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SUMMARY

Detailed measurements of the mean and turbulence characteristics of
the surface wind measured near the Atlantic coast at Wallops Island,
Virginia, are presented in this comprehensive final report. This final
report consists of five articles and & detailed report of the
experimental results for the U.S. Department of Energy under contract
no. AC 06-79 ET 23007. Earlier reports dealing with the
instrumentation, calibration, data handling, data analysis and early
results are not included in this final report. Detailed information on
these items are available as reports from the National Technical !
Information Service under NASA-CR-62093, 1973, NASA-CR-137456, 1974,
NASA-CR-140586, 1974, and NASA-CR-141422, 1977.

The experimental data were acquired from a 76-meter tall i
instrumented micrometeorological tower. Mean wind and turbulence
measurements were made with two types of instrumentation consisting of
cup-vane and temperature probes, primarily used for mean profile
measurements of velocity and temperature respectively. The second
system, a hot film and thermocouple system, was used for measurement of
turbuience variances and covariances and spectra. The cup-vane system
was used to acquire data from all wind directions, while the hot-film
system was primarily used for turbulence measurements from the two
prevailing wind directions, south and north-west.

The micrometeorologicai tower is a self-standing non-guyed tower
with five working platforms at 15.2m (50 ft.) intervals, with cup-vane
and aspirated temperature probes mounted at each platform. This
instrumentation system is used by N.A.S.A. in conjunction with its

sounding rocket launching operations. With this system data could be
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acquired without interruption for about eight hours at a rate of one
d sample each two seconds. A total of 195 digital tapes were generated

with this system during the period of July 1974 and Decsmber 1978.

Approximately 300 data records were analyzed, each varying between 43
and 85 minutes in duration.
Six three-dimensional split-film anemometers (T.S.1.-1080) were

used for the turbulence measurements. These instruments were mcunted on

1.8m booms at the same levels as the cup-vane instruments and also at
the 9m (30 ft.) level, The electronics for this system as well as the
data-acquisition and data-handling system wére located in an
instrumentation trailer parked at the base of the tower. This sytem was
designed to handle outputs from six split-film anemometer systems,
sampled at a rate of 200 samples per second for a period of
approximately one hour. A total of 32 one-hour data runs were acquired
with the hot-film system between July 1976 and December 1978 and
analyzed for variances, covariances and spectra.

A1l data were acquired under predominantly moderately strong wind
conditions with an hourly mean wind speed between 10 m/s and 20 m/s at i
the 76.2 (250 ft.) level. Under these conditions, the atmosphere near ;
the surface cannot be considered neutrally stable, and convective
effects must be included in the analysis of the data. For on-shore
winds, the surface flow is more compiicated as the result of the
development of an internal boundary layer. The latter is initiated as
the air crossing the beach from the water generally experiences a change

in surface roughness and in surface temperature. The internal boundary

layer has a height between 15m and 30m at the tower location depending

on the development distance from the beach which varies with wind ? E
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direction. Also for southerly winds during the day time, the warmer air
flows over the cooler water, allowing the formation 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 76m, has been observed. Under extreme stable
conditions at hourly mean velocities in excess of 10 m/s at the highest
observation level, the turbulence has been observed to vanish
completely. Moreover, low-frequency internal gravity waves have been
observed to co-exist with the turbulence.

For continental winds under convective conditions, usually
encountered during the day time, the planetary boundary layer (P.B.L.)
is usually characterized by a strong upward heat flux énd by strong
vertical mixing due to the positive buoyancy forces. As the result of
this intense mixing prccess a relative sharp inversion layer separates
the mixed layer from the free atmosphere. This inversicn delineates the
depth of the P.B.L. Under uniform surface conditions the surface flow
can be modeled adequate1y by the Morin-Obukhov (M.0.) similarity theory.

Westerly winds approaching the Wallops site pass in succession over
the mainland, the Chesapeake Bay, tiie "Delmarva" peninsula and the tidal
marsh. For the Tast 100m-300m the air travels over the island before it
arrives at the tower location. As the result of the nonuniformity of
the surface roughness and the surface temperature encountered by these
westerly winds, the applicability of the M.0. theory is questionable.

As the air flows over water the upward heat transfer is interrupted and
the downward heat flux from the inversion at the edge of the P.B.L.
penetrates down to the surface. This downward heat flux is often

observed at the tower site under convective conditions, while at the

A e

i

A ST STy SRS



D Lt T e S

same time the temperature gradient would suggest an upward heat flux.

More complications of the surface flow may be encountered when
clouds are present and condensation of water vapor occurs within the
P.B.L. Under these conditions latent heat is released and an inversion
layer develops just below the cloud base which is responsible for the
suppression of the turbulence below this inversion. Also for westerly
winds between 300° and 330°, the instantaneous wind direction
experiences frequently large fluctuations toward the north. These
direction fluctuations are not normally distributed, providing an
explanation for the unusual high Tateral turbulence intensities and the
non-zero lateral horizontal shear component vw.

The experimental results of this research program clearly indicate
fhat there is no single and no simple 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 statistical
parameters describing the turbulence to vary a great deal. The non-
uniform surface conditions and the presence of large-amplitude low-
frequency fluctuations, either in the convective boundary layer or in
the on-shore winds in the form of interval gravity waves, cause the
observed surface flow to be quite different from the M.0. boundary layer

flow model.,
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Summary

A method is described for the detailed multi-point measurement of the turbuiant veloc-
ity components and temperature in the atmospheric surface layer.

The TSI three-*::ensional split-film anemometer system is used as sensor and a special
designed data-ncquisition and data-handling system is used for the sampling, digitizing and
storing of' the data on digital magnetic tapes. Further processing of the data is performed
in a digital computer and programs are developed to ullow efficient calculation of the sta-
tistical quantities such as, mean values, covariances, power- and cross-spectral density
functions. At the present, six anemometer systems have besn mounted on the 30-, 50-, 100-,
150-, 200- and 250-foot levels of the 250-foot Meteorological Tower at NASA, Wallops
Flight Center. The tower is located at Wallops Island which is one of the barrier islands
protecting the so-called **Delmarva’ peninsula from the Atlantic Ocean. The island, which
consists of a narrow strip of dunes approximately three meters above sea level, is situated
in a northeast—southwest direction and is separated from the mainland by a three-mile
wide tidal swamp.

Introduction

The aerodynamic properties of the lower part of the atmospheric boundary
layer up to a height of approximately 500 feet, are usually measured with in- :
struments placed on masts, meteorological towers or other tall structures. For
measurements at higher altitudes, instruments placed on meteorological bal- .
loons or low-flying aircraft can be used. During the last two decades a number
of research programs dealing with these measurements and interpretation of
the aerodynamic properties of the atmospheric boundary layer have been ;
carried out. A discussion of some of the tower measurements can be found in
the literature and a comprehensive review of these studies has been given by
Panofsky [1], Busch [2], Haugen [3] and Panofsky [4]. Except for a few
cases, most of these research programs have been limited in scope because of
the lack of simultaneous and multi-point velocity and temperature measure-
ments over a wide frequency range. For example, in many cases either the

* At present graduate student at Johns Hopkins University, Materials Science and Mechanics
Department, Baltimore, Maryland.
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vertical velocity compones{ or the fluctuating temperature are missing or
meesurements are made with instruments whose frequency response is limited.
The objective of this NASA-supported research program is to develop a
system which will be akle to obtain a complete and an extensive set of muliti-
point measurements of the three velocity components and the temperature
in the lower atmosphere. These measurements will allow the accurate deter-
mination of mean values and statistical information of the low level atmo-
spheric turbulence.

Instrumentation

The total vector anemometer 1080 system manufactured by Thermo-Sys-
tems, Inc. was chosen for this research program since it seems to have the ad-
vantage of small physical size, fast response and high sensitivity over a wide
range of velocities. In addition, the probe consists of three split-film sensors
as shown in Fig.1, which allows the determination of magnitude and direc-
tion of the instantaneous velocity vector.

Fig.1. Schematic diagram of the sensor oriented coordinate system, ABC, and the probe
oriented coordinate system, XYZ.

The three sensor rods are mounted mutually perpendicular to form a Car-
tesian coordinate system from now on referred to as the sensor-oriented co-
ordinate system. The active sensing element consists of a thin platinum film
of approximately 1000 &ngstrém thickness and 0.080 inch long, which is
placed on a 0.2 inch long and 0.006 inch diameter cylindrical quartz rod.

A thin coat of quartz over the film is used to provide protection from the
environment. The platinum film on each rod consists of two segments,

S MU T SO §
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separated from each other by two longitudinal splits 180 degrees apart*, The
orientation of the splits on each sensor rod is such that it allows the determi-
nation of the octant in which the instantaneous velocity vector is located. For
minimum support interference, the three sensce rods are mounted at only one
end to a thin supporting structure in which the electrical leads are embedded.
The active elements on each rod are electrically heated to the same constant
temperature by separate anemometer circuits. A copper—constantan thermo-
couple is mounted close to the sensors and measures the ambient temperature
with a maximum frequency response of 25 Hz. The manufacturer’s perfor-
mance specifications list a response up to 1 kHz depending on the cable length
used. For tower mounting of the probes, cable lengths of approximately 350
feet and 200 feet were used. The three sensors and the th.ermocouple are pro-
tected, while not in use, by a shield which can be placed over the sensors and
retracted pneumatically. An air stream is continuously supplied through the
shield, in order to keep the sensors free of contamination and moisture while
not in operatiors.

The data acquisition and data handling system was designed to handie out-
put data from one to thirteen anemometer systems, sampled at a rate of 200
samples per second, for a duration of approximately 45 minutes. All necessary
equipment and controls are fixed in an instrumentation trailer placed under
the meteorological tower. The system consists of two main parts: (a) the mul-
tiplexing and analog recording system, schematically shown in Fig.2 and (b)
the demultiplexing, digitizing and digital recording systen:, shown in Fig.3.

7 V.C.0.'s
8kHz
12 kHz
ANEMOMETERS 16kHz SUMMING AMELIFILERS
J 20&.‘11‘—--] l
#*1 —-—-———l’ s 28 WM oy .’l
‘_____l 28kHz
= 32kHz S =
2 - = 2
= =
* E =
= ANALOG
. — | __TAPE
= = J.____ " n
24 = E a4 .
= =
s = =
= =
o = REFERENCE 5 * ,
— OSCILLATOR TIME-OF -DA
100kHZ — GENERATO(

Fig.2. Multiplexing and analog recording system,

*Patented by Thermo-Systems, Inc,
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DISCRIMINATORS
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] 12KHZ
o] 16KHZ ANALOG=
- 20kH2 { TO~DIGITAL
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1 20kHz

32kHz

il

LOW PSS
FILTER (100 Hz) L—
ANALOG 100kH2

| OIGITAL
TAPE COMPUTER (—CONTROLLER{~ _ TAPE
RECORDER | RECOROER

TIME-OF-DAY | | y
CONVERTER INTERFACE =t

Fig.3. Demultiplexing, digitizing and digital recording system.

Each anemomieter provides seven analog voltages, one from the thermo-
couple circuit and six from the anemometer circuits, all in the range of 3—5
volts. All voltages are frequency modalated by voltage-controlled oscillators,
each with a different center frequency. For the output of each anemometer
there is one set of voltage-controlled oscillators with center frequencies of
8, 12, 16, 20, 24, 28 and 32 kHz, respectively. All voltage-controlled oscil;
lators operate at a deviation from their center frequency of +1 kHz fora
maximum voltage input of £5 volts. The seven frequency-modulated signals,
together with a reference signal of 100 kHz are summed by a summing am-
plifier to produce one single multiplexed signal of approximately 3 volts
peak-to-peak. The multiplexed signals from the six anemometers are simul:
taneously recorded on six separate channels of a 14-channel analog tape re-
corder. The time-of-day is recorded on a separate channel of the analog tape-
recorder and serves as a reference for the recorded dzta.

At a later time, the analog tape is replayed and the multiplexed signal from
the desired channel is demultiplexed to its seven components after passage
through seven discriminators. A reference discriminator senses any deviation
in the reference frequency of 100 kHz caused by fluctuations in the tape
speed of the analog tape recorder and corrects the output of the seven dis-

criminators accordingly. Consequently, the six outputs corresponding to the .

six anemometer bridge voltages are each passed through a 100 Hz low-pass |
filter. This is necessary to avoid aliasing (distortion) of the velocity spectra

at frequencies below 100 Hz from contributions of frequencies above 100 Hz.

Next, the seven analog voltages are passed through the analog-to-digital con-

verter where the analog signals are sampled at a rate of 200 samples per second

and each sample is converted to an 16-bit (plus sign) digital word. The total
scan, settling and conversion time for the sampling of the seven voltages is 50
microseconds, which is approximately I % of the time interval between two

e
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scans. The recorded time-of-day is converted to a 32-bit binary coded decimal
signal by a serial-to-parallel converter which is interfaced with the controller
computer by a custom-designed interface. The computer (DEC Model PDP
11/20) controls the multiplexing, analog-to-digital conversion as well as the
digital recording. The computer is programmable in DEC PAL-11 assembly
language and has an 8 K memory of 16-bit-words. Access to the computer is
obtained through 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 conversion of
the seven analog voltages into two-byte (16 bit) words at a rate of one scan
every 5 milliseconds. These words are stored in one of the four buffers of the
computer which in turn dumps the data on a 9-track digital magnetic tape. Each
buffer has a capacity of 209 scans which represents 1.05 seconds of data.

A totzl of 2500 records make up a data sample, extending over a time period
of approximately 45 minutes.

Operation

The total heat flux for a split-film sensor, where both films are operating
at the same temperature is given by

(iRpy + LRy )(Ty—Tg) = C + D(p U )™ 1)

where I, and I, are the heating currents of films 1 and 2, respectively. Ry,

and Ry, are the hot film resistances, Ty is the film operating temperature, T,

is the ambient temperature, p is the air density, U, is the effective cooling
velocity which is a function of the velocity magnitude and the sensor yaw angle,
¢, and n is the exponent in the heat transfer equation, Introducing the relation
for the effective cooling velocity as suggested by Hinze [5] and relating the
velocity to standard pressure, P = 29.92 inches of mercury and standard tem-
perature T; = 530 degrees Rankin, the heat flux equation becomes

(iRsy + 2Ry, )/(Ty—T,) = C + DUP (cos® ¢ +k? sin? ¢)*/?, (2)

where Uy is the velocity related to standard conditions and k is an experimental-
ly determined coefficient of the order of 0.1.

Introducing the bridge voltages E; and E- for films 1 and 2, respectively, equa
tion (2) can be modified to

Q/AT = (K,CF,E} + K,CF,E;)/(Tf—T,) = DU%(cos® ¢ +k*sin®¢)"/?, (3)

where @ is a measure of the total heat transfer, CF; and CF, are temperature
correction factors for films 1 and 2, respectively, to account for cable and
ambient temperature changes as ciscussed and defined by Tieleman and
Tavoularis [6]. The constants K; and K, should ideally be the ratio of the
film resistance and the square of the corresponding bridge resistance. Yow-
ever, these constants also correct for area and resistance differences of the
two films and must be determined experimentally. In addition, for all veloc-
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ities of interest in this study, the constant C may be eliminated by adjustment
of the constants K, and K.

Assuming that the three sensors A, B and C are mounted mutually perpen-
dicular, the following trigonometric relation holds for the sensor-yaw angles.

sin?p5 +sin? ¢g +sin® ¢c = 1. (4)

The standard effective-cooling velocities are related to the magnitude of
the standard velocity U; and the sensor-yaw angles, ¢4, by the 2xpression

Uusy? ™ UF (605 9o + Iy sn’ 05), o

where the subscript a refers to either one of the sensoit A, B or C. Assuming
that identical values of k, exist for all three sensors and using expressions (4)
and (5), the magnitude of the standard velocity can be expressed in terms of
the effective-cooling velocities of the three sensors as follows,

Ug = (UéaA + U%SB + mesc)/kaw (6)

Here the constant k4, is of the order of 2.1 and needs to be determined through
calibration.

The sensor-yaw angles can be obtained from expressions (4) and (5) and
be of the following form

| | = arcsin [{1—(CqUes, /Us)* } /(1—kq)] Y2, (7

where the coefficients C, are of the order of unity but due to variations in
heat transfer with sensor-pitch angle, ¢, these coefficients may deviate a
small amount from unity. In reference to Fig.1, it can be seen that the sign
of the sensor yaw angles, ¢ 5, can be determined by comparing the output
voltages of sensor C. In case ¢ o is zero degrees, the velocity vector is located
in a plane formed by the sensors B and C which is similar to the plane formed
by the two splits of sensor C. In this case, the ratio of the output voltages of
sensor C is defined as

E,c/E;c = Rg. (8)

In general, when the ratio of the film voltages, E,c/E,¢ is larger than R¢,
the sensor-yaw angle, ¢ 4, is considered positive and if the above ratio is less
than Rq, ¢ 4 is considered to be a negative angle. Similarly, the magnitude
of the ratios E|A/E, 4 and E,g/E,pg will determine the sign of the sensor-yaw
angles ¢ and ¢c, respectively.

The actual velocity components in the sensor-oriented coordinate system
can now be calculated since the magnitude of the velocity and its direction
with respect to the sensor-oriented coordinate system is known. The actual
velocity can be obtained from the standard velocity using the continuity
equation and the equation of state for a perfect gas as

U = (Ps/P)(T/Ts)Us, : (9)

5P LR AT T e G B T L DY LT TS s

PRSI M RS2 AT 0T LR

kst

i

e

e,

e

LT

i R LTS

el e Dot

[ e RRPRCY



St

-

56

where P and T are the ambient pressure and ambient absolute temperature of
the air at the time the measurements were made.

The correction factors CF, and CF, in expression (3) need to be intro-
duced to account for cable temperature changes as well as ambient tempera-
ture changes. According to Tieleman et al. [7], the values for these correc-
tion factors for the six differeat bridge voltages can be calculated as follows

CFai = [1+ (ARc, IR} )T, —Ta)(Try; —T,) . (10)

Again, the subscript a refers to either sensor A, B or C and the subscript i =
1,2 indicates the appropriate film. The zero-superscribed quantities refer to
the calibration conditions in the TSI laboratory. AR, represents the change
in cable resistance, Ry represent the hot film resistances. The second factor
in (10) represents the correction for ambient temperature and film tempera-
ture.

Tieleman et al. [7] tested the accuracy of the three-dimensional split-film
anemonmeter in the low-speed wind tunnel at VPI and SU for a wide range of
velocities and angles of attack. In order to improve the accuracy, changes
were made in the so-called “improved accuracy” as suggested by Olin and
Kiland {8]. In addition, a temperature correction was introduced to correct
the output voltages for variations in heat transfer and cable resistance as a
result of variations in ambient temperature. These changes were not sufficient
since new tests indicated rarely a percentage error of less than 5 percent for
the calculation of the velocity components. This high percentage of error was
due to a number of problems which were prominent over different ranges of
probe-yaw angles. The heat transfer is not constant when, the sensor rod is
rotated about its axis which results in errors in the evaluation of the cooling

velocities, total velocity and sensor-yaw angles. Secondly, large errors are made

in estimation of the sensor-yaw angle, ¢, when the absolute value of this
angle is less than 10 degrees which occurs when the probe-yaw angle, 8, is
approximately +40 degrees. Errors due to convection of heat from an up-
stream sensor to a sensor located directly downstream results in a lower es-
timate for the cooling velocity of the downstream sensor. This occurs when
the probe-yaw angle, 8, is +90 degrees. For certain probe-pitch angles, the
thermocouple senses an ambient temperature which is too high as a result of
convection of heat from an upstream sensor. In addition, a different method
for the evaluation of the velocity components as suggested by Olin and
Kiland [8] was tried with slightly better results. This method was later re-
jected because the required calibration procedures were too lengthy. From
all these tests it was concluded that the TSI three-dimensional split-film
probe cannot measure velocity and direction over the full 360° solid angle
in three-dimensional flow fields within the accuracy as was claimed by the
manufacturer. It was finally concluded that this instrumentation can only be
used with the mean velocity closely, parallel to the probe axis if an accuracy

of less than 5 percent is required. In order to satisfy this requirement, it was

decided to use the three-dimensional split-film probes in conjunction with a
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rotating mechanism which allows the probe to be rotated about a vemcal
axis so that the average probe-yaw angle will be close to zero.

