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FOREWORD

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 development programs
designed to quantify the relationships between emissions of pollutants
for all types of sources with air quality and atmospheric effects, and
to uncover and characterize hitherto unidentified air pollution
problems. Information from ESRL 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 (CTMD) program is designed
to develop reliable atmospheric dispersion models that are applicable
to large pollutant sources located in complex terrain. The major
field studies of this six-year program were conducted during 1980 at
Cinder Cone Butte near Boise, Idaho, 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 simulations 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 Fourth Milestone Report describes the continuing
development of the CTDM and evaluates the improved model's performance
using measurement data from the field studies.

A. H. Ellison
Director
Atmospheric Sciences Research Laboratory
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ABSTRACT

The Complex Terrain Model Development (CTMD) program is being
sponsored by the U.S. Environmental Protection Agency to develop,
evaluate and refine practical models for calculating ground-level air
pollutant concentrations in mountainous terrain. The emphasis of the
program is to develop models with known accuracy and limitations for
simulating l-hour concentrations in high terrain during stable
conditions. At the time of preparation of this Fourth Milestone
Report, two small hill impaction studies and a feasibility study at a
full scale site, the Tracy Power Plant near Reno, Nevada have been
conducted. This report describes the continuing modeling and analysis
of the Cinder Cone Butte (CCB) and Hogback Ridge (HBR) data bases,
results from the feasibility study, and plans for the Full Scale Plume
Study (FSPS).

Substantial progress has been made in the development of the
Complex Terrain Dispersion Model (CTDM) as a method for simulating
tracer gas concentrations at CCB and as a practical regulatory model.
CTDM includes explicit mathematical expressions that account for the
important phenomena that control dispersion in mountainous terrain.
The model also includes a method to use turbulence intensity
measurements to estimate the vertical growth of a plume with downwind
distance. The current version of CTDM was evaluated by comparing
model calculations to (1) observed SFg concentrations, (2)
concentration estimates based on a flat terrain model, and (3)
concentration estimates based on the COMPLEX I/II plume path
assumptions. The performance statistics show CTDM does better than
the other two approaches in simulating concentrations observed at CCB.

To help understand the phenomena that control dispersion at the
ridge site a simple empirical modeling approach was taken. A model
was constructed by modifying the effective plume height as a function
of Ho. Model simulations were performed using a subset of the
SHIS #2 CF3Br data base. These empirical model calculations were
compared to observed CF3Br concentrations and to calculations made
with a flat terrain model and a model based on the half-height plume
path assumption. The empirical model performed better than the other
two models. Furthermore, for both CCB and HBR the flat terrain model
underestimated concentrations while the COMPLEX (or half-height) model
overestimated concentrations by roughly a factor of two.

The FSPS was conducted at the Tracy Power Plant (TPP) near Reno,
Nevada in August 1984*%, The Tracy station was selected based on a

*The FSPS will be discussed in the Fifth Milestone Report (June 1985).



feasibility study conducted at the site in November 1983. The
feasibility experiment resulted in a data base that is useful for
modeling and for showing the important differences between a full
scale site and the two small hill sites. This Fourth Milestone Report
presents a discussion of an initial analysis of the November Tracy
data base and the plans for the FSPS.

This milestone report also includes two appendices prepared by
scientists at the EPA Fluid Modeling Facility. Appendix A contains a
report describing the results of a towing tank study designed to
evaluate the validity of modeling a plume in the flow above H, as if
both the plume height and the terrain height were reduced by H,..
Appendix B containg a report describing a wind tunnel study designed
to identify source-terrain relationships for which the effect of an
idealized model of CCB on ground-level concentrations is greatest.

This report was submitted in partial fulfillment of contract
68-02-3421 by Environmental Research & Technology, Inc. under the
sponsorship of the U.S. Environmental Protection Agency. This report
covers the period June 2, 1983 to June 1, 1984,
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SECTION 1

ITNTRODUCT LON

The U.S. Envirvonmental Protection Agency (EPA) Complex Terrain
Model Development (CTMD) project is a multi- year study to develop
improved models for calculating ground level air pollutant
concenlrations that result from large emlssion sources located in
mountainous terrain. At this time, the focus of the project is to
develop models for simulating 1l-hour average concentrations during
stable atmospheric conditions.

Thesce 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, easy to use, and of known accuracy and limitations. The
CTMD project will recommend the types and extent of meteorological
neasuremnents necded to derive input to the models.

The objectives of the program were described by Holzworth (1980)
and generally follow the recommendations of the participants of the
EPA sponsored wotrkshop to consider the issues and problems of
simulating air pollutant dispersion in complex terrain (Hovind et al.
1979). The program was subsequently designed with a perspective
toward modeling and includes model development efforts based on
physical modeling, field experiments and theoretical work. The
project started with field experiments and physical modeling for
isolated simple terrain features and has progressed to the Full Scale
Plume Study (FSPS), which was conducted at the Tracy Power Plant nea
Reno, Nevada in Aupust 1984.

The program was begun in June 1980. The first major componen
was the Small Hill Tmpaction Study #1 (SH1S #1), a field experimentx*
conducted during the fall of 1980 at Cinder Cone Butte (CCB), Idaho.

* The prime contractor for the CTMD is Environmental Research &
Technology, Inc. (ERT). The principal subcontractors for the CCB
experiments were Western Scientific Services, Inc. (WSS1),
responsible for fixed meteorological data (towers, instrumentation
and data communication) and North American Weather Consultants
(NAWC), responsible for the experimental field program (tracer and
smoke releases, tracer data collection, photography, mobile
meteorology, and field logistics). 1n allied activities, the EPA
Fluid Modeling Facility (FMF) provided laboratory fluid modeling
support; the NOAA Wave Propagation Laboratory (WPL) supported the
field program with a manned lidar system; and TRC Eanvironmental
Consultants, Inc. provided independent data audits.



CCB 1s a roughly axisyuwmetric, isolated 100 meter tall hill located in
the broad Snake River Basin near Boise, 1daho. The field prograa
consisled of ten flow visualization (oil- fog) experiments and 18

multi hour tracer gas experiments with supporting meteorological,
lidar and photographic measurements.

The seccond Small Hill Tmpaction Study (SHIS #2)** was conducted
during October 1982 at the Hogback Ridge (liBR) near Farmington, New
Mexico. SHIS #2 included tracer and flow visualization experimenls
with concurrent meteorological, lidar and photographic measurenments.
The experiment produced approximately 179 tracer hours and extended
the modeling data base to include flow and dispersion around a
two- dimensional ridge.

buring the course of the CTMD project, three Milesione Reports
(Lavery el al. 1982; Strimaitis et al. 1983; and Lavery et al. 1983)
have been published. These reporls, which are available from EPA,
describe the progress in developing and evaluating complex terrain
models using the CCB and HBR data bases. They also describe in detail
Lthe two Small Hill studies and a series of towing tank and wind tunnel
studies performed at the EPA Fluid Modeling Facility (FMF) in support
of the modeling.

This Fourth Milestone Report documents work accomplished from
June 1983 through May 1984. 1t describes the further development of
the Complex Terrain Dispersion Model (CTDM). 1In particular, it
provides a detailed mathematical description of CTDM and shows how the
important terrain effects on plume dispersion are specifically handled
in the wmodel. This latest version of CTDM has been tested using the
CCB data base. An B80- hour subset of the data base has been
partitioned into four classes: neutral, weakly stratified,
impingement and very stable. CTDM calculations were compared to
observed SFg concentrations and to concentrations calculated with
(1) a flat terrain model and (2) a model that uses the COMPLEX L/11L
plume path assumptlilons. The results show that CTDM performs
significantly belter than the other models.

CiDM was also used to test the importance of using high
resolut ion, onsite meteorological measurements as the basis for inputl
to the model calculations. CTDM calculations were done with two scts
of input data: (1) derived from the CCB Tower A 10-m and 150 -m data
and (2) derlved from the 10-m data only. The results confirm the
inportance of using onsite turbulence data and neasured vertical
profiles of temperature and winds in the model simulations.

*%  During SHIS #2, R was responsible for field managementi, ithe
150 m and 60-m towers, site logistics, and quality assurance.
Through an Inleragency Agreement with EPA, NOAA Air Resources
Laboratory Field Research Division (ARLFRD) conducted the flow
visualization and tracer experiments, was responsible for the 10 m
and 30 -m towers, and operated a rveal- time data acquisition and
analysis system. NOAA WPL provided lidar, acoustic soundevs, a
tethersonde, and optical and sonic anemometers. 7TRC provided
independent performance audils.



This Fourth Milestone Report also presents the progress in
refining the SHIS #2 tower meteorological data. It discusses new
modeling of the HBR CF3Br data base. To get an understanding of the
phenomena that influence dispersion at a ridge setting, an empirical
modeling approach was taken. The results again confirm the usefulness
of the concept of a dividing-streamline (H.) in discriminating
between essentially horizontal flow and flows that go over HBR.

The Full Scale Plume Study (FSPS) was conducted at the Tracy
Power Plant (TPP) near Reno, Nevada in August 1984. The Tracy station
was selected based on a feasibility study conducted at the site in
November 1983. The feasibility experiment resulted in a data base
that is useful for modeling and for showing the important differences
between a full scale site and the two Small Hill sites. This
milestone report presents a discussion of an initial analysis of the
November Tracy data base and the plans for the FSPS.

This report consists of a total of six sections and three
appendices. Section 2 provides a detailed mathematical description of
CTDM while Section 3 presents an evaluation of CTDM using the CCB data
base. Section 4 presents the analysis and modeling of the Hogback
data base. The results of the preliminary Tracy experiment and the
plans for the FSPS are given in Section 5. Section 6 presents the
summary, conclusion, and recommendations for future work.

Appendix A contains a report prepared by the EPA FMF describing
the results of a towing tank study designed to evaluate the validity
of modeling a plume in the flow above H, as if both the plume height
and the terrain height were reduced by H.. Appendix B contains
another report prepared by the EPA FMF describing a wind tunnel study
designed to identify source-terrain relationships for which the effect
of an idealized model of GCB on ground-level concentrations is
greatest. Appendix C contains an overview of the ALPHA-1 airborne
lidar observations of the oil-fog plume during the November 1983
preliminary experiment at the Tracy Power Plant near Reno, Nevada.



SECTION 2

THE COMPLEX TERRAIN DISPERSION MODEL

The Complex Terrain Dispersion Model (CTDM) is a point source
plume model which incorporates several concepts about stratified flow
and dispersion over an isolated hill. The emphasis to date has been
on including those phenomena that are thought to be important in
controlling the magnitude and distribution of plume concentrations
across CCB and HBR. Although the formulation of modeling concepts
contained in CTDM has general inherent applicability, certain details
make explicit use of the geometry of CCB and HBR to simplify the
code. Consequently, CTDM should be viewed as a research code at this
time rather than a code suitable for regulatory applications.

We expect CTDM to evolve during the CTMD project. As more data
are analyzed from SHIS #1 and SHIS #2, the specific formulations will
change as will the range of phenomena contained in the model. 1In
addition, analysis and modeling of the FSPS data that were obtained in
August 1984 will undoubtedly require a more general treatment of
terrain in the model, and certainly the inclusion of new phenomena.
These changes will be treated as updates to CTDM rather than the basis
for new model nomenclature.

A central feature of CIDM is its use of a eritical
dividing-streamline height (H.) to separate the flow into two
discrete layers. This basic 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 (1983). 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 arocund the
terrain, rather than up and over the terrain. The flow above H, is
allowed to rise up and over the terrain. Two separate components of
CTDM compute ground-level concentrations resulting from material in
each of these flows. LIFT handles the flow above the H., and WRAP
handles the flow below H,..

The following subsections contain descriptions of the LIFT and
WRAP components, and also descriptions of the plume spread
formulations contained in CTDM, and adjustments made to the plume
height to account for buoyancy effects and wind speed shear effects.



2.1 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, only "sees" that portion of
the hill that lies above H,.

A fluid modeling study has been performed by Snyder and Lawson at
the EPA FMF to assess the utility of this approximation. The results
of this study, presented in Appendix A, confirm that this
approximation is reasonable with regard to estimating the locations
and values of maximum ground-level concentrations and areas of
coverage on the windward side of the hill. Poorer correspondence is
found in the lee of the hill for plumes released well above H,, and
this is apparently due to lee wave effects.

The plume is allowed to develop as if the terrain were perfectly
flat until it reaches the point where the H. surface intersects the
hill (at x = x. + S5, see Figure 1). 1If H. is zero, then this
zone 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 wind speed, plume height above H., plume spread, and
lateral position of the plume centerline relative to the receptor are
all modified to reflect the net alteration of these properties between
sp and s (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.

Aside from the obvious distinction of incorporating the primary
influence of H, on the plume-terrain interaction, this approach
notably differs from the current regulatory modeling approach (at
least as embodied in COMPLEX I and II) in that the terrain influence
for a receptor on a hill only affects the diffusion of the plume once
it is over the terrain. The mathematical formulation of the "partial
plume height correction" approach of COMPLEX and similar models
actually "lowers"™ the plume at the source. If this technique were
engineered to produce the "correct" hill-influenced ground-level
concentrations, the terrain correction factor for a particular
receptor would need to be a function of downwind distance, terrain
shape, and distance between source and terrain. As employed in
regulatory modeling, however, the terrain correction factor depends
only on the stability class, so that its use has led to problems of
interpreting "surface reflection" from sloping terrain, as well as to
problems in justifying values chosen for the terrain correction factor.
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Figure 1.

€——Sg /

‘Fklajt;rr:ar:m' 1{,/’ '): //l,’// / LIFT Domain

c \‘N &%‘ “"\\\\\ WRAP Domain

"___ N [— |

‘FlatJTérrain'
Domain

I,» :;So ‘\"a }% %":\\\\ WRAP Domain

u LIFT Domain

_L .4 \\\x

T L —
Xr X¢tSg X

Idealized stratified flow about hills indicating domain of
individual CTDM component algorithms. The distance sy is the
distance from the source to the intersection of H, with the hill
surface for receptors above H, (the LIFT domain), and it is the
distance from the source to the terrain-height contour equal in
height to the receptor elevation for receptors below H, (the WRAP
domain). Note that in the upper figure the flow is into the page.

6



Terrain-induced modifications to the plume arise from the
distortion of the flow over the hill. A streamline of the flow will
be deflected to the side (unless it lies in a plane of symmetry) and
its height above the surface will be reduced. Adjacent streamlines
are deflected in much the same way, but are generally displaced by
differing amounts, which in turn changes the spacing between
streamlines and hence, causes changes in the local speed of the flow.
As a result, the actual plume trajectory is curved, the time of travel
does not vary linearly with distance, the plume distorts so that it is
thinner in the vertical direction and wider in the lateral direction,
the turbulence statistics vary, and as shown in Hunt and Mulhearn
(1973), turbulent diffusion across streamlines is enhanced by the
contraction in the distance between streamlines in the vertical
direction, and retarded by the expansion in the distance between
streamlines in the lateral direction.

Hunt and Mulhearn explicitly track these changes through the use
of line integrals along the streamline that coincides with the plume
centerline. LIFT has been designed to take average values of the
changes in flow properties over the interval between s, and s.

These average values then guide the distortion applied to the
concentration distribution at the distance s,, and the flow speed

used in the subsequent calculations. 1In essence, LIFT distorts the
plume at s, by an amount representative of the average distortion in
the flow between s, and s; it removes the hill and displaces the
plume toward the surface by an amount representative of the average
height of plume above the hill surface between s, and s; and it then
uses a flat terrain computation to estimate the effect of these
distortions on the diffusion of material to the surface over the
interval s-s,. Hence, a continuous process is represented by a
two-step process in which the distortion of the flow and the diffusion
of the plume in the distorted flow are treated successively. This
approach, while not as rigorous as the Hunt and Mulhearn approach,
allows us to develop a modeling framework in which the terrain effects
appear as simple factors within the flat terrain solution.

2.1.1 LIFT Structure

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
above H, at s,. Conceptually, the flux of plume material through
the plane x = X + 55 (note that the x-axis lies along the flow
direction, and the plume is released at x.,y.,z,) 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 - Xp, then
the source strength of one of these point source elements is given by:

d4Q(sy,¥,2) = C(s45,y,2z)u dy dz (1)



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:

dQ(s_,y,z) _ y=%., _ z-h.,, z+h, o
dc(s,%,h;s ) = —2 eo‘s(o x) (eo'S(o x) + eo's(o %) ) (2)
o Zvcy*az*u y z z

where oy*, oz* denote the plume spread statistics for each

point source element over the interval s - s, (see Figure 2a). The
total concentration at a point (s,%,h) is found by integrating
Equation 2 over all point source elements, so that

40
C(sonsZ) -0 5(&&)2 zth

. -0, S(""—)2 0.5¢( )2
. = —— * *
C(s,%,h;s ) ] ] Pmg *g *u © oy (e o * + e o )dy(gf
0= ¥ 2
The plume spread statistics oy* and o,* for the interval
s-s, are specified by the requirement that Equation 3 for flat
terrain reduces to the expression obtained for the original point
source located at s = 0. Equating the two expressions for C, where
h = 0 for convenience,
*2 - 2 - 2 = 2 _ 2
o, o, (s) o, (so) =9, %0 (4a)
ay °y (s) v (so) °y dyo (4b)

Equations 3 and 4 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 deforming the source
distribution at s, (Equation 1), and by altering the flow in which
the source elements diffuse. For a receptor located at (s,yg) on
the surface of a hill (h = 0), the concentration due to one elemental
point source is obtained at (s, ¥R.O) through Equation 2 by replacing
Y.Z, ay,oz, and u with y*', z', oy , dz , 8and u' to simulate the
average change in these propert¥es over the interval s-s,, caused by
the influence of the terrain; and by introducing H.' as the lower
boundary--the effective hill surface. This treatment is illustrated
in Figures 2b, 3a, and 3b.
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Figure 2a. Illustration of the relationship between the crosswind-average
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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; S4,24)
from each point-source element Q(s,,z,).
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Figure 3a. Illustration of the displacement and distortion of the plume due to
the influence of terrain as modeled in LIFT. 1In the absence of
terrain, the plume at s remains centered at (yp., z,) as
illustrated by the darkly shaded plume cross-section. In the
presence of terrain, LIFT treats the terrain surface as flat, but
lowers and deflects the centerline of the plume to one side. The
deformed flow results in a decrease in the vertical size of the
plume, and an increase in the horizontal size of the plume, as
illustrated by the lightly-shaded plume cross-section at s. Note
that the centroid height varies with the distance s-s,, and in
this depiction it follows a trajectory that carries the plume nearer
the surface with increasing distance downwind.
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Y'-¥g z'-H

dQ(s _,y',z') c
0 -0.5¢( Y2 -0.5¢ )2
M = K ? i ¢
dC(s,yR,O,so) e e oy e % (5)
y z

where
*12 _ ' 2 - "2 = t2 _ ' 2
oX o, (s) o, (so) = dz L (6a)
d*'z = t 2 - ' 2 E doz - dl 2 6b
¥ cy (s) dy (so) y ¥0 (6b)

Because the material from elemental point sources below H.' at s,
are forced around the hill rather than over it, the total
concentration contains contributions only from those source elements
above H,.', so that Equation 3 becomes

'—-
© +c C(SO.Y'»Z') -0 S(y YR)Z
. = TP : %
C(S,YR,O,SO) I I pps— e Oy (7)
H " y 2
[ —
z'—Hc'
- 2
v e 0.5( c;' ) dy'dz’
where
y'_yc zt'-2"' PARES A
r r r
v ooy L Q -0.5(—)2, -0.5(—)2 . -0.5(—)2
C(so,y ,z') = mu'a' or © ayo (e L + e %0 )
yo zo (8)

Note that the plume is originally released at the point
(Xps¥p,2p) - After the deformation at the distance sy, the
plume centerline passes through the point (s,, yp, zp).

Primed quantities in Equations 7 and 8 are related to the

unprimed quantities of the undistorted flow by means of terrain
factors (see Figure 3b). These factors are local in the sense that
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they depend on the position of the receptor on the terrain, even
though they represent the average terrain effect on the flow from s,
to s. Tp and Ty are factors that specify the amount of

streamline distortion in the vertical and lateral directions; T,
specifies the resultant change in the flow speed; and T,, and T,
specify changes in the diffusivity in the vertical and lateral
directions.

The factor Ty should account for the effective contraction of
the distance between streamlines in the vertical. A simple model for
the change in streamline spacing applies a constant depression factor
to all streamlines over a particular location on the terrain. This is
particularly convenient for evaluating Equations 7 and 8. But note
that the perturbation caused by a hill should decrease with height, so
that this simple model must be viewed as an approximation which must
be applied at plume centerline height. Similarly, Ty is treated
as a constant and is evaluated for a particular plume path. More
details on the specifications of these flow deformation factors are
given in subsection 2.1.2.

The speed factor, T,, is obtained by conserving mass. The
condition T,TRTy = 1 must be maintained at every point in the flow.

The factor T4 (denoting either T,, or Tgy) should account for the
effective growth in the plume element in the altered flow between s
and s, and can be expressed in terms of the diffusivity. The
diffusivity over the interval s-s, can be related to the growth of a
plume element in the following way. For a uniform wind speed but a
variable diffusivity (D) in a flow over level terrain,

2
dodisz - % D(s) (9)

If a mean diffusivity over the interval s-s, is denoted by Dy,
then Equations 4 and 9 can be combined to give

2(s—-s )
Ag? o
X2 = 2 _ 2 _ - =
o o do (s so)AS " Dm (10a)
and
ok'2 = g'2 _ g'2 _ (s-s )Ag'z - i.s._s_—s_).. D! (10b)
o o’ As u' m

Therefore T4, the factor that relates the growth of the
terrain-influenced plume element o*' to the uninfluenced growth
ok, can be evaluated in terms of the diffusivity

D& Dm
2 = 2/9%2 = (— =
T 2 2 o%'2/a U ew. (10¢)
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and hence, can be evaluated with the aid of Equation 9 as discussed in
subsection 2.1.2.

With these definitions, the explicit relationship between the
initial plume and the distorted plume is given by the following
equations:

v . ' . ' = .
z, = T z ; Hc T H sy T!Y 3

o' =T o 3

zo0 1%zo =T o ;. u' = Tuu {11la)

dyo L yo

Both the plume height in the approach flow and H., are reduced by the
factor T, as is the initial size of the plume in the vertical

(0z0) because a constant compression in the vertical of the

approach flow is applied at all elevations. When a constant
distortion factor Ty is applied to the horizontal spacing of
streamlines as well, then the horizontal size of the plume at s, is
altered by the factor Ty, as is the lateral position of the plume
centerline.

Furthermore,
oX' = T oX and o' = T oX
z oz z y oy y

so that Equation 6(a,b) becomes

'2 . 2 2 25 %2 = 2 2
dz Th dzo + sz dz = Th dze (11b)
0'2 =T 20 2 4+ T 2g X2 =T 29 2

y  “yo oy ¥ L ye

Equations 11b define what are later termed the effective sigmas:

0 2 =0 2 + ox2/T 2
ze zo z 'z
(1llc)
o 2 =0 2 + okx2/T 2
ye o y vy

where T, = Tp/Tgz and Ty = Ty/Tgy.
Upon solving the integrals in Equation 7 and substituting

Equations 11 for the primed quantities, the resulting expression for
the concentration is

15
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The terrain-induced modifications are easier to observe if H,
is set to zero:

Yo./T, -y
0 -0.5¢ R % r)z
e c
. - ye -0.5 (z_/o_ )2
C(s.yR,O,so) = «ayeczeu e r ze (13)

Equation 13 differs from the simple flat terrain Gaussian plume
equation only in the appearance of a distortion factor Ty in the
lateral distribution term, and in the appearance of effective plume
spread parameters. If T, and T, are not equal to unity, the
effective size of the plume differs from the unmodified plume and the
effective lateral distance from the plume centerline to the receptor
is altered. For illustration, let y,. = 0. Then if Tg > 1,

which is generally the case because the streamlines spread out to some
degree as the flow is deflected laterally, the apparent receptor
location (yr/Ty) lies nearer the plume centerline. Aside from

this lateral shift in the impact region on the terrain, the influence
of the terrain is exhibited only through changes in the rate of
effective plume growth. When T, is less than unity (again, this is
generally the case), o,, exceeds o, at s and so more plume

material may lie "nearer" the surface. As a consequence, Equation 12
may estimate ground-level concentrations in excess of flat terrain
estimates even when H, is zero (see Figure 4).

If H. is non-zero but less than z,, Equation 12 will estimate
even greater ground-level concentrations because the flow in the layer
from the surface to H, is "removed,"” allowing the less dilute
portion of the plume to approach nearer the surface (see Figure 3).

In particular, if H, = z,, then Equation 12 places the centerline
concentration at ground level, producing a centerline "impingement”
result.

In the development of Equation 12 and the terrain factors, the
factors are considered local terrain effects factors for a specific
receptor. The degree of flow deformation is dependent on whether the
flow must go directly over the crest, or pass to one side in
approaching the receptor. Once the local factors are obtained, they
are applied to the entire plume. If there is a large amount of plume
meander over the averaging period of the model computation,

Equation 12 may not be appropriate.
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Therefore, consider Equation 12 applicable to a "filament"
plume. The "filament" plume is defined to be a plume described by the
flow field statistics obtained for a sampling period commensurate with
the time of travel from the source to the hill. The mean
concentration at a receptor for an averaging period greater than the
time of travel is a weighted average of many "filament" plumes:

400
c = | C(s,er,O;so,ei) P(Gi) dei (14)

m
-0

P(0) is the probability that the wind is from the 6 direction
during the averaging period, and C (s,64,0;s,,0) is the
.concentration resulting from a "filament” plume from direction ©,
and 0, is the direction from the apparent or effective receptor
location to the source. Details explaining how 6, is found are
contained in subsection 2.1.3.

For a distribution of wind directions that has a single dominant
mode at the mean wind direction 6y, P(0) may be approximated by
a Gaussian distribution:

(6-6_)s
~0.5(—2—)2
e (]

. ym
P(O) = Vi o /s (15)
ym

Using a similar arc length notation for lateral distance,
C(s5,6,,0;5,,0) may be written as

F () 5((er-e)s)2
C(Sger.o;so,e) = """ e ‘ dye (16)
ye
where Fz(0) denotes the vertical distribution portion of
Equation 12.
By assuming that the "filament" plume is narrow, set F,(0) to
F,(6,), and evaluate oy, for a plume from 6,. This makes explicit
the use of terrain fac{ors that are local to the receptor.
Equation 14 becomes:
4 (0,-90 )s (0,-6 )s '
F, (0,08 _0.5(——F—)2 _0.5(——"—)2 gp,
C = e o e o i (17)
m VZwo_ o ye ym
ym ye_

18



The solution of this integral is

(6 -8 )s

c - F (6 e-0.5(——:‘;——11—--)2 (18a)
m o yT
yT
where
G 2 =¢g 24+qg 2 (18b)
yT ym ye

Because ¢ is viewed as the statistic for just the meander
component of the wind fluctuations over the averaging period, and
dye is viewed as the measure (including the terrain modification)
of the mean "filament" plume spread, oyt = dye in the absence

of meander, and Equation 12 is obtained once again.

In applying LIFT to the CCB data base, the selection of wind
statistics for the "filament™ plume is limited to the 5-min sampling
time, and the mean concentration is generally computed for a 1l-hour
interval. Also, when the average concentration is obtained from
simulating each 5-min period separately, Sym is identically zero,
and Equation 18 is used for both calculations.

Equation 18, in which Fz(8y) represents the portion of
Equation 12 that contains the information on the vertical structure of
the plume, provides the framework for estimating concentrations due to
plume material that travels up and over a hill. As a framework, it
shows how the influence of the terrain, expressed as terrain factors,
affects the magnitude and distribution of plume material along the
surface of the terrain. Consequently, the influence of particular
hills on the flow-field must be prescribed in terms of these mean
terrain factors before concentrations can be estimated by means of
Equation 18. The following two subsections describe a method for
obtaining mean terrain factors, and a method for estimating the
effective position of a receptor after accounting for the lateral
deflection of the plume.

2.1.2 Terrain Factors

Terrain-induced modifications to the flow over a hill are
prescribed in terms of the undisturbed, rectilinear flow and the
terrain factors Ty(x,y,z), Tq(x,y,2), and Ty(X,y,z). The
vertical coordinate (z) denotes the height of the plume in the
approach flow, and the x-y plane is centered on the hill (presumably
at the crest of the hill). The plane z = 0 is the flat surface away
from the hill, generally taken to be the surface elevation beneath the
plume near the source. The x-axis is assumed to be aligned with the
flow direction that would take the plume centerline over the effective
receptor location (see subsection 2.1.3 and Figure 11). If T(x,y,z)
denotes any one of the three factors, then at the position (x,yp)
the distortion factor for the flow between streamlines originally
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passing through (X;.,¥r,2p) and (x,,y,,0) is denoted by
T(X,Yr.2p) (see Figure 5).

