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EXECUTIVE SUMMARY

Detailed measurements of the mean flow and turbulence have been
made with the use of a micrometeorological facility consisfing of an
instrumented 76-m tall tower located within a 100-m distance from
the Atlantic Ocean at Wallops Island, Virginia. An interpretation of
the experimental results demonstrates that under moderately strong
wind conditions (hourly mean wind speed between 10 m/s and 20 m/s at
a height of 10 m), the popular neutral boundary-layer flow model fails
to provide an adequate'description of the actual flow.

For daytime westerly winds the convective boundary layer, which
has been previously observed at sites on the continent, provides an
adequate model for the surface flow at the Wallops Island site.
However variations from this model have been observed for certain
wind directions and under certain atmospheric conditions such as
low altitude cloud cover combined with precipitation. The observed
low-frequency velocity fluctuations give rise to increased turbulent
intensities and larger turbulence integral scales. These low- |
frequency fluctuations also occur in the surface layer where the
observed mean velocity profiles generally fit the logarithmic law quite
well.

For on-shore winds the surface flow is complicated as the re-
sult of the development of an internal boundary layer (IBL) as the air
crossing the beach generally experiences a change in surface roughness
and surface temperature. The internal boundary layer has a height
between 15 m and 30 m at the tower location depending on wind direction

and change in surface conditions. For southerly winds the warmer air



flows over the cooler water allowing the existence of a surface-based
inversion of variable depth. Under these conditions a low-altitude
maximum velocity (surface jet), occasionally below the highest
observation level of 76 m, has been observed. Under extreme stable
conditions at hourly mean velocities in excess of 10 m/s the tur-
bulence has been observed to vanish completely. In addition, low-
frequency internal gravity waves have ﬁeen observed to co-exist

with the turbulence.

In addition to detailed flow information for all wind directioms,
averagés of the important flow parameters used for design such as
vertical distribution of mean velocity, turbulence intensities and
turbulence integral scales have been presented for wind~direction
sectors with near—uniform upstream terrain. Power spectra of the
three velocity components for the prevailing northwesterly and southerly
winds are presented and discussed in detail.

The experimental results indicate clearly that the non-uniformity
of the upstream surface conditions, the non-neutral thermal stratifi-
cation and the presence of appreciable low-frequency velocity fluctu-
ations have a pronounced effect on the surface flow. Consequently it
is impossible to find a simple and single PBL model to describe the
flow at this site even under moderately strong wind conditions. More-
over, there is no evidence that ﬁnder still stronger wind conditions
(hourly mean wihd‘speed at z=10 m over 20 m/s) the surface flow will
alter sufficiently as to conform to the neutral boundary-layer model

whose turbulence is of purely mechanical origin.
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1. INTRODUCTION

The purpose of this report is to provide information on the local
wind climate at a mid-Atlantic coastal site. The acquired information
can be used for the design of wind-turbine generators at similar sites.
Since wind is a very important design parameter for these generators,
information is provided in this report on wind speed, wind direction,
wind shear and wiand turbulence.

The data presented in this report were collected from an instru-
mented meteorological tower, 76.2 m (250 feet) tall and located at
Wallops Island. This island is one of the barrier islands at the
Atlantic coast along the Eastern Shore of Virginia and is used by
the National Aeronautics and Space Administration as a sounding rocket
launch facility. The results acquired from this facility should be
typical for any Atlantic coastal site, although local effects such as
upstream buildings and obstacles and changes in surface roughness and
surface temperature modify the flow near the surface. At Wallops
Island, the surrounding terrain beyond a distance of 100-300 m from
the tower can be considered as homogeneous and uniform, so that the
flow above a height of approximately 10-30 m should not be affected
by local terrain nonuniformities.

The wind and temperature data from this site were acquired under
moderately strong wind conditions with an hourly mean velocity of at
least 10 m/s at the 76.2 m (250 ft) level. For wind directions be-
tween northeast and southwest this requirement had to be reduced to

approximately 8 m/s, since strong winds from this sector occur very seldom.



Mean wind and turbﬁlence measurements were made with two types of
instrumentation consisting of cup-vanes and resistance temperature
probes primarily used for méan profile measurements of velocity and
temperature respectively; In addition, the cup-vane instruments were
used for turbulence intensities of the two horizontal velocity compo-
nents and horizontal and vertical turbulenbe integral scales. The hot-
film and thermocouple system was used for measurement of turbulence‘
intensities, turbulence fluxes and velocity spectra in all three
directions. The cup~vane system was used to acquire wind data from
all directions, while the hot-film system was only used for turbulence
measurements from the two prevailing wind directions, south and north-
west.

The results df this experimental research are presented in a form
suitable for design purposes. Where ever possible the results are also
compared with previously published results and with existing empirical

models for near—neutrally stratified low-level winds.

2. SITE DESCRIPTION
Wallops Island consists of a narrow strip of dunes, approximately
3 meters above sea level, and is situated in a northeast-southwest
direction. The island is separated from the "Deimarva" peninsula by
a tidal marsh on the west side, and with the Atlantic Ocean on the east.
Winds with directions varying between west and north are usually
encountered following the passage of a cold front. Winds from this
sector will have crossed in succession (Fig. 1) the mainland, the
FChesapeake Bay (20-50 km), the "Delmarva" peninsula (20-50 km) and the

tidal marsh (3-5 km). Depending on the wind direction, for the last



200~-300 m the air travels over land before it arrives at the tower
1ocation (Fig. 2). The tidal marsh between the island and the
peninsula consists of shallow areas of water interchanged with swamp
vegetation, mostly grass of a maximum height of 1 m. Some taller
vegetation consisting of bushes and brush of a maximum height of 5 m
exists in several upstream directions. For wind directions between
2554 and 270°, a 6.5 m high rocket fuel storage bunker is approximately
90 m upstream (Fig. 2). An elevated roadway (levee) 2 m above the
surrounding terrain passes the tower on the west side within 200 m.
Winds with directions varying between north-east and south approach
the island from the Atlantic Ocean.

Sectors with approximately the same immediate upstream roughness
have been established as shown in Fig. 3. Between 0° (north) and
30° the upstream terrain features two bunkers within a distance of
100 m from the tower. In addition, a few small buildings and inter-
mittent patches of brush are upstream as far as 750 m. Between 30°
and 45° (wind direction parallel to the island) many buildings are
upstream and winds in this sector should encounter the roughest terrain
at this site over a distance of approximately 4 km. For wind directions
between 45° and 210° the winds approach the island over water, and cross
the beach at varying distances from the tower depending on the direction.
For wind directions between 140° and 170° a one-story rocket assembly
building is about 100 m upstream of the tower. The prevailing southerly
winds vary in direction between 170° and 210°, however in the sector
between 195° and 210° the 45-m tall Aerobee tower and associated
buildings are about 300 m upstream. For directions between 210° and

230°, the wind direction is approximately parallel to the island



with part of the Aerobee tower complex approximately 300 m upstream.
In this same sector a few other buildings, levees and sand dunes are
upstream at greater distances. Between 230° and 330° the upstream
terrain is very uniform with no big obstacles other than the afore-
mentioned bunker and roadway. For the sector between 330° and 360°,
several patches of brush, 2 levees and one radar building are upstream
of the tower within a distance of 500 m with marsh at further upstream

distances.

3. INSTRUMENTATION
3.1 Cup~Vane Instruments

The 76 m (250 ft) micrometeorolegical tower is a self-standing non-
guyed tower with working platforms at 15.2 m (50 ft) intervals (Fig. 4).
The cup-vane velocity~direction instruments and aspirated temperature
probes both primarily used for profile measurements are mounted at 5
levels near each platform. Two sets of cup-vane instruments are mounted
at each level on 2m booms on opposite sites of the tower (Fig. 4).
An automatic electronic switching circuit ensures that data are taken
only with the instruments on the upwind side of the tower. The
electronics associated with this instrumentation system, together with
a digital readout panel of all instruments froﬁ one side of the tower,
are 1o¢ated in a small instrumentation building at the base of the
tower (Fig. 4). From this location the digitized data are transmitted
to the NASA control center at the main base on the peninsula about
13 km to the northwest. Here the data from each level sampled at a
rate of 1 sample each 2 seconds are recorded on digital tape. At

this sample rate, data can be acquired without interruption for about



8 hours. This instrumentation system is used by NASA in conjunction
with its rocket launching operations. Regularly scheduled mainten-

ance and calibration of this system are performed by personnel under
NASA's supervision.

3.2 Hot-film Anemometers

Six three-dimensional split-film anemometers (TSI-1080D) are

used for turbulence measurements, which include turbulence intensities,
turbulence fluxes, spectra and cross spectra of all three turbulence
components and temperature. These anemometer systems were chosen for this
research program since they have the advantage of small physical size,
fast response and high sensitivity over a wide range of velocities. The
instruments are mounted on 1.8 m booms at the same levels as the cup-
vane instruments and also at the 9 m (30 ft) level. Each hot-film probe
is mounted on a rotor, which is capable of rotating the probe about a
vertical axis so as to align the probe axis approximately into the mean
.wind direction. The probe-rotor combination is mounted on a 1.8 m-boom,
which in turn is mounted on the railing at each platform. The probes
were mounted on the south side of the tower for measurement of the
prevailing south winds during the summer and on the north side of the
tower for measurement of the prevailing northwest winds during the
winter and spring. The electronics as well as the data-acquisition

and data-handling system for this instrumentation system are located

in an instrumentation trailer parked at the base of the tower (Fig. 4).

Each hot-film probe consists of three split-film sensors used for

measurement of wind speed and direction and a copper-constantan
thermocouple used for temperature measurements. Each sensor consists

of a 0.15 mm diameter quartz rod coated with a platinum film of about



1000 angstrom in thickness. The platinum film on each rod consists

of two segments, separated from each other by two longitudinal splits
180° apart. The active elements on each rod are electrically heated

to the same constanfvtemperéture by separate anemometer circuits,

The total sensor length is about 5 mm, and fhe three sensors are mounted
mutually perpendicular to form a Cartesian coordinate system. When the
instruments are not used for data acquisition, the three sensors and
thermocouple are protected by an aluminum shield which can be moved
pneumatically to cover the sensors. As an added precaution, dry fil-
tered air is allowed to blow across the sensors when the shield covers
the sensors. This is done to protect the sensors from contamination in
the salt-air environment and moisture while not in operation. . For a
more detailed review of the hot-film anemometer system the reader is
advised to consult Reference 1.

Calibration of the hot—fiim anemometers 1s carried out in a low-
speed wind tunnel located at the main base. 1In order to obtain data of
a desired accuracy from the hot—~film instrumentation system, a new
calibration and operating procedure was developed. Instead of using
the calibration constants supplied by the manufacturer, all constants
were obtained from calibration procedures carried out in the low-speed
wind tunnel and thermal chamber.  This procedure proved to be both time
consuming and complicated but necessary. Calibration of each instrument
in the wind tunnel was carried out for 11 wind approach angles between
plus and minus 50° and for 13 velocities in a range varying between

0.3 and 15 m/s. The best accuracy of the data was obtained for wind



directions parallel to the axes of the instrument, and consequently
the tower mounted instruments were rotated in the direction of the
mean wind before the data acquisition was started. For details of
the calibration procedure and the relations for the conversion from
output voltage to velocity components it is suggested that the reader

consult References 1 and 2,

4, DATA HANDLING AND DATA ANALYSIS
4.1 Cup-vane Instruments

The output signals from the cup-vane instruments and temperature
sensing probes are sampled and digitized at a rate of 1 sample per
second. - This information is transmitted to the control center of
the main base, where every other sample is recorded on digital tape.
The data from these tapes, each capable of storing up to 8 hours of
data, are then analyzed on the HW-625 computer at NASA, Wallops Flight
Center., The data are analyzed in blocks of 28=256 samples, representing
a data record of 512 seconds. For each sample the eaét-west and north-
south velocity components are calculated and averaged over 256 samples
from which the mean velocity and the mean direction for each block are
obtained. Also a block mean for the temperature is calculated.
Reasonably stationary sample records of 5 to 10 blocks in length are
selected for further analysis. This selection is based on the inspection
of the printout of the block means of velocity, direction and temperature
for all five levels.

Next the east-west and north-south velocity components and tempera-
ture are averaged for the selected sample, from which the sample mean

velocity and sample mean direction are calculated. This direction



defineé the mean-wind coordinate system with the x-axis parallel to the
direction of the sample mean wind, the y-axis in the horizonﬁal plane
perpendicular to the x—éxis and the z-axis vertically upward. TFor all

the data points in each block the velocity components in the mean-wind
coordinate system are calculated and averaged to obtain the‘block means.,
After the block means were removed from each set of components, variances
and covariances are calculated for each block. Sample variénces and
covariances are obtained by averaging of the block variances and covariances
over the total number of blocks. The covariances calculated in this manner
include all the combinations of like velocity components at the different
levels, allowing for the calculation of the vertical turbulence integral
scales of both the u and v components. In addition, the autocorrelation
function, Ru(T) of the streamwise velocity is calculated from which the

. X, .
turbulence integral scale, Lu’ is obtained as follows:

. ;
X-U fl R (v)dT, 1)
0

where Tl is the time deléy for which the first zero-crossing of the
calculated autocorrelation function occurs. The turbulence data
acquired with the cup-vane system are analyzed in a limited frequency
range of 0.00195-0.25 Hz.

