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SUMMARY

DA TASK 3A99-27-005-08, Micrometeorology (USAPPG)

TITLE: Final Report - "Stulies of the Spectra of the Vertical

Fluxes of Momentum, Temperature, and Moisture in the

Atmospheric Boundary Layer."
CONTRACTORt Massachusetts Institute of Technology, Round Hill

Field Station, South Dartmouth, Massachusetts

The broad objective of this task is to conduct empirical studies
of the spectral composition of turbulent energy-exchange processes that
occur between the atmosphere and the earth's surface. The necessary

measurements of fluctuations in wind velocity, air temperature, and
water vapor were made with specially-developed instrumentation and
techniques, and recorded with an automatic data-handling system devised
especially for this purpose. The report describes results obtained in
three years of contractual effort.

An extensive program of measurements of the turbulent character-
istics of the boundary layer under a variety of weather conditions was
carried out during the spring and fall of 1961. Analysis of the data
permits an evaluation of the influence of these conditions on the spectra
of the various energy fluxes. Results reported include spectral and co-
spectral analyses of the fluctuation data from 14 one-hour expsrmroentr.

Of the 14 experiments for which spectral and co-spectral estimates
were determined, eight are at a height of 16 m above ground level and
contain information on the X, Y, Z components of wind velocity and air
temperature. The remaining six experiments contain like information

measured-simultaneously at heights of 16 and 40 m. The estimates refer
to the freqiency band from about 0.5 to 0.002 cycles/sec, the upper
limit being set by the resolution time of the measurement system and
the lower limit determined by the length of the observation period.

The results indicate the following tentative conclusions concerning
the transfer proccsscs occurring within the atmospheric boundary layer.
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1) Power spectra of the wind-velocity components and air tempera-

ture exhibit a minus four-thirds or minus five-thirds power law de-

p.'ndency on frequency.

2) The spectral analyses show that under stable thermal stratifi-

cation, the bulk of the turbulent energy for the X, Y, Z components

of wind velocity and air temperature is generally found within the limits

of the spectral band investigated. During periods of thermal Instability,

the energy maxima of the 'pectra for air tem,)rature and the horizontal

components of wind velocity occur at frequencies below 0.003 cycles/sec.

3) Co-spectra of the vertical fluxes of momentum and air tempera-

ture show an approximate inverse-square dependency on frequency at

the high frequency end of the band inestigated, There is evidence

that the co-spectra of the vertical temperature flux contain two maxima

under thermally unstable stratification - one at intermediate frequencies
and another, possibly larger, peak at low frequencies. The data clearly

show that the temperature flux in the direction of the mean flow cannot

be ignored as In vommuni practice, for it generally exceeds the vertical

temperature flux by a factor of two.

4) The co-spectral analyses oonfirm the expected shift in peak
energy toward higher or lower frequencies as thermal stratification

becomes increasingly stable or unstable, respectively.

Intensive analysis of the bilk of the turb.alence measurements re-
corded during 1961 is continuing under a basic research grant. Addi-

tional measurements will be madF as required for oth-r heights and
roughness regimes. Spectral and co-spectral studies will be extended
to investigate frequencies below 0.003 cycles/sec.

This report contains no recommendations.

METEOROLOGY DEPARTtCNT

USAIEPG
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I. SUMMARY OF PREVIOUS WORK UNDER THE CONTRACT

Measurement techniques appropriate for an extensive empirical in-
vestigation of the spectral composition of turbulent energy exchange
processes occurring in the atmospheric boundary layer are available
from previous work under the contract and have been described in de-
tail in the Annual Report (Cramer, Record, Tillman, and Vaughan, 1961).
In brief, the over-all instrumentation comprises a fast-response system
for simultaneous measurements of the fluctuations in wind-velocity

components, air temperature, and moisture at two heights above ground
level; and, a slow-response system for supporting measurements of radia-
tion, vertical profiles of mean wind speed, wet- and dry-bulb temperature,
soil temperature, and other quantities requisite for calculations of
the boundary-layer heat budget. Transducers for the fast-response in-
strumentation comprise bead-thermistor anemometers, lightweight mechani-
cal bivanes, and platinum-wire resistance thermometers. The development
of an infrared humidity transducer is continuing. The fast-response

systpm also includes automatic data-haiadling components for obtaining
simultaneous measurements of the outputs of ten transducers at intervals
of about I sec, these analog data are encoded in binary-digital form
and entered on punched paper tape. The tape is later decoded and the

data punched in decimal-digital form on IBM cards and also printed out
by an electric typewriter. The present capacity of the data-handling
system is adequate for about 2 hr of operation at a sampling rate of
one complete set of data per second. Power spectra and cospectra are
obtained from machine analyses of the punched-card data following estab-
lished statistical procedures.

Sixteen 1-hr field experiments utilizing the complete slow-response
system and one level of fast-response instrumentation, installed at a
height of 16 m above the ground, were carried out during the latter part
of 1960. These observations served a dual purpose of providing both a

thorough operational check of the entire measurement system and a repre-
sentative set of fluctuation data for preliminary spectral and cospectral
analyses. As a result of these initial field trials, some changes were

made in the measurement and analysis techniques. These are described
below. In general, however, no major modifications were necessary.

-I-~



11. MODIFICATIONS IN EXPERIMENTAL TECHNIQUES DURING 1961

As a result of the experience gained during the initial field ex-
periments, several modif;cations were made to improve the reliability
of the data-handling apparatus. The original sampling rate of one com-
plete observation per second was changed t3 one observation each 1.2
sec, thereby permitting a reduction in the operation rate of the tape
punch from 22 to 18 punches per second. Studics of the paper-tape
punching mechanism with a stroboscope by C. S. Lin at the Lincoln
Laboratory of the Massachusetts Institute of Technology indicated
erratic operation at rates above 20 punches per second. Another
change in the punching mechanism involves the use of an additional
set of contacts on the channel D relay of the programmer (see the
Annual Repot., p. 85) to prevent the punch coils from being energized
except during the interval immediately preceding the punching operation.
If the punch coils remain energized for an appreciable time interval
after the metal pins have been removed from the paper, the pins become
locked in the punching pnsition and the same information will be punched
on the tape during the next punch cycle. This feature of the punch oper-
ation was responsible for some repetitions in the data for the earlier
experiments. No errors of this type have been detected since the modi-
fication was effected.

The cadmium-sulfide photoresistive cells used in the encoding
programmer of the data-handling system behaved erratically during the
initial field trials. Cell resistances exhibited variations of the
order of 50 percent during extended periods of high illumination and
the amount of instability was found to Vary widely among individual
cells, This variability has been significantly reduced by selecting
relatively stable cells and monitoring their resistance; also, the cir-
cuitry has been modified to reduce the effect of variations in cell
resistancp on the operation of the programmer. Since these changes,
no programming errors due to this factor have been noted. =

The wind-velocity transducers Initially comprised two bead ther-
mistors in opposite arms of a bridge circuit, one of the thermistors
being exposed to the air stream and the other being shielded from the
aIr stream but exposed to ambient air temperature (see p. 9 in the
Annual Report). The purpose of the dual thermistors was to ensure
bridge balance at zero flow velocity in the presence of changes in the
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ambient air temperature. Experience demonstrated that the shielded
thermistor was largely superfluous in the present application and it
has been replaced by a fixed resistor. The bridge is balanced Immedi-
ately prior to the start of each field experiment; changes in ambient
air temperature during a field trial are usually small and do not
significantly affect the anemumeter calibration. The Philbrick opera-
tional amplifiers in the wind-velocity circuits have been modified
to provide a high-voltage output for driving Esterline-Angus recorders.
Two recorders have been fitted with special gears so that the chart
speed matches that of the Minneapolis-Honeywell recorders used to re-

cord data from the othcr fast-response transducers. Previously, no
visual records of fluctuations in wind velocity were available.

The length of the observation period for individual experiments

has been increased from I to 2 hr. The longer period is essential to
studies of low-.frequency fluctuations and also permits greater freedom
in s, lecting I-hr data sequences that conform best to the ideal require-

ment Of arn approximate steady state during the measurement period.