The factors actually applied in LIFT need to be expressed as
average values for the interval s-s,. Because the factors are
expressed in the coordinates of the undistorted flow, an average along
the trajectory of the flow is expressed as an integral along "x."
Therefore the mean or effective terrain factor for the flow between
streamlines passing through (X,,y.,z,) and (Xn.,y.,0) is
given by:

+S
r

x
T(s.yr,zr;so) = ] T(x,yr,zr) dx/(s—so) (19)
o

X +s
r

Note that only two of the three factors need be evaluated in this way
because T, TgTy = 1.

In principle, the factors could be computed from a flow model.
However, the approach taken in LIFT involves scaling the magnitude of
the flow modifications on the basis of flow computations rather than
incorporating the results of those flow computations in detail. This
scaling is accomplished by specifying the extreme values of Ty,

Ty and T,. For neutral flow, these values occur at the crest of

the hill. With a certain degree of stratification, these values shift
to the leeward side of the hill. Away from the location of the
extreme, the modification to the flow diminishes, and the terrain
factors approach unity. This relaxation to unity is specified by a
simple analytic function that includes length scales for the lateral
and longitudinal "axes" of the hill. An example of a set of these
extreme values for CCB can be found in subsection 3.3.1.

This method of incorporating the terrain-induced distortion
allows the influence of the terrain to be incorporated by means of a
limited number of parameters. The average terrain modifications
required in the model can be specified analytically without the need
for numerical integration. Consequently, several flow modeling
asgsumptions can be readily investigated, and the parameters that
specify the flow can also be treated as optimizing parameters so that
the observed distribution of concentrations may be used to infer the
flow modification.

For the case of an axisymmetric hill (an approximation for CCB)
with a length scale equal to its radius at the elevation of the H.
surface, a(H.), the factor variation is given the form:

X-X
sep !
Gam o )~ Gam)® (20)
¢’ sep c

T(x,y,zr) =1 + (To(zr)—l)e
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Figure 5. Depiction of how the terrain factors depend upon the height of the

release (z,) and the lateral offset of the trajectory from the
crest of the hill. The flow is unaltered over the distance s,
each of the three illustrations. Beyond s,, the height of the
plume above the surface (the plane z=o0), the flow speed, and the
lateral width of the bundle of streamlines selected for this
illustration (38y) varies with distance from the hill crest
depending upon the offset of the plume trajectory from the crest,
and the height of the plume in the approach flow. These variations
in turn define the terrain factors. Consequently, a particular
terrain factor T(x, y, z) is specified by a location in the x-y
rlane, and by the plume height in the approach flow.

in
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The quantity a is introduced to adjust the rate at which the factors
relax to unity with distance from the location of the extrema.
To(Zp) denotes the extreme flow modification factor for the flow
between streamlines passing through (x,,0,z,) and (x.,0,0).

To simulate the effects of weak stratification, the variable
Xsep is introduced to shift leeward the location of the nearest
approach of streamlines to the surface. With weak stratification, the
formation of the lee waves influences flow separation in the lee of a
hill. On the basis of laboratory experiments and simple theory (e.g.,
Hunt and Snyder 1980), the separation point resides near the hill
crest when one quarter of the wavelength of the lee wave exceeds the
longitudinal half-length of the hill (measured at 1/2 the hill height)
because the streamlines in the wave pattern exhibit a shallower slope
than the terrain surface. When the wavelength is shorter than this,
the separation is suppressed over the hill until the wave pattern
causes the streamlines to rise again at three quarters of the
wavelength of the wave. This point lies at one half wavelength from
the crest of the hill (see Figure 6).

The wavelength of the lee wave is approximately equal to
2wu/N. Because LIFT addresses the flow above H,, u/N is taken to
be representative of the flow above H. as well. The criterion for
where separation is likely to occur can be expressed in terms of the
Froude number based on the horizontal length scale of the hill,
Fry,. With L defined as in Figure 6,

u

FrL = o (21)
Consequently, the separation point remains near the crest for
Fry > 2/%. Therefore,

xsep =0 FrL > 2/w

(22)
X = qu/N Fr. < 2/«
sep L

We shall assume that the streamlines above H. come closest to the
hill surface near Xgep-

Equations 19 through 22 allow the average factors Tp and Tg
to be specified for the flow through the source at height z, toward
a particular receptor. T, is always obtained as the inverse of the
product of Tg and T}. Consequently, Ty, Ty and T,, depend on 6O,
the wind direction that brings the centerline of the plume over the
receptor.

The fourth terrain effect factor, T, (denoting either Toy

or Ts,), depends in part on Ty and T,,. T4 is defined by
Equation 10c¢, and requires the specification of the mean diffusivity.
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A< 4L : Separation occurs near A/2 beyond the crest

A(=2mu/N)=4L »Fr Fu/NL)=2/m

Figure 6. Dependence of separation in the lee of a hill on stratification.
The structure of the lee wave begins to influence the point of flow
separation when the wavelength is less than 4L.
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In the case of T,,, equations 9 and 60 indicate that

D =uiz? s ("linear" growth range for o;)
D =ui, & ("square root” growth range for o;)
where
1 N
1/ = rz Y2ui (23)
r z

These expressions are derived from the equation for o, presented
in Section 2.4. An expression for D that approximates the transition
between the two limits stated in Equation 23 is

D (24)

1+ 81 /0
z

Because D is linear with distance, or constant in Equation 23, Dy in
the interval s-s, can be approximated by D(sp), where sy is the
mean of s and s,;. Then Equation 10c may be evaluated as

0'2 [
T 2 i %8sy ) (1+sm12/l

oz = (1+s i/
mz

1) (25)
Z n

Substitute terrain factors to evaluate the primed quantities, and
introduce Tj, to represent the factor for the change in turbulence
intensity, and Equation 25 becomes

iz N
1+s (== + o
m I‘zr Y%u
2 . 2
sz Tiz T, i (26)
1+s ( 1Z°Z + Jg )
m Thl‘zr '1‘u hY u

Parallel reasoning applies to Tdyz. For the equation developed
in Section 2.5 for Oy,

1+sm/u'1.‘LT
Toy" = Tiy" "u Trs jur 27
y y u m LT

where T is the Lagrangian time scale for the transverse
correlogram.
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2.1.3 Effective Receptor Location

The evaluation of Equation 18 and the development of
subsection 2.1.2 require the specification of the effective, or
apparent receptor location. In particular, the wind direction 6,
that transports the plume over the effective receptor must be
obtained. 1In developing Equation 12, the plume centerline was shifted
by a factor Ty, which represents the average lateral shift along
the trajectory. But a more accurate specification of the shift in the
centerline position requires that the shift be evaluated at the
receptor location without averaging along the path. The effective
receptor location is then related to the actual receptor location by
the terrain factor Ty(x,y,z,).

When the coordinate system, with origin at the hill center, is
rotated to align the direction of the x-axis with the direction from
the source to the effective receptor location, (i.e., the flow is due
to wind from 6.)

e

Vg = OI Tl(xR,y,zr) dy . (28)

That is, the cumulative deflection of the flow from the center of the
hill out to the position (yp) of the undistorted trajectory of the
plume gives the lateral position (yg) of the actual receptor over
which the deflected plume trajectory travels at the downwind position
xg (see Figure 7). Upon substituting for Tg(xXR,¥,Zr),

¥R *sep y2
a(a(l{c)+xse )
P (29)

- 43 -(
Y = ¥ t ca(H )™ erf(y /aa(H ))(T, (z )-1)e

Equation 29 must be solved numerically for y, given yp and
Xg. But ygp and xg are themselves only known once O, is
known (due to rotating the coordinate system), which in turn requires
that y, and x, be known. Thus, 6, is obtained from this
implicit set of relationships by iteration.

2.2 The WRAP Component

In CTDM, the flow below H, is considered to be completely
two-dimensional, allowing no motion in the vertical. Consequently,
the flow must pass to one side or the other of the hill, and the one
streamline that actually touches and passes round both sides of the
hill separates the two flows, and is termed the stagnation streamline
of the flow. The flow on either side of the stagnation streamline
undergoes distortion in much the same way as that discussed in
Section 2.1. A streamline in the flow will be deflected to the side,
but will pass closer to the hill surface than its initial distance
from the stagnation streamline. Adjacent streamlines are displaced by
differing amounts, which in turn changes the horizontal spacing
between streamlines and hence, causes changes in the local speed of
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Figure 7.

Projection of
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onto the Plane
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Plume Trajectory for 8, Wind
in the Absence of the Hill
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(xrl Yr)
Source

Definition sketch for deriving the effective receptor location.
The x-axis is aligned with the flow due to a wind from direction

Op.
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the flow. The effect of these distortions on ground-level
concentrations is similar to those formulated in LIFT for flow over a
two-dimensional hill, except that the roles of Ty and Ty are
reversed.

The 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 1). Note that
receptors below H. experience an s, different from that
experienced by receptors above H,. Below H., s, is the distance
along the stagnation streamline from the source to the terrain contour
equal in elevation to the receptor elevation. 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 8). Reflection of plume material is allowed from
the plane z = 0 over the entire distance s, and reflection is also
allowed from the "stagnation streamline"” beyond s,. Note that the
stagnation streamline forms the boundary of the hill surface in
horizontal cross section.

The terrain influences are incorporated by deforming the source
distribution at s, (Equation 1), and by altering the flow in which
the source elements diffuse. For a receptor located on the hillside
at a distance s (see Figure 8) and a height zg above the plane
z = 0, the concentration due to one elemental point source located at
(86,Y'+2') in the deformed plume is given by

z'-Z z'+zZ
L 1] ’
dQ(s,.¥'.2") 5 5(Xyz _o.5(——By2  _0.5(—B)2
d4Cc(s,0,z_3;s8 ) = P 2e a* (e oX' + e oXx! )
R’ o 2wu' ok gk y z z
y z (30)

Equation 30 assumes that the x-axis of the coordinate system points
along the stagnation streamline, and that the source is located at
(Xr,¥pr+2Zp). The total concentration at the receptor contains
contributions from those elements below H. (now represented as
He'), and on the'same side of the stagnation streamline as y,. (now
represented as y,):

H' (®) ot . z'-z
C(s,0,z_:5 ) = Ic i Eifgiz_f_lze—o.5(;%7)2(3—0.5(6*, R)z
'R0 o (0) 2«0;'02' y z
(31)
z'+zr
— 2
+ e 0.5¢ d;' ) ddy'dz'
where
y'-y! z'-z! z'+z’
r r r
t gt _Q______' ' 2__. 2 =uv. 2
C(s ,y',2z') = T e 0.5¢ ° ) (e 0.5¢ a' ) + e 0.5( o’ ) )
o 2mu'c! o yo zo zo
yo zo (32)
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These expressions are analogous to Equations 5 through 8 of the LIFT
component. The integral for dy' has the limits (o) and (»). This
is meant to denote integrating from 0 to + « if the receptor lies on
the "positive" side of the stagnation streamline, and integrate from
-» to 0 if the receptor lies on the "negative" side.

Noting that Tp = 1 for this two-dimensional flow, the integrals
in Equation 31 are evaluated and the primed quantities are replaced
according to Equation 11 to obtain

-0 s(yr y2 yra*/T
C(s,O,zR;so) = z;;;g—;—~ e oye (1 + s1gn(yR) erf(;g;x—;x——))
ye ze yo ye
z -z Zz +Z
r R r R
—0.5(—)2 -0.5(—)2
(Ble % e + Bze %6 ) (33)

Most of the notation here has already been encountered in

Section 2.1. The factor sign(ygr) 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 31. The factors By and
B, are given by

b.-b _-b b, +b_+b
1 2 73 1 2 73
B1 = erf( 5 ) + erf( 5 )
0 o
(34)
b,-b.+b b.+b_-b
1 2 73 1 2 73
B2 = erf(———s————) + erf(—-—;———')
o o
where

by = V2 oz Ozg O*

by = Tz He 0ze?
by = zg 950%/Tyy
by = zp, 0x*2/T,

The concentration estimate from Equation 33 is quite sensitive to
the wind direction. The wind direction determines the stagnation
streamline, and this in turn prescribes the relative position of both
the source and the receptor in the undistorted flow through the
quantities s, s,, and y,. (see Figure 8). Because the terrain
effects are characterized through factors that are local in the
context discussed in Section 2.1, they also depend on y,, s, and
So. Therefore, the notion of a "filament" plume is implicit in the
foregoing development, as it was in the development of the LIFT
component. Consequently, an expression is needed for the mean
concentration resulting from a meandering plume.
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If the distribution of wind directions over the averaging time is
highly non-Gaussian, then the mean concentration is probably best
estimated by simulating a sequence of "filament" plumes. For the CCB
data base, this would entail averaging the concentrations obtained
from Equation 33 for a sequence of 5-minute average meteorology.
However, for distributions closer in shape to the Gaussian
distribution, an expression of the form of Equation 14 may be used
with the Gaussian distribution specified in Equation 15.

Denote the concentration due to a "filament" plume for wind
direction 6 as

F 0 . Je y2 y_oX/T
C(s.O,zR;so) = 5, e dye (1 + 31gn(yR) erf (Vfb p" ))
ye yo ye (35)

where yp., dye, Oyo, Ty and yg are all functions of O.

Let r denote the distance from the source to the hill center, s,
denote the distance from the source to the receptor, 6, denote the
direction from the receptor to the source, and let 64 denote the
direction from the center of the hill to the source. (The centerline
of the plume impinges on the hill when the wind direction lies along
the stagnation streamline through the source ©64.) Then from the
diagram in Figure 9,

8 = 5p cos(0 ~ Op)
Sg = r cos|6 - 6g] - a(zg) (36)
Ypr = r sin(® - 6g)

Integrating Equation 35 within Equation 14 to obtain the mean
concentration Cp is simplified if we expect the "filament" plume to
be narrow so that concentrations for wind directions much different
from ©g5 (and therefore 6, as well) are insignificant. In that
case, s and s, may be treated as constants, and y, can be
represented by the small angle approximation so that

40 (6-6_)s (-0 )r
F (8408 —0.5(—" )2 _g,5(—=—)2
C = 57— ] e o e o
m v2wvo._ o ym ye
yeym

(e—es)r c;/?y
e (1+ sxgn(yR) erf 77 o o )de (37)
yo ye

The solution of this integral is obtained by approximating the error
function with a two-section piecewise-linear curve to obtain

-AZ? o rb 2 2
C = *—Qg—————(l - sign(y )[_XE_ "'l"(te—:+ - e-c“)
m 4muc o Ri'o s«

yT ze yT
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T T
z -2 z ~Z
r R r R
. -0.5(—)2 -0.5¢ )2
(Ble dze + 82 e oze ) i (38a)
where
(6 -6 )r
A = /;6 L (38b)
yt
ok /T
b, = —i—l (38¢)
yo
s ¢
yT ye . Vv
C+ T o r(Ao 2b ) (38d)
yT 4
g, .8 o
- g r o 2b
ym yT 4

2.3 LIFT/WRAP Transition

The development of LIFT and WRAP has been facilitated by the
notion that the flow can be split into two discrete layers at the
height of the critical dividing-streamline height, H.. However, a
real flow is not expected to conform to such a simplification.
Concentration distribution estimates from CTDM appear to suffer from
this simplification in that a plume (or a plume segment) away from the
stagnation streamline will be shifted laterally by differing amounts
depending upon whether it lies above or below H.. Consequently, a
transition zone must be introduced to smooth the discontinuity in flow
behavior near H,.

A second simplification in CTDM has been the treatment of the
H. surface. Not only do we consider the surface to be entirely in a
horizontal plane, we also treat it as a steady surface over the
averaging period of the concentration estimate. But computations of
H. for the 5-minute averaging periods show that H, can vary
substantially over an hour, and variations may also be expected over
the 5-minute periods themselves. Variability in the H, presents us
with the opportunity both to "soften" the estimated concentration
distribution near H,, and to reduce the sensitivity of model
estimates to H, which is itself an estimate subject to some
uncertainty.
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2.3.1 Lateral Deflection

LIFT and WRAP produce estimates of ground-level pollutant
concentrations in distinctly different ways. Consider the idealized
"filament" plume shown in cross section in Figure 10. The cross
section is taken at the downwind distance s, for the sake of
illustration. In this example, the centerline of the plume lies
neither along the stagnation streamline nor in the H, plane; the
relative positions of these quantities are identified in the figure.
For this plume, concentrations at receptors below H, are derived
‘from the cut made by the stagnation streamline. Concentrations at
receptors above H, are derived from the cut made by the H, surface.

Adjacent receptors located on either side of H, illustrate the
effect of these two cuts. Above H,, the centerline of the plume may
be deflected directly over the receptor (A). Below Hy, the lateral
offset of the plume centerline from the receptor (B} is controlled
entirely by the stagnation streamline. Consequently, distinctly
different concentration estimates may be allocated to receptors
adjacent to one another on either side of Hg.

A remedy for this situation may be constructed by altering the
lateral deflection in LIFT in a zone near H,. LIFT concentration
estimates may be simply expressed as in Equation 18a

(er—em)s
Fz(er) e—O.S(-—;———-")2 (39)
C, =5 yT
yT

The vertical distribution factor Fp depends on the direction from

the source to the effective receptor position--the position after
lateral streamline deflection has bsen included. It isg this position
that determines the terrain effect magnitude. We zhall leave this
factor unchanged, and replace 6, with 6,' in the lateral

distribution factor to simulate the transition region.

Close to H,, 6,' should nearly equal 85. the stagnation
wind direction. Beyond the transition region, 6,' shouic¢ squal
6. The thickness of the transition region shoull depend on the
scale of the hill and the stratificaticn. H, coubines botbh of these
quantities and is a convenient length scale for the region.
Therefore, introduce the transition zone length scele s dH., and
let 8,.' be defined as

~{ ZR'“HC 3/ &HG

8 ' = Gr + (stﬁr) e (C1]

r

where z, is the receptor elevation. Beczuse it is unlikely that the
transition zone could be as large aus Heo & is probably of order
0.1.



Concentration Isopleth
i / in plume

Plume Centerline

fe— Siagnation Streamline

A: Concentration for Regébtor Slighii\j Above He (. v, He + €)
B: Concentration for Receptor Slightly Below H¢ (x, y, Hg -€)

Figure 10. Cross-section of plume at sy illustrationg how LIFT and
WRAP concentration estimates differ at receptors on
either side of H,. Just downwind of s,, LIFT concentration
estimates ars obtained from tha cut made by the H, surface
through the plume, but WRAP concentration estimates are obtained

from the cut made by the stagnation streamline through the plume
(below H.). i
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2.3.2 Hg Variability

Variability in the height H. is specified in terms of a
probability density function P(H.). If we assume a normal
distribution about H,, the mean value for the averaging period, then

C = OI Cm(Hé)P(Hc')dHc' (41)
where
H '-H
-0.5(—=—2%)2
, e “He
P(Hc ) = v#72 o, (l+erf H /VZo ) (42)
He c He

Cn for the LIFT contribution is obtained from Equation 18, and Cp
from the WRAP contribution is obtained from Equation 38. Note that
the explicit dependence of Equation 18 on H, is contained in F,,

ag given by the vertical distribution factor in Equation 12, and the
explicit dependence of Equation 38 on H, is given by Equation 34.

The result of evaluating the integral in Equation 41 is too
cumbersome to present here, but the leading factor of the result for
LIFT is of some interest. With the H, variation described above,
the LIFT concentration estimate is proportional to

H.-2.
o -0.5(6 )2 (43a)
;“‘———- 2T
zT
where
2 _ 2 2
9zt = %e + %He (43b)

Therefore the effective size of the plume in the vertical is increased
by the H, variations. This arises from cutting off the flow below

Heo. As H, varies, the nearness of approach of the plume center-

line to the surface varies, and this inereases the apparent plume size
in the mean.

A similar effect is not seen in the WRAP result. H, variations
have no effect well below H,. Near H, (within oy, of H;)
the H, variations modify the amount of plume material contained in
the horizontal flow regime.

AR
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2.4 Formulation of oy (Venkatram, et al. 1984)
2.4.1 The Theoretical Framework
The o, formulation is based on the behavior described by

o, = owt s t << TL (44a)

Q
]

0.5 .
(ZKzt) 3t o> TL (44b)

In Equation 44a, oy is the standard deviation of vertical velocity
fluctuations, t is the travel time from the source, Tp, is the
dispersion time scale, and K, is the eddy diffusivity defined by

Kz = dwl , where ¥ = 9, TL (45)

We suggest a plausible formulation for the "mixing length" & by
the following argument. 1In a stably stratified flow, a fluid element
must overcome a stable potential temperature gradient in order to be
displaced vertically. Simple energy arguments suggest that this
gradient imposes a limit, which is defined by a length scale of the
order of oy,/N, to the vertical motion. Here N is the
Brunt-Vaisala frequency. GConsequently, we assume that the mixing
length % is proportional to this length scale so that

= 2
) Y awlu ‘ (46)

where y is an undetermined constant. Hunt (1982) argues that y

should be a function of the molecular diffusivities of the fluid and
the pollutant in the fluid. The vertical motion of a fluid element (a
control volume larger than the turbulent microscale but much smaller
than the macroscale) beyond o,/N depends on its ability to exchange
its density with its surroundings. This exchange is governed by the
molecular diffusivity of the fluid. The rate at which the pollutant
escapes the fluid element is determined by the diffusivity of the
pollutant in the fluid. Hunt suggests that the time scale of
molecular mixing Ty can be long enough to inhibit the growth of

o, beyond oy/N for long travel times. We will assume that Ty is
always much smaller than the travel time t so that y is independent

of molecular diffusion processes. We will allow the comparison of our
predictions with observations (presented later) to justify this
assumption.

Surface-layer relationships (Businger 1973) are employed to
estimate y. When the nondimensional potential temperature gradient
¢y is independent of z, the kinematic heat flux Q, can be
written as

g (47)
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where L is the Monin-Obukhov length given by

L =--2 = (48)

K, = & u L (49)

Substituting Equation 48 into Equation 47 we get

u

vB X
where N is given by
_ L g_e_ 0.9%
N = T dz (51)
o
If we now substitute Equation 50 into Equation 49, and recast Ky
using the relationship oy = aux
= 0 1 g—- (52)
Ky = % VBa? N
Assuming that Ky = K;, we find that v2 is
2 1
Y = 7§ az (53)

With B = 4.7 and a = 1.3, v equals 0.52. The expression for Ky

was derived by Hunt (1982), but on the basis of arguments presented
earlier, he maintains that Ky is not generally equal to K,. He
suggests that K,/Ky ranges from 0.5 in the surface layer to 0.1 at
higher elevations. Our observations of o,, to be described in
later sections, do not support this contention. 1In our analysis we
will take the stable mixing length &5 to be given by

!s = y2 ow/N where v = 0.52 (54)

When N is small, &5 can become very large, and it becomes
necessary to consider the effect of the ground on limiting the length
scale. In the absence of stratification, one expects the mixing
length to scale with z,

!n = Tz (55)
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where the subscript n is used to distinguish the neutral length scale
L, from the stable scale &5. To estimate I' we notice that
Ky can be written as

KH = owkz/(a¢ﬂ(0)) (56)

Equation 56 indicates that

r = k/a¢H(0) (57)

If we take the Kansas values (Businger 1973) k = 0.35 and
¢y(0) = 0.74, T equals 0.36.

We have chosen to interpolate between %, and &g with the
following formulation for &:

/L = 1/9.s + 1/1n (58)

Equation 58 has been used by other investigators (see Hunt et al.,
1983 for example). Then the disgpersion time scale is given by

TL = !./aw (59)

The oz formulation which interpolates between the linear and
square-root growth rates is one used by other authors (Deardorff and
willis, 1975),

o, = owt/(l + t/er)o.s (60)

Equation 60 was used to analyze the observations described in the next
section.

2.4,2 Estimating o, from Observations

Data collected during SHIS #1 conducted in the fall of 1980 at
CCB have been used to evaluate Equation 60. Estimates of o, are
made from individual 5- or 10-minute long photographic time exposures,
and from individual lidar scans of the oil-fog plume.

Four of the 18 CCB experiments have been analyzed for plume size
in the vertical: Experiments 201, 206, 210 and 218. Lidar data have
been reduced for two hours of Experiment 206, and two hours of 210.
Consequently, the lidar data have been used to help determine a link
between o, and the apparent vertical extent of the plume.

The lidar data were obtained and reduced by the NOAA Wave
Propagation Laboratory (WPL). WPL furnished the laser backscatter
intensities for each plume section, and also the second moments of the
distribution of these data. We have computed the o, of the
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backscatter intensities by integrating across the scan section along
the lidar line-of-sight (nearly perpendicular to the transport
direction), and fitting a reflected Gaussian envelope by the method of
least squares. The location of the centerline is assumed to be
equivalent to the centroid of the backscatter distribution, and the
reflecting surface is set equal to the terrain elevation beneath the
centroid. This fitting procedure provides both the centerline
intensity and the best-fit o, for the cross-wind-integrated
distribution of plume material. The estimates of o, from this
procedure are nearly equal to the computed second moments of the
distribution for most of the scans, and are used in preference to the
calculated second moments only because the fitting procedure reduces
the influence of *shadow zones" on o,.

Photographs of the oil-fog plume taken from positions off to the
side of the plume trajectory have been analyzed for plume spread in
the vertical at several distances along the plume trajectory. Daytime
photographs were nearly instantaneous pictures of the plume, while
nighttime photographs were time exposures over nominal 5-minute
periods, although some photographs extended over 10-minute periods.
Plume illumination at night was provided by moonlight or by a carbon
arc lamp, When moonlight dominated, the edges of the plume in the
photographs are generally diffuse owing to the blurring effect of
passing puffs. When the arc lamp dominated, the plume image is made
up of approximately ten distinct instantaneous plume images produced
by the rotating lamp beam. These differences appear to have only a
minor impact on estimates of o,.

Gifford's (1980) technique for deriving estimates of o, from
photographs cannot, in general, be applied to the CCB photographs.
This technique requires not only a reasonably uniform background and
uniform illumination of the plume, but also that the plume be
dispersed sufficiently within the field of view that the distance
between the edges of the plume, defined as a particulaf light
intensity value, can be seen to reach a maximum value. The latter two
requirements are generally not satisfied in the CCB photographs. As a
result, a comparison of plume thickness measurements with the lidar
sections provides the best guidance in estimating o, from the
plume photographs.

The lidar data and plume photographs from Experiment 210, hour 3
are the most detailed of the four experiments considered here. The
plume image is well-defined in the 5-minute exposures, and one to two
lidar scans upwind of the hill are available during nearly each
5-minute period of the hour. Pairing only those lidar and photo data
from the same 5-minute time period, and within 50 m of each other in
distance from the release point, we find that the six resulting data
pairs produce an average ratio of plume depth to lidar-o, equal to
3.69 with a variance of 0.24. If we had assumed a top-hat
distribution of plume material, this ratio would be expected to equal
3.46. If we had assumed a semi-circular distribution, it would be
expected to equal 4.47. The average of 3.7 therefore appears
consistent with the highly coherent nature of the plume during this
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hour. Similar comparisons for the other three hours with lidar data
are not as conclusive, but the result of each is not inconsistent with
a ratio of about 3.7. Therefore, all estimates of the observed g,
values used in the following analyses have assumed a factor of 3.7 in
converting plume depths estimated from photographs to o,.

2.4.3 Comparison of Model Predictions with Observations

Figure 11 shows a plot of o,/0u,t versus t/Tp, where the
dispersion time scale is

L
TL == 3

N 1
® y2o * Iz (61)
W w r

Q
© |-

where v = 0.52, I' = 0,36, and 2z, is the height of release. Both
oy and N are evaluated at z,. The travel time t is taken to be
x/u, where u,. is the wind speed at z,. Using z, as the
reference height implies that the scale of vertical variation of
Ow» N and u is larger than o,.

The solid line in the figure corresponds to Equation 60. We
conclude that this theoretical curve explains the observations
reasonably well., Note that the observations span the linear to the
square root regions of o, growth. This supports the appropriateness
of the Ty formulation. The circled points in the figure refer to a
few S-minute time periods in which the measured o, were small when
the photographs clearly indicated large sigmas. We believe that the
relatively large deviation of these points from the other data
reflects the inevitable uncertainties associated with the measurement
and interpolation of the micrometeorological variables. However, the
overall agreement between theory and experiment is good. Note that
over the range of t/Tp, considered, the form of the interpolation
contained in Equation 60 produces oz values that differ little
from those produced by the o, expression based on an exponential
correlogram for the vertical velocities.

The performance of Equation 60 is further illustrated in the
scatterplot of Figure 12. The model for o, does seem to
underpredict slightly at large o;. Note, however, that 95% of the
680 observations used in the analysis are within a factor of two of
the o predictions.

The importance of including %, (neutral length scale) in
determining Tp is illustrated through Figure 13.' Here o is
computed using only %5. Notice that most of the points are below
the horizontal "perfect fit" line. For an adequate model, the points
should be symmetrically distributed about unity if we make the
assumption that the ratio o, (observed)/o, (predicted) is lognormally
distributed. Note that %, becomes important when &g is comparable to
L. If %, is not accounted for, the overall length scale &, and
hence Ty, is larger than it should be. This would lead to an
overprediction of o, that is illustrated by the points near
Lg/%;, > 0.5 (points for which %5 > %, are plotted at &g5/%, = 1).
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Figure 14 shows the effect of including %, in the formulation
for T,. We see that there is an improvement in the distribution of
points for R4/%, > 0.5.