A total of 195 digital data tapes were generated during the period

of July 1974 and December 1978. Approximately 300 data samples were



analyzed each varying between 43 and 85 minutes. Initially data were
acquired'with the cup-vane system only, it was not until February 1976
that the temperature system came on line. However this system is not
too reliable and often temperature at one or two levels is missing

as the result of the equipment being down or out of calibration. Before
a lightning-arrester system was installed on the tower, excessive
amount of damage was inflicted on all systems during thunderstorms as
a result of line power surges and voltage induction in the cables that
connect the instruments on the tower to the electronics at the base of
the tower., During the summer of 1976 a thermograph for recording thé
air temperature at ground level was added to the system.

Occasionally when the equipment on the 76m (250 ft) tower was down,
data-acquisition was switched to the 91 m (300 ft) tower located at the
north end of the island. This tower is instrumented with cup-vane
systems at six levels but has no temperature instruments. Its location
from the beach is 280 m as compared to the 76 m (250 ft) tower which is
approximately 150 m from the beach. No major buildings or other obstacles
exist between the 91 m (300 ft) tower and the beach. However, for ocean
winds the overland distance is longer and more modification of the undis-
turbed ocean winds can be expected at the 91 m (300 ft) tower.

4,2 Hot-film Anemometers

The data-acquisition and data-handling system is designed to
handle output from six split-film anemometer systems, sampled at a rate
of 200 samples per second for a period of approximately one hour.

This system consists of two main parts: (a) the multiplexing and

analog recording system and (b) the demultiplexing, digitizing and
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digital recording system. The seven output voltages from each anemo—
meter are frequency modulated by voltage-controlled oscillators each
with a different center frequency. There is one set of voltage-con-
trolled oscillators for each probe. The seven frequency-modulated
signals together with a 100 kHz reference signal are fed into a summing
amplifier to produce one single multiplexed signal. The multiplexed
signals from each instrument are recorded on separate channels of an
analog tape recorder together with time-of-day, which serves as a
reference for the recorded‘data.

At a later time, each of the multiplexed signals is demultiplexed
into its seven analog components after passage through seven discri-
minators. In order to avoid aliasing of the velocity spectra the
six output voltages corresponding to the six split films are passed
through a 100 Hz low-pass filter. Next the analog voltages are sampled
at a rate of 200 Hz, digitized and recarded on digital tape.

A mini-computer (DEC Model PDP 11/20) controls the multiplexing analog-
to-digital conversion and the digital recording. Access to the mini—
computer is obtained with a teletypewriter. The data conversion starts
at a time-of-day prescribed by the operator, and the analog-to-digital
converter performs‘successive scans and conversions of seven analog vol-
tages into 16 bit words at a rate of one scan each 5 milliseconds.

These words are stored in one of the buffers of the mini-computer which
in turn transfers the data to a 9~-track digital magnetic tape. Each
buffer has a capacity of 209 scans representing 1.05 seconds of data.

A total of 3300 records make up a single sample record over a time

period of slightly less than one hour. The tapes with the digitized
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data are taken to VPI and SU where the data are analyzed on an IBM-370
computer. Four separate computer programs have been developed to
calculate the following major statistical parameters: mean values,
variances, covariance spectra aﬁd cross spectra.

The first step in the data-analysis procedure is to convert the
seven output voltages from each film to three velocity components in
the sensor-oriented coordinate system and temperature, using the con-
stants obtained from the calibration data. :The converted data are
transferred on another magnetic tape to await the next step of the data
reduction.

In the second progrém velocity and temperature data are analyzed
in blocks of N=213=8192 data points, repreééﬁting nearly 41 seconds
of data. For each of these blocks of data mean velocity components,
mean velocity and direction, mean temperature and‘the four standard
deviations aré calculated. A total of 80 data blocks (almost 55
minutes) are analyzed in this manner. A stationariﬁy trend test is
performed on each of the calculated parameters to check for un-
accéptable nonstationarities. Also inspection af tﬁe printout of the
block parameters helps’in the decision whether or not to continue with
the statistical anlaysis. At this point blocks with unrealistic data
can be recognized and omitted from the data samplelin future analysis.
The sample mean velocity components are obtained by averaging the block
means, allowing the calculation of the horizontal angle between the
sample mean-wind direction and the probe axis. In the following step
this angle is needed to tranfer the original velocity components in
the sensor-oriented coofdinate system into u, v and w velocity components

of the mean-wind coordinate system as defined previously.
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Block means are calculated for the temperature and for the velocity
components in the mean-wind coordinates system and removed from the data
in each block. The resulting fluctuating components are recorded on
magnetic tape for further amalysis. Also variances and all covariances
for each block are calculated and averaged over 80 blocks to obtain the
sample variances and covariances. The statistical parameters, including
the spectra to be calculated in the next step, contain only contributions
from the fluctuations in the frequency range of 0.0244~100 Hz. In order
to include contributions from frequencies below 0.0244 Hz, sixteen con-
secutive data points are averaged into one data point to form a new
data record, which is also recorded on magnetic tape. This averaging
is performed after the data are transformed into the mean-wind coordi-
nates and before the block means are removed. 1In this way only 5 blocks,
each 10.92 minutes long, are analyzed allowing for data analysis in the
frequency range of 0.00153-6.25 Hz. For these new data records, block
variances and covariances and sample variances and covariances are also
calculated. For the lowest frequency range the data, after transformation
into the mean-wind cooordinates, are subjected to an 80~point non-over-
lapping averaging for analysis in the frequency range between 0,00031-
1.25 Hz.

The last step of the data analysis is the spectral analysis of the
high, middle and low frequency data in the frequency range of 0,0244-
100 Hz, 0.00153-6.25 Hz and 0.00031-1.25 Hz respectively. Spectral
estimates are calculated for each block using a specially developed
Fast Fourier Transform algorithm [4]. The combined averaging
technique is employed, averaging first all ﬁhe block estimates at a.

given frequency (ensemble averaging) and then averaging these results
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over appropriate frequency intervals (frequency averaging).

In total, 24 one-~hour data records were generated with the hot-
film system. Nine runs were generated during warm summer afternoons
of the year 1976. This set of data was acquired for southerly winds
only, and the detailed results are presented in Reference 3. The re-
maining 15 runs were acquired during the spring of 1977 for winds
of northwesterly direction. For some of these data records, data
were acquired simultaneously with the cup-vane system.

The hot-film system is extremely delicate. Lightning and powerline
fluctuations have often caused difficulties with the operation of the
system. It is very seldom that the entire system is fully operational
at one particular time. The hot-films also have a tendency to undergo
resistance shifts. If an appreciable shift is detected, the probes
are recalibrated. Corrections have to be made for changes in cable
resistance due to changes in ambient temperature. Similarly, heat
transfer corrections have to be made for changes in temperature.
Because of the uncertainties in these corrections and other variationms,
the mean velocity and mean temperature measured with this system
are not reliable. Resistance shifts in the active part of the system
(films and cables) result in a parallel shift of the heat transfer
(voltage)/velocity calibration curve. This shift of course will
affect the mean quantities a great deal but should not affect the
calculated turbulence quantitites as much. As pointed out in
Reference 5, the results from these instruments become less accurate
for wind directions of +40° and +90° with respect to the probe
axis. Consequently, the probes are rotated in the direction of the mean

wind prior to data acquisition. For southerly winds this is no problem
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since these winds especially at the higher elevations are very steady
and have low turbulence levels. For northwest winds the alignment

with the mean wind is more of a problem because of the presence of long-
period fluctuations in direction. Precautions were made as much as
possible to ensure that data of the highest quality were acquired,

and it is believed that the measured turbulence quantities fall within

an accuracy level of less than 10%.

5. PLANETARY BOUNDARY LAYER (PBL)

The planetary boundary layer (PBL) may be defined as that part
of the atmosphere where the effect of the earth's surface is directly
felt. The flow structure of the boundary layer is extremely complex
due to the variability of surface roughness changes in terrain, changes
in surface temperature, variability of water vapor, presence of clouds
and the fact that the flow is turbulent. Consequently, a simple model
describing all the variables in the PBL such as velocity, wind direction,
temperature and humidity, and covering all possible conditions is still
not available.

The unstable or convective PBL is characterized by a strong upward
heat‘flux from the surface and by strong vertical mixing due to positive
buoyancy forces. Under these conditions above the surface layer, a
well-mixed layer exists with an almost uniform potential temperature
and an almost constant wind speed and direction. Due to the convective
mixing a relatively sharp inversion is created on top of the mixed layer
that delineates the depth of the PBL. Above this inversion the atmo-
sphere is relatively undisturbed by the presence of the earth's surface

and only gravity waves are generated. During the course of a sunny day
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the convective PBL increases in depth as the land surface heats up and
extends up to the inversion layer, which is the result of the convective
mixing of unstable air below with warmer stable air above. Under these
conditions the convective PBL can be characterized by three different
layers, which are, starting from the earth's surface:

1) a surface layer, 2) a mixed layer, and 3) a capping inversion. The
existence of this model for the éonvective PBL is based on theoretical
considerations [6], numerical flow modeling [7,8,9,10], laboratory flow
modeling [11] and actual observations [12,13,14].

In the case a layer of stable air is present at the surface, and/or
one or more stable layers exist at higher altitudes, no capping inversion
exists. In stable air, turbulence is suppressed and may vanish completely
under extremely stable conditions, and the air in the different layers
becomes uncoupled as a result of reduced mechanical mixing. No siﬁple
model is available to describe this situation. A surface-based inversion
with or without one or more stable layers at higher elevations has been
observed over water surfaces, as warm air flows over the cooler water
during either day or night [3,18]. Under these conditions a low-level
wind maximum (surface jet) is usually observed and the interpretation of
the wind fluctuations near the surface is often complicated as a result
of the co-existence of turbulence and internal gravity waves. These two
phenomena have quite different properties although a non-linear inter-
action may exist between them.

More complications are introduced in the flow amalysis of the PBL
when clouds are present and condensation of water vapor occurs within
the PBL. As condensation takes place in the layer where the clouds are

located, latent heat is released and an inversion layer develops below
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the cloud base that is responsible for some degree of suppression of

the turbulence. Under these conditions the large-scale plume structure,
normally present in the convective PBL, does not develop resulting in

a considerable suppression and reduction in low-frequency velocity
fluctuations. This phenomenon in turn results in reduced velocity
variances and an increased roll~off in the low-frequency range of the
spectra of the horizontal velocity components.

Just above the earth's surface the shear-production of turbulence
dominates the buoyant production or suppression of turbulence, However
the importance of the shear-produced turbulence diminishes with height
as the effect of buoyancy on the turbulence gains importance. 1In the
layer just above the earth's surface where shear—produced turbulence
dominates and the Reynolds stress is nearly constant, the velocity is
adequately expressed by the well-known logarithmic law, provided the
roughness of the terrain is uniform. As buoyant production or buoyant
suppression of turbulence gains importance with height relative to shear
production, modification of the logarithmic velocity profile will result.
The buoyant production of turbulence is associated with the upward heat
flux of sensible and latent heat, which usually occurs when the atmosphere
near the earth's surface is unstably stratified (g§-< 0). The buoyant
suppression of turbulence is associated with the downward heat flux
which usually occurs when the atmosphere is stably stratified (%g-> 0),
where 6 is the local potential temperature.

Under strong-wind conditions on a sunny day, the layer in which the
shear-produced turbulence dominates increases in height, and the logarith-

mic velocity profile exists to higher elevations before it is eventually
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modified as a result of convective activity, even under the strongest
wind conditions.

Following this discussion of the PBL, it is unlikely that its
flow characteristics are based exclusively on mechanically or shear-
produced. turbulence. Experimental results describing the mean flow
and turbulence in the PBL, under a variety of stability conditions
ranging from unstable via near-neutral to stable conditions, clearly
indicate that some basic dilfferences exist between the PBL and the
typical zero-pressure gradient wind-tummel boundary layer. The most
noticeable differences are observed in the evolving convective PBL
on a sunny day with the mixed layer occupying about -90% of the height
and the surface layer consilsting of the lower 107 of the PBL. 1In the
mixed layer the velocity and wind direction are practically uniform
{12,13]. Also, the downward entrainment of heat and momentum at the
base of the capping inversion is a phenomenon that makes the assumption
of vanishing turbulence at the edge of the boundary layer untenable
[12,13,14].

