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EXECUTIVE SUMMARY

in the Fall of 1987, a team of researchers from the University of lllinois and
Argonne National Laboratory undertook a series of smoke dispersion trials at a com-
plex terrain site in Northern California as part of a larger program to develop an im-
proved model for smoke dispersion. These field trials were carried out in cooperation
with researchers from severa! organizations working under contract to the US Army
Atmospheric Sciences Laboratory at White Sands Missile Range in New Maxico.
These field studies are known as the AMADEUS Dispersion Experiments.

The following meteorological instrumentation was employed to assess atmo-
spheric conditions during each of the smoke and tracer release periods:

1. An array of 14 surface stations (instrumented at a height of 10 m) was
used to map the horizontal variation of the wind field over the site.

2. A micrometeorological tower was used to determine vertical profiles of
wind and temperature to a 30-m height and to provide indirect mea-
sures of atmospheric stability through fluctuations in the wind velocity
and temperature.

3. Two sonic anemometers were used to directly measure the vertical
momentum and heat flux through the atmospheric boundary layer and
thus provide additional data by which to characterize atmospheric sta-
bility.

4. Instrumented balloons ware used to provide wind and temperature
profiles to a height of several kilometers, allowing the thickness of the
atmospheric boundary layer to be determined.

5. A mini-sodar, which employs reflected sound waves, was used to char-
acterize the atmospheric boundary layer to a height of roughly 300 m.

This report summarizes our analysis of the AMADEUS moteorological data.
Preliminary analysis (also given in Brown et al. 1990) ot these data for each of the
smoke-release periods include: (i) computation of averages of the surface-station and
micrometeorological measurements (wind speed, wind direction, temperature), (ii)
stability characterization by analysis of bulk Richardson numbers and wind direction
standard deviations, (iii) examination of vertical heat and momentum fluxes from sonic-
anemometer uata, (iv) analysis of spectra computed using 1-hz micrometeorological
data and (v) determination of boundary-layer height from the instrumented balloon
soundings. Additional results given in this report include: (i) an analysis of vertical




wind profiles, (ii) comparisons of Meadowbrook data with similarity-based empirical
relations and (iii) a comprehensive analysis of the nocturnal downslope flows.

The results show that the meteorological data are complete and internally consis-
tent. The daytime convective conditions reveal a high degree of coherency, showing
little variation in wind speed and temperature throughout the region. These results,
however, show only limited agreement with empirical models based on similarity the-
ory.

In general, the stable boundary layer is generally less well understood than is
the convective boundary layer, especially in a complex terrain setting whare condi-
tions are very site specific. Our data for the nighttime stable conditions follow this
same trend, exhibiting little coharency in temperature and stability across tha site. The
wind field, however, is almost always characterized by well-established downsiope
flows. Analysis of surface-station data has shown that the characteristics of the noc-
turnal downslope flows in the Meadowbrook valleys are influenced by a combination
of local cooling, local surface conditions and mesoscale drainage flows external to the
Meadowbrook system. These data appear to offer significant potential for im proving
the state of dispersion modeling in this important area.
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NOMENCLATURE
Meaning
Specific heat of air
Deviation used in computing oe; lies in the interval {-180°, +180°)
Turbulent kinetic energy measured by sonic anemometer
Nondimensional fraquency = nz/u
Accelertion of gravity
Heat flux
Eddy exchange coefficient for heat
Eddy exchange coefficient for momentum
Obukov length scale
Kolmogorov microscale
Modulo function; a mod b returns the remainder of a divided by b
Number of valid individual measurements in an average
Brunt-Viisala frequency
Frequency; also used as counting index in computing averages
Atmospheric pressure
Vertical-valocity/temperature correlation measured by sonic anemometer
Ideal gas constant for air
Gradient Richardson number
Bulk Richardson number
Fiux Richardson number
Scalar-mean wind speed

An individual wind speed measurement which may be either a 1-s value
or 1-min average

Single-sided power spectrum for u-velocity fluctuations
Single-sided power spectrum for v-velocity fluctuations
Single-sided power spectrum for w-velocity fluctuations

Mean temperature; an "i" subscript denotes an individual measurement
and may be either a 1-s value or 1-min average

Mean temperature at a height of 2 m
Mean temperature at a height of 10 m
Temperature differance; for example, T1om — Tam

Temperature difference between an upper-valley station and Station
A102
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Symbol Meaning

t Time

u Vector-mean wind speed; also the scalar mean of u

Uy Scalar mean of u

Uz Scalar mean of u;

Us Scalar mean of us

u Component of wind velocity in the direction of the mean wind; an "i* sub-
script denotes an individual measurement and may be either a 1-s value
or 1-min average

U4 First Cartesian (horizontal) component of the wind velocity; an "i" sub-
script denotes an individual measurement and may be either a 1-s value
or 1-min average

uz Second Cartesian (horizontal) component of the wind velocity; an ™"
subscript denotes &n individual measurement and may be either a 1-s
value or 1-min average

Us Third Cartesian (vertical) component of the wind velocity; an "I* subscript
denotes an individual measurement and may be either a 1-s vaiue or 1-
min average

TR Friction velocity

v Scalar mean of v; zero by definition

v Component of wind velocity normal to the direction of the mean wind; an
"i* subscript denotes an individual measurement and may be either a 1-s
value or 1-min average

w Scalar mean of w

w Vertical component of wind velocity; an "i" subscript denotes an
individua! measurement and may be either a 1-s value or 1-min average

w. Convective velocity scale

z Height above ground

Zi Height of boundary layer; inversion height

Zg Roughness height

2y Height at which wind speed or velocity is measured

ZT1, 272 Heights at which temperature is measured

€ Turbulent dissipation rate

K von Karman's constant = 0.4

A Local Obukhov length

o Inclination of wind velocity

p Density of air
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Symbol  Meaning

Oy
Ov
Ow
or
Op

Go,1 min

Standard deviation of u
Standard deviation of v
Standard deviation of w
Standard deviation of T

Standard deviation of horizontal wind direction; an "i" subscript denotes
an individua! measurement and may be either a 1-s value or 1-min
average

Standard deviation of horizontal wind direction computed from 1-min
averages of 6

Vector-mean wind direction; an "i" subscript denotes an individual
measurement and may be either a 1-s value or 1-min average

Potential temperature
Potential temperature scale
Shear stress

Kinematic viscosity
Nondimensional height z/L
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1. INTRODUCTION
1.1 The AMADEUS Smoke Dispersion Study

In order to more fully understand the meteorology and aerosol-dispersion charac-
teristics of complex terrain environments and to obtain data for the use of dispersion
model validation, a team of researchers from the University of lllinois (UIUC) and
Argonne National Laboratory (ANL) undertook a series of smoke dispersion trials at a
complex terrain site (the Meadowbrook Site) in Northern California. These experi-
ments, known as the AMADEUS Dispersion Experiments, took place from late
September to early October in 1987. This work was carried out under the sponsorship
of the US Army Biomedical Research and Development Laboratory (USABRDL).
These field trials were performed in cooperation with researchers from several organi-
zations working under contract to the US Army Atmospheric Sciences Laboratory
(ASL) located at White Sands Missile Range, New Mexico. The dispersion trials dis-
cussed herein represent only a small fraction of the total ASL effort, which had as its
major objective the validation and improvement of certain wind field models
developed by ASL. This larger effort, known as Project WIND, involved four major field
studies with the dispersion trials of interest here being carried out during the fourth
such study, reterrad to Phase IV.

The dispersion studies conducted at the Meadowbrook site produced a large
amount of valuable data on atmospheric flow and dispersion in complex terrain. Two
sets of dispersion experiments were actually conducted. In addition to the 12 fog-oil
smoke trials of primary interest here, 11 SFg-tracer releases were also made. The
tracar gas was sampled over a larger but more sparse grid than was the smoke. Also,
the tracer gas was collected using bag samplers, which give 5-min average values.
These gas collectors were placed on the ground giving an effective sampling height of
only a few cer ‘imeters. In contrast, the fog-oil smoke was collected using aspirated
filter samplers operated over the full duration of the trial and was simultaneously sam-
pled every second using an optical device. The smoke concentrations were measured
at heights of 2 and 8 m using the filter samplers and at a single height of 2 m using the
optical device. Depending on the trial, 30 to 40 locations were used for sampling the
smoke. In addition to the average and real-time smoke dispersion data, aerial pho-
tographs of the smoke plume were taken for all but the nighttime smoke releases.
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1.2 Overview

This report is presented in 3 major sections. In Chapter 2, the current state-of-the-
art theory of atmospheric boundary-layer structure is introduced as a foundation for the
discussion of the Meadowbrook results. In Chapter 3 the Meadowbrook atmospheric
data are discussed in detail, and reduced data encompassing the times of the 12 fog-
oil dispersion tests are presented. Concluding Chapter 3 is a discussion of the
applicability of conventional flat-terrain analysis to our complex-terrain data. In
Chapter 4 the nocturnal drainage flows which occurred at Meadowbrook are analyzed
in detail, and characteristics influencing their development and behavior are dis-
cussed.

15




. l
‘ l

2, ATMOSPHERIC FLOW

Over the past 40 years, a large effort has been undertaken to develop the funda-
mental knowledge which is necessary in order to accuratsly understand and model
the Earth's planetary boundary layer. In general, planetary boundary layers have a
few aspects which delineate them from other fluid boundary layers commonly studied
in engineering disciplines. The Earth's atmosphere has no horizontal boundaries,
necessitating the development of appropriate horizontal length scales. Also, the
atmosphere is characterized by local and regional thermal gradients which act to verti-
cally separate it into several distinct regions. The energy which most influences the
turbulence in the lower regions of atmosphere is obtained from surface heating and
cooling. Large scale atmospheric flow, however, is driven by horizontal pressure
forces created by global scale differential heating and is greatly influenced by Corioiis
acceleration imparted from the Earth's rotation.

In most of the theoretical and observational analysis of the atmospheric boundary
layer, its characteristics have been assumed to be decoupled from the rest of the
atmosphere, and rotational effects have been neglected. In doing so, its statistics are
dependent only on surface heat and momentum fluxes as well as boundary-layer
height. This has proven to be a good strategy and has led to the development of use-
ful similarity theories and turbulence parameterizations, many of which are obtainable
from surface measurements.

Much of the current research into atmospheric-boundary-layer physics has been
concentrated in determining the effects induced by complex (non-uniform) terrain.
Terrain-generated buoyancy forces strongly influence the boundary-layer flows,
whose characteristics may be very site-specific in nature. These added complexities
make the interpretation of data and the generalization of results much more difficuit.

2.1 Atmospheric Stability and Turbulence Classification
2.1.1 Thermal Stability and Boundary-layer Structure

The thermal stability of the atmosphere greatly influences its turbulence charac-
teristics, the knowledge of which are important for accurate dispersion modeling.
Thermal stability of the atmospheric boundary layer is directly dependent on its vertical
temperature profile. To account for the reduction of pressure through the atmosphere,
the potential temperature is often used to assess buoyancy, and hence stability. The
potential temperature is defined as the temperature that a parcel of air will attain if it
were isentropically compressed or expanded to 1000 mb. For a given temparature
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and pressure, the potential temperatura 6 may by found by applying the simple ther-
modynamic relation

0T T3 )ch' @1)

where Pyg Iis the standard reference pressure of 1000 mb, R is the ideal gas constant,
Cp Is the specific heat and both T and 0 are absolute temperatures.

During the daytime, the lower atmosphere is usually characterized by an unstable
boundary layer such as that shown in Figure 2.1(a). The formation and maintenance
of the unstable boundary layer is driven by solar insolation which warms the ground
and, through the agitation of mechanical turbulence, transfers this heat to the lowest
layer of the atmosphere. Through this process, incident heat energy is continually
transferred to the surface layer which, due to its instabllity at lower levels, forms large
convective cells and a region of vigorous mixing. The height of these cells is deter-
mined by the lowest inversion in the notential temperature profile, for as the air crosses
this inversion, it will no longer be warmer than its surroundings anu rising will cease.
Shortly after sunrise, this inversicn will move upward from ground level and may reach
a height of a kilometer or more by midday. As the inversion height increases, air is
drawn into the boundaty layer from a free-shear region known as the entrainment
layer In order to conserve mass. During late afternoon, this inversion height quickly
falls as the incoming solar radiation diminishes. About an hour before sunset, the
ground will begin to radiate more heat to space than it raceives from the sun, and
ground level cooling will commence.

The cooling associated with long-wavelength radiation flux creates a completely
different boundary-layer structure, which is not as clearly defined as that of the unsta-
ble boundary layer. The nocturnal boundary layer, which is much thinner than its
unstable counterpan, is idealized in Figure 2.1(b). The lowest few kilometers of the
atmosphere will usually experience radiational cooling, but cooling is greatest at the
surface, strongly stratifying the air at the lowest levels. Shear-induced turbulence wili
act to vertically spread the cooling throughout the surface layer, while the stably strati-
fied air will act to suppress turbulence created by ground level shear. The rapid dissi-
pation of turbulent energy by the work done against gravity greatly confines the vertical
size of eddies and limits turbulent exchange. Above the turbulent shear layer, the
boundary iayer Is often ornly intermittently turbulent and may contain inertial gravity
waves. In an average night, the potential tempserature profile will have a strong posi-
tive slope at ground level, changing to a weaker positive slope at the top of the shear
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layer. This slope may diminish entirely at higher levels (>2000 m). Wind direction will
often change considerably with height, and low-level jats are often present, creating a
problem in conceptually defining the boundary layer and greatly complicating the
analysis and interpretation of meteorological data.

in overcast conditions or when strong winds are present, the potential tempera-
ture profile Is often roughly constant throughout the lower levels of the atmosphere.
This will create an atmospheric boundary layer which is considered neutrally stratified.
Since the atmosphere is not convective or stably stratified during these times, the
shear-induced turbulence at the surface may extend throughout the entire boundary
layer. Since buoyancy may be neglsected, this situation greatly simplifies analysis and
has baen the basis for much theoretical atmospheric research.

2.1.2 Rlichardson Number

One of the most prevalent non-dimensional stability and turbulencs classification
parameters is the Richardson number, of which several forms have been developed.
The gradient Richardson number is defined in terms of the vertical gradients of density
and horizontal velocity as

. g (dp/oz)
Al p (0U/R2)2 ' (2:2)

where g is the acceleration of gravity, p is the density, U is the flow velocity and z is
vertical position. (As discussed in Brunt, 1952, this Is not the exact form first proposed
by L. F. Richardson but was named in this honor). Richardson number relations
employed in the atmospheric boundary layer, however, typically have the potential
temperature gradient substituted for the density gradient. This substitution allows for
convenient measurement of Richardson number but Is thermodynamically impracise,
since there exists a distinction between adiabatic (Ri(8) = 0) and neutrally buoyant
(Ri(p) = 0) stratification. However, the potential temperature based Ri does provide
good empirical results in describing the atmospheric boundary layer, since "neutral”
boundary layers (free of convection or thermal stratification) have been generally
found to be adiabatic. The distinction between adiabatic and neutrally buoyant may
become further clouded when moisture and condensation effects are considered.
These subtle distinctions are beyond the scope of this report, and from this point only
the potential-temperature Richardson number will be considered.

In his original analysis of buoyant fluid layers, Richardson first proposed that a
positively buoyant fluid would become turbulent through natural convection if Ri < 1.

19




Howaever, in the study of turbulent shear flows, the eddy exchange coefficients for heat
and momentum (Kn and Km, respectively) must be considered. Analysis of this prob-
lem with the gradient Richardson rrumber and the eddy exchange coefficients leads to
a critical Ri value of 0.25. (Miles, 1970). For Ri vaiues above this limit, turbulence will
be suppressed by buoyant stratification.

With the incorporation of the heat and momentum exchange coefficients, a flux
Richardson number may be defined by

Rif = %mﬂ R, (2.3)

where substitution of the defined values for K and K, given by the following relations

Tt al " AN
u'w' = -Km(gz- ) 2.4
WT = Ky ( gg ) (2.5)
leads to a relation between Rij and turbuient fluxes as
g wT
Rif = TR (2.6)
0 u'w ( 3z )

The flux Richardson number Ri¢ is a ratio of the turbulence destruction rate by
stable stralification to the turbulence-generation rate by shear, making it a measure of
the relative importance of buoyancy in influencing turbulence behavior and boundary-
layer dynamics. Large negative values of this parameter are indicative of unstable
stratification and thus convective turbulence. whereas largs positiva values denote
stable stratification which tends to suppress turbulent mixing. A flux Richardson num-
ber near zaro indicates an absence of excess turbulence production or dissipation,
implying nautrally buoyant stratification. As will be shown in Section 2.2.1, Ritis very
similar to the Obukhov Length L.

An additional form of the Richardson number is the bulk Richardson number Riy,
This parameter is based on the wind speed and change in temperature across a layer
and is also strongly dependent on height. The gradients appearing in the gradient
Richardson number are replaced by the corresponding finite differences (06/dz by
A0/Az and dU/oz by AU/Az), and the potential température by that of the upper measur-
ing location. These gradients are simplified by ditferancing the wind speed with
respect 1o ground level (i.e. u = 0 at z = 0), while assuming 61 (usually measured at a




height of a few meters) is representative of iemperature at ground level. Taking these
assumptions into consideration, Riy is then given by

- g z5(0,-64)
u§92 .

Rip (2.7)
Since a wind speed measuremeant is required at only one location, this parameter is
often favored over the gradient Richardson number for atmospheric studies. Besides
the appeal of needing less on-site instrumentation, the AU te.m in the gradient
Richardson number can be the source for large measurement errors, especially in the
presence of light winds. Some researchers prefer to replace the height z2 with the
geometric mean of the heights which temperature are measured ( Vz1z2 ). All Rip
values given for the AMADEUS uata ware computed using Eq. 2.7, but care should be
taken since certain empirical relations based on Rip call for the alternaie height scale.

2.2 Similarity Theory and Scaling

2.2.1 Surface-layer Scaling Parameters

Although there ware a number of valuable atmospheric field studies and expari-
ments prior to the 1850's, the resuits that were obtained were not easily classified or
comparable with those from other field studies. This situation was greatly impioved
when, in 1954, Monin and Obukhov published their similarity theories for the atmo-
spharic surface layer. Beginning from the equations of fluid motion, they assumed all
statistical properties to be invariant with time and direction and neglected viscous
terms. Since their similarity relations pertained only to the surface layer, they also
surmised that Corlolis and :adiative effects could be excluded and that shear stress
and heat flux are constant throughout the surface layer. With these restrictions, they
deduced that turbulent structure could be evaluated with the knowledge of heat flux,
friction velocity, buoyancy (g/T) and height. Within their new framework of surface-
layer parameterizations, they recommandec. a vertical length scale z/L, a horizontal
velocity scale u, and a potential temperature scale 8,. Subsequent field studigs, most
notably the Kansas Surface Layer Project of 1968, have demonstrated that many fun-
damental atmospheric statistics become generalized functions of the vertical scale z/L
(hereaftar referred to as {) when normalized by u, and 6..

The friction velocity is related to the surface shear stress t, which in turn is
relaied to the cross correlation of the horizontal and vertical velocities.
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U, = - = u'w' (2.8)

Analogously, the potential temperature scale is formed using the cross correla-
tion of the vertical velocity and temperature, and is normalized by the friction velocity.
These fluctuating vertical velocity and temperature components also define the heat
flux at a given point in the atmosphere. These relations are

W'y
0, = m (2.9)
and H=pcp Woo (2.10)

The Obukhov Length L is defined as the height where the energy contributions
from surface generatad shear and buoyancy production (or dissipation) are equiva-
lent. In atmospheric boundary layer characterization, ine dimensionless length scale

= 2/L is usually preferred and is given by

z gzx Wb
==~ (2.11)

The turbulent flux terms u'w' aa—;' and w'e’ % from which the Obukhav Length is

derived, are essentially the same as those that appear in the flux Richardson number.
The differeances between Rij and { lie in that a near-surface logrithmic wind profile is

assumaed in the derivation of the Obukhov Length, allowing for the replacemant of the
the gradient g% by u./xz. The negative sign is added to L so that z/L is in proper accor-

dance with the Richardson number sign convention.

The assumptions that were imposed in the development of this similarity theory
can be quite restrictive, but severa! field studies have demonstrated the apnlicability
and usefulness of these parameters. The heat and momentum fiuxes are not constant
throughout the ~urface layer, but they have been shown to vary by only around 3%
throughcut this ragion. The assumption of homogeneous and stationary turbulence is
usually valid in daytime convactive conditions nay easily be violated during stable
conditions, or in inhomogeneou. terrain. Also, s mentioned before, it has beern
assumed in the development of tha Obukhov Length that a logarithmic wind profile
uxists at the surface. This also is valid in convective conditions, even in complex ter-
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rain, but in stable conditions wind profiles may be seriously distorted in the presence
of large roughness elements or hills. Regardless of surface characteristics, similarity
theory may fail during periods of unsteady syncptic conditions of transitional meteorol-

ogy.
2.2.2 Parameters Employsd Outside the Surface Layer

Besides the Obukhov Length, another important length scale is the boundary-
layer height 2. During convective conditions, this is defined as the top of the well
mixed layer and presents a practical upper limit for the vertical transport of poliutants.
This limit evolves from a temperature inversion that forms during unstable conditions
and presents a barrier that convective piumes usually will not penetrate.

in the convactive bouncdary layer at heights above |L|, the wind field is dominated
by convection instead of mechanical turbulence. The friction velocity, and hence
Monin-Obukhov scaling, is not valid in this region since it lies above the influence of
surtace roughness elements. In order to cope with this problem, Deardortt (1970)
introduced a mixed-layer scaling parametier w. which incorporated the concept of a
quasi-homaogeneous layer in which the convective-eddy size is proportional to the
boundary-layer height. Using the inversion height, heat flux, and surface temperature,
he defined the convective velocity scale as

1/3

1/3 N
w, = aHz = - U, A (2.12)
Cp P To x L

and since u. is no longer a valid scaling parameter in this region, a convective tem-
perature scale is defined using w. instead of u.

N 1]
w 9o
w,

(2.13)

T, =
2.2.3 Stable Boundary Layer Characterization

Uniike the unstable convective boundary layer, the stable bourdary layer lacks
the clear concept of vertical structure and boundary layer height. As a rasul’, the turbu-
lant siructure lacks a parameterization like that found in \ne mixed-layer scaling for
convective conditions. Since vertical motion is suppressed by thu thermal siratifica-
tion, large eddies, such as ihcse in the convective boundary layer, do not extend
across the bourndary iayer. This creates the need tor an appropriate local length scale
for turbulent exchange. In addition to thase problems, turbulent energy varies strongly




with height and time, and the determination of its structure can be hindered by the
coexistence of turbulence with anomalies such as gravity waves and Kelvin-Helmholz
billows. Although no generally accepted parameterization for the turbulence structure
exists, local scaling parameters have been suggested by a few investigators. The
most notable is that of Nieuwstadt (1984), who introduced the local Obukhov Length A
as an extension of the Monin-Obukhov similarity to the stable boundary layer. This
local length scale is given by

13/2 0

A= .
g x z we'

(2.14)

This is similar in form to the Obukhov Length, but all fluxes are height dependent and
no longer influenced by surface values. Nieuwstadt went on to demonstrate how z/A
can be used to scaie turbulent quantities above the surface layer much like z/L does in
convective conditions.

