SEPA

Unrted States Environmental Monitoring EPA-600/4-79-066
Environmental Protection Systems Laboratory October 1979
Agency PO Box 15027

Las Vegas NV 89114 50 4
Research and Development Q&;&M Ld‘.P
7/ \

Modeling Wind /
Distributions Over RN

Complex Terrain oF
METEQROLOGY




RESEARCH REPORTING SERIES

Research reports of the Office of Research and Development, US Environmental
Protection Agency, have been grouped into nine series These nine broad categories
were established to facihitate further development and application of environmental
technology Ehmination of traditional grouping was consciously planned to foster
technology transfer and a maxxmum interface in related fields The nine series are

Environmental Health Effects Research

Environmental Protection Technology

Ecological Research

Environmental Monitoring

Socioeconomic Environmental Studies

Scientific and Technical Assessment Reports (STAR)
interagency Energy-Environment Research and Development
“Special” Reports

Miscellaneous Reports

CONON D WN -

This report has been assigned to the ENVIRONMENTAL MONITORING series This series
describes research conducted to develop new or improved methods and instrumentation
for the identification and quantification of environmental pollutants at the lowest
conceivably significant concentrations Italsoincludes studies to determine the ambient
concentrations of pollutants in the environment and/or the variance of pollutants as a
function of time or meteorological factors

This document 1s available to the public through the National Technical Iinformation
Service, Springfield, Virginia 22161



EPA-600/4-79-066
October 1979

MODELING WIND DISTRIBUTIONS
OVER COMPLEX TERRAIN

by

Mark A. Yocke
Mei-Kao Liu

Systems Applications, Incorporated
950 Northgate Drive
San Rafael, California 94903

Contract No. 68-02-2446

Project Officer
James L. McElroy

Monitoring Systems Research and Development Divisio
Environmental Monitoring Systems Laboratory
U.S. Environmental Protection Agency
Las Vegas, Nevada 89114

ENVIRONMENTAL MONITORING SYSTEMS LABORATORY
OFFICE OF RESEARCH AND DEVELOPMENT
U.S. ENVIRONMENTAL PROTECTION AGENCY
LAS VEGAS, NEVADA 89114



DISCLAIMER

This report has been reviewed by the Environmental Monitoring
Systems Laboratory-Las Vegas, U.S. Environmental Protection Agency, and
approved for publication. Approval does not signify that the contents
necessarily reflect the views and policies of the U.S. Environmental
Protection Agency, nor does mention of trade names or commercial products
constitute endorsement or recommendation for use.

ii



FOREWORD

Protection of the environment requires effective regulatory actions
that are based on sound technical and scientific data. This information
must include the quantitative description and linking of pollutant sources,
transport mechanisms, interactions, and resulting effects on man and his
environment. Because of the complexities involved, assessment of specific
pollutants in the environment requires a total systems approach that tran-
scends the media of air, water, and land. The Environmental Monitoring
Systems Laboratory-Las Vegas contributes to the formation and enhancement of
a sound monitoring data base for exposure assessment through programs designed
to:

e develop and optimize systems and strategies for moni-
toring pollutants and their impact on the environment

e demonstrate new monitoring systems and technologies by
applying them to fulfill special monitoring needs of
the Agency's operating programs

This report discusses the development of an air flow model for urban
areas in complex terrain and the application of the model in Phoenix, Arizona.
The model will be incorporated into an existing method for the design of am-
bient air quality monitoring networks (see EPA-600/4-77-019 and EPA-600/4-
78-053). The method may be useful for regional or local agencies who have
a need to plan new or modify existing networks. The Monitoring Systems Design
and Analysis Staff may be contacted for further information on this subject.
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George 'B. Morgan ~
Director

Environmental Monitoring Systems Laboratory
Las Vegas
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ABSTRACT

Accurate determination of wind fields is a prerequisite for success-
ful air quality modeling. Thus, there is an increasing demand for objective
techniques for analyzing and predicting wind distributions, particularly
over rugged terrain, where the wind patterns are not only more complex, but
also more difficult to characterize experimentally. This report describes
the development of a three-dimensional wind model for rugged terrain based
on mass continuity. The model is composed of several horizontal layers of
variable thicknesses. For each Tayer, a Poisson equation is written with
the wind convergence as the forcing function. Many types of wind pertur-
bations over rugged terrain are considered in this model, including diver-
sion of the flow due to topographic effects, modification of wind profiles
due to frictional effects in the planetary boundary layer, convergence of
the flow due to urban heat island effects, and mountain and valley winds
due to thermal effects. Wind data collected during a comprehensive field
measurement program at Phoenix, Arizona, were used to test the model. The
model was shown both qualitatively and quantitatively to perform reasonably
well in the application to Phoenix, and its utility was demonstrated by the
relatively modest computing and data requirements in this application.

iv



CONTENTS

FOREWORD « & & v v v o 4 0 e e o o o o o o o o o s o s . 17
ABSTRACT . « « « . . et e e e e e e e e e e e e e e e e e e iy
LIST OF ILLUSTRATIONS & & v 4 o v o o 4 v o o o o o o o o o o o vii
LISTOF TABLES v v v v v v v 6 6 e v 6 o o o o o o o o o o o o oo viii
LIST OF ABBREVIATIONS AND SYMBOLS '« ¢ v ¢ ¢ v ¢ ¢ ¢ o o o o o o & ix
ACKNOWLEDGEMENT v & o v 4 v v o v o v v e 0 v o o o o s o s o o & xi
I INTRODUCTION v ¢ & & v v o v o v 0 o o o o & v e e e e e 1
II WIND FLOWS OVER CITIES LOCATED IN COMPLEX TERRAIN . . . . . . 3
A. Geostrophic Flow and Its Modifications . . . . . e e 3

B. Thermally Induced Local Circulations . . . . . . .« . .. 4

C. Modification of Wind Flows Over Mountains « « « « « « . . 5

1. Airflow Over a Mountain Range « « « « ¢« ¢« ¢« ¢« « ¢ o & 5

2. Airflow Over a Solitary Hill « « ¢ ¢ ¢ ¢ o ¢ v o+ 8

IIT REVIEW OF PREVIOUS MODELING STUDIES . « « « & ¢ « & . e e 11
A. General Classification of Wind Models . . . . . . e e e 11
1. Interpolation Techniques .« « « « « ¢ ¢ ¢ o ¢ o v o & 11
2. Objective Techniques .« « « ¢« ¢ ¢ ¢ ¢ o ¢ ¢ o« v o « & 12
3. Diagnostic Models « & ¢« o ¢« v v v v 4 s e e 0 e e e 13
4, Dynamic Models o « « ¢ o o o o o s o o o o s o o s o 13
B. Pertinent Existing Models . . « « ¢ ¢« ¢ v ¢ o o o o o o 14
1. Objective Techniques Based on Variational
Principles .« « ¢« o v o o o o o v 0 0 o o 0o 0 0 o . . 15
2. Diagnostic Models Based on Mass Continuity . . . . . 16
IV DEVELOPMENT OF A WIND MODEL FOR COMPLEX TERRAIN . . . . . . . 18
A.  The Model Equation . . . . ... .......... .. 18

B. Parameterization of the Vertical Fluxes « + ¢« ¢« ¢« ¢« « « & 22

1. Topographic Effects . & ¢« v ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o o & 22
2. Boundary Layer Effects . . . . . e v e e e e e e e 25
3. Thermal Effects « o v ¢ ¢ ¢ ¢ o ¢ o o o o o o o o . o 27
C. Numerical Solution Procedure . « ¢« ¢« ¢« o« o o o o« o o o & 30

v



vV APPLICATION OF THE MODEL TO THE PHOENIX AREA . . . . . . . . 34

A. DataBase . . . . . . . . . . Lo ..ol . 34
B. Discussion of the Results . . . . . . . . . . . . . . .. 39
C. Statistical Analysis of the Results . . . . . . . . .. .41
VI CONCLUSIONS AND RECOMMENDATIONS . . . . . . e e e e e 47
APPENDIX A: DECOMPOSITION OF A VELOCITY VECTOR . . . . . . . . . 48

APPENDIX B: COMPARISON OF PREDICTED AND MEASURED SURFACE
WINDS IN PHOENIX . . . . . . e e e e .. 51

REFERENCES . . . . . . . . . .. e e e e e e e e e e e . 105

vi



10

11

12

13

ILLUSTRATIONS

Formatior of the Up-Valley Mountain Wind .
Formation of the Down-Valley Mountain Wind . .

Classification of Types of Airflow Over Ridges with

Typically Associated Wind Speed Profiles and Streamlines .

General Classification of Types of Airflow Over a
Solitary Hill

Cross-Sectional View of the Intersection of a

Hypothetical Terrain with a Three-Dimensional

Modeling Grid

Schematic Diagram of a Flow Contacting the Slope of a Hill

Parameters Used in Defining the Diversion Effect .

Sketch Showing a Grid Cell A]ong the Left Boundary
of the Modeling Region . . .

Modeling Grid Indicated on a Topograph1c Map of
the Phoenix Area . . .

Frequency Distributions of Wind Speed and Wind Direction
Deviations for 15 February 1977

Frequency Distributions of Wind Speed and Wind Direction
Deviations for 16 February 1977

Frequency Distributions of Wind Speed and Wind Direction
Deviations for 7 March 1977

Frequency Distributions of Wind Speed and Wind Direction
Deviations for 10 March 1977 .

viij

10

20
23

W
N

37

42

43

44

45



TABLES

Phoenix Area Wind Measurement Station Names
and Coordinates .

Mean Flow Imposed at Model Boundaries and Mountain-
Valley Wind Coefficients Used for Phoenix Wind Simulations

viii

36

38



LIST OF ABBREVIATIONS AND SYMBOLS

ABBREVIATIONS

km kilometer(s)

m meter(s)

m/sec meter(s) per second

MST mountain standard time

UT™ Universal Transverse Mercator

SYMBOLS

A slope vector Hmax

a slope scalar

A potential velocity vector h(x.y)

B multiplicative factor i,

b intercept

B solenoidal velocity vector k

E solenoidal potential L
function on

o cutoff coefficient M(x,y)

CD drag coefficient

d derivative symbol N

e base of natural logarithm

f weighting function; n
dimensionless velocity

Fr Froude number r

f(x,y) forcing function Re

g gravitation constant ri(k)

H average surface elevation

in the grid cell; depth of T
model region

ix

highest terrain eleva-
tion

terrain height as a func-
tion of location

grid cell position
indexes

von Karman's constant
Monin-Obukhov length
natural logarithm

"equivalent mountain"
function

number of measurements;
number of vertical layers

number of parameterized
fluxes

distance

Reynolds number
current residual of the
i-th equation

free-stream (unperturbed)
temperature



SYMBOLS (concluded)

<>

temperature of the
current

temperature of the
environment

spatial distribution
of surface temperature

wind speed

free-stream (unperturbed)
velocity

wind components corres-
ponding to orthogonal
Cartesian coordinates

frictional velocity

interpolated wind speed in
x-direction

interpolated wind speed in
y-direction

vector velocity

weighting function;
vertical velocity

position vector

orthogonal Cartesian
coordinates

aerodynamic surface rough-
ness length

empirical coefficient

adiabatic lapse rate

environmental temperature
lapse rate

dimensionless parameter
defined as u(z1.)/UOo

difference operator
mean square error

dimensionless parameter
defined as

%1,/ Re.

AX 2
arctan (vh)
potential function
scalar functions
wind divergence

vorticity of flow; com-
ponent of total divergence

partial derivative
divergence operator



ACKNOWLEDGMENT

We wish to express our sincere graditude to Dr. Thomas W. Tesche, who
has made significant contributions to the formulation of the complex-
terrain wind model discussed in this report.

Xi



I INTRODUCTION

Efforts to establish air quality monitoring networks for urban areas
have led investigators to develop various objective methods for selecting
optimum measurement sites. One promising approach developed by Systems
Applications, Incorporated (SAI) and the Las Vegas Environmental Monitoring
Systems Laboratory (EMSL-LV) of the U.S. Environmental Protection Agency (EPA)
entails the use of an air quality simulation model for the prediction of
pollutant concentration distributions (Liu et al., 1977 and McElroy et al.,
1978). When this method was applied to the metropolitan Las Vegas area,
the wind speed and direction were found to be the environmental parameters
that potentially can most significantly affect the network configurations
(McElroy et al., 1978). In general, the pollutant concentration is approxi-
mately proportional to the inverse of the wind speed. Although a wind
direction that is invariable during the averaging period of the pollutant
measurements cannot change pollutant concentration levels, it can shift the
locations of concentration maxima and thus affect the selection of monitor-
ing sites.

In the past, metesrological stations have been deployed to measure wind
distributions, and the data have subsequently been interpreted to provide
the necessary input to an air quality simulation model. This approach suffers
from several deficiencies. First, characterizing the spatial variations for
a large urban complex may require many meteorological stations and, thus,
great expense. Second, reliable and objective interpolation schemes are
not available for reproducing acceptable wind fields from a finite number
of measurements, especially in complex terrain. Third, the historical data
used for monitor siting purposes generally lack detailed wind measurements,
except for synoptic-scale climatological information. For these reasons,
further studies on the modeling of wind fields were recommended.



The objective of this project was to develop physically based wind
models that can be coupled with an air quality simulation model. The
ultimate goal was to apply the coupled wind-air quality model in the design
of air quality monitoring networks (McElroy et al., 1978). It was hoped
that injecting atmospheric dynamics into the wind analysis would improve
the accuracy of the wind predictions. Two types of special situations were
specifically considered. These were (1) a coastal city and (2) an inland
city in complex terrain. Whereas wind flows in coastal cities are typically
dominated by Tand and sea breezes, particularly those in the low-latitude
areas, the meteorological settings of inland cities are often characterized
by the presence of complex terrain. Since coastal areas will be addressed
in a separate document, this report focuses only on the problem of modeling
the wind fields over an inland city located in complex terrain.

The next chapter describes the general features of the wind patterns
over complex terrain. Chapter III discusses previous modeling studies.
Chapter IV proposes a modeling approach capable of predicting three-dimensional
wind distributions. Application of the model to the Phoenix, Arizona area

is described in Chapter V. Finally, conclusions and recommendations are given
in Chapter VI.



IT  WIND FLOWS OVER CITIES
LOCATED IN COMPLEX TERRAIN

Several excellent reviews on wind flows over mountainous regions have
been made (Alaka, 1960; Reiter and Rasmussen, 1967; Flohn, 1969; Nicholls,
1973). They cover a wide range of topics related to the low-level airflows
over complex terrain and provide an extensive list of references on the
subject. Therefore, only a cursory description of the wind flows to be
modeled is included here.

The distribution of winds in the atmospheric boundary layer is affected
by air motions on all scales, ranging from the large-scale Rossby waves to
the smallest turbulent eddies. Depending on a variety of factors and condi-
tions, they all contribute in varying degrees of importance to the resultant
wind observed at any geographical location. Because of the large spread
in the spatial scales and the widely different mechanisms responsible for
their occurrences, the following discussion is limited to those wind phenomena
with spatial and temporal scales of interest to the dispersion of air pollu-
tants from an urban area.

A.  GEOSTROPHIC FLOW AND ITS MODIFICATIONS

Above the surface boundary layer, air motion in the Tower atmosphere,
particularly in mid lTatitudes, is generally determined by a balance between
the horizontal gradient of atmospheric pressure and the Coriolis force. The
resulting flow, which is paraliel to the constant pressure contours or
isobars, has been termed the geostrophic wind. For situations where the
isobars are curved, the wind flow is further modified by the centrifugal
force and is known as the gradient flow. Deviations from the geostrophic
motion can also be caused by the frictioral force and horizontal tempera-
ture gradients. For example, modification of the geostrophic flow by the



frictional force near the earth's surface leads to the well-known Ekman
spiral in the planetary boundary layer--the decrease in wind speed and
the counterclockwise turning (in the Northern Hemisphere) of the wind
direction as it approaches the surface.

On the other hand, if a significant horizontal gradient is present in
the mean air temperature, the geostrophic wind is further altered, with
the resultant flow called the thermal wind. The thermal wind is generally
directed along the tangent to the isotherms in such a way that the area
of lTower temperatures is to the left in the Northern Hemisphere. Over
mountainous terrain, the horizontal temperature gradient may be generated
by the uneven heating of the slope.

B.  THERMALLY INDUCED LOCAL CIRCULATIONS

Convective circulations in the atmospheric boundary layer are induced
by buoyancy as a result of inhomogeneities in the surface temperatures.
These thermal anomalies are, in turn, generated by differential heating
and cooling of the land and water masses, the mountains, and the valleys.
These diurnally varying flows, which include the land and sea breezes, the
valley winds, and the slope winds, can extend over areas of tens of kilo-
meters in extent. The inertial interaction between these local winds and
the synoptic-scale flow is, therefore, one of the most influential factors
in determining the near-surface flow pattern in low-altitude coastal areas
and in mountainous regions. For example, in Los Angeles, the land and
sea breezes are typically the dominating winds near the surface during the
summer, when a strong, clockwise-turning sea breeze occurs during the day
and a weak, counterclockwise-turning land breeze arises during the night.
As solar heating is weakened in the winter, the interaction between the
sea breeze and the synoptic-scale flow becomes more apparent.

The thermally-induced flow of greatest consequence to mountainous
regions is the mountain-valley wind, which is also a result of uneven
cooling and heating. In the evening, radiational cooling of the upper
mountain slopes results in a thin wedge of cool air that descends the



slopes and begins to move down the canyons. This valley or canyon flow
generally persists all night. After sunrise, the upper slopes heat up
more rapidly than the valley floor, which is shielded by the overlying
cool air mass. Gradually, the canyon wind changes direction and begins

to move up the canyon and over the heated upper slopes. The gross aspects
of the mountain-valley winds are now reasonably well understood. The
formation of up-valley and down-valley (drainage) mountain winds is illus-
trated in Figures 1 and 2.

C. MODIFICATION OF WIND FLOWS OVER MOUNTAINS

The presence of natural obstructions, such as mountains, obviously
alters the wind distribution near the surface. As discussed earlier,
changes in the atmospheric momentum and heat budgets also affect the air-

flow over mountainous regions.

1.  Airflow Over a Mountain Range

According to Forchtgott's classification scheme (Forchtgott, 1949),
four types of airflows over a two-dimensional mountain range can be
identified:

> Laminar flow. Under light winds, flow over the ridges

forms a smooth, shallow wave; close to the surface,
vertical currents exist as a result of orographic lifting,
and downstream phenomena do not occur.

> Standing eddy. With stronger winds, a large, semi-
permanent eddy forms to the lee of the mountain, creat-
ing a larger effective shape of the mountain with respect
to the flow aloft.