Three cup anemometers and three azimuth wind-direction vanes have
been added to the slow-response tower installation to provide quasi-
cottij|ucus recordings of meran wind speed and direction fluctuations
Lt heights of 2, 8, and 40 m above the ground. Thcese data furnish
background Information on the hourly and diurnal changes in the gross
turbulence structure that is useful in relating the detailed patterns
revealed by the analysis of the field experiments to larger-scale
atmospheric circulation patterns. The cup anemometers utilize low-
torque dc. generators; wind spred and wind direction are recorded on
Esterl ine-Angus mill iammeters.
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Ill. EXPERIMENTAL DATA OBTAINED WRING 1961

A total of forty-six individual field experiments were carried out

during 1961. All of these experiments utilized two levels of fast-

response instrumentation at heights of 16 and 40 m, respectively. Eight
1-hr experiments were conducted during the late spring and early summer.

Thirty-eight experiments were carried out during the fall of 1961; twelve
of these were of 2 hr duration and the remainder 1 hr In length. Of the
total of flfty-eight hours of observations, approximately 32 hr were
obtained during the daytime in the presence of unstable thermal stratifi-
cation, 18 hr at night during stable stratification, and the remaining
8 hr refer to near-neutral stratification. Ten hours of data are identi-
fied with over-water trajectories or mixed land-water trajectories. The

rest of the observations refer to trajectories over a land surface. Com-
plete spectral and cospectral analyses are available for six of the above
experiments; the remainder data are currently being processed. It is not
to be expected that all of the observations will prove satisfactory due
to occasional cquipmont failures and departures of the gross meteorolo-
gical factors from approximate steady-state conditions. However, it
appears that a minimum of twenty-five satisfactory two-level experiments
will be available for analysis.

DWring the last two field experiments of 1961, a microwave refrac-
tometer provided on a loan basis by Dr. J. R. Bauer of the Lincoln
Laboratory of the Massachusetts Institute of Technology was installed
at the 16-m level. The output of the instrument was fed into the humidity
channel of the data-handling system and also to an Esterline-Angus chart
recorder. Studies of the chart records indicate a gross variation in the
refractive index of the order of I N unit during 1 hr. This is equivalent
to a change of vapor pressutre of about 0.25-mb. Vapor prassure fluctua-
tions ranging from 0.1 to I mb have been reported by Swinbank (1951).
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IV. DEVELOPMENT OF THE INFRARED HYGROMETER

Several modifications have been made during the past year in the

infrared-hygrometer system described in the Annual Report. The cam

shown in Figure 19 of this report has been replaced by a long eccentric

shaft and the oscillating arm has been removed in favor of a cam fol-

lower mounted close to the filter pivot. The cam follower is made of

a durable plastic material ("'Delrin" manufactured by the E. 1. duPont

de Nemours Company) that provides a reasonably quiet and long-lived

operation of the filter assembly. The variac previously used to oper-

ate the source lamp of the hygrometer has been replaced by a 10-turn,

wire-wound potentiometer; prior to this substitution, the Variac was

a limiting factor in the resolution of the system. The potentiometer

drives a d.c. amplifier that controls the lamp intensity.

The electronic portion of the infrared system has been significantly

modified. A transistorized voltage regulator has been provided for the

lamp puwer supply thus providing a stable energy source free of ob.lec-

tionable electrical noise. The output of the lamp power supply feeds

the power input of a transistorized d.c. voltage and power amplifier.

The amplifier output, which supplies the source lamp, is controlled by

the voltage across the potentiometer and the potentiometer shaft is

positioned by the servo motor. Since the input impedance of the power

amplifier can be set at several megohms, it may be controlled by low-
power electronic or electro-mechanical demodulators and other relatively

high impedance sources.

All of the electronics up to the scrvo-motor driver stagc have been

redesigned using only solid state components for improved reliability

and freedom from hum pickup. The servo-motor driver amplifier has not

been transistorized since it will be replaced in the future by an all-

electronic or simple electro.-mechanical device. Tests of the present

amplifier indicate that the noise level, in a 2 cycles sec6- frequency

interval centered on 60 cycles sec 1 l, is about 25 percent of the noise

level of the Kodak PbS detector with a 15-microampere bias through the

cell. Batteries provide a low-noise power source for the preamplifier

and the PbS photocell bias. The type of transistor used in the pre-

This material was suggested by R. S. Borgeshani of the Polaroid

Corporation.
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amplifier is a Fairchild 2N1613, selected for high gain at low col-
lector currents. The use of wire-wound resistors in the cell-bias clr-
cults in place of deposited-carbon resistors significantly reduces the

amount of electrical noise. At present, the PbS photocell is the
limiting circuit element.

The maximum sensitivity of an infrared hygrometer system similar
to the present system has been calculated. The calculations assume
that the instrument compares the absorption in the 1.38 micron band with
the transmission in a nearby band transparent to water vapor. In the
present system, the filter angle is not quite wide enough to move the
transmission path completely out of the water-vapor absorbing band.
Due to this factor and the uncertainties in estimating the appropriate
lamp area, lamp operating temperature, water-vapor absorption, and other
parameters, the calculations may be one order of magnitude in error.

The theoretical noise level of the system is equivalent to a peak-to-
peak error in water vapor concentration of 0.001 g m-3. Noise-level
measurements of the present system for periods of operation in excess of
15 min show a peak-to-peak error of 0.08 and 0.19 g m-a, respectively,
at water vapor densities of 9.2 and 10.9 g m-3 . The lamp operating
temperature for the 9.2 g m- 3 water-vapor density was probably about

3000 K while a somewhat lower temperature is indicated for the other
test. Thus, the noise level of the system appears to be very sensitive
to the lamp temperature. The present technique for operating the
hygrometer permits an adjustment In lamp temperature so that high
operating temperatures can be used over a wide range of water vapor

densities. However, there is no compensation for wide fluctuations in
water vapor density that occur during the period of operation and the
possibility exists that the noise level of the system may vary widely

under these conditions. Further tests are required to determine the
significance of these variations in lamp temperature.
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V. ANALYSIS OF EXPERIMENAL DATA

A. Data available for analysis

Complete spectral and cospectral analyses are available for four-
teen 1-hr field experiments. Eight of the experiments, carried out
during the fall of 1960, contain information on the fluctuations In air
temperature and the orthogonal components of wind velocity at a height
of 16 m above ground level. The remaining six experiments, conducted
during 1961, include fluctuation data at both 16 and 40 m above ground
level. A sampling rate of one complete fast-response observation per
second was used in Runs 7B through 20; in the other experiments, the

rate was one complete observation each 1.2 sec due to the adjustment
in the paper-tape punch mentioned in Part II above. Gross weather
conditions during the fourteen experiments are summarized in Table 1.
It should be noted that the mean wind flow during eleven of the 1-hr
observation periods was over a relatively smooth land surface. In Run
8, the trajectory was principally over water except for a distance of
about 50 m directly upwind from the tower; the turbulent structure at
the 16 m levpl does not appear to have becn significantly affected by
this short travel distance from the shoreline to the tower installation.
In Runs 7B and 40, the direction of the mean flow was roughly parallel
to the shoreline and the effective trajectory was over both land and
water burfaces. During Run 15, the thermal stratification changed
from a slight temperature lapse to a slight inversion as a result of
the diurnal changeover. Vertical profiles of mean wind speed, dry-
and wet-bulb temperature, and soil temperature for the various experi-
ments are presented in Tables A] through A3 of the Appendix.

B. Gross turbulence statistics

Gross turbulence statistics for the selected 1-hr experiments are
entered in Table 2. Prior.to the calculations shown in the table, long-
period fluctuations and trends were removed from the raw data sequences -

through the use of a 600-point running mean as part of a procedure for
minimizing the occurrence of aliasing in the cospectral analyses (see
Section V C. below). The steps involved in decoding the punched-card
data, including the scalinj equations and the trigonometric program for
calculating the orthogonal wind-velocity components from bivane observa-
tions, have been described previously (see pp. 55-56 of the Annual Report).
The entries in Table 2 are in substantial agreement with similar sta-
tistics derived from measurements made by the Round Hill research team
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Table 1. Summary of gross weather conditions during selected field
experiments. Mean wind speed V, wind direction B, and the standard
deviations of azimuth angle CA and elevation angle O are based on
1-hr records at a height of 16 m; values enclosed in parentheses re-
fer to the 40-m level.