In addition to local scaling parameters, a few appropriate length scales have
been proposed concerning nocturnal boundary layer height. In most circumstances, a
surface "inversion” exists, the height of which can be defined as where either the
potential temperature gradient becomes small (Yu, 1978) or the negative heat flux
caused by turbulent transport (in weak stability) or radiative cooling decreases to a
threshold value (Melagarejo and Deardorff, 1974). The turbulent shear-layer daepth
(mixing depth) is usually lower than the inversion height and more difficult to qualita-
tively define, much less quantitatively assess from ground-level measurements. In
many circumstances, especially in the presence of strong cooling and light winds or
above the surface layer, the wind-field turbulence may locally collapse into regions of
laminar motion. These regions can extend to ground level reducing the shear bound-
ary layer to a few meters. The depth of the turbulent shear layer, as opposed tc
"inversion height,” is of the most concern in dispersion modeling. Unfortunately, many
issues concerning the characterization of the turbulent shear layer have yet to be ade-
quately resolved.

2.3 Flux Profile Relationships

The profiles of temperature and velocity can be described as functions of { using
tha scaling parameters described in Section 2.2.1 These profiles may be written in the
following form
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& = = () (218)
0.
= =m0, (2.16)

where ¢m and ¢n are unique functions of {. Several investigations have be3n under-
taken in an effort to determine empirical functions for ¢m and ¢n. The most commonly
used forms are those proposed by Businger et al. (1971). Using data from the Kansas
Surface Layer Project in 1968, Businger developed the following similarity functions:

om = (19 2< <0 (2.17)
= 1-B¢ 0<{<1.5

on = ROIY Y12 —2< L<0 (2.18)
= R-P'¢ 0< {<i.5

where Y= 15,y =9, B=f'= 4.7, and R = 0.74. The upper bounds of |{| given in these
expressions are suggested on the basis that the data used in the development of
these relations covers only this ranga. Comparison of these relations with the Kansas
data (Businger et al. 1971) is very good for { < 0, but for { > O the scatter in the data
becomes quite large, emphasizing the problem in characterizing the stable boundary
layer, even on very ideal terrain. Also, the von Karman constant x has been deter-
mined to be 0.35, in disagreement with the generally accepted value of 0.4. in a re-
examination of the Kansas data, Wieringa (1980) suggested that anemometer over-
speeding may be the cause of this low estimation of x, but no general consensus
exists in the literature. Dyer (1974) suggested relations of the same form az Eqs 2.17
and 2.18, butwithx =0.4, y=16,yY = 16, P= p'= 5.0, and R = 1.0.

The above relations may be integrated to give the velocity and temperature pro-
files with L, u, and 8, being independent parameters. An additional quantity that
becomes important at this point is the lower bound of these integrations, the rough-
ness length zo Employing the concept of zp and integrating Eqs 2.17 and 2.18, the
integrated profiles evolve in the following form

u(z):%[ln%-‘l‘m(t)+\}‘m(%) ] (2.19)
6.
0(z)—0(zo)=R—'c-[ln-zz;-‘Ph(C)+\Fh(z-l?-) ] (2.20)
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Using the above relations and Businger's similarity function given by Eqs 2.18 and
2.19, Paulson (1970) procured the following exprassions for ¥y, and ¥y,

i 2/ 1+4x2 n .
|n“%")(*; )]—Ztan'1(x)+§ <0 (7.21)
¥m (§) =
-B g {20
( 1
2'"(_;!) £<0 (2.22)
Wn(f) =9 B’
- B¢
R 20
\
where X = om = (1414

Y =0¢h = (1‘Y c)‘lIZ.

Using these profile relations, the surtace-layer fluxes can be estimated from a
knowledge of the wind and temperature profiles, and saveral methods for accomplish-
ing this exist in the literature. The U. S. Environmental Protection Agency (EPA) rec-
ommends the use of a least-squares method by Nisuwstadt (1978) when wind speed
and temperature data are available at three or more levels. As implied, this method fits
Eqgs. 2.21 and 2.22 to the wind and temperature profile data, minimizing the error at the
individual measurement locations. Howsver, the iterative solution of this problem is
often very slow to converge and is not robust. With these problems, slight irregularities
in wind and temperature profiles may cause a complete fallure uf convergence or
gross errors in flux estimates.

Wher fewer than 3 levels of temperature and wind speed data are available, but
temperature measurements at 2 heights are avallable, the EPA recommends the uso
of a method by irwin and Birikowski (1980). This method only requires the knowledge
of the bulk Richardson number, defined by £q. 2.7, and an estimate of the roughness
length. The solution procsdure centers around a functional relationship between Rip
and L as being

B- % Rip | (2.23)
The empirical forms for F and G are developed from the integral forms presented in
Egs. 2.21 and 2.22 and are qi'.:*n by
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kF = - (2.24)
[ 2
1 1
n| (%) Tgtl ) [ gl +2tan_,( Mo~z ) L<o
< Zo na+1 Mo+ 1+naN2
In (z2/20) + P za/ L L20
\
x A6 u,
KG = (2.25)
-w'e'
)
2 \( Mt ¥
Rm[(z‘)(l,-ﬂ L<O
= 9
In (22/2¢) + B*' (22 — 24) / L L20
\,
where Ny = (1-v 22“_)1/4

M= (1-y2/L)™
2ym (1=y29/L) "
Aym (1=922/L) "

where the values of 8, B', v,¥, R and x are those given by Dyer (1974). This method
is fairly robust and produces satisfactory results, but the inherent sensitivity to 2, is
cause for some concern. The algorithm also tends to overastimate the value of |L|,
sometimes by as much as 100%. Based upon comparison with Kansas and
Minnesota data, the authors recommend underestimating zo to provide more accurate
results.

Boughness Length Determination

Given the wide application of the atorementioned methods for determining sur-
face-layer parameters given profile o; Rip data, the estimation of the roughness length
2o evolves as an important issue. In a physical sense, 2, is @ measure of the eddy size
at the surface and characterizes the efficiency of momentum transport at this level.
Early investigators atternpted to relate zoto the actual height of the roughness ele-

ments. In particular, Nikuradse (1933) proposed the proportional relation 2o = 2,/30.
These approaches, howaver, are physically unrealistic since surface-eddy size should

-
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depend not only on roughness element size, but also on the distribution and arrange-
ment of these elements. Over flat terrain, the roughness height is most easily deter-
mined by plotting the wind speed with respect to In(z). If a logarithmic profile exists
near the surface, zo is determined by linearly extrapolating the profile to where the
wind speed Is zero. If the tower is on a small rise or trough, a displacement length may
be necessary to correct between local and upwind ground level.

Typically, one will not have a velocity profile from which to compute roughness
length, and a estimate based on surroundings will be necessary. Table 2.1 lists
approximate values for zq for a variety of uniform surfaces as given by Randerson
(1984) and EPA (1988).

Table 2.1 Approximate values of roughness length for a variety of surfaces
in uniform terrain as given by Randerson (1984) and EPA

(1988).
Terrain description 25 (M)
~Smooth ice or mud 0.00005
Snow covered smooth ground 0.0001
Open sea with > 5 km fetch 0.0002
Grass lawn up to 1cm high 10-3
Grass lawn up to 5 cm high 10-2
Farmland, corn / hedges 0.1
High crops with scattered obstacles 0.3
Parkland, other larger obstacles 0.5
Centers of large towns, forests 0.5-1.0

Most often, however, terrain is not uniform and z, will be characterized by iso-
lated large obstacles and other surface anomalies. In these cases zo may be very dif-
ficult to estimate, since zg can vary with wind direction, wind speed and stability.
Roughness length assessment is further complicated in complex terrain, since u. may
vary with height, violating the assumption of a logarithmic profile and making the
determination of z¢ difficult even when employing a micrometeorological tower.
Intuition and experience are most oftan the best tools for the determination of 25 in
these conditions, although a few empirical relations have proven to be of sume use. In
particular, the EPA recommends the use of a procedure which employs the standard
deviation of wind velocity and is given by
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u " in(2/z0) ° (2.26)

This relation, however, is only recommanded when the 10-m wind speed is above
5 m/s.

2.4 Complex Terrain Effects
2.4.1 Principles of Gravity-induced Flows

Much of the recent work in the field of boundary-layer meteorology has been con-
centrated in determining the effects induced by the local and regional terrain. The
addition of heterogeneous terrain transforms the analysis of surface-flow characteris-
tics from a one-dimensional (vertical) into a two- and more often three-dimensional
problem. Shallow, near-surface density gradients are the driving mechanisms for
these flows, which can cover regional areas cover up to 100 km on the slopes of
mountain ranges or less than 1 km on an interior valley slope. Since these density
gradients are created by the surface heat flux, factors which atfect radiational
exchange, such as low-level cloud cover, local humidity, and soil characteristics, have
the strongest influence on the development and maintenance of valley flows.
Depending on the size of the valley wind system and the overlying meteorological
conditions (weather), the surface layer flows in complex terrain can sometimes be
considered decoupled from geostrophic flow.

The simplicity of the gravity-induced buoyancy forces that drive these flows often
overshadows the complexities that can arise in their character. These diurnal charac-
teristics are governed by the surface heat flux and the temperature gradients in the first
few nundred meters of the atmosphere. In the day solar heating warms the air at the
surface, which proceeds to flow upslope due to its buoyancy. Then during late after-
noon and night, long-wavelength radiational cooling will begin, the surface heat flux
will reverse, and a positive potential temperature gradient will form. This gradient will
cause the wind field to reverse diraction and flow downslope. In the morning, the solar
warming will reverse the near-surface potential temperature gradient and initiate
upslope flow.

The most complex and difficult-to-handle of these two flcw regimes are the noc-
turnal drainage flows. The lack of strong vertical mixing and restricted transverse
mixing cause surface-induced flow disturbances to be transportec downwind for con-
siderable distances. In deep valleys weaker flows may form on the sidewalls, often
with depths less than 10-m. These flows may interact with, oftan oscillating, valley
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drainage flows and create turbulent shear zones which may significantly atfect the dif-
fusion of pollutanits (Shinn et. al. 1989). Many site-specific flow regimes, such as those
created in the confluence of two valleys (i.e. at Meadowbrook), must be analyzed with
care, since their characteristics are difficult to compare with those from other sites, let
alone lend themselves to a generalized treatment. These topics will be further dis-
cussed in Chapter 4.

2.4.2 Similarity Relations In Complex Terrain

The flat-terrain similarity relations introduced at the beginning of this chapter
employed many assumptions which are easily violated in complex terrain. Problems
may arise from the existence of multiple internal sublayers in airflow over terrain of
heterogeneous roughness or the formation of nonideal wind profiles that include very
low level jets and other anomalies. Also, surtace heat flux is often heterogeneous and
unsteady due to variations in ground cover and solar angle of incidence .

In local regions of homogeneous terrain surrounded by larger regions of com-
plex terrain, such as that seen in the main vailey at the Meadowbrook unstable dis-
persion site, terrain effects in unstable convactive conditions may sometimes be disre-
garded. Horizontal length scales associated with these conditions are usually rather
small. This causes the wind field at a particular location to appear horizontally homo-
geneocus and its statistics to be stationary. These small length scales result from the
disruption of the surface layer by convective thermals which entrain the surface air and
exchange it with air from the well-mixed layer. Since any particular parcel of air is
present on the ground for only a short period of time, the wind field cannot retain ter-
rain information for more than a few hundred meters and will not have the ability to
reflect the upwind terrain in its temperature and velocity profiles.

During utable drainage conditions, however, flat-terrain surtace-layer similarity is
almost always inapplicable. Generalized surface-layer similarity is very difficult to
conceive due 10 the long length scales and site-specific conditions. In these ccndi-
tions, however, there lies a great need for a proper understanding ot the flow phy<ics,
since pollutants will be transported at low levels for considerable distances.

2.5 Variance and Spectra

As discussed in the first part of this chapter, the development and use of surface-
layer similarity is important for the proper treatment of meteorological data. However,
the dispersion of aerosol contaminants is governed by the actual turbulent fluctuations
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present in the flow. Although impussible to analyze in an exact sense, turbulent fluc-
tuations may be hardled very nicely statistically. The most common meathod of charac-
terization for these fluctuations is the standard deviation (or variance) of the wind com-
ponents. Skewness and kurtosis (third and fourth moment statistics) are also used,
especially with the analysis of vertical velocity fluctuations in unstable stratification
(which do not exhibit Gaussian behavior), but these are mostly used for modeling and
are seldom measured and analyzed in atmospheric flows.

Also significant are the sprictra, which characterize the distribution of turbulent
energy with respect to frequency. The spectra, which may be computed using the
Fourier transform, is fundamental in determining which length scales are important
and how energy is transferred within the flow. By definition, the variance can be
expressed as the intagration of the spactra from wave numbers from O to infinity.

2.5.1 Standard Deviations of Wind Components

Derivation of turbulent statistics such as variance, skewness, etc., is not possible
using the similarity theories presentad earlier. However, the similarity parameters
described in Section 2.2 are often used in the normalization of these statistics and in
the development of empirical correlations based on obsarvations. Fitting into the
overall framework of the Monin-Obukhov similarity theory, standard deviations have
been shown to be functions of { and u. in regions where similarity is applicable. Of
course, complex terrain and other non-ideal factors may introduce additional scaling
parameters.

Neutrally stratified air is most easily handled, since buoyancy is not a factor and {
approaches zero. Data for these conditions have shown that the standard deviations
for all three velocity components are directly proportional to the friction velocity, with
constants of proportionality differing between the components. In an extensive review
of these constants from several investigations, Panofsky and Dutton (1984) concluded
that

6y = (239+£0.03) u., (2.27a)
ov = (192+£0.05 )u, (2.27b)
and ow = (1.251£0.03 )u.. (2.27¢)

Correlations for velocity fluctuations based on { in stable air are tenuous at best.
When { is not large, the above relations for neutral coniditions may be used. However,
for larger values of {, wind speeds are often low, and large low-frequency undulations
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in wind direction are common. Variances under these conditions are more likely to be
affected by the slowly meandering wind field than by the iurbulent fluctuations, which
are more important to dispersion.
in unstable stratification, horizontal velocity fluctuations depend on the movement
of large convection cells, which naturally scale with boundary-layer height. Thus,
there should be little or no height dependence. Panofsky et al. (1977) developed the
following height-independent empirical relation applicable to both oy and oy
2 1/3
Gy ~ Oy = U, (12 -05[ ) (2.28)

Hejstrup (1982) incorporating a weak depandence on height, especially for small |L|,
and differant forms for oy and oy proposed

2 273
o 2 (1-2/2;)2
( ™ ) -o.s( L ) +48 I8 2im) (2.29a)
2
Oy _zi @ __(1-2/z;)?
and ( ™ ) =07(-{ ) +27 (“2.8—'-)—;“2.) o (2.28b)

For the vertical velocity in the surface layer, Panofsky et al. (1977) and Hejstrup
(1982) both recommend relations which scale to the /ocal height instead of boundary-
layer height. Hojstrup, however, incorporated a dependence on z/zj, providing three
relations. Panofsky suggests

13
cw=125u,(1-3¢) z<h (2.30)

whereas Hajstrup suggests

ow=u. (1.5+38¢]

12
#2) 2/h~0001 (2.31a)

ow=u (1.6 +2.9 (| 2/h~0.01  (2.31b)

112
#2) 2/h~0.1 (2.31c)

ow=u. (1.1 +1.7 (¢

The ditterance in scaling between the horizontal and vertical velocity variations

lies in the supposition that the prominent velocity component of the large convection
eddies vill be horizontal at ground level. This dictates that these cells, which scale
with the boundary layer height, induce the largest horizontal velocity fluctuations. The

vertical velocity fluctuations, howevar, are influenced by a large range of eddies
whose size depends on their proximity to the ground.
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Even though some experimentai data exists for vertical velocity fluctuations
above the surtace layer (Deardorff, 1970, Caughey and Palmer, 1979), the scatter in
the data do not lend themselves to an easily definable empirical relation. The appro-
priate scaling parameters for this region are w. and h (Smith and Blackall, 1979), and
several empirical forms using these have been suggested. However, the differences
in these relations above the surtace layer are extreme.

Complex terrain will generally increase the estimates of horizontal standard
deviations, since the wind will be able to retain information about upstream conditions
for long distances. The proportionality constants presented earlier for neutral to mod-
erately stable conditions can exceed twice their flat-terrain estimates for mean-wind
and transverse velocity fluctuations. In unstable conditions, similarity-based estimates
may underestimate observations, but these discrepancies can often be neglected.
Regardless of statility, small eddies, which quickly adjust to terrain, characterize verti-
cal velocity fluctuations in the surface layer. Hence, complex terrain effects on ow are
greatly reduced.

2.5.2 Spectra ot Wind Components

Physically speaking, the variances of the velocity components are a measure of
the turbulent energy in the atmosphers, and the spectra display how this energy Is
distributed with respect to frequency. When displayed on a log-log scale, as is almost
always done with atmospheric spectra, velocity spectra for mesoscale time scales
have a characteristic shape into which three regions of turbulent energy exchange are
commonly delineated. The energy containing subrange is !ocated at lower frequen-
cies and is classified as the region where energy enters the flow. The addition of this
energy is most often through mesoscale processes or mechanical turbulence. The
inertial subrange is distinguished as a region where no energy enters or leaves the
flow but is cascaded from lower to higher frequencies. The region of its influence is
characterized by a -5/3 pov.er law and is easily discernible on the log-log scale. The
dissipation subrange is where viscous forces convert the mechanical energy into heat
and is applicabie for all wavelengths less than the Kolmogorov microscale. The length
scale associated with the Kolmogorov microscale may be interpreted as the size of the
smallest eddies and is given by

e = (

m <

1/4
J , (2.32)
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where v Is the kinematic'viscosity and ¢ is the turbulent dissipation rate. For air at sea
level, the eddy size associated with the Kolmogorov microscale is about a millimeter.

Unsiable Spectra

Ideal unstable velocity spectra are characterized by a family of curves which may
be delineated with respect to z/h and stability. Appropriate normalization, however,
has been shown to collapse the spectra for all to a single curve in the inertial sub-
range. For these spectra, Hojstrup (1982) proposed a model which incorporated a
mixed-layer component and a shear-generated component. Hajstrup hypothesized
that the interaction between the components is sufficiently small to allow them to be
modeled separately. From this basis, he developed the following models for unstable
spectra which are functions of 2, z;, L, u. and fraquency, and calibrated these with data
from the Minnesota and Kansas boundary-layer experiments,

nSyu 051 i /3 105 § (1-2/z{ )2

= | ru z/z) )
uf T (1+2.21,)8/3 ( L ) ¥ (1433 1,)573 (1415 2/2))2/3 (2.33a)
nSyy 0.95 { 2| \2/ 17 1y (1-2/2))?

uZ T (1+2.0f;)5/3 ( L ) Y (1495 fyy )5/3 ( 1+2.8 2/2)2/3 (2.33v)
NSww 2 + (0.32/2))2 12 0.95 1 z) @8 21 (1-2/2))2

uz * [ 12+.023 ] (1+2.0 f,)5/8 ( L ) * T (1+5.31 pi3 » (23%)

nz nz N —t
where f= U’ fl- u '’ fm = 1+15 z/zl ' and fN = 1+2.8 2/2|

These are usually plotted with respect to f, which is a non-dimensional frequency.
Hojstrup's varianca relations given earlier are merely integrations of the above spec-
tral relations. '

Stable Spectra

Spectra in stable conditions are less well understood and thus more ditficult to
accurately model. The spectral forms in these conditions are fundamentally different in
that effects of both waves and turbulence may be present. The majority of wave activ-
ity is due to oscillations which cdevelop from the suppression of turbulence by negative
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buoyancy. The waves associated with the oscillations are called gravity waves By
equating the buoyancy force to the vertical acceleration, the frequency of the resulting
sinusoidal solution is

1/2
(998
N ( 8 22 ) . (2.34)

This frequency is known as the Brunt-Vaisala frequency and is real in positive poten-
tial temperature gradients and imaginary in negative ones. Hence, N is only an
appropriate analysis parameter in stable conditions. Another form of wave activity is
Kelvin-Helmholz instabilities, which develop in free shear layers. Although Kelvin-
Helmholz Instability has not been extensively studied in ground-level atmospheric
flows, the mechanisms for their existence are present in nocturnal downslope flows,
espeacially in highly stable conditions when intense low-level jets may develop. The
formation and subsequent breakdown of Kelvin-Helmholz billows may be partially
responsible for intermittent turbulence observed during these conditions.

In the examination of spectra from stable conditions, a low-frequency wave sub-
range can sometimas be located in the vicinity of the Brunt-Vaisala frequency. This
will produce a gap between a wave and shear generated components, although the
mechanical component must be rather small for a distinction to be clear. The depen-
dence of spactra on gravity waves is somewhat troublesome, since gravity waves are
strongly terrain dependent and may travel great distances undisturbed. More impor-
tantly, their contribution in the dispersion of pollutants is minimal, even though their
apparent contribution to turbulent energy may be significant on the spectral level.

Another fundamental problem in the measurement of stable spectra is that turbu-
lence may be very weak or non-existent. Caughey (1977) analyzed data from the
Minnesota experiments and found that spectral estimates fell to near noise levels for Ri
values above about 0.2. This is what one may anticipate though, since for Ri > .25
atmospheric flow may well be laminar as was discussed in Section 2.1.2. Low wind
speads may aiso lead 1o large errors in spectral estimates due to the threshold level of
the instrumentation. These issues are discussed further in Section 3.3 where the
spectra of Meadowbrook data are presentad.

Local Isotropy

In turbulence, isotropy describes a condition where statistics are invariant with
respect to direction. Implications of isotropy include the independence of all velocity
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components from each other and identical variances for each component. In the
atmospheric boundary layer, isotropy i1s not observed, but it may exist at sufficiently
high frequencies, leading to the concept of local isotropy.

The soectra «.f the three velocity components may be used 1o determine if local
isotropy prevails at a given point. The main significance of local isotropy in atmo-
spheric flows I determining at what frequency isctropy will prevalil, since eddies with
fraquencies higher than this will not be distorted by the ground level roughness ele-
ments. For increasing frequencles, local isotropy prevails at the frequency where the
spectra ratios Syy / Suy and Sww / Suy converge to constant values of 1.28 and 1.33
respectively.
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3 ANALYSIS OF MEADOWBROOK METEOROLOGICAL DATA
3.1 Overview of Meteorological Measurements
3.1.1 Site Characteristics

The Meadowbrook dispersion site, fog-oil sampling grids, and metearological
instrumentation are shown in Figs. 3.1, 3.2 and 3.3. This site is located approximately
20 miles east of Red Blutf, California in the foothilis ¢f the Sierra-Nevada Mountains
and consists of a forked creak valley with surrounding slopes rising to a height of
about 250 m above the valley floor. These slopes are covered with ceciduous and
coniferous treas reaching heights of 25 m, although the averagn height cf the sur-
rounding forest is about 8 to 10 m. Tha relatively flat main vallay, which is about 800 m
across at its widest point, lies west of the confluence formed by ihe joining of Plum
Creek with Payras Creek. These two creeks flow down from the higher elevations
aast of the valley. The cleared areas paalleling each of the two creeks narrow and
gventually vanish as elevations increase.

