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ABSTRACT 

In an ef·fort to characterize the atmospheric stability 

at the Wind Engineering Research Field Laboratory (WERFL), 

high frequency (10 Hz) meteorological data were recorded 

from a 48.5 rn tower at the facility under conditions 

representative of the full range of Pasquill/Turner 

stability classes. The data set consisted of a total of 902 

fifteen minute duration records. The records formed a near 

normal distribution across the seven stability classes with 

approximately 45 percent of the records in the neutral 

class. Several flow characteristics were derived from the 

data and compared against bath the stability classes and 

wind speed classes. The characteristics included the 10 rn 

flux Richardson number (Rf), 10 rn kinetic turbulent heat 

flux (KTHF), standard deviation of wind speed (o), power law 

exponent (p), and a six level logarithrnic wind speed 

profile. 

The tower was equipped with a Gill 3 eup anernorneter at 

0.9 rn and Gill UVW carbon fiber propeller anemometers at 

2.4, 3.9, 10, 21.2, and 48.5 rn heights. A Climatronics fast 

response temperature sensor was located at the 10 rn height 

and the Gill anemometer at that level was tilted to 35° from 

the vertical to improve response to vertical velocities. 

With the exception of the 70-160° azimuth range in which 

sorne tall buildings are located, the surrounding terrain is 

relatively flat and without obstruction with an average 

roughness length of 0.021 m. 

The eddy correlation method was used to calculate the 

kthf and the momentum flux for the Rf calculation. Each of 

the separate flow characteristics were calculated for each 

data record and were then tabulated based upon the stability 
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class as estimated by Turner's 1964 method. The mean and 

standard deviation were calculated for each of the 

characteristics of the flow within each stability class. 

Analysis of the data revealed several significant 

conclusions. Correlations were found between the Pasquill 

stability classes and the kthf, a, Rf, p, and the 

logarithmic wind speed profile. Ranges of values for the 

stability parameters were found within the Pasquill classes 

by assigning a stability class to each record, and then 

tabulating the parameters for each class. Researchers can 

now estimate the Pasquill stability class at the WERFL 

directly from the measured parameters. The wind speed at 

which the flow can be assumed neutral at the WERFL site was 

determined to be 7 ms- 1
• It was found that the logarithmic 

wind speed profile under neutral conditions caused by the 

high wind condition is almost identical to that caused by 

heavy cloud caver. 

The results from this research is of interest not only 

to the researchers who utilize the WERFL, but to all those 

interested in atmospheric stability in the boundary layer. 

The correlations discussed above between the Pasquill 

classes, the stability parameters, and the wind speed 

classes prove two important points. They show the validity 

of Pasquill's classes as an easy to apply method of 

determining the atmospheric stability in the boundary layer 

of the atmosphere, and prove that neutral atmospheric 

stability is approached at a limiting value of the wind 

speed. 
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CHAPTER I 

INTRODUCTION 

In response to a need for the understanding of the 

effects of high winds on buildings and structures, the 

National Science Foundation (NSF) has sponsored a research 

project known as the Cooperative Program in Wind Engineering 

(CPWE) . The program is a joint effort between Colorado 

State University (CSU), located in Fort Collins, Colorado, 

and Texas Tech University, located in Lubbock, Texas. The 

two institutions are attacking the problem using different 

research methods, and then combining the results, yielding 

much better solutions. At CSU research is conducted using 

wind tunnels and scale models to study the problem under 

controlled conditions. The research at Texas Tech 

University consists primarily of full-scale field 

experiments. These experiments are conducted at the Wind 

Engineering Research Field Laboratory (WERFL) which was 

constructed under a previous NSF grant. The WERFL consists 

of a rotatable test building and a 48.5 rn (160 ft) 

meteorological tower. Installed on the tower at several 

levels are specialized instrumentation designed to 

accurately measure atmospheric flows in the boundary layer. 

Atrnospheric stability in the boundary layer is one of 

the most important factors in the description of a 

particular flow. The atmospheric stability controls whether 

mechanical or thermal turbulence will dominate and dictates 

the extent of vertical mixing of the air. Although there 

are several other characteristics of flows in the boundary 

layer such as the magnitude of the wind speed, the change of 

wind speed with height (wind profile), and turbulence, they 

all change significantly with the atmospheric stability. 
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During the past five years, the question of the 

atmospheric stability at the WERFL has been addressed only 

once. Zarus (1990) worked to characterize the atmospheric 

stability during periods of high winds in thunderstorms. 

The research was hampered by limitations in accuracy imposed 

by the instrumentation in measuring the small temperature 

gradients that existed along the 48.5 rn height of the tower. 

Instrumentation was installed on the tower in February 

1993 that aids greatly in the characterization of stability. 

The new instrumentation consists of a fast response 

temperature sensor and a tilted three component anemometer 

at a height of 10 rn on the tower. This instrumentation 

allows for the measurement of the kinetic turbulent heat 

flux and the flux Richardson number. These parameters are 

known to be a function of stability. 

The objectives of this study are to analyze the 

changes in the characteristics of boundary layer flows as a 

function of stability and wind speed. Included in the study 

are the measurement of kinetic turbulent heat flux, 

turbulence intensity, vertical flux of horizontal momentum, 

flux Richardson number, standard deviation of the wind 

speed, power law exponent, and logarithmic wind speed 

profile. The specifie objectives of this study are listed 

below and described in detail in the following paragraphs: 

1. investigate the effect of stability on the 

characteristics of the flow at the WERFL; 

2. determine a method of direct characterization of the 

atmospheric stability at the WERFL from parameters 

measured from the meteorological tower; 

3. determine a value of wind speed at 10 rn for which a 

neutral flow can be assumed for the WERFL; 

4. determine the effect that the different criteria for 
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neutral stability within the Pasquill classes has on 

the terrain parameters. These parameters are 

derived from the logarithmic wind speed profile 

under neutral stability. 

There is a need for the engineers who conduct 

experiments at the WERFL to understand the effect of 

atmospheric stability on the flow at the site. The 

stability of the flow is very important to bath the 

experiments involving flow around structures and experiments 

involving the dispersion of gaseous pollutants. The lowest 

part of the atmosphere, called the boundary layer, has very 

terrain dependent characteristics. Thus it is not wise to 

infer information about the boundary layer structure and 

stability at one location from data collected at another. 

It is possible to madel the flow in a wind tunnel; but 

despite recent improvements, there still can be major 

difficulties in modeling the wind characteristics near the 

ground. In arder to properly describe the changes in the 

boundary layer flow with stability at the WERFL, on-site 

measurements must be taken and analyzed. This investigation 

has performed this analysis and will show what effect the 

atmospheric stability has on the flow around the WERFL by 

comparing the measured flow characteristics to the 

independently determined Pasquill stability classes. 

There is a need for the classification of the 

atmospheric stability for experiments at the WERFL by direct 

measurement. Several stability parameters can be measured 

from the meteorological tower. A site specifie relation of 

the parameters to atmospheric stability must be developed 

for this data to be properly interpreted. This 

investigation develops relationships of the various 

stability parameters to the Pasquill stability classes. 
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From the results published in this thesis, the Pasquill 

stability class may be determined directly from the measured 

parameters. The stability dependent parameters rneasured and 

analyzed for this investigation are the kinetic turbulent 

heat flux, the flux Richardson number, the standard 

deviation of wind speed and the turbulence intensity. 

Most wind engineering problerns involve strong to high 

wind speeds. For these applications the atmosphere is 

usually assumed to be in a neutral stability condition, 

i.e., when turbulence due to mechanical (orographie) forcing 

is much greater than that from thermal forcing. This 

situation occurs with high wind speeds, with the speed 

usually measured at 10 rn above the ground. The wind speed 

for this condition to hold is subject to sorne uncertainty. 

For example, Pasquill (1961) determined the value to be 6 

ms- 1
, while ESDU (1982) reported it to be 10 rns- 1 • The 

variation in these findings may be due to a site dependence. 

The analys i s of the stability parameters as a f unction of 

wind speed yields an estimation of a speed for which the 

flow becomes neutral at the WERFL. 

The roughness length (Z 0 ) and friction veloc i ty (u*) 

are parameters which describe the terrain upwind from the 

flow measurement facility. They are determined from a plot 

of the wind profile on a log-linear scale under neutral 

conditions. There have been several studies whi ch have 

calculated values for these parameters. These studies used 

flows that were designated as neutral from the high wind 

condition, but which may not have been completely neutral. 

In this study, the parameters described above a re cal culated 

for all neutral conditions. The values of these parameters 

are calculated for three cases of neutral stabil i ty: (1) for 

all neutral data records; (2) for data records designated as 
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neutral from the high wind condition; and {3) for records 

designated as neutral from the cloud caver condition. 

The accomplishment of these objectives is described in 

the following five chapters. The next chapter provides a 

background of the theory on which this study is based and 

how it is applied in the determination of several of the key 

stability and flow measurements. The chapter focuses on a 

description of the atmospheric boundary layer, methods which 

are used to determine the flow characteristics, including 

stability, the method used for the determination of the 

stability and speed classes, and the literature search. A 

full description of the terrain surrounding the field site, 

the meteorological tower and instrumentation, and the data 

acquisition system is included in Chapter III. In Chapter 

IV, the data used in this study and the processing methods 

are described. The analysis of the data is divided into 

three sections and is provided in Chapter V. The first 

section details the stability analysis, the second covers 

the wind speed analysis, and the third provides the neutral 

wind profile analysis. Chapter VI gives the conclusions and 

recomrnendations resulting from this research. 
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CHAPTER II 

BACKGROUND AND METHODS 

2.1 The Atmospheric Boundary Layer 
Over Land 

A precise definition of the atmospheric boundary layer 

(ABL) is still the subject of sorne debate. Researchers 

generally agree that the ABL can be identified as the part 

of the atmosphere that is in direct contact with the earth's 

surface and responds to surface forcings on a time scale of 

a few hours or less. The depth of the ABL is highly 

variable. Stull (1988) puts the range of depth between 100 

and 3000 m. 

This section contains a general background of the 

processes affecting the ABL and is not meant to be a 

comprehensive discussion. For a more detailed treatment of 

the ABL refer to Stull (1988) or Garratt (1992). 

The ABL can be divided into three parts: an outer 

layer, sometimes called the Ekman layer; an inner layer, 

generally called the surface layer; and a micro- or 

interfacial layer. The interfacial layer is the lowest few 

centimeters of air where molecular transport dominates over 

turbulent transport. The surface layer is defined as the 

lowest 10 percent of the ABL where turbulent fluxes and 

stresses vary by less than 10 percent of their magnitude 

(Stull 1988; Garratt 1992). The flow in the outer layer is 

less dependent on surface features and is affected somewhat 

by the rotation of the earth (Garratt 1992). The surface 

layer is most dependent on the forcing mechanisms related to 

the earth's surface, which include friction, 

evaporation, heat transfer, and terrain induced flow 

modification. 
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Flows in the ABL are characteristically turbulent. In 

the surface layer the turbulence is generally continuous, 

while in the outer layer it can be intermittent (Arya 1988). 

Turbulent motion is best described as an irregular flow 

condition in which the variables show random fluctuations in 

both time and space (Sorbjan 1989). Turbulence in the ABL 

can be generated from bath thermal and mechanical effects. 

2.1.1 Diurnal Structure 

The undisturbed ABL has a defined structure that is 

greatly dependent on the diurnal cycle and the presence of 

clouds. Undisturbed conditions are when the ABL is not 

subject to synoptic scale low pressure systems. Large-scale 

upward motions in the center of an area of low pressure can 

carry boundary layer air far up into the atmosphere, 

creating a situation where it is hard to define the division 

between the ABL and the free atrnosphere. This situation 

will not be discussed here. 

After sunrise on a clear day, the ground surface will 

begin to warm under the heat of the sun. Heat will be 

transferred to the air from the ground yielding a positive 

heat flux and intense convective mixing into the stable 

layer which developed the previous night will ensue. Often 

a superadiabatic layer will develop near the surface of the 

ground. In this mixed layer, there will be almost uniform 

profiles (vertical distributions) of wind speed, wind 

direction and potential temperature due to the intense 
0 0 

IDlXlng. At the top of the mixed layer is an inversion 

layer; this acts to suppress turbulence and serves as a 

buffer between the boundary layer and the free atmosphere. 

Warrner air can be mixed dawn from the inversion layer above 

and can quicken the growth of the mixed layer in a process 
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known as entrainment. The rnixed layer will reach its 

highest point of between around a hundred to more than a 

thousand meters in the late afternoon. Any pollutants 

emitted into a well-developed mixed layer will be dispersed 

throughout the layer relatively quickly by the strong 

turbulence. 

Just before sunset the sun will cease to warm the 

ground surface and the energy supply of the convection will 

be eut off. Turbulence will begin to decay. The heat flux 

will briefly go to zero, and then will turn negative as the 

ground turns calder than the surrounding air. The air 

directly above the ground will cool, and a surface inversion 

will begin to form. As the cooling continues, the height of 

the surface inversion will increase. At the same time the 

capping inversion at the top of the previous mixed layer 

will lower. The nocturnal, or stable, boundary layer can 

then consist of two rather thick inversion layers. In this 

stable layer turbulence is suppressed and may vanish 

completely. Gravity waves may propagate along the upper 

boundary of the stable layer. Emitted pollutants will not 

mix vertically; they will fan out in the horizontal. The 

wind velocity may reach its greatest magnitude at a point 

around a hundred meters above the surface in a phenomenon 

known as the low level jet. 

The next morning, barring the appearance of clouds, the 

entire cycle will occur once more. If clouds are present 

they may inhibit the growth of the mixed layer depending on 

their base height and thickness. If the clouds are 

sufficiently thick, the mixed layer may not form and a 

neutrally stratified boundary layer could result. 
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2.1.2 Stability 

The standard criteria used to quantify the atrnospheric 

stability are the lapse rate (the rate of decrease of 

temperature with height}. The environmental lapse rate will 

control the acceleration of disturbed parcels and can 

suppress or develop turbulence. A neutral boundary layer is 

one which disturbed parcels of air will not accelerate and 

which has a lapse rate of 9.8 °Ckm- 1 , which is the dry 

adiabatic lapse rate. The dry adiabatic lapse rate is the 

rate at which an unsaturated parcel of air would cool as it 

rises in the atmosphere. Stable and unstable atmospheres 

have lapse rates of less than and more than the dry 

adiabatic, respectively. A stable atmosphere is one in 

which a disturbed parcel of air will accelerate back to 

their original position. An unstable atrnosphere is one 

which a vertically displaced parcel of air will accelerate 

upward away from its original position. 

Another criterion for quantifying stability . 
ln the 

surface layer of the atmosphere is the generat i on of 

turbulence. Turbulence can be generated in two ways, from 

thermal or mechanical effects. An unstable atmosphere 

results when the generation of thermal turbulence overpowers 

the mechanical. When the generation of mechanical 

turbulence dominates, a neutral atrnosphere will result. The 

atmosphere is considered stable when turbulence is 

suppressed. 

The determination of stability in this investigation 

was through measurements of turbulence. The lapse rate 

method was found to be impractical for use at the WERFL due 

to the relative low height of the meteorological tower. The 

temperature difference across the entire height of the tower 
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would be very small, and accurate measurement has been 

proven difficult (Zarus 1990). 

Many of the popular methods for stability determination 

require knowledge of the temperature change with height, 

such as the Gradient Richardson number and the Obukhov 

Length, and cannat be determined at the WERFL. The primary 

methods for stability measurement for this investigation 

were the kinetic turbulent heat flux, the flux Richardson 

number, the standard deviation of the wind speed, and the 

turbulence intensity. 

2.2 Flow Characteristics 

2.2.1 Eddy Correlation and 
Turbulent Fluxes 

The existence of a mean flux across a plane implies a 

correlation between the perturbations of the mean wind 

component normal to that plane and of the variable in 

question. When the correlation of these perturbations is 

performed and averaged over the sarnpling period, the flux 

across the plane is determined directly. This is the eddy 

correlation method and was used to determine the turbulent 

fluxes of heat and momentum for this study. 

The instantaneous value of any variable in the 

atmosphere can be broken up into a mean and a perturbation 

component, such as for temperature: 

T = T + T~ 

The correlation variables for the kinetic 

turbulent heat flux (KTHF) are temperature and vertical 

velocity. The equation for the KTHF is 
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KTHF = T'w'. 

The KTHF is a measure of the amount of heat energy being 

transported upward from the surface of the earth. The KTHF 

is positive, near zero, or negative, for unstable, neutral 

and stable atmospheric conditions, respectively. In an 

unstable situation the ground is being heated by incoming 

solar radiation; this heat is being transported upward by 

turbulent transfer and would thus yield a positive KTHF. In 

a stable environment the ground would be cooler than the 

surrounding air, heat will be transported from the 

atmosphere to the ground, and a negative KTHF would be the 

result. 

The correlation variables for the vertical flux of 

horizontal mornentum (VFHM) are the vertical and horizontal . 
wind velocity. The VFHM is a measure of the amount of 

horizontal momentum transported upward from the ground. The 

equation for the VFHM is 

VFHM = U1w 1
• 

The momentum flux is always negative due to higher momentum 

wind being transported downward toward the ground. The 

magnitude of the VFHM increases with wind speed. 

2.2.2 Flux Richardson Number 

The flux Richardson number (Rf) measures stability by 

calculating the ratio of thermal to mechanical turbulence. 