The entrainment of heat and momentum of different magnitude and
direction into the mixed layer is mainly responsible for the low-
frequency fluctuations observed in the horizontal velocity components
down to near ground level [19,20]}. These low-frequency fluctuations
are not present under stable conditions, although as mentioned before,
low-frequency fluctuations assoclated with gravity waves have been
observed under stable conditions [15,18].

An abrupt discontinuity (increase) in low-frequency content has
been observed in the spectra of the horizontal velocity components as

the thermal stratification changes from stable to unstable [19,20].
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Similarly, the variances of the u and v velocity components and the
reduced peak frequencies of these spectra increase abruptly as the
stratification changes from stable to unstable. These abrupt
changes have been observed in the horizontal velocity components

u and v only, and :do not occur in the vertical velocity component w.
Experimental evidence of the abrupt increase in variance of the u
velocity component and of the total velocity variance as the flow
changes from slightly stable to slightly unstable is clearly presented
by Busch [21]. For slightly stable stratifications the ratio of the
standard deviations of the vertical and longitudinal velocities
cw/ou = 0.36 and for slightly unstable stratifications this ratio

is reduced to 0.25.

It has been observed that shortly before sunset the convective
boundary layer disintegrates suddenly in a matter of minutes as a
surface—based inversion begins to develop [22,23]. During the
night (or when there is a heavy cloud cover and water-vapor condensation
in the PBL) the large-scale turbulence structure of the convective PBL
is suppressed and no low-frequency components are present in the u and
v velocity spectra near the earth's surface.

Some of the experimental evidence, used previously in support of
the flow description of the PBL, was obtained under relatively
strong wind conditions. For example, during the Minnesota experiment
[12] two data records (2A1 and 2A2) were acquired each with an hourly
mean velocity of approximately 10 m/s at a height of 10 m. For these
two data records the mean velocity is practically uniform above 60 m,

which is typical for the mixed layer. Also the standard deviations
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of the three velocity components do not change appreciably with elevation
up to an elevation of 1220 m, indicating that there is little evidence
of vanishing turbulence at the edge of the PBL. In addition, the
horizontal turbulence stresses uw and vw exhibit minima ﬁear the
surface and a considerable upward heat flux is observed up to the top
of the mixed layer where the heat flux changes direction due to entrain-
ment of warm air at the base of the capping inversion. The gradient-
Richardson numbers for these two records of Reference 12 are approximately
—0.30 and -0.46 respectively, which excludes these records from the near-
neutral stability category.

In another example, extremely strong winds with mean velocities up to
28 m/s have been observed at 10 m heights over water [24]. The turbulence
intensities of the u and v components show an abrupt increase for mean
velocities in excess of 12 m/s (cu/U from 8% to 15%, GV/U from 8% to
11.5% and GW/U remains constant at 5%). There is strong evidence that
helical vortices, which form over the ocean under near-neutral conditions,
are responsible for this increase in turbulence intensity of the
horizontal velocity components. Also nocturnal jets near the earth's
surface with a jet velocity of approximately 20 m/s and a gradient
Richardson number of +0.5 have been observed in Nebraska [16].

Based .on these examples and other experimental evidence presented
in the cited references, there is no basis for the assumptions that
under strong wind conditions the turbulence in the PBL is purely of
mechanical origin and that the PBL flow-structure is similar to that
of a zero-pressure gradient wind-tunnel boundary layer with vanishing

turbulence at the free stream.
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For the benefit of structural engineers and wind engineers who
deal with a large number of problems requiring the knowledge of the
mean flow and turbulence in the atmosphere, the atmospheric flow
characteristics near the earth's surface under strong wind conditions
have been reviewed and summarized in several review papers [References 25
through 31]. The input data to most of these review papers were obtained
from many different sources and include multi-level tower data and airplane
data usually taken over horizontal terrain with near-~uniform roughness.
The results from these strong-wind experiments have formed the basis
for empirical models of the wind structure near the earth's surface
and of the atmospheric flows at higher elevations. In many of the
review papers it is assumed that under strong wind conditions the
turbulence is purely mechanically generated, and that buoyant produc-
tion and suppression of the turbulence can be neglected. Under these
conditions it is then assumed that the atmosphere is neutrally stable
and the mean and turbulent flow behave similar to the flow in a
zero-pressure gradient turbulent boundary layer developed in a low-speed
wind tunnel.

The review papers generally indicate tht the PBL under strong wind
conditions is neutrally stable but may be modified as the result of
thermal effects. However, it is generally assumed that under strong
wind conditions there is sufficient mixing that thermal effects can be
completely ignored. The neutrally stable PBL-flow model, which is
generally assumed in the review papers, has never been experimentally
verified at different sites for a large variety of strong wind con-

ditions. Nevertheless, it is widely assumed by many engineers and
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scientists in the field on wind engineering that this model provides
an adequate description of the flow in the PBL under strong wind
conditions,

Upon reading of the review papers one does not always get a clear
picture when neutral conditions exist. Deaves and Harris [30] do
not give .any conditions for the existence of neutrally stable flow
in the PBL other then the mean velocity has to be strong enough.
Counihan [26] considers only those data which specifically indicate
adiabatie or near adiabatic conditions, or which have wind speeds in
excess of 5 m/s at a height of z = 10 m. ESDU [27,28,29] considers
neutral stability to exist when the hourly mean wind at a height of
10 m is greater than 10 m/s. Using the gradient Richardson number
as a measure for the degree of thermal stability in the PBL, near-
neutral conditions are suggested to exist by Teunissen [25] for |Ri| <0..03
and by Panofsky [31] for lRi|<0.0l for flow near. the surface.

Panofsky [31] also states that wind shear, and therefore mechanical
production of turbulence, decreases rapidly with height and that the
effect of buoyancy becomes progressively more important. Consequently
\thermal effects can no longer be neglected even under strong wind
conditions for heights above approximately 50 m.

Most of the observations at Wallops Island presented in this
report have been made with the mean wind speed at the 76 m (250 ft)
level between 10 m/s and 20 m/s and therefore can be considered to be~
long to the strong-wind category. However the results of these ob-
servations will be presented and discussed in the framework of non-

neutral PBL-flow.
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6. RESULTS AND DISCUSSION

This chapter deals with the discussion of the mean flow and
turbulence measurements obtained with the two instrumentation systems
mounted on the 76 m (250 ft) meteorological tower at Wallops Island,
Virginia.

Data were acquired with the cup-vane and resistance temperature
probes during a period of more than 4 years (August 1974 - December 1978).
Most of these data records were taken during daytime, although some
night records are included. The prevailing wind directions at this
site are southerly during the summer and fall, and between west and
north during winter and spring. Consequently, for these two direction
sectors many data records are available but the data base for on-shore
winds in the sector between northwest and south is limited. For this
set of data, mean velocity U, mean direction ¢, mean temperature T,
the turbulence variances %y and cv*, and the turbulence integral scales
Lz, Li, Li were obtained for each data record, based on the measure-
ments from 5 levels at 15.3 m (50 ft) intervals on the 76 m (250 ft)
tower.

A second set of data was taken with the hot-film instrument
system. Nine data records, each one hour long and for southerly wind
directions, were acquired during 3 days in July and August of 1976 [3].
In addition 14 data records for winds from northwesterly directions

were acquired during several days in March, May and June of 1977 [23].

*The symbol o refers to the standard deviation, but for simplicity
the word variance will be used in the text.
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For these data records the following parameters were obtained: variances
and covariances of the three turbulence components and temperature,
spectra and cospectra, and longitudinal integral scales Lﬁ, L: and L:,
all measured at the same levels as the cup-vane instruments and at 9.1 m
(30 £t). For some of these records data were acquired simultaneously
with the cup-vane system, allowing direct comparison of the measure-
ments with the two instrument systems.
6.1 Mean Wind and Mean Temperature Profiles

For near-neutral stratification the wind profiles over homogeneous

terrain obeys the relation

U =(U§/K) ln(z/zo) (2)

where Ug is the friction or shear velocity, which is ideally equa; to
/?;/p, where T is the surface stress and p the air demnsity, K is

Von Karman's constant taken at 0.4 and z is the roughness length.

The height z below which the log-law (2) is valid'depends on the
stability of the flow or on the relative importance of thé buoyant
production or suppression of the turbulence with respect to the mechani-
cally produced turbulence. The height where the measured velocity
profile starts to deviate from the logarithmic profile varies a great
deal and the deviation increases progressively for increasing heights.
Under strong convective conditions and under extreme stable conditions
the near neutral part of the surface layer is well below 15.2 m (50 ft),
the height of the lowest mean-velocity measurement. Consequently under
these conditions it is incorrect to fit the log-law (2) to the measured

mean—-velocity data in order to obtain values of zo.and Ug.
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The theoretical velocity profile over uniform terrain for the
upper part of the surface layer where non-neutral stratification
exists, is based on the Monin-Obukhov similarity theory and is given

by [32]

U= (Ug/U) [ln(Z/zo~¢] (3)

where § is a universal function of the stability parameter z/L and
L is the Monin-Obukhov length defined (in the absence of moisture) as
[32]
cp 53
L=_.£_.§.._I'.].__ (4)
K g Q

(o}

where T is the absolute temperature, U* = VTo/p and Qo is the surface
heat flux, which can be approximated by ch wO measured in the surface
layer. The stability parameter, z/L, depends on the gradient Richardson

number [32]

Y, + dT/dz , (5)

R =7 p)
(du/dz)
where Y, is the adiabatic lapse rate (0.01°C/m for dry air and
0.0065°C/m for air saturated with moisture). With the use of the
expressions relating Ri, z/L and ¢ as gi&en by Panofsky [31], the
departure from the logarithmic profile due to buoyancy effects
in the surface layer can be obtained so that (3) can be used to
obtain estimates éf z and U#*,

This approach can be taken for velocity profiles measured in
the surface layer, which is loosely defined as that part of the PBL

where the horizontal stress and vertical heat flux are nearly con-

stant. The height of the surface layer is frequently estimated as
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the lower 10% of the convective PBL depth, Zys and is limited to a
height =z<L [13].

For stable conditions L varies a great deal and is relatively
small [17]. The surface layer is not well defined and often is only a
few meters high [33]. Under these conditions the velocity profile for
non-neutral conditions cannot be used for estimation of z, and Ug, with
velocity measurements taken well above the surfacg layer.

In general, Monin-Obukhov (M-0) similarity theory can only be applied
in the surface layer, when the flow conditions are stationary, when
surface conditions are uniform (roughness and temperature), and over
level terrain without major topographical features such as mountains
etc. If the measured velocity data are linear with 1ln z, then this
observation does not automatically guarantee that the profile is truly
Jogarithmic. For the majority of sites including the Wallops Island
gite the above conditions are not met, and application of the M-0
similarity concepts such as the empirical flux-profile relationships,
which are based on data with the above conditions satisfied, is
questionable and should probably be avoided.

For neutral conditions the’temperature profile should follow
the adiabatic lapse rate of either 0.0l or 0.0065°C/m for dry and
saturated air respectively. It is very seldom, even under the strongest
wind conditions, that a truly neutral stratification is encountered
for any leéngth of time. The usual daytime thermal stratification near
the surface is - %% > Y, (unstable stratification) and -~ gg <Y, (stable
stratification) for nighttime. There is a short time around sunrise
and in the late afternoon before sunset when a neutrally stable strati-

fication is observed near the surface in the first 10 or 20 mn. The
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stratification of the air at higher elevations varies a great deal with
time of day, cloud cover and season. Fbr southerly flows over thé ocean
the air temperature is usually higher than the water temperature and

a surface-based inversion (-dT/dz < ya) exists day and night.

Changes in temperature and velocity ﬁrofile occur also as the flow
experiences a sudden change in surface roughness and surface temperature,
and an internal boundary layer (IBL) develops as the flow adjusts itself
to the new surface conditions. On-shore winds at Wallops Island usually
experience an increase in roughness and an increase in surface temperature
in daytime as they cross the beach. TFor westerly winds the surface
temperature changes as the wind moves from the wet marsh over the warm
land surface during daytime. Within the observation height of 76m at the
Wallops Island site, temperature gradients vary greatly with height and
even change from positive to negative or vice versa. Under these condi-
tions the local Richardson number is not a true indicator of the overall
thermal stratification of the observed flow and M-O similarity does not
apply.

Typical temperature profiles for southerly winds on a summer afternoon
are shown in Figure 5. These temperature profiles: clearly indicate the
stable conditions above the IBL in the early afternoon, and the surface
cooling in the late afternoon. Daytime and nighttime temperature profiles
for strong westerly winds are shown in Figure 6, During daytime the
surface temperature is maximum and gradually decreases with height. On
a rainy day with low cloud cover a stable stratification is observed above
40 m. Neutral temperature profiles throughout the tower height are seldom
observed; the second temperature profile shown in Figure 6 is the closest
to an observed neutral temperature'profile. Typical nighttime temperature

profiles show a stable stratification near the surface with near neutral
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conditions above 15 m.