Calibration

Based on the conclusions reached as the result of extensive testing of the
probes, new calibration procedures were developed by Tieleman and
Tavoularis [6]. The calibration information is obtained from wind tunnel
testing of the three-dimensional split-film probe as follows. First, data is
taken over a range of velocities between 3.5 and 50 feet per second with each
of the three sensors perpendicular to the flow. With the probe-yaw angle, 8,
equal to zero and probe pitch angle, « = —35.26 degrees, sensor A is perpen-
dicular to the flow. Sensors B and C become perpendicular to the fiow when
the probe pitch angle «, equals zero and 8 is +39.25 degrees and 8 is —39.25
degrees, respectively. Additional data are taken for a = 0 degrees and probe-
yaw angles in the range of § = *+50 degrees in steps of 10 degrees. In addition,
measurements have to be made of the cold film resistance and cable resistances
in order to determine the correction factors. The various constants that are
necessary for the calculation of the velocity components are determined from
the above measurements. First, the heat flux from each sensor is calculated
when the sensor is perpendicular to the flow according to expression (3),
using values for the constants K, and K, those suggested by the manufac-
turer as a first approximation. These constants for two of the three sensors
are then adjusted so that the heat transfer versus cooling velocity curves col-
lapse to one single curve, see Fig.4. The next step is to determine the proper
values for coefficients D and exponent n in equation (3) with the sensor-yaw
angle, ¢, equal to zero. It turns out that no single set of values for D and n de-
scribes the calibration curve adequately. The calibration curve has to be divided
into three ranges with different values for D and n in each range. Once the
heat flux versus effective cooling velocity relation has been established, the
standard cooling velocities, Uqg, can now be calculated for the set of data where
the probe-vaw angle is varied between =50 degrees. Assuming that an expres-
sion like (6) exists, an average value of the coefficient kg, can be calculated
since the magnitude of the standard velocity U, is measured independently by
a Pitot static tube during the wind tunnel testing. The final step is to deter-
mine the calibration constants Cy and ky for expression (7). These constants
for sensors B and C are obtained by fitting a curve of the form of expression
(7) to the calibration data. The latter are obtained by plotting the velocity
ratio U,y/U, versus the predetermined sensor-yaw angles, as shown in Fig.5.
The yaw angle for sensor A can be obtained by using the trigonometric rela-
tion (4) after the values of angles ¢ and ¢¢c have been determined.

As an example of the above calibration procedure and the accuracy with
which the velocity components can be obtained, the calibration constants for
the probe mounted on the 100-foot level of the meteorological tower are given
in Table 1.

Figures 6 and 7 show the accuracy with which the velocity components
can be obtained as a function of the probe-yaw angle, . For small probe-yaw
angles, the velocity components can be determined twithin 5% with respect to
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Fig.4. Calibration curve for sensor heat flux, Q/(Tf—Tg), versus standard cooling velocity,
Ues (probe No. 1193).
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TABLE 1

Calibration constants for the TSI No. 11¢3 anerr>meter

C R

Susor Fim T3 T3 T4 pgeld o ™ RP Kk c R
‘F °F °F Ohm , °F Ohm
A 1 76 633 73.5 43.8 0001087 77 .33 2.0804 _ _ 0.9922
2 76 633 73.5 44.5 0.001074 77 7.31 2.1540 :
1 76 521 735 427  0.001254 77 7.39 2.0793
B 2 76 521 73.5 429 0001273 77 7.26 2.2088 012 10101 10674
1 76 516 73.5 49.6  0.001256 77 7.37 2.0289
¢ 2 76 516 75.5 429 0001295 77 7.28 21748 016  1.0309 0.9821
Q/aT> 0.52, D=0.1299 and n = 0.44
0.38< Q/AT <052 D=01723andn = 0.35
Q/aT < 0.38, D =0,1761 and n = 0.34
Koy = 2.0866
74014 ig the temperature at which the cold-film resistance, RS s measured and afis the

temperature coefficient of resistivity of the film. TL" is the temperature at which the resis-
tance of the cuble, RZ', is measured. K represents the film constants as in equation (3), and
k the constant in the expression for the effective cooling velocity (2). C is a constant in

the expression for the sensor-yaw angle (7). R represents the ratio of the two film voltages

of each sensor at zero sensor-pitch angle. D and n are a coefficient and exponent in the heat

flux expression (3) and kgy is a constant in the expression for the determination of the

standard velocity.

the magnitude of the velocity vector over a velocity range data are ex-
pected to be gathered. For probe-yaw angles of about plus and minus
40 degrees, large errors may occur as a result of the low sensitivity of the
ratio U,s/U; with respect to the sensor-yaw angles ¢¢ and ¢ respectively.
The general calibration procedure which was suggested by TSI proved to
be complicated and inaccurate and as a result this new calibration procedure
had to be developed. This calibration was based on the recognized fact that
the three-dimensional split-film anemometer gives the most accurate results
when the probe operates with its axis parallel to the direction of the mean-
wind vector and the sensors directed into the wind.
All measurements that are necessary for the calibration are performed at
the Quality Verification and Calibration Facility at NASA Wallops Flight
Center. The entire procedure is streamlined into a standard form, allowing

a reasonably fast and efficient calibration of the large number of anemometers

used in this research program. Based on these calibration procedures, a com-
puter program was developed, which converts the output voltages of the
anemometers into velocity components and allows the determination of all
required calibration constants.
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Comparison test
L4
The three-dimensional split-film anemometer was tested in the atmosphere
and the results were compared with the results from two Gill propeller anemo-
meters. These propeller anemometers were mounted in such a way that one
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was parallel to the TSI probe axis and the other perpendicular to the first one
and both in a horizontal plane and located adjacent to the TSI probe. Not
only the mean velocity components were compared, but also variances, co-
variances and power spectra measured with the two different types of instru-
mentation were compared. The results. of these tests are listed in a report by
Tieleman and Chen [9], and the results of one set of data are given in Table 2.

TABLE 2 ‘

Mean wind components in the probe oriented coordinate system

TSI No. 1192 Gill anemomaeters

U’ (ft./sec) 25,93 27,91
V' (ft./sec) 6.70 6.25
8 (degrees) -~—14.5 —12.6

system

TSI No, 1192 Gill anemometers

U (ft./sec) 26,78 28.60
V (ft./seg) 0.0 0.0
W (ft./sec)  5.92 -

u¥ (ft./sec)* 35.91 26.37
uv (ft./sec)* 2,46 0.32
v (ft./sec)® 32,93 22,68

w? (ft./sec)® 25.32
uw (ft./sec)* —4.34 -

The velocity components in this table are given in the mean-wind coordinate
system, which is determined by the direction of the vertical plane containing
the sampie mean velocity vector. The 40-minute data run is broken up in 40-
second blocks which is necessary for the fast Fourier analysis. The block
means of the longitudinal velocity component measured by the Gill anemo-
meter are consistently higher than those measured by the TSI probe; the same
is true for the sample mean velocity. This is due to the fact that the propeller
anemometer accelerates faster as a result of a sudden velocity increase and
decelerates slower as a result of a similar velocity decrease. However, due to
the limited response characteristics of the Gill anemometers, the turbulence
quantities obtained from the Gill anemometer are consistently lower than
those obtained from the TSI anemometer. The same phenomenon is well il-
{r:istrated in Figs. 8 and 9 where the power spectra of the longitudinal and the
lateral velocity components are compared for the two types of anemometers.
These results indicate that the Gill anemometer has the proper response capa-
bilities up to 1 Hz. The spectra measured by t}.> Gill anemometers fall off at
a faster rate at frequencies higher than 1 Hz while the split-film anemometer
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spectra show an extensive region where the spectrum function varies as the
. frequency raised to the —5/3 power. Details of the calculation of the statisti-
| cal quantities and the spectral analysis technique are described in references
[6] and [9].

F
& ‘ Conclusions

' A complete data-acquisition and data handling system was designed to take

high frequency (100 Hz maximum) wind and temperature data measured by
TSI 1080 three-dimensional split-film anemometers. At the present, six probes
| : . are mounted at 50 foot intervals on the 250-foot meteorological tower located
T at Wallops Island on the Atlantic coast. All probes can be rotated so that their
‘ ‘ axis can be placed closely parallel to the mean wind direction. The time dura- .

tion of each data sample is approximately 45 minutes. The output voitages

from all six probes are simultaneously recorded on analog magnetic tapes. At ;
, a later point in tiine, the analog tape is played back and the analog signals .
‘g from each anemometer are digitized, ai a rate of 200 samples per second.
: ' The three-dimensional split-film anemometer system provides seven output
voltages from which the velocity components in the sensor-oriented coordi-
nate system and the temperature can be calculated. The general calibration
procedure as suggested by the manufacturer proved to be complicated and in-
accurate, as a result, a new complete calibration procedure has been developed.
This calibration procedure is based on the fact that the anemometer gives the
most accurate results when the probe operates with its axis parallel to the
direction of the mean-wind vector and the sensors directed into the wind. The
data measured with these anemometers are compared with the data measured
with a set of propellor-type Gill anemometers. Mean values, variances, covari-
ances and spectra of the two horizontal wind components, measured simultane-
ously with these two types of anemometer systems, are compared. The discre-
pancies of the measured quantities can be attributed to the varying and
limiting response characteristics of the Gill propeller anemometers.

As a result of carefully carried out calibration procedures, accurate statistical
estimates of long time series describing the fluctuating wind components can
be obtained with the TSI 1080 three-dimensional split-film anemometer
system.
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A STUDY OF THE MEAN AND TURBULENT FLOW IN THE LOWEST 250-FEET OF AN ON-SHORE
WIND

H. W. Tieleman and D. B. Derrington

Engineering Science and Mechanics Department Virginia Polytechnic Insti-
tute and State University

ABSTRACT

Three-dimensional velocity measurements and temperature measurements were
obtained on the 2E0-foot meteorological tower located near the Atlantic Ocean
at Wallops 1sland, Virginia. The wind approached the tower from the ocean.
As the wind passes the shore 1ine at an oblique angle it experiences a change
in roughness and possibly a change in surface temperature, resulting in a
complex three-dimensional type flow.

Measurements of the mean and turbulent flow quantities were made with a
special computer-controlled data-acquisition system. Data analysis includes
the following statistical parameters: mean velocity and temperature, vari-
ances and covariances including heat fluxes and Reynolds stresses. MHine, one-
hour runs were analyzed and the results agreed closely with the suggested
model.

INTRODUCTION

The Monin-Obukhov similarity theory is based on the assumptions that the
flow in the surface layer can be treated as being steady in the mean and takes
place over a. horizontal and homogeneous surface. The assumptions that
coriolis and pressure-gradient forces are negligible and the flow is parallel
to the surface, lead to a one-dimensigral treatment of the problem. Real at-
mospheric flows, where inhomogereity of the surface is a common occurrence, do
not correspond to this ideal situation. Abrupt changes in surface roughness
and surface temperature lead to horizontal fluxes of momentum and heat.

An example of this type of flow is the oblique passage of an on-shore
wind from the ocean to the land surface. Over the ocean a large part of the
radiation is spent on evaporation of the water and much less for heating the
water. During a warm summer day, the warmer air blows over the cold water
surface and the lower layer of the atmosphere is cooled and an inversion
develops. For an on-shore wind this stable layer is heated from below after
it crosses the coastline, and in addition the surface roughness changes from
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smooth to rough. This leads to development of an unstable internal boundary
layer (IBL) with stable air above it. The depth of the IBL increases with
increased distance from the shore (Fig. 1). In addition, the overland flow
becomes three dimensional if the on-shore wind passes the beach at an ob-
lique angle. After a certain distance inland from the shore, the IBL may -
reach some degree of equilibrium when the advection of momentum and heat in
both the direction of the mean flow as well as in the lateral direction has
decreased sufficiently in comparison to the vertical heat flux. At that
point the one-dimensional model could describe the flcw adequately, and,
theoretically, the M-0 similarity theory can then be applied to the lower
part of the IBL.

An experimental study is currently underway to measure the mean and turbu-
lent flow quantities for such flow. Velocity and temperature measurements are
made with fast- and slow-response type instruments mounted at six levels on a
250-foot meteorological tower at NASA-Wallops Flight Center. The tower is
located at Wallops Island, Virginia which is bordered by the Atlantic Ocean on
the east and a tidal flat on the west. Wind and temperature sensors are
located at the 30 and the 50-foot levels and from there at 50-foot intervals
along the height of the tower. The island is one of the barrijer islands
along the coast of the Delmarva peninsula and censists of a narrow strip of
dunes 10 feet above sea level and directed approximately along a line from
North-East to South-West. The distance from the tower to the shore along the
?revailgng summer-wind direction (North-South) is approximately 1000 feet

Fig. 2).

A special computer-controlled data-acquisition system is capable of
sampling the six fast-response anemometer systems at a rate of 200 samples per
second for a period of about one hour. Data analysis includes the determina-
tion of the following statistical parameters: mean values, variances, co-
variances (vertical heat flux and turbulent stress), spectra and cospectra.
Nine, one-hour runs with reasonable stationary characteristics have been
analyzed, and the results closely agree with the suggested flow model.

MODEL FOR THE ON-SHORE FLOW

The basic governing equations for a thermally-stratified atmospheric
boundary layer, where temperature does affect the dynamics of the flow, are
the bsussinesq equations. In order to deal with the mean flow and the turbu-
lence separately, Reynolds averaging is introdused. This process leads to
the well known Reynolds equations which include the turbulent stresses and the
turbulent heat fluxes. It is assumed that humidity variations do not affect
the dynamics of the flow and therefore can be considered as a passive part of
the air.

In order to facilitate the study of the flow, let us consider the follow-
ing simplifications:

a. Mean and statistical flow parameters do not vary with time.

b, Mean flow parallel to the surface.

c. Molecular fluxes negligible compared to corresponding turbulent ones.
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d. Vertical component of the Coriolis force negligible compared to the
gravitational force.
e. Gradients of the pressure field are neglected.

With these imposed conditions, the equations for the mean flow and mean
temperature take the following form.

Momentum equation:

x-direction (horizontal and in direction of the surface stress)
U, o0 il auv oW ()

U5;+VW"3x'ay'32+fv
y-direction (horizontal) , —
V., e v aw 2) ﬁ
Uax 3y"-‘3x 'ay -32 - (

z-direction (vertical)
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Continuity: gg-+ §¥-= 0 ‘ (4)
Thermodynamic energy equation:

T R oFE - - d

This is the set of equations that governs the flow in the IBL and the over-

iying inversion, The Coriolis terms can be neglected in the IBL but not al-

ways in the overlying inversion layer. In the absence of large-scale vertical

eddies in this layer, no turbulent mixing can occur with the adjacent layers :
and the effect of Coriolis forces can no longer be ignored. :

In the case the flow direction makes an oblique angle with the coast line,
the flow becomes three-dimensional in the IBL and horizontal momentum and
heat fluxes exist, although these may be small compared to the vertical
fluxes. As the fiow moves inland the lateral fluxes as well as the longi-
tudinal fluxes will decrease, and the flow in the IBL gradually recovers its
one-dimensional character if no othar inhomogeneities are encountered.

The question is whether or not experimental data obtained in this three-
dimensional flow can be analyzed in the Monin-Obukhov framework, which
realistically applies only in the constant flux layer. After the IBL has
developed for a certain minimum distance, it can be assumed that the hori-
zontal fluxes become relatively unimportant in comparison to the vertical
fluxes. In this case, the local shear velocity, Ux = v/-uw , the local
characteristic temperature, T« = - w8/«Us, the buoyancy parameter, g/T,, and
the height z should be the relevant independent varjables influencing the

»
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statistical parameters which describe the turbulence. It js assumed that the
| £ Coriolis parameter, f, only affects the mean flow and does not affect the
F turbulence apprecjably. With this approach one can define a "local" stability

g length, L = E-E%%_Tﬁ?’ which would convert into the surface stability length,
! Lo, as the surfacg layer is approached. Consequently, the dimensionless

N statistical parameters describing the turbulence should be functions of z/L

ﬁ only. In order to conclude whether or not the M-0 similarity hypothesis can

: be applied to the IBL and overlying inversion, the experimental results

b should be compared carefully with the results in the surface layer over uni-
) form terrain. For this purpose the Kansas data will be used as reported by
| Kaimal et al. [2].

INSTRUMENTATION, DATA ACQUISITION, DATA HANDLING AND DATA ANALYSIS

The data are obtained with high frequency three-dimensional split-film
anemometers (TSI-1080 D) and a low-frequency system consisting of cup-vane
instruments and aspirated platinum-resistance temperature probes. The TSI
! probes are mounted on the south face of the 250-foot tower at heights of 30,
i 50, 100, 150, 200 and 250-feet. The cup-vane instruments are mounted on both
: the South-East and the North-West corner of the tower at 50 foot intervals.
The temperature sensors are mounted on the North side of the tuwer at 50 foot
intervals. The data obtained with the low-frequency instruments are recorded
on digital tape at a rate of 1 sample every two seconds.

The operation of the three-dimensional anemometers capable of making
‘ high-frequency velocity and temperature measurements is discussed in detail
“ by Tieleman and Tavoularis [6]. Each probe is mounted on a rotor which is
capable of rotating the probe about a vertical axis so as to align the probes
i approximately into the mean wind direction. A mini-computer controlled data-
¢ acquisition and data-handling syste~ is placed in a trailer located directly
| beneath the 250-foot meteorological tower.

The output of each anemoneter consists of seven voltages, one from the
thermocouple and six from the hot films. These signals are low-pass filtered
at 100 Hz, and then sampled and digitized at a rate of 200 samples per
second. The digital results are analyzed on the IBM-370 computer at VPI and
SU. A fast Fourier transform algorithm, developed by Tieleman and Chen [5],
is used to calculate the spectra and cospectra. In view of the compute;
capabilities, the number of data points per block is chosen to be N = 213
(40.96 seconds in real time). A total of 75 blocks (51.2 minutes in real
E time) were analyzed per run. Because of this treatment of the data, the tur-"
bulence can only be analyzed in a frequency range from 0.0244 Hz to 100 Hz.
The high-frequency Timit of the thermocouple is approximately 16 Hz although
its output is sampled at 200 Hz and analyzed up to 100 Hz. Consequently,
variances and covariances as well as spectra and cospectra involving the
temperature have to be analyzed differently in order to account for the noise
contribution in the frequency range between i6 Hz and 100 Hz.
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Four com-uter programs for the analysis of the data have been developed.
rhe first prog-am converts the voltages to velocity components and tempera-
ture, and in addition records those quantities on digital tape. These
velocity compaonents are obtained in the TSI-sensor oriented coordinate sys-
tem {5,6]. The second program calculates block means and block variances of
the velocity components and temperature. In addition, the probe-yaw angle,
8, {horizontal angle between mean wind and probe axis) aniid the total number
of reverse arrangements [1] of the means and variances, are calculated at
this point. Inspection of the block means and block variances and their
total number of reverse arrangements is the test for stationarity of the run.
Based on this information a decision is made whether or not to continue the
analysis. The third program converts the velocity components in the mean-
wind coordinate system (Fig. 2), calculates the block means and removes the
block means from the data in each block. Next, all the possible variances
and covariances are calculated for each block and averaged to obtain the mean
variances and covariances for the entire run. Also the velocity and tempera-
ture data with the mean removed are recorded digitally once more. With the
fluctuating velocity components available in the mean-wind coordinate system
and with the fluctuating temperature, the spectra and cospectra of the fol-
lowing pairs of variables, uw, wé and wv are obtained. The variance of the
temperature and we covariance were obtained by integration of the 6 spectra
and wo cospectra in the frequency range from 0.0244 Hz to 16 Hz.