The ratio is determined from two terms in the turbulent 

kinetic energy (TKE) budget equation, the buoyant production 

or consumption term, and the mechanical or shear 
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production/loss term. The buoyancy term is a production or 

loss depending on whether the heat flux is positive or 

negative. The mechanical/shear term is a negative 

contribution is this equation; however in the TKE budget, it 

is multiplied by a negative sign yielding a positive 

influence. For statically unstable flows the Rf is usually 

negative. For neutral flows it is zero, and for stable 

flows it is positive. 

If horizontal homogeneity is assumed and subsidence is 

neglected, the following form of the flux Richardson number 

equation is obtained for any height in the ABL (Stull 1988): 

Rf= 

!}__ x KTHF 
ev 

where g is the acceleration of gravity, 8v is the virtual 

potential temperature, and KTHF is the kinetic turbulent 

heat flux, as described in Section 2.2.1. The KTHF and 8v 

are calculated at the same height as Rf. The first term in 

the denominator is the vertical flux of u component 

horizontal momentum multiplied by the vertical gradient of u 

velocity. The second term is the sarne as the first, except 

for the use of the v component of velocity. 

The Rf was calculated at the 10 rn height for this 

investigation; thus the values of 8v and KTHF are also for 

10 m. The vertical gradients of u and v velocity were 

determined using the finite difference technique between the 

3.9 and 21.2 rn levels. ev at the 10 rn level was calculated 

using humidity and pressure data from the 2.4 rn level, and 

temperature from the 10 rn level. 
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The effect of using humidity and pressure data at 2.4 rn 

to determine 8v at 10 rn was investigated. It was deterrnined 

that there was a negligible difference in the value of 8 ,_, 

over the small differences that would be present in the 

pressure and humidity over the 7.6 rn vertical distance 

between the two levels. 

2.2.3 Turbulent Intensity and Standard 
Deviation of Wind Soeed 

The turbulent intensity (TI) is a term used to 

represent the amount of turbulence in the wind. It is the 

standard deviation of the horizontal wind speed (Ou) divided 

by the mean wind speed: 

The value of TI typically decreases with height due the 

standard deviation of the wind speed decreasing with height 

and the mean wind speed increasing with height. Problems 

arise with the TI due to its dependance on the mean wind 

speed; thus the analysis consists of both the TI and Ou. 

2.2.4 Surface Layer Wind Speed Profile 

The wind speed in the surface layer generally decreases 

with height. Under neutral conditions in the surface layer 

the wind speed profile is nearly logarithmic with height. 

Thus, a semi-log plot of the wind speed profile will yield a 

nearly straight line. Under non-neutral conditions, the 

wind speed profile deviates from logarithmic, as shawn in 

Figure 2.1. The stable wind speed profile on a semi-log 

plot will have a smaller slope than the neutral in the 
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Figure 2.1. Typical wind speed profiles as a function of 
static stability in the surface layer. After Stull (1988). 
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lowest few meters, and a larger slope in the upper region of 

the surface layer. The unstable wind speed profile on a 

semi-log plot will have a smaller slope through most of the 

surface layer with the exception of the region just above 

the ground surface where the wind speed goes to zero. 

The log and power laws are two mathematical relations 

which can be used to approximate the wind speed profile in 

the ABL quite well under certain conditions. The log law is 

a relation derived through similarity theory that is best 

for use in the surface layer of the ABL. The power law is a 

relation that was developed empirically and is widely used 

because of its simplicity. 

The logarithmic wind profile under neutral conditions 

gives information about the terrain surrounding the 

measurement facility. The slope of the profile is referred 

to as the friction velocity, and the y intercept is the 

roughness length. These values are related through the log 

law equation, 

U(z) - U* x ln(~). 
k z 

0 

The friction velocity and the roughness length are u* and 

Z
0

, respectively, U(z) is the wind speed at height z, and k 

is the von Karman constant, with a generally accepted value 

of 0.4. 
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The power law can be used under any stability condition, 

and is most accurate for use through the entire depth of the 

ABL. The power law equation is 

where U(zl) is the wind speed at height z 1 , U(z2 ) is the wind 

speed at height z 2 , and the power law exponent p is 

p-

2.3 Determination of Stability Classes 

The stability classes for this investigation were those 

as defined in Pasquill (1961) and later rnodified by Turner 

(1964). The method described in Turner (1964) was used to 

estirnate the Pasquill classes and is a rnodified version of 

an earlier estimation procedure of Giffard (1961). 

Pasquill (1961) defined six stability categories 

ranging from class A for extremely unstable conditions to F 

for moderately stable conditions. Class D represented 

neutral conditions. The method in Giffard (1961) determined 

the stability class from a table which related the classes 

to observed wind speed, cloud caver, and solar altitude. 

Turner (1964) modified the original definition and 

method of Pasquill and Giffard, by classifying solar 

radiation in terms of a net radiation index (nri) and adding 

an additional stability class for extremely stable 
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conditions, designated class G. The nri is a function of 

solar altitude and cloud amount and height during the day, 

and at night is a function of cloud amount and height only. 

The nri ranges from 4 to -2, with positive values 

corresponding to incoming solar radiation (heating) during 

the day, and negative referring to outgoing radiation 

(cooling) at night. The stability class is determined from 

Table 2.1 which relates the classes to the nri and wind 

speed at 10 m. 

The solar altitude was calculated for the time of each 

of the data records using the following equations from Stull 

(1988) which relate solar altitude to Greenwich Mean Tirne 

(GMT) for a particular location on the earth: 

t 
sin 'l' - sin <1> sin ô s - cos <1> cos ô

5 
cos [( 1t GMT) - À ] 

12 e 

(d - d) 
ô5 = <Pr COS [21t r ] 

dy 

. 
where W is the solar elevation angle, ~ and À e are the 

latitude (positive north) and longitude (positive west) ln 

radians, 05 is the solar declination angle (angle of the sun 

above the equator, in radians), and t~r is the Greenwich 

Mean Time in hours. In the solar declination angle 

equation, ~r is the latitude of the Tropic of Cancer (23.45° 

~ 0.409 radians), dis the nurnber of the day of the year 

(Julian day), dr is the day of the sumrner solstice (173), 

and dy is the average nurnber of days per year (365.25). 

The steps in the determination of the nri to be used in 

Table 2.1 are described in the following paragraph. If the 
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Table 2.1. Pasquill stability classes as a function of 
net radiation and wind speed. After Turner (1964). 

Wind Speed 

U (rn/ s) 

u < 0.8 

0.8 < u < 1.9 

1.9 < u < 2.9 

2.9 < u < 3.4 

3.4 < u < 3.9 

3.9 < u < 4.9 

4. 9 < u < 5.5 

5.5 < u < 5.9 

6.0 < u 

Net Radiation Index (nri) 

4 3 2 1 0 -1 -2 

A A B c D F G 

A B B c D F G 

A B c D D E F 

B B c D D E F 

B B c D D D E 

B c c D D D E 

c c D D D D E 

c c D D D D D 

c D D D D D D 
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total cloud caver is 10/10 and the ceiling is less than 7000 

ft, use an nri of zero, whether day or night. For 

nighttime, which is defined as one hour before sunset to one 

hour after sunrise, use an nri equal to -2 if the total 

cloud caver is <4/10; if total cloud caver is >4/10, use nri 

equal to -1. For daytime, first determine the insolation 

class nurnber as a function of the solar altitude from Table 

2.2. Use the nri corresponding to the insolation class 

nurnber, if the total cloud cover is <5/10; if the total 

cloud cover is >5/10, modify the insolation class nurnber by 

the following steps. If the ceiling is <7000 ft, subtract 

2. If the ceiling is >7000 ft but <16000 ft, subtract 1. 

If the total cloud cover is equal to 10/10, subtract 1. If 

the insolation class nurnber has not been modified by the 

steps above, assume the modified insolation class nurnber is 

equal to the insolation class nurnber. If the modified 

insolation class nurnber is less than 1, let it equal 1. Use 

the nri corresponding to the modified insolation class 

nurnber. 

2.4 Determination of Wind Speed Classes 

The speed classes were used both to simplify the data 

processing and to allow for the calculation of the standard 

deviations for wind speed. The criteria used in the 

determination of the classes is shawn in Table 2.3. 

2.5 Related Research 

Tourna (1977) and Hsu (1982) related the power law 

exponent (p) to the Pasquill stability classes using hourly 

averaged wind speed data. Tourna used data from many 

different locations with generally rolling terrain and Hsu 

used data from a tropical coast environment. In both 
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Table 2.2. Insolation as a function of solar altitude. 
After Turner {1964). 

Solar Altitude 

{A) 

60° < A 

35° < A < 60° 

15° < A < 35° 

Insolation 

strong 

modera te 

slight 

weak 

Insolation 

Class Number 

4 

3 

2 

1 

Table 2.3. Range of 10 rn fifteen minute average wind 
speeds within the wind speed classes. 

Wind Speed 

Speed Class (ms-1 ) (mph) 

1 <= 2.0 <== 4.47 

2 > 2.0 <= 3.0 > 4.47 <= 6.71 

3 > 3.0 <== 4.0 > 6.71 <== 8.95 

4 > 4.0 <= 5.0 > 8.95 <= 11.19 

5 > 5.0 <= 6'. 0 >11.19 <= 13.42 

6 > 6.0 <== 7.0 >13.42 <== 15.6 6 

7 > 7.0 <= 8.0 >15.66 <= 17.90 

8 > 8. 0 <== 9.0 >17.90 <= 20.13 

9 > 9.0 <= 10.0 >20.13 <= 22.37 

10 >10.0 >22.37 
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studies, the Pasquill classes were determined from the 

temperature difference criteria found in the Environmental 

Protection Agency (EPA) regulatory guide 1.23. Tourna used 

the wind speeds at 10 and 60 rn heights to determine p, and 

Hsu used the speed at 10 and 33 m. Tourna found the 

following average values for p were found from classes A 

through G: 0 . 141, 0 . 17 6, 0 . 17 4, 0 . 2 0 9, 0 . 2 7 7, 0 . 414, 0 . 4 3 5. 

The values that Hsu determined were slightly higher at 

0.151, 0.178, 0.189, 0.224, 0.309, 0.473, 0.443, for the 

same classes. The differences in the values of p can be 

attributed to the strong site dependence noted by Tourna. 

Irwin (1979) investigated theoretically the variation 

of the power law exponent with stability and surface 

roughness. After analyzing several data sets including 

Tourna (1977), he concluded that during stable conditions the 

power law exponent is mostly dependent on stability, while 

during unstable conditions it is mostly dependent on surface 

roughness. In another theoretical study, Zoumakis (1993) 

noted that the power law exponent is not only a function of 

surface roughness and atmospheric stability, but it also 

dependent on the height range over which the power law is 

fitted to the wind profile. 

Sutherland et al. (1986) described a method for 

estimating the Pasquill stability class from sensible heat 

flux and wind speed at 10 rn height using a modified form of 

the Kazanski-Monin parameter. Under stable conditions 

(negative heat flux), a sharp shift to the most stable 

Pasquill class was found with a relatively small increase in 

the negative (downward) heat flux. For the unstable 

condition, the increase in upward (positive) heat flux 

yielded a rouch more gradual shift toward the most unstable 

Pasquill classes. 
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Pinker and Holland (1988) used hourly averaged data 

from two 46 rn towers to relate the gradient Richardson 

number (Ri) to the Pasquill classes. One of the towers was 

located in and above a forest canopy and the other was in a 

nearby clearing. The Pasquill classes were deterrnined from 

the method described in Pasquill (1961). The range for the 

Ri at this location was found to be narrower than the ranges 

found at grassland sites. The average values of Ri found 

for the clearing tower for the August 1970 data for the A 

through F classes were: -1.12, -0.23, -0.09, 0.02, 0.09, 

0.36, respectively. 

Luna and Church (1972) compared the bulk Richardson 

number (Ris) and the standard deviation of the elevation and 

azirnuth angles of the wind to the Pasquill stability classes 

using 30 minute averaged meteorological data taken in 

rolling terrain near Augusta, Georgia. The Pasquill classes 

were determined from a method given by Turner (1969). The 

results showed the expected relationship between stability 

and Ris. The values of Ris increased with increasing 

stability through the entire range of stability classes but 

the trend was not well defined for the neutral through most 

stable classes. The range of Ris from class A to F was 

approximately -1 to 1. A large variation of the value of 

Ri 8 was found within each stability class. The standard 

deviations of the azimuth (horizontal) and elevation 

(vertical) angles of the wind direction were found to 

decrease with increasingly stable Pasquill class. A more 

pronounced relationship was found for the elevation angle of 

the wind direction. However, the distribution of the 

standard deviation in each of the stability classes was wide 

enough that any measured standard deviation of wind could 

correspond to any stability classes. 
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Bowen et al. {1983) compared a number of stability 

parameters with the Pasquill stability classes, including 

vertical temperature difference {~T), gradient Richardson 

nurnber {Ri), Bulk Richardson number (Ri 8 ), horizontal 

standard deviation of wind and vertical standard deviation 

of wind. The 15 minute averaged data was collected from a 

12 rn instrumented tower located in the relatively rough 

terrain of Los Alamos, New Mexico. The Pasquill classes 

were determined from the solar radiation/delta T method, 

which uses a direct measurement of incoming solar radiation 

during the day, and a temperature difference at night. The 

6T method was found to distinguish the stable, neutral and 

unstable classes overall, but had trouble distinguishing 

between the individual stable or unstable classes. The Ri 

and Ri 8 were found to distinguish the individual stability 

classes much better than the 6T method. The Ri and Ri 8 bath 

increased with increasing stability, and the distribution of 

the values within each stability class was found to be rouch 

narrower than those found by Luna and Church (1972). The 

median Ri varied from approximately -5 for class A to 0.5 

for class F. The standard deviation of the horizontal wind 

was observed to decrease with increasing stability between 

Pasquill classes A through D, but then increased with 

increasing stability from D to F. This was attributed to 

the fact that the wind tended to meander during stable 

conditions over the rough terrain. The vertical standard 

deviation of the wind had a slightly better correlation, 

although the wind meander under stable conditions caused the 

same increase from classes D to F. It was concluded that 

the standard deviations of the wind did not distinguish the 

stability classes as well as the Richardson nurnbers. 
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Zoumakis and Kelessis (1991) used data from Golder 

(1972) and analytical formulas to derive a relationship of 

Ri and Ri 8 to Pasquill stability classes which were 

summarized in a nomogram. The ranges for the Ri within the 

classes at 10 rn are as follows: class A: -6 to -1, class B: 

-1 to -0.4, class C: -0.4 to -0.2, class D: -0.2 to 0.06, 

class E: 0.06 to 0.13, class F: 0.13 to 0.2. These values 

may not be exact as they were read off the nomogram. 

Champagne et al. (1977) investigated flux measurement 

and estimation techniques for the unstable surface layer 

with 15 minute averaged data taken at a height of 4 m. The 

heat flux was measured by the direct covariance technique, 

similar to the eddy correlation method except the 

instantaneous values of temperature and vertical velocity 

are correlated rather than the perturbations. They reported 

values for the unstable heat flux in the range of 0.02 to 

0.05 m°Cs-1 • 

Kaimal (1969) investigated the measurement of momentum 

and heat flux variations in the surface layer by measuring 

the momentum and heat fluxes from an instrumented tower at 

5.66 and 22.6 rn over flat uniform terrain. Sanie 

anemometers and fast response temperature sensors were used. 

He noted that a 15 minute averaging time is often sufficient 

for accurate measurement of heat flux under any stability 

condition. Averaging times on the arder of an hour are 

needed to provide meaningful momentum flux measurements 

under unstable conditions. Although there were sorne 

problems in the measurement of the fluxes related to the 

sonic instrumentation, Kaimal was able to confirm the 

existence of constant gradients of heat and momentum flux in 

the surface layer to least +20%. 
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CHAPTER III 

WIND ENGINEERING RESEARCH FIELD 

LABORATORY (WERFL) 

As mentioned in Chapter I, the WERFL consists of a 

small test building and a 48.5 rn (160 ft) meteorological 

tower. The test building is rotatable, has dimensions of 

9.1 x 13.6 x 3.9 rn (30x45x13 ft), and is housed over a 3 x 3 

x 2.4 rn (10x10x8 ft) data acquisition room. The description 

of the facility is limited to the features used for this 

study and is included in the following three sections. 

3.1 Site Location and 
Surrounding Terrain 

Lubbock is located in an extremely flat section of 

Texas known as the South Plains. There are no hills within 

a 33 km (20 mi) radius of the city. The WERFL is located on 

a remote section of the campus and is bordered by 

agricultural land on three siqes. A map of the area 

surrounding the facility is provided in Figure 3.1. The 

site is approximately 4.2 km (2.5 mi) to the west northwest 

from the downtown section of the city, and 8.3 km (5 mi) to 

the southwest from the Lubbock International Airport. There 

are sorne structures to the southeast of the site which can 

cause interference with the wind. A 31.2 rn (103 ft) tall 

hospital is 454.5 rn (1500 feet) away in the 100 - 120° 

azimuth range. A 4.5 rn (15 ft) tall dame observatory is 

60.6 rn (200 ft) away from the tower in the 120° azimuth 

range. In the range of 130° - 140° at a distance of 424.2 rn 

(1400 ft) there is a 13 rn (43 ft) tall power plant. Overall 

sorne interference exists in the azimuth range of between 80° 
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Figure 3.1. Map of area surrounding the WERFL. After Chok 
(1988). 
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and 160° as measured with 0° to the north from the tower. 