2.5 Formulation of gy

Past versions of CTDM have estimated o, by assuming that the
transverse spread of the plume grows linear{y with time. This implies
that the Lagrangian time scale for the transverse spectrum is long
compared to the time of travel to the hill. While this may be the case
for many of the CCB experiments, there are some experiment-hours in
which the linear growth law appears to overestimate the dilution of
the plume. This is deduced from comparisons of observed ground-level
SFg concentrations with estimates of the plume "centerline”
concentrations.

The Lagrangian time scale can be incorporated in the expression
for o, by means of the interpolation contained in the o,
formulation:

ZuTLT

dy = iys/(l + )o.s (62)

The Lagrangian time scale for the transverse spectrum, Tyq cannot be
estimated from the flow properties, but it may be estimated from the
turbulence measurements. Pasquill and Smith (1983) point out that if
the turbulence is assumed to be isotropic, and if the longitudinal
correlogram is modeled by an exponential with an Eulerian time scale
of Tg, then

% -1 - ;E (1 - e Ty (63)

gives the relationship between the crosswind turbulence measured over
a time v, to that measured for an infinite sampling time. Because

we have measured iy (5-min) and i, (60-min), we can solve for

Tg. Then the Lagrangian time sca{e for the transverse spectrum
(Pasquill and Smith 1983) is approximately equal to

TLT = 0.5 TL = 0.5 TE (0.68/1}«») (64)
where
i2 (5-min)
12 = —X (65)
ye Iy ~300/T
1—536(1~e E)
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2.6 Other Revisions
2.6.1 Density of the Tracer Gas

SF¢ has a molecular weight of 146, and CF3Br has a molecular
weight of 149. Dry air has a molecular weight of only 29, so that
both tracers are approximately five times as dense as air. Because
the tracers were not mixed into the fogger jet at CCB, they
undoubtedly experienced some fall in height beyond the release point.
The same is true for the CF3Br released at HBR because it was
released at a height different from the oil-fog generator. The SFg
was completely mixed into the jet fogger at HBR.

This fall is estimated by means of the Briggs (1975) stable and
neutral plume rise formulas:

Ahy, = 1.6 (F 82)0:33/y (neutral)
(66)
Ahg = 2.03 (F/uN'2)°-33 (]1_cos(N's/u)©-3? (stable)

where N'2? = N?Mo¢ee/M = N2/2.25

Note that M is the flux of vertical momentum within a bent-over plume,
and Mgeg if the effective flux. For the stable rise formula,

Ahg is constant beyond s=1.5«u/N'. 1In practice, the minimum of

the two height change formulas is taken.

The buoyancy flux F is the product of the buoyancy and the volume
flux of the tracer gas. For SFg,

F = ((psF6 - Pair)8/Pair) °* (Q/psFe) (67)

The densities of air and, in this example, SF¢ are given by

P
Pair = g 28-966
(68)
P, = —— 146.05
SFe = Rer 146

where RX = 8,3144 J/mole/°K. For T = 0°C and P = 840mb, the buoyancy
flux of SFg is related to the emission rate (g/sec) by

F = 0.00733 Q (m*/gs?) (69)

Equation 66 will probably overestimate the height change
resulting from the weight of the tracer. These relationships do not
account for the turbulent mixing caused by the eddies in the wake of
the release crane. Also, when the tracer was released near the
oil-fog generator, it may at times have been mixed by the turbulent
eddies induced by the fogger jet.
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2.6.2 Wind Speed Shear

The increase in wind speed with height is significant in many of
the CCB experiments. When K; is considered constant with height,
the effect of this shear on the vertical distribution of plume
material can be estimated.

Hunt (1981) quotes a result obtained by Lauwerier (1954) for the
plume concentration profile in the vertical for K, constant. This
result is approximate, and is valid near the centerline of the plume
(say, within 0,/2 of the plume centerline). When a new Gaussian
distribution is fit to this vertical distribution, the effective plume
height is found to be lower than the original height, and it is nearly
equal to the height of maximum concentration in Lauwerier's solution:

u oz du/dz
= - - - e}y 230 . S
zr* Z. - qu/dz [1- (1- ¢ " )2%) ] (70)

Consequently, the shear-altered vertical distribution of plume
material is approximated in CTDM by a reduction of the plume height as
estimated above. The point chosen for evaluation in the LIFT module
is "so.'t

47



SECTION 3

MODELING CCB

3.1 Data Analysis and Interpretation--the Modelers' Data Archive (MDA)

Meteorological data obtained at the 150-m tower (Tower A) and
inferred from lidar data and the available photographs of the oil-fog
plume have been compared for all CCB experiments. The comparisons
include estimates of the wind direction and the vertical intensity of
turbulence at the height of the oil-fog plume.

3.1.1 Wind Direction

Photographs taken from behind the release crane looking along the
plume trajectory and those taken from atop CCB looking back toward the
release crane are the key views of the oil-fog plume that are most
important in estimating wind directions. For those views from behind
the crane, wind directions are most easily estimated when the plume
passes over some recognizable portion of the hill. Any horizontal
displacement of streamlines that may occur when the plume ig close to
the hill is subjectively taken into account. For views from the
hilltop, wind directions are most easily estimated when the plume
passes over one of the camera positions on either peak, or when the
plume obscures a known landmark on the ground away from the hill (such
as a turn in a road). The wind direction estimates from the
photographs are least accurate when the plume misses the hill to one
side or the other. The most useful information that can be obtained
during such periods when the plume is off to the side of the hill is
that the plume is not currently contributing to one-hour-average
tracer concentrations measured in the sampler array.

The comparisons between the photo estimates of wind direction and
those interpolated to the release height from the Tower A wind data
are shown in Figure 15 (a-e). 1In these figures, the direction from
the origin of the polar grid coordinate system (at the "center" of
CCB) to the source is indicated by the solid horizontal line. The MDA
wind directions at plume height are indicated by a dashed line.
Estimates of wind directions taken directly from the photographs are
indicated by a solid line labeled with a "p." When the photographs
were ambiguous, the photos in combination with other sources of
information were used to estimate the wind directions. For these
periods the solid line is labeled with a "x."

48



Time (Hour)
v
[}
[}
-

M
Tims 'HoLT

P

-

Experiment 2082
' 4
h
21
Experiment 283
1
3
LN
.:-

WD t(deg)
396
390

826

WD (deg)
148

1321
12e
1181
1091

“-

“-4

78

i g
g sezmmmIoen 3
~ p. Tt ne=—. -
SRy z
F:A : ---:::—‘:’f‘::::::::::::n..—---- rr\ ’
-t ‘1‘ s
- - -
™ It
....... L L o
:J;"""--’- L.
)
= | o - v
& ::‘v' N 2 ,,." o
£ .A—;h- o " Rl
i o i <
: 1--"---~~- '] _‘: - r'
2 P e S S
- -1- Ry -
L 8 -
o . -
%h\\;\
»
r e Say -
- -~ \\l
£ 5
2 — ~ . .
s g

2191
1881
1581
128
o
co-
bl
8
-301
-6a
-90

Figure 15a. Time series of MDA wind directions at oil-fog height (---) and
estimates made from photographs (-p-). Estimates derived from
the photos and other sources of information are denoted by (-x-).
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Figure 15b. Time series of MDA wind directions at oil-fog height (---) and
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the photos, and other sources of information are denoted by (-x-).
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estimates made from photographs (-p-). .Estimates derived from
the photos and other sources of information are denoted by (-x-).

52



WO tdeg) Exporivent 218
L4

%8 'AA Wa
L x

826 b

\
aze )

\
818 Pomamermm
3101
3057
%8, 3 . s s 7 8 P 19

Figure 15e. Time series of MDA wind directions at oil-fog height (---) and
estimates made from photographs (-p-). Estimates derived from
the photos and other sources of information are denoted by (-x-).

53



In general, the oil-fog plume trajectory agrees with the wind
direction data from Tower A interpolated to release height.
Significant deviations from the photographic evidence do occur and
these are summarized in Table 1. Many of the discrepancies may be
readily attributed to errors in estimating trajectory directions for
plumes traveling to the side of the hill. 1In other cases, the
discrepancies appear to arise from insufficient vertical resolution in
measuring the wind field. The 40-m level wind directions are not
available for four experiments.

3.1.2 Vertical Intensity of Turbulence

Estimates of o, are made from individual instantaneous
photographs, individual 5- or 10-minute-long photographic time
exposures, and from individual lidar scans of the oil-fog plume.
Photographs suitable for inferring values of o, are available from
all CCB experiments except Experiment 216, and lidar data are
available from 11 experiments. The 'method used to calculate oy
from the lidar data and the photographs is described in Section 2.4.
The estimates of o, obtained from the lidar data and the
photographs, the inferred distance from the source to the observation
(s), and the MDA values of the wind speed (u) and the Brunt-Vaisala
frequency (N) for each 5- or 10-minute period are used to find an
optimum value of i,. The following formulation for o, is used

o = i, 8 (71)

z

is 0.3

Zz
z N +1
a+=5 5 rz )}
Y izu r

where 72 = 0.27, T = 0.36 and z,. is the release height.

As shown in Figure 16 (a-e), the lidar and¥hoto estimates of
i, are in general agreement with the MDA values of i,. Signifi-
cant deviations (differing by more than a factor of two) from the
photographic and lidar values do occur and these are summarized in
Table 2. The values of i, interpolated to the release height from
Tower A data are generally appropriate, although the lower values of
i, which approach 0% appear consistently too small. Whether or not
the response of the instruments can detect values that approach 0% is
not known. The lowest photo-inferred value of i, is 1%.

Wider variability in the lidar estimates are to be expected
because the lidar estimates for each 5-minute period are obtained from
one to two instantaneous scans of the plume. The lidar estimates tend
to be biased toward under-representing the magnitude of the 5-minute
iy data. The lidar estimates corroborate the large photo-inferred
values of i, (>10%) for Experiments 204 and 209. The estimates of
i, differ by less than a factor of two. Conversely, the lidar
estimates contradict the large photo-inferred values of i, observed
during Experiment 213. The photo observations are more than a factor
of three times the lidar estimates of i,.
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TABLE 2.

PERIODS OF SIGNIFICANT DISCREPANCY BETWEEN

iz RSTIMATES MADE ON THE BASIS OF TOWER A
DATA AND iz VALUES INFERRED FROM PHOTOGRAPHS

Release
Exp. Time Ht (m)
201 2100-2200 30
202 1700-1800 50
2200-2300 40
203 500-600 30
206% 500-600 k1
207 350-400 30
209 1755,1810,1900 40
1905-2000 40
2400-2500 .30
210% 100-200 57
211% 410-415 58
455 20
iz)
213 125 40
300-400 50/30/40
214 305-320 47
335, 345 47
iz)
215 100-200 57

*40-m wind speed not available.

Releasge

SE

SE

61

Probable Cause of Discrepancy

Time §hift/interpolation

Instantaneous photos
MDA i, approaches 0%
(Photo i, agrees with 10-m Tower A
iz with a time shift)

Horizontal plume meander/faint plume
image

Missing 40-m data
Unknown

MDA ig; approaches 0%

Unknown

Interpolation (i at 10m is 2 to 5
times

larger than i, at 40m)

Missing 40-m data

MDA i; approaches 0%

(Phqto i, agrees with 2-m and 30-m
Tower B

i, and 10-m Tower C iz)

MDA iy approaches 0%

(Photo iz agrees with 2-m Tower D

MDA i, approaches 0%
Interpolation

Tower A not representative
(Photo iy agreas with 10-m Tower C,
D, and F values of i)

MDA i, approaches 0%
(Photo i, agrees with 10m Tower C

Tower A not representative
(Photo iz agrees with 2-m and 10-m
Tower C iz)



Other possible sources of discrepancy are listed below. The
larger values of i, estimated from the photographs often occur
during periods of significant horizontal plume meander and this
horizontal "smearing" could appear as an increase in the vertical
dimension of the plume in the photographa. The larger photo-inferred
values of i; do not agree with the MDA values but are often
corroborated by values of i, measured at the 10-m and 30-m towers on
CCB. Some of the photo-inferred values of iy were obtained from
instantaneous photographs and 10-minute long photographic time
exposures; whereas the MDA values were obtained from 5-minute averaged
Tower A data.

A\

3.2 Classification of CCB Experiment Houés

The CCB MDA for SFg has been partitioned according to the
relationship between the tracer release height above ground and the
one-hour average value of H,. A "neutral” class contains all hours
in which H, is less than or equal to 2 m (the lowest instrumented
level at the 150-m tower). A "very stable" class contains all hours
in which H, is considerably greater than the release height. For
this classification, H. values nearly equal to or greater than
Z, + 10 m are included. The 10-m value is chosen so that the bulk
of a typical stable plume would be below H,. A third class contains
all hours in which H, is nearly equal to z,., i.e., H.
approximately equals Z, + 10 m. This class includes the hour in
which the greatest scaled concentration (x/Q) was observed. The
fourth class contains all remaining hours.

Of the 111 hours in the SFg MDA, 22 are in the class
He € 2 m; 29 are in the class H, > Z, + 10 m; 26 are in the
class Hy = Z, + 10 m; and 34 are in the remaining class. 1In the
modeling presented in the following sections, we are primarily
interested in evaluating model performance for those hours in which a
reasonably good concentration pattern was obsegved. Hours with near
zero concentrations at all but a few samplers riear the base of the
hill (to one side or other with respect to the release position) may
be "modelable,” but are not as important from the point of view of
developing and testing a model for stable plume impingement
conditions. When these hours are removed, 21 hours remain in the
class H, < 2 m; 20 remain in the class Hy > z, + 10 m; 20 remain
in the class H, = z, + 10; and 26 remain in ths fourth class.
, Each of these hours has been reviewed to see to what extent the
MDA data reflect the wind directions (WD) and intensities of vertical
turbulence (i,) inferred from smoke photographs and lidar data, as
well as the temporal and spatial concentration patterns revealed by
the 10-minute average concentration data. The MDA was changed
whenever possible when significant discrepancies were found. In some
cases, an hour had to be removed because the directional wind shear
was too great between measurement heights on the tower to adequately
reconcile the MDA and the smoke plume appearance. Furthermore, a few
additional hours were removed because the Tower A data were thought to
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be unrepresentative of the release location, or because the observed
concentrations appeared to make no "sense." Tables 3 through 6
summarize several meteorological variables of each hour remaining, and
indicate which hours were modeled with the modified MDA.

The class boundaries prescribed above were obtained somewhat
arbitrarily. In particular, the choice of a 10-m zone above and below
the release height in defining what is meant by "z, approximately
equal to H." was guided mainly by the vertical size of a
representative stable plume. However, for the range of release
heights in the CCB data base, this choice of class boundaries is
nearly equivalent to the statements:

"Very Stable": H,/z, > 1.25

"z, nearly equals H.": 1.25 > Hg/zp > 1/1.25
"Moderately Stable": 1/1.25 > Hq/2p > 0
"Weakly Stratified”: H, = 0

where H, = 2 m is considered to be equivalent to H, = 0. This
form of classification could provide a better indication of what
streamline patterns may be expected in each class.

3.3 Model Performance

The performance of CTDM is prescribed in an absolute sense by
presenting the statistics of the residuals of the observed and modeled
concentrations. These statistics are compiled for the concentration
fields grouped by experiment hour, grouped by the four classes
discussed above, and grouped together for the entire 80-hour SFg
data base selected for this evaluation. The specific statistical
measures are discussed in subsequent subsections.

The performance of CTDM is prescribed in a relative sense by
comparing its residual statistics with those from a "flat terrain"
version of the model, and a version that incorporates the plume path
assumptions of COMPLEX I/II. This type of comparison places the
performance of CTDM in perspective by contrasting it with that of two
well-known modeling approaches. The relative performance of these
three models in each of the four classes will indicate when terrain
effects are most important, and when the simpler modeling algorithms
are just as good or better than the more complex algorithms of CTDM.

The performance of CTDM is also evaluated for three alternative
sets of meteorological data which reflect varying quantities of
on-site meteorological information.

3.3.1 Absolute and Relative Performance

CTDM

Several parameters need to be specified before CTDM can produce
concentration estimates. These are
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TABLE 3. SF6 TRACER HOURS AT CCB WITH Hc £2nmn

Exp-hr Time Ending u _(m/s) Zp (m) Hy_(m) MDA Modifications

201-1 18 6.8 30 0 -
202-1 18 10.3 50 0 -
202-3 20 7.7 20 0 -
202-4 21 7.0 20 1 i,
208-3 20 9.1 30 0 -
208-4 21 8.4 30 0 -
214-8% 10 2.4 24 0 wD
217-1 3 4.8 30 2 -
217-3 5 5.4 25 2 wD
217-5% 7 7.2 40 0 -
217-6% 8 7.2 40 0 -
217-7% 9 6.7 40 0 _
217-8% 10 5.8 40 0 -
218-2 4 6.7 30 0 -
218-3 5 8.7 30 0 -
218-4 6 8.1 30 0 -
218-5% 7 7.2 30 0 -
218-6% 8 7.9 30 0 -
218-7% 9 6.9 15 0 -
218-8% 10 8.5 15 Yo -

Total Number of Hours: 20

*0il-fog and SFg were not released at the same height for all or part
of the hour.

64



TABLE 4. SF6

TRACER HOURS AT CCB WITH Hc 2z, +10 m

Exp-hr  Time Ending u (m/g)

204-1
204-2
204-5
204-6
204-7
204-8
205-7
213-5*
213-6%*
213-7%
213-8%
214-2%
214-3%
215-4
215-6%*

S & U Sp O NN 0NN

Total Number of Hours: 15

2.2
1.1
1.2
1.7
1.0
0.5
1.7
1.2
0.7
1.1
1.0
1.2
1.6
2.3
1.4

Zr sz

30
30
30

He (m)

61
81
44
39w
45
52
41
42
49
44
40
31
43
37kk
42

MDA Modifications

*0il-fog and SFg were not released at the same height for all or part

of the hour.

**Two hours are included in this class even though they do not meet the

criterion Hy > zp + 10 m.

These are included because:

(1) This class has the fewest members.
(2) Hy lies substantially above the plume
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Total Number of Hours:

TABLE 5.

Time Ending

21
22
23

N
©C M N OO OO W N

N
w

N = N 0 WwN

SF6 TRACER HOURS AT CCB WITH Hc = zr +10m

u (m/s)

3.8
3.7
3.2
3.0
2.5
3.4
2.8
1.8
2.4
i.8
2.2
2.3
3.0
2.5
2.3
3.4
2.8
3.2
2.8
3.5

20

Zr (m)
30
30
30
30
30

He (m) MDA Modifications

23
26
31
33
31
40
30
37
31
37
37
45
27
33
25
20
21
23
23

b6

WD. i
z
WD' iz

WD

*0il-fog and SF¢ were not released at the same height for all or part
of the hour.
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TABLE 6. SF, TRACER HOURS AT CCB WITH 2 m < Hc < zr—IO m

6

Exp-hr Time Ending u (m/s Zp_(m) He (m) MDA Modifications

201-2 19 5.4 30 8 WD, i
202-5 22 7.6 30 7 i,
202-6 23 9.3 40 7 1
205-3 3 7.0 40 8 -
205-4 4 6.2 40 15 -
205-6 6 6.2 30 12 -
206-3 3 6.7 46 16 WD, i,
206-4 4 4.5 35 20 WD
206-5 5 4.1 35 21 -
207-2 2 3.6 30 13 -
207-4 4 3.0 30 13 -
209-1 18 4.4 40 3 W, i,
209-2 19 3.1 40 17 WD
210-2 2 4.8 57 35 w, i
210-3 3 6.4 57 26 WD, i
210-4 4 6.8 57 22 -
210-6 6 7.2 58 9 WD
210-7 7 7.4 58 15 WD
214-5% 7 4.1 24 12 -
214-7% 9 2.7 24 *n -
216-1% 1 3.9 30 5 -
216-2 2 2.7 30 11 -
216-3% 3 3.1 30 15 -
216-4% 4 4.0 30 8 -
217-2 4 5.1 30 4 -

Total Number of Hours: 25

*0il-fog and SFg were not released at the same height for all or part
of the hour,
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1. turbulence modification factors: Tjg, Ty

2. extreme flow modification factors: Tpo(2Zp), Tyo(Zp),
Tuo(2Zyp)

3. flow relaxation length scale factor: o

4, LIFT-WRAP transition length scale factor: §

Guidance for specifying each of these may come from both laboratory
and theoretical studies. They may also be inferred from field studies
such as SHIS #1 and #2 and the FSPS. In this evaluation of CTDM, only
the flow modification factors are taken from theory. The turbulence
modification factors are assumed to be unity because the data obtained
at the 10-m and 30-m towers on CCB do not show substantial variations
in the turbulence intensity compared to that measured on Tower A. An
increase in oy is observed, but this is generally accompanied by

an increase in the flow speed as well, so that i; remains about the
same. Note that these measurements were made on towers at terrain
elevations greater than 70 m, so that the structure of turbulence
closer to the base of the hill is not documented.

The flow relaxation length scale factor, a, i8 assumed to be
1/1.5. This factor agsures that the flow modification at the base of
the hill is about one tenth of its extreme value at the crest. The
LIFT-WRAP transition length scale factor, &§, is assumed to be 0.1,
so that the e-folding scale of the transition region is 0.1 H,.

Flow modification factors are obtained from flow deformations
estimated from potential flow theory. In the case of the LIFT
component, CCB is assumed to be an ellipsoid of revolution about the
vertical axis, with a half-length equal to 2.7 times its height. The
streamline height modification factor T}, evaluated at the crest for
plume heights equal to .2H, .4H, and .6H equal .47, .51, and .54,
respectively. The corresponding factors Ty, and T,, are 1.73,

1.61, 1.54 and 1.23, 1.22, 1.20, respectively. Because the majority
of the plume helights at CCB are between .3H and, .6H, representative
values are used for all LIFT calculationsg; Ty = .5, Ty = 1.6,

Tyo = 1.25. 1In the case of the WRAP component, Tp, is unity.

Becauge the flow is considered to be two-dimensional in the x-y plane,
Tgo = .5, and Tyo = 2.0. These values are consistent with flow

about a two-dimensional circular cylinder.

FLAT

Flat-terrain concentration estimates are obtained by replacing
the terrain-modified portions of the CTDM code with the
straightforward Gausgian plume solution. Therefore, calculations of
oy and o, are done the same way as in LIFT and WRAP, as are
calculations of all other quantities that are not influenced by the
terrain. Ground-level concentrations are then estimated by

[ z

c = 9 e -0.5 (a ) e -0.5 (d ) (72)
m fuoyraz z yT
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where oyt is the horizontal spread of the plume due to both the
*filament' and 'meander' portions of the crosswind turbulence
statistics, as done in CTDM. 2z, is the plume centerline height, and
Yyr is the lateral position of the release point in a coordinate
system with origin at the hill center, and x-axis aligned in the
direction of the mean flow. The quantity yg is the lateral position
of the receptor in the same coordinate system.

CMPLX

Plume path modifications contained in the COMPLEX I/II codes are
tested within the context of CTDM by introducing the partial height
factor T, into the vertical distribution factor of Equation 72 so
that

(fg)z (EEEE)2
e_°°5 °z s e -0.5 oz (73)

The factor T, is specified by a plume path coefficient (PPC), and
the relative heights of the plume centerline (z,) and the receptor

(zg)
Tp = PPC ZR 2 Zp

(74)

Tp = 1 - (1 - PPC) zR/Zp 2Zg < Zp

In COMPLEX I/II, the recommended value of PPC varies by stability
class. PPC equals 0.5 ("half-height") for stability classes A, B, C,
and D; and PPC equals 0.0 for classes E and F. However, the product
TpZpy is allowed to be no smaller than 10 m , the minimum “stand

off" distance.

Performance Results '

The performance of each model is summarized in Table 7.
Geometric means and standard deviations are computed so that the
degree of model over- or underestimation is readily apparent.
Specifically, the geometric means and standard deviations are computed
using N-weighting as

m = exp (4n C /C )
& ° P (75)
2
((WmC/CH2 - mc7e )
s = - 2
g = X o’%p o'“p

A problem with statistics generated from the ratio Co/Cp is
that zero values of Cy, or C, must be excluded. This problem is
approached in two ways. First, the statistics are computed only for
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TABLE 7. MODEL PERFORMANCE STATISTICS FOR 80 HOURS OF SF, DATA AT CCB

6
Top 5
(Time-and-space- CTDM FLAT CMPLX

paired) g sg # mg 8g # Ty 8g #
Neut: avg. 1.46 2.0 0 2.31 2.8 0 0.73 2.2 0
all 1.47 4.5 0 2.48 8.3 0 0.75 8.2 0
Weak: avg, 1.38 3.5 6 3.62 4.1 15 0.92 7.0 0
all 1.32 10.0 6 3.22 23.6 15 0.85 55.8 0
Impg: avyg. 0.53 2.8 1 9.61 10.7 11 2.40 34.5 0
all 0.52 7.6 1 9.99 69.5 11 2.10 26271 0
Stab: avg. 0.40 1.9 0 3.06 11.7 3 0.42 5.1 0
all 0.40 9.1 0 2.7 607 3 0.35 61.1 0
Comb: avg. 0.85 3.0 7 3.47 6.4 29 0.95 10.1 0
all 0.84 ‘8.2 7 3.53 63.5 29 0.90 426 0

Top 5 (Time-paired)
Neut: peak 1.57 2.0 0 2.06 2.2 0 0.71 1.7 0
avg. 1.45 1.9 0 1.80 2.3 0 0.63 1.8 (v}
all 1.45 2.0 0 1.80 2.3 0 0.63 1.9 (o]
Weak: peak 1.37 2.5 5 3.21 2.1 14 0.48 2.6 0
avg. 1.20 3.1 5 2.56 2.7 14 0.40 3.0 0
all 1.20 3.2 5 2.56 2.8 14 0.40 3.1 0
Impg: peak 0.63 2.5 0 5.91 1.7 10 0.55 2.6 0
avg., 0.53 2.4 0 5.18 2.0 10 0.43 2.6 0
all 0.53 2.5 0 5.18 %2.1 10 0.43 2.6 0
Stab: peak 0.67 1.8 0 1.71 2.4 3 0.31 2.3 0
avg. 0.46 1.8 0 1.25 2.2 3 0.24 2.5 0
all 0.46 1.9 0 1.25 2.4 3 0.24 2.7 0
Conb: peak 1.00 2.5 5 2.64 2.4 27 0.51 2.4 0
avg. 0.84 2.7 s 2.18 2.6 27 0.42 2.7 0
all 0.84 2.8 5 2.18 2.7 27 0.42 2.8 0

Notes: # denotes number of hours excluded because the mean of the five largest modeled
concentrations was less than lus/m3.
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the top “N" observed or modeled concentrations to quantify model
performance for the region(s) of greatest observed or modeled impact.
And second, hours in which the mean of the top "N" modeled
concentrations is less than 1 usec/m3 are removed. The 1

pusec/m3 threshold is chosen because it provides a convenient flag
for cases in which the modeled plume impact is virtually
insignificant. 1In Table 7, the number of hours that fall into this
category is indicated in the data column headed by the # symbol.

Statistics are computed for the following classes:

Neut: Ho <2 m ("neutral")

Weak: 2mgHo<zZp-10m ("weakly stratified")
Impg: 2Zp — 10m g Hy < Zp + 10 m ("impingement")

Stab: zp + 10 m < H ("very stable™)

They are also computed for two pairing possibilities. The top
"N time-paired statistics are computed from N pairs which represent
the N largest C, values, and the N largest C,, values. For
example, the largest C, value for the hour is paired with the

largest Cp value for the hour; second largest C, with second
largest C,; etc., to the nth largest values. These pairs are not
required zo be paired in space, but are paired in time. The top "N"

time-and-space-paired statistics are computed from as many as 2N pairs
which represent the N largest C, values and their corresponding Cp
values, plus the N largest C, values and their corresponding C,
values. Each pair is included only once. Thus the total number of
pairs may be less than 2N, but not less than N. If the observed and
modeled concentration patterns overlap well, then the number of pairs
should be nearer N than 2N. Consequently, the time-paired statistics
characterize how well the larger observed and modeled concentrations
agree without regard for where these values occur, while the
time-and-space-paired statistics characterize how well the region of
greatest impact is modeled. N

Within the time-and-space-paired subset, residual statistics are
based on all of those individual concentration pairs, and statistics
are also based on the mean C, and cP from these pairs for each of
the 80 experiment-hours. The "avg." label denotes those statistics
for the 80 (less the number of hours in the # column) hourly geometric
mean residuals, and the "all" label denotes those statistics for all
individual pairs in this subset. Within the time-paired subset, the
"avg."” and "all" labels have the same meaning, and a third label
(peak) is added to denote the statistics of the residuals of the
hourly peak observed and modeled concentrations.

The number "N" chosen to evaluate model performance for these 80
hour¥ is 5. Although arbitrary, this selection was guided by the need
to avoid averaging over a region large compared to the peak impact
region, as well as the need to avoid limiting the pairs to the extreme
values. With a total sampler number of about 100, the paired
statistics cover as many as 10% of the total sampler positions.