DISCUSSION OF RESULTS

Until recently, data were only collected during the summer months. Since
the prevailing winds are from the south during the summer, the split-film
probes were mounted on the south side of the tower. Originally, thirteen one-
hour data runs were taken; however, four of these runs were rejected as being
nonstationary. Table 1 shows the results of the mean flow and the turbulence
of the nine runs which were analyzed. The values of the direction angle, ¢,
indicate the direction of the mean-wind vector measured clockwise with respect
to north.

The results show clearly the presence of an unstable inner layer and a
stable outer layer. For each run, the vertical heat-flux changes direction
between 50 and 100 feet. The results (not all listed in Table 1) indicate
that the flow is three-dimensional, fluxes of heat and momentum in the hori-
zontal direction are appreciable, but are usually less than the vertical
fluxes.

For most of the runs, the velocity profiles when plotted in the usual
semi-logarithmic fashion show one or mere "kinks." Extrapolation of the
velocity from the 50 and 30 foot elevations lead to extremely high roughness
lengths, z,, especially for runs 2, 7, 8 and 9 (zg > 1 foot). These values
of zy are typical for flow over moderateiy rough terrain, such as wooded
areas and suburban areas, but are too high for the terrain at Wallops Island
in this case. Consequently, these extremely high roughness lengths indicate
the presence of an abnormal boundary layer. The velocities at the higher
elevations are much higher than under normal conditions, when large-scale
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turbulence provides, as a result of turbulent mixing, a much more uniform
velocity profile. In the absence of large-scale eddies, Coriolis forces may
become sufficiently important to affect the flow. The results do indicate
this, runs 1, 7 and 8 show a maximum clockwise rotation of the mean flow
direction of 4 to 10 degrees between the 50 and 250-foot levels.

The mean-temperature profile for the nine runs show some unusual "kinks"
mostly between the 100 and 150 foot levels. The most interesting sequence of
mean-temperature distributions is from runs 7, 8 and 9 (Fig. 3), which were
taken on the afternoon of August 13, 1976 starting at 2:12 P.M., 3:37 P.M.
and 5:05 P.M., respectively. The early afternoon runs show a decrease in
temperature up to the 100-foot level and an increase in temperature for
higher elevations. In the early afternoon the layer above the 100-foot level
shows a rather strong positive temperature gradient. As the afternoon pro-
gresses this temperature gradient decreases dramatically. The run starting
at 5:05 P.M. shows a decrease in surface temperature with a subsequent cool-
ing trend in the lower 50 feet.

Many of the afternoon runs show a decrease in temperature with height up
to the 100-foot level, then a slight increase between the 100 and 150 foot
levels and decreasing temperatures above the 150-foot level. The temperature
profiles obtained outside the IBL are governed by the depth of the inversion
layer over the ocean. Apparently, this depth was larger than 250 feet dur-
ing the early afternoon (Run 7); the second run of the afternoon (Run 8)
still shows a positive temperature gradient but of a much smaller magnitude.
For the third run (Run 9) the temperature gradient between 100 and 150 feet
is slightly positive but above the 150-foot level it is negative. This indi-
cates that during the afternoon the inversion layer is decreasing in depth
but also that its degree of stability is decreasing.

~ No simple relationship exists between the standard deviations of the
three velocity components normaiized with the local shear velocity and the
stability parameter z/L for extreme stable conditions, z/L > + 2.0 (Figs.
4, 5 and 6). For near neutral conditions the average values of o,/Ux are
1.75, 1.5 and 1.4 for o = u, v and w, respectively. The values o% the vari-
ances in stable and near-neutral air depend on the frequency response of the
instruments with which the velocities are measured and the manner in which
the data are analyzed. Low-frequency contributions affect the horizontal
variances significantly, and consequently the way in which the means are re-
moved from the original time series can influence the magnitude of these
variances a great deal. The results also indicate that the ratios o /Ux are
very sensitive with stability, and increase drastically for deviations from
neutral conditions in both the stable and unstable regime. The standard
deviations of the velocity fluctuations, o,, show maximum values in the IBL
and decrease rapidly across the interface getween this layer and the overlying
inversion. In the stable air the vertical variances are usually smaller than
the horizontal variances. Inspection of Table 1 reveals that the vertical
fluctuations almost disappear for those runs with clockwise rotation of the
mean wind with height. This indicates that turbulent mixing in this layer
with adjacent air does not exist and Coriolis forces become important.
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The ratio, og/|T#|, shows a great deal of scatter close to neutral thermal
stratification as T should approach zero (Fig. 7). Values of 2.0 or ]arger
are common in the IBL. In the stable air above this layer, values of this
ratio decrease sharply with increased stability to an average of 0.5.

Panofsky [4] reports that o5/[T«| shows an average of 1.8 in stable air and
decreases with increasing sgability similar to the results obtained at Wallops
Island. In this study the temperature ratio, o4/]T«|, was obtained with the
local scaling temperature T« rather than the va?ue of this quantity in the

surface layer.

The values of the uw covariances are all negative as expected, except for
run 8, 150-foot levei. The local shear velocities obtained from these co-
variances are successfully used as reference velocities for the calculation
of the scaling temperature, T,, the stability parameter, z/L, and the flux
Richardson number. The uw covariances show maximum values_at the 30-foot
level except for run 8 and 9. Extremely small values for uw were obtained in
the stable air above the IBL. The lowest value was obtained at the 250-foot
level for run 7, for which the largest rotation of the mean wind direction
was_measured. The results in Table 1 indicate that extremely small values
of uw not automatically mean absence of large scale eddies. Runs 1 and 8
which show clockwise rotation of the mean-wind direction with height, also
show larger uw covariances than those from other runs which do not experience
any appreciable rotation of the mean-wind vector., These results seem to in-
dicate that the contribution to the shear for runs 1 and 8 must come from
the velocity fluctuations with smaller wave lengths.

The we covariances show positive heat flux in the IBL and negative values
in the overlying inversion layer. The values of these covariances are of the
same magnitude, indicating that the upward heat flux in the IBL is of the
same order as the downward heat flux in the stable layer. Because of the
absence of large scale eddies in runs 1, 7 and 8 it can be concluded that
heat is more effectively transported by the smaller eddies. Considerable
horizontal heat transfer occurs at the interface between the IBL and the

overlying stable layer.

The characteristic length-scale of the energy-containing eddies can be
obtained from the normalized autocorrelation function using Taylor's

hypothesis,

LU=y j: R(x)dt (6)

In Table 1 the values of Lg were obtained from the measurements made with the
NASA cup-vane instruments.” These instruments do not respond to high-frequency
velocity fluctuations and consequently, the calculated values for the integral
length-scale, LJ may be somewhat high.

An alternate method for obtaining a measure of the scale of the energy
containing eddies is the wave length corresponding to the reduced peak fre-
quency of the logarithmic longitudinal velocity .spectra:
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Kaimal [3] gives the following relation for the twec length scales
= 2 LY (8)

According to the results 11sted 1n Table 1, there does not seem to exist a
simple relation between A and LY For most runs, AY > L for the unstable
flow in the IBL. This trend is reversed for the stabTe F10w above the IBL;
the integral length scale, Ly, 1s in most cases 1arger than A4 by a factor
of 1.5 - 2.0. The length scale, A , is smaller in the stable air for those
runs which show rotation of the mean wind, as is to be expected. The block
length used for the analysis of the cup-vane data is about 512 seconds, and
removal of the block means results in high-pass filtering at a lower fre-
quency. Consequently, large scale fluctuations are included in the determi-
nation of the autocorrelation, resulting in large values of the turb::lence
integral scale. These low frequency fluctuations which can be identified as
gravity waves, are present in run 4 at all levels above the IBL and at the
250-foot level of run 7.

CONCLUSIONS

The results of this experimental study indicate that the stable on-shore
flow, modified by changes in surface roughness and surface temperature, does

. not lead to an ordinary boundary layer with the usual vertical turbulent mix-

ing. The measurements support the physical model which include the deve1op-
ment of an unstable internal boundary layer (IBL) with a stable overlying in-
version. The magnitudes of the variances of the velocity components and the
uw covariances decrease rapidly across the interface between the two layers.
The vertical heat flux is positive in the IBL and negative in the overlying
inversion. The roughness lengths, z,, are unusually high, indicating that
the velocity profile is not the normal profile one would encounter in an at-
mospheric boundary layer with large-scale turbulent mixing. Under certain
conditions these large-scale eddies are absent in the inversion layer and the
Coriolis forces gain importance resulting in a noticeable clockwise rotation
of the wind direction above the IBL.

The air in the inversion layer and in the IBL are essentially independent,
and ordinary boundary-layer models based on turbulent mixing cannot be ap-
plied. Consequently, in absence of turbulent momentum exchange with adjacent
layers, the wind velocity of the stable layer is larger than the velocity in
the adjacent layers. This explains the existence of a low level jet with a
maximum velocity at an elevation of approximately 300 feet. It is believed
that the presence of the low-level jet depends on the depth and the degree of
stability of the inversion layer above the ocean just before it is modified
by travelling over land.

The presence of the low-level jet with the corresponding clockwise rota-
tion of the mean wind vector, depends on the existence of large-scale eddies
which promote the turbulent mixing between the layers. Large positive values
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of the stability parameter, z/L and flux-Richardson number are necessary but
not sufficient for the absence of these large-scale eddies. At the present

time it is not clear under what conditions this type of flow will occur. In
order to shed some 1ight on these questions it will be necessary to study the
stable boundary layer over the ocean before it is being modified by the land

surface.
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Atmospheric Turbulence Below 75m in the Convective
Boundary Layer (Strong Wind Conditions)

by
H. W. Tieleman and S. E. Mullins
Virginia Polytechnic Institute and State University

Department of Engineering Science and Mechanics
Blacksburg, Virginia 24061

Summary

Mean as well as turbulent velocity and temperature measurements obtained from
the 76m micrometeorological tower at Wallops Island, Virginia are discussed. The
measurements were obtained with cup-vane instruments and aspirated temperature
probes (5 levels) for mean profiles as well as with hot-film probes (6 levels) for
turbulence parameters. The wind conditions during data acquisition can be classi-
fied as moderately strong (at least 10 m/sec at the 15m level) with winds coming
from directions varying between north and west. These conditions are usually en-
countered following the passage of a cold front. Observations have been compared
with strong wind results as listed in several review papers. A new scheme is
developed for the normalization of the velocity spectra using a reduced frequency
related to the characteristic length scale of the velocity components associated

with the inertial subrange.

Introduction

In the field of wind-enginee;ing dealing with wind loads on structures, it is
generally assumed that under strong wind conditions the flow in the atmospheric
boundary layer is controlled by the mechanically produced turbulence [1,2,3]. In
general, the turbulence in the planetary boundary layer (PBL) is either mechani-
cally produced or buoyancy produced. Recent observations throughout the PBL have
indicated that significant entrainment of heat and momentum from the free atmos-
phere is still another source of production of turbulent energy, specifically in
the low-frequency range [4,5,6]. Depending on the atmospheric conditions and
surface conditions any combination of these three turbulence-producing mechanisms

can play an important role in the development of the mean flow and the turbulent

structure-in the PBL even under moderately strong wind conditions.

ot ; 1

T T e

1
3
i
H
£
i1
it

R T T e L T e e i i i i bl e

T T T T S DT SR P AT T




B
:
f
.’

s

Based on observations [4,5] and theoretical considerations [7], the convective
boundary layer over uniform terrain has been divided into three different layers:

1. The surface layer (lowest 10% of the PBL or less) where the wind shear
plays a dominant role and the momentum and the heat fluxes are reasonably constant
with height. Monin-Obukhov similarity applies in this layer to the statistical
parameters involving the vertical velocity component, but not to those of the
horizontal velocity components. Panofsky [8] has suggested that in the surface
layer, proper scaling of the standard deviation,oc, of the horizontal turbulence
components is of the following form

ofUx = f(z./L) (1)

where U* is the surface friction‘velqcity, z; is the height of the PBL delineated
by the location of the lowest inversion layer and L the Monin-Obukhov length.

2. Above the surface layer a free convection layer exists where the con-
vective turbulence dominates the mechanical turbulence (-z/L>1).

‘ 3. The remaining part of the PBL is called the mixed layer, where, as a
result of strong mixing, the mean flow as well as the turbulence are no longer
functions of height and the surface stress.

Overlying this three-layered structure is an inversion layer through which consid=
erable amounts of heat and momentumenters the PBL from the free atmosphere.
Observations made over extremely flat and uniform terrain in northwestern
Minnesota [4] show a net downward heat flux in the upper parts of the mixed layer,
It was also observed [5] that the entrained warm air descends in the form of dis-
crete plumes and upward heat flux from the surface takes place in the form of dis-

tinct thermals in an alternating fashion, Moreover, the spectra of the horizontal

velocity components in the surface layer follow two different similarity schemes [6].

The inertial subrange of these spectra follows Monin-Obukhov similarity, whereas
the low-frequency range follows mixed-layer similarity with z; as the controlling
parameter.

How the flow in the convective PBL will ke modified as a result of nonunifor-

mities in upstream terrain is difficult to predict. The terrain variations have

a more pronounced effect on the flow as it passes several times from land to water
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and back to land. In such a case the air will be in a transient state, being
affected by variations in the surface fluxes of moisture, heat and momentum. The
northwestern flows observed at Wallops Island will have crossed in succession the
U.S. mainland, the Chesapeake Bay (20-50 km), the ''Delmarva' Peninsula (20-50 km)
and for the last 3-5 km the tidal swamp separating Wallops Island from the penin-
sula. The last 60-100 m, the air travels over the island before it arrives at
the tower. During the daytime, the upward heat flux from dryland will be much

higher than from water or moist swamp terrain. Consequently, the upstream flow

will experience a discontinuity in surface heat flux as it crosses the tidal swamp,

and the downward heat flux, which is the result of entrainment of warm air from

the free atmosphere, can be expected to penetrate further downward into the PBL.

This paper deals with the discussion of mean flow and turbulence measurements

obtained from the 76~meter micrometeorological tower at Wallops Island, Virginia.
The data were obtained under strong wind conditions of at least 10 m/sec at the
15-m level and from directions varying between north and west. These conditions
are usually encountered following the passage qf a cold front. In addition to
daytime data, some nighttime observations are reported for comparison. One set
of observations was obtained from a direction where a 6.5-m high rocket-fuel

storage bunker s approximately 85 m upstream of the tower The strong wind ob-

servations have been compared with the results from the review papers ESDU, 1974 [2]

and Counihan [3].
A new scheme is developed for the normalization of the velocity spectra in
the high-frequency range using a reduced frequency related to the characteristic

length scale of the turbulence associated with the high-frequency range. More

stable estimates of the characteristic length scale of the energy-containing eddies

can be obtained in this manner as compared to the traditional integral scales ob-

tained from the autocorrelation function.

Experimental Details
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The Wallops !sland tower is instrumented at six levels with hot-film anemometer
probes capable of high-frequency velocity and temperature measurements. A descrip-

tion of these probes, data acquisition and data handling system as well as a
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description of the data analysis can be found in detail in a report by Tieleman and

Tavoularis [9] and in a shorter version in a paper by the same authors [10]). In

addition, cup-vane velocity instruments and aspirated temperature sensing probes

used for the measurement of mean quantitites are mounted at five levels. The data

obtained with the hot-film probes were sampled 200 times per second; the output of

the wind- and temperature-profile sensors once every two seconds. A total of six
S5-minute periods of observation with the hot-film instruments as well as approxi-

mately 25 runs of varying duration (between 48 and 80 minutes) with the cup-vane

and aspirated temperature sensors form the data base for this paper. The data from

the hot-film probes are analyzed In two frequency ranges, the high-frequency analy-

sis in the range of 0.0244-100 Hz and the low-frequency analysis in the range

0.00153-6.25 Hz. The data from the cup-vane and aspirated temperature sensors are

analyzed in the range of 0.00195-0.25 Hz. Computation of spectra followed the

procedures as described in a report by Tieleman and Chen [11].

Experimental Results

a. Mean Wind Profile
Mean-wind profiles under Strong wind conditions over relatively smooth and
uniform terrain foilow closely either the logarithmic law
%
U/U° = 1/k In z/zo. (1)
or the power taw

U/Ul = (z/z‘)a (2)

where UX is the profile friction velocity, k the von Karman constant (k = 0.4),
z, the roughness length, U] is the mean velocity at some reference height z
and a the power index.

The height of the layer where these profile laws apply depend on the
wind speed, the terrain roughness as well as the surface heat flux and
the atmospheric conditions at the upper edge of the PBL. The Wallops velocity
profiles show that this height, even under relatively strong wind conditions, may

be limited to 50 m or less (Tables | and 11). Mean temperature and turbulent

heat flux observations show a countergradient downward heat flux to within
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a height of 9.1 m above the ground for a!! runs listed in Table |1, including the
evening run. These results indicate that warm air [s transported downward to the
surface; possibly as a result of entrainment of warm air into the PBL from the
free atmosphere. Low-frequency components in the measured velocity spectra, for
all runs listed in Table || with the exception of run 16, similar to those observed
by Kaimal [6], seem to point to the existence of a mixed layer. Such flow will
require a transition from the velocity profile in the surface layer to a uniform
velocity profile in the mixed layer showing up as a kink in the profile. Changes
of this type in the mean velocity profile have been observed for several runs at
a height of approximately 50 m. These profile changes are definitely not associ-
ated with a change in upstream roughness as is observed for run 186 A with the
bunker about 85 m upstream from the tower (Figs. 1 and 2). The variation of the
power index with the corresponding roughness length for all Wallops data tend to
fall between the relations suggested by ESDU 1972 {12] and Counihan [3] (Fig. 3).
This indicates that the Wallops wind profiles below the kink fall in the strong
wind category.
b. Turbulence Parameter:
1. Turbulent Stress

The measured local shear velocity defined as

ur = (@2 + (wn?)/H (3)

obtained from the hot-film probes in the lowest 30 m and analyzed in the high-fre-
quency range (0.0244<n<100 Hz) compared quite well with the profile friction
velocity Ug. This indicates that the veloqity profile up to 30 m is matched withb
the turbulent stress obtained in the high-freduency range, implying that the
foreign low-frequency compcnents do not affect the velocity profile appreciably

in this layer and that the mechanical turbulence dominates. Moreover, the results
indicate that the profile friction velocity Ug is an accurate measure of the

local shear velocity in this layer.