The surface meteorology of the site is dominated by mesoscale slope flows which
arise from the Eoise-Cascade mountains that lie to the west of the site. At night,
coldaer, denser air flows down these mountain slopes into the valley; whereas during
the day, warmer, buoyant air flows up these slopes from the lower elevations. These
mountains also strongly aftect local climate by blocking much of the moist air traveling
east from the Pacific Ocean thus giving rise to dry conditions. The decreased cloud
cever and humidity throughout the atmosphere resuits in very strong daytime heating
and nocturnal caoling. The intense daytime heating is responsible for temperatures in
excess of 40 °C on occasions during the testing period. Nocturnal cooling and stratifi-
cation are equally intense with temparatures below 10 °C occurring in the lower areas
of the test siie, and temperature differences between the valley ficor and ridge tops
approaching 15 °C on very clear nights. The meteorclogy of the test area is well
established, both through the nature of the terrain and through three pravious large-
scale wind field studies carried out in Phases | — lii of Project WIND.

To effectively utilize the diurnal wind characteristics present at Meadowbrook, two
smoke release locations and associated sampling grids were established. One,
known as the "unstable release point," is located at the wast end of the valley tioor as
shown in Fig. 3.2. This release point was used for daytime experiments when upslope
winds were anticipated. The "unstable" dasignation comes from the fact that a highly
convgctive, unstable atmospheric boundary layer is expected under these conditions.
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Figure 3.1 Topographical mag of the Meadowbrook Site. Elevations are in feet abovs
sea level with contour lines at increments of 40 feet. The horizontal scale
is in Universal Transverse Mercator coordinates, with the grid inarked in
km. The topographical information i1s taken from tha USGS map of Inskip
Hill, Ca«fornia.
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Figure 3.2 Close-up views of the “unstable” test arsa showing (a) locations of relevant
meteorological instrument towers and (b) enlarged view of the sampling
transects. The horizontal scale is in Universal Transverse Mercator coordinates,
with the grid marked in km. Elevations are in feet above sea leve! with conteur
lines at increments of 40 feet The tupographical information is taken from the
USGS map of Inskip Hill, California.
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Figure 3.3 Close-up views of the stable test area showing (a) iocation of relevant
meteorological instruments and (b) enlargad view of the sampling transects. The
horizontal scaia is in Univarsal Transverse Mercator coordinates, with the grid
marked in km. Elevations are in feet above sea level with contour lines at
increments of 40 feat. The topographical information is taken from the USGS
map of Inskip Hill, California.
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The second location, known conversely as the "stable release point,” lies in the upper
reaches of the cleared area of the Plum Creek valley and is shown in Fig. 3.3. This
location was used for the nighttime and early morning smoke releases when
downslope winds and a stable atmospheric boundary layer ware anticipated. The
commonly employed t2rms "stable” and "unstable™ must be carefully applied, however,
since their specific meanings may become clouded in a complex terrain setting such
as the Meadowbrook Site, where local stability may be extremely heterogeneous.
Although somewhat vague, thet~ ierms provide a simple, convenient and easily
understood method of distinguishing the two types of smoke releases. Moreaver, the
use of these labels has become so witespread in the AMADEUS literature that
adopting a new tarminclogy now would only serve to greatly confuse matters.

Near the unstable release point, the wind is predominantly from northwest to
southeast, following the curvature of the valley. Samplers were operated along three
transects to a distance of 250 m from the source as shown in Figs. 3.1 and 3.2. The
high dilution rate of the smoke as well as strong vertical lifting under highly convective
conditions preciuded measurement at greater distances, and for mest of the tests
diminished the concentrations at the third transect. Because of the limited distance
involvad and the relatively flat terrain of the valley floor, little if any complex terrain
effects on the dispersion were experienced.

Near the stable release point, the wind foilows the gradient of the terrain quite
well. The smoke disparsion characteristics may be very sensitive to the /ocal stability
and surface roughness, especially in the near-field region, Five rows of samplers
spanning the width of the creek valley and covering a downwind distance to 2 km were
used to sample the smoke released from this location as shown in Figs. 3.1 and 3.3. In
a few of the tests, samplers located on the third transect of the unstable-release-point
grid were also operated to give a total sampling distance of more than 3 km.

In total, twelve smoke releases were made: five from the unstable release point
and seven from the stablo release point. The trials ranged from 12 to 67 minutes in
duration with the majority of the releases lasting between 30 minutes and an hour.
Seven of the trials (four unstable and three stable) were conducted under clear skies;
the remaining fiva were carried out under partly cloudy conditions. Five of the seven
releases at the stable release point were made in the early morning hours shortly
before the trznsition from downsiope to upslope flow occurred.

41




3.1.2 Surface Stations

An array of surface stations was used to map the wind field over the
Meadowbrook site. In its simplest form, a surface station measures the wind speed,
(horizontal) wind direction and temperature at a height 10 m above the ground. At
some of the stations, a second temperature measurement at a height of 2 m was
added to determine the vertical temperature gradient (lapse rate). Using the lapse
rate, atmospheric stability can be inferred using the bulk Richardson number
described in Section 2.1, although the validity of this procedure is a matter of some
controversy in the literature. In some instances, these basic data are supplemented by
additional measurements such as the soil temperature, the solar heat flux and the
humidity.

During the AMADEUS Dispersion Experiments, thiteen 10-m surface stations
equipped with cup anemometers and direction vanes were used. In addition, a 30-m
micrometaorological instrument tower was located in the center of the valley floor as is
more fully described later. Cup anemometers and direction vanes were mounted on
this tower at the 10-m and 30-m levels. Thus, a total of 14 surface wind-field mea-
surements were made at the 10-m level and an additional measurement was made at
the 30-m lavel, creating a total of 15 measurements.

In addition to the cups and vanes, the 30-m tower was also equipped with three-
component propeller anemometers at heights of 2, 4, 8, 16 and 30 m. The coexistence
of two different types of instruments at the 30-m level allows readings from the two
types to be compared. This comparison reveals that the cup anemometer reads con-
sistently higher than the propeller anemometer by 10 to 20%. A similar comparison
between the cup anemometer reading at the 10-m height and a value interpolated
from the 8-m and 16-m propeller measurements yields the same conclusion. Based
on the fact that the instruments were calibrated before use, the most likely explanation
for this disparity lies in the response characteristics of the cup anemometer in a hori-
zontally and vertically fluctuating wind field. Discussions with the scientists from the
NCOCAA Atmospheric Research Laboratory who were responsible for operating these
instruments confirmed the fact that their cup anemometers do, in fact, typically read
higher than their propeller anemometers by the same percentage as was observed in
this study.

Three different organizations were involved in gathering the surface-station data
as follows:
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1. Eight of the 15 stations, designated A101, A102 and A105-A110, were
operated by the Physical Sciences Laboratory cf New Mexico State
Univarsity, Las Cruces, New Mexico. All eight of thase stations were
equipped with wind and ternperature instruments at the 10-m level.
The temperadture differerice between the 2-m and 10-m levels was also
measured as was the soil temperature. These stations ran continu-
ously (except for unscheduled down time) over the 17-day period dur-
ing which the trials were conducted. One-minute averages were com-
puted from 1-s samples by the data acquisition equipment in the field.
Th?(se 1-min averages were saved and ultimately transferred to floppy
disk.

2. Two of the 15 stations, designated A103 and A104, were operated by
Nowcasting of Chico, California. Wind and temperature measurements
were made at the 10-m level, but no auxiliary temperature measure-
ments were made. Moreover, the temperature sensor on Station A103
exhibited a very slow response time as compared with the other sur-
face-station sensors. These stations ran continuously for most of the
testing period, although Station A103 did not operate during the first
three smoke trials. One-minute averages were computed in the field
from 1-s samples by the data acquisition equipment. These 1-min av-
erages were saved and ultimately transferred to floppy disk.

3. Five of the 15 stations, designated A111 through A115, were operated
by the NOAA Atmospheric Resaarch Laboratory of Idaho Falls, Idaho.
As previously noted, Stations A114 and A115 correspond to cup
anemometers and direction vanes mounted at the 10-m and 30-m lev-
els of the 30-m instrument tower. The temperature for Station A115
was taken as the value recorded by the micromateorological sensor
mounted at the 30-m level. Lacking a corresponding measurement at
the 10-m level, we elected to use the actual value at the 8-m lavel
rather than a value interpolated from the 8-m and 16-m data. These
five stations were operated only during the smoke and trac.r release
periods. The cata were sampled at 1-s intervais using a central.zed
data acquisition system. The 1-s daia were transferred directly to nine-
track magnetic tape, and 5-min averages were simultaneously pro-
duced for use by the Test Officer. We used the 1-s data on tape to gen-
erate 1-min averages of the same type available for the other surface
stations.

3.1.3 Micrometeorological Measurements

As was previously discussed, a 30-m tower equipped with wind and temperature
instrumants at five levels (2 m, 4 m, 8 m, 16 m and 30 m) was operated by the NOAA
Atmospheric Research Laboratory of Idaho Falls, Idaho. Propelier anemomasters were
used to measure all three components of the wind velocity, and the data were sampled

43




remotely at a 1-hz rate. In addition, unidirectional laser anemometers were used to
measure the bulk flow velocity through the valley at three levels.

The micrometeorological data serve two primary purposes: (a) to characterize the
vertical variation in the mean wind speed, mean wind direction and mean temperature,
and (b) to provide information on the turbulent componants and fluxes present in the
wind and temperature fields from which the structure of the atmospheric boundary
layer may be inferred. Momenturm and heat fluxes may be found by directly analyzing
the actual turbulent fluctuations of velocity and temperature (eddy corrslation) or by
profile fitting as was discussci in Section 2.3. Unfortunately, direct methods require
fast-response instrumentaticn and generally fail for 1-hz data.

In processing the data, it was discovered that for several of the test periods a dis-
crepancy existed in the wind direction between the propellers and the vane at the 30-
m level. The worst of these are for (a) records starting at 21:00 on Septeinber 24 and
ending at 02:40 on September 25 for which the disparity is 15-20°, (b) records starting
at 02:15 on September 27 and ending at 07:50 on September 27 for which the dispar-
ity is 65-70° and (c) records starting at 09:40 on September 28 and ending at 13:45 on
September 28 for which the disparity is 20°. NOAA-ARL personnel reported that, due
to difficulties in maintaining the alignment of the wind vane, several adjustments to the
instrument were required during the course of the field study. Considering these
problems, we assumed that the wind vane was in error. For the test periods men-
tioned above, the data for Station A115, reported in Section 3.2, have been cotrected.

3.1.4 Surface Momentum and Heat Flux Measurements

Two sonic anemometers (designated A and B) were operated by researchers
from Rise National Laboratory in Denmark. Sonic Anemometer A, which only oper-
ated during the daytime dispersion tests, was located at UTM coordinates 4462474 N
and 565523 E, which is about 100-m northwest from our unstable release point. Sonic
Anemometer B, which operated almost continuously between September 21, 1987
and October 4, 1987, was located at UTM coordinates 4462417 N and 586756 E,
which is about 100 m west of 30-m micrometeorological instrument tower (Station
A114 and A115). Figs. 3.1 and 3.2 show the location of the two anemometers within
the test area.

These two instruments recorded temperature and tri-directional wind-speed data
at a 20-hz rate. With this rapid response time, it is possible to directly measure the tur-
bulent momentum and heat fluxes in the vertical direction, and thus provide direct
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information on atmospheric stability. However, these data exhibit considerable varia-
tion with time as eddies of various sizes pass by the measuring point. To partially
overcome the transient nature of these measurements, the 20-hz data were averaged
into 10-min data on site. Only the 10-min avaerages were available for the analysis
considered here.

Caution must be exercised in the interpretation of sonic-anemometer data, since
the turbulent fluxes are measured at a single point and may not be representative of
the entire area. This is an important consideration for our data, since the meteorology
at the Meadowbrook site is very heterogeneous, especially at night.

3.1.5 Instrumented Balloon Soundings

Attention thus far has been focused on near-ground flow patterns and the stability
of the atmospheric boundary layer. An equally important parameter for dispersion
modaling in unstable conditions is the atmospheric boundary-layer height. As dis-
cussed in Chapter 2, the unstable boundary layer is characterized by a strong capping
invarsion which lies near the ground at dawn and rises to an asymptotic height of as
much as several kilometers over the course of the day. Bright sunny days with intense
ground heating, such as are typical of the Meadowbrook Site, give rise to highly con-
vective boundary layers. Determining the height of the boundary layer under stable
conditions is more problematic, since the current understanding of stable-boundary-
layer physics is poor and the vertical extent of the boundary layer is not so readily
apparent.

An instrumented balloon can be used to determine the vertical wind and tempera-
ture structure of the atmosphere to a height ot several kilometers and, it required, to
heights of tens of kilometers. This device consists of a large, helium-filled balloon out-
fitted with a small instrument package which can measure pressure and temperature
and radio this information to a ground-level tracking dish. The balloon is allowed to
rise fraely and its position is tracked by the ground station. Simultaneously, the in-
strument package telemeters backs the pressure and temperature data. Using the
time history of the balloon position, the pressure data (from which height can be ~om-
puted) and the temperature data, it is possible to determine vertical wind and tempera-
ture profiles.

Balloon soundings of this type can be used to determine an unstable boundary
layer height using one of two methods. If a sounding is made during the day, the tem-
perature inversion should be readily apparent and the height of the boundary layer
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immediately evident (at least in principle). Altarnatively, the sounding can be made
very early in the morning when the inversion is hear the ground. To obtain the mixing
height for any specific time of day, one combines the vertical profile of potential tem-
perature thus determined with the local ground-level potential temperature measured
directly at the time of interest. This method of determining mixing height is routine in
boundary-layer meteorology and has been found to give estimates which are within
50% of the actual value (Pendergast, 1984). Lacking & valid sounding, one can esti-
mate the mixing height from solar heating considerations (based on time of day, time
of year and cloud cover information) or by e spectral method presented later.

A valid sounding taken close to the time of the test is available for only one of our
daytime releases. Morring soundings are avaliiable for three of the othar four daytime
releases. No upper air data are available for the one remaining daytime trial nor are
any data available for the seven nighttime and early morning releases.

3.1.6 Minl-sodar Measureaments

A mini-sodar device was operated periodically during the study by researchers
from the Meteorological Section of the Environmental Research Division of Argonne
National Laboratory. This device uses reflected sound waves to characterize the
structure of the atmospheric boundary layer to a height of 300 m. Unfortunately, these
date are not in a ussful form at the present time, and thus have not been analyzed
here.

3.2 Suiface Station Data

3.2.1 Measurement Locations

The layout of fixed instrumentation at the Meadowbrook Site was shown previ-
ously in Fig. 3.1. Table 3.1 gives the latitude and longitude of Stations A101-A110
and A114/115 as determined by ASL-contractor personnel. The Universal Transverse
Marcator (UTM) coordinates which we calculated from these values are also given.
The locations of Stations A111-A113, in UTM courdinates, were supplied to us by the
NOAA-ARL personnel who operated the stations. The !atitude and iongitude coordi-
nates were determined by the ASL contractor using a Loran-C electronic positioning
system rather than by ground-based surveying. Aithough the readings are reported to
a resolutiori of 1" in both latitusde and longltude, whicl: translates into an uncertainty of
24 min latitude and 31 m in longltude at this site, the accuracy of the measurements is
generally believed to be between 2" and 10", depending or the quality and type of
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instrument being used. With these potential inaccuracies in mind, the uncertainty ir
the horizontal positions determined from the reported latitude and longitude coordi-
nates is expected to be between 50 and 250 m.

Table 3.1 Coordinates and elevations of meteorological surface stations as
determined by ASL contractor personnel.

Station Latitude Longitude | UTM north | UTMeast |Elevation [m]
A101 40°18'24" | 121°59'11" | 4462055 586104 321
A102 40°18'36" | 121°68'37" | 4462423 586903 323
A103 40°18'59" | 121°57'43" | 4463130 588173 370
A104 40°19'13" | 121°67°21" | 4483560 588690 449
A105 40°19'09" | 121°68'18" | 4463438 587350 465
A106 40°18'37" | 121°58'06" | 4462454 587632 332
A107 40°18'22" | 121°57'29" | 4461993 588502 355
A108 40°18'08" | 121°56'64" | 4461563 589324 390
A109 40°18'62" | 121°56'65" | 44G2915 589301 554
A110 40°18'00" | 121°58'21" | 4461317 587279 491
Al11 N/A N/A 4462248 585924 321
A112 N/A N/A 4462000 588909 369
A113 N/A N/A 4463576 588955 457

A114/A115 | 40°18'37" | 121°58'39" _232454 586856 322

Due to the Inaccuracies Inherent in the Loran-C system, many of the surface sta-
tion locations reported by the ASL contractor are substantially in error. This presents a
serlous problem, since the Meadowbrook site Is characterized by complex terrain and
very inhomogeneous mateorology. In an effort to resolve this problem, aerial ptio-
tographs, ground-level photographs and UIUC/ANL survey information ware analyzed
to pinpoint the location of the stations.

Station A114/115 can be seen In aerial photographs, and Its roported location
appears to be correct. The UIUC/ANL team surveyed the unstable grid relative to
Stations A114, A101 and A111. Using this survey information combined with the
known location ot Station A114/115, Stations A101 and A111 can be corractly located.
Station A102 can also be recugnized in an aarlal photograph; it is about 40 m east oi
its reported location. The UIUC/ANL team used Stations A106, A108 and A112 as ref-
erence points in suiveying the stable yrid. Since Transects 4 and 5 are visible in the
aearial photographs, these three stations can be correctly located from the UIUC sur-
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vey. Using the elevation, temperature and wind direction data, we concluded that the
reported location of Station A107 was grossiy in error. We hypothesized that the sta-
tion was, in fact, located in the middie of the Plum Creek valley. A personal communi-
cation with the ASL Project Leader (Mr. Ron Cionco) confirmed this suspicion and pin-
pointed the location as the narrowest point of the Plum Creek valley. During this com-
munication, it was also diso;,,n)!rmd that the reported location of Station A104 was sub-
stantially in error, and the correct location was established. Unfortunately, no such
supplementary information was avallable by which to correctly locate Stations A103,
A105, A109, A110 and A113. These stations are outside the sampling grids used in
the smoke trials and thus knowing their precise location is less criticel. Table 3.2
summarizes the revised locations and the arrors for the eight stations for which cor-
rected locations were determined.
Table 3.2 Coordinates of meteorological surface stations as determined by
the UIUC/ANL team. The difference column gives the horizontal

distance between the location shown and that determined by
ASL-contractor personnal as presented in Table 3.1.

Tower UTM north UTM east Di:;«;roeggg [f;%m
A101 4462053 586125 21

A102 4462423 586942 39

A104 4463534 588369 322

A106 4482502 587632 48 1
A107 4462236 588501 243

A108 4461710 589422 177

A111 4462139 586010 123

A112 4461960 588937 49

3.2.2 Surface-station Data Raeductlon

Averages of tha surface-station data were computed for each of the 12 smoke
releases. In addition, two quantitieas commonly used to characterize the turbulent na-
ture of the boundary layer were calculated from the surface-station data. One is the
standard deviation of the horizontal wind direction oa, and the other is the bulk
Richardson number, which can be calculated for those stations where two temperature
measurements are -vailable. For the purposes of this evaluation, the analysis was
carried out tor time periods beginning with the start of each smoke release and ending

48




10 min. after the smoke release was terminated. The extension of the averaging
period allowed time for the smoke plume * - move off the sampling grid.

Scalar and Vector Averages

Scalar averaging is used in the analysis of wind speed and tempsrature data.
For example, the scalar-mean wind speed S Is determined from

{ N
S = N Z S, (3.1)
N=1
where s represents an individual 1-min scalar-average wind speed and N is the num-
ber of valid measurements included in the average. Average temperature is computed
in the same manner.

Vector averaging is also required in the analysis of wind speed data whan com-
puting the vector-mean wind speed. The vector mean differs from the scalar mean Iin
thet it represents the average component of the Individual wind vectors in the vector-
mean wind direction. The computation of the vector-mean wind spsed proceads as
follows. One must first compute the component averages U and U, where

N
Uy = %n%u. (cos 8)) (3.2)
1 N
and Uz = 5 X ui(sine) . (3.3)
N=1{

Here, 6; represents an individual 1-min average wind direction. The vector-mean wind
speed U end vector-mean wind direction @ are then given by

U=vyUudsul (3.4)

and 6 ~ arctan (Up, Uy), (3.5)

where arctan represents the full-circle arctangent function ylelding values between 0°
and 360°.

Once the vector-mean wind direction 6 is determined, the individual wind velocity
measurements can be resolved into their mean-wind component u; and their cross-
wind component v; given by




Once the vector-mean wind direction 0 is determined, the individual wind velocity
measurements can ba resolved into their mean-wind component u; and their cross-
wind component v, given by

U = § Cos (6;—6) (3.6)

and v = § sin (6,-9). (3.7)

It is easily shown that the (scalar) mean velue of u is the vector-mean wind speed
U and that tho (scalar) mean value of v is 0. Because the cosine function appearing in
Eqgn. 3.6 is always less than or equal to one, it follows that each u; is less than or equal
to each s; and thus that U is less than or equal to S, the equality baing true only if the
wind direction is constant (i.e., 8, = 6, for all i).

Turbulence and Stabllity Rstimation

Although surface-station data are primarily used to characterize the mean wind
and temperature fields, estimates of atmospheric stabllity may be abtained from either
of two alternative methods. The first method uses oy, the standard deviation of the
horizontal wind direction, and the second method utilizes the verticul temperature
qradient to estimate stabllity through the Richardson number concept. Since only one
wind speed is avallable, we used the bulk Richardson number described in Chapter 2
and defined from surface-station measurements as

z2[Ta2 - Ty +y AZ]
Rlb ~3 9 ‘SaTa ' (2'7)

where the bracket term is simply the potential temperature difference. As is shown,
this may be computed using the actual tamperature difference with the addition of the
YAz correction, where 7y is the adiabatic iapse rate and Az is the vertical distance
between the temperature measurements.

Although conceptually simple, the computation of og is plagued with several ditfi-
culties. The fundamental problem lies in the fact that 6 is periodic. Consider, as a
sinple illustration of this problem, the average of the two measurements: 355° and 5°.
The mean computed by conventional methods is 180°, and the standard deviation is
247.5° both of which are in gross error (The correct results are 0° and 7.1°, respec-
tively). To avoid this difficulty, one can first deterrnine the vector mean wind diraction 6

50

l

1

|




as noted above and then compute the standard deviation from ine indiviciual values d;
givenr by

d; = (6;— 06+ 540°) mod 360° - 180¢, (3.8)

where the moduio arithmetic indicated in Eqn. 3.8 has the net eifect of manping each
individua! deviation into the interval (-180°, +180°). For example, 2 simplo arithmatic
cifterence of 270° becomes an adjusted difference of 90°.

Some authors define the root mean square of these deviations as op. However,
this definition introduces a systematic bias in the results, because the mean deviation
may not be 0. For this reason, we employ the following definition which removes the
effect 6f the non-zero mean deviation.

Go.tmin = [(NJ“T% d,z) - («;T'Ei d|)2] . (3.9)

Here, we use the special notation og,1.min to emphasize the fact that the surface data

consist of 1-min averages of the wind speed and dire~tion. However, when averages
pased soulely on the one-minute data are used, the value of v, is substantially under-

estimated. A more accurate estimate of the variance includes two terms: (i) the vari-
ance of the one-minute data as above and (ii) the mean of the individual variances o&’.

associated with each one-minute record. Incorporating both components, the expres-
sion for oy becomes

N 1”2
2 1 2
O = | Tg,1-min + N E Co | - (3.10)
a0

The individual varianzes o were recorded by dataloggers at each surface sta-
tion. However, the dataloggers did not compute og directly. They used an approxi-
mation that allowed them tu compute cg using the scalar-averaged and vector aver-
aged wind speeds. This approximation is
112

180° \/_2— u
co - N2 ()
T O]

172
~ Bi1°(1-u/s) . 3.11)
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Bes:ils and Discussion

A synopsis of the surfaca-station data fc- each cf the 12 smuka trials is given in
Tables 3.3 - 3.14. In these tables. the string "-99¢9%" indicates that greater than 50%
of the daia in the averaging perind were bad for that variavle. For those casas with
less than 50% bad data, tha number of bad minutes is explicitly ir dicated in tootnotes.
The notation "N/A" indicates that a particular item was not meas.red or is not comr-
;utable. All times givan are iocal time (PDT).