All geographical measurements are from Chok (1988) with the 

exception of the power plant height, which is from Bals 

(1994), and the cross city distances, which are from Terrell 

(1987). 

3.2 Meteorological Tower and 
Instrumentation 

The 48.5 rn meteorological tower is a three-legged 

trussed tower supported by two sets of guy wires at 21.2 rn 

(70 ft) and 39.4 rn (130 ft). The legs of the tower are 0.45 

m (1.5 ft) apart and the location of the guy wires were 

chosen to not interfere with the wind flow as measured by 

instruments on the tower. The tower is located 45.5 rn (150 

ft) to the west of the test building. 

Wind measurement instrumentation is located on the 

tower at heights of 0.9, 2.4, 3.9, 10, 21.2, and 48.5 rn; or 

3, 8, 13, 33, 70, and 160 ft, respectively. All anemometers 

with the exception of that at 48.5 rn are mounted on 1.8 rn (6 

ft) booms extending to the northwest from the tower to 

minimize interference from the tower itself. The instrument 

at 48.5 rn is mounted at the top of the tower, yielding no 

tower interference. The instrumentation at the 0.9 rn level 

consists of a Gill 3 eup anernometer madel 12102. This 

instrument has a threshold of 0.4023 ms- 1 (0.9 mph) and a 

distance constant of 2.09 meters (6.9 ft). The threshold 

speed is the speed of flow required to create a detectable 

signal output. The distance constant is the length of air 

that is required to pass the anemometer to cause it to 

respond to 63.2% of the step function change in speed. 

Three cornponent anemometers are installed at all levels 

above 0.9 rn on the tower. They are Gill U-V-W anernometers 
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(madel 27005) with optional carbon fiber thermoplastic 

propellers (madel 08254). These instruments have a 

threshold of 0.4 ms-1 (0.8 mph), and a distance constant of 

2.1 rn (6.9 ft). The output voltage from these anemometers 

is positive for the wind blowing through the propeller and 

toward the shaft for the u and v instruments, and is the 

opposite for the w instrument. 

The orientations of the three component anemometers are 

not uniform. Except for the 10 rn level, the instruments are 

approximately oriented so that the u component anemometer 

points toward the northeast, the v component anemometer 

points toward the northwest and the w component points 

upward as shawn in Figure 3.2. The angle between the u 

component anemometer axis and true north varies with height 

as listed in Table 3.1. The instrument at the 10 rn level 

has an orientation of the u component similar to that at the 

other levels, but the v and w components are tilted 35° from 

the vertical around the u component axis; this is 

illustrated in Figure 3.3. This results in the v component 

anemometer painting downward toward the northwest and the w 

component painting upward toward the northwest. This 

orientation yields higher accuracy in the measurement of the 

vertical wind speed by having part of the vertical component 

measured by two different instruments. When the vertical 

wind speed is measured by a single anemometer pointed 

upward, large errors can result due to the inertia of the 

propeller when the vertical wind switches direction. 

Other meteorological variables are measured at heights 

of 3.9 and 10 m. Relative humidity, barometric pressure and 

temperature are measured at the 3.9 rn level and temperature 

alone is rneasured at the 10 rn level. All instruments are 

supplied by Teledyne Geotech with the exception of the 
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Figure 3.2 Three component anemorneter orientation. 

Table 3.1. Values for a for heights of UVW 
anernometers. 

Level (rn) a ( o) 

2.4 47 

3.9 36 

10.0 42 

21.2 44 

48.5 44 
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Figure 3.3. Tilted three component anemometer orientation. 
Primes indicate current tilted positions. 
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10 m temperature sensor. The barometric pressure sensor 1s 

madel BP-100 with an accuracy of +0.34 mb {0.01 in Hg). 

Relative humidity is measured by a madel RH-200 sensor with 

an accuracy of +3%. The RH-200 sensor has a built in 

platinum temperature sensor rated at +0.1°C {0.2°F). The 

temperature instrument at 10 m is a Climatronics fast 

response temperature sensor madel number 100093-3, with a 

time constant of 0.6 sec. The sensor is composed of three 

thermistors and has a range of -30° to 50° c. The sensor is 

housed within a radiation shelter on the northwest side of 

the tower and was installed in February, 1993. 

In arder to maintain a high confidence level in the 

quality of the data from the facility, the instruments and 

data acquisition system at the facility is constantly 

checked and maintained. A daily operational check is done 

which verifies that the acquisition system and 

instrumentation is operating properly. If any problems are 

found, they are promptly resolved. In addition to this 

daily check, all equipment is maintained according to the 

following schedule. All anemometry is wind tunnel tested 

and calibrated at least three times per year. Anemometer 

bearings are replaced at least once per year~ Calibration 

of other meteorological instrumentation is checked at least 

once per week, and the data acquisition system calibration 

is checked weekly. 

3.3 Data Acquisition System 

The data acquisition system samples the output voltage 

of all the described instruments, converts it to analog 

signals, displays current information on a monitor and 

stores the data. 
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The system is controlled by a 20 MHz 80386-based PC 

with 8 MB RAM and a math coprocessor. A MetraByte Corp. 

DAS-8 analog-to-digital {A/D) conversion board is used to 

capture the incorning signals. The DAS-8 is an 8 channel, 

medium-speed 12-bit A/D board. Three Metrabyte compatible 

CIO-MUX32 multipluxors from Computer Boards Inc. are used to 

expand the input capacity to 96 channels. 

The software used to drive the A/D board is Lab Tech 

Notebook supplied by Laboratories Technologies Corporation. 

It runs in a DOS environment within a custom shell written 

in Microsoft QuickBASIC. During a data acquisition run, 

data is ported directly to the hard drive. Throughput to 

the disk is improved with Super PC-Kwik software from 

Multisoft Corp., and file size is managed by storing the 

data in binary integer format. After each run is complete, 

the data is copied from the internal hard drive to an 

external 600 MB erasable cartridge optical drive. 

The software allows for different data acquisition 

modes to be created. Within these modes, it is possible to 

specify which instruments are to be sampled and at what 

frequency. A new mode was created for this investigation 

and is designated M29. For this mode, the system is 

programmed to sample all tower instruments at a frequency of 

10 Hz with record lengths of 15 min. The trigger value for 

the wind speed was set at zero in arder for the system to 

take continuous records regardless of wind speed. There are 

delays of approximately 70 sec between the end of one data 

run and the beginning of another in which the system is 

copying data to the optical disk and checking that 

conditions are still within the programmed parameters. 
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CHAPTER IV 

DATA AND PROCESSING 

The data used for this study came from two sources. 

The meteorological tower at the WERFL was the source for all 

atmospheric flow measurements, and the National Weather 

Service at Lubbock International Airport was the source for 

the cloud caver observations. The first two sections of 

this chapter describe how each of these types of data was 

obtained and handled. The final section describes the final 

processing, including quality control and a summary of data 

that was analyzed. 

Two computer programs written in the C language were 

used to process the large amount of data collected for this 

study. The first was used to process and compress the raw 

data from the meteorological tower. The second prograrn was 

used to combine the output from the first program with data 

derived from the cloud caver observations to generate 

statistics and trends for the behavior of the 

characteristics of the flow as a function of wind speed and 

stability. 

4.1 Meteorological Tower Data 
and Processing 

Data was collected from the 48.5 rn tower at the WERFL 

between Novernber 1993 and June 1994. Records with a 

duration of fifteen minutes were taken at times 

representative of differing stability conditions in the 

boundary layer. A total of 902 records were taken, 

resulting in 225.5 hours of data. The raw data consisted of 

26 instrument channels, 15 for the 5 three component 

anemometers and one each for the 3 eup anemometer at 0.9 rn, 
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temperature at 3.9 rn, temperature at 10 rn, relative hurnidity 

at 3.9 m, and barometric pressure at 3.9 m. The last 6 

channels included three 3 eup anemometers on pales 

surrounding the site, and the related wind direction vanes; 

this data was not used in this investigation. 

The raw data from the tower was stored as voltages in a 

binary integer format. A computer program written in the C 

language was utilized to read the raw binary integer data 

for each record from the optieal drive, convert it to the 

proper units, perform initial processing, and save the 

proeessed data in an ASCII format output file. The program 

is a highly modified version of one written by several 

members of the wind engineering research tearn. The 

proeessing was done on a 50 MHz 486 computer located in the 

Wind Engineering lab and had three functions: (1) to correct 

the three component anemometers for non-eosine response, and 

transform the wind velocity data to a meteorological 

coordinate system; (2) to calculate averages over the length 

of the records; and (3) to calculate fluxes and standard 

deviations with the high frequency data. 

4.1.1 Corrections 

There were three correction routines which were used on 

the raw three component anemometer data. In sequential 

arder they are: (1) correction for non-eosine response; (2) 

correction for the tilted three component anemometer at 10 

rn; and (3) a correction to resolve the horizontal components 

of the wind speed into the standard u and v components as 

used in rneteorology. The correction routines were written 

by the author unless otherwise specified. 

The correction for non-eosine response was performed on 

all five of the three component anemometers. The flow 

34 



measurement follows the eosine law closely, but varies 

slightly for angles near 45°, as shawn in Figure 4.1. The 

correction routine is from Horst (1972) and was supplied by 

R.M. Young. 

The instrument at the 10 rn level was tilted around the 

u anemometer axis to an angle of 35° from the vertical in 

arder to increase the accuracy of vertical motion 

measurements (see Section 3.2). Thus, the raw v and w 

speeds from the tower at 10 rn included both horizontal and 

vertical components of the wind. This correction converts 

the v and w components to the values they would have if the 

anemometer at 10 rn were not tilted. The correction 

equations for the tilted v and w components are as follows, 

with 8 equal to 35°: 

\Tcorrected v x cos e w x sin e, 

wcorrected V x sin 8 + W x cos 8. 

The next step is to perform the correction which 

transforms the u and v components from the tower to the 

standard meteorological orientation of the u component 

painting to the east and v to the north. This was necessary 

for the horizontal components of all the three component 

anemometers. The equations are as follows, with the angle ~ 

varying with height as listed in Table 3.1: 

U V x cos a - U x sin a, corrected 

\T - -u x cos a - v x sin a. corrected 

4.1.2 Calculations 

After the corrections were made to the three component 

anemometer data, the processing program performed the 

necessary calculations for each data record. 
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The first calculations to be performed were averages 

over the length of the record of the wind velocity and other 

meteorological data, such as barometric pressure, 

temperature, and relative humidity. 

The next step was to calculate the turbulent fluxes. 

Using the mean values from the first step, the fast response 

temperature and velocity data were reduced to a time series 

of perturbations from the mean. These perturbations were 

then correlated and averaged as described in Section 2.2.1 

to determine the turbulent fluxes. The standard deviation 

of the horizontal wind speed was also determined at several 

levels from these perturbations and was combined with the 

average wind speed at those levels to obtain the turbulent 

intensity. The last calculation was to determine the flux 

Richardson number for the record by using the 15 minute 

average values in the equation in Section 2.2.2. A full 

discussion of the flux Richardson number calculation is 

provided in Section 2.2.2. 

The output of the prograrn is sumrnarized in Table 4.1. 

The variables listed are as follows: U is the horizontal 

wind speed, u, v, and w are the west, south and vertical 

components of the wind velocity, Temp, RH, and BP are the 

temperature, relative hurnidity and barometric pressure, 

respectively, 8v is the virtual potential temperature, Rf is 

the flux Richardson number, KTHF is the kinetic turbulent 

heat flux, TI is the turbulence intensity, and MF is the 

vertical flux of horizontal momentum. 
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Table 4.1. Summary of output for each data record from 
the initial processing program, X corresponds to the 
output of the mean value of that variable at that 
height, Y corresponds to the standard deviation. 

Height (rn) 

Variable 0.9 2.4 3.9 10.0 21.2 48.5 

u x X, Y X, Y X, Y X, Y X, Y 
u y x 
v y x 
w x x X, Y x x 
Temp x x 
RH x 
BP x 
8v x 
Rf x 
KTHF x 
TI x x x x x 
MF x x x x x 
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4.2 National Weather Service Data 

Standard hourly weather observations were obtained from 

the National Weather Service office at the Lubbock 

International Airport at times for which data was recorded 

at the WERFL. The airport is located on the northeast side 

of the city. It was assumed that the sky caver observations 

at the airport would be valid for use at the WERFL due to 

the relatively short distance (8.3 km) between the sites. 

These sky caver observations were used to determine the net 

radiation index for each of the data records from the WERFL 

as described in Section 2.3. This data was stored in an 

ASCII format file for input into the final processing 

pro gram. 

4.3 Final Processing 

The final processing was done using a computer program 

written in the C language, which input the two ASCII format 

data files described above, performed data quality control, 

and then calculated, and output statistics as a function of 

both stability and wind speed classes. 

The first step in the data quality control was to check 

for anemometer problems by determining if the wind speed 

profile fit the log law within an allowable limit of 

1.4 ms-1 per logarithmic meter; 9 of the data records were 

found to not meet this criterion and were discarded. Next 

the data were checked to determine if the direction of the 

incoming wind for each data record was within the disturbed 

azimuth of between 80° and 160°, as described in Section 

3.1. The number of records within this range was found to 

be 192, and these were discarded. After this filtering 

process was completed, 701 of the original 902 records 

remained. 
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The next step in the processing was to perform the 

calculations. The power law exponent for the wind profile 

was calculated using the equation in Section 2.2.4. Then a 

stability class was determined by the method described in 

Section 2.3 for the records by combining the net radiation 

index from the file described in Section 4.2, with the wind 

speed at 10 rn from the file described in Section 4.1. The 

data records were then sorted with respect to both speed and 

stability classes. The next step was to calculate 

statistics for each of the stability and speed classes. The 

generated statistics were the same for bath speed and 

stability and included averages for each class and standard 

deviations within each class for all flow characteristics 

listed in Table 4.1 plus the power law exponent. 
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CHAPTER V 

RESULTS AND ANALYSIS 

5.1 Stability Analysis 

The objective of the stability analysis was to 

determine what effect atmospheric stability has on the flow 

at the WERFL and to then determine which of the measured 

stability parameters best estimates the Pasquill stability 

classes. Each of the measured flow variables were tabulated 

according to the independently determined Pasquill stability 

class for the time of each of the data records. This 

resulted in average values and standard deviations for each 

of the flow variables within each Pasquill stability class. 

The Pasquill classes are designated A to G, from most 

unstable to most stable. Class D is designated for neutral 

stability conditions. 

The quality control that was performed on the data 

included a check for average wind speed profiles that showed 

a large decrease of wind speed with height. This allowed 

for the removal of a small number of data records that had 

anemometer problems. A full description of the quality 

control process is included in Section 4.3. The profile 

filter value used for all parts of the analysis with the 

exception of the flux Richardson number, was 1.4 ms- 1 /ln(m). 

A filter value of 0.19 ms- 1 /ln(m) was used for the flux 

Richardson number analysis. The breakdown of data records 

by Pasquill stability class for the two values of the 

profile filter are provided in Tables 5.1 and 5.2. 
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Table 5.1. Distribution of data records across the 
Pasquill stability classes, and percent of total. For 
filter value of 1.4 ms-1 /ln(m). 

Pasquill Stability Class 
Variable A B c D E F G Total 

# Rec 10 76 107 321 102 54 31 701 
g. 
0 of 

Total 1.4 10.8 15.2 45.8 14.6 7.8 4.4 100 

Table 5.2. Distribution of data records across the 
Pasquill stability classes, and percent of total. For 
fil ter value of 0.19 ms- 1/ln (rn) . 

• 

Pasquill Stability Classes 

Variable A B c D E F G Total 

# Rec 3 34 95 310 97 43 17 599 
g. 
0 of 

Total 0.5 5.6 15.9 51.8 16.2 7.2 2.8 100 
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This following analysis relates the kinetic turbulent 

heat flux, the standard deviation of wind speed, the 

turbulence intensity, the Flux Richardson number, the power 

law exponent, and the wind speed profiles to the Pasquill 

stability classes. 

5.1.1 Kinetic Turbulent Heat Flux 

The KTHF rneasures the amount of heat energy being 

transported away from the ground. As discussed in Section 

2.2.1 the KTHF is negative for stable conditions, positive 

for unstable conditions, and zero for neutral conditions. 

The KTHF was rneasured at the 10 rn height on the tower. The 

average values of the KTHF as a function of Pasquill 

stability class are plotted in Figure 5.1, along with the 

bounds of one standard deviation. The plotted values are 

listed in Table 5.3. 

The KTHF has been found to decrease with increasingly 

stable Pasquill stability classes. It can be seen in Figure 

5.1 that the correlation of KTHF is rouch better for the 

unstable classes than for the stable. The KTHF decreases by 

0.053 m°Cs- 1 from classes A to D, but then only by 0.015 

from classes D to G. Thus under stable conditions the 

stability class increases greatly with a srnall decrease in 

the heat flux. These results agree with those found by 

Sutherland et al. (1986) who reported a near exponential 

relationship of heat flux to stability class under stable 

conditions. 