2. Standard Deviations and Turbulence Intensities

Standard deviations of the velocity components were obtained from the cup-

‘vane iq;;rumgqts'(ou,;ov) in the frequency range of 0.00195-0.25 Hz, and from the
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hot-film probes (ou, g, and ow) in the frequency range of 0.00153-6.25 Hz. Be-
cause of the limited frequency response, 9, from the cup-vane system had to be
adjusted by a factor of 1.17 after being compared with 9, from the hot-film instru-
ments. The results clearly indicate that the ratio au/ug at the 15 m level is
consistently lower for those runs with the convective kink in the velocity profile
(table | and 11}, With a kink the average cu/Ug = 2.5, and without a kink the
average cu/Ug = 2.9,both measured at the !5 m level, and decreasing to 2.2 and 2.7
respectively at the 76-m level. The variations in av/ug and ow/Ug do not seem to
fqllow any systematical pattern. Average values of ov/ug vary from 2.5 at the
15-m level down to 2.3 at the 76-m level, while the average value of aw/ug = ],2
is uniform over the depth of the layer investigated.

Mixed layer similarity as suggested by Panofsky [8] does not work for the
Wallops data, probably as a result of slightly non-homogeneous upstream terrain
but more importantly as a result of the variation in upstream surface heat flux.
Consequently, for those involved in practical situations when perfectly uniform
conditions are rarely encountered, it seems more advantageous to use turbulence
intensities. Figures 4, 5 and 6 show the averaged turbuience intensities of al!
three components compared with the intensities suggested by ESDU, 1974. The com-
parison is excellent except for the laterél tuébulence intensities which are con-
sistently higher than those predicted by ESDU, 1974 [2]..
3. Turbulence Scales and Spectra

The characteristic length scales of the energy-containing eddies of the tur-
bulence in the atmospheric surface flow are used quite extensively, especially for
geometrically scaled mode! studies of the flow in wind tunnels. This turbulence
length scale is also important in relation to the characteristic size of a structure
exposed to a corresponding turbulent flow. Determination of these scales can be
achieved by several methods: |
a. Integration of the autocorrelation coefficient with respect to the time lag up
to the first zero créssing. The autocorrelation coefficient can be obtained either

directly from the velocity data or via the Feurier transform of the spectrum

function.
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b. Determination of the wavelength corresponding to the peak of the logarithmic
power spectrum.

c¢. From the best fit of the measured spectrum function to the corresponding
empirical von Karman spectrum functions.

d. By estimation of the velocity spectrum function at zero frequency

L, = u/b tim (Sa(n)/oi) for a = u, v and w (4)
. n*0

e. From theoretical considerationsof kinetic energy and dissipation rate. [13]
3

L, =0/ a=u, vandw (5)

Ideally, these methods should give nearly identical results for a given data
set. Most of these methods however have serious shortcomings especially when
low=-frequency components are present in the data samplie. The first method is
reasonably accurate for shear generated wind-tunnel turbulence but gives very un-
stable estimates of the integral length scales of atmospheric turbulence es-
pecially in the presence of low-frequency components. The integral length scales
do vary considerably with the method the autocorrelation coefficient is obtained.
Results show that the scales obtained with the direct method are considerably
smaller than those obtained via the spectrum function (Figs. 8, 10). Moreover,
length scales obtained from the cup-vane system are on the average smaller than
those obtained from the hot-film instruments (Fig. 8). In the case low-frequency
components are present, the logarithmic power spectrum does not have a well defined
spectral peak and the second method gives unreliable scales. With low-frequency
components present, the von Karman spectrum function can only be fitted adequately
to the high frequency part of the measured spectra (Figs. 11-13). This requires
that the velocity spectra need to be accurately measured in this range up to a
frequency of at least 60 Hz for moderately strong wind conditions. Consequently,
under these conditions this method can not be used with data obtained from cup
or propeller anemometers. Again when low-frequency components are ﬁresent, esti-
mation of the spectral function at zero frequency gives rise to a great deal of

uncertainty making the fourth method useless.
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The fifth method requires knowledge of the dissipation rate €, which can be

obtained from the Kolmogorov's spectral law for the inertial subrange
-5/3

I 2 =u, vand w (6)

2/3

S,(k)) =K e
where kI is the wavenumber in the direction of the mean flow and is usually ex-
pressed in terms of frequency by Taylor's hypothesis as kl = 2nn/U. Ka are the
Kolmogorov's constants, K, = Kw = 4/3 Ku assuming isotropy. The universal con-

stant, Ku’ has been established to be 0.5. In terms of the Eulerian frequency-

domain the Kolmogorov's law becomes
ns(n) = A 2/ 3(asn)72/3 (7

where Au = 0.147 and Av = Aw = 0.196. Whether or not this relation can be applied
to the turbulence measured at Wallops !sland remains to be seen. The dissipation

rate is an impossible quantity to measure independently, without making use of the

local-isotropy assumption.

Assuming that the frequency version of the Kolmogorov's law applies, values
of the dissipation rate € for all three velocity components have been calculated.
The results indicate that the dissipation rates, obtained from each individual
velocity spectrum for the same data sample, are not identical. The isotropy
prediction of 4/3 for the ratios of either one of the lateral spectral values and
the corresponding streamwise spectral value is clearly not satisfied in the range
where the measured logarithmic spectra functions closely vary as n-2/3. These
results indicate that the existence of isotropy and the validity of Taylor's
hypothesis may not apply to the turbulence encountered at Wallops Island. Until
these questions are answered adequately, evaluation of the dissipation rate in the
inertial subrange is unreliable, and consequently cannot be used to obtain in=
tegral length scales of the turbulence accurately.

The evaluations of these length scales from different instruments and by

different methods clearly indicate that in the presence of low-frequency components,

the predictions of the integral scale from ESDU [2] are much too low for the moder-

ately strong wind conditions encountered at Wallops Island (Figs. 8-10).
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Consequently, an alternate method has to be found to obtain better estimates
for the integral length scales of the atmospheric turbulence. Therefore it is pro-
posed that a scheme similar to the one used by Kaimal [14] be adopted in the field
of wind engineering. When logarithmic velocity spectra normalized with the total
variance are plotted against a modified frequency, f/fo, all spectra for like ve-
locity components collapse in the high-frequency range (Figs. 11-13). Here, f is
the reduced frequency nz/U and fo is the reduced frequency at the intersection of
the line of best fit in the range where the logérithmic spectrum is proportional
to n-2/3, with the line n Sa(n)/oi = |. For the v and w spectra, obtained from
data without low-frequency components, a clearly discernible logarithmic spectral

peak is located at f/f°=3.h {15y, 1If fm denotes the peak reduced frequency then
f; = 3.4 fz for a = v, w (8)

corresponding to a value of 3.53 obtained from the v, w - von Karman spectrum
function. In general no clearly discernible spectral peak can be obtained from
the measured u spectra and therefore it is proposed to use a value for the ratio

fm/fo obtained from the von Karman spectrum function for the u component
u u
f, = 3:85 f_ (9)

In the case low-frequency components are present, and no clear spectral peak
exists a value of fo can be obtained from the measured spectra and a ccrresponding
value for fm can be calculated with either (8) or (9). In this case fm corresponds
to a ficticious peak reduced-frequency which would have existed in the case the
turbulence was purely shear-generatgd and low-frequency components w»uld have

been absent. A related peak wave length can then be obtained from
Ap = U/nm = z/fm (10)

This peak wavelength provides a length scale characteristic of the turbulence in
the frequency range corresponding to the range in which the natural frequencies of

most structures such as buildings and bridges fall. It is the turbulence in this

range, with wavelengthscorresponding to the characteristic length of most structures,

which is responsible for the dynamic response of structures and is also responsible

for the positive and negative local extreme pressures present on the exterior
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surface of structures. From the point of view of the engineer dealing with the
modelling of the atmospheric surface flow in the wind tunnel in order to conduct
wind-load model studies, it is essential that the atmospheric turbulence in this
frequency range is modelled accurately. The locding effect of the low-frequency
velocity components, corresponding to wavelengths larger than Am’ can be considered
as being the rasult of a non-steady mean flow. Consequently, it seems that this
new method provides meaningful integral lengtj: scales corresponding to that part

of the atmospheric turbulence which has a pronounced effect on the dynamic be-
havior of structures.

Figures 11-13 show the logarithmic spectra of the three turbulence components
for run 19, plotted against the modified reduced frequency f/fo with the corres-
ponding modified von Karman spectrum functions superimposed. Collapsa of the
spectra in the high-frequency range is of course satisfied, and the presence of
low-frequency components in all three spectra is evident. The v spectra show a
somewhat different shape between the high-and low-frequency range quite similar to
the v spectra obtained at Minnesota [6]. Kaimal [6) explains this odd spectral
shape to be a transitiion between the high-frequency range (inertial subrange)
corresponding to the w-spectrum and the low=-frequency range corresponding to the
u spectrum.

The distributions of averaged values of Am with height for the three velocity
components are shown in figure 14. Because of a great deal of variation in at-
mospheric conditions and of non-uniformity in upstream surface conditions, re-
sulting in appreciable scatter of the data, it is clear that under these circum-
stances no simple normal!ization scheme is available. The values of Am obtained
over extremely uniform terrain [5] and under uniform convective conditions show a
systematic behavior when plotted in dimensionless form using the height of the
boundary layer, z., as characteristic length scale.

The advantage of the use of peak wavelength over the traditional integral

length scale is that uncertainties due to sample rate variations and method of

analysis are being eliminated. |If the spectral functions and the standard de-

viations (including the low-frequency components) of the three velocity components
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can be determined accurately only then a reliable estimate of the peak wavelength
can be obtained. That these peak wave lengths vary a great deal with atmospheric
conditions, time of day and variations in upstream surface conditions is a matter

that needs further investigation.

Conclusions

The results from this research clearly indicate that under moderately strong
wind conditions from directions varying between north and west, the turbulence in
the surface flow below 76 m at Wallops Island is not all of mechanical origin. In
addition to the shear-generate; turbulence, there exist low-frequency velocity
fluctuations apparently due to the entrainment of turbulent momentum into the PBL

across the lowest inversion.

The flow is certainly not neutrally stratified although bulk-Richardson numbers

are relatively small. However, as a result of a stretch of 3-5 km wet tidal

swamp just upstream of the tower location, the vertical surface heat flux is being
interrupted and warm air which has entered the PBL from the free atmosphere is
allowed to penetrate downward against the kemperature gradient to within 9 m above
the surface.

Consequently, the mean flow and the turbulent flow in this layer cannot be
normalized with the usual surface-layer parameters. The flow encountered below
76 m at Wallops lsland compares in many aspects quite well with the flow measured
at the uniform Minnesota site [4, 5, 6]. However, as the result of the north west
wind passing twice from land to water and back to land before reaching the Wallops
Island tower, the vertical heat Tlux is being interrupted giving rise to modifi-
cations of the flow. No simple similarity scheme is available at the present time
to describe this type of fldw, even if the wind conditions can be classified as
moderately strong.

The following general conclusions can be made for the daytime flow below 76 m
over relatively open terrain with extended areas of water upstream,under moderately
strong wind conditions occurring after the passage of a cold front:

I. Thg height of application of the log-law is limited, transition from this

velocity profile to the uniform profile in the mixed layer starts occasionally
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below 76 m.
2. The air in this layer is not neutrally stratified. As a result of reduced

vertical convective heat flux, warm air from the free atmosphere is transported

downward against the temperature gradient.

3. The turbulence in fhis layer is not all of mechanical origin. Low-frequency

velocity fluctuations in all three components are present as a result of entrain-
ment of turbulent momentum from the free atmosphere across the lowest inversion
layer.

4, Under these conditions the turbulence intensities except for the lateral
component can be estimated quite well from ESDU, 1974 [2]. Measured values of
ov/U are consistently higher than those predicted by ESDU, 1974 [2].

S. In the presence of low-frequency fluctuations, traditional integral length
scales of the turbulence are much larger than those predicted by ESDU, 1974 [2].

6. Measured integral scales vary a great deal with instrumentation and type
of analysis.

7. Instead of the traditional integral length scale, it is proposed that the
peak wavelength, Am’ be used as a measure of the characteristic length scale of the
energy-containing eddies. The peak wavelength can be obtained from the reduced
frequency, fo’ at the intersection of a line of best fit through the n-2/3-region
of the logarithmic spectrum and the 1ine Sa(n)/az =1,

8. With low-frequency fluctuations present the von Karman spectrum function
does not fit the spectral data in the low-frequency range.

9. In the case an independent method is used for the determination of the
integral length scale, the von Karman spectrum function does not fit the spectral
data in the high-frequency range either.

10. Velocity spectra normalized with the reduced frequency, fo’ collapse to a

. L3 -2 - . . L] .
single curve in the n /3 region. The von Karman spectrum functions, modified in the

same manner, fit the data well in the high-frequency range.
11. The measured spectra of the v-component show a transition between the high

and the low frequency ranges similar to the spectra obtained at Minnesota [6]. This

e A

L



. transition is not predicted by the von Karman spectrum function for this component.

12. In this layer the peak wavelengths, obtained from the reduced frequency

fo' vary linear!ly with height.
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Fig. 1 Typical strong wind velocity profiles, logarithmic representation.
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Fig. 2 Typical strong wind velocity profiles, power law representation.
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Fig. 7 Records of velocity components.
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THE STRUCTURE OF MODERATELY
STRONG WINDS AT A MID-ATLANTIC
COASTAL SITE (BELOW 75m)

H. W. TIELEMAN and S. E. MULLINS
Virginia Polytechnic Institute and State University, Blacksburg, Virginic, USA

ABSTRACT

Velocity and temperature measurements were obtained from an instrumented 76-meter
meteorological tower located near the Atlantle Ocean at Wallops Island, Vivginia.
The instrumentation consists of a slow-response cup-vane and resistance tempar-
ature (profile) system and a hot-film, thermocouple system for turbulence measure~
ments. Results arve presented for moderately strong winds from westerly dirvactions
(category 1) and for on-shorve winds from southerly divections (category II).

Results from category I winds indicate the presence of low-frequency velocity
fluctuations affecting all turbulence parameters &imilar to the observations made

at Kansas and Minnescha.

Winds of category II experience u change in surface roughmess and surface temper-
ature as they cross the coast line, vesulting in the development of an internal
boundary layer (IBL)., The stable ocean air above the IBL shows extremely low
turbulence levels, often less than 3%, Because of tha lack of turbulent mixing
with adjacent layers, Coriolis cffacts ara important and velocity profiles with
a maximum velocity (low-lavel jat) at heights between 60-200 m exist.

INTRODUCTION

Structuras and structural elements are usually designed to support the maximum
loads that ave likely to be dwposad upon them within the liforime of the structure.
Under the strongest wind conditlons tha asgumption of a noutrally stable plane-
tary boundary layer (PBL) is probably sstlsfied. Vowever, probloms of fatlgue
ond servicoability of a structuva are often overlooked in its design. These
problems can bacome accute under much less seveve ov under moderate wind coudi-
tions. Consequently, in the field of wind loading on structures and thelr rve-
sponsa, one needs to study the £low in the PBL not only under extreme wind con-
ditions but also under more common moderate conditions. TFlow charactevistics of
the PBL under these conditions, mostly covresponding to flow over relatively
homogeneous terrain have been summarizad in several review papers [1,2,3,4).
These results have formed the basis for empirical models of the wind structure
which are also prosented in these papers and others [5,6]. Most of the propesed

modals, with exception of the model proposed by Panofsky [5), are limited to the
Followiug conditions: 1. Strong, stationaxy winds, 2. Neutral thermal stabilicy
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3. Level terrain with un.form roughness.

Upon reading of the cited references one does not always get a clear picture

when neutral conditions exist. Deaves and Harris [6] do not give any conditions
fcr neutrally stable flow other then the mean velocity has to be strong énough,
Counihan [4) considers only those data which specifically indicate adiabatic or
near adiabatic conditions, or which have wind speeds in excess of 5 m/s at a
heigh of z-10m. ESDU {2,3] 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 Ri = (g/0)(d6/dz)/(dU/dz)2 as a measure for the degree of
thermal stability, near neutral conditions are suggested to exist by Teunissen [1]
for |RL| < 0.03 and by Panofsky [5]) for |Ri| < 0.01.

Daytime observations throughout the PBL under moderately strong wind conditions

at Minnesota [7,8] indicate that the PBL consists of a surface layer, a mixed
layer and an overlying inversion layer delineating the height of the PBL, z., above
which the flow is relatively undisturbed by the presence of the earth's surface
(free atmosphere). The height of the PBL increases during the day as the earth
surface heats up. The large-scale convective turbulence structure in the PBL
interacts with the air in the free atmosphere causing the formation of an inver-
sion through which warmer air of higher velocity and with a clockwise directional
shear is entrained into the mixed layer [7,8,9]. Full-scale measurements [8], in,
as well as laboratory simulation [10] of the convective PBL seem to suggest the
existence of an inverted thermal plume structure throughout the PBL. These large-~
scale structures contribute significantly to the variances of the turblence com-
ponents down in the surface layer [8,11].

Even over the roughest surfaces and under the strongest wind conditions, the wind
shear, dU/dz, decreases with height and the convective turbulence gains importance
with height. The height above which the convective turbulence cannot be neglected
varies with wind speed, surface roughneéss, time of day, and a variety of atmosphe-
ric conditions such as cloud cover, precipitation etc.

Also deviating from the neutrally stable model is an on-shore wind [12]. As the
usually stable air passes a coast line, the flow is modified as a result of both

a change in surface roughness and surface temperature, giving rise to the develop-
ment of an internal boundary layer (IBL). Because of the lack of turbulent mixing
with adjacent layers, the flow in the inversion layer above the IBL can manifest
itself as a surface jet with a maximum mean velocity at a height varying be-
tween 60-200 m [12,13].

In this article mean velocity and turbulence measurements which were obtained
under moderately strong wind conditions varying in direction from southwest to
north (category I) and from southerly directions (category II) are described and
compared with empirical relations for the PBL models as listed in the previously
mentioned references.

EXPERIMENTAL DETAILS AND DATA HANDLING

Mean wind and turbulence measurements have been obtained with two types of
instrumentation from the 76-meter (250 foot) meteorological tower at Wallops
Island, Virginia. Wallops Island is one of the barrier islands protecting the
so-called "Delmarva" peninsula from the Atlantic Ocean. The island, which consists
of a narrow strip of dunes, approximately 3 meters above sea level is situated

in a northeast-southwest dire<tion and is separated from the peninsula by a tidal
marsh about three kilometers wide (Fig. 1). The island is used by the National
Aeronautics and Space Administration as a sounding rocket launch facility.
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Profile Instrumentation

>y ———

Measurements were obtained with cup-vane velocity instruments and aspirated tem-
perature sensing probes at 5 levels mounted at 15 m (50 feet) intervals. This
system is primarily used for profile measurcments, the outputs are sampled once
every two seconds. The data are analyzed in blocks of 28 = 256 samples repre-
senting a data record of 512 seconds in duration, . Inspection of block means
leads to the selection of stationary data samples usually six to ten blocks in
length (51 to 85 min). Sample averages of velocity, direction and temperature
are obtained as well as varlances and covariances of the horizontal components.
In addition, a 256-point autocorrelation fupction of the u component is calculated
from which the turbulence integral scale, L, is obtained. Data from this in-
strumentation system can only be analyzed in the frequency range of 0.00195 -

0. 25 Hz.