71



Because the plume impact could at times be limited to roughly 20 to 25
of the samplers, the value of 5 is thought to be a reasonable choice
for "N."” The sensitivity of the comparison statistics to "N" has not
been tested.

CTDM generally performs better than the other two "models.” In
the case of the time-paired statistics, FLAT underestimates observed
concentrations in the mean, while CTDM and CMPLX tend to overestimate
these concentrations. The noise (s,) is similar for each model, but
note that 5 hours were "migsed" by CTDM, and 27 hours were "missed" by
FLAT. These hours are not included in the statistics. When broken
out by meteorology, CTDM tends to overestimate concentrations for the
"impingement" and "very stable™ classes (H, > Z, - 10 m). On the
other hand, FLAT tends to underestimate in all classes, and CMPLX
overestimates in all classes.

The time-and-space paired statistics generally indicate a greater
degree of noise for each of the models. The increase in the noise is
indicative of differences in the spatial distribution of the
concentrations. It is evident that CTDM fares far better in the s
statistics for the concentrations paired in time and space than does
either FLAT of CMPLX. Hence, we would expect the CTDM estimate of the
distribution of concentrations to be a better representation of the
observed distribution then either the FLAT or CMPLX distributions.

Both the time--and-space-paired and time-paired statistiecs
indicate that CTDM performs the worst when 2 m < Hy € Z, - 10 m,
what is termed the weakly stratified eclass. The number of "misses" in
this class indicates that too little plume material reaches the
surface in several of the hours in this class. Unlike the more
neutral class, plumes for many of these hours may be quite narrow in
the vertical. Hence, the concentrations may be particularly sensitive
to estimates of H., i,, and possibly the specification of the
influence of the hill on the turbulence in the vicinity of the hill.
The CMPLX results for this class include no "migses“. while the FLAT
results show many more. It may be possible to model this class better
with alternate choices of several of the "free" parameters in CTDM.

The FLAT results are of interest in themselves. In answer to the
query: when is a flat-terrain calculation at CCB as good as CTDM?, we
can answer: never. However, among the FLAT simulations the "neutral"”
class is clearly modeled best. This is reasonable in that one would
expect the hill effect to be weakest when H, is virtually zero, and
(presumably) when the wind speed is greatest so that the boundary
layer shear zone encompasses both the hill height and the plume. FLAT
tends to underestimate concentrations to a greater extent #s the flow
becomes more stably stratified. But when the most stable class is
reached, FLAT tends to do better again in estimating the magnitude of
the impact, although the spatial distribution is not reproduced well.
The success of FLAT infkég time-paired results for the "stable" class
would -appear to result from deflecting the plume too much in the
vertical, but not enough in the horizontal. That is, FLAT seems to
benefit from compensating errors.
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With a 10-m minimum “"standoff distance" for the most stable
flows, CMPLX does not deflect the plume "too much"” in the vertical,
and it does not deflect it at all in the horizontal. As a result, the
larger concentrations are overestimated to the greatest degree in the
"gtable" class.

Taken together, these results indicate that the structure of CTDM
is necessary to overcome deficiencies in both the flat-terrain
algorithm and the terrain algorithm contained in COMPLEX I/II. The
importance of both the critical dividing-streamline height and the
stagnation streamline can be seen in the modeling results.
Furthermore, the present choices of the "free" parameters in CTDM
appear to be reasonable, but more work is needed to understand the
reasons for the poorer model performance in the “"weakly stratified”
class. Also, the trend towards underestimating the '“neutral" class
hours by about 50%, while overestimating the "impingement" and
"gtable" class hours by a factor of two should be explored. Changes
to the turbulence over the hill and possibly just upwind of the hill
may account for some of the discrepancy. Also, the variation of wind
speed, direction, and turbulence with height may be an important
factor during some of these hours.

3.3.2 Model Performance for Alternate Meteorological Data

The sensitivity of CTDM performance measures to the input
meteorological data has been tested by forming 1l-hour concentration
fields from simulations with the 5-minute sequence of meteorological
data in the MDA, by constructing the l-hour wind and temperature
structure from data at 10 m and 150 m, and by constructing the data
from 10-m measurements alone. In each case, however, the wind
direction is taken from the MDA--we already know how sensitive the
concentration pattern is to the wind direction.

The 10 m ~ 150 m construction is analogous, to assuming that a
site has a tower with wind and temperature meastirements at two
elevations. No turbulence data is presumed to be measured. A
stability class is prescribed on the basis of the 5-minute sequence of
10-m wind speeds, and net radiation data (the stability class is
already contained in the MDA, and its computation is described in the
CTDM Third Milestone Report). The Froude number between 2 m and 150 m
is contained in the MDA, and this is used to obtain H. by the
relation:

H, = (1~ Fr)H (Fr < 1.0) (76)

Hc =0 (Fr > 1.0)

where H is the height of the hill., For this evaluation, we have also
assumed the MDA wind speed at release height is similar to what would
have been interpolated between 10 m and 150 m, so that N is obtained
from the relation:

u
N = Fr H an
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The bulk Froude number for the layer above H, is taken to be the
greater of 1.0 or Fr.

Turbulence intensities are inferred on the basis of the stability
class for each five minutes. The oy, and o, relations proposed
by Briggs (1973) contain turbulence intensities iy and i, that are
consistent with the PG sigma curves:

iy = .16 i = .12 (Class B)
iy = .11 i, = .08 (Class C)
iy = .08 iz = .06 : (Class D)
iy = .06 i, = .03 (Class E)
iy = .04 i, = .016 (Class F)

These intensities are used in place of the intensities contained in
the MDA.

The data set based on measurements at 10 m contains '"default"
wind and temperature profiles. As is the practice in many regulatory
models, the temperature lapse rate values depend on the stability
class, and the change in wind speed with height follows a power law
profile, with the power exponent tied to the stability class.

The wind speed at release height is estimated as

u = ujg (2p/10)P (78)

where the exponent depends on the stability class in the following way:

p = .10 (Class A)
p =.15 (Class B)
p = .20 (Class C)
P = .25 (Clgss D)
p = .30 (Class E)
p = .30 (Class F)

The wind direction is taken directly from the MDA. The potential
temperature gradient also varies by stability class:

46/4z = 0 °K/m (Classes A-D)
d6/dz = 0.02 °K/m (Class E)
d406/d4z = 0.035 °K/m (Class F)

With these values of the potential temperature gradient, the
Brunt-Vaisala frequency is computed from

N = ((g/T) d40/dz)0.3 (79)
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where g is the acceleration due to gravity, and T is the temperature
interpolated to release height in the MDA (°K). For consistency, T
should have been the temperature at 10 m, but this value is not
contained in the MDA.

The bulk Froude number is obtained from this estimate of N, the
hill height H, and the wind speed at one half the hill height
(~ 50 m) uggp:

Fr = ugp/(N H) (80)

where usg is obtained from the power law profile.' Now the critical
dividing-streamline height is again given by Equation 76, and the bulk
Froude number above H; is the greater of 1.0 and Fr. The turbulence
intensities are obtained from the Briggs Sy and o, relations,

as described above.

Table 8 contains the performance statistics for CTDM as driven by
each of the three meteorological data sets just described.

Modeling performed with the sequence of 5-minute meteorological
data has led to an improvement in model performance in none of the
classes. The number of "misses" in the "weakly stratified” class
drops, but additional hours are now "missed" in the "stable' class.
Furthermore, although the overall bias lies closer to unity, the noise
has increased slightly. Therefore, although the 5-minute modeling has
helped a few hours, it tends to degrade model performance in general.

Modeling performed with the 10 m - 150 m "tower" data is
substantially inferior. A total of 39 out of 80 hours is "missed."
For the hours remaining, the modeled spatial distribution of
concentrations is generally quite poor. The best performance is seen
in the "neutral"” class, and the worst is seen in the "weakly
stratified" class on the basis of the time-paired statistics.
Apparently, the use of the bulk Froude number between 2 m and 150 m
underestimates the stability of the flow, and therefore H, as well.

Modeling performed with the 10-m data alone is better in that far
fewer (24) hours are "missed.” But the statistics for the remaining
hours are still quite poor. The time-and-space-paired statigtics
indicate that modeled and observed concentration patterns are
generally dissimilar. Once again, however, model performance is best
for the 'neutral" class.

These results show that the resolution of the meteorological data
in the vertical is a key factor in modeling CCB successfully. This is
probably due to the relatively narrow plumes at CCB in combination
with the complex vertical structure of the lower atmosphere. The
model must know what is going on at plume height.
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TABLE 8. EFFECT OF METEOROLOGICAL DATA RESOLUTION ON CTDM MODEL
PERFORMANCE FOR 80 HOURS OF SF6 DATA AT CCB

Top 5
(Time-and-space- S-minute Met. 10 m - 150 m Met. 10 m Met.
paired) my sg # mg 8g # mg 8g #
Neut: avg. 1.62 2.0 0 1.70 2.2 (4] 1.54 1.9 2
all 1.71 5.0 0 1.67 ‘4.4 0 1.57 4.3 2
Weak: avg. 2.39 7.4 4 4.82 2.4 19 374 36621 8
all 2.09 31.1 4 5.19 20.1 19 777 x, Xk 8
Impg: avg. 0.54 2.5 1 89.2 834 12 312 336 5
all 0.56 8.5 1 85.1 874011 12 353 LI 5
Stab: avg. 0.51 1.9 3 16274 4.5 10 99542 7.0 11
all 0.50 6.1 3 17341 * X% 10 108302 X, k 11
Comb: avg. 1.12 4.2 8 9.97 67.0 41 75.5 1640 26
all 1.08 12.4 8 11.70 8270 41 110.2 786052 26
Top 5 (Time-paired)
Neut: peak 1.69 1.9 0 1.74 2.3 (o} 1.44 2.0 2
avg. 1.54 2.0 0 1.68 2.2 Q 1.46 1.9 2
all 1.54 2.1 0 1.68 2.3 (o} 1.46 2.0 2
Weak: peak 1.58 2.8 4 2.98 4.4 17 1.21 3.8 é
avg. 1.48 3.5 4 3.49 6.5 17 4.01 36.9 6
all 1.48 3.7 4 3.49 7.1 17 4.01 87.7 6
Tmpg: peak 0.62 2.3 0 0.32 1.6 12 0.29 2.7 5
avg. 0.49 2.1 0 0.38 ¢ 1.9 12 0.96 15.3 5
all 0.49 2.2 0 0.38 2.2 12 0.96 21.2 5
Stab: peak 1.01 2.8 2 0.39 2.4 10 0.50 1.5 11
avg. 0.87 3.8 2 0.78 4.7 10 0.89 2.7 11
all 0.87 3.9 2 0.78 5.2 10 0.89 4.5 11
Comb: peak 1.16 2.7 [ 1.22 3.5 39 0.83 3.4 24
avg. 1.01 3.1 6 1.35 3.9 39 1.80 14.3 .24
all 1.01 3.2 6 1.35 4.2 39 1.80 24.1 24

Notes: # denotes number of hours excluded because the mean of the five largest modele
concentrations was less than 1 us/m3.
*.,% denotes a number greater than 999,999.
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SECTION 4

MODELING HOGBACK RIDGE

4.1 Refinement of Tower Data

Four meteorological towers were instrumented for SHIS #2 at the
Hogback Ridge site. The 150-m tower (Tower A) was erected about 800 m
east of the crest of the ridge and instrumented at 10 levels; the 30-m
tower (Tower B) was among the hillocks at the base of the ridge on the
east and was instrumented at five levels; a 10-m tower (Tower C) was
located on the crest of the ridge and was instrumented at three
levels; and an existing 60-m tower (Tower P) approximately 4 km east
of the ridge was instrumented at two levels. The signal conditioning
electronics for the 150-m and 60-m towers were enclosed in
aluminum-clad, environmentally controlled, insulated shelters; those
for the 10- and 30-m towers were in naturally ventilated steel
enclosures.

The instruments on all the towers were scanned once per second by
the data acquisition system. Data from the 150-m tower's shelter were
communicated over shielded signal cables to the bus containing the
data acquisition computer, a distance of about 50 m. Radio
communications links telemetered the data from the other three
towers. Further details regarding this data system are reported in
the Third Milestone Report.

At least three different sorts of noise were observed in the
1-sec data during the SHIS #2 experiments—-large "hits," which drove
the instrument output voltages outside their O0-to-5 VDC range;
"“channel-skipping,” in which the data from one ‘input channel was
skipped and replaced by the data from the next sequentially polled
channel, with the shift of data continuing to the end of the
16-~channel multiplexor; and "high-frequency” noise bursts that caused
a few seconds of data to oscillate unrealistically at consistent
periods within each 5-minute averaging period. These types of noise
are described more fully in the Third Milestone Report.

The large hits are generally easy to identify and remove from the
data; the other two types of noise are less so. ARLFRD developed a
"filtering™ routine that examined the second-to-second changes in
instrument output and replaced values that exceeded what they regarded
as reasonable limits for such changes; these limits are shown in
Table 9. Data removed from the time series by this filtering
procedure are replaced by linear interpolation in time between the
last good value and the next good value.

An interim tower data base was produced by ARLFRD in September
1983 in order that the modelers could begin analyzing the Hogback
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data. The S5-min and 1-hr values were produced from l-sec data edited
by the filtering and "filling" routine described above. The
anemometer data were also treated by calibrations specific to each
instrument that had been made by ARLFRD in their wind tunnel prior to
installation at the Hogback. The UVW propeller anemometer data were
modified at the l-sec level by cosine-response corrections developed
by John Clarke of EPA from wind tunnel experiments on propeller
systems manufactured by R.M. Young Co.

Examination of the data in the interim data base suggests there
are consistent errors remaining that might be removed by further or
different processing. Examples are shown in Figures 17 to 22 for data
from the 40-m level of Tower A.

Figure 17 shows the difference between the scalar mean wind
direction from the F460 vane (DX) and that from the UVW propeller
anemometers (D) as a function of vane direction for all 5-min average
data from SHIS #2. Although the data are somewhat scattered,
particularly for light winds, clear trends are evident, and the
differences are often larger than thoge observed in the SHIS #1 data
before they were corrected, exceeding 25° with winds from the south.

Figure 18 is a plot of the differences between cup-derived wind
speeds (SX) and prop-derived wind speeds (S) expressed as a fraction
of the cup speed and plotted as a function of vane direction. Again,
some trends can be seen through the scatter, and the magnitude of the
differences is like that of the uncorrected SHIS #1 data.

The 5-min oy's from the sonic and propeller anemometers
during Experiment 4 are plotted as time series in Figure 19. The
problem of noise in the data acquisition had not been addressed by
changes in the wiring to improve the grounding at this stage of
SHIS #2. The propeller oy's are about twice as large as the sonic
values and show no obvious correlation with them{ Figure 20 is a
similar plot for the 5-m Tower A data. At this level the propeller
should have been incapable of responding to a large fraction of the
turbulence in stable conditions because of its high frequency but
still it yielded values two to three times as large as the sonic
gystem at 5 m. Comparison of the propeller data in Figures 19 and 20
reveals a high correlation between the two levels. The 5-m and 40-m
W-propeller signals passed through the same multiplexor and were
subject to many of the same noise bursts and channel-skipping.

Figures 21 and 22 are the corresponding plots for Experiment 14
after the noise problems had been reduced by improved grounding of the
DAS and the reconfiguration of the data channels so that each
analog-to-digital converter and multiplexor served only one tower.
Here the sonic and propeller oy's are much better correlated; the
5-m propeller values are generally lower than the 40-m, as expected
and as verified by the sonic data; and the prop values seldom exceed
the sonic values, as they should not.

It would appear then that a significant amount of noise remains
in the interim data from the early experiments of SHIS #2. Although
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some of it may not be recognizable, further attempts will be made at
signal-processing to improve data quality. A first step might be to
reduce the allowable second-to-second changes (See Table 9, p. 94) to
capture more noisy values and cases of channel-skipping. The noise
remaining in the present interim data probably affects variances and
covariances more than the means, but removing some of it will also
reduce the scatter in Figures 17 and 18.

4.1.1 Wind Tunnel Studies

The Third Milestone Report recommended that further wind tunnel
studies be performed at the EPA Fluid Modeling Facility (FMF) to
characterize the response of the Climatronics UVW propeller
anemometers more completely than had earlier experiments done by ERT
in the wind tunnel at Colorado State University (CSU) in 1981, from
which the corrections for the SHIS #1 data were largely derived. The
experiments were performed by ERT with the cooperation of FMF staff in
June 1983. Primary objectives of the experiments were to determine
not only the non-cosine response corrections but also the calibration
lines for 0° angle of attack.

Calibrations of UVW Propeller Anemometers

The calibrations of the propeller anemometers done by ARLFRD in
summer 1982 showed a nonlinearity of response at low wind speeds when
plotted against the estimated tunnel speed but not when plotted
against the “counts" data from the output of their standard cup
anemometer. ERT's calibrations of the propeller sets in the CSU
tunnel did not have this characteristic, but they had not been well
defined at light winds. Since the SHIS #2 data have been processed
with ARLFRD's calibrations, and since most of the SHIS #2 data
indicate light winds, it was important to try to verify the
nonlinearity in another facility.

The six component arms of two UVW sets we;e calibrated in the
large wind tunnel at the FMF, the test section of which is 2.1 m high
and 3.7 m wide. Air speed during the calibrations was varied from
approximately 0.5 to 8.0 m/s, the maximum speed possible in the
tunnel. Fan tachometer settings were used to determine air speed
after linear regression relationships were derived between tachometer
settings and pitot tube readings for speeds over about 1.7 m/s and
from smoke puff tracking experiments for lower speeds. The
calibration of tunnel air speed vs. fan speed is based on the
following premises:

° Air speed for a given fan speed is independent of air
density.
° Pitot tube readings, when corrected for pressure and

temperature (i.e., density), give adequate air speeds above
about 2 m/s.

. Timing the passage of smoke puffs yields adequate air speeds
at low fan speeds.
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Separate calibration lines were derived for fan tachometer
settings between 59 and 190 and for settings in excess of 190. The
lower speed calibration was derived from data on passage of smoke
puffs and the higher speed calibration from pitot tube pressure
differences corrected for ambient temperature and pressure. Although
the smoke puff experiments included data from tachometer settings of
20 to 40, these data were not used because no evaluations of the
propeller anemometers were done at such low tunnel settings. The
results of the linear regressions of air speed on tachometer settings
are as follows:

Up (smoke) = .009577 * tach - .13129 for tach < 190
Coefficient of determination R2 = 0.99963, N=5
(Each of 5 data points is the average from 5 or 6
smoke puffs)

Up (AP) = .009854 * tach - .12607 for tach > 190
Coefficient of determination RZ = 0.99990, N=73.

At tach = 190, the smoke derived calibration gives Up = 1.688 m/s

and the AP derived calibration gives Up = 1.746 m/s. The

difference is consistent with the general observation that FMF tunnel
speeds determined from pitot tube measurements are consistently higher
(by about 4%) than those derived from smoke puffs. The precision of
the smoke puff measurements at 1 m/s is about 1.2 percent, so it would
appear that the pitot tube may overestimate the velocity at the center
of the tunnel. This possibility is consistent with the fact that
lower fractions of estimated tunnel speed were indicated by the
_propellers when facing directly into the wind in the FMF tunnel than
in the CSU tunnel, but this evidence is only suggestive.

An analysis was made of the "group" performance of the six
propeller anemometers calibrated in the EPA/FMF. Linear regressions
of best estimates of tunnel speed vs. instrument output voltage were
very similar for the six transmitters, as shown.in Table 10 (p. 95).
When the slopes of the "W"-props' regression lines are multiplied by
2.5 to make them equivalent in voltage vs. speed to the "U" and "V"
props, the range of the slopes is only 10.337 to 10.524 or 1.8%.
Inclusion of the zero-speed points, which were available for the first
three sensors, didn't cause the slopes to change appreciably and in
fact slightly improved the coefficients of determination R2, all of
which lie between 0.99996 and 0.99998. This result implies that there
is very little fall-off from linear response as the ambient speed goes
to zero. There are some minor departures of response from linearity
at low speeds (<1.5 m/s), but some part of this uncertainly is
probably due as much to errors in estimating tunnel speed as to
imprecise instrument response. In any event, the nonlinearities
observed in the ARLFRD tunnel are not apparent in the FMF tunnel.

Refinement of the SHIS #2 propeller data would be much simplified
if the same calibration curve could be used for all the sensors. The
apparent group precision of these six transmitters (and the similar
results for the experiments with propeller systems at Colorado State)
suggests that this should be possible without substantial increase in
uncertainty.
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Non-Cosine Response Corrections for Propeller Systems

Analysis of the cosine response data obtained in the FMF wind
tunnel with the project's Climatronics UVW propeller anemometers
indicates the data are generally consistent with both the results of
the experiments done for the CTMD program in the Colorado State
University wind tunnel and the results of the tests of R.M. Young UVW
systems done by EPA's John Clarke. The experiments in the FMF were
somewhat more detailed than the CSU experiments in an attempt to
define the local maximum of response at 60° angles of attack and the
response near the stall regions around 90° angle of attack.

Two sets of instruments were studied, but time allowed for
experimentation with the response of only one W-propeller. Responses
were recorded at three tunnel speeds---approximately 0.5, 1.9, and
4.9 m/s. Low speeds were emphasized because most of the CTMD
experiments have been done in fairly light winds.

The results of the FMF experiments are plotted in Figures 23, 24,
and 25, with each plot displaying data for both sets of horizontal
propellers at one wind speed. The "angle of wind"” © in the plots is
oriented for the way the U-props are mounted in the field so that 90°
is a wind blowing directly into the outward face of the propeller.
The V-prop output is plotted vs. 90°-6 to show the general (and
expected) symmetry of the UVW system about the 225°-45° line. The
principal departure from symmetry is at wind angle 270° (V-prop angle
180°), where the V-prop response is reduced below that of the U-prop
because of the wake of the signal cable connector, which extends to
the west (270°) from the connector block to which all three component
arms join.

The fractions of cosine response shown in the analysis are
determined with the instruments*' output when facing "upwind" (wind
angle 90°) taken as the normalizing factor so that the fraction of
response is 1.00 for all component arms when in this orientation.

The results shown in the accompanying figures support the
following generalizations:

o The local increase in response at 60° angles of attack is
consistent from prop to prop.

° The responsiveness of the instruments is nearly independent
of wind speed outside the stall regions.

. The angular width of the stall region is inversely related
to wind speed, as expected.

. The U-prop of the second set of instruments is not like the
other three horizontal props, displaying large
over-responses on either side of the broad stall region.
This characteristic was not recognized during the
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experiments, and consequently neither the propeller nor the
precision of its mounting on the transmitter shaft was
examined for causes of anomalous behavior.

The responses of the Climatronics instruments are generally
a few percent lower than those derived by Clarke for the
R.M. Young anemometers. The stall regions of the
Climatronics instruments may also be wider; and the
over-response for non-stalled props between 92° and 95° and
between 265° and 268° for the V-prop (similar regions for
the U-prop) seems not to have occurred with the R.M. Young
devices.

The reason for this latter effect may be the propeller shaft
extensions on the Young instruments. Another possible contributor,
however, is a general divergence of flow around the Climatronics UVW
system. A smoke streak in the FMF tunnel aimed into the center of the
vertical W-arm rose quite noticeably as it approached the equipment;
this accounts for the fact that the W-props frequently turned in the
positive (upward) sense when the horizontal arms were being tested for
response. 1t may also account for the small positive mean vertical
wind speeds often measured by the props on the 150-m tower at Cinder
Cone Butte.

Listed in Table 11 (p. 96) are the correction factors ERT
recommends for the Climatronics UVW data from SHIS #2. Because of the
variability and rapid changes in response shown by the instruments
near the stall regions, the corrections in these areas are
ill-defined. It is not clear how best to refine the data from times
when one propeller is near or in its stall region. The wind component
speed will generally be quite low when this occurs, so that the effect
on resultant wind speed may be quite small, but the effect on
resultant direction may be several degrees. Over a five-minute
averaging period, unless the winds are very steady, however, even the
error on average direction may be less than three to five degrees.
Measures of lateral wind variability may be the most adversely
affected.

The response of the W-prop shows it to be similar to the
horizontal props but with a narrower stall region at low speeds, as
might be expected because of the reduced inertia due to gravitational
forces on any propeller imbalance. Otherwise it seems to fall into
the general range of response exhibited by the U and V props. The
differences between responses with effective wind direction at 90° or
270° are also not great. In short, the tests in the FMF wind tunnel
do not provide evidence that the W-prop's response is substantially
different from the U and V. We are aware of no other studies that
corroborate or contradict this premise.

The non-cosine response corrections that were applied to the
SHIS #1 data were combinations of the results of the CSU experiments
and factors determined from comparison of data from nearly collocated
propeller and cup-and-vane systems at Cinder Cone Butte. The values
in the COSCO (COSine COrrection) algorithm used by ARLFRD for the
interim SHIS #2 data are derived from experiments with modified
R.M. Young instruments by EPA's John Clarke.
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The principal differences among the three sets of results are:

Clarke's (and COSCO's) corrections are the same for the U-,
V-, and W-props, and the corrections in the first 180° of
wind direction are assumed to be mirrored exactly in the
second 180°. This assumption is probably more accurate with
Clarke's R.M. Young instruments, which had the U- and V-arms
offset vertically to reduce the effects of one arm's wake on
the other. 1In the Climatronics results, the effects of
these wakes can be seen in the reduced response between 280°
and 340° in comparison to that between 200° and 260°.

Clarke's propellers were 23-cm polypropylene and the CTMD's
are 19-cm polystyrene. The smaller, lighter props were
selected for CTMD because of their increased responsiveness,
but the polypropylene props are smoother and harder.
Clarke's instruments also had extensions of the propeller
shafts outwards from the hub. Both of these differences may
improve the response of propeller anemometers near the stall
regions around 90° angles of attack. The roughness of the
polystyrene props is not uniform over their surfaces, which
may contribute to the large variability of response among
units at low component wind speeds. The softness of the
material and the fact that they have been put on and taken
off the shafts several times makes their hub holes
vulnerable to enlargement and distortion, and consequently
their mounting may be imbalanced or skewed. The effect of
imbalance was evident during the experiments; on several
occasions a prop would oscillate several degrees but not
turn. This behavior results in apparently unpredictable
results that depend on whether the motion causes light
signals in the three-hole chopper wheel. The instrument
responses in the present analysis have been set to zero
speed when visual observations indicated the prop was not
turning. :

ERT's experiments in the CSU wind tunnel differed from the
FMF experiments in several ways. First, the FMF tunnel
maintained steady low speeds better than CSU's so that we
now have valid responses for a speed of approximately 0.5
m/s. Second, the instrument response from the CSU tunnel
was mechanically determined by counting the number of pulses
from each transmitter in a 30-second sample, whereas the
instrument response during the FMF experiments was the
voltage produced by the translator card. This output was
measured both by the FMF's data acquisition system (DAS)
sampling at 10Hz for 20 seconds and by ERT's digital volt
meter (DVM). Also, the tunnel speeds at CSU were estimated
from the output of ERT's "transfer standard" cup anemometer,
which had been calibrated in the National Bureau of
Standards wind tunnel in Gaithersburg, MD. The tunnel
speeds at the FMF were estimated from the fan tachometer
settings as described above.
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In summary, the interim HBR data base still contains noise,
especially in the data from the early SHIS #2 experiments. We plan a
reanalysis of this data base to remove some of the residual noise.

The first step will be additional signal processing to reduce the
allowable second-to-second variations listed in Table 9. The second
step will be an analysis and subsequent removal of the high frequency
noise apparent in the data. For the propeller anemometer data we will
apply the calibration factors listed in Table 10 and the correction
factors for non-cosine response given in Table 11 after filtering the
noise. The fourth step will involve correction for physical
misalignments of instruments to true north. Finally, the 5-minute and
1-hour averages of the measurements and derived measures will be
recalculated.

4.2 SHIS #2 Preliminary Modeler's Data Archive

The preliminary MDA developed from the SHIS #2 data archive
contains 1l-hour average tracer gas concentration data for each of the
hours during SHIS #2 in which either SFg or CF3Br tracer gas was
released. The MDA excludes the 19 hours which were withheld by the
EPA Project Officer for independent model validation purposes (p. 184
Third Milestone Report). The tracer release and meteorological data
portion of the MDA has been compiled only for those hours in which
CF3Br tracer gas was released because the analysis of plume rise for
the coincidental oil-fog and SFg tracer gas plume is not yet
complete.

The SFg data base, along with a revised meteorological--CF3Br
data base, will be compiled once final refinements have been made to
the tower meteorological data. Refined estimates of wind directions
and o, values as derived from photographs and lidar will be
included in the MDA in the future.

4.2.1 Tracer Concentration Data N

Tracer gas data that were selected for the MDA are included as
1-hour average values of the concentrations scaled by the emission
rate. These averages include concentrations from all 1-hour sampling
bags, the largest of the two samples collected at collocated sampler
sites, and the average of 10-minute concentrations at standard
10-minute sampler sites. For the 10-minute samples, 1l-hour averages
are included only if no more than one 10-minute period is missing.
All concentrations are given in units of nanoseconds/m3.