Although there is a good correlation of KTHF to 

stability class, the value for the neutral stability class 

does not agree with the theoretical value of zero. The 

average value for the KTHF for class D is 0.011 m°Cs- 1
• 

This implies that the atmosphere is slightly unstable at the 
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WERFL when conditions are representative of the neutral 

Pasquill stability class. The Pasquill stability classes 

may not accurately represent the atmospheric stability for 

the Lubbock area due to the fact that Pasquill developed the 

classification system using data recorded under different 

terrain conditions in England. 

It can be seen from Figure 5.1 that the standard 

deviations of the KTHF reach maxima at the extremes of the 

Pasquill stability classes. The largest standard deviations 

are found within the unstable classes and are due to the 

extreme turbulence that is present during these conditions. 

The turbulence is present in the form of buoyant eddies 

which transport heat upward from the ground. These eddies 

occur at random intervals and the value of the heat flux 

under these conditions is dependent upon how many eddies 

pass the instruments during the 15 minute record length. 

The increasing magnitudes of the standard deviations of the 

KTHF from class E to G point to an increase in turbulence 

between these classes. This is probably due to the meander 

of wind direction under stable atmospheric conditions as 

discussed in Bowen et al. (1983). 

The KTHF was found to decrease with increasingly stable 

Pasquill stability classes. Use of this relationship to 

determine Pasquill stability class from measured KTHF must 

be done with the understanding that the correlation under 

stable conditions is quite weak, and a large amount of 

variation exists in the values of KTHF, especially under 

unstable conditions. 
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Var. 

Table 5.3. Average values of the KTHF in m°Cs- 1 and 
standard deviations (SD) for the Pasquill stability 
classes. 

Pasquill Stability Class 

A B C D E F G 

KTHF 0.0643 0.0563 0.0444 0.0113 -0.0006 -0.0018 -0.0034 

SD 0.0527 0.0357 0.0318 0.0216 0.0065 0.0109 0.0257 
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5.1.2 Standard Deviation of Wind Speed 

The standard deviation of the wind speed is a measure 

of the amount of variation in the wind speed over the time 

period considered, which is 15 min for this investigation. 

The standard deviation of the horizontal wind, Ou, was 

measured at heights of 2.4, 3.9, 10, 21.2, and 48.5 m. The 

standard deviations of the u, v, and w components of the 

wind velocity, ou, ov, and aw, respectively, were measured at 

the 10 rn height. The values of ou, ov, and aw were cornbined 

to yield ouvw/ the standard deviation of the veloci ty vector 

by the following equation: 

These values were compared against the Pasquill stability 

classes, and the results are given in Table 5.4. 

The standard deviation of the components of wind speed 

were found to decrease with increasingly stable Pasquill 

classes. Figure 5.2 shows a comparison of a u, o v, and aw at 

10 m to the Pasquill stability classes. A decrease with 

increasing stability can be clearly seen for all three 

components. These results are similar to those of Luna and 

Church (1972) who found the same relationship for the 

standard deviation of the azimuth and elevation angles of 

the incorning wind. This shows that the standard deviation 

of the wind speed is related to the standard deviation of 

the wind angle. 
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Table 5. 4. Average values of the ou, ov, o ... ,, Ouvw' 0 1_ ; , 

and standard deviation of ouvw (SDouvw) in ms- 1 for the 
Pasquill stability classes. 

Pasquill Stability Class 

Hgt(m) A B c D E F G 

10 1.264 1.080 1.015 0.906 0.497 0.356 0.313 

10 1.093 1.021 1.021 0.926 0.550 0.398 0.305 

10 0.523 0.450 0.440 0.395 0.222 0.118 0.077 

10 1.750 1.553 1.505 1.354 0.774 0.547 0.444 

SDOuvw 10 0.588 0.525 0.514 0.514 0.272 0.323 0.437 

Ou 2.4 1.863 1.278 1.036 1.012 0.564 0.412 0.289 

Ou 3.9 1.483 1.347 1.079 1.094 0.633 0.416 0.282 

Ou 10.0 1.961 1.282 1.060 1.095 0.614 0.409 0.359 

o ,, 21.2 2.036 1.261 1.040 1.090 0.671 0.466 0.393 

Ou 48.5 1.469 1.218 0.994 1.121 0.762 0.560 0.391 
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The standard deviation of the wind speed shows less 

variability at the extremes of stability than the standard 

deviation of the KTHF. This is shown in Figure 5.3 where 

cru~ compared to the Pasquill stability classes. The 

variability of the values is illustrated by the dashed lines 

which represent one standard deviation of o ... ... . 
•.J ·,; V>~ 

The relationship of Ou to height is shown in Figure 

5.4. Here it is seen that Ou also decreases with increasing 

stability as described above, with one exception. The value 

of Ou is almost constant between the C and D classes; this 

is due to the large increase in average wind speed between 

these two classes and the lack of the consideration of the 

vertical component. This illustrates the importance of 

including the ow in the standard deviation calculation. The 

relationship of Ou to height was found to be almost constant 

in the measured range. For the classes A to G, 

respectively, the values of Ou were within 16.6, 5.5, 4.6, 

6.5, 17.4, 23.6, and 17.8 percent of the average over the 

height of the tower. There is one other notable detail; the 

48.5 rn Ou has the lowest value for the classes A, B, and C, 

while it has the highest value for classes D, E, F, and G. 

This implies that a slightly higher variation of the 

horizontal wind occurs at a height of 48.5 rn during stable 

conditions than occurs during unstable conditions. 

It was shawn in this analysis that the observed 

standard deviation of wind speed decreases with increasing 

stability across the entire range of Pasquill classes. The 

o0 was found to be constant with height over the height of 

the tower to within 24 percent or less. The ou~ was found 

to have a usable correlation to the Pasquill classes. 
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5.1.3 Turbulent Intensity 

The turbulent intensity (TI) is a measure of the amount 

of turbulence in the flow. It is the standard deviation of 

horizontal wind (Ou) divided by the mean wind speed. The TI 

was determined at heights of 2.4, 3.9, 10, 21.2, and 48.5 rn 

and compared to the Pasquill classes. The results of this 

comparison are listed in Table 5.5. 

The TI was found to have a similar relationship to the 

Pasquill stability classes as the standard deviations of 

wind speed within the unstable and neutral classes. This 

can be seen in Figure 5.5. The TI was found to decrease 

with increasingly stable Pasquill class between classes A 

and E, but then increased slightly from classes E to G. 

This increase occurs due to the average wind speed 

decreasing faster than the Ou from classes E to G. Thus, 

although Ou decreases with increasing stability throughout 

the entire range of stability, the actual amount of 

turbulence in the flow does not. 

Figure 5.6 is a plot of the TI at various heights on 

the tower. The TI can be seen to decrease with increasing 

height for all conditions of stability except for class A 

where the value at 3.9 rn does not fit the relationship. 

This relationship is expected because the TI consists of an 

alrnost constant Ou with height, being divided by an average 

wind speed that increases with height. It can be seen from 

the figure that the relationship noted above for the 10 rn TI 

holds for the TI at other heights. The largest increase in 

the TI in the stable classes occurred for the lowest leve! 

(2.4 rn), with the amount of increase becoming smaller as the 

height above ground increased. 

The standard deviation of TI has a similar behavior to 

the KTHF in that a wider variation is present at the 
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Table 5.5. Average values of the TI at all measured 
levels and standard deviations (SD) at 10 rn for the 
Pasquill stability classes. 

Pasquill Stability Class 

Hgt (rn) A B c D E F G 

2.4 1.080 0.645 0.314 0.220 0.197 0.275 0.443 

3.9 0.880 0.680 0.315 0.221 0.208 0.265 0.408 

10.0 1.037 0.564 0.264 0.185 0.152 0.1 61 0.2 61 

21.2 0.987 0.524 0.244 0.167 0.141 0.142 0.192 

48.5 0.658 0.472 0.217 0.149 0.119 0.123 0.127 

10.0 1.238 0.336 0.130 0.137 0.049 0.088 0.255 
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extremes of stability, with the largest standard deviation 

in class A. As mentioned for the KTHF the high variation in 

the most unstable classes was due to the extreme amount of 

turbulence and the variations in the most stable classes 

were most likely due to the meander of the wind. 

It was shawn here that for all heights the TI decreases 

with increasing stability from classes A to E, and then 

increases slightly from classes E to G. Larger increases 

between classes E and G occurred at the lower levels. Due 

to the increasing value of TI in the stable classes, the TI 

cannat be used to determine the Pasquill class. 

5.1.4 Flux Richardson Number 

The flux Richardson number (Rf) measures the ratio of 

thermal to mechanical turbulence. As discussed in Section 

2.2.2, the Rf is usually negative for unstable conditions, 

positive for stable conditions, and near zero for neutral 

conditions. The Rf was calculated at 10 m from the equation 

in Section 2.2.2. 

It was found that the denominator in the Rf equation 

can approach zero under certain wind speed conditions 

causing large variations in the value of Rf. The 

denominator represents the mechanical turbulence by adding 

together terms containing a correlation of momentum flux and 

vertical wind shear for each horizontal component of the 

wind. Under low wind speed conditions the average wind 

profile can sometimes decrease with height. When this 

profile is used to calculate the Rf, the additive terms can 

cancel and cause the denominator to approach zero. This can 

lead to very large positive or negative values of the Rf, 

depending on the sign of the thermal turbulence in the 

numerator. 
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To circumvent the problem of the "blowing up" of the 

Rf, the profile filter that was used to filter out 

instrument problems was narrowed down from an allowable 1.4 

ms- 1 decrease per logari thmic me ter to 0. 19 ms- 1 for the Rf 

analysis. The value of 0.19 was reached by gradually 

lowering the filter value until the relationship of Rf 

became clearer, while there were still records remaining in 

all of the stability classes. When the filter was set at 

zero, no records remained in class A, showing that all the 

class A profiles had sorne decrease with height. With the 

filter set at 0.19, 155 records were filtered out of the 

data set, as compared to 9 at a setting of 1.4. A summary 

of the distribution of records across the Pasquill classes 

for the tightened filter was given previously in Table 5.2. 

The relationship of the Rf to the Pasquill classes 

changed considerably with the tightening of the profile 

filter. The values of the Rf are listed in Tables 5.6 and 

5.7. It can be clearly seen in a comparison of Figure 5.7.A 

to 5.7.B that the standard deviation of the Rf values 

decreased markedly and the relationship to the Pasquill 

stability class improved as well. 

In Figure 5.7.B, the Rf increased with increasingly 

stable Pasquill classes. This relationship to the Pasquill 

classes is the same found by Pinker and Holland (1988) for 

the related gradient Richardson Nurnber (Ri) and by Luna and 

Church (1972) for the related bulk Richardson Nurnber (Ri 8 ). 

Bowen et al. (1983) also found these relationships for both 

the Ri and Ri 8 • The correlation of Rf to Pasquill class is 

better for the unstable classes than for the stable. This 

refers to the fact that the curve in Figure 5.7.B is rouch 

steeper in the unstable region than in the stable. This 

results in a very small range of values of Rf within the 
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Table 5.6. Average values of the Rf and standard 
deviations {SD) for each of the Pasquill stability 
classes. For filter value of 1.4 ms- 1/ln(m). 

Pasquill Stability Class 

Var. A B C D E F G 

Rf -8.937 -0.060 -0.231 -0.039 -0.010 -0.198 0.204 

SD 29.766 2.496 0.347 0.165 0.102 1.803 0.949 

Table 5.7. Average values of the Rf and standard 
deviations {SD) for each of the Pasquill stability 
classes. For filter value of 0.19 ms-1/ln(m). 

Pasquill. Stability Class 

Var. A B C D E 

Rf -2.014 -0.575 -0.252 -0.039 -0.007 

SD 2.294 0.928 0.295 0.118 0.101 
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classes D, E, and F. This was also noted by Luna and Church 

(1972) for Ri 8 • 

The standard deviation of the Rf showed the same 

relationship to stability seen in the TI and KTHF analysis. 

The standard deviation is a maximum at the extremes of 

stability due to the increased turbulence under these 

conditions. The standard deviation has the smallest value 

in the classes C, D, E, and F. This is also where the 

average values of Rf have the smallest range between 

classes. 

A relationship of Rf to Pasquill stability class was 

found after the application of a rather stringent wind speed 

profile filter. Most of the profiles which were discarded 

by the filter were of low wind speed (<4 ms- 1
). This sets a 

limitation on the measurement of Rf under low wind speed 

conditions which is discussed further in the Section 5.2.3 . 
• 

Under conditions of moderate or higher wind speed where the 

average profile will not very often exhibit a decrease in 

speed with height, the measured Rf at 10 rn could be used to 

estimate the Pasquill class. 

5.1.5 Power Law Exponent 

The power law exponent (p) was determined from the 

equation in Section 2.2.4 using average wind speeds from an 

upper level of 48.5 rn and lower levels of 3.9, 10.0, and 

21.2. The power law is used to estimate wind speeds at 

higher levels from measurements of lower level wind speeds. 

The value of 1/7 (= 0.143) has been typically used for p to 

extrapolate a 10 rn wind with the power law. A srnaller value 

of p corresponds to a more constant wind speed with height. 

rt was found that p generally increased with 

increasingly stable Pasquill class. Investigations by Tourna 
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(1977) and Hsu (1982) found similar results. Table 5.8 

shows the results from this investigation. It can be seen 

that although the value of p generally increases with 

increasing stability, the value decreases from classes A to 

B for the 10-49 rn and 21-49 rn height intervals. 

The values of p from this investigation introduced in 

Table 5.8 are shawn graphically in Figure 5.8. It can be 

clearly seen that the value of p for the 3.9 to 48.5 rn 

height interval shows the best correlation to Pasquill 

stability class. An important result is that the value for 

p for class D from the 10 to 48.5 rn height interval is very 

close to the 1/7 (= 0.143) power law. These results show 

that this value for p is valid for use only under conditions 

of neutral atrnospheric stability. 

5.1.6 Wind Speed Profiles 

As discussed in Chapter II, the wind speed profile in 

the surface layer for neutral conditions will increase with 

height and be a straight line on a semi-log plot. The wind 

speed profile for stable conditions on a semi-log plot will 

have a smaller slope than the neutral profile in the lowest 

few meters, and a larger slope in the upper region of the 

surface layer. The wind profile for unstable conditions on 

a semi-log plot will have a smaller slope than the neutral 

profile through most of the surface layer with the exception 

of the region just above the ground surface where the wind 

speed becomes zero. The wind speed profile consists of 

measurements at 0.9, 2.4, 3.9, 10, 21.2, and 48.5 rn heights 

on the tower. 

The above theoretical relationship is present in the 

observed average wind speed profiles plotted as a function 

of the Pasquill stability classes in Figure 5.9. The 
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Var. 

p 

p 

p 

SD 

Table 5.8. Average values of p for three height 
intervals (~Z) rounded to whole meters, and standard 
deviations (SD) for the 10-48.5 m height interval for 
the Pasquill stability classes. 

Pasquill Stability Class 

fàZ (rn) A B c D E F G 

4-49 0.097 0.104 1.127 0.177 0.292 0.427 0.599 

10-49 0.131 0.065 0.093 0.158 0.278 0.342 0.502 

21-49 0.162 0.070 0.094 0.175 0.333 0.341 0.503 

10-49 0.156 0.133 0.121 0.094 0.144 0. 1 95 0.265 
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neutral (class D) wind speed profile is a straight line. 

The wind speed in the unstable profiles increases less 

rapidly with height than the neutral profile through the 

entire observed range. The wind speed in the stable 

profiles increases less rapidly with height than the neutral 

profile below 3.9 rn and more rapidly with height above. 

The wind speed profiles for classes A and B are very 

close to having a uniform wind speed with height. This is 

due to the intense convective mixing that occurs under these 

conditions. The stable profiles show a small increase in 

wind speed with height in the lowest portion of the surface 

layer, then a much higher increase with height in the upper 

portion. This is due to the flow in the surface inversion 

layer being eut off from the flow above; the rapid increase 

occurs along the top of this inversion layer. 

The individual wind speed profiles are plotted in 

Figure 5.10. The standard deviation of the wind speed is 

shawn and the log law it fitted to each profile by linear 

interpolation. The values of the roughness length (Z 0 ) and 

the friction velocity (u*) are calculated from the fitted 

straight line. Although these values only truly 

characterize the terrain when applied to the neutral 

profile, they do allow for the comparison of the individual 

profiles. The slope of the fitted line is the u* and the y 

intercept is the Z0 • From the plots of the profiles, it can 

be seen that the value of u* increases with increasingly 

stable Pasquill class from classes A to E, and then 

decreases from classes E to G. Figure 5.10 also illustrates 

how the neutral profile fits the log law relation, and how 

the non-neutral profiles deviate from the relation. 
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5.2 Wind Speed Analysis 

The main objective of the wind speed analysis was to 

determine the speed at which the flow becomes neutral at the 

WERFL. The wind speed classes include ranges of increasing 

wind speed and are defined in Section 2.4. The 

characteristics of the flow were compared against the wind 

speed classes for the different net radiation index (nri) 

values and analyzed for any trends. An average over each 

speed class would not have shawn the behavior of the 

parameters under different heating conditions. The trends 

that were found were compared to the values for the 

stability parameters under neutral conditions to determine 

at what wind speed the flow can be considered neutral. From 

the analysis, relationships were found between wind speed 

and ou~' TI, Rf, and p, while the KTHF did not show a 

correlation to wind speed. These results are presented in 

this section. 