Examination of thase results reveals that the maximum wind spead varies be-
tween about 3 and 6 mi/s. For the daytime trials, :he range ot wird speeds over the vest
aroa is within a tactor of 3, whereas the vatigtior can be as much as a factor of 10 at
nizhi. Winu speeds below C.5 m/s should bz intergpreted w.th caution, since this value
is near the thrashold of the ansmometers used ¢n the surface stations. The tempera-
tures follow the expected diurna! characteristics of the site being between roughly 10
°C and 14 °C during the nighttime ard early maming tests and between roughly 25 °C
and 40 °C during the daytime test:. The temperature inhomogeneity for the nighttime
and early morning tests is much larger than for tha daytime tesis. Spacifically, the
inhomogeneity is seen to be betwean  *C and 12 °C for the nighttime and early
morning trials, but typically less than 2 °C for the daytime trials. The value of og is
apparently smailer for the stable nighttime and eariy morning releases, althougn a few
very large values of og are seen at night when wind speeds are low. This reflects the
problems asscriated with defining oy under light wind conditions. The bulk
Richardson nuruwer shows significant inhomogeneity (as much as a factor of 100)
acrocs the test area under stable nighttime and early morning conditions. In contrast,
the inhomogeneity under unstable daytime conditions is much smaller, being consis-
tently less than a factor of 10.

The considerable inhomogeneity of the surface-station data underscores not only
the complexity of the wind field at this site but also the very difficult problem of charac-
terizing the atmospheric boundary layer in simple terms.

3.3 Synopsis of the Micrometecrological Data
3.3.1 Data Reduction

The reduction of the micrometeorological data proceeded in a manner similar to
that previously described for the surface-station data. Three important distinctions
exist, however.
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Table 3.3 Synopsis of surface-station data for Tast 0921871, Smoke was
released from 14:30 to 15:00. The unstable release point was

used.
station| .S v 0] | ool |T1om([Cl| Tam[C] | Teat [C] | Rib
[rvs] | ([nvs]
A101 | -99999 | -99999 | -99999 | -99999 | -99999 | -99999 | -99999 | -99999
A102 | 3.510 | 3.139 | 306.3 | 27.97 | 38.15 | 39.03 | 53.60 | -0.020
A103 |-99999 | -99999 | -99998 | -99999 | -99999 1 N/A N/A N/A
A104 |-99999 | -99999 | -99999 | -99999 | -99999 | N/A N/A N/A
A105 (| 3.951 | 3.701 | 308.5 | 20.99 | 38.04 | 38.85 | 53.14 | -0.015
A106 | 3.474 | 3.214 | 288.3 | 26.19 | 38.26 | 39.16 | 49.90 | -0.022
A107 | 3.166 | 2.883 | 320.4 | 24.39 | 34.54 | 39.40 | 53.67 | -0.025
A108 | 4,172 | 3.982 | 280.7 | 19.20 | 37.94 | 38.79 | 51.02 { -0.014
A109 | 3.876 | 2.668 | 295.1 | 25.87 | 36.87 | 38.27 | 55.57 } -0.028
A110 | 3.771 | 3.529 | 3329 | 20.93 | 37.19 | 38.08 | 51.561 | -0.018
Al11 5,902 | 5.536 | 318.9 | 20.65 N/A N/A N/A N/A
A112 | 3.912 | 3.714 | 318.1 18.05 N/A N/A N/A N/A
A113 | 4.097 | 3.391 | 274.2 | 41.97 N/A N/A N/A N/A
A114 | 4,329 | 3.951 | 297.7 | 25.18 | 38.65 | 39.17 N/A -0.006
A115 | 4.659 | 4.290 | 298.5 | 23.92 | 38.28 | 39.17 N/A N/A
Notes:

1.  Allwind speed and direction measurements are at 10 m, except for Station A115 which is at 30 m.

2. Al upper tumperature measuremants (Tom) are at 10 m as implied by the subscript, except for
Station A114 which is at 8 m and Station A115 which is at 30 m.

3. Al lower temperature measuremerits (T,y,) are at 2 1n as implied by the subscript.

4.  Soll temperature measurements (T, are adepth of 0.1 m.
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Table 3.4 Synopsis of surface-station data for Test 0923871. Smoke was
released from 14:00 to 15:31. The smoke moved off the grid at
14:50. The unstable release point was used.

Station [:/ a | n:J/s] 01° | ol |T1om[Cl| Tem[C] | Taat[C] | Rib
A101 2.867 | 2.374 | 296.3 | 42.94 | 30.20 | 30.70 | 48.24 | -0.017
A102 | 2.718 | 2.398 | 275.9 | 30.29 | 29.84 | 30.82 | 50.84 | -0.039
A103 | -99999 | -99999 | -99999 | -99999 | -99998 | N/A N/A N/A
A104 | 2.5612 | 2.213 | 236.6 | 43.99 | 30.07 N/A N/A N/A
A105 | 2.465 | 2.094 | 276.2 | 34.83 | 29.56 | 30.29 | 49.50 | -0.035
A106 | 2.566 | 2.370 | 290.5 | 23.86 | 30.27 | 31.25 | 45.70 | -0.044
A107 | 1.954 | 1.417 | 334.1 | 66.07 | 30.58 | 31.68 | 50.12 | -0.086
A108 | 2.347 | 2.066 | 303.0 | 34.87 | 30.02 | 31.06 | 48.63 | -0.057
A109 | 2.357 | 2.299 | 265.7 | 20.53 | 29.03 | 30.14 | 52.04 | -0.060
A110 | 2.205 | 1.623 | 227.5 | 49.67 | 29.09 | 29.94 | 48.33 | -0.052
Al111 3.733 | 3.024 | 315.2 | 49.26 N/A N/A N/A N/A
A112 | 2,559 | 2,127 | 320.6 | 42.86 N/A N/A N/A N/A
A113 | 3.406 | 3.048 | 246.1 | 29.66 N/A N/A /A N/A
A114 | 3.245 { 2.905 | 269.4 | 27.57 | 30.41 | 31.1¢ N/A -0.016
A115 | 3.377 | 3.060 | 264.3 | 26.55 | 30.06 | 31.11 N/A N/A

blotes:

1.  Allwind speed and direction measurements are at 10 m, except for Station A115 which is at 30 m.

2. Al upper temperature measurements (T,om) are at 10 m as implied by the subscript, except for
Station A114 which Is at 8 m and Station A115 which is at 30 m.

3.  Alllower temperature measurements (T,n,) are at 2 m as implied by the subsciipt.

4.  Soll temperature measurements (T,.) are a depth of 0.1 m,
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Table 3.5 Synopsis ot surface-station data for Test 0925871. Smoke was
released from 00:18 to 01:03. The stable release point was
used.

[nf;s] s | OF1 | sl [Tion(Cl| TanlC] | TeriCl} R
A101 1.182 | 1.099 | 121.7 | 22.36 | 16.41 | 15.65 | 14.67 | 0.204
A102 | 0.388 | 0.328 | 66.64 | 48.47 | 15569 | 14.20 | 12.76 | 3.308
A103 | -99999 | -99999 | -92999 | -99999 | -99999 | N/A N/A N/A
A104 | 2,770 | 2.641 | 52.73 | 17.08 | 15.62 N/A N/A N/A
A105 | 2.370 | 2332 | 1186 | 10.28 | 17.29 | 17.02 | 17.80 | 0.021
A106 | 2.079 | 1.967 | 88.00 | 21.51 | 16.51 | 16.00 | 18.17 | 0.046
A107 | 1.622 | 1.550 | 165.56 | 17.07 | 1599 | 16.17 | 15.92 | 0.1186
A108 | 1.932 | 1.889 | 114.4 | 11.76 | 15.27 | 14.29 | 17.08 | 0.097
A109 | 1.954 | 1,944 | 5565 | 10.94 | 19.63 | 19,25 | 17.84 | 0.031
A110 | 2.002 | 1,978 | 96.37 | 9.143 | 18.90 | 18.45 | 18.73 | 0.044
A111 | 0.324 | 0.323 | 190.2 | 0.208 N/A N/A N/A N/A
A112 | 3.085 | 3.070 | 155.8 | 5.585 N/A N/A N/A N/A
A113 | 3.041 | 3.011 | 99.96 | 8.009 N/A N/A N/A N/A
A114 | 0.468 | 0.385 | 71.66 | 53.36 | 15.56 | 14.35 N/A 1.578
A115 | 1.307 | 1.281 | 66.47 | 10.46 | 16.24 | 14.35 N/A N/A

Station

Notes:
1. All wind speed and direction measurements aro at 10 m, except for Station A115 which is at 30 m.

2. Al upper temperature measurements (Tyom) are at 10 m as implied by the subscript, except for
Station A114 which Is at 8 m and Station A115 which is at 30 m.

All lower temperature measurements (T,y,) are at 2 m a3 Implied by the subscript.
Soil temperature measuraments (T,) are a depth of 0.1 m.

1 bad minute was excluded in computing the 2-m temperature for Station A114.

3 bad minutes were excluded in computing the 10-m temperature ‘or Station A114,

1 bad minute was exciuded in computing the 10-m temperature for Station A115.

® N o o & oo

2 bad minutes were excluded in computing the 10-m temperature for Station A115,
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Table 3.6 Synopsis of surface-station data for Test 0926871. Smoke was
released from 12:00 to 13:07. The unstable release point was

used.
station| S [ Y | e [ corl |Tiem(Cl] TemlC) | TaculC] | Rib
(sl | (g
A101 | 4.856 | 4.721 | 302.4 | 34.41 | 25.34 | 26.22 | 41.64 | -0.011
A102 | 3.735 | 3.331 | 299.7 | 40.65 | 25.40 | 26.27 | 44.77 | -0.019
A103 | 4.242 | 3.933 | 236.4 | 30.15 | 26.78 | NA | NA | NAA
A104 | 2.486 | 1.922 | 249.5 | 59.97 | 25.96 N/A N/A N/A
A105 | 4.214 | 3.961 | 3145 | 36.38 | 25.15 | 26.08 | 41.25 | -0.016
A106 | 3.538 | 3.263 | 291.0 | 34.14 | 25.69 | 26.64 | 37.51 | -0.023
A107 | 3.043 | 2.796 | 316.6 | 41.13 | 25.80 | 26.68 | 45.58 | -0.028
A108 | 4.032 | 3.871 | 279.9 | 32.61 | 25.26 | 26.26 | 41.91 | -0.019
A109 | 2.688 | 2576 | 294.4 | 35.75 | 24.20 | 25.75 | 45.72 | -0.067
AT10 | 3.786 | 3.552 | 315.3 | 42.11 | 24.25 | 25.23 | 42.21 | -0.021
A111 | 6.506 | 6.343 | 316.6 | 3023 | WA | NA | NA | NA
AT12 | 4.198 | 4.057 | 313.6 | 2868 | NA | NA | WA | NA
A113 | 3.666 | 3.008 | 308.2 | 44.04 | NA | NA | NA | NA
A114 | 4,475 | 4.026 | 294.4 | 46.78 | 26.21 | 26.79 N/A -0.007
A115 | 4,722 | 4353 | 291.0 | 27.09 | 25.81 | 26.79 N/A N/A
Motes;

1. Allwind speed and direction measurements are at 10 m, except for Station A115 which is at 30 m.

2.  All upper temperature measurements (T.om) are at 10 m as implied by the subscript, except for
Station A114 which Is at 8 m and Station A115 which is at 30 m.

All lower temperature measurements (T,r,) are at 2 m ac implied by the subscript.
Soll temperature measurements (T,) are a depth of 0.1 m.

1 bad minute was excluded in computing the vector speed and direction for Station A112.

o o &

1 bad minute was excluded In computing the vector speed and direction for Station A113.
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Table 3.7 Synopsis of surface-station data for Test 0927871. Smoke was
released from 03:19 to 03:39. The stable release point was

used.
Station S u | 01[°] 63[°] | T1om[C]| Tam [C] | Tsail IC] Rip
[nvs] [mvs]
A101 | 1.065 | 0.92C | 117.6 | 28.17 | 13.23 | 11.75 | 8.263 | 0.480
A102 | 0.348 § 0.218 | 91.02 | 69.02 | 11.50 | 9.928 | 5.349 | 4.696
A103 | 2.880 | 2.821 | 64.33 | 11.94 | 12.77 N/A N/A N/A
A104 | 3.819 | 3.741 | 54.14 [ 11.27 | 1255 | N/A N/A N/A
A105 | 2.25° | 2.216 | 113.5 | 10.01 | 16.76 | 16.06 | 13.35 | 0.052
A106 | 2.0v3 | 1.959 | 103.1 | 13.10 [ 12.60 | 11.38 | 13.00 | 0.110
A107 | 1.371 | 1.325 | 139.0 | 15.44 | 12.04 | 10.27 | 9.758 | 0.339
A108 | 1.866 | 1.833 | 98.54 | 10.70 | 11.95 | 9.737 | 11.61 | 0.226
A109 | 0.868 | 0.746 | 20.11 | 32.54 | 21.65 | 20.87 | 12.93 | 0.377
A110 | 0.646 | 0.555 | 138.0 | 35.80 | 19.70 | 17.82 | 14.24 | 1.571
A111 | 2507 | 2.392 | 145.4 | 17.44 N/A N/A N/A N/A
A112 | 2,101 | 2.059 | 156.8 | 14.50 | N/A N/A N/A N/A
A113 | 3.483 | 3.457 | 86.30 | 7.269 | N/A MN/A N/A N/A
A114 | 0.671 | 0.556 | 74.32 | 36.88 | 11.42 | 9.235 N/A 1.372
A115 | 1.213 | 1.124 | 13.47 | 23.32 | 13.05 | 9.235 N/A N/A
Notes:

1.  Allwind speed and direction measurements are at 10 m, axcept for Station A115 which is at 30 m.

2.  All upper temperature measurements (Tyom) @re at 10 m as implied by the subscript, except for
Station A114 which is at 8 m and Station A115 which is at 30 m.

3.  Alllower temperature measurements (T,,) are at 2 m as implied by the subscript.

4.  Soll temparature measurements (T, are a depth of 0.1 m.

5. 3 bad minutes were excluded in computing the 10-m temperature for Station A115.
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Table 3.8 Synopsis of surface-station data for Test 0927872. Smoke was
released from 06:44 to 06:54. The stable release point was

used.
Station | S U o o1 | oel [TiomlCl| Tem[C1 | TucnlC] | R
[mvs) [rvs]
A101 1232 | 1079 | 1323 | 31.24 | 11.56 | 10.39 | 6.403 | 0.283
A102 | 0.648 | 0.425 | 98.63 | 51.68 | 9.870 | 8.232 | 3.937 | 1.418
A103 |-99999 | -99999 | -99999 | -99999 | -09999| N/A N/A N/A
A104 | 3.601 | 3.568 | 57.60 | 7.609 | 10.67 N/A N/A N/A
A105 | 2,227 | 2178 | 113.9 | 1235 | 15.72 | 14,96 | 11.88 | 0.057
A106 | 2.836 | 2.780 | 99.05 | 11.61 | 11.86 | 10.98 | 11.52 | 0.041
A107 | 1.818 | 1.765 | 146.9 | 13.74 | 10.51 | 8.841 | 7.890 | 0.183
A108 | 2.662 | 2541 | 102.0 | 7.438 | 9.763 | 7.847 | 10.05 | 0.105
A109 | 1.338 | 1.311 | 1146 | 21.87 | 20.28 | 19.25 | 10.93 | 0.208
A110 | 2.002 | 1994 | 146.9 | 5.190 | 18.02 | 16.39 | 13.11 | 0.144
A111 | 2.402 | 2.232 | 158.0 | 23.00 N/A N/A N/A N/A
A112 | 3.096 | 3.077 | 157.8 | 6.425 N/A N/A N/A N/A
A113 | 3.100 | 3.062 | 82.58 | 9.310 N/A N/A N/A N/A
A114 | 1,022 | 0.901 | 76.79 | 32.00 | 9.635 | 8.253 N/A 0.393
A115 | 1.509 | 1.488 | 9.496 | 9.026 | 11.59 | 8.253 N/A N/A
Notes:

1. Allwind speed and direction measurements are at 10 m, except for Station A115 which is at 30 m.

2. All upper temperature measurements (Tiom) are at 10 m as implied by the subscript, except for

Station A114 which is at 8 m and Station A115 which is at 30 m.

3.  Alllower temperature measurements () are at 2 m as implied by the subscript.

4.  Soil temperature measurements (T,y) are a depthof 0.1 m.

5 1 bad minute was excluded in computing the vector speed and direction for Station A109.
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Table 3.9 Synopsic of surface-station data for Test 0928871. Smoke was
released from 10:29 to 10:54. The unstable release point was

used.
Station | S U | or1 | el [TiomiCl| Tam(C] | TeariCl | Rib
[mvs] [vs)
A101 | 2.740 | 2.702 | 301.4 | 9.667 | 25.70 | 26.32 | 37.32 | -0.024
A102 | 2.585 | 2,542 | 265.9 | 10.564 | 26.18 | 27.01 | 40.31 | -0.037
A103 | -99999 | -90999 | -99999 | -98999 | -99989 1 N/A N/A N/A
A104 | 2.517 | 2430 | 226.7 | 14.73 | 26.80 N/A N/A N/A
A105 | 2,058 | 1.885 | 286.5 | 23.30 | 26.46 | 27.09 | 36.00 | -0.043
A106 | 2.313 | 2267 | 250.4 | 11.45 | 26.70 | 27.47 | 31.06 | -0.042
A107 | 1.864 | 1.727 | 326.7 | 22.58 | 27.29 | 28.00 | 38.64 | -0.059
A108 | 2,213 | 2112 | 308.9 | 16.96 | 26.87 | 28.02 | 32.22 | -0.072
A109 |-99999 | -89989 | -99999 | -00999 | -09989 | -009099 | -09999 | -89989
A110 | 1.687 | 1.637 | 324.3 | 13.69 | 25.76 | 26.45 | 38.11 | -0.071
A111 | 3.700 | 3.650 | 306.6 | 9.499 N/A N/A N/A N/A
A112 | 2.355 | 2.139 | 327.2 | 24,96 N/A N/A N/A N/A
A113 | 2.934 | 2.831 | 236.6 | 15.62 N/A N/A N/A N/A
A114 | 3.136 | 3.101 | 2568.3 | 8.948 | 26.77 | 27.18 N/A -0.09
A115 | 2.508 | 2.461 | 286.1 | 11.40 | 26.54 | 27.18 N/A N/A
Notes:

1.  Allwind speed and direction measurements are al 10 m, except for Station A115 which is ai 30 m.

2. All upper temperature measurements (T,om) are at 10 m as implied by the subscript, except for
Station A114 which is at 8 m and Station A115 which is at 30 m.

3.  Alllowertemperature measurements (1zy) are at 2 m as implied by the subscript.

4. Soiltemperature measur¢ ments (T,y) are a depth of 0.1 m,
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Table 3.10 Synopsis of surface-station data for Test 0930871. Smoke was

released from 06:48 to 07:28. The stable release point was

60

Soll temperature measurements (T.) are a depth of 0.1 m.

3.  Alllower temparature measurements (T,) are at 2 m as implied hy the subscript.

used.
Station | S Vol err | ool |TiomiCl| Tam €] | TeeniC] | Ris
(V] (rrvs)
A101 | 1,528 | 1.441 | 121.9 | 19.15 | 18.89 | 17.12 | 12.07 | 0.265
A102 | 0.846 | 0.853 | 78.45 | 26.80 | 18.02 | 15.25 | 9.410 | 1.072
A103 | 2.631 | 2.453 | 82.01 | 13.71 | 18.09 N/A N/A N/A
A104 | 3.000 | 2.862 | 42.17 | 16.26 | 17.73 N/A N/A N/A
A105 | 3.110 | 3.048 | 116.3 | 11.39 | 20.81 | 20.12 | 16.75 | 0.026
A106 | 3.217 | 3.161 | 79.98 | 10.83 | 18.61 | 18.78 | 16.72 | 0.029
A107 | 1.842 | 1,854 | 159.7 | 17.43 | 18.34 | 15.83 | 13.11 | 0.231
A108 | 2,405 | 2329 | 1124 | 1475 | 17.21 | 14.55 | 14,19 | 0.160
A109 | -99999 | -99999 | -99999 | -99999 | -9599¢ | -09999 | -99999 | -99999
A110 | 1,712 | 1.688 | 1124 | 9.621 | 25.20 | 23.22 | 17.60 | 0.231
A111 | 3.137 | 3.037 | 155.9 | 14.54 N/A N/A N/A N/A
A112 | 3.746 | 3.730 | 159.3 | 5.228 N/A N/A N/A N/A
A113 | 4.410 | 4.295 | 94.20 | 13.11 N/A N/A N/A N/A
A114 | 1465 | 1.391 | 74.19 | 19.69 | 17.79 | 15.41 N/A 0.3086
A115 | 2.062 | 2.005 | 74.27 | 13.22 | 18.86 | 15.41 N/A N/A
Notos:

1. Allwind speed and direction 1neasurements are at 10 m, except for Station A*15 which is at 30 m.

2. All upper temperature measurements (Tiom) are &t 10 m as implied by the subscript, except for
Station A114 which Is ai 8 m and Station A115 which 1s &t 30 m.




Table 3.11 Synopsis of surface-station data for Test 100:871. Smoke was
raleased from 06:52 to 07:32. The stable releass point was

used.
) u T

Station (sl | [ms] 01 | (5 {T1om[C]| T2m[C] | Tuo [C] | Rip
Ai01 1,359 | 1.216 | 119.4 | 26.82 | 20.32 | 18.56 | 14.08 | 0.332
A102 | 0.944 | 0.770 | 93.50 | 52.05 | 19.32 | 17.65 | 11.35 | 0.696
A103 | 2,252 | 2.009 | 91.60 | 28.82 | 19.80 N/A N/A N/A
A104 | 3,922 | 3.642 | 52.45 | 22.01 | 20.36 N/A N/A N/A
A105 | 2.803 ;| 2.742 | 120.6 | 12.08 | 21.98 | 21.31 17.79 | 0.032
A106 | 3.438 | 3.313 | 78.56 | 18.52 | 20.63 | 20.12 | 18.73 | 0.014
A107 | 2.322 | 2225 | 161.2 | 16.78 | 18.27 | 18.20 | 14.86 | 0.071
A108 | 2.745 | 2.669 | 112.1 13.56 | 18.02 | 16.13 | 15.49 | 0.088
A109 | 2,949 | 2026 | 61.08 | 11.35 | 27.33 | 26.31 | 19.28 | 0.041
A110 | 1,979 | 1.762 | 100.8 | 32.83 | 24.80 | 23.29 | 19.55 | 0.133
A111 2,787 | 2.686 | 148.0 | 15.32 N/A N/A N/A N/A
A112 | 3.733 | 3.693 | 167.5 | 8.690 N/A N/A N/A N/A
A113 | 4.103 | 3.716 | 90.89 | 26.16 N/A N/A N/A N/A
A114 | 1.379 | 1.221 81.78 | 28.83 | 19.05 | 17.45 N/A 0.234
A115 | 2,243 | 2,197 | 80.74 | 12.32 | 20.25 | 17.45 N/A N/A

Notes:

1. All wind speed and direction maasurements are at 10 m, except for Station A115 which Is at 30 m.

2. All upper temperature measuremenis (Tom) are at 10 m as implied by the subscript, except for

Station A114 which Is at 8 m and Station A115 which is at 30 m.