Turbulence Instrumentation

Six three-dimensional split-film anemometers (TSI-1080 D) are used for turbulence
measurements. These instruments are located at the same levels as the cup-vane
instruments and also at the 9 m (30 foot) level. The electronics for the split-
film anemometers as well as the data-acquisition system are located in an instru-
ment trailer which is parked at the base of the tower. For a detailed description
of the calibration procedures and the data-acquisition system consult references 14
and 15. The digitized data (sample rate 200 Hz) are recorded and consequently
analyzed on an IBM-370 computer. Four main computer programs have been developed
to calculate the following statistical parameters describing the turbulent flow:
mean values, variances and covariances, spectra, cross spectra and integral

scales [l16].

The frequency range in which the data are analyzed is covered in three stages.

The highest range (0,0244 - 100 Hz) is obtained by dividing each data record into
80 consecutive blocks of 8192 data points each. For the middle range (0.00153 -
6.25 Hz) and the lowest range (0.00031 - 1.25 Hz), the original data are subjected
to a 16-point and an 80-point non-overlapping average respectively. The spectra
computed from the averaged data inherently show some scatter in the low-frequency
range but the agreement in the overlap regions is excellent.

RESULTS AND DISCUSSION

Terrain Description

Winds corresponding to category I (west-north) are usually encountered following
the passage of a cold front and will have crossed in succession the mainland, the
Chesapeake Bay (20-50 km), the "Delmarva" peninsula (20-50 km) and the tidal

marsh (3-5 km). Depending on the direction, for the last 200-300 m the air travels
over dry land before it arrives at the tower location (Fig. 1). The tidal marsh
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 winds
in the sector between 20 degrees south of west and west, a 6.5 m high rocket fuel
storage bunker is approximately 85 m upstream. An elevated roadway 2 m above the
surrounding terrain passes the tower on the west side with 200 m.

!

Southerly winds (category II) approach the tower from the Atlantic Ocean and cross
the beach approximately 300 m upstream of the tower., In the southerly direciton a
6 m high rocket assembly building is about 100 m upstream possibly affecting the
measurements at the two lower levels. Comparison of the measurements from another
meteorological tower (91-m) at Wallops Island shows that the effects on the mean
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flow from a 30-m tall rocket launching tower about 300 m upstream in a direction
15 degrees west of south can be considered to be negligible.
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Fig. 1. Tower location on Wallops Island and coordinate system orientation

Category I Winds

Mean Wind and Mean Temperature Profiles

For flow over homogeneous terrain under near neutral conditions, the velocity pro-
file should obey the logarithmic law: (U*/K) 1n(z/z ). In practical situations
these conditions are seldom met and profile varintions usually exist as a result

of non-neutral conditions and/or non-uniform upstream terrain.

The logarithmic velocity profiles of category I winds over near-uniform terrain
are either linear within the height of observation (76 m) or show two different
linear segments (Fig. 2). All upper segments show a tendency towards a uniform
profile. The heights of the kinks (intersection of the two linear segments) in
the logarithmic velocity profiles seem to vary with the degree of thermal stabi-
lity in the surface layer. However, values of the profile shear-velocity, U3.
obtained from the lower linear segments compare quite well with the shear
velocity obtained from turbulence measurements in the surface layer. These ob-
servations were made in the stability range R{ > =~0,06 with Ri evaluated at

15 m and with the shear velocity based on the horizontal shear stress according
to U* = [(uw)2 + (vw)2] 1/4 and analyzed in the high-frequency range (0,0244 -
100 Hz). The implications of these observations are that in this stability range,
values of z_ can be obtained which correspond to those obtained under neutral
conditions and that the low-frequency velocity fluctuation components do not
affect the velocity profile in the surface layer.

Although the scatter of the data is appreciable, profile results indicate that
for the stability range Ri > ~0.15, the average value zg = 0.034 m corresponds
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Fig. 2. Typical category I logarithmic Fig. 3. 7The roughness parameter,z ,

wind profiles

versus Ri at z = 15.2 m for
category I winds

quite well with predicted value from ESDU {2] for similar terrain (Fig. 3). For
Ri < =0,15, z, decreases rapidly as the surface layer becomes more unstable,

Figure 4 shows the variation of z_with wind direction, ¢, for category I winds,
clearly Indicating the location of the bunker at ¢ = 90° and increased roughness

for ¢ > 170°,
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Fig. 4. The roughness parameter, z_, versus wind direction for

category

For non-neutral conditions the velocity profile is given by U=(U6/k)[1n(2/2 )-v¥],

I winds

where ¢ is a universal function depending on the stability parameter z/L which

in turn depends on Ri [5).
function of 1lnz - Y, values of z

Theoretically, if the velocity, U, is plotted as a
corresponding to neutral conditions could be

obtained. This technique applieg to the category I wind profiles at Wallops
Island leads to large corrections resulting in unrealistic estimates

of z .
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Under moderately strong wind conditions, typical daytime temperature profiles
have a maximum negative gradient near the surface and typical nighttime
temperature profiles show a maximum positive gradient near the surface

both decressing in magnitude with height. During the evening and night the
temperature profiles often show kinks at heights varying between 15 and 45 m.
No significant variation in z_ can be detected for daytime or nighttime data
provided they fall in the stag111Cy range =0.15 < Ri < 0,1 with Ri measured
at z = 15 m.

Turbulent Stress and Turbulent Heat Flux

The horizontal turbulent shear, [(uw)? + (;;)2]1/2. is nearly constant throughout
the height of the lower linear segment of the logarithmic velocity profile. The _
magnitude of the individual components vary considerably with height, although uw
is consistently negative, vw has been observed to be cither positive or negative.
When analyzed in the middle-frequency range, the magnitude of either shear com-
ponent is 25% larger in comparison with the high-frequency analysis. The local
shear velocity, U*, defined as the square root of the horizontal turbulent stress
obtained at the lowest three observation levels and analyzed in the high-frequency
range compares well with the profile friction velocity, U6.
Daytime observations show negative values for the vertical turbulent heat flux,
w8, while the horizontal components (ué and v8) are either positive or negative.
The simultaneous observations of a downward turbulent heat flux and a negative
temperature profile lead to the problem that the gradient Richardson numbers (Ri)
and flux Richardson numbers (R_.) have opposite signs. A possiblé explanation

for this phenomena is that category I winds experience a discontinuity in sur-
face heat flux while crossing the Chesapeake Bay and the tidal marsh. Conse-
quently, the downward heat flux as the rcsult of entrainment of warmer air from
the free atmosphere can be expected to penetrate deeper into the PBL giving rise
to the counter-gradient heat flux.

Variances

Standard deviations of the horizontal velocity components (o , 0 ) were obtained
with the cup-vane instruments in the frequency range of 0.00195-8.25 Hz, and of
all components from the hot-film probes in the middle frequency range of 0.00153-
6.25 Hz. The contributions to the variances outside the middle frequency range are
negligible. Because of the limited frequency response of the cup anemometers,

9, from the cup-vane system had to be adjusted by a factor of 1.17, which was based
on comparison with o obtained from the hot-~film instruments. For logarithmic
velocity profiles with a kink, the average value A = 0,/U* = 2.5 and without a
kink in the profile, the average value of A = ¢ /U* = 2.9? measured at the 15-m
level and decreasing to 2.2 and 2.7 respectgvelyuatothe 76-m level. Average
values of A = o _/U* vary from 2.5 at the 15-m level to 2.3 at the 76-m level,
while the average value of Av = qw/U* = 1.2 is uniform over the height of obser-
vation. These results obtained near the surface are in fair agreement with the
average values of these coefficients obtained from several sources [l,4 and 5] of
2.5, 2.0 and 1.2 for A , A and A respectively. The variances of the horizontal
velocity components show a great deal of variability, and on the average the

ratio A of the lateral velocity (wind direction) at Wallops Island is

larger than at other sites. - Inspection of several years of strip-chart recordings
of wind speed and direction obtained from a propeller-vane anemometer at Wallops
Island indicates that for NW winds, the wind direction shows frequently large
fluctuations towards the north, explaining the large values of Av (Fig. 5).
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These recordings indicate that the fluctuations in wind direction are larger than
normally eniountered and morcover, are not normally distributed which explains
the non~zero turbulence stress, vw.

The average turbulence intensities are in fair agreement with those suggested by
ESDU [3], with the expection of the lateral turbulence intensities,‘nv/U, whose
measured values are consistently higher (Fig. 6).
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Fig. 5. Typical records of wind Fig. 6. Variation of turbulence in-

tensity (lateral component)
with height for category I
winds

direction and wind speed
for category I winds

Velocity Spectra

For frequencies higher than n = 3U/z, measured logarithmic velocity spectra vary
as n~2/3 according to the Kolmogorov's law for the inertial subrange:

kS (k) = K. ¢2/3 k~2/3, Here k is the wave number in the streamwise direction
(k¥2m/U by Taylor's hypothesis) and e is the dissipation rate. With the
universal constants Ku = 0.5 and Kv w=4/3 K , and introducing the dimensionless
dissipation, ¢ _ = x z €/(U*)3, the inertialsubrange logarithmic spectrz nor-
malized with tfie variances®have the following form:

2/3 -2/3

2 2, .2/3,..-2/3 2 2
nSu(n)/cu (0.27/Au) ¢ (£) and nsa(n)/aa = (0.36/Aa)¢e (£)
vhere £ is the dimensionless frequency f = nz/U. With ¢ = 1 (assuming near
neutral conditions) and with values of A , based on eithér the local shear
velocivy, U*, or the profile shear velocgty, U*, the Kolmogorov spectrum functions
represent the inertial subrange u, v and w spectra quite well for all elevations
up to 76m.

For frequencies lower.than n=3U/z, the observed, u, v and w spectra vary a great
deal so that no simple spectrum expression seem to exist for this frequency

range. Kaimal et al [17] obtained empirical spectrum formulae based on measurements

in the near-neutral surface layer over smooth and homogeneous terrain. These
spectrum equations represent the spectra at near-neutral conditions approached
from the stable regime (0%). The Kansas results [17] show that the near neutral
spectra of the horizontal components (u, v) approached from the unstable regime
(0 ) have much higher spectral values at low frequencies than predicted by the
Kaimal spectrum expressions. The discontinuity observed in the u, v spectra at
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near neutral conditions does not exist for the w component, and consequently the
Kaimal spectrum expression should fit all w spectra at near neutral conditions.

Consequently, for near neutral conditions, u, v spectras as well as the variances
show a great variability depending on the presence of low-frequency components.
The latter seem {0 be the result of a large-scale turbulence structure observed
in the mixed layer (8] during the daytime and penetrating down into the surface
layer. The near neutral u, v spectra in the 0 category do not follow a single
similarity law., In the high-frequency range the Kolmogorov law ‘“vith the height z
as length scale is appropriate. On the other hand in the low-frequency range the
height of the mixed layer, z;, secems to be the appropriate length scale [11].

All category I daytime u, v spectra belong to the 0 category while only one
data run (run 16) taken during the early evening belongs to the 0% category.

The difference in the near-neutral u and v spectra obtained in the surface layer
and belonging to either the 0~ or the ot categories 1s shown in figure 7, which
also shows the excellent fit of the Kaimal expressions for the u, v spectra in
the Ot rcategory and for w spectra from either category. All tlie measured spactra
in the surface layer and up to a height of 76m, follow the Kolmogorov law or the
Kaimal expressions in the high-frequency range, although the constants often need
to be adjusted. Based on these observations it cannot be automatically assumed
that under moderately and possibly strong wind conditions the horizontal turbu-
lence comporients give rise to spectra belonging to the 0% category.

Integral Scales

The longitudinal scales, 1 for a = u, v, w, in the direction of the mean flow are
often calculated from the normalized autocorrelation function, assuming that
Taylor's hypothesis is valid. A second method for obtaining these scales is using
the best fit of measured velocity spectra to the corresponding empirical von Karman
spectrum functions.

Figure 8 shows the measured scales, Lx, by these two methods for two different
data runs., One data run (run 18) with, and a second run (run 16) without low-
frequency velocity velocity fluctuations. In the case, low~frequency velocity
fluctuations are present, the von Karman spectrum functions represent the data
only in the high-frequency range. Consequently, integral scales obtained with
the second method are based on the turbhulence in the inertial subrange, excluding
the contributions of the low-frequency fluctuations which are included when
integral scales are obtained from the auto-correlation function. In the case
the low-frequency fluctuations are absent the two methods predict almost equal
scales (Fig. 8). The ESDU [3] predicted scales for corresponding terrain fall
in between the measured scales for the two different data rums.

Probability Density Function

The probability density functions of each of the velocity components are usually
considered to be Gaussian in the range of + 30& [3,4). Careful inspection of
many hours of category I wind data show large asymmetrical fluctuations in
direction towards the north (Fig. 5). Measured probability density functions
indicate that the fluctuations of the velocity magnitude in contrast to the
direction fluctuations are usually normally distributed. This was especially
observed for daytime data, while for the evening run without low-frequency
fluctuations (¥un 16) both magnitude and directfon are almost normally distri-
buted. Several probability density functions of direction fluctuations show a
secondary peak or the nucleus of a secondary peak at -1.50 (Fig. 9). These
peaks could be caiised by a downward flow of air with a more northerly direction
probably as the result of entrainment.
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Category II Winds
Mean Wind and Mean Temperature Profiles

The category II velocity profiles when plotted in the usual logarithmic

fashion &nre either straight or curved opposite to the category I logarithmic
profilcy or show a maximum below the 76-m level (Fig, 10). The roughness lengths
obtained from either the straight logarithmic profiles or from the lowest two
observations of the curved profiles vary a great deal and are too high for the
terrain at Wallops Island. Corrections of these profiles, in order to obtain
values of z, corresponding to the terrain, as suggested by Panofsky [5] are
inadequate.

The mean-temperature profiles show some unusual kinks mostly between the 30

and 45 meter levels. The most interesting sequence of mean-temperature distri-
butions is from three runs taken on one summer afternoon (Fig. 11). The early
afternoon data show a decrease in temperature up to 30 m with a rather strong
positive temperature gradient at higher elevations. As the afternocon progresses
this temperature gradient decreases drastically. The majority of observations
show a positive temperature gradieni above 30 m of varying intensity and below
30 m the temperature gradient is either positive or negative depending on the
time of day and the time of year.

Turbulent Stress and Turbulent Heat Flux

The measured turbulent stress uw has a maximum value at the 9 m_level, and de-
creases rapidly with height. The vertical turbulent heat flux w@ is positive
(upward) below 30 m and is negative (downward) at this height and above, corres-
ponding to the observed summer tamperature profiles. These results indicate a dual
type bourdary layer within the height of observation (76 m), with unstable
conditions ncar the surface and an overlying inversion. The unstable layer near
the surface corresponds to the internal boundary layer which develops as the

stable on-shsre wind is heated from below after it crosses the be ch. The depth

of the IBL increases with distance from the shoreline.

Variances

The standard deviations of the velocity fluctuations, o, are largest in the IBL
and decrease rapidly in the overlying inversion. The ratios, o_/U*, are

quite sensitive to stability and increase for deviaticns from neutral conditions

in both the stable and unstable regime [12]. For near-neutral conditions in the
IBL, the average values of o _/U* are 1.75, 1.5 and 1.4 for o = u, v and w res-
pectively. Turbulence intensities o /U in the stable air above the IBL (25 m or
higher) are about half of thie ESDU [g] predicted values witl z, = 0.001 m (Fig. 12).

In the IBL with z_ = 0.01 m, the ESDU predictions [3] are comparable to the
measurements. The hot-film data shown in Figure 12 were acquired during hot

and sunny summer afternoons with mean velocities at the 76 m level sarying

from 6.7 m/sec to 12.7 m/sec. The cup-vane data were obtained during morning
and early afternoon in the winter and early spring, with mean velocities at the
76 m level varying from 10.7 m/sec to 20.6 m/sec. For 15 of a total of 38 runs
investigated, the streamwise turbulence intensity at the 76 m level is less than
3%. The lateral and vertical turbulence intensities vary in a similar fashion.

Included in Figure 12 are the turbulence intensities for run 7 obtained under
extreme stable conditions (Rf w 425,5, U = 10.7 m/sec at z=61 m) during a sunny
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warm afternocon in August. VUnder these conditions the turbulence almost disap-

pears. During a trial run with the hot-film system under similar conditions,

the turbulence disappeared completely at the two highest observation levels for

at least 20 ninutes. For many of the runs, a distinct clockwise rotation of a

maximum of 20 degrees of the mean velocity vector with height is observed. With

stable air coming from the ocecan, maximum velocities at elevations below 200 m

have been observed visually from exhaust trails of launched rockets and occasion-

ally measured with tlie tower instruments below 76 m. (Fig. 10). ;

Baszd on these observations it can be concluded that the stable air above the

IBL with low turbulence intensities and small turbulence integral scales, loses ,
dynamic contact with the air above and below it. Little mixing and little momentum T e
transfer takes place between the stable air and the adjacent air so that Coriolis

fcrces become important and the stable air encounters little resistance resulting
in the low-level jet.

Velocity Spectra

Measured logarithmic velocity spectra of category II winds vary as n—2/3 in the
inertial subrange and those spectra originating in the IBL belong to the ot
category, varying as ntl in the low frequency range. However, for elevations
above the IBL, low-frequency components are present in all three components.

Under stable conditions, wave phenomena have been observed near the surface

(13, 18] and can be recognized from the turbulence for those flows where the
turbulence levels are low. Waves are not random and usually occur at a different
frequency band so that a distinct spectral gap exists between the spectral peak
due to the turbulemce and the spectral peak at lower frequencies due to the waves,

IR v

The part of the spectra due to the turbulence in both the IBL and overlying inver-
sion are well represented by the Kaimal expressions, although the constants in
these expressions vary with stability [12]., The presence of the low-frequency
waves varies a great deal with atmospheric conditions and their effect on the
spectra seems to grow with height, as the fluctuations due to turbulence and wave
motion fall in similar frequency bands.

Integral Scales

Integral scales obtained from the integration of the normalized autocorrelation
functions vary a great deal with the presence of the low-frequency components.
Values of the integral scales obtained with this method for the consecutive
afternoon runs 7, 8 and 9, measured at the 76~m level, vary from 406, 162 to

56 m respectively. The wavelengths corresponding to the peak of the logarithmic
spectra vary substantially with stability and“height [12]. For near-neutral ‘ r
conditions in the IBL, the peak-wave length A_ equals z/0.15, z/0.35 and 2/0.15 ‘ b
for a = u,v and w respectively. Normalized spe.tral values nS_(n)/U*2 evaluated
at £=10, vary a great deal with stability [12]. Consequently,aintegral scales
obtained from fitting of the von Karman functions vary with stability as well.

CONCLUDING REMARKS

The wind measurements made at this eastern coastal region under sustained moderately
strong wind conditions show marked deviations from observations obtained in purely
shear-generated turbulent flow. For near-neutral conditions of cateogry I (west-
north) winds, low-frequency velocity and direction fluctuations influence all
parameters describing the turbulence. The large direction fluctuations can have

a pronounced effect on the response of tall buildings especially in the case the
mean wind blows diagonally onto the building [19,20]. 1In wind tunnel model tests
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the non-mechanically produced turbulence cannot be simulated adequately re-
sulting in a discrepancy betwcen model and full-: %:° tests [20],

For moderately on-gshore winde from southerly directions, a surface based in-
version is present even with the hourly mean wind speed over 20 m/sec and a
maximum velocity (low-level jet) may exist at heights between 60-200 m. The
turbulence intensities in the stable layer are often less than 3% and under cer-
tain atmospheric conditions the turbulence vanishes completely. Such flow could
affect the response of suspension bridges located near coastal areas especially

when the bridge decks are at the same height as the almost turbulence-free low-
level jet.