Ratios of mean velocities at the 15.2 m (50 ft), 30.5 m (100 ft),

45,7 m (150 ft) and 61 m (200 ft) levels with respect to the mean velocity
at the 76.2 m (250 ft) level are shown in Figure 7. The plotted data in
this figure represent the mean and the plus and minus standard deviation
from the mean, as well as the maximum and minimum values of the velocity
ratios for the data records acquired in each 15-degree sector. Because
the mean velocity at higher elevations is less disturbed by local surface
obstacles and is outside the developing IBL, the mean velocity at the

76.2 m (250 ft) level was chosen as the reference velocity. For the one
sector between 0° and 15° and the 5 sectors between 90° and 165° (east-
southeast) the number of data records available in each sector was four

or less, an insufficent number for determination of the standard deviation,
and only the average velocity ratios are presented.

Between 230° and 360° (southwest-north) the variation in mean wind
speed between the different elevations is relatively minor under moderately
strong wind conditions. Conversely, for southerly winds in the sector
160° < ¢ < 230, large variations in mean wind speeds relative to the
mean velocity at the 76.2 m (250 ft) level are observed. For example
in the sector between 180° and 195° the mean wind-speed ratio, V50/V250,
varies from 0.4 to 0.8, clearly indicating the great variability of mean
velocity distribution near the surface. Relatively large variations of the
mean velocity ratios are also observed for wind directions approximately
parallel to the island for sectors 30°-45° and 210°-225°., For winds from
these two sectors a small change in wind direction gives rise to a large
variation in upstream terrain roughness. Generally the variations of

the mean velocity distribution near the surface for on-shore winds are
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much larger than for westerly winds. For on-shore winds, the changing
development length of the IBL, the thermal stratification and other
atmospheric conditions have a great effect on the velocity distribution
near the surface as the data indicate. For southerly winds, a surface-
based inversion exists during the daytime as the result of warmer air flowing
over the colder water [3]. Under these conditions the existence of a sur-
face jet with a maximum mean velocity (jet velocity) within a few hundred
meters from the surface has been obserﬁed. The jet velocity has been
obser&ed as low as 45.7 m (150 ft) as shown by the maximum values of
the velocity ratio V150/V250 of larger than one for wind directions be-
tween 170° and 210°, and by one of the velocity profiles of Figure 8.
Typical strong-wind velocity profiles for wind directions between
southwest and north are shown in Figure 9. The stronger wind profile
is linear over the entire observation height when presented in
semi-logarithmic coordinates, In the second profile with somewhat lower
velocities, a distinct "kink" is observed. The majority of the measured
velocity profiles for westerly wind directions shows similar "kinks".
The values of z, obtained from the velocity profiles above the "kink"
are much too small for the upstream terrain. Moreover the two velocity
profiles of Figure 9 are approximately from the same direction. Therefore
the "kinks" in the profiles cannot be the result of an upstream change
in roughness, but must be interpreted as the beginning of the transition
from the surface~layer flow to the uniform mixed-layer flow [13].
6.2 Velocity Profile Parameters z, and o
The roughness length, z , can be evaluated from fitting of either
the logarithmic law (2) or the non—neutral_profile law (3) to the

measured mean velocities in the surface layer. The height of the
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surface layer in which (2) and (3) are valid is roughly defined as the
layer near the surface which the fluxes uw and wO are approximately
constant and not less than 80% of the surface stress, /?;7b, and surface
heat flux, QO/cpp, respectively. Measurement of the turbﬁlent fluxes at
Wallops Island indicate that the thickness of the surface layer varies a
great deal with wind speed, wind direction and thermal stratificationm.
For on-shore winds the top of the surface layer is generally
below the lowest observation level of 9.1 m (30 ft) and for the
strongest westerly winds the surface layer extends above the height of
the tower. For on-shore winds when an IBL develops as the air crosses
the beach, turbulent heat-flux measurements show an upward flux at the
lower levels and a downward flux at the higher elevations [3]. Transi-
tion usually occurs between the 15,2 m (50 ft) and 30,5 m (100 ft) levels,
which should correspond to the height of the IBL at the tower location.
The flow above the IBL is still associated with the ocean surface, but is
well above the surface layer, which for southerly winds extends only a
few meters above the water surface. Consequently no values of the
roughness length, z for either the land or ocean surface can be ob-
tained from the measured velocity profiles. Despite the fact that two
velocity Profiles of Figure 8 show a linear variation of velocity with
Inz, fitting of the log-law (2) to the velocity data leads to values
of z_ of the order of lm, which are much too high for either the existing
upstream terrain or the ocean. The parameters deécribing the on-shore
turbulent flow depend in part on the roughness of the underlying surface
(ocean) but also to a great extent on the stability of the flow. Con-
squently, knowledge of the roughness length, z s for flows over the

ocean is not sufficient for the prediction of the turbulence
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parameters for higher elevations as presented by ESDU [28,34].

2 2

For westerly winds the local shear velocity U*=[uw" + vw /4

]
is approximately constant over most of the observation height, in-
dicating that the surface 1aYer extends well above the lowest 6bser—
vation level of 9.1 m (30 ft). Also the values of the local shear
velocity, U*, compare quite well with the profile friction velocity
Ug, obtained from mean velocity measurements below the profile "kiﬁk".
The roughness length, s obtained from fitting of the log-law (2) to
the measured mean velocities below the profile "kink", vary with up-
stream roughness and thermal stability of the flow in the surface layer.
Figﬁre 10 shows the variation of zo with wind direction, clearly
indicating the effect of the 6.5 m high storage bunker for mean wind
directions of 270°. In the sector between 350° and 30° the upstream
terrain is much rougher which results in higher values of z . For the
sectors between 230° and 260°, and 280° and 340°, the terrain is
reasonably uniform and the average value of the roughness length,
zo=0.034 m , corresponds quite well to the predicted values of
ESDU [28,29] for similar terrain. 1In Figure 11 all values for zo,kob—
tained for wind directions in the before-mentioned sectors, are shown
as a function of the gradient Richardson number evaluated at z=15.2 m

(Ri The values of z were obtained by fitting of the log-law to

15)'
the velocity measurements below the profile "kink". The scatter of the

data 1is appreciable for Ri, _.>-0.15, however the values of z decrease

15
rapidly for Rils<—0.15. At this point the mean velocity

profile in the surface layer can no longer be estimated with the log-
law (2), as stability effects start to dominate. An attempt was made to

estimate the roughness length by fitting the non-neutral profile (3)

to the mean velocity data above the "kink" as outlined by Panofsky [31].
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However, this correction technique leads to unrealistic estimates of

Z s which seem to indicate that the velocity profile above the "kink"
is not part of the surface-layer profile but instead is the transition
of the surface layer profile to the mixed layer profile.

In Table I mean profile parameters and turbulence parameters are
presented for strong-wind data records with wind directions in the
above-mentioned sectors with near-uniform upstream terrain and measured
with the cup-vane system and the hot-film anemometers. For the data
records with a thermal stratification close to neutral the semilogaritﬁ—
mic velocity profiles (S) are generally linear throughout, and for the
records for which the flow is more unstable, kinks (K) start to appear
in the profile.

Engineers generally favor the power law as an expression for the

velocity profile through the entire PBL over uniform terrain
- o
U/Up = (z2/zg) (6)

Although under certain conditions this law has fitted observed profiles
over uniform terrain quite well, it is now generally accepted that the
log-law (2) is preferable over the power law (6) for flow in the sur-
face layer. Also the power law (6) cannot be expe¢ted to be a good
approximation for wind profiles in the convective PBL. The latter seems
to be prevalent over the North American continent even under the strongest
wind conditions.

The mean velocity profiles of records 2Al and 2A2 acquired during
‘the Minnesota 1973 atmospheric boundary layer experiment [12] as well as
the velocity profile acquired at the Boulder Atmospheric Observatory

(300 m mast [35]) on the morning of the 1llth of September 1978 under
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extremely strong wind conditions (20-minute average velocity of 18.67 m/s
at z=10 m) show clearly that the power law with one constant exponent
does not fit the velocity measurements. The measured strong-wind
velocity profile at the Boulder site starts to deviate from the log-law
(2) at z=22m and becomes more or less uniform above 200 m.

On the other hand mean-velocity measurements made at 3 levels (10m,
80 m and 200 m) of the 213-m mast at Cabauw, the Netherlands, under
extremely strong westerly winds (30~minute average velocity of 22.2 m/s
at z =10 m) [36] indicate that the power law (6) fits these data quité
well. The Cabauw tower is operated by the Royal Netherlands Meteorological
Institute and is located about 50 km east from the North Sea coastline.
For westerly winds the upstream terrain is flat low-lying pastureland with
a very shallow water table. Simultaneous temperature measurements
made at 8 levels between 2 m and 200 m indicate a near- neutral thermal
stratification with possibly a minimal upward heat flux from the mostly
wet upstream terrain that inhibits the formation of a convective PBL,
which is typical for the observations of the two North American sites.

As Panofsky [31] has pointed out the power law can be expected
to fit the velocity data in the surface layer only over a limited height
range. In the near-neutral surface layer where the logarithmic law

applies the power-law exponent can be approximated by [31]

-1
o = [ln(Vzlzz/zo)] 7
clearly showing the variation of o with roughness, z_ s and geometric mean
height, Vzlz2 where zy and z, represent the elevation boundaries of

the layer over which a near constant o may be expected. Near the sur-

face o has a relative large value depending on the value of z» but
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decreases with height and should approach zero outside the surface
layer as transition to the mixed layer takes place.

For westerly winds at the Wallops Island site, power law exponents
based on the mean velocities of the three lower levels (z1=15.2 m,
22=45"7 m) are shown in Figure 12 as a function of the roughness length,
z . Similarly, power law exponents based on the mean velocity measure-~
ments under strong-wind conditions (no "kinks") at all five levels and
the three highest levels are shown versus roughness length, 2o in
Figures 13 and 14 respectively. Panofsky's relation (7) fits the
measurements extremely well except for the results based on. the mean
velocities of the three highest levels (Figure 14). The reason for this
is that on a semi-logarithmic plot of U vs. 1ln z, the results of the
bigher levels fall close together and may seem to vary in a linear
fashion. However in reality the data already deviate from the log-law (2)
and all three prediction methods, which are based on known roughness
lengths, overestimate the power law exponents obtained from the measured
velocity profiles. No attempt was made to obtain power law exponents
for the velocity profiles of on-shore winds, because of the variability
of the profiles, the presence of an IBL and the absence of values for
z e
6.3 Turbulence Intensities

Average turbulence intensities of the horizontal velocity components
u and v>measured with the cup-vane instruments at 5 levels, are shown in
Figures 15 and 16 for each l5-degree sector. In addition to the average
turbulence intensities, the maximum and the minimum observed turbulence

intensities for each sector and the mean intensity plus and minus the
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standard deviation are shown. In the sector O°—l55 and the 5 sectors
between 90° and 165° only average turbulence intensities are shown,
because the number of data records available in each of these sectors
is four or less. For on-shore winds ou/U is approximately 107% at
z=15.2 m decreasing to 5% or less at the highest observation level
(z=76.2 m). For westerly winds the ou/U decreases from about 20% at
the lowest level to about 14% at the highest level (Fig. 17). 1In
general the variation of the turbulence intensity, ou/U, in each_
section is relatively small, except for the two sectors between 195°
and 225°,

The turbulence intensity of the v component, cv/U, shows much the same
pattern, although some differences can be observed. For on-shore winds
the average value of cv/U at the lowest observation level (in the IBL)"
is about 8%, decreasing to about 4% at the highest level (above the IBL).
For southerly winds in the three sectors between 165° and 210° turbulence
intensities for both u and v components of less than 27 have been ob-
served at the highest observation levels above the IBL. These observations
have been made under stable conditions, and on several occasions the
mechanical turbulence has been observed to vanish completely at these
elevations at mean velocities of 10 m/s and higher.

The average turbulence intensity ou/U is nearly constant at each
level for wind directions between 240° and 345°. The average turbulence
intensity ov/U at each level increases with wind direction from 240° to
about 300° where a maximum is reached and decreases gradually with wind
directions from 300° to about 50°., Figure 17 shows the variation of the
average turbulence intensities of the u and v components with height
in the two sectors 240°-255° and 300°-315°. The averaged results are

also compared with the estimates of Teunissen [25] and ESDU [28] both
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based on the roughness length, Z s whose average is 0.037 m for either
one of these sectors [Fig. 10]. Although the upstream terrain for the
two sectors is about identical, the values of oV/U in the sector be-
tween 300° and 315° are considerably higher than those for the sector
between 240° and 255°. The average values of cV/U for the latter sector
correspond extremely well with the Teunissen estimate, but for the
sector between 300° and 315° the average values of OV/U are about 3

to 47 higher. On the other hand the average values of cu/U for these
two sectors are about identical and fall between the estimates of
Teunissen [25] and ESDU [28].