Run Strat ifi-
No. Date Time (Ear) Cloud Cover cation Trajectory

7B 11-22-60 1105-1204 Clear Unstable Land-Water
8 11-22-60 1939-2039 Clear Stable Water
9 11-23-60 1431-1531 Overcast Neutral Land

10 11-23-60 2000-2100 Clear Stable Land
12 11-23-60 2230-2330 Clear Stable Land
14 12- 2-60 1216-1317 Clear Unstable Land
15 12- 2-60 1430-1530 Clear Neutral+ Land
16 12- 7-60 1206-1309 Partly Cloudy Unstable Land
20 7- 1-61 0035-0136 Clear Stable Land
38 10-16-61 1209-1315 Partly Cloudy Unstable Land
39 10-16-61 1427-1528 Clear Unstable Land
40 10-16-61 1902-2003 Clear Stable Land-Water
41 10-16-61 2044-2145 Clear Stable Land
42 10-16-61 2211-2312 Clear Stable Land

Run Solar Radiation
No. V (m sec-) D(deg) CA (deg) OE (deg) (cal cj- 2 min- 1 )

7B 4.78 249 12.0 5.7 0.75
8 3.82 208 5.4 1.8 0
9 5.92 301 11.6 6.4 0.07

10 4.19 324 7.9 3.5 0
12 4.42 322 7.0 3.6 0
14 4.05 296 19.8 M.6 0.64
15 3.76 290 11.7 6.1 0.22
16 8.20 288 14.2 6.2 0.58
20 5.53 (7.31) 325 7.7 (5.7) 4.7 (3.2) 0
38 6.12 (6.48) 294 18.3(17.9) 7.4(10.4) - 0.93
39 5.81 (6.69) 293 15.1(14.7) 7.1 (8.7) 0.46
40 3,67 (5.48) 253 4.7 (3.5)- 3.2 (2.4) 0
41 5.03 (6.61) 280 7.0 (6.5) 4.6 (4.2) 0
42 4.21 (5.80) 291 7.3 (6.0) 5.2 (4.5) 0

Slight lapse at start of run changing to slight inversion by end of run.
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Table 2. Gross turbulence statistics from filtered fast-response data,

Wind velocities are in m sec-1 and temperature is in Centigrade. Trends
and low-frequency fluctuations have been removed as explained in the
text. COS signifies in-phase covariance and QUAD signifies the quadra-

ture covariance.

Run No. 7B(16m) 8(16m) 9(16m) _1006m) 1206m)

S4.78 3.82 5.92 4.19 4.42
0 0.813 0.309 1.25 0.562 0.567u
0 0.894 0.239 1.11 0.430 0.410
0 0.399 0.128 0.657 0.250 0.268

OT 0.224 0.082 0.024 0.127 0.147

O - 0.170 0.081 0.207 0.134 0.128
a/U 0.187 0.063 0.187 0.103 0.093

V/U 0.083 0.033 0.111 0.060 0.061

uT (COS) -0.1078 0.0148 -0.0061 0.0392 0.0457

(QUAD) -0.0097 0.0032 0.0003 0.0035 0.0028
WT (COS) 0.0454 -0.0033 -0.0020 -0.0113 -0.0160

(QUAD) -0.0017 0.0011 0.0016 0.0021 0.0039

v' (COS) -0.0005 -0.0005 -0.0005 0.0068 -0.0012
(QUAD) -0.0027 0.0007 0.0007 0.0007 -0.0001

uv (COS) -0.0456 0.0015 -0.1752 0.06]2 0.0346
(QUAD) -0.0026 -0.0014 -0.0159 -0.0034 0.0024

VW (COS) -0.0320 -0.0022 0.0118 -0.0121 -0.0045
(QUAD) 0.0067 -0.0027 -0.0061 0.0015 -0.0009

uw (COS) -0.1199 -0.0166 -0.2537 -0.0502 -0.0585
(QUAD) 0.0187 0.0006 0.0483 0.0018 -0.0011

R (uT)(COS) -0.59 0.59 -0.20 0.55 0.55

(QUAD) -0.05 0.13 0.01 0.05 0.03

R (wT)(COS) 0.51 -0.31 -0.13 -0.35 -0.41
(QUAD) -0.02 0.10 0.10 0.07 0.10

R (vT)(COS) 0.00 -0.02 -0.02 0.12 -0.02
(QUAD) -0.01 0.03 0.03 0.01 0.00

R (uv)(COS) -0.06 0.02 -0.13 0.25 0.15
(QUAD) 0.00 -0.02 -0.01 -0.01 0.01

R (vw)(COS) 0.09 0.07 0.02 0.11 0.04
(QUAD) 0.02 0.09 0.01 0.01 0.01

R (uv)(COS) -0.37 -0.42 -0.31 -0.35 -'0.39
(QUAD) 0.06 0.01 0.06 0.01 -0.01



Run N__ 14 (06m) 15 (16m) 16 (16m) 20 (16m) g0 (40m)

U4.05 3.76 8.20 5.53 7.31

Ci 0.959 0.635 1.55 0.783 0,684U
0u 0,974 0.595 1.72 0.607 0.509

0 0.562 0.373 0.813 0.453 0.399
T 0.246 0,123 0.255 0.177 0.184
'T
clu/U0.237 0.169 0.1]89 0.142 0.094

0 - 0.240 0.158 0.210 0.1]0 0.070v/U
a - 0.139 0.099 0.099 0.082 0,054
aV/U

"t (COs) -0.0438 -0.0264 -0.2410 0.0910 0.0774

(QUAD) -0.0096 -0.0034 -0.0195 0.0117 0,0027

WT (COs) 0.0651 0,0082 0.0796 -0.0323 -0.0263
(QUAD) 0.0013 --0.0005 -0.0086 0.0070 0.0002

vT (COS) -0.0137 -0.0203 -0.0557 0.0148 0.0138

(QUAD) -0.0041 -0.0001 -0.0043 -0.0012 0.0016

7V (COs) -0.0146 0.0024 -0.1412 0.0635 0.0692

(QUAD) 0.0045 -0.0032 -0.0623 -0.0144 -0.0007

VW (COs) 0.0968 0.0019 0.1047 -0.0278 -0.0296
(QUAD) -0.0024 0.0029 -0.0520 -0.0011 0.0024

,Uw (COs) --0.0624 -0.0692 -0.4847 -0.1582 -0.1056
(QUAD) 0.0197 0.0151 0.0995 0.0052 0.0023

R (uT)(COS) -0.19 -0.34 -0.61 0.66 0.62
(QUAD) -0.04 -0.04 -0.05 0.,08 0,02

R (wT)(COS) 0.47 0.18 0.38 -0.40 -0.36
(QUAD) 0.01 -0.01 -10.04 0.09 0.00

R (NT)(COS) -0,06 -0.28 -0.13 0.14 0.15
(QUAD) -0.02 0.00 -0.0] -0.01 0.02

R (uv)(COS) -0.02 0.01 -0.05 0.13 0.20

(QUAD) 0.00 -0.01 -0.02 -0.03 0.00

R (vw)(COS) 0.18 0.01 0.07 -0.10 -0.15
(QUAD) 0.00 0.01 -0.04 0.00 0.01

R (uw)(COS) -0.12 -0.29 -0.39 -0.45 -0.39
(QUAD) 0.04 0.06 0.08 0.01 0.01



Run No. 3.8. 6m) 38 (40m) 39 (16m) 39 (40m) 40 (16m)

6.12 6.48 5.81 6.69 3.67

1.40 1.54 1.34 1.52 0.357U
d 1.71 1.61 1.23 1.38 0.292
V
0 0.703 0.998 0.668 0.880 0.209
woT 0.375 0.303 0.195 0.20i 0.105

0 -, 0.229 0.238 0.231 0.228 0.097
0r/-50.279 0.248 0.212 0.206 0.080

0 0.115 0.154 0.1!5 0.132 0.057

uT (COS) -0.2635 -0.2509 -0.1710 -0.2079 0.0222
(QUAD) -0.0244 -0.0155 -0.0136 -0.0102 0.0016

wT (COS) 0.1220 0.1466 0.0428 0.0732 -0.0074
(QUAD) -0.0027 -0.0008 -0.0032 -0.0038 0.0017

vT (COS) -0.0796 -0.00.15 0.0014 0.0411 0.0063
(QUAD) -0.0033 0.0007 -0.0031 -0.0020 0.0004

uv (COS) -0.3622 -0.2039 -0.1354 0.0617 0.0149
(QUAD) -0.0406 -0.0310 -0.0322 -0.0179 -0.0047

v;w (COS) -0.0374 -0.1524 0.0000 -0.1143 -0.0106
(QUAD) -0.0139 -0.0208 0.0059 -0.0105 -0.0042

uw (COS) -0.2593 -0.6026 -0.3224 -0.5862 -0.022]
(QUAD) 0.0662 0.0297 0.0344 0.0194 0.0013