Rased on the observations made at Wallops Island under moderately strong wind
conditions, the turbulence is not of purely mechanical origin. Moreover, as a
result of non-homogeneous upstream surface conditions at this site, similarity
theories are not applicable.
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ON THE WIND STRUCTURE NEAR THE SURFACE AT A
MID-ATLANTIC COASTAL SITE

by

Henry W. Tieleman*

Introduction

This paper describes the mean flow and turbulence measurements
made in the atmospheric surface layer up to a height of 76 m at
Wallops Island, Virginia. The observations were made under moderately
strong wind conditions with an hourly mean-wind velocity of at least 10
m/s at a height of 76 m. The measurements were made with cup-vane and
resistance temperature sensors primarily for profile information and
with hot-film and thermocouple instruments primarily for turbulence
measurements. [1,2]

Site Description

Wallops Island consists of a narrow strip of dunes, approximately
3 m above sea level, and is situated in a northeast-southwest
direction. The island is separated from the '"Delmarva" peninsula by a
tidal marsh on the west side, and with the Atlantic Ocean on the east.
The terrain roughness at this site (Fig. 1) is not nearly as uniform ac
for other sites usually selected for ground wind experiments,

At the Wallops site, even under the strongest observed wind
¢onditions, neutral thermal stratification has never been observed for
any length of time. For most directions the atmospheric winds
experience a change in surface roughness and surface temperature before

the tower location 1is reached.

*Professor, Department of Engineering Science and Mechanics, Virginia
Polytechnic Institute and State University, Blacksburg, VA 24061.
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Discussion of Results

The diabatic wind profile

U = (Uy*/K) [In(z/z( - ¥(z/L)] (L
is used to determine the roughness length, z, and the profile friction
velocity Uy*, as outlined by Panofsky [3]. Figure 2 shows the
variation of roughness length, z,, averaged for each 15° wind sector.
An insufficient number of records in the wind sector 75<¢<195°, and
upstream buildings made it impossible to get consistent results in this
sector. In Figure 3 the profile friction velocity, U,*, is compared
with the friction velocity, U*, obtained from the Reynolds stresses
either as U¥= /@ or U* = [dW2 + Ww2]1/%. 1In general the values of Uy*
are larger than those for U*. For northwesterly winds Uy* compares
reasonably well with the friction velocity, U¥*, based on the total
horizontal Reynolds stress.

Observed values of OQ/U* for a = u,v and w are consistently lower
than the usual near-neutral predictions of ou/U*=2.5, dv/U*=1.9 and
aw/U*=1.3. Figure 4 shows the average ratios of standard deviations

GV/Uu.and ow/cu for each 15° wind sector. Thekobservations of ov/cru
for wind directions parallel to the island are less than the expected
value of 0.8 and for south winds and northwest winds larger thén 0.8.
Under convective conditions, occurring frequently during daytime for
northwest winds, cuand o, are approximately equal except at the lowest
observation level, but the ratios cw/cu are close to the expected value
of 0.53 (Table 1). For southwest winds both ratios ov/cu and cw/ou
conform closer to their respective expected values of 0.8 and 0.53.
Variations of average turbulence intensities of the horizontal velocity
components obtained with the cup-vane system are shown together with

their standard deviations and their extreme wvalues for the highest
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observation level (2z=76.2m) in Figures 5 and 6. 1In the wind sectors
90°<¢<165° (on-shore winds) and 0°<¢<i5° an insufficient number of
records were available and only average turbulence intensities are
shown. Note the low turbulence intensities for southerly winds usually
observed under stable corditions above the internal boundary layer. A

near coastant turbulence intensity cu/U of 14% is observed in the wind

sector 225°<¢<360°, in contrast with av/U which reaches a maximum value

of 14% for a wind direction of 300°. This observation is consistent
with the maximum observed value fqr the ratio ov/oh in Figure 4 for the
same wind direction.

For near-neutral stability conditions a universal form for all u,v

and w spectra has been proposed by Kaimal [4],

ns, (n) 0.164 f/f0
= for a« = u, v and w, (2)

2 5/3
oy 1+0.164(f/f0)

where f = nz/U and f; is the scaling parameter which is the intercept
on the reduced frequency axis of the extrapolated inertial subrange and
the line nSa(n)/oa2 = 1. The von Karman spectrum functions, which are

frequently used by wind engineers may also be modified into the Kaimal

format as:

nSu(n) N 0.156 f/fO
2 215/6
o, [1+0.108(£/fo) ]
. (3)
and '

as () 1+0.679(f/fd)2
—_— = 0.12(£/£.) | : ] o=v,w

2 0% ... e V211176

o, 11+0.255(f/fo) }
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The two sets of spectral functions are nearly identical eicept for the
I values of the constants, and the Kaimal spectrum is slightly flatter

near the spectral peak. 1In the absence of low-frequency velocity

fluctuations, the shape of the observed spectra of the three wind

ry—— -

components for southerly (on-shore) winds are remarkably similar and

insensitive to stability. Either the Kaimal (2) or the von Karman (3)

T YT AT T e e a

spectrum functions fit the observed spectra extremely well (Figs. 7,8
| and 9). However in the absence of low-frequency components, some of
the v and w spectra observed at the lower elevations show that the i

Kaimal and the von Karman spectrum functions overestimate the spectral

densities in the low-frequency range and that the spectral slcpe is
larger than the predicted value of 1.0 (Fig. 10). A secondary spectral
peak may develop in the spectra of all three components as the result
of low-frequency internal gravity waves (Fig. 11).

For land winds from westerly directions similar observations have

‘been made under generally stable conditions with secondary low-

i frequency peaks. Also, for some of the v and w spectra, the Kaimal and
the von Karman spectral functions overestimate the observed spectral
densities in the low frequency range, especially at the lower
elevations. Under convective conditions all spectra show varying
degrees of increased contribution to the spectral denéities in the low-
frequency range, specifically for the u and v spectra. In many cases,
the w spectra show also an increase in spectral densities at lower
frequencies, often increasing with height. In Figures 12 and 13 the u,
v and w spectra are shown for z = 9.1 m and z = 76 m respectively in

. comparison with the Kaimal spectrum function (2). The results also

=L

~show larger increased spectral densities in the low frequency range for

; the observations at z=76m than for the observation at z=9.1lm.
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In the high frequency range all observed logarithmic spectra vary
with n=2/3, consistent with the Kolmogorov's law for the inertial
subrange. In this frequency range, the v and w spectra densities are
to be higher than the spectral densities of the u component by a factor
of 4/3 as predicted by isotropy. Nevertheless, for most observed
spectra at the Wallops site under cither stable or convective
conditions, the u, v and w spectral densities are the same in the =2/3
range, especially for the observations at the lower levels. For some
of the spectra observed at the higher elevations either the v or the w
spectral values are higher, but the expected spectral ratios

Sv(n) Sw(n)

= =& '
Su(n) = Su(“) 3 have not been observed for any of the sets of

measured spectra including those shown in Figures 12 and 13,

Conclusions

Based on the presented observations, it can be concluded that
there is no simple PBL flow model available to describe the mean and
turbulent flow at the Wallops site under moderately strong wind
conditions. Statistical parameters describing the turbulence vary a
great deal with the presence or absence of low-frequency velocity
fluctuations. The atmospheric surface flow at this site does not
follow the Monin-Obukhov similarity or mixed layer similarity
consistently, mainly due to the nonuniformity of the surface roughness
and surface temperature. Based on the measurements made at this site
under the strongest observed wind conditions, there is no evidence that

the PBL flow will approach the neutral boundary-layer model under

TR

extreme wind conditions.
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EXECUTIVE SUMMARY

Detailed measurements of the mean flow and turbulence have been
made with the use of a micrometeorological facility consisting of an
instrumented 76-m -tall tower located within a 100-m distance from
the Atlantic Ocean at Wallops Island, Virginia. Anﬁinterpretation 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 adequaté 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 thg surface flow at the Wallops Island site.
However variations fiom‘this model have been observed for certain
wind directions and under certain atmospheric conditions such és
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 alsc 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 1s complicated as the re-~
sult of the development of an internal boundary layer (IBL) as the air
crossing the beach geperally experiences'a change in surface roughness
and surface temperaturé. 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. Fer southerly winds the warmer air

» VPRECEDING PAGE BLANK NOT FILMED

bt s R T T

TR

"

R L T (T

PP

BT PP P, It




T TR TR T e - el e

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 stabie
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 been observed to co-exist

with the turbulence.

In addition to detailed flow informa:ion for all wind directionms,
averages of the important.floQ 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 componenté 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 under still stronger wind conditions
(hourly mean wind speed 2t z=10 m over 20 m/s) the surface flow will
alter sufficiently as to conform to the neutral boundary-layer model

whose turbulence 1is of purely mechanical origin.
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1. INTRODUCTION
The purpose of this rebort is to provide informaticn on the local

wind climate at a mid-Atlantic coastal site. The acquired information

can be used for the design of wind-turbine generatois at similar sites.
Since wind 18 a very important design parameter for these generators,
information is provided in this report on wind speed, wind direction,
wind shear and wind turbulence.

The data presented in this report were collected from an instru-

mented méteorological tower, 76.2 m (250 feei) tall and located at

Wallops Island. This island is one of the barrier islénds at the
Atlantic coast along the Eastern Shore of Virginia and is used by
the National Aeronautics and Space Administration as a sounding rocket

The results acquired from this facility should be

launch facility.
N,

typical for any Aﬁlanéic coastal site, although local effects such as
upstream buildings and obstacles and changes in éurface 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 souphwest‘this requirement had to be reduced to

approximately 8 m/s, since strong winds from this sector occur very seldom.
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Mean wind and turbulence measurements were made with two types of
instrumentation consisting of cup-vanes and resistance temperature
probes primarily used for mean 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 turbulence 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 systemxwés usgd to acquire wind daﬁa from
all directions, while the hot-film system was only used for turbulence
measurements from the two prfevailing wind directions, south and north-
west. '

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

models for near-neutraily 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 "Delmarva" peninsula by
a tidal marsh on the west side, and with the Atlantic Ocean on the east.
Winds with directious vafying between west and north are usually
encoﬁntered following the passage of a cold{front. Winds from this
sector will have crossed in succession (Fig. 1) the mainland, the
Chesapeake Bay (iO—SO km), the "Delmarva" péninsula (20-50 km) and the

tidal marsh (3-5 km). Depending on the wind direction, for the last
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200-300 m the air travels over land before it arrives at the tower

location (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

o T EmE o TR TR T

255° and 270°, a £.5 m high rocket fuel storage bunker ls approximately

90 m upstream (Fig. 2). 'An elevated roadway (levee) 2 m above the

surrounding terrain passesythe tower on the west side within 200 m.

Winds with directions varying between north-east and south approach

the island from the Atlangic 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 diréction 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 directibns
& 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.

V '_%Z, For wind directions between 140° and 170° a one-story rocket assembly

b Ak e SRR

‘%J building is about 100 m upstream of the tower. The prevailing southerly
- 1ég; winds vary in direction between 170° and 210°, however in che sector

v?; between 195° and 210° the 45-m tall Aerobee tower and associated

1§{ bhildings are about 300 m upstream. For directions between 210° and
| “;?g 230°, the wind diréction is approximately parallel to the island
R
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with part of Fhe 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 1is 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) micrometeorological tower is a self-standing non-

guyed tower with working platforms at 15.2 m (50 f£t) 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 instrumentétion system, together with
a digital readout panel of all inSttuments from one sidevof the towet,
are located in a small instrumentation building at the base of the
towver (Fig. 4). From this location the digitized data-are transmitted
to the NASA control éénCGr at the main base on the penipsula about

13 kﬁ 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
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8 hours. This instrumentation system is used by NASA in conjunction
with its rockec 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 mount%d 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 c¢cn a 1.8 m—~boom,
which in turn is mounted on the railing at each platform. The probes
were wounted on the south si&e of the tower for measurement of the
prevailing south winds during the summer and on the north side oﬁ ;hg
tower for measurement of the prevailing northwest winds during the
winter and spring. The electronics as well as the data-acquisition
and data-handling syétem £orvthis instrumentation sys%em are located
in an 1nst¥umentation 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
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1000 angstrom in thickness. The platinum film on each rod consists

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

to the same constant temperature by separate anemometei circuits.

. The total seunsor length is about 5 mm, and the three sensors are mounted
mutually perpendicular to form a Cartesian coordinate system. When the
instruments are not used fér 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-film anemometers is carried out in a low-
speed wind tunnel located at the main base. In 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 supplie& by the manufacturer, all constants
were obtained from calibration procedures carfied out in the low—speéd
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 forlll wind approach angles between
plus and minus 56° 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
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directions parallel to the axes of the instrument, and consequently
the tower mounted instruments were rotated in the direction of the
mean wind before thé data acquisition was started. For details of
the calibration procedure and the relations for the convérsion 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 érobes are samp%ed and digitized at a rate of 1 sample per
second. . This informat@on is transmitted to the control center of
The data from these tapes,‘eaéh 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 east-west and north-
south velocity components are calculated and averaged over 256 samples
from which the mean velo.ity and the mean direction for each block are
obtained. Also a block mean for the temperature is calculated.
Reasonably stationiry zample records of 5 tw 10 blocks in length are
selected for further analysis. This selection is based on the inspecticn
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 avéfaged for the selected sample, from whiéh the sample mean

velocity and sample.mean‘direction are calculated. This direction
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defines thg mean-wind coordinate system with the x-ax;s parallel to the
direction of the sample mean wind, the y=-axis in the horizontal plane
perpendicular to the x-axis and the z-axis vertically upward. For all

the data points in each block the velocity combonents in the mean~-wind
coordinate system are calculated and averaged ﬁo obtain’the block means.
After the block means were ;emoved from each set of components, variances
and covariances are calcula&ed'for each block. Sample variaﬁces and
covariances are obtained by averaging of the block variances and covarilances.
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 fof‘the %alculation of the vertical turbulence integral
scales of both the u and v components. In addition, the-autocorrelation
function, Ru(r) of the streamwise velocity is calculated from which the

turbulence integral scale, iz, is obtained as follows:

T
X = U 5 _g 1 R (T)dT, L

where T1 is the time delay for which the first zero-crossing.of the
calculated autohorfélation 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
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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 énd 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 és

a result of line power su;ges and voltage induction in the cables that
connect the instruments on the tower to the electronics atithe base of
the towzr. During the summer of 1976 a thermograph for recording the
alr 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
nortﬂ end of the island. This tower is instrumented with cup-vane
systems at six leyels 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 Lhe beach. However, for‘oceap
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 ﬁot-film Anemometers

The data;acquiSition and data-handling system is designed to
handle output from gix split~film anemometer systems, sampled at a rate
of 200 samples per second for a period of approximaﬁely one hour.,

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

analog recording system and (b) the demultiplexing, digitizing and
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digital recofding 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-
tt&lled 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
anélog tape recorder togethef 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 analdg compogénts after passage through seven discri-
minators. In order to avoié-aliasing of the velpc;ty‘spectra the
six output voltagéz 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 recorded on digital tape.

A mini-computer (DEC Model PDP 11/20) cbntrols the multiplexing analog-
to-digital conversion and the digital recording. Access to the mini-
comﬁuter 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 conversicns of seven analog vol-
tages into 16 bit words at a rate of one scan each 5 milliseconds.
These words are Qtored in one of the buffers of the mini-computer which
~ 4in 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 séparate computer programs have been developed to

calculate the following major statistical parameters: mean values,
variances, covariance spectra and cross spectra.

.The.first step in the data~analysis procedure is to convert the
seven output voltages from each f£ilm 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

tfansferred on another magneﬁic tape to await the next step of the data
reduction. '

In the second program velocity and temperature data are analyzed
in blocks of N=213=81§é data points, representing nearly 41 seconds
of data. For each of these blocks of data mean velocity componeots,
mean velocity and direction, mean temperature and the four standard

deviations are calculated. A total of 80 data blocks (almost 55

minutes) are analyzed in this manner. A stationarity trend test is

performed on eaci of the calculated parameters to check for un-
acceptable nonstationarities. Also inspection af the 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 sample in future analysis.

The sample mean velocity components are obtained by averaging the block

means, allowing the calculation of the horizontal angle between the
saﬁple mean-wind direction and the probe axis. 1In the following step

this angle 1is needed te tranfer the original velocity componenis in

the sensor-oriented coordinate system into u, v and w velocity components

of the mean—wind coordinate system as defined prev1ou51y.
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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 analysis.v 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 forﬁ a new
data record, which is also rqgorded'on niagnetic tape. This averaging
iS'peiformed after the data ére transformed into the mean-wind coordi-
nates and before the block means are removed. In 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
vatiénces 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 0.0003}-
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 éveraging
technique is employed, averaging first all the block estimaEES at é

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 geherated 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 selddm 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 tecalibrateﬁ. Corrections have to be made for changes in cable
resistance due to changes in ambient témperature. 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 réliable. Resistance shifts in the active:part of the system
k(films and cables) result in a parallel shift of the heat transfer
(voltage)/velocity calibration curve. This shift of course Qill
affect the mean quantities. a great deal but should not affect the
calculated turbulence quagtitites as much. As pointed out in
.Reference 5, the résults from these instruments ﬁecome less accurate
for wind diréctiéns 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

i
!
|
i
|
|
’;
|
|
i
|

T T S R R IR T M ST T ST S T S P AT T T




14

since these winds especially at the higher elevations are very steady
and have low turbulence levels. Tor 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 wmuch 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 structnre;af the boundary layer is extremely complex
due to the variability oflsurface roughness changes in terrain, changes!
~in surface temperature, variability of water vapbr, presence of clouds
and the fact that the flow is turbulent. Consequently, a simple model
describing all ﬁhe 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 verticallmixing 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 éonStant wind 'speed §nd direction. Due ﬁo'thg convective
mixing a relatively sharp inversion is created oh'top of the mixed layer
that délineates‘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 wi;h 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 convective 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 ét the surface, and/or
one or more stable layers exist at higher altitudes, no capping iaversion
exists. 1In stable a;r, turbulence is suppressed and may vanish completely
under extremely stabfe conditions, and the air in the different layers
becomes uncoupled as a result of reduced mechanical mixing. No simple

model is available to describe this situation. A surface-based inversion

ST I VU S T U Tt TP T

with or without one or more stable layers at higher elevations has been
observed over water surfaces, as warm air flows cver 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 qdite different properties although s non-linear inter-

action may exist between them.
More complications are introduced in the flow analysis 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, laten; heat is released and an inversion layer developé below ? ?
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the cloud base that s responsible for some degree of suppression of

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

a considerable suppression and reduction in low-frequency velocity
£luctuﬁtions. 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 shéat—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 oz the turbulence gains importance. In the
layer just above the ea:chés 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 1atént heat, which usvilly occurs when the atmosphere
near the earth's surface is unstably stratified (§§'< 0). The buOyént
suppression of turbulence is associated with the downward heat flux

- which usually occurs wheh thg atmosphere is stably stratified (%%-> 0),
where 8 is the local potentiél temperature.

Under strong-wind conditions on é sunny day, the layer in which the
shear-produced tprbulence 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 differences exist between the PBL and the
typical zero-pressure gradient wind-tunnel 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 1ayer;éonsisting of the lower 10% of the PBL. In the
mixed layer the velocity and wind diréction 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 ﬁear ground level [19,20]. These’loﬁ;frequency fluctuatibns
are not present under stable conditioms, although as mentioned before,
low-frequency fluctuations associated with gravity waves have been
observed under stable conditions [15,18].