A possible explanation for this unusual behavior of ov/U can be
derived from the visual inspection of several years of strip-chart re-
cordings of wind speed and direction obtained continously from a
propeller-vane anemometer located about.l km northeast from the tower
on Wallops Island. These recordings clearly show that for northwesterly
winds the instantaneous wind direction experiences frequently large
fluctuations toward the north (Fig. 18). These direction fluctuations
are larger than usual and are not normally distributed as shown in
(Fig. 19), which explains the large values of both ov/U and the co-
variance vw measured in this sector.

The turbulence intensity, cu/U, which is constant over near-uniform
terrain for westerly wind directions (Fig. 17), instead varies with time
of day. Nighttime measurements are systematically 1% higher than the
daytime results (Fig. 20). The vertical distribution of the vertical
turbulence intensity, cW/U, based on five strong-wind data records ob-
tained with the hot~film system, -is shown in comparison with the ESDU

[28] and Teunissen estimates in Figure 21.
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The vertical distributions of the turbulence intensity of all
three components for southerly winds are shown in Figures 22, 23 and
24, TFor these wind directions an internal boundary layer (IBL) develops
as the air crosses the beach. Based on the change in direction of the
daytime vertical heat flux GE, which is expected to be positive in the
IBL and negative above it [3], the height of the IBL at the tower must be
between the 15.2 m (50 ft) level and 30.5 m (100 ft) level. This
observation agrees with the relationship given by Elliot [37], which
predicts a Height of the IBL of approximately 26 m, based on an upwind
roughness length over the ocean of zo'=0.001 m and a downwind roughness
length of zo"=0.01 m and a development length of 300 m. The average
turbulence intensities of the u and v components from nine data records,
obtained with the hot-film instrumentation during summer afternoons, com-
pare surprisingly well with the average turbulence intensities from 29
data records, obtained during winter and early spring under strong wind
conditions with the cup-vane system (Figs. 22,23,24). The turbulence
intensities in the IBL compare reasonably well with the ESDU [28] pre-
dictions based on a roughness:length of zo=0.01 m. However above the
IBL the ESDU [28] predicted values of the turbulence intensities, based
on a roughness length zo=0.001 m, overestimate the actual measured values
by a factor of two. The turbulence intensites for run 7 [3] obtained
under extremely stable conditions (Rf=+25;5, U=10.7 m/s at z=61 m), which
are included in Figures 22 through 24, show lower than average values above
the IBL. Under similar conditions it has been observed that the turbulence
vanishes completely for some time. The variation of the ratios of
average turbulence intensities, ovlou and ow/cu, for all wind directions

is shown in Figure 25. The measurements indicate that the values of
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these ratios are more or less independent of height, and the data

shown in Figure 25 are not only the ratios of the average turbulence
intensities of all data records in each sector but are also averaged
over all observation levels. For most wind directions the values of
ov/cu are between 0.75 and 0.85 in comparison with the predictions

of 0.75 and 0.80 by Counihan [26] and Teunissen [25]. The estimates

of ESDU [28] are not single valued but are dependent on height and rough-
ness length. Smaller values than 0.75 for ov/cu are observed for wind
directions approximately parallel to the island at ¢=40° and ¢=230°,
Values of ov/ou higher than 0.85 are observed for southerly winds for
$=170° and for northwesterly winds in the sector 280°<¢<350°. That

the values of cv/csu are relatively high in this last sector 1s no

big surprise since often large direction fluctuations have been
observed in this sector (Fig. 18). Values of cv/cu and owlou obtained
from the hot-film data records are also shown in Figure 25. The values
of ov/o u obtained with this system compare quite well with the cup-vane
results. The values of the ratio, ow/Gu, for winds from the sector
between south and southwest and northwesterly winds fall between 0.55
and 0.60 as compared to values of 0.50 and 0.52 as predicted by
Counihan [26] and Teunissen [25] respectively.

The results discussed so far in this report show clearly that at
the Wallops site large variations in mean as well as turbulent flow
occur varying with wind direction. The important observed deviations
from the simple neutral boundary-layer models are:

1. The development of an internal boundary layer (IBL) for
on-shore winds as they cross the beach.

2. The existence of a surface jet for southerly winds with
extremely low turbulence intensities (2% or less and occasionally
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vanishing under stable conditions) coexisting with gravity
waves.

3. Large direction fluctuations towards the north for north-
westerly winds, observed during the daytime, which are ;
responsible for higher than usual lateral turbulence 1ntensities.

These observations were made under strong wind conditions and there is
no reason to believe that for still stronger wind speeds (max1mum observed
speeds) these deviations from the neutrally stable boundary—layer model
will suddenly vanish.
6.4 Turbulence Integral Scales

6.4.1 Integral Scales, Lﬁ, Lz and Li from cup~vane data

In this section the distribution of the turbulence integral scales
obtained from measurements with the cup—vaae system will
be discussed and compared with the estimates from several review papers
[25,26,28,29]. The streamwise turbulence integral scale of ;he u
component, Lz, is calculated from the autocorrelation function (1),
Ru(T), assuming that Taylor's hypothesis is valid. Averages of all
scales, Li, obtained from the data records in each 15—degrae sector,
are plotted along with the maximum and minimum and plus and minus the
standard deviation from the average value in Figure 26 for each ob-
servation level. Averages only are plotted in the sector 0°-15° and
between 90° and 160° because of the limited number of available data
records in these sectors. The integral scales, Li, increase
systematically with height and show a great deal of variability for all
wind directions. In general the magnitude of these integral scales
is larger for westerly winda than for on-shore winds except for southerly
wind directions. At the highest observation level two distinct extremes
for the maxima can be observed in the two sectors between 180° and 210°,

and between 300° and 330°. For southerly winds between 180° and 210°
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the air is frequently stably stratified which under certain conditions
may lead to the coexistence of turbulence and low-frequency gravity
waves. If gravity waves are present the integral scale obtained from
the autocorrelation function can be expected to be high [3], a maximum
value of 800 m at the 76.2 m (250 ft) level has been observed. On the
other hand, if the low-frequency gravity waves are absent and only tur-
bulence of less than 5% intensity is present (Fig. 15), minimum turbu-
lence integral scales of less than 100 m have been observed for the
southerly winds. In the sector between 300° and 330° large variatioms
in Lﬁ are also present, which are the result of either the presence
or absence of low-frequency velocity fluctuations as can be observed
from measured u-spectra.

Vertical integral scales of the horizontal velocity components
obtained from the measurements with the cup-vane system can be cal-
culated by integration of the vertical correlation coefficients of either

the u or v components.
j. z (z')dz' (8)
p id

where

z '
Rz = —"

T
1 (t,z) u, (t,z+z")dt 9)
= i
{o, (z)} ' of

and 1 =uor v

Rii(z') is the vertical correlation coefficient of eithef the u or v
velocity fluctuations measdured at two different levels separated by
a distance z'. For this research program with the Wallops Island

tower the separation distance, z', can be either 0, 15.2 m (50 ft),
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30.5 m (100 ft), 45.7 m (150 ft) and 61 m (200 ft). The integration
(8) should be performed to the point where the correlation coefficient
Rui(z') changes for the first time from positive ;o negative, However
only a maximum of five values of the correlation coefficients are
available for either upward or downward integration according to ex-
pression 8, and often the correlation coefficient has still a large
positive value for the maximum separation distance z'.

In order to arrive at a reasonable estimate of the vertical scales,
it is assumed that the vertical correlation coefficients of the hori-~
zontal velocity components u and v decay exponentially in the same
manner as has been observed by Dryden et al. [38] for high Reynolds-

number grid turbulence, according to
2 " = 12
R (2") = exp[-z /Li] ‘ | (10)

Vertical integral scales of either the u or v velocity components can
then be obtained from a least-squares fit of (10) to the available
measured correlation coefficients.

Because of the non-symmetric flow in the boundary layer, integral
scales obtained from upward and downward integration of the correlation
coefficients with the origin at a common point cannot be expected
to be the same. Instead a slightly different definition for the
vertical integral scale is used as suggested by ESDU [29], where the
correlation coefficient is defined as

T
Rii(z') = z—lz—;;; -% J‘\%ft,z+z')vi(t,z—z')dt (1)
o,(z
i

o

where 1 = u or v.
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With the use of this definition only one vertical integral scale is
defined for each height z. However this definition can be used for
the evaluation of the integral scales of the u or v component at the
45.7 m (150 ft) level only.

The distribution of the vertical turbulence integral scales of
the horizontal velocity fluctuations and obtained with the cup-vane
system is shown in Figure 27 and 28 respectively. Calculation of
these scales is based on expression (10). Integral scales obtained
from upward integration of the correlation cpefficients are shown
as LUZ4+ or LVZ4+ on the figures and as Lﬁ+ or L$¢ in the text. For
the integral scales obtained from downward integration the direction
of the arrow is reversed. The two-sided integral scales obtained
according to the definition (11) are shown as LUZI or LVZI on the
figures and as LzI or LjI in the text. Averages of all the integral
scales for each sector as well as the maximum and minimum, and the
mean plus and minus the standard deviations for each each sector are
shown in these figures. In the sectors 0°-15° and between 90° and
165° not enough data records were available to calculate a  standard
deviation and only average values are plotted.

The integral scales Lﬁ for on-shore winds are generally smaller
than those for westerly winds by less than a factor of two. The
integral scale L§+ measured at the 15.2 m (50 ft) level and the scale
Li¢ measured at the 76.2 (250 ft) level are of the same magnitude.
The smallest observed value of Li is about 10 m for southerly winds
without the presence of gravity waves. The larger values of Li are

also observed for southerly winds when gravity waves are present.
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Large~va1ues of Lz are also observed for northwesterly wind directions
between 300° and 320°., The upward integrated scales, Lz+ , obtained
from the lower three levels for wind directions between 0° and 100°
show much less variation. than the downward integrated scales, Li+ ’
from the upper three levels in the same sector. Comparison of the
three different scales, Lz+ . L§+ and LzI of the measurements at
the 45.7 m (150 ft) level shows that for winds between 0° and 100°
the upward and downward integrated scales are of the same magnitude
(37 m) with the scale LiI having an average value of approximately
43 m. For westerly winds between 250° and 360°, sz is about 20 m
larger ﬁhan Lz+ .

The vertical integral scale of the v-component, Lz, behaves in a
similar fashion as the scale Lf, but the latter is generally
twice as large. The magnitude of Li for winds from westerly directions
is about twice the value of L: for on-shore winds. Minimum values of
just a few meters are observed for on-shore winds. Maximum values of
these integral scales are associated with winds from northwesterly
directions (¢ﬁ316°) for which large direction fluctuations have been
observed (Fig. 18). For southerly winds (¢=180°) no large'maximum
values for Ls have been observed as for‘Li. For on-shore winds the
magnitude of the three different scales at the 45,7 m (150 ft) level
are about the same but for westerly wiﬁds L:+ > L:+ with the value
of L: I in between.

Figures 29 and 30 show the variation of the relative magnitude
of the average turbuience integral scales Lﬁ/Li with wind direction
for each observation level. For southérly winds between 135° and 225°,

the ratio Lﬁ/Li increases with height from about 3.7 at the lowest
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level to values between 10 and 15 at the three highest observation
levels. For all wind directions outside this sector the ratio Lﬁ/Lz
is 3.3 and 3.7 at the 15.3 m (50 ft) level and the 76.2 m (250 ft)
level respectively. The magnitude of the ratio of average integral
scales, Lz/Li, is 1.9, generally independent of height and wind

direction.

6.4.2 Comparison of the Cup-Vane Scales with Predicted Values
from References 25, 26 and 29

From the above discussion it is c¢lear that the measured turbu-—

Z

lence integral scales Li, Lu and Li vary significgntly with terrain
roughness, wind direction, time of day, thermal stability and other
atmospheric conditions. In this section the measured integral scéles
are compared with the predicted scales from either Teunissen [25],
Counihan [26] and ESDU [29]. |

In Figure 31 the averaged turbulence integral scales, Lﬁ, ob-
tained from the cup-vane data.are shown for two wgsterly wind-
direction sectors over near«idgﬁticalbterrain and are compared with
the estimates qf References 25, 26 and 29, At the higher elevations
the values of Lﬁ in the sector 300°<¢<315° are apéréximately 100 m
larger than thése in the sector 240°<¢<255°, The‘Counihan [26] pfe—
dictions match the measurements below 30 m but forbhigher elevations
all three refe;ences under—estimgte the measured iﬁtégral scales.
Averaged values of Li and Ls for the same two wind direction sectors
are shown in Figures 32 and 33kand compared with predicted values from

Counihan [26] and ESDU [29]. The results show the decrease in magni-

tude when the change is made from upward to downward integration.
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Values of Lj in the sector 300°<¢<315° are about twice as large as those
in the sector 240°<¢$<255°, which is in contrast with the values of
Lz which are approximately identical in the»two wind-direction sectors,
The ESDU [29] predictions of both Lﬁ and Lj match the measured data
in the wind sector 240°<¢<255° reasonably well, but underestimate
the scales for wind directions between 300° and 315° for which large
wind-direction fluctuations have been observed [Fig. 18].