3. All lower temperature measurements (T,y) are at 2 m as implied by the subscript.

4,  Soll temperature measurements (T,,) are a depth of 0.1 m.




Table 3.12 Synopsis of surface-station data for Test 1002871. Smoke was
roleased from 07:17 to 07:47. The stable release point was

used.
staton| S| Y| erl | o[ |Tiom[Cl| Tan[C] | Taat[C] | Ry
[vs] | [mvs]
A101 | 1,542 | 1.484 | 112.7 | 15.33 | 18.90 | 17.78 | 14.88 | 0.170
A102 | 0.745 | 0.685 | 76.10 | 34.68 | 18.01 | 18.33 | 12.46 | 1.067
A103 | 1.989 | 1,933 | 85.07 | 13.22 | 18.41 | N/A N/A N/A
A104 | 3.249 | 3.102 | 51.00 | 17.30 | 18.78 | N/A N/A N/A
A105 | 2.930 | 2.897 | 115.1 | 8.395 | 20.48 | 20.02 | 18.37 | 0.021
A106 | 2.157 | 2,068 | 94.06 | 16.23 | 18.73 | 18.11 | 18.11 | 0.050
A107 | 1.513 | 1.429 | 159.6 | 19.27 | 18.28 | 16.26 | i4.72 | 0.308
A108 | 1.944 | 1.890 | 104.83 | 13.75 | 17.37 | 15.22 | 15.97 | 0.199
A109 | 2.217 | 2172 | 56.79 | 14.67 | 24.80 | 24.15 | 18.51 | 0.049
A110 | 1.409 [ 1.374 | 104.5 | 12,76 | 23.16 | 21.94 | 19.37 | 0.216
(A111 | 2.914 | 2.855 | 148.7 | 11.38 | N/A N/A N/A N/A
A112 | 3.189 | 3.177 | 157.3 | 5.066 | N/A N/A N/A N/A
A113 | 3.534 | 3.482 | 100.7 | 9.951 | N/A N/A N/A N/A
A114 | 1.267 | 1.219 | 72,34 | 18.44 | 18.01 | 16.78 | N/A | 0.220
A115 | 1,915 | 1.887 | 7417 | 10.57 | 18.77 | 16.78 | N/A N/A
Notes:

1. Allwind speed and direction measurements are at 10 m, except for Station A115 which is at 30 m.

2.  All upper temperature measurements (Tyom) are at 10 m ar implied by the subscript, except for
Station A114 which is at 8 m and Station A115 which s at 30 m.

3.  All lower femperaturo measurements (T,y) are at 2 m as implied by the subscript.
4.  Soll temperature measurements (T,y) are a depth of 0.1 m.

5. 1 bad minute was excluded in computing the 10-m temperature for Station A111
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Table 3.13 Synopsis of surface-station data for Test 1002872. Smoke was
released from 12:16 to 12:34. The unstable release point was

used.
station| (S| Vo] 0r] | oo [TromlCl| Tam[G] | Tuat(C | Ry
[mvs] | [mvs]
A101 | 2.098 | 2.006 | 283.6 | 17.77 | 30.09 | 30.50 | 43.57 | -0.024
A102 | 2.798 | 2,710 | 247.9 | 14,51 | 30.07 [ 30.95 | 43.81 | -0.033
A103 | 3.131 | 2.975 | 240.9 | 18.61 | 31.97 | N/A N/A N/A
A104 | 2.951 | 2.794 | 220.3 | 18.88 | 30.58 | N/A N/A N/A
A105 | 2.214 | 2.023 | 283.1 | 24.14 | 20.85 | 30.55 | 47.25 | -0.041
A106 | 2.531 | 2.446 | 260.8 | 16.39 | 30.39 | 31.34 | 41.08 | -0.044
A107 | 1.834 | 1.670 | 311.0 | 28.90 | 30.81 | 31.64 | 48.17 | -0.072
A108 | 1.767 | 1.613 | 277.6 | 35.32 | 30.47 | 31.59 | 46.11 | -0.109
A108 | 2.021 | 1.862 | 265.5 | 20.12 | 29.72 | 30.96 | 49.18 | -0.092
A110 | 1.844 | 1.720 | 320.0 | 20.90 | 29.03 | 29.84 | 46.64 | -0.070
A111 | 2.868 | 2.666 | 289.3 | 22.35 | N/A N/A N/A N/A
A112 | 0.225 | 0.190 | 74.11 | 3229 | N/A N/A N/A N/A
A113 | 3.574 | 3.419 | 226.2 | 1710 | N/A N/A N/A N/A
A114 | 3.506 | 8.421 | 244.2 | 12,561 | 30.40 | 31.16 | N/A | -0.014
A115 | 3.430 | 3.354 | 250.3 | 12.07 | 30.05 | 31.15 | N/A N/A
Notes:

1. Allwind speed and direction measurements are at 10 my, excapt for Station A115 which is at 30 m.

2. All upper temperature measurements (11om) are at 10 m as implied by the subscript, except for

Station A114 which is at 8 m and Station A115 which Is at 30 m.

3. Alllower temperature measurements (T,n) are at 2 m as implied by the subscript.
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Table 3.14 Synopsis of surface-station data for Test 1003871. Smoke was
released from 06:56 to 07:27. The stable release point was

used.
station | , S U ol o1 | el |TiomlCl| TaniCl | TaatiCl | Ris
{nvs] [rvs] .
A101 | 1.1563 | 1.0456 | 1148 | 25,19 | 18.29 | 16,96 | 14.19 | 0.355
A102 | 0.659 | 0.432 | 1226 | 63.18 | 17.68 | 1538 | 12.98 | 1.851
A103 |-99999 | -89929 | -99999 | -99999 | -99999 | N/A N/A N/A
A104 | 2.830 | 2.754 | 63.14 | 12.70 | 17.96 N/A N/A N/A
A105 | 2716 | 2.682 | 131.1 | 9.152 | 20.67 | 18.83 | 17.78 | 0.037
A106 | 2394 | 2133 | 81.94 | 50.65 | 18.93 | 18.26 | 18.02 | 0.044
A107 | 1217 | 1.822 | 1633 | 18.12 | 18,57 | 1743 | 1482 | 0.111
A108 | 3.032 | 2977 | 11563 | 10.78 | 18.05 | 17.04 | 16.09 | 0.040
A109 | 3.005 | 2984 | 84.22 | 10.33 | 2549 | 24,67 | 17.87 | 0.036
A110 | 2148 | 2,104 | 96.12 | 21.00 | 23.51 | 22.46 | 18.81 | 0.081
A111 | 2,596 | 2.468 | 1442 | 18.18 N/A N/A N/A N/A
A112 | 3.419 | 3.389 | 1567.1 | 7.796 N/A N/A N/A N/A
A113 | 3.676 | 3.579 | 79.30 | 13.41 N/A N/A N/A N/A
A114 | 0.827 | 0.584 | 116.6 | 62.96 | 17.28 | 15.84 N/A 0.679
A115 | 1.611 | 1.579 | 85.52 | 13.62 | 18.56 | 15.84 N/A N/A
Notes:

1.  Allwind speed and direction measurements are at 10 m, except for Station A115 which is ai 30 m.

2. All upper tomperature measurements (Tyom) are at 10 m as implied by the subscript, except for
Station A114 which Is at 8 m and Station A115 which Is at 30 m.

3.  Alllower temperatiire muasurements (T,m) are al 2 m as implied by the subscript.

4,  Soll temperature measurements (T,q) are a depth of 0.1 m,
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The analysis of tihie micrometeorological clata was completed using the
1-s data read diractly from tape, whereas the analysis of the surface-
station data was made using 1-min averages. Thus, no adjustment to

op (as in Egn. 3.9) is necessary for these data.

Tha wind vslocity was specified by the thres Cartesian components uy,
Uz, and us, instead of speed and direction. In the first step of the analy-
sis, averages of the three components are cu:.:puted separately from
the following expressions.

1 N

U = § 3 Ui, (3.18)
Na1

1 ¥ .

Uz = § Z Ugi (3.19)
N=1
9 N

and Us = 37 z Usj, (3.20)
Nnei

where ujj, Uz2j, Us; represent individual 1-s measurements. Naxi, the
vector-mean wind speed and direction are found fror . ns. 3.4 and
3.5 which are repeated here for the convenience of the \vader.

U=+ u?+ud
0 = arctan (Uz, U4)

Third, each of the 1-s wird velocity vectots is transtormed into its mean-
wind, cross-wind and vertical components using the three relationships

uj = sjcos (6;—6),
Vi = sisin (6;—0)

and Wi = Uz, (3.21)

where S = \/ u";, + u?é, . (3.22)

Lastly, standard deviations are computed for the ccmponents u, v, and
w.
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3. The averaging period was chosen to assure compatibility with the
spectral analysis of the u, v and w fluctuations presented in Section
3.3.2. Thus, tho avsragiing period is not exactly the same as that used
for the surface station data, although the net effect of this difference is
expected to be smali.

The synopsis of the micrometeorological data for each of the 12 smoke trials is
given in Tables 3.15 to 3.26. In these tables, tha string "-99999" is used to indicate that
a valid average could not be computed. It is readily apparent that there are several
occasions whan one or more of the tower ievels was inoperative. The 4-m level is par-
ticularly troublesome in this regard. Also, a significant number of bad data are present
in the original records for some cases. Despite this limitation, we felt that a valid aver-
age could be obtained in most instances, and have reported the results as such.

3.3.2 Power Spectra

As discussed previously in Section 2.5.2, the power spectra of the velocity fluc-
tuations provide valuable information about the structure of the atmospheric boundary
layer. Spaciiically, analysis of spactra allows one to determine the scale of motions
which most contribute to horizontal and vertical mixing. The spectra also allow the
consistency of the data between the various measurement levels to be assessed and
comparisons with other studies of the atmospheric boundary layer to be made.

Two alternative methods are available to compute the single-sided power spec-
trum. One method. which we call the "direct method," involves the direct computation
of the autocorrelation function of the velocity fluctuations. The autocorrelation function
is then integrated to obtain the spectra. This method is very accurate but is also com-
putationally expensive. A second method, which we call the "indirect method,” relies
on the use of Fast Fourier Transform techniques to decompose individual segments of
the data into thaeir sine and cosine components. These transformed data are then
ensemble averaged to obtain the spectra. Because the individual data segments may
have sharp discontinuities at the boundaries which may lead to excessive noise in the
high frequency end, a filter function is applied to the data to reduce end values and all
derivatives thereof to zero.

In order that we might be able to detect changes in the meteorological conditions
during a single smoke release, we have elected to use the indirect method. This
method generates a rumber of shornt-term spectra which can be analyzed for consis-
tency. Of special concern are those tests which were conducted just betore an ex-
pected transitional pariod.
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Table 3.15 Synopsis of the micrometeorological data for Test 0921871. Smoke was
released from 14:30 to 15:00. The unstable release point was used.

Level U [mvs) S Im/s] W [mvs) 0 [ T [C]
2m 2.639 3.000 -0.0620 301.9 39.17
am 2.915 3.283 -0.1325 298.1 38.79
8m 3.184 3.553 -0.1555 297.6 38.65
16 m 3.318 3.697 -0.3584 |  300.7 38.50
30m 3.331 3.748 -0.1245 301.5 38.28
Level oy [m/s] | oy [M/S] | oy [m/s] | oy [ms] e [ o [C]
2m 1.011 1.067 1,467 0.2114 28.9 0.24
4m 1,150 1.183 1.635 0.2965 28.3 0.24
8m 1.194 1.205 1.586 0.4014 27.3 0.23
16 m 1.167 1.177 1.639 0.5695 27.0 0.23
30 m 1.198 1.173 1,700 0.7115 28.2 0.20

Table 3.16 Synopsis of the micrometeorological data for Test 0923871. Smoke was
released from 14:00 to 15:31. The smoke moved off the grid at 14.:50.
The unstable release point was used.

Level U [m/s] - & [m/s) W [nvs) 0[] T [C)
2m 2.120 2.382 0.0086 270.4 31.11
4m 2.214 2.495 -0.0631 269.0 30.62
8m 2.382 2.655 0.0078 269.6 30.41 |
16m 2.458 2.588 -0.15615 276.1 30.26
30 m 2.512 2.771 0.0889 267.5 30.06
Level oy [mvs) | ag [mi/s] oy [mV/s) ow [MVs) ce [ « [C]
2m 1.044 0.950 0.997 0.1911 31.4 0.35
4m 1.099 1.002 1.059 0.2452 31.6 0.34
8m 1.138 1.045 1.082 0.3162 29.1 0.34
16m 1.095 1.063 0.765 0.4372 20.4 0.31
30 m 1.082 0.952 1.062 0.5852 28.2 0.30




Table 3.17 Synopsis of the micrometeorclogical data fcr Test 0925871. Smoke was
releasad from 00:18 to 01:03. The stahle releass point was used.

Level U [m/s] S im/s] W [nvs] e [ T [C]
2m 0.198 0.36¢ 0.0230 121.0 14.35
4m 0.229 0.363 0.0075 93.4 -99999
8m 0.302 0.465 0.0242 67.0 15.56
16m 0.577 0.631 -0.0839 78.4 15.91
30m 1.203 1.218 0.0246 86.7 16.24
Level oy [m/s] | og [M/s] | oy [m/s] | ow [mis] oe [°] o [C]
2m 0.231 0.176 0.273 0.0553 70.4 0.46
4dm 0.213 0.186 0.262 0.0738 54.9 -99999
ém 0.283 0.225 0.308 0.0586 64.2 0.35
16 m 0.316 0.285 0.215 0.0760 31.1 0.15
30m 0.361 0.353 0.174 0.15637 11.6 0.18

Table 3.18 Syncpsis of the micrometeorulogical data for Test 0926871. Smoke was
released from 12:00 to 13.07. The unstable release point was used.

Level U [m/s] S [mvs) W [mvs] 0 [ T [C)
2m 2.583 2.992 0.0210 293.1 26.79
4m -99999 -99999 -99999 -99999 -99999
8m 3.156 3.560 -0.1115 292.0 26.21
16 m 3.295 3.682 -0.2265 296.7 26.07
30 m 3.286 3.691 0.0728 295.8 25.81
Level oy [ns] | os [mis] | oy [m/s] | ow [TVs] og [°] o (C]
om 1.260 1.235 1.489 0.2403 33.4 0.79
4m -99999 -99999 -99999 -99999 -99999 -99999
8 m 1.436 1.382 1.600 0.4350 312 0.71
16 m T.371 1.336 1.613 0.6119 20.2 0.69
30 m 1.372 1.301 1.624 0.7838 32.4 0.66
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Table 3.19 Synopsis of the micrometeorological data for Tast 0927871. Smoke was

released from 03:19 to 03:39. The stable release point was used.

Leval U [m/s] S [m/s] W [mvs] 0 [ T [C)
2m 0.474 0.628 0.0210 98.8 9.24
4m -99999 -99999 -99699 -99999 -99999
é&m 0.432 0.621 -0.0256 82.2 11.42
16m 0.556 0.729 -0.0681 58.4 12.27
30m 1.050 1.120 0.0726 83.1 13.05
Level oy [rvs] | os [m/s] | ov [mis] | ow [m/s] e [°] o [C]
2m 0.3€5 0.263 0.326 0.0631 53.3 0.82
4m -99999 -99999 -99999 -99999 -99999 -99999
8&m 0 266 0.210 0.415 0.0817 48.4 0.32
16 m 0.225 0.248 0.482 0.0738 42.7 0.26
30m 0.327 0.302 0.370 0.1573 22.0 0.32

Tabie 3.20 Synopsis of the micrometeorological data for Test 0927872. Smoke was
released from 06:44 to 06:54. The stable release point was used.

Level U [m/s] S [m/s] W [mvs] 0 [°] T [C]
Zm 0.332 0.582 0.0163 101.0 8.25
4m -9899¢9 -99999 -99999 -99999 -99999
8m 0.589 0.770 -0.0395 73.6 9.64
16 m 0.968 1.058 -0.1090 72.1 10.52
30m 1.358 1.377 0.0452 79.6 11.59
Level oy [mvs] | os [m/s] | oy [m/s] | ow [MVs] e [°) o [C]
2m 0.371 0.300 0.425 0.0714 62.1 0.65
4m -99999 -99999 -99999 -99999 -99999 -99999
8m 0.491 0.410 0.417 0.1152 47.0 0.50
i6m 0.522 0.488 0.383 0.0654 27.3 0.31
30m 0.377 0.371 0.218 0.1819 10.2 0.16




Table 3.21 Synopsis of the micrometeorological data for Test 0928871. Smoke was
releasad from 10:29 to 10:54. The unstable release point was used.
Level U [m/s) S [mi/s] W [m/s] 0 [ T [C]
2m 2.517 2.549 0.0560 260.4 27.18
4m -99999 -99999 -99999 -99999 -99999
8m 2.728 2.757 -0.0072 259.9 26.77
16 m 2.590 2.619 -0.1558 261.2 26.77
30m 2.131 2.167 0.0117 262.2 26.54
Leve! oy [mvs] | oy [nVs] | oy [M/s] | ow [nVs] o [°] o [C]
2m 0.511 0.501 0.386 0.1367 9.5 0.24
4m -99999 -99999 -99999 -99999 -99999 -99999
8m 0.515 0.507 0.388 0.2148 8.6 0.18
16 m 0.552 0.539 0.369 0.2607 9.2 0.19
30m 0.552 0.545 0.383 0.2977 11.0 0.22
Tabla 3.22 Synopsis of the micrometeorological data for Test 0930871. Smoke was
released from 06:48 to 07:28. The stable release point was used.
Level U [m/s] S [m/s] W [nvs] 0 [ T [C]
2m 0.705 0.775 0.0188 91.4 15.41
4m © 0.829 0.889 0.0324 83.4 16.75
8m 0.953 1.049 -0.0278 70.1 17.79
16m 1.258 1.339 -0.0371 74.8 19.08
30m 1.739 1.778 0.0390 81.0 18.96
Level oy [mVs) os [M/s] | oy [M/S] | ow [MVS) os [°) a [C]
2m 0.397 0.374 0.294 0.0686 30.4 0.66
4m 0.348 0.332 0.306 0.1071 25.3 0.44
8m 0.330 0.301 0.418 0.0958 26.9 0.25
16 m 0.438 0.413 0.435 0.1270 22.7 0.20
30m 0.532 0.512 0.342 0.2004 13.9 0.17
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Table 3.23 Synopsis of the micrometeorological data for Test 1001871. Smoke was
released from 06:52 to 07:32. The stable release point was used.

Level U [mss] S [mis] W [ms] o [ T [C]
m 0.329 0.593 0.0087 96.0 17.45
am 0.504 0.678 0.0096 88.1 18.32
8m 0.669 0.844 -0.0181 78.3 19.05
16m 1.164 1.286 20.0010 85.4 19.61
30m 1.915 1.951 0.0799 87.7 20.25
Level oy [M/s] | o5 [m/s] | oy [M/s] | o [MVs] o [°] o [C]
2m 0.324 0.303 | 0.480 | 0.0900 67.0 0.67
4m 0.334 0.364 0477 | 0.1237 45.9 0.43
8m 0.424 0.407 0501 | 0.1253 42.6 0.31
6m 0.524 0.506 0528 | 0.1612 28.3 0.22
30m 0.643 0.633 0353 | 0.2252 12.0 0.24

Table 3.24 Synopsis of the micrometeorological data for Test 1002871. Smoke was
released from 07:17 to 07:47. The stable release point was used.

Level U [mvs] S [nV/s] W [nmvs] 0 [ T [C]
2m 0.576 0.609 0.0156 94.9 16.78
4m 0.671 0.698 0.0101 86.1 17.55
8m 0.813 0.878 -0.0443 68.4. 18.01
16 m 1.187 1.233 -0.0524 76.7 18.56
30m 1.709 1.738 -0.0014 82.4 18.77
Level oy [nvs) os [M/s) oy [m/s) ow [MVs] ce [°) a [C)
2m 0.421 0.400 0.145 0.0616 37.4 0.47
4m 0.437 0.422 0.151 0.0965 25.4 0.36
8m 0.490 0.460 0.286 0.0963 30.6 0.30
16 m 0.543 0.506 0.272 0.1221 20.3 0.14
30m 0.583 0.570 0.290 0.1821 11.9 0.30
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Table 3.25 Synopsis of the micrometeorological data for Test 1002872. Smoke was
released from 12:16 to 12:34. The unstable release point was used.

Level U [m/s] S [m/s) W [ms] 6 [ T [C)
2m 2.499 2.582 0.0605 245.3 31.15
4m 2.533 2.623 -0.0406 242.2 30.69
8m 2.700 2.775 0.0306 244.5 30.40
16m 2.805 2.875 -0.1622 245.8 30.29
3O0m 2.934 2.998 0.0266 246.8 30.05

Lovel | ou [Ms] | O [Mis] | oy mis] | ow [ms] | G [ | o [C] |
2m 0.705 0.689 0.630 0.1677 15.4 0.37
4m 0.678 0.669 0.671 0.2004 15.7 0.31
&m 0.686 0.680 0.633 0.2594 13.9 0.32
16 m 0.625 0.611 0.614 0.3651 18.1 0.31
30m 0.630 0.513 0.602 0.4368 12,3 0.29

Table 3.26 Synopsis of the micrometeorological data for Test 1003871. Smoke was
releasad from 06.56 to 07:27. The stable release point was used.

Level U [nv/s) S [m/s] W [mvs) 0 [ T [C]
2m 0.202 0.589 0.0200 197.3 1£.84
4m 0.222 0.589 -0.0048 158.1 16.50
8m 0.284 0.634 -0.0031 135.1 17.28
16m 0.786 0.871 -0.0089 107.3 -98999
30 m 1.482 1.521 0.0704 94,7 18.56
Level oy [nvs] oy [M/s] oy [Mm/s] Ow [MVs] VN o [C]
2m 0.465 0.247 0.388 0.0700 85.0 0.92
4m 0.351 0.268 0.496 0.1103 70.3 0.78
8m 0.389 0.255 0.484 0.1140 69.6 0.58
16m 0.545 0.483 0.278 0.:472 48.6 -99999
30m 0.696 0.682 0.316 0.2084 19.7 0.21
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Woe chose an interval length of 5§12 s and dividad the data record over the ccurse
of a single trial into overlapping segments of this length. By this we mean that the first
segment runs from 1 to 512 s, the second segment from 257 to 768 s, the third seg-
ment from 513 to 1024 s, and so on. Overlapping seginents are known to reduce
aliasing and distortion in the high frequency end of the spectral estimate and reduce
random error by providing additional estimates in the ensamble. Since meteorological
data usually do not exhibit sharp peaks in their spectra, we used a Hanning filter func-
tion to smooth the endpoints of each sagment. Each of these segments was then
decomposed Into Iits sine and cosine components using the Fast Fourier Transform,
and the resulting decompositions were ensemble averaged to obtain the raw spectra.
These raw spectra were then normalized by the ensemble average of the segment
variances and smoothed by summing the spectrum over specific frequency intervais
and assigning the net result to the mid-point of the interval. The intervals were chosen
to keep An/n roughly constant, where An and n are the width and midpoint of the inter-
val, respectively.