An abrupt discoﬁtinuiCy (ihcrease) in low-frequency content has
been obéerved in the s?ecﬁra 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 ~table 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
ow/ou = 0.36 and for slighgly unstable stratifications this‘tatio
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 1s 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'descriptiongpf the PBL, wa$ 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 recordg 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 hear 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-

Richatbson 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 obseéved 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 (ou/U from 3% to 15%, ov/U from 8% to
11.5% and ow/U remains constant at 5%). There is strong evidence that
helical vortices, which form over the 6¢ean under near-neutral éonditions,
are resbonsible for this increase in turbulence intensity of the
horizontal velocity components. Also nocturnal jets near the earth's
surface with a jet veliocity of approximately 20 m/s and a gradient
Richardson number of +0.5 have been obseived in Nebraska [16].

Based on these examples and other experimental evidence presented
in the cited references! there is no basis ﬁor ;he assumptions that
under strong wind conditibns 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-tdnnel 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 problens 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 suﬁmarized 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 hofizontal terrain with near-uniform rﬁughness.

The results from these stto#g-wind experiments have formed the basis

for empirical models of thg.wind structure near the earth's surface

and of éhe atmospheric flows at higher elevations. In many of the

review papers it is assumed that under st-ong wind conditions the
turbulénce is purcly mechanically generated, and that buoyant produc-~
tion.and suppression of the turbulence can be neglected. Under these
conditioné it is then assuméd that the atmosphere is neutrally stable
and the mean and turbulent flow behave similar to the flow in a
zero-pressure gradient turbulent t iwndary layer developed in a low-speed
wind tunnel.

The review papers generally indicate tht the PBL under strong wind
conditions is neutrally stable Sut may.be modified as the result of
thermal effects. However, it is genérally assumed that under strong
wind conditions there,isysufficient mixing that thermal effects can be
completely ignoréd. The neutrally stable PBL-flow model, which is
generally assumed in the réview’papers, has never been experimentally

verified at different sites for a large variety of strong wind con-

diticns. Nevertheless, it is widely assumed by many engineers znd

T




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 Harvis [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
adiabatic 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 e§i$t 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 IRi‘ <0.03
and by Panofsky [31] for lRi|<0.01 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 wm. |

Most of the observations at Wallops Iglnnd presented in this
report have been made with the mean wind speed at the 76 m (250 fr)
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-

neutralvPBL-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 duriﬁg daytime, although some
night records are included. The prevailing wind directions at this
sjr~ are southerly during the summer and fall, and between Qest and
north during winter and spri@g. Consequently, for these.two direction
sectors many data records are available but the data base for on-shore
winds in the sector beﬁween northwest and south is limited. For this

set of data, mean velocity U, mean direction ¢, mean temperature T,

the turbulence variances % and cv*, and the turbulence integral scales

X
u

L7, Li, Lz 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 insérumeut
system. Nine data records, each one hour long and for southerly wind
directions, were agquired 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: varilances
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 9.1l m

.(J0 ft), For some of these records data were acquired simultaneously

withh the cup-~vane system, allowing direct comparison of the measure-
ments with the two instrument systems.
6.1 Mean Wind and Mean Tempergture Profiles

For near-neutral stratification the wind profiles over homogeneous

terrain obeys the relation

] =gU3/K) 1n(z/zo) (2)
where Ug is the friction or shear velocity, which is ideally equal to
/?;/p, where T is the surface stress anq p the air density, K is
Von Karman's constant taken at 0.4 an& 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 the buoyant
production or suppression of the turbulence with respect to the mechani-
cally produced turbulence. The height where the measured velqcity
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 ofjthe 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, 1s based on the Monin-Obukhov similarity theory and is given

by [32]

U= (UA/U) [1n(z/z,-y] (3)

wheré ] is a universal function of the stability parameter z/L and
L is the Monin-Obukhov length defined (in the absence of muisture) as
[(32)

cp 3
8 Uk
L = ..ﬁ__ _g_ g__ 4)

(o]

where T is the absolute temperat:re, U* = Vto/p and Qo is the surface
heat flux, which can be apprdximated by cpp w6 measured in the surface
layer. The stability parameter, z/L, depends on the gradient Richardson

number [32]

+
RL = g.Ya + dT/dz , (5)

T (du/dz)?
where Ya is the adiabatic lapée raté (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 ¢y as given by Panoféky [31], the
departure from the logafithmic profile due to buoyancy effects
in the surface layer can be obtained so that (3) can be used to
obtain estimates of 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, Z4s 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 surface layer.

In general, Monin-Obukhov (M-0) similarity theory can only be applied

in the surface layer, when the flow conditions are stationary, when
surfdace conditions are uniform (roughness and temperature), and over
level terrain without m?jor topographical features such as mountains
etc, If the measured %elocity data'are linear with 1ln z, then this
observation does not automatically guarantee thatvthe profile is truly
togarithmic. For the majority of sites including the Wallops Island
site 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 ptofile 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 SCratification is encountered |
for any length of time. ;The usual daytiMe thermal stratification near
the surface is - 41 >y '(unstable stratification) and =~ a1t <. y_ (stable
. , dz a dz a
stratification) for nighttime. There is a short time around sunrise
and in the'léte afternoon before sunset when a neutrall& stable strati=

fiﬁation is observed near the surface in the first 10 or 20 m. The-
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stratification qf the air at higher elevations varies a great deal with
time of day, cloud cover and season. For southerly flows over the ocean |
the aii temperature 1s uéually"higher than the water temperature and

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

Changes in temperature and velocity érofile occur also as the flow
expériénces a suddén change in surface ;oughness and surface temperature,
and an internal boundaryblayer (1BL) develops as the flow adjusts itself
to the new surface conditions. On-shore winds at Wallops Island usually
éxperience an increase in roughness and an inéreasevin surface temperature
in daytime as they cross the beach, For 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, cempe;ature 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 cverall
thermal stratification of the observed‘flow and M-0 similarity does not
apply. |

Typical temperature profiles for southerly winds on a summer afternoon
are shown in Figure 5. These temperature profiles clearly indiéate the
stable conditions above the IBL in the early afternoon, and the sgrfacé
co;iing in the late a£Cerno§n. 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 heighﬁ. On
a rainy day with low cloud eover a stable stratification is observed above
40 m. Neutral temperature profiles throughout the tower height are seldom
observed; the secdddltemperature profile shown in Figure 6 is the closest
to an observed néut:al temperature profile. Typical nighttime temperature

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

Ratios of mean velocities at the 15.2 m (50 £t), 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 l5-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 betweeh 90° and 165° (east-
southeast) the number of data records available in each sector was four

or less, an igsuﬁficeé£ 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, VSO/VZSO,
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 ratio; are alsolobserved for wind directions approximateiy
parallel to the island éor 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 ;f

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 veloc;ty) within a few hundred
meters from the surface has yeen observed. The jet velocity has been
observed as low as 45.7 m (150 £t) 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 ve%;city profiles for wind directions between
southwest and north»are showﬁ 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 smali for the upstream terrain. Moreover the two velocity
profiles of Figure 9 are apprdximately 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 zg and a
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 1aye¥ in which (2) and (3) are valid is roughl& 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/cép, respectivé;y. Measurement of the turbulent fluxes at -
Wallops Island indicate that the thickness of the.sugtacg layer varies a
great deal with wind speed, wind direction and thermal stratification.
For on-shore winds the top‘of the surface layer 1is generally
below the lowest observation level of 9.1 m (30 f;) and for the
strongest westerly winds‘the surface layer extends above fhe height of
the tower. Fbr on-shore winds when an IBL develops as the air crosses
the beach, turbulent heat-flux measurements show an upward flux at the

lover levels and a downjard 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 witﬁ 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 leﬁégh, zo,.for either the land or ocean surfaée’can be ob-
tained from the measured velocity profiles. Despite the fact that two

velocity profiles of Figure 8 show a linéar variation of wvelocity with

lqz, fitting of the log-law (2) to the vglgéi;y data leads to values

of z, of the order of Im, which are much too high for either the existing

upstrezm terr;in or the ocean. The parameters describing the on-shore
turbulent flow depend in part on the roughness of the underlying surface
(ocean) but also to a great extent on the sgability of the flow. Con=-
sequently, knowledge of the roughness length, zs 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].

For westerly winds the local shear velocity U’l"-[t—f!.—i2 + ;;2]

1/4
is approximately constant over most of the observation height, in-
dicating that the surface layer extends well above the lowest obser-
vation level of 9.1 m (30 ft). Also the values of the local ghear
velocity, UX, compare quite wéll‘with the profile friction velocity
U:, obtained from mean velocity measurements below the profile "kink".
The rough
the measured mean velociCieé below the profile "kink", vary with up-
stream roughness and thermal stability of the flow in the surface layer.
Figure 10 shows the variation of z with wind directiog, clearly
indicating the effect of tﬁé 6.5 m high storage bunker for mean wind
directions of 270°. 1In ch; 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,
z°=0.034 m , corresponds quite well to the predicted values of
ESDU [28,29] fer similar terrain. 1In Figure 11 all values for z » ob-
tained for wind directions in the before-mentioned secﬁors, are shown
as a function of the gradient:Richardson number evaluated at z=15.2 m
(Rils). Thé values of zo were obtained by‘fitting of the log—iaw.to
the velocity measurements below the profile "kink". The scatter of the
data is appreciéble for Rils>f0.15, however the values of z decrease
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 stabili:y 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
zZ» 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-uniforr; 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 semilogarith-
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 profiie. .

Engineers genérally favor the power law as an expression for the
velocity profile through the entire PBL over uniform terrain

U/U, = (2/2p)" (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) 1is preferable over the power law (6) for flow in the sur-
face layer. Alsv the power law (6) cannot be expected to be a good
approximation for wind profiles in the convective PBL. The latter seems
to be prevalent over the North American coﬁtinent eveﬁ underrthe strongest
wind conditions. |

Thé mean velocity profiles of records 2A1 and 2A2 acquired during
the Minnesota 1973 atmospheric bdundary layer experiment [12] as well as
the vélocity profile acquired at the Boulder Atmospheric Dhservatory

(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 expﬁneht
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 w/s
at z =10 m) [36] indicate that the power law (6) fits these data quite
well. The Cabauw tower is operated by the Royal Netherlands Meteorological
Institute and is located about 50 km east from the North Sea cecastline.
For westerly winds the upsc?eam terrain is flat léw-lying pastureland with
a very shallow water ‘table. Simultancous 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 mbstly
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 énly over a limit#d height
range. In the near-neutral surface layer where the lcgarithmic law
applies the power-law exponent can be approximated by [31]

a = [In(/2,2,/2)17 | )

clearly showing the variationlof a with roughness, zc,.and geometric mean

height, vz,z, where z, and z répresent the elevation boundaries of

172 1 2
the layer over which a near constant a may be expected. Near the sur-

face a has a relative large value depending on the value of Z s 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 (21-15.2 m,

=45,7 m) are shown in Figure 12 as a function of the roughness length,

T T TRt S 5
»

%2
z . Similarly, power law exponents based on the mean velocity measure- i |
ments undgr strong-wind conditions (no "kinks') at all five levels and “

the three highest levels are shown versus roughness lgngth, Z» in f ;
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 i

is that on a semi—logétiuhmic plot of U vs. 1n 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) g

N

and all threze prediction methods, which are based on khown roughness

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 .
(o)

6.3 Turbulence Intensities
Average turbulence intensities of the horizontal velocity components g :

u.-and v méasured with the cup-vane inétrumenCS at 5 levels, are shown in

Figures 15 and 16 for each l5-degree sector. In additipn'to the average

turbulence intensities, the maximum and the minimum observed turbulence { 1

intensities for each sector and the mean intensity plus and minus the . i
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standard deviation are shown. In the sector 0°-15° and the 5 sectors
between 90° and 165° only average turbulence 1nten;ities are shown,
because tﬂe number of data records available in each of these sectors
is four or less. For on-shore winds au/U is approximately 10% 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). In
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, ov/U, shows much the same

pattern, although some differences can be observed. For on-shore winds
the average value of ov/U at the lowest observation level (in the IBL)

4s about 8%, decreasing to about 47% 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 oécasions the
mechanicalytutbulence has been observed to vanish cempletely at these
elevations at mean velocities of 10 m/s and higher. |

The averagg turbulence intensity'oulu is nearly constant at each
level for wind directions between 240° and 345°. The average turbulence
intensity ov/U at each leveljincreases with wiﬁd direction from 240° to
about 300° where a maximum is reached and decreases gradually with wind
directions from 300° to about 50°. Figure 17 ;hows the variation of the
average turbuleﬁce intensities of tﬂe 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 {Z8] 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 1s 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 ov/U for the 1atcér sector
correspond extremely well with the Teéunissen estimate, but for thé
sector between 300° and 315° the average values of ov/U are about 3

to 4% higher. On the other hand the average values of ou/U for these
two sectors are about identical and fall btetween the estimates of
Teunissen [25] and ESDU [28].

A possible explanation fer this unusual behavior of ov/U can Be
derived from the visu?l inspection of several years of strip-chart re-
cordings of wind spee& and direction obtained centinously from a
propeller-vane anemometer located about 1 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 cv/U and the co-
variance vw measured in this sector.

The turbulence intensity, ou/U, which is constant over near-uniform
terrain for westerly wind directions (Fig. 17), instead varies with time
of day. Nighttime measurements are systematicailyylz higher than the
daytime results (Fig. 20). The vertical distribution of the vertical
turbulence inCensity,'ow/U, based on five strong-wind data recérds ob=-
tained with the hot-film system, is shown in comparison with the ESDU

{28] and Teunissen estimates in Figure 21l.

~
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The vertical distributions o«f the tgrbulénce intensity of ail
three components for southerly winds are shown in Figures 22, 23 and
24. For these wind directions an internal boundary layer (IBL) develops
as the air crosses the beach. Based on the change in diréction of the
daytime vertical heat flux ;5, ﬁhich is expected to be positive in the
IBﬁ 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. Th;s |
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 devglopment length of 300 m. The average
turbulence intensities ék the u and v components from nine data records,
obtained with the hot—f;lm instrumentation during summer afternoons, com-
pare surprisingly wéll with the average turbulence inﬁensities from 29
data records, obtained during winter and early spring uhde@ 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 incensités for run 7 {3] obtained
under extremely stable conditions (Rf=+25.5,lU=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 turbiulence inﬁenSicies, av/o“ and ow/ou, 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
avlou 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 approximateiy parallel to the island at $=40° and ¢=230°.
Values of ov/ou higher tha; 0.85 are observed for southerly winds for
$=170° and for northwesterly winds in the sector 280°<¢<350°. That

the values of ov/o,u ayé relatively high in this last sector is no

big surprise since oféen large direction fluctuations have been
observed in this sector (Fig. 18). Values of ov/cu and ow/cu obtained
from the hot-film data records are algo shown in Figure 25. The values
of o?/o u obtained with this system compare quite well with the cup~vane
results. The values of the ratio, owlou, for winds from the sector
between south and southwest and northwesterly winds fall betwgen 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 clear’y that at
the Wallops site large variations in mean as well as thrbulent 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 (22 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 intensities.

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

6.4.1 Integral Scales, Lz, L: and Li from cup-vane data

In this section the distribution of the turbulence integrali scales
obtained from measurements with the cup-vane system will
be discussed and comparediwith the estimates from several review papers
[25,26,28,29]. The streamwise turbulence integral scale of the u
component, Li, is calculated from the autocorrelation fumction (1),
Ru(T), assuming that Taylor's hypothesis is valid. Averages of all
scales, Li, obtained from the data records in each ls—dégree 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 qnd show a great deal of variability for all
wind directions. In general the magnitude of these integral scales
is larger for westerly winds than for on-shore winds except for southerly
wind directions. At the highest observation level two distinct extremes
for the maxima ;an,bc 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 aﬁ;the 76.2 m (250 ft) level has been observed. On the
other hand, if the low-frequency gravity wéveg 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 tge sector between 300° and 330° large variations
in Lﬁ are also present, which ére the result of either the presence
or absence of low-frequency velocity fluctuations as can be observed
from measured u—specQ;a.

Vertical integral scales of the horizontal velocity components
obtained from the measuremehts with the‘cup-vane system can be cal-

- culated by integration of the vertical correlation coefficients of either

the u or v components.
/ Rv’z (z')dz’ (8)
°o . i1 ‘

where

T
1 (t,z) u,(t,z+z')dt )
r /" t
o

{oiuZ)}

and 1 = v or v

R:i(z') is the vertical correlation coefficizat of either 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(i') changes for the first time from positive to 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

R, (') = expl-z'/L{] - (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 boundafy iayer, integral
scales obtained from upward and downward integration of the correlation
coefficients with the origin at.g éommon 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') N ,-%.— fvi(t,z+z')vi(t,z-z')dt o (11) ]
{oi(z)}2 A '

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 evaluaqion 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 coefficients are shown
as LUZ+ or LVZ+ on the figures and as Lﬁ¢ or L5+ in the text. For
. tﬁe integral scales obtained from downward integration the direction
of the arrow is reQersed}3 The two-sided integral scales obtained
according to the definition (11) are shown as LUZI or LVZI on the
figures and as LzI or Lzl iq the text. Averages of all the integral
scales for each sector as well as the maximum and minimum, and the
ﬁean 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 wére.available to calculate a standard
deviation and only average values are plotted.

The integral‘scales Lz for on-shore winds are genefally smaller

than those for westerly winds by less than a factor of two. Ther

integral scale Li+ measured at the 15.2 m (50 ft) level and the scale

L:+ measured at the 76.2 (250 ft) level are of the same magnitdde.
.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 values of L: are also observed for northwesterly wind directions

between 300° and 320°, The upward integrated scales, Lif » 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, L:* , Lﬁ+ and LﬁI of the measurements at
the 45.7 m (150 ft) level shows that for winds between 0° and 100°
the upward and downward in;egrated 6cdles are of the samé magnitude
(37 m) with the scale LiI having an avefage v$1Ue of approxinately
43 m. For westerly winds between 250° and 360°, Lﬁf is about 20 m -
larger than Li* .

The vertical integril scale of the v-component, Lz, behaves in a

similar fashion as the scale L:, but the latter is generally

twice as large. The magnitude of Li for winds from westerly directions

is about twice the value of Lz 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 (¢=310°) for which large direction fluctuations have been
observed (Fig. 185. For southerly winds (¢=180°) no large maximum
values for Lﬁ 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 winds L:* > L3+ with the valpe
of L: I in bétﬁeen.

Figures 29 and 30 show the variation of the relative magnitude

of the average turbulence integral scales Lﬁ/Lz with wind direction

for each observation level. For southerly 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 L:/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
séales, Lz/Ls, 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 clear that the measured turbu-
lence integral scales Lﬁ, Li and Li vary significantly with terrain
roughness, wind direction, time’of day, thermal stability and other
~atmospheric condit%éns, In this section the measured integral scales
are compared with ;he predicted scales from either Teunissen [25],
Counihan [26] and ESDU [29].

In Figure 31 the averaged turbulence integral scales, L:. ob-
tained from the cup-vane data are shown for two westerly wind-
direction sectors over near-identical terrain and are compared with
- the estimates of References 25, 26 and 29. At the higher elevations
the values of Lﬁ in the sector 300°<¢<315° are approximately 100 m
larger than those in the sector 240°<¢$<255°, The Counihan {26] pre-
dictions métch the measurements below 30 m but for higher elevations
all three references under-estimate the measured integral scales.