The distribution of data records for each value of the 

nri within each speed class is shawn in Tables 5.9 and 5.10 

for the different values of the profile filter. It can be 

seen that the profile filter removed records with only low 

wind speeds. Records were discarded only from the lowest 

three wind speed classes which correspond to wind speeds at 

10 rn of less than 4 rns- 1
• 

5.2.1 Standard Deviation of Wind Speed 

The standard deviation of the wind speed is a measure 

of the arnount of variation in the wind speed. The values of 
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Spd 

Table 5.9. Distribution of data records for each value 
of the nri within each speed class. For filter value 
of 1. 4 ms- 1 /ln (rn). 

Net Radiation Index 

Class 4 3 2 1 0 -1 -2 Total 

1 0 20 18 4 5 6 39 92 

2 7 17 15 13 4 10 28 94 

3 2 19 26 12 15 15 37 126 

4 4 23 29 9 18 12 47 142 

5 2 11 24 8 23 18 19 105 

6 0 9 10 7 3 18 14 61 

7 0 6 18 6 3 0 6 39 

8 0 0 1 0 3 0 7 11 

9 0 0 2 2 8 0 2 14 

10 0 0 2 0 15 0 0 17 
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Spd 

Table 5.10. Distribution of data records for each 
value of the nri within each speed class. For filter 
value of 0.19 ms- 1/ln(m). 

Net Radiation Index 

Class 4 3 2 1 0 -1 -2 Total 

1 0 4 3 2 2 1 23 35 

2 2 9 6 8 3 6 23 57 

3 2 14 25 10 15 15 37 118 

4 4 23 29 9 18 12 47 142 

5 2 11 24 8 23 18 19 105 

6 0 9 10 7 3 18 14 61 

7 0 6 18 6 3 0 6 39 

8 0 0 1 0 3 0 7 11 

9 0 0 2 2 8 0 2 14 

10 0 0 2 0 15 0 0 17 
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the 10 rn cru~ were compared against the wind speed classes 

for each value of the nri. It was found that all values of 

the au~ increased with increasing wind speed class without 

any trend toward one value. The results of this analysis 

are plotted in Figure 5.11. 

Due to the fact that the ou~ did not have a limiting 

value, it could not be used in the estimation of the wind 

speed for a neutral flow. 

5.2.2 Turbulent Intensity 

The turbulent intensity (TI) is a rneasure of the amount 

of turbulence in the wind. The plot of TI at 10 rn as a 

function of wind speed is shawn in Figure 5.12. It can be 

seen that the values of the TI at 10 rn approach a value of 

approxirnately 0.17 at a limit of wind speed class 10 with 

the standard deviation decreasing very rapidly with 

increasing speed class. From Section 5.1.3, the average 

value of the TI at 10 rn for class D (neutral) is 0.185 with 

a standard deviation of 0.137. The TI shows a definite 

trend in the flow toward a value very close to the neutral 

value. The flow becomes neutral between the wind speed 

classes of 3 and 6; this is where the standard deviation of 

the average over all nri begins to center around the neutral 

value. Thus, it can be concluded that a conservative value 

for a wind speed for which the flow can be assumed neutral 

at the WERFL is wind speed class 6, which corresponds to 

wind speeds between 6 and 7 ms- 1
• Thus, a conservative 

value for which the flow can be assurned neutral is 7 rns- 1
• 
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5.2.3 Flux Richardson Number 

The flux Richardson number (Rf) was determined at a 

height of 10 m. As discussed in Section 5.1.4, the Rf was 

found to have an extreme variation with erratic wind speed 

profiles that can occur with low wind speeds. This 

variability was reduced by employing a more stringent filter 

to the wind speed profile. The distribution of data records 

over the speed classes for each value of the nri for the 

narrowed filter was given previously in Table 5.10. 

The standard deviation of the Rf without the narrow 

profile filter is very large for wind speeds under class 3 

as seen in Figure 5.13.A. When this is compared to Figure 

5.13.8, it can be seen that the standard deviations for wind 

speeds less than class 3 decrease substantially with the 

more stringent profile filter. 

The values for the Rf for the narrower filter were 

analyzed for trends toward a neutral value. It was found 

that the Rf approached a value slightly less than zero at 

the limit of wind speed classes. The value for the Rf for 

the neutral class D from the stability analysis was -0.039 

with a standard deviation of 0.165. The wind speed at which 

the Rf becomes neutral lies between classes 4 and 6. This 

is the region where the standard deviation of Rf begins to 

have a rouch lower rate of decrease with increasing wind 

speed. 

Thus as before we want to have a conservative value 

that can be used with confidence. Thus, the wind speed 

class for which the flow becomes neutral from the Rf 

analysis would be for class 6. Which means that for wind 

speeds of more than 7 ms- 1 at 10 rn the flow can be assumed 

to be in neutral atmospheric stability. 
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Figure 5.13. Comparison of the Rf to the wind speed 
classes. Dashed lines represent one standard deviation of 
the average for each wind speed class over all nri. 
(A) With a filter value of 1.4 ms- 1/ln(m) 
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Comparison of Flux Richardson Number 
at 10 meters to Wind Speed 

0 . -" 
~ ' 

' ' 

• o-

' ' ' ' ' ' ' ~ ', 
Q) ' 
~ ~~ '~~ 

' E ~ ~~ v ~ ~ ~ -- - -
::J 0 < ~0 0 0 0 0 0 0 0 0 0 0 0 • 0 • 0 0 • 0 9- 0 • 0 0 • 0 • 0 ~. 0 • 0 0 •• Olo ":"'. ":"' 0 ":"'. ~9- "!'".":"o"P.-·2-·::::~-~~~ .......... -:.o-:.•-:.~ z + T T - - - -& - - - -9 -

'~~' 0 A , , , c ..-, g' 
0 L() A B ,' 
en ci- ,,' 
~ 1 , 
0 ,'0 

..c -~ 0 ,' 

-~ 0 ,' 
CY ~-cD ' 
x 
::J -

1 ~----_, 

LLLO 
• 
~-

1 

0 
• 

N-
I 

L() 
• 

Net Radiation Index 
0 = 4 
0 = 3 
â = 2 
+ = 1 
x= 0 
0 = -1 
'V= -2 

"'4---~----~--~--~--~----~--~--~--~ 1 -~ 1 1 1 1 1 1 1 1 

1.0 ~0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

Wind Speed Class 

Figure 5.13. (Continued) (B) With a filter value of 
0.19 ms- 1 /ln (rn). 
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5.2.4 Power Law Exponent 

The power law exponent (p) is used with the power law 

as discussed in Chapter II to extrapolate a wind near the 

surface to a higher level. The height interval between 10 

and 48.5 m was analyzed to determine p for the wind speed 

analysis. 

In Section 5.1.5, it was found that the value of p for 

neutral stability was very near 1/7 (= 0.143). The actual 

value was 0.158 with a standard deviation of 0.094. 

The comparison of p to the wind speed classes is shawn 

in Figure 5.14. It can be seen from this plot that the 

value of p approaches 1/7, shawn as a dotted line in the 

figure. However, the relationship of p to increasing wind 

speed classes is not sufficiently smooth to use in an 

estimation of a wind speed for the which neutrality can be 

assumed. 

5.3 Neutral Wind Speed Profile Analysis 

The objective of this analysis is to determine if there 

is a significant difference between neutral wind speed 

profiles due to high wind speeds, and those due to the 

presence of a zero net radiation index. A difference in 

these profiles would affect the calculation of the roughness 

length (Z
0

) and the friction velocity (u*). These two 

parameters describe the terrain in the immediate vicinity of 

a meteorological tower and are derived by substituting a 

wind speed profile under neutral conditions into the log law 

relation. Figure 5.15 shows typical values for Zo under 

different terrain types. 

The two criteria for neutral flows described above can 

occur together or separately in the Pasquill stability 

classification method described in Section 2.3. The wind 
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speed profiles from the records already designated as 

neutral from the processing program were divided based upon 

which of the above criteria were met. If the nri for the 

neutral profile was zero, the wind speed profile was 

designated as a D-sky profile, if the nri was a value other 

than zero the profile was designated D-spd. None of the 

wind speed profiles were used in bath data subsets, although 

several of them probably met both criteria. The 

distribution of the incoming wind direction for each of the 

neutral classes is shawn in Figure 5.16. This shows that 

the values of the terrain parameters can be compared because 

the majority of the records of each of the classes were 

taken with the wind coming from the southwest. The values 

of Z,=, and u* calculated for the southwest direction from 

high wind speed data in an unpublished investigation by the 

author found the values to be 0.011 rn and 0.510 ms- 1
, 

respectively. The terrain parameter values for the wind 

speed profiles analyzed here generally agree with this 

previous investigation. 

The D-spd and D-sky average wind speed profiles are 

plotted in Figures 5.17.A and B, respectively. The first 

noticeable feature of the two profiles is that they are 

quite similar. The wind speeds at each level in the profile 

are approximately equal. The major difference that can be 

seen is that the D-sky profile fits the log law much better 

than the D-spd; i.e., the semi-log D-sky profile is a 

straighter line than the semi-log D-spd profile. This is 

evidence of the existence of a higher amount of turbulence 

under high wind conditions. The differences in the values 

of the Z
0 

and u* are negligible between the two profiles. 

This can be seen by considering the seven orders of 

magnitude range for Z0 shawn in Figure 5.15. 
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The differences in the D-sky and D-spd profiles were 

found to be negligible. Thus, the values previously 

calculated for the terrain parameters from the high wind 

speed profiles can be assumed to be valid for all neutral 

conditions. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

The purpose of this study was to characterize the 

atmospheric stability at the WERFL. Within this goal were 

several specifie objectives. The first was to determine how 

the stability affects the flow at the WERFL. The second 

objective was an extension of the first, namely to determine 

the ranges of the measured stability parameters within each 

of the Pasquill stability classes so that they could be 

directly estimated from the rneasured values. The third 

objective was to determine a wind speed for which the flow 

at the WERFL can be assumed neutral. The final objective 

was to determine if the different criteria for assuming 

neutral stability within the Pasquill classes had an effect 

on the determination of the terrain parameters of roughness 

length and friction velocity which are derived from the 

neutral wind speed profile. 

This research successfully cornpleted the above 

objectives by collecting and analyzing 902 fifteen minute 

data records from the meteorological tower at the WERFL 

taken between November 1993 and June 1994. The specifie 

conclusions from this research are outlined below, and 

recornmendations resulting from this research are described 

in Section 6.2. 

6.1 Conclusions 

Based on the analysis of the observations in this 

study, the following conclusions are made concerning the 

atmospheric stability at the WERFL. The section or figure 

from which the specifie conclusion was based is referenced 

where appropriate. 
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1. The KTHF (kinetic turbulent heat flux) at 10 rn 

decreases with increasingly stable Pasquill class, ranging 

from 0.064 to -0.0034 m°CS- 1 from classes A to G. Refer to 

Figure 5.1 on page 45. 

2. The ouvw (standard deviation of the magnitude of the 

wind vector) at 10 rn decreases with increasingly stable 

Pasquill class, ranging from 1.750 to 0.444 ms- 1 from 

classes A to G. Refer to Figure 5.3 on page 51. 

3. The Ou (standard deviation of the horizontal wind 

speed) generally decreased with increasingly stable Pasquill 

class at all heights, although the Ou was almost constant 

between classes C and D. The values for O u ranged from 

1.961 to 0.359 from classes A to G. The O u was constant 

with height to within 24 percent of the mean for all 

stability classes. Refer to Figure 5.4 on page 52. 

4. The TI (turbulent intensity) decreases with 

increasingly stable Pasquill class from A to E then 

increases slightly from E to G for all heights. The values 

for TI at 10 rn ranged from 1.037 to 0.152 from classes A to 

E, and then from 0.152 to 0.261 from classes E to G. Refer 

to Figure 5.6 on page 56. 

5. The Rf (Flux Richardson number) is difficult to 

measure accurately during conditions of 10 rn wind speeds 

less than 4 ms- 1 due to the transient wind shear conditions 

that often occur. Refer to Figure 5.7 on pages 60 and 61. 

6. The Rf increased with increasingly stable Pasquill 

class. This relationship was found after the application of 

a wind speed profile filter that excluded records from the 

analysis that had a decrease of speed with log height above 

an acceptable limit of 0.19 ms-1
• The range of the Rf was 

from -2.014 to 0.2839 from classes A to G. Refer to Figure 

5.7.B on page 61. 
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7. The value of p (power law exponent) generally 

increased with increasingly stable Pasquill class, although 

a small decrease occurred from classes A to B for the height 

intervals of 10 to 48.5 m and 21.2 to 48.5 m. The range for 

the height interval of 10 to 48.5 m was from 0.065 to 0.501 

from classes B to G. Refer to Figure 5.8 on page 65. 

8. The wind speed profiles showed the following 

relationship to stability: the neutral profile fit the log 

law perfectly; the unstable profiles were almost uniform 

with height; and the stable profiles showed higher wind 

shear in the upper portion of the profile than in the lower. 

Refer to Figure 5.9 on page 66. 

9. The Pasquill stability classes were found to 

represent the changing stability in the surface boundary 

layer very well. Although the neutral Pasquill class does 

not correspond to the theoretical neutral values of zero for 

the KTHF and the Rf. Refer to Figures 5.1 and 5.7 on pages 

45 and 60. The values of Rf and KTHF support the conclusion 

that the atmosphere is on average slightly unstable at the 

WERFL during conditions representative of the neutral 

Pasquill class. 

10. The TI, Rf, and p were found to approach values 

very close to their neutral value as the wind speed at 10 rn 

increased. Refer to Figures 5.12, 5.13, 5.14 on pages 80, 

82, and 85, respectively. This conclusion allowed for the 

estimation of a wind speed at which the flow can be 

considered neutral at the WERFL. A conservative estima te of 

this value was determined to be a 10 m wind speed of 7 ms-1 

(15.7 mph). For the full discussion see Sections 5.2.2 and 

5.2.3 on pages 78 and 81. 

11. The different criteria for neutral atmospheric 

stability in the Pasquill method (high wind versus 10/10 
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cloud caver) were found to have a negligible effect on the 

values of the roughness length and friction velocity 

obtained from the neutral wind speed profiles for the same 

azimuth range. Refer to Figures 5.17 and 5.18 on pages 89 

and 90. 

6.2 Recommendations 

When estimating the Pasquill class from the results 

shawn in Chapter V, the large uncertainties involved should 

be clearly recognized. The standard deviations of sorne of 

the parameters are of the same magnitude as the parameters 

themselves. The parameters that were correlated to the 

Pasquill classes were: KTHF, ou~' p, and Rf for 10 rn wind 

speeds over 4 ms- 1
• It would be most accurate to calculate 

all the parameters analyzed here from the raw data and then 

determine the Pasquill class independently for each. The 

estimate of the Pasquill class would then be taken as the 

average class obtained from the several variables above. 

Closer investigation into the conclusions resulting 

from this research would involve collecting and analyzing 

more data. The objective of additional data collection 

should be to obtain more observations in the most stable and 

most unstable regions of the Pasquill stability classes. 

This would aid in the further understanding of the large 

amount of variation of the flow characteristics under these 

conditions. 

Further research to be performed on the existing data 

set could include analyzing the records on a case by case 

basis. The high frequency data in each of the records could 

be analyzed for eddy size and time scales for the bursts of 
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the turbulent fluxes. Testing could be performed on how low 

pass filters or different averaging times affect the 

results. 

The data collected for this research could be used to 

test the meteorological preprocessor program for the new 

AERMOD dispersion madel for industrial source applications 

that is currently being developed by the EPA (Perry et al. 

1994). This program calculates stability and dispersion 

parameters from raw data sets for input into the AERMOD 

madel. The program could be applied to the raw data 

collected for this research and the output compared to the 

results of this research. 

This research yields recommendations for the WERFL 

facility. Although the Gill three component propeller 

anemometers performed almost flawlessly during the 

collection of data for this research, an effort should be 

made to replace them with three component sanie anemometers. 

Sanie anemometers allow for the more accurate measurement of 

high frequency changes in the wind, and are ideally suited 

to the calculation of turbulent fluxes. It would also be 

helpful to have fast response temperature sensors similar to 

the one at 10 rn installed at all heights where three 

component anemometers are currently located. This would 

allow for the analysis of the vertical profiles of KTHF and 

Rf, and for the further understanding of the limitations 

found in the measurement of Rf under law wind speeds. 
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APPENDIX 

LIST OF DATA RECORDS 

This appendix contains a list of all the data files 

that were used for this investigation along with other 

derived information such as the nri and Pasquill stability 

class. These list represents the filtered data set. None 

of the records listed here have winds from the azimuth 

degrees of 70° to 160°, or a wind speed profile decrease 

with log height greater than 1.4 ms-1 /ln(m). If further 

research is done using this data the information in Table 

A.l will be helpful in selecting records for further 

analysis. The time is shawn in local time and the cloud 

caver is shawn in standard NWS format. 
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Table A.1. List of data records, including file 
number, date, time, cloud caver, net radiation index 
(nri), 10 rn average wind speed (U) and Pasquill 
stability class (P Class). 

Record Date Time Sky 
. 