The tracer gas archive also includes the position of each
sampler. A Cartesian coordinate system is used with the origin at
Tower A. The x-axis is oriented toward true east and the y--axis is
oriented toward true north. The sampler elevation is reported as the
height in meters above 1600 m MSL. The sampler position
identification code and a data quality flag are also included for each
concentration. The intake port for the sampler is approximately 0.5m
above the ground.

A map of HBR with each sampler and release position is presented
in Figure 26. The solid lines are terrain contours and the dashed
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TABLE 9. ALLOWABLE SECOND-TO-SECOND SENSOR CHANGES USED TO
FILTER RAW DATA IN PROCESSING OF PRELIMINARY DATA BASE

Sensor

u, v prop

W prop

cup anemometer
wind vane
temperature

delta temperature

fast temperature

Max voltage Increment

© ©O O ©O o © o

.200
. 200
.200
.150
.100
.100
.100

94

Approx.

change in units

2.0 m/sec

.8 m/sec

.0 m/sec

.0 degrees
.6 degrees C
.4 degrees C

.6 degrees C
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Angle Eg
0° (0.50)
1 (0.30)
2 (0.35)
3 (0.38)
4 .40
5 .48
7 .58
10 .62
15 .68
20 .72
25 .15
30 .79
35 17
40 .78
45 .82
50 .86
55 .91
60 .94
65 .96
70 .97
75 .98
80 .99
85 1.00
88 1.00
90 1.00
92 1.00
95 .995
100 .99
105 .98
110 .97
115 .96

Fy and Fy are the fractions of correct cosine response shown by the

TABLE 11.

1.00

1.00
.00
.00
.00
.995
.99
.97
.96
.94
.91
.87
.83
.79
.78
.80
.76
.73
.69
.64
.57
(0.35)
(.50)
(1.60)
1.10
.84
.81
.80
.81

o

RECOMMENDED CORRECTION FACTORS FOR NON-COS1NE
RESPONSE OF CLIMATRONICS UVW PROPELLERS

Angle

120
125
130
135
140
145
150
155
160
165
170
173
175
176
177
178
179
180
181
182
183
184
185
190
195
200
205
210
215
220

.94
.91
.88
.83
.78
.78
.80
.75
.73
.70
.66
.60
.48
.35
.35)
.35)
.30)
.50)
.80)
(1.
(1.
(1.
.90
.87
.84
.82
.80
.80
.81
.84

60)
40)
20)

.81
.79
77
717
.78
.83
.86
.87
.87
.88
.88
.85
.82
.81
.80
.78
.78
.79
.79
.81
.83
.84
.86
.94
.97
.97
.96 °
.94
.92
.89

ngle

225
230
235
240
245
250
255
260
265
270
273
275
280
285
290
295
300
305
310
315
320
325
330
335
340
345
350
355
357
359
360

(1

Climatronics U and V props in the tunnel with the wind from direction

"angle." Fal

Values in (

and Fyl are the corresponding correction factors.

96

.86
.88
.91
.94
.96
.97
.98
.97
.95
.90
.86
.86
.85
.87
.88
.88
.87
.85
.81
.78
.79
.80
.81
.81
.83
.84
.89
.10)
(1.
(1.
(0.

40)
80)
50)

) are not firmly founded from experiments but are estimates
to be used for completeness and program coding.

o

.85
.83
.81
.80
.80
.81
.83
.83
.05
(0.
(0.
.57
.65
.68
12
.75
.80
.78
.78
.83
.87
.91
.94
.96
.97
.98
.99
. 995
.00
.00
.00

50)
40)
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lines are roads. Elevations (MSL) for each contour and release
location are presented in meters. The towers and collocated sampling
positions are not shown.

4.2.2 Tracer Release Information

The MDA contains the average emission rate of the tracer gas, the
polar coordinates of the position of the source, the elevation of the
ground beneath the source, the height of the source above the ground,
and the times at which the tracer gas was turned on and turned off.

The emission rate (g/s) is an average mass release rate from the
time at which the release valve was opened to the time at which it was
closed. 1In some cases, this period was less than 1 hour, but in most
cases it was several hours. The start and stop times for the release
are referenced to the beginning and ending times of each experiment
hour, respectively. A start time of -10 (minutes) indicates that the
tracer was released ten minutes before the start of the sampling
hour. An end time of -5 (minutes) indicates that the release ended 5
minutes before the end of the hour.

Coordinates of the source position are expressed in the hill
coordinate system, a polar grid centered on Tower A. The zero height
contour in this system corresponds to the 1600-m elevation MSL.
Release elevations are presented in meters above the ground, and the
elevation of the ground at the release position is given as the
difference in meters from 1600 m MSL. A topographic map of HBR can be
found in the Third Milestone Report.

4.2.3 Meteorological Data

Meteorological data contained in the MDA differ from those
contained in the SHIS #2 data base in that: all quantities apply to
the release height of the tracer gas rather thap to the height of the
fixed instrument levels; derived parameters computed from the MDA are
included; and 1l-hour averages are ultimately utilized in the modeling.

First, the sequence of S-minute data in the MDA was constructed
as follows:

® The NOAA/WPL sonic anemometers on Tower A at 5 m and 40 m
acquire mean vertical wind speed and direction and vector
mean horizontal wind speed and direction, and
the turbulence velocity scales (g,, oy, oy). These sonic
data are linearly interpolated to the plume height. All the
CF3Br tracer release heights are between 5 m and 40 m,
except one hour when CF3Br was released at 50 m.

* The dividing-streamline height, H., is obtained from
splined (splined under tension) profiles of temperature and
wind speed by means of the integral formula presented in the
First Milestone Report. The 5-minute temperature and
propeller wind speed profiles (as received from ARLFRD in
October 1983) from Tower A are used., The effective height
of HBR is taken to be 85 m.
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. A bulk hill Froude Number (Fr) is calculated for the layer
between H, and the top of the tower (150 m) and also for
the layer between 2 m and 150 m. The hill height in both
caleculations is the difference between 85 m and the height
of the bottom of the layer (either H, or 2 m).

. The local Brunt-Vaisala frequency (N) is estimated at source
height by evaluating the temperature change along the
splined Tower A temperature profile in the immediate
vicinity (release height + 0.1 m) of the source height to
obtain the local temperature gradient. The bulk
Brunt-Vaisala frequency (Ny) is estimated at source height
by evaluating the temperature change between 2 m and the
release height.

Then, the 1-hour average data in the MDA are constructed as
follows:

° The l-hour averages of speed and direction reported by the
NOAA/WPL system are vector averages. These speeds and
directions as well as o,, oy, and o, are linearly
interpolated to release height. The 1-hour "scalar" wind
speed and wind direction averages are computed from the
5-minute vector average data interpolated to release
height. The 5-minute average wind data interpolated to
release height are also used to compute a vector average of
unit vectors along each 5-minute wind direction.

. The parameters calculated from the splined profiles of the
5-minute temperature and wind data from Tower A (H., Fy,
N, Np) are averaged to provide l-hour average values.

The tracer release and meteorological data portion of the MDA
have been compiled only for the CF3Br tracer release hours. There
were 90 hours of CF3Br tracer releases, data from 11 of which were
withheld by the EPA Project Officer for independent model validation
purposes, leaving a total of 79 CF3Br MDA hours (Table 12). Sonic
anemometer data are not available for 12 hours. Of the remaining 67
hours, nine hours were judged inadequate for modeling because there
were few non-zero concentrations observed, or the plume missed the
sampler array, or the release was from Tower C on top of HBR. Thus, a
total of 58 hours are available for modeling.

4.3 Modeling HBR

The development of CTDM has been largely guided by a theovetical
understanding of dispersion and flow about simple, three-dimensional
hills. A different approach has been taken in the initial stages of
developing a model for HBR. Although many of the theoretical concepts
contained in CTDM are applicable at HBR, the nature of the flow below
a “eritical dividing-streamline” at HBR appears to differ from that at
CCB. The flow below H, at HBR was frequently more unsteady than the
flow above H.,. The plume tended to travel along the ridge, either
toward the south or the north, before reaching the surface.
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TABLE 12. CF3Br DATA BASE SUMMARY STATISTICS

(EXCLUDING WITHHELD HOURS)

1. Number by release location

2167215 203 111 A C
15 27 3 32 2
1I. Number by height of source above the ground
_<10m 11-20m 21-30m 31-40m >40m
12 30 21 15 1
111. Number by wind direction*
N E S W
(316°-45°) (46°-120°) (121°-225°) (226°-315°)
19 26 18 4

*Sonic anemometer data not available for 12 hours.

1V. Number by release height (zr) vs. Hc

Zp_> He zr_~ He Zp_<_He
21 10 48
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Fluctuations in this "blocked"” flow and the two dimensionality of the
ridge make the use of a single stagnation streamline concept
inappropriate. A dispersion model for HBR must include a description
of the nature of this blocked flow and its effects on dispersion.
Because the analyses involved in specifying H, for the unsteady flow
in this blocked region have just begun, we have developed an empirical
model for HBR as the first step towards structuring a theoretically
based model. Once we have an adequate empirical understanding of the
relationship between concentrations and observed meteorological
conditions, we can attempt to develop a better theoretical
understanding of the processes.

4.3.1 1Importance of H, at HBR

Analysis of data collected during the Cinder Cone Butte (CCB)
experiment shows that the concept of the dividing-streamline height
(Ho) plays a critical role in the description of dispersion in
complex terrain. A plume below H. tends to remain horizontal as it
flows around CCB, while one above H. has enough energy to climb over
the hill.

A plume released near H, can, under certain circumstances,
“impinge" on the hill and cause concentrations that can be as large as
the centerline concentration. This was the case at CCB, where the
highest concentrations occurred when z, was approximately equal to
H.. At HBR, the highest CF3Br concentrations were observed when
z, was less than H,, i.e., in the blocked flow upwind of the
ridge. This is one of the major differences in dispersion between the
two sites. Figure 27 shows that the averages of the top five
concentrations observed during each hour at HBR take on their largest
values when the release height z,. is below H,. Because a plume
released below H, has a tendency to remain horizontal, one would
expect the position of the maximum concentration to be lower on the
hill than it would have been had the plume been, lifted as it traveled
toward the ridge. This hypothesis can be examihed by comparing the
locations of the observed maximum concentrations to those estimated by
a flat terrain model formulated in terms of a terrain-following
coordinate system (the height of the plume centerline above the
terrain remains constant).

The flat terrain model used for this analysis includes a method
to account for the large wind shear observed during stable
conditions. This method is based on a model to simulate the
dispersion of plumes released into a sheared boundary layer (Venkatram
and Paine, 1984). The performance of this flat terrain model was
improved significantly by incorporating the variation of wind and
turbulent velocities into the sigma-z formulation. Figure 28 shows a
schematic of plume behavior and the assumed speed profile. The upper
and lower parts of the plume grow at different rates because of the
speed change with height. It is assumed that o, and o,y
can be written as:
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Figure 28. Schematic illustrating a Gaussian model that accounts for
wind speed shear.
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where the times of travel tg and t, are implicitly given by
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where s is

el
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The effective transport velocities ug, and ug,g correspond to the
"midpoints" of the upper and lower plumes.

the along-wind distance to the receptor, and

u
r

r

o s ©
z8 ' TzR
r

< 2z

(Zr - 021/2); %29 £ %y

> Z
r

(zr + azu/2)

(81)

(82)

(83a)

(83b)

(84a)

(84b)

(85)

The sonic observations of

ow(z) show that o, is approximately constant with height.
Lagrangian time scale Ty (z) corresponds to the meteorological

variables at source height z,. (see Section 2.4).
85 are combined to yield implicit equations for tg and t which

are then solved iteratively.

Figure 29 shows the variation of oz9 and oz, for a
As expected o,9 is larger than gy, because of

typical case.

the lower wind speeds encountered by oyg.
grows more rapidly than oy, as the lower part of the plume

descends towards the ground. Once oz9 > z,, the effective

Notice that oy

wind speed associated with the travel time of o,y starts

increasing and the growth rate of o,9 becomes comparable to that

associated with o,,. The figure shows that (o, + 0,9)/2

does not differ very much from o, obtained by setting t =
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Therefore, the new o, formulation does not alter the centerline
concentration. 1Its main effect is to decrease the distance at which
the maximum ground-level concentration occurs.

Ground- level concentrations are expressed in terms of the two
sigma-z values by

2Q r R Yr)
2

= exp N 2 exp
Trur(czl +czu)cy 20 ch

C(s,yR,O) (86)

where yg is the crosswind coordinate of the receptor (see
Figure 30). The crosswind spread o, is taken to be iys, where s |
is measured along the profile of the hill.

Equalion 86 was used to calculate concentrations at the receptors
on HBR. Figure 31 shows the ratio of the height of the receptor at
which the predicted maximum occurred to that at which the observed
maximum occurred as a function of z./H.. As the release height
moves below H., the positions of the largest concentrations produced
by the flat terrain model become higher on the hill than were
observed. This analysis suggests the importance of including H. in
the modeling of IIBR.

4.3.2 Performance of the Flat Terrain Model

Figure 30 shows the idealized geometry used to model Hogback
ridge. We assume that the ridge is two-dimensional and the stagnation
streamline can be defined by a line through the source perpendicular
to Lhe ridge. The travel time to the receptor is calculated using the
distance (s? + (yR-yr)z)l/z. The model was applied to 58
case hours listed in Table 13. Because the model assumes steady state
condilions, and does not account for "sloshing" along the ridge,
we chose to concentrate on a subset of hours for which up, > 0.5 m/s
and for which the wind direction falls in the range 55° < 6, < 180°.
With 05 = 117°, this choice of wind directions selects those cases
in which the mean wind was directed towards the hill. This subset
consists of 35 case hours which are indicated by asterisks in
Table 13. All models discussed in this section are evaluated with
this subset of 35 hours.

In this preliminary analysis we have chosen to quantify the
performance of the models with the ratio of the average of the top two
observations with that of the model predictions (see also Section
4.3.5). Figure 32 shows the variation of this ratio for the flat
terrain model as a function of (z,.-H.)/H.. Note that the
rerformance of the model deteriorates as the release height becomes
less than H,. This behavior is expected in a model that does not
accounl for hill effects on dispersion.
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Mean Wind Direction

Hogback Ridge
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Figure 30. Gedmetry 7for modeling Hogback Ridge.
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Exp Exp=
Hour

* )
*10
%10

10
*10
*10
*10
*11
*x11

11

11
*11

11
*11
*x{2
*12
x14
x14

14
L]
*1d

14
*x14
*15
*15
x5
*1{5
*x15
*15
*léull

[» ]
- —
I - -
CﬁNO‘MWNGCG\AEM'—‘WN‘TWCW“\#NNO&\10 VIEWNU M LRSI

-
-

—
L Ex~NN NN

zr
(m)

10,0
20,0
10.0
20.0
20,0
25.0
15.0
20,0
20.0
15,0
15.0
50,0
20,0
30.0
25.0
20,0
20,0
10.0

S.O

5.0
30.0
25.0
25,9
30.0
15,0
20.9
20,0
20.n
20,0
30,0
30.0
30,0
30.0
30,0
30.0
20,0
20.0
20,0
2S.0
25.0
19.0
10,0
40,0
59.0
20,0
20,0
20,0
20,0
35.0
35,0
35.0
40,0
40,0
40,0
40,0
4,0
40,0
40,0

TABLE 13.

He
(m)

30,0
26.0
31,0
47,0
29,0
18,0
31,0
29,0
30,0
49,0
48,90
25.0
2240
31 .V
29.0
3540
61.0
33.0
48.0
37.0
56.0
41,0
35.0
39,0
25.9
20,0
15,0
19,0
2.9
37.0
50,0
59,9
33.10
34,0
38,0
59.0
42.0
Sded
27.0
21.0
27,0
21'0
46,9
3t.0
$1.0
14,0
12.0
22.0
26,0
19,0
11,0
41,0
15,0
44,0
31.()
33,0
41,0

HOGBACK RIDGE MODELING DATA

u
(m/s)

9
o7
.2
«3
«5
2.4
8
1.1
4

.
-~

ol S I
* o o o
VINO NS WU W

PIOSWEUNOUT D=0

NesEUNDDOoOUVOX

WEVT 2 ONC XX OO0

thta
(deg)

10,5
30,9
187 .4
261,7
119,7
55.7
26.9
28.3
170.7
186,4
178'a
131.3
33,7
64,0
45,3
67,1
99,3
322.,3
17.0
15.9
276,0
53.0
83,7
141.8
81.8
38,7
24,1
29.8
65,2
120,7
139,06
247,0
75.6
65,4
S8.8
59.3
109.8
298.2
51.3
93,9
25.7
67.3
167,1
136,.4
55.9
59.3
41,0
137.2
132.2
43,9
102,84
63,0
151.3
l1do,1
97.5
106,9
ldd,0

Ll14.4

*Mean wind was directed toward the ridge.
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s1gma=v
(m/s)

«484
«512
547
«011
<449
LUbl
o Su7
«386
«376
<585
770
366
<491
« 792
«534
L4995
¢629
1,117
262
.338
.146
<436
<697
. 788
.0l4d
" .379
.521
<094
«539
.295
.328
«3%6
362
<UBd
4522
.475
506
. 245
.543
UL S
LU51
1.025
.875
<793
<690
J787
682
JTU3
.872
. 4B Y
<744
+Ub1
« 334
«324
« 997
.5u8
«501
23067

sigma=w
(m/s)

<136
«157
115
.122
«165
'139
«151
«136
<083
.112
U099
.118
.163
.201
167
. 098
U986
.118
143
.128
.088
092
.207
. 198
.lso
+125
217
«265
. 283
.116
.136
<138
«137
+ 196
«235
+111
«233
J107
.24l
«23b
.18#%
«223
.115
. 385
.1d2
.218
. 298
295
«253
242
.29“
. 159
+151
475
.298
.206
.212
«235b

N
(1/s)

U326
. 0135
.0540
«0321
«.0501
.0519
D246
.0274
.0306
«0401
0415
0215
0427
0292
0226
. 0225
0243
U603
«1031
<0659
«0340
+03%63
0276
« 0365
«0233
.0243
.0393%
0254
.01481
L0198
L0316
U337
02431
. 0355
0302
+UU51
<0A33
<0258
.Ne37
.0391
036
0376
J02758
.0204
.0115
«0133
L0073
L0037
U041
0276
Lud0s
«0293
+030AR
<0296
0356
056
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1t is informative to examine the performance of the model when
the traditional "half-height"” plume path modification is incorporated
into it. The version of the modification that was used is given by

1 zR
T =1 - ; 2. < z (87a)
P 2 zr R—-'r
I (87b)
2 ' "R r

and is equivalent to that defined in Equation 74. Here zg is the
receptor height. It should be noted that the "half-height"”
modification has been widely used to simulate non-stable or slightly
stable conditions in complex terrain. It has only been occasionally
used to simulate very stable conditions. Nevertheless, the
half-height modification has been applied to all 35 HBR hours.
Figure 33 shows a plot of the residuals with release height. It is
seen that the half-height modification moves most of the points down
into the "overprediction" region for releases below H.. Performance
statistics for both tests are compared in subsection 4.3.5.

4.3.3 Development of the Empirical Complex Terrain Model for HBR

In developing the empirical HBR model, we assume that the effects
of complex terrain on dispersion occur largely as a result of the
influence of H, and can be accounted for empirically by reducing the
effective height of the plume centerline over the terrain. Future
efforts will attempt to develop a theoretical description of actual
plume behavior.

Before introducing the height correction, it is useful to
re-examine the residual plots presented earlier. 1In Figures 34 and 35
the residuals have been replotted as a functiod of the predicted
concentration. For an "adequate'" model, we know that the residuals
should not exhibit any trend with C, (see First Milestone Report).

It is seen from the figures that residuals from both the flat-terrain
and the half-height model do not follow this behavior; CO/Cp
decreases with C,. The flat-terrain model tends to underestimate as
Cp decreases whige the half-height model tends to overestimate as

Cp increases. While the flat terrain model produces underestimates
on an average, the half-height model provides estimates that are
larger on an average than the observed concentrations.

The results from towing tank experiments (Appendix A) show that,
at least for a three-dimensional hill, the H. surface can be
approximated by a ground plane in simulating the flow above H..

This would suggest the following form for Tp:

T
P

T =20 i
p i zr < Hc

H

(zr - Hc)/zr jz >H (88)
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The main problem with this formulation is that it is equivalent
to assuming that the plume height is a constant (z, - H.) from the
source to the receptor. This in turn leads to problems in properly
accounting for the dispersion of plume material over terrain well
upwind of the hill. To get around this problem we assume that T,
varies linearly from unity at the source to its minimum value given by
Equation 88 at s, where H. intersects the hill surface. Beyond
Sy it remains at this minimum value (Tpm). Then the variation of
Tp is given by

1-T
T =1- (‘—-EE) s ;8 <S8 (89a)
P s a a o
o
=T 3 8 >8 (89b)
pm a o

where the along-wind distance sy is measured along the profile of
the hill so that

2 2 0.5
s, + ((S—so) + (zR—zr) ) for s > s, (90)

7]
]

sg = (s° + (zg - 2p)2)°5 for s < s,

and T, is the minimum value given by Equation 88. The terrain
correction factor T, used in the Gaussian dispersion equation is
then the average of Tp over the distance Sa»

= 1 so 1 o
T,=%235 *Ton (1-3 o S, 2 8, (91a)
a a
’
and
_ (1-T m) S,
T =1.—2>2 8 . 4 g (91b)
P 2 s a o.

o

For completeness we rewrite Equation 88

(zr - Hc)/zr ; 2. > H (92a)

T
pm r

=0 ; zZ < H (92b)

4.3.5 Summary of Model Performance

This section compares the performance of the empirical HBR model,
the half-height model, and the flat terrain model. We have chosen to
quantify the performance of the models with the residual ¢ defined
by
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¢ - Average of top N observed
~ Average of top N predicted

where N is taken to be 1, 2 or 5 and the concentrations are paired in
time but not in space. If we assume that ¢ is lognormally
distributed, an adequate model (see Section 5.3 of the First Milestone
Report) should yield an ¢ that is randomly distributed about unity
when it is plotted on a logarithmic scale. For an ideal model, Mg

= In ¢ should be unity and the logarithmic standard deviation

should be small. Figures 32 and 33, presented earlier, and Figure 36
show the variation of e(N=2) for the flat terrain model, half-height
model and the empirical HBR model as a function of (z,.-H.)/H..

As discussed earlier, the flat terrain model performs poorly and
underpredicts the concentrations by large margins. There is some
indication that the performance is better when z, becomes much
greater than H,..

The half-height model overestimates the observed concentrations
with the tendency to overpredict increasing as z, becomes less than
H.. The residual pattern for the empirical HBR model is similar to
that for the half-height model except that the tendency toward
overestimation for z, less than H, has been reduced. This
reduction in the tendency to overestimate peak observed concentrations
for z,. less than H, also reduces the degree of overestimation as
C, increases. A plot of the residual versus Cp presented in
Figure 37 shows that the empirical HBR model has improved upon the
performance of the half-height model (Figure 35) in this aspect of
model performance.

The relative performance of the models is better illustrated
through the statistics presented in Table 14. Because the sample size
was relatively small (=35) it was necessary to calculate and s
using a method that weighted the outliers less than the residuals near
the middle of the distribution. We assumed thgt an appropriate
estimate of was the median of the 35 ratios ‘of the observed to
the predicted concentrations. To estimate s, we assumed that ¢
was lognormally distributed. Then ln s, corresponded to the
standard deviation of a normal distribution with the observed fraction
of residuals within a factor of two of unity.

We see from Table 14 that the flat terrain model underestimates
the concentrations by almost a factor of two. (An greater than
one indicates an underestimation). The standard deviation sg is
relatively large. The model with the half-height terrain correction
factor overestimates the observed concentration by a factor of 1.5 for
all the chosen values of N. The Sg» while smaller than that of the
flat terrain model, is still large.

The empirical HBR has an which is close to the ideal value
of unity. ©Notice that the best combination of the mi and s
statistics correspond to the largest observed concentrations (N = 1).
The empirical HBR model outperforms the other two models for all three
values of N.
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TABLE 14. RELATIVE PERFORMANCE OF MODELS
35 Hours
N=1 N=5
Model m S m S m S
8 B 8 4 8 8
Flat 1.98 3.70 1.91 3.37 1.62 3.37
Half-Height 0.67 2.90 0.66 2.90 0.64 2.55
HBR Model 0.99 2.28 0.95 2.40 0.87 2.70
Zz_ > H (10 Hours)
r c
N=1 2 N=
Model m S m S S
i 8 B g -8 8 8
Flat 2.11 3.74 2.02 3.74 1.75 2.79
Half-Height 0.84 1.72 0.87 1.72 0.81 1.72
HBR 1.12 1.95 1.12 1.95 1.06 1.95
Z_ < H_ (25 Hours)
r c
N=1 2 N=
Model m S m s m s
= 8 B B B B
Flat 1.66 3.74 1.60 3.27 1.21 3.14
Half-Height 0.42 4.37 0.42 4.37 0.46 3.74
HBR 0.64 2.45 0.63 2.67 0.58 3.28
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Table 14 also includes the statistics for the three models when
the hours are separated into two classes: (1) z, greater than H,
and (2) z, less than H,. Although the number of hours in each
class is considerably smaller than the total number of hours, the
statistics are still instructive. For 2z, greater than H,. the
half-height model and the empirical HBR model have virtually the same
Sg, and the half-height model overestimates by approximately the
same amount that the empirical HBR model underestimates. For z,
less than H,, the empirical HBR model exhibits a smaller tendency
toward overestimating the observed peak concentrations than the
half-height model. The HBR model also performs a little better in
reproducing the peak concentrations (N = 1 and 2)' for releases below
H. than the two other models. However, for N = 5 the flat terrain
model performs as well as the empirical model.

4.4 Selected Case-Study Results

A total of 58 hours have been used in the modeling analysis. Of
these 58 hours, 36 hours are classified as z, < H,, 12 as z, > H,,
and 10 as z, = H,.

To illustrate plume behavior at HBR, detailed analyses of four of
the hours modeled are presented in this section. These hours include:

Experiment 11, 0600-0700 MDT, 2z, > H,
Experiment 14, 0300-0400 MDT, z, = H,
Experiment 6, 0700-0800 MDT, z,. < H,
Experiment 8, 0500-0600 MDT, z, < Hg

These four case-studies include those hours in which the highest
concentrations were observed for release heights greater than, equal
to, and less than H,. Also, these hours were selected because the
MDA wind directions are consistent with the observed concentration
patterns. Each case-study analysis includes a description of the
release information, meteorological data, and observed CF3Br
concentrations. Also, the performance of the flat-terrain model and
the empirical HBR model discussed in subsection 4.3.3 are contrasted
for each case-study hour. These two models are referred to as HBR
(Flat) and HBR (Terrain), respectively.

4.4.1 Experiment 11, Experiment-Hour 8 (0600-0700 MDT)

Release Description

The CF3Br tracer gas was released 25 m above the ground from
Tower A for the entire hour. The release was continuous from the
previous two hours; therefore, the tracer plume was well established
by the beginning of experiment-hour 8.

Local terrain elevations near the release point are estimated to
be 3.7 m above the base elevation of the hill coordinate system, so
the net release height corresponds to the 28.7 m height level on the
ridge. The CF3Br release rate is calculated to be 1.31 g/s.
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Meteorological Information

The 5-minute temperature and propeller wind data measured during
the hour at the 10 instrument levels of Tower A (2, S, 10, 20, 30, 40,
60, 80, 100, 150 m) are used to characterize the flow in terms of the
dividing- streamline height (H.) and the bulk hill Froude number
above H, (Fr). Time series plots of the calculated 5-minute H;
and Fr values for this hour are presented in Figure 38. The dashed
line shown in the H, time series plot represents the tracer gas
release height. H, drops from a high of 30 m at the beginning of
the hour to a low of 14 m, then rises to approximately 22 m for the
last 25 minutes of the hour. The average of the 5-minute values over
the hour is 21 m. Because H, is greater than the release height for
only one 5-minute period, this hour is representative of flow above
the dividing-streamline height. Fr varies from a low of 0.7 during
the first half of the hour to a high of 1.3 during the last half of
the hour. The one-hour average value of Fr above 21 m is 1.0, which
indicates that stratification has a significant influence on the flow
over the top of the ridge.

Time series plots of the 5-minute sonic anemometer data from
Tower A are presented in Figure 39. The dashed line represents data
from the 5-m level of Tower A and the dotted line represents data from
the 40-m level. The 5-m and 40-m data are linearly interpolated to
the tracer gas release height and these release height values are
represented by the solid line.

The 5 m winds are light and variable during the hour with speeds
ranging from 0.3 to 1.2 m/s and wind directions ranging from 350 to
140°. The 40-m winds are steadier with speeds ranging from 2.2 to 3.0
m/s and wind directions ranging from 90 to 115° during the hour. The
hourly averaged vector wind direction and wind speed at the tracer
release height are estimated to be 93.9° and 1.6 m/s, respectively.