Figures 34, 35 and 36 show the averaged values of Lﬁ, Lz and
Lj obtained from the cﬁp—vane dafa, in comparison with the predicted
values for southerly winds. Since no measured values of roughness
length are available for this wind direction, values of z  were
selected in accordance with the nature of the upstream terrain and
Table 1 of Reference 28. Below 20 m, for the flow in the IBL, a
roughness length zo=0.01 m is appropriate and for the flow above
the IBL a roughness length of zo=0.001 m was selected. The measured
longitudinal scales, Lﬁ, are generally larger than the ESDU [29]
predicted values, while the measured vertical scales Li and Lz are
generally smaller than the ESDU [29] predictions. These results support
the likelihood that internal gravity waves exist in the surface-based
inversion over the ocean. The extent of the waves is much longer
in the direction of the flow than in the vertical direction because
of the suppression of vertical velocity fluctuations by buoyancy
forces in stable air, The results of Figure 30 show clearly the
large extent of the streamwise integral scale, Lﬁ, relative to the
vertical scale, Lz for southerly winds only., For these winds the

scale ratio Lt/Li above the IBL varies between 10 and 15, for all
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other wind directions the magnitude of this ratio is of the order
of 4.

Longitudinal integral scales, Li, obtained for westerly winds
over near-uniform terrain are dependent on time of day (Fig. 37).
The scales acquired during nighttime are approximately 50% longer
than those obtained from morning records with the scales from
afternoon data falling in between. The increase of the scales
during daytime can be explained with the increase of the height
of the mixed layer (See Fig. 5, Reference 13). However, no definite
explanation for the large integral scales observed during nightime
is available,

In Figures 38 and 39 individual values of the turbulence integral
scales, Lz, at the 15.2 m (50 £ft) and the 45.7 m (150 ft) levels
are plotted versus roughness length, z - These‘results are for
near-neutral strong wind data records for wind directions varying
between ¢=250° and ¢=30°. The scatter of the data is appreciable
as is to be expected since the previously discussed results also
indicate variation of Li with wind direction (Fig. 31) and time of
day (Fig. 37). The ESDU [29] and Teunissen [25] predictions are
consistently lower than the measurements, while the Counihan predic-
tions [26] fit the measured integral scales reasonably well.
Similarly, the corresponding vertical scales LzI and LzI are shown
versus roughness length, z s in Figures 40 and 41. The ESDU [29]
predictions for le match the measured results quite well, while the
predic;ioqs for LiI of the same source fall generally below the

measured data except in the range 0.1 m<zo<1.0 m,
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6.4.3 The Direct and Spectral Methods for Obtaining Turbulence
Integral Scales ' '

Integral scales of turbulence are defined for any correlation
coefficient as the integral over the entire range of the'independént
variable, which can be either time or space as previously discussed.

In practice the integration process is carried out between the origin
and the first zero-crossing. Time’écales are related to the 1ength
scales in the direction of the flow by assuming the existence of
Taylorfs frozen turbulence hypothesis. The magnitude of the time scales
varieé significantly depending on the presence of low—frequeﬁcy fluctu-
étions and or trends. In order to omit these fluctuations from the
time~correlation coefficients, the data should be high-pass filtered

at some low frequency. The filtering of the cup-vane data takes place
as a result of the block averaging, excluding trends and low—frequency
fluctuaﬁions below 0.00195 Hz from the sample. Similarly, the hot-film
data are high-pass filtered at either 0.0244 Hz or at 0.00153 Hz de-
pending on whether the data are analyzed in the high-frequency range
(0.0244-100 Hz) or middle-frequency range (0.00153-6.25 Hz) (See section
4,2), Turbulence integral scales calculated in this way are said to

be obtained by the direct method.

An estimate of the size of the energy-containing eddies can also
be obtained from the Von Karman interpolation formula for the three-
dimensional power}spectrum covering the wavenumber-range from the
energy containing eddies to the inertial subrange [39].

4
C(k/ke)

S(k/k) =

(12)
.y 2.17/6
[14+(k/k ) %]
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where ke corresponds to wavenumbers in the range of the energy-containing
eddies. With thé assumption of isotropic turbulence, expressions for

the physical realizable one-dimensional spectrum functions Su(kl)’

Sv(ki) and Sw(kl) can be obtained (see expressions 3f72 and 3-73,

Hinze [40]). The wavenﬁmber of the energy~containing eddies, ke’ can

be replaced by the inverse of the turbulence integral scales, Li, in the
appropriate spectrum functions and the constants can be adjusted to fit
the measured spectra. The one-dimensional Von Karman spectrum functions
obtained in this manner and presented by Teunissen [25] fit the measured
spectra of mechanigally produced wind tunnel turbulence quite well
[41,42]. The spectral expressions for the streamwise and lateral velocity

components are given by

ns_ (n) 4(aL>/U)
= u - (13)
oi [1470. 7(nL’1§/U)2]5/6
and
nS, (n) nL®  1+188.4(20L%/u)?
— =40 — 1176 (14)
oy {1+7o.7(2nL’i‘/U) }

where i = v and w.

For the comparison of these wind tunnel spectra with the normalized
spectrum functions, the turbulence integral scales, L?, were determined
independently using the previously discussed direct method. The

5/3

Von Karmon spectral equations show the correct n ~!°-dependence in

the inertial subrange. Integratioh of these expressions over the entire
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frequency range leads to unity. At vanishing wavenumbers these
spectral equations also predict the proper integral scale L§=Si(O)U/40§.
At low frequencies the logarithmic spectra vary as n+l, which also fits
the wind tunnel spectra quite well,

However, caution must be taken with the automatic adaption of the
Von Karman spectral functions to atmospheric turbulence under near
neutral thermal stratification. The work of Kaimal et al [20] clearly
points out that under near-neutral conditions the low-frequency content
in the spectra of the horizontal velocity components can vary appreciably.
In the convective boundary layer spectral data approach a definite shape
when near neutral conditions are approached from the stable regime.
Under these conditions significant low-frequency velocity fluctuations in
the u and v components are absent and the spectral shape of these components
is similar to the Von Karman model. On the other hand no unique spectral
shape for the u and v component exists for near neutral conditions
approached from the unstable regime. Under these conditions, the low-
frequency spectral content is much higher and the Von Karman model does
not represent the spectral data well.

In order to check the validity of the Von Karman spectral
functions, it will be necessary to  check these relations against measured
spectra, where the frequency is normalized with the local mean velbcity
and the turbulence integral scale obtained independently via the direct
method. 1In Figures 42 and 43 logarithmic spectra of the u-component
measured at 5 different elevations for data record 19 (Table 1) are
compared with the Von Karman spectral function, The difference in those

two illustrations is that variances and integral scales used in Figure 42



49

were obtained in the middle-frequency range (0.00153-6.25 Hz) while

for Figure 43 the variances and integral scales were obtained in the
high~-frequency range (0.0244~100 Hz) filtering out the low-frequency
fluctuations. In the latter case the Von Karman expression fits the
measured spectra quite well in the -2/3 region but in the low-frequency
range the measured spectral values are considerably higher than the
predicted values. Consequently no distinct spectral peak at the
predicted value of the reduced frequency of nLi/U=O.146 is present.
Similarly, the measured v spectra follow the Von Karman spectrum in the
-=2/3 region only if variances and integral scales are used from which the
low-frequency components are filtered out. Figures 44 and 45 show

the w-spectra for run #19 in comparison with the Von Karman spectrum
function for variances and integral scales obtained in the middle and
high frequéncy range respectively. In the latter case the measured
spectra fit the theoretical Von Karman spectrum function much better
especially for the spectra from the higher elevations.

Based on these results the conclusion can be drawn that the theoreti-
cal Von Karman spectrum functions do not represent the spectra of atmo-
spheric turbulence in the low-frequency range or in the high-frequency
range when turbulence integral scales are used that are obtained via the
direct method when low-frequency fluctuations are included. Better fit
of the measured spectra in the -2/3 region is achieved when variances
and turbulence integral scales are used that are obtained from data
records from which the low-frequency fluctuations have been removed.
Inversely, if the theoretical Von Karman spectrum functions are used

to obtain streamwise turbulence integral scales,
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L:, as is suggested in references 25 and 28, then these scales are
not equivalent to the integral scales obtained via the direct method.

The integral scales obtained via the Von Karman method must be intef-.

preted as integral scales associéted with velocity records from which
all low-frequency fluctuations with periods longer than épproximately
40 seconds have been filﬁered out,

The expressions for the streamwise turbulence integral scaies,'

L? for i=u,v and w, listed in references 25 and 29 are based on scales
obtained via the Von Karman method by eithér matching of the measdred
spectra at the peak reduced frequency or by using a best overall f1t 
of fhe spectra. Consequen;ly the predicted integral scales from theée
sources must be interpreted as integral scales associated with the high-
frequency content of the turbulence components,

6.4;4 Comparison of Ihtegral Scales Obtained Via the Direct and
Spectrum Methods With Predicted Values from References 25, 26
and 29. ’ ' :

The turbulence integral scales, Lﬁ, obtained from the cub-vane data

are obtained via the direct method in the frequency range from 0.00195 Hz
to 0.25 Hz. Integral scales obtained from the hot-film data‘and'&is—
cussed in this section, are pbtained by one of the following three

methods:

1. The direct method in the middle-frequency (MF) range
(0.00153~6.25 Hz).

2. The Von Karman method, with the spectra and variances obtained
from filtered data in the middle-frequency range (VK-MF).

3. The Von Karman method, with the spectra and variances obtained
from filtered data in the high-frequency range (0.0244-100 Hz)
(VK-HF) . ‘ : ‘ ‘
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For method 2 and 3 values of Lﬁ were obtained by matching the measured
logarithmic specfra (nSi(n)/oi versus nz/U) at ﬁz/U=lO to the Von Karman
spectrﬁm functions in the 52/3 range. Averaged and single-record s;ream—
wise inﬁegrai scales, L?, obtained from the cup-vane data or from the hot-
filmydata, ;he latter derived through one of the above thfee methods, are
shown for the two basic wind directions (south and northwest) in Figures
46 through 57 and are compared with the predicted valueé of references
25, 26 and 29.

Figufes 46, 47 and 48 show the variation of the averaged integral

i

and 3) versus height for southerly winds. The predicted values are based

scales, X with i=u,v and w, obtained from the hot-film data (methods 2

on a roughness length, zo=0.01 m in the IBL below 20 m and on a roughness
length zo=0.001 m above the IBL. The values of Lﬁ from the cup-vane
data match the ESDU [29] predictions and the scales obtained from the
hot—film“dafa via the Von Karman method in the middle-frequency range
match the Teunissen {[25] predictions. Values of L: and Lz oBtained
with the use of the Von Karman method in either frequency range fall
well below the predictions. Of course, as previouslyldiscussed, the
ratio of ipngitudinal scales and lateral scales is much higher for
southerly win&s than for the other wind directions (figs. 29, 30).

The effect of buoyancy in the inversion layer tends toksuppress the
vertical motion and-consequently the measured scales Lz are’much smaller
than the predicted scales. It must be assumed that thg predicted scales
are based on databrecords taken under conditions where buoyancy had
Very littie effect on the turbulence. The lateral séales, L: and L:
obtained via the Von Karman method in the middle-frequency range are
abéut twice as long as the scales obtained from the same data in the

high-frequency range.
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Figures 49, 50 and 51 show the averaged integral scales, Li for
i=u, v and w, obtained from the hot-film data and analyzed according
to methods 1 and 2 for northwesterly wind directions. In Figure 49
comparison of Lz is also made with the cup-vane data. The scales
obtained via the direct method from the cup~vane data are generally
smaller than the scales from the hot~film data via the direct method
in the middle-~frequency range. The scales obtained with the Von Karman
method in the middle~frequency range are systematically smaller than the
scales obtained with the direct method from either the cup~vane or
hot~-film data in the same frequency range. The Teunissen [25] and
ESDU [29] predictions only fit the measured scales obtained via the
Von Karman method below a height of 20 m. Above this height the pre-
dicted values are systematically lower than the measured values. The
Counihan [26] predicted scales of Lﬁ fit the observed scales obtained
via the direct method below 20 m, however above the ﬁeight of 20 m the
Counihan prediction falls between the measured scales obtained via the
direct mefhod and those obtained via the von Karman method.

The measured lateral scales Lz and Lz obtained via the direct method
in the middle-frequency range are three to four times as large as those
obtained via the Von Karman method in the same frequency range (Figs. 50,
51). The latter scales match the Teunissen [25] and ESDU [29] predictionms
very well,

In Figures 52, 53 the integral scales, Lﬁ, obtained from a single
early-evening record are compared with the predicted scales and with
the average scales from the daytime records all analyzed in the
middle~-frequency range. It has been observed [13, 23] that just before
sunset the convective boundary layer dissolves abruptly and the low-

frequency velocity fluctuations normally associated with the convective



53

PBL suddenly disappear as can be clearly seen from the comparison of
the plotted records of the horizontal wvelocity components of record 16
(evening run) and record 19 (afternoon rumn) (Fig. 54). The results
indicate much smaller scales if the low-frequency fluctuations of the
horizontal components are absent., For record 16 the scales obtained via
the direct method are systematically larger than those obtained via the
Von Karman method, although the difference is less significant for this
early evening run than for the daytime records, which contain low-
frequency fluctuations (Figs. 49-51).