> Lee wave. With stable stratification and even stronger
winds increasing with height, a lee wave system develops
downwind of the mountain ridge. The amplitude of the

waves is primarily determined by the shape of the mountain,



(a) Formation of up-slope winds (b) Predominance of up-slope winds
shortly after sunrise when as the down-valley wind dies
the down-valley wind is

still blowing

in mid-morning

(c) Enhancement of up-slope winds . (d)
by the onset of up-valley
winds toward midday

Maintenance of up-valley
winds as the up-slope winds
cease in late afternoon

Source: Defant (1951).

Figure 1. Formation of the up-valley mountain wind



(a) Beginning of down-slope wind i((b) Down-slope wind and return flow

shortly after sunset before at center of valley after
up~-valley mountain wind dies up-valley wind dies in late
afternoon

(c) Down-valley mountain wind (d) Down-valley mountain wind
as return flow at center as the down-slope wind
of valley ceases ceases at night

Source: Defant (1951).

Figure 2. Formation of the down-valley mountain wind



but the wavelength depends on the atmospheric strati-
fication and the wind profile.

> Rotor flow. Under very strong winds 1imited to a
restricted vertical depth (on the order of the mountain's
height), severe turbulence and quasi-stationary rotary
vortices occur in the lee of the mountain ridge.

These flow patterns are presented schematically in Figure 3.

2, Airflow Over a Solitary Hill

Like wind flows over two-dimensional mountain ranges, those over a
single, isolated, round hill can be classified into four types:

> Bifurcation flow. Under light winds and stable strati-

fications, the airflow simply bifurcates at the base
of the hill. No vertical currents exist; the flow is
strictly horizontal.

> Laminar flow. Under moderate winds and neutral or
unstable stratifications, the airstream follows the
geometric shape of the hill.

> Lee wave. With stable stratifications and strong winds,
three-dimensional lee waves form.

> Turbulent flow. With very strong winds, turbulent motions

prevail.

These flow patterns are illustrated in Figure 4.

As commented by many previous investigators, such an ideal mountain
or valley probably does not exist in nature. Under most circumstances,
the terrain to be modeled is complex or featureless. In these situa-
tions, the eventual wind field may be the result of superpositions of
several of the flow patterns discussed above.
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Figure 4. General classification of types of airflow
over a solitary hill

10



ITT  REVIEW OF PREVIOUS MODELING STUDIES

A variety of wind models of interest to the present project have been
developed. They range from simple, straightforward interpolations of
wind measurements to complex, sophisticated, dynamic modeis. In the first
section of this chapter, general classifications of these models are des-
cribed, and advantages and limitations associated with each class are
discussed. The second section focuses on those recently developed models
that are particularly attractive and pertinent to the goal of this study.

A.  GENERAL CLASSIFICATION OF WIND MODELS

The objective of any wind modeling effort is to develop a capability
for either forecasting or projecting the wind distributions as a function
of time or space. These models can be generally divided into four cate-
gories: interpolation techniques, objective techniques, diagnostic models,
and dynamic models. Each is discussed below.

1. Interpolation Techniques

The simplest interpolation scheme conceivable is the weighting of
measurements by an influence factor. For example, in the spatial inter-
polation of wind speed, the interpolated value at location j can be written

as

:Z: f(rij)vi

=1
DDA
i

~

v
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where Vs and Qj are the observed wind speed at location i and the inter-
polated wind velocity at Tocation j, respectively, and rij is the distance
between Tocations i and j. The weighting function, f, for obviocus reasons,
has generally been assumed to be a function of rij' The inverse of the
distance squared was the value chosen by Wendell (1970), Strand (1971), and
Weisburd, Wayne, and Kokin (1972), whereas the inverse of the distance

was selected by Eschenroeder and Martinez (1972) and Liu et al. (1973).
Despite its simplicity, at least conceptually, this approach has been plagued
by many fundamental difficulties. Among the problems associated with the

use of this simple interpolation technique are:

> The interpolated wind field is very sensitive to the choice
of the weighting function and other similar artificial para-
meters.

> The interpolated wind field is also sensitive to the number
of wind measurement stations and the network configurations.

> The interpolation scheme obviously lacks any basis in physics,
and does not take into account the presence of the terrain
unless reflected in the wind measurements.

As a result of these deficiencies, it was found that applications of this
simple interpolation scheme are almost always less than acceptable (Liu

et al., 1973).

2. Objective Techniques

Ideally, the ultimate goal of interpolation is to obtain a "best" fit
of the observational data. A logical approach, based on mathematical
optimization theory, is to minimize the deviations between the interpolated
value and the real value at a grid point.

Assume that observational data of a scalar quantity u are available

at N locations. The best fit, u(x), can be constructed from a linear
combination of the observed data, u(?&), jJ=1,2, ..., Nusing

12



square error:

(3)

The mathematical basis for this approach has been developed by Gandin
in the U.S.S.R. (Gandin, 1965) and by Panofsky (1949) and Sasaki (1970) in
this country. The success of this method hinges on the assumption that the
density of the meteorological stations is adequate for deriving the degree
of details desired in the wind analysis. In other words, all necessary
information to describe the variation of the interpolated quantity must be
contained in the observational data. Unfortunately, this condition is
seldom if ever met in air pollution studies. Models falling into this cate-
gory are discussed in more detail in Section B.

3. Diagnostic Models

A common feature of diagnostic models is that they do not invoke the
full set of equations describing the continuity of mass, heat, and momentum.
In most cases, they are based simply on the equation of mass conservation.
Important dynamic processes that govern the distribution of the winds are
often parameterized using relationships established either theoretically
or empirically. A distinct advantage of this approach is that it bypasses
the need for numerically solving the dynamic equations, thus drastically
reducing the computational burden. The success of this approach depends on
the ingenuity in devising the model and the parameterization schemes. Such
models are discussed in Section B.

4.  Dynamic Models

Dynamic models are generally based on the numerical solutions of all
pertinent equations expressing the conservation laws. Thus, these models

13



can simulate in a predictive mode the complicated, nonlinear interactions
between the Targe-scale synoptic air motions and local circulations induced
by topographic and/or thermal perturbations. The selection of suitable
numeyical techniques, the parameterization of the subgrid processes, and

the initialization of the model are the major problems confronting the
application of dynamic models. The use of dynamic models is further plagued
by the requirement of a comprehensive data base for the exercise and veri-
fication of the model as well as the need for a potentially large computing
budget to implement and operate the mode! in an explicit fashion.

Many dynamic models have been developed to simulate mesoscale atmos-
pheric flows. They range from relatively simple one-dimensional models
to complex three-dimensional ones. Examples of these models include:

> Land and sea breeze models--Estoque (1963), Pielke (1973).

> Urban heat island models--Myrup (1969), McElroy (1971).

> Planetary boundary layer models--Estoque (1963), Deardorff
(1970) .

> Mountain and valley wind models~-Orville (1965), Hovermale
(1965), Thyer (1966).

B.  PERTINENT EXISTING MODELS
0f the four general categories of wind models discussed above, the
following two approaches appear to offer the most promise to the present

study:

> Objective techniques based on the variational principle
> Diagnostic models based on mass continuity.

These two approaches seem to be particularly attractive because:

> They invoke certain first principles such as mass continuity
to supplement the wind measurements.

14



> They are relatively simple to use and inexpensive
to apply.

Considerable work relevant to these two modeling approaches has been carried
out. These studies are summarized below.

1. Objective Techniques Based on Variational Principles

Dickerson (1973) appears to have been the first to apply this well-
known technique from synoptic-scale meteorological analysis to air pollu-
tion problems. In an attempt to adjust the wind field in the San Francisco
Bay Area using sparse and irregularly spaced measurements, he adopted a
variational formalism similar to that of Sasaki (1970). Simply stated,
his algorithm, using an iterative procedure, allows the measured wind
field to be adjusted in such a way that the difference between the diver-
gence of the adjusted wind field and that of the measured wind field is
minimized in a least-squares sense. The requirement that the adjusted wind
field be divergence-free was called the "strong constraint" by Sasaki (1970).*
As a result, Dickerson's model can provide a smooth, mass-consistent, two-
dimensional wind field if enough wind measurements are available.

Dickerson's approach was extended to three-dimensional wind flows by
Sherman (1975) in a model known as MATHEW. Although the overall conserva-
tion of mass is strictly imposed in this model, Sherman introduced different
Gauss precision moduli for the horizontal and vertical directions. When
the lower boundary conditions were properly adjusted according to local
topography, significant improvements were reported in the computed wind
field (Sherman, 1978).

More recently, Liu and Goodin (1976) examined three different methods
for objective analysis, comparing the characteristics of each in the reduc-
tion of wind divergence and the rate of convergence of the iterative scheme.
Each of the three methods is characterized by one of the following constraints:

* In contrast, the requirement that the difference in the divergence, as
measured by the residue in the continuity equation be only approx-
imately equal to zero, is called the "weak constraint.”
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> The divergence is minimized
> The vorticity is fixed

> The station measurements are fixed.
Liu and Goodin concluded that the most suitable method is the one in which
the measured winds are held fixed while wind vectors at adjacent points

are adjusted in order to reduce the divergence.

2. Diagnostic Models Based on Mass Continuity

To simulate the wind field over irregular terrain characterized by
inhomogeneous surface temperatures, Anderson (1971) devised a simple
diagnostic model that was essentially based on the vertically integrated
mass conservation equation in steady state. The resulting model
equation is a two-dimensional Poisson expression in which the forcing
terms are perturbations of the free stream due to topographical and thermal
anomalies. In this model, topographical and thermal perturbations are para-
meterized in terms of the slopes of the local topography and the temperature
differences at the ground, respectively. The parameterization scheme con-
tains empirical coefficients that must be determined through the use of
observational data. Anderson applied his model to the State of Connecticut
(Anderson, 1971) and to the Los Angeles air basin (Anderson, 1972). For
both cases, he reported reasonable success.

Liu, Mundkur, and Yocke (1974) applied this technique to the San
Bernardino Mountains to determine the feasibility of modeling the surface
wind fields for simulating the spread of wind-driven brush fires. The
predicted flow pattern reproduced the expected behavior of topographic
and thermal perturbations. The computed wind distributions compared reason-
ably well with observational data collected by the Forest Fire Laboratory
of the U.S. Forest Service and with values for the empirical coefficients
chosen from a sensitivity analysis of the model.
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In a similar study carried out in Norway, Grgnskei (1972) also used
the same procedures to compute the wind field in Oslo. The only difference
between his model and Anderson's model is that Grgnskei parameterized the
thermal anomalies in terms of the sulfur dioxide emissions over the center
of the city and the temperature differences between air and water over the:
open Oslo fjord. The sulfur dioxide emissions are presumably related to
the strength of the urban heat island. More recently, Basso, Robinson,
and Thuillier (1974) applied Anderson's model to study the flow patterns
in the San Francisco Bay Area. The results of this effort also appear to
show reasonably accurate comparisons of simulations with observations.

A slightly more sophisticated version of this approach is a model pro-
posed by Fosberg and his colleagues (Fosberg, Marlatt, and Krupnak, 1976).
In their model, equations governing the changes of divergence and vorticity
were derived from the primitive equations. They assumed in the derivation
that the inertial terms can be neglected and that dynamic changes in the
flow field due to disturbances are transmitted by impulses. The first
assumption should work fairly well when applied to the surface layer; the
second is equivalent to the quasi-steady-state assumption. Under these
assumptions, the divergence and vorticity equations are reduced to two-
dimensional Poisson formulations. Fosberg, Marlatt, and Krupnak (1976)
applied this model to the rugged area in northwest Oregon, and the resultant
predicted wind field was deemed to be reasonable when compared with the

observed surface winds.
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IV DEVELOPMENT OF A WIND MODEL
FOR COMPLEX TERRAIN

0f the four wind modeling approaches identified in the previous chapter,
the interpolation techniques, which are grossly simple and therefore often
produce unacceptable results, were dismissed outright. At the other extreme,
the application of the dynamic modeling approach to complex terrain did not
appear to be feasible at this time because of many fundamental problems
related to model formulation and excessive computation burden. As mentioned
in the previous chapter, both the objective techniques and the diagnostic models
appear to offer suitable alternatives for computing three-dimensional wind
fields over complex terrain.

In an exploratory study carried out for the U.S. Forest Service, a two-
dimensional wind model of the diagnostic type was developed for application
to complex terrain (Liu, Mundkur and Yocke, 1974). This model was based
on the solution of a two-dimensional Poisson equation expressing the con-
servation of mass. Perturbations in the prevailing wind field due to Tocal
topographic or thermal variations were treated as forcing functions. This
model was applied to the Devil Canyon in the San Bernardino Mountains. The
predicted winds compared favorably with the observational data collected
by the Forest Fire Laboratory. The success of this undertaking has encour-
aged us to continue further development of this modeling approach.

A.  THE MODEL EQUATION

Modeling the wind field in the Tower atmosphere is essentially tanta-
mount to simulating the interactions between the free atmosphere and the
surface boundary layer of the atmosphere. Depending on the characteristic
spatial and temporal scales and other environmental parameters, such as
the prevailing wind, the thermal stability, and the topcaraphy, these inter-
actions take place at different levels of significance. For example, for a
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3 km

or larger and a characteristic time scale on the order of days, the surface

region with a characteristic horizontal dimension on the order of 10

layer can be viewed as a layer feeding energy to the free atmosphere. As

a result, any successful model on this scale must include the dynamic

changes in the large-scale motion that are due to the surface layer. In
contrast, on the scale of interest to the present project, with a horizontal
dimension of ]02 km and a time scale of a few hours, the synoptic-scale air
motion can be viewed as nearly steady state. Consequently, the surface layer
can be regarded as a passive system driven by the synoptic-scale flow and
surface perturbations. This is the approach adopted in the present study.

The model equation is based on the three-dimensional steady-state
equation expressing the conservation of mass for an incompressible fluid:

—+ -+ —=0 [ (4)

where x, y, and z are the orthogonal Cartesian coordinates and u, v, and

w are the corresponding wind components. As shown in Figure 5, the modeling
region is first divided into vertical layers. Note that the terrain is
allowed to intersect the modeling region; consequently, portions of the
modeling region (shaded in Figure 5) must be excluded in the calculations.
Note also that it is not necessary to assume that the vertical layers are
equally divided. By integrating Eq. (4) over each vertical slab, one can
obtain the following set of equations:

du;  dv, .
‘B—X_+_37='91(Xa)/) s 1=]52’ ""N ’ (5)

where N is the total number of vertical layers and U% and V} are the verti-
cally averaged wind in the i-th layer, defined as follows:
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vy = ¥3 v dz , (7)
Zi-1
AZ = Z] - Zj—] s

(8)

By defining the following two-dimensional potential functions* for each
of the vertical layers,

B
Ui T ox ’ (9)

3¢,

5 = 1
i - By s (]O)

Eq. (5) can be cast into the conventional Poisson form:

2 2

T, (11)
Vg, = + = -Q. .
i ax2 ayz i

Once the distribution of the wind convergence is specified, solutions to
these equations with appropriate boundary conditions can be computed
readily using numerical techniques.

* The question regarding the possibility of expressing a velocity vector as
a potential function is addressed in Appendix A.
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B.  PARAMETERIZATION OF THE VERTICAL FLUXES

The specification of wind convergence is the key feature of this model.
It is proposed that the overall wind convergence is the sum of many com-
ponents, w5 as weighted by empirically determined coefficients, o5

In Chapter II, a discussion of the major physical processes that affect
the wind distributions in the planetary boundary layer was presented. Only
the following perturbations to the wind field over rugged terrain are, how-
ever, considered in the model:

> Lifting and diversion of the flow due to topographic effects.
> Wind profile modification due to frictional effects in the
planetary boundary layer.
> Convergence of the flow due to thermal effects.
- Urban heat island

- Mountain and valley winds.

These perturbations are treated through parameterization of the pertinent
processes as follows.

1. Topographic Effects

Because the terrain is part of the modeling region in the present model
formulation, certain aspects of the topographic effects are included indirect-
1y as boundary conditions. For example, the no-slip condition is imposed
whenever the flow encounters a solid surface. The often-observed 1ifting
and diversion of the flow is, however, handled by parameterizing the verti-
cal fluxes.
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For high wind speeds and neutral and unstable conditions, it is perhaps
logical to view an airflow contacting the slope of a hill to be perfectly
elastic. Based on kinematic considerations, the vertical velocity can be
expressed as (see Figure 6):

w=1U - sin (arctan vh) - e'k]Z , (13)

where h(x,y) is the terrain height as a function of location. The exponen-
tial term has been added to allow for the decay of the topographic influ-
ence away from the surface.

arctan (vh)

@D
"

Figure 6. Schematic diagram of a flow
contacting the slope of a hill

For Tow winds and stable conditions, the kinetic energy of the air-
stream approaching a hill may be too small to overcome the potential energy
required to 1ift it over the obstacle. As a result, the flow is diverted
around the hill.* The physical processes governing the occurrence of these
phenomena are rather complex, and they have only recently received the
attention of air pollution researchers. As a first attempt to characterize
this effect, Eq. (13) was further modified by a multiplicative factor
(see Figure 7),

* The impingement of plumes upon cold mountain slopes, a phenomenon
that is well known in recent air pollution studies, is related to
this situation.
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Figure 7. Parameters used in defining the diversion effect
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B(F,) = , (14)
Fr/F ify-1>c¢
o
where
v = environmental temperature lapse rate,
I = adjabatic Tapse rate,
Fo= == v (Froude number),
gilfl—ll A
Ah = hmax - h(X,Y) ’
T = free-stream (unperturbed) temperature
g = acceleration of gravity
U2
cC= ——0 (a cut-off constant),
L (F_ah)?
. €
FC = a critical Froude number where no flow diversion

takes place.

Modification of the temperature lapse rate, y, as air flows over a hill has
been neglected as a first approximation herein. According to an analysis
by Li1ly (1973), the critical Froude number can be taken as 0.5 for an
ellipsoidal mountain and 1.0 for a conical mountain.

2. Boundary Layer Effects

It is well known that surface friction plays an important role in
determining the distribution of the horizontal wind, particularly the
vertical wind profile in the atmospheric boundary layer. According to
Blasius (1908), the vertical velocity in the boundary layer can be obtained
from the similarity solution as follows:
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=y | — (15)

where

U = the free-stream (unperturbed) velocity,
Re = the Reynolds number,
w(z.) = the vertical velocity at height Zss

h =i/ Re

i AX 2

Equation (15) is used to parameterize the frictional effect in the
atmosphere, from which the following equation is derived:

AZ,
w(z;) - w(z; ) = Zil [U(zi) - U(zﬁ_]ﬂ

M

R
~|
>
bl
—
r
-
Py
N
e
o
]
—4
——
N
-
]
—
j—
[

i

6z, f(zi)
U(Zi-l) AX f(zi_{) - ’ (16)

where u, is the friction velocity, k is von Karman's constant, and the
dimensionless f(z) can be computed from relationships obtained empirically
by Businger et al. (1973).