R (uT)(COS) -0.50 -0.54 -0.65 -0.68 0.59
(QUAD) -0.05 -0.03 -0.06 -0.03 0.04

R (wT)(COS) 0.46 0.48 0.33 0.41 -0.34
(QUAD) -0.01 0.00 -0.02 0.02 0.08

R (vT)(COS) -0.12 0.00 0.0] 0.15 0.21
(QUAD) -0.01 0.00 -0.01 -0.01 0.01

R (uv)(COS) -0.15 -0.08 -0.08 0.03 0.14
(QUAD) -0.02 -0.01 -0.02 -0.01- -0.04

R (vw)(COS) -0.03 -0.10 0.00 -0.09 -0.17

(QUAD) -0.01 -0.0] 0.01 -0.01 -0.07

R (uw)(COS) -0.26 -0.39 -0.36 -0.44 -0.30

(QUAD) 0.07 0.02 0.04 0.01 0.02
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Run No. 40 (4c 41 (16m) 41 (4 _) 4 (1m) 40M

U5.48 5.03 6.61 4.21 5.800u 0.456 0.754 0.793 0.729 0.767o 0.319 0.562 0.632 0.524 0.580a w 0.222 0.413 0.463 0.387 0.445'IT 0.114 0.160 0.159 0.144 0.149
c - 0.083 0.150 0.120 0.173o/ 

0.1352011v/U 0.112 0.096 0.124 0.100o'Z 0.040 0.082 0.070 0.092 0.077
w,/U

uT (COs) 0.0319 0.0725 0.0839 0.0631 0.0742(QUAD) 0.0025 0.0090 0.0025 0.0078 0.0055
WtT (COS) -0.0105 -0.0234 -0.0327 -0.0239 -0.0296(QUAD) 0.0001 0.0048 -0.0003 0.0029 0.0035
vT (COs) 0.0076 0.0082 0.0070 0.0032 0.0089(QUAD) -0.0006 -0.0023 -0.0014 0.0017 0.0016
uv (COS) 0.0149 0.0246 0.0321 -0.0082 0.0272(QUAD) -0.0074 -0.0172 -0.0096 -0.0004 -0.0153
'n (COs) -0.0073 -0.0172 -0.0475 -0.0066 -0.0244(QUAD) 0.0012 -0.0104 0.0098 -0.0004 -0.0007
iw (COS) -0.0384 -0.1083 -0.1311 -0.1185 -0.1330(QUAD) 0.0033 0.0091 0.0100 0.0066 -0.0004

B (uT)(COS) 0.61 0.60 0.66 0.60 0.65
(QUAD) 0.05 0.05 0.02 0.07 0.05

R (wT)(cos) -0.41 -0.35 -0.44 -0.43 -0.45(QUAD) 0.00 0.07 0.00 0.05 0.05
R (vT)(COS) 0.21 0.09 0.07 0.04 0.10

(QUAD) 0.02 -0.02 -0.0] 0.02 0.02
R (uv)(COS) 0.10 0.06 0.06 -0.02 0.06(QUAD) -0.05 -0.04 -0.02 0.00 -0.03
R (vw)(COs) -0;io -0.07 -0.16 -0.03 -,0.09(QUAD) 0.02 -0.04 0.03 0.00 0.00
R (uw)(Cos) -0.38 -0.35 -0.36 -0.42 -0.39(QUAD) 0.01 0.03 0.03 0.02 0.00



during the Great Plains Program of 1953 (Lettau and Davidson, 1957).
With respect to the gross temperature fluxes, it should be noted that
the magnitude of the temperature flux in the direction of the mean flow
uT exceeds the vertical flux wT in every case except one (Run 14). The
cross wind temperature flux vT is generally smaller than the other two
fluxes but is the same order of magnitude as the vertical flux in
approximately half the cases. The statistics for the gross momentum
fluxes show that the vertical flux uw is generally largest in absolute
magnitude but, on occasion, one or both of the other fluxes may be the same
order of magnitude. These results coniflict with the usual assumption
made in theoretical treatments of boundary-layer exchange phenomena that
the horizontal fluxes of momentum and temperature are small in compari-
son with the respective vertical fluxes. The tabular entrios also in-
clude estimates of the gross quadrature fluxes. The quadrature statis-
tics indicate the contribution of fluctuations in two variates that are
out-of-phase by one-quarter cycle; the conventional flux statistics mea-
sure only in-phase relationships. It is apparent that the magnitude of
the quadrature contributions is generally negligible in comparison with
gross in-phase contributions. This conclusion is supported by the
quadrature correlation coefficients which are principally below thp 95
percent confidence limit for significance. 1

Calculations of the heat budget at the air-soil interface for the
fourteen experiments are shown in Table A4 of the Appendix. For complete-
ness, gross turbulence statistics obtained from the raw unfiltered experi-
mental data (i.e., data from which long-period fluctuations and trends
have not been removed by use nf the 600-point moving average technique)
similar to those in Table 2 above are presented in Table AS of the
Appendix.

C. Spectral analysis techniques

The spectral composition of the gross variances and covariances shown
in Table 2 has been investigated by use of dig-ital techniques based on
procedures given by Blaclanann and Tukey (1958). A detailed description
of the various steps involved in the machine calculations may be found in
1

See Dixon and Massey (1951, p. 327). The sample size for each experiment
is about 3000 but the effective number of degrees of freedom is signi-
ficantly smaller due to interdependence between sequential data points.
The above argument assumes about 500 degrees of freedom and indicates
that a sample correlation coefficient of 0.1 occurs about 10 percent of
the time in random samples from a population in which the true correla-
tion is zero.
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the Annual Report (pp. 55-58). Empirical studies of the power spectra
and cospectra of atmospheric properties are generally bandwidth limited
due to the inability of a particular set of measurement techniques to
treat the entire spectrum. Digital analysis of equally-spaced data
points is subject to the following extreme bandwidth limits: a high-
frequency limit of about 1/2 At cycles sec-1 imposed by the sampling
rate or time i-n seconds between consecutive data points At; and, a low-
frequency bound near 10/L cycles sec-I imposed by the total length to
the observation period L in seconds. For the experiments listed in
Table 2, At is either 1 or 1.2 sec and 1. is approximately 3000 sec.
possible aliasing effects (see Blackman and Tukey, 1958, pp. 216-219)
have been reduced in two ways. Prior to spectral analysis, the raw data
"sequences are differenced with respect to a 600-point unweighted moving
average; this procedure eliminates contributions from trends and very
low-frequency fluctuations. Also, undesirable high-frequency energy
above 1/2 At cycles sed-l is removed from the transducer input signals
by electrical filter networks (Figure 23 of the Annual Report for the
transmission function of these networks).

The basic cospectral analysis program utilizes auto-covariances
and covariances calculated for 60 lags from the differenced raw data
sets mentioned above. Supporting information at high-frequencies is
obtained from a 10-lag analysis of the same data sets and additional
information on the shape of the spectra and n-spectra at low frequencies
is obtained from a 30-lag analysis of redaced data sets. The retduced
sets are formed by summing and averaging consecutive 10-point blocks of
the differenced sets. Bandwidths, sample sizes, approximate degrees of
freedom, and confidence ratios (5 and 95 percent levels) associated with
the various lags mentioned above are shown in Table 3. The confidence

Table 3. Bandwidths, sample sizes, approximate numbers of degrees of
freedom, and 5 and 95 percent confidence ratios for the various lags
used in the spectral analysis program. As mentioned in the text, At
is either I or 1.2 see, depending on the Run No.

Number of lags 10 30 60

Sample size 3000 300 3000
Bandwidth limits 1/2 At - 1/20 At 1/20 At - 1/600 At 1/2 At - 120 At
(cycles sec-1 )
Degrees of freedom 300 18 100
Confidence ratios 0.87 - 1.15 0.52- 1.60 0.78 - 124
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ratios are factors by which the spectral and cospectral estimates should

be multiplied to delineate the range within which the true spectrum or

cospectrum is expected to be found about 90 percent of the time. The

final step in the cospectral analysis program involves adjustments in

the estimates to compensate for the effects of the smoothing and fBI-

tering operations at frequencies within the bandwidth limits shown in

Table 3.