Figures 55 through 58 show the averaged integral scales, L: and
L:, from the daytime records and those for record 16 obtained via the
Von Karman method in either the high-frequency range or the middle-
frequency range. The Von Karman method for obtaining integral scales
provides near-identical results independent of the frequency range if
large low-frequency fluctuations are absent (e.g. record 16) or if the
low-frequency fluétuations are removed from the data records. If the
large low-frequency fluctuationé are present (e.g. u and v components of
daytime records Fig. 54) and are not removed from the daytime records
the Von Karman method leads to much larger integral scales., If no
appreciable low-frequency velocity fluctuations are present in the data
records, the integral scales obtained via either the direct or the Von
Karman method are about the same in magnitude. However, if low-frequency
components are present the magnitude of the scales depends on the method
by which they were calculated and also depends on the frequency range in

which the data are analyzed.
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When the integral scales, Lﬁ, obtained via the two-methods in
either one of the frequency ranges, for data records with or without
low-frequency content are compared with predicted values (Figs. 49, 52
and 53) one observes appreciable variation. 1In general, the Teunissen
[25] predicted values correspond to scales obtained from data records
for which the large low-frequency fluctuations are absent or are filtered
out, and obtained via either method. On the other hand the Counihan
[26] predicted values correspond more to the scales obtained from data
records with low-frequency fluctuations and obtained via: the Von Karman
method in the middle-frequency range and 'to the scales obtained from
the cup-vane data, The magnitude of the scales obtained from the
same data records via the direct method are generally larger than
those predicted by Counihan' [26]. The ESDU [29] predicted
scales fall between the two previously mentioned predictions. The scales
obtained from data records of north-west winds with low-frequency
fluctuations vary almost linearly with height, while the predicted scales
show more a tendency toward independency with height at higher elevations.
Similarly the  lateral integral scales, Lz'(Figs.'SO, 55 and 57) also
show appreciable variation. The Teunissen [25] and ESDU [29] predictions
correspond reasonably well to the scales obtained during daytime via
the Von Karman method in the middle-frequency range. The scales obtained
from the séme’daytime records via the direct method are significantly
larger than the predictioms. On the other hand if low-frequency compo-
nents are absent or filtered from the data records the measured values
for the lateral integral scales, Lﬁ, fall well below the predicted valges.
The integral scales, Lz,- (Figs. 51, 57 and 58) show a similar

pattern, the ESDU [29] and Teunissen [25] predictions correspond best
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to the scales obtained via the Von Karman method in the middle
frequency range. The scales obtained via the direct method in the
same frequency range are considerably larger than the predicted values.
If low-frequency components are absent or removed from the data records
the measured scales are generally lower than the ESDU [29] and Teunissen
[25] predictioms.

In general it can be concluded that the ESDU [29] and the Teunissen
[25] predicted L: and L: scales should be interpreted as scales obtained
via the Von Karman method for turbulence with low-frequency fluctuations.
On the other hand the Teunissen [25] predicted Lﬁ scales should be inter-
preted as scales obtained from data records from which the large low-
frequency fluctuations are absent or are‘filtered out. In general the
horizontal scales Lz‘and L: obtained from the daytime data records via
the Von Karman method in the middle-frequency range vary linearly with
height, while the predicted scales show a tendency of independnece with
height at the higher elevations.
6.5 Power Spectra

In this section the power spectra of the three velocity components
obtained from the hot-film data are discussed for the two basic wind
directions, south and northwest. Ample discussion of the spectra in the
previous section has indicated that the spectral shape in the low-frequency
range depends greatly on the absence or presence of large low-frequency
velocity fluctuations.

The logarithmic spectra obtained from south-wind records generally

/3

show very little variation in shape and vary as f-2 in the high-frequency

range and approximately as f"'1 in the low~frequency range. These two ranges
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are separated by a distinct spectral peak. Kaimal (43) suggests that
under stable conditions in the absence of appreciable low-frequency .
fluctuations  all spectra can be brought in coincidence and approximated

by the empirical relation

nSi(n) 5 0.164(f/fo)

2 \5/3
oy 140,164 (£/£ )

(15)

with i=u, v and w,

where f=nz/U is the reduced frequency and fo is the reduced frequency

at the point of intersection of the extrapolation of the inertial
subrange of the spectra and the line nSi(n)/012=1. Kaimal's spectra and
variances are obtained from data in the frequency range 0.005<n<10 Hz.

The Von Karman spectrum functions (13, 14) can be modified into

similar expressions

nSu(n) 0.156f/fo
527 [1ro.108(e/£ )21578 16
u * o
and
2
ns., (n) 1+0.679(£/£ )
—— = 0.12(F/f) ° e 17
o, ° {140.255(£/£ )"}

with i=v and w.

In this set of equations the reduced frequency is defined as f=nL§/U.
However the parameter f/f0 for either the Kaimal or the Von Karman
expressions represents the wavelength ratio AO/A, where Ao is the
wavelength associated with the reduced frequency, fo' In both spectral
expressions the parameter f/fo is independent of the length scale which

is either the elevation or the turbulence integral scale L?.
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The Kaimal (15) and the Von Karman (16,17) spectrum functions are
nearly identical in the inertial subrange, but the Kaimal spectrum
predicts a slightly smaller spectral peak. In the low-frequency range
the u-spectra again are about identical, but the Von Karman v and w
spectra fall slightly below the Kaimal spectrum.

In Figures 59, 60 and 61 the normalized logarithmic u, v and w
spectra (nSi(n)/oiZ) are plotted as a function of the modified reduced-
frequency f/fo. The spectra were taken from .different data records for
winds from southerly directions, which were classified according to the
local stability parameter z/L. The spectral data and the variances
were obtained from data analyzed in the high-frequency range 0.0244<n<100 Hz.
The velocity spectra obtained from stable-air records above the IBL do
not differ from those obtained in the unstable air in the IBL and all
fit the Von Karman and the Kaimal spectral functions remarkably well.

The empirical spectrum functions (15,16,17) for estimation of the
velocity spectra in the case low-frequency fluctuations are absent can
be extremely useful if values of fO can be predicted. Based on the
experimental results it is obvious that fo varies with height and with
the presence or absence of appreciable low-frequency velocity fluctuations.
The results did not indicate any systematic variation of fo with stability
as suggested by Kaimal [43]. Averaged values of fo=(nz/U)O for each
velocity component and obtained from normalized logarithmic spectra in
the high-frequency range are shown as a function of héight in Figure 62.
However, values for fo obtained from the same data records but analyzed
in the middle-frequency range (0.00153<n<6.25 Hz) depend greatly on the

presence of low-frequency velocity fluctuations. If no appreciable low-
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frequency fluctuations are present, the values fo are independent of the
frequency range the data are analyzed.

For all u-spectra investigated low-frequency fluctuations are
present between the low cut-off frequencies for the middle- and high-
ffequency ranges, 0.00153 Hz and 0.0244 Hz respectively. These spectra
do not exhibit a distinct spectral peak but instead values of the
logarithmic spectra are approxiﬁately the same for £<0.l. Values of
fo obtained from the u-spectra analyzed in the middle-frequency range
are generally smaller than those obtained from the same data records
but analyzed in the high-frequency range and seem to converge to a
general value in the range 0.02<f°<0.03, independént of height.

For those records where ihternal gravity waves affect the spectra
above a frequency of n=0.00153 Hz, the frequency range for which
spectral values are increased varies with elevation. At the lowest
elevation (z=9.1 m) only the spectral values at the lowest frequencies
are affected and an appreciable range where the notrmalized logarithmic
spectrum varies as f+1 is still present (Fig. 63). However for spectra
from higher elevations the f+1-range becomes gradually smaller as the
effect of the waves is felt at increasing frequencies until no appreciable
frequency range with a f+1 spectral distribution is present (Fig. 64).
For those cases values of fo for the u-spectra seem to vary between the
lower limit of fo=0.02~0.03 and the values of fo obtained in the high-
frequency range as shown in Figure 62. Similar observations can be made
for the v and w spectra. The values of'fo obtained from spectra analyzed
in the middle-frequency range are generally lower than those obtained

from the same spectra analyzed in the high-frequency range.
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Spectra obtained from data records for westerly winds exhibit
significant low-frequency content for all elevations and the spectral
data fit the Kaimal or the Von Karman spectrum functions (15,16,17) in
the inertial subrange (-2/3 region) only (Figs. 65,66,67). The v-spectra
(Fig. 66) show a peculiar shape which is typical for spectra of the
lateral velocity component in the surface layer of a convective boundary
layer [19]. Kaimal's explanation for this shape is based on the.fact
that . in the inertial subrange the spectral values of the v-component
are 4/3 times larger than the u-spectra, a requirement for isotropy in this
range. (A similar situation exits for the w-spectra.) As the y—spectra
reach their peak and start to roll off with lower frequencies, the v-spectra
instead continue to increase and start to follow the u-spectra. The
result of this is the peculiar shape of the v-spectra in the transition
between the -2/3 range and the low-frequency range where the u and v spectra
both are independent with elevation but instead vary with the height, zgs
of the convective boundary layer.

In the case the low-frequency fluctuations are absent as is the case
just before sunset, as the convective boundary layer disintegrates rapidly,
the u, v and w spectra.(Figs. 68,69,70) and specifically the v-spectra
(Fig. 69)vhavé a completely different character. The v-spectra show a
distinct spectral peak and a rapid roll-off at lower frequencies although
the spectra values fall above the Von Karman prediction in this range.
However in comparison with the spectra of the daytime run 19 [figs. 65,
66,67], the spectra of the evening run 16 show much lower spectra values
in the low-frequency range and the peculiar shape of the daytime v-spectra

as discussed above has disappeared and the v-spectra resemble the Von Karman



60

prediction.
Values of the reduced frequency, fo’ defined as thevintersection
of the extrapolation of the spectra in the inertial subrange and the line
nSi(n)/012=l, were obtained from spectra analyzed in both the high-
and middle-frequency range. For the daytime u and v-spectra for which
appreciable low-frequency velocity fluctuations are present, the values
of fo obtained in the high-frequency range are systematically three
times as large as the corresponding values obtained from the spectra
analyzed in the middle frequency range, while for the w-spectra the
ratio (fo)HF/(fo)MF is approximately 1.6, indicating that the low-
frequency content is larger in the u and v spectra than in the w-spectra.
For run 16 this ratio for the u-spectra is 1.9 agnd for the v and w spectra
1.25. These results clearly indicate the effect of the low-frequency
fluctuations on the location of the inertial subrange when the spectra
are presented in the logarithmic form with nSi(n)/ai2 and f=nz/U aé
coordinates. The distribution of fo'with elevation for daytime spectra
and evening spectra analyzed in the middle-frequency range are shown
in Figure 71. The results from the daytime spectra show that the values
of fo for each velocity component are approximately independent with
height and are (fo)uzo.Ol, (fo)v20.02 and (fo)wﬁ0.07. This observation
is in agreement with some of the results obtained for southerly winds
although the values are somewhat higher because of less low-frequency
content. If no low~frequency fluctuations are present in the velocity
components, the values of f0 generally increase with height (Figs. 62,71).
The values of fo can be used to obtain the wavelengths corresponding
to the spectral peaks associated with either the Kaimal or the Von Karman

spectral functions. Since for both empirical relations the logarithmic
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spectral peak is approximately located at f/fo=3.8, then fmﬁ3.8fo and
()\m)i = 0.26zl(fo)i for i=u,v,w. (18)

Here the wavelength, Amé(U/n)m? corresponds to the peak of the Kaimal
and Von Karman spectrum functions and to the peak of the measured spectra
if no appreciable low-frequency fluctuations are present in the data
records. The peak wavelengths, (Am)i, are often used in micrometeorology
as measures of the energy containing eddies, or they can be slightly

modified to fit the original Von Karman spectrum functions (13,14)

from which values of Lz can be predicted as prbppsed by Teunissen [25]
L* = 0.146 (1)
u ~m’u
and X _ -
Li = 0.106 (Am)i for i=u,w (19)

However it must be realized that these predicted scales associated with
the empirical spectrum functions are equivalent to .the turbulence
integral scale obtained from correlation functions only if no large
low-frequency velocity fluctuations are present. In the case large
low-frequency velocity fluctuations are present and not filtered from
the data records, the scales obtained from correlation functions are

generally larger in magnitude (see section 6.4).
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7. SUMMARY AND CONCLUSIONS

A rather detailed description has been given of a micrometeoro-
logical facility consisting of an instrumented 76 m (250 ft) tower
located within a 100 m distance from the shore at Wallops Island,
Virginia. The instrumentation system consists of cup~vane and
temperature instruments mainly used for profile meaéurements and a
hot—-film system for turbulence measurements. The data acquisition
and handling system for the hot-film instruments is located in an
instrumentation trailer located at the base of the tower. The heart
of this system is a PDP 11/20 DEC minicomputer which controls the
digitization of the data (200 Hz sample rate) and the data transfer
onto digital tape. The digitized data have been analyzed on an IBM-
370 computer located on the VPI and SU campus.

