THRESHOLD:

SITE:

.00 us

/MA*3

CINDER CONE BUTTE

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
4 OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

% WITHIN FACTOR

AVERAGE OF THE

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

v/ (CoCp)

% WITHIN FACTOR

STABILITY D STABILITY E STABILITY F
0-1 1-3  GT 3 0-1 1-3 GT 3 Q=1 1-3  GT 3
0 1 27 3 9 16 2 30 12
— == 21.73 == 13.31 30.31 == 33.58 36.35
-— -—= 8.15 == 27.23 13.67 === 75.15 23.24
— -— .38 --=  2.05 .45 o= 2.24 .64
— === 20.61 == 32.32 27.10 ——= 94.98 28.41
-— ——— .90 - 5.90 .80 == 8,00 .61
-— -—=  2.40 -—=  2.88 1.77 ==  3.58 .96
2 e-- — 26. ——— 22. 44. — 13. 50.
TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F
0-1 1-3 GT 3 0-1 1-3 GT 3 0-1  1-3 GT 3
0 1 27 3 9 16 2 30 12
-— -== 15.05 ---  8.18 21.91 -—- 21.83 23.76
—-— -—-  6.72 === 20.57 11.91 -—= 46.75 21.95
-— - .45 -—=  2.52 .54 . === 2.14 .92
——- == 14.03 -== 27.61 20.78 --= 50.12 16.15
- = .87 == 11.41 .90 ——- 5,27 .46
-—- === 1.95 -=-  4.53 1.65 -—=  2.46 .50
2 --- -— 30. -— 22. 44. -— 17 50.
* Statistics are not presented for cases with less than 6 data pairs
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TABLE E-6

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES TRACER: SF6 SITE: CINDER CONE BUTTE
MODEL: RTDM (ONSITE) THRESHOLD: .00 uS/M#*3
(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY

WIND SPEED(M/S)  0-1 1-3 GT 3 0~-1 1-3  GT 3 0-1 1-3  GT 3
# OF DATA PAIRS 0 1 27 3 9 16 2 30 12
MEAN FOR OBS -—- ——- 21.73 --- 13.31 30.31 --- 33.58 36.35
MEAN FOR PRE -— —== 14.46 === 20.09 23.72 == 26.15 25.68
BIAS (PRE/OBS) -— -— .67 -—-  1.51 .78 -— .78 .71
RMS ERROR -— == 18.97 -—- 22.46 18.25 -=-- 33,21 30.65
v/Co2 — - 0.76 --- 2.85 0.36 ---  0.98 .71
v/ (CoCp) -— -—-  1.15 -—- 1.89 0.46 --- 1.26 1.01
% WITHIN FACTOR 2 0.  100. 48. 0. 22. 44. 50. 33. 33.

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F

WIND'SPEED(M/S). 0-1 © 1-3 GT 3 0-1 1-3  GT 3 0-1 1-3  GT 3
# OF DATA PAIRS 0 1 27 3 9 16 2 30 12
MEAN FOR OBS —-—- == 15.05 ---  8.18 21.91 -—- 21.83 23.76
MEAN FOR PRE -~ -—- 11.46 ~== 14.48 18.27 --= 17.63 20.37
BIAS (PRE/OBS) -— -— .76 -— 1.77 .83 -—- .81 .86
RMS ERROR -—- -—- 13.64 -—- 16.24 14.08 ~== 20.78 23.45
V/Co2 == ===  0.82 === 3.94 0.41 -—-  0.91 0.97
V/ (CoCp) -— -——- 1.08 --=  2.23 0.50 =-—-  1.12 1.14
% WITHIN FACTOR 2 =-- -— 48. -— 11. 56. -— 27. 25.

* Statistics are not presented for cases with less than 6 data pairs
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TABLE E-7

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

MODEL:

TRACER: CF3BR SITE: CINDER CONE BUTTE

CTDM

THRESHOLD: .00 uS/M#**3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

STABILITY D STABILITY E STABILITY
0-1 1-3 GT 3 0=-1 1-3  GT 3 0-1 1-3 6T 3
0 0 11 0 2 11 0 4 16
-— === '17.04 - em=  23.43 N m== 9,53
-— -=- 15.95 -— --- 17.86 ——— -== 18,49
— -— .94 — -— .76 - = 1.94
- --= 30.37 ——— == 27.81 ——— “—=  24.58
- == 3,18 e == 1.41 o === 6,65
-— -——-  3.40 — -== 1.85 —— wme 3,43
-— 9. -— —— 27. - e 31.

% WITHIN FACTOR 2 ===

AVERAGE OF THE

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

% WITHIN FACTOR

TOP 5 VALUES

FROM EACH 1-HOUR PERIOD:

* Statistics are not presented

STABILITY D STABILITY E STABILITY F
0-1 1-3 GT 3 0=1 1-3 GT 3 0-1 i-3 GT 3
0 o i1 o 2 11 0 4 16
——— -=-= 10.51 - -—- 12.32 — ——- 4.95
—— === 10.18 —-— == 12.51 -—— o= 12.91
—— —— .97 —— -— 1.02 —— - 2.61
—-—— == 20.11 ——— ~== 18.96 ——— == 17.47
-— ~e= 3,66 —— — 2,37 -—— == 12.47
—— .- 3.79 -—— -—=  2.33 -— -—-  4.78
2 —-- -— 9. — -— 9. -— .- 25.

for cases with less than 6 data pairs
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TABLE E-8

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

TRACER: CF3BR

MODEL: CTDM (DEGR1)

THRESHOLD: .00 uS/M#%3

SITE: CINDER CONE BUTTE

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR.PRE
BIAS (PRE/OBS)
RMS ERROR
v/Co2

V/ (CoCp)

% WITHIN FACTOR 2 ===

AVERAGE OF THE TOP 5 VALUES

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

% WITHIN FACTOR

* Statistics are not presented

STABILITY D STABILITY E STABILITY
0=-1 1-3 GT 3 0-1 1-3 GT 3 0-1 i-3 GT 3_
o 0 11 0 2 11 . 0 4 16
-— -== 17.04 ——- ~==  23.43 —— ---  9.53
-— ---  6.39 -— --- 11.61 -— - 7.16
-— -— .38 - — .50 -— -—- .75
-— --- 25.08 - -—- 23.19 -— --- 13.64
-— -——  2.17 — -—— .98 -— ---  2.05
-— -—- 5.78 -— ——  1.98 -— -—— 2.73
-— 18. -— ——- 9. -— -— 6.
FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F
0-1 1-=3 GT 3 0-1 1-3 GT 3 0-1 1=3 GT 3
0 0 11 0 2 11 0 4 Ig
— --= 10.51 ——— -—= 12.32 -— ---  4.95
-— -—— 4.47 ——- --= 5,88 -— ---  5.92
-— -— .43 -— - .48 -— -—-  1.20
- -—- 16.79 - == 14.39 - -~ 9.95
-— -—- 2.55 - -—- 1.37 -— -—-  4.05
-— -—-  5.99 —— ---  2.86 --- ---  3.38
2 --- -—- 9. -—- -—- 9. -—- -—- 13
for cases with less than 6 data pairs
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TABLE E-S

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTC STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES TRACER: CF3BR SITE: CEZNDER CONE BUTTE
MODEL: CTDM (DEGR2) THRESHOLD: .0C uS/M#*#*3
(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3 GT 3 0=-1 1-3  GT 3
# OF DATA PAIRS 0 0 11 0 2 11 mg ) 4 ) 16
MEAN FOR OBS ——- wo= 17,04 —— === 23,43 - == 9,53
MEAN FOR PRE - -—=  6.83 cem ee= .11 —— === 3,49
BIAS (PRE/OBS) -— — .40 e e .26 e —oo .37
RMS ERROR - ——— 27.22 ——— mow 25,66 cme @ 11,79
V/Co2 e ~—= 2.55 ——— —e= 1,20 o m=e 1,53
v/ (CoCp) R o= 6.37 ——— ——— 4.60 -—— o= 4.18
$ WITHIN FACTOR 2 === —— 45, ——— ——— 36. —— - 25.

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:

STABILITY D STABILITY E STABILITY F

WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3  GT 3 0-1 1-3  GT 3
# OF DATA PAIRS 0 .0 11 0 2 11 0 4 16
MEAN FOR OBS -— === 10.51 -— --= 12,32 -—- -——  4.95
MEAN FOR PRE —=- === 5.07 - --=  2.80 ——- m==  2.05
BIAS (PRE/OBS) —— ——- .48 —— —— .23 ——— -— .41
RMS ERROR o === 18.50 e - 14.47 - we=  6.60
V/Co2 e -  3.10 —— ——= 1,38 —— ——= 1,78
V/ (coCp) -——- -—- 6.42 —— -—  6.07 -— -—— 4.29
% WITHIN FACTOR 2 === - 45. - — 27. -— _— 19.

* Statistics are not presented for cases with less than 6 data pairs
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TABLE E-10

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

MODEL:

TRACER:

-

COMPLEX I

CF3BR

SITE:

THRESHOLD:

.00 usS/M*+*3

CINDER CONE BUTTE

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

% WITHIN FACTOR 2 =~-

AVERAGE OF THE TOP 5 VALUES

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

% WITHIN FACTOR

* Statistics are not presented

STABILITY D STABILITY E STABILITY

0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 "1-3 GT 3
0 0 14 0 2 13 0 4 16
- -== 16.21 -—- --= 22.37 -— ---  9.53
-—— === 12.01 — === 20.90 — --= 25,60
-— -— .74 -— — .93 —-— --=  2.68
—— -== 19.86 -— --= 22.82 -—- === 22.21
-—— --- 1.50 — --= 1,04 ——— -==  5.43
-— -—- 2,03 -—— -—-  1.11 -—- -—- 2,02
-— 64. -—- -— 54. -— -—- 25.

FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY

0-1 1-3 GT 3 0=-1 1-3 GT 3 0-1 1-3 GT 3
0 0 14 0 2 i3 0 4 16
-— --= 10.41 ——— .- 12.10 -—- -—=  4.95
-—— == 10.27 - --= 14.54 - -==  20.94
— -— .99 -— -—=  1.20 -— -—=  4.23
——- -— 12.37 -—- === 13.36 - -—- 19.53
- -—-  1.41 - -—- 1,22 -— --- 15.59
-— == 1.43 -— --- 1.01 -—- ---  3.68

2 --- - 29. -— - 54. -— ——- 13

for cases with less than 6 data pairs
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TABLE E-11

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES = TRACER: CF3BR SITE: CINDER CONE BUTTE
MODEL: RTDM (DEFAULT) THRESHOLD: .00 uS/M#*#3
(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITIES A-D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 1-3 GT 3 0=1 1-3 GT 3 0=-1 1-3  GT 3
4. OF DATA PAIRS 0 0 11 o 2 11 ] 4 16
MEAN FOR OBS ——— -—= 17.04 —— === 23.43 == == 9,53
MEAN FOR PRE -— --- 8.33 -—- -—- 12.39 e = 4,25
BIAS (PRE/OBS) -— — .49 -——— ——— .53 - ——— .45
RMS ERROR — -—= 22.40 ——— == 20.00 o w== 10.84
V/Co2 ——- - 1.73 —- ——— .73 ——— wee 1,29
V/ (CoCp) —— -== 3,53 —— -—=  1.38 - o= 2,90
$ WITHIN FACTOR 2 =-- —- 64. —— - 64. —— - a8,

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:

STABILITY D STABILITY E STABILITY
WIND SPEED(M/S) 0-1 1-3 GT 3 o=~1 1-3 GT 3 0=1 1-3

# OF DATA PAIRS 0 o 11 0 2 11 0 -Q—_-Z
MEAN FOR OBS - --- 10.51 — -—= 12.32 -—- ——-
MEAN FOR PRE -— --=-  6.50 -—- === 8.61 ——- ———
BIAS (PRE/OBS) —— - .62 ——— ee- .70 B —
RMS ERROR -— === 14,63 ——- === 11.00 -—- -—
V/Co2 ——- - 1.94 c=e —— .80 -— -
V/(CoCp) -— -—= 3.13 - ---  1.14 - -—
% WITHIN FACTOR 2 === -—- 55. -— -—- 64. -—— -—

* Statistics are not presented for cases with less than 6 data pairs
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TABLE E-12

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

TRACER: CF3BR

MODEL: RTDM (ONSITE)

SITE: CINDER CONE BUTTE

THRESHOLD:

.00 uS/M**3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
4 OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
v/Co2

V/ (CoCp)

% WITHIN FACTOR 2 ===

AVERAGE OF THE TOP 5 VALUES

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

% WITHIN FACTOR

* Statistics are not presented

STABILITY D STABILITY E STABILITY F
0-1 i-3 GT 3 0-1 1-3 GT 3 0-1 1-3 GT 3
0 0 11 0 2 11 0 4 16
——- -—-  17.04 - --=  23.43 -— ---  9.53
-— --= 17.50 -— --= 10.00 -— -—= 11.49
-—— --= 1.03 - -— .43 -—- -—-  1.20
—-— -—- 22.01 ——— -== 25,01 ——— ——— 12.24
—-— .= 1.67 — - 1.14 — --- 1.65
— -—- 1.63 -— -—— 2.67 -— - 1.37
= 27. -— -— 45. ——- -— 31.

FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY
0-1 1=3 GT 3 0-1 1-3 GT 3 0-1 1-3 GT 3
0 0 11 0 2 i1 0 4 1s
—— == 10.51 — ———  12.32 -—— —— 4.95
——— .= 11.29 -— -—— 7.07 - -— 7.11
-— == 1,07 -— -— .57 -—- - 1.44
o -—— 14.72 —- --= 13.88 - -—-  7.04
-— - 1.96 —— -—= 1,27 — --= 2,03
-— == 1.83 — -—-  2.21 -— -—=  1.41
2 === -— 45. -— --- 45, ——- -——- 31.
for cases with less than 6 data pairs

229



EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

1-HOUR AVERAGES

TABLE E-13

(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

MCDEL:

CTDM

TRACER: SF6

THRESHOLD: .00 uS/M#*#*3

SITE: HOGBACK RIDGE

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
EMS ERROR
V/Co2

V/ (CoCp)

$ WITHIN FACTOR 2

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
v/Co2

V/ (CoCp)

% WITHIN FACTOR

STABILITY D STABILITY E STABILITY F

0-1 i-3  GT 3 0-1 1-3 GT 3 0-1 1-3  GT 3

0 1 1 0 0 1 2 43 11

c—— eme — - — ——— --= 26.69 11.92

—— am= ——— —— — J— -—- 52.44 22,94

- o= ——— -— — -— ---  1.96 1.93

- ——— —— — — ——- --= 63.96 12.25

—— — —— —— -— -—— e=  5.74 1.06

—ee o= —— — — J— --—- 2.92 0.55

—— —— — —— — — = 35. 55.

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:

STABILITY D STABILITY E STABILITY

0-1 1-3  GT 3 0-1 1-3  GT 3 0-1 1-3  GT 3

0 1 1 0 0 1 2 43 11

—— —— em- -— -— - ~—- 20.62 9.93

— == -— —— -—- — -== 39.36 21.50

—— = — -— - - -—=  1.91 2.17

——— — -—- --- 41.03 12.40

—— —— —— —— —— - == 3,96 1.56

S -— - — -— - -——=  2.07 0.72

7 - -— -— -— - -—- -— 23. 36.

* Statistics are not presented for cases with less than 6 data
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TABLE E-1l4

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTQO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES TRACER: SF6 SITE: HOGBACK RIDGE
MODEL: CTDM. (DEGR1) THRESHOLD: .00 uS/M*#*3
(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F

WIND SPEED(M/S) 0=1  1-3 GT 3 0-1 1-3 GT 3 0-1  1-3 GT 3

# OF DATA PAIRS 0 1 1 0 0 1 2 43 11
MEAN FOR OBS —— eae e ——_— mem eme -=- 26.69 11.92
MEAN FOR PRE -— - -— -— -— - --- 30.80 14.58
BIAS (PRE/OBS) - ace e -——  1.15 1.22
'RMS ERROR --= 35.96 17.54
v/Co2 1 IR -  1.81 2.17
v/ (CoCp) T — e emm eee -——-  1.57 1.77
% WITHIN FACTOR 2 === === === —— == eem - 30. 36.

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY

WIND SPEED(M/S) 0-1  1-3 GT 3 0-1  1-3 GT 3 0-1  1-3 GT 3
§ OF DATA PAIRS 0 1 1 o . o 1 2 43 11
MEAN FOR OBS : -—- 20.62 9.93
MEAN FOR PRE ' - 24.15 11.15
BIAS (PRE/OBS) S -—  1.17 1.12
RMS ERROR ——— ame aea : == 26.31 11.23
v/Co2 ee wme eae e == 1.63 1.28
V/ (CoCp) - ——— eem em- -—-  1.39 1.14
$ WITHIN FACTOR 2 === === === — edm ee- -—=  30. 27.

* Statistics are not presented for cases with less than 6 data pairs
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TABLE E-15

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES TRACER: SF6 SITE: HOGBACK RIDGE
MODEL: CTDM (DEGR2) THRESHOLD: .00 usS/M#*3
(Concentrations given in units of microssconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S)  0-1 1-3  GT 3 0-1 1-3  GT 3 0-1 1-3  GT 3
4 OF DATA PAIRS 0 1 1 0 0 1 2 43 1
MEAN FOR OBS -— ——— - ——- — B == 26.69 11.92
MEAN FOR PRE - o= -—— - — o -=- 12.38 9.62
BIAS (PRE/OBS) -— - — R — ——— -——— .46 .81
RMS ERROR —— -— -— - ——— - == 31.78 11.12
V/Co2 ——- B — - o - ww=  1.42 .87
V/ (CoCp) -— -— -— ——— - - === 3.06 1.08
3 WITHIN FACTOR 2 === ——— ——— ——— —xnon ——— - 14. 36.

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 1-3  GT 3 0-1 1-3 GT 3 0-1 1-3  GT 3
# OF DATA PAIRS 0 1 1 0 0 1 2 43 11
MEAN FOR OBS -— -— —— -— —— - --= 20.62 9.93
MEAN FOR PRE -—- —— ——— -—— -— e== . === 10.31 8.05
BIAS - (PRE/OBS) -— —— -— —— .50 .81
RMS ERROR -— -— ——- -—= 25.49 9.6
V/Co2 —— — — - com — === 1,53 .95
V/ (CoCp) —— -— ——- -— B -— -—= 3,06 1,17
% WITHIN FACTOR 2 === - -— -— ——— _— -— 9. 36.

* Statistics are not presented for cases with less than 6 data pairs
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TABLE E-1l6

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES TRACER: SF6

MODEL: COMPLEX I THRESHOLD:

SITE: HOGBACK RIDGE

.00 usS/M»*3

{Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

. STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) O-i 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3 GT 3
# OF DATA PAIRS o 1 1 -0 0 1 2 44 11
MEAN FOR OBS ——— — o ——— — ——— -== 27.05 11.92
MEAN FOR PRE ——— —— -—— ~== 136.31 56.10
BIAS (PRE/OBS) -— -—- -— -—-  5.04 4.71
RMS ERROR -— -——— -— --- 132.88 47.68
V/Co2 ——— — — -— -— -— --- 24.14 15.61
V/ (CoCp) -—— -——- —— - B -——— -———  4.79 3.32
$ WITHIN FACTOR 2 === - —— —— —— —— ——— 2. Q.
AVERAGE OF THE TOP S5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D = . . STABILITY E . STABILITY F

WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3 GT 3
# OF DATA PAIRS 0 1l 1l o 1] 1 2 44 11
MEAN FOR OBS - - —— === 20.93 9.93
MEAN FOR PRE — -——- -— -— -— -— --= 116.97 52.47
BIAS (PRE/OBS) e== 5.59 5.29
RMS ERROR === 115.86 44.72
V/Co2 —— ——— —— -== 30.63 20.28
V/{CoCp) —— ——  — — ——— ——— -==  5.48 3.84
% WITHIN FACTOR 2 === -— -—- -—= -=- --- - 2. 0.
* Statistics are not presented for cases with less than 6 data pairs
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TABLE E-17

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES TRACER: SF6 SITE: HOGBACK RIDGE
MODEL: RTDM (DEFAULT) THRESHOLD: .00 uS/M**ﬁ
(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F

WIND SPEED(M/S) 0=-1 1=3 GT 3 0-1 1-3 GT 3 0=1 i-3 GT 3

# OF DATA PAIRS 0 i i 0 0 1 2 44 1
MEAN FOR OBS — mme am- e m—= 27.05 11.92
MEAN FOR PRE ——— em= oo —— em= e - 78.77 1.74
BIAS (PRE/OBS) m— em= mee S ——— — —== 2,91 .15
RMS ERROR m—— mm— wee S - . -—= 121.17 11.70
V/Co2 ——— . S - S - c—= 20,07 .96
v/ (CoCp) —  eee eea S mee  6.89  6.58
% WITHIN FACTOR 2 === —— = - I > S 20. 0.

AVERAGE OF THE TOP $§ VALUES FROM EACH 1-HOUR PERIOD:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 i=3 GT 3 0-1 1=3 GT 3 0=1 1-3 GT 3
# OF DATA PAIRS 0 1 1 0 0 1 2 44 1l
MEAN FOR OBS -—- —— -—— - — S -—= 20.93 9.93
MEAN FOR PRE -~ — - —~—— — - -== 58.75 1.52
BIAS (PRE/OBS) — - - J— —— —n= -— 2.81 .15
RMS ERROR —— —e- ——— mo-  84.86 9.8
V/Co2 — cwo - ¢ eme - —— e==  16.43 .98
V/(CoCp) ——— ——= ——— - o= -—— == 5,85 6.4l
% WITHIN FACTOR 2 === -—— - ——— ——- —— —-— 23. 0.

* Statistics are not presented for cases with less than 6 data pairs
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1-HOUR AVERAGES

TABLE E-138

TRACER: SF6

MODEL: RTDM (ONSITE)

SITE:

THRESHOLD:

.0

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

HOGBACK RI

0 uS/M#*#3

DGE

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HQUR VALUES, UNPAIRED IN SPACE:

WIND
# OF
MEAN FOR OBS
MEAN FOR PRE
BIAS
RMS ERROR
v/Co2

V/ (CoCp)

3 WITHIN FACTOR 2

WIND SPEED(M/S)
# OF DATA PAIRS

MEAN FOR OBS
MEAN FOR PRE

BIAS (PRE/OBS)

RMS ERROR
v/Co2
V/.(CoCp)

% WITHIN FACTOR 2

SPEED(M/S)

DATA PAIRS

(PRE/OBS)

STABILITY D STABILITY E STABILITY F
0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3---;;-;-
0 1 1 0 0 1 2 43 11
—— —— ——— —— - —— —-—— 26,69 11.92
— — -— -== 38.70 13.65
—— — — —— 1.45 1.14
—— —— -—— —— - -—— -—= 80.10 4.53
-—— 9.00. .14
—— -— — ——— —— —— — 6.21 .13
——— -—— ——— -—— —— —— —— 53. 82.
AVERAGE OF THE TOP 5 VALUES FROM EACH 1-~-HOUR PERIOD:
STABILITY D STABILITY E STABILITY
0-1 1-3 GT 3 0-1 . 1-3 GT 3 0-1 1-3 GT 3
(v} 1 1 (o} 0o 1 2 43 11
——— —— ——— —-—-  20.62 9.93
——— —— ——— -—= 25.88 11.75
— 1.28 1.18
== 35.70 4.33
—— 3.00 .19
-;- 2.39 .16
-— —— —— ——— - —— —— S6. 73
* Statistics are not presented for cases with less than 6 data pairs
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TABLE E-19

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

MODEL:

TRACER: CF3BR

CTDM

THRESHOLD: .01 uS/M#%*3

SITE: HOGBACK RIDGE

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST -1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F

WIND SPEED(M/S)  0-1 1-3  GT 3 0-1 1-3 GT 3 0=1 1-3  GT 3

# OF DATA PAIRS 0 1 0 o 1 o 14 26 "
MEAN FOR OBS ——— ——— - -— e ww=  101.11 93.86 -
MEAN FOR PRE -—- -—- ——- ——— - ===  60.69 45.29 -—-
BIAS (PRE/OBS) -— -—- = e ——= e .60 .48 -
RMS ERROR -— ——= e . o ===  87.34 99.25 aee
V/Co2 ——- e c—— e e o .75  1.12 ~e
v/ (CoCp) —— —— - 1.24 2.32 -
% WITHIN FACTOR. 2 === S —a oo > N 64. 54. —ax

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY

WIND SPEED(M/S)  O=1 1-3  GT 3 0=1 1-3  GT 3 0-1  1-3 GT 3

# OF DATA PAIRS 0 1 0 0 1 0 14 26 0
MEAN FOR OBS -— -— -— -—- -— -==  59.17 64.72 -
MEAN FOR PRE - — — - ——— -== 48,90 37.52 -
BIAS (PRE/OBS) - -—- -—- .83 .58 -—=
RMS ERROR - -— - 32.34 56.61 -
V/Co2 == ——— ——— <30 .76 -==
V/(CoCp) -—- -— ——— S - -— .36  1.32 -
% WITHIN FACTOR 2 ~-- -— -— -— -——— -— 57. 46. -—-

* Statistics are net presented for cases
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TABLE E-20

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
. (SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

TRACER:

MODEL: CTDM (DEGR1)

CF3BR

THRESHOLD:

SITE: HOGBACK RIDGE

«01 uS/M*+*3

(COncentratigns given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

3 WITHIN FACTOR 2 ===

AVERAGE OF THE

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

% WITHIN FACTOR

* Statistics are not presented for cases
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with less than 6 data pairs

STABILITY D STABILITY E STABILITY F
0-1 1-3  GT 3 0-1 1-3  GT 3 0-1 1-3  GT 3
0 0 0 0 0 0 10 14 o
- — -— -— -— -=-- 113,28 121.63 -—-
- -— -— 41.28 51.66 -—-
——— eea -— .36 .42 -—-
-— - == 141.69 146.85 -—
-— -— -— 1.56 1.46 -—
-— -— -— -— -— -— 4.29  3.43 -—
-— -— -—- -— -— 30. 43. -—
TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F
0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3  GT 3
0 0 0 0 0 0 10 14 0
-— -— -— 63.96 82.98 ——-
-—— -— -— -— -— -—-  36.06 42.43 -—-
-— -— -— .56 .51 —
65.44 84.86 ——
1.05 1.05 -—
-— -— -— 1.86 2.05 -—
2 --—- -— -— -— -— -— 30. 43. -—



EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

1-HOUR AVERAGES

TABLE E-21

(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

MODEL:

TRACER: CF3BR

CTDM (DEGR2)

SITE: HOGBACK RIDGE

THRESHOLD:

.01 usS/M#**3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)

4 OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

v/ (CoCp)

% WITHIN FACTOR 2

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
v/Co2

V/ (CoCp)

STABILITY D STABILITY E STABILITY F
0-1 1-3  GT 3 0-1 1-3 GT 3 0-1 1-3  GT 3
0 0 0 0 1 0 6 7 0
— — -— -— S —=e 114.67 71.74 -
- —— S— -— -—— == 70.64 48.14 wan
-— —-— — — —— - .62 .67 -
- -— -— -— -— == 146.08 31,43 -—=
-— - —-— —— —-—— e 1.62 .19 —ae
- - —— ——— - e 2.63 .29 e
-— — -— 17 57. .
AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY
0=1 i=3  GT 3 0-1 i-3  GT 3 0-1 1-3  GT 3
0 0 0 0 1 0 6 7 0
-——- -—- -— — -— ===  60.97 55.45 -
-— -— -— —— -— -=- 61.80 43.05 -
—- ——— - oo — ——— 1.01 .78 o
-—- e —— - -—— ==  71.95 25.03 co=
e ——e - —— - — 1.39 .20 wen
- -—- - -— -— -— 1.37 .26 -en
-—- -— — -— -— -— 33. 86. —om

% WITHIN FACTOR 2

* Statistics are not presented for cases

2

38

with less than 6 data pairs



TABLE E-22

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES TRACER:

-
MODEL: COMPLEX I

CF3BR

THRESHOLD:

SITE: HOGBACK RIDGE

.01 uS/M*#*3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3  GT 3 0-1 1-3 GT 3
# OF DATA PAIRS 0 0 1 0 1 ] 12 26 ) 5
MEAN FOR OBS -— -— -— -— -— === 129.13 111.31 -
MEAN FOR PRE ——— - —— -— -— -== 215.96 163.69 ——-
BIAS (PRE/OBS) -—- -— -~ 1.67 1.47 -—-
RMS ERROR -— -— -— -— --- 142.59 121.39 -—-
V/Co2 — -— -— 1.22  1.19 -—
V/ (CoCp) -—- — —— — .73 .81 ——
$ WITHIN FACTOR 2 -——- -— -—- 42. 42. -—-

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E ' STABILITY F
WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3  GT 3 0-1 1-3 G;—;-
# OF DATA PAIRS 0 0 1 ] 1 0 12 26 --—--5
MEAN FOR' OBS 74.80 77.51 -—
MEAN FOR PRE 192.12 141.72 -—-
BIAS (PRE/OBS) 2.57 1.83 -—
RMS ERROR 135.55 104.26 -—
V/Co2 ——— ee= === 3.28 1.81  ---
V/ ¢CoCp) -—— = -— 1.28 .99 -—-
$ WITHIN FACTOR 2 === -— —-—- -—- - -—- 33. 46. -—

* Statistics are not presented for cases with less than 6 data pairs

239



TABLE E-23

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
{SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

TRACER:

CF3BR

MODEL: RTDM (DEFAULT)

SITE:

THRESHOLD: .0

HOGBACK RIDGE

1 uS/M**3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S)  0=1 i-3  GT 3 0-1 1-3 GT 3 0=1 1-3  GT 3
4 OF DATA PAIRS 0 0 1 0 1 o 12 24 0
MEAN FOR OBS R -— — ——— — === 129.13 110.15 ---
MEAN FOR PRE -— -— -— -— -—— -=w 528.66 434.83 -
BIAS (PRE/OBS) ——— -— -— — —— -— 4.09 3.95 -
RMS ERROR ——— —-— — — - -== 729.26 680.00 --
V/Co2 —— -— -—— -—— —— -==  31.90 38.11 -
v/ (CoCp) -— -—- -— - — ——— 7.79 9.65 m—e
% WITHIN FACTOR 2 === - —— - - — 17. 13. —

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:

STABILITY D STABILITY E STABILITY
WIND SPEED(M/S)  0=1 1-3  GT 3 0-1 1-3  GT 3 0-1 1-3  GT 3
4 OF DATA PAIRS 0 0 1 0 1 0 12 23 0

MEAN FOR OBS
MEAN FOR PRE

BIAS (PRE/OBS)
RMS ERROR

V/Co2

v/ (CoCp)

% WITHIN FACTOR 2

* Statistics are not presented for cases

-
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74.80 69.67
198.39 183.54
2.65 2.63
242.62 215.28
10.52 9.55
3.97 3.62

a. 4.

with less than 6 data pairs

e



TABLE

E-24

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

(SUBDIVIDED INTO STABILITY
1-HOUR AVERAGES TRACER: CF3BR

MODEL: RTDM (ONSITE)
(Concentrations given in units of

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPA

AND WIND SPEED CLASSES)
SITE: HOGBACK RIDGE

THRESHOLD: .01 uS/M#*#*3

microseconds per cubic meter.)