D. Power spectra of the wind-velocity components and air temperature

The spectral composition of the fluctuations in wind velocity and

air temperature is conveniently shown by graphs in which the product

of the spectral density S(n) and the frequency n is plotted against the

logarithm of the frequency. In this representation, which is usually

termed the "logarithmic spectrum", areas under the spectral curve are

proportional to the true energy or variance contributed per octave or

logarithmic frequency interval. Comparison of spectra for various

experiments is facilitated by transforming time frequencies n into

space frequencies n/U since previous work has shown that the spatial

pattern of turbulence at a fixed height is largely independcnt of the

mean wind velocity U (Panofsky et al, 1958; Cramer, 1959; Lappe et al,

1959). For the wind-velocity spectra, the ordinate scale S(n) Y n Is

normalized by dividing by the square of the mean wind velocity to obtain

a dimensionless ratio. Since the surface shear stress is roughly pro-

portional to the square of the mean wind velocity, this normalizing pro-

cedure is approximately equivalent to division by the vertical flux of

momentum as indicated by the similarity theory (Monin and Obukhov, 1954).

Logarithmic spectra of the u-, v-, and w-components of wind velocity

and of fluctuations in air temperature for the field experiments listed

in Table 1 are shown in Figures la through 4d. The data points in the

figures were obtained in the following manner. Time-frequency spectra
were first plotted for each experiment using spectral estimates available

from the analysis program described above. Lines of "best fit" were

drawn by eye and representative estimates of S(n) x n (which has the

dimensions of a variance were made at frequencies of 1/600, 1/300,

1/200, 1/100, 1/60, 1/40, 1/30, 1/25, 1/20, 1/15, 1/10, 1/5, and 1/2

cycles sec-'. After conversion of time frequencies to space frequencies
by use of Taylor's hypothesis (Taylor, 1938) and after division of the

spectral estimates for the wind-velocity components by the square of the

mean wind velocity U2, the results were entered in the figures and the

individual points joined by straight lines. The highest frequency

estimates (at n = 1/2 cycles sec-) should be considered only rough

approximations due to posslble aliasing effects and since, for the field
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experiments conducted after Run No. 20, it was necessary to extrapolate
from 1/2.4 to 1/2 cycles secl. It should also be emphasized that the
three lowest-frequency estimates (at n = 1/600, 1/300 and 1/200 cycles
stc-1) are significantly less precise than the data points at inter-
mediate and high frequencies due to the small number of degrees of free-
dom available (see Table 3).

As expected, the spectral composition of the four meteorological
variables changes significantly with the thermal stratification. Except
for the vertical velocity spectra which will be discussed belowr there
is a shift of approximately one order of magnitude in the space frequency
at which the maximum contribution to the variance occurs as the strati-
fication changes from thermally stable to thermally unstable. During
periods of strong insolation peak values of the logarithmic spectra for
the u- and v-components of the wind velocity and the air temperature are
found at wave numbers in the range from 0.001 to 0.0005 cycles m-l (see
Figures la, ic, 2a, 2c, 4a, and 4c). At night, in the presence of ther-
mally-stable stratification and a turbulence regime that is predominantly
mechanical in nature, the maxima of the logarithinic spectra of the three
variables occur at wave numbers from about 0.01 to U.005 cycles m-1 (see
Figures lb, Id, 2b, 2d, 4b, and 4d). The principal contributions to the
variances of the three variables in near-neutral and stable atmospheres
thus occur near the center of the logarithmic spectral band utilized in
this study and the present technique generally is satisfactory for de-
termining the characteristic form of the spectra. During the daytime,
principal contributions to the variances occur at the low frequency end
of the spectral band under investigation, presumably1 due to the presence
of large convection cells. Additional measurements- using appreciably
longer lengths of rpcord are needed to resolve the details of the shape
of the spectra at these frequencies. In addition, it is likely that
Taylor's hypothesis does not hold for large convective cells since their

development and decay is clearly dependent on time and space (see Lappe
et al, 3959). Thus, the space-frequency representation may not be appro-
priate. It appears that the absolute magnitude of the contributions to
the three spectra within the mechanical turbulence regime (n = 0.01 to
0.005 cycles m-1 ) differ approximately by a factor of two as the thermal
regime changes from lapse to inversion. Consequently, it may be inferred
that there is a positive convective contribution in lapse conditions and
a negative contribution (due to therm#l damping of mechanical turbulence)
during inversions in this part of the spectrum.

Changes in the spectral composition of the vertical component of wind
velocity with thermal stratification are considerably smaller than those
for the other three variable. The general form of the logarithmic
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w-spectra is determined largely by the height above ground of the obser-
vation point (Panofsky and Deland, 1959) but there is an orderly shift
in the space frequency at which the maximum contributions occur as the
thermal structure becomes increasingly stable or unstable. As shown in
Figures 3a and 3c, the daytime spectral peaks occur at space frequencies
from about 0.02 to 0.005 cycles m . The peaks for the nighttime experi-
ments, as shown in Figures 3b and 3d, are found generally at 0.05 to 0.02
cycles m-'. It is apparent that the present measurement technique is not
adequate for resolving the details of the shape of the w-spectrum at high
frequencie$ during inversion conditions at either the 16- or 40-m level.
A transducer capable of retolving frequencies of the order of 10 cycles
sec is needed to establish the detailed features of the high-frequency
end of the w-spectrum in thermally-stable atmospheres at these heights,
The effect of thermal stratification on the scale of the vertical velocity
component has recently been discussed by Panofsky (1962). Measurements
made in the Soviet Union siow a significant shift in the peak frequency
of the w-spectrum with stability at heights of 1 or 2 m above the surface.
The absolute magnitude of the peak variance contributions during thermally-
unstable stratification generally exceed the corresponding nighttime
(thermally-stable) contributions by a factor of two.

Variations in the space frequency at which the maximum spectral con-
tributions occur due to changes in the thermal structure are summarized
in Figures 5a and 5b. In Figure 5a, estimates of the peak frequencies
for each experiment have been plotted against the bulk Richardson _
Number or Stability Ratio calculated from the ratio of the difference in
temperature (Centigrade) between heights of 8 and 2 m and the square of
the mean wind speed (m2 sec- 2 ) at a height of 4 m. The peak-frequency
data are also plotted against hourly values of the standard deviation of
azimuth wind direction in Figure 5b. In both plots, the peak w-frequencies
at a height of 16 m vary in the extreme from about 0.05 cycles m-l for very
stable stratification to about 0.0067 cycles m-l in extreme instability. It
is interesting that the peak frequency in near-neutral stratification is
0.0125 cycles m-1 which corresponds to a wavelength of 80 m; this is
equivalent to five times the height above ground in agreement with a pre-

vious prediction by Panofsky and Deland (1959). It appears that the
peak frequencies at a height of 40 m are generally lower than those at
16 m, as expected,-but the available data are insufficient to~pcrmit
establishment of a quantitative relationship. In the case of the u-,
v- and T-spectra, the variation in peak frequency with thermal stability
is somewhat less regular than that for the w-spectra. As noted above,
the peak frequencies in stable stratification differ by approximately one
order of magnitude from the peak frequencies in unstable stratification.
Also, the 40-m spectral peaks generally occur at lower space frequencies
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than the corresponding peaks at a height of 16 m.

Two additional features of the experimental results should be men-
tioned. There is an interesting sequence of data comprising Runs 38
through 42, all obtained during one li-hr period (1209-2312 EST on 16
October 1961). The first two experiments reflect the development and
initial decay, respectively, of large-scale convective activity char-
acteristic of fair-weather daytime regimes. During the transition from

lapse to inversion, the turbulence is greatly reduced. The data for
Run 40 show conditions associated with the formation of the nighttime

inversion. 1 In Runs 41 and 42, the data show an intensification of the
nighttime turbulence regime. Experience suggests that changes of this
type in turbulent structure are typical during fair weather. Assuming
this to be true, it is quite evident that steady-state conditions rarely
exist for sampling times of the order of I hr due to large diurnal changes,
The second feature of the data is the significant reduction in the inten-
sity of the turbulence during Run No. 8 when the trajectory was over water
rather than over land.

The general features of the spectral composition of the fluctuations
in the wind-velocity components mentioned above are in agreement with the

results of previous measurements which have been sommnri7ed by Priestley
(1959), Panofsky and Delard (1959). Several investigators have noted
the presence of double peaks during extreme thermal instability. Some
of the spectra for the u- and v-components (see Figures la and 2a) at a
height of 16 m indicate a possible separation of the mechanical and con-
vective portions of the spectra at frequencies near 0.002 cycles m-1 ,
which supports the findings of Panofsky and McCormick (1954). The present

data for the vertical velocity component, however, do not appear to con-
tali the double peaks found by Webb (0955). This difference may be in

part due to the very short observation (5 min) period employed by Webb.