Both methods discussed earlier do not provide a convenient mechanism for
handiing bad and missing data. Since the number of such data was quite small (<10),
we elected to repair the data records by interpolating replacement values for the bad
data. These few replacement values were only used for computing the spectra and do
not affect the other results generated from the 1-s measurements.

The frequency-weighted, single-sided power spectra for the fluctuating compo-
nents of wind velocity are presented in Figs. 3.4 - 3.156. For each figure, we have
(a) Syu(n), the spectrum of the velocity fluctuations in the direction of the mean wind,
(b) Sw(n), the spectrum cf the velocity fiuctuations in the direction normal to the mean
wind, (c) Sww(n), the spectrum of the velocity fluctuations in the vettical direction and
(d) the spectral ratios Syy(n) / Syu(n) and Sww(n) / Suu(n). These spectral ratios assist
in determining if the turbulence may be considered locally isotropic.

A3 a group, the unstable daytime tests give the most coherent spectra with little
variation between the levels for the mean-wind and cross-wind components. For the
vertical spectra the upper levals have a greater fraction of energy in the low frequency
range. This indicates that the scale of the turbulent motion increases with height as is
usually observed. Moreaver, most of the unstable cases show a fair degree of isotropy
in the horizontal plane. Considering the overall coherence and the near-ideal high-
frequency behavior of the unstable Meadowbrook spectra, comparison to flat-terrain
spectra may allow a distinction to be made between eddy sizes which are terrain influ-
enced and those that are not.
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used.

81



1 b T AR | v v
: j ° 2m
[ o & ] 4 8gm
4 E ; 1 9 16m
+ + 30m
+ ] [ 20
. A o ° A 'O'UO -
L} ° ° “‘-g&: ]
— L + L
€ o " %a L, | (a)
(D= b $ a =] 4
c °°o°o
L +
01 § ®o i gg .
r -
001 ——aa sl heerdrebedededdd N U WN
001 1
n [hz]
1. - U —
. ° 2m
3 4 8m
et o 16m
= 48 1 + 30m
oo & & T,
o> TF @ %4 E
o] 4 + p
~ A e b +, 1
:&: 4 S my ; b
g 00 % o + 1 (b)
@ [ 4430 o
= “‘8 ") Oﬂ
01t A ;3 -
p L
.001 e aaaaaal —tdeaaaaald —ea
.001 .01 J 1
n [hz]
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component. Smoke was released from 03:19 to 03:39. The stable release
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Figure 3.11 Spectra for Test 0930871
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Smoke was released from 06:48 to 07:28. The stable release point was
used.
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In contrast to those from tre unstable tests, the spectra computed for the stable
tests are quite chaotic. The individual spactra show limited form, but significant varia-
tions are present between the different leveis of the tower. These variations may be
attributed to a general loss of turbulent kinetic energy at the iower levels. This energy
loss is indicative of a very weak wind field and reflects the laminar characteristics
expressed by the large values of Rip (see Section 3.2). For some of the stable tests
local maxima in the transverse and vertical spectra occur at frequencies between 0.03
- 0.08 hz at the 30-m level. This frequency range corresponds closely to the Brunt-
Viisala frequency, repeated here for convenience

12
N=(g'§‘g‘) .

This correlation betwean N and our 30-m data indicates that inertial oscillations may
be present in the core of the drainage flow and, more importantly, are predictable from
simple theory and ground-level measurements.

Many of the stable spectra show unusual behavior on the high frequency end.
This is especially prevalent in the vertical velocity spectra. The cause of these "tails"
has been thoroughly investigated and two potential causes have been dismissed. The
first suspected cause was momentary periods of strong turbulence which would occur
a few times during a test period. The data were filtered to remove these large varia-
tions, but this had a negligible effect on the spectra. It was also surmised that these
tails could be the result of discretization errors, but corrections for this problem had lit-
tle effect. We believe these talls are not an actual characteristic of the fiow field, and
work is still continuing in the area.

3.4 Upper-air Data

3.4.1 Description of the Balloon-sounding Data

Ten instrumentad balloon soundings were made during the course of the
AMADEUS Dispersion Experiments. In this context a sounding is a vertical profile
from ground level to heights of several kilometers with a 10 - 50-m vertical resolution.
The dates, times (PDT) and maximum heights reached are summarized in Table 3.27
below. The soundings were made available to us in the from of photocopies of the
printer outputs produced in the field; the format of these outputs varied from case to
case. The data on these sheets were manually transferred to computer compatible
form. Because over 28 full pages of numerical values were involved, the data were
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first entered by one person and then independently checked by two others. In this
way, the integrity of the data was ensured.

Table 3.27 Upper-air balloon soundings for Meadcwbrook study.

Date Start Stop ™ Max. freight (m)
9/23 13:21 13:36 1400
9/24 20:19 20:36 6000
9/26 07:48 08:06 6900
9/27 01:24 01:53 5600
9/28 07:17 07:44 8000
9/29 18:50 19:17 8000
9/30 15:34 16:02 7500
10/01 11:16 11:26 2100
10/02 09:06 09:27 2100
10/03 16:19 16:46 6300

Our primary interest in the instrumented-balloon data lies in determining tie
mixing heights for the unstable release periods. Two methods of making this determi-
nation are possible depending on the period during which the sounding is available. If
a sounding is available at or vary near the time of the test, the mixing height may be
determined directly by locating the first inversion in the potential temperature profile. If
synchronous sounding data are not available, then the ground-level temperature at
the time of the test can be used in conjunction with a morning sounding to estimate the
mixing height. This estimate is made by determining the height at which the potential
temperature equals the surface-level potential temper: ire at the time of interest.

Boundary-layer heights for stable conditions may also be inferred from sound-
ing data as was discussed in Chapter 2, although the methodology employed with
these estimates has not been well established. Fortunately, the need for boundary-
layer heights is not as crucial for the prediction of dispersion under these stratified
conditions.

3.4.2 Potential Temperature Profiles and Mixing Helghts for Daytime
Releases

The potential temperature profiles determined from the 10 upper-air soundings
are presented in Figs. 3.16—~ 3.25. No sounding-based estimate of the mixing height is
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Figure 3.17 Potential temperature profile for September 24, 1987 (a) to a height
ot 6000 m and (b) to a height of 2000 m.
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possible for Test 0921871, since the first sounding was not made until two days later.
Howaever, a fairly reliable estimate may by made with the use of spectra data as dis-
cussed in the following paragraph. A sounding conducted immediately prior to Test
0923871 provides an accurate estimate for this test based on an observed inversion.
Morning soundings are available for the other three convective cases (Tests 0926871,
0928871 and 1002872). The mixing heights determined for all five convective tests
are summarized in Table 3.28.

Table 3.28 Mixing heights for unstable Meadowbrook tests.

Test Times z;(m)
092187 14:30 - 15:01 900
0923871 14:00 - 14:50 410
0926871 12:00 - 13:07 910
0928871 10:29 - 10:54 300
1002872 12:16 - 12:34 520

The peak frequency of the lateral spectra for unstable daytime tests is often asso-
ciated with the passage of the largest convective cells, which scale to boundary-layer
height. The horizontal width of these cells may be inferred by dividing the wind speed
at a sufficiently high level by this peak frequency. Since the 16 and 30-rn wind speeds
do not difter appreciably for the unstable tests, the 30-m wind speed may be thought of
as the horizontal velocity of these large convective cells. Figure 3.26 compares the
horizontal width of these cells with the mixing heights for the four tests where sounding
data are available. The linear agreement is quite remarkable considering the use of
the 30-m wind speed and sounding-based mixing-height values. Using these compar-
isons, the mixing height for Test 0921871 is about 900 m. Relations such as this are
most likely terra.n dependent, since the slope of the curve shown is simply the aspect
ratio of the convective cells.

3.5 Sonic-anemometer Data

3.5.1 Description of Sonic-anemometer Data
The data from the sonic anemometers (designated Sonic A and Sonic B) exist in
the form of 10-min averages and were made available to us on nine-track computer

tape. These averages were calculated by an on-site data acquisition system which
sampled the anemometer outputs at the rate of 20 hz. These data include
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(a) the vector-mean wind speed U [m/s],
(b) the vector-mean wind direction 6 [°],

(c) the mean temperature T [°C],

(d) the turbulent kinetic energy E computed from the correlation

.;_( U2 + v2 & w2 ) [mzlszl.

(e) the heat flux H given by pCp T'W' [W/m2],
(h z/L, where z is the measurement height of 7 m and L is the Obukhov
Length given by
3

x(9/T)Q,

[m], and

(g) the friction velocity u, given by \/ u'w' + v'w'  [nvs).

3.5.2 Synopsis of Sonic-anemometer Data

Since the sonic anemometer data exist anly as 10-min averages, we could not
compute averages over the same extended smoke release period which was used in
analyzing the surface station data. However, we selacted averaging times so that the
sonic-anemometer and surface-station averaging periods never differed by more than
5 minutes. These sonic-anemometer test averages are presented in Table 3.29.
Simple averages were computed for all valuas except L. For this parameter, the aver-
age heat flux and friction velccities were used in conjunction with the definition above.
The potential temperature scale 6., easily determined from the friction velocity and
heat flux (Egn. 2.9), is also listed in Table 3.29.

Since we wanted the similarity parameters to be representative of the surface-
layer properties over the course of the entire test, and because some of the 10-min
data appear incongruous with those from the same averaging periods, we eiected to
calculate averages with the inconsistent data removed. These "filtered"” averages
appear in Table 3.29. The 10-min data and "unfiltered" averages are provided in
Appendix A.

As mentioned in the introduction to this chapter, one potential problem of the
sonic anemometer data is that they represent turbulent fluxes at a single point as
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opposed to estimates derived from vertical profiles, which are inherently integral in
nature. This difficulty can be further aggravated by the effects of complex terrain and
heterogeneous metecrology. The sonic anemometer data presented for the unstable
releases show that this is not a serious problem in the valley floor at the Meadowbrook
site. Sonic A typically measured 50% higher heat fluxes and slightly higher friction
velocities. These measurements combine to give slightly lower estimates of L. The
similarity between the fluxes measured at these two locations indicate that, for unsta-
ble conditions, these rjuantities are not greatly influenced by the regional terrain and
are more representative of the local terrain, which is similar around both sonics.
Unfortunately, this comparison is only avalilable for unstable conditions, since Sonic A
was not operated during the night.

Two mixed-layer scaling parametars w, and T. may be easily computed for the
convective pariods from the sonic-anemometer data and estimates of the boundary-
layer height. These relationships are described in Section 2.4, but are restated for the
convenience of the reader

1/3
-y -2 0
W, u.( KL) . (3.24)
lel
and T, = W, (3.25)

Estimates of these parameters along with the length scale ratio (-z; / L) are given in
Table 3.30 for the five unstable tests.

3.6 Discusslion of Results

One of the primary goals of the AMADEUS smoke dispersion experiments is to
assess the effects of terrain on near- and far-field aerosol dispersion. In view of tnis
goal, the applicability of similarity scaling to the Meadowbrook data is explored, and
comparisons of these data to flat-terrain results are made.

3.6.1 Velocity Profiles
Unstable Conditionsg

Figure 3.27 shows wind profiles for the five unstable tests plotted with respect to
In(z). Profiles for all tests except Test 0928871 demonstrate roughly logarithmic pro-
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Table 3.29 Summa

of sonic anemometer data for Meadowbrook dispersion
tests. Filtered averages are shown.

. . E H .
Test-Sonic | U[m/s] | 8 [7) | T[°C] 2| Wi |u. [mvs]] L[m] | 8.[°C]
0921871-A | 4.80 275 | 421 | 217 | 143.0 | 0.88 | -429 | -0.146
0921871-B | 3.79 303 | 389 | 253 | 1321 [ 0.77 | -310 | -0.152
0923871-A | 2.42 268 | 340 | 1.54 | 199.7 | 0.86 | -284 | -0.204
0923871-B | 2.95 270 | 308 | 1.25 | 1746 | 0.62 | -120 | -0.245
0925871-B | 0.51 106 | 156 | 0.10 | -15.86 | 0.20 | 44.2 | 0.066
0926871-A | 4.92 306 | 201|192 2706 | 0.80 | -169 | -0.293
0926871-B | 3.66 299 | 258 | 259 | 183.1 | 0.74 | -197 | -0.212
0927871-B | 0.44 42 104 | 0.08 | 8.00 | 0.14 | -30.0 | -0.047
0927872-B | 0.92 48 89 [0.18 | -1349 | 0.24 | 89.9 | 0.046
0928871-A | 2.54 262 | 288 [ 0.27 | 1163 | 0.23 | -6.39 | -0.433
0928871-B'] 3.11 269 | 25.8 | 0.28 | 65.77 | 0.17 | -6.62 | -0.332
0930871-B | 1.06 67 171 | 0.15 | -18.28 | 0.19 | 31.8 | 0.081
1001871-B | 0.95 65 185 | 0.22 | -34.7 | 0.26 | 445 | 0.112
1002871-B | 1.05 56 176 | 0.07 | 125 | 0.11 | 9.41 [ 0.095
1002872-A | 2.02 276 | 336 | 093 | 1708 | 0.55 | -87.4 | -0.272
1002872-B | 3.32 252 | 306 | 0.52 | 132.8 | 0.39 | -39.8 | -0.296
1003871-B | 0.50 105 | 168 | 0.18 | 3.14 | 0.27 | -838 | -0.010

Table 3.30 Convective scales for the five unstable tests. Thase results are
based on the filtered averages.

Sonic Anemometer A Sonic Anemometer B

Test Z [m] Zi/L w. T. Z//L w, T.
0921871 900 2.09 1.52 0.084 2.90 1.49 0.079
0923871 410 1.44 1.31 0.131 3.42 1.26 0.120
0926871 910 5.38 1.90 0.124 4.69 1.67 0.095
0928871 300 32.2 0.99 0.099 45.5 0.82 0.069
1002871 520 5.97 1.35 0.110 13.0 1.24 0.092
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Figure 3.27 Wind profiles measured at 30-m micrometeorological tower during the

unstable dispersion tests at Meadowbrook. Smoke release times and

average directions are also given.
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files at the lower levals, although perturbations exist around the 4- and 8-m levels for
Tests 1002872 and 0923871. The profile for Test 0928871 is clearly non-ideal and
exhibits a wind spesd maxima at the 8-m level, indicating effects other than surface-
induced shear and convection are present.

The minor perturbations praesent in the profiles for Tests 0923871 and 1002872
are characteristic of changes in roughness length at some distance upwind. A change
in roughness length is, in effect, a change in surface stress which will cause the forma-
tion of an internal boundary layer. Friction velocities will typically vary among the
internal boundary layers and cause perturbations, or Kinks, in logarithmic profiles.
Panofsky and Peterson (1972) further discuss this effect in analyzing data from the
125-m Rise tower in Denmark.

Due to the regionally irregular terrain and the proximity of the micrometeoro-
logical tower to Paynes Creek, abnormal profile features may be characteristic of the
area. In order to determine the directional variation for daytime profiles, averaged
ratios of the 2, 4, 8, and 16-m wind speeds to that of the 30-m level from 6 difterent
directions have been computed and are shown In Figure 3.29. Figure 3.28 shows the
six, upslope-tiow directional increments into which these profiles are segregated. In
this context, upslope flow denotes wind directions from 180° to 360°. Data from four
days, encompassing the time period 11:00 to 17:00, were used in computing these
profiles. Data from other days were not considered due to missing wind speeds,
mainly at the 4-m level. In order to ensure unbiased results, profiles for which the
minimum wind speed was less than 1 m/s were excluded, although 85% of the profiles
were above this threshold. One-standard-deviation error bars on the ratios, 30-m wind
speed statistics, and the percentage of included data from each directional increment
are also provided in Figure 3.29,

These mean profiles clearly show influence of differential roughness and jetting
phenomena often associated with buoyancy-induced slope flow. The most striking
feature of the profiles from directions 240° to 360° Is wind speed maximums below the
30-m level. The profile for directions 330° to 360° actually has the average wind
speed minimum at 30 m! The standard deviations for the profile ratios are faitly high,
indicating the shape of these profiles changes considerably over time. Profiles from
180° to 270° contain small, lower-level perturbations, most likely caused by Paynes
Creek. These perturbations show good agreement with those of Tests 0923871 and
1002872. Comparison of the profiles for Tests 0921871 and 0926871 to the average
profiles is also good, indicating test conditions were characteristic of the norm. The
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Figure 3.29 Daytime mean profile ratios for upslope flow directions along with

percentage of data trom each directional increment. One standard deviation
error bars and 30-m wind speed statistics are also given. These data are
averaged from four days encompassing time periods from 11:00 to 17:00.
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jet-like protile for Test 1928871 is possibly a resuttant of transitional effects, since that
test occurred only an hour and a half after moming transition.

Stable Conditions

Proi.es for five of the seven stable tests are shown in Fig 3.30. The other two
tests are not included, because many of their average wind speeds were bslow
anemometer thresholds of around 0.3 m/s. All profiles contained wind speads below 1
m/s at lower tower levels, and significunt bias errors due to non-cosine directional
response of the propeller anemometers may have cccurred. These errors can be
largely ignored at higher wind speods. Another problem not encountered in the
unstable tests are large vertical variations in wind direction, with deviations betwaen
levels often exceeding 20°. Dusg to the possibilities of large directional errors in the
propeller anemometers, the directions given in Figure 3.30 are those of the wind vane
at the 10-m level. Despite these potential problems, the profiles for all tests except
Test 0927871 are nicely logarithmic at the lower levels and dispiay characteristics
similar to those for stable conditions on flat, homogeneous terrain. The abnormal pro-
file for Test 0927871 could he the result of the 30° wind direction variation among the
leve's (see Table 3.19).

In an analysis similar to that done for the unstable tests, mean profiles were com-
puted for six downslope-flow directions ranging from 0° to 180° (see Fig. 3.28).
Figures 3.31 and 3.32, ‘or time periods encompassing 20:00-00:00 and 03:00-07:00
respectively, show the averaged wind profiles delinsated by direction. The directions
used for the seoaration of the data were those of the 10-m wind vane. Two separate
time periods were selected to provide data on late-night and early-morning periods, for
which different profile characteristics may be present. For both time periods, data from
five days were used in the analysis; however, a majority of wind-speed measurements
in the sarly morning period were below the 1-m/s thieshold, and their profiles were not
included in the averages. This omission of these early-morning data reduced the
number of samples in three of the diractional increments to less than 20, so their aver-
aged profiles are not deemed statistically significant and tius are not shown.

The profiles from the two time periods are virtually identical ir. form, although the
30-m wind speeds are significantly higher during the late-night period. The higher
wind speeds early at night probably result from the stronger buoyancy forces caused
by the intense radiational cooiing during this time. The directional distributions, as
well as the ratio standard deviations, are nearly indistinguishable.
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Figure 3.30 Wind profiles measured at 30-m micrometeorological tower during
stable dispersion tests at Meadowbrook. Profiles for Tests 0925871
and 1003871 not shown due tc near-calm conditions. Smoke release
times and 10-m wind directions are also given.
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Figure 3.31 Late-night mean profiles for downslope directions along with percentage
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bars and 30-m wind speed statistics are also given. These data are
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As previously mentioned, many data for the nighttime periods were below the
threshold of 1 m/s and were excluded from the averages. This criteria eliminated 55%
of the late-night data and over 80% cf the early-morning data. If we define wind-speed
intermittency as the fraction of time that the wind speed is above 1 m/s, we can investi-
gate how these intermittencies vary with time and dirention. Table 3.31 shows the
wind-speed intermittencies for the 2, 8 and 30-m levels of the micrometeorological
tower. These data coincide with those used for the profile ratios. The low, early-morn-
ing intermittencies at the 2 and 8-m levels are indicative of a waak wind field in which
cool, dense air pools near the greund. However, the 30-m early-morning intermitten-
cies are actually higher than those at night, indicating that, although weaker, the core
of the drainage flow is more established and flows consistently. Low-level intermitten-
cies are very small for the sidewall directions.

In early morning, interesting behavior occurs in the 120° - 180° directional range,
where intermittencies are lowest at the 8-m level. Further investigation into these data
showed that the wind direction between the 2- and 30-m levels varied by 60°-75°.
This large directional variation could result from the incursion of weak, shallow side-
wall flows into the main valley at the 2- to 8-m levels. The shear zones, where the
sidewall flows and the main drainage flows meet, may have very low wind speeds and
thus, very low intermittencies. Sidewall flows typically have depths less than 15 m
and, in the main valley at Meadowbrook, would only exert their influence when the
low-level, drainage flow stagnates.

Table 3.31 Wind speed intermittencies for late night and early morning time
periods. These data were measured on the micrometeorological

tower.
Intermittencies for Intermittencies for
time periods 20:00 - 00:00 | time periods 03:00 - 07:00
Direction 2-m 8-m 30-m 2-m 8-m 30-m

0°<B<«30° 0.06 0.10 0.44 0.02 0.05 0.68
30°<0<60° 0.33 0.54 0.81 0.13 0.23 0.92
60°<0<90° 0.50 0.80 0.e3 0.19 0.42 0.96
90°<08<120° 0.24 0.59 0.88 0.10 0.18 0.96

120° <9 <150 ° 0.20 0.30 0.67 0.08 0.03 0.86
150° <0 <180° 0.1 0.19 0.44 0.16 0.00 0.72
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3.6.2 Methods for Flux Determination

The proximity of the micrometeorological towsr to Sonic A provides an excellent
opportunity for the comparison of fluxes measured directly (with Sonic B) to those
inferred from other measurements. Three alternative methods are considered in this
analysis: (a) Irwin and Binkowski's bulk Richardson number method, (b) Niswstadt's
profile fitting method, and (c) an the eddy correlation technique using the low-resolu-
tion micrometeorological-tower data. The method of Irwin and Binkowski as well as
Nieuwstadt's profile method are discussed in Section 2.3. The eddy-correlation tech-
nique is essentially what the sonic anemometer employs and is discussed briefly in
Section 3.1.

Before the Rip or profile method may be attempted, the roughness length must be
estimated. In a complex terrain setting such as this, there are many Issues which
should be addressed as was discussed in Chapter 2. The mean velocity profiles
described in the last section are somewhat useful, but extrapolation of the profiles to
their zero wind speeds provide unreasonably low roughness heights (< .001 m) con-
sidering the heterogeneity of the terrain. The only other empirical method available to
us is the EPA-recommended correlation presented in Section 2.3 and repeated here
for convenience

Cu 1
u " Infz/zo)"

This provides reasonable but inconsistent roughness length estimates of 0.3 10 0.9 m
for unstable tests and 0.1 to 0.2 m for stable tests. These results, however, may not be
reliable, since the method is recommended for wind speeds above 5 m/s, and our data
do not meet this criteria. For lack of a better method and to keep matters simple, we
will use roughness lengths of 0.5 m/s for directions of 60° to 240° (southerly flow) and
1.0 m for the remaining directions. Two roughness lengths are necessary to account
for the influence of the Paynes Creek creekbad on the flow.