CE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3 GT 3 0=1 1-3 GT 3
# OF DATA PAIRS 0 0 1 0 1 0 16 34 0
MEAN FOR OBS -— -== 126.66 92.76 -—
MEAN FOR PRE —— -—— —— 127.40 58.63 -——
BIAS (PRE/OBS) -— —— —— 1.01 .63 -—-
RMS ERROR -— -— -— - -—— --- 274.65 146.70 -—
V/Co2 — -— -— -——— -— -—— 4.70 2.50 -—-
V/ (CoCp) -— -— - - - -—- 4.68 3.96 -—
% WITHIN FACTOR 2 =-- -— — ——— ——— -— 25. 18. -—
AVERAGE OF THE TOP S5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F

WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3 GT-;-
# OF DATA PAIRS o 0 1 0 1 0 16 34 0
MEAN FOR OBS -— -— -— — - --- 72.31 63.50 -
MEAN FOR PRE — -— -— -— -— -=-  58.44 42.37 —-—-
BIAS (PRE/OBS) .81 .67 ———
RMS ERROR 79.22 104.00 ——
V/Co2 1.20 2.68 ——
v/ (CoCp) -——- -——- ——— .- -— -—— 1.49 4.02 -—
% WITHIN FACTOR 2 === -— -—- -~ -—- -—- 2s. 24. ---
* Statistics are not presented for cases with less than 6 data pairs
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TABLE E-25

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

MODEL:

CTDM (

TRACER:

MODEL)

SFe SITE: TRACY POWER PLANT

THRESHOLD: .00 uS/M*#*3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0=1 1-3 GT 3 0=1 1-3 GT 3 0=-1 1-3 GT 3
# OF DATA PAIRS 0 i 23 2 2 13 10 42 17
MEAN FOR OBS —— it i1.03 —— ——— 1.02 3.24 2.33 1.84
MEAN FOR PRE —— —— .96 -—— - 1.45 2.82 2.24 1.93
BIAS (PRE/OBS) =eman e .92 —— — 1.42 87 .96 1.05
RMS ERROR e it 79 - —— 1.42 2.14 2.34 2.84
v/Ca2 ——— ——- -] ——— —— 1.94 44 1.00 2.38
¥/ (CoCp) ——— - .83 —— —— 1.37 «50 1.04 2.27
¥ WITHIN FACTOR 2 === o Si. —— —— 69. 80. 60. 53.

AVERAGE OF THE TOP S VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E S?ABILITY

* Statistics are not presented for cases

with less than 6 data pairs

WIND SPEED(M/S) 0-1  1-3 GT 3 0-1  1-3 GT 3 0-1  1-3 GT 3
4 OF DATA PAIRS 0 1 23 2 2 13 10 42 17
MEAN FOR OBS — - .7 == === .67  2.27 1.53 1.06
MEAN FOR PRE S 21 “—=  —== .30  1.77 1.57 1.36
BIAS (PRE/OBS) —— e== 1,01 “—- -==  1.35 .78  1.03  1.29
RMS ERROR - === .51 o= === .65  1.19 1.38  1.09
V/Co2 -— o= .52 — .93 .27 .82  1.06
v/ (coCp) — e .52 “m= === .69 .35 .80 .82
$ WITHIN FACTOR 2 === === 52, we= === sa, 80. s5. 53,



TABLE E-26

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES TRACER: SF6 SITE: TRACY POWER PLANT
MODEL: CTDM (DEGR1) THRESHOLD: .00 uS/M#*#*3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 1-3  GT 3 0-1 1-3 GT 3 0-1  1-3 GT 3
# OF DATA PAIRS o 1 23 1 2 13 10 42 17
MEAN FOR OBS -— - 1.03 -— -—-  1.02 3.24 2.33  1.84
MEAN FOR PRE -— -——  1.11 -— .- 1.18 3.02 2.38 2.45
BIAS (PRE/OBS) -— - 1.07 - - 1.16 .93  1.02  1.33
RMS ERROR -— -— .94 — -— .88 3.18  2.20 3.33
V/Co2 -— -— .83 -— -— .75 .97, .89 3.27
V/ (CoCp) — -— .78 — -— .65 1.04 .87  2.46
% WITHIN FACTOR 2 === — 61. — -— 69. 20. 43. 47 -

AVERAGE OF THE TOP S5 VALUES FROM EACH 1-HOUR PERIOD:

STABILITY D STABILITY E STABILITY F

WIND SPEED(M/S)  0-1 1-3 GT 3 0-1 1-3  GT 3 0-1 1-3 GT 3

# OF DATA PAIRS 0 1 23 1 2 13 10 42 17
MEAN FOR OBS -— -— .71 -— -—- .67 2.27 1.53 1.06
MEAN FOR PRE -— —-— .76 -—- -— .78 1.99 1.55 1.58
BIAS (PRE/OBS) -— == 1.07 -— - 1.17 .88 1.02 1.50
RMS ERROR -— -— .62 -—— -—— .68 2.04 1.49 1.29
V/Co2 -— -— .77 -— -—-  1.03 .81 .96 1.50
V/ (CoCp) -— -— .72 - -— .88 .92 .94  1.00
$ WITHIN FACTOR 2 --- -—- 61. -— -— 54. 40. as. 3s.

* Statistics are not presented for cases with less than 6 data pairs
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TABLE E-27

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

MODEL:

CTDM (

TRACER:

DEGR2)

SFé SITE: TRACY POWER PLANT

THRESHOLD: .00 uS/M#*#*3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CeCp)

% WITHIN FACTOR 2 ===~

AVERAGE OF THE

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

¥ WITHIN FACTOR 2 =~=--

* Statistics are not presented for cases

STABILITY D STABILITY STABILITY F

0-1 1-3  GT 3 0-1 1-3 GT 3 T o-1 i-3  GT 3
0 1 23 i 2 13 10 39 16
-— -== 1,03 -— e==  1.02 3.24 2.36  1.84
-—— == 1.35 -— -—- 1.84 2.30 3.55 1.8
—— —— 1.30 -—— ——— 1.81 .71 1.50 1.01
— -== 1,13 ——— w—= 2,33 3.09 3.99 2.76
— --=  1.20 -— e 5,23 .91 2.85 2.26
- — .92 -—- == 2,90 1.28 1.89  2.24
-— 48. -— -— 38. 40. 36. 38.

TOP 5 VALUES FROM EACH 1~-HOUR PERIOD:

STABILITY D STABILITY E STABILITY

0-1 1-3  GT 3 0-1 1-3  GT 3 0-1 1-3  GT 3
0 1 23 1 2 13 10 39 16
——— - .71 -— -— .67 2.27 1.54 1.02
-— - .73 - - .81 1.62 2.06 .93
-— .= 1.04 -—— -—-  1.21 .71 1.33 .91
— -—- .56 -— -— 1.19 2.37 2.68 .74
——— ——— .63 - == 3,15 1.09 3.01 .53
——— - .61 - ---  2.61 1.53  2.26 .59
-— 48. -— -—- S4. 20. 26. 56
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TABLE E-28

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

MODEL:

TRACER:

COMPLEX I

SFe

THRESHOLD:

SITE:

TRACY POWER PLANT

.00 uS/M##*3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST l1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
4 OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

% WITHIN FACTOR 2 ===

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
v/Co2

V/ ¢CoCp)

STABILITY D STABILITY E STABILITY F
0-1 1-3 GT 3 0-1 1-3 GT 3 01  1-3 GT 3
0 1 23 2 2 14 10 42 17
e == 1.03 —  ——= .98  3.24 2.33 1.84
— —— .45 = === 2.43 10.32 10.47 4.06
— ee= .44 ——= == 2.48  3.18 4.48 2.21
——— === 1.09 == === 1.72 10.89 10.12 3.77
——  —=—  1.10 e== === 3,06 11.31 18.79 4.20
e e==  2.51 —== === 1.23  3.55 4.19 1.90
-——  135. ——=  ee= 29 0.  12. 12
AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F

0-1 1-3 GT 3 0-1 1-3 GT 3 0-1  1-3 GT 3
0 1 23 2 2 14 10 a2 17
—— e .71 e === .65  2.27 1.53 1.06
—_— = .37 —— == 1.76  6.91 6.82 2.97
- ee= .83 ———  —== 2.72  3.04 4.46 2.81
—— e .70 ——- === 1.26 8.03 6.49 2.30
——— --— .98 ——= === 3.79 12.50 18.04 4.73
——— —=—=  1.84 ==+ === 1.39  4.11 4.04 1.68
2 == === 39, -t = 14, 10. 7. 6.

% WITHIN FACTOR

* Statistics are not presented for cases

with less than 6 data pairs
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EVALUATION STATISTICS

1-HOUR AVERAGES

MODEL:

TABLE E-29

FOR DATA SUBSET PAIRED

IN TIME

(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

TRACER:

RTDM (DEFAULT)

SF6

THRESHOLD:

SITE: TRACY POWER PLANT

.00 uS/M**3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

3 WITHIN FACTOR 2 ===

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
v/Co2

V/(CoCp)

STABILITY D STABILITY E STABILITY F
0=1 1-3 GT 3 0=1 1-3 GT 3 0-1 i=3  GT 3
0 1 23 2 2 14 10 42 17
— == 1,03 — - .98 3.28  2.33  1.84
—— S .59 ——— - 1,21 5.44  5.11  1.49
- om- .57 —— w—e  1.23 1.68 2.19 .81
 — wm= 1,08 ——— = .94 5.99 4.18 2.4
- ~w= 1,03 - ——— .92 3.42  3.21  1.83
- c==  1.79 S - .74 2.04  1.47  2.27
——- 43, ——— oo 43. 20. 45. 82.
AVERAGE OF THE TOP 5 VALUES FROM EACH 1i-HOUR PERIOD:

STABILITY D STABILITY E STABILITY F
0-1 1-3 GT 3 0-1 13  GT 3 0-1  1-3 GT 3
] 1 23 2 2 14 10 42 17
—— — .71 -—— ——- .65 2.27 1.53 1.06
—— ——— .49 - e .89 3.43 2.87 1.07
——— -— <69 o -== 1,38 1.51 1.88 1.0l
——- ——e .70 - —— .55 3.70  2.20 .82
e e .99 ——- ——— .72 2.65 2.08 .60
—- --=  1.44 -——- -— .52 1.75 1.11 .59
2 === ~—- 39. -— -— 57. 10. 40. 65

¥ WITHIN FACTOR

* Statistics are not presented for cases
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TABLE E-30

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HQUR AVERAGES

TRACER: SF6 SITE: TRACY POWER PLANT

MODEL: RTDM (ONSITE)

THRESHOLD: .00 uS/M#*%*3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

% WITHIN FACTOR 2 ===

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS'(PRE/OBS)
RMS ERROR
v/Co2

V/ (CoCp)

STABILITY D STABILITY E STABILITY F
0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3 6T 3
0 1 23 2 2 13 10 2 17
— -e=  1.03 -— -—  1.02 3.24 2.33 1.84
-— -—— 1.14 -— -—-  1.40 .97 1.07 1.32
-— .- 1.10 -— - 1.37 .30 .46 .72
—— -—  1.59 -— --=  1.30 2.86 2.40 2.64
-— .- 2.38 -— .= 1.62 .78 1.05 2.06
-— -~ 2.15 -— -—-  1.18 2.60 2.31 2.86
— 22. -— -— 46. 10. 33. 47.
AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F

0-1 1-3 GT 3 0-1 1-3  GT 3 0-1 1-3  GT 3
0 1 23 2 2 13 10 a2 17
— -— .71 -— -— .67 2.27 1.53 1.06
-— — .75 -— -—— .81 .61 .72 .83
— == 1.06 -— -—— 1.22 .27 .47 .78
P -—- .94 -— -— .69 2.08 1.50 .90
— -——  1.77 -— ---  1.07 .84 .96 .72
-—- ——- 1.67 -— -— .88 3.14 2.05 .92
2 - — 17. -— -— 62. 30. 13. 53.

% WITHIN FACTOR

* Statistics are not presented for cases

with less than 6 data pairs
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TABLE E-31

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

MODEL:

TRACER:

CTDM

CF3BR SITE: TRACY POWER PLANT

THRESHOLD: .00 uS/M*#*jJ

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
v/Co2

V/ (CoCp)

STABILITY D STABILITY E STABILITY F
0-1 1-3 GT 3 0=1 1-3 GT 3 0-1 1-3 QET 3
0 1l 23 2 3 12 i1 41 17
—mw- oo i.11 - e 2.02 4.85 3.21 3.56
——— -—— 1.49 —— i 2.04 2.87 2.81 2.42
- —-— 1.34 —— == 1.01 .59 .88 .68
——— -—— .98 —— een 2.44 5.03 2.86 3.59
- = .78 = eremen 1.45 il1.08 .79 1.01
——— - .58 e wme 1,44 1.82 91 1.49
— 83. mom o 50. 64. 51. 53.

% WITHIN FACTOR 2 ===

AVERAGE OF THE

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/(CoCp)

% WITHIN FACTOR

TOP 5 VALUES FROM EACH 1-HQUR PERIOD:

STABILITY D STABILITY E STABILITY F
0-1  1-3 GT 3 0-1 1-3 6T 3 o-1 1=3  GT 3
0 1 23 2 3 12 11 41 17
-— - .72 - -—— 1.21 2.78 2.08 1.89
-— -— .84 —— == 1.06 1.61  1.37  1.42
-— ---  1.16 - -— .88 .58 .66 .75
- —— .42 - === 1.56 2.26 1.63 1.18
—— ——— .35 ——— o= 1,67 .66 .62 .39
——= -—— .30 == 1.91 1.14 .94 .52
2 ——- -— 74. -— -— 75. 55. 61. 65.

* Statistics are not presented for cases with less than 6 data pairs
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TABLE E-32

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

TRACER: CF3EBER

MODEL: CTDM(DEGR1)

SITE: TRACY POWER PLANT

THRESHOLD: .00 uS/M##3

(Concentrations given in units of microseconds per cubic meter.)

.HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
v/Co2

V/ (CoCp)

STABILITY D STABILITY E STABILITY F
0-1  1-3 GT 3 0-1  1-3 GT 3 0-1  1-3 GT 3
0 1 23 1 3 12 11 41 17
—— e== 1.11 o= === 2.02  4.85 3.21 3.56
—— === 1.30 == ===  1.44  3.13 3.84 3.96
— ——— 1.17 —_—  e=—- .71 .64 1.19 1.11
——- === 1.06 == === 2.90 2.64 3.15 ' 8.07
——— e .91 - === 2.06 .30 .96 5.14
a—— omm .78 “e= === 2.89 .46 .81 4.62
-—-  s7. - === 33, 4s. 59. a1.

% WITHIN FACTOR 2 ===

AVERAGE OF THE TOP 5 VALUES FROM EACH

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp).

% WITHIN FACTOR

1-HOUR PERIOD:

STABILITY D STABILITY E STABILITY F
0-1 1-3 GT 3 0-1 1-3  GT 3 0-1 1-3  GT 3
0 1 23 1 3 12 11 41 17
— - .72 -—- -~ 1.21 2.78 2.08 1.89
— — .84 -— -— .80 1.43 1.42  1.49
-— ——— 1.17 -— -— .66 .51 .68 .79
-— S .51 -— -  1.84 1.82 1.62 1.97
— - .51 — -—  2.32 .43 .61  1.09
-—- — .43 -— -——  3.49 .84 .89  1.38
2 -—- -— 70. -— -— 67. 4s. 51. 47.

* Statistics are not presented for cases
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TABLE E-33

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1=-HOUR AVERAGES TRACER: CF3BR SITE: TRACY POWER PLANT
MODEL: CTDM(DEGR2) THRESHOLD: .00 usS/M#*%3
(Concentrations given in units of microseconds per cubic meter.)

HIGHEST l1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 i-3 GT 3 0=1 1-3 GT 3 0=1 i-3  GT 3
# OF DATA PAIRS 0 1 23 1 3 12 1I 38 16
MEAN FOR OBS e ce= 1,11 -——— ——— 2.02 4.85 3.30  3.49
MEAN FOR PRE ——— -==  1.85 —— o== 2,13 4.16 3.27  4.09
BIAS (PRE/OBS) —— ~== 1.67 -— == 1,05 .86 .99 1.17
RMS ERROR e == 1.66 <= == 1,25 3.72  7.04 5.31
V/Co2 -— -——  2.24 ——— -— .38 .59 4.55 2.32
V/ (CoCp) - ——=  1.34 ——— o—— .36 .69 4.60 1.98
$ WITHIN FACTOR 2 === ——— 57. — - 50. 18. 16. 25.
AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0=-1 1=3 GT 3 0-1 1-3 GT 3 0-1 1=-3 GT 3
# OF DATA PAIRS 0 1 23 1 3 12 11 38 16
MEAN FOR OBS -—— - .72 -—— o= 1.21 2.78  2.13  1.82
MEAN FOR PRE -— - .82 ——— —— .56 1.36 1.01 1.41
BIAS (PRE/OBS) —— ——=  1.14 ——— -— .47 .49 .47 .78
RMS ERROR ——— e .63 - - 1,22 1.89 2.88 1.6l
V/Co2 —— ——- .77 @aoe -—— 1.02 .46 1.82 .78
V/ (CoCp) == — .67 e -—=  2.19 .94 3.83 1.0l
$ WITHIN FACTOR 2 === -—- 57. -— -— 42. 36. 13. 38.

* Statistics are not presented for cases with less than 6 data pairs
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TABLE E-34

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES) ’

'1-HOUR AVERAGES

MODEL:

TRACER: CF3BR

COMPLEX I

THRESHOLD:

SITE: TRACY POWER PLANT

.00 uS/M#*3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROB
V/Co2

V/ (CoCp)

$ WITHIN FACTOR 2 ===

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

STABILITY D STABILITY E STABILITY F

0-1 1-3 GT 3 0-1 1-3  GT 3 0-1 1-3 GT 3

0 1 23 . 2 3 13 11 a1 17

-— .- 1.11 -— ==  2.05 4.85 3.21 3.56
- -— .97 -— -=- 3,20 15.82 13.78 5.60
-— —— .88 -— --= 1.56 3.26 4.29 1.57
— -—-  1.01 -— --- 1.71 15.23 12.01 4.39
-—- -—- .83 -— -— .70 9.87 13.99 1.52
——- -— .95 -— — .45 3.02  3.26 .97
— 3o. -— -— 54. 18. 10. 29.

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D ' STABILITY E STABILITY F

0-1 1-3 GT 3 0-1 1-3  GT 3 0-1 1-3  GT 3
0 1 23 2 3 13 11 41 17
- - .72 -— -——-  1.18 2.78 2.08 1.89
— - .67 -— —— 2.14 9.41 8.34  3.77
——— -— .93 -— == " 1.81 3.38  4.01 2.00
J— -— .63 -— -—— 1,22 8.72 7.55 2.32
S - .76 -— .- 1.06 9.86 13.20 1.51
— ——— .81 -— -—- .59 2.91  3.29 .75

2 === - 39. -— -— 46. 18. 20. 47.

% WITHIN FACTOR

* Statistics are not presented for cases
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TABLE E-35

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

TRACER: CF3BR SITE: TRACY POWER PLANT

MODEL: RTDM (DEFAULT) THRESHOLD: .00 uS/M*%*3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)

# OF DATA PAIRS.

MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
‘RMS ERROR
v/Co2

V/ (CoCp)

% WITHIN FACTOR 2 ===

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

STABILITY D STABILITY E STABILITY F
0-1 1-3 GT 3 0=-1 i-3 GT 3 0-1 1-3 ;;‘;_
0 1 23 2 3 13 11 41 17
— -~ 1.11 ——— -—= 2,05 4.85 3.21 3.56
-— -—— 1.17 ——— mww 1,53 8.66 4.92 2.82
— --=  1.05 - e .74 1.79 1.53 .79
-— == 1.19 - e=e 1,90 10.35 4.77  4.08
— ——— l,is e - .85 4.56 2.21  1.31
-— -—=  1.10 -—- wwe 1,15 2.55 1.44 1.65
-—- 39. == ——- 54. 18. 37. 47.

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F
0-1 1-3  GT 3 0-1 1-3 GT 3 0-1 1=3 GT 3

0 1 23 2 3 13 11 41 17
-—— -—— .72 -—— --= 1.18 2.78 2.08  1.89
—— — .79 ——— -—- 1,09 2.87 2.08 1.63
——— -==  1.10 ——— — .92 1.03 1.00 .86
-—- - .84 ——- === 1.19 3.33  1.96 1.59
- == 1.36 ——- -—=  1.02 1.44 .88 .71
——— -== 1.23 -—- --= 1.10 1,39 .88 .82
2 --- -—- 48. -—- -— 54. 36. 41. 53.

$ WITHIN FACTOR

* Statistics are not presented for cases
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TABLE E-36

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES TRACER: CF3BR SITE: TRACY POWER PLANT
MODEL: RTDM (ONSITE) THRESHOLD: .00 uS/M#+*3
(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1  1-3 GT 3 0-1 1-3 GT 3 0-1  1-3 GT 3
4 OF DATA PAIRS 0 1 23 2 3 12 11 a1 17
MEAN FOR.OBS — == 1.11 - === 2,02  4.85 3.21 3.56
MEAN FOR PRE ——— e=—=  1.78 ——=  ——= 2.19  1.35 1.87 2.65
BIAS (PRE/OBS) a—— == 1,61 e ===  1.08 .28 .58 .74
RMS ERROR ——- ===  1.88 -—- - 2.55 5.90 2.88 3.41
v/Co2 -  -=—  2.88 —— - 1.5  1.48 .80 .92
v/ (CoCp) —— e 1.79 ee= ===  1.46  5.33 1.38 1.24
$ WITHIN FACTOR 2 === === 35, cem —e= 42, 36.  63.  59.

AVERAGE OF THE TOP 5 VALUES FROM EACH 1-HOUR PERIOD:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1  1-3 GT 3 0-1 1-3 GT 3 0-1 1-3 GT 3
4 OF DATA PAIRS 0 1 23 2 3 12 11 a1 17
MEAN FOR OBS — = .72 == === 1.21 2.78 2.08 1.89
MEAN FOR PRE — - 1.02 - === 1.20 1.03 1.17 1.35
BIAS (PRE/OBS) —  e=— 1.42 — === .99 .37 .56 .72
RMS ERROR —— === 1.07 = === 1.42  2.52 1.64 1.12
V/Co2 ——  e==  2.22 ——- === 1.38 .82 .62 .35
v/ (€oCp) —  —— 1.56 ——= === 1.40  2.22 1.10 .49
% WITHIN FACTOR 2 === ===  43. ——  -—  s8. 6.  61.  82.

* Statistics are not presented for cases with less than 6 data pairs
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EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

TABLE E-~37

(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

MODEL:

CTDM

TRACER: S02

THRESHOLD:

SITE: WESTVACO LUKE

.00 US/m**3

(Concantrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

"WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
v/Co2

V/ (CoCp)

% WITHIN FACTOR 2 27.

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

STABILITY D STABILITY E STABILITY F
g=-1 1-3 GT 3 0=-1 1=3 GT 3 Q=1 1=3 GT 3
o8 704 1180 33 271 639 75 497 845
.36 31 .30 .19 48 «30 .18 <39 <37
-48 .40 .06 <19 « 57 .27 .09 .42 .40
1.33 1.29 .19 1.02 1.20 .88 .50 1.07 1.07
.80 <96 .44 .58 1.06 .87 .43 1.00 .97
4.89 9.39 2.12 $.70 4.93 8.22 5.93 6.41 6.85
3.68 7.30 11.04 9.48 4.10 9.38 11.76 6.00 6.43
21. 8. 30. 24. 8. 17. 19. 10.
AVERAGE OF THE TOP 10 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY
0=-1 1=3 GT 3 0=1 1i-3 GT 3 0=-1 1-3 GT 3
98 704 iiso 33 271 639 75 497 845
.11 .10 - 07 .07 15 .08 .07 .12 .11
.11 .08 .01 -03 <12 .03 .02 .08 .08
.95 .79 .10 .81 .80 <40 27 -« 67 .49
022 024 .10 .16 .28 .14 .19 .25 .23
3.76 5.82 1.73 5.89 3.73 3.22 7.37 3.95 4.14
3.94 7.33 17.59 11.59 4.64 7.96 27.75 5.91 8.51
21. 5. 24. 21. 6. 1s. 18. 12.

¥ WITHIN FACTOR 2 30.
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EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

TABLE E-38

(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

TRACER: SO02

MODEL: CTDM (DEGR1)

THRESHOLD: .00 uS/m#*#*3

SITE:

WESTVACO LUKE

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-~-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3  GT 3
4 OF DATA PAIRS 100 732 1167 34 270 640 71 497 846
MEAN FOR OBS .36 .31 .30 .18 .47 .30 .18 .40 .37
MEAN FOR PRE 1.88 1.46 .34 2.15 3.14 1.60 1.45 3.09 2.10
BIAS (PRE/OBS) 5.28 4.78 1.13 11.65 6.62 5.27 8.12 7.82 5.66
RMS ERROR 2.55 2.88 1.23 4.08 4.97 3.35 2.64 4.99 3.79
v/Co2 : $1.11 88.38 16.20 487.96 109.67 121.80 218.91 159.48 104.00
v/ (CoCp) 9.69 18.50 14.39 41.90 16.57. 23.11 26.97 20.39 18.38
% WITHIN FACTOR 2 10. 22. 17. 15. 19. 19. 7. 19. 19.
AVERAGE OF THE TOP 10 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F

WIND SPEED(M/S) 0-1 1-3 GT 3 0-1  1-3 GT 3 0-1 1-3  GT 3
4 OF DATA PAIRS 100 732 1167 34 270 640 71 497 846
MEAN FOR OBS .11 .10 .07 .07 .15 .08 .07 .12 .11
MEAN FOR PRE .63 .27 .05 .62 .49 .21 .36 .47 .27
BIAS (PRE/OBS) 5.72  2.74 .62 9.41 3.34 2.77 5.20 3.80 2.44
RMS ERROR .94 .55 .17 1.09 .76 .42 .68 .74 .49
V/Co2 73.43 31.49 5.42 278.26 27.10 29.77 93.96 35.81 19.83
v/ (CoCp) 12.83 11.51 8.73 29.57 8.12 10.76 18.06 9.42 8.12
$ WITHIN FACTOR 2 11. 22. 12. 12. 23. 19. 8. 21. 18.
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EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME

1-HOUR AVERAGES

-

TABLE E-39

(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

MODEL: CTDM (DEGR2)

TRACER: S02

THRESHOLD: .00 uS/m#**3

SITE: WESTVACO LUKE

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D

STABILITY E

STABILITY F

WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3 GT 3
# OF DATA PAIRS 87 €78 1075 28 214 QGGEE; 57 388 717
MEAN FOR OBS .39 031 .30 -19 .52 .31 .22 <45 .40
MEAN FOR PRE 2.23 2.03 1.20 2.18 2.17 1.40 2.03 2.35 1.5¢9
BIAS (PRE/OBS) 5.69 6.58 3.97 11.22 4.20 4.46 9.35 5.26 4.00
RMS ERROR 2.35 2.58 1.31 2.50 2.43 1.65 2.32 2.52 1.71
V/Co2 35.83. 69.27 18.72 165.95 22.12 27.65 114.76 31.91 18.60.
V/ (CoCp) 6.30 10.57 4,72 14.79 5.27 6.20 12.28 6.07 4.65
$ WITHIN FACTOR 2 10. 9. 25. 4. 14, 17. 11. 11. 15.
AVERAGE OF THE TOP 10 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F

WIND SPEED(M/S) 0-1 1=-3 GT 3 0=-1 1-3 GT 3 0=1 1-=3 GT 3

# OF DATA PAIRS 87 678 1075 28 214 539 57 388 ‘--;Z;
MEAN FOR OBS .12 .10 .07 .07 .16 .08 .09 .14 .12
MEAN FOR PRE «77 -45 .22 .64 <42 .25 .59 .44 .26
BIAS (PRE/OBS) 6.40 4.63 2.97 8.97 2.60 3.13 6.88 3.11 2.17
RMS ERROR .89 .60 +25 ~80 .53 031 .76 .50 .36
V/Co2 54.75 37.94 12.10 124.42 10.44 15.18 78.09 12.51 9.05
V/ (CeCp) 8.56 8.20 4.08 13.86 . 4.01 4.84 11.35 4.02 4.17
% WITHIN FACTOR 2 13. 10. 30. 7. 16. 24. 9. 17. 23.
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TABLE E-40

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

MODEL:

TRACER: S02 SITE:

COMPLEX I

WESTVACO LUKE

THRESHOLD: .00 uS/m**3

(Concantrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3 GT 3-
# OF DATA PAIRS 98 704 1180 33 271 639 75 ) 497 845
MEAN FOR OBS 36 .31 .30 .19 .48 .30 .18 .39 .37
MEAN FOR PRE .00 -00 .00 2.08 5.63 6.68 .83 7.74 7.73
BIAS (PRE/OBS) .00 .01 .00 11.12 11.81 22.01 4.71 19.62 20.8¢C
RMS ERROR’ .69 .71 .42 8.18 11.11 9.84 5.23 14.82 1l1l2.12
V/Co2 3.63 5.03r 1.96 1914.6 S542.4 1051.9 881.3 1410.3 1063.9
V/ (CoCp) 1104.7 895.7 630.4 172.3 45.9 47.8 i87.0 71.9 51.1
$ WITHIN FACTOR 2 13. 1s6. 11. 30. 18. 12. 27. 17. 12.
AVERAGE OF THE TOP 10 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F

WIND SPEED(M/S) o-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3 GT 3

# OF DATA PAIRS 98 704 iiso0 33 271 639 75 497 845
MEAN FOR OBS .11 .10 .07 .07 .15 .08 .07 .12 .11
MEAN FOR PRE .00 .00 .00 .21 .78 .82 .11 1.06 .94
BIAS (PRE/OBS) .00 .00 .00 3.11 $5.31 1l0.68 1.65 8.59 8.47
RMS ERROR .20 .23 .10 .81 1.59 1.25 ] 77 2.07 1.54
V/Co2 3.32 5.41 1.88 145.44 116.94 263.10 126.20 280.09 192.48
V/(éon) 2149.0 2389.5 1310.7 46.72 22.01 24.64 76.61 32.60 22.73
% WITHIN FACTOR 2 13. 1sé. 11. 27. 20. 14. 24. 18. 13.
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TABLE E-41

‘EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES TRACER: SO2 SITE:

MODEL: RTDM(DEFAULT)

WESTVACO LUKE

THRESHOLD: .00 uS/M#*%*3

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0=1 1-3 GT 3 0-1 i-3 GT 3 0-1 1-3 GT 3
# OF DATA PAIRS 28 704 1is0 33 271 639 75 497 845
MEAN FOR OBS .36 .31 .30 .19 «48 <30 .18 .39 037
MEAN FOR PRE .01 .01 .01 .84 1.52 .86 .35 2.22 1.91
BIAS (PRE/OBS) .02 .02 .04 4.50 3.20 2.83 1.96 5.63 5.13
RMS ERROR .68 «70 -41 3.29 3.00 1.52 2.06 4.11 3.18
V/Co2 3.60 §.00 1.85 309.10 39.61 25.12 136.16 108.73 72.03
V/ (CoCp) 180.11 214.57 46.08 68.67 12.39 8.89 69.50 19.33 14.04
% WITHIN FACTOR 2 15. 17. 11. 30. 21. 20. 27. i9. 14,
AVERAGE OF THE TOP 10 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY
WIND SPEED(M/S) 0=-1 1=3 GT 3 Q=1 1-3 GT 3 0-1 1-3 GT 1
# OF DATA PAIRS 98 704 1180 a3 271 639 75 497 845
MEAN FOR OBS .11 .10 .97 .07 .15 .08 .07 .12 .11
MEAN FOR PRE .00 .00 .00 .08 .21 .11 .05 .31 .24
BIAS (PRE/OBS) .01 .01 .02 1.26 1.43 1.42. .75 2.47 2.13
RMS ERROR .20 .23 .10 <33 .48 22 <37 .59 .45
V/Co2 3.31 5.39 1.83 24.16 10.85 8.06 28.95 22.45 16.61
V/(Con) 331.97 576.49 97.32 19.16 7.56 5.66 38.69 9.09 7.81
¥ WITHIN FACTOR 2 15. 17. 11. 27. 19. 22. 25. 19. is.
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TABLE E-42

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

TRACER: S02

MODEL: RTDM(ONSITE)

THRESHOLD: .00 uS/m*#*3

SITE: WESTVACO LUKE

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

$ WITHIN FACTOR 2 12.