For completeness, all of the logarithmic spectra have been replotted

in terms of the logarithmic spectral density. S(n) x U or S(n) / U2 x

and the logarithm of the space frequency. These double logarithmic graphs
_-are useful in estimating power-law relationships that may exist in the _

spectra. The results are presented in Figures 7a fhrough 9b. All of the
spectra show an approximate fit to a - 4/3 or - 5/3 power law at the
highest frequencies and, depending on the thermal stratification, the
meteorological variable in question and the height, this dependence may

extend to very low frequencies. Calculations of the absolute value of
1

The reduced turbulence may be in part explained by the trajectory
which was nearly parallp! te the shoreline (see Table 1).



the power-law exponent range from about 1.40 to 1.60 and the arithmetic

mean of all the estimates is about 1.50. This result is in genera]

agreement with previous measurements by MacCready (1953), Jones (1957),

and Suomi (1957) supporting an n-51 3 law, as opposed to an d-2 law obtained

from aircraft observations (Press, 1957). It should be pointed out that

the peak logarithmic spectral frequencies discussed above indicate the low-

frequency bound of the spectra] band in which the power-law representation

of the spectra may be expected to hold. Also, the peak frequencies of the

logarithmic spectra for the vertical component of wind velocity delineate

the low-frequency bound of the region in which there is approximate equi-

valence between the spectra of the three wind-velocity components. The

data do noL appear adequate for investigating the theoretical prediction

that the energy of the v- and w- components should be 33 percent larger

than the energy of the u-component for point measurements of isotropic

turbulence (see Panofsky and Deland, 1959, p. 47). The data do show,

however, that the magnitudes of all three components are approximately

equivalent at high frequencies.

E. Cospectra of the vertical fluxes of momentum and temperature and

of the temperaturc flux in the direction of mean flow

The cospectrum provides a measure of the contributions of the fluc-

tuations in the product of two variables, within various frequency bands,

to the gross covariance between the two variables just as the spectrum

measures contributions to the total variance. The cospectrum may be

interpreted in terms of a correlation coefficient that is a- function of

frequency since the cospectral estimates clearly depend on the amount of

variation common to both variables. A very useful measure of the fre-

qupncy dependence of the product of two variables x, y is provided by

the coherence COH which is defined by the expression

COS 2 (n) + QUAD2  (n)

COH (n) xy _ _

s (n) S (n)
x y

where (n) is the frequencr-, COS is the cospectral estimate, QJAD is the

quadrature estimate and Sx and Sy are power spectral estimates. The form

of the above expression is analogous to the square of a linear correla-

tion coefficient since it represents the ratio of the square of a mean

cross product and the product of two variances. The cospectral estimate

measures only the in-phase relationship between the varlates; the quadra-

ture estimate measures the contribution of fluctuations in the two

variates that are one-quarter cycle out-of-phase (see Panofsky and

McCormick, 1954; Panofsky, 1962). Coherence diagrams thus show the
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approximate percentage variation common to the two variates as a function
of frequency.

Graphs nf the coherence for the three most important fluxes (uw, W.,
and uT) as shown by the correlation coefficients and relative amounts of
turbulent energy entered in Table 2, are presented in Figures 10 through
23b for each of the field experiments. Estimates of the in-phase contri-
butions COS and the quadrature contributions QUAD for each of the data
points shown in the above figures are entered in Table A6 of the Appen-
dix. Inspection of the entries in the table shows that the quadrature
contributions are generally less than 10 percent of the in-phase contri-
butions and thus may be neglected. As might be anticipated, the coherence
at very high frequencies is effectively zero for uw and uT; wT values,
although less than 0.1, may be significantly different from zero. In
the presence of thermal instability, the maximum values of the coherence
for all three fluxes are found at frequencies near 0.002 cycles sec-I.
The coherence values for uw at a height of 16 m in Run Noe. 14 and 38
do not follow this pattern (see Figures 15 and 19a); if the data are
assumed correct, the results Indicate that large-scale convection may
on occasion produce a significant decrease in the vertical flux of

momentum. In stable stratification, the coherence for uw and wT tends
to reach a plateau at frequencies of .05 to .02 cycles sec-l. The form
of the coherence for the UT flux varies only slightly with stratifica-
tion; the largest coherence values tend to be found at the low-frequency
end of the spectrum in all thermal stratifications.

Logarithmic cospectral diagrams, similar to graphs of the logarithmic
power spectra previously discussed, are presented in Figures 24a through
26d. Data points ir, the figures were obtained by the same procedure
followed for the u-, v-, w-, and T-spectra. Cospectral estimates for the
vertical flux of momentum uw have been normalized by dividing by the square
of the mpan wind velocity. The frequency dependence of the three co-
spectra exhibits a diurnal variation similar to that found for the spectra
of the wind-velocity components and air temperature. During stable thermal
stratify-cation, peak frequencies for uw and wT at a height of 16 m occur
between 0.02 and 0,005 cycles m"l (Figures 24b and 25b); at a height of
40 m, the corresponding range of peak frequencies is from 0.01 to 0.002
cycles m-I (Figures 24d and 25d). Maximum contributions to the uT co-
spectra in thermally stable atmospheres occur within the frequency band
from 0.01 to 0.003 cycles ml (see Figure 26b); at a height of 40 m the
peak frequency band is found between 0.005 and 0.0015 cycles m-1 (figure
26d). In all cases, the present measurement technique appears adequate
for determining the characteristic form of the three cospectra.
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In the presence of thermal instability, the maxima of the three

cospectra shift toward low frequencies. The daytime peak frequencies

for uw at a height of 16 m occur within the band from 0.002 to 0.0005

cycles m-1; as shown in Figure 24a, there is some evidence of a relatively

small secondary maximum between 0.02 and 0.005 cycles m-1 which corres-

ponds to the limits of the peak band during stable stratification. The

data for Ran No. 9, in which the stratification was near-neutral, show

a peak frequency within this range which is clearly due to mechanical

turbulence. The two daytime cases at a height of 40 in (Figure 24b)

exhibit very sharp maxima between 0.001 and 0.0005 cycles m-1. The

wT cospectra indicate a frequency dependence that is strikingly similar

to that for uA if allowance is inade for the collapse of the temperature

spectrum in near-neutral stratification. Three of the 16-m cases in

Figure 23a show well-defined double maxima, one between 0.01 and 0.005

cycles m-1 and a low-frequency peak near 0.001 cycles m- , The two

cases at 40 m (Figure 25c) indicate peak frequencies at about 0.0005

cycles -,'. The principal contributions to the uT cospectra in unstable

thermal stratification (Figures 26a, 26b) occur without exception be-

tween 0.001 and 0.0005 cycles m-1. In contrast to the uw and vT dia-

grams for the 16-m level, which indicate important cospectral contribu-

tions within the mechanical turbulence regime, the uT diagrams show only

ve.ry minor contributions during unstable stratification in thr band from

0.02 to 0.003 cycles m-1. Variations in the peak freqiencies of the

three cospectra with changes in stability are summarized in Figures 27a

and 27b where the Stability Ratio and hourly values of the standard

deviation of azimuth wind direction, respectively, are used as indicators.

Double logarithmic diagrams of the cospectra for the three fluxes

are presented in Figures 28a and 30b. The principal feature of these

data Is the rapid decrease in cospectral density at high frequencies

which follows an inverse-square law rather than the minus four-thirds

or minus five-thirds law shown by the u-, v-, w-, and T-spectral densi-

ties. The tendency for a rapid decrease in the uw cospectra at high

frequencies has previously been noted by Panofsky and McCormick (1P54).
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VI. DISCUSSION OF RESULTS AND SUGGESTIONS FOR FUTURE RESEARCH

It should be emphasized that the results described above are pre-

liminary and are based on the analysis of only a fraction of the avail-
able experimental data. Also, in the relatively brief time available

for studying these data, principal attention has been focussed on the
general form of the spectra and cospectra of the characteristic air
properties investigatcd. With these qualifications, the following
tentative conclusions may be stated: Power spectra of the wind-
velocity component (u, v, and w) and air temperature show a minus four-

thirds or minus five-thirds power law dependency on frequency at the
highest frequencies studied. Cospectra of the vertical fluxes of

momentu- and temperature and of the temperature flux in the direction
of the mean flow show an inverse-square dependency at these frequencies.
Logarithmic spectral and cospectral diagrams show that the principal

contributions to the variances and covariances of these meteorological
parameters, in stable thermal strat~fication, occur at wavelengths of
20 to 500 m. The present measurement techniques are satisfactory for
resolving the spectral composition of all parameters except the verti-

cal component of wind velocity (and, possibly, the lateral component v)
in extreme stability.