26



for the stable case,

f(z) = 2n(§—> + 4.7(Z ; zO) ; (17)

0

for the unstabie case,

- of2 _ %
f(z) = on ] g(; - 2n 1———E£%;)
1+ g(f) 1+ g(T?)
+ 2 tan'][ ! ] - 2 tan" M |— , (18)
9(f) o 2)

and

-1/4

off) = [ - 15()]

where 2, is the aerodynamic surface roughness length and L is the Monin-

Obukhov length.

3. Thermal Effects

It is also known that flow can be induced by the conditions of uneven
surface heating. On the scale of interest to this study, over complex
terrain in urban settings, two types of atmospheric circulation were deemed
important:

> Flows induced by an urban heat island
> Mountain and valley winds (upslope and downslope flows).
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a. Urban Heat Island

Airflow over a heated island has been shown to have an appearance
similar to that over a mountain (Stern and Malkus, 1953). According to
Stern and Malkus, an "equivalent mountain" function is defined as follows:

sl iry s

M(x,y) = (19)

0 ify-r1r<0

where T(x,y) is the spatial distribution of surface temperature. In parallel
to the discussions that led to Eq. (13), it can be assumed that the verti-
cal motion generated by heat island effects is

w=U-+ sin (arctan VM) - e "2 (20)

The reader should note that in the absence of a driving wind, U, vertical
fluxes due to the urban heat island are zero. Furthermore, the equivalent
mountain formation was derived for flat terrain situations; therefore, this
parameterization is used only for flat portions of the modeling grid. In

sloping terrain, the treatment described in the following section is used.

b. Mountain-Valley Winds

Slope winds are micro/mesoscale breezes that bicw normal to the topo-
graphic gradients due to temperature-dependent density differences. During
the night, radiative cooling of the slope cools the air just above it.

This process causes the air close to the ground to become denser than the
air at the same altitude but farther above the sloping surface. As a
result, the cold air slides down the slope. The reverse process occurs
during the day when the sun's radiation warms the slope and the air just
above the slope.
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Defant (1933) proposed the following expression to describe the
steady-state, average speed of a cold current gliding down a slope of
average elevation angle o:

gﬁ(T - T.)sin o 1/2
U - c _E (21)
slope CD TC

where

o
1]

a drag coefficient

D
h = the mean height of the cold current,
g = gravitational acceleration,
TC’ TE = the temperatures of the current and environment,

respectively.

The reader will note that a driving wind is not necessary to induce down-
slope flow with Eq. (21).

Adapting Eq. (21) to our grid system but retaining the important func-
tional dependences, one can obtain the following expression for both upsiope
and downslope flow:

U = constant Te = Te ) (Mhax = " e (22)
slope T H >

C ma x

where H is the average surface elevation in the grid cell and Hmax is the
highest terrain elevation affecting local flow. The terrain involving the
heights is substituted for the "sin o" term in Eq. (21) because the "sin o"
term is qualitatively correct only for estimating average slope velocity
and only if the elevation angle is uniform along the entire slope. In the

modeling grid, however, the velocity is computed at any point along
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a slope, not just the average slope velocity, and elevation angles are
rarely uniform along a slope. The substitution allows qualitatively
realistic spatially resolved estimates of upslope and downslope flow
behavior. With a proper selection of the constant in Eq. (22), quantita-
tively correct estimates should also be possible.

As in Defant's algorithm, Eq. (22) contains no dependence on driving
wind. In our model, therefore, the vertical fluxes for the mountain-valley
winds are self-generating. Since down- and up-slope flows have both hori-
zontal and vertical components, the model must account for the self-generating
horizontal component as well as the vertical component to maintain consis-
tency. Therefore, the parameterization of mountain-valley winds is entered
through the vertical flux term and through the horizontal boundary condi-
tions. A1l previous parameterizations of vertical fluxes described are
dependent upon the horizontal wind and are intrinsically consistent with
the horizontal flow component; thus, no adjustments to boundary conditions
are necessary for them.

C.  NUMERICAL SOLUTION PROCEDURE

To obtain a solution to Eq. (11) with complex boundary conditions,
a numerical technique is required. Several direct Poisson solvers are
available that are based on block-cyclic reduction of a set of finite
difference equations (Buzbee, Golub, and Nielson, 1970; Swarztrauber and
Sweet, 1975). Although these solvers are convenient and inexpensive to use,
their application is restricted to simple rectangular modeling regions.
This presents a rather serious drawback for the present formulation because,
as described earlier, the terrain may intersect the modeling region.

Thus, an alternative solution technique was chosen that can accom-
modate the exclusion of portions of the modeling region with irregular
shapes and yet incur only a modest increase in computation time over
the direct solution techniques. The general form of the Poisson
equation is
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2 2
vy = 25+ i—% = flx.y) (23)
39X 3y

and the five-point difference approximation to Eq. (23) is

P13 T 2,5 T finng , fiag1 2%,32* P19 (24)
2 1,3 i
(ax) (ay) J
i=1, ....,Mand j =1, ..., N ,
where
¢ = the potential function,
f(x,y) = the forcing function,
X, y = orthogonal Cartesian coordinates,
i, J = the grid cell indices of a grid system that

is superimposed on the modeling region and that
has M grid cells in the x- (i-) direction and N
grid cells in the y- (j-) direction.

Equation (24) is valid for all points within the modeling region, but
for those along the modeling boundary some additional computations are
required. Along the boundaries, the normal derivatives of ¢ (i.e.,
d¢/dx or d¢/dy--often referred to as Neumann-type boundary conditions)
are specified, and these are used to compute values of ¢ at fictitious
grid points outside the modeling region. For example, consider a

grid cell (i,j) that forms part of the left boundary of the modeling
region as shown in Figure 8. To solve Eq. (24) for this point, one

must specify some value for ¢. , which exists at a point outside

1-]’\].

the modeling region. The study team simply computed 51 j using

T -
¢i-],j ‘Pi,j (dx-ij>Ax (25)

and substituted this expression in Eq. (24]).
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Figure 8. Sketch showing a grid cell (i,j) along the
left boundary of the modeling region

The commonly used modified Gauss-Seidel iterative solution methoa
was selected because it is very well suited to the solution of the
five-point operator [Eq. (24)] for the Poisson equation (Dahiquist and
Bjorck, 1974). Like all iterative techniques, it starts from a first
approximation, which is successively improved until a sufficiently
accurate solution is obtained. To simplify the description of this
method, consider the linear system of equations

Ax = b (26)

instead of the system described in Eq. (24). Eguation (26) can be
written as

N
2: a x + b )
i=1
x, = 2] i=1, 2 nand 3,. # 0 (27)
i a11 H s 3 ey iq .

In Gauss-Seidel's method, a sequence of approximations x

(3)

X , ... 15 computed by
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i-1 n.
- aijx§k+]) -2 aijx§k) * by
x$k+1) - _J=l aqf1+1 ’ (28)
ii
i=1, 2, , N
Note that Eq. (28) can also be written as
MU (29)
i i i
where rgk) is the current residual of the i-th equation and
e S, LK)
-8, X - Da..xy+b
(k) o =1 M =1 7 7
ryt o= 2 (30)

Now, to improve the rate of convergence, one can slightly modify Eq. (29)
to give

D)
1

(k)

-x'i

+ wr‘_(ik) s (31)

where w is called the relaxation parameter, which is chosen so that

the rate of convergence is maximized. This improved iteration procedure
is called the "successive overrelaxation method" (Dahlquist and Bjorck,
1974).

In the present study, w = 1.4 was found to give the best rate of
convergence in tests of the modified Gauss-Seidel solution to Eq. (24).
In these tests, the criterion for complete convergence was defined
so that
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V. APPLICATION OF THE MODEL TO THE PHOENIX AREA

The Phoenix metropolitan area is located in central Arizona along the
channel and flood plain of the Salt River. It is surrounded by flat desert
wastelands and by barren mountain ridges ranging widely in elevation. The
river level is about 350 m above mean sea level near downtown Phoenix, and
mountain peaks rise as high as 1400 m above mean sea level within 20 km of
the downtown area. Since Phoenix is located in the great southwest desert
of the United States, it typically experiences clear skies and intense
surface heating and radiational cooling during the days and nights, respec-
tively. In light of the above comments, the Phoenix urban area is an ideal
location in which to test the performance of the three-dimensional wind model
described earlier, because all the following phenomena appecr to occur there:
topographic obstructions to wind flow, urban heat island effects, surface
roughness effects, and mountain-valley winds (up- and down-slope flows).
Therefore, the Phoenix area was chosen as the initial test location for
the model.

In the next section, the data base used to carry out wind simulations
for four days in Phoenix is described. Section B discusses the results
of those simulations. Finally, Section C presents statistical analyses

of the results.
A. DATA BASE

Four days were selected for testing the wind model described in the
previous chapter. On three of these days low wind speeds prevailed, and
on one the wind speeds were high. The dates chosen were 15 and 16 February
1977 and 7 and 10 March 1977; these were chosen for completeness of data
and phenomenological interest. On these days, a maximum of 15 surface
wind stations collected data; however, for some hours a significant number
of these stations reported missing or invalid data. Names and coordinates

34



of each of the 15 stations are shown in Table 1. No upper level wind or
temperature measurements are made near the Phoenix area, and National
Weather Service synoptic scale maps provided the only information about
upper level flows on these days. The model was exercised for all 24 hours
on each of the days.

The Phoenix metropolitan area and surrounding environs were divided
into a 40- by 50-qrid of 2- by 2-km squares as shown in Figure 9. Five
vertical Tevels of 200 m each were chosen for the present application.

For each grid element, the average surface elevation, elevation of most
prominent terrain feature in the vicinity of the cell, and the aerodynamic
roughness length were determined. Terrain height information was obtained
from topographic maps of the area. Values of the roughness length were
estimated using the bulk aerodynamic method devised by Lettau (1969). For
this purpose, representative land use categories were established and
percentages of them within each horizontal grid element determined using
aerial photographs, results of visual ground surveys, street maps, and real
estate maps and charts. A composite value for each of the elements was
then derived by Tinear weighting of the percent coverage of each land use
category existing within the element.

For all days simulated, the values of the coefficients used in the
parameterization of heat island, frictional, and topographic vertical fluxes
were identical: 1.0, 0.01, and 0.3, respectively. These were derived
from previous model applications and sensitivity tests for other areas.

Only the boundary condition flows and the mountain-valley wind coefficients
were varied for each hour. Table 2 shows the mean flow imposed at the
modeling boundaries and the mountain-valley wind coefficient used for each
hour simulated on all four days. The computing costs on the LBL CDC 7600
for these runs were typically about $50.00 per 24-hour simulation excluding
plotting. Microfiche plots cost about $20.00 per 24-hour simulation.
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TABLE 1.  PHOENIX AREA WIND MEASUREMENT STATION NAMES AND COORDINATES

Grid Cell Model

UTM Coordinates Coordinates
Station Name East North East North

Central Phoenix 404.21 3702.44 32 21
South Phoenix 4071.21 3696.36 31 18
Glendale 390.57 3714.82 25 27
West Phoenix 395.04 3708.31 27 24
North Phoenix 402.10 3713.71 31 27
North Scottsdale/Paradise Valley 414.27 3719.34 37 30
Scottsdale 415.83 3704.66 37 22
Mesa 423.85 3698.12 41 19
Mesa Wind 431.69 3697.50 46 19
Fire Station 13 409.13 3704.68 35 23
Fire Station 17 402.71 3708.81 31 24
Orange Grove 385.61 3725.60 22 33
Williams AFB 438.00 3685.00 49 13
Luke AFB 372.00 3711.00 16 26
Taylor 391.09 3687.72 25 14

* Universal Transverse Mercator
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B.  DISCUSSION OF THE RESULTS

The measured surface winds are plotted along with the corresponding
predictions for the Towest layer of the modeling grid in Appendix B for
every second hour on the four days. The predictions for all five layers
not presented herein are contained on microfiche.* The contours shown on
the predicted wind field plots represent terrain that is above the top
elevation of that particular grid layer; they are included so that the
reader may more easily elucidate the impact of elevated terrain and terrain
slope. Computations are not made by the model for grid cells within these
contours.

A glance at the measured winds on the days selected for application of
the wind model to Phoenix should convince most readers that complex flow
situations existed on three of the four days (15 and 16 February and 7 March
1977). Generally, chaotic wind patterns were observed on these three days
owing to weak synoptic flow and the dominance of local effects. Stronger
synoptic flow existed on the fourth day (10 March 1977), resulting in more
regular flow patterns. Certainly, the main goal of this study is to deter-
mine whether the wind model developed here can at least qualitatively match
such diverse wind patterns as were observed on these four days in the Phoenix
area. Success in this task would indicate that most of the important
pheonomena have been treated and have ‘been parameterized reasonably well.

Beyond this study, continued efforts to achieve a better quantitative
match of predicted and measured winds are suggested that would focus on
systematic adjustment of empirical parameters for a given application site.
For the present application, such adjustments have not been carried out.
Analyses of quantitative results presented later in this section are intended
to provide a benchmark against which to compare future improvements in model
performance, rather than an estimate of the model's ultimate prediction
accuracy; optimization of empirical coefficients in the model are certain

to improve its performance.

* The microfiche format was selected for compact presentation of all of the
576 plots generated in this study. The microfiche are available on request
from the Project Officer.
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On the basis of a qualitative comparison of the wind model predictions
with wind measurements, the results of this application of the model to the
Phoenix area are encouraging. The model reproduced the wind field on the
high wind speed day (10 March 1977) very well and required no mountain-
valley wind contribution. This finding is consistent with the intuitive
notion that these effects would be relatively insignificant under strong
synoptic flow conditions. Furthermore, this result indicates that the model's
treatment of topographic blocking, frictional, and urban heat island effects
is adequate.

In the early hours of 10 March the large scale flows appear to have been
generally out of the southwest at about 15 to 23 mph. Flows gradually began
to shift to a more westerly direction by 0200. By 0500 they were northwesterly,
and they became almost northerly in the early afternoon. Flow velocities
began to diminish somewhat at about 1800, slowing to about 10 mph by 2300.
Throughout the day, significant amounts of diversion can be seen in the
model predictions around the Sierra Estrella, South, and Maricopa mountain
features. Some minor flow disturbances can also be seen in the vicinity of
the mountain just north of Phoenix (e.g., Camelback, Phoenix Mountain). The
presence of these topographic features frequently tends to produce Tocalized
areas of convergence and divergence in the Avondale and Tempe-Mesa vicinities
and along the Gila River. There is some indication that these are consistent
with the Tocation of pollutant "hot-spots" in the Phoenix area {Berman, 1978).

On the Tow wind speed days, it appears that microscale (less than 2 km)
and mesoscale (larger than 2 km) drainage and upslope flows dominate the
chaotic flow situation. Although the model did not reproduce the flow char-
acteristics exactly for these days, it appears to have predicted the most
important mesoscale drainage and upslope influences. On these days, 15 and
16 February and 7 March 1977, large scale flows were light, ranging from 2
to 10 mph, and generally out of the west (varying between southwest and
northeast). As can be seen in the model predictions, local effects essentially
mask the large scale flow characteristics, particularly in the lTowest levels.

A significant amount of downslope flow can be seen to persist around all

40



significant terrain features. For example, up- and down-slope flows
associated with the gradually steepening terrain toward the McDowell
Mountains to the northwest dominate over a large part of the modeling
region. Up- and down-slope flows from the South Mountains have a signifi-
cant impact on the wind in Phoenix proper. Down-slope flows persist

during the hours of darkness on all three days. The down-slope flows
desist just after dawn and a few hours later the effects of up-slope

flow on major terrain features can be seen. These diminish in the early
evening, followed by thée onset of down-slope flow a few hours later. Areas
of convergence and divergence caused by opposing flows up and down adja-
cent terrain features can be observed in the vicinity of Phoenix, especially
in the Tempe, Mesa and Gila River areas. These patterns are fairly con-
sistent with the distribution of pollutants observed in those areas. A
specific example is the large area of convergence at night in West Phoenix.
This area typically has high concentrations of inert pollutants 1ike carbon
monoxide during nighttime hours in light wind and clear sky situations
(Berman, 1978).

Some of the measured wind values on these days appear to reflect strong
Tocal (microscale) effects (Pitchford, 1976). Although we cannot state
categorically that an aberrant wind speed or direction is the result of these
influences, this possibility should be kept in mind in evaluating the model's
performance. Some of the measurement stations appear to have poor exposure,
e.g., the south Phoenix station is immediately adjacent to a large tree.

Our analysis of prediction statistics was performed using all available data,

although some may be representative of local or short-time scale phenomena.
C.  STATISTICAL ANALYSIS OF THE RESULTS

The wind model predictions at the surface were compared with the corres-
ponding surface-level measurements taken each hour throughout the four test
days. Based on these data, frequency distributions of the deviation in
predicted wind speed and wind direction as a function of the measured values
were constructed. Also, estimates of the mean (or expected value of)
deviations in these predicted parameters were computed. These frequency
distributions and means of deviations in wind speed and wind direction are
shown in Figures 10 through 13 for the four test days: 15 February,
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Note: The mean absolute wind speed deviation is 1.58 m/sec, and
the mean absolute wind direction deviation is 58.98°.

Figure 10. Frequency distributions of wind speed and wind direction
deviations for 15 February 1977
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Note: The mean absolute wind speed deviation is 1.28 m/sec, and
the mean absolute wind direction deviation is 49.52°.

Figure 11.  Frequency distributions of wind speed and wind direction
deviations for 16 February 1977
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Note: The mean absolute wind speed deviation is 1.9 m/sec, and
the mean absolute wind direction deviation is 40.58°.

Figure 12.  Frequency distributions of wind speed and wind direction
deviations for 7 March 1977
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Note: The mean absolute wind speed deviation is 3.08 m/sec, and
the mean absolute wind direction deviation is 40.05°.

Figure 13.  Frequency distributions of wind speed and wind direction
deviations for 10 March 1977
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16 February, 7 March, and 10 March 1977. 1In these figures, wind direction
data points are indicated with circles, and wind speed data points with
squares. All measured wind data reported on these days were used to con-
struct these distributions and means. As noted earlier, many stations in
the Phoenix area may be influenced by microscale effects; consequently,
this statistical evaluation of the wind model's performance is quite
stringent, yet the performance of the model for these days in Phoenix is
quite encouraging.

These extensive statistical analyses of the predicted and measured
wind speeds and wind directions were also carried out to detect possible
systematic biases and random errors in the model. The figures jllustrate
that the model generally predicts winds that are higher in magnitude (by
about 1.5 m/sec) and more clockwise in direction (by about 1 compass point
on a 16-point scale) than are the corresponding surface measurements. This
finding is not surprising because the predictions are averages for a layer
between the ground and 200 m above the ground, whereas the measurements

were obtained by sensors situated between about 10 and 20 m above ground.