Averaged‘values of L:Aand Lz for the same two wind direction sectors

are shown in Figures 32 and 33 and 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 Lz in the secfor 300°<4$<315° are about twice as large as those
in the sector 240°<¢<255°, which is in contrast with the values of
Li which are approximately identical in the two wind-direction sectors.
The ESDU [29] predictions of both L: and Lz match the measured data
in the wind sector 240°<¢$<255° reasonably well, but underestimate
the scales for wind directions between 300° and 315° for which large,
wind-direction fluctuatiovns have been observed [Fig. 18]. ‘
Figures 34, 35 and 36 sﬁow the averaged values of Lﬁ, Lz and
L: obtained from the cup-vane data, in comparison with the predicted
values for southerly winds. Since no measured values of roughness
length are available for t?is wind direction, values of z, were
selected in accordance witg the nature of the upstream terrain and
Table‘l 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 foughness length of zo=0.001 m was selected. The measured
longitudinal scales, Lt, are generally larger than the ESDU [29]
predicted values, whilé the measured vertical scales Lz and L: are
generally smaller than the ESDU [29] predictions. These results support
the likelihood that internal gravity waves exist in the surface-based
fnversion over the ocean. The extent of the waves is much loﬁger
in the direction of the flow than in the vertical direction because
of the suppression of vertical velocity f1UCtuations 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, Li for southerly winds only. For these windé the‘

scale ratio Lﬁ/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, Lﬁ, obtained for westerly winds
over near-unifo;m 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 }g individual values of the turbulence integral
scales, L%, at the 15.2 m (50 £t) 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 L: 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 Couniﬂan predic~-
tions [26] fit the measured integral scales reasonably well.
Similarly, the corresponding vertical scales LiI and LiI are shown
versus roughn;ss length, Z s in Figures 40 and 41.‘ The ESDU [29]
predictions for LiI match the measured resulﬁs quite well, while the
predictions for Lil of the same source fall generally below the

measured data except in the range 0.1 m<z°<l.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 independent
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 scales are related to the length
scales in the direction of the flow by assuming the existence of
Taylor's frozen turbulencé hypothesis. The magnitude of the time scalés
varies significantly depending on the presence of low-frequency fluctu-
ations and or trends. In order to omit these fluctuations from tke
time-correlation coeffigients, the data should be high-pass filtcered

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
fluctuations below 0.00195 Hz from tﬁe 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
(0.0244f100 Hz) or middle-frequency range (0.00153-6.25 Hz) (See section
4.2). Turbulencé integral scales calculated iﬂ this way are gaid to

be obtained by the direct method.

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

C(k/ke)“

S(k/k_) = /6 (2)

~ 2
[1+(k/ke) ]
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where ke corresponds to wavenumbers in the range of the energy-containing
eddies. With the assumption of isocroﬁic turbulence, expressions for

the physical realizable one-dimensional spectrum functions su(kl)'

sv(kl) and sw(kl) can be obtained (see expressions 3-72 and 3-73,

Hinze [40]). The wavenumber 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 mechanigaily produced wind tunnel turbulence quite well
141,42]). The spectral expressions for the streamwise and lateral velocity

components are given by,

nSu(n) 4(nL§/U)

- : o a3)
oi [1+7o.7(n1.§/u)2]5’6
and
ns, (n) nL*  14188.4(2nL%/U)2
F— = A — 1176 (14)
o) {1+7o.7(an§/U) }

where 1 = v-and w.

For the comparison of these wind tuknel spectra with the normalized
épeccrum functions, the turbulence integral scales, L:, were determined
independently using the éreviously discusséd direct mephod. The

5/3

Von Karmon spectral equations show the correct n ~dependence in

the inertial subrange. Integration 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 LI-Si(O)Ulbci.
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
neuttai thermal stratification. The work of Kaimal et al [20] clearly
points out that under near-neutral conditions the 10w—fre§uen¢y 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 approaéhed‘ftom the stable regime.
Under these énnditions sigéificant low~frequency velocity fluctuations in
the u and v components are absent and the spectral shape of these components
is similar teo the Von Karman model. Cn the other hand no unique spectral
shape for the u and v component exists for near neutral conditions
approached from the unstable regime. Undé?vthese conditions, the low-
frequency épectral content is much higher and the Von Karman model does
not represent the spectral data well;

In order to check the validity of thé Von Karman spectral
functions, it will be necessary to check these relations against measured
spectra, where the frequency is ﬁormalized with the local mean velocity
and the turbulernce 1nteéral scale obtained independéntly via the direct
method. In Figures 42 and‘45 logarithmic spectra of the u-component
measured at 5 different elevations for data record 19 (Table 1) afe
compared with the Von Karman spectral £unct16n. The difference in those

two illustrations is that variances and integral scaies used in Figure 42
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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 nL:/U-O.léﬁ is present.

Similarly, the measured v spectra follow the Von Karman spectrum in the

-2/3 reglon 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

T | TP

function for variances and integral scales obtained in the middle and
high frequency range respectively. In the latter case the measured
spectra fit the theoretical Vou Karman spectrum function much better
especially for the spectra from the higher elevations.

Based on thése results the coﬁclusion can be drawn that the theoreti-
cal Von Karman spectrum functions do not rxepresent the spectra of atmo~-
spheric turbulence in the low-frequency vange or in the high-frequency
range when turbulence integral scales are used that are obtained via the

direct method vhen low-frequency fluctuations are included. Better fdit &

G S T e e T Ll L e T

of the measured spectra in the =2/3 region is achieved when variances
and turbulence integtnl 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 vii the Von Karman method must be inter-
preted as integral scales associated with velocity records from which
all low-frequency fluctuations with periods longer than approximately :
40 geconds have been filtered out. ﬁ
The expressions for the streamwise turbulence integral scales, ’
L: for i=u,v and w, listed in references 25 and 29 are based on scales ‘
obtained via thé Von Karman‘method by either matching of the measured
spectra at the peak reduced frequency or by uging a best overall fit
of the spectra. Consequently the predicted integral scales from these
sources must be interpretqﬁ as integral scales associated with the high—l
frequency content of the t;rbulence components.
6.4.4 Comparison of Integral 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 cup-vane data
are obtained via the direct method in thé frequency range from 0.00195 Hz

te 0.25 Hz. Integral scales obtained from the hot-film data and dis-

cussed in this section, are obtained 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—ftequency range (0.0244-100 Hz)
(VK-HF) .

.
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For method 2 and 3 values of LI were obtained by matching the measured

logarithmic spectra (nsi(n)/oi versus nz/U) at nz/U=10 to the Von Karman

spectrum functions in the -2/3 range. Averaged and single-record stream-

wise integral scales, LI, obtained from the cup-vane ‘data 5: from the hot-

film data, the latter derived through one of the above three methods, are

shown for the two basic wind directions (south and northwest) in Figures

46 through 57 and are compared with the predicted values of references

25, 26 and 29. |
Figures 46, 47 and 48 show the varlation of the averaged integral

X

scales, Ly

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

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

on a roughness lemgth,ﬁzo=0.01 m in the IBL below 20 m and on a roughness
length zo=0.001 ta abové the IBL. The values QE‘Ltjfrom the cup-vane
data match the ESDU [29] predictions and the scales obtained from the
ﬁot-film déta via the Von Karman method in the middle-frequency range
match the Teunissen [25] predicticns. Values of L: and L: obtained
with the use of the Von Karman method in either frequency range fall
well below the predictions. Of course, as previously discussed, the
ratio of longitudinal scales and lateral scales is much higher for
southerly winds than for the other wind directions (Figs. 29, 30).

The effect of buoyancy in the inversion layer tends to suppress the
vertical motion and consequently the measured scales Ié are much smaller
than the predicted scales. It must be assumed that the predicted scales
are based on data recordé taken under conditions where buoyancy had

very little effect on the turbulence. The lateral scales, Lt and L:
obﬁained via the Von Karman méthod in .the middle-~frequency range are
about twice as lpng 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. 1In Figure 49
comparison of Lﬁ 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
scales obtained with the’direct method from either the cup-vane or
hot-f1lm data in the same frequency range. The Teunissen [25] and
ESDU [29] predictions only f£it the measured scales obtained via the
Von Karman method belowfh height of 20 m. Above this height the pre-
dicted values are systeﬁatically 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 height of 20 m the
Counihan prediction falls between the measured scales obtained via the
direct method énd those obtained via the von Karman method.

The measured lateral scalest: and Lt obtained yia the direct method
in the middle~frequency range aré three to four times as large as those
obtained via the V;n Karman method in thé same frequency range (Figs. 50,
51). The latter scales match the Teunissen [25] and ESDU [29] predictiomns
very well, . | -

In Figufes 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 Eéen observed [13, 23] ﬁhat just before
sunset the convective boundary’layer dissolves abruptly and the low-

frequency velocity fluctuations normally associated with the convective
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PBL suddenly disappear:as can be clearly seen from the comparison of
the plotted records of the horizontal velocity components of record 16
(evening run) and record 19 (afternoon run) (Fig. 54). The results
indicate much smaller scales if the low-frequency fluctuations of the
horizontal components are absent. For record 16 the écales obtained via
the direct method are systematically larger than thoce obtained via the
Von Karman methoq, although the difference is less significant for this
early’evéning 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
Lx, from the daytime rTcords and those for record 16 obtained via the
Von Karman method in éither the high-frequency range or the middle-
frequency range. The Von Karman methcd for obtaining integral scales
provides near-identical results independent of the frequency range 1if
largé low-frequency fluctuations are absent (e.g. record 16) or 1if the
low-frequency'fluctuations are remerd from the data records. If the
large low-frequency fluctuétions.are present (e.g. u and v componenﬁs of
daytime records Fig. 54) and are not removed from therdaytiﬁe 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
compénents are present £hé 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, obéained 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. In general, the Teunissen ' P
[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
f26] prediﬁted values cofrespond 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 1 o

those predicted by Counihan [26]. The ESDU [29] predicted

P LR

scales fall between the two previously mentioned predictions. The scales
obtainea from data records of horth-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 integrél‘scales, L: (Figs. 50, 55 and 57) also
show appreciable variation. The Teunissen [25] and ESDU [29] predictioms
correspond reasonably well to the scales obtained during daytime via . ‘
the Von Karman method in the middle-frequency range. The scales obtained
from the same. daytime records via the direct method are significantly
larger than the predictions. On the other hand if low-frequency compo-
nents are absent or filtered from the data records the measured values
for the 1aCer?1 integral scéles, L:, féll well below the predicted values.
The integral scales, L:, (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'meihod in the middle
frgquency 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
thé‘measuréd scales are generally lower than the E3DU t29] and Teunissen
[25] predictions.

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 aéé absent or are filtered out. In general the
horizontal scales Lﬁ and Lt 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 thrze velocity components
qb;ained 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-frequepcy
range depends greatly on the absence of presence of large low-frequency
velocity fluctuations. ‘

The logarithmic spectra obtained from south-wind records generally

2/3

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

range and approximately as f+1 in the low-ftequency 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 appreciablé low-frequency
fluctuations all spectra can be brought in coincidence and approximated

.by the empirical relation

nsi(n) _ 0.164(f/f0)
o 2
R §

. (15)

140164 (£/¢ )/
with i=u, v énd W,
where f=nz/U is the reduced frequency and fo is the reduced frequency

at the point of interéection of the extrapolation of the inertial

" subrange of tﬁe spectra:hnd the line nSi(n)/012=l. Kaimal's spectra and
variances are obtained %rom 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/£o

—— = ' (16)
2 2,5/6
a, [l+0.108(f/fo) ]
and
. _ )
nS, (n) 140.679(£/£f )
= ey —5i/6 4
o4 {l+0.255(f/f°) };

with i=v and w. -

In this set éf equations the reduced frequency is defined as f=nLI/U.
However the parameter f/fb for either the Kaimal or the Von Karman
expressions represents the wavelength ratio Ao/A; where Ao'is the
wavelength associated with:the reduced frequengy, fo. In both:spébtral
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 obt§ined from stable-air records above the IBL do
not differ from those obéained 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
veleocity spectra in the case iow-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 fluétuations.
The results did not indiéate any systematic variation of fo with stability
as suggested by Kaimal [43], Averaged values of £o=(nz/U)o for each
velocity component and obtained from normalized logarithmic spectra in
the high-frequéncy range are shown as a function of heiglit in Figure 62.
However, values for fo‘obtained from the same data records but analyzed
in the middle-frequency range’(0.001535n5§.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-
frequency ranges, 0.00153 Hz and 0.(j244 Hz respectively. These spectra
do not exhibit a distinct spectral peak but instead values of the
logarithmic spectra are approximately the same for £<0.l. Values of
fo obtained from the u-spéctra 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 convéerge to a
general value in the range.0.02<f°<0.03, independent of height.
| For those records whére internal gravity waves z2ffect 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 Qalues at the lowest frequencies
are affected and an appreciable range where the normalized 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 f =0.02~0.03 and the values of f_obtained in the high-
frequency range as shown inAFigure 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 fqr isotropy in this
(A similar situation exits for the w-spectra.) As the w-spectra

range.

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 Sut instead vary with the height, 2

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
(Fié. 69) have 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 Karmaﬁ prediction in this range.
HoﬁeVer 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 Kariman
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prediction.

Values’of the reduced frequency, fo‘ defined as the intersection
of the extrapolation of the spectra in the inertial subrange and the lime
nsi(n)/oiz-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 aic ptesent,lthe values
of fo obtained in the high-frequency rauge are systematicélly three
times as large as the co?responding values obtained from the spectra
analyzed in the middle frequency range, while for the w-spectra the
ratio (EO)HF/(fo)MF is approximately 1.6, indicating that the low-
frequency content is 1arger in the u and v spectra than in the w-spectra.
For run 16 this ratio for the u-spectra is 1.9 and 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 pr.sented in the logarithmic form with nsi(n’)/oi2 and f=nz/U as
coordinates. The distribution of’fo with elevaticn for daytime spectra
and evening spectra analyzed in the middle-frequency range are showm
in Figure 71. The results from the daytime spectra show tkat the values
of fo for each velocity component are approxima;ely independent with
height and are (fo)u=0.01, (fo)v=0.02 and (f°3wu0.07. This observation
is in agreement with some of the results obtained fOt'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‘fo 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/£o=3.8, then fm=3.8fo and
(A)y = 0.26z/(f ),  for i=u,v,u. (18)

Here the wavelength, Am=(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 L; can be predicted as proposed by Teunissen [25]

X _
Lu 0.146 (Am)u

and X _ o~ - \
Li = 9.106 (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 velociﬁy 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 rathey 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 measurements and a
hot-film system for turbqlence measurements. The data acquisition»
and handling system for the hot-iilm 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 &igitized data have been analyzed on an IBM~-
370 computer located on the VPI and SU campus.

pata 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 (ropughness length, Z and poweriaw
exponent, 0) have been derived as well as turbulence intensities,
ou/U and.cvluf and turbulence integral scales, L:, Lﬁ and Lz.

Averages of the calculated flow parameters from all data reéofds in
each 15-degree sector have been presented. 1In addition’averaged mean
velocity ratios v/VZSO’ turbulence intensities, OU/U, Gﬁlu,and
turbulence ihtegral 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 presentéd in
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Figures 72 through 75 from which average wind design data for this
coastal site can be established. Iﬁ addition, data have been ac-
quired with the hot-film system for the southerly and northwesterly
prevailing wind directions. With this systém turbulence parameters
such as turbulence intensities, Reynolds stresses, turbulence heat
fluxes, integral scales (Lﬁw L: and L:) and power spectra of the
three velocity components have heen 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 measuréd velocity and temperaturé profiles suggest
that the sukface flod at the Wallops Island site is similar to the
surface flow observed during the Minnesota experiment [12]. The
observed PBL flow at Minnesota is an example of a typical convective
boundary layer, a model of which is described in detail in Reference
13. In 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 the mean and turbulent surface flow regardless of the wind
velocity. However, appreciable deviations from the.convective
boundary-layer model may occur depending on atmospheric conditioms,
time of day and wind direction.

It has been observed that just before sunset the daytime

. boundary-layer flow is modified drastically as a result of the
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disappearance of the largé-scale tufbulence and appearance of.a
surface-baéed inversion. Similarly under conditions of low cloud
cover combined with precipitation, an inversion below the cloud
cover miy 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- n
vversion 1s reduced, resulting in an appreciable reduction in tur-

buleﬁce‘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 speciifically between -300° and 315°. For winds in this sector

larger values of the latergl turbulence intensity and 1argér tur-

bulence integral scales have been observed than for winds outside

this sector but with the same upstream terrain. In addition, tur-

bulence intensities and turbulence integral scales vary during ﬁhe

daytime as the convective boundaiy 1a§er develops. The above

observations have been made under moderate]y strong wind conditions

with hourly mean-wind speeds between 10 m/s and 20 m/s at z=9.1 m.

| g Eme gt S, SN R i

Based on all (he 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‘iﬁ excess of 20 m/s.  Consequently
at this point in time it caﬂndt éutomatically be assumed thét 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 alsoAdiffers appre=-
ciably from that predicted by the neutral Sbundary—layer model. During oo

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 lbwélevel jet with a maximum velocity
occasionally below the highest observation level has been observed.

Under extreme stable conditions the turbulence at the two highest

e > P

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

Lttt e Tl et L

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
wanifest themselves in the form of a developing internal boundary

layer (IBL) which at the tower location is between 15 m and 30 m in

P P NI ST 0 TR I T e

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.




3.

6.

10.

- intensities, 0 /U, in the northwesterly wind-direction sector i
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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, &=z /ln vz.,z,, is only useful for

predicting values of powerlaw exponénts for velocity profiles P

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 i

300°<¢<315°. Yn this sector the turbulence intensities of :
the horizontal velocity components (u and v) arce of the same :
magnitude. !
Turbulence intensities of the horizontal components also t
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 00,0015 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 Ls vary with
direction of integration but are generaliy in agreement with
predicted values.

Ll e
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11. The ratio L:/u: varies generally between 3 and 4 and the

ratio Lﬁ/Li has an approximate value of 2.

12. The daytime turbulence spectrz 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-frequeacy velocity fluctuations
are present and are included in the spectral analysis and
in the calculation of the variance, Oy and integral scale
(direct method).

II. Southerly wind Directions

1. TFor on-shore winds an 1Bl develops as the surface air passes i
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,

i Ak
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3. No simple boundary-layer flow model is available to describe
the on-shore flow at the Wallops Lsland site. Variations
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

o

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 veloclity 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 flqctuétions, 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 modei. 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 mcdel 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 modefately 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 appeat 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

frequencie§ below about 0.01 Hz.
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The 76.2m (250 ft) Micrometeorological
tower at Wallops Island
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Figure 2. Typical Strong-Wind Profiles for Westerly Wind Directions
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Direction Magnitude
N-W Wind Records from an Aerovane
at 2=10m

Figure 18. Typical Strong-Wind Aerovane Record of Direction and Speed
for Northwest Winds, $=320°, Ulo=13 m/s
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---- TEUNISSEN [25]
A HOT FILM

c oy /U, %

Figure 21. Vertical Distribution of Turbulence
Intensity, Gw/U, for Westerly Winds
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Figure 22. Vertical Distribution of the Tdrbulence Inten51ty,
‘o /U for Southerly Winds
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Figure 23. Vertical Distribution of the Turbulence Intensity, ‘
a, /U for Southerly Winds i
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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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