U (m/s) P Class nrl 

M29N059 11-08-1993 11:42 CLR 3 1. 1 B 
M29N060 11-08-1993 11:59 CLR 3 1.8 B 
M29N061 11-08-1993 12:17 CLR 3 2.1 B 
M29N062 11-08-1993 12:36 CLR 3 1.2 B 
M29N063 11-08-1993 12:53 CLR 3 2.2 B 

M29N065 11-08-1993 13:25 CLR 3 1.7 B 
M29N066 11-08-1993 13:42 CLR 3 1. 1 B 
M29N067 11-08-1993 13:58 CLR 3 1.3 B 
M29N068 11-08-1993 14:14 CLR 3 0.3 A 
M29N069 11-08-1993 14:30 CLR 2 1. 7 B 

M29N070 11-08-1993 14:47 CLR 2 1. 4 B 
M29N071 11-08-1993 15:03 CLR 2 1.2 B 
M29N103 11-09-1993 04:32 4BKN250BKN -1 2.1 E 
M29N144 11-29-1993 13:02 CLR 2 3.5 c 
M29N145 11-30-1993 12:14 250-BKN 2 4.8 c 

M29N153 12-02-1993 13:21 100SCT2500VC 1 2.4 D 
M29N154 12-04-1993 19:49 250-SCT -2 6.2 D 
M29N155 12-04-1993 20:06 250-SCT -2 6.6 D 
M29N156 12-04-1993 20:22 250-SCT -2 6.4 D 

M29N157 12-04-1993 20:39 250-SCT -2 5.5 E 

M29N158 12-04-1993 20:55 250-SCT -2 6.6 D 
M29N159 12-04-1993 21:11 250-SCT -2 6.7 D 
M29N161 12-07-1993 12:05 250-0VC 1 3.3 D 
M29N162 12-07-1993 12:21 250-0VC 1 2.9 D 

M29N163 12-07-1993 12:37 250-0VC 1 3.7 D 
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M29Nl64 12-07-1993 13:07 250-BKN 2 2.4 c M29N165 12-07-1993 13:51 250-BKN 2 2.5 c M29N166 01-13-1994 12:00 CLR 2 4.0 c M29N167 01-13-1994 12:17 CLR 2 3.9 c M29N168 01-13-1994 12:33 CLR 2 4.4 c 
M29N169 01-13-1994 12:50 CLR 2 5.0 D 
M29N170 01-13-1994 13:06 CLR 2 4. 6 c 
M29N171 01-13-1994 13:22 CLR 2 5.6 D 
M29N172 01-13-1994 13:39 CLR 2 4.7 c 
M29N173 01-13-1994 13:55 CLR 2 4.7 c 

M29N174 01-13-1994 14:11 CLR 2 3.8 c 
M29N175 01-22-1994 15:13 x 0 4.5 D 
M29N176 01-22-1994 15:45 x 0 4.3 D 
M29N177 01-22-1994 16:02 x 0 5.1 D 
M29Nl78 01-22-1994 16:19 x 0 5.0 D 

M29Nl79 01-22-1994 16:35 x 0 4. 6 D 
M29N180 01-22-1994 16:51 x 0 5.1 D 
M29N181 01-22-1994 17:08 x 0 4.9 D 
M29Nl82 01-22-1994 17:24 x 0 6.0 D 
M29N183 01-22-1994 17:41 x 0 5.8 D 

M29Nl84 01-22-1994 17:57 x 0 6.0 D 
M29N185 01-22-1994 18:13 x 0 5.6 D 
M29N186 01-22-1994 18:30 x 0 6.1 D 
M29Nl87 01-22-1994 18:46 x 0 5.6 D 
M29N188 01-22-1994 19:02 x 0 6.0 D 

M29N189 01-22-1994 19:19 x 0 5.8 D 
M29N190 01-22-1994 19:35 x 0 5.5 D 
M29Nl91 01-22-1994 19:51 x 0 5.5 D 
M29N192 01-22-1994 20:08 x 0 6.3 D 
M29N193 01-22-1994 20:24 x 0 5.8 D 
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M29N194 01-22-1994 20:41 x 0 5.1 D 
M29N195 01-22-1994 20:57 x 0 5.0 D 
M29N196 01-22-1994 21:13 x 0 4.8 D 
M29N197 01-22-1994 21:30 x 0 4.8 D 
M29N198 01-22-1994 21:46 x 0 4. 6 D 

M29N199 01-22-1994 22:02 x 0 4.0 D 
M29N200 01-22-1994 22:19 x 0 5.3 D 
M29N201 01-22-1994 22:35 x 0 5.3 D 
M29N202 01-22-1994 22:51 x 0 5.8 D 
M29N203 01-22-1994 23:08 x 0 5.0 D 

M29N204 01-22-1994 23:24 x 0 4.4 D 
M29N205 01-22-1994 23:41 x 0 5.4 D 
M29N206 01-22-1994 23:57 x 0 3. 7 D 
M29N207 01-23-1994 00:13 x 0 3.5 D 
M29N208 01-23-1994 00:30 x 0 3.3 D 

M29N209 01-23-1994 00:46 x 0 4.6 D 
M29N210 01-23-1994 01:02 x 0 4.4 D 
M29N211 01-23-1994 01:19 x 0 3.7 D 
M29N212 01-23-1994 01:35 x 0 3.9 D 
M29N213 01-23-1994 01:52 x 0 3. 4 D 

M29N214 01-23-1994 02:08 x 0 3.7 D 
M29N215 01-23-1994 02:24 x 0 3.5 D 
M29N216 01-23-1994 02:41 x 0 4.0 D 

M29N217 01-23-1994 02:57 x 0 4.0 D 
M29N218 01-23-1994 03:13 x 0 3.4 D 

M29N219 01-23-1994 03:30 x 0 3.1 D 

M29N220 01-23-1994 03:46 x 0 3.5 D 

M29N221 01-23-1994 04:02 x 0 4.0 D 

M29N222 01-23-1994 04:19 -X10VC 0 4.1 D 

M29N223 01-23-1994 04:35 -X20VC 0 4.6 D 
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M29N224 01-23-1994 04:52 20VC 0 3.7 D 
M29N225 01-23-1994 05:08 5SCT250SCT -2 3.8 E 
M29N226 01-23-1994 05:24 5SCT250SCT -2 4.2 E 
M29N227 01-23-1994 05:41 5SCT250SCT -2 4.3 E 
M29N228 01-23-1994 05:57 250SCT -2 4.0 E 

M29N229 01-23-1994 06:13 250SCT -2 3.6 E 
M29N230 01-23-1994 06:30 250SCT -2 4.4 E 
M29N231 01-23-1994 06:46 250SCT -2 4. 1 E 
M29N232 01-23-1994 07:02 250-SCT -2 3.7 E 
M29N233 01-23-1994 07:19 250-SCT -2 3.5 E 

M29N234 01-23-1994 07:35 250-SCT -2 4. 0 E 
M29N235 01-23-1994 07:52 250-SCT -2 3.8 E 
M29N236 01-23-1994 08:08 250-SCT -2 3.0 F 
M29N237 01-23-1994 08:24 250-SCT -2 3.8 E 
M29N238 01-23-1994 08:41 250-SCT -2 4. 4 E 

M29N239 01-23-1994 08:57 CLR 1 2.8 D 
M29N240 01-23-1994 09:13 CLR 1 3.8 D 
M29N241 01-23-1994 09:30 CLR 2 4.2 c 
M29N242 01-23-1994 09:46 CLR 2 3.9 c 
M29N243 01-23-1994 10:03 CLR 2 3.3 c 

M29N244 01-23-1994 10:19 CLR 2 3.4 c 
M29N245 01-23-1994 10:35 CLR 2 4.0 c 
M29N246 01-23-1994 10:52 CLR 2 3.6 c 
M29N247 01-23-1994 11:08 CLR 2 4. 4 c 
M29N248 01-23-1994 11:24 CLR 2 3.9 c 

M29N249 01-23-1994 11:41 CLR 2 3.6 c 
M29N250 01-23-1994 11:57 250-SCT 3 4.1 c 
M29N251 01-23-1994 12:13 250-SCT 3 4.2 c 
M29N252 01-23-1994 12:32 250-SCT 3 4.5 c 
M29N253 01-23-1994 12:49 250-SCT 3 4.5 c 

104 



Table A.1. Continued. 

Record Date Time Sky nri U(m/s) P Class 

M29N254 01-23-1994 13:05 250-SCT 3 4. 8 c 
M29N255 01-23-1994 13:22 250-SCT 3 4. 8 c 
M29N256 01-23-1994 13:38 250-SCT 3 5.0 c 
M29N257 01-23-1994 13:54 250-BKN 2 5.2 D 
M29N258 01-23-1994 14:11 250-BKN 2 5.0 D 

M29N259 01-23-1994 14:29 250-BKN 2 5.0 D 
M29N260 01-23-1994 14:45 -X1BKN 0 5.6 D 
M29N261 01-23-1994 15:02 -X1BKN 0 5.2 D 
M29N262 01-23-1994 15:18 -X1BKN 0 5.9 D 
M29N264 01-31-1994 12:48 50SCT 3 2.2 B 

M29N265 01-31-1994 13:05 50SCT 3 2.1 B 
M29N271 01-31-1994 14:58 50S CT 2 1. 4 B 
M29N272 01-31-1994 15:15 50S CT 2 1. 0 B 
M29N276 01-31-1994 16:20 CLR 2 1. 1 B 
M29N277 01-31-1994 16:37 CLR 2 0.9 B 

M29N278 02-01-1994 08:48 CLR 1 4. 8 D 

M29N279 02-01-1994 09:05 CLR 2 5.3 D 
M29N280 02-01-1994 09:21 CLR 2 5.2 D 
M29N281 02-01-1994 09:38 CLR 2 5.3 D 
M29N282 02-01-1994 09:54 CLR 2 5.6 D 

M29N283 02-01-1994 10:10 CLR 2 5.5 D 

M29N284 02-01-1994 10:27 CLR 2 6.8 D 
M29N285 02-01-1994 10:43 CLR 2 5.7 D 

M29N286 02-01-1994 10:59 CLR 2 5.8 D 

M29N287 02-01-1994 11:16 CLR 2 6.2 D 

M29N288 02-01-1994 11:32 CLR 3 5.2 c 
M29N289 02-01-1994 11:49 250-SCT 3 4. 4 c 
M29N290 02-01-1994 12:05 250-SCT 3 4.7 c 
M29N291 02-01-1994 12:21 250-SCT 3 3.8 B 

M29N292 02-01-1994 12:38 250-SCT 3 4. 1 c 
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M29N293 02-01-1994 12:54 250-SCT 3 4. 1 c 
M29N294 02-01-1994 13:10 250-SCT 3 4.3 c 
M29N295 02-01-1994 13:27 250-SCT 3 4.6 c 
M29N296 02-01-1994 14:02 250-SCT 3 6.3 D 
M29N297 02-01-1994 14:18 250-SCT 3 7.3 D 

M29N298 02-01-1994 14:34 250-SCT 2 7. 1 D 
M29N299 02-01-1994 14:51 CLR 2 7.2 D 
M29N300 02-01-1994 15:07 CLR 2 6.8 D 
M29N301 02-01-1994 15:23 CLR 2 7.2 D 
M29N302 02-01-1994 23:54 250-SCT -2 4.0 E 

M29N303 02-02-1994 00:11 250-SCT -2 4. 4 E 
M29N304 02-02-1994 00:27 250-SCT -2 5.0 E 
M29N305 02-02-1994 00:44 250-SCT -2 5.3 E 
M29N306 02-02-1994 01:00 250-SCT -2 4.9 E 
M29N307 02-02-1994 01:16 250-SCT -2 4.2 E 

M29N308 02-02-1994 01:33 250-SCT -2 4.5 E 
M29N309 02-02-1994 01:49 250-SCT -2 4.7 E 
M29N310 02-02-1994 02:05 250-SCT -2 5.3 E 
M29N311 02-02-1994 02:22 250-SCT -2 5.5 D 
M29N312 02-02-1994 02:38 250-SCT -2 5.2 E 

M29N313 02-02-1994 02:55 250-BKN -1 5.8 D 

M29N314 02-02-1994 03:11 250-BKN -1 6.0 D 

M29N315 02-02-1994 03:27 250-BKN -1 6.1 D 

M29N316 02-02-1994 03:44 250-BKN -1 6.3 D 

M29N317 02-02-1994 04:00 250-BKN -1 6.1 D 

M29N318 02-02-1994 04:16 250-BKN -1 6.0 D 

M29N319 02-02-1994 04:33 250-BKN -1 6.4 D 

M29N320 02-02-1994 04:49 250-BKN -1 5.8 D 

M29N321 02-02-1994 05:06 250-BKN -1 5.6 D 

M29N322 02-02-1994 05:22 250-BKN -1 6.6 D 
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M29N323 02-02-1994 05:38 250-BKN -1 6.3 D 
M29N324 02-02-1994 05:55 250-BKN -1 6.6 D 
M29N325 02-02-1994 06:11 250-BKN -1 6.6 D 
M29N326 02-02-1994 06:27 250-BKN -1 6.8 D 
M29N327 02-02-1994 06:44 250-BKN -1 6.8 D 

M29N328 02-02-1994 07:00 250-BKN -1 6.4 D 
M29N329 02-02-1994 07:17 250-BKN -1 6.7 D 
M29N330 02-02-1994 07:33 250-BKN -1 6.5 D 
M29N331 02-02-1994 07:49 250-0VC -1 6. 8 D 
M29N332 02-02-1994 08:06 250-0VC -1 6.6 D 

M29N333 02-02-1994 08:22 250-0VC -1 6.8 D 
M29N334 02-02-1994 08:39 250-0VC 1 6.3 D 
M29N335 02-02-1994 08:55 250-0VC 1 7. 1 D 
M29N336 02-02-1994 09:11 250-0VC 2 7.5 D 
M29N337 02-02-1994 09:28 250-0VC 2 6.6 D 

M29N338 02-02-1994 09:44 250-0VC 2 6.3 D 

M29N339 02-02-1994 21:22 2500VC -1 6.0 D 
M29N340 02-02-1994 21:38 2500VC -1 5.7 D 
M29N341 02-02-1994 21:55 2500VC -1 5.0 D 

M29N342 02-02-1994 22:11 2500VC -1 4.0 D 

M29N343 02-02-1994 22:28 2500VC -1 3.9 D 

M29N344 02-02-1994 22:44 2500VC -1 4.5 D 

M29N345 02-02-1994 23:00 2500VC -1 3.9 D 

M29N346 02-02-1994 23:17 2500VC -1 4.6 D 

M29N347 02-02-1994 23:33 2500VC -1 5.3 D 

M29N348 02-02-1994 23:49 2500VC -1 5.6 D 

M29N349 02-03-1994 00:06 2500VC -1 5.9 D 

M29N350 02-03-1994 00:22 2500VC -1 5.6 D 

M29N351 02-03-1994 00:38 2500VC -1 5.3 D 

M29N352 02-03-1994 00:55 2500VC -1 5.2 D 
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M29N353 02-03-1994 01:11 250BKN -1 5.4 D 
M29N354 02-03-1994 01:28 250BKN -1 5.3 D 
M29N355 02-03-1994 01:44 250BKN -1 4.5 D 
M29N356 02-03-1994 02:00 150SCT250BKN -1 4.2 D 
M29N357 02-03-1994 02:17 150SCT250BKN -1 4.3 D 

M29N358 02-03-1994 02:33 150SCT250BKN -1 4.6 D 
M29N359 02-03-1994 02:49 150SCT250SCT -2 4. 4 E 
M29N360 02-03-1994 03:06 150SCT250SCT -2 3.9 E 
M29N361 02-03-1994 03:23 150SCT250SCT -2 3.5 E 
M29N362 02-03-1994 03:39 150SCT250SCT -2 3.1 F 

M29N363 02-03-1994 03:55 250-SCT -2 3. 1 F 
M29N364 02-03-1994 04:11 250-SCT -2 3.0 F 
M29N365 02-03-1994 04:28 250-SCT -2 3.8 E 
M29N366 02-03-1994 04:44 250-SCT -2 3.5 E 
M29N367 02-03-1994 05:00 250-SCT -2 3.6 E 

M29N368 02-03-1994 05:17 250-SCT -2 3.4 E 

M29N369 02-03-1994 05:33 250-SCT -2 2.8 F 
M29N370 02-03-1994 05:49 250-BKN -1 2.0 E 

M29N371 02-03-1994 06:06 250-BKN · -1 2.5 E 

M29N372 02-03-1994 06:22 250-BKN -1 1. 7 F 

M29N373 02-03-1994 06:39 250-BKN -1 3.3 E 

M29N374 02-03-1994 06:55 250-SCT -2 3.0 F 

M29N375 02-03-1994 07:11 250-SCT -2 3.0 F 

M29N376 02-03-1994 07:28 250-SCT -2 2.7 F 

M29N377 02-03-1994 07:44 250-SCT -2 2.7 F 

M29N378 02-03-1994 08:08 250-BKN -1 3.4 D 

M29N379 02-03-1994 08:17 250-BKN -1 3.5 D 

M29N380 02-03-1994 08:33 250-BKN 1 3.4 D 

M29N381 02-...03-1994 08:49 250-0VC 1 4.0 D 

M29N382 02-03-1994 09:06 250-0VC 1 5.0 D 
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M29N383 02-03-1994 09:22 250-0VC 1 5 . 7 D 
M29N384 02-03-1994 09:39 250-0VC 1 5.9 D 
M29N385 02-03-1994 09:55 250-0VC 1 5.6 D 
M29N386 02-03-1994 10:11 250-0VC 1 5.9 D 
M29N387 02-03-1994 10:28 250-0VC 1 6.1 D 