WIND SPEED(M/S)
# OF DATA PAIRS
MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

STABILITY D STABILITY E STABILITY F

©0=1 1-3 GT 3 0~1 1-3  GT 3 0-1 1-3 GT 3
98 704 1180 33 271 639 75 497 845
.36 .31 .30 .19 .48 .30 .18 .39 .37
.30 .19 .11 .02 .25 .26 .05 .22 .41
.83 .61 .36 .10 .52 .84 .30 .56 1.09
1.01  1.02 .39 .30 1.00 .75 .35 .80 1.15
7.89 .10.47 1.66 2.61 4.36 6.09 3.87 4.15 " 9.58
9.53 17.28 4.62 26.75 8.32 7.21 12.74 7.44 8.75
13. 16. 6. 13. 16. 16. 14. 19

AVERAGE OF THE TOP 10 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F

0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3  GT 3
98 704 1180 33 271 639 75 497 845
.11 .10 .07 .07 .15 .08 .07 .12 .11
.06 .04 .02 .00 .05 .04 .01 .05 .07
.53 .39 .23 .05 .35 .55 .16 .39 .64
.20 .26 .09 .12 .30 .16 .17 .24 .30
3.10 6.70 1.60 3.11  4.09 4.09 6.03 3.74 7.15
5.80 17.16 7.02 64.43 11.76 7.41 37.17 9.58 11.19
2 17. 11. 11. 3. 11. 13. 13. 13 13.

% WITHIN FACTOR
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TABLE E-43

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

MODEL:

CcTDM

TRACER: S02

SITE:

WIDOWS CREEK

THRESHOLD:

.00 ug/m**3

(Concentrations given in units of micrograms per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 i-3 GT 3 0-1 1=3 GT 3
# OF DATA PAIRS 28 333 2051 25 372 1396 50 367 320
MEAN FOR OBS 165.5 71.0 57.8 407.5 93.3 64.9 161.8 84.6 105.6
MEAN FOR PRE 601.4 186.9 63.7 917.1 290.9 96.4 459.8 407.5 165.0
BIAS (PRE/OBS) 3.6 2.6 1.1 2.3 3.1 1.5 2.8 4.8 1.6
RMS ERROR 897.9 457.6 149.8 1273.9 628.0 312.3 832.1 842.6 387.2
V/Co2 29.4 41.5 6.7 9.8 45.3 23.2 26.4 99.1  13.5
V/ (CoCp) 8.1 15.8 6.1 4.3 14.5 1i5.6 9.3  20.6 8.6
$ WITHIN FACTOR 2 14. 23. 27. 28. 20. 20. 12. 16. 22

AVERAGE OF THE TOP 10 VALUES FROM EACH 1-HOUR PERIOD:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 1-3  GT 3 0-1 1-3  GT 3 0-1 1-3 GT 3
# OF DATA PAIRS 28 333 2051 25 372 1396 50 ) 367 320
MEAN FOR OBS 33.58 22.26 17.97 74.58 26.76  19.40 33.10 2
MEAN FOR PRE 69.39 23.98 8.44 134.%51 37.65 11.81 68.61 5
BIAS (PRE/OBS) 2.07 1.08 <47 1.80 1.41 .61 2.07
RMS ERROR 79.90 72.82 25.27 236.26 89.00 39.11 138.92 11
V/Co2- 5.66 10.70 1.98 10.03 11.06 4.06 17.61 2
V/ (CoCp) 2.74 9.93 4.21 5.56 7.86 6.68 8.50 1
$ WITHIN FACTOR 2 21. 28. 20. 32. 24. 17. 18.
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TABLE E-44

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

TRACER:

MODEL: CTDM (DEGR1)

502

THRESHOLD: .00 ug/m*#*3

SITE: WIDOWS CREEK

(Concentrations given in units of micrograms per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY
WIND SPEED(M/S) O0-1 1-3  GT 3 0-1 1-3  GT 3 0-1 1-3  Gr 3
# OF DATA PAIRS 27 321 2012 25 360 1364 48 353 299
MEAN FOR OBS 157.1 72.1 57.9 407.5 92.7 65.1 166.9 85.9 86.3
MEAN FOR PRE 276.3 199.5 135.3 120.9 202.1 132.7 214.1 191.4 174.4
BIAS (PRE/OBS) 1.8 2.8 2. .3 2.2 2.0 1.3 2.2 2.0
RMS ERROR 887.2 579.9 532.6 1212.4 636.6 537.1 834.1 631.4 694.8
v/Co2 31.9 64.7 84.5 8.9 47.2 68.0 25.0 54.0 4.9
v/ (CoCp) 18.1 23.4 36.2 29.9 21.6 33.4 19.5 24.2  32.1
% WITHIN FACTOR 2 15. 13. 13. 28. 11. 9. 13. 7. 14.
AVERAGE OF THE TOP 10 VALUES FROM EACH 1~-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F

WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3 GT 3

# OF DATA PAIRS 27 321 2012 25 360 1364 48 353 299
MEAN FOR OBS 32.5 22.6 17.9 74.6 27.0 19.5 33.8  20.7 20.3
MEAN FOR PRE 29.8 28.7 20.5 17.0 27.3  21.0 30.4  31.4  29.3
BIAS (PRE/OBS) .92  1.27 1.15 .23 1.01 1.08 .90 1.52  1.45
RMS ERROR 126.4 108.7 88.9 198.7 101.2 128.3 115.8 126.3 176.5
v/Co2 15.1 23.2  24.6 7.1 14.1  43.4 11.7  37.2  76.0
V/iCon) 16.5 18.3 21.5 31.2  13.9 40.4 13.0 24.6 52.5
% WITHIN FACTOR 2 15. 17. 11. 20. 13. 9. 15. 10. 16.
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1-HOUR AVERAGES

TABLE E-45

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

MODEL:

CTDM (DEGRZ2)

TRACER: S02

SITE: WIDOWS CREEK

THRESHOLD:

.00 ug/m#*=*3

(Concentrations given in units of micrograms per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0=-1 1-3 GT 3 0=1 1-3 GT 3 0-1 1-3  GT 5-
4 OF DATA PAIRS ) 267 1906 19 319 1302 7 143 159
MEAN FOR OBS 84.4 79.0 58.2 519.6 89.8 66.0 160.9 77.7 132.4
MEAN FOR PRE 494.2 430.1 369.3 334.3 460.0 404.4 254.9 334.2 381.3
BIAS (PRE/OBS) 5.89 5.45 6.34 .64 5.12 6.13 1.58 4.30 2.88
RMS ERROR 898.9 775.0 "705.9 1589.5 875.7 812.0 445.8 813.5 637.2
V/Co2 113.5 96.4 147.0 9.4 95.1 151.4 - 7.7 109.8  23.2
V/ (CoCp) 19.4 17.7  23.2 14.6 18.6 24.7 4.9 25.5 8.0
$ WITHIN FACTOR 2 O. 10. 22. 5. 7. 13. 14. 11. 16.
AVERAGE OF THE TOP 10 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY
WIND SPEED(M/S) 0=1 1-3 GT 3 0=-1 1-3 GT 3 o-1 1-3 GT 39
# OF DATA PAIRS 9 267 1906 19 319 1302 7 143 159
MEAN FOR OBS 19.5 24.5 17.9 90.3 26.7 19.6 54.6 21.9 25.9
MEAN FOR PRE 121.6 99.0 63.9 81.9 115.8 77.5 73.2 111.8 76.6
BIAS (PRE/OBS) 6.24 4.05 3.57 .91  4.34 3.95 1.34 5.12 2.96
RMS ERROR 268.0 212.8 136.7 346.6 276.7 182.3 140.1 325.3 151.9
V/Co2 189.0 75.7 58.3 14.7 107.7 86.3 6.6 221.7 34.4
V/ (CoCp) 30.3 18.7 16.3 16.2 24.8 21.8 4.9  43.3 1.6
$ WITHIN FACTOR 2 22. 16. 23. 5. 12. 16. 14. 8. 17.
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1-HOUR AVERAGES"

TABLE

E=46

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

MODEL: COMPLEX I

TRACER: SO2

SITE:

WIDOWS CREEK

THRESHOLD: .00 ug/m#%*3

(Concentrations given in units of micrograms per cubic meter:)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

WIND SPEED(M/S)
# OF DATA PAIRS

MEAN FOR OBS
MEAN FOR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

V/ (CoCp)

% WITHIN FACTOR 2

WIND SPEED(M/S)
# OF DATA PAIRS

MEAN FOR OBS
MEAN FPR PRE
BIAS (PRE/OBS)
RMS ERROR
V/Co2

v/ (CoCp)

STABILITY D STABILITY E STABILITY F
0-1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3 GT-;-
31 341 2118 26 385 1422 50 369 323
158.8 70.2 57.1 392.8 92.9 64.4 lel.s8 84.4 105.
.38 3.30 18.6 1729.8 1108.3 470.3 1637.8 1735.6 581.
.00 .05 .33 4.4 11.9 7.3 10.1 20.6 5.5
516.3 184.9 84.6 2014.5 1944.2 1090.2 2959.5 3146.0 1113.
10.6 6.9 2.2 26.3 438.5 286.9 334.4 1390.1 112.6
4391.0 1147.7 6.8 6.0 36.7 39.3 33.0 67.6 20.4
ls. 6. 19. 1s. 6. 10. 14. 3. 11.
AVERAGE OF THE TOP 10 VALUES FROM EACH 1-HOUR PERIOD:
STABILITY D STABILITY E STABILITY F
0-1 1-3 GT 3 0=1 1-3 GT 3 0-1 1-3 GT 3
31 341 2118 26 385 1422 S0 369 323
32.57 22.19 17.71 71.81 26.72 19.30 33.10 20.48 21.93
.04 .37 2.09 201.81 125.92 54.67 176.47 203.58 70.85
.00 .02 .12 2.81 4.71 2.83 5.33 9.94 3.23
100.9 55.4 22.6 262.6 223.8 131.0 328.7 392.0 143.4
9.60 6.24 i.63 13.37 70.14 46.07 98.63 366.3 42.74
8176 376.6 13.82 4.76 14.89 16.27 18.50 36.85 13.23
1ls. 2. 2. 8. 11. 14. 10. 5. 15

% WITHIN FACTOR 2
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TABLE E~47

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES TRACER: S02 SITE: WIDOW CREEK
MODEL: RTDM (DEFAULT) THRESHOLD: .00 ug/m#**3

(Concentrations given in units of microseconds per cubic meter.)

BIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0=1 1-3 GT 3 0-1 1-3 GT 3 0-1 1-3 GT 3
# OF DATA PAIRS 31 341 2118 26 385 1422 50 369 323
MEAN FOR OBS is58.8 70.2 57.1 392.8 92.9 . 64.4 l16l.8 84.4 105.0
MEAN FOR PRE 191.1 315.2 229.2 602.6 502.2 297.9 421.5 634.2 452.5
BIAS (PRE/OBS) 1.20 4.49 4.02 1.53 5.41 4.63 2.60 7.52 4.31
RMS ERROR 896.9 799.4 622.6 1721.0 950.9 731.1 1006.2 1121.0 782.4
V/Co2 31.89 129.7 119.0 19.20 104.9 129%9.0 38.7 176.8 55.5
V/ (CoCp) 26.50 28.9 29.7 12.51 19.4 27.9 14.8 23.5 12.¢
$ WITHIN FACTOR 2 1s. 3. 8. 4. 4, 6. 12. 2. 10.

AVERAGE OF THE TOP 10 VALUES FROM EACH 1=-HOUR PERIOD:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 1-3 GT 3 0=1 1-3 GT 3 0-1 1-3 GT 3
# OF DATA PAIRS 31 341 2118 26 385 1422 50 369 323
MEAN FOR OBS 32.57 22.19 17.71 71.81 26.72 19.30 33.10 20.48 21.93
MEAN FOR PRE 19.11 34.75 25.56 60.26 57.84 33.83 47.64 74.29 51.71
BIAS (PRE/OBS) .59 1.57 1.44 -84 2.16 1.75 1.44 3.63 2.36
RMS ERROR 123.2 94.3 72.4 223.5 115.9 87.4 127.8 134.6 94.5
V/Co2 14.31 18.05 16.69 9.69 18.79 20.50 14.91 43.20 18.56
v/ (CoCp) 24.39 11.53 11.57 11.54 8.68 1l1l.69 10.36 11.91 7.87
¥ WITHIN FACTOR 2 19. 7. 9. 8. 9. 12. 14. 9. 17.



TABLE E-48

EVALUATION STATISTICS FOR DATA SUBSET PAIRED IN TIME
(SUBDIVIDED INTO STABILITY AND WIND SPEED CLASSES)

1-HOUR AVERAGES

TRACER: SO2 SITE:

MODEL: RTDM (ONSITE)

THRESHOLD: .00 ug/m*#*3

WIDOWS CREEK

(Concentrations given in units of microseconds per cubic meter.)

HIGHEST 1-HOUR VALUES, UNPAIRED IN SPACE:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3  GT 3 0-1 1-3  GT 3
# OF DATA PAIRS 31 341 2118 26 385 1422 50 369 323
MEAN FOR OBS 158.81 70.19 57.05 392.80 92.85 64.36 161.84 84.38 104.99
MEAN FOR PRE .62 .41 5.09 344.30 112.15 36.20 639.39 209.26 53.20
BIAS (PRE/OBS) .00 .01 .09 .88  1.21 .56 3.95 2.48 .51
RMS ERROR 516.28 186.66 93.23 803.85 261.53 134.00 1810.39 660.08 246.69
v/Co2 10.57 7.07 2.67 4.19  7.93  4.33 125.14 61.19  5.52
1/ (CoCp) 2723.5 1220.3 29.94 4.78 6.57 7.71 31.67 24.68 10.90
$ WITHIN FACTOR 2 16. 1. 9. 42. 31. 18. 22. 21. 21.

AVERAGE OF THE TOP 10 VALUES FROM EACH 1-HOUR PERIOD:

STABILITY D STABILITY E STABILITY F
WIND SPEED(M/S) 0-1 1-3 GT 3 0-1 1-3  GT 3 0-1 1=3  GT 3
# OF DATA PAIRS 31 341 2118 26 385 1422 50 369 323
MEAN FOR OBS 32.57 22.19 17.71 71.81 26.72 19.30 33.10 20.48 21.93
MEAN FOR PRE .16 .07 .66 73.80 22.46 5.10 79.11. 29.37 7.59
BIAS (PRE/OBS) .00 .00 .04 1.03 .84 .26 2.39 1.43 .35
RMS ERROR 100.88 55.57 23.74 132.4 62.38 27.00 203.74 74.39 32.44
V/Co2 9.59 6.27 1.80 3.40 5.45 1.96 37.89 13.19 2.19
V/ (CoCp) 1981.8 1971.2 48.16 3.31 6.48 7.40 15.85 9.20 6.32
% WITHIN FACTOR 2 16. 1. 5. 3s. 1o, 13. 24. 20. 17.
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APPENDIX F
SCATTER PLOTS OF PEAK HOURLY MODEL
PREDICTIONS AND OBSERVATIONS
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APPENDIX F

SCATTER PLOTS OF PEAK HOURLY MODEL
PREDICTIONS AND OBSERVATIONS

Scatter plots of modeled predictions versus observations were
generated to augment the statistic tables of model evaluation results
presented elsewhere in this report. For the FSPS, Westvaco, and
Widows Creek sites, plots of the predicted-to-observed ratio of
peak-concentrations versus plume travel distance are presented as
residual plots. In these plots, each point represents the average of

the top 10 concentrations at each monitor.
this appendix is given below.

A guide to the figures in

Figures Description
F-1 through F-6 Predicted vs. observed peak l-hour SFg

concentrations at CCB

F-7 through F-12 Predicted vs. observed peak l-hour
CF3Br concentrations at CCB

F-13 through F-18 Predicted vs. observed peak l-hour SFg
concentrations at HBR

F-19 through F-24 Predicted vs observed peak l-hour CF3Br
concentrations at HBR

F-25 through F-32 Predicted vs. observed peak l-hour SFg¢
concentrations at FSPS

F-33 through F-38 Predicted vs. observed peak l-hour
CF3Br concentrations at FSPS

F-39 through F-44 Predicted observed ratio vs. distance for
SFg concentrations at FSPS

F-45 thorugh F-50 Predicted observed ratio vs. distance for
CF3Br concentrations at FSPS

F-51 through F-56 Predicted vs. observed peak l-hour SO0,
concentrations at Westvaco

F-57 through F-62 Predicted vs. observed peak 3-hour SOy
concentrations at Westvaco

F-63 thorugh F-68 Predicted/observed ratio vs. distance for
l-hour S0, concentrations at Westvaco

F-69 through F-74 Predicted vs. observed peak l-hour S0,
concentrations at Widows Creek
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Figures Description

F-75 through F-80 Predicted vs. observed peak 3-hour S0y
concentrations at Widows Creek

F-81 through F-86 Predicted/observed ratio vs. distance for
l-hour SO; concentrations at Widows Creek
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PREDICTED CONCENTRATIONS (US/MXX3)
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PREDICTED CONCENTRATIONS (US/MXX3)
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PREDICTED CONCENTRATIONS (US/MXX3)
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PREDICTED CONCENTRATIONS (US/MEES)
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PREDICTED CONCENTRATIONS (US/MXX3)
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PREDICTED CONCENTRATIONS (US/MX¥3)
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PREDICTED CONCENTRATIONS (US/MX%3)
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PREDICTED CONCENTRATIONS (US/M¥X3)
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PREDICTED CONCENTRATIONS (US/MEX3)
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PREDICTED CONCENTRATIONS (US/MXX3)

400

;

200+

1501

100

OBSERVED VS . PREDICTED CONCENTRATIONS AT HOGBACK RIDGE
1-HOUR AVERAGES MODEL s CTDM TRACER:1 SF6

(AVERAGE 0D8=23 .3 AVERAGE PRE= 47 .8 RMSE= 30.9 @ OF HOURS=S9?

+*t

1 L L L L

1909 is9 200 260 00 %0

OBSERVED CONCENTRATIONS (US/MXX3)
Figure F-13




[4:¥4

PREDICTED CONCENTRATIONS (US/MX¥3)
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PREDICTED CONCENTRATIONS (US/M¥X3)
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PREDICTED CONCENTRATIONS (US/MEX3)
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PREDICTED CONCENTRATIONS (US/MKE3)
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PREDICTED CONCENTRATIONS (US/MKX3)
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APPENDIX G

SUMMARY OF CASE-STUDY ANALYSES OF
CTDM PREDICTIONS AT THE TRACER SITES

Patterns of CTDM predictions and observed concentrations at the
SFg and CF3Br sampler sites have been analyzed for the CCB, HBER,
and FSPS experiments. The examination of results for each hour
involved a comparison of the average of the top 5 predicted and
observed concentrations. The height of the plume as well as peak
predicted and observed concentrations relative to H, were noted, as
well as a plume-height wind speed category. Comments about the
locationg of the peak predicted and observed concentrations were also
logged. Case-by-case results are given in Tables G-1 through G-6.
Summary statistics by wind speed category and by the plume height
relative to H, are listed in Tables G-7 through G-12. An index to
these tables is given below.

Iable Description
G-1 Individual case results for tracer SFg at CCB
G-2 Individual case results for tracer CF3Br at CCB
G-3 Individual case results for tracer SFg at HBR
G=-4 Individual case results for tracer CF3Br at HBR
G-5 Individual case results for tracer SFy; at FSPS
G-6 Individual case results for tracer CF3Br at FSPS
G=-7 Summary statistics for case-hour categories for
SF at CCB 6
G-8 Summary statistics for case-hour categories for
CF Br at CCB 3
G=9 Summary statistics for case-hour categories for
SF at HBR 6
G-10 Summary statistics for case-hour categories for
CF Br at HBR 3
G-11 Summary statistics for case-hour categories for
SF at FSPS 6
G-12 Summary statistics for case-hour categories for
CF Br at FSPS 3
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TABLE G-1

SUMMARY OF PREDICTED AND OBSERVED DATA FOR SF6
TRACER AT CINDER CONE BUTTE SITE=*

. .TOP S AVE CONC DATA (uS/M#*#*3) ELEV OF PRE
PLUME WIND rddddhhdhhhdkdkhhhrhkrerrthirrrsce MAX VS Hc/
JUL. HEIGHT SPD TOP S TOP 5 PRE/OBS RATIO ELEV OF OBS
DAY HR VS Hc CAT AVE PRE AVE OBS RATIO CAT MAX VS Hc COMMENTS

290 18 A 4 10. 24. 431 < A/A c,F
290 19 A 3 6.6 21. 311 < A/A c,F
290 21 A 3 90. 17. . 5.167 >> A/A

290 22 N 3 63. 19. 3.311 > N/A

290 23 N 3 51. 22. 2.321 > N/B

291 18 A 4 4.2 1s. .229 < A/A c,F
291 19 A 4 1.8 20. .089 << A/A c,F
291 20 A 4 21. 42, .503 <= A/A c,F
291 21 A 4 30. 27. 1.134 >= A/A c,F
291 22 A 4 9.9 23. .428 < A/A c,F
291 23 A 4 .98E=-07 11. .000 << 2/A J

294 2 B 3 .46E=-01 4.8 .010. << N/B D,F
294 3. B 2 23. 2.1 10.914 >> N/A D,F
294 5. A 3 63. 2.7 23.231 > A/A D,F
294 6 B 2 25. 19. 1.262 >= B/B

294 7 N 2 82. 16. 5.154 >> N/B D,F
294 8 A 3 87. 30. 2.873 > A/B

295 1 B 2 33, 8.2 4.061 > B/B D,E
295 2 B 2 5.4 9.9 .546 <= B/B c,F
295 6 B 2 19. 9.5 1.965 >= B/N c,F
29 7 B 2 32. 7.0 4.553 > B/N D,F
297 2 A 4 .35E=-01 1.9 .019 << N/A

297 3 A 4 1.8 5.7 .309 < A/A C,E
297 4 A 4 16. 19. .847 <= A/A c,E
297 5 A 4 17. 18. 911 <= A/B c,F
297 6 A 4 14. 17. .804 <= A/N D,F
297 7 B 2 42. 9.2 4.563 > B/B D,E
297 8 N 2 .10E+03 12. 8.582 >> A/N D,F
298 2 A 4 1.3 21. .065 << A/A c,F
298 3 A 4 .97 14. 072 << B/B A,C,E
298 4 A 3 62. 46. 1.347 >= A/A B,C,E
298 5 A 3 8s. 33. 2.586 > A/A D,E
298 6 N 2 .14E+03 86. 1.673 >= N/B D,F
298 7 N 2 .16E+03 67. 2.373 > N/N A,D,F
298 8 N 2 .11E+03 .11E+03 .972 <= N/B D,F
299 2 A 3 13. 8.2 1.623 >= A/N D,F
299 3 A 3 4.7 2.9 1.615 >= N/A D,F
299 4 A 3 16. 10. 1.519 >= A/A D,F
301 20 A 4 13. 7.9 1.636 >= A/A C,F
301 21 A 4 5.8 4.7 1.236 >= A/A B,C,E
301 23 A 3 11. .26 43.446 >> N/N D,E
302. 1 N 3 34. 4.3 7.824 >> N/B D,F
302 18 A 3 13. 1.6 8.006 >> A/A B,C,E
302 19 A 3 26. 4.7 5.609 >> A/A C,E
dddededdd

*SEE INTERPRETATION OF CODES AT END OF TAELE
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TABLE G-1 (Page 2 of 4)

SUMMARY OF PREDICTED AND OBSERVED DATA FOR SF6
TRACER AT CINDER CONE BUTTE SITE+*

TOP 5 AVE CONC DATA (uS/M#**3) ELEV OF PRE
PLUME WIND dudktdkdkakhrkhbhhbhhitkakkkrerr MAX VS Hc/

JUL. HEIGHT SPD TOP 5 TOP 5 PRE/OBS RATIO ELEV OF OBS

DAY HR VS Hc CAT AVE PRE AVE OBS RATIO  CAT MAX VS Hc  COMMENTS
302 20 N 2 44. 4.7 9.422 >> N/B D,E
302 24 B 2 68. 6.1 11.184 >> B/B

303 1 B 2 73. 15. - 4.802 > N/B ¢,F
306 1 B 2 4.3 .91 4.700 > N/B c,F
304 2 A 3 5.4 14. .398 < N/B c,F
306 3 A 4 .80E-02 8.1 L0001 << ?/B J

306 4 A 4 .98E=-03 5.4 .000 << ?/B J

3046 6 A 4 .68E~03 3.2 .000 << 2/A J

306 7 A 4 2.5 3.5 .713 <= A/A C,E
305 1 B 2 24. 10. 2.338 > B/B D,F
305 2 N 3 19. 5.0 3.886 > N/A

306 3 N 2 19. 2.9 6.571 >> N/N

305 4 B 2 8.2 37. .218 < B/B C,F
3056 5 B 2 52, 74. .698 <= B/A D,F
305 6 N 3 16. is. .456 < N/A B,C,E
365 7 N 2 3.9 6.6 .596 <= A/N ¢,E
309 4 B 2 29. .83 15.328 >> N/B c,F
308 5 B 2 41. 29. 1.413 o>= B/B

309 6 B 2 17. 14. 1.262 >= N/B D,F
309 7 B 2 14. 11. 1,271 >= B/B D,F
309 8 B 2 40. 4.2 9.474 >> B/B D,F
310 4 B 2 6. 22. 1.626 >= B/B A,D,F
310 5 B 2 19. 52. .359 < B/B B,D,F
310 6 N 3 41. 63. .650 <= A/N D,F
3110 7 A 3 31. 9.7 3.170 > A/N D,F
311 1 B 2 25, 26. .965 <= N/B A,D,F
311 2 N 3 1.1 3.5 .324 < A/A D,F
311 3 B 2 5.7 4.5 1.263 >= B/N c,F
311, 4 B 2 21, 18. 1.185 >= N/B D,F
311 5 N 3 22. is. .642 <= N/N D,F
311 6 B 2 14. 7.6 1.887 >= B/B c,F
334 1 B 3 .97 20. .047 << N/B D,F
314 2 B 2 9.0 28. L3199 < B/N ¢, F
314 3 B 3 8.6 57. .150 << B/N c,F
314 4 B 3 4.1 18. .234 < A/A D,F
314 5 B 3 8.1 8.6 .940 <= A/B B