)

The vertical turbulence intensity (i,) valdes at the tracer
release height vary from 8 to 17% and the o values at the release
height vary from 0.15 to 0.32 m/s. The l-hour value for oy
estimated at the tracer release height is 0.24 m/s (i, = 15%).

An hourly average of the 5-minute temperature and propeller wind
data measured during this hour at the 10-instrument levels of Tower A
are used to construct vertical profiles. A "spline under tension”
method is used to interpolate the meteorological variables for every
5 m between instrument levels on Tower A. Figure 40 shows the
vertical profiles of hourly averaged wind direction, wind speed, and
temperature. The wind data from the propeller anemometer at 5 m and
40 m compare favorably with the sonic anemometer wind data at the same
levels. Also, the vertical profiles between 5 m and 40 m are
approximately linear, so the linear interpolation used to estimate MDA
values for wind speed and direction at the release height should be
acceptable. The interpolated profile values for the wind direction
and speed at the tracer gas release height are 98° and 2.0 m/s,
respectively. These values do indeed indicate that the linear
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interpolation used to construct the MDA apparently provides a
reasonable estimate of the meteorology at release height.

1n summary, the plume was released above H, into a flow
characterized by some plume meander, 1.6 to 2.2 m/s wind speeds, and a
hill Froude number equal to unity. The largest observed
concentrations are expected to be found near or above H,.

The distribution of the observed hourly averaged CF3Br
concentrations scaled by the emission rate (ps/m3) is shown in
Figure 41. The concentrations from samplers suspended from Towers B
(sampler id: 702 and 703) and € (701) are listed above the release
information. 1In this figure, the S-minute average wind flow vectors
estimated at the tracer gas release height are drawn at the release
position. The length of each flow vector is proportional to the
S-minute vector wind speed. The 1l-hour average flow vector, derived
from a vector average of the 12 5-minute vector wind directions, is
depicted by the long dotted line emanating from the release position.

The largest concentrations are found towards the middle of the
sampler array near or above the hourly average H, value (21 m above
the release base). The maximum observed concentration (52 us/m3)
is found near the estimated hourly-averaged plume centerline at
sampler 112.

Model Performance

The hourly-averaged scaled concentrations estimated from the HBR
(Flat) model are presented in Figure 42. The summary table, shown in
the lower right-hand corner of the figure, includes statistics for all
one-hour average concentrations except those from samplers suspended
from Towers B and G. MCO/MCP is the ratio of the maximum observed to
the maximum predicted concentrations, unpaired in space. The
estimated concentration pattern compares favorably with the observed
(r? = 0.61), but peak concentrations are underestimated (MCO/MCP =
1.62).

The hourly-averaged scaled concentrations estimated from the HBR
(Terrain) model (see subsection 4.3.3) are presented in Figure 43.
The maximum predicted concentration has increased from 32 us/m3
from the flat-terrain version to 47 us/m3. This still
underestimates the maximum observed concentration of 52 us/m3.
Overall, the estimated concentration pattern compares well with the
observed (r? = 0.61) with the ratio of the mean observed to the mean
predicted equal to 0.89.

4.4.2 Experiment 14, Experiment-Hour 6 (0300-0400)

Release Description

The CF3Br tracer gas was released from position 203 at 20 m
above the ground for the entire hour. The release was continuous from
the previous hour at a rate of 0.93 g/s.
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Local terrain elevations near the release point are estimated to
be 17.4 m above the base elevation of the hill coordinate system, so
the net velease height corresponds to the 37.4 m height level on the

ridge.

Meteorological Information

Figure 44 contains plots of the 5-minute H, and Fr values for
this hour. H; decreases from 23 m in the beginning of the hour to
5 m half-way through the hour, then rises to 34 m during the latter
part of the hour before decreasing to 10 m at the end of the hour.
The average of the 5-minute values over the hour is 18 m. Fr
gradually rises from 1.3 to 1.8 during the hour. The one-hour average
value of ¥r above H; is 1.5, which is an indication that
stratification has only a weak effect on the flow over the top of the

hill.

The hourly averaged vector wind direction and wind speed at the
tracer release height are estimated to be 59.3° and 1.2 wm/s,
respectively. Figure 45 shows the trend in wind speeds and directions
between 5 m and 40 m during the hour. There is little directional
wind shear for approximately two-thirds of the hour, but there is up
to 100° of directional wind shear during the remaining third of the
hour. Large directional wind shear between 5m and 40 m occurs in
combination with increasing H, above 5 m. The flow direction is
more variable well below H. than above and this is apparently due to
the blocking effect of the nearly two-dimensional ridge. The wind
speed time series varies inversely with the H, time series. As the
wind speed increases during the first half of the hour, Hg
decreases; conversely, as the wind speed decreases during the second
half of the hour, H. increases.

The vertical turbulent intensity values estimated at the tracer
release height vary from 8 to 27% and the oy values estimated at
the tracer release height vary from 0.18 to 0.29 m/s during the hour.
The one hour value for oy estimated at the release height is
0.22 m/s (i, = 18%).

The vertical profiles of the hourly averaged wind direction, wind
speed, and temperature are shown in Figure 46. For the layer 10 m
above and below the release height, the wind speed shear is 0.5 m/s
and the directional shear is 32°. The wind data from the propeller
anemometers at 5 m and 40 m compare favorably with the sonic
anemometer wind data at the same levels. The wind direction profile
between 5 m and 40 m is approximately linear, so the MDA value for the
wind direction should be reasonable. The hourly average of the
S-minute propeller wind direction and wind speed values measured at
the tracer gas release height are 50° and 1.7 m/s which corroborate
the one-hour average MDA values.

In summary, the plume was released above H, during the first
half of the hour and below H, during the second half of the hour.
The hourly average value for H, is 18 m which is close to the
release height. The flow is characterized by substantial wind
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Figure 44. Time series of 5-minute calculated dividing streamline heights
(H.) and bulk hill Froude numbers above H, (F.(H.)
(Experiment 14, 10/26/82, 0300-0400 MDT).
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meander, wind speeds varying from 0.7 to 2.2 m/s, and a hill Froude
number of 1.5.

CF3Br Concentrations

The distribution of the observed hourly averaged CF3Br
concentrations over the surface of the ridge is shown in Figure 47.
The concentration pattern is consistent with the variable wind
directions observed during the hour. The largest concentrations are
found near the bottom-half of the sampler array at an elevation that
is less than H,. The maximum observed concentration (117 ps/m3)
is found near the estimated hourly-averaged plume centerline. There
is a sharp decrease of observed tracer concentrations above the Hg
surface (1635 m).

Model Performance

Results from the HBR (Flat) model are displayed in Figure 48.
Overall, the mean of the concentration estimates is in close agreement
with the mean of the observed concentrations (55/55 = 1.04,) but
the spatial correlation is poor (r2 = 0.31). The maximum observed
concentration (117 us/m3) is more than a factor of two greater
than the maximum modeled concentration (52 us/m3).

Estimates from the HBR (Terrain) model, shown in Figure 49, are
somewhat larger than the flat-terrain estimates. The maximum modeled
concentration (79 ps/m3) is less than the maximum observed
concentration (117 us/m3), although on average, the model is over
estimating (Cy/Cp = 0.74). Because the distribution of the peak
observed concentrations in space is so unlike that estimated by the
model using one-hour average data, the temporal variations in the
meteorology (particularly i,) may be responsible for the poor model
performance in estimating the peak concentrations.

»
4.4.3 Experiment 6, Experiment-Hour 9 (0700-0800)

Release Description

The CF3Br tracer gas was released from position 203 for the
entire hour at a release height 20 m above the ground. The release
was continuous from the previous three hours. The CF3Br release
rate is calculated to be 1.30 g/s.

Local terrain elevations near the release point are estimated to
be 17.4 m above the base elevation of the hill coordinate system, so
the net release height corresponds to the 37.4 m height level on the
ridge.

Meteorological Information

The plots of the 5-minute H, and Fr values for this hour are
displayed in Figure 50. The 5-minute values of H. are all greater
than the release height, except for the second 5-minute period when
Hy drops to 14 m. This sudden drop in H. corresponds to a 1.0 m/s
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Figure 50. Time series of 5-minute calculated dividing-streamline heights
(He) and bulk hill Froude numbers above H, (Fp(H.))
(Experiment 6, 10/31/82, 0700-0800 MDT).
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increase in Tower- A propeller wind speeds. This increase in speed is
not corroborated by the sonic anemometer wind data. The average of
the 5 minute H, values over the hour is 35 m. Because H; is less

than the release height for only one 5-minute period and this value is
suspect, this hour is considered representative of flow below H..

Fr vremains steady during the hour varying from 1.0 to 1.3, with the
one -hour value of Fr above H; being 1.2.

The hourly averaged wind speed and direction estimated at the
tracer release height are 1.0 m/s and 67.1°, respectively. Figure 51
shows the trend in wind speeds and directions between 5 m and 40 m
during the hour. The linearly interpolated values estimated at the
tracer release height are also shown. The 5-m wind directions vary
from 1 to 51° during the hour and the 40-m wind directions vary from
72 to 164°. The wind speed measured at 5 m oscillates from a high of
1.5 m/s during the beginning of the hour to a low of 0.6 m/s in the
middle of the hour, then increases to 1.2 m/s towards the end of the
hour. The wind speed measured at 40 m steadily decreases from 1.6 to
0.6 m/s during the hour, with the exception of a 1.7 m/s peak measured
during the seventh 5-minute period.

The trend in i, and o, values during the hour are shown in
Figure 51. The values of i, and o, estimated at the tracer
release height vary from 7 to 10% and 0.06 to 0.13 m/s, respectively.
The one hour value for oy estimated at the tracer release height
is 0.10 m/s (i, = 10%).

The vertical profiles of the hourly averaged wind direction, wind
speed, and temperature are shown in Figure 52. A large amount of
directional wind shear is found near the vicinity of the tracer
release height. This is corroborated by the wind directions obtained
from the sonic anemometers on Tower A. The 5 m and 40 m propeller
wind data are consistent with the sonic wind data, although the
profiles of the propeller anemometer data are nof linear between 5 and
40 m. The hourly average of the S5-minute wind directions and wind
speeds from the propeller anemometer measured at the tracer gas
release height are 65° and 1.3 m/s. These values are in close
agreement with the hourly averaged MDA values. Therefore, even though
the speed and direction profiles are nonlinear, the error introduced
by assuming linearity is apparently small at the release height.

In summary, the plume was released below H., into a flow
characterized by significant directional wind shear, 0.8 to 1.5 m/s
wind speeds, and a hill Froude number above H, equal to 1.2. The
largest observed concentrations are expected to be found below H,.

CF3Br _Concentrations

The distribution of the observed hourly averaged CF3Br
concentrations over the surface of the ridge is shown in Figure 53.
The largest concentrations are found near the bottom half of the
sampler array at an elevation that is less than H,. The maximum
observed concentration (445 us/m3) is found at sampler 109 near
the estimated hourly-averaged plume centerline at 10 m above the
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release height. This is the largest observed concentration found in
the CF4Br modeling data set. Also, this sampler is collocated with

sampler 809 where the observed concentration is 425 ps/m3. A

sharp decrease of observed tracer concentrations is found above the

mean H, surface (1652 m).

Model Performance

The hourly averaged scaled concentrations estimated from the HBR
(Flat) model are shown in Figure 54. The model grossly underestimates
the mean of the observed concentrations by more than a factor of 4
with-EO/E; = 4.71 and r2 = .004. The maximum observed
concentration (445 us/m3) is found towards the bottom-half of the
ridge at an elevation of 26 m; whereas, the maximum estimated
concentration (24 ps/m3) is found towards the top of the ridge at
75 m,

Estimates from the HBR (Terrain) model, shown in Figure 55, are
considerably larger than the flat-terrain estimates with E;/Eg =
1.02. However, the maximum estimated concentration (105 us/m-)
found towards the center of the sampler array at 56 m is still much
less than the observed maximum concentration, and occurs at a location
too far up on the hill. The model performance apparently suffers
during this hour because the plume seems to have "dropped" in height
over a short distance from the release and HBR (Terrain) does not

account for this.
4.4.4 Experiment 8, Experiment-Hour 7 (0500 - 0600 MDT)

Release Description

The CF3Br tracer gas was released from position 215 at 25 m
above the ground for the entire hour. The CF3Br release rate is
computed to be 0.97 g/s. ]

Local terrain elevations near the release point are estimated to
be 12.9 m above the base elevation of the hill coordinate system, so
the net release height corresponds to the 37.9 m height level on the
ridge.

Meteorological Information

Figure 56 contains plots of the 5-minute H, and Fr values for
this hour. The tracer gas release height is less than H, for the
first eight 5-minute periods of the hour. The average of the 5-minute
values over the hour is 35 m. Fr is steady during the {irst eight
5-minute periods of the hour ranging from 0.8 to 1.0. For the last
third of the hour, Fr rises to 1.5. The one- hour average value of Fr
above H, is 1.0.

Time series plots of the sonic anemometer data from Tower A for
this experiment-hour are presented in Figure 57. Large directional
wind shear is found between 5 m and 40 m until the tenth 5-minute
period when the 5-m wind direction shifts from 56 to 152°. There is
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little wind speed shear for the first eight 5 -minute periods of the
hour. During the final third of the hour, the wind speeds between 5 m
and 40 m differ by as much as 2.0 m/s. The hourly averaged vector
wind direction and wind speed estimated at the tracer release height
are 83.7° and 1.2 m/s, vespectively.

The i, and oy values are fairly steady and low for the
first half of the hour with i, values less than 10% and oy
values less than 0.1 m/s. During the second half of the hour, there
is a sharp increase in measured turbulence. The estimated value of
oy at the release height peaks at 0.4 m/s and i, peaks at 30%.
The one hour value of o, estimated at the tracer release height is
0.21 m/s (iy = 17.5%).

The vertical profiles of the hourly averaged wind direction, wind
speed, and temperature are shown in Figure 58. There is approximately
60° of directional shear in the vicinity (#10 m) of the tracer release
height. The wind speed decreases for the 10-m layer below the release
height. The wind data from the propeller anemometers at S m and 40 m
are in fair agreement with the sonic anemometer data at the same
levels. However, the vertical profiles of the propeller wind data
between 5 m and 40 m are not linear. The hourly average of the
S-minute propeller wind direction and wind speed values interpolated
to the tracer gas release height are 130° and 1.3 m/s, respectively.
The wind speed value is in close agreement with the hourly averaged
MDA value. However, the wind dirvections differ by 46° which indicates
that the linear interpolation is questionable. 1In this case, the 40 m
sonic wind direction (128°) is better than the interpolated value.

In summary, the plume was released on average below H. into a
flow characterized by significant directional wind shear, 0.9 to
2.2 m/s wind speeds, and a hill Froude number above H. equal to
unity.

'

CF3Br Concentrations

The distribution of the observed hourly averaged CF3Br
concentrations over the surface of the ridge is shown in Figure 59.
The largest concentrations are found towards the middle of the sampler
array at an elevation that is near or less than the hourly averaged
value for H.. The maximum observed concentration (72 ps/m3) is
found away from the estimated hourly-averaged plume centerline at
sampler 205. This large concentration may be associated with the last
third of the hour when H. was near the tracer release height and the
wind direction was towards this sampler. The second highest observed
concentration (69 us/m3) is located near the estimated hourly
averaged plume centerline at an elevation that is less than H.. It
is most likely that the estimated hourly- averaged plume centerline is
incorrect. The concentration pattern is more representative of flow
from 130°, as indicated by the propeller anemometer data.
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Model Performance

Scaled concentrations from the HBR (Flat) model, shown in
Figure 60, are much less than the observed concentrations with
Co/Cp = 2.17 and r2 = 0.05. The largest estimated
concentrations (20 us/m3) are found near the crest of the ridge at
a total of nine sampler locations.

Scaled concentrations estimated from the HBR (Terrain) model are
shown in Figure 61. On average, the model does well with C,/Cq =
0.88 and MCO/MCP = 1.29, although the correlation is low (r8 =
.08). The observed concentration pattern exhibits a bi-modal tendency
which mirrors the wind direction pattern. This appears to contribute
to the low correlation with the concentration pattern estimated with a

Gaussian distribution about the mean wind direction.
4.4.5 Summary

The flat terrain model and the empirical HBR model have been
tested against CF3Br observations for four case-study hours. These
case study hours represent three classes of meteorology (z, < H.,
zr ~ He, Zp > He) and include the highest concentrations
observed within the'three classes. Also, the MDA wind directions are,
in general, consistent with the observed concentration patterns during
these hours.

Comparisons were made between the sonic and propeller anemometer
data to evaluate the method used to construct the preliminary MDA for
the release height. 1In general, data from the sonic anemometers
compare favorably with data from the propeller anemometer for these
case study hours. However, there are many hours in the preliminary
CF4Br MDA that contain uncertain meteorological data, probably
because the linear interpolation between 5 m and 40 m is
inappropriate. The greater vertical resolution provided by the Tower
A propeller anemometer data will most likely provide more
representative meteorological data which should improve the modeling
results.

For each case--study hour, the ratio of the maximum observed to
the maximum predicted concentration (unpaired in space) is closer to
unity for the empirical HBR model than the flat-terrain model.
Significant discrepancies between observed and modeled concentrations
(from the empirical HBR model) appear to result in part from
variations in the meteorology during the hour that are not adequately
vepresented in the "hourly” Gaussian plume formulation.
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SECTION 5

THE PRELIMINARY TRACY EXPERIMENT

5.1 Geographic and Meteorological Setting

The Tracy Power Plant (TPP) near Reno, Nevada has been selected
as the site for the Full Scale Plume Study (FSPS), the third field
experiment in the CTMD project. The Tracy plant was tentatively
selected in May 1983 after (1) a review of operating power plants in
the western United States and of available topographic, meteorological
and air quality data, and (2) site visits to three power plants. The
final selection was made after a preliminary experiment that was
conducted at Tracy in November 1983. This section summarizes the
results from the preliminary experiment and discusses the plans for
the FSPS.

The Tracy station is operated by Sierra Pacific Power Company.
The Sierra Pacific personnel had agreed to participate in the program
and were very cooperative in the design of the FSPS. The power plant
is located about 27 km (17 mi) east of Reno, Nevada in the Truckee
River Valley. It has three units--53 MW, BO MW and 120 MW, although
only the latter has been used recently. The 120-MW unit is serviced
by a 91.4-m (300-ft) stack. This stack was used to release the
oil-fog and SFgy during the preliminary experiment.

Figure 62 shows the location of the Tracy station on a 1:250,000
scale topographic map. The plant is located east‘of the Reno-Sparks
metropolitan area and about 40 km (25 mi) east of’ the Sierra Nevada
Mountains, the source of the Truckee River. The river runs eastward
near the plant and eventually drains into Pyramid Lake.

The 91.4-m stack is located near the southwest corner of the
plant (Figure 63) south of the Truckee River. The plant site is in a
relatively narrow valley with mountains surrounding the plant on altl
sides. Figure 64 shows the location of the plant on a 1:62,500 scale
map. Mountain peaks rise to elevations of 900 m above the stack base
elevation within 6.5 km of the plant. The area is characterized by a
sparse vegetative cover of shrubs and grasses. Much of the
uncultivated area in the immediate plant environs is covered by small
boulders.

The Truckee River enters the valley through a narrow opening near
Patrick. It flows eastward just north of the plant and then takes an
abrupt turn to the north about 4 km east of the plant. The river
flows between two mountains at its northward bend. These two
mountains are the primary “target" areas for the dispersion
experiments.
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in addition to the Tracy station, there is a diatomaceous earth
plant run by Eagle Picher Industries Inc. in the valley near Clark.
There are also a few ranches in the valley. 1Interstate- 80 runs north
of the plant along the river.

No historical meteorological record is available from anywhere
in the valley. However, a previous field program (Kapsha et al.
1976), which included aircraft and mobile van measurements of S0p as
well as pilot balloon data, suggested plume transport from the Tracy
stack to locations that would produce pround- level concentrations on
mountains 5229 (called beacon hill) and 5764 (called target mountain)
east of the plant and around the mountain 5610 complex northwest of
the plant. This field program was conducted in December 1975 and
experienced easterly wind flows* associated with transistory
anticyclones, as well as the more usual stable drainage winds. 1In
July 1983, as part of their initial feasibility testing, ARLFRD
released oil-fog from the Tracy stack, and the smoke plume was
transported to and interacted with target mountain and beacon hill.
Although there is currently no corroborative data base, it is expected
that during the late summer, nighttime winds in the valley will be
dominated by terrain effects--probably producing a prevailing westerly
wind down the Truckee River with superimposed local katabatic effects.

5.2 Experimental Design

The preliminary flow visualization and tracer experiment that was
conducted during the period November 7-20, 1983 was co-sponsored by
EPA and the Electric Power Research Institute (EPRL). The EPRL
participation was in anticipation of a complex terrain field
experiment as part of their Plume Model Validation and Development
project. The results of the preliminary Tracy experiment will be used
to guide the design of the next PMV&D field experiment and to provide
the PMV&D modelers preliminary information on the relationship among
enissions, meteorological conditions, and observed concentrations in a
complex terrain setting. )

The EPA objectives of the November experiment were (1) to assess
the feasibility of the Tracy site for the FSPS and (2) to obtain
sufficient information to design and plan the full scale experiment.
These objectives were satisfied and the site was selected for the
FSPS, *x

The experimental methods were similar to those used and tested at
CCB and HBR and at the two previous EPRI field sites. The experiment

included:

L] Releases of SFg and oil-fog from the 91.4-m stack;+¢

*EQSEE;I;MEEHEE were also experienced during the 1983 Tracy
experiment. See Section 5.5

**A detailed work plan for the FSPS was prepared. See also
Section 5.6.

+ In the two small hill experiments, releases were made from wmobile
cranes.
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® Ground- level SFg concentration measurements at up to 53
sites;
. Fixed meteorological measurements:
- a 150-m tower instrumented at four levels (5, 10, 100
and 150 m),
- two 10-m towers instrumented at one level,
- two monostatic acoustic sounders,
- a doppler acoustic sounder, and
- two optical crosswind anemometers;

] Two tethersondes;

) T-sonde releases with double theodolite tracking at two
locations;

] Two solar-powered electronic weather stations;

3 Airborne lidar; and

® Photographs and videotapes.

The participants and their principal responsibilities were:

[ ERT (EPA prime contractor)

(1) directed experiment operations in consultation with
other participants;

(2) operated the command post (Sierra Pacific Power
provided office space at the Tracy station);

(3) provided smoke candles, two carbon arc lamps, cameras
and personnel for flow visualization experiments and
scientific observations;

(4) provided, installed and operated two electronic weather
stations to measure winds and temperature at two
locations;

(5) provided, installed, and operated a 150-m tower
instrumented at four levels to measure winds,
turbulence, and temperature;

(6) provided for other site logistics as needed; and

(7) produced the master data archive apd disseminated it to
participants. ’

. NOAA ARLFRD (via an interagency agreement with EPA)

(1) provided, installed, and operated two 10-m towers with
wind and temperature instruments telemetering to
command post for display and storage;

(2) provided data logging equipment; archived, reduced and
disseminated the meteorological data;

(3) adapted fogger to Tracy flue, provided oil and operated
fogger; provided SFg and injected into flue (with oil
fog);

(4) provided one tethersonde and operator;

(5) provided radios and repeater station;

(6) provided for photography contract (two pholographers,
about four time-exposures/hr and one video during
daylight).

. NOAA WPL (via an interagency agreement with EPA)

(1) provided one tethersonde and operator,
(2) provided Doppler acoustic sounder and operator,
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(3) provided two monostatic acoustic sounders,
(4) provided two oplical crosswind anemometers.

SRl International (EPR1 contractor)
(1) provided and operated airborne lidar (approximately two
3. hour missions per experiment).

Rockwell International (EPRL contractor)

(1) provided 1-hour sequential (9 hrs) syringe samplers
(including spares) to operate on consecutive nights at
53 locations, and provided necessary deployment crews
and vehicles (including helicopter);

(2) determined SFg concentrations (by GC) in all syringes
and bags with a turnaround time of about 24 hours;

(3) provided equipment and took T-sondes to Z.5-3 km above
ground at 1l-hr intervals at two locations during tracer
releases; and

(4) provided survey/identification of all Sk¢ samplers,
meteorological instruments, and fixed photography
locations.

Research Triangle Institute (EPRI "External Auditg”

contractor)

(1) provided an independent review of QC plans of other
EPR1 contractors; conducted onsite systems audits of
the field measurements and the data handling activities;

(2) provided independent checks of the precision and
accuracy of the field nmeasurements and data handling
results. Onsite performance audits were performed at
the Tracy Power Plant for the following measurements
systems: tracer, T-sonde, tethersonde, and two 10-m
towers with wind speed, direction, turbulence, and
temperature measurement systems; and

(3) provided reports to EPRI, through TRC, on the results
of systems and performance audit results.

TRC Environmental Consultants (EPRI technical management

contractor)

(1) represented EPR1 in the field and coordinated EPRI1
cont.ractors, and

(2) undertook scientific observations and analyses as
appropriate.

5.2.1 0il-fog and Tracer Gas Release System

ARLFRD provided an oil-fog generator and a Skg release system
to inject oil-fog and SFg directly into the 91.4-m stack flue at the
Tracy station. The injections were made through a "door" into the
ducting leading to the 91.4-m stack (Figure 65). The SF¢ tracer gas
was stored in two compressed gas cylinders at ground level. Piping
carried the gas through a linear mass flow meter (LFM) system to the
point of discharge into the stack. The LFM measured and displayed the

rate of g

i

aseous tracer discharge via real- time digital
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display, the total amount of gas discharged via a digital counter, and
the analog output voltage directly proportional to the flow rate. The
voltage was logged and monitored on a strip chart recorder. Pre and
post-test release weights of gas tracer cylinders were measured by
certified scales. Similarly, the oil consumption rate was logged to
document the quantity of oil-fog injected through the 91.4-m stack.

A nominal SFg release rate of 1.26 g/s (10 lb/hour) was used
for the Tracy experiment. The SFg and oil-fog releases commenced
approximately 30 minutes prior to the start of the sampling to ensure
that the tracer gas had actually reached the sampling grid when the
samplers were turned on. During the course of the experiment, the
91.4-m stack was vented through the use of a fan located at the bottom
of the stack. Only occasionally during the experiment was the unit
used to generate electricity. During these times the generation rate
was typically 20 Mw.

5.2.2 Tracer Sampling and Analysis

Fifty-three syringe samplers were deployed by Rockwell
International (Cher 1984) to sample hourly concentrations. Saupling
sites were selected from 63 sampler locationsg (Figure 66).

Forty-three locations were specified to sample concentrations during
westerly winds and were used during the first few experiments. During
the course of the experiment, easterly winds were experienced
frequently so it was decided to select additional sites west of the
plant,

The samplers used in the program were sequential syringe samplers
manufactured by D&S Instruments. Nine 30 cm3 syringes were housed
in each sampler. The syringe samplers functioned over a 9-hour period
with syringes sampling for consecutive 1l-hour periods. Because of the
rough terrain, deployment of samplers required the use of either a
helicopter or a 4-wheel drive vehicle. >

In order to identify each sample by date, location, and time, a
nunbering system was devised whereby each sampler, stake, and syringe
was given a unique number code. The numbers were printed on special,
double- sided labels using a computer generated bar code system.

L.abels were attached to the samplers, stakes, and syringes. Upon
deployment of each sampler, stake labels and sampler labels were
affixed to a data sheet, which also contained information on the
syringe codes associated with the sampler. During analysis, a section
of the double-sided label from the stake, sampler, and each syringe
was transferred to the strip chart record containing the corresponding
trace. 1In this way, the strip chart record and the deployment data
sheet contained complete, redundant records of the deployment history
of each sample. When the strip chart records were read, all labels
were scanned with a bar code reader, and therefore all identifying
information was automatically transferred to the computer with
essentially no transcription errors.

A typical experiment ran from midnight to 9 A.M. Samplers were

loaded with syringes two days before the scheduled test. Loading
consisted of labelling the new plastic syringes, attaching the
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needles, installing the units in the sampler, replacing any missing
septa, and setting the timers for the desired timing sequence and
starling time.

Deployment of the samplers occurred the day before the test and
exposed samplers were retrieved at the end of the test. For this
program a sufficient number of samplers were available so that
deployment and retrieval of samplers from the previous test could be
done simultaneously. Deployment and retrieval times were entered in
the data sheets for the two tests, and the stake identifying label was
also transferred to the deployment sheet at this time. To avoid
nixing samplers from different tests, the exposed samplers were marked
upon retrieval with an identifying tag. Analysis of the air samples
was usually performed on the same day as the test.

In addition to the syringe samplers, ARLFRD provided five
sequential bag samplers. These were collocated with five syringe
sanplers for quality assurance purposes.

The analyses of the air samples were performed by gas
chromatography using an electron capture detector. Three Varian 3700
gas chromatographs were used, of which two were fitted with dual
columns to speed up the analyses. The columns were 3.175 mm x 1.829 m
stainless steel packed with molecular sieve 5A. The oven temperature
was 50°C, the detector temperature was 150°C, and the carrier gas was
nitrogen flowing at the rate of 50 cn3/min.  Under these conditions,
the elution time of SFg and 0; were approximately 25 and 40
seconds, respectively. The entire analysis time (with backflushing
starting as soon as the oxygen peak began to elute) was approximately
2.5 min.