In unstable thermal stratification, major contributions to the u-,
v-, and T-spectra and to the uw-, wT- and uf-cospectra occur at wave-
lengths of 500 to 20-30 m. The 1-hr observation periods utilized in the
present study are too short to permit reliable estimates of the shape of
the spectra and cospeoctra at wavelengths larger than 1 or 2 km. Major
contribdtions to the spectrum of the vertical component of wind velocity
in unstable stratification occur at wavelengths of 50 to 200 i and there
is a regular shift in the wavelength at which the maximum contribution
occurs as the stratification becomes increasingly stable or unstable.
In near-neutral stratification, the maximum contribution occurs at a
wavelength eqiivalent to about five times the height of the observation
point above ground level. The height dependence of the various spectra
and cospectra cannot be established on the basis of the results thus
far available. However, It is apparent that the peak contributions at
the 40-a level occur at longer wavelengths than the corresponding con-

tributions at a height of 16 m. The cospectra for the vertical tempera-
ture flux show two maxima In extreme thermal instability; one peak
occurs at a wavelength of aboute100 m, presumably due to mechanical
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turbulence, and the other peak occurs at a wavelength of about 1 km
where large-scale convection is predominant.

It is usually assumed in descriptions of boundary-layer transfer
processes that the horizontal fluxes of characteristic air properties
are negligible in comparison with the vertical fluxes (Priestley, 1959,

p. 1). The data obtained in this study show very clearly that the
temperature flux in the direction of the mean flow generally exceeds

the temperature flux along the vertical by a factor of two. Similar
results were obtained by the Round Hill research team at O'Neill,
Nebraska in 1953 (see Lettau and Davidson, 1957). It is suggested that

this large horizontal temperature flux Is principally due to the presence
of large convective elements transported near ground level from relatively

great heights and swept past the point of measurement embedded in quasi-
horizontal flow. Due to the presence of the ground, the temperature and

horizontal momentum of these large eddies is conserved to a much larger
degree than their vertical momentum. In effect, the uT flux is a result
of vertical exchange; the exchange, however, occurs at some distance
u,3vind from the point of observation.

Analysis of the experimental data is continuing under a basic research
grant. Once the spectral and cospectral analyses are completed, the re-

suits should be compared with the predictions of the similarity theory
along the lines pursued by Takeuchi (1962) in his studies of the O'Neill,
Nebraska structure measurements. Additional field experiments will be

conducted to extend the data to greater heights and different roughness
regimes; also, considerably longer sempling periods of the order of 3
hr are required to establish the features of the spectra and cospectra
at low frequencies in the presence of extreme thermal instability.
Finally, it is already apparent that studies of the high-frequency part

of the vertical-velocity spectrum.in stable atmospheres require the

development and use of instrumentation capable of responding to frequen-
cies of the order of 10 cycles sec- 1 .
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APPENDIX



Tablte Al. Vertical profiles of 1-hr mean wind speeds.
Entries in parentheses are estlmated values.

VBe ci mI

Run N•. 7B 8 9 10 12 14 15

Z(m)

40 5.15 5.89 6.65 5.60 6.54 4.19 4.08
32 4.95 4.99 6.48 5.29 5.91 4.16 4.0116 4.78 3.82 5.92 4.10 4.42 4.05 3.78

8 4.49 3.28 5.50 3.56 3.59 3.77 3.49
4 4.16 2.88 4.97 3.12 3.19 3.58 3.242 3.84 2.35 4.49 2.69 2.77 3.28 2.991 3.46 1.92 4.05 2.33 2.38 2.99 2.630.5 (3.05) (1.53) (3.50) (1.98) (2.00) (2.66) (2.33)0.25 (2.60) (1.13) (2.97) (3.68) (3,62) (2.32) (2.02)

Run No. 16 20 38 39 40 41 42

Z(m)

40 9.04 7.31 6.48 6.69 5.48 6.61 5.80
32 8.80 6.91 6.27 6.31 4.68 5.97 5.1816 8.20 5.53 6.12 5.81 3.67 5.03 4.21
8 7.56 4.67 5.66 5.30 3,03 4.20 3.804 7.00 4.17 5.26 4.96 2.61 3.76 3.162 6.37 3.69 4.77 4.49 2.08 3.26 2.74
1 5.70 3.21 4.2'9 4.00 1.78 2.90 2.410.5 (5.07) (2.72) (3.77) (3.53) (1.56) (2.55) (2.10)

0.25 (4.43) (2.25) (3.20) (3.04) (1.40) (2.35) (1.95)
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Table A3. Soil ternerature profiles. Measurements in d"g C were made
immediately preceding and following the 1-hr experiments at two loca-
tions (S, N)l the values obtained after the experiment are enclosed in
parentheses. Average temperature for the 0 to 5 an layer Indicated by
separate thermometers is also tabulated. The symbol m denotes missing
data. Temperatures at depths of 50 and 100 cm locations, for Runs 38
tarvvgh 42,are estimates.

Run No. 7B1  8
Depth
(cer) S N S N

1.6 1.4.1 (16.1) 12.1 (13.2) 6.2 (5.7) 6.8 (6.3)
3.1 11,9 (14.3) 9.2 (11.2) 6.7 (6.3) 7.9 (7.4)
6.2 9.9 (12.1) 8.4 (9.9) 7.6 (7.0) 8.5 (8.0)

12.5 7.9 (9.4) 7.8 (8.6) 9.0 (8.5) 9.0 (8.7)
25.0 7.7 (8.4) 8.0 (8.]) 9.4 (9.1) 8.8 (8.8)
50.0 9.1 (9.0) 8.9 (8.9) 9.2 (9.3) 8.9 (9.0)

100.0 11.4 (11.4) 10.6 (10.6) 11.3 (11.4) 10.5 (10.5)
0-5-m 9.5 (11.2) 6.7 (6.3)

9 10

1.6 12.5 (11.0) 11.0 (10.0) 3.8 (1.9) 5.2 (4.0)
3.1 11.8 (10.8) 10.5 (10.2) 5.1 (3.5) 7.1 (6.1)
6,2 11.3 (10.7) 9.9 (9,9) 6.5 (5,4) 7.9 (7.3)

12.5 10.1 (10.2) 9.2 (9,4) 8.6 (8.0) 8.8 (8.4)

25.0 9.4 (9.6) 8.6 (8,7) 9.3 (8.9) 8.9 (8.9)

50.0 9.3 (9.3) 9.0 (9,0) 9.4 (9.5) 9.1 (9.1)
100.0 11.3 (11.3) 10.4 (10,4) 11,2 (11.2) 10.4 (10.4)
O-Sin 10.6 (9.9) 5.7 (4.5)

12 14

1.6 0.8 (0.3) 2.9 (2.3) 3.0 (4.2) 0.1 (0.9)
3.1 2.2 (1.7) 5.0 (4.5) 2.0 (3.2) m (m)
6.2 4.0 (3.5) 6.5 (5.9) 0.3 (1.8) 1.4 (1.4)

12.5 7.0 (6.4) 7.9 (7.6) 0.8 (1.2) m (m)
25.0 874 (8.0) 8.8 (8.7) 2.3 (2.3) 4.9 (4.8)
50.0 9.5 (9.5) 9.1 (9.1) 7.1 (7.0) 7.4 (7.4)

100.0 11.2 (11.2) 10.4 (10.4) 10.4 (30.4) 9.7 (9.7)
0-5cm 3.4 (2.9) W (a)

1 Soil temperatures taken at 1030 and 1205 EST
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Run No. 156
Depth 8 N $ N

1.6 2.8 (0.7) 1.0 (0.2) 12.5 (12.0) 9.5 (8.8)
3,1 2.6 (0.2) 0.1 (0.4) 10.6 (11.0) 7.6 (8.5)6.2 2.2 (1.2) 1.6 (1.8) 9.] (10.0) 6.8 (7.6)12.5 1.7 (1.9) m (m) 7.0 (8,0) m (M)