314 6 B 2 .20 2.3 .085 << B/B c,F
314 7 B 2 4.2 5.4 .772 <= B/B

314 8 B 2 1.2 .66 1.876 >= B/B c,F
315 3 N 3 25. 28, .992 <= A/N D,F
315 4 N 3 43. 69. .624 <= A/A D,F
315 5 N 3 50. 59. .845 <= A/A D,F
315 7 A 4 21. 16. 1.270 >= A/N C,E
315 8 A 4 12. 29, .404 < A/A A,C,E
v e e dedede R

*SEE INTERPRETATION OF CODES AT END OF TABLE



TABLE G-1 (Page 3 of 4)

SUMMARY OF PREDICTED AND OBSERVED DATA FOR SFé6
TRACER AT CINDER  CONE BUTTE SITE*

TOP 5 AVE CONC DATA (uS/M#*#3) ELEV OF PRE
PLUME WIND ##kkdkddhdhkhdkrkrekhrrkrhkrehrer MAX VS Hc/
JUL. HEIGHT SPD TOP 5 TOP 5 PRE/OBS RATIO ELEV OF OBS
DAY HR VS Hec CAT AVE PRE AVE OBS RATIO CAT MAX VS Hc COMMENTS

. -—= - ——

317 3 A 3 12. 7.1 ’ 1.662 >m= A/A C,F
317 4 A 4 7.2 21. .348 < A/A C,F
317 5 A 4 7.9 1l6. - .505 <= A/A

317 6 A 4 4.2 7.5 .560 <= A/A

317 7 A 4 6.3 13. .505 <= A/A C,F
317 8 A 4 8.1 15. .547 <= A/A C,F

ok Jo ek ek

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-1 (Page 4 of 4)

INTERPRETATION OF CODES:

TABLE ITEM CODE MEANING
PLUME HEIGHT VS Hc N Plume height within 5 m of Hc
A Plume height > Hc + 5 m
B Plume height < Bc = S m
WIND SPEED CATEGORY 1 Wind speed les® than 1 m/sec
2 Wind speed between 1 and 3 m/sec
3 Wind speed between 3 and 6 m/sec
4 wWind speed greater than or equal to 6 m/sec
RATIO CATEGORY OF
PREDICTED TQ OBSERVED
AVERAGES OF HIGHEST
S5 CONCENTRATIONS << Ratio < .2 )
< Ratio is between .2 and .5
<= Ratio is between .5 and 1.0
>m Ratio is between 1.0 and 2.0
> Ratio is between 2.0 and 5.0
>> Ratioc is greater than or equal to 5.0

ELEVATION OF MAXIMUM
PREDICTED OR OBSERVED
CONCENTRATION VS Hc N Elevation of maximum is within S5 m of Hc
A Elevation of maximum > Hc + S m
B Elevation &f maximum < Hc = 5 m
COMMENTS A The location of the predicted maximum coincides
with or is at the closest adjacent receptor
to the location of the observed maximum
B The location of the predicted maximum is at &
receptor close to the location of the cbserve
magimum (with no more than 1 or 2 raceptors
closer to the location of the predicted
maximum)
The predicted maximum concentration is on
the far side of the hill/ridge
The predicted maximum concentration is on
the near side of the hill/ridge
The observed maximum concentration is on
the far side of the hill/ridge
The observed maximum concentration is on
the near side of the hill/ridge
The observed maximum concentration occurs
north of the predicted maximum concentration
The predicted maximum concentration occurs
south of the predicted maximum concentration
The angle formed by the intersection of the
stack-predicted maximum concentration receptd
and the stack-observed maximum concentration
receptor lines is more than 90 degrees
Predicted map 1is all zerces
Observed map is all zeroces

H o & = ™ U 0O

w4
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TABLE G-2

SUMMARY OF PREDICTED AND OBSERVED DATA FOR CF3BR
TRACER AT CINDER CONE BUTTE SITE*

TOP 5 AVE CONC DATA (uS/M**3) ELEV OF PRE
PLUME WIND hdkhikhkdkhhrrhhrrerkhrkrhrrer MAX VS Hc/
JUL. HEIGHT SPD TOP S TOP 5 PRE/OBS RATIO ELEV OF OBS
DAY HR VS Hc CAT AVE PRE AVE OBS RATIO CAT MAX VS Hc COMMENTS

301 20 A 4 26. 2.6 9.924 >> A/A B

301 21 A 4 14. 9.0 1.571 >= A/A B

301 23 N 3 17. 2.3 - 7.269 >> N/N D,E
302 1l N 3 37. 2.5 15.059 >> N/B D,F
304 1 N 3 «27E-01 1.6 .017 << B/B B,D,F
304 3 N 3 63. 20. 3.178 > N/A B,C,E
304 4 A 3 53. 6.7 7.845 >> N/A B,C,E
304 6 A 3 8.9 35. .256 < A/A D,E
304 7 A 3 14. 47. .287 < N/A C,E
305 3 B 2 30. 2.5 11.880 >> B/B B,C,E
305 4 A 3 7.2 1.2 6.081 >> N/A C,F
3085 5 A 3 3.0 .95 3.192 > A/N

305 6 A 4 .22 1.0 .211 < A/A D,F
305 7 A 4 «33 7.0 .047 << A/A B,D,F
308 8 A 3 6.7 4.8 1.384 >= N/A D,F
309 5 A 3 .64 7.7 .083 << N/B B,C,E
309 6 A 3 l12. 24. «497 < N/A C,E
309 7 A 2 21. 8.6 2.428 > N/A C,F
309 8 A 3 8.6 27 32.416 - >> N/? K

310 4 A 2 89. 11. 8.208 >> A/A D,F
310 5 N 2 40. «79 51.224 >> A/A D,F
310 6 A 3 11. 6.7 1.660 >= A/A D,F
311 1 A 3 6.6 1.5 4.519 > N/A C,E
311 2 A 3 1.5 . «26 5.657 >> A/A A,D,F
311 S A 4 7.0 11. .628 <= A/A

311 6 A 3 21. 12. 1.790 >m= N/N A,C,E
314 1l N 3 45. 5.9 7.652 >> N/A D,E
314 2 N 3 44. 11. 3.918 > N/B D,E
314 3 N 3 52. 1s5. 3.557 > N/N D,E
314 4 A 3 61. 1.5 40.851 >> N/A D,F
314 5 A 3 +11E+03 6.9 15.455 >> N/A D,F
314 6 B 3 4.3 8.0 .529 <= B/A C,F
315 7 N 3 22. 3s. .641 <= A/N B,C,E
31s 8 N 3 25. 29. .864 <= A/N C,E
317 4 A 4 2.3 6.0 .384 < A/A D,E
317 5 A 4 2.2 2.3 .935 <= A/A D,E
317 6 A 4 .79 .63E-01 12.615 >> A/A D,E
317 7 A 4 1.8 3.8 .643 <= A/A D,E
317 8 A 4 2.1 2.5 .850 <= A/A D,E
Rhkdhdkdh

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-2 (Continued)

INTERPRETATION OF CODES:
TABLE ITEM CODE MEANING
Plume height within 5

Plume height > Hc + 5
Plume height < H¢ = 5 m

PLUME HEIGHT VS Hc

wind speed less than 1 m/sec

Wind speed between 1 and 3 m/sec

Wind _.speed between 3 and 6 m/sec

Wind speed greater than or equal to 6 m/sec

WIXD SPEED CATEGORY

SWNE P Z

RATIO CATEGORY OF
PREDICTED TO OBSERVED
AVERAGES OF HIGHEST

5 CONCENTRATIONS << Ratio < .2
< Ratio is between .2 and .5
<= Ratio is between .5 and 1.0
>= Ratio is between 1.0 and 2.0
> Ratio is between 2.0 and 5.0
>> Ratio is greater than or equal to 5.0

ELEVATION OF MAXIMUM
PREDICTED OR OBSERVED
CONCENTRATION VS Heg N Elevation of maximum is within 5 m of Hc
& Elevation of maximum > Hc + 5 m
B Elevation of maximum < Hc = 5 m
COMMENTS A The location of the predicted maximum coincide
with or is at the closest adjacent receptor
to the location of the observed maximum
B The location of the predicted maximum is at &
receptor close to the location of the obserw
maximum (with no more than 1 or 2 receptors
closer to the location of the predicted
maximum) )
The predicted maximum concentration is on
the far side of the hill/ridge
The predicted maximum concentration is on
the near side of the hill/ridge
The observed maximum concentration is on
the far side of the hill/ridge
The observed maximum concentration is on
the near side of the hill/ridge
The observed maximum concentration occurs
north of the predicted maximum concentration
The predicted maximum concentration occurs
south of the predicted maximum concentration
The angle formed by the intersection of the
stack-predicted maximum concentration recept
and the stack-observed maximum concentration
receptor lines is more than 90 degrees
J Predicted map is all zeroces
K Observed map is all zeroces

M @ ™ MW O 0
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TABLE G-3

SUMMARY OF PREDICTED AND OBSERVED DATA FOR SF$
TRACER AT HOG BACK RIDGE SITE~*

TOP 5 AVE CONC DATA (uS/M#*#*3) ELEV OF PRE
PLUME WIND rhdkdkdkhhihhhkhrikhikhhrekrkiisx MAX VS Hc/
JUL. HEIGHT SPD TOP 5 TOP 5 PRE/OBS RATIO ELEV OF OBS
DAY HR VS Hc CAT AVE PRE AVE OBS RATIO CAT MAX VS Hc COMMENTS

284 3 B 2 22. 44. .500 < B/A D,F
284 5 a 2 14. 33. .416 < B/A D,F,H
285 2 B 2 34. ls. - 2.157 > B/A D,E
285 3 B 2 27. 29. .932 <= B/B D,F
286 2 A 2 17. 3.4 5.010 >> A/A D,F
286 5 N 2 21. 9.0 2.378 > N/N D,F
286 7 N 2 38. 11. 3.316 > N/A D,E
286 8 B 2 32. 27. 1.163 >= B/a D,F
287 2 B 2 43. 7.5 5.776 >> B/B D,F
287 3 B 2 39. . 1s8. 2.211 > B/A D,E
287 4 B 2 46. 33. 1.395 >= B/A D,E
287 ] B 2 .26E+03 62. 4.156 > B/A D,F
287 6 B 2 89. 29. 3.104 > B/A D,E
287 7 B 2 «13E+03 63. 2.115 > B/A D,E
288 4 B 2 31. 13. 2.490 > B/B D,F
288 5 B 2 47. 17. 2.694 > B/N D,E
288 6 B 2 33. 19. 1.748 >= N/a D,F
288 7 B 2 24. 28. .843 <= N/A D,E
288 8 B 2 3s. 15. 2.418 > B/A D,F
295 2 B 2 76. 35. 2.185 > B/A D,E
295 3 N 2 3s6. 9.4 . 3.815 > N/B B
295 4 B 2 1s6. 13. 1.238 >= B/A D,E
295 -] N 2 21. 7.4 2.873 > A/A D,E
295 ] A 2 1s6. 2.4 6.465 >> A/A c,F
295 7 A 3 21. 3.9 5.471 >> A/A

295 8 A 2 28. 12. 2.236 > N/A

296 1l N 2 «12E+03 12. 9.681 >> B/N B,D,F
296 2 B 2 19. 14. 1.381 >m B/A D,F
296 3 B 2 37. 9.4 3.899 > B/N D,E
296 'S A 2 17. 7.9 2.141 > A/A D,F
296 6 A 2 21. 11. 1.938 >= N/A D,F
296 7 A 3 3s5. 18. 1.934 >= N/A D,E
297 2 A 2 8.8 .12 73.928 >> A/N

297 3 A 2 8.9 1.5 5.859 >> A/N

297 4 A 2 23. 8.1 2.812 > B/A D,F
297 L] A 2 7.6 3.5 2.168 > JA/A D,E
297 7 A 3 1.3 .41 3.077 > A/A C,F
297 9 A 3 18. 16. 1.125 >= N/A D,F
299 3 N 2 76. 17. 4.594 > B/A D,F
299 4 A 2 32. 19. 1.746 >= N/A D,F
299 6 A 2 40. 21. 1.877 >= B/B D,F
299 7 A 2 31. 13. 2.451 > N/B D,F,H
299 8 N 2 57. 17. 3.407 > N/B D,F
299 9 A 2 39. 3s. 1.132 >= N/A D,F
*hkdikdhk

*SEE INTERPRETATION OF CODES AT END OF TABLE



TABLE G-3 (Continued)

SUMMARY OF PREDICTED AND OBSERVED DATA FOR SFé
TRACER AT HOG BACK RIDGE SITE*

TOP 5 AVE CONC DATA (uS/M#=%3) ELEV OF PRE
PLUME WIND kdddhdddihikksahkrkhherhrrtix MAX VS Hc/
JUL. HEIGHT SPD TOP 8 TOP 5 PRE/OBS RATIO ELEV OF 0OBS
DAY HR VS Hc¢ CAT AVE PRE AVE OBS RATIO CAT MAX VS Hc COMMENTS

302 1 B 2 50. 19. ® 2.655 > B/A D,F
302 2 B 2 99. 22. 4.584 > B/N D,F
302 3 B 2 .13E+03 61. - 2.216 > B/B D,F
302 4 N 2 76. 7.2 10.57¢ >> N/N D,E
302 5 B 2 .13E+03 5.0 25.754 >> N/? K
302 7 N 2 29. 7.8 3.714 > N/B H
302 8 N 2 39. 7.6 5.136 >> B/A

e e ve e e e

*SEE INTERPRETATION OF CODES AT END OF TABLE
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INTERPRETATION OF CODES:

TAEBELE ITEM

PLUME HEIGHT VS Hc

WIND SPEED CATEGORY

RATIO CATEGORY OF
PREDICTED TO OBSERVED
AVERAGES OF HIGHEST

5 CONCENTRATIONS

ELEVATION OF MAXIMUM
PREDICTED OR OBSERVED
CONCENTRATION VS He

COMMENTS

CODE

LR W

H & @ = ™ 0O 0

®a

TABLE G-3 (Continued)

MEANING

Plume height within S m
Plume height > Hc' '+ 5 m
Plume height < Hc - S5 m

of Hc

Wind speed less than 1 m/sec

Wind speed between 1 and 3 m/sec

Wind speed between 3 and 6 m/sec

Wind speed greater than or equal to 6 m/sec

Ratio < .2

Ratio is between .2 and .S

Ratio is between .5 and 1.0

Ratio is between 1.0 and 2.0

Ratio is between 2.0 and 5.0

Ratio is greater than or equal to 5.0

Elevation of maximum is within 5 m of Hc
Elevation of maximum > Hc + S m
Elevation of maximum < Hc = S5 m

The location of the predicted maximum coincides
with or is at the closest adjacent receptor
to the location of the observed maximum

The location of the predicted maximum is at 2
receptor close to the location of the observed
maximum (with no more than 1 or 2 receptors
closer to the location of the predicted
maximum)

The predicted maximum concentration is on
the far side of the hill/ridge

The predicted maximum concentration is on
the near side of the hill/ridge

The observed maximum concentration is on
the far side of the hill/ridge

The observed maximum concentration is on
the near side of the hill/ridge

The observed maximum concentration occurs
north of the predicted maximum concentration

The predicted maximum concentration occurs
south of the predicted maximum concentration

The angle formed by the intersection of the
stack-predicted maximum concentration receptor
and the stack-observed maximum concentration
receptor lines is more than 90 degrees

Predicted map is all zerces

Observed map i1s all zeroces
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TABLE G-4

SUMMARY OF PREDICTED AND OBSERVED DATA FOR CF3BR
TRACER AT HOG BACK RIDGE SITE*

TOP 5 AVE CONC DATA (uS/M**3) ELEV QF PRE
PLUME WIND kkhdkdkddhhikkhhkrhhibhhrnasts MAX VS Hc/

JUL. HEIGHT SPD TOP 5 TOP 5 PRE/OBS RATIO ELEV OF OBS

DAY HR VS Hc CAT AVE PRE AVE 0OBS RATIO CAT MAX VS Hc COMMENTS
285 1 N 2 47. 58. .807 <= -B/B D,F,H
285 2 B 2 38. 98. .388 < B/B B,D,F
283 3 B 2 33. 67. - 499 < B/B D,F
285 24 B 2 19. 65. .295 < B/B A,D,F
286 5 B 2 20. 63. .316 < B/A D,F
286 7 B 2 57. «13E+03 . 445 < B/N D,F
286 8 B 2 34. .26E+03 .129 << B/B D,F,H
287 2 B 2 59. .13E+03 .473 < B/B D,F,H
287 3 B 2 52. «12E+03 .438 < B/A D,F
287 4 B 2 .10E+03 .1l0E+Q3 971 <= B/N D,F
287 5 B 2 .15E+03 .14E+03 1.084 >= B/B A,D,F
287 7 B 2 -18E+Q3 .21E+Q3 .836 <= B/B D,F,H
287 8 B 2 .17E+03 .16E+03 1.044 >= B/B D,F
287 24 B 2 63. 18. 3.498 > B/B D,F,H
288 5 B 2 38, 49. .726 <= B/B D,F,H
288 6 B 2 32. 66. .490 < B/N D,F,H
288 7 B 2 24. 40. 592 <= B/A D,F
288 8 B 2 5a. 50. 1.009 >= B/B D,F
295 3 B 2 1s5. 13. 1.115 >= B/B D,F,H
298 6 B 2 30. 33. .909 <= B/A D, F
295 7 B 2 18. 3s8. 469 < B/B B,D,F
295 24 B 2 .14E+03 78. 1.763 >= B/B D,F,H
296 6 B 2 ls. 6.3 2.613 > B/B D,F.,G
296 7 B 2 3s. 43. -342 <= N/N B,D,F
297 2 B 2 6.5 1.2 5.549 >> B/A D,E
297 3 B 2 is. 1s.. 1.228 >=s B/N D,F,G
297 4 A 2 23. 8.3 2.739 > B/B D,F,G
297 6 B 2 8.9 1.1 7.968 >> B/B A,D,F
297 7 N 2 3.2 3.4 -927 <= A/A D,F,G
299 3 B 2 73. 29. 2.522 > B/B D,F
299 4 B 2 61. 96. .634 <= A/A D,F,H
299 S B 2 52. «11E+03 .480 < B/B A,D,F
299 6 B 2 44. 56. °779 <= B/N B,D,F
299 8 B 2 10. 5.6 1.826 >= B/N D,F
299 9 N 2 7.3 7.8 <336 <= N/B D,F,H
302 2 B 2 18. 3.2 5.503 >> N/B D,F
302 3 N 2 28. 1.5 18.549 >> A/A D,E
302 4 B 2 20. 1s5. 1.371 > B/N D,F,G
302 5 B 2 15. 48. 316 < N/A D,F,G
302 7 B 2 20. 19. 1.090 >= A/A D,F
302 8 N 2 24. 25. .948 <= A/A D,E
302 9 B 2 14. 30. 464 < N/A D,F,H
ek ek ok

*SEE INTERPRETATION OF CODES AT END OF TABLE
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INTERPRETATION OF CODES:

TABLE ITEM

PLUME HEIGHT VS Hc

WIND SPEED CATEGORY

RATIO CATEGORY OF
PREDICTED TO OBSERVED
AVERAGES OF HIGHEST

5 CONCENTRATIONS

ELEVATION OF MAXIMUM
PREDICTED OR OBSERVED
CONCENTRATION VS Hc

COMMENTS

CODE

hOWNOH D2

» wr

H 0 @ 4% ®M O 0 w

Nu

TABLE G-4 (Continued)

MEANING

Plume height within S5 m
Plume height > Hc + 5 m
Plume height < Hc = 5 m

of Hc

Wind speed less than 1 m/sec

Wind speed between 1 and 3 m/sec

Wind speed between 3 and 6 m/sec

Wind speed greater than or equal to 6 m/sec

Ratio < .2

Ratio is between .2 and .5

Ratio is between .5 and 1.0

Ratio is between 1.0 and 2.0

Ratio is between 2.0 and 5.0

Ratio is greater than or equal to 5.0

Elevation of maximum is within 5 m of Hc
Elevation of maximum > Hc + 5 m
Elevation of maximum < Hc = 5 m

The location of the predicted maximum coincides
with or is at the closest adjacent receptor
to the location of the cbserved maximum

The location of the predicted maximum is at a
receptor close to the location of the observed
maximum (with no more than 1 or 2 receptors
closer to the location of the predicted
maximum) .

The predicted maximum concentration is on
the far side of the hill/ridge

The predicted maximum concentration is on
the near side of the hill/ridge

The observed maximum concentration is on
the far side of the hill/ridge -

The observed maximum concentration is on
the near side of the hill/ridge

The observed maximum concentration occurs
north of the predicted maximum concentration

The predicted maximum concentration occurs
south of the predicted maximum concentration

The angle formed by the intersection of the
stack-predicted maximum concentration receptor
and the stack-observed maximum concentraticn
receptor lines is more than 90 degrees

Predicted map is all zerces

Observed map is all zeroces
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TABLE G-5

SUMMARY OF PREDICTED AND OBSERVED DATA FOR SF6
TRACER AT TRACY POWER PLANT SITE~*

TOP 5 AVE CONC DATA (uS/M*#*3)

ELEV OF PRE

PLUME WIND #adkkddrkkhihhrkrtkrrhaskbhss MAX VS He/
JUL. HEIGHT SPD TOP 5 TOP 5 PRE/OBS RATIO ELEV QOF OBS
DAY HR VS Hc CAT AVE PRE AVE OBS RATIO CAT MAX Vs Hc
218 4 N 3 .74 .64 1.170 > A/B
219 5 N 3 .78 1.3 602 <= A/A
219 6 a 2 2.9 2.2 1.331 >= A/A
219 7 N 2 2.6 1.8 1.445 >= A/A
220 4 N 3 2.9 2.5 1.1758 >a A/A
220 S B 2 1.8 5.2 .348 < A/A
220 6 B 2 2.7 2.8 .962 <= B/B
220 7 B 2 2.8 3.7 .746 <= A/A
222 21 A 4 .29 .23 1.260 >= A/A
222 22 A 4 +852E-01 .19 270 < A/A
222 23 A 4 .56 .19 2.938 > A/A
222 24 A 3 .78 .37 2.111 > A/A
223 1 A 2 .59 .38 1.530 >= A/A
223 2 A 2 1.0 <57 1.773 >= A/A
223 3 A 3 2.3 .62 3.678 > A/A
223 4 A 3 3.3 .86 3.850 > A/A
223 5 B 2 1.2 .84 1.409 >= A/A
223 6 N 3 .63 1.8 343 < A/A
223 21 A 3 .53 .72 «739 <= A/A
223 22 A 3 .60 <39 1.508 >= A/A
223 24 A 3 .92 54 1.700- >= A/A
224 1 A 3 1.3 .66 2.014 > A/A
224 2 B 3 2.6 - 54 4.895 > A/A
224 3 B 2 .54 .82 .651 <= A/A
224 4 B 2 2.8 .83 3.318 > A/A
224 5 B 2 2.5 .71 3.553 > A/B
224 6 B 2 4.3 2.6 1.637 >= A/a
224 21 A 4 .23 .25 .918 <= A/A
224 22 A 3 .19 2.2 .087 << ?2/A
224 23 A 3 .47 .36 1.304 >a= A/B
224 24 A 3 .86 .59 1.122 >m B/A
225 i A 3 1.4 .70 2.040 > A/A
225 2 N 2 3.0 .80 3.759 > A/N
225 3 B 2 1.9 1.1 1.754 >= A/A
225 4 B 2 1.8 4.3 .416 < A/A
225 5 B 2 1.9 4.8 .403 < A/A
225 6 B 2 1.4 3.3 .428 < A/a
228 23 A 3 .51 1.6 324 < A/N
228 24 A 4 .52 1.0 .513 <= A/A
229 1 A 4 .44 1.2 .359 < A/A
229 2 A 3 .52 1.2 «437 < A/B
229 3 A 4 .29 .85 337 < A/A
229 4 A 4 .37 1.0 .352 < A/B
229 5 B 3 1.8 2.2 .806 <= A/A
0 e e e e ok

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-5 (Page 2 of 4)

SUMMARY OF PREDICTED AND OBSERVED DATA FOR SF6
TRACER AT TRACY POWER PLANT SITE*

TOP 5 AVE CONC DATA (uS/M#*3) ELEV OF PRE
PLm WIND % Jo e J¢ J¢ Jo Jo Yo e Jo Yo Jo de e Yo Jo Je Je v Je Je Je de de Je Je de de ek MAX VS Hc/

JUL. HEIGHT SPD TOP 5 TOP 5 PRE/OBS RATIO ELEV OF OBS
DAY HR VS Hc CAT AVE PRE AVE OBS RATIO CAT MAX VS Hc  COMMENTS
229 6 A 3 .34 1.8 .186 << A/A
229 7 A 2 .53 2.3 .232 < A/A B
229 23 A 3 .46 .24 - 1.909 >= A/A B
229 24 A 3 .44 .48 .930 <= A/N
230 1 A 3 .63 .37 1.715 >= A/B B
230 2 A 3 .75 .36 2.057 > A/A
230 3 A 4 1.2 .30 31.887 > A/A
230 4 A 3 1.2 .94 1.242 >= A/B
230 5 B 3 1.4 1.7 .823 <= A/A A
230 6 B 2 2.3 2.7 .863 <= B/A
230 7 A 2 2.5 4.5 .564 <= A/A
230 23 A 4 .47 .35 1.346 >= A/A
230 24 A 4 .69 .38 1.800 >= A/A
231 1 A 4 .59 .57 1.039 >= A/N
231 2 A 4 1.1 .73 1.464 >= A/B
231 3 A 3 1.6 .74 2.091 > A/A
231 4 A 3 2.1 .42 4.998 > A/A
231 5 N 3 1.2 .72 1.723 >= B/A
2311 6 N 3 1.3 2.0 .628 <= A/A
231 7 N 3 2.1 1.7 1.279 >= A/A
233 23 A 3 .76 .58 1.309 >= N/A
233 24 A 3 2.5 .55 4.481 > B/N
234 1 A 3 1.1 .44 2.489 > A/A B
234 2 A 4 .98 .73 1.340 >= A/A
234 3 A 4 1.3 1.3 .973 <= A/B A
234 4 A 4 1.9 1.1 1.703 >= A/a
234 5 A 4 1.2 .79 1.569 >= B/A
234 6 B 3 .77 1.7 .445 < B/A
234 7 N 3 2.0 1.1 1.762 >= A/A
234 24 A 3 .49 .43 1.140 >= A/A
235 1 A 2 1.7 .49 3.533 > A/A I
235 2 A 2 .51 .46 1.121 >= A/A I
235 3 B 2 2.9 .73 4.049 > A/A I
2315 4 B 2 4.4 2.9 1.536 >= A/A
235 5 B 2 2.1 4.7 .444 < N/A I
235 6 B 2 2.5 2.6 .957 <= B/B I
235 7 B 2 4.8 1.6 2.937 > A/A I
235 24 A 3 .73 .54 1.340 >= A/B B
236 1 A 3 1.1 .85 1.331  >= A/A
236 2 A 2 .52 .45 1.176 >= A/B
236 3 B 2 .67 .34 1.962 >= A/B I
236 4 B 2 2.3 .26 8.805 >> A/B I
23 5 B 2 3.7 2.1 1.809 >= A/A
236 6 B 2 1.3 3.7 .347 < A/A I
Rhkhkhhh

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-5 (Page 3 of 4)

SUMMARY OF PREDICTED AND OBSERVED DATA FOR SF6
TRACER AT TRACY POWER PLANT SITE*

TOP 5 AVE CONC DATA (uS/M**3) ELEV OF PRE
PLUME WIND %dkddikikidherrhihihhhdrtedrirss MAX VS Hc/

JUL. HEIGHT SPD TOP 5 TOP 5 PRE/OBS RATIO ELEV OF OBS

DAY HR VS Hc CAT AVE PRE AVE OBS RATIO CAT MAX VS Hc COMMENTS
236 7 B 2 .72 -98 <730 <= A/A I
238 1l B 3 .12 .11 1.118 >= A/A A
238 2 B 3 .24 .20 1.175 >= A/A

238 3 A 2 .15 .30 -488 < A/A

238 4 B 2 4.5 .27 16.536 >> B/a B
238 5 N 2 .56 1.4 -400 < A/A

238 6 B 2 1.8 2.1 -856 <= A/A

238 7 B 2 .91 1.2 . 737 <= A/A

239 1l B 2 1.2 «25 4.753 > A/A

239 2 B 2 2.1 .52 4.118 > A/A

239 3 B 2 3.3 1.8 1.846 >= A/A

239 4 B 2 1.9 1.5 1.294 >= B/B

239 5 B 2 3.1 .81 3.889 > A/A

239 6 B 2 2.1 1.9 1.117 >= A/A

239 7 B 2 2.0 2.8 732 <= A/A

240 1 B 3 <79 .19 4.201 > A/A

240 2 A 3 1.3 .31 4.227 > A/B

240 3 A 2 .87 1.4 .465 < A/A

240 4 B 2 .84 1.6 391 < B/B

240 5 A 2 1.9 3.2 . 608 <= A/A

240 6 B 2 2.0 2.1 945 <= A/A

240 7 B 2 3.1 i.4 2.156 > a4/B

Rl

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-5 (Page 4 of 4)

INTERPRETATION OF CODES:

TABLE ITEM CODE MEANING
PLUME HEIGHT VS Hc N Plume height within 10 m of Hc
A Plume height > Hc + 10 m
B Plume height < Hc - 10 m
WIND SPEED CATEGORY 1 Wind speed less than 1 m/sec
2 Wind speed between 1 and 3 m/sec
3 Wind speed between 3 and 6 m/sec
4 Wind speed greater than or equal to 6 m/sec
RATIO CATEGORY OF
PREDICTED TO OBSERVED
AVERAGES OF HIGHEST
5 CONCENTRATIONS << Ratio < .2
< Ratio is between .2 and .5
<= Ratio is between .5 and 1.0
>m Ratio is between 1.0 and 2.0
> Ratio is between 2.0 and 5.0
>> Ratio is greater than or equal to 5.0
ELEVATION OF MAXIMUM
PREDICTED QR OBSERVED
CONCENTRATION VS Hc N Elevation of maximum is within 10 m of Hc
A Elevation of maximum > Hc + 10.m
B Elevation of maximum < Hc - 10 m
COMMENTS A The location of the predicted maximum coincides
with or is at the closest adjacent receptor
to the location of the observed maximum
B The location of the predicted maximum is at a
receptor close to the location of the observed
maximum (with no more than 1 or 2 receptors
closer to the location of the predicted
maximum)
o] The predicted maximum concentration is on
the far side of the hill/ridge
D The predicted maximum concentration is on
the near side of the hill/ridge
E The observed maximum concentration is on
the far side of the hill/ridge
F The cbserved maximum concentration is on
the near side of the hill/ridge
G The observed maximum concentration occurs
north of the predicted maximum concentration
H The predicted maximum concentration occurs
south of the predicted maximum concentration
T The angle formed by the intersection of the
stack-predicted maximum concentration receptor
and the stack-observed maximum concentration
receptor lines is more than 90 degrees
J Predicted map is all zeroces
X Observed map is all zeroes
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TABLE G-6

SUMMARY OF PREDICTED AND OBSERVED DATA FOR CF3BR
TRACER AT TRACY POWER PLANT SITE*

TOP 5 AVE CONC DATA (uS/M*#*3) ELEV OF PRE
PLUME WIND Aakhdkbhiikkhhhhdkthistkrdrkcsr MAX VS Hc/

JUL. HEIGHT SPD TOP 5 TOP § PRE/OBS RATIO ELEV OF OBS

DAY HR VS Hc CAT AVE PRE AVE OBS RATIO CAT MAX VS Hc COMMENTS
219 4 B 2 1.6 .52 -3.083 > B/B A
213 5 B 2 2.1 l.6 1.351 >= B/A

219 6 B 2 4.3 2.2 - 1.954 >= B/B A
219 7 B 2 2.2 1.8 1.206 >= B/B

220 4 B 2 4.6 1.5 2.948 > B/A B
220 5 B 2 2.7 3.7 .722 <= B/B

220 6 B 2 2.1 2.9 .735 <= A/B

220 7 B 2 1.9 7.8 .248 < B/B

222 21 A 4 .17 .31 .550 <= A/A

222 22 B 4 .61lE-01 .15 .393 < A/A A
222 23 A 4 .79 .55 1.453 >= A/N

222 24 A 3 1.5 49 2.968 > A/B

223 1l N 2 2.5 .80 4.208 > B/A

223 2 B 2 1.4 <86 2.076 > A/B

223 3 B 3 1.1 1.3 .874 <= A/A B
223 4 N 3 3.0 1.5 2.007 > A/A

223 5 B 2 1.7 1.8 1.125 >m B/B

223 6 B 2 1.0 4.0 247 < A/B

223 21 A 3 *52 .51 1.013 >= A/B

223 22 A 3 - 80 1.1 872 <= A/B

223 24 A 3 .93 .57 1.630 >m A/B

224 1l A 3 1.2 .78 1.594 > A/B A
224 2 A 3 2.1 3.9 .537 <= A/A B
224 3 B 2 .99 1.1 .903 = B/B

224 4 B 2 2.2 1.0 2.193 > B/B A
224 5 B 2 .76 4.0 .188 << B/A

224 6 B 2 4.8 4.5 1.051 >= B/A

224 21 A 4 .20 .15 1.340 >= A/N I
224 22 A 3 011 -20 .556 <= A/A I
224 23 A 3 .45 .68 .659 <= A/A

224 24 A 2 .78 .75 1.038 >m= B/A

225 1 A 3 1.5 .79 1.876 >= B/A

225 2 N 2 2.9 1.1 2.614 > A/A A
225 3 B 2 3.6 1.3 2.642 > A/A

225 4 B 2 2.3 3.8 .612 <= A/A A
225 5 B 2 1.8 2.9 .634 <= B/B A
225 6 B 2 1.8 .79 2.263 > A/A I
228 23 A 4 .94 1.5 .611 <= A/B

228 24 A 4 77 1.1 .679 <= A/A

229 1l A 4 .59 1.0 .582 <= A/A B
229 2 A 4 .93 .87 1.068 >= A/A

229 3 A 4 .56 .41 1.353 >= A/B

229 4 A 4 1.2 1.2 .967 <= A/B

229 5 A 3 2.8 2.3 1.256 >= B/A

% de e e de e e

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-6 (Page 2 of 4)

SUMMARY OF PREDICTED AND OBSERVED DATA FOR CF3BR
TRACER AT TRACY POWER PLANT SITE*

TOP 5 AVE CONC DATA (uS/M#**3) ELEV OF PRE
PLUME WIND kdhddkdikhhkikhhhrrdkrhkkrkrrxx® MAX VS Hc/
JUL. HEIGHT SPD TOP.- 5 TOP 5 PRE/OBS RATIO ELEV OF OBS

DAY HR VS Hc CAT AVE PRE AVE OBS RATIO CAT MAX VS Hce COMMENTS
229 6 A 3 1.5 2.1 732 <= B/A

229 7 B 2 1.1 1.7 .640 <= B/A

229 23 A 3 1.2 .38 - 3.062 > B/B A
229 24 A 3 .78 .46 1.693 >= A/A A
230 1 A 4 .93 .36 2.607 > N/A B
230 2 A 4 1.3 .87 1.517 >= A/B

230 3 A 4 2.0 .83 2.362 > A/A

230 4 B 3 1.1 1.4 .783 <= A/B

230 5 B 2 1.7 3.1 .553 <= A/A

230 6 B 3 .96 6.1 .157 << B/A

230 7 B 2 2.7 3.1 .869 <= B/B

230 23 A 4 +45 .31 1.453 > A/A B
230 24 A 3 .58 .39 1.482 >= A/A A
231 1l A 3 .54 .32 1.679 >= aA/N

231 2 A 3 .65 .43 1.506 >= A/A B
231 3 A 3 <94 .60 1.565 >z A/N

231. 4 A 3 1.2 .40 2.941 > A/B

231 5 N 3 1.3 1.0 1.282 >= A/B B
231 6 N 3 1.3 3.2 397 < A/B

231 7 N 3 1.5 3.0 «507 <= A/B B
233 23 A 3 1.2 .68 1.822 >= B/B A
233 24 A 3 3.7 1.3 2.948 > B/A

234 1l A 3 1.9 .84 2.309 > A/A

234 .2 A 4 1.5 2.4 .617 <= A/A

234 3 A 4 1.3 1.4 .956 <= A/A

234 4 A 4 2.0 1.8 1.141 >= A/A

234 5 A 4 1.8 2.6 .685 <= B/N A
234 6 B 3 +76 2.3 327 < B/A

234 7 B 3 3.0 2.4 1.245 >= B/A

234 24 A 2 1.1 .81 1.391 >= A/A

235 1 B 2 1.1 .95 1.154 >m B/B I
235 2 B 2 1.1 .85 1.347 >m= A/A I
235 3 B 2 .24 1.3 «177 << A/B

235 4 B 2 1.2 1.9 .610 <= B/B

235° 5 B 2 1.4 2.3 .630 <= A/B I
235 6 B 2 1.0 4.9 .210 < A/A

235 7 B 2 2.0 3.0 .665 <= B/B

235 24 A 3 1.1 1.1 1.011 >= A/B B
236 1 B 2 1.2 1.3 912 <= B/A

236 2 N 2 1.2 1.2 1.004 >m= A/A

236 3 B 2 .69 2.6 .263 < A/A

236 4 B 2 2.9 2.0 1.454 >= B/A I
236 S B 2 1.7 2.7 . 649 <= B/B A
236 6 B 2 .68 2.8 .246 < . A/A I
Akddddh

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-6 (Page 3 of 4)

SUMMARY OF PREDICTED AND OBSERVED DATA FOR CF3BR
TRACER AT TRACY POWER PLANT SITE*

TOP 5 AVE CONC DATA (uS/M#*#*3) ELEV OF PRE

PLUME WIND  kdkkkkikkdhhhkrikhhrkkhkkoress MAX VS Hc/
JUL. HEIGHT SPD TOP 5 TOP 5 PRE/OBS RATIO ELEV OF OBS
DAY HR VS Hc CAT AVE PRE AVE OBS RATIO CAT MAX VS Hc COMMENTS
236 7 B 2 1.1 1.7 .620 <= B/A
238 1l A 3 .67 .88 .765 <= A/A A
238 2 B 2 .66 .60 1.096 >= A/A A
238 3 B 2 1.3 .61 ) 2.189 > B/B
238 4 B 2 .78 1.1 .704 <= A/A
238 5 B 2 .41 1.2 .340 < A/A I
238 6 B 2 1.3 1.1 1.171 >= A/A
238 7 B 2 .79 3.1 - 257 < B/A
239 1l B 2 3.3 .26 12.458 >> B/A I
239 2 B 2 2.7 .80 3.381 > B/A
239 3 B 2 1.1 6.0 .188 << B/B
239 4 B 2 .87 3.4 .252 < A/B I
239 5 B 2 2.0 2.6 - 760 <= B/B
239 6 B 2 1.9 2.3 - 843 <= B/B
239 7 B 2 3.0 3.1 . 946 <= B/B
240 b A 3 1.8 .66 2.262 > B/B
240 2 B 3 .74 1.3 573 <= N/B
240 3 B 2 1.5 2.3 .652 <= B/B A
240 4 B 2 1.0 2.8 .369 < N/N B
240 S B 2 1.5 2.6 .561 <= A/A
240 6 B 2 1.7 1.8 .906 <= A/A
240 7 B 2 1.3 4.2 .305 < A/B B

AhRRhRR
*SEE INTERPRETATION OF CODES AT END OF TABLE
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INTERPRETATION OF CODES:

TABLE ITEM

PLUME HEIGHT VS Hc

WIND SPEED CATEGORY

RATIO CATEGORY OF
PREDICTED TO OBSERVED
AVERAGES OF HIGHEST

5 CONCENTRATIONS

ELEVATION OF MAXIMUM
PREDICTED OR OBSERVED
CONCENTRATION VS Hc

COMMENTS

CODE

AWUNPFE D=

H B & =5 M O 0

N u

TABLE G-6 (Page 4 of 4)

MEANING

Plume height within 10 m
Plume height > Hc + 10 m
Plume height < Hc - 10 m

Wind speed less than 1 m/sec

Wind speed between 1 and 3 m/sec

Wind speed between 3 and 6 m/sec

Wind speed greater than or equal to 6 m/sec

Ratio < .2

Ratio is between .2 and .5

Ratio is between .5 and 1.0

Ratio is between 1.0 and 2.0

Ratio is between 2.0 and 5.0

Ratio is greater than or equal to 5.0

Elevation of maximum is within 10 m of Hc
Elevation of maximum > Hc + 10 m
Elevation of maximum < Hc - 10 m

The location of the predicted maximum coincides
with or is at the closest adjacent receptor
to the location of the observed maximum

The location of the predicted maximum is at a
receptor close to the location of the observed
maximum (with no more than 1 or 2 receptors
closer to the location of the predicted
maximum) '

The predicted maximum concentration is on
the far side of the hill/ridge

The predicted maximum concentration is on
the near side of the hill/ridge

The observed maximum concentration is on
the far side of the hill/ridge

The observed maximum concentration is on
the near side of the hill/ridge

The observed maximum concentration occurs
north of the predicted maximum concentration

The predicted maximum concentration occurs
south of the predicted maximum concentration

The angle formed by the intersection of the
stack-predicted maximum concentration receptor
and the stack-observed maximum concentration
receptor lines is more than 90 degrees

Predictad map is all zerces

Observed map is all zerces
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TABLE G-7

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = CINDER CONE BUTTE TRACER = SF6

CASE 1: WIND SPEED CATEGORY 1, PLUME HEIGHT BELOW Hc: NO CASES

CASE 2: WIND SPEED CATEGORY 1, PLUME HEIGHT NEAR Hc: NO CASES

1, PLUME HEIGHT ABOVE Hc: NO CASES

CASE 3: WIND SPEED CATEGORY

CASE 4: WIND SPEED CATEGORY 2, PLUME HEIGHT BELOW Hc*
DISTRIBUTION OF HOURS BY RATIO

ELEV OF PRE CATEGORY OF TOP S AVE. PREDICTED TO

MAX VS Hc/ TOP S5 AVE. OBSERVED CONCENTRATIONS

ELEV OF OBS ihkddkhhhdhdhhdhhhhhhhhkhhhierkhrhhsr TOTAL

MAX VS He << < <= > > >> HOURS

B/B
B/N
B/A
N/B
N/N
N/A
A/B
A/N
A/A

COO0OO0OO0DO0O0OCOKr
O0O0O0O0O0OOCHN
COO0O0OO0ORFRFHON
0O00O0OO0ONMONMND
[« NeNoNeNel ViNoN 0]
OCOOPRPROKFPOON

TOTALS

W
>
[
o
o
N
N
o

de e e e e de
*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 5: WIND SPEED CATEGORY = 2, PLUME HEIGHT NEAR Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO
MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS  dkdhdkukhkidhhhhhdhhhhhirhhhhorrtri® TOTAL

MAX VS Hc << < <= > > >> HOURS
B/B 0 0 0 0 0 o} 0
B/N 0 0 0 0 0 0 0
B/A 0 0 0 0 0 0 0
N/B 0 0 1 1 0 2 4
N/N 0 0 0 0 1 1 2
N/A (V] 0 0 0 0 0 0
A/B 0 0 0 0 0 0 0
A/N o 0 1 0 0 1 2
A/A 0 o] 0 0 0 0 o
TOTALS o] 0 2 1 1 4 8

% K e de Kk

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-7 (Page 2 of 4)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = CINDER CONE BUTTE TRACER = SF6

CASE 6: WIND SPEED CATEGORY = 2, PLUME HEIGHT ABOVE Hc: NO CASES

CASE 7: WIND SPEED CATEGORY = 3, PLUME HEIGHT BELOW Hc¥*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS #*khkkRAakhhdhhhhhhbdhhdkdhdhhhkerrtrrr TOTAL

MAX VS Hc << < <= >m > >> HOURS
B/B 0 0 0 0 0 0 0
B/N 1 0Q 0 0 0 0 1
B/A 0 0 0 0 0 0 0
N/B 2 0 0 0 0 0 2
N/N 0 0 0 0 0 0 0
N/A 0 0 0 0 0 0 0
A/B 0 0 1 0 0 0 1l
A/N 0 0 0 o 0 0 0
A/A 0 1 0 0o 0 0 1
TOTALS 3 1 1l 0 0 0 S

T T T LY
*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 8: WIND SPEED CATEGORY = 3, PLUME HEIGHT NEAR Hc*

"DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS #akikdwkhhhdhdkthhdkhihrdrhhndrhkhairs . TOTAL

MAX VS He << < <= >m > >> HOURS
B/B 0 0 0 (0] 0 0 0
B/N (o] 0 0 0 0 0 0
B/A 0 0 0 0 0 0 0
N/B 0 o 0 0 1 1l 2
N/N 0 0 1 (o} 0 0 1
N/A 0 1 0 0 2 0 3
A/B (o} 0 0 o] 0 0 0
A/N 0 0 2 0 (s} 0 2
A/A 0 1 2 0 0 0 3
TOTALS 0 2 5 0 3 1 11

(22222 X

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-7 (Page 3 of 4)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = CINDER CONE BUTTE TRACER = SF6

CASE 9: WIND SPEED CATEGORY = 3, PLUME HEIGHT ABOVE Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS adkkdddhkkdkidhnhkdkihrnkirtrhbhiresr TOTAL

MAX VS He << < <= >a "> >> HOURS
B/B (o] 0 0 0 0 0 0
B/N 0 0 0 0 0 0 0
B/A 0 o 0 0 0 0 Q
N/B 0 1 0 (4} Qo s} 1
N/N 0 0 0 0 0 1 1
N/A 0 0 0 1 0 0 1
A/B 0 0 0 0 1 (o} 1
A/N 0 0 0 1 1l 0 2
A/A o} 1 0 3 1 4 9
TOTALS 0 2 0 ) 3 5 is

e o de ek e
*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 10: WIND SPEED CATEGORY = 4, PLUME HEIGHT BELOW Hc: NO CASES
CASE 11: WIND SPEED CATEGORY = 4, PLUME HEIGHT NEAR Hc: NO CASES

CASE 12: WIND SPEED CATEGORY = 4, PLUME HEIGHT ABOVE Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS He/ TOP S AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS #¥hkkdkdhhhhihkihkhhhhddhhhihhherrrrs TOTAL

MAX VS Hc << < <= >m > >> HOURS
B/B 1 0 (o} (o} 0 0 1
B/N 0 0 0 0 0 0 0
B/A 0 0 0 0 0 0 (o4
N/B 3 0 0 0 0 0 3
N/N (o] 0 0 0 0 0 0
N/A 1 0 0 0 0 0 1
A/B 0 0 1 0 0 0 1
A/N o} 0 1 i Q 0 2
A/A 3 6 7 3 0 0 19
TOTALS 8 6 9 4 0 (o 27

Jo e Je e e Je %

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-7 (Page 4 of 4)

INTERPRETATION OF CODES:

TABLE ITEM CODE MEANING
WIND SPEED CATEGORY. 1 Wind speed less than 1 m/sec
2 Wind speed between 1 and 3 m/sec
3 Wind speed between 3 and 6 m/sec
4 Wind speed greater than or equal to 6 m/sec
“RATIO CATEGORY OF
PREDICTED TO OBSERVED
AVERAGES OF HIGHEST -
5 CONCENTRATIONS << Ratio < .2
< Ratio is between .2 and .5
<= Ratio is between .5 and 1.0
>m Ratio is between 1.0 and 2.0
> Ratio is between. 2.0 and 5.0
>> Ratio is greater than or equal to 5.0
ELEVATION OF MAXIMUM
PREDICTED OR OBSERVED
CONCENTRATION VS Hc N Elevation of maximum is within &5 m of Hc
A Elevation of maximum > Hc + S m
B Elevation of maximum < Hc - 5 m
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TABLE G-8

SUMMARY STATISTICS OF CTDM MODEL EVALUATION

SITE = CINDER CONE BUTTE TRACER = CF3BR
CASE 1: WIND SPEED CATEGORY = 1, PLUME HEIGHT BELOW Hc: NO CASES
CASE 2: WIND SPEED CATEGORY = 1, PLUME HEIGHT NEAR Hc: NO CASES

CASE 3: WIND SPEED CATEGORY = 1, PLUME HEIGHT ABOVE He¢: NQ CASES

CASE 4: WIND SPEED CATEGORY = 2, PLUME HEIGHT BELOW Hc¥*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS hkhkhdhhukhhhhdhhhhhhhhihrhkhheinrss TOTAL

MAX VS Hce << < <= > > >> HOURS
B/B 0 0 0 0 0 i 1
B/N 0 0 0 0 0 0 0
B/A 0 0 o} 0 0 o 0
N/B 0 0 0 0 0 0 0
N/N 0 0 0 0 o} 0 0
N/A Q 0 0 0 0 0 v}
A/B 0 0 0 0 0 0 0
A/N 0 0 0 0 0 0 0
A/A 0 0 0 0 0 0 0
TOTALS o] 0 0 0 0 1 i

dekkkkede |
*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 5: WIND SPEED CATEGORY = 2, PLUME HEIGHT NEAR Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP S AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS dkkhakkhhhhrhhhidhhkihrhhiorakists TOTAL

MAX VS Hc << < <= >= > >> HOURS
B/B 0 0 0 0 0 0 0
B/N 0 0 Q 0 o] o] 0
B/A 0 0 0 0 o] 0 0
N/B 0 0 0 (o} o] 0 0
N/N 0 0 0 0 0 0 o}
N/A o} 0 0 0 0 0 0
A/B 0 0 0 0 0 o 0
A/N 0 0 0 0 0 (o} 0
A/A 0 0 0 0 0 1 1
TOTALS 0 0 0 0 0 1 1

% Je ek %k

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-8 (Page 2 of 5)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = CINDER CONE BUTTE TRACER = CF3BR

CASE 6: WIND SPEED CATEGORY = 2, PLUME HEIGHT ABOVE Hc*

DISTRIBUTION OF HOURS BY RATIO

ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS

ELEV OF OBS #%dhdRkhhhhdhhhhhhhhhhhhhhhhhihkhrier TOTAL

MAX VS Hce << < <= >= . > >> HOURS
B/B
B/N
B/A
N/B
N/N
N/A
A/B
A/N
A/A

O 000000000

[eNeNoNeNoRaNo oo
o 000000000
o 000000000
[ oOo0oO0OHOOOOO
[ od HOOOOO0OOOO

POOKHROOCOOO

TOTALS

o
[V

dodedhdede e
*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 7: WIND SPEED CATEGORY = 3, PLUME HEIGHT BELOW Hc*

DISTRIBUTION OF HOURS BY RATIO

ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 'S AVE. OBSERVED CONCENTRATIONS

ELEV OF OBS “#*kAdkthhhhhdhhhhhhhhhhhhhhihhrhiers TOTAL

MAX VS Hc << < <= >= > >> HOURS
B/B
B/N
B/A
N/B
N/N
N/A
A/B
A/N
A/A

o 000000000
000000000
0OO00O0OO0O0OKHOO

o 000000000
000000000

o [eNeNeoNoNoNeoNoNoNe)
0O0QCOO0OOKHOO

o
-

TOTALS

o
[

ddek A
*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-8 (Page 3 of 5)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = CINDER CONE BUTTE TRACER = CF3BR

CASE 8: WIND SPEED CATEGORY = 3, PLUME HEIGHT NEAR Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ ~ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS kdddkdhkhdkhiohkkehiithhhiarhierrs TOTAL

MAX VS He << < <= > > >> HOURS
B/B 1 0 0 0 0 0 1
B/N 0 0 0 0 0 0 0
B/A 0 0 0 0 0 o} 0
N/B 0 0 0 0 1l 1 2
N/N 0 0 0 0 1 1 2
N/A 0 0 0 0 1 1 2
A/B o 0 0 0 0 0 0
A/N 0 0 2 0 0 0 2
A/A 0 0 0 0 0 0 0
TOTALS 1l 0 2 0 3 3 9

hkkdhhh
*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 9: WIND SPEED CATEGORY = 3, PLUME HEIGHT ABOVE Hc*

. DISTRIBUTION OF HOURS BY RATIO

ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS

ELEV OF OBS EZEREZEXEIT LR LT LR L LR R Y LY 22 LR R TQTAL
MAX VS Hc << < <= >= > >> HOURS

HOONDOOOO
000000000
HOOKFRFPOOOCO
WHOWVWREFPOODDO

A/A
TOTALS

Z

N

z
[ d [eNeNeNoNoN o NoNo]
N OFRPOHOOO0OO0O
[+ HPOOWMWODOOOCO

[N )
o
w
-
n

LI T TR
*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-8 (Page 4 of 5)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = CINDER CONE BUTTE TRACER = CF3BR

CASE 1.0: WIND SPEED CATEGORY = 4, PLUME HEIGHT BELOW Hc: NO CASES
CASE 1ll: WIND SPEED CATEGORY = 4, PLUME HEIGH& NEAR Hc: NO CASES

CASE 12: WIND SPEED CATEGORY = 4, PLUME HEIGHT ABOVE Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS ##adhkdhhakhdhhhadkdrhkkrnhrhrratidirsr TOTAL

MAX VS He << < <m >= > >> HOURS

B/B
B/N
B/A
N/B
N/N
N/A
A/B
a/N
A/A

[ d POOOOOOOO
N NOOOOOCOOO
> POOODOOOOO
[ o HOOOOOOOO
o 000000000
N NOOOOOOOO

SCDOCDO(DOCDO

'TOTALS

[
o

Rhehdedhdh
*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-8 (Page 5 of S)

INTERPRETATION OF CODES:

TABLE ITEM CODE MEANING
WIND SPEED CATEGORY 1 Wind speed less than 1 m/sec
2 Wind speed between 1 and 3 m/sec
3 Wind speed between 3 and 6 m/sec
4 Wind: speed greater than or egqual to 6 m/sec
RATIO CATEGORY OF
PREDICTED TO OBSERVED
AVERAGES OF HIGHEST -
5 CONCENTRATIONS << Ratio < .2
< Ratio is between .2 and .5
<= Ratio is between .5 and 1.0
>m Ratio is between 1.0 and 2.0
> Ratio is between 2.0 and 5.0
>> Ratio is greater than or equal to 5.0
ELEVATION QOF MAXIMUM
PREDICTED OR OBSERVED
CONCENTRATION VS Hc N Elevation of maximum is within 5 m of Hc
A Elevation of maximum > Hc + 5 m
B Elevation of maximum < Hc = 5 m
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TABLE G-9

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = HOG BACK RIDGE

TRACER = SF6

CASE 1: WIND SPEED CATEGORY = 1, PLUME HEIGHT BELOW Hc:

CASE 2: WIND SPEED CATEGORY = 1, PLUME HEIGHT NEAR Hc:

CASE 3: WIND SPEED CATEGORY = 1, PLUME HEIGHT ABOVE Hc:

CASE 4: WIND SPEED CATEGORY = 2, PLUME HEIGHT BELOW Hc*

DISTRIBUTION OF HOURS BY RATIO

ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS

ELEV OF QBS ##%*Rkahhhhhdhhhhhhhhhhhhhihhhhrhihier TOTAL

MAX VS Hc << < <= >= > >> HOURS
B/B 0 0 1 0 2 1 4
B/N 0 0 0 0 3 0 3
B/A 0 1 0 4 8 ) 13
N/B 0 0 0 0 0 0 0
N/N 0 0 0 0 0 1 1
N/A 0 0 1 1 0 0 2
A/B 0 0 0 0 0 -0 0
a/N () 0 0 0 0 0 )
A/A 0 0 0 0 0 0 0
TOTALS 0 1 2 5 13 2 23

Rddeddedeh
*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 5: WIND SPEED CATEGORY = 2, PLUME HEIGHT NEAR Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS

ELEV QF OBS [TETTTIZIYIRIE TR Z2 22222222 22 22 X 2 1 TOTAL

MAX VS Hce << < <= > > >> HOURS
B/B 0 0 0 0 0 0 0
B/N 0 0 0 0 0 1 1l
B/A 0 0 0 (o] 1l 1 2
N/B 0 0 0 o] 3 0 3
N/N 0 0 0 o} 1 1l 2
N/A 0 0 0 ] 1 (o} 1
A/B 0 0} 0 0 0 0 0
A/N 0 0 0 0 0 0 0
A/A 0 0 0 0 1 0 1
TOTALS 0 0 0 0 7 3 10

RkRhdhdhe
*SEE INTERPRETATION OF CODES AT END OF TABLE

3835

NO CASES
NO CASES

NO CASES



TABLE G-9 (Page 2 of 4)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = HOG BACK RIDGE TRACER = SF6

CASE 6: WIND SPEED CATEGORY = 2, PLUME HEIGHT ABOVE Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS Skkkdkdkhhdkhiikihhhitihhhirhheherss TOTAL

MAX VS He << < <= >m - > >> HOURS
B/B 0 0 0 1 (o} 0 1
B/N 0 0 0 0 0 0 0
B/A (o} 1 0 0 1 0 2
N/B 0 0 0 0 1l 0 1
N/N 0 (o 0 0 0 0 0
N/A 0 0 0 3 1 0 4
A/B 0 0 0 0 0 0 0
A/N (o} 0 0 0 0 2 2
A/A 0 0 0 0 2 2 4
TOTALS 0 1 0 4 5 4 i4

T T
*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 7: WIND SPEED CATEGORY = 3, PLUME HEIGHT BELOW Hc: NO CASES

CASE 8: WIND SPEED CATEGORY = 3, PLUME HEIGHT NEAR Hc: NO CASES

CASE 9: WIND SPEED CATEGORY = 3, PLUME HEIGHT ABOVE Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS He/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS  hkidhhhkhhhkhhhhhhhhbirriehhrhrkesrsd TOTAL

MAX VS Hc << < <= = > >> HOURS
B/B 0 0 0 0 0 0 0
B/N 0 v} 0 0 0 0 0
B/A 0 o} 0 0 0 0 0
N/B 0 (o} 0 -0 0 0 0
N/N 0 0 0 0 0 0 0
N/A 0 0 0 2 0 (o} 2
A/B 0 0 0 0 0 0 0
A/N 0 0 0 0 0 0 0
A/A 0 0 0 0 1 1 2
TOTALS 0 0 (o] 2 1l 1 4

Je ¢ Je Jo e ke

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-9 (Page 3 of 4)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = HOG BACK RIDGE TRACER = SF6

CASE 10: WIND SPEED CATEGORY = 4, PLUME HEIGHT BELOW Hc: NO CASES
CASE_11: WIND SPEED CATEGORY = 4, PLUME HEIGHT NEAR Hc: NO CASES

CASE 12: WIND SPEED CATEGORY = 4, PLUME HEIGHT ABOVE Hc: NO CASES
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TABLE G-9 (Page 4 of 4)

INTERPRETATION OF CODES:

TABLE ITEM CODE
WIND SPEED CATEGORY 1
2
3
4
RATIO CATEGORY OF
PREDICTED TO COBSERVED
AVERAGES OF HIGHEST
5 CONCENTRATIONS <<
<
<=
>
>
>>
ELEVATION OF MAXIMUM
PREDICTED OR OBSERVED
CONCENTRATION VS Hc N
A
B

Wind
Wind
Wwind
Wind

Ratio
Ratio
Ratio
Ratio
Ratio
Ratio

MEANING

speed less than 1 m/sec

speed between 1 and 3 m/sec

speed between 3 and 6 m/sec

speed greater than or equal to 6 m/sec

< .2

is between .2 and .5

is between .5 and 1.0

is between 1.0 and 2.0

is between 2.0 and 5.0

is greater than or equal to 5.0

Elevation of maximum is within 5 m of Hc
Elevation of maximum > Hc + 5 m
Elevation of maximum < Hc = 5 n
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TABLE G-10

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = HOG BACK RIDGE TRACER = CF3BR
CASE 1: WIND SPEED CATEGORY = 1, PLUME HEIGHT BELOW Hc: NO CASES