The mean absolute deviation in wind speed predictions for all four days
combined is 1.96 m/sec, based on 831 hourly averaged wind measurements. The
four-day mean of absolute wind direction deviations is 49.8°. Both of these
values indicate that the performance of the model is reasonable when applied
to a complex and chaotic flow situation. Notice that the Tower wind speed
days (15 and 16 February and 7 March) have lower mean wind speed deviations
than the higher wind speed day (10 March). In contrast, the mean direction
deviation is smaller for the high wind speed day, on which an organized
synoptic flow existed over the area. These results basically agree with
the observations in the preceding paragraph. Over 64 percent of all wind
direction deviations are within +45° or +1 compass point for all four days.
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VI~ CONCLUSIONS AND RECOMMENDATIONS

A three-dimensional diagnostic wind model has been developed for rugged
terrain based on mass continuity. The model is composed of several hori-
zontal layers of variable thicknesses. For each layer, Poisson equation is
written with the wind convergence as the forcing function. Many types of
wind perturbations over rugged terrain are considered in this model, including
diversion of the flow due to topographical effects, modification of wind
profiles due to boundary layer frictional effects, convergence of the flow
due to urban heat island effects, and mountain and valley winds due to thermal
effects. Wind data collected during a comprehensive field measurement pro-
gram at Phoenix, Arizona, were used to test the model. The average deviation
between the predicted and observed wind speeds, based on 831 hourly measure-
ments, is 1.96 m/sec. The corresponding average wind direction deviation
is 49.8°. These gross statistics seem to indicate that the performance of
the model is reasonable when applied to a complex and chaotic flow situation.

Further improvement of the model is certainly possible. Among the
areas for which continued developmental effort would be most fruitful are:

> A better, more objective procedure to prescribe the boundary
conditions for initiating the model calculations.

> A systematic analysis of the model responses to optimize the
empirical coefficients in the parameterization schemes.

> Further refinement of the model by including other physical
processes, such as the wind direction shear, if proven important.
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ApPPENDIX A
CECOMPOSITION OF A VELOCITY VECTOR
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AppeNnDIX A
DECOMPQOSITION OF A VELOCITY VECTOR

In its most general form, any velocity vector can be decomposed
into two parts, one of which represents a potential flow:

v=A+B

Ve + B . (A-1)

This decomposition is obviously not unique, because any potential flow
can be used for A. By imposing the additional condition,

v.B8=0 . (A-2)

one can show that a unique decomposition can be constructed, and the
second vector, B, can be given by a vector potential, B, (Aris, 1962):

B=vx8B . (A-3)

VB = -w , (A-4)

where w is the vorticity of the flow. This is the well-known Helmholtz's
decomposition for incompressible flow.

Alternatively, one can write

V=E+8 . (A-5)
A=vy o, (A-6)
B=vxB . (A-7)
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If the vortical component B is restricted to be in the plane perpendic-
ular to the vorticity vector itself, namely,

B.-vxB=0 |, (A-8)
then it can be represented by two scalar functions,

B = yuy

Such a vector was termed complex lamellar by Lord Kelvin (Truesdell,
1954).
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APPENDIX B

COMPARISON OF PREDICTED AND MEASURED
SURFACE WINDS IN PHOENIX
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APPENDIX B

COMPARISON OF PREDICTED AND MEASURED
SURFACE WINDS IN PHOENIX

This appendix presents a comparison of the predicted and measurec
surface winds in Phoenix every second hour for the four test days in 1977:
15 and 16 February and 7 and 10 March 1977. Each pair of comparisons
shows the predictions on the top of the page and the corresponding measure-
ments on the bottom labeled in mountain standard time (MST).

52



PART 1--15 FEBRUARY 1977

53



1563

L

o
— (™

LML RIS i

20 30

g f‘ﬁl!:LilTTL’{‘TJ'IhIK\ PR 555 e
! R RS R Y 25t 4
Coer o Coowm : B . ='
Lo i ARG

10
LN B B I N A

.44 1

~
F s
%

~
TTITE T[T T e YT

FYI T T T 3P F U ry T T T T j»n

72
N

a0

SIS

=

SN
IS N N
FSEF T TSww e

USSR

H R e SN
n.‘ B . v
Il - \

S N Y

<\

N

1
AR S AR IR RS G0 Y
o

TN
NMO??VNWW/

1Y 1

= =

~
I

NN N R S
S

LA
N
L WK

N £l

er”
s\’
L

LX)

oy

4

¢ N -
/@u\\l//./J

st
///4////////// ‘/ //t/.//ﬁ
HmH:'IOJV;/LuM/n 4ANHUW%P »
NN
—

NN Y

LT TN g
‘

C
A0

Q w

et

1634

R R

WIND SPEED tM/S)

SOUTH

10

Q
[ —

© (=] [=) o
(=2 ™ o~ -— [="
1ved 2 N L LU0 0 S A N N N A S A M M 0 L B D B N N B B B LI S S S A B B § Nl

A . [N P

S .. B B i

. .. P .

- - .- e -

L. . . PR - - 4

- - 3 e e -~ -

. - 4

T R N T P S S AN S U ) 4
o P o
o *

O T T S SR SR B T S P [ U B S SRR SN AR =

. . / . D T 4

- e e e e~ v R TR T T T Rt I

- S e e e e . N <o

. N ¢,

- ooy Coewe v N ~
[=] ol [=]
my Do m

- ¢ LN I I R TS ] N -

.. S g cei - o

. DY SN ]

- . P N .

L. .- . - - - o

- - - - - ./IfL - - P

L. . - - -

ﬁl-. m..- ~ -

- T P I ~ -
o ]
N . ~N

.I.._m.- LN O T A * AT B B T —.-._m -

- ¢ 1.0 0 ) R N 2 U S T R U T S S S Bt B S -t

L . H : . FE .

- < -

- N b

- - o

ikt - ~-=f

SN - ~ -
< .y O
-— T

....................... -

........................... -

................ B ' ~

- H . . 1

- - . \ . -y

o . . -1

o - B - ~ o

. - S -
o 1 11 11 i 1] IS TSN SN S N § N N I N B A S : w

o [ (o) (=) (S

« [a] o~ —

0000 MST

54



IM/S)
10

1563

[=)
(] Q o [&) [ Q Q @ o
5 L) o~ — ...Wu”..._ r= (a2 3 — (=Y
wfATFYTTIT TR L TT U YT T T T T e G Tty LTy T T I rTTTTTTI I T I T e
- H . -
: S o - - i © o T . B
z H
=S S T T T T T S 4
= k.. o< - -

ﬁn 134%
/dleﬂ/.”/ﬂM.ll\Aﬁ\.“/// ~—
S
e

Ati b
T 71T
t
t
1
FENNS BT A A A IR

//‘/l‘%f’ﬁ/-’l//l/o//”‘ ARV VOV o o SRR R SN NN L B R I ot o
Ié!/:'//&/ﬂ//’////& m Q bene Aot aber - 2
RSN IR D L L S R T T B S A S
ST o NG L. . N N .
- e ] Y T S T S i
- - ~ 13 .o -
e - e == - - .- -
. AU e -]
~ - - e . E
o N - N " - ~ o
my N H L]
pe ¢ ~ -t TO ] ¥ .-
e TIINLY LI 2]
e - ot ) -
- T - -~
S Tl e - ~ 4
o ; o
[ [ o [ 1 B
ﬁ.. [ [
L., L e
oo e - coe
° =
-

............

..............

......

\
SN Yy /,n \
TSEIIoWONNAN M
/V/O/'l!lil!/l/}////// - L
/LVULII!&H”lI‘JI(J!LV/ WS
(I NP 2L SN T

1C
46
3C
L
C
{

0200 MST
55



10

1543

o [T) = S e

WIND SPEED 1M/S)
LY
3

s 2=
AL 20 A . R B 1 SEEESREE RS EE S I I I
o ] 2ok LIl H : ]
& oL il : . 1
l. e s - - -
. . [ : : ]
A/-{!\Al\u\—‘l L » T N 7
= e SN - . S 4
i s P c N N N ) L e T T o 1o
i ettt e e N b ettt ]
-

5% SRS R RSO

o deee R R »
O e e Ol 2 . PO I T T v /. T T ST SO B S B -

e e e . T - [ P - <

40

m — P . . . . .. . F2E B R A R T

\’.\”ﬂl - . ﬂ e \\ R u

=+ - - s - = - - . .. -2 - s - P R

; ~ /4'/711 DDAt .l- ..... . P ) : ................ -

e AN f e - DR RPAEN B SRS 2]

A o 0 - vt

7 - //ﬂ.////,.:h e R a “ 8

s /%//)/r////r f -4 [ER I ] mK o s [ 1] E

L v.,'// ]\ - PN P eed s e ~ -4

R R Y ) - : - T TR R I R - .)u

ﬁ . N N S I Y = .. L e s e - e e e e e R e e e e

. //Nm/?/-///(/r 5 L L. . e - . R

o . ICEEESRNRNENN Y v =3 L. ... L. . Ce - . -

b - L TS SESEREISNSS s v v .. Sl - : / - : _ -

ol . PRI R .
2.! m ....... i [ ) ' lw

LS N

2k o .0
rA. .. - . Lol
L e g e N emaapa e LMY Y N ey ) v o t -
ol G-t il VAL L S W A A T I 2 2 [ RS B T B U S ST T S S S SRR SRR TR SR IS A A -1
- b« PO T S SO S B TS S [ S S S S B S 3 f .-
p> - T L T TN R T R T N T R T I S S B T S -
‘. 1 Y —
ul - - -
™~ - - \ J
- - A A
B ﬁn ................................ . p

u PR SN VO U SO S0 O S S A OO0 Y S Y B IO U U A T W N WO 100 OO N S VORI B F
..h (= o [ o i

- m o -~

0400 MST
56



-_,,, , .

4CC 10 20 30
LI A MR 0 B A O M RN L IO I I . 063 2 2 [j.-q{ia.w
. . . . e e e S R T . ‘

=)
o

Ty

iy s e by Ui f st a s ]
w
[a)

~
o
€AST

10

NI VN ST S0 ST S WV TN S A NN SN O S0F T SO O S A

UL

1 oen

n
m
tn

)

[ 4

n

-

C 10 20 30 40 S

*C TT T T 7T 77T 1T71 1'.[11'1 rrrvh T T T T T e T 1 1T rT1T]1‘l T1 17T T VT 1 7¢Y %0
L. . . .. R . .. - - o
. ' IR IS B I I T S P Y R AT R [ [ ) .-

-

- ! i i LI S ) i LA A | 1 1 ) et ¢ LI * € 1 i -4
S TR R ) T beo b TR N R E T T S S
3G} - : : Derens reomene meee ORI 30
L .- - B T 2 -

L. L L. - . — I [, D - e - -
= - e e = == - - .« . . . " - - . - - -
- - U e . - ed ol
- .. e O N O e T
. L d

.- . e d ol e d o e e . p
S ) e Lo I A S e [ o 4
oo 3 e o . CO T e e \< T oo s L -

2C = oo 20

- . « oA . T s s e e~ PR [V, P Y PR P o
X —
- PR P T T T S S T T = PR N
. - - P . PR
N
L. .~ : O T S S U T .
—
Feo- - ‘. . o v i e e e r
oo s e > Corr e ¢ [ [N -

Yo B : 10
L. P H S . 4
- - - PN R S s
- PPN .- - - -~ P T
e e e o P - - - - - -

N i - - R .
. L4 .ol . - . N - .
- - O - . P I e g
oo : . IR < i Vo e .4 P .
E S I W I TS Y I T l J T S T S B T f J S T S I T I I ) O T S T A | l S I T S S S

C 10 20 30 40 56]

0600 MST

57



R~

1563
(=] Q Q (=)
o [l I =
S\««««_rﬂ.‘«a.«u"-_1.‘qquﬁ4.__a~.«««.__:..

+,

3
gl

i e TYT,7
levgpoybSupsl
4"
il
N

T

!

20 30

10

I|]q1¢x1|y;||1|{1x¥71|ll\:

"¢

oW

P AAAtrtown e
AR v ow
S AN -

AP 0 > N
SNl A A
A o ot i

RN R

A N S N
‘Il/l/l////// NNNNANN
e i e Y
“JJ‘/////////////////
%“‘J“J///////////////

‘‘‘‘‘ O S S N N N

9

AO?

R S S h R R R R
hdhdndng AN R RN NN NS

- - TR N S M RN N NN
- R S N aY
.... v .- i, v WAV N

B St AN Ny

e e SN
M“““‘Léﬂ/
- \l\llﬁl‘l"(/'/ﬂ/’//

L ol R P 2
- -y -

badns kel ) RS

“\\\‘\' l‘ll/fmu N e

R e s o o I TN
\\X\Lll‘\‘(“‘%%YVY/

\\\\fo"""‘f”90099!1

40

et .H\W\F.Jla&%\

C
AL TrrrrrrTT

n-

la4n

=)

SBUTH

WIND SPEED (M/S)

10

(=] (=} o o
= ™ & - =
W T T T T T T TT7T T T T T rrT T LD B S B B B B B TT T T T T T T T ]in
l- - - P S e e e e
. - P F e
.. ... - - P - Z 5o
L. . ~ . . M- S ] . F
SN ..~ . - [ VR - e
L. - . - - [ . 2 4
-0 . [ T PR Y [ I T .
o FRST IR 4 <
=) b <
. f 3 ' R oo e o
L. e 3 cr - - - .o
. e o - i e . - - -
. P [ RN e
. - -y L we e i U - <
[=] i ¥ o
mi . . ™
- & [ R EI T N I o e
- - T e “>u
r: i D A T ]
e - - cre ez -
L. - - B S -
L. .- s . G e e e -
L. - .3 Toan 33 g eme e . -
o [=]
o~ - ~N
bt 1 s 1 [ B T TR S 3 Vo -
¢ 00 0 [ I T )-- 1 PR
L. o o oo P N H . R
L ”. . B
Lo e . - - - -
- R . - . . e
L : v . - -~ B . -
o Q
=1 m v -
A CUh oy ey ey Coeeoa a0 -
T N TR i R y o €0 <
R T R T IR R R t P T T T SV S B SRR Y I [
L. D O . - . oy o
L. . O M e e 4
. - - - - - - . - .o
. - .- - . - i ~
Co Lo N Ll 1. -]
....... . e e e e e N e e e e .4
'
R [ B | P B U R T N O | I S U IO B | U AT U N B A oty
[ (=] [} “ )
- m N Ll

0800 MST

58



10 20 30 40
lll“f‘.‘,’lll",",iﬂ‘!(frlllql"(—un-
. o S el St i H 23

=
(=)

C
4C'|1111vyu.v

Y

(/
%

w
(=]

T3 Fxr 0oL 04 £33 e

[ i

20

€AST

50
WIND SPEED 1M/35)
0 10

10 20 30 40 SqlL‘

T LLE S JL AN N N 0 2 S N S B S S B | LINE (N AR B S B S B T T T
- N A R T | L ] + T . A T R . -y
..... - - -
. - - . -
b . e R e e e . i .-
+ i LI LI ey LY (I € l -
- .o R N ‘(‘ R TR S S T T S S A S .
----- IR S T IR CU ey . Coe e Co o =
ac [—. . ,/ ceme et o e 30
- - \ - - H - 5\ - -4
- - - - - c e L. - - ~
- - . TR SRR -
- LI A | (l.l| L B LENE I ) . [ 1 -
b 0 . C4aey y .o L SR BRI R I h T T [ I v -
S T S T T TE T T RS
. T —— /
L. - O S i “e e S o d
. - - - - - .- - .
- - - B e T T T T
- - - P I T TR - e
= Ll ¥ LT I} LRI | LI y o K oot LI S + ]
o e e e <10
. . PO PR P R
I - : st -]
- .- - - H - - - - .o
[ A4 e ELE B} -1

< [N RS} ‘ ' ‘ [
CJllJlllllJllllLlllJ I I NS AN I | B WY SO S O I S B | IlJl!l!Ile

¢ 10 20 30 40

1000 MST
59



WFST

C 10 30 S

& 150 o o o 2o 2 2t S 1 M M Mt I T S N 20 0 2 06 et It " D 02 ilx&t\_qm
: \ -~
- %, .