M29N388 02-09-1994 15:12 250-SCT 2 3.3 c 
M29N390 02-12-1994 22:15 CLR -2 0.5 G 
M29N391 02-12-1994 22:32 CLR -2 1. 0 G 
M29N392 02-12-1994 22:49 CLR -2 0.9 G 
M29N393 02-12-1994 23:05 CLR -2 1.2 G 

M29N394 02-12-1994 23:21 CLR -2 1.6 G 

M29N395 02-12-1994 23:38 CLR -2 1.4 G 
M29N396 02-12-1994 23:54 CLR -2 2.1 F 

M29N397 02-13-1994 00:10 CLR -2 1.5 G 

M29N398 02-13-1994 00:27 CLR -2 1 . 8 G 

M29N399 02-13-1994 00:43 CLR -2 2.4 F 

M29N400 02-13-1994 00:59 CLR -2 1.6 G 

M29N401 02-13-1994 01:16 CLR -2 1.7 G 

M29N403 02-13-1994 01:49 CLR -2 1.9 G 

M29N404 02-13-1994 02:05 CLR -2 2.1 F 

M29N405 02-13-1994 02:21 CLR -2 2.3 F 

M29N406 02-13-1994 02:38 CLR -2 1.9 G 

M29N407 02-13-1994 02:54 CLR -2 2.0 F 

M29N408 02-13-1994 03:10 CLR -2 1. 6 G 

M29N409 02-13-1994 03:26 CLR -2 1.4 G 

M29N410 02-13-1994 03:43 CLR -2 1. 3 G 

M29N411 02-13-1994 04:00 250-SCT -2 2.8 F 

M29N412 02-13-1994 04:16 250-SCT -2 2.8 F 

M29N413 02~13-1994 04:32 250-SCT -2 1. 4 G 

M29N414 02-13-1994 04:49 250-SCT . -2 2.1 F 
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M29N415 02-13-1994 05:05 250-SCT -2 2.1 F 
M29N416 02-13-1994 05:21 250-SCT -2 2.6 F 
M29N417 02-13-1994 05:38 250-SCT -2 1. 6 G 
M29N418 02-13-1994 05:54 250-SCT -2 1.2 G 
M29N419 02-13-1994 06:10 250-SCT -2 0.9 G 

M29N420 02-13-1994 06:27 250-SCT -2 0.8 G 
M29N421 02-13-1994 06:43 250-SCT -2 1.5 G 
M29N422 02-13-1994 07:00 250-SCT -2 1.5 G 
M29N423 02-13-1994 07:16 250-SCT -2 1.9 G 
M29N424 02-13-1994 07:32 250-SCT -2 1.9 F 

M29N425 02-13-1994 07:49 250-SCT -2 1. 8 G 
M29N426 02-13-1994 08:05 250-BKN -2 1. 6 G 
M29N427 02-13-1994 08:21 250-BKN 1 1.8 c 
M29N429 02-13-1994 09:04 250-BKN 2 2.4 c 
M29N430 02-13-1994 09:21 250-BKN 2 2.2 c 

M29N431 02-13-1994 09:37 250-BKN 2 2.6 c 
M29N432 02-13-1994 09:53 250-BKN 2 3.2 c 
M29N433 02-13-1994 10:10 250-BKN 2 4.1 c 
M29N434 02-13-1994 10:26 250-BKN 2 4.3 c 
M29N435 02-13-1994 10:42 250-BKN 2 4.8 c 

M29N436 02-13-1994 10:59 250-BKN 3 5.5 c 
M29N437 02-13-1994 11:15 250-BKN 3 5.2 c 
M29N438 02-13-1994 11:31 250-BKN 3 4.9 c 
M29N439 02-13-1994 11:48 250-BKN 3 5.1 c 
M29N440 02-13-1994 12:04 250-0VC 2 4.9 D 

M29N441 02-13-1994 12:21 250-0VC 2 4.7 c 
M29N442 02-13-1994 12:37 250-0VC 2 4.1 c 
M29N443 02-13-1994 12:53 250-0VC 2 3.9 c 
M29N444 02-13-1994 13:10 250-0VC 2 4.2 c 
M29N445 02 - 13-1994 13:26 250-0VC 2 4.6 c 
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M29N446 02-13-1994 13:42 250-0VC 2 4.5 c 
M29N447 02-13-1994 13:59 250-BKN 3 3.3 B 
M29N448 02-13-1994 14:15 250-BKN 3 4. 6 c 
M29N449 02-13-1994 14:31 250-BKN 3 4.3 c 
M29N450 02-13-1994 14:48 250-BKN 3 4. 1 c 

M29N451 02-13-1994 15:04 250-BKN 2 4. 6 c 
M29N452 02-13-1994 15:21 250-BKN 2 4.9 c 
M29N453 02-13-1994 15:37 250-BKN 2 5.1 D 
M29N454 02-13-1994 15:53 250-BKN 2 4. 8 c 
M29N455 02-13-1994 16:10 250-BKN 2 5.0 D 

M29N456 02-13-1994 16:26 250-BKN 2 4. 8 c 
M29N457 02-13-1994 16:42 250-BKN 2 5.3 D 
M29N458 02-13-1994 16:59 250-BKN 1 4.8 D 
M29N459 02-13-1994 17:15 250-BKN 1 5.9 D 
M29N460 02-13-1994 17:31 250-BKN -1 5.1 D 

M29N461 02-13-1994 17:48 250-BKN -1 4.9 D 
M29N462 02-13-1994 18:04 250-BKN -1 4.7 D 

M29N463 02-13-1994 18:21 250-BKN -1 3.9 D 

M29N464 02-13-1994 18:37 250-BKN -1 4.2 D 

M29N465 02-13-1994 18:53 250-SCT -2 4.3 E 

M29N466 02-13-1994 19:10 250-SCT -2 4.7 E 

M29N467 02-13-1994 19:26 250-SCT -2 4.6 E 

M29N468 02-13-1994 19:42 250-SCT -2 4.4 E 

M29N469 02-13-1994 19:59 250-SCT -2 4.8 E 

M29N470 02-13-1994 20:15 250-SCT -2 4.7 E 

M29N471 02-13-1994 20:31 250-SCT -2 4. 9 E 

M29N472 02-13-1994 20:48 250-SCT -2 4.6 E 

M29N473 02-13-1994 21:04 250-SCT -2 4.0 E 

M29N474 02-13-1994 21:21 250-SCT -2 3.2 F 

M29N475 02-13-1994 21:37 250-SCT -2 3.3 F 
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M29N476 02-13-1994 21:53 250-BKN -1 3.4 E 
M29N477 02-13-1994 22:10 250-BKN -1 3.7 D 
M29N478 02-13-1994 22:26 250-BKN -1 3.9 D 
M29N479 02-13-1994 22:42 250-BKN -1 4.5 D 
M29N524 02-22-1994 05:27 130VC 0 0.5 D 

M29N525 02-22-1994 05:43 130VC 0 3.0 D 
M29N526 02-22-1994 05:59 17BKN120BKN -1 3.0 E 
M29N527 02-22-1994 06:16 17BKN120BKN -1 2.1 E 
M29N528 02-22-1994 06:32 17BKN120BKN -1 1.9 E 
M29N529 02-22-1994 06:48 26BKN -1 1. 7 F 

M29N530 02-22-1994 07:04 26BKN -1 1. 8 F 
M29N531 02-22-1994 07:21 32BKN -1 2.0 E 
M29N532 02-22-1994 07:37 32BKN -1 2.5 E 
M29N533 02-22-1994 07:53 32BKN -1 2.8 E 

M29N534 02-22-1994 08:09 14BKN 1 2.2 D 

M29N535 02-22-1994 08:26 14BKN 1 2.8 D 
M29N536 02-22-1994 08:42 14BKN 1 3.4 D 

M29N537 02-22-1994 08:58 14BKN32BKN 1 3.3 D 

M29N538 02-22-1994 09:14 14SCT32BKN 1 3.7 D 

M29N539 02-22-1994 09:30 14SCT32BKN 1 3.8 D 

M29N540 02-22-1994 09:46 14SCT35BKN 1 4.2 D 

M29N541 02-22-1994 10:03 14SCT35BKN 1 3.9 D 

M29N542 02-22-1994 10:19 14SCT35BKN 1 4.5 D 

M29N543 02-22-1994 10:35 14SCT35BKN 1 4.9 D 

M29N545 02-22-1994 11:15 90-SCT 3 4.3 c 

M29N546 02-23-1994 09:31 CLR 2 3.3 c 
M29N547 02-23-1994 09:47 CLR 2 3.8 c 
M29N548 02-23-1994 10:04 60S CT 2 3.6 c 
M29N549 02-23-1994 10:20 60S CT 2 3.3 c 
M29N550 02-23-1994 10:36 60S CT 3 3.4 B 
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M29N551 02-23-1994 10:53 CLR 3 3.1 B M29N553 02-23-1994 22:30 CLR -2 3.6 E M29N554 02-23-1994 22:47 CLR -2 4.2 E M29N555 02-23-1994 23:03 CLR -2 4.3 E M29N556 02-23-1994 23:19 CLR -2 4.3 E 

M29N557 02-23-1994 23:35 CLR -2 4. 6 E M29N558 02-23-1994 23:52 CLR -2 4.5 E 
M29N559 02-24-1994 00:08 CLR -2 4.3 E 
M29N560 02-24-1994 00:24 CLR -2 4.2 E M29N561 02-24-1994 00:41 CLR -2 3.9 E 

M29N562 02-24-1994 00:57 CLR -2 4.2 E 
M29N563 02-24-1994 01:13 CLR -2 4.2 E 
M29N564 02-24-1994 01:29 CLR -2 5.2 E 
M29N565 02-24-1994 01:46 CLR -2 4.9 E 
M29N566 02-24-1994 02:02 CLR -2 5.0 E 

M29N567 02-24-1994 02:18 CLR -2 4.8 E 
M29N568 02-24-1994 02:34 CLR -2 5.1 E 
M29N569 02-24-1994 02:51 CLR -2 5.8 D 
M29N570 02-24-1994 03:07 CLR -2 6.2 D 
M29N571 02-24-1994 03:23 CLR -2 6.6 D 

M29N572 02-24-1994 03:39 CLR -2 7.1 D 
M29N573 02-24-1994 03:56 CLR -2 7.0 D 
M29N574 02-24-1994 04:12 CLR -2 7.3 D 
M29N575 02-24-1994 04:28 CLR -2 7.4 D 
M29N576 02-24-1994 04:45 CLR -2 7.5 D 

M29N577 02-24-1994 05:01 CLR -2 8. 6 D 
M29N578 02-24-1994 05:17 CLR -2 8.3 D 
M29N579 02-24-1994 05:33 CLR -2 7.6 D 
M29N580 02-24-1994 05:50 250SCT -2 8.3 D 
M29N581 02-24-1994 06:06 250SCT -2 7.6 D 
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M29N582 02-24-1994 06:22 250SCT -2 8. 1 D 
M29N583 02-24-1994 06:38 250SCT -2 8.2 D 

M29N584 02-24-1994 06:55 250SCT -2 8.7 D 

M29N585 02-24-1994 07:11 250SCT -2 9.0 D 

M29N586 02-24-1994 07:27 250SCT -2 8.9 D 

M29N587 02-24-1994 07:43 250SCT -2 9.7 D 

M29N588 02-24-1994 08:00 CLR 1 9.6 D 

M29N589 02-24-1994 08:16 CLR 1 9.2 D 
M29N590 02-24-1994 08:32 CLR 2 8.8 D 
M29N591 02-24-1994 08:49 CLR 2 9.7 D 

M29N592 02-24-1994 09:05 CLR 2 10.7 D 
M29N593 02-24-1994 09:21 CLR 2 9.1 D 

M29N594 02-24-1994 09:37 CLR 2 10.6 D 
M29N595 02-26-1994 14:27 250-SCT 3 3.5 B 

M29N596 02-26-1994 14:43 250-SCT 3 3.5 B 

M29N597 02-26-1994 15:00 250-SCT 3 3.9 B 

M29N598 02-26-1994 15:16 250-SCT 3 3.9 c 
M29N600 02-26-1994 15:56 250-SCT 2 3.9 c 
M29N601 02-26-1994 16:12 250-SCT 2 5.0 D 

M29N605 02-26-1994 17:17 250-SCT 2 6.0 D 

M29N606 02-26-1994 17:33 250-SCT 1 5.6 D 

M29N607 02-26-1994 17:50 250-SCT -2 5.3 E 

M29N608 02-26-1994 18:06 250-SCT -2 5.8 D 

M29N615 03-02-1994 07:28 250-SCT -2 4.7 E 

M29N616 03-02-1994 07:45 250-SCT -2 4.4 E 

M29N617 03-02-1994 08:01 250-SCT 1 4.9 D 

M29N618 03-02-1994 08:17 250-SCT 1 4. 8 D 

M29N619 03-02-1994 08:33 250-SCT 2 5.3 D 

M29N620 03-02-1994 08:49 250-SCT 2 5.3 D 

M29N621 03-02-1994 09:06 250-SCT 2 5.3 D 
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M29N622 03-02-1994 09:22 250-SCT 2 4. 6 c 
M29N623 03-02-1994 09:38 250-SCT 2 4. 4 c 
M29N624 03-02-1994 09:54 250-BKN 2 4.8 c 
M29N625 03-02-1994 10:10 250-BKN 2 5.1 D 
M29N626 03-02-1994 10:27 250-BKN 3 4.9 c 

M29N627 03-02-1994 10:43 250-BKN 3 4. 8 c 
M29N628 03-02-1994 10:59 250-BKN 3 5.4 c 
M29N629 03-02-1994 11:15 250-BKN 3 6.7 D 
M29N630 03-02-1994 11:31 250-BKN 3 7.1 D 
M29N631 03-02-1994 11:48 250-BKN 3 6. 8 D 

M29N632 03-02-1994 12:04 250-BKN 3 6.6 D 
M29N633 03-02-1994 12:20 250-BKN 3 6.3 D 
M29N634 03-02-1994 12:36 250-BKN 3 5.9 c 
M29N635 03-02-1994 12:52 250-BKN 3 5.9 c 
M29N636 03-02-1994 13:23 250-BKN 3 5.6 c 

M29N637 03-02-1994 13:39 250-BKN 3 4.8 c 
M29N638 03-02-1994 13:55 250-SCT 3 4.7 c 
M29N639 03-02-1994 14:53 CLR 3 3.9 B 
M29N640 03-02-1994 15:09 CLR 3 4.9 c 
M29N641 03-02-1994 15:25 CLR 2 4.2 c 

M29N642 03-02-1994 15:42 CLR 2 4.0 c 
M29N643 03-02-1994 15:58 CLR 2 3.6 c 
M29N644 03-02-1994 16:16 CLR 2 4. 1 c 
M29N645 03-02-1994 16:31 CLR 2 3.8 c 
M29N646 03-02-1994 16:47 CLR 2 1. 8 B 

M29N647 03-02-1994 16:53 CLR 2 3.3 c 
M29N648 03-02-1994 17:18 CLR 2 1.4 B 
M29N649 03-02-1994 17:36 CLR 1 2.1 D 
M29N650 03-02-1994 17:52 CLR -2 2.0 F 
M29N651 03-02-1994 18:08 CLR -2 1.4 G 
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M29N652 03-03-1994 07:20 250-0VC -1 3.3 E 
M29N653 03-03-1994 07:37 250-0VC -1 3.0 E 
M29N654 03-03-1994 07:54 2500VC 1 1.9 c 
M29N655 03-03-1994 08:10 2500VC 1 0.7 c 
M29N656 03-03-1994 08:26 2500VC 1 2.6 D 

M29N657 03-03-1994 08:42 2500VC 1 2.6 D 
M29N658 03-03-1994 08:59 250-0VC 1 2.2 D 
M29N659 03-03-1994 09:15 250-0VC 1 3.0 D 
M29N660 03-03-1994 09:31 250-0VC 1 3.0 D 
M29N661 03-03-1994 09:47 250-0VC 1 3.3 D 

M29N662 03-03-1994 10:04 2500VC 1 4. 4 D 
M29N663 03-03-1994 10:20 2500VC 2 5.0 D 
M29N664 03-03-1994 10:36 2500VC 2 5.4 D 
M29N665 03-03-1994 10:52 2500VC 2 6.0 D 
M29N666 03-03-1994 11:09 2500VC 2 7.9 D 

M29N667 03-03-1994 11:25 2500VC 2 7.4 D 
M29N668 03-03-1994 11:41 2500VC 2 7.5 D 
M29N669 03-03-1994 11:58 150SCT2500VC 2 6.5 D 
M29N670 03-03-1994 12:14 150SCT2500VC 2 6.8 D 
M29N671 03-03-1994 12:30 150SCT2500VC 2 7.4 D 

M29N672 03-03-1994 12:46 150SCT2500VC 2 7.1 D 
M29N673 03-03-1994 13:03 150SCT2500VC 2 6.3 D 
M29N674 03-03-1994 13:19 150SCT2500VC 2 7.3 D 
M29N675 03-03-1994 13:35 150SCT2500VC 2 7.1 D 
M29N676 03-03-1994 13:51 150SCT250-0VC 2 7.2 D 