CASE 2: WIND SPEED CATEGORY 1, PLUME HEIGHT ﬁEAR Hc: NO CASES

CASE 3: WIND SPEED CATEGORY

1, PLUME HEIGHT ABOVE Hc: NOQ CASES

CASE 4: WIND SPEED CATEGORY = 2, PLUME HEIGHT BELOW Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP S5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS #ik%khhhkhdhdhhdhhddhihhdhrhhairirhoenrsr. TOTAL

MAX VS Hc . << < <m >m= > >> HOURS
B/B 1 6 2 S 3 1 18
B/N 0 2 2 3 0 0 7
B/A 0 2 2 0 0 1 5
N/B 0 0 0 0 0 1 1
N/N 0 (o} 1 0 0 0 1
N/A (v} 2 0 0 0 0 2
A/B 0 0 0 0 o} (o} 0
A/N 0 0 0 0 0 (o] 0
A/A 0. 0 1 1 0 o} 2
TOTALS 1 12 8 9 3 3 36

Rdededek e
*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 5: WIND SPEED CATEGORY = 2, PLUME HEIGHT NEAR Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS He/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS #haddhkahkdahhhihhdhthirhbdrhrrherss TOTAL

MAX VS Hc << < <= >m > >> HOURS
B/B 0 (o] 1 o] 0 0 1
B/N 0 0 0 0 o] 0 0]
B/A 0 0 o] 0 (o] o 0
N/B 0 0 1 0 0 0 1
N/N (] 0 0 (o} .0 0 0
N/A 0 0 0 0 0 0 0
A/B 0 0 0 0 0 0 0
A/N 0 0 0 0 0 0 0
A/A 0 0 2 0 0 1l 3
TOTALS o] Q 4 Q Q 1 5

wkdedkhhh
*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-10 (Continued)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = HOG BACK RIDGE TRACER = CF3BR

CASE 6: WIND SPEED CATEGORY = 2, PLUME HEIGHT ABOVE Hc*

DISTRIBUTION OF HQURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hec/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS hakkhkwkdhhhhhhkhhrhhrtkhkhrkihkrrdsx TOTAL

MAX VS He << < <= >= - > >> HOURS
B/B 0 0 0 0 1 0 1l
B/N 0 0 (o] 0 0 0 0
B/A 0 (o} 0 0 (¢} 0 0
N/B 0 0 0 0 0 0 0
N/N 0 0 0 0 0 0 0
N/A 0 0 (o} 0 0 0 0
A/B 0 0 0 0 0 0 0
A/N 0 (o] 0 0 0 o} 0
A/A 0 0 0 0 0 0 0
TOTALS 0 (o} Q 0 1 (o} 1

® ke oh
#SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 7: WIND SPEED CATEGORY = 3, PLUME HEIGHT BELOW Hc: NO CASES

CASE 8: WIND SPEED CATEGORY = 3, PLUME HEIGHT NEAR Hc: NO CASES

CASE 9: WIND SPEED CATEGORY 3, PLUME HEIGHT ABOVE Hc: NO CASES
CASE 10: WIND SPEED CATEGORY = 4, PLUME HEIGHT BELOW Hc: NO CASES

CASE 11: WIND SPEED CATEGORY

1]
-
-

PLUME HEIGHT NEAR Hc: NO CASES

CASE 12: WIND SPEED CATEGORY

[’
S
~

PLUME HEIGHT ABOVE Hc: NO CASES
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TABLE G-10 (Continued)

INTERPRETATION OF CODES:

TABLE ITEM CODE MEANING
WIND SPEED CATEGORY 1 Wind speed less than 1 m/sec
2 Wind speed between 1 and 3 m/sec
3 Wind speed between 3 and 6 m/sec
4 Wind speed greater than or equal to 6 m/sec
RATIO CATEGORY OF
PREDICTED TC OBSERVED -
AVERAGES OF HIGHEST
5 CONCENTRATIONS << Ratio < .2
’ < Ratio is between .2 and .5
<= Ratio is between .5 and 1.0
>= Ratio is between 1.0 and 2.0
> Ratio is between 2.0 and 5.0
>> Ratio is greater than or equal to 5.0
ELEVATION OF MAXIMUM
PREDICTED OR OBSERVED
CONCENTRATION VS Hc N Elevation of maximum is within 5 m of Hc
A Elevation of maximum > Hc + 5 m
B Elevation of maximum < Hc - 5 m
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TABLE G-11

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = TRACY POWER PLANT TRACER = SF6

CASE 1: WIND SPEED CATEGORY 1, PLUME HEIGHT BELOW Hc: NO CASES

CASE 2: WIND SPEED CATEGORY = 1, PLUME HEIGHT NEAR Hc: NO CASES

CASE 3: WIND SPEED CATEGORY 1, PLUME HEIGHT ABOVE He¢: NO CASES

CASE 4: WIND SPEED CATEGORY = 2, PLUME HEIGHT BELOW Hc¥*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP S5 AVE. PREDICTED TO
MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS #%karddddkdddhhhirddhhhdhhhrrrhrisrs TOTAL

MAX VS Hc << < <= > > >> HOURS

2z
~
=z
0O 000000000
4 wooroOoOOOOK
JoocoookrHOWN
NOHOOOOOK
® OAONOOOOOO
N cOrHOOOKHOO
)
O MOoOLHOONOS

TOTALS

-
o
(e}
[

L E T T
*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 5: WIND SPEED CATEGORY = 2, PLUME HEIGHT NEAR Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS He/ TOP S5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS  khkdhkdhdddiihrkhihirhiohhohtonrex TOTAL

MAX VS Hc << < <m >m > >> HOURS
B/B 0 0 o 0 0 0 0
B/N 0 0 0 0 0 0 0
B/A 0 0 0 0 0 0 0
N/B 0 0 0 0 0 0 (v}
N/N 0 0 0 0 0 0 0
N/A 0 0 0 0 0 0 0
A/B 0 0 0 0 0 0 0
A/N 0 0 0 0 1 0 1
A/A 0 1 0 1 0 0 2
TOTALS 0 1 0 1 1 0 3

e e o e e ke
*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-11 (Page 2 of 5)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = TRACY POWER PLANT TRACER = SF6

CASE 6: WIND SPEED CATEGORY = 2, PLUME HEIGHT ABOVE Hc*

DISTRIBUTION OF HOURS BY RATIO

ELEV OF PRE CATEGORY OF TOP S AVE. PREDICTED TO

MAX VS Hc/ TOP S AVE. OBSERVED CONCENTRATIONS

ELEV OF OBS de Je J¢ de de Je e Je do Je de de e Je Jo e Je Je de Je Je de e do Jede de dedededede ek R TOTAL

MAX VS Hc << < <= >m > >> HOURS
B/B
B/N
B/A
N/B
N/N
N/A
A/B
A/N
A/A

o 00000000 O
WOOOOOOOO
N NOOOOOOOO
n ~fPOHFHOOO0OOCOO
[ HOOOOODOOO
o [ NeNeNoNeNeoNoNoNeo]
[
OOFrrOO0OOCOO

TOTALS

w
[
[

hhkRhdhh
*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 7: WIND SPEED CATEGORY = 3, PLUME HEIGHT BELOW Hc+

DISTRIBUTION OF HOURS BY RATIO

ELEV OF PRE CATEGORY OF TOP S AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS

ELEV OF 0OBS ot e o P e e e o e e o Je I e e e e e Jo e Je de e de de e de de e dode e dede e TOTAL

MAX VS He << < <= >= > >> HOURS
B/B
B/N
B/A
N/B
N/N
N/A
A/B
A/N
A/A

000000000
- 000000 rOO
~N NOOOOOOOO
NOOOOOO0OO0OO
[ ] NC)O()O(DO(SO
o 000000000
hNOOOO0OOKHOO

(=]
[§]
~

TOTALS

R ek A
*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-11 (Page 3 of 5)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION

SITE = TRACY POWER PLANT

CASE 8: WIND SPEED CATEGORY =-3,

DISTRIBUTION OF HOURS
ELEV OF PRE CATEGORY OF TOP S5 AVE

TRACER = SF6

PLUME HEIGHT NEAR Hc*

BY RATIO
. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS

ELEV OF OBS  hukadkddhhhhhhhdhhddd

de e ¢ Je Je Je e o o e o e KR TOTAL

MAX VS Hc << < <= >= - > >> HOURS
B/B 0 0 0 0 0 0 0
B/N 0 0 0 0 0 0 0
B/A 0 0 0 1 0 0 l
N/B 0 (o} 0 0 0 0 0
N/N o} 0 0 0. 0 0 0
N/A 0 0 0 0 0 0 o]
A/B 0 0 0 1 0 0 1l
A/N 0 0 0 0 0 o] 0]
A/A 0 1 2 3 0 0 6
TOTALS 0 1 2 S 0 0 8

o e o o e o
*SEE INTERPRETATION OF CODES AT

CASE 9: WIND SPEED CATEGORY = 3,

END OF TABLE

PLUME HEIGHT ABOVE Hc*

DISTRIBUTION OF HOURS BY RATIO

ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS He/ TOP 5 AVE. OBSERVED CONCENTRATIONS

ELEV QF QBS dededehh Rk hddddi i id TQTAL

MAX VS Hc << < L= >m= > >> HOURS
B/B 0 o] 0 0 0 0 0
B/N 0 0 0 0 1 0 1
B/A 0 Q Q i 0 0 1
N/B 0 0 (o] o] 0 0 0
N/N 0 0 Q o] 0 0 0
N/A 0 0 0 i 0 0 1
A/B 0 1l 0 4 1 0 6
A/N 0 1l 1l 0 0 0 2
A/A 2 0 1 5 9 0 17
TOTALS 2 2 2 11 11 0 28

22T YT
*SEE INTERPRETATION OF CODES AT

CASE 10: WIND SPEED CATEGORY = 4,

CASE 1l: WIND SPEED CATEGORY = 4,

END OF TABLE

PLUME HEIGHT BELOW Hc:

PLUME HEIGHT NEAR Hc:
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TABLE G-11 (Page 4 of 5)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = TRACY POWER PLANT TRACER = SF6

CASE 12: WIND SPEED CATEGORY = 4, PLUME HEIGHT ABOVE Hc*
DISTRIBUTION OF HOURS BY RATIO

ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS He/ TOP 5 AVE. OBSERVED CONCENTRATIONS

ELEV OF OBS idkidhhhkhdhdhhdihrhhhihhhhidekrhrsr TOTAL

MAX VS Hce << < <= >m > >> HOURS
B/B
B/N
B/A
N/B
N/N
N/A
A/B
A/N
A/A

o 000000000
WOHOOOOOO
NOHOOO0OO0OOO

[ 4] MHEFFPOOOKFROO

V] NOOOOOOOCO
[*NeRoNoNoNoNeoNeNo)
SD—'“OOOHOO

TOTALS

S
W
o
[ ed
<3

dededeedede
*SEE INTERPRETATION OF CODES AT END OF TABLE
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INTERPRETATION OF CODES:

TABLE ITEM

WIND SPEED CATEGORY

RATIO CATEGORY OF
PREDICTED TO OBSERVED
AVERAGES OF HIGHEST

5 CONCENTRATIONS

ELEVATION OF MAXIMUM
PREDICTED OR OBSERVED
CONCENTRATION VS Hc

TABLE G-11
CODE
1 wind
2 Wwind
3 wWind
4 wind
<< Ratio
< Ratio
<= Ratio
>= Ratio
> Ratio
>> Ratio
N Eleva
A Eleva
B Eleva

(Page 5 of 5)

MEANING

speed less than 1 m/sec

speed between 1 and 3 m/sec

speed between 3 and 6 m/sec

speed greater than or equal to 6 m/sec

< .2

is between .2 and .5

is between .5 and 1.0

is between 1.0 and 2.0

is between 2.0 and 5.0

is greater than or equal to 5.0

®

tion of maxinmum is within 10 m of Hc
tion of maximum > Hc + 10 m
tion of maximum < Hec = 10 m
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TABLE G-12

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
= TRACY POWER PLANT TRACER = CF3BR

SITE

CASE 1l: WIND SPEED CATEGORY

CASE 2: WIND SPEED CATEGORY

CASE 3: WIND SPEED CATEGORY

CASE 4: WIND SPEED CATEGORY

DISTRIBUTION OF
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

1,
1,

1,

2,

PLUME HEIGHT BELOW Hc:
PLUME HEIGHT NEAR Hc:

PLUME HEIGHT ABOVE Hc:

PLUME HEIGHT BELOW Hc*

HOURS BY RATIO

MAX VS Hce/ TOP S AVE. OBSERVED CONCENTRATIONS

ELEY OF OBS ddehdekhhhkhdhhihhhiedehdRieRiddedededddedid TOTAL

MAX VS He << < <= > > >> HOURS
B/B 1 1 11 4 3 0 20
B/N 0 0 0 0 0 0 0
B/A 1 1 3 3 2 1 11
N/B 0 0 0 0 0 0 0
N/N 0 1 0 0 0 0] b
N/A 0 0 0 0 0 (o} 0]
A/B 1 3 2 0 1 0 7
A/N 0 0 o] 0 0 0 0
A/A 0 4 5 3 2 0 14
TOTALS 3 10 21 10 8 1 53

hhdhhi

*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE S: WIND SPEED CATEGORY = 2, PLUME HEIGHT NEAR Hc*

DISTRIBUTION OF HOURS BY RATIO

ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS

ELEV OF OBS #AkAdRhhAdARARRhrikrhhhitkhihrhrieers TOTAL

MAX VS Hc << < <= >m= > >> HOURS
B/B 0 0 0 0 0 0 0
B/N 0 o 0 0 o 0 0
B/A 0o 0 0 0 1 0 1
N/B 0 0 0 0 0 0 0
N/N 0 (o} 0 0 0 (s} 0
N/A 0 0 0 0 0 0 0
A/B 0 0 0 0 0 0 0
A/N o 0 0 0 0 0 0
A/A (o} (o} 0 1 1 0 2
TOTALS 0 0 0 1 2 0 3

J0 % % dede e de

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-12 (Page 2 of 5)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = TRACY POWER PLANT TRACER = CF3BR

CASE 6: WIND SPEED CATEGORY = 2, PLUME HEIGHT ABOVE Hc*
DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS He/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS #akadkhhkhhkhbdhhrhhhkhkhrserrhrrsr TOTAL

MAX VS Hc << < <= >= - > >> HOURS
B/B 0 0 0 0 0 0 0
B/N 0 0 0 0 0 0 0
B/A 0 0 0 1 0 0 1
N/B o] 0 0 0 0 0 o}
N/N o} s} 0 0 0 0 s}
N/A 0 0 0 (4] 0 [¢] 4]
A/B 0 0 0 o] (o] 0 0
A/N (o) 0 0 o] 0 0 0
A/A 0 0 0 1 0 0 1
TOTALS 0 0 0 2 0 0 2

LT T T T
*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 7: WIND SPEED CATEGORY = 3, PLUME HEIGHT BELOW He*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY QF TOP S5 AVE. PREDICTER TO

MAX VS Hc/ TOP S AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS #ikkkkhbkdhihndehdhdbiaddrhbrhihhhrs TOTAL

MAX VS Hc << < <= p-X > >> HOURS
B/B 0 0 (o} (0] (s} [} 0
B/N o] o} 0 0 0 0 0
B/A 1 1 0 1 0 0 3
N/B v} V] i 0 0 0 1
N/N 0 0 e 0 0 0 0
N/A (o} 0 0 0 0 0 0
A/B 0 0 1 0 0 0 1
A/N 0 0 0 0 0 0 0
A/A 0] 0 1 0 0 0 1
TOTALS 1 1 3 1 0 0 6

RhddRdhh
*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-12 (Page 3 of 5)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = TRACY POWER PLANT TRACER = CF3BR

CASE 8: WIND SPEED CATEGORY = 3, PLUME HEIGHT NEAR Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS He/ TOP 5 AVE. OBSERVED CONCENTRATIONS )
ELEV OF OBS hkhkdkadrhitdhkirthhrrarrhrrtrords® TOTAL

MAX VS Hc << < <= >= - > >> HOURS
B/B 0 0 Q 0] 0 0 0
B/N 0 0 0 o 0 0 0
B/A 0 0 0 0 0 0 o
N/B Q o] 0 0 0 o 0
N/N 0 0 0 o] 0 0 0
N/A 0 0 0 0 0 0 0
A/B 0 1l 1l 1l 0 0 3
A/N 0 0 0 0 0 0 0
A/A Q 0 0 0 1 0 1
TOTALS 0 1l 1l 1l 1l Q 4

e de e ek
*#SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 9: WIND SPEED CATEGORY = 3, PLUME HEIGHT ABOVE Hc>*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF OBS ‘#h%kdhakthhkhddhddddddhrtthhndrhrhberer TOTAL

MAX VS Hc << < <= >m > >> HOURS
B/B v] o 0 1 2 0 3
B/N o (v} 0 0 0 0 0
B/A 0 o] 1 2 1l 0 4
N/B 0 0 0 o 0 0 0
N/N 0 0 0 0 0 (o} 0
N/A 0 0 0 0 0 0 0
A/B 0 0 1 4 2 0 7
A/N 0 0 0 2 0 0 2
A/A 0 0 4 3 1 0 8
TOTALS . 0 0 6 12 6 0 24

T T TS T
*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-12 (Page 4 of 5)

SUMMARY STATISTICS OF CTDM MODEL EVALUATION
SITE = TRACY POWER PLANT TRACER = CF3BR

CASE 10: WIND SPEED CATEGORY = 4, PLUME HEIGHT BELOW Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS Hc/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV OF ORS hkiddhdwhihdkhhhiddhhhhirrhhrirhrernr TOTAL

MAX VS Hce €< < <= > > >> HOURS
B/B
B/N
B/A
N/B
N/N
N/A
A/B
A/N
A/A

COO0OD0DO0OO0O0COQO
L HOO0O00O0OOO
(=] 000 CO0CQCOCQ

[eNeoNoNeNeNoNeNoNe)
o [=NeNeoNoaNoNoe o]
o OO0 O0000000C
[ RPOOODOOOQOOO0

TOTALS

o
o

L2 T T T
*SEE INTERPRETATION OF CODES AT END OF TABLE

CASE 1l: WIND SPEED CATEGORY = 4, PLUME HEIGHT NEAR Hc: NO CASES

CASE 12: WIND SPEED CATEGORY = 4, PLUME HEIGHT ABOVE Hc*

DISTRIBUTION OF HOURS BY RATIO
ELEV OF PRE CATEGORY OF TOP 5 AVE. PREDICTED TO

MAX VS He/ TOP 5 AVE. OBSERVED CONCENTRATIONS
ELEV QOF OBS hkikhhhhkhhhdkrrhdhhhhihhhbhhkhhirsr TOTAL

MAX VS He << < <= >= > >> HOURS
B/B 0 0 0 0 0 0 0
B/N o] 0 1 0 0 (o} i
B/A 0 0 0 ] 0 0 0
N/B (o] 0 0 0 0 0 0
N/N 0 0 0 0 o] 0 0
N/A o] 0 0 0 1 0 1
A/B 0 o] 2 2 Q 0 4
A/N 0 0 0 2 0 0 p
A/A 0 0 5 3 1 0 9
TOTALS 0 0 8 7 2 0 17

hkdkhhR

*SEE INTERPRETATION OF CODES AT END OF TABLE
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TABLE G-12 (Page 5 of 5)

INTERPRETATION OF CODES:

TABLE ITEM CODE MEANING
WIND SPEED CATEGORY 1l Wind speed less than 1 m/sec
2 Wind speed between 1 and 3 m/sec
3 Wind speed between 3 and 6 m/sec
4 Wind speed greater than or equal to 6 m/sec
RATIO CATEGORY OF
PREDICTED TO OBSERVED -
AVERAGES OF HIGHEST
S5 CONCENTRATIONS << Ratio < .2
< Ratio is between .2 and .5
<= Ratio is between .5 and 1.0
>= Ratio is between 1.0 and 2.0
> Ratio is between 2.0 and 5.0
>> Ratio is greater than or equal to 5.0
ELEVATION OF MAXIMUM
PREDICTED OR OBSERVED
CONCENTRATION VS Hc N Elevation of maximum is within 10 m of Hc
A Elevation of maximum > Hc + 10 m
B Elevation of maximum < Hc - 10 m
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APPENDIX H
CONTRIBUTIONS OF THE FLUID MODELING FACILITY TO EPA‘S
COMPLEX TERRAIN MODEL DEVELOPMENT PROGRAM
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FORWARD

The Atmospheric Sciences Research Laboratory (ASRL) conducts intramural
and extramural research programs in the physical sciences to detect, define,
and quantify air pollution and its effects on urban, regional, and global
atmospheres and the subsequent impact on water quality and land use. The
Laboratory is responsible for planning, implementing, and managing research
and developmenmt programs designed to quantify the relationships between
emissions of poliutants for all types of sources with air quality and
atmospheric effects, and to uncover and characterize hitherto unidentified air
pollution problems. Information from ASRL programs and from the programs of
other government agencies, private industry, and the academic community are
integrated by the Laboratory to develop the technical basis for air pollution
control strategies for various pollutants.

The Complex Terrain Model Development Program (CTMDP) is designed to
deveiop reliable atmospheric dispersion models that are applicable to large
poliutant sources located in complex terrain. The major field studies of this
six-year program were conducted during 1980 at Cinder Cone Butte near Boise,
ldaho, during 1982 at Hogback Ridge near Farmington, New Mexico, and during
1983-84 at the Tracy Power Plant near Reno, Nevada. Data from these field
studies along with measurements of fluid modeling simuiations performed in the
EPA Fluid Modeling Facility are being used to quantify the effects of terrain
obstacles on stable plume dispersion. A series of annual milestone reports
has been issued to describe the development of the Complex Terrain Dispersion
Model (CTDM) and to contrast the performance evaluation of the CTDM against
existing complex terrain dispersion models. This report describes the
contributions of the Fluid Modeling Facility to the Complex Terrain Model

Development Program.

A.H. Ellison
Director
Atmospheric Sciences Research Laboratory
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ABSTRACT

The contributions of the EPA Fiuid Modeling Facility (FMF) to the Complex
Terrain Model Development Program (CTMDP) are described. These contributions
included a wide range of laboratory studies and a limited amount of numerical
modeling of fiow and diffusion in neutral and stably stratified conditions in
complex terrain. The goal of the CTMDP is the development of a dispersion
model valid in complex terrain, with emphasis on plume impaction on nearby
hills during nighttime stable conditions. Work at the FMF prior to the
inception df the program provided the basic framework for the model - the
dividing-streamline concept - and the focal point around which the field
program was designed. Throughout the course of the CTMDP, the FMF interacted
vigorously with the model developers by providing support in various ways.
Early work provided direct support as an aid to planning the details and
strategies of the field experiments and testing the limits of applicability of
the dividing-streamiine concept. Later work included exercises of *filling in
the gaps" in the fleld data, furthering the understanding of the physical
mechanisms important to plume impaction in compiex terrain and in stabiy
stratified flows in general, testing various modeling assumptions, providing
data for ‘calibration® of various modeling parameters, and testing the ability
of the laboratory models to simulate full-scale conditions. Simultaneously,
the FMF responded to the needs of the regulatory arm of EPA, the Office of Air
Quality Planning and Standards (OAQPS), by providing guidance concerning
expected terrain effects and by conducting demonstration studies. Finally,
several supplemental studies were conducted, broadening and expanding upon the
specific requests of the model developers and the OAQPS.
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1. INTRODUCTION

In the late 1970's the Office of Air Quality Planning and Standards
(OAQPS) of the Environmental Protection Agency (EPA) identified a crucial need
to develop a mathematical model that dealt with plume impaction from large
sources located in mountainous terrain under stable flow conditions, with
demonstrated reliability. A workshop was convened (Hovind et al, 1979) to
focus on compiex terrain modeling problems and to develop recommendations to
EPA with respect to the design of a program of experiments and model
development efforts. Subsequently, Hoizworth (1980) outlined the EPA pian to
achieve the objective through an integrated program of model development,
fluid modeling experiments and field studies of plume-terrain interactions on
hils of progressively increasing size and complexity. This multi-year,
multi-faceted program is known as the Compiex Terrain Model Development
Program (CTMDP). The prime contractor for this effort is Environmental
Research and Technology (ERT). which has -produced a comprehensive series of
annual reports, called Milestone Reports, that describe ali phases of the
research program. The specific references are: (1) Lavery et al (1982), (2)
Strimaitis et a/ (1983), (3) Lavery et al (1983), (4) Strimaitis et a/ (1985),
and (S) DiCristofaro et a/ (1986); a final report is to be completed in 1987.

The Fluid Modeling Faciity (FMF) interacted vigorously with various
subgroups participating in the CTMDP, and provided direct support and guidance
in many different ways. Whereas the field work and modei development effort
up to the present time has been specifically focused on plume impaction under
stable conditions, the work at the FMF has taken a much broader view. The FMF
research program has ranged from the development of broad guidelines (e.g.,
terrain amplification factors) and physical concepts (e.g.,
dividing-streamline height) to specific site studies (e.g., Cinder Cone Butte)
and regulatory applications (e.g., good-engineering-practice stack height).
The FMF has provided laboratory data to *fill in the gaps® in the field data
(e.g., measurements of piume deformations over hills) and tested the validity

of convenient modeling assumptions (e.g., cut-off hill approach).
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This report’ summarizes the contributions, both direct and indirect, of
the FMF to the CTMDP. The discussion provides a historical perspective and a
comprehensive list of FMFs accomplishments with respect to furthering the
physical understanding of flow and diffusion in complex terrain. In many
cases the early research results were first published as internal documents or
project reports or presented at workshops or conferences in order to speed the
flow of information to the model developers. In most cases, these resulits
have been published in peer-reviewed journals (which took, in one extreme
case, 8 years t0 appear in print). For completeness and to provide the proper
perspective, both references are cited at first mention in the text that
follows; thereafter, only the journal publication is cited.
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2. BACKGROUND

Research work conducted at the FMF prior to the inception of the CTMDP
had a strong influence on the directions to be taken in the field work and on
the type of model (.e., physical concepts) to be developed. The stratified
towing tank was commissioned in 1976 (Tﬁompson and Snyder, 1976) and rather
fundamental studies were begun immediately on the structure of stably
stratified flow over idealized three—dimensional hills and on diffusion from a
point source within a stably stratified field of turbulence.

The first published reports on this work (Hunt et a/, 1978; Hunt and
Snyder, 1980) described the flow structure observed over a bell-shaped hill
under neutral and stably stratified conditions. Earlier theoretical work by
Drazin (1961), modei experiments by Brighton (1978) and Riley et a/ (1976),
and observations (e.g., Queney et a/, 1960) all indicated that, when the
stratification is strong enough, the air flows in approximately horizontal
pianes around the topography. And this observation had been used by EPA in
estimating the surface concentrations on hills caused by upwind sources of
poliution (Burt and Slater, 1977). Up to that time, however, there had been
iittle firm laboratory or field data as to how strong the stratification must
be for any given streamline starting below the hill top to pass round the side
rather than over the fop of the hil. The Hunt and Snyder (1980) paper
suggested a criterion for this change-over to occur on the basis of the
low-Froude-number theory of Drazin (1961), and confirmed that criterion with
experimental data,

The Drazin (1961) theory is applicable to strongly stratified flows
around three-dimensional hills; indeed, it is asympotically valid at
zero-Froude-number.  In sgimplistic terms, the theory suggests that the
stratification  inhibits vertical motions, so that fluid parcels are
constrained to move in horizontal planes. Hence, the flow may be described in
terms of two-dimensional flow around a cylinder which is not necessarily
circular but, in fact, has the cross-sectional shape of the intersection of a
horizontal piane with the three-dimensional hill. Hunt and Snyder (1980)
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verified that, for a bell-shaped hill, a linearly stratified environment, and
an effectively uniform approach-flow velocity profile, Drazin's theory was
applicable in the range F < 0.4, where F is the Froude number (=U_/Nh, U being
the towing speed, N the Brunt-Vaisala frequency, and h the hill height).

More importantly, Hunt and Snyder (1980) showed evidence for a dividing
streamline (on the centerplane determined by the flow and the axis of the
axisymmetric hill) of height H, such that streamiines below H, would impinge
on the hill surface and follow the surface around the sides, whereas
streamiines above H, would go over the top. They suggested the simple formula

Hy = h (1 -F) (1)

as the criterion to determine whether a plume embedded in the flow approaching
the_ hill would impact on the surface or surmount the top, for 0<F<1.

Snyder et al (1980) presented further evidence from towing-tank
experiments in support of the simple formula; they showed it was applicable to
other shapes of axisymmetric hills, namely a cone and a hemisphere.
Furthermore, they presented another simple formula and supporting experimental
data for determining whether an elevated (step) inversion would surmount a
hil. This second formula, which predicts the point at which the interface

just reaches the hilltop, Is

T - ? ) @
where g is the acceleration due to gravity, h, is the height of the interface
(far upwind), Ap is the density difference across the interface, and p, is the
density of the fluid between the interface and the surface.

The Hunt and Snyder (1980) work aiso classified the types and causes of
lee-wave pattens and separated flow regions on the lee side of this
bell-shaped hill. Many measurements were made of surface flow patterns,
separated regions, velocity profiles, impinging plumes, and streamiine
displacements over the hill. Hill-surface concentrations resulting from
impinging plumes were measured simuitaneously with the flow-structure
measurements. Whereas the data were distributed to and used by numerous model
developers and the information obtained therefrom was utilized for planning
and model-development purposes, except for limited presentation at a 1979
symposium (Snyder et a/, 1980), the bulk of the resuits did not actually
appear in print untii much later (Snyder and Hunt, 1984).

The implications of this flow structure with regard to plume impingement
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and resuiting surface concentrations were amplified by Hunt et al (1979).
This primarily theoretical work described two conceptual models for dealing
with the problem of plume impingement. The first model was applicable to
strongly stratified flow around three—dimensional hills, where vertical motion
and vertical diffusion is negiigible. The advective-diffusive equation around
a three-dimensional hill which is axisymmetric about a vertical axis was
solved (using an eddy diffusivity) to show how source positions on and off the
centerline affect #he trajectories and splitting of impinging piumes and the
value and position of the maximum surface concentration on the hill. The
results showed that the piume behavior is very sensitive to quite small
changes in wind direction away from the direction that transports the plume
onto a stagnation point, and the model provided a simple way to estimate the
effect of these changes. This model also allowed the computation of
concentrations within the separated, horizontally recirculating wake of the
hill (source upwind of hill).