- 4
3+ -430
C i
a8 -

4
ENAROR RN RS S U R R W W B, \\§ = G
. AN N S SS S A S R S S T N R e
I e e R N N N N N S X R N RN 1.+
P SRR OO R T R R R C R RS S OO NN -208
D A A N A L L L S S N R R RN S N N N R Ny 1 w
P PR W SN NN L A SRR TR X C N SN § U S IR NN NNy -1
PP RPN S SN NS SR N N \m PR MLy \ e
et 22BN AN PNRNP UPUPI A, S \\\\‘\‘\‘\g’- "
—f et NI ™ -t o> SIS 7 N
‘—M\‘\'\\:\ N gy SIS -
—F 2D bp e R 5
«E::::::\\‘\’\‘\\\ LAY Ly o e SRR, 4
- PR N Sow e VOO S .
CE ‘\‘\‘\‘\t\ R R R =10
-." RN NN O O O -
ﬂ“ ‘\‘\’\:\ OLRANRRARRR RN 1
SES WA -1
.’1 j ot N NN RN NN 9
—p
LW . > DO N UL SR NN, e
ZE-J-~ s ) A N R X
pa ~quea AR N TR Y -
. S T -\\\\\\\Q\\\\ N, .
‘—;W‘JLl_iLJJ Jl!ljjj]441 NSNS
C 10 40 UjJ
SeUTH WIND SPEED IM/S)
0
e 10 20 30 40 5[&
1. j1I1T‘Tl"l‘[‘rl‘l1flll1rfl|]T]‘l!l 'lll‘llllﬁlYTlTIYI D
O
L . .
< < 3 1 1
tj i < 1 1 1
() < t 1 t
3C - R
. - 1
L N
ooy ; P Ca
2C kvt o ;
[ . - - - P S ‘\ Comglt e _.
L . ; - P T
L. sl - Lo Tl .
Lo Tioa N N DI
ICI:---"' . beeades s f PR 10
- . PO R R R S P SN 4
L - e - - - N N
B N .- PR P .
. e = e e e - - - - ? - ._*
. — - - - - - - ? - .-1
- . I3 1 1 - 1 . i o) b < < * i 1 t H B v 1 v -
[ S I TN TN S Y S B S WS U S 1 N A S B A S U B B | JEN NS I I AN U RN A B AR IS N AN O B B G |
10 20 30 40 Sﬂ-'l

1200 MST
60

10



1583
= @ & = -
maﬁ.\-«u«n._._a..««.,-»__4ﬁ«u«q~___...««J_._5
Lo 5
- ) ~
(AR
L e g BN
€N s | {02
g e W
b . 8y IR o ol o P P e g
- S SIS A SIS A
ol %, - ff.\\\\\\\\\\\\\\\\l
o > . A S
- RN i
= NNy Ll S S
- - LN, NCNE AR LS L LSS
- - . . RN O A
gk e o AARNNNINE Y F ol Ll
i I - w A g g m
ISR N S U RN © L
T - AN S S N N H“f
T T SRS R R T
" . AN\t A" ® wwmy w4
R R et A
- SRR S S WL N R G o
- SRR Rt S A N A N
- - S et SN ST A N I
ol St e . v v oy
N > -} P
™ ) f‘l’l’f’.\l‘l‘l‘lf‘.,l' »
N R — et
- cooTiit
L . N - . - - - -
L ’ P P A A R )
“ Lt ant gl g g g O L. B BE B B BE )
L Lt g g g g I R R
.| Pl i ar g b R R ]
ol PP
cla.’ ”~ o »
b ~.
o <. v 5
L. v s
o LA
- Py
- vy
I - LN )
- 3
W) »
() 9 e
- m b

WIND SPEED 1M/S)

SAUTH

10

s}

(& ] Q o o
= ™ o - IR
w T T T T T Y LONLSNLUNAGHL M0 S S0 S0 SN I AN NN SN AN BN NN St O RO NN (N UL NN Bt BN D B B g V23
L . P N .o S 4
L. a e B e e e . R -
.. - .- - - - - .- - —
SO B R >
.. . - v - - L . - M
-y o1 [ .t Py ¢ [ B
O - t deeebeet Q
<« *
b-c 0 o0 . [ Ve Gt e s
L. . / ...... . . 4
- N T SR N R ST B
b~ - - - - - - - - ~
e - - - -
» o DU i
. R \ O .
o L ; a
[ L4 ™
NN B A | LN S B R A \— LA I B TR LI D S R R R A -
= . A s - . . ~ - PR - E— ;u+
. PP . . e PR SR . -
. o e e e e e N e e e e e e e e e .
Fo BN = -
R L <. - - - -
- . v v - N [ d e e e e =
o i o ]
~N ‘ o~
- —m— AA_—.vv LS S B R B [N S O A ) -~
=N T T B ey oy PO A [ A A | —
L. . - o N Cooy PN . B
T A D T S 4
. ..o N - - . Ll - -
b= . . - v v . - - . - -
. . .~ . - . b e e e ~
o v e wenie ¢ —e
- v ey ? =
R [T ) N [ Y + ot .
Footob v ] ' s [ . oo -
] PO T T Y L R T R S R R A U T T B Y ~
ﬁ.. ~ PO . ~ L . N
L. R -2 e s e e e e e .
T -5 - -
- - - -3 - - + -
- e . .. . : . Lo .. .
[} SN TSN O S S S RS B G PO N A W SO S S N0 S S SNL A B B B N I R o
[ [ - w [
- m ot —

1400 MST

61



isH3

o

J
Hig
WIND SPEED (M/S)

) N U S

LTSS UUNNNN N\
Tt t NN NN NN
haSS S RN R NN NNy

S e NNy

SRR ONNNN
SN
SN

wt
(=
-

SBUTH

10

o

e

¢

uqudq--—d-&&—n—qA_J—-J‘Jx_-,—-u-u-__-\.

- . <
r H PO . 4
- H T W : n
- S - - o m//4 -
- . [ [ ~

N . H . N g
. . . . e e e e e e E e e e e -

o 1 i ) N ) ~
ol ... - USRS PR SR DRI Q
o H * o«

- T T [ B R T B [ [ SO R | -

o= ; . . P N -

- SEEEEEERR < N

L. .- . LTl - .

- - . .o - - . ~

L. .- .. - - - - A

- . . e e~ (\ . . o

. - e e e ey e . . -
o r ! Py o
™ . ! 7 (]

= ’ Aot te- a2 - & e [ T S R TS T T SN ~

- P - P

- . - .. N g D

. - - - . R -

- « e - =

- - . e e e e . oo e Dy e A
[ =] o
~ H ~

- ¢ . 4 LI . ¥ ’.» ke |

-« P S ST A WL T S 1) + b

. PR T S T A T .

- - .- - P - J

= W T . - T - T

- . [ T - - -

- - ~ - . - ~ D ) - -
Q aabetRELEEI Y - v - [
Pt —

T T T T L T T T S I S B B

...... O b e Vo -

______ S T T S S (ST S T T 4

T T e S -

e e B

ﬂ -

O,

. - . - . -~
. . .o - . N . v e e -
w S 1.4 1 1 1 PEE N T W A | 1 ) S N | 1 3 j I T W | I
w [uy (o} o w

-r m ~N L

1600 MST

62



c 10 20 30
*Cpiﬁiwttrvl|L{7‘?f'riltriwt»yrlul.

P
[=)

w
[=]

P2 AR NN AP AN

¢ A AR A AN AN PR AN AR
-:$ 5/11 PR IR RPN R,
PP WA PPy PyyyyE P
VAR A A A g B 0 2 & et dadadidb B A P 2 O

802 88t 5 s bbb bpppa st LY s 233l tirss¥ln

T" PR N 0 W 0 g0 W I P Ll Ll W
- - / VAP AV I I AP W A A A A S S I e
:CZC ”/'//////'//}1l’tcoa.o-ooooo-o-oo-o-o.-ow-oso - a 20 o o
x r-//////,//’”-"l‘o—..oo“-b‘-u—-.-.-.-."‘-‘. u
"//’//‘//‘/’//'//l"o"o-oo_oaoan-o—o“-.“\‘ s
FAAAAT AP A W r v g ¥ e s~ 0 oo —s e~ SN2V -
A et r e e A 3y
oA 2 . s
FoS A o,
r AN A e —~—
L A R N e s
LR R A e e e 10
L e e
R R I
Al B e e e e S N S S e
T e e e T e AR NN
i e e e S SN
i i e i S e S G R,
F I Rt i A N R
heafindinda da 2 S OO S T
7—0 - ‘\\\\\M -
ST AU S T A S T Bon i i o i —Sos S P P Vo W A0 T O T A I T
20 30 40 58
SBUTH WIND SPEED (M/S)
bl 10
T
C 40 ]
40— T T T T T Y %U
Lo M . Vo
t SR
- ol
ac ; . 30
L. A - -
.. - .o
= ¢ + st [ |
L T
2C ; 20
L. i\\.. > -
- .. T, -
. . - . .
b - o ——— e . -
e as % - - o -
- . T - . <
- . . . [ -
1 —10
- - .-
of -4
T - -~ - -
- . ©
[1-1413\.—" . - - 1 iy : | V1]
a0 50

1800 MST
63



NN
NN

\
A

A S N N,
a2

SRR
SN

N

N

xl
/

\
1;

_‘“‘

LR ¥

AJEPITS

N

ArI_L L

RN

- s e

0

A4

. & yg—

Lt

Y Bl ot ot ot e ar gl A ]
.-,uﬂr-—.‘_:T;h

<

b

—— e

MAilly I
v

10

20

|5 T ol P og e e cal

(=)

30

a

40

LY fa e a3 Cd i ey s ¥l

Y YO W00 SUE SUE SUU 00K N W0 IO 100 S AN OOE SOF SO 36 MY |

=)
(=]

w
[=)

2C

p —
=0
S

WIND SPEED (M/S)

240

~
4('1711111111'11'17![1]]T

L0 AL AL A A B S S A B A D B B S R S N S B e e B {

TP R S IR ID SN BRSPS S O .-

L. .. - .= 18 - - . - - - -

- e em e e N e e -

[ . .- - . -

e e e - - . -

EEE DO B ;~ v R R L AR ; ‘‘‘‘‘‘ |

o i ettt b e s L L

S : b e . -
3cr ; + ; 30

ro R .

.o C e de e e .- .

e . B .- o oed

- . ... D R caeee . - - |

— Ll + Py e b e et . x:- 4 3 vy

» .

bo # o 0 i R e t - o vy
2 ; 20

. R O s a A e e e e oo

- 3 .. - - B

- : . - i Pa——

k- - - - «

. & . i LA

.. ¢ ) .y 4 -~
e ; - 1o

...... - - RO .- -~ . . o

... Y P e i - i - . ud

th S e e aea - P - . - s - .

. e e mee = T R e e e e e v oo

- e - - - - Y .

[P - - 4

- i . [t R e R | - . ‘ pe -

EIV T 0 U0 1 TR S0 U I U 2 N O A B 000 S 0 G A S S S O B O | IS NN IO W S5 LS T S A N B A O L
C

10

20

2000 MST

64

490

S

EAST

10



1Sb3
[=] o
™ N

30

20

10

C
‘C;_ljr1}_6l'l

TrTrT
[/
*,

llI".:l**A‘Yl[I|}:l.1‘.l!.l_l.l."l.|\

e e T A N
o SwwaN N e

I 2 L
—w e

/

— (=Y
"2l
4

40

—

WIND SPEED (M/S)

SOUTH

10

a

30 40

20
LI S S B S e

L= o o
o o~ o
r7 71T rruruy rvyrvruorryror Trvrrrvrryy T T rvyyorTT
- f P S , Ce ey 4
ﬁu." ‘‘‘‘‘ < . LR N -
- . . L& . - 1 —
. 1
. -
s ]
KRR R ’
|- - H
» .-
.. —
- _
- ¢ : -

u

40

10

2200 MST

65



PART 2--16 FEBRUARY 1977

66



WEST

20

[ T T S T B Y

N R I R ] )/R~

(I ST T T
id0 a1

—
[=]

ack =LY
. b
o -
> -
P ¢
30+ ~13C
L .
- R
o = . -~
! E St S o e N
-t ~ S N N e
-t T A S . =
et Lt abal ol ol ol ol ol ol ol o e I
Zﬁty/‘/‘//”kﬁ .- A e o -t 20 z-,.
B gt ax ar e e ol Ll AR & g R E
ot g e e - M e o _
- S M B, B, W, T, W, W, Pt Bttt B B, B, B, T W, N P
B e il D L LS S S et o 1) ™
e PR AL N he
d;//" :
e G .
e " ar -
o s
10;;’ —1c
A :
I
5 :
}! ’7’ o
sy 4
/“’/ /// - > ~
| T e~ ——t it e A R
‘j:’ ,’// ‘{4 (‘7 T ot e S AN R A NN ~
{2 AR E {04 ¢ Pt 1 'Zj'I’Fﬁ“"‘l“I\\\\ SN SRS I S SR
o 10 20 30 40 50
5eUTH WINO SPEED (M/S)
u] 10
[ e——
L 10 20 30 40 5%
;K—I“' TTT T T T T 1T Ty TEETTTrTT O LU L AL AL LEBLS 0
- RN . [ SR eeren con
c . i
} d
- - - coe .
r 2 ]
L. S S
Eroais. H a ]
[ ' - ¢ -4
o .. “ -
3CH 30
- . B VOO N
L. . - R
- e CaL LT ]
>
- N o
[
k
-
b -
i
.
- .y PO - .
- e - LI IR .-
- . .- - .
o. —e = i -4 - . -
[ - —le .
. . - 4
ST L T T T T L T el S
- : 'Llllllllll'lllllellllJl]LlJlllJ_lelJ_LilJ‘iJe
. 10 20 30 40 S

0000 MST
67



o
=

1563

(=]
N

7

AT FEFFT T T UTYE T 1T | S INE 2 S0 N0 JNR A AL N AN I N N JNE JNe 0% S0t M e |

20 30 40
TI T T T T FFF I T LR FET X {%“{Kﬂn§1.1|~&\

10

&CC

TA T

X

o,

R AR
SISSSNSNSISSOS A

——
e

S

&

19

SN a

e " R N N Y
A S S Y
S e S S N

SeSeTETR TR e e e W

Q
m

//’//'l'l’“/ A Y //

NN TR e S N N\ ~

- - .'l'“‘l'//// S fa
PR R RN

e ATe e e e > a

NN &

.o A ) g B

E
\
\
\
\
\
.

o e o D |
P il O P

e b

i

A

40

RN S T T S I T

MAAteidypieis

30

SBUTH

(ﬁ\\‘- rl
Vel
NN Y

WIND SPEED (M/3S)

10

Q

40

30
LML A L DL A R B A LA B B B A S

20

T‘TTT“"‘IjTIIII[]IIIY‘

I'IY.‘I “{7{5%0

mm--uqq—-—ﬁﬁ——_‘q

S D T S BN 0 B B

S|

AR S A

5

40

30

20

10

0200 MST
68



30

LI I 0 PRI NCJECFo J0F SN N I . . B O 0K K MO I M0

IS oS Sddd

5
g Y
o
-
o
ac E LS A X —430
F SN S . 4
[E R RSO IETId ]
I S X F VI DN PPPPF L) g
I E RN SRS EEFIEYY S b
N AR NS R A S NSy i
IR EREEEEEPYE TP Ig
S EEEREES N SLEFPYFIIEL {3 -
IR EEREEEPE Y PF PPN o .
‘octa.""rrtrtrlrt/// L & ot o et -3
:;1'2 Crs s ss s s s v v s sy y ‘ [N & e _20;
w IEEEE R R R EEET LT S R L XN NI 13 B E
P T T T I A e Y S N N I ) bb sy o
P 2t ol b eI A R S RS chahahed-t v 3] TR Rl e o
PPSUSSSYSSPRPUPEREE A8 s IV rar } ////IIM J
/rrrrrr.—o—.—a-—s\\ LI VPPl o
- . $32 24 A LS L -
vy NP PNy Y -
lcu//rv Pl L B AN AN AN Y 4V JV O o P P e 410
oy —— - VPV VP s e -
N P i IR N NNNEEE LY I rig _
e
AT IR NN NN Y IV Il B
'y e * [ NN EEREEE LS E L Ll R
?//" [N SR XS Lol o )
/’/// RN NEEEEEL T 2 o
Y aad Vs rsacwwr e rreeen N
4—’1’//// PR R RS P X Ll ol e o o ad ‘
S /”’t.&"&.—m =
_ "' M g 1 1 f f 1 vl )ttt rr ey C Ly ) ] -
C 10 20 30 40 58
SBUTH WIND SPEED (M/S)
0 10
1
C S
"‘C‘ T N %0
L. -
- .=
- -~
- =
Lo =
- ] 1 -1
3C+ 30
l-‘ ]
- .
o .
=
L. e
el v 1
- i -1
2 20
- -
L. - -
.. - =
. . P
[l . . t B b
10t 10
- . . -
. R
L . -
- . . -
™~ - - i
k.. . . e
. . e e . C i e < e 4
ST G NS0 S0 SRS N N S N A A A | AN UN U I NS W RN A 14 44 4.4 FENEE BN B i E
C 10 20 30 40 S

0400 MST

69



WEST

&0

30

FTFYTFTIT LSRR g

~
o
EAST

//////{/,,r'".’...""”m”
n_’(/‘/’/{(‘w—s&\\‘\co¢-'
,",////W\\\\\\--oo'wﬁ ”
”("W_._...J\ ‘\\ ALK P ..

- - o e eear
L I UL N NP W S e e

NN NN NN« TSI WY E

e oo

/

A 1 : I B S S N TS N S A W'

 { EJFJ'!!’fﬂ’; IR N LA WO B S W
43J 50:'

SBUTH WIND SPEED tM/S1

9 10

| s

10 20

w
o

40

LRI o 7|l|l_Yj'%D

wn

C
*C[——T_T1T‘TYITTY LB
IR PO PR .
[ R B R 1
- R - R, .
- -- - - - .o
[ .. - .. . - . 4
.~ . . [} A - R e ‘-l
. 4k . 1 ~ -
- ¢k e daet ' 3o b - « 4 4 o ~
3CH- ? 30
ro oo . "
e “ - L. N
E. b [} Lo e b .. ; 4 it 3 reed
e e . v -
2c} 20
L. . - - .- N SR .
t“ R - - RS N -
. . . . . i .
— [ : [E -? < RE PR |
1c} : 10
. -%_ - 4
- -?- -
——— - - -1 - -
- R . N . e . -
et s [ ENUNE S I B B S TN A T S N B N S B S B B B B B B A S A SR R A i

AIJ‘JJ!JJE

“C i0 20 30 4G

un

0600 MST
70



WEST

ac§

30 40

]
-
.
-
~30
-
“_é, RS Sl @ P P P PRI ]
. R Qoo wrror v crrrrr sy /o~
>~ S A A P L i ]
—t OOl Sl d O PLr s
e ,_..,..o...o-oo-oo-ov"rr'(rf(///‘/ L Sl E -
3 ——— —tCLAC b s s r v rrrr sy, (XL L o’ -20 9
‘.-““‘-‘--"""f"" a
S LR R e ~
-~ s\\\\\\\“oooovr-—-—""“‘"'l//////f‘" “
R \\\\\\:n-.ootoo—ﬁﬁ’*""“" MR L L o ;
o
) LI R oov—v—“\"‘"w {////”M 4
YO ] .
& Srvviii .
o (o o’ ot utor conl -
: Ll e e e
LR L P oo e -
c LI o e e e —10
| P, Ty ~
J LI R o ol oy o o o oo -
s P ey e
i LA SR ol g ol o e e o o -4
p R e o et o
At - eisiill ]
ot PR I P e e L.
'W"~ e PR L L = p
w' — 0 ',----..ma-.;_.& :
* P T JERIS N RN S A AN AR wh ab o ah ol o sl g s min.Sonouliaill BB U N0 B A S SRPURS SRV .
. To 36 30 40 50j
SBUTH WIND SPEED
a
C 10 20 30 2 2
A l [ho
RAS .o
o o '1
= '-(

- <
3 4
. 30
= -]

- - -
- 3
- '4
" .o
- -
- obeed
2C %

L

LA 141111

TN S S A A A Nt

0800 MST

71

tM/5)
10



WEST

4C

- -
> i o
b . - o
ol ‘.

e .
3cH Y
h.' -y
- Ve .
o NNARN “

f VRN "

: LSS Y h

NN
:5\\\\\ N wme G
N . e s
e RN \\\\'\ ::vv;- T ot
20N AR Y Y e. ey -20 g
‘i\k\\\\\\ \\\\\\)...,,o--.c-qnv' B w
PP N NN N N N N ST PO oo s s e s NN -
by e vy
— SIS NNNNNNR N, o ; 4
iy e NN N U N N W U RPN, o b
e SR W W NN RN N\ : o
hy SN A RN NS X W I
A’MQ—.—.—-OQQ- -
ettt ooy o aw = A N 7
b 2RI AR R R O —1c
- YT FERR TR RR R R RN ~
ha A NP ” o AN A S S R L i
\;\."m / ;- . A e e -
-4:\: 3 O A I A % -
= : S 1
s\ //: -~ 4
N NN .fe;// < —2 N
L2 G NS n . b our ”~— ] =
t”\‘ﬁl‘fl; SRS I EERER IR B "Lr e i s s e et s oo T SRR U U N A ARSI
N 10 20 30 30 50
SBuTH WIND SPEED (M/S)
0 10
| B S
C 10 S
4[!‘.'—[ 1‘ 1] ! T ' ! LR LA q'lo LR %U
’_. [OP. < -
?-4 - - - .]
-~ - . -
.o - s . .-