M29N677 03-03-1994 14:08 150SCT250-0VC 2 7.6 D 
M29N678 03-03-1994 14:24 150SCT250-0VC 2 7.3 D 
M29N679 03-03-1994 14:40 150SCT250-0VC 2 7.1 D 
M29N680 03-03-1994 14:56 250-BKN 3 6.7 D 
M29N681 03-03-1994 15:13 250-BKN 3 7.4 D 
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M29N682 03-03-1994 15:29 250-BKN 2 8.0 D 
M29N683 03-03-1994 16:47 250-BKN 2 7.9 D 
M29N684 03-03-1994 17:03 250SCT 1 7.0 D 
M29N685 03-03-1994 17:20 250SCT 1 6.4 D 
M29N689 03-05-1994 13:44 120SCT 3 0.7 A 

M29N691 03-05-1994 14:16 120SCT 3 1.9 B 
M29N692 03-05-1994 14:32 120SCT 3 2.3 B 
M29N693 03-05-1994 14:49 120SCT 3 1. 4 B 
M29N694 03-05-1994 15:05 120SCT 3 2.6 B 

M29N695 03-06-1994 12:23 250-SCT 3 1. 4 B 

M29N696 03-06-1994 12:39 250-SCT 3 2. 1 B 

M29N697 03-06-1994 12:55 250-SCT 3 1.7 B 

M29N698 03-06-1994 13:12 250-SCT 3 3.8 B 

M29N699 03-06-1994 13:28 250-SCT 3 2.3 B 

M29N700 03-06-1994 13:45 250-SCT 3 2.4 B 

M29N701 03-06-1994 14:01 250-SCT 3 3.0 B 

M29N702 03-06-1994 14:17 250-SCT 3 5.0 c 
M29N703 03-06-1994 14:33 250-SCT 3 2.7 B 

M29N704 03-06-1994 14:50 CLR 3 2.6 B 

M29N705 03-06-1994 15:06 CLR 3 2.8 B 

M29N706 03-06-1994 15:22 CLR 3 1. 6 B 

M29N708 03-06-1994 15:55 CLR 2 2.5 c 
M29N709 03-06-1994 16:11 CLR 2 2.7 c 
M29N710 03-06-1994 16:27 CLR 2 2.7 c 
M29N711 03-06-1994 16:44 CLR 2 2.4 c 

M29N712 03-06-1994 17:00 CLR 2 0.8 B 

M29N713 03-06-1994 17:16 CLR 2 2.5 c 
M29N714 03-06-1994 17:32 CLR 1 2.4 D 

M29N715 03-06-1994 17:49 CLR -2 3.0 F 

M29N716 03-06-1994 18:05 CLR -2 2.7 F 

117 



Table A.1. Continued. 

Record Date Time Sky . 
U (rn/ s) P Class nrl 

M29N717 03-06-1994 18:21 CLR -2 2.0 F 
M29N718 03-06-1994 18:37 CLR -2 2.0 F 
M29N719 03-06-1994 18:54 CLR -2 2.3 F 
M29N720 03-06-1994 19:10 CLR -2 2.8 F 
M29N721 03-06-1994 19:26 CLR -2 3.0 F 

M29N722 03-06-1994 19:43 CLR -2 2.6 F 
M29N723 03-06-1994 19:59 CLR -2 3.0 F 
M29N724 03-06-1994 20:15 CLR -2 3.2 F 
M29N725 03-06-1994 20:31 CLR -2 3.6 E 
M29N726 03-06-1994 20:48 CLR -2 4.2 E 

M29N727 03-06-1994 21:04 CLR -2 4. 8 E 

M29N728 03-06-1994 21:20 CLR -2 4.8 E 
M29N729 03-06-1994 21:36 CLR -2 3.8 E 
M29N730 03-06-1994 21:53 CLR -2 3.5 E 

M29N731 03-06-1994 22:09 CLR -2 4.2 E 

M29N732 03-06-1994 22:25 CLR -2 4. 1 E 

M29N733 03-06-1994 22:42 CLR -2 3.3 F 

M29N734 03-06-1994 22:58 CLR -2 1. 1 G 

M29N735 03-06-1994 23:14 CLR -2 3.0 F 

M29N736 03-06-1994 23:30 CLR -2 1. 1 G 

M29N737 03-06-1994 23:47 CLR -2 0.8 G 

M29N738 03-07-1994 00:03 9SCT -2 1. 1 G 

M29N739 03-07-1994 00:19 9BKN -1 1. 0 F 

M29N740 03-07-1994 00:35 50VC 0 1.7 D 

M29N741 03-07-1994 00:52 50VC 0 2.2 D 

M29N742 03-07-1994 01:08 50VC 0 1. 4 D 

M29N743 03-07-1994 01:24 70VC 0 1.0 D 

M29N750 03-07-1994 03:18 140VC 0 1.9 D 

M29N751 03-:-07-1994 03:34 140VC 0 2.4 D 

M29N752 03-07-1994 03:51 15BKN250BKN -1 2.6 E 
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M29N753 03-07-1994 04:07 15BKN250BKN -1 1. 8 F 

M29N754 03-07-1994 04:23 15BKN250BKN -1 2.5 E 

M29N755 03-07-1994 04:40 15BKN250BKN -1 2.6 E 

M29N756 03-07-1994 04:56 170VC 0 2.6 D 
M29N757 03-07-1994 05:12 170VC 0 3.1 D 

M29N758 03-07-1994 05:28 170VC 0 3.1 D 

M29N759 03-07-1994 . 0 5 : 4 5 170VC 0 3.2 D 

M29N760 03-07-1994 06:01 20SCT120BKN -1 3.0 E 

M29N761 03-07-1994 06:17 20SCT120BKN -1 3.0 E 

M29N762 03-07-1994 06:33 20SCT120BKN -1 3.8 D 

M29N763 03-07-1994 06:50 130BKN -1 5.8 D 

M29N764 03-07-1994 . 07:06 130BKN -1 5.6 D 

M29N765 03-07-1994 07:22 130BKN -1 5.4 D 

M29N766 03-07-1994 07:39 130BKN -1 5.0 D 

M29N767 03-07-1994 07:55 130BKN 1 6.9 D 

M29N768 03-07-1994 08:11 130BKN 1 7.2 D 

M29N769 03-07-1994 08:27 130BKN 1 7.0 D 

M29N770 03-07-1994 08:44 130BKN 1 5.9 D 

M29N771 03-07-1994 09:00 120SCT 2 6.6 D 

M29N772 03-07-1994 09:16 120BKN 1 7. 1 D 

M29N773 03-07-1994 09:32 120BKN 1 7.2 D 

M29N774 03-07-1994 09:49 120BKN 1 7.0 D 

M29N775 03-07-1994 10:05 120BKN 1 6.8 D 

M29N776 03-07-1994 10:21 120BKN 1 7. 1 D 

M29N777 03-07-1994 10:38 120BKN 2 7.5 D 

M29N778 03-07-1994 10:54 CLR 3 7.7 D 

M29N779 03-07-1994 11:10 CLR 3 7.6 D 

M29N781 03-07-1994 11:43 CLR 3 7.8 D 

M29N815 03-07-1994 20:56 5BKN180VC 0 5.2 D 

M29N816 03-07-1994 21:12 5BKN180VC 0 5.7 D 
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M29N817 03-07-1994 21:29 5BKN220VC 0 7.1 D 
M29N819 03-07-1994 22:01 6BKN220VC 0 7.4 D 
M29N824 03-07-1994 23:22 6BKN220VC 0 7.9 D 
M29N825 03-07-1994 23:39 6BKN220VC 0 8.2 D 
M29N831 03-08-1994 01:16 40VC 0 8.2 D 

M29N832 03-08-1994 01:33 40VC 0 7.0 D 
M29N833 03-08-1994 01:49 40VC 0 8.5 D 
M29N834 03-08-1994 02:05 40VC 0 9.0 D 
M29N835 03-08-1994 02:22 40VC 0 9.8 D 
M29N836 03-08-1994 02:38 40VC 0 10.8 D 

M29N837 03-08-1994 02:54 40VC 0 10.3 D 
M29N838 03-08-1994 03:10 30VC 0 11.5 D 
M29N839 03-08-1994 03:27 sovc 0 10.6 D 
M29N840 03-08-1994 03:43 sovc 0 10.8 D 
M29N841 03-08-1994 03:59 save 0 11. 1 D 

M29N842 03-08-1994 04:15 50VC 0 10.6 D 
M29N843 03-08-1994 04:32 sovc 0 10.6 D 
M29N844 03-08-1994 04:48 50VC 0 9.6 D 
M29N845 03-08-1994 05:04 save 0 11.0 D 
M29N846 03-08-1994 05:21 sovc 0 11. 8 D 

M29N847 03-08-1994 05:37 sovc 0 10.7 D 

M29N848 03-08-1994 05:54 5BKN150VC 0 10.0 D 

M29N854 03-08-1994 07:31 8BKN150VC 0 9.7 D 

M29N855 03-08-1994 07:47 8BKN150VC 0 9.0 D 

M29N856 03-08-1994 08:03 8BKN150VC 0 10.2 D 

M29N857 03-08-1994 08:20 6BKN160VC 0 10.5 D 

M29N858 03-08-1994 08:36 6BKN160VC 0 9.0 D 

M29N859 03-08-1994 08:52 8BKN150VC 0 9.5 D 

M29N860 03~08-1994 09:08 8SCT140VC 0 9.3 D 

M29N861 03-08-1994 09:25 8SCT140VC 0 10.3 D 
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M29N862 04-16-1994 08:45 CLR 1 1. 9 D 
M29N863 04-16-1994 09:02 CLR 2 1.4 B 
M29N864 04-16-1994 09:18 CLR 2 1.3 B 
M29N865 04-16-1994 09:35 CLR 2 2.5 c 
M29N866 04-16-1994 09:51 CLR 2 3.3 c 

M29N867 04-16-1994 10:07 CLR 2 2.6 c 
M29N868 04-16-1994 10:24 CLR 3 2.7 B 

M29N869 04-16-1994 10:40 CLR 3 3.1 B 

M29N870 04-16-1994 10:56 CLR 3 3.3 B 

M29N871 04-16-1994 11:12 CLR 3 3.4 B 

M29N872 04-16-1994 11:29 CLR 3 3.4 B 

M29N873 04-16-1994 11:45 CLR 3 3.1 B 

M29N874 04-16-1994 12:01 CLR 3 3.1 B 

M29N875 04-16-1994 12:18 CLR 3 3.5 B 

M29N876 04-16-1994 12:34 CLR 4 4.5 B 

M29N877 04-16-1994 12:50 CLR 4 3.4 B 

M29N878 04-16-1994 13:06 CLR 4 4. 4 B 

M29N879 04-16-1994 13:23 CLR 4 4.0 B 

M29N880 04-16-1994 13:39 CLR 4 2.6 A 

M29N881 04-16-1994 13:55 CLR 4 2.9 A 

M29N882 04-16-1994 14:12 CLR 4 2.3 A 

M29N883 04-16-1994 14:27 CLR 4 2.6 A 

M29N884 04-16-1994 14:44 CLR 4 2.2 A 

M29N885 04-16-1994 15:00 CLR 4 2.7 A 

M29N886 04-16-1994 15:17 CLR 4 2 . 0 A 

M29N887 04-16-1994 15:33 CLR 3 2.2 B 

M29N888 04-16-1994 15:49 CLR 3 1. 4 B 

M29N889 04-16-1994 16:05 CLR 3 0.6 A 

M29N890 04-16-1994 16:22 CLR 3 0.8 B 

M29N891 04-16-1994 16:38 CLR 3 2.5 B 
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M29N892 04-16-1994 16:54 CLR 3 1.7 B 
M29N893 04-16-1994 17:11 CLR 3 0.8 B 
M29N894 04-16-1994 17:27 CLR 2 0.5 B 
M29N895 04-16-1994 17:43 CLR 2 0.8 B 
M29N896 04-16-1994 17:59 CLR 2 1.9 B 

M29N897 04-16-1994 18:16 CLR 2 1. 1 B 
M29N898 04-16-1994 18:32 CLR 2 1. 4 B 
M29N899 04-16-1994 19:07 CLR 2 0.7 B 
M29N904 04-16-1994 20:29 CLR -2 2.4 F 
M29N907 04-16-1994 21:18 CLR -2 2.5 F 

M29N908 04-16-1994 21:34 CLR -2 2.4 F 
M29N909 04-16-1994 21:50 CLR -2 2.7 F 
M29N910 04-16-1994 22:06 CLR -2 2.8 F 
M29N911 04-16-1994 22:23 CLR -2 1.9 F 

M29N912 04-16-1994 22:39 CLR -2 1.9 F 

M29N913 04-16-1994 22:55 CLR -2 4.1 E 

M29N914 04-16-1994 23:12 CLR -2 3.8 E 

M29N915 04-16-1994 23:28 CLR -2 4.3 E 

M29N916 04-16-1994 23:44 CLR -2 4.7 E 

M29N917 04-17-1994 00:00 CLR -2 5.8 D 

M29N918 04-17-1994 00:17 CLR -2 5.1 E 

M29N919 04-17-1994 00:33 CLR -2 5.4 E 

M29N920 04-17-1994 00:49 CLR -2 5.8 D 

M29N921 04-17-1994 01:06 CLR -2 6.8 D 

M29N922 04-17-1994 01:22 CLR -2 6.6 D 

M29N923 04-17-1994 01:38 CLR -2 6.7 D 

M29N924 04-17-1994 01:54 CLR -2 6.2 D 

M29N925 04-17-1994 02:11 CLR -2 6.0 D 

M29N926 04-17-1994 02:27 CLR -2 6.5 D 

M29N927 04-17-1994 02:43 CLR -2 6.0 D 
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M29N928 04-17-1994 02:59 CLR -2 5.5 E 

M29N929 04-17-1994 03:16 CLR -2 5.4 E 

M29N930 04-17-1994 03:32 CLR -2 5.2 E 

M29N931 04-17-1994 03:48 CLR -2 4.8 E 

M29N932 04-17-1994 04:05 CLR -2 4.5 E 

M29N933 04-17-1994 04:21 CLR -2 4.0 E 

M29N934 04-17-1994 04:37 CLR -2 3.7 E 

M29N935 04-17-1994 04:53 CLR -2 3.5 E 

M29N936 04-17-1994 05:10 CLR -2 3.3 F 

M29N937 04-17-1994 05:26 CLR -2 3.4 E 

M29N938 04-17-1994 05:42 CLR -2 3.4 E 

M29N939 04-17-1994 05:59 CLR -2 3.4 E 

M29N940 04-17-1994 06:15 CLR -2 3.4 F 

M29N941 04-17-1994 06:31 CLR -2 3.3 F 

M29N942 04-17-1994 06:47 CLR -2 2.2 F 

M29N943 04-17-1994 07:04 CLR -2 2.0 F 

M29N944 04-17-1994 07:20 CLR -2 1.7 G 

M29N945 04-17-1994 07:36 CLR -2 2.1 F 

M29N946 04-17-1994 07:52 CLR -2 3.0 F 

M2 9N947 04-17-1994 08:09 CLR 1 3. 1 D 

M29N948 04-17-1994 08:25 CLR 1 2.6 D 

M2 9N949 04-17-1994 08:41 CLR 1 2.7 D 

M29N950 04-17-1994 08:58 CLR 2 3.4 c 

M29N951 04-17-1994 09:14 CLR 2 3.8 c 

M29N952 04-17-1994 09:30 CLR 2 4.5 c 

M29N953 04-17-1994 09:46 CLR 2 6 .0 D 

M29N954 04-17-1994 10:03 CLR 2 6.0 D 

M29N955 04-17-1994 10:19 CLR 2 6.8 D 

M29N956 04-17-1994 10:35 CLR 3 6.8 D 

M29N957 04-17-1994 10:52 CLR 3 6.3 D 
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Table A.l. Continued. 

Record Date Time Sky . 
U (rn/ s) P Class nrl 

M29N958 04-17-1994 11:08 CLR 3 6.1 D 
M29N959 04-17-1994 11:24 CLR 3 5.3 c 
M29N960 04-17-1994 11:44 CLR 3 4.9 c 
M29N961 04-17-1994 12:01 250-SCT 3 3.7 B 
M29N962 04-17-1994 12:18 250-SCT 3 3.5 B 

M29N963 04-17-1994 12:34 250-SCT 4 4. 7 B 
M29N964 04-17-1994 12:50 250-SCT 4 5.2 c 
M29N965 04-17-1994 13:07 250-SCT 4 4.0 B 
M29N966 04-17-1994 13:23 250-SCT 4 5.1 c 
M29N967 05-24-1994 11:27 90BKN250BKN 2 2.9 c 

M29N968 05-24-1994 11:44 90SCT250BKN 2 2.1 c 
M29N969 05-24-1994 12:00 90SCT250BKN 3 1.3 B 
M29N977 05-24-1994 14:16 70SCT100SCT250-BKN 3 2.2 B 
M29N981 05-24-1994 15:22 -X1200VC 3 1. 1 B 
M29N987 05-24-1994 16:59 120SCT250-0VC 2 3.0 c 

M29N988 05-24-1994 17:16 120SCT250-0VC 2 2.0 c 
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