In the second modei, a plume in a neutrally stable potential flow around
a hemisphere was analyzed, also using the diffusion equation. The solutions
showed how, because streamlines approach the surface of a three—dimensional
hil much more closely than that of a two-dimensional hill, the maximum
surface concentration on the hill can become very much greater than in the
absence of the hill (but only for a limited range of source heights).

Prior to the inception of the CTMDP, ancther compiex terrain model was
developed by ERT under contract to EPA. The algorithm developed at that stage
was generally applicable to plume behavior in stability conditions ranging
from neutral to slightly stable. The general approach followed the theory of
turbulent plumes embedded in potential flow fields as developed by Hunt and
Mulheamn (1973), Snyder and Hunt (1984 - original manuscript made available to
ERT in 1978), and Hunt et a/ (1979). This theory was applied to the
calculation of ground-level concentrations using a Gaussian form of solution
to the diffusion equation. Stream functions appropriate to the potential flow
over a cylinder (aspect ratio, h/L=w) and to the potential flow over a sphere
(h/L=1) form the comerstones of the model. These solutions were extended to
describe flows over terrain features of intermediate crosswind aspect ratio by
a weighting of the two limiting stream functions. The derivation of this
weighing scheme relied heavily on wind-tunnel experiments of flows over hiils
of various aspect ratios (Snyder and Britter, 1987; data reports made
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available to- ERT in 1979). Strictly speaking, this algorithm was applicable
t0 neutral flows, but an empirical approximation was included to define
streamline lowering caused by an imposed stable stratification. This
empirical scheme was derived on the basis of the stratified towing~tank
experiments of Hunt and Snyder (1980). Extensive comparisons of model
predictions with FMF laboratory data were made for both neutral and weakly
stable conditions. A full account of these model-deveiopment efforts and the
essential physics of the model are provided by Bass et a/ (1981). These
algorithms were subsequently incorporated into a routine operational model
called COMPLEX/PFM (Potential Flow Model; Strimaits et a/, 1982). In
COMPLEX/PFM, potential flow calculations are performed whenever the plume lies
above the dividing-streamiine height and the stability is between neutral and
slightly stable; when the plume is below the dividing-streamline height, the
model reverts to the standard COMPLEX | computation (see Wackter and
Londergan, 1984). The COMPLEX | computation makes the level-plume assumption,
with an effective doubling of surface concentration above the plume centerline
concentration (Burt and Slater, 1977). This particular aspect of the compilex
terrain diffusion problem was one of the hotly contested issues that provided
the impetus for the CTMDP.

A ‘strawman® was proposed by Holzworth and Snyder (1979) for discussion
at the 1979 workshop convened by EPA to make recommendations with regard to
the directions to be taken under the CTMDP. This strawman was hotly debated
at the workshop and, in the end, was largely accepted by the workshop
participants (Hovind et a/, 1979). The plan that emerged (Holzworth, 1980)
called for an enlargement of some of the major concepts arising from the
previous work at the FMF, and for a verification of these concepts through the
conduct of a series of field studies on hills of progressively increasing size
and complexity.

Prior to the request for bids on the CTMD contract, a preliminary
one-week field study of the nighttime flow pattems at Cinder Cone Butte was
organized and conducted primarily by FMF personnel (Snyder et a/, 1980); the
primary purpose was to assess the suitability of Cinder Cone Butte as the site
for the first small hill study (identified in the ERT Milestone reports as
Small Hill Impaction Study # 1). Numerous observations were made of the flow
structure and plume behavior around the hill, including (1) plumes spread
broadly in the lateral direction but very thinly in the vertical direction
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over the hill in neutral conditions, (2) lee-side separation under
high-wind-speed, neutral conditions, (3) plume impingement under light wind,
strongly stable approach flows, and (4) katabatic winds under light-wind,
neutral approach flow conditions with clear night sky. Cinder Cone Butte was
judged as ideally suited for the first small hill study in several respects.
Finally, numerous suggestions were offered as an aid to the design and conduct
of future field studies at this site (most of which were adopted in the later
studies).

To recap the ‘'state of the science® immediately prior to the contract
award, the dividing-streamiine concept had been shown to be a useful
conceptual framework to use in describing the structure of strongly stratified
flow around three-dimensional hills. It had only been shown to be valid,
however, for quite a limited number of hill shapes, all of which were
axisymmetric. It had only been verified under uniform stratification (linear
density gradient) or under a step inversion (sharp density interface), under a
uniform  approach-flow velocity profile, and, of course, only under
steady-state, small-scale laboratory conditions (although the preliminary
field study provided reassurances of the validity of the concept).
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3. DESCRIPTIONS OF EXPERIMENTS AND RESULTS

3.1 Direct interactions with the Modei Developers:

The period 1980 through 1981

The major CTMDP contract was avgarded in June, 1980, and the work plan
called for the small hill impaction study to begin at Cinder Cone Butte (CCB)
in September. Almost immediately, the FMF was called upon to conduct
towing-tank experiments to aid in the detailled planning and design of the
field experiments. The first request was to provide quidance with regard to
the location of the main meteorological tower. The second request was to
provide guidance for smoke- and tracer-release strategies, for preselecting
locations for samplers and cameras, and for choosing in advance several
different sampler strategies to account for variations in flow regimes and
wind fields. The third request was to test the validity of an integral
formula for predicting the dividing-streamiine height.

At an early July meeting at ERT headquarters in Boston, MA, the question
arose as to how to predict the dividing-streamiine height when the wind
profile was not uniform and the density gradient was not linear. This was of
paramount importance in planning the release scenarios, as the release
locations and heights were to be chosen in real time during the field study
based upon the incoming real-time meteorological data J.C.R. Hunt
immediately sketched the now well-known integral formula (on the back of an

envelopel) as
FPUZ Y = g [:(h-z) -5 o @
3

This formula had, in fact, been published 24 years earlier by Sheppard
(1956) as a small note, actually in answer to his own question which arose at
a meeting of the Royal Meteoroiogical Society, aithough Sheppard's note was
vitually unknown to the modeling community at that time. This integral
formuia is based upon simpie energy a;rguments. Sheppard asked the question:
in a strongly stratified flow approaching a hill, does a particular fluid
parcel at.some height upstream possess sufficient kinetic energy to overcome
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the potential energy required to lift itseff through the potential density
gradient from its upstream elevation to the hill top? "The left-hand side may
be interpreted as the kinetic energy of the parcel far upstream at elevation
H,, and the right-hand side as the potential energy gained by the parcel in
being lited from the dividing-streamline height H, to the hill top A through
the density gradient dp/dz. This integral formula was presumably applicable
to a fluid with any shape of stable density profile and, presumably, with any
shape of approach-flow velocity profile. In practice, it must be solved
teratively, because the unknown H, is the lower limit of integration; the
formula can easily be reduced to the simpler formulae (1) and (2) by using the
boundary conditions applicable to those special cases. The third request to
the FMF was thus to verify this integral formula.

Three studies were conducted in the summer of 1980, and three reports
were prepared in response to these requests. In the first study (Snyder,
1980a), twenty six separate tows of a model of CCB were made through the tank
in a two-week period. The objective was to assess the suitability of the
particular site chosen for the main (150m) meteorological tower, je, was it
close enough to CCB to be representative of the flow approaching the hill, yet
far enough away that the measurements were unaffected by the hill itseif? It
was impossible, of course, to meet both these criteria for all wind
directions; the question addressed in the towing-tank studies, then, was
whether the flow field at the proposed tower site would be perturbed by the
hill, given the climatological ranges of prevailing wind directions for light,
nighttime winds. Measurements were made of surface flow patterns, deformation
of material lines, velocity profiles and streamiine pattems over a model of
CCB, and these measurements were compared favorably with predictions of
potential flow theory. The findings from the study suggested that no
significant perturbations to the approach wind field were 0 be expected due
to the presence of the hill when the wind direction was outside the range of
the prevailing wind directions. Nevertheless, a shorter (20m) tower was
recommended, to be erected at the trailer site (3km ESE of the hil). This
recommendation was indeed implemented in the field study.

This was, in fact, the first real-terrain model (ie., non-idealized
shape) to be studied in the stratified towing tank. As a side benefi,
therefore, the study provided reassurances that the basic flow features and,

of course, the same physical principles applied to more realistically shaped
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hills. Some exampies are provided here to illustrate the point. Figure 1
shows an oblique view of the hill, where neutrally buoyant dye streamers were
released from a horizontal rake upstream of the hill under strongly stratified
conditions. The horizontal nature of the flow field is immediately obvious.
Figure 2 shows a top or plan view of the CCB model under roughly similar
conditions. One of the dye streamers obviously impinged on the upwind
shoulder of CCB. Flow separation in the lee of the hill is dramatically
fllustrated in Figure 3, where vortex roll-up and eddy-shedding in the lee are
Quite vivid. The Karmén vortex street was a common occurrence at low Froude
number; a street appeared to foom a all elevations below the
dividing-streamiine height (at least for smal Froude numbers), but the
shedding frequency seemed to vary with elevation and motions at different
elevations were seemingly uncorrelated with one ancther.

In the second phase of this summer series, eleven tows of the CCB model
were made during which two of the model developers from ERT participated as
observers. In this case, vertical rakes of tubes emitted neutrally buoyant
dye at up to 6 elevations, with different colors of dye being emitted at the
different levels. Each tow was filmed from the side using a camera that moved
with the hill, and from directly below using a fixed camera pointed upward at
the (inverted) model hil. The films were viewed with an analysts projector,
and the plume paths and envelopes were sketched. These resuits corroborated
the previous results of Hunt and Snyder (1980) on idealized hills, ie., that
plumes below the dividing-streamiine height H, and on a stagnation streamline
would impinge on the upwind side of the butte and flow around the sides, and
that plumes released just above H, may produce maximum ground-level
concentrations on the upwind side as they pass over the top. The resuits
further emphasized that plumes travelling in a direction only slightly away
from that of the stagnation streamline would tend to pass around CCB without
significant impact, and that plumes released somewhat higher above H, may be
caught in strong downslope flows and produce maximum ground-level
concentrations on the /ee side of the hill. The resuits were also used, of
course, for the originally intended purpose as a guide for planning of release
and sampler strategies and selection of sampler and camera locations. The
results are described by Bass (1980).

In the third phase of this summer series, the goal was to test the
validity of the integral formuia for the height of the dividing streamiine
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Figure 1. Oblique view of dye streamers released from a horizontal rake
upwind of the CCB model at z/h=0.3 under strongly stratified conditions (F=
0.2). Flow is from the left.

Figure 2. Top view of dye streamers impinging on CCB under strongly
stratified conditions (z/h=0.3, F=0.4).
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Figure 3. Vortex rollup and eddy-shedding in the lee of CCB under strongly
siratified conditions (z/h=0.6, F=0.2).



under density profiles more typical of those expected at CCB. A typical
nighttime temperature profile in the Snake River Basin-(site of CCB) was found
to consist of a strong, surface-based immersion of depth 50 to 100m and a
weaker inversion above extending to several hill heights. Hence, the
stratified towing tank was filed with a strong density gradient near the
surface and a weaker gradient above. (In actuality, the weaker gradient was
below the stronger gradient, but,' as the model is towed upside down, we will,
for “clarity, describe the behavior as if the model were right-side-up.) The
break-point between the two gradients was sinially slightly above the crest
ot CCB (at 1.25h). A vertical rake of 3 tubes was positioned well upwind of
the hill, with vertical spacing between the tubes of 1cm, which is equivalent
to 6.4m full scale or 0.064h. Neutrally buoyart dye was emitted from each
tube. For each tow,-a particular stack height (center tube) was chosen and
the generali formula was integrated numerically using the measured density
profile to predict the towing speed required such that the center streamer
would rise to the elevation of the saddle poit of CCB, /e., the minimum
height of the draw between the two peaks. If the formula were correct, then,
the lower streamer should go around the side of the hill, the upper streamer
should go over the top. and the center one shouid split. The height of the
break-point between the two gradients was then reduced and the process
repeated. In all, twelve tows were made, varying the height of the
break-point or the dividing-streamline height (release height) each time.

Figure 4 shows a side view of the impinging streamers during a typicai
tow, i.e., the upper streamer going through the draw, the lower streamer going
round the side, and the middle one splitting. Figure 5 shows the results in
quantitative fashion. The density profiles were integrated in accordance with
Equation (3) to find the dividing-streamiine heights (based on the height of
the saddle point) as functions of the towing speed. These predictions are
shown in Figure 5 as the continuous lines. The observations of the
dividing-streamiine heights made during the twelve tows are also plotted in
the figure; the agreement between the predictions and observations is regarded
as excellent. The error bars result because of some fluctuating behavior of
the streamers, especially at the higher speeds; occasionally, an intermittent
vortex at the top windward side of the hill would enguif all three streamers
and they would all go round the sides temporarily; on other occasions, parts
of the lower streamer could be observed passing through the draw. The resuits
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Figure 4. Oblique view of impinging streamers on CCB. Middle dye streamer is
released at the dividing-streamiine height; others at £icm (x6m full scale).
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Figure 5. Comparison of predicted dividing-streamiine heights with
observations as functions of towing speed. Open symbois: predictions using
integral formula; closed symbols: observations.
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of this set of experiments (Snyder, .1980b) provided confidence in the validity
of the general integral formula for predicting the height of the dividing
streamline for a wide range of shapes of stable density profiles.

During the six-week field study at CCB, detailed measurements were made
of wind, turbulence, and temperature profiles in the approach flow and at
other positions on the hill. Sulfur hexafluoride (as a tracer) and smoke (for
flow visualization) were released from a platform suspended from a mobile
crane that allowed flexibilty in positioning the source (height and
location). One hundred sampiers on the hil collected data on surface
concentrations, and lidar was used to obtain plume trajectories and
dimensions.

One particular hour from the field study was selected for simulation in
the towing tank (Snyder and Lawson, 1981). That hour was 0500 to 0600, 24
October 1980 (Case 206), which may be characterized as very stable, ie.,
light winds and strong stable temperature gradients. Measurements made during
the towing-tank experiments included ground-level concentrations under various
stabilities and wind directions, vertical distributions of concentration at
selected points, plume distributions in the absence of the hill, and visual
observations of plume characteristics and trajectories.

This series of tows showed that the surface-concentration distributions
were extremely sensitive to changes in wind direction. For example, Figure 6
shows that the distribution shifted from the north side of the hill to the
south side with a shit of only 5° in wind directon. Comparisons of
lnqual distributions with fleld resuits showed very much larger maximum
surface concentrations and much narrower distributions in the model resuits.
To account for the large variability in the winds measured during the hour, a
matrix of 18 tows (three wind directions x six wind speeds) was conducted, and
the concentration pattems were superimposed. A scatter plot of superimposed
model concentrations versus field concentrations (Figure 7) shows a marked
improvement over the single-tow comparisons. The largest model concentrations
were within a factor of two of the highest field values, and 70% of the model
concentrations were within a factor of two of the observed field vaiues.

it was interesting to learn that, whereas the /ocation of the maximum
shifted dramatically with small shifts in wind direction, the value of the
maximum changed very little with changes in wind direction or wind speed.
Maximum surface concentrations approached those at the plume centerline in the
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Figure 6. Concentration distributions measured during individual tows of CCB
with Hy/h=0.31 and Hp/h=0.38; wind direction : 117°%, ———122°,

428



10000 . -

1000 ¢

100 -

MODEL CONCENTRATION

PO Y 2 AL o g

10 100 1000

FIELD CONCENTRATION

Figure 7. Scatter diagram comparing superposition of concentration
distributions measured over Cinder Cone Butte with field distributions.
Dotted lines denote factor of two on either side of perfect fit.
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absence of the hill during individual tows, but because of the extreme
sensitivity of the location to wind direction, the plun{e was ‘smeared® broadly
across the hill surface as the wind direction changed through only a few.
degrees. Therefore, short-term averages (xSmin) in the field may be expected
to approach plume—centerline concentrations; longer-term averages (z1h) may be
expected to be reduced by factors of five to ten (or more depending upor the
magnitudes of the fluctuations in wind speed and direction).

The period 1982 through 1983

Although considerable work had been done conceming the validity and
fimits of applicability of the dividing-streamiine concept, several gquestions
still remained. One question concemed the effects of shear in the
approach-flow velocity profile. Another concerned the effects of the aspect
ratio (ratio of crosswind length of the hil to its height) and, in
particular, its applicability in strongly stable flows to a truly
two-dimensional ridge. A third questioned the effects of the siope of the
hill, and a fourth, the effect of wind angie on a long ridge.

A few other studies had shed light on  some of these problems. Baines
(1979), for example, had conducted towing-tank studies of low-Froude-number
flows around a barrier with a gap. His results suggested

Heg/h = 1-2F (4)

for barriers with very small gaps, tending toward H,/h=1-F (Equation 1) for
those with wider gaps. Weil et a/ (1981) conducted similar towing-tank
studies, extending the work of Baines, and found quite similar resuits.
However, data from a field study by Rowe et a/ (1982) of stable air flow over
a ‘long® ridge showed much beiter agreement with the data for axisymmetric
hills (Equation 1) than for ridges with gaps (Equation 4).

In the early 1980's, a series of experiments was done by numerous
investigators at the FMF and for a variety of different purposes. The overall
objective was to gain fundamental understanding of fiow and diffusion under
stably stratified conditions in complex terrain, but the individual projects
were designed with very specific and limited objectives in mind.
Nevertheless, one aspect of each of the projects was to examine the concept of
the dividing-streamiine height, as it obviously had very important
consequences with respect to the CTMDP. The results of most of these projects
were published separately and independently, as will be referenced below, but
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the resuits conceming the validty and  applicabiity of the
dividing-streamiine concept were extracted and published as an appendix
(Snyder et al, 1983) to the Second Milestone Report (Strimaitis et a/, -1983)
in order to provide timely support and guidance to (1) the mathematical
modelers attempting to expand their models to include a wide variety of
terrain shapes and approach flows and (2) planners of the Second Small Hill
Impaction Study, which was to take place at the Hogback Ridge in northwestern
New Mexico. This paper was subsequently published in a journal (Snyder et al,
1985). The individual laboratory experiments included:

1. Towing-tank studies on truncated, steep-sided ridges of various
crosswind aspect ratios. These included examination of upstream
‘blockage® regions, surface flow patterns and lee-wave structure
and were reported by Castro et a/ (1983); those aspects dealing
specifically with the dividing-streamiine concept were reported by
Snyder et a/ (1983) and Snyder et a/ (1985).

2. Stratified wind-tunnel studies (in Japan) on shear flow over
vertical fences of various crosswind aspect ratios and over a modei
of Cinder Cone Butte. (Snyder and Ogawa, 1982; Snyder et al,

1985).

3. Towing—tankostudles on a truncated sinusoidal ridge with a maximum
slope of 40 positioned perpendicular and at other angles to the
approach wind direction (Lee et a/, 1984a, 1984b).

4. Towing-tank studies on an ‘infinite' triangular ridge and a long
sinusoidal ridge to test the validity of the “‘steady-state’
assumption of flow upwind of an obstacle under strongly stratified
conditions,

The conclusion from the studies with truncated triangular and sinusoidal
ridges perpendicular to the wind was that the aspect ratio per se, does not
have a significant influence on the dividing-streamiine height H,. Deviations
from the Hy/h=1-F rule were attributed to the combination of shear in the
approach flow and the very steep siope of the triangular ridges, which
resulted in the formation of an upwind vortex with downward flow on the front
faces of the ridges. The *1-F rule was validated for the sinusoidal ridge
with a length-to-height ratio greater from 16:1; in this case, the shear in
the approach flow was much less pronounced, and the upwind slope was
substantially smaller. Note that these deviations to the *1-F rule did not
invaiidate Sheppard's concept, but required a reinterpretation of the rule as
a necessary but not sufficient condition, i.e., a fluid parcel may possess
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sufficient kinetic energy to surmount a hill, but it does not necessarily do
so. '

In the stratified wind-tunnel studies, reasonably strong shear layers
with depths more than twice the hill heights were developed in conjunction
with strong stable temperature gradients. These approach flows provided
dividing-streamiine heights as large as 0.75h. In the vertical fence studies
with a stratified approach flow, the shear was found to have an overwheiming
influence. The conclusions were: (a) as in the triangular ridge studies, the
aspect ratio was relatively unimportant; the basic flow structure was
independent of aspect ratio; (b) the shear, in conjunction with the steep
slope, created an upwind vortex such that plumes were downwashed on the front
faces; and (c) under strong enough stratification, there was a limit to the
downward penetration of elevated streamlines; the extent of this penetration
appeared to be predictable as a balance between kinetic and potential
energies. However, when these same shear flows approached the much lower
sloped CCB model, there was no evidence of upwind vortex formation. Limited
concentration measurements on the CCB model suggested that Sheppard's integral
formuia correctly predicted the height of the dividing streamline.

From the sinusoidal ridge studies with wind éngles at other than 90°, it
was concluded that the effect of deviations in wind direction (from 90°%) are
refatively insignificant until the wind direction is in the vicinity of 45° to
the ridge axis. At 30° significant departures from the *1-F rule were
observed; the fluid had sufficient kinetic energy to surmount the ridge, but
found a path requiring less potential energy round the end of the ridge. When
the dye streamers were moved closer to the upstream stagnation streamline
(upwind of the upstream end of the ridge), they behaved according to the *1—F
rule.

The two-dimensional ridge studies showed that steady-state conditions are
not established in strongly stratified flows (say F<1). Two different
physical mechanisms give rise to this unsteadiness; one is called *squashing’,
the other, upstream wave propagation. Brief explanations will be given here;
the interested reader should consult the cited references.

The squashing phenomenan is most easily described in terms of the simple
energy arguments as used in deriving Sheppard's formula (Equation 3). As
discussed there, a fluid parcel with insufficient kinetic energy to overcome
the potential energy requirement to surmount the hill must pass round the
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sides of the hill. But a two-dimensional hill has no sides around which to
pass (in a towing-tank, a ‘two-dimensional® hill is one that spans the entire
width of the tank). Hence, the fluid parcel must be brought to rest. In the
towing tank, since the fluid is generally at rest and the hill is towed, this
means that the fluid ahead (upstream) of the hill must be pushed ahead of the
hill, instead of being allowed to surmount the hill top. However, the
upstream endwall of the towing tank, of course, prohibits this fluid from
being pushed. Hence, the fluid between the hill and the upstream endwall is
'squashed” as the hill approaches the endwall, because the fluid is
incompressible, it must rise and spill over the top of the hill, just as the
water in a bucket will rise and spill over the top when the sides are
‘squashed".

This squashing phenomenon seems to have no counterpart in the atmosphere.
If true blocking occurred upwind of an ‘infinite* ridge in the atmosphere, it
seems that the flow would be blocked to infinity upwind (i.e., there is no
‘endwall" forcing the flow toward the ridge). In more practical terms,
‘blocking® upstream of a very long ridge would imply "upstream influence* to
very large distances, possibly through an upstream-propagating front, which
would imply non-steady-state behavior. From ancther viewpoint, there are no
infinite ridges in the real world, so that fluid parcels can always be
diverted around the obstacles without changing their elevation.

The resuits leading to the *1-2F formula (Equation 4) by Baines (1979)
and Weil et a/ (1981) for two-dimensional ridges and ridges with gaps were
surprising because they suggested that fluid parcels could surmount the hills
even though they had IMcim kinetic energy to do so. Snyder et a/
(1983, 1985) suggested that these earller results were erroneous; that they
were largely due to the squashing phenomenon, i.e., the gaps in their ridges
were insufficiently large to allow a ‘relief valve* to avoid the squashing.

Upstream wave propagation is also possible in stratified flows. The
introduction of an obstacle in a stratified flow on which lee waves can form
will result in "columnar* disturbances extending upstream (see Turner, 1973);
if such motions are present, they will modify the approaching flow. These
columnar disturbances take a sinusoidal form in the vertical, with the *mode"
(number of oscillations) being dependent upon the Froude number based on the
depth of the tank. An example of an upstream columnar disturbance is shown in
Figure 8. Dye crystals were dropped into the stratified tank at a paosition
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Figure 8. Deformation of vertical dye line by upstream columnar disturbances.
Dye line was formed at a location 16m upstream of starting position of fence,
at time when fence was at x =12.5m (18.6h upstream of fence). Photograph was
taken when fence was at x=13.8m (11.6h upstream of fence). Fence is out of
photograph, approaching from top left.
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16m upstream of the starting position of an obstacle (in this case, a vertical
fence) which was to be towed along the water surface. These crystals
dissolved as they sank to the bottom, leaving behind a vertical dye line. The
dye line was formed after the commencement of the tow, and the photograph was
taken well before the obstacle reached the dye-line position, i.e., the dye
line was deformed by the upstream columnar disturbance into the sinuous curve
shown in Figure 8.

These columnar disturbances, unlike the squashing phenomenon, do have
counterparts in the real atmosphere. They result in *biocking® and ‘upstream
influence’.  However, in the laboratory tank, these upstream waves are
reflected from the upstream endwall of the tank and return to modify the flow
locally around the model hill; this reflection from the upstream endwall does
not have a counterpart in the real atmosphere. Baines (1979) argued that
valid observations couid be made of the flow over and around the obstacle in
isolation (in the absence of end effects) by making the observations after
steady state was reached (estimated by direct observation), but before
reflected upstream motions arrived. Evidently, he believed that a J/ocal
steady state was achieved in that, at some not-tco-distant point upstream of
the obstacle, steady-state velocity and density profies were established
before the reflected motions returned to modify them.

Snyder et a/ (1983; 1985) showed that steady-state conditions are not
established in strongly stratified flows (say F<1) over two-dimensional
ridges. The squashing phenomenon and reflections of upstream columnar
disturbances continuously changed the shapes of the. "approach flow* velocity
and density profiles. Thus, these experiments have no analogue in the real
atmosphere. Further, because long ridges cut by periodic small gaps require
very long tow distances in order for steady state to be established, Snyder et
al concluded that the previous laboratory studies were not valid models of
atmospheric flows; specifically, the Hy/h=1-2F formula proposed for flow about
ridges with small gaps is not expected to apply to the real atmosphere.

Further work was done to better understand the nature and causes of these
upstream motions and lee waves by Thompson and Snyder (1984), Castro (1987)
and Castro and Snyder (1987b, 1987c), but the interpretation of these resuits
is somewhat controversial. More work -is required to establish the precise
refationships between model size and shape, stability, and tank size, shape
and configuration in order to determine the limits of applicability of fluid
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modeling and ranges of transferability to the atmosphere.

The second Small Hill Impaction Study was conducted during October 1982
at Hogback Ridge (HBR) near Farmington, NM. In providing input to the
experimental design, the FMF conducted a series of wind-tunnel and towing-tank
flow-visualization experiments prior to the field study. The laboratory
studies were designed to investigate

e plume height above the surface over the hill crest and at
the upwind edge of the hill,

e apparent size of any plume deformation upwind of the hill,
e [ee wave importance and structure, and
e sensitivity of the plume trajectory to ‘wind angle".

This information was subsequently used by the field designers to guide the
design of the smoke and tracer-gas release protocols at HBR, and to heip
select sampler and camera locations.

Two tests were made in the wind tunnel. One test was done with the ridge
perpendicular to the flow, the other with the ridge rotated by 30°. These
tests suggested that in neutral conditions the streamline patterns were
similar to those expecied from potential flow theory; a piume released at a
given height upwind of the ridge should traverse the crest at an elevation of
one-half its initial height. The test with the ridge at an angle to the flow
showed only a very small (<4°) deflection of the plume path as the plume
traversed the ridge.

Eight individual tows of the HBR mode! were done in the stratified towing
tank, varying the Froude number and wind direction, and each time releasing
dye at eleven different elevations upstream. Heights of these dye streamers
were measured at the upstream base and at the crest of the ridge. These
experiments showed that, during weakly stratified conditions, plumes rose near
the upwind base and fell over the crest to near or slightly lower than their
upstream heights. Low-level releases experienced extensive mixing. More
detailed results are contained in the Third Milestone Report (Lavery et al,
1983, p. 117-123).

Around this same time period, the FMF undertook two separate laboratory
experiments that attempted to simulate two specific one-hour periods as
observed in the field at Cinder Cone Butte. The first simulated a neutral
stability period in the Meteoroiogical Wind Tunnel (Thompson et a/, 1983).
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The second simulated a moderately stable period in the stratified towing tank
(Eskridge et al, 1983). [Recall that the simulation of a strongly stabie
period was described earlier (Snyder and Lawson, 1981).]

In the summer of 1983, Ben Greene and colleagues from ERT, in cooperation
with the FMF staff, conducted experiments in the Meteorological Wind Tunnel to
characterize the response of the Climatronics UVW propeller anemometers. The
primary objectives of the experiments were to determine the calibration curves
and the non-cosine response corrections, especially at low wind speeds. The
resuits of these tests are contained in the Fourth Milestone Report
(Strimaitis et a/, 1985, p. 85-93). The cafibration factors and .non-cosine
response correction factors were applied to the HBR data base in forming the
Modeler's Data Archive.

In late summer of 1983, discussions were held with ERT conceming
possible contributions of FMF to the Full-Scale Plume Study planned for the
following year at the Tracy Power Plant near Reno, NV. Considerations of
scaling the site fof towing-tank studies revealed that, at any reasonable
scale, the model would appear as a two-dimensional ridge with a small gap
(river valley) running through it. Recent work at the FMF as discussed above
had shown that this situation could not be modeled under strongly stabie
conditions. Hence, specific site modeling at the Tracy Power Plant was not
undertaken at the FMF. Instead, other studies in direct support of the modei-
development effort were undartaken as described below.