- ot . H : + -
ac : 3¢
- ; R 3
r_. . -

- .- - -
... .
I N
2C 20
L. . -
U, - ey
L . .t . e
L. . . . R
. . - . R
= - EREEE || b LN TT I Porabennend R S TP ‘. , :.
1C » ¢ 10
L. . - . R S, .
e e e i X I S .
T S S D i ]

Citr PN IR 0 A S I U IS UE A U IS N U NS W I S U J N R Il 14
c 10 20 30 30 50

1000 MST

72



1543

Q [=]

(=]
S N
w

10

20

10

"y

(%]
[=]
L 4

c
WIND SPEED I1M/S)

™
qvn#ﬂ-——ﬂa‘««-ma\-_-ucv-_———...qd--.

a

P ar et o o e P P AP
Car e ararar e e e P P P PP
el A L P PP
ST

40

L A I RS S N8 BN B |

SBUTH

1

T el ot st bl i
..&\\;\u\\u\\\\\h “<e -
e - > v
L e e Y
N
x\uk\b\\\i\t\’f'\ s %
.o\b\h\\\\l\.\\b\f’# o~
rorr s o et ol el ol ok J AR
\\\\\\\ - &
e et e I B

%

R

s

s e oa
10

T SR N NP,
? e sr 444 ay
AR RARN

L o™l o 2 G 2R
Ll a4 oF G SE BN B
L a2 & S A

L et b g *
, -

NS VOO N B TS S N W |

[
11

1

FUS IS

A |

5

30
73

1200 MST

20

10



1543
© a <} o
n*u. 3

y o hand L =Y
5\«-v4<<-w‘AmﬂﬂmJ‘u<_.‘aq«qq.w._dd.uqq.ﬂd 1

B
W12
e L S A SSRGS Y
i ) o SURRESE LS A SR N LN N W
H\ IQJ .I‘ R S L N NG N NN .H
el R A s tuuui
.l.. I , Nt -e o AH
of - RN oTIolld
by I R \ S AN Y ]
- \ \ VL d LA
L \ e
o NN ”” z ~
b NN .
. L SN N WY N
R S N S .
nuT. SSSSSSSSSSSA A N N RE Y] «
cF BIEINACNN Y 4y -
- . - SN ¢ty -
oA SN A4
R PR U W g
b CRL G N |
- =\ M !
I =X\ -*
by s>\
- s>\ u'
N =N
- ey 1// A”W_
b // .
- N J
N NN AN
e - /// / 4 AS h
« N//;/vV/ N
o LS SN AN /r/
. [P RN ch’ / N ,/A
Cﬁ ol r%. 1 _lnbrﬁw.”‘.}uh.vv.w.» Vv U
2 8 B :

1S3m

WIND SPEED IM/S)

SBUTH

10

[=}
m

TT T T T T 717

L A

1

BN
Tl IR

"

O e R .-
) S W W S

T,

10

30

20

10

1400 MST

74



WEST

-
h

10 20 30 40 5%0
LR NE NG00 2 B N L S0 A B 20 G B B BEJE L 2 S \:‘i T R v

T

30

rrryryrrrrrert

o P AL,
‘,..-44_0»—',‘—“‘—.—4—0///

> ettt Y

20

€AST

-t

/
N
7

- > A

1C ]

AP ASAALT
L P P e

L

!

’
TSP
”

’

W

PP P e W

Ity

ﬁ“
3

!

N
Y
\
\
]
L
\

-~ n A o os foe
- ) a3
- J;LJ_:E:_LA_”_ALLI i BN S N 1{1‘??13“?71’?*“*‘:1 I AN
€ o 20 30 a0 <7

SBUTH WIND SPEED 1M/S)
1 10
.

40 5
T 11111111%0

C
4Ci:1 LN B [ B S S B LIRS
S i B! - . " E
v eie v B S UV A JRSTTORI S T R, .
3c : : 3t
T T L R O S P .
- . R z . 4
L. R i .
L. R - . -4
b . < e > -
- t bt M |
2C 20
e e e - i .. -
Lo P e e R S B v ¢ e ~
10} : 10
E AN .
e L - -
1 E
- .. - 2 p
- - e S S T . -

PR T S S S N Wl B N0 WO S N ST SV S S AT U A NS M Y 18

(@]
-
o
gh‘j‘ﬂ '
W
o
-
[=)
un

1600 MST

75



10 20

QC[
LEC A JLIN 0 2% it N B B B SN JRECIEL % 20t A AN IR PR . M QN B
=
L -
o ) -~
T~ -
- A R
- . - ]
= P 3¢
B - r -~
B - ” 4
" -> > -
P~ PR AP AP P W N Y E Ll alalad el +
LI I A P et e Bl Lol od -
PP Y YL P PP 4
e 2 g G
N e L L R 2
";, -.-s“s\‘\\‘s;oooo-.---..oo,lf4 - 'q-,
g-ﬂ:'w‘-‘\\“‘\-\-‘-‘oo-’--’-..c-c :ZOQ
B e N R S LSRR R R R R L X L L R R § w
R e s SN C NS L E R R L L L L N N Y N
_\\\\»\\\\\\\\\\\\\.q Y J
- . -
I~ N -
o FEA7 B
- R g L
r} L A A R R ey I
]ct"" [ I S P A —10
o ..-...---.~-.::j .
Gess I I P T
:W/ AR R R S N :
B st L L S RN W NN X
——— [ AR A R R L L Q ]
:—--. '.-.“\s‘\\“\‘i- :
- K AL N S S B R S 4
L ——— ~ /."““‘\\‘M i
T ol cin Ao S SN M vyt v gty wwwsw w5 +_
C 10 25 30 ag s
SBuTH WIND SPEED (M/S)
8] 10
T
£ T lqla1vl|l T 5%0
. e R e e e
. e e e e e s .-
. - .. .
. - s . .
. L N | R |
. - PR T -
- LR | 1 . -
3C ag
. o
- -
]
-
]

20

[ N |

—
«

[
Lan )
R A N L N S i B A I A B A B A S e B A S A SR R B | T._T"‘

L i i

1

1

1800 MST

76



QCE 10 20 30
LINC 200 M 200 20 Mt M B SO . . L0 0K o 2 I 8 IR O M 20 SN 0 O3 B At M O E;jl“vf

s,

w
(=)

[N
o
EAST

(S
['s 7:
%' S N ST SO b s sy sy
B g R b ainalidh i b AR AR P I PR Y X
E.-”._._'-’...-o-&s\\\ Vs s ssossrscrcmce™ o
:oofrav‘..m-.-o-‘-\\\‘ Ntreee D et v 2 }
7

;
‘
\
\
\
D
N
\

e
IR S A e Lo
RS A g ol
RS L dd oo
NS
IS S L L e el
TR NS
IR R E L X Ll el
s trrrro—a’r/‘é
PRI R AP P el ot o o )
LI I e
rereerree 28 V0 8L E g

40 58

SOUTH WIND SPEED t1M/S)
0 10
—

LICSE N N NN
[
jw)

Tttt teawcaa
Lyt xo2 s oo lobovor ks ox a3 00 € Yt ey bl b0 i s}

1\“90000000

R B N

20

WV Y " " s ecseccsae
[=]

.

.

p

p
TJen
[
(&)

-
(]

<o
.
-4
.

PR I R

R

RPN

F S U S A W |

TT T r Tl

3¢

w
(]

e

[ U U O |

20

"
-

TT T T T Frr T i T V7T T Ty T

[ S B B A
IR T
1 LI | Ll [ b

b
fiiiiiiii

! ] E-SECIELY SERL RS EXEY DU RERS SRR AN ) feen g ek - ¥ - Cortenitonage oy
1C 10

- . - - .
L. .- .
.. - e
- - -3
L., . - o
- . .
.. . =
- + EEY R IR LY BN - . -

[ S [EEES TS I T U SN I | E
< 10 S

2000 MST

77



10 20 30 40 Sqm

C
QCLFT1H¢l7lll!W{‘*t!ll!ll-il"tl[lﬁ TrT Y
: . - Vf_%
L [/ g%
R 1T}

." 7‘
3C . 430
/ T T ITHTTIN
44 .
€idddy :
77 MY
ret” S LXK v -
> ; FEEEE & ¢ ot
° //ﬁf//iﬁyrr"""f‘ ! Con 205
A R, Y
N PR TR, b W / .
[V 6 0 o et AN .y A f IHTTe
Fv 8 o o oI ”‘ " / ~"'~
4,,«,«.—...4—«%\ : ¢ /
s 2 /‘.I RN .
R Ssossresty 2 (/i V1597
b o ae——_——TX \\\\‘JJI////
ST NS e
'L
'(5;//:(—'>“ SNNNN VS
.p/‘./ NNNNV I b d A A
-;/;/ NN\ VS S A I
’I:', / NNNNS Y v b S s s
“:’//// NNV VY » Vs r s e
;t‘///‘/// NV VY b s d e, S
e NV VT 2 st saar e,
T ae ) "bnd.-o.—?ud
P ool Sl B P Tl il i bl aelh sl R [ 2
< o] 49 'EEP
SBUTH WIND SPEED (M/S)
N] 10
T
- L4
‘CLV AL T 7 1P 77 141077 T I.%C
- ]
L. R -
s 5
- ‘ o ’ o
':Cg— 30
...... Cde - .
- .- .. -
- . . s . .4
. - e e e e e .
c oL o o L ]
(o 20
r - -~ R
r- - - - - - - <. -

- S Tl ]
iCm 10
- - PR .
|_.. - - - - - - . -

S ‘ AR ]
T Lo b3y NI B S B G B FEED U N N I B B I SR B U T YO B | !
C 13 20 30 40 SU.]

2200 MST

/8



PART 3--7 MARCH 1977

79



1563

Q [=] Q 5]
nl. 3 2 —

5‘\.q««.-__ﬂ-.aquq‘q—__.a.dn«««~.__~a..u«._ﬂ_ u
¢ i :

b L

——

ALY
e w a a—e N  3)

WIND SPEED 1M/3)

SBUTH

10

Q

20

- .

40

Trrrrrorr1rry

30

T 17 I!TTT'I'T'YTT]‘I‘TIYT(‘ R

10

cermetm mmaaf reerosreing cebensees aes

-

PR S T S B S

o
per)

(&)
m

U IR B TN O N P RS
10

e .
IU I I O B A

Il

. woe -
A EE RS BN U SN

490

30

20

13

0000 MST

80



10

1543

WIND SPEED (M/S)

Q Q o (=] [=] Q o o
[=od L) o~ i B (= | o hnd 1S =)
w FEr¥TrYTrrrryryrey u T T rryryy T Ty i T vy vy ryr T v wy vV rrr1rr1rrvrzy rvrr717r7vTrTTT rrvVrvrvyryro T 77T T 7T 1T 7 7T 17T Jun
: ] oo i |
4 L - . . P
. - . P .
1 - - .o - B
I / ............... -
. N L T m
4 L. P e T, R
= o ) Vo [ T S O S A =
m - Y A R Y T Gore oe grengennd —
- ! R R S T N S T t -
. ' P S
N L. . . PP N P
" & L. - i
e SERRNSEES :
oo - 9
- i E s s FS O S O ' m

(=] 08 ol . . TR O SR -

= 2 a ' bt R A el S LN SR R RN - B »
. oo i vk e id . .\. [ ) [ i E
b N 44 S T S . P A T N A A R '

.- ﬁ. P P SN : P e T S

e x i PN T 4
e M ﬁ“ St o -
jr W - - R . I/f‘. -~ i
- | : : vt oo L. -4
— - . ies Coes D 2 B
- i H - . . .

w ud m et bty b B - 3 e - ' (e
N S I T T S S B S S S B ST B ' ) (] E
- - L T T S J T T T O T N AN IR N T NS TS S S SN S S | 1 e
b - . ' Poeoe e E
B | . ¥
. L. L. e e e e ey Ce e e ey -
- . . L - - s . -
- U S, - -
- - . s Vo B
- oo . e e . O . 4

UI nu'l‘ - - - -

— -
= L T T T T N SN S S NS T S ST S S S N N IS S S 1 L
L. F oo CoOe o [ T T T SR [ B I -
. - t LN R S 2 T T D R R TS S T TSN S S B B ) -
e
T B Vit Tt o e o A N e N 20 2B B T 7 O NN 7T £ N T S
o o . ) +
= I . o B
- - - B
- A T o

w TR S S S NG S N I B N A I} FUELE0 A B O R R i S I bR OO B RS DU R S B | I} - 1L
[5] () [} [} (& [¥)

- m ] R 34 —

4an

3a

0200 MST
81

20

10



10

1563

(9] o o (] (o] [= o

o M o -~ xS o bl ~ - (31

(223 1. 020 2R 200 N0 N I IR0 IO S A RO DM 200 I R 1 MM Y AN S D 200 J 20 e I 0 Y S RN S0 S0t M 20 ane ant bt P4 T T T Ty T T T Y[y T T T T T T T Ty 7T vy T T T T T [T T Ty i i T T n
. . ; L.

0

WIND SPEED (M/S)

nUA.. _____ t .
o} . mw bk che
' ¥
* . . . . PR ..
i P S .
r rd B
& .
[ B 3 N T A B
l Lo ’ U AN N N e e U L T O LRI SEP R SR ST BN ST B [ v
ol ) . . ey O I I A
L] IO . P ettt o 2 2 SR IS T e * MR- He m
. m\.\.\.\-\\\\\\\.w e iy i g e e 1
. . a PP PR SN SN I 4
A /,// w SERES ! ]
¢ - . P .
" . ' DA -
F // SN .
. /o‘/ - u
- - . : e e e 2w ko e i
B H. ’ AR RN R S "
mr. R A AR R R “ - .lm
- - 7 /'/'///’. e [ | ¥ L [ -
8 Ty —— SSwwN v o ¢ 1 e
3 e ! ]
o m
B -..
™ : .
re... H
ol :
- R
X ¢ ' 1 (S H ~
i [ ' i i -
[ 1 LI R B ¥ (I} LI ) -
I R 1.0 117 S AR B T N N N O S B 1 2 T i N L A S S S T SR S A S
i S -
- Tt E i
. ) N 4 4
-
- . Ny 2 o
™ ) S : H . . -
PR W I I I R i_\.q\HAw:._D_jm/,y TR TR PR RS EE PN TN E N DU
= o SRS WS TRRRS RS wht e d - 4 Ju
i N - N " ~ =

153K

0400 MST
82



WEST

AR

10

20 30 40

(Dt

\RAV LS LR | TriTryeoesry

1,

-

AN S

TR SR N A B of R ok oo s ncnalBIT U

e
}/’rlcr'vvv-ﬂ-?-“d,

%

Lt g e g toa b L €2 s ¢ 3 b3 ¢ (s 20 e )1t bitses i

~ w e =]
(e} (@] (@]

€AST

—
~

20 30 40
SBUTH

lli‘g

WIND SPEED (M/S)

0

o
(@l

3C

LI S e e S S D S N R S S B A D N [N A B B B B S N S N S S B S (S B A R B "3
- - . e aa g [P SRS S A D S - .
. a2 e . 4
- . R R . . o
b - [P . .
Lo - . - . o
- e B v o
- ' TR . +oa v o
L. “ia -
b, - h e . 4
= N -4
- - . oo o d
. e e e ..
R ..é- . . . -
- - N . oe . . .o
- i -t . ot ~:« ‘ v -
- 0 LR EXTY ST | - LIEEY RN N CEE SREE SL N CON SN B v < i

"~
~

20

~

—
a

0600 MST
83

e e em e P L oA
Fo SSUCAREES

| .
. e - - . - i R
. -~ . _.é - T
LR N . R ) L 2RI L S R ) oot

1C N +
Ef..f'"::: : i . o
"-.14“14 .J.;ljijl._l_.JlJJ JA]J:J;;)JL‘}JJJJ:IJ J]JLJIJ] fl
C 10 20 30 40 5

V3

10



iM/S)
10

1563

Q9 (&) o

m N by
\.u««—~4-.j—«.u_’—y_q44««u__~__«.‘«d«.._

()
—

X =
wn

28N
.
%V/“%//dﬂA\/o//M

[9) o [#)
[= @ N ™
W | D S T N T O M A e N N D R A D R A B A A S N O N A (N S A 10 [V

Lo . sl e ot 4

0

WIND SPEED

ORI NN OO
AN NN NN SN
B e R N e
B Rl SO
SRR R A N
e NN A N A A NN NN
N NN NN
B i S R NS
. ’ " 2 i e S NN
TS R R 3 o B S S e

R NN NN S RS . :l"lhlﬁbjﬁhlﬁLVhJJ
e e R B ~ Bm S S AN R e

a0
20

¥
4
*,

R

FTAFFITT I T T IIF 39T 3T T 1108V F EIt R TR Il& ¥

30

B B e o

'NER YREEEEL

SguTH

0800 MST

20

! 55 :

10

(=]
—

e e e R ooy o
B e P PR N G B
\\ﬁAFa\“Ara\vavvk\€\VPlr'/hlilllir@Yﬁ
» . . Mg . e - - - . P . « - s - H . .
PR Y U 0 SRS N TR I YU e ot Yo Wi o W W o s a0 et s s g e 00 G it 0 S i ] pud . T S A S I R A S A
Q ) [ i ) .

~m ~N — —
L83M

ack

84



30

20 30

~EPNRP AN WAL N N NG N N W

(Y

PP

AL N G . -.‘..-oeo-'o-.—o—o-rrl((//
—E P UL NN N N UL N i iy e r

3

-

Yo 7 % Sttt
2 =PRI U N NN N RN S Crror LI T ree s »—————
-

-

-

-~

-

P

;.._“_\\\\\\\\\\\ L B I ok T Rl i e e e e
ot A A LN AN NN NN VN s s v et a s o

LW AR ot al ek o v 4 2] -
~EDNPPRPRPIEN W NN\ \ ~' Jrpopp— -
L NN i I -2 -
DDA L NN\ N\ -«

L PP W W W, NN, (AL
. s S e ST

fre~

a———————t——

- -~
S e
LA ERERE L

ARSERE!
|
t

3C

[T SO0 SUC YO0 YO0 W VU UL <40 WU S0 UO6 SO% U5 1000 YO0% N0 WOt OO IO 0 AOC ST 9O° 1
[N
[l
EAST

It

it

f. ¢ 5 ¢}

50
SPEED 1M/S)
10

e

b ¥
f-*—'*r-*-rmjwnww

L 10

r 10
L18 T T T T T T

- R s

T

30

3C

T
'
'
'
i

¥
'
'
'

L]
¢

rTveTT

T

20

1C

T T T T YT T T

10

Mo
-
o

1000 MST
85




WEST

ARl
()

o
1

w

wt 10 20 0

3155 3% ).