The results of these comparisons are shown in Table 3.32. Resulls for
Niewstadt's profile fitting mettiod are not shown, since this algorithm failed to converge
or gave extremely low Obukhov Lengths for all tests. The non-ideal profiles and large
roughness lengths are probably to blame for these poor results. However, this method
doaes converge to more reasonable (but still poor) values in some cases, if the rough-
ness length based on a profile extrapolation is used. As emphasized iri the previous
paragraph, thase are very small roughness lengths and do not have physical signifi-
cance in this terrain. The eddy-correlation technique significantly underestimated fric-
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tion velocity, and yielded negative heat-flux values for three of the five tests. The
magnitudes of the Obukhov Lengths are rather consistent with those from the sonic,
but the errors in sign are troubling, indicating that either the 1-s data are not feasible
for use with this technique, or the temperature probes on the tower did not actually
have a 1-hz response time. lrwin and Binkowski's method provided reasonable esti-
mates of Obukhov Length but grossly overestimated friction velocity values.
Unreasonably large roughness length estimates on the order of 2 - § m would lower
these friction velocity estimates to a reasonable value, but they would also increase
Obukhov Length estimates to near neutral values.

Table 3.32 Comparison of friction velocity and Obukhov Length as given by
sonic anamometer and 2 alternative techniques.

Sonic B Eddy correlation Irwin and Binkowski
Test u, L u. L u. L
0921871 0.77 -310 0.22 <131 1,95 -265
0923871 0.62 -120 0.16 66.2 1.€8 -111
0926871 0.80 -197 0.31 281 1.07 -406
0928871 0.17 -6.62 0.07 6.62 1.25 -28
1002871 0.39 -39.8 0.17 -130 1.57 -124

No data for stable tests are presented owing to even poorer results than those for
the unstable tests. For these tests the eddy-correlation technique yielded friction
velocity estimates of less than 0.05 m/s and meaningless heat-flux values. Irwin and
Binkowski's method yields Obukhov Lengths of zero for all tests, since Rip is greater
than the critical value of around 0.21 for all tests. Profile fitting was not attempted.

3.6.3 Variance and Spectra
Unstable Standard Deviations

The flat-terrain, variance and spectra correlations presented in Section 2.5.1 may
be used in conjunction with the sonic-anemon ater-measured flux data to determine
the applicability of similarity-based scaling in a complex-teirain setting such as the
Meadowbrook Site. Figures 3.33 and 3.34 show oy and oy normalized by u. and plot-
ted against z/z). Hejstrup's relations for these statistics for two ditterent values of zyL,
encompassing the values found occurring in our data, are presented for comparison.
These correlations agree with the data fairly well for the mean-wind velocity variations.
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data.
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with the similarity-based empirical relation by Hajstrup (1982). Curves
given represent approximate upper and lower bounds of z /L for qur
data.

127

Il U A A I B B B O S B O B O T Em O s
oe
°
N bo—
X
X
o
>
|
r




The correct estimate for Test 0928871 Is especially encouraging. However, the
increase of variance with height contradicts the trends that Hejstrup's relations predict.
The correlations between our data and the empirical functions for the transverse
velocity are not as good, with a dependence on zjL failing 10 manifest itself. Much of
this discrepancy may result from the effects of the valley in constraining the transverse
velocity fluctuations.

Figure 3.35 shows oy normalized by u. and plotted against §{. Empirical relations
from both Hajstrup and Panofsky are shown for comparison. All relations overpredict
the actual values of ow/u, computed from test data, although, with the exception of Test
1002872, the proper dependency on 2z; postulated by Hajstrup is realized. The over-
prediction of ow/u. is likely the result of terrain influences on friction velocity. The large
convective cells, which contribute most to ow are probably influenced little by terrain in
the middle of the Paynes Creek valley, whereas the friction velocity may be raised due
to complex-terrain influence in the sutface layer. Since the near surface variations in
the horizontal velocity components are probably affected similar to friction velocity, this
scaling did not produce such a wide disparity between the data and the models for the
horizontal velocity standard deviations.

Stable Standard Deviations

Using the concept that the standard deviations for three velocity components
should scale directly to friction velocity in neutral to moderately stable conditions, a
direct relationship between these is explored. Standard deviations of the wind com-
ponents measured on the 8-m level of the micrometeorological tower are compared to
the friction velocities measured by the sonic anemometer in Table 3.33. Only the 8-m
level on the micrometeorological tower is considered, since it is close to the 7-m sonic
anemometer haeight, and consideration of only these data would reduce inconsis-
tencies caused by height-dependent variations of friction veloclly. Also, { values at
this level, as measured by the sonic anemomaeter, are fairly small (< 1), approaching
the criteria of moderate stability.

Table 3.33 also gives the correiation coefficients defined as

(u,-u,) (01— 0))
p = 0, 04 . (3.26)

where the subscript "i" denotes each velocity componant. Not only do the proportion-
ality constants vary considerably between the tests, but the correlation coefficients
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indicate that a relationship between u. and the velocity fluctuations is relatively poor,
especially for the mean-wind direction. The correlation coafficient of 0.72 between oy
and friction velocity indicates a moderate degree of consistency, but the correlation is
still unimpressive. The genseral absence of a relationship between friction velocity and
variance could be indicative of several things. These include: propeller-anemometer
error caused by near threshold wind speeds; higher stabilities than indicated by the
sonic anemometer, resulting in failure of the method; and subtle effects on u, caused
by far-upstream conditions. Considering the terrain and the highly stable conditions,
as Indicated by Rip values, &ll three of these effects were probably experienced.

Table 3.33 Friction velocities, wind-component standard deviations, and
thelr ratios along with correlation coefficients for the stable tests.

Test u. Ou Oy Ow o/l a,/u, ow/u,

0925871 0.2 0.28 0.31 0.058 .40 1.55 0.29

0927871 0.14 0.27 0.42 0.082 1.64 3.00 0.58

0827872 0.24 0.49 0.42 0.1186 2.04 1.75 0.48

0930871 0.19 0.33 0.42 0.096 1.74 2.21 0.51

1001871 0.26 0.42 0.5 0.125 1.62 1.92 0.47

1002871 0.11 0.49 0.29 0.096 4.45 2.64 0.87

1003871 0.27 0.39 0.48 0.114 1.44 1.78 0.42

p 0.14 0.73 0.55

Spectra

Figures 3.36 and 3.37 show a comparison betweer: the unstable spectra for Tests
0921871 and 0923871 and the similarity-based predictions of Hojstrup. These two
tests were chosen for analysis, since their stability characteristics ‘were similar. The
spectra for the tests are also similar, but their agreement with the spectral model is
relatively poor. The discrepancies are especially evident at the high-frequency end of
the spectra, where the data completely fail to converge on a single curve in the inetrtial
subrange. The raw spectra, given in Section 3.3.2, seem invariant with height, and the
incorporation of reduced frequency adds a height and mean-wind speed dependence.
The wind speed, however, varied little with height, so this scaling acted to separate the
curves in this region. The agreement of the spectra between the two tests provides
evidence that similarity-based scaling might apply, but the poor comparison of our
data to the flat-terrain relations highlights the need for terrain considerations.
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Figure 3.36 Comparison of spectra for Test 0921871 with similarity-based spectra
model by Hojstrup's (1982)
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Figure 3.37 Comparison of spectra for Test 0923871 with similarity-based spectra
model by Hojstrup's (1982).
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4. NOCTURNAL DRAINAGE FLOWS AT MEADOWBROOK

As briefly discussed in Chapter 2, flat-terrain similarity scaling is of uncertain use
in tha analysis of nocturnal drainage flows. In fact, a definitive concept of stability,
which is firmly established in flat-terrain meteorology, is iiself somewhat elusive. A
cursory inspection of the surface-station data given in Section 3.2 shows an extreme
inhomogeneity in wind speed, temperature, and bulk Richardson number for the night-
time dispersion tests. Such spatial variations, which are not significant in the daytime
trials, underscore the complexities invclved in characterizing near-surface atmo-
spheric stability in complex terrain during the night.

4.1 Drainage Flows

4.1.1 Factors Influencing rFiow Development

Even though radiative cooling is the primary factor influericing the development
of nocturnal drainage flows, their characteristics may be influenced by a variety of
additional atmospheric conditioris as well as physical terrain featur:s. The atmo-
spheric effects can be delineated into two groups, those which reduce radiational
cooling and those which physically erode or impede the formation of the drainage
flows. Radiational cooling may be directly affected by cioud cover, local humidity, and
soil characteristics, whereas the flows may be physically affected by upner-level
winds, which may be either geostrophic or from largar drainage flow systems. The ter-
rain eifects are mainly confined to slope and surface characteristics, but can be
extended to include large-scale terrain features, which may couple with upper-level
winds to produce effects such as the entrainment of upper-level air or ihe creation of
large circulations.

Atmospheric moisture and cloud cover are expected to significastly atfect radia-
ticnal cooling, altnough few observations comparing these constituents to radiational
data exist. Observational studies into these effects are hindered by not only the inho-
mogeneous and time-dependent nature of atrnospheric moisture <onient, but also the
expense and difficulty incurred in obtaining the required data such as vertical profiles
of water-vapor mixing ratio as well as cloud-base heights and cloud depths.
Numerical studies have demonstrated that, when exciuding external effects, the depth
anc strength of downslope flows decreased non-linearly when either the fraction of
cloud cover increased or the cloud-base height decreased (Ye et al. 1990a). These



studies have also revealed that the impact of high clouds (cirrus, alto stratus, etc.) is
almost negligible, even if overcast.

4.1.2 Drainage Flow Simlilarity

Although no generalized similarity theory exists for predicting the wind profiles
and boundary-layer depths of drainage flows, there exists strong evidence that local
site-specific scaling is plausible. Numerical studies have demonstrated that drainage
fiow boundary-layer depths are insensitive to terrain steepness, although their
strengths are indeed dependent on steepness (Ye et al., 1990b). These same studies
have shown that drainage-flow characteristics are predominantly dependent on local
phenomena, as opposed to large scale atimospheric conditions. Almost all observa-
tional and numerical studies have shown that drainage flows exhibit low-lavel jets.
These jets have been shown to be typical of free-shear jet boundaries in that turbulent
kinetic energy is minimized at the jet maximum and momentum fluxes change sign
across the boundary {(Horst and Doran, 1988). Clements et al. (1990) present tethered-
balloon data recurded during the ASCOT programs in 1984 and 1988, which demon-
strate that the height of the jet boundaries were relatively constant with respect to loca-
tion from night to night. During these same nights, however, the maximum velocities
and boundary-layer depths varied considerably. These observations strongly suggest
that the lower and upper depths of valley flows are decoupled, and local similarity
scales, such as that proposed by Nieuwstadt (1984) and discussed in Saction 2.2,
might be applicable.

4.2 The Meadowbrook Drainage Flow System

3efore the dispersion of fog-oil smoke can be properly assessed and modeled,
the Plum Creek drainage flow characteristics, as well as the factors intiuencing them,
should be investigated. In this section we will attempt to quantify the drainage flow
strengths and associatud thermal stabilities and try to relate these to each other and
the sonditions inn the regional terrain. Data from 7 of the 14 surface stations on the
Meadowbrook site will be used in this analysis. Stations A105, A109 and A110 are
lecated in regions above the Plum and Paynes Creek valleys and will be used in
deterniining the conditions outside of the local valley system. Stations A106, A107,
ana A108, will be used for determining flow characteristics in the Plum Creek valley,
where the "stable” smoke releases were conducted. Station A102 will be used solely
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for a representative 10-m temperature on the main Paynes Creek valley floor. The
locations of these stations are shown in Figure 4.1.

In Section 4.2.1, two measures of thermal stability are discussed. One of these is
the difference in temperatures between the 10 and 2-m levels at an individual station.
This local temperature difference will be referred to as AT; where the subscript "i"
denotes the station. The second measure of thermal stability will be the temperature
difference between the ridge-top regions and the valley floor. This regional-scale
surface-temperature difference will be referred to as VT; where the subscript "i"
denotes the station whose 10-m temperature difference with respect Station A102 is
being considered.

These quantities are employed in Section 4.2.2 where flow characteristics in the
Plum Creek valley are analyzed. The primary goal of this analysis is to determina if
the drainage-flow characteristics are most affected by local, valley-scale or mesoscale
phenomena. Alsc, the relationship between local AT and regional VT is examined.
The strength of the flows are inferred with the 10-m wind-speed averages. These
10-m wind speeds should adequately represent the night-to-night, drainage-tiow
strength variations, since, as was discussed in Section 4.1.2, some degree of wind
profile similarity for valley flows has been observed.

4.2.1 Thermal Stabllity Issues

Some of the problems associated with the classification of stability at the
Meadowbrook site can be examined in Figure 4.2. Shown here are 10-m temperature
records for Stations A102 and A109 during a 24-hour period from noon on September
21, 1987 to noon the following day. Temperatures at the 10-m level as well as AT's for
each station are shown. During the day the 10-m temperatures measured at Stations
A102 and A109 are very similar, and neither show strong variaticns with time.
However, the temperature difference between the two stations (VTa10g) jumps ten
degrees during the first hour after sunset and becomes as much as 15 °C shortly
before sunrise. In addition to this temperature disparity, the temperature fluctuations at
the individual stations are an order of magnitude larger during the night.

The magnitudes and fluctuations of the AT's also exhibit differances with respect
to stations &nd times of day. In the daytime, ATa109 is larger and more erratic, but
during the night ATa102 shows greater and more randomly fluctuating values. At
times, ATA102 approached 5 °C (indicating a near-ground lapse rats of 0.6 °C/m |) but
at other times is lass than 1 °C, underscoring the strength and variability of the lower
valluy stratifications.

r]
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Since the primary driving mechanism for nocturnal drainage flows is the long
wavelength radiational cooling of the sloping terrain, these ragiona! temperature
variations, such as VTg109, might be related to characteristics of tha drainage flows.
Regional thermal stability may be directly coupled with the Plum and Paynes Creek
system or could be influenced by larger scale (mesoscale) drainage flows which arise
from the higher elevations to the east of the site.

Near-ground temperature differences AT are indicative of local thermal stability,
and when combined with winu speeds, are measures of hydrodynamic stability
through the Richardson number concept. These temperature differences reflect not
only radiational cooling at a particular location, but also the turbulent mixing of the
warmer drainage core into the heavily-stratified, near-ground air at that point. As is
evident in Figure 4.2, this local stratification can exhibit strong fluctuations in small time
periods, and as was seen with the surface-station data, stratification and Rip are very
spatially inhomogeneous. Unfortunately, our surface stations lacked radiation and
humidity sensors and our on-site cloud cover data Is relatively limited, so we cannot
assass these effects on the local cooling. This might not be a significant problem,
however, since the entire area was very dry and relatively free of low cloud cover for
the duration of the experiments.

4.2.2 Flow Characterization

Large, nocturnal temperature variations between stations and strongly fluctuating
values of AT, such as those shown in Figure 4.2, were not unusual at the
Meadowbrook site. Realizing that these temperature gradients usually exist, we desire
to relate the AT and VT values to the drainage-flow strength in the Plum Creek valley,
where the "stable” fog-oil smoke releases were conducted. However, the significant
fluctuations in the temperature fields require a systematic averaging schems to be
established before data comparisons can be made.

In a manner similar to that done in the analysis of the micrometeorological pro-
files for stable conditions, surface station temperature and velocity data are analyzed
in two separate groups, which encompass the four-hour segments 20:00 - 00:00 and
03:00 - 07:00. Two separate time periods were selected to provide data on the late-
night and early-morning periods, during which ditferent flow regimes may be present,
while four hour time spans were chosen to provide sufficient statistical accuracy.

In Figure 4.2, it can be seen that the near-suriace cooling is very strong early in
the night and continually weakens until sunrise. As a consequence, the wind speeds
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are generally higher during the late-night hours when the gravity induced buoyancy
forces are highest. However, the temperature differences VT and AT are highest early
in the morning, when wind speeds are lower and stratification is more firmly estab-
lished. The early morning is also of the most interest to us, since most of the Plum
Creek disparsion tests took place afier 06.00.

Characterization of Intra-valley stratification

The first issue that needs to be addressed is whether the average temperature
differences VT, as assessed by the three higher slevation surface statlons, yield the
same night-to-night trends. Since A109 is the highest of these stations, VTAq0g Is
compared with YTa105 and VTa110. These average temperature differences, for both
late night and early morning time periods, are shown in Figure 4.3. Only 10 of the 16
days in the AMADEUS experiment are used with these data, since Station A109 was
only operational for 10 days. From the data shown in Figure 4.2 and the associated
correlation coefficients, it appears that VTa110 is correlated very well to ¥Ta1g9. The
temperature difference VYTa105, however, followed the same general trend as VTA109
but significant discrepar.cies exist. These are important observations, since they indi-
cate that the temparatures at Stations A110 and A109 are influenced by the same pro-
cesses, and strongly suggest that mesoscale influences are present which serve to
partially deceuple ths conditions at Station A105 trom those at Stations A109 and
A110.

Relatlonships Between Reglonal Thermal Stabilily and Plum_Creek Data

A comparison of ¥Ta110 with the average wind speeds at the Plum Creek
Stations A106, A107 and A108 for both late night and early morning periods is shown
in Figure 4.4, Station A110 is used as the upper-level station for *hese conparisons,
since data from this station are available for all 16 days of the AMADEUS experiments.
The most prominent trend shown in these data is that the velocity maxima occur for all
three surtace stations for moderate temperature differences (5 — 7 °C). These maxima
occur for slightly different values of VTa11p depending on whether late night or early
morning periods are being considered.

Before these abservation can be properly assessed, the interaction between
VTa110 and AT1pe, AT107 and AT 108 needs to be considered. Figure 4.5 shows the
comparison between VTa119 and the AT values for the three Plum Creek surface sta-
tions. For the nighttime hours, a slight positive correlation is present between ¥YTa11g
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Figure 4.3 Correlation between the intra-valley temperature differences computed
using Station A109 and those computed using Stations A105 and A110.
Plot (a) is for the time perind from 20:00 to 00:00 and plot (b) is for the
time period from 03:00 to 07:00. |hese data are from the 10 days that
Station A109 was in operation.
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Figure 4.4 Correlation between 10-m wind speeds at Stations A106, A107 and
A108 and intra-valley temperature differences. Plot (a) is for the time
period from 20:00 to 00:00 and plot /b) Is for the time period from 03:00
to 07:00. These cata are from all 16 days of the AMADEUS
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Figure 4.5 Correlation between near-ground temperature differences at Stations
A106, A107 and A108 and intra-valley temperziure differunces. Plot
(a) is for the time pericd ircm 20:00 to 00:00 and plot (b) 1s for the
time period from 03:00 to 07:00. Tr.ese data are from all 16 days of
the AMADEUS experiments.
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and the AT's, except for ATa10e. During the morning hours a weak positive correlation
is evident between these temperature difference quantities, although the AT's do not
show signiticant increases for VTaq10 above € °C. The lack of strong positive correla-
tions between these thermal stability measures indicate a decoupling of the local and
reglona! surface thermal stabilities. towever, there does appear to be correlation
when both the regional and local stratifications are weak. These weak stratifications
are probably indicative of weak cooling, and a relationship between the regional and
local stratifications Is likely for these conditions.

Near-ground tamperature stratification ATa10s IS plotted against the wind speeds
at Stations A106, A107 and A108 in Figure 4.6. The Plum Creek valley wind speeds
appear to generally increase with increasing stratification at Station A108, although,
close examination of the wind speed data for Stations A107 and A108 shows that for
the higher stratifications, the wind speeds actually decrease a little or at least remain
the same. A similar functional relationship appears in Figure 4.7, which depicts the
comparison between wind speeds at the Plum Creek stations and ATa197. With thesa
data, the wind speeds at the Plum Creek stations actually decrease with increasing
AT a107 during the night and exhibit a maximum for moderate values of ATa197 In the
morning.

These unusual eftects can be explained by assuming that these local stratifica-
tions do not drive the flow, but are directly atfected by the flow strength and local cool-
ing. The differences in the relations hetween the valley wind speeds and the stratifica-
tions at Stations A107 and A108 most likely result from surtace vegetation differences
in the areas surrounding these stations. Station A107 was nestled in an area popu-
lated by large numbars of small trees and was fairly close to Plum Creek, whereas
Station A108 was in the middle of a field with little vegetation for several hundred
meters upwind. The enhanced veriical mixing causecd by increased roughness around
Station A107 acts to disrupt the near-ground temperatura inversion at higher wind
speeds, so that the near-ground stratification at this station was not maximized when
cooling was the strongest. This effect is also seen at Station A108, but not to such a
large degree. These cbservations lead to the conclusion that the local stratification in
the Plum Creek vallay is strengly affected by the valley flow (not vice versa), and that
local stability may indeed be at a maximum when regional cooling i1s not at its
strongest.
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Figure 4.6

Correlation between 10-m wind speeds at Stations A106, A107 and
A108 and near ground temperature differences at Station A108. Plot
(a) is for the time period from 20:00 to 00:00 and plot (b) is for the time
pe ‘od from 03:00 to 07:00. These data are from all 16 days of the
AMADEUS experiments.
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Figure 4.7 Correlation between 10-m wind speeds at Stations A106, A107 and
A108 and near ground temperature differences at Station A107. Plot
(a) is for the time period from 20:00 to 00:00 and plot (b) is for the time
period from 03:00 to 07:00. These data are from all 16 days of the
AMADEUS experirnents.
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External Forcing

The data comparisons presented up to this point illustrate the complexities
involved in the Meadowbrook drainage filow system. Since the mechanisms control-
ling drainage fiow strengths have not adequately been explained, external influences
need to be examined. There is a problem here, however, in that our resources in this
regard are very few, consisting of three widely separated 10-m suriace stations. With
thase stations, we cannot conclusively establish the above-valley flow regimes, but
can form ideas of what may be affecting the velocity and temperature fields in the
valley.

Up to this point in our discussion, the average wind directions have not been
considered. For the most part, however, average wind directions are of little interest in
drainage flow characterization, since their night-to-night variations are rather small.
The Plum Creek valley stations generally exhibited variations of the late-night aver-
ages of less than 15° during the whole testing period (with the exception of September
25, 1987). The above valley stations, Stations A105 and A109, also displayed little
variation betwsen nights (Station A109, though, was not operational for 6 days and the
wind direction data for some of the other days contain many bad data.) Station A110,
however, exhibited a comparatively wide variation in the late night and sarly morning
averagus, of around 80° and 120°, respectively, throughout the AMADEUS dispersion
tests. Figure 4.8 shows the velocities for Stations A106, A107 and A108 plotted with
respect to the wind direction at A110. A correlation between 6a11¢ and Plum Creek
valley wind speeds is present for both late night and early morning time periods. The
wind velocities are significantly higher when the direction at A110 is between 90° and
110°. A second, but less intense, maximum in the velocities may be occurring for
directions at Station A110 of about 130°, although this second maximum is not con-
clusive, since data are sparse in this vicinity.

The wind speeds at Station A110 were also compared with those from the Plum
Creek valley and VTa110. These comparisons reveal a linear correlation between
these wind speeds, although the wind speed at Station A110 did not show the same
degree of correlation with VTa110 as did the Plum Creek valley stations.

The correlations betwesn the wind speeds and directions at Station A110 to
those uf the Plum Creek valley provide evidence oi two possible effects which may be
occurring. The first is channeling of the flow into the Plum Creek valley when the
larger mesoscale drainage flows arrive from a certain directional range. This channel-
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inn of the flow wil! raise both the wind velocities at Station A110 and in tha Plum Creek
valley. A second scenario could be that regional cooling affects the masoscaie flows
in such a way that the strongest flows naturally atrir'a from a certain diractional range.
These stronger flows could then dominate the regional and local drainage.