Each column-detector combination was calibrated using standards
obtained from compressed gas cylinders (Scott Specialty Gases)
containing manufacturer-certified SFg concentrations of 17, 83, 505,
and 1145 ppt SFgq. Calibrations were repeated every two hours. The
response of the gas chromatographs remained constant within 10%.
Because the response of one of the gas chromatographs was slightly
non- linear, the response curves for all calibrations were determined
by fitting calibration data to a quadratic equation of the form:

concentration = ah(1l+bh)

where a and b are calibration constants, and h is the peak height.

For the highest concentration used (1145 ppt) and the most non-linear
response gas chromatograph, the ratio of the quadratic term to the
linear term bh was approximately 0.15-0.20 or 15-20%. All calibration
constants were stored on disk using a DEC Professional 350 Computer.
The SFg peak heights were digitized electronically using a Science
Accessories Corporation sonic digitizer Model GP6-40 connected
directly to the computer. Peak heights were converted to
concentrations by applying the appropriate calibration constants.
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5.2.3 Plume Photographs

Two dedicated photographers took 5-minute exposures of the
0il-fog plume approximately every 15-minutes during the course of the
experiment. Their locations are depicted in Figure 67. The plume was
illuminated by two carbon are lamps- -one located south and one north
of the river. 1In addition, the ERT scientific observers took plume
photographs of interest from a number of locations.

5.2.4 Airborne Lidar Sampling

SRI International provided the ALPHA-1 airborne lidar to document
the three--dimensional interaction of the oil-fog plume with the
terrain. The aircraft flew a "creeping-ladder" pattern from the stack
to approximately five to ten kilometers downwind. The flight pattern
legs were approximately at right angles to the mean plume direction.
The aircraft typically flew two three-hour missions during each
experiment. Facsimile lidar cross sections of the plume were
available at the end of each experiment for analysis by the project
scientists.

A separate report on the Alpha-1 observations was prepared by
Uthe and Morley (1984). Some of their material is presented in
Appendix C.

5.2.5 Meteorological Measurements

Table 15 lists the meteorological instruments used during the
November experiment. Their approximate locations are depicted in
Figure 67. The minisondes were released and tracked hourly on the
hour. The tethersondes were used to obtain vertical profiles of winds
and temperature up to 600 m. The tethersonde ascents occurred during
the first half-hour of each hour and the descents during the second
half. The tethersonde data were processed continuously so that the
data were available for near real-time analysis and operational
planning.

All data (including SFg) were achived and identified by the end
time (PST) of the averaging period, e.g., an hourly average wind
direction for the period 0200-0300 is identified as a 1l-hour average
ending at 0300. Shorter-term measurements were also identified by the
end time of the measurement, e.g., Doppler wind data at 0200, 0220,
0240.

5.3 Preliminary Field Study Results

5.3.1 Summary of Data Base

Ten experiments were conducted for 73 hours during the period
7- 20 November 1983. The use of 43 sampling sites was planned for the
first four days and 53 for the last six. Because of high winds and

snow, only 37 and 30 samplers were deployed for two experiments.
During the first four days, unfavorable weather conditions resulted in
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TABLE 15.

METEOROLOGICAL INSTRUMENTS AT THE

PRELTMINARY TRACY EXPERIMENT

Instrument

T-sonde (two)

Tethersonde (two)

Doppler acoustic sounder

Fixed

meteorological sensors
two 10-m towers
(winds and temperature)

two electronic weather
stations (winds and
temperature)

one 150-m tower east of
the stack (winds, tur-
bulence and temperature
at four levels - 5 m,
10 m, 100 m, 150 m)

Monostatic acoustic
sounders (two)

Optical anemometers (two)

i
\
.

B - . Purpose
To provide wind and temperature data
throughout the, boundary layer (up to
3000 m) near the west and east
boundaries of the experiment-region.

To provide wind and temperature data up
to 600 m in (1) the flow upwind of the
stack and at (2) the flow upwind of the
bend to the north of the Truckee River.

To provide real-time information on the
vertical profile of winds near the
source location; data are archived
every 10 minutes.

To provide

(1) real-time information on
meteorological conditions in the
high terrain,

(2) data on the drainage flow, and

(3) data (historical only) rep-

resentative of plume conditions.

To provide information on the structure
of the boundary layer (1) upwind of the
source, and (2) upwind of the bend in
the river.

To provide information on the drainage
flow on the south side of target
mountain.
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few ground- level SFg concentrations. Table 16 summarizes the
available concentration data from the entire Tracy experiment. A
total of 3167 SFg concentrations are in the data base. All the
remaining measurements have also been delivered to ERT and are now
part of the Tracy Preliminary data base, which is summarized in
Table 17.

The complete data base was delivered to EPA accompanied by a
descriptive data report. The data base will be available from the EPA

Project Officer.

Maps of the SFg concentrations and the various meteorological
data were examined to assess which hours are sufficient for modeling.
From the 68-hour tracer data base, it was judged that approximately 34
"good” hours and 13 "marginal” hours* are available for modeling
purposes. Table 18 summarizes the modeling data base.

5.3.2 Overview of Results

The November experiment did achieve the program objectives:
(1) the Tracy site is feasible for the FSPS; and (2) the tracer gas,
meteorological and photographic data base are sufficient to design the
FSPS (see Section 5.6). Although the data base from the November
experiment is small compared to the CCB and HBR data bases, the
experiment did capture a wide variety of dispersion conditions.
Tracer gas concentrations were observed in the primary target areas
during stable conditions and also during windy, neutral conditions.
The data can be used to evaluate the CTMD modeling approaches and to
extend the hill and ridge data bases.

5.4 Example Results from Specific Experiments

To illustrate some of the experimental results, a few hours from
three experiment days are described qualitatively in terms of the
relationship among emissions, observed meteorological conditions and
subsequent ground- level tracer gas concentrations. Predominantly
stable atmospheric conditions occurred during the first two days and
windy, neutral conditions on the third day.

Experiment 5 (November 12, 1983) 0000-0500 PST

SFg¢ concentrations were observed in the high terrain of the
primary target areas during the course of Experiment 5. Figure 68
shows the geographical distribution of hourly concentrations observed
during the first five hours. In this figure, the dotted lines
indicate the position of Interstate-80 and the Eagle Picher haul
road. The river flows from the lower left to the upper right and it
parallels Interstate-80. The X in the middle of the diagram
represents the location of the stack. The concentration range of
SFg is indicated by the numerical symbols, defined as follows:

*The criteria for good hours are qualitative and subjective.
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TABLE 16. SUMMARY OF ACQUISITION OF SF, CONCENTRATLON DATA

6
Number of Total Number

Sampling Sampling Samplers Hours of Samples

Experiment Date Sites Hours Analyzed Analyzed Analyzed
1 (A) Nov 7 43 9 43 6 258
2 (B) Nov 8 37 9 37 4 148
3 (C) Nov 9 43 9 43 2 86
4 (D) Nov 10 43 9 10 2 20
5 (E) Nov 12 53 9 53 9 4717
6 (G) Nov 14 30 9 30 9 270
7 (H) Nov 15 53 9 53 9 417
8 (1) Nov 16 53 9 53 9 477
9 (J) Nov 18 53 9 53 9 417
10 (K) Nov 19 53 9 53 9 477
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TABLE 17.

Information

SFg Concentration

SFg emission rate

150-m tower met data:
WS, WD, S0 w, Gw,
T, AT from 5, 10,
150-m, levels

10-m tower met data:
WS, WD, T

Doppler sounder data:
WS, WD

electronic weather station
data:
WS, WD

monostatic sounder

100,

optical anemometers

tethersonde data:
WS, WD, T

T-sonde data:
WS, WD, T

Lidar data

Photographs

Base Log
Observer notes

Definitions

WS wind speed

DATA BASE, PRELIMINARY TRACY EXPERIMENT

Averaging Time

1-hour
15-min

5-min & l-hour

5-min
10-min

1-hour

continuous
5-min

instantaneous

instantaneous

continuous during each
mission

5-min

WD wind direction

og standard deviation of horizontal wind
w vertical wind speed

oy standard deviation of vertical wind

T temperature

Comments

Available for 68 hours

Two towers

T available from one
of the two stations

Facsimile record from
two locations

Path average wind
speed for two paths

Two profiles per hour
to 600 m at two
sites. RH
available from
Clark site,
pressure from site
west of plant.

One profile per hour
to 3,000 m at two
sites

Facsimile records and
aircraft position
(See Uthe & Morley
1984)

Five -minute exposures
every 15 winutes

Available from

Project Officer

AT temperature difference (5-10, 5-100, 5-150 m)
RH relative humidity
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Data for Hour Ending 0100 on 12-November-1983
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Figure 68. Hourly SF¢ concentrations November 12, 1983 0000- 0500.
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Data for Hour Ending 0300 on 12-November-1983
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Figure 68 (Continued).

Hourly SFg concentrations November 12, 1983
0000-0500.
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Data for Hour Ending 0500 on 12-November-1983
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Figure 68 (Continued). Hourly SFg concentrations November 12, 1983
0000-0500.
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Concentration Range (ppt)

Symbol Min Max
0 0 19
1 20 39
2 40 59
3 60 79
4 80 99
5 100 124
6 125 149
7 150 174
8 175 199
9 >200

During the first three hours, the highest concentrations were measured
at elevations typically 60-80 m above the top of the Tracy stack.
During the period 0300-0500, the highest concentrations were observed
along the valley floor in the gorge where the Truckee River bends to
the north. The highest concentrations, their location and elevation
above the stack base are (Cher 1984):

Time Sampler Conc. R e AZ
(Ending Hour) Site ppt km deg m*
0100 8 211 6.2 68 169
34 178 3.6 82 108

31 159 3.2 62 170

0200 31 176 3.2 62 170
28 154 4.5 71 113

34 149 3.6 82 108

6 146 5.3 17 159

0300 1 310 4.6 95 158
2 169 5.0 90 170

6 119 5.3 77 159

0400 25 241 5.1 73 20
26 216 5.0 73 -15

37 207 6.2 63 -13

27 206 4.8 71 -8
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0500 26 190 5.0 73 -15
37 188 6.2 63 -13
25 171 5.1 73 20

*AZ measured from the base of stack. Stack height is about 91 m.

Figure 69 gives a 5-minute exposure of the oil-fog plume as taken
from Prospect hill (photography position #1, see Figure 67) at 0000
PST. Notice the dispersion of a stable plume from the Tracy stack
toward the east at an elevation near the top of the 150-m tower.
Figures 70 and 71 show 5-minute exposures, again taken from Prospect
hill, at 0015 and 0030, respectively. The plume is apparently
producing ground- level concentrations on beacon hill. A S5-minute
exposure taken from Old Lonesome at the west end of the valley
(photography position #3) is shown in Figure 72. It illustrates the
extensive crosswind growth of the plume and shows some plume material
reaching the northwest sections of target mountain.

Hourly average wind directions and speeds taken at the 150-m
tower during the five hours are given in Figures 73 and 74. Winds
near plume height during the first three hours have a westerly
component, consistent with the observed concentrations, photographs
and observer comments. During the last two hours the winds have an
easterly component. PFigure 75 gives S-minute values of wind direction
and speed and oy, from the 150-m level of the tower. Again, the
winds are primarily westerly until about 0300, and then primarily
easterly. Notice the increase in turbulence after 0300. Figure 76
gives doppler profiles of wind direction and speed taken at 0020, 0130
and 0400.

A five -minute exposure of the oil-fog plume taken at 0130 from
Prospect Hill is shown in Figure 77. The plume is still being
transported toward the east, but notice that the top of the smoke
plume is below the top of the 150-m tower. Figure 78 shows the
geographic distribution of winds at the approximate elevation of the
plume above the base elevation of the 150-m tower for each of the five
hours. This figure and the doppler wind data illustrate the
complexity of the wind fields in the valley.

In any event, it is clear that the SFg plume was transported
directly to the samplers during the first three hours. Values of H.
were calcuylated based on the elevation of beacon hill and using the
150-m tower data. A time series of 5-minute values of H, are listed
along with other meteorological data in Table 19. The three hourly
H, averages are 218,222 and 219 m. The elevations of the higher
concentrations are always less than H, during these three hours.
Plume material was not transported to the samplers at the highest
elevations.
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*Collected at the upper level of the 150-m tower.
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237.
249.
253.
253.
10.
70.
112.
70.
87.
54.
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291.
296.
288.
347.
237.
305.
270.
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277.
281.
319.
317.
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Sigma-v

.253
.291
.093
. 046
.202
.330
. 215
1.021
.167
.129
.286
. 247

.360
.258
.345
.445
.097
.081
. 245
.394
.349
.127
.451
.217

.145
.749
.743
.489
.383
L7111
1.397
.360

.651
.730
1.311

1983,

Sigma-w
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.200
.120
.130
.140
.130
.130
.200
.200
.130
.200
.130
.200

.130
.130
.120
.120
.120
.130
.120
.120
.130
.280
.200
.130

.200
.200
.200
.280
.120
.280
.280
.360
.510
.200
.200
.200

0000- 0300 PST

178.
198.
143.
166.
187.
246,
254.
240.
242.
259.
253.
267.

247.
238.
229.
211.
230.
253.
220.
188.
230.
159.
226.
233.

227.
238.
206.
227.
216.
219,
224.
182.
222.
179.
260.
213.
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.0328
.0297
.0318
.0363
.0260
.0256
.0253
.0345
.0333
.0325
.0303
.0317

.0325
.0327
.0288
.0320
.0339
.0315
.0350
.0349
.0358
.0402
.0311
.0312

.0308
.0297
.0220
.0250
.0319
.0303
.0353
.0333
.0297
.0374
.0323
.0339

Bulk N

.0376
.0381
.0381
.0333
.0360
.0371
.0349
.0381
.0386
. 0409
L0423
.0385

.0365
.0370
.0360
.037¢
.0360
.0400
0365
.0309
.0355
.0309
.0349
.0355

.0349
.03138

0327
.0390
.0395
.0400
.0360
.0321
.0338
.0326
.0284
.0327



During the last two hours, 0300-0500, the highest SFg
concentrations were measured in the gorge at the valley floor level,
yet the meteorological data suggest the plume was transported toward
the west. Figure 79, a 5-minute exposure taken from the west end of
the valley at 0315, shows the plume near the stack being transported
toward the west with considerable plume material remaining in the
target area. The Alpha-1 lidar obgervations* (Figure 80) also show
plume material at valley level in the gorge.

How did elevated plume material enter the gorge and produce high
concentrations on the valley floor? ERT observer comments suggest the
turbulent transport by drainage winds off beacon hill and target
mountain. The monostatic sounder at Clark also showed an increase in
turbulence after 0300. See also the 150-m tower oy data in
Figure 75. Figure 81 depicts a photograph of the monostatic sounder
facsimile record for 12 November. During 0000-0300 the sounder data
show decoupled layers with waves in the lower atmospheric boundary
layer. At 0300 the record shows the interaction of layers—-implying
trangport of elevated plume material from aloft--and complete mixing
by about 0440,

In summary, the first three hours of Experiment 5 illustrate
stable plume impingement conditions. The SF¢ plume evidently
produced ground-level concentrations at samplers whose elevations were
below the calculated H.. The hours 0300-0500 illustrate the
occurrence of high concentrations on the valley floor. The
concentrations evidently resulted from the turbulent transport by
drainage winds of elevated plume material.

Experiment 7 (November 15, 1983) 0300-0800

SFg was observed by samplers located east and west of the TPP
stack during the morning of the 15th. Figure 82 shows maps of hourly
concentrations over the five hours from 0300-0800. Plan view maps of
the winds representative of 100 m and 150 m are given in Figures 83
and 84, Evidently, the winds in the valley switched back and forth
from westerly to easterly and then back to westerly during the five
hours. Figure 85 gives time series of wind direction and speed and
oy measured at the 150-m level of the tower. Notice the very low
values of oy. The highest concentrations, their locations and
elevationg are (Cher 1984):

*See Appendix C for an explanation of the Alpha-1 observations.
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Figure 81. Eagle-Picher acoustic sounder records
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Data for Hour Ending 0400 on 15-November-1983
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Pigure 82. Hourly SFg concentrations November 15, 1983 0300 0800.
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Data for Hour Ending 0600 on 15-November-1983
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Figure 82 (Continued). Hourly SFg concentrations November 15, 1983

0300-0800.
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Data for Hour Ending 0800 on 15-November-1983
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Figure 82 (Continued). Hourly SFg concentrations November 15, 1983
0300-0800.
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Time Sampler Conc. R e AZ
(Ending Hour) Site ppt km deg mx
0400 10 648 5.3 89 241
3 216 5.4 84 154

2 180 5.0 90 170

0500 2 417 5.0 90 170
313 5.4 ' B4 165

10 269 5.3 89 241

0600 28 92 4.5 71 113
1 83 4.6 g5 158

31 67 3.2 62 170

25 65 5.1 73 20

0700 56 126 5.3 231 254
28 96 4.5 71 113

1 717 4.6 95 158

22 76 4.1 103 56

53 76 5.8 246 224

0800 58 462 4.8 265 208
56 211 5.3 231 254

60 139 8.7 225 370

%AZ measured from the base of stack. Stack height is about 91 m.

During the hour 0300-0400 the plume was transported directly (but
slowly) from the stack to the southwest corner of target mountain.
Figures 86 and 87 show photographs of the oil-fog plume taken from
Prospect hill at 0315 and 0330. The first five-minute exposure shows
a very stable plume being transported from the stack toward the east
at an altitude near the top of the 150-m tower. The second exposure
shows plume material in the valley south of beacon hill being advected
into target mountain. Figure 88 gives a photograph of the plume
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taken from position #3 at the west end of the valley at 0300. The
exposure shows a plume with extensive crosswind diffusion being
transported toward the east.

Sampler 10, at an elevation of 241 m above the stack base,
measured a concentration of 648 ppt, the highest concentration
observed during the entire 10-day experiment. This peak
concentration, normalized by the SF¢ emission rate, is
3.1 psec/m3. The calculated value of H, is 245 m.

SFg tracer gas remained on target mountain during the hour
ending at 0500 despite the fact that winds gradually shifted to
generally easterly. A photograph (Figure 89) taken at 0430 from
Prospect Hill shows plume material overhead. A photograph (Figure 90)
taken at 0615 from the west end of the valley shows plume material
approaching from the east, eventually producing concentrations above
100 ppt at samplers west of the plant. By 0900 concentrations above
200 ppt were again observed in the target area.

Experiment 9 (November 19, 1983) 0000-0100

Figure 91 shows hourly tracer gas concentrations observed during
a windy neutral period. The photograph in Figure 92 illustrates a
persistent, coherent plume from the Tracy stack to the haul road south
of target mountain. The winds in the valley (Figure 93) were all
west-northwesterly at about 8 m/sec.

5.5 Summary of the Preliminary Experiment

The analysis of the three case study experiments and a
preliminary analysis of the other data show the occurrence of stable
plume impingement conditions. SFg concentrations were observed
during stable conditions on target mountain and beacon hill. Although
the sampler coverage was relatively sparse, concentrations were also
observed during stable conditions in the hill 5610 complex northwest
of the plant.

The highest SF¢ concentrations were observed on the southwest
corner (samplers 10, 3, 2) of target mountain during Experiment 7.
The elevations of the samplers that captured plume material were a few
meters below the calculated hourly values of H.,. During other hours
of stable plume impingement conditions, plume material was observed to
stay below H,. In short, it appears that the concept of a dividing-
streamline height will be useful to distinguish flow regimes and to
help simulate observed tracer gas concentration patterns in the Tracy
area.

Drainage winds and katabatic effects were seen to produce
ground-level concentrations on the valley floor in the gorge where the
Truckee River bends to the north. Observer comments, photographs and
acoustic sounder records all suggest the turbulent transport of “old®
plume material from aloft to the valley floor. The fumigation of
oil-fog by drainage winds was also observed on the south side of
target mountain. These katabatic effects were not observed at CCB and
HBR and must be accounted for in the final design of the FSPS.
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Five-minute exposure (Camera 1) November 15, 1983 at 0430.

Figure 89.
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‘Data for Hour Ending 0100 on 18-November-1983
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Figure 91. Hourly SFg concentrations November 18, 1983.
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The meteorological measurements depicted very complicated wind
flows during the November experiment. Horizontal and vertical wind
shears were common. These were probably caused by the combined
effects of the complex terrain and migratory anticyclones and cyclones
moving over the area in November. In summer and early fall we expect
the flows in the valley to be more dominated by drainage flows,
principally drainage down the Truckee River. 1In any event, during the
FSPS there must be a sufficient number of meteorological measurement
systems to provide information on the three-dimensional structure of

winds in the valley.

Finally, the November experiment produced a data base with a wide
variety of dispersion conditions--from windy, neutral cases to stable
plume impingement. About 34 hours were judged good for modeling. The
CTDM concepts will be tested using this data base.

5.6 Plans for the Full Scale Plume Study

The FSPS* will be conducted at the Tracy plant during the period
August 6, 1984 through approximately August 27, 1984. The
participants will include ERT, NOAA WPL, NOAA ARLFRD, and SRI
International. Table 20 provides a schedule of the daily experiments.

The FSPS will commence with two 4-hour shakedown experiments on
the 6th and 7th. These will start around 0300 PST and end around 0700
PST and will be conducted to test the equipment and the experiment
protocol. The shakedown experiments will be followed by 12 10--hour
tracer and simultaneous flow visualization experiments. These will
run primarily during the nighttime hours to capture stable conditions
and are scheduled to take photographic advantage of the full moon on
the 11th.

The experimental methods of the FSPS are based on the preliminary
experiment conducted in November and to a large extent are similar to
the methods used and tested at CCB and HBR. The FSPS at the Tracy
station will include:

° Releases of SFg and oil-fog from the 300-ft stack and
CF3Br from various heights on the 150-m tower;

® Operation of 110 tracer gas samplers at 107 locations (four
will be on the 150-m tower);

*The detailed plans are described in the Work Plan for the Full Scale
Plume Study, ERT document P-B876-625, May, 1984.
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TABLE 20. FSPS SCHEDULEX*

6 Aug 0300 - 0700%x*
T 7 Aug 0300 - 0700
9 Aug 2000 - 0600
10 Aug 2000 - 0600
S 11 Aug 2000 - 0600
15 Aug 2200 - 0800
16 Aug 2200 - 0800
17 Aug 2200 - 0800
20 Aug 2200 - 0800
21 Aug 2200 - 0800
22 Aug 2200 - 0800

S 25 Aug 0000 - 1000%*x
S 26 Aug 0000 - 1000
M 27 Aug 0000 - 1000

*Schedule subject to change depending on weather conditions.
**0Only the fan for the 300-ft stack will be operating during the
first 11 experiments.
***The 120-MW unit will be operated during the last three experiments.
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] Fixed meteorological measurements:

- a 150-m tower instrumented at six levels (instruments
will include sonic, propeller and cup-and-vane
anemometers and temperature and radiation sensors),

- three 10-m towers instrumented at one level,

- one 10-m tower instrumented at two levels,

- three monostatic acoustic sounders,

- two doppler acoustic sounders, and

- two solar-powered electronic weather stations;

° Two tethersondes:

- one operated at plume elevation to document
meteorological conditions representative of the
effective source height, and

- one operated to measure vertical profiles of
meteorological parameters upwind of the source;

) Two radar balloon tracking systems:

- one located near the west end of the valley to measure
the approach flow, and

- one located north of the plant to document the winds
near potential impact areas;

Ground- level tracer gas concentrations;

Airborne and ground-based lidar measurements;

Photographs (from five locations) and movies; and

A command post near the 150-m tower that includes:

~ real-time display of data from the 150-m and 10-m
towers,

- radio base station, and

- facsimile output of weather maps.

The meteorological data will be archived and displayed in real-time by
a system of onsite minicomputers. Real-time information on ambient
meteorological conditions will aid in understanding the dispersion
phenomena and will help the field managers maintain real-time
experimental control. The real-time operations management will be
supplemented by near real-time lidar data, a 48-hour turnaround on the
tracer gas concentrations, and a 48-hour turnaround on the
photographs. Provisions will be made for data analysis in the field
to help guide the experiment. Figure 94 illustrates the layout of the
FSPS.

Oil-fog and SFg will be released from the 91.4-m stack.
CF3Br will be released from one of the three levels (100, 120 or
140 m) on the 150-m tower. The tracer gases will be sampled at about
107 locations in the valley and on the mountains.

ARLFRD will operate 110 samplers during each approximately
10-hour experiment. All samplers will be used to get one-hour
averages. Four samplers will be operated at the 150-m tower. Each
10-hour experiment could produce 1,100 bags and 2,200 concentrations.
The samples will be analyzed and concentration maps produced within
about 48 hours after collection of the bags.
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The sampler network (see Figure 94) was designed principally from
the results of the preliminary experiment that was held in November
1983. It will measure ground-level tracer concentrations during
several plume dispersion conditions:

1) transport along known (observed) plume paths,
2) stable plume impaction,

3) channeling by major terrain features,

4) lee side phenomena,

5) katabatic fumigation,

6) recirculation in the valley, and

7) flat terrain versus hill effects.

Samplers on target mountain and beacon hill and the string of
samplers west of the plant are located to measure concentrations
during events similar to those observed in November and during
previous field experiments. The samplers on target mountain, beacon
hill and on the hill 5085 - hill 5610 complex are located to measure
concentrations during stable plume impaction conditiomns.

The meteorological towers, the acoustic sounder systems, the
radar wind systems and the tethersondes will provide information to
characterize the three--dimensional structure of the wind and
temperature fields in the valley. The 150-m tower, which will be
instrumented with sonic, propeller and cup--and-vane anemometers, will
provide data on the winds and turbulence near the elevation of the
Tracy plume and data to define the meteorological conditions near the
height of the Freon emissions.

The lidar systems and photographs will document the path and
growth of the oil-fog (and coincidental SFg) plume upwind of the
major terrain elements. They will provide information to calculate
Sy and o, as a function of downwind distance and ambient
meteorological conditions.

It is currently planned that the bulk of the FSPS data base will
be complete by March 15, 1985. The modeling will begin at that time.
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SECTION 6

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR FURTHER STUDY

This Fourth Milestone Report documents the further evolution of
CTDM and presents a detailed mathematical description of the model
components, including those that explicitly account for the effects
that terrain has on plume dispersion. The latest version of CTDM has
been evaluated using an 80-hour subset of the SHIS #1 data base. The
report also describes an empirical modeling approach to the
Hogback Ridge data base., It provides an overview of the preliminary
dispersion experiment that was conducted at the Tracy Power Plant in
November, 1983 and presents plans for the Full Scale Plume Study.

6.1 Principal Accomplishments and Conclusions

The Complex Terrain Dispersion Hodél (CTDM)

Substantial progress has been made in the development. of GTDM as
a method for simulating tracer gas concentrations observed at CCB and
as a practical regulatory model. The central feature of the model
still is its use of the concept of a dividing streamline to separate
the flow into two discrete layers. The upper weakly stratified layer
is handled by the LIFT component and the lower stable layer by the
WRAP component. Both model components include explicit mathematical
expressions that account for the important phenomena that control
dispersion in mountainous terrain:

streamline contraction in the vertical,
streamline distortion in the horizontal,
acceleration of the flow, and

changes in lateral and vertical diffusivities.

CTDM also includes a method to simulate the transition between the
upper and lower flows and subsequent ground-level concentrations and
to simulate the temporal variability of the H, interface. The model
also includes new formulations for o, and oy and now accounts

for the density of the tracer gases and the vertical wind speed shear.

The SHIS #1 Modelers' Data Archive (MDA)

The SHIS #1 MDA has continued to evolve over the last 12 months.
Recall (see Third Milestone Report) that the MDA consists of Tower A
meteorological data that were objectively interpolated to the heights
of the SFg and CF3Br releases, as well as concentration and
emission data. The MDA was compiled to be used by modelers in
simulating concentrations collected at CCB and is available from the
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EPA Project Officer. The MDA was evaluated by comparing interpolated
winds and turbulent intensities to those estimated from lidar data and
plume photos. The analysis indicates that the MDA values are
generally appropriate for modeling, although photo and lidar estimates
were substituted in some cases when warranted. A subset of 80 hours
of SFg and coincidental meteorological data was selected to evaluate

CTDM.

Investigations of Plume Growth

An analysis of SHIS #1 Tower A turbulence intensity measurements
with values of o, estimated from plume photographs and lidar data
suggests the following model of vertical dispersion of elevated
releases in the stable boundary layer:

ot

w
g9, = 0.5
(1 + t/ZTL)

The dispersion time scale T is given by

where the mixing length % is

and the neutral length scale %, and the stable length scale g4
are given by

Lo = Tzp 3 g = Yz oyw/N

The variance of the vertical velocity fluctuations o3 and the
Brunt-Vaisala frequency N are evaluated at the release height z..

The constants 72 and T’ were derived from surface layer

flux-gradient relationships and were found to have values of 0.27 and
0.32.