Data have been acquired with the cup-vane system under moderately
strong wind conditions for all wind directions during a 4 1/2-year
period: From this data-base mean velocity and mean temperature pro-
files and associated parameters (roughness length, Z,s and powerlaw
exponent, o) have beenrde:ived as well as turbulence intensities,
Uu/U and GV/U, and turbulence integral scales, Lz, Lz and Lz.
Averages of the calculated flow parameters from all data records in
each lS—degree sector have been presénted. In addition averaged mean

velocity ratios V/V 0 turbulence intensities, du/U, OV/U,and

25
turbulence integral scales, Li, have been obtained for 11
sectors each with near-uniform upstream terrain. The results provide

information about the microclimate at this site under moderately strong

wind conditions. This information is graphically presented in
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Figures 72 through 75 from which average wind design data for this
coastal site can be established. In addition, data have been ac-
quired with the hot-film system for the southerly and northwesterly
prevailing wind directions. With this system turbulence parameters
such as turbulence intensities, Reynolds stresses, turbulence heat

fluxes, integral scales (Li, L§

and Lz) and power spectra of the
three velocity components have been obtained.

For all observations made at this site under moderately strong
wind conditions, truly neutral thermal stratifications have never
been encountered throughout the observation height of 76.2 m for
any length of time. For westerly wind direction under sunny daytime
conditions the measured velocity and temperature profiles suggest
that the surface flow at the Wallops Island site is similar to the
su:face flow observed during the Minnesota experiment [12]. The
observed PBL flow at Minnesota is an example of a typical convective
boundary 1ayér, a model of which is described in detail in Reference
13. 1In addition to mechanical and convective turbulence generated in
this atmospheric boundary layer, large-scale turbulence due to the
interaction of the mixed layer and the capping inversion (entrainment)
affects the4mean and turbulent surface flow regardless of the wind
velocity. However, appreciable deviations from the convective
boundary-layer model may occur depending on atmospheric conditions,
time of day and wind direction.

It has been observed that just before siunset the daytime

boundary-layer flow is modified drastically as a result of the
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disappearance of the large-scale turbulence and appearance of a
surface-based inversion. Similarly under conditions of low cloud
cover combined with precipitation, an inversion below the cloud
cover may develop, impeding the regular deVelopment of the day-
time convective boundary layer. Under these conditions the influ~
ence of the large-scale turbulent motions on the flow below the in-
version is reduced, resulting in an appreciable reduction in tur-
bulence intensities and turbulence integral scales. Large negative
lateral velocity fluctuations or large wind direction fluctuations
towards the north have been observed for northwesterly wind direc-
tions specifically between 300° and 315°. For winds in this sector
larger values of the lateral turbulence intensity and larger tur-
bulence integral scales have heen observed than for winds outside
this sector but with the same upstream terrain. in addition, tur-
bulence intensities and turbulence integral scales vary during the
daytime as the convective boundary layer develops. The above
observations have been made under moderately strong wind conditiéns
with hourly mean-wind speeds Between 10 m/s and 20 m/s at z=9.1 m.
Based on all the observations made for westerly winds at Wallops
Island, there is no evidence that similar flow variations in the
surface layer would not exist under extreme and potentially damaging
wind conditions with velocities in excess of 20 m/s. Consequently
at this point in time it cannot automatically be assumed that for
extremely strong winds from westerly directions, the PBL flow at

the Wallops Island site is similar to the purely shear-generated,
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neutrally-stratified boundary-layer flow model, which is so often
advocated by wind engineers.

The mean and turbulent flow for southerly winds also differs appre-
ciably from that predicted by the neutral boundary-layer model. During
the summertime the warm air blowing over the cooler ocean water gives
rise to a surface-based inversion of variable height. Depending
on the thermal stability, a low-level jet with a maximum velocity
occasionally below the highest observation level has been observed.
Under extreme stable conditions the turbulence at the two highest
observation levels has been observed to vanish completely and
generally internal gravity waves may co-exist with the turbulence.
Under these conditions the surface layer is very shallow, well below
the lowest observation level. Moreover, the flow near the surface
will also undergo a modification as soon as the ocean air crosses
the beach and experiences an increase in surface roughness and
surface temperature. These modifications of the surface flow
manifest themselves in the form of a developing internal boundary
layer (IBL) which at the tower location is between 15 m and 30 m in
height, depending on the change in surface temperature and the
overland development distance which varies with wind direction.

The conclusions of the boundary-layer experiment at Wallops
Island can be summarized as follows:

I. Westerly wind directions
1. The observed daytime flow below 76m at Wallops Island is

described better by the convective boundary-layer model
{13] than by the neutral boundary-layer model.
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The height at which transition occurs from the logarithmic
velocity profile to the mixed-layer velocity profile
varies with wind velocity surface roughness and thermal
stability.

The roughness length, z s obtained from velocity profiles
below the transition are in agreement with predicted values

from PBL-flow review papers.

The Panofsky relation, o=z /[ln Vz Zys is only useful for

- predicting values of powerfaw exponents for velocity profiles

in the surface layer below the elevation where transition to
the mixed-layer profile starts.

Measured turbulence intensities are generally in agreement
with predicted values, except for the lateral turbulence
intensities, 0 /U, in the northwesterly wind-direction sector
300°<$<315°. ¥n this sector the turbulence intensities of
the horizontal velocity components (u and v) are of the same
magnitude.

Turbulence intensities of the horizontal components also
vary with time of day and atmospheric conditions, or in

general with the absence or presence of appreciable low-
frequency velocities fluctuating in the frequency range

between 0.0015 Hz and 0.02 Hz.

The magnitude of the turbulence integral scales depends

on the method (direct method or spectral method) by

which they are calculated and also on the presence or
absence of appreciable low-frequency velocity fluctuations.

If appreciable low-frequency content is present and is not
filtered from the data records, the turbulence integral
scales obtained via the direct method are larger than the
predicted values. \

The turbulence integral scales vary also with time of day,
wind direction, surface roughness, and atmospheric
conditions such as cloud cover combined with precipitation.

The measured vertical integral scales, L? and L vary with
direction of integration but are generalfy in- agreement with
predicted values.
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11. The ratio Lﬁ/Lﬁ varies generally between 3 and 4 and the

ratio Lz/Li has an approximate value of 2.

12.. The daytime turbulence spectra follow the Kaimal model
[19] and deviate appreciably from the Von Karman model
especially in the low-frequency range.

13. The Von Karman spectral model does not fit the measured
spectra if appreciable low-frequency velocity fluctuations
are present and are included in the spectral analysis and
in the calculation of the variance, Oi, and integral scale
(direct method).

II. Southerly wind Directions

1. For on-shore winds an IBL develops as the surface air passes
the beach and experiences an increase in surface roughness
and an increase in surface temperature especially in the
summer during daytime.

2. For southerly wind directions warmer air flows over the
cooler water creating a surface based inversion which is
characterized by a very shallow surface layer, low-level
maximum velocity (surface jet), low turbulence intensities,
occasional vanishing of the turbulence under extreme stable
conditions and co-existence of turbulence and low-frequency
internal gravity waves.

3. No simpie boundary-layer flow model is available to describe
the on-shore flow at the Wallops Island site., Variatiomns
in observed velocity and temperature profiles, turbulence
intensities and turbulence integral scales are extremely
high and can occur within a very short time.

4. Measured velocity spectra (excluding the low-frequency gravity
waves) are independent of thermal stability and seem to fit
the modified Von Karman spectrum model (16,17) and the Kaimal
stable spectrum model (15) extremely well.

As the above conclusions clearly indicate, there is no single and no
simple PBL~flow model available to describe the mean and turbulent
flow near the surface under moderately strong wind conditions at the
Wallops Island site. The presence or absence of appreciable low-

frequency velocity fluctuations causes the parameters describing

this flow to vary a great deal. The non-uniform surface conditions
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and the presence of the low-frequency fluctuations, either in the
convective boundary layer or in the on-shore winds in the form of
internal gravity waves, cause the observed surface flow to be quite
different from the neutral boundary layer flow model. For the pre-
vailing winds from either the south or westerly directions the
experimental results do not show any evidence for the PBL flow to
approach the neutral boundary-layer model as the wind speed increases
from moderately strong to extreme.

It is assumed that engineers, already aware of uncertainty in
modeling the PBL flow, use safety factors in the design of wind
turbines to allow for differences in the actual wind environment
in comparison with the predictions from the neutral PBL model. The
variation of the turbulence intensities and turbulence integral scales,
measured under moderately strong wind conditions at the Wallops site,
is appreciable. Consequently a great deal of difference may exist
between actual measurements and the neutral PBL model. . Experimental
evidence does not indicate that mean wind and turbulence parameters
will conform closer to the neutral PBL-model under higher wind-speed
and slightly unstable conditions. The observed differences appear at
the lower frequencies which are pertinent to the response characteristics
of the larger machines. Therefore, the design of large wind turbines
may need an increased safety factor with respect to turbulence at

frequencies below about 0.0l Hz.
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Figure 37. Profiles of Average Integral Scales, L,, for
Westerly Winds for Different Times of the Day.
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Figure 39. Variation of the Integral Scale, Li, at z=45.7m (150 ft.) with Roughness Length,
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Figure 42. Logarithmic u—Spectra for Run 19 cr and L Obtained in the Middle
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Figure 59b. Logarithmic u~Spectra Versus Modified Reduced
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TABLE I.

Cup-Vane Instruments

Mean Profile and Turbulence Parameters for Strong Winds Over Near-Uniform Terrain

%81

Data ¢ u V—Gfl U* L (m) U* z Ri Type of Date Time EST
Record (deg) (m/s) S u ° ° o at z= Profile or EDT

at z= at z= at (m/s) (m) 15.2

15.2m 15.2m _ 76.2m -
158C 241.4 13.5 2.83 303 0.81 0.019 0.131 -0.026 S 2-25-'77  12:37-13:45
158D 244,0 12.9 3.10 149 0.78 0.020 0.137 -0.026 S 2-25-'77  14:02-15:02
158E 247.0 11.6 2.84 201 0.77 0.037 0.146 -0.023 S 2-25-'77  15:02-15:53
153B 288.3 13.3 2.98 393 0.86 0.031 0.164 -0.027 S 12-21-'76 12:22-13:39
153C 291.1 12.5 3.15 420 0.81 0.031 0.146 -0.028 S 12-21~'76 14:30-15:38
153A 291.9 13.2 3.08 429 0.85 0.031 0.140 -0.028 S 12-21-'76 11:14-12:13
168D 297.9 11.4 2.50 342 0.80 0.052 0.157 -0.053 K 3-25-'77 14:12-15:46
168C 312.2 11.2 2.69 639 0.73 0.034 0.150 -0.060 K 3-25-'77 12:38-13:38
128G 316.2 16.8 2.80 191 1.04 0.023 0.136 -0.016 S 8-9-'76 17:07-18:07
128H 316.6 13.9 2.80 125 0.92 0.037 0.150 -0.021 S 8-9-'76 18:07-18:50
144A 317.8 10.9 3.15 167 0.65 0.018 0.140 -0.044 S 10-14~'76  9:58-10:58
169C 319.2 13.1 2.39 319 0.98 0.073 0.173 -0.029 K 3-31-'77  13:27-14:27
163A 323.0 10.6 2.64 201 0.69 0.030 0.152 -0.046 K 3-16-'77 10:53-12:01
169D 323.0 12.2 2.70 236 0.87 0.055 0.163 -0.035 K 3-31-'77  15:09-16:09
128F 340.0 17.1 2.50 209 1.16 0.040 0.160 -0.082 K 8-9-'76 15:08-16:25

Hot-Film Anemometers

15 294 13.0 2.38 433 0.92 0.082 0.20 -0.039 K 3-23-'77 15:20-16:15
14 296 12.0 2.79 426 0.85 0.070 0.17 -0.040 S 3-23-'77  13:30-14:25
19 301 11.6 2.57 306 0.78 0.040 0.16 ~0.046 K 3-25-'77 14:21-15:16
17 304 12.5 2.61 541 0.87 0.049 0.15 -0.041 S 3-24-'77  12:27-13:22
18 322 11.9 2.36 397 0.90 0.073 0.18 -0.025 K 3-24-'77 16:25-17:20
16 292 7.1 1.03 78 0.94 0.741 0.25 -0.0014 S 3-23-'77  20:30-21:25
Note: Type of Profile: S-single logarithmic profile, K-kink in profile.
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