The period 1984 through 1985

In September 1983, A. Venkatram, D. Strimaitis and R. Britter from ERT
requested that the FMF conduct two studies in support of their
model-development efforts. The first study attempted to shed light on the
question of the validity of the assumption of a flat dividing-streamiine
surface, a key assumption in the modei under development. The second study
was to provide a complete set of data on neutral flow and diffusion around a
three-dimensional hill with a shape and siope approximating that of Cinder
Cone Butte. These data were to help ERT to evaluate the separate effects of
plume deformation kinematics and those of increased turbulence around the
hill.

‘The first study, testing the validity of the flat dividing-streamiine
assumption, consisted of a series of 26 tows of a model hill in the stratified
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towing tank. The modei hill was the fourth-order polynomial (45° maximum
slope) used by Hunt et af (1978), except that it was in this case instrumented
with 100 sampling ports located along 8 radial lines. The density gradient
was linear and the dividing-streamiine height was fixed at half the hil
height. Efffluent was released at three elevations above the
dividing-streamline height. Pairs of tows were made such that, in one tow,
the hill (upside down) was fully immersed in the water and the towing speed
was adjusted to provide a ‘natural’ dividing-streamfine surface. In the
second tow of the pair, the model (basepiate, hill, and source, as a unit) was
raised out of the water to the point wh‘ere only the top haif of the hill was
immersed, thus, forcing a flat dividing-streamliine surface, while all other
conditions remained identical. Concentration distributions were measured on
the hii surface (and in the absence of the Hhil). Concentration
distributions from each pair of tows were compared to ascertain any
differences between the ‘natural® dividing-streamiine surface and the (forced)
flat dividing-streamiine surface. A comparison of surface-concentration
patterns from a typical pair of tows is shown in Figure 9, and a scatter piot
comparing concentrations on a port by port basis is shown in Figure 10. These
results showed that the assumption of a flat dividing-streamiine surface is a
reasonable assumption to make, at least with regard to predicting the
locations and values of the maximum surface concentrations and areas of
coverage on the windward side of the hill. The resuits are contained in an
appendix to the Fourth Milestone Report (Snyder and Lawson, 1985a) and were
presented at the Third International Symposium on Stratified Fiows (Snyder and
Lawson, 1987).

The second study, providing a relatively complete set of data on flow and
diffusion around a three-dimensional hill, was conducted in the Meteorological
Wind Tunnel. The primary objective was to determine the influence of the hill
on the maximum ground-level concentration (gic) and to locate the source
positions where this influence was greatest. All measurements were made with
an approach flow that simulated the neutral atmospheric boundary layer
measured at Cinder Cone Butte. However, the nearly axisymmetric CCB shape was
replaced by a truly axisymmetric hill represented by a simple mathematical
formula, and having a maximum slope of 24° (the same as CCB).

The measure of the hills influence on the maximum gic was the “terrain
amplification factor' A. This factor is defined as the ratio of the maximum
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Figure 9. Concentration distributions measured on the hill surface with
Hp/h=0.5 and Hy/h=0.6. Top: fully submerged; bottom: haif submerged. Dotted
circle indicates half the hill height.
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Figure 10. Scatter plot comparing concentrations on fully immersed hill with
those on half-immersed hill on a port by port basis. Hg/h=0.6, Hp/h=0.5.
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gic observed in the presence of the hill to the maximum observed in the
absence of the hill. The locations of the maxima are not considered in this
evaluation; the maxima may be found at entirely different places in the
presence and in the absence of the hil

A matrix of source locations was used covering the range from 4 to 16
hill heights (h) upstream of the hill center and to 1.25h in the vertical. A
map .of terrain amplification factors is shown in Figure 11. The presence of
the hill was found to influence the transport and dispersion of the piume and
to increase the maximum gic in three. ways. For low sources at moderate
distances from the hill, the reduction in mean wind speed and increase in
turbulence allow the plume to reach the ground surface closer to the source,
thus producing higher concentrations than in the absence of the hill. Plumes
from higher sources may be thought of as being intercepted by the hill, that
is, the hill penetrates the plume to where the concentrations are greater than
those that would occur at ground-fevel farther downstream over flat terrain.
For yet higher sources, the streamline convergence over the hill top and the
corresponding downward flow and much enhanced turbulence in the lee of the
hill again bring the plume to the ground more rapidly than over flat terrain.
Terrain amplification factors ranged from near 1.0 to 3.63, and the range of
source locations that produced an amplification factor greater than 1.4
extended to an upwind distance of 14 hill heights. These results were
reported in an appendix to the Fourth Milestone Report (Thompson and Snyder,
1985b).

in the fall of 1984, ERT requested a list of data sets available from
previous compiex terrain studies that had been conducted at the FMF. A report
was prepared by Thompson et a/ (1985) listing 24 separate compiex terrain
studies. Each project was synopsized with a brief description of the project,
the name of the principal investigator(s), the facilities used, types of data
collected, names of data reports available, major conclusions reached, listing
of published results from the project, and a listing and description of the
data files availabile. .

An earller request (prior to summer 1983) from the modelers at ERT had
been to provide data on streamiine trajectories in neutral and stratified flow
over a three-dimensional hill, ie., to provide data to use in developing
algorithms for predicting lateral and vertical streamiine displacements over a
hill as functions of source location and stratification. Earfier work on this
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Figure 11. Terrain ampiification factors measured upwind of axisymmetric CCB
model. Heavy lines divide the region into areas where the source produced the
maximum gic upwind of the hill iop, belween the hill top and the separation
point, and downwind of the hiil. Note that the verical scale is exaggerated
by a factor of 3,



project had been set aside because of experimental difficulties and because of
the more urgent requests described immediately above, Having completed those
studies, work commenced again on the streamline trajectories.

In attempting to predict the maximum gic from a source upwind of a hill,
the most important feature of the flow is the displacement of the mean
streamline through the source, because that displacement determines how near
to the surface the "centeriine’ of the plume will reach. The exact path taken
by the piume in circumventing the hill and the plume's closeness of approach
to the hill surface are critical in determiining the location and magnitude of
the gic's. These displacements are known to be strongly affected by the hill
shape and especially by the stratification in the approach flow. The purpose
of this study was thus to characterize the effects of stability on the
horizontal and vertical deflections around an isolated hil. A large set of
streamiine trajectories over the axisymmetric CCB model was measured using the
stratified towing tank. Three-dimensional coordinates of the streamlines (86
independent trajectories) were determined through stereographic analysis of
photographs of dye streak lines released at a matrix of source positions
(heights and lateral offsets from the hill/flow centerline), and at
stabilities ranging from strongly stable to neutral (Froude numbers of 0.6,
1.0, 20, and =). These measurements provided a relatively complete data set
for testing mathematical models and algorithms of the detailed structure of
stratified flow over hills. The results were presented in an appendix to the
Fifth Milestone Report (Snyder et a/, 1986).

As an example use of the data set, a particular mathematical model using
linear theory and a Fast Fourier Transform (FFT) technique to predict these
streamiine trajectories was evaluated and described in the above appendix by
Snyder et al (1986) and, with some additional work and computations, by
Thompson and Shipman (1986). The calculated results agreed well with the
experimental resuits for neutral flow. In the stable flow (Fr=2.0), however,
lateral deflections were underpredicted and vertical deflections were
overpredicted using the FFT model.

The period 1986 through present

In February 1986, ERT conducted a Complex Terrain Workshop at Research
Triangle Park, NC (Lavery et a/, 1986). Each participant was beforehand
provided a diskette containing the Complex Terrain Dispersion Model (CTDM)
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code and a draft User's Guide and was asked to exercise the model to assess

its overall effectiveness and validity in whatever way he chose. The purpose

of the workshop, then, was to exchange information on the results of these
exercises and to make recommendations to the model developers concerning
further refinements of the CTDM model.

The present author exercised the CTDM by comparing Is predictions with
previous iaboratory measurements of flow and diffusion over hills made in the
FMF. This was accomplished in four phases. In phase 1, CTDM calculations
were compared with wind-tunnel simulations of plumes reieased upwind of two-
and three-dimensional hills in a neutral atmospheric boundary layer. Terrain
amplification factors were compared for a matrix of source locations upwind of
the hills. This phase was intended to test the LIFT module of CTDM, where the
stratification was neutral and the potential flow calculations of LIFT should
be most applicable. In phase 2, CTDM calculations were compared with stably
stratified towing-tank observations, where plumes were released above the
dividing-streamiine height upwind of a three-dimensional hill. This phase was
intended to again test the UFT moduie, but this time wunder strongly
stratified conditions. In phase 3, CTDM calculations were compared with
strongly stratified towing-tank observations wherein plumes were released
below the dividing-streamiine height upwind of the Cinder Cone Butte model.
This phase was intended to test the WRAP module exclusively. In phase 4, CTDM
calculations were made for one selected hour of field conditions, and were
compared with results of towing-tank observations. This phase was intended to
exercise both the LIFT and WRAP modules of CTDM.

The resuits, made available in a detailed report that was distributed to
the workshop participants (Snyder, 1986), may be summarized as follows:

1. From the neutral flow simulations (phase 1), the hill effects (as
exempiified through computations of terrain amplification factors)
appeared to be much too small. Reasons speculated for this
discrepancy included: (a) plume trajectories were too far from the
hill surface, (b) potential flow calculations did not properly
handle the deep boundary-layer flow approaching the hill, or, more
kely (c) the plume centeriine did approach the hill surface

closely enough, but the plume did not mix to the the surface through
the hill-surface boundary layer.

2 From the stable flow simulations with releases above the
dividing-streamiine height (phase 2), it appeared that the pilume
trajectories were again too far from the hill surface. Vertical
deflections of streamiines appeared to be strongly overestimated and
lateral deflections appeared to be strongly underestimated. In the
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towing tank, plumes released slightly above the dividing-streamiine
height spread broadly but thinly to cover the entire hill surface
above the dividing-streamliine height, whereas the CTOM plume was
apparently deformed only sfightly - it "hung together' in going over
the top of the hill. An apparent shortcoming of LIFT at that time
was its lack of appropriate treatmemt of the stratification effects
in the flow that surmounted the hill, ie., streamiine (hence,
plume) deformations under quite strongly stratified flows (Fra1)
were treated the same as those for neutral flow (Fr=).

3. From the stable flow simulations with releases below the
dividing-streamiine height (phase 3), the WRAP miodule yielded rather
poor resuits except when the input parameters (primarily o) were
within a faily closely restricted range. WRAP could not handle
narrow plumes.

4. From the Case 206 simulations (phase 4), CTDM appeared to do a
reasonable job of predicting the values of the highest
concentrations. Improvements in predictions from the 12/5-minute
mode over the 1-hour mode appeared to be small, at least in terms of
calculating the highest concentrations, and did not appear to be
justified on the basis of the additional computation costs.

Also at the CTDM Workshop, the participants were divided into three
workgroups to discuss and make recommendations concerning (a) algorithms, (b)
evaluations and (c) applications. One outcome of the Algorithm Workgroup was
the postulate of a hill-surface . boundary layer that would result in rapid
mixing of plume material to the hill surface [a possible mechanism, lacking
from CTDM, that could have resulted in the rather poor agreement between the
neutral wind-tunnel results (discussed above) and the predictions of CTDM].
Further discussions of the workgroup indicated the need for a ‘definitive’
data set on plume deformations over a realistic hill shape, for appropriate
adjustment or ‘calibration® of the T-factors (terrain correction factors) in
CTDM. Hence, the FMF agreed to conduct further studies with the following
goais:

1. Investigate the existence and/or effects of a ‘hill-surface boundary

layer that might resuft in rapid mixing of materiai from an
elevated plume onto a hill surface.

2. Provide detailed plume-structure data over a realistic hill shape,
i.e., horizomtal and vertical plume deflections and deformations
over a hill,

To satisty the first goal, two interchangeable axisymmetric (idealized)

Cinder Cone Butte (ACCB) models were constructed. One of the models had a

smooth surface; the other was covered with gravel. Effluent was released from
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an upstream source with height such as to obtain a plume that just "grazed'
the hill top. The postulate here was that the roughness on the surface would
maximize the effects of a rapid-mixing layer near the hill surface, thus
mixing material from this elevated piume to the surface, whereas the smooth
surface would minimize the effects of this mixing layer. The results showed
that the postulate of an ‘inner hill-surface boundary layer’ was untenable;
extremely steep concentration gradients remained near the hill surface, even
when the hill was roughened, so that rapid mixing was not induced by the
hill-surface boundary layer. -

To satisfy the second goal, a series of measurements was made of plume
characteristics in flat terrain and over a three-dimensional hill.  Effluent
was released at a number of elevations, upwind distances, and positions
laterally offset from the centerplane determined by the wind direction and the
center of the hill. Sufficient concentration measurements were made to enable
the construction of plume cross sections at the downwind position of the nhill
center and, in a few cases, at the upwind base of the hill. These data were
analyzed to provide the desired information on harizontal and vertical plume
deflections and deformations effected by the hill. One of the more dramatic
examples is shown ‘in Figure 120 In this case, the source was on the
centerplane at ground level, 6 hill heights upwind of the hill. center (the
skit of the hill extended to Sh). Plume cross sections measured at the
position of the center of the hill, both in the presence and in the absence of
the hill, are shown. The hili effected a 91% increase in the lateral piume
width. In this case, the maximum surface concentration (at the same downwind
distance) was decreased by a factor of 2 but, of course, the area of coverage
by large concentrations was greatly increased. Detailed data reports were
provided to ERT in March 1986, and the results were published by Snyder and
Lawson (1986),

Subsequent to the CTMD Workshop (and. as a resuit of the rather poor
comparisons of the CTDM predictions of terrain amplification factors with
wind-tunnel data), refinements were made to CTDM. Specifically, the strain
inferred or measured over the crests of two- and three-dimensional hills in
the wind tunnel were used in the calculations, ie., the T-factors in the
modei were adjusted in accordance with wind-tunnel data. Substantial
improvements in the CTDM. predictions of terrain amplification factors were
obtained, as described by Strimaitis and Snyder (1986).
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Figure 12. Plume cross sections measured in presence ( ) and in.absence
( ———) of axisymmetric CCB model at x=0 (hill center). Hg/h=0, x,/h=-6,
Yo/h=0.
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3.2 Supplementai Modellng of Compiex Terrain

in addition to the modeling done in direct support of the CTMDP, numerous
other complex terrain studies were conducted at the FMF, primarily in response
to envisioned needs of and direct requests from the OAQPS, the regulatory arm
of EPA. These ranged from generic studies attempting to understand the
fundamental physics of flow and diffusion in neutral and stable environments
to a practical demonstration to determine the good-engineering-practice stack
height for a specific power plant located in complex terrain. Whereas the
studies done in direct support of the CTDMP were primarily concerned with
plume impingement from upwind sources and focussed primarily on strongly
stabie conditions, the supplemental studies were broader ranging, for example,
including sources on the tops and lee sides of hills,, perhaps a broader range
in stability from strongly stable to neutral, and investigation of similarity
criteria - rules to ensure that the behavior of the flow in the laboratory
simuiates that in the real world, An example of the latter is the Guideline
for Fluid Modeling of Atmospheric Diffusion, prepared by Snyder (1981) in
response to a request from the OAQPS. In several cases, studies that were
initiated through the CTDM developers were subsequently enltarged upon and
expanded so as to be useful to the modeling community at large. Hence, in
many cases, studies could have been described as supplemental (this section)
or in direct support of the CTMDP (Section 3.1). The choices have been
somewhat arbitrary.

One of the important overall goals in this effort was to ascertain what
circumstances lead to the largest ground-level concentrations, /e., are
larger gic's expected when the plume from an upwind source impinges on a hill
or when the source is downwind of that hill such that the plume is caught in a
recirculation region and downwashed to the surface? Which are likely to lead
to larger gic's, two-dimensional or three-dimensional hills? Stable
conditions or neutral conditions? In each of these circumstances, what order
of magnitude of surface concentrations may be expected?

Neutral-Flow Wind-Tunne! Studies

A simple method used to intercompare effects of terrain on the maximum
glc and to determine worst-case conditions is through the terrain
amplification factor, as mentioned in Section 3.1. Again, the terrain
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amplification factor, A, is defined as the ratio of the maximum ground-ievel
concentration occurmring in the presence of the terrain featurs, X, . to the
maximum that would occur from the same source located in flat terrain, x,‘,’,,.
i@, A=Xn/Xo. This defintion is useful only for elevated sources, of
course, because for ground-level sources, the maximum surface concentration
occurs at the source itself.

Numerous neutral-flow wind-tunnel studies have been conducted at the FMF
on diffusion over two-dimensional terrain features: (a) a ramp with a siope
of 14° followed by a plateau (Snyder and Pendergrass, 1980; Pendergrass and
Arya, 1983; Pendergrass and Snyder, 1987), (b) a bel-shaped hill with a
maximum slope of 12° (Courtney, 1979; Courtney and Arya, 1980), (c) a steep
triangular ridge with a slope of 63° (Arya and Shipman, 1981; Arya et ai,
1981), (d) a series of smooth shaped hills of various slopes (Khurshudyan et
al, 1981; Capuano, 1983; and Lawson and Snyder, 1985, 1987) and (e) a valley
formed between two ridges of sinusoidal cross section (Lee et al, 1981).
Three studies have been performed to determine the effects of the crosswind
aspect ratio of a triangular ridge on dispersion from nearby sources. As
mentioned in Section 2, Snyder and Britter (1987) investigated surface
concentrations on the ridges from upwind sources. (Note that the work was
done in 1979, much earller than the publication date, so that the resuits were
available, indeed, used in the development of a forerunner to CTDM.) Castro
and Snyder (1982) extended the study by measuring the sizes and shapes of the
recirculation regions downwind of these hils of various crosswind aspect
ratio, and by measuring the concentration fields resulting from sources placed
at various downwind locations. Recently, Castro and Snyder (1987a) have
further extended this work to include the case when the approaching wind is
not perpendicular to the long axis of the hill. This allows one to use the
wind-tunnel data to estimate the effects of long-time-scale wind meander.
Other generic three-dimensional hill studies included: (a) conical hills with
slopes of 26.5° and 17.5° with sources located at the hill top or at the
downwind base (Gadiyaram, 1984; Arya and Gadiyaram, 1986) and (b) the
axisymmetric CC8 model with downwind sources (Lawson and Snyder, 1985, 1987).
These various studies were summarized through publications at various stages
by Thompson and Snyder (1981, proceedings published 1985a) and Snyder (1983a,
1983b, 1984). Only a broad overview and a few typical resuits will be
presented here.
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Table 1 shows the terrain ampiification factors for the cases listed
above, in order of decreasing A. From the standpoint of a fixed stack height,
the worst location for a source appears to be just downwind of a
two-dimensional ridge. Downwind sources generally result in larger gic's
because of the excess turbulence generated by the hills and because the
effiuent is generally emitted into a low speed region where the streamlines
are descending toward the surface. Maximum A's are considerably larger than
those downwind of three-dimensional hills. A probable cause of this effect is
that, in three-dimensional flows, lateral and vertical turbulence intensities
are enhanced by roughly equal factors, whereas in two-dimensional flows, the
lateral turbulence intensities are not enhanced as much as are the vertical
turbuience intensities (because of the two-dimensionality). Since the maximum
glic depends upon the ration o,/a, (Pasquil, 1974), we may expect the A's
downwind of two-dimensional hills to be larger than those downwind of
three—dimensional hills. Aiso, the sizes of the recirculating cavity regions
downwind of three-dimensional hills are generally much smaller than those

downwind of two—dimensional ridges.

TABLE 1. SUMMARY OF TERRAIN AMPLIFICATION FACTORS FOR SOURCES
IN THE VICINITY OF HILLS IN NEUTRAL FLOW

Source Hil A
Location Type

Downwind Two-Dimensionai 10-15
Downwind Three-Dimensional 8-6
Upwind Three-Dimensional 2-4
Upwind Two-Dimensional 1-3
Top Two-Dimensional 0.5-1

With regard to upwind sources, terrain amplification factors are larger
for three—dimensional hills because, in such flows, streamiines can impinge on
the surface and/or approach the surface more closely than in two-dimensional
flows.

Table 1 listed approximate values of maximum terrain amplification
factors that were found in the various situations. They are useful only for
scoping a particular problem or for finding the worst possible situation.

450



They do not provide practical estimates for use by, say, an air poilution
meteorologist in determining the maximum gic resuiting from a particular power
plant or for determining the best location for that.plant. For that purpose,
the concept of a "window* of excess concentrations, as introduced by Hunt et
al (1979) is more useful. For any given plant location_ (say, upwind of the
hill), there is a limited range of stack heights H, for which a significant
amplification of the gic will occur. (For sake of argument, we will here
define significant as a factor of 2) This amplification can occur only if
the position of the maximum gic lies on or near the hill surface. For small
Hy Xy will occur upwind of the hill and thus be little influenced by the
hill,b so that A (sx,m/x,‘,’,) will approach unity. If H, is too large (for
example, Hy»h, the hill height), Xmx Will lie well beyond the hill and A will
again approach unity. In either case, there is little ampiification. These
‘windows" of critical H, values have been measured by Lawson and Snyder (1985,
1987) for two typical hill shapes that might be found in the real world, one
axisymmetric, the other two-dimensional. The resuits are shown in Figure 13.
The 1.4-window, for example, extends to about 14h upstream, 10h downstream,
and as high as 1.8h in the verticai for the axisymmetric hill. For the
two~dimensional hill. this 1.4-window extends about 8h upstream, 15h
downstream, and as high as 2.2h in the vertical.

Such contour maps as provided in Figure 13 can be very useful for the
practitioner. Once an acceptable terrain amplification factor (or ‘excess
concentration®) is decided upon, it is a simple matter to trace the window on
the contour map to determine the area (plant location and/or stack height) to
be avoided. Conversely, from such maps, the likely maximum gic for a
potential site and stack height can be estimated. The use of terrain
amplification factors simplifies the application of these data to fuil-scale
situations. The expected maximum gic in flat terrain is calculated (from
mathematical modeis or standard curves), then the concentration in the
presence of the hill is simply the product of this quantity and the TAF. This
study was initiated through a request from the EPA Office of Air Quality
Planning and Standards (OAQPS) to aid in the decision-making process with
regard to the promulgation of the Stack Height Regulations under the Clean Air
Act, and the data were provided to OAQPS much earlier than the publication
dates shown.

451



[4°%4

Figure 13. Contours of constant terrain amplification factors over (a)

axisymmetric hii and (b} two-dimensional ridge.
exaggerated by a factor of 3.

Note that vertical scale is




Subsequent to the idealized study described above, the OAQPS requested
the FMF to conduct a study demonstrating the application of the fluid modeling
approach to the determination of good-engineering-practice (GEP) stack height
for a power plant in complex terrain, i.e., to provide an example study/report
for industry to follow in the conduct of a GEP determination. The site chosen
for this demonstration was the Clinch River Power Plant in southwestemn
Virginia, and a 1:1920 scale model of the surrounding terrain was constructed.
Measurements were presented (Snyder and Lawson, 1985b) that described the
simulated  atmospheric  boundary _ layer  structure,  plume—dispersion
characteristics. in that boundary layer, and the maximum gic of effluent
downstream from the plant, both in the presence of all significant terrain
surrounding the plant and in the absence of "nearby’ upwind terrain. Analysis
of the maximum gic showed that, in this case, a stack height of 326m met the
GEP criteria under 50% load conditions, i.e., the nearby upwind terrain
effected an increase of 40% in the maximum ground-level concentration. This
study followed the general guidance set forth in the Guideline for Fluid
Modeling of Atmospheric Diffusion (Snyder, 1981) and the specific
recommendations set forth in the Guideline for Use of Fluid Modeling to
Determine Good Engineering Practice Stack Height (EPA, 1981) and the Guidseline
for Determination of Good Engirieering Practice Stack Height (Technical Support
Document for the Stack Height Reguilations, Revised Draft) (EPA, 1985).

Stably Stratified Towing-Tank Studies

Lamb and Britter (1984) conducted a combined numerical and laboratory
study of so-named shallow water flow over an isolated hill. They showed how
certain geometrical and flow parameters affect the tendency of a fluid to flow
around rather than over an obstacle in the case of a homogeneous single layer
fluid, /ie., simulating the atmospheric condition of an elevated step
inversion. A series of numerical experiments was conducted using a
finite—difference model. Measures were suggested for quantitative assessment
of the tendency of the fluid to flow around the obstacle as a function of the
relative hill height and the Froude number. The laboratory experiments
examined the motions of two superposed homogeneous layers of fluid past a
conical hill in the towing tank. The resuiting motions were found to agree
with. the resuits of the numerical experiments and extended the understanding
gained from them. Flow visualization techniques were used to demonstrate the
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impingement of the interface on the obstacle, and its dependence on flow speed
and hill height. ’

Another numerical model was acquired and implemented at the FMF for
comparison with laboratory resuits. The numerical model was originally
developed by Mason and Sykes (1979); it integrates the Navier-Stokes equations
for incompressible stratified flow using a finite-difference scheme. Direct
comparisons were made between the resuits of this model and laboratory
experiments for density-stratified flow around the idealized axisymmetric CCB
model by Rottman et a/ (1987) for three specific experimental arrangements.
First, a small towing tank was used in which both the Reynoids number and
Froude number were matched exactly with the numerical model. This provided an
overall assessment of the accuracy of the approximations made in the numerical
model. Second, the large towing tank was used in which mean plume
trajectories were measured and compared with particle paths computed through
the numericai model. Third, some comparisons were made with wind-tunnel
measurements of the flow structure over the hill. In general, the numerical
model qualitatively reproduced the experimental results on the flow structure,
but there were some substantial differences, particuilarly near the hill
surface and in the wake and at the iarger values of the Reynoids number.

Whereas the following area of investigation is not directly related to
complex terrain, it is included here because it played an important (and
somewhat controversial) role in the CTDM formulation. This is the area of
describing the effects of stable stratification on turbulent diffusion or, put
another way, estimating vertical plume growth in the nighttime stabie boundary
layer. Experiments were conducted (Britter et a/, 1983) in which a grid was
towed horizontally along the stratified towing tank. The vertical velocity
fluctuations produced near the grid were reduced under strong stratification
by up to 30%, but the decay rates of the turbulent velocity fluctuations were
found to be unaffected by the stratification over a considerable distance
downstream. Turbulent diffusion from a point source located downstream of the
grid was also measured. The lateral plume widths were found to be largely
unaffected by the stratification and grew with the 1/2-power of time. The
vertical plume growth, however, was found to reach an asymptotic limit. These
results were largely in agreement with the theoretical models of Csanady
(1964) and Pearson et a/ (1983), but in contradiction to the theory and
limited data of Venkatram et a/ (1984). The latter data suggest a continuous
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vertical plume growth (for large times), but the measurements did not, in
fact, extend very far downwind (maximum downwind distance of about 1 km).

Further grid-turbulence studies were done in the towing tank with the aim
of investigating intemal wave effects and providing guidance on the
partitioning of wave and turbulence energies in stably stratified flows
(Rottman and Britter, 1986). The resuits suggested that the mixing efficiency
increases monotonically with increasing stability, with some indication that
it approaches a constant as the flow becomes strongly stable. X

A cooperative project was completed with the Los Alamos National
Laboratory to examine the conditions ur:nder which flushing of a valley between
two ridges will occur, i.e., to answer the question of when a stable crosswind
will sweep the valley clean and when the flow will separate from the top lee
side of the first ridge, reattach at the top windward side of the second
ridge, -and thus form a nearly stagnant region in the valley beneath. In this
series of towing-tank studies, three experimental parameters were varied: the
steepness of the ridge/valley slopes (40°, .27° and 13°). the separation
distance between the ridges, and the Froude number that characterizes the
stability of the crosswind. In broad terms, the characteristics of the flow
between the ridges may be explained using  criteria for boundary-layer
separation from the lee side of a single ridge. The downstream ridge appears
to induce separation from the lee side of the upstream ridge only when it is
steep-sided (Lee et a/, 1984a,b, 1986, 1987). As an offshoot of this work,
the conditions conducive to the onset of severe downsiope winds on the lee
sides of mountains was investigated (Rottman and Smith, 1987). The results
showed that an intrusion (breaking wave - associated with severe downslope
winds) existed when the Froude number based on the ridge height was in the
range 0.2 s F s 0.6 for a steep-sioped ridge (maximum slope 40%) and 0.2 s F =
1.1 for a low-sloped ridge (13°).

An overview of fluid modeling of pollutant transport and diffusion in
stably stratified flows over compiex terrain was provided for Annual Review of
Fluid Mechanics by Sniyder (1985).
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4. SUMMARY

The EPA Fluid Modeling Facility has conducted a wide range of laboratory
studies and a limited amount of numerical modeling of flow and diffusion in
association with the Complex Terrain Madel Development Program. The goal of
the CTMDP is the development of a dispersion model valid in complex terrain,
with emphasis on plume impaction on nearby hills during nighttime stable
conditions. Work at the FMF prior to the inception of the program provided
the basic framework for the model - the dividing-streamiine concept - and the
focal point around which to design the fieid program.

Throughout the course of the CTMDP, the FMF interacted vigorously with
the model developers by providing support in various ways. Early work
provided direct support in planning the details and strategies of the field
experiments and solidifying and testing the limits of applicability of the
dividing-streamiine concept. Later work included exercises of “filling in the
gaps’ in the field data, furthering the understanding of the physical
mechanisms important to plume impaction in compiex terrain and in stably
stratified flows in general, and testing the ability of the laboratory modeis
to simuiate full-scale field conditions. And, as the needs arose, the FMF
tested various modeling assumptions, concepts, and hypotheses and provided
data for ‘calibration® of various parameters within the CTDM model.

Simultaneously, the FMF responded to the needs of the regulatory arm of
EPA, the Office of Air Quality Planning and Standards, by providing guidance
concerning expected terrain effects and by providing a demonstration study -
an example for industries to follow in conducting gocd-engineering-practice
stack height determinations in complex terrain. Also, a broad range of
supplemental studies was conducted, expanding and enlarging upon the specific
requests of the OAQPS and the CTDM model developers to provide information of
general use to the scientific and air poiiution modeling communities. Many of
the data sets generated in the course of this program have been provided to
and wused by various groups (nationally and internationaily) in the
development, testing and evaluation of complex terrain dispersion models.
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