[ T+ 3 ¥+ TrTrTrrrryxr EFEFTFT T I T YT I TTEsT | SR LB BE] i
-y
[ %.} :
N ~30
X K
b o
S -
NS G
ES )
. - a AL N B -
Z&R \\\-\s\“‘\--.::::\ww —20%‘
. B e
-~ e
*~ R
-3 L.
- o
2 SN A .Et LI -
2 SN Sa aa a hahp \ — - s ,‘ MR I S N XN ]
R“\‘\‘\\\.\‘\\\\\'\.\\\, c R & P aw WU NN T lC
SSRGS > YR LRSS R A
P N\\‘\‘\\‘\\\\‘ PPN R N W -1
S TN PR R S L AR S A W, -
. 3t o3 PR RN SR W WA 1
> 333 - -~ —~——t. |
N G Lty ENN I U S B S 200 s al mir i i e s 47 BRI B BT IV
10 20 30 ag ¢
SBUTH WIND SPEED (M/S)
10
r 10 20 a8 q“
Lo RN I Tt Tl
.o : . o
DR -
— ¢ 3 Ll ) -
b 30
-

i

Liiaidiia

T rr T Ty

b
“a .
2C
- .. e s o .
. R Bapai . -
- - [ - - -
. - - .o
Tt U 00RO S O O VI O
| ’ 10
b e . P, -
L. . - R P .
Lo e o .l —
- - - i- N—
el - kX o
- oo v v Lo T T T S O i A T & j
IR it § G S N UG N VR G N0 SN S S0 1000 U5 N U U0 0 S N0 TP G0 H N H0 BN I | (|
. 20 30 40 5

1200 MST

86



WEST

{CE 10 20 30

T

1‘*“'IT’;‘l““jr"l““"'"'l'"Kl‘r‘

o
(]

WIND SPEED iM/S)

5
K
> -
P -
o ’ -
o Q’ N
301 ~3C
" -
o o
\\ O e P =
.J NN NN S A wrtmna e oo
J MR R R R eh G
N \\\\\\\\\\\\\\&Q---"/
\\\\\\\\\\\\\‘\\‘-..,'4\\“-.-‘__ I
™ \\\\\\\\‘\‘.‘\u\\-‘q.‘,-\\.-—-.-..._ —2¢
~ \\\\‘\\\\\\\\\t\\\\ivn;‘.w =
:: Qk\}O\.qq“‘.a\\\\\!s.',, N
- \\\ /n:::::“.\\\‘m - ,___._.....‘_._l R
: A " o . o 7 :
.
~ (el <
N RN I s L) 3
I /r e’ RS
"E\‘\\‘\\‘\\\\‘\\ = PR R S S S R e, =
TP IO PR R N X W NP ~1C
= =2 R RN P A R N N ] ~
‘JM N \\\\‘\\ PPN R N I
'~ SN PP R X R D, ~
S~ { \1} S PEPEPIRN XX RN S IS U, s
S \\ I - L S e P Pl Q "‘
O TN e e e B e ety “
AN I R S s S U ~
N S\\:\ (’7 i:—.g\\\ N ~
RIS N I oyt e e T S s 1y 1
£ 10 20 30 40 56}
SBUTH
€]
S
QE[“..T1 T !‘r—r11101 ™ Tt BEEERSSDEEERRE 11.3%0
E.]I D Choa P j
!~ v I <1 - ‘ Vo
r- [ i " « 1 . . el
=C} 3c
S ]
[ - -
‘L. . 4
’—. . . -
e :i‘
. ﬁ A
2c 20
- - - - - - P S - .- R
oo Tl S Y . N
F ] 1 .o i -t t Eoeroeed veede . a LER S t 1] + v" ' v -t
i+ ? 1C
E"' U R oL o]
ool - - - .
F L e m - - - - o
- T . B Tiv ]
o . - ) . q
ST I S TR GRS T S Y T N i Py I SIS B S A
& 10 30 50

1400 MST

87

€AST

10



50

1563
w (=] o w
or ™ ~ =
Y 9. 05,2020 20 2L I B N MM 20 20 2t % JNNL I ML L O 0 ALNNE e I I L L A 0 0 A

a0

Lo e S ee

CanCant ool oipg
%\b\h\\\ PP
Pt = o et o QR
K a L S
o
TS

30
SN
SN

\

40

]
-
A
7
177 1
17 ]
= t11e nm
o -
§
'hVﬂbﬂlin1fMUMH
uk L T ) n“ SIALY W et .MWI=I .II!‘IH\HWT

WIND SPEED IM/S)

SBUTH

10

w [&]
= m 2~
Sf— TvryrT v roritd LREEREBERERE LR LI _\ T LI B B I I w
N . P 4
= - - -1
oo e A -
e T T L - A I R RS S B SR B b |
e e e e e e e R e - -
. L -
7~ [ I i [ ] [T T [ N A | 1
mTf e P A I PR IR I S BRI S R S DT R VL“
ﬁ. [ e b [T I | [N T B R B
i i
- - -
- >
- P
. N I u
. O R
af:- (0
- [
i

20

19

L. L
R
e e =
L R N )
L

¢ 1 0
NI

- -
m.—LLPLYLIk»IPI.

R W O U U S B O

A e

-4 -
[w]
4 [ R R
N
[ T B T U -
[ R ] -

IS I IS N IS A |

4

e e
PR I U B U B

10

I T

€

1600 MST

88



MAYRNRNRNNR RN R RN NN
AN RRN R RN T RN ..

AR TR R b
NMANYRAYTN YN RN R,

(OO OO 106 SO0 SO 06 WOR O W 1000 OO0 DU 207 SO% WO W WL L 0 W 70 0 PSP ST U W O A I A O O S O

NANRNBVALT RN RRNS Q.
MAYANRNERNN R RN AN
AN T UL N L UL U UL WL WL SR R
MNRNALNRABRN L RN ;
R N N S N N N N N N Y o
(T TN T L UL N U L W SN Y Y w
[ R RN A AR Y ¢
[EREE LI NN AL N N 14 N T S S W
o~ - ws -'-0‘\\\\\&
hfind O e e e N
- - . AN e e Ny
R Y 547 R SRR e e e
NN POV AN
10 E TSSOSO NN AR R R R R RS
R R R S ML R N R A S N
R S S S S NN LI TN N N R S N
_33: BN T N T A S S0 O
AR SR RN RN NN
[~ TR BN N NN N R RN NN
ENANY TR MR N RN N RSN
PSSO L L T T R B N N T o
AR L S N
LSS, /\\\\\\\\\\\\>~HMHA
[ T T T W i R T T S A A6 TS S N L I N T A i
< 20 30 43 5&
SBUTH WIND SPEED IM/S)
o] 10
40 S
Il‘l[jﬁ1llTll%C
" e e A e e e e e
L. - % - .-
;__ - - -
L_ - -
) .. \ .
% 30
£ Tl e e
L.. s . ..
t». f [P e e
20 2C

10

T T T T T

A S S I I Y

[ T T T T

[T W T W U

1C

TT VT TTrTr Y

O I A

P




10

1563

57
WIND SPEED (M/S)
2%¢
30

< o o o
~ = ~l - (™Y
M«««A____a..qu.‘ﬂn__..44«_~______~qq.._ TTTTToT1 Y LU At R A O TTT T TITT oI _.A_u%___45
I D e T PN [ SN A P
o e L L S S R r ......
¥ . -
N e N N L T T .
S T R R 4
........... ' [ N B B
(] WI. ' R - l“
- S T AT R e ) P S S A A B
of G e e s G e e e e P e g
3 Y S TS0 000000E: I A N LT A B SN SR 4
- - . .. N P S
o % - .. . P . 4
Tt\\\ - - .- - PN . RS .. -
- - - P e I S TS T B
. ; SUREEEEE EESUUSEEEE FE SUEE S ‘
- AN N | e b e e R N T 2 TR SR R AR 4
m o -mw,l... i ' PR S / .~J..w
[~ e R IS B RS BT RO A L Erdda o
of = T I [T B N FRRETRE T O { [ S I "t
.o..” ﬁ H n-‘m.u..\‘.” HEP I B T R I i LA
- r - N P
- S N PraE RN
e [ - Do - o« : -
" : . :
I - - - s s = e - M -mml . . -
= - . - C St . i .m...u
- . b MRS PR S A S A B f .o A
m - . m — + Y v D e R I 4 so mepeaep [ R m
T” - : 1t _vvw [ ] __- b i ¢ [ . b |
b e T T ey L S NV ey [ T T SR S R ] ¢ () PR
o - PRI . . P I S T I I H
. H t oty ot 1 H u
A U e s et G P N T A\ 2 S " N (N I S P ST SN SRR [ P S P SR :
W oo e RSN N N N I P
- -+ - - .. - L
e L. . oDz - L T A -
. L _ SR IO o]
. . - [ R B
- I DO . 2 T TP <
et i - - - . S SR - oy —2
e S U e — S ANENE L JE 2E 40 7 2NN Y D o S NS B B Y ¢ ' 3 e [ | 4
N R e N VAR W= o s SN NN B U A N oIS N TN [ y i Vo ) H [ ~
ﬁ. — ¢ I ] H B
e . NN - L ) . . H . 0 h.
u /ﬂ /'/“ o W/P = . .- - - . . P . N . . - e . M . .xu
~ ~— - - - PO Z . . - - : ’ .
‘ (S NN : BEEEE OE !
= - - - PRV G R L O T .. 4
u A N T A - . _
. SN 7 |HMW]71 NN oo FS F P [ <A
o AR — il Ny 0 T W U U Y Y 0 T Y A 0 DO W 0 S0 WY Y B O S O Sy I O P
[~ o -Te s o () o [} ) o -
- L Y] - -« m ~ -

2000 MST
90



8]
[= o

N[ FFTFTTITTT

T

,

|

30

20

m
T rF T T

|--u44-__

10

11!f?‘l!7[T1‘i‘7“flllTjT.W}TTlI.Il]\

ok

3C

/.////H///;.
wmwvx,ﬁymwnwm//wwm

TR TN N Y

\!.IQI.'."(.Y‘[';Q‘.v;' -

v p
v -

P

P e S

“ﬂ o BT ANAA S

A\
4////-/-//U////K/h,/M :
/V./v/v/v/ ///:/// /7/{
/ﬂﬂfﬂmuwvtz\ﬂﬂuWV,MW/mwa

TV Ty T YT T T n

4

40

SRR RN N )
L N A Y L

. = =

- > >

30

/
N

E“J/li

R
SN

WIND SPEED tM/5)

SBUTH

10

0

o [9) o (&)
= m o - H
w rvr 1 1rr1rrri1rry T T T T FIrrTrTryiryrrrrrorrag rrrryri1i —1*5
L. . . I LS
S T T T S S S T SN R N R S S S Y S U -
m.l,, PO T T S T T T T S T Y T S S B lw
- o o G -
[ e e s e e 4
K e -
3 J
N T T T 4
. . . e 4
m - - 3 DR e + »I.m
- 3 ‘ [ ~
- - B P -
. N 4
- e ey e e N
L .- - S . . -
. C- - v .. . . e
ﬁ. . c e - . TP T T A : ] . H
. . PN F T -
m TR A by A e - + R ] [ m
= ' ) [ [ IR [ E
- i b 1 L) L L U S R R S B ) ¥ LI 1 1 -1
Lo b A R T ]
T, . -4
L. . - N -~
. - Gt e e e e e e e e e e e e e e i 4
(=] — - - .. . - - aue 0 ey 2
— i -
______ ‘ [ ' [ IR ! ' [ ..+
- ' ' ¢ [ CoUc 1 E
- [ A T T B RN e .-
. [ toror e .
i T S ]
o - PN 1
- . . . . . TS 4
R S T Sy T U U WU T Y W T U Y W Y WY Y 0 A T I s A W W S W S A B B T
() (=) e v
o

2200 MST

91



PART 4--10 MARCH 1977

92



1563
Q o

™~ hand 2 =
T Ty r!h\ L0000 ISL.SSLENE 20K 208 J0F 0t ML 1 NN A SN ARN SOE BN AR 0 00 | _4:a

=] [S)
= ™
I LI I S 0 N A e | T T rroTr v

S

‘\.«««.‘__.

0
3%e
:zo
;
:m
50

WIND SPEED (M/S)

T T T T T [ R R I

40
M
_T = L.
1§
4q0

“,

30
30

SAUTH
T T T Ty

20
20

L I e T e T R e L AL T )
.............................
P S P A T T S

10

'111.[‘l"!i““!‘f.[lvliﬂi“,tlL1]-Iq1h\x

10
T
s
q
-t
- e
ol
10

___________________________

I R T [ I T T [ S T T T T S A R T I T T I I

-
AN SONONY NN N NN, SONCNO LY - - P . N Coe e Lo .. ,
PR S U VA B S A AU WV RT U Al A S T el Bl S L i i ! (RN S A WOD H W B S W S N B S W | N T N T 1005 S SN W N DN D S U W ESRS B B W A PN
() (=]
<« —

[&8)
o o~

1531

C
A0 T
3C
2

0000 MST
93



QCE

10

20

3

0

3C

TFT T 7T T T T Yy vy T

TT'l‘ilvv|||«¥7“|1111111t1z1r1|1&q

"VIX“TT‘Y|]1'|7

1C

A

T vV vV T

o

‘1---u_.+

———

T ¥ v

N
6<'

w
(]

~N
o
S

EAST

—
(@]

Y

X
R

LT T

AR S I SRR TN S SN AN IE S A I NN IR MR T S A O N N A A A [T,

/'

Manas chev-and 00 S SR S0 A B OS

A

40 SUj

WIND SPEED (M/S)
0 10
| R —

40

wun

&

3C

[A%]
o

[
(ml

el
3

1
[ T TR S T S S

5 S N T A [ N B Y

—
(=)

[T I ST B

T LSRN IR R B B UM A A I O (N S N A B | LML AN LA A O G B Y A B SR S B
- P . - + . . - P . .
‘. : - - - -
. H - - - -
L. . . . - e e e .o
- B i ' L. ! .
oo : i ) « " » -
- ‘. b Rl .~ ' -
: ac
o - - o
L .o . - - -
L. .- . - - -
- . . < - . v
r . . - - .
- ’ ' ) ] v ot < i v -
' ¥ .
- 0 . l' ] & - < oy -
| ; .
r : 2C
#_ . - - . .o 4
e e A PO N - - . *
S . v [ . . <
o - R 4 [ "o v
N

;U T D S O I B B |

0200 MST

94

I W | J&

40

w



4C

3C

1C

4C

3ac

2C

10 20

T T T T T TT T 77

(el

L2 2 s S0t S e S o S B 2 2 2w e

T YT T o, T

v

l"'!l'*ili]1lii“"!fll‘?ii‘}‘)]ill\l:l‘T

4
*,

w3
&l

w
m

~N
(@]

EARST

—
~

10 20 30 40

WIND SPEED (M/S)

0

-y
mFIllnlxl|:Illllilenllflllxz:)llllll::al’w

Q

w

rv¥V7rryYyY«wr 1 1771

‘1“!1lj‘l]“‘]r‘rlllle1lTT'T7l[
H . D e e e e A .
i
i
¢

T v i T 1T v+ 1 ¢

| W VO O O W W

vy YT T

N B ]

[ T TR T

P T T S B

| I O T T O S B

Go

30

N
(=]

\

[ ] { i

- - - - AUnkm‘\;:;:-
L o - - ...
. FE PO A VO o d
L. - - .
L. PR voed
L. — - s - -
O S - -
r . T

- PRI Lo . IO . P -

Ll s 1 baae gy TS NS I TN S N S N N S G0 NN U0 G0 VU A0 TN (0 T R S A U S0 A S N G

—
o

«<

0400 MST
95

w

=¥

10



QGt

10

30

3C

1C

T Y11 T TTYry v ¥

li‘vﬁlllflllllfll

LIRSS BN

LEL DR MR 2 A LG B B BEARCANL AN A 2 A I BNC SRR 2N IOL SO 2 2t I A |

-
(R

WIND SPEED tM/S5)

0

Y troxd d L i1l it 23 ¥)n

T T SON YO U0 WU % 1000 TO0% 00N U0 JUNY JU SO0 005 SO0 SO SHG 0N IO IO |

w

1

T T T T T T

T

T 1T

N A A B A A |

[ BRI e S e n SR TN L0 S8 ol S Bt B e

[ ) o - sk
[ i < [ v [
5C g
1 4 < < ¢ ot r -
f . < - ] ey -
2"
- ; - - . .. \\_.
- . —— . Ceee
- = . v e - e

—
[a]

P T I T B |

ST T T T SN

[ I T T

IR

TR RIS IR T S A Y

I

) I VD W T S S T 3

Cotor 1o

P

ii I.l

S S I

NN B AR DR RS Y

[ T Y

U U Y W W B N T

ho

o
m

3C

20

1c

¢

30

20

10

20

0600 MST

96

30

40

ut

EAST

10



o

1563

[
o)

()

—

LR EER]

20 30

10

I'Tl“r‘llII!"“I!]II1-§!3¥;1]|||\

PR 05 T W Y 0 A W T S BT Y

4

/
g1

499
0 _\\\
(i

/

e T T T T r T T T TT

A
i
L

7

¢
i

7
i

[=3 (& ]
-+ o™

[
o)

164M

WIND SPEED (M/S)

SBUTH

10

40

30

20

10

(8] w (&) o

= L) N - .

w TY T T T L T S G N B O __._____1d YTTTTTTTT in
r - -
-« 0 0 . . o [T T B | -

L ’ ~ [N AR v

< . 4
- EHl 1 1 B ' LI ] LI S B ) i —
- . . 4
.. .. - . BB - B
S .- v . . - -
- P : .o .

w]‘ I R .v...v -
SN S TR [ B
- ' N H 3 . ]
ﬁ. P . . -
2 = - . ]
- Y 5 : - - R

mvl. R S S L SRR S (R I IR < e e -
SR g [N R} H ¢ [ R ] [ . 4
=l It » L N B} [ N ) 1 [ | .A
L. . P . I R 4
- - - - .. N : - . —
. - . . P .

oL o . [ . . .- . ~ 4 . -

—

-0 [ T I ) [T ¥ ‘ [ -
— Lo v . 1 ) o ] —
o0 o 3 [ ) [ I | -
- : . ] B

PR S S QT W W U N SO 0T G S S S WA T Y T S T Y PO A A W U B Y SO

" () o (] -
" o «~ -

0800 MST

97



10 20 30

C
4C llTﬁXrT(‘l\\“{ZIij]lefitillr‘[y‘[\{

n
o
o

w
(]

~n
(]

EAST

1

SO WO Y00 SO0 SO0 U TON 100K 1000 1001 N0 YO0 YO0 T00 NO% UK 900 0% 00 00U SO0 0 S 2000 YO0 DU SO WOU Y000 A 08 VOO0 JO0Y SO 0 SN0 0% OO0 ol £%,

50
WIND SPEED (M/S]
J 10

~

10 22 30 40 S%E

T T rrr 1Tt T

e

.
.
d
o
.
'
.
4
.
-

)

[ O R R}

3C

w
~

[

Coe
P
1
'
!
[ )

20

ny
~

t o
o
LI
LI |
Vo
LEEN IR |
LI S S S R B A
flll'/)
s
v
LllLlJya/fll TR T U N T T Y B |

[N W A S S A S A S S R S B Y S e e A A S A L L A O L B -
t
[
//

1C e by e 1c
....... e -i 4

r N i ! Jg');‘l | I S S ] Ji‘ S S U D S L jl SN B B 1 ! S SN I B W L-]

& 16 20 30 33 50

1000 MST
98



WEST

10

20 30

)
(@]

Al rrrr—=

LIRS A S S N Sl S B 2t 4

\)
A

BN

N

T T T T

NI

km‘

1!![!!!1T13x;r]17—\ﬁ,;:

%4‘

LY

IR

N
\§§¥N§§\\\

TN

NS\
N \\\}x\ﬁiﬂp SPEED 1M/
R

\\\\\\

N\
LYY .