The Station A110 directionai data are compared with the ntra-valley temperature
differences in Figure 4.9. A correlation appears to exist for the early-racrning tirne
periods, but not for tha late-night periods. The sing.a outlier cata point in the eayly
morning period (VTAj10 = 3.5 °C at 04110 = 115° ) is irom September 25, 1987 whicn
had very weak cooling and a very poorly established drainsige flow. These data, how-
ever, do not offer an easy explanation into the external dynamicy influencing the intra-
valley temperature stratifications. These efficis will be further examined in later
r&ports.

Conclusions

The data conelations presevted in this section for flow strength and thermal
stratification have provided a valuable insight inio some of the dynamics influencing
the Meadowbrook drainage flows. The majar canclusions of this study, in the order
exolained in the text, are as folicws.

(a) As indicated by the differing trends of ¥YTaA1cs, as opposed to those of VT ayp9 and
VTa110, conditions on the northern and southern rims of the larger Paynes Creek
valley a' artially decoupled. This decoupling probably results from the pres-
ence of a large hill (Inskip Hill) to the northeast, and a large ridge to the south-
aast, of Station A108.

(b) Regional thermal stratifications are decoupled froin near ground thermal stratifi-
cations in the Pium Creek valley for moderate to strong nocturnal cooling.

(c) The drainage flow strangth in the Plum Creek valley acts to disrupt local stratifica-
tion, when the wind speeds are above a certain threshold. For weaker flows, the
stratification is dominated by the local cooling, since the wind speeds are not
strong enough to sufficiently agitate the boundary layer. As local terrain rough-
ness increases, the ability of the tiow to disrupt the local stratification is greatly
enhanced.
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(d) The Plum Creek flow is dominated, or at Ieast strongly coupled to, the larger

(e)

mesoscale drainage flows which originaie from the east. There are two possible
scenarios under which this can occur. The first of these is a channeling of the
larger mesoscale flow into the Plum Creek valley when the flows approach the
valley from certain range of wind directions. Since the velocities at Station A110
are also strongly correlated with those in the Plum Creek valley, & second expla-
nation is that the strengths of the mesoscale and local fiows are coupled, and that
the directional variations are associated with influences of regional cooling and
stability on the mesoscale flow.

The intra-valley stratifications are most likely influenced by a combination of local
cooling and external forces. Local stratification would tend to dominate in weak
cooling, and the external flows would act to enhance or erode the stratifications in
stronger cooling, when mesoscale flows arc well established.
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5. SUMMARY AND CONCLUSIONS

This report summarizes our analysis of the AMADEUS meteorological data which
has been carried out to date. Our efforts in this regard have included the reduction,
analysis and archiving of data from the following meteorological instrumentation
employed during each of the smoke and tracer release periods:

1. An array of 14 surface stations (instrumented at a height of 10 m) was
used to map the horizontal variation of the wind field over the site.

2. A micrometeorological tower was used to determine vertical profiles of
wind and temperature to a 30-m height and to provide indirect mea-
sures of atmospheric stability through fluctuations in the wind velocity
and temperature.

3. Two sonic anemometers were used to directly measure the vertical
momentum and heat flux through the atmospheric boundary layer and
thus provide additional data by which to charact~rize atmospheric sta-
bility.

4. Instrumented balloons were used to provide wind and tempsrature
profiles to a height of several kilometers and allowing the thickness of
the atmospheric boundary layer to be determined.

Preliminary results obtained from the reduction of on-site meteorological instru-
mentation are given in Chapter 3. This preliminary reduction of the data inciuded: (i)
computation of averages of the surface-station and micrometeorological
measurements (wind speed, wind direction, temperature), (ii) stability characterization
by analysis of bulk Richardson numbers and wind direction standard deviations, (iii)
examination of vertical heat and momentum ,'uxes from sonic-anamometer data, (iv)
analysis of spectra computed using 1-hz micrometeorological data and (v)
determination of boundary-layer height frcm the instrumented balloon soundings.

These data strongly reflect the upsiope-downsiope flow regimes characteristic of
mountain-valley terrain. Results for the unstable tests are intarnally consistent, show-
ing little variation in temparature and wind speed over the site. Velocity fluctuations,
however, do not entirely coniorm to flat-terrain empirical models which are based on
measured surface fluxes. Terrain effects probably act to raise friction velocities, raise
mean-wind velocity fluctuations and limit transverse velocity fluctuations. Indirect
methods for obtaining fluxes produced poor results, although Irwin and Binkowski's
bulk Richardson number mietiaod produced consistent estimates ot Obukhov length for
four of the five unstable dispersion tests.
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Results for late night and early morning tests were very incoherent except for the
fact that downslope drainage flow was almost always observed. During most stable
tests, wind speeds varied by a factor of ten, bulk Richardson numbers varied by a fac-
tor of 50 and temperatures varied by more than 10 °C over the Meadowbrook Site.
Variations such as these highlight the site-specific nature of nocturnal drainage flows
and eliminate the possibility of characterizing the meteorological conditions of the site
by means of simple and conventional methods.

The mechanisms influencing the nocturnal drainage flows were analyzed in
detail. This analysis led to the following observations: (i) Conditions on the northern
and southern rims of the larger Paynes Creek Valley are partially decoupled. This
decoupling probably results from the presence of a large hill (Inskip Hill) to the north-
east, and a large ridge to the southeast, of Station A105. (i) Regional thermal stratifi-
cations are decoupled from near ground thermail stratifications in the Plum Creek val-
ley for moderate to strong nocturnal cooling. (i) Local thermal stratification does not
influence drainage flow strength in the Plum Creek valley. In fact, the drainage flow
strength in this valley acts to disrupt local stratification when the wind speeds are
above a certain threshold. This disruption of the local stratification was greatly
enhanced by increased roughness in the local terrain. (iv) The Plum Creek flow is
strongly coupled to the larger mesoscale drainage flows which originate from the east.
There are two possible scenarios under which this coupling can occur. One scenario
is that the larger mesoscale flow is channeled into the Plum Cresk valley when the
mesoscale flow approaches the valley from a certain range of wind directions.
Another scenario is that the strengths of the mesoscale and local flows are coupled,
and that the directional variations are associated with influences of regional cooling
and stability on the mesoscale flow. (v) The intra-valley stratifications are most likely
influenced by a combination of local cocling and external forces. Local stratification
would tend to dominate in weak cooling, and the extarnal flows would act to enhance
or erode the stratifications in stronger cooling, when these flows are more well estab-
lished.

As of this writing, there are still unresolved issues, offering additional avenues of
research. Some of the unresolved issues which may have important implicaticns for
dispersion modeling are: (i) the characterization of velocity covariances for both
unstable and stable conditions, (ii) the eftects and characterization of local stratification
and stability fluctuations in stable conditions and (iii) the effects of tree canopies on
turbulence and stability.
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APPENDIX A: 10-MIN DATA FROM SONIC ANEMOMETERS

Tables A.1 - A.12 show the 10-min sonic anemometer data used for cocmputing
averages for the fog-oil dispersion tests. Times shown for each data segment mark the
start of the ten-minute averaging periods. Data for times marked with an asterisk (*)
were excluded in filtered averages.

Table A.1 Sonic-anernometer data for Test 0921871. Smoke was released
from 14:30 to 15:00. The unstable release point was used. Data
for times marked with an asterisk (*) are not included in the filtered
averages.

(a) Sonic Anemometer A

E H
St Ly | e | TIC meis? | wimay | 2
14:25"| 4.35 | 287 | 41.8 | 1.54 | 150,09 | -040 | 0.29 | -0.057
i 14:35 4.42 276 42.2 2.45 174.67 | -0.01 1.07 -0.001
14:45 | 420 | 278 | 41.9 | 202 | 11554 | -002 | 0.78 | -0.003
14:55 | 5.33 | 275 | 422 | 2.20 | 20573 | -001 | 1.00 | -0.001
15:05 5.26 269 42.1 1.99 75.95 -0.02 0.68 -0.003
Average| 4.71 | 277 | 420 | 2.04 | 144.40 | -0.026 | 0.76 | -0.00
Filtered| 4.80 | 274.50 | 42.10 | 2.17 | 142.97 | -0.016 | 0.88 | -0.002

z/L | u[mv/s] AL [m)

(b) Sonic Anemometer B

E H
'?lt:'lg Ulm/s] &[] Tiel [m2/s?] | (W/m2]
14:25 | 3.55 307 38.5 2.52 94.32 | -0.01 0.99 | -0.001
14:35* | 3.26 295 38.7 1.59 [ 12305 | -0.38 0.28 | -0.054
14:45 3.67 316 39.0 2.14 | 12887 | -0.01 0.99 -0.001
14:55 | 3.17 302 39.0 226 | 159.15| -0.14 0.42 | -0.020
15:05 | 4.75 288 38.9 3.20 |146.21 | -0.03 0.66 | -0.004
Average| 3.68 301 38.8 234 | 13032 -0.033 | 0.67 -0.005
Filtered| 3.79 | 303.15| 38.85 253 | 132.14 | -0.023 | 0.77 | -0.003

z/L |u[mvs) 1L [mY)
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Table A.2 Sonic-anemometer data for Test 0923871. Smoke was released
from 14:00 to 15:31. The smoke moved off the grid at 14:50. The
unstable release point was used. Data for times marked with an
asterisk (*) are not included in the filtered averages.

(a) Sonic Anemometer A

E | H
Time | UImel| 811 | T | yraa | e
13:55 | 2.67 275 33.4 1.63 |263.95| -0.03 0.83 | -0.004
14:05 | 3.06 275 33.7 1.57 }260.07 | -0.02 0.94 | -0.003
14:15 | 2.98 298 33.8 0.77 |182.79 | -0.10 0.51 -0.014
14:25" | 3.08 273 34.1 0.79 {172.00 | -2.66 0.16 | -0.380
14:35 | 3.21 282 34.3 1.13 | 148.80 | -0.06 0.57 | -0.009
14:45 1.84 240 34.6 2.86 | 163.03 | 0.00 1.46 0.000
14:56 | 0.83 238 34,6 1.30 | 169.50 | -0.02 0.87 | -0.003
Average| 2.51 | 268.71 | 34.07 1.44 | 195.73 | -0.035 | 0.76 | -0.005
Filtered | 2.42 | 268.00 | 34.07 | 1.54 | 199.69 | -0.025 | 0.86 | -0.004

z/L | u[m/s] 1L [mY)

(o) Sonic Anemometer B

Time | U[m/s] | © [ T(C) [ms/sz] [W:-rlnzl z/L | u[m/s] L[]
13:55 3.08 268 30.1 1.29 | 147.50 | -0.03 0.72 -0.004
14:05 2.90 276 30.5 1.23 |173.38 | -0.03 0.70 -0.004
14:15 3.87 265 30.6 1.07 | 1560.09 | -0.14 0.42 -0.020
14.25 2.69 303 30.8 1.28 | 161.73 | -0.36 0.32 -0.051
14:35 3.58 277 31.0 0.91 200.55 | -0.07 0.59 -0.010
14:45 2.22 249 31.3 1.93 | 261.36 | -0.06 0.66 -0.009
14.:55 2.33 251 31.3 1.06 | 127.83 | -0.04 0.63 -0.006

Average| 2.95 | 269.67 | 30.80 126 | 174631 -0.070 | 0.58 | -0.010
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Table A.3 Sonic-anemometer data for Test 0925871. Only Sonic
Anemometer B operated. Smoke was released from 00:18 to
01:03. The stable release point was used. Data for times marked
with an asterisk (") are not included in the filtered averages.

E H
[(m2/s2] | W/m?)
00:15 | 0.45 352 16.5 0.08 | -16.95 | 0.12 0.22 0.017
00:25 0.65 47 16.5 0.08 -6.34 0.05 0.21 0.007
00:35 0.63 36 15.6 0.04 -8.35 0.14 0.16 0.020
00:45* | 0.19 195 156.8 0.05 29.63 | -0.37 0.18 | -0.053
00:55 0.28 25 156.56 0.11 -37.65 | 0.09 0.31 0.013
01:05 0.52 71 16.7 0.19 | -10.083 | 042 0.12 0.060
Average| 0.45 121 156.6 0.09 -8.28 | 0.082 J0.20 0.012
Filtered | 0.51 106.16 | 15.56 0.10 -15.86 | 0.158 0.20 0.023

Time [Ums]| 69 | TIC) z/L | u.[mis] i [m:]]

»
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Table A.4 Sonic-anemometer data for Test 0926871. Smoke was released
from 12:00 to 13:07. The unstable release point was used. No
filtering was deemed nacessary for this test.

(a) Sonic Anemomaeter A

E H
[m?/s2) | (W/m?)
11:85 5.00 308 28.4 1.50 | 282.06 | -0.16 0.50 -0.023
12:05 4.18 314 28.6 1.88 | 2868.77 | -0.02 0.89 -0.003
"12:18 4.02 307 28.9 246 | 208.61 | -0.01 1.27 -0.001
12:25 5.35 311 29.0 1.756 | 284.65 | -0.19 0.47 -0.027
12:35 5.12 306 29.4 2.11 | 304.06 | -0.03 0.87 | -0.004
12:45 5.21 294 29.8 1.91 367.46 | -0.11 0.61 -0.016
12:55 5.60 304 29.7 1.85 | 187.61 | -0.02 0.92 -0.003
Average| 4.92 3-06 20.1 1.92 | 270.60 | -0.041 0.80 -0.008

R o

Time |Ulms)| 69 | TIC) z/L | u[m/s] 1L [m)

(b) Sonic Anemometer B

E H
[m2/e2] | [W/m?2]
11.5656 3.26 308 24.8 3.87 | 20055 | -0.01 1.02 -0.001
12:.05 | 3.77 300 24.9 1.565 | 156.56 | -0.07 0.83 | -0.010
12:15 2.14 321 25.6 2.52 |163.03 | -0.02 0.83 -0.003
12:25 3.62 322 25.5 1.64 | 1556.26 | -0.10 0.49 -0.014
12:35 4,17 278 25.9 3.20 | 195.37 | -0.05 0.65 -0.007
12:45 4,88 264 26.2 228 |188.91 | -0.04 0.72 -0.006
12:55 3.39 315 26.3 2.11 157.85 | -0.05 0.61 -0.007
13:05 4.04 284 26.9 3.68 247.'1-3 -0.01 1.08 -0.001
Average| 3.66 299 25.8 259 [183.08 ] -0.036 | 0.74 -0.005

Time |Umws]| 619 | TIC] z/L | u[mvs] 1A [m)
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Table A.5 Sonic-anemometer data for Test 0927871. Only Sonic
Anemometer B operated for this test. Smoke was released from
03:19 to 03:39. The stable rulease point was used.

- e A
. )

e ' H

Time | U[ms] | 67 | TIC] l‘.mzls"’] [W/m2]

z/L | w[mvs] it [m)

03:15* | 0.33 113 11.1 0.08 -8.59 0.35 0.12 | 0.050

03:25 | 0.32 36 10.5 0.08 1.91 -0.17 0.09 | -0.024

03:35 | 0.28 65 10.5 0.09 13.33 | -0.21 0.17 | -0.030

03:45 | 0.76 26 10.3 0.06 8.77 -0.15 0.16 | -0.021
Average| 0.41 60 10.6 0.08 3.86 | -0.112 ! 0.14 | -0.018

Filtered | 0.44 42.33 | 1043 | 0.08 8.00 | -0.232 | 0.14 | -0.033

Table A.6 Sonic-anemometer data for Test 0927872, Only Sonle
Anemometer B operated for this test. Smoke was released from
06:44 to 06:54. The stable release point was used. No filtering
was deemed necessary for this test.

E H
o u. [m/s -1
Time |[U[nvs] | 0 [ T(C] m2s?] | (Wim?) z/L [m/s] |1/L [m-1)
06:45 1.24 27 8.8 0.18 17.08 -0.41 0.15 -0.059

06:55 | 0.91 69 9.3 023 | -46.71 | 0.14 0.30 0.020

07:05 | 0.61 47 8.5 0.12 | -10.84 | 0.05 0.26 0.007

Average| 0.92 48 8.9 0.18 | -13.49 | 0.078 | 0.24 0.011
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Table A.7 Sonic-anemometer data for Test 0928871. Smoke was released
from 10:29 to 10:54. The unstable release point was used. Data
for times marked with an asterisk (*) are not included in the filtered
averages.

(a) Sonic Anemometer A

Time |umsl| o1 | Tio) [mf/szl [W:-:nzl 2L w1 )
7025 | 2.08 | 261 | 28.4 | 019 |106.87 | -1.38 | 0.18 | -0.167
10:35 | 2.64 | 268 | 28.6 | 0.30 |101.4a | -0.80 | 0.21 | -0.114
10:45° | 2.6 | 265 | 26.6 | 0.20 | 93.68 | -10.28 | 0,09 | -1.469
10555 | 2.60 | 257 | 29.4 | 032 |138.44 | 0.2 | 0.31 | -0.046
[Average| 2.65 | 263 | 288 | 025 |109.88 | -1.674 | 0.20 | -0.153

Filtered | 2.54 | 262,00 | 28.80 { 0.27 | 115.28 | -0.763 | 0.23 | -0.106

(b) Sonic Anemometer B

Time |ume | e | Tig [m'fls?] [w;'nz] 2/L | v s Jin ey
1025 | 260 | 266 | 257 | 0.24 | 7207 | -1.28 | 0.16 | -0.1863
10:35 | 310 | 269 | 259 | 026 | 67.80 | -1.18 | 0.16 | -0.169
10745 | 354 | 272 | 250 | 0.34 | 67.45 | 057 | 0.19 | -0.061
1055° | 3.45 | 262 | 262 | 022 | 60.67 | -6.83 | 0.09 | -0.976
Average| 3.20 | 267.05| 25.93 | 0.27 | 66.80 | -1.567 | 0.15 | -0.223

Filtered | 3.11 | 268.70 | 25.83 | 0.28 65.77 | -1.056 | 0.17 | -0.150
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Table A.8 Sonic-anemometer data for Test 0930871. Only Sonic
Anemometer B operated for this test. Smoke was released from
06:48 to 07:28. The stable release point was used. No filtering
was deemed necessary for this test.

E H
[m2/8?) | (W/m2) |
0645 | 1.33 | 57 | 171 | 018 | -57.32| 0.38 | 0.22 | 0.054
0655 | 142 | 72 | 171 | 014 | -7.34 | 0.30 | 0.12 | 0.043
07:05 | 1.14 | 55 | 17.2 | 0.07 | -6.31 | 0.06 | 0.19 | 0.009
0715 | 1.14 | 36 | 173 | 041 | 268 | -007 | C.14 | -0.010
07:25 | 1.01 72 | 17.0 | 0.16 | -20.05 | 0.39 | 0.16 | 0.056
07:35 | 0.33 | 109 | 16.6 | 0.23 | -21.35 | 0.06 | 0.30 | 0.009
Average| 1.06 | 67 | 171 | 0.15 |-18.28 | 0.208 | 0.19 | 0.029

Time |Ulnvs)]| @[ | TIC) z/L | u.[m/s] HA [m)

Table A.9 Sonic-anemometer data for Test 1001871. Only Sonic
Anemometer B operated for this test. Smoke was released from
06:52 to 07:32. Tha stable release pe'nt was used. No filtering
was deemsd necessary for this test.

Time |Ulmel | o[ | TC] [mE/szl [W;-r|n2] 2/t | u.[me) 1L ()
06:45 | 1.07 | 40 | 188 | 020 | -13.84 ] 004 | 029 | 0.006
0655 | 077 | 92 | 182 | 024 | 115 045 | 019 | 0.064
07:05 | 0.41 | 76 | 186 | 009 | -38.69 | 034 | 020 | 0.049
0715 | 146 | 45 | 185 | 032 | 5421 | 007 | 039 | 0.010
0725 | 086 | 73 | 186 | 024 | 5590 | 023 | 0.26 | 0.033
[ 07:35 1.14 65 18.4 0.21 -4.52 0.03 0.23 0.004

Average| 0.95 65 18.5 0.22 | -34.72 | 0.156 0.26 0.022
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Table A.10 Sonic-anemometer data for Test 1002871.

Only Sonic
Anemometer B operated for this test. Smoke was released from
07:17 to 07:47. The stable release point was used. No filtering
was deemed necessary for this test.

E

H

Time |U[mvs] | 6 [9) T(C] mesq) | Wim?) z/L [u[m/s] Il [mY)
07:15 0.66 14 17.4 0.04 -2.65 0.73 0.06 0.104
07:25 0.81 56 17.7 0.05 | -12.40 | 0.58 0.12 0.083
07:35 1.50 70 17.7 0.06 -6.30 0.56 0.09 0.080
07:45 1.45 65 17.3 0.06 -9.17 0.25 0.14 0.036
07:55 0.85 76 17.2 0.13 | -31.83 | 0.62 0.16 0.089
Average| 1.05 56 17.5 0.07 | -12.47 | 0.743 0.11 0.106
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Table A.11 Sonic-anemometer data for Tast 1002872. Smoke was released
from 12:16 to 12:34. The unstable release point was used. Data
for timas marked with an asterisk (*) are not included in the filtered
averages.

(a) Sonic Anemometer A

Time | U[m/s]| 0 [ TIC) [m'f/s?j [W::n2] z/L |u [mis] HA [m-1]
12:15 1.80 270 33.2 0.77 |135.86| -0.16 0.39 -0.023
12:25" | 2.09 275 33.8 0.64 |179.85| -1.49 0.20 | -0.213
12:35 2.23 281 34.1 1.08 | 205.73 | -0.04 0.70 -0.006

Average| 2.04 275 33.7 0.83 }173.81 | -0.17C | 0.43 -0.024

Filtered | 2.02 | 27550 | 33.65 | C.y3 |170.80 | -0.080 | 0.55 | -0.011

(b) Sonic Anemometer B

* ) . > . B P . .
‘ B - v, , N -
N S A 0 N r A A

Time |Upvg | o | TIO) [mssq [w7m21 zit | u s B (me)
1215 | 310 | 244 | 303 | 038 |103.90] -0.20 | 0.33 | -0.029
1225° | 3.5 | 251 | 307 | 064 | 175987 ] 742 | 012 | -1.017
1235 | 345 | 260 | 310 | 066 [161.73| 013 | 0.44 | 0018
Average| 3.26 252 30.7 0.56 147.20 | -0.727 0.30 -0.061

Filtered | 3.32 | 251.75 | 30.65 0.52 !132.82 | -0.176 | 0.39 | -0.025

161




Table A.12 Sonic-anemometer data for Test 1003871.
Anemometer B operated for this test. Smoke was released from
06:56 to 07:27. The stable release point was used. Data for times
marked with an astarisk (*) are not included in the filtered

Only Sopic

averages.
Time | U[m/s] | 6 [7] T[C] E H z/L ju[nvs] i [m )
[m2/s2] | W/m?2)]
0€:55 0.27 199 16.6 0.15 -2.46 0.01 0.30 0.001
07.05 0.67 59 16.6 0.26 18.11 -0.03 0.37 -0.004
07:15 0.55 58 17.1 0.14 -6.24 0.03 0.25 0.004
[ 07:25° | 0.49 264 17.4 0.12 18.89 | -0.35 0.16 «0.050
Average| 0.50 145 16.9 0.17 7.08 -0.029 0.27 -0.00¢
Fitered| 0.50 | 105.43 | 16.77 0.18 3.14 -0.008 | 0.31 -0.001
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