Evaluation of CTDM

The current version of CTDM was evaluated by comparing model
calculations to (1) observed SFg concentrations, (2) concentration
estimates based on a flat terrain model, and (3) concentration
estimates based on the COMPLEX I/II plume path assumptions. The
80-hour subset of the MDA was divided into four classes: neutral,
weakly stratified, impingement, and very stable. Performance
statistics were generated for each class as well as the entire
subset. The results show that CTDM simulates the observations better
than the other two approaches. CTDM has a weak overall bias toward
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overestimating the larger concentrations (mg; = 0.84), the COMPLEX
modeling approach generally overestimates by more than a factor of two
(mg = 0.42), and the flat terrain model generally underestimates by
more than a factor of two ( = 2.2). The noise in the CTDM
calculations is lower for the time- and space-paired statistics, which
indicates that CTDM is better able to simulate the observed
distribution of concentrations. These comparisons illustrate the
importance of including H, and the stagnation streamline in a

modeling framework such as CTDM.

The performance of CIDM in each of the four classes indicates
that the model tends to overestimate the larger observed
concentrations fog H, greater than 1.25 times the release height
(the two "more stable”" classes). These classes include the hours in
which the largest concentrations (scaled by the emission rate) were
observed at CCB. GCTDM tends to underestimate in the other two "less
stable™ classes, producing estimates that are 70% to 80% of the larger
observed concentrations. These results indicate that more work is
needed to further improve CTDM performance within each of the classes.

Model Performance for Various Quantities of Onsite Meteorological
Data

The ability of CTDM to simulate the CCB observations with various
quantities of onsite meteorological data was evaluated by constructing
three alternate model input data sets: (1) 5-minute meteorological
data contained in the MDA; (2) an hourly data set constructed from
one-hour wind and temperature data measured at 10-m and 150-m; and (3)
an hourly data set constructed from wind and temperature data measured
at 10-m only. The results suggest that the S-minute simulations
improve some individual hours but do not substantially change the
overall performance statistics. The results from the simulations
using the simplified meteorological input are inferior to those based
on the full MDA even though MDA wind directions were used for each.
The conclusion of this analysis is that onsite measurements of
turbulence intensity near release height and detailed vertical
profiles of wind and temperature are essential for accurately
simulating concentrations at a complex terrain site such as CCB.

Modeling the Hogback Ridge Data Base

To help understand the phenomena that control dispersion at the
ridge site a simple empirical modeling approach was taken. A model
was constructed by modifying the effective plume height as a function
of H.. Model simulations were performed using a subset of the
SHIS #2 CF3Br data base. These empirical model calculations were
compared to observed CF3Br concentrations and to calculations made
with a flat terrain model and a model based on the half-height plume
path assumption. The empirical model performed better than the other
two models. Furthermore, for both CCB and HBR the flat terrain model
underestimated concentrations while the COMPLEX (or half-height) model
overestimated concentrations by roughly a factor of two.

226



Fluid Modeling Facility Simulations

A series of tows was conducted in the EPA FMF salt-water-
stratified towing tank using, as the basic hill shape, the
fourth-order polynomial hill as used by Hunt and Snyder (1980).
L.inear density gradients were established in the tank and the hill was
towed at a speed such that the Froude number Fr was 0.5. Since the
density gradient was linear and Fr = 0.5, the dividing-streamline
height was 0.5h. After that series was completed, a second series of
tows was conducted wherein the entire model was raised out of the
water to the point where the water surface was precisely at the
dividing-streamline height, i.e., the water surface was at half the
hill height. The model was towed at the same speed as in the
full-immersion tows, so that the Froude number with this now
half-height hill was unity, and all streamlines passed over the hill
top. The flat water surface thus forced a flat dividing-streamline
surface. The resulting surface concentration patterns were then
compared with the corresponding full-immersion tows. These
simulations, which are described in Appendix A, were performed to
answer the question: how good is the assumption of a flat
dividing-streamline surface?

The results suggest that this assumption is a reasonable
approximation to make, at least with regard to predicting the
locations and values of maximum concentrations and areas of coverage
on the windward side of the hill. When the stack heights are
relatively close to the dividing-streamline height, the lee-side
concentrations are also predicted reasonably well. These results were
used directly in the formulation of CTDM.

The FMF staff also conducted wind-tunnel studies (Appendix B) to
investigate the influence of an idealized three-dimensional hill on
ground- level concentrations from upwind sources in a neutral
atmospheric boundary layer and to locate the source locations where
this influence is the greatest.

The presence of the hill was found to influence the dispersion of
the plume to increase the maximum concentration in three ways. For
low sources, at moderate distances from the hill, the reduction in
mean wind speed allows the plume to reach the ground surface closer to
the source, producing higher concentrations than in the absence of the
hill. Plumes from higher sources can be thought of as being
intercepted by the hill. That is, the hill penetrates the plume where
the concentrations are greater than those that would occur at ground
level farther downstream over flat terrain. For yet higher sources,
the streamline convergence over the hilltop and the corresponding
downward flow in the lee of the hill brings the plume to the ground
more rapidly than over flat terrain. The maximum concentration for
these three regimes occurs upwind of the hilltop, near or on the
hilltop, or downwind of the hilltop, respectively. Terrain
amplification factors ranged from near 1.0 to 3.63. The region of
source locations that produced an amplification factor of 1.4 or more
extended to an upwind distance of 14 hill heights.
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6.2 Recommendations for Further Study
6.2.1 The SHIS #2 Data Base

Further refinements are recommended in screening and adjusting
the meteorological data obtained at the three primary towers at HBR.
Once this is completed, the Quality Assurance Report for SHIS #2 can
be completed, and the modelers will have better guidance in
interpreting the data.

In addition to the sonic anemometer data used in the preliminary
modeling reported in this Milestone Report and the acoustic profile
data, the meteorological measurements from the 150-m and 30-m towers
(towers A and B) are essential to investigating the flow properties
below H.. The temperature patterns and changes in the turbulence
properties will be investigated. A comparison of profiles of these
data within 30 m of the surface at these two towers should essentially
provide a description of the flow field within the "blocked" region
below H, for nearly all releases below H..

For releases above H., comparison and integration of
tethersonde data, acoustic profile data, and measurements from
towers A and C are particularly important. Also, because of the
oil-fog plume rise so characteristic of many of the experiment-hours,
analysis of the photographs and the lidar scans of the visible plume
will be pursued to document and model the plume rise, and to model the
initial growth of the visible plume. Analysis of lidar scans and
photographs will also document patterns of streamline deflections in
the flow over the crest of HBR, and possibly the distribution of plume
material near the surface.

6.2.2 CTDM

Application of CTDM to the SHIS #1 data base has reached a stage
where the modeling framework is largely complete. Some effort will be
devoted to investigating the LIFT/WRAP transition zone, and fluid
modeling studies at the EPA FMF will help refine the formulation of
the flow in this region. 1In addition, it appears that the performance
of the model will be improved by including directional wind shear,
which so far has been ignored. Also ignored has been the variation of
the turbulence with height (away from the plume centerline).

Aside from these enhancements to CTDM, most of the work remaining
in applying CTDM to the SHIS #1 data base will focus on the
terrain-effects factors Ty, Ty, Ty, and T;. The present formulation
will be compared with computations performed using thin aerofoil
theory as well as results from fluid modeling simulations. Also,
particular model parameters will be selected for optimization in order
to infer the terrain effect description which best matches the
observed concentrations and meteorological data. Presumably,
alternate choices of the terrain-effect parameters will be needed to
improve the model performance. The specification of T3 (either
Tiz or Tjy) is a good example. Our present calculations are made
with T{ = 1. Rapid distortion theory will be used to infer non-zero
values for Ty. Optimized values of T; will be compared with those
computed from the rapid distortion theory.
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Application of CTDM to other sites will require some
generalization of the code. A good test-case for such a
generalization is HBR. The model will be altered so that the present
CTDM "assumptions"™ can be tested at HBR. The experiments at the Tracy
Power Plant (FSPS preliminary and FSPS) also need to be considered in
structuring the general CTDM. New algorithms will surely be needed in
some circumstances, but we also need to know when the detail in the
present CTDM is most needed. A sensitivity analysis will help define
the conditions in which the terrain effects contained in CTDM have the
greatest and least impact on the magnitude of the concentration
estimates compared to estimates made by means of a simple
"flat-terrain” model. Key input parameters could then be designed to
signal a "CTDM" calculation or a "FLAT" calculation when the model is
applied in a regulatory permitting mode.

The development of a theoretical rather than an empirical model
for HBR will receive much attention in the next year. We first need
to identify the circumstances in which CTDM does as well as the
empirical model, and circumstances in which CTDM does much worse. The
cases in which CTDM fails must be analyzed in detail to develop a
rationale (theory) for modifying CTDM. 1In this way CTDM will increase
its range of applicability, and the need for empiricism will be
reduced. This process will begin by applying CTDM to the subset of 35
hours modeled in this Milestone Report. Although the meteorological
data are incomplete, we expect to learn something from this
preliminary modeling. We expect to develop a framework to simulate
the effects of an unsteady, "blocked” flow upwind of a ridge.

6.2.3 The FSPS Data Base

The FSPS at Tracy Power Plant has been designed to provide a data
base that will augment our understanding of how a plume in large-scale
stable flow interacts with topography and local slope flows to reach
the surface. The phenomena observed at this site will be described
and documented, and the relationship between these phenomena and
observed ground-level concentrations will be investigated. This
investigation will include comparisons with both the SHIS #1 and #2
results. We expect that the similarities among the FSPS and the SHIS
observations will identify those aspects of the FSPS data base that
can be modeled with CTDM directly. The dissimilarities will focus
attention on aspects that will require modification to CTDM.
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ABSTRACT

A series of tows was conducted in a stably stratified salt-water
towing tank wherein the density gradient was linear and the
dividing-streamline height was half the hill height. Effluent 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-streamline surface. 1In the second tow of
the pair, the hill was raised out of the water to the point where only
the top half of the hill was immersed, thus, forcing a flat dividing-
streamline surface, while all other conditions were maintained
identical. Concentration distributions were measured on the hill
surface and in the absence of the hill. Concentration distributions
from each pair of tows were compared to ascertain effects of an
assumed flat dividing-streamline surface as is used in some
mathematical models. The results suggest that the assumption of a
flat dividing-streamline surface is a reasonable approximation to
make, at least with regard to predicting the locations and values of
maximum concentrations and areas of coverage on the windward side of
the hill. When the stack heights are relatively close to the
dividing-streamline height, the lee-side concentrations are also
predicted reasonably well. The apparent cause of the relatively poor
agreement between lee-side concentration patterns in the higher stack
cases is the presence of a hydraulic jump at the downwind base of the
hill in the full-immersion case which was absent in the half-immersion
case.
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1. INTRODUCTION

The structure of strongly stratified flows over a three-
dimensional hill has been envisioned as composed of two layers: a
lower layer of essentially horizontal flow wherein plumes from upwind
sources impinge directly on the hill surface, and an upper layer
wherein plumes from upwind sources may pass over the hill top. This
basic 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 (1983). Complex
terrain diffusion models utilizing this concept have been developed by
Hunt, Puttock and Snyder (1979) and, more extensively, by Lavery
et al. (1982), Strimaitis et al. (1982), and Lavery et al. (1983).

The basic parameter characterizing the flow structure is the Froude
number, F (see Snyder and Hunt, 1984).

We are concerned in this report with the upper-layer flow. The
basic assumption in this approach is that, in strongly stratified
flows (0O<F<1l), a dividing-streamline height H. exists wherein
streamlines below H, have insufficient kinetic energy to surmount
the hill top and hence must pass around the sides of the hill;
streamlines above H. may pass over the hill top. The simplest and
easiest assumption to make in constructing a mathematical model (and
the only one made to date) is that the dividing-streamline surface is
perfectly flat, i.e., that the upper- and lower-layer flow regimes are
separated by a horizontal plane. As discussed by Snyder and Hunt
(1984), a plume released in the upper-layer flow (at Hg) upstream of
a hill of height h may be treated like a release from a stack of
height Hg - H, upstream of a hill of height h - H, = Fh, i.e.,
as if a ground plane were inserted at height H,. The stratification
above H., of course, has important influences on the diffusion as
well as the vertical convergence and horizontal divergence of the
streamlines, so that the flow structure over the hill of height Fh
must be treated like that with F = 1.0, i.e., the Froude number of the
flow over this smaller hill is unity (Bass et al., 1981; Hunt et al.,
1984).

The crucial question upon which we attempt to shed light in this
report is: Thow good is the assumption of a flat dividing-streamline
surface? We know from laboratory studies that, even well within the
lower layer, streamline trajectories are not contained within
horizontal planes. Indeed, Riley et al. (1976), Brighton (1978) and
Hunt and Snyder (1980) used an extension of Drazin's (1961) theory to
predict vertical displacements of streamlines in the lower layer.
Furthermore, the streamline originating at the dividing-streamline
height far upstream on the flow centerline, by Sheppard's (1956)
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hypothesis (balance of kinetic and potential energy), terminates on
the surface at the top of the hill, again suggesting that the
dividing- streamline surface cannot be flat. On the other hand,
concentration measurements on hill surfaces (Snyder and Hunt, 1984)
suggested that a flat surface approximation may yield reasonable
estimates. From a practical viewpoint, the mathematical models are
vastly simplified if such an assumption yields reasonable estimates of
surface concentration. Hence, we attempt to answer the question not
from a detailed analysis of the shape of such a dividing streamline
surface, but from the more practical comparison of surface
concentration patterns.

A series of tows was conducted in the salt-water-stratified
towing tank using, as the basic hill shape, the fourth-order
polynomial hill as used by Hunt and Snyder (1980). Linear density
gradients were established in the tank and the hill was towed at a
speed U such that the Froude number F (= U/Nh, where N is the
Brunt -Vaisala frequency) was 0.5. Effluent was released at heights of
Hg = 0.6h, 0.7h and 0.8h, and the resulting hill-surface
concentration patterns were measured. Since the density gradient was
linear @nd F=0.5, the dividing-streamline height was also 0.5h (H.’/h
=1 - F); since the effluent was released above H., the plumes did
not impinge directly on the hill, but instead pollutants reached the
hill surface by the combination of streamline displacement and
diffusion. After that series was completed, a second series of tows
was conducted wherein the entire model (hill, baseplate and stack, as
a unit) was raised out of the water* to the point where the water
surface was precisely at the dividing-streamline height, i.e., the
water surface was at half the hill height. The model was towed at the
same speed as in the full-immersion tows, so that the Froude number
with this now half-height hill was unity, and all streamlines passed
over the hill top. The flat water surface thus forced a flat
dividing-streamline surface. The resulting surface concentration
patterns were then compared with the corresponding full-immersion tows
to ascertain the effects of a flat dividing-streamline surface.

*The model is routinely mounted upside-down such that the baseplate is
submerged a few millimeters below the water surface. 1In discussion
of flow structure and plume behavior, however, we discuss the results
as if the model were right-side up.
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2. EXPERIMENTAL APPARATUS AND TECHNIQUES

Most of the details of the experimental apparatus and techniques
were given by Hunt and Snyder (1980) and in a laboratory report by
Hunt, Snyder and Lawson (1978). The basic method of making
concentration measurements was described by Snyder and Hunt (1984).
Only a brief overview is given here, but changes in the techniques and
apparatus as well as special features of these experiments are
described in detail.

A fourth-order polynomial hill (z(r) = h/(1+(r/L)4)) of height
24.3 cm was used in a stratified towing tank. The tank, 1.2 m in
depth, 2.4 m in width and 25 m in length, was stably stratified with
layered mixtures of salt water. This dye mixture was emitted at four
times the isokinetic rate from a bent-over "stack" of 0.635 cm o.d.
The stack exit was located 84.8 cm (3.5 h) upstream of the hill
center. The non-isokinetic effluent release rate was used to obtain a
realistic plume size and shape, i.e., in the isokinetic releases used
previously by Snyder and Hunt (1984), because of the nonexistent
approach- flow turbulence, the plumes tended to be exceptionally thin
and narrow. With the four-times-isokinetic rate, a weak but turbulent
jet was formed at the stack exit. This jet grew in size with
downstream distance to provide a plume with dimensions not
insignificant in comparison with, say, the hill height and hence, a
more realistic simulation of a typical atmospheric situation. The
maximum jet velocity at the hill center was estimated to be about
2 ¢m/s relative to the hill (Townsend, 1956), i.e., small compared
with the towing speed. Characteristics of the plume in the absence of
the hill were measured with horizontal and vertical rakes of sampling
tubes, and are also presented herein.

One hundred sampling ports were fixed on the hill surface,
distributed as shown in Figure A-1. 1In some preliminary tows, the
sampling ports (2.4 mm o.d.) protruded 2.5 nm above the smooth hill
surface, but as the plumes were spread broadly to cover most of the
hill surface (but very thinly in the direction normal to the surface),
narrow, clear wakes were observed down-stream of the protuberant
sampling tubes. This disturbance caused strong reductions in
concentrations measured at ports directly downstream from others,
e.g., ports along the 0° line (Figure A-1). The sampling ports were
then cut to be flushed with the hill surface, but some amount of
interference was still observed in the concentration distributions,
apparently due to the withdrawal of sample fluid through the ports.
After considerable experimentation, a final configuration was found
that displayed no interference: the ports were raised to the original
2.5 mm above the smooth hill surface and the hill was covered with
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sharp--edged gravel of grain size (longest dimension) 2 to 4 nm. Also,
the sample withdrawal rate was reduced by a factor of about 4, to

13 cm3/min. This corresponds to a sampling "stream tube" diameter

of 1.3 mm at the typical tow speed. The rough surface provided the
additional benefit of eliminating a viscous sublayer on the hill
surface, hence, avoided problems of molecular diffusion through this
viscous sublayer.

The concentration of dye in the collected samples were analyzed
on a Brinkman Model PC-600 probe colorimeter. The fiber-optics probe
was inmersed sequentially into the sample test tubes. The wavelength
used was 570 nm. The output of the colorimeter, a voltage related to
the opacity of the solution being tested, was fed to a PDP 11/44
minicomputer, where it was converted to a concentration in percent
dye. The conversion utilized a calibration curve formed by recording
the output voltage versus concentration for at least 12 "standards”
which consisted of accurately known dilutions of the same dye used for
the effluent source. A "Beer's Law" type of curve was best-fit to the
standards for use in converting the voltage from the unknown sample
into a dye concentration. Although the instrument required care in
use (by frequently checking the “zero transmittance” and "zero
absorbance” controls), frequent checks of the calibration showed
excellent repeatability. A typical calibration curve is shown in
Figure A-2. The concentration of dye in the effluent was occasionally
adjusted such that the majority of samples would be within the most
reliable range of the calibration curve, i.e., the vast majority of
samples analyzed were in the range of 0.005 to 0.25%.

The sample lines leading from the ports on the hill surface (or
rake) to the sample test tubes had to be filled prior to the beginning
of a tow in order for the vacuum-sampling system to work properly.
Because of the reduced sample flow rate, the volume of dye-free water
stored in the lines (and which was thereafter drawn into the test
tubes along with the dye samples) was approximately 25% of the total
sample collected. A first-order correction to the measured
concentrations was made to account for this dilution of the samples.
However, the precise volume of sample collected in each test tube
varied slightly from one tube to the next, so that the accuracy of the
concentration-measurement system is estimated to be in the range of
+10 to 15%.
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3. PRESENTATION AND DISCUSSION OF RESULTS

3.1 Plumes in the Absence of the Hill

Vertical and horizontal concentration profiles measured at the
downstream position of the center of the hill (but in its absence) are
presented in Figures A-3 and A-4, respectively. Profiles were
measured for each of three stack heights, 0.1 h, 0.2 h and 0.6 h. For
the two lowest stack heights, the baseplate was raised out of the
water; for the highest stack height, it was submerged as it was for
the full-immersion tows with the hill (approximately 6 mm).
Concentrations have been nondimensionalized as x = CUmhz/Q,
where C is the dimensional dye concentration, U, is the towing
speed, h is the hill height, and Q is the volume flow rate of dye in
the effluent. The calculated plume parameters are listed in
Table A-1. The two higher-level plumes are essentially identical and
are very nearly Gaussian in shape. (Best-fit Gaussian curves are
shown for comparison in the figures. The parameter Xmxg, shown in
Table A-1 is the maximum concentration in the best-fit Gaussian
distribution with the same standard deviation as the measured data.)
The lower-level plume, however, has clearly diffused to the water
surface (Figure A-3); a reflected-Gaussian profile assuming an
effective stack height of 0.09 h appears to fit the data quite well.
The standard deviation of the vertical distribution o, (calculated
assuming perfect reflection at the water surface), however, is 40%
larger than those of the higher level plumes. The standard deviation
of the lateral distribution oy of the lower level plume is also
somewhat larger (10%) than that of the upper level plumes. The
probable cause of this increased diffusion is the reduced stability
near the water surface, as shown in Figure A-5. 1Ideally, the density
gradient would have been perfectly constant all the way to the water
surface, so that the plume released at the lowest level (0.1 h) in the
half-immersion case would have been essentially identical in shape to
that released at the upper level (0.6 h) in the full-immersion case.
However, as will be shown later, these differences in approaching
plume shapes appeared to have little effect on the concentration
distributions measured on the hill surface.

3.2 Distributions on the Hill Surface
Figure A-6 shows side and top views of the plume surmounting the
hill, in this case with the hill fully immersed and the effluent

emitted at 0.6 h. These photographs show the plume to be deformed to
cover essentially the entire surface of the hill above half the hill
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Figure A-3. Vertical concentration profiles measured at the
downstream position of the center of the hill, but in
its absence.
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File Horizontal/ o

_No. Vertical Hg/h Xmx {em) Xmxg
21 v 0.2 25.8 1.07 28.7
22 H 0.2 23.6 2.36 27.2
23 v 0.6 23.4 1.07 25.3
24 v 0.6 21.6 2.28 25.1
25 v 0.1 21.1 1.50¢@) 22,2
26 H 0.1 22.4 2.55 24.0

(a) Calculated assuming perfect reflection at the water surface and an
effective stack height of 2.2 cm (0.09 h).
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Density profile measured prior to Tow #25.
(Concentration distributions shown as lower plume in
Figures A-3 and A-4.)



Figure A-6. Side and top-views of plume released at 0.6 H.
F = 0.5, fully submerged.
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height and yet to be quite thin in the direction normal to the hill
surface (the dotted line on the photographs marks half the hill
height). Notice that, on the lee side, the plume sweeps to much lower
-elevations, so that we may expect to see substantial surface
concentrations on the lee side below half the hill height.

Figure A-7 presents a scatter diagram showing the repeatability
of surface concentration measurements from one tow to the next. TIn
this case, both tows (numbers 10 and 11) were made with the hill
fully-immersed and the stack height fixed at 0.6 h., From the diagram,
it may be seen that, for any port, repeatability is well-within a
factor of two. At large values of concentration, repeatability is
generally within 10%. The repeatability is less pood at the lower
concentrations. A few points with the largest percentage differences
between the tows are marked with the port number (see Figure A-1);
these show that the largest differences occurred below half the hill
height, i.e., on the lower edges of the plume.

Fipures A-8 and A-9 show the concentration distributions measured
on the hill surface in the full-immersed and half-immersed cases,
respectively. The most obvious difference between the two cases is
the absence of lee-side concentrations below half the hill height in
the half-immersed case. Of course, in the half-inmersed case,
concentrations at positions below half the hill height are zero,
because that portion of the hill is outside the water. In the
fully-immersed case, the plume diffused to some extent below half the
hill height around the upwind side, but also, as mentioned earlier,
this plume "hugged” the hill surface as it was swept down the lee side
to much lower elevation than the release height. Just beyond the
downwind base of the hill (not shown on the photographs), the flow
appeared to separate from the surface and rise abruptly in a hydraulic
jump (see Hunt and Snyder, 1980).

Side and top views of this plume in the half-immersed case are
shown in Figure A-10. These are to be compared with the
full-immersion case of Figure A-6. The comparison shows similar
behavior as discussed in the above paragraph.

Figure A-11 presents a scatter diagram comparing, on a
port-to-port basis, the surface concentrations measured in the half-
and fully-immersed cases. Measurements at points below half the hill
height are not included here because, of course, in the half-immersion
case, these ports were out of the water. Within the region of large
concentrations, the two cases compare quite favorably, the
half-immersed case yielding concentrations approximately 10 to 20%
larger than the fully-immersed case. In the region of low
concentration, quite large differences occur (worst case, a factor of
10). However, a close examination shows that in all cases where
concentrations differed by more than a factor of 2, the port locations
were very close to half the hill height i.e., either at 0.505 h or
0.59 h (port numbers are marked on Figure A-11 for those cases where
concentrations differed by more than a factor of 2).
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HS/H = 0.6, fully submerged.



Figure A-8. Concentration distributions measured on the hill
surface. F = 0.5. HS/H = 0.6, fully submerged.
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Figure A-9.

!
f

Concentration distributions measured on the hill
surface. F = 0.5, HS/H = 0.6, half submerged.
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Figure A-10. Side and top views of plume released at 0.6 H.
F = 0.5, half submerged.
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Note that the maximum hill-surface concentration is in the range
of 25 to 30, whereas the maximum in the plume in the absence of the
hill was in the range of 20 to 25. This suggests that even though the
plume shape was highly contorted through the streamline deformation
process, the basic diffusion process was limited by the presence of
the surface; this "reflection' at the hill surface resulted in a
maximum surface concentration that was 20 to 25% larger than that
observed at the center of the plume in the absence of the hill.
However, as mentioned earlier, the accuracy of the concentration-
measurement system was estimated to be in the range of +10 to 15%, so
that the above estimates of increased concentration should be taken
with caution.

Figures A-12 and A-13 show the concentration distributions
resulting from sources elevated at 0.7 h. As was the case with a
source height of 0.6 h, the contours on the windward side of the hill
are roughly circular, but, in this case, somewhat more elongated in
the streamwise direction. Again, of course, no concentrations were
observed below half the hill height in the half-immersion case; in the
full-immersion case, the plume "hugged” the lee side of the hill, but
was spread less broadly in the crosswind direction and lifted off the
surface into the hydraulic jump somewhat sooner.

Also, as was the case at a source height of 0.6 h, the maximum
concentration is about 10% larger in the half- than in the
full-immersion case. The location of the maximum, however, has moved
from the windward side to the lee side of the hill.

A scatter diagram comparing concentrations on a port-by-port
basis for the half- and fully-sumberged hills with a source height of
0.7 h is shown in Figure A-14. The correspondence between the full
and half-depth immersions is not as good as was the case with a source
height of 0.6 h. For the large concentrations, the agreement is
excellent, but for small concentrations, the scatter is quite large.
Port numbers where the concentrations differed by more than a factor
of two are marked on the figure. These show that the comparisons were
poor only in the elevation range of 0.5 h to 0.67 h, i.e., near the
water surface in the half-immersion case. In the half-depth case,
concentrations were larger on the windward line of ports, apparently
related to the wider vertical diffusion of the plume to the water
surface, whereas concentrations elsewhere round the sides of the hill
were considerably smaller than in the full-depth case.

Figures A-15 and A-16 show the concentration distributions
resulting from sources elevated at 0.8 h. In this case, the
correspondence between the two distributions is not nearly as good as
was the case at the lower stack heights. Whereas the locations of the
maximum concentrations are approximately the same, the values in the
full-immersion case are 55% larger and the area of plume contact on
the hill surface is nearly quadrupled over the half-immersion case.
Note that the location of the maximum concentration is well to the lee
side of the hill and that the area of plume contact is much smaller
than for the lower stack heights.
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Figure A-12. Concentration distribution measured on the hill
surface. F = 0.5, HS/H = 0.7, fully submerged.
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Figure A-13. Concentration distribution measured on the hill
surface. F = 0.5, HS/H = 0.7, half submerged.
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Figure A-15. Concentration distributions measurea on the hill
surface. F = 0.5, HS/H = 0.8, fully submerged.
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A scatter diagram comparing these two cases is presented in
Figure A-17. The correspondence between the full- and half-depth
immersion cases is clearly poor, with the half-depth immersion tow
exhibiting surface concentrations that are generally less than half
those from the full-depth tow. Both of these tows were repeated and
the repeatability was found to be excellent, i.e., similar to that
shown in Figure A-7 for the lower stack height of 0.6 h.

The poor correspondence in this case may be partially understood
by examining the side- and top-view photographs of the plume as shown
in Figures A-18 and A-19. The top-views show that, in the half-depth
tow, the plume was much narrower on the lee side of the hill. The
side views show that, in the full-depth tow, the plume "hugged" the
hill surface on the lee side to elevations considerably lower than
half the hill height, then lifted off the surface and rose somewhat in
elevation with the hydraulic jump at the downwind base of the hill
(not seen in the photograph). This hydraulic jump was not present in
the half-depth tow, and the plume remained essentially at the water
surface. The presence of the hydraulic jump evidently affects the
flow structure on the lee side of the hill and, therefore, the
concentration distributions on the lee side.
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Figure A-18.

Side views of plume released at 0.8 H.
fully submerged; lower, half submerged.
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Figure A-19. Top views of plume released at 0.8 H. F = 0.5: upper,
fully submerged; lower, half submerged.