3¢

|V ST SOT SOV W% 100 WU UO 0 O0F SO0 W00 90 't L)

£AST

1C

JRUU DU V0L SU6 WS U0 S0 100G UK 1O JUU OOt SN DN SO0 WU W U8 1000 00 S0t |

1C

=l
[gm]

w
~

2c

i
7

érl 13 20 30 47 5
to T T 77 T TT T LI O T LD S e S S S e ]
D .. .
[ B T T ST - - - . -
b e L e e e e e e e e e e e e e e -
{
- . -
“ A
- -
- -
3C —~
L ]
- -
C ]
20—+ =
C N
‘_, _____ . |
C o g
L P it s R -
L C e e 4
- -
[ .
oo L IIDDT T T I
[ Ce-
T 3
- o . T . -
c " L FEE AN ! ST 0 NS R T N S S SR W NN H A S S O | IS S| A
i 13 2 30 40

1200 MST

99

wn
U

€]



C 10 20 30 40 5%[

Wt_r—rlexurll1ﬁlwr:;111H11z*x11rl| T 4,%;5 N
ik .
- [/ 5
‘e “% E ]
. 71 ]
z —13C
£ ]
4
= -
-2 &
- oy]
A\ ~1C
\\ -
AN ]
\ \» —<
N pe
,\\ -

N S . N ‘M‘ \‘\‘\ ‘ ‘
CE \\\ Y 10 \
\ \l \\\ K(Q\\ SBuTH \\\\ \\\\ \ X R\ \wwa SPEED 1n/S)
K\N\&‘ \ § \\\§ \%\\ \\\\\\ v

x\\

r 5
chﬁ’ T ﬁl‘lg_l T T T Y]%c
. oL s -
f— D T T PN .-
. . .
L . . 4
}- . -
acr— ' 3C
'I:ﬁ o .Zi‘.‘.ﬁ/‘f.;’. A
E A :
E : ;L 1
20 = 2C
g’ | :

[ e
(VN . .
ICI; i
E N - -
o= : -
- . .
i
Iy Fat 1 St SO S S S 0 ST S S S S N A T S S D I T _JJ
ic 20 30 a0 50

1400 MST

100



3C

TS WOUT T00% T SO TN IO 9O

2C

WFST
~
€RST

PSS W D O 4 U S 'S

) r“‘\\\ L\

O SERAUII NN SV 1\
NN ] \ AN

\&\W NRE e NN

A \ L% S \

X .
{ 19 20 30 40
4[\ T T T v T T P LILU A A A S S B A B A R AN | LANLUN A R G (D SR AN B SR S A S S SN T %E

>3

\&
RIRY

c XN
C \\&\‘3{\\\ N 5
\\\ SANMIND SPEED IM/S)
A L] 10

/
- -
//

......

3

-+ ~—3C

tttttt

~y
—~

[ e S S S S A A A I s e S L Y (A S S S N O T

2C

—
=)

!

C g . 11 1l { 21 gj
¢ 10 20 30 ag 50

1600 MST

101



C
4CL1ﬁ1v1vlr'lIIVII-IIJIIIT(|K¢¥T1|||

F 00N 1 DK OO0 T O JOC U6 3% 3

3C 3C

WEST

4
3
[} A} \~ ot

N\
W
"
\\\\\&\\ \:%‘{%\\‘x\ Ei: N]NOD SPEED M/S)
4

A\ PR S M
VTR e
W e R L

X
10 20 30

T T VY‘}YYY‘YT“?]‘T‘IT7#ITT]T 1 TT
- P . - -

Q
T T T 75%[

.................

2 \ \ 2C
-
. d
e e e e \:\

]CE 1C
H -
F. -

C 1 I B S S R S (LlJ;_l ST I AR A A FUE R WY L%

C 10 20 30 40 Sﬂj

1800 MST
102



AN 7
s ',"JL_ ‘::- 3
\§ W \
3 7 \ & \
\\\\\Q\ . 'J]kf}§}§§§§

\

\
R

t 1 —r

. 50

* WIND 5
a

RARR R ! AN D
B i G

PEED (M/S)

<<<<<<

3C

w
o

—
©

84
~
LI BN B G A A O A A R R S S S D S B B A S S S S G ol B S

2¢C

<<<<<<<

T RIS NS T S T U
20 30 40

2000 MST
103



\\&i‘; NN
Ny
P-WN

‘—‘1
SO

lllrgllT VTII7210 LR 1310 LI B e | 14317 TIVTS%C

[l
[a]
i

:

v,

11111

o] 3C

w
=4

2C

r
™

ic

—
-

|20 R S B S B G A NN B A B B B T S A S A B N (e S A B A D A G
[ T T ¢ [ I I AN
roror oy ’ () Co

L‘f:....

SRS N TR DU T N SNURAL S S S 0 S S S S S EEDUD N S B T A R W 1]y
10 20 30 40

o
~

2200 MST
104

WIND SPEED tM/S
0



REFERENCES

Alaka, M. A. (1960), "The Airflow over Mountains," Technical Note No. 127,
World Meteorological Organization, Geneva, Switzerland.

Anderson, G. E. (1972), "A Mesoscale Wind Field Analysis of the Los
Angeles Basin," The Center for the Environment and Man, Incorporated,
Hartford, Connecticut.

(1971), "Mesoscale Influences on Wind Fields," J. Appl. Meteorol.,
Vol. 10, pp. 377-386.

Aris, R. (1962), Vectors, Tensors, and the Basic Equations of Fluid Mechanics,
Prentice-Hall, Incorporated, Englewood CTiffs, New Jersey.

Berman, N. S. (1978), "Spatial and Temporal Resolutions of Urban Air Pollu-
tion Models for Evaluation of Transportation Strategies in Phoenix,
Arizona,"” ERC-R-78010-1, Engineering Research Center, Arizona State
University, Tempe, Arizona.

Basso, M. J., L. H. Robinson, and R. G. Thuillier (1974), "The Analysis
of Regional Air Flow Patterns and Their Use in Climatological and
Episode Assessments of Air Quality," Proc. of the Symposium on
Atmospheric Diffusion and Air Pollution, American Meteorological
Society, Santa Barbara, California.

Blasius, H. (1908), Z. Angew. Math. Phys., Vol. 56, pp. 1-37 (English
translation, NACA Tech. Mem. 1256).

Businger, J. A., et al. (1973), "Turbulent Transfer in the Atmospheric
Surface Layer," D. A. Haugen, ed., Workshop on Micrometeorology,
American Meteorological Society, Boston, Massachusetts.

Buzbee, B. L., G. H. Golub, and C. W. Nielson (1970), "On Direct Methods
for Solving Poisson's Equation," SAIM J. Num. Anal., Vol. 7,
pp. 627-656.

Dahlquist, G., and A. Bjorck (1974), Numerical Methods, Prentice-Hall,
Incorporated, Engiewcod Cliffs, New Jersey.

Deardorff, J. W. (1970), "A Three-Dimensional Numerical Investigation
of the Idealized Planetary Boundary Layer," Geophys. Fluid Dyn.,
Vol. 1, pp. 377-410.

Defant, A. (1951), "Local Winds," in Compendium of Meteorology, pp. 655-
672, American Meteorological Society, Boston, Massachusetts.

(1933), "Der Abfluss Schwerer Lutfmassen auf geneigtem Boden,
nebst einigen Bemerkungen zu der Theorie stationarer Luftstrome;
Sitzungberichte der Preuss. Akad. Wiss.," Phys. Math. Klasses.

105



Dickerson, M. H. (1973), "A Mass-Consistent Wind Field Model for the
San Francisco Bay Area," UCRL-74265, Lawrence Livermore Laboratory,
Livermore, California.

Eschenroeder, A., and J. R. Martinez (1972), "Evaluation of a Photo-
chemical Pollution Simulation Model," General Research Corporation,
Santa Barbara, California.

Estoque, M. A., (1963), "A Numerical Model of the Atmospheric Boundary
Layer," J. Geophys. Res., Vol. 68, pp. 1103-1113.

Flohn, H. (1969), General Climatology, Elsevior Publishing Company, New
York, New York.

Forchtgott, J. (1949), "Wave Streaming in the Lee of Mountain Ridges,"
Bull. Met. Czech. Praque, Vol. 3, p. 49.

Fosberg, M. A., W. E. Marlatt, and L. Krupnak (1976), "Estimating Airflow
Patterns over Complex Terrain," USDA Forest Service Research Paper
RM-162, Rocky Mountain Forest and Range Experiment Station, Fort
Collins, Colorado.

Gandin, L. S. (1965), "Objective Analysis of Meteorological Fields,"
Gidrometeorologicheskoe Izdatel'stvo, Leningrad (1963); translated
from Russian by Isreal Program for Scientific Translations,
Jerusalem.

Grgnskei, K. E. (1972), "A Three-Dimensional Transport Model for Air
Pollution in an Urban Area with Application to SO» Concentration
in 0slo," Proc. of the Third Meeting of the Expert Panel on Air
Pollution Modeling, NATO, Paris, France.

Hovermale, J. B. (1965), "A Non-Linear Treatment of the Problem of
Airflow over Mountains," Ph.D Dissertation, Pennsylvania State
University, University Park, Pensylvania.

Lettau, H. H. (1969), "Note on Aero-dynamic Roughness-Parameter Estimation
on the Basis of Roughness-Element Description," J. Appl. Meteorol.,
Vol. 8, pp. 828-832.

Lilly, D. K. ,(1973), "Calculation of Stably Stratified Flow Around Complex
Terrain," Research Note No. 40, Flow Research, Incorporated, Kent,
Washington.

Liu, C. Y., and W. R. Goodin (1976), "An Iterative Algorithm for Objective
Wind Field Analysis," Mon. Wea. Rev., Vol. 104, pp. 784-792.

Liu, M. K., P. Mundkur, and M. A. Yocke (1974), "Assessment of the
Feasibility of Modeling Wind Fields Relevant to the Spread of Brush
Fires," R74-15, Systems Applications, Incorporated, San Rafael,
Catifornia.

106



Liu, M. K., et al. (1977), "Development of a Methodology for Designing
Carbon Monoxide Monitoring Networks," EPA-600/4-77-019, Systems
Applications, Incorporated, San Rafael, California.

(1973), "Automation of Meteorological and Air Quality Data
for the SAI Urban Airshed Model," R73-SAI-32, Systems Applications,
Incorporated, San Rafael, California.

McElroy, J. L. (1971), "An Experimental and Numerical Investigation of
the Nocturnal Heat-Island over Columbus, Ohio," Ph.D. Disserta-
tion, Pennsylvania State University, University Park, Pennsylvania.

McElroy, J. L., et al. (1978), "Carbon Monoxide Monitoring Network
Design Methodology: Application to Las Vegas, Nevada," EPA-600/
4-78-053, Environmental Monitoring and Support Laboratory, Environ-
mental Protection Agency, Las Vegas, Nevada.

Myrup, L. 0. (1969), "A Numerical Model of the Urban Heat Island," J. Appl.
Meteorol., Vol. 8, pp. 908-918.

Nicholls, J. M. (1973), "The Airflow over Mountains, Research 1958-1972,"
Technical No. 127, World Meteorological Organization, Geneva,
Switzerland.

Orville, H. D. (1965), "A Numerical Study of the Initiation of Cumulus
Clouds over Mountainous Terrain," J. Atmos. Sci., Vol. 22, pp. 684-699.

Panofsky, H. A. (1949), “Objective Weather-Map Analysis," J. Meteorol.,
Vol. 6, pp. 386-392.

Pielke, R. A. (1973), "A Three Dimensional Numerical Model of the Sea
Breezes over South Florida," Ph.D Dissertation, Pennsylvania State
University, University Park, Pennsylvania.

Pitchford, A. M. (1976), Trip report on Phoenix to E. A. Schuck, Chief
of Monitoring Systems Analysis Staff, Environmental Protection Agency,
Las Vegas, Nevada.

Reiter, E. R., and J. L. Rasmussen (1967), "Proceedings of the Symposium
on Mountain Meteorology," Atmospheric Science Paper No. 122,
Colorado State University, Fort Collins, Colorado.

Sasaki, Y. (1970), "Some Basic Formalisms in Numerical Variational Analysis,"
Mon. Wea. Rev., Vol. 98, pp. 875-883.

Sherman, C. A. (1975), "A Mass-Consistent Model for Wind Fields over
Complex Terrain," UCRL-76171 (Rev. 1) Lawrence Livermore Laboratory,
Livermore, California.

107



(1978), "A Mass-Consistent Model for Wind Fields over Complex
Terrain," J. Appl. Meteorol., Vol. 17, No. 13.

Stern, M. E., and J. S. Malkus (1953), "The Flow of a Stable Atmosphere
over a Heated Island, Part II," J. Meteorol., Vol. 10, pp. 105-120.

Swarztrauber, P., and R. Sweet (1975), "Efficient FORTRAN Subprograms
for the Solution of Elliptic Partial Differential Equations," NCAR
TN/1A-109, National Center for Atmospheric Research, Boulder,
Colorado.

Strand, J. N. (1971), "Airpol-Wind Trajectory Tracing for Air Pollution
Studies," Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, Californoia.

Thyer, N. H. (1966), "A Theoretical Explanation of Mountain and Valley
Winds by a Numerical Method," Arch. Meteorol. Geophys. Bioklim.,
Series A, Vol. 15, pp. 318-348.

Truesdell, C. A. (1954), The Kinematics of Vorticity, Indiana University
Press, Bloomington, Indiana.

Weisburd, M. I., L. G. Wayne, and A. Kokin (1972), "Evaluation of the
Reactive Environmental Simulation Model," Pacific Envircnmental
Services, Incorporated, Santa Monica, California.

Wendell, L. L. (1970), "A Preliminary Examination of Mesoscale Wind Fields
and Transport Determined from a Network of Wind Towers," Technical
Memo ERLTM-ARL 25, National Oceanic and Atmospheric Administration,
Washington, D.C.

108



TECHNICAL REPORT DATA
(Please read Instructions on the reverse before completing)

1. REPORT NO. 2. 3. RECIPIENT'S ACCESSION NO.
EPA-600/4-79-066
4. TITLE AND SUBTITLE 5. REPORT DATE
October 1979
MODELING WIND DISTRIBUTIONS OVER COMPLEX TERRAINM 6. PERFORMING ORGANIZATION CODE
7. AUTHOR(S) 8. PERFORMING ORGANIZATION REPORT NO.

Mark A. Yocke and Mei-Kao Liu

9. PERFORMING ORGANIZATION NAME AND ADDRESS 0. PROGRAM ELEMENT NO.
Systems Applications, Incorporated 1HE775
950 Northgate Drive 1. CONTRACT/GRANT NO.
San Rafael, California 94903 68-03-2446

12. SPONSORING AGENCY NAME AND ADDRESS 13. TYPE OF REPORT AND PERIOD COVERED

U.S. Environmental Protection Agency-Las Vegas, NV
Office of Research and Development
Environmental Monitoring Systems Laboratory
EP
Las Vegas, NV 89114 A/600/7

14. SPONSORING AGENCY CODE

16. SUPPLEMENTARY NOTES
This report is the first in a series. For further information, contact
J.L. McElroy, Project Officer, (702) 736-2969 X241, Las Vegas, NV

16. ABSTRACT

Accurate determination of wind fields is a prerequisite for successful air
quality modeling. Thus, there is an increasing demand for objective techniques
for analyzing and predicting wind distribution, particularly over rugged terrain,
where the wind patterns are not only more complex, but also more difficult to
characterize experimentally. This report describes the development of a three-
dimensional wind model for rugged terrain based on mass continuity. The model
is composed of several horizontal layers of variable thicknesses. For each layer,a
Poisson equation is written with the wind convergence as the forcing function.
Many types of wind perturbations over rugged terrain are considered in this model,
including diversion of the flow due to topographical effects, modification of wind
profiles due to boundary layer frictional effects, convergence of the flow due to
urban heat island effects, and mountain and valley winds due to thermal effects.
Wind data collected during a comprehensive field measurement program at Phoenix,
Arizona, were used to test the model.

17. KEY WORDS AND DOCUMENT ANALYSIS

a. DESCRIPTORS b.IDENTIFIERS/OPEN ENDED TERMS |c. COSATI tield/Group
Mathematical models Wind fields 143
Environmental models Predicting wind distributfion 55A
Atmospheric models Complex terrain 68A

Three-dimensional wind mofel
Wind perturbations
Testing mathematical modefl
Phoenix, Arizona

18. DISTRIBUTION STATEMENT 19. SECURITY CLASS (This Report) 21 NO. OF PAGES
UNCLASSIFIED 122
20. SECURITY CLASS (This page) 22. PRICE

RELEASE TO PUBLIC

UNCLASSTIFIED

EP orm 2220-1 (Rev. 4— PREVIOUS EDITION IS OBSOLETE
A Form (Rev. 4-77) U ¥ US GOVERNMENT PRINTING OFFICE 1979-683-091/2201



United States
Environmental Protection
Agency

Environmental Research
Information Center
Cincinnati OH 45268

Official Business
Penalty for Private Use
$300

Hf your address 1s incorrect, please change on the above label,
tear off, and return to the above address

1f you do not desire to continue receiving thes technical report
series CHECK HERE[D tear off label, and return it to the
above address

EPA-600/4-79-066

Postage and
Fees Paid
Environmental
Protection
Agency

EPA 335

Speciat Fourth
Class Rate
Book