25.0 2.4 (2.e) 4.7 (4,7) 6.2 (6.9) 5.7 (5.9)50.0 6.9 (6.9) 7.3 (7.3) 6.2 (6.3) 5.0 (6.1)
100.0 10.4 (10.4) 9.7 (9.7) 8.7 (8.7) 8.2 (8.2)0-Scm m (M) 7.7 (8.1)

20 3_82

1.6 18,4 (17.1) 19.4 (18,5) 16.0 (16.5) 12.8 (13.2)
3.1 19.2 (18.0) 19.9 (19.1) 16.0 (16.2) 13.0 (13.6)
6.2 20.8 (19.8) 20.8 (20.2) 14.4 (14.8) 11.8 (12.5)12.5 22.2 (21.5) 21.1 (20.7) 11.8 (12.7) 11,7 (12.2)25.0 22.5 (22.1) 20.8 (20.6) 11.1 (11.7) 33.2 (13.1)50.0 19.7 (19.7) 18,4 (18.4) 15ý3 (14.9) 16.2 (15.8)100.0 16.7 (1687) 16,1 (16.1) 17.1 (17.1) 16.6 (16.6)

0-Scm 20.1 (19.3) 12,2 (12,8)

.3 9 40
1.6 15,5 (12.5) 13.3 (12.2) 6.6 (6.0) 9.0 (8.6)3.1 14.8 (11.9) 13,8 (13.0) 8.2 (S5.) 9.7 (9.2)
6,2 14.5 (12.8) 13,0 (12,9) 8.1 (7.4) 11.4 (11.0)12.5 13.3 (13.2) 12.7 (12.9) 11.0 (10,5) 12.3 (12.1)23.0 12.5-(12.8) 13.4 (13.4) 12.5 (12.1) 13.6 (13.6)50.0 14.8 (14.8) 15.9 (15.7) 15.0 (15.1) 15.5 (15.5)100.0 17.1 (17.1) 16.6 (16.6) 17.1 (17.1) -16.6 (16.6)0-5cm 12.7 (11.6) 8.5 (8.0)

41 -42-
1.6 5.7 (5.5) 8.5 (8,4) - 5.2 (4.8) 8.2 (8.0)
3.2 5.3 (5.1) 9.0 (8.9) 4.9 (4.5) 8.8 (8.5)6.2 7.1 (S.8) 10.9 (10.7) 6.6 (6.2) 10.6 (10.4)12.5 10.2 (9.9) 11.9 (11.8) 9.7 (9,4) 11.7 (i.6)25.0 11.9 (11.7) 13.6 (13.7) 11.5 (11.3) 13.6 (13.0)50.0 15.1 (15.2) 15.5 (15.6) 15.2 (15.3) 18.6 (15.6)

100.0 17.1 (17.1) 16.6 (16.8) 17.1 (17.1) 16.8 (6.68)
0-Scm 7.8 (7.6) 7.6 (7.2)

Soll temperatures taken at 1151 and 1316 EST
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Table A4. Summary of heat budget estimates in cat cm- 2 min" 1 at the

air-soil interface. 1 Minis sign indicates the flux is directed away
from th.z interface. Estimates of E. are obtained from the balance

condition. Values of the air hPat flux in parenthesis are computed
from filtered fast-response data.

Run Net Radiation Soil Heat Flux. Air Heat Flux_ Evyaporative Flux
No. R° So Qo E

7B 0.42 -0.07 -0.15 -0.20

8 -0.13 0.02 0.01 0.10
9 0.01 0 0.01 -0.02

10 -0.15 0.06 0.01 0.08
12 -0.15 0.04 (0.03) (0.08)
14 0.33 -0.02 -0.13 -0.18
15 -0.01 0.0.1 -0.02 -0.01

16 0.29 -0.03 -0.10 -0.16
20 -0.14 0.04 0.04 0 06
38 0.61 -0.OC -0.27 -0.28

39 0.20 0.02 -0.07 -0.15
40 -0.15 0.05 0.02 0.08
41 -0.16 0.04 0.04 0.08
42 -0.15 0.04 (0.04) (0.07)

The heat bJdget equation nf the earth-air interface may be written

Re + S0 + Qo + E0 = 0 ,

where R = net effect of all radiative processes;

so = vertical heat flux in the soill
Qo = vertical heat flux in the atmosphere;

and, Eo = heat equaivalent of the evaporative flux in moisture
in the atmosphere.

The subscript zero denotes the value of the energy fluxes at the inter-
face. The following procedure provides estimates for each of the four
terms of the equation. Net radiatiun, Ro ,is measured by a Beckman-
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Footnote to Table A4 (continued)

Whitley net radiometer mounted at a height of 1.5 m. For the 1962
observations, net radiation measurements were also made with a small
radiometer loaned the project by Dr. Leo J. Fritschen of the U. S.
Water Conservation Laboratory, Tempe, Arizona. The soil heat flux,
S, is determined from the following data: the soil heat flux
through the -5 cm level; the change in temperature of the 0 to -5 cm
layer of soil; and the heat cap-;ity of the soil within the 0 to -5

cm layer, Beckman-Whitley heat plates and resistance thermometers
with a sensitive length of 5 cm are used to measure, respectively,
the first two of thesi quantities. The heat capacity for a particular
experiment Is calculated from values of the density and specific heat

of dried soil samples determined at the start of the field program,
and from measqrements during the experiment of the fraction of water
pres--t in soil samples taken from the 0 to -5 cm layer. Further
detalls of the heat-budget instrumentation and experimental proce-
dure are contained in the Annual Renort. The value of Qo 0s d*-
termined from the ]6-m fast-respnrse temperature miuJ wind data, the
vertical flux of heat in the 0 to 16-m layer being assumed invariant
with height. Values of E° are obtained by determining the flux re-

quired to balance the heat-budget equation.
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Table AS. Gross turbulence statistics for unfiltered fast-response data.
Wind velocities are in m sec-J and temperatures are in Centigrade. Co-
variances reflect in-phase contributions only; no quadrature covariances
are available. The symbol m denotes missing data.

Run No. 7B (16m) 8 (16m) (k6m I•) T•Jr) 1206m) 14(16..) 15(06m)

U4.78 3.82 5.92 4.19 4.42 4.05 3.76
S0.886 0.411 1.40 0.590 (m) 1.12 0.899

C 0.982 0.4G7 1.23 0.50S (m) 1.47 0.723
av 0.428 0.123 0,658 0.255 (m) 0.505 0.381
0 0.418 0.143 0.316 0.457 (m) 0.280 0.o40T

0 - 0.185 0.108 0.2313 0.141 (M) 0.272 0.239
v/U 0.205 0,122 0,n8 (1.121 (m) 0.363 0.102

C5W/U 0.090 0.032 0.111 0.031 (m) 0.140 0.101

7T -0.1377 0.0392 -0.0924 0.1154 (m) -0.0553 -0.0649
WT 0.0857 -0.0039 -0,0059 -0.0070 (mi) 0.0754 0.0110
V'r -0.0445 0.0445 3.0760 o.0244 (m) 0.0261 -0.0265
u, 0.0226 0.0351 -0.0.526 0.089q (m) 0.2247 0.0135
2 -0.080.| 0. 003., 0.0-330 -0,0073 (m) 0.0701 0.0031
uw -0.1357 -0.0178 -0.2459 -0.0487 (m) -0,0565 -0.0817

R (uT) -0.37 0.67 -0.21 0.43 (2 ) -0.18 -0.52
R (wT) 0.48 -0.22 -0.03 -0.05 (m) 0.48 0.21
R (VT) -0.11 0.18 -0.20 0.11 (m) 0.06 -0.26
H (uv) 0.03 0.18 -0.03 0.23 (i) 0.14 0,02
R (v.) -0.19 0.07 0.04 -0.06 (m) 0.08 0.03
R (uw) -0.36 -0.35 -0.27 -0.32 (m) -0.0a -0.24
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Run-No. 16(1, Q1m 04 38(t16fm) 38(i 39C16m) 39(4N).

S8.20 5.53 7.31 6.12 6.48 5.81 6.69
0 1.87 0.817 (M) 1.52 1.71 1.56 1.80
O 2.04 0.724 (M) 2.09 2.08 1.50 _ 1.68o 0.824 0.448 (M) 0.720 1.03 0.669 0.880

UC 0.453 0.436 (M) 0.474 0.449 0.236 0.220'IT

CY - 0.228 0.148 (M) 0.248 0.264 0.268 0.269
Cf 0.249 0.131 (f) 0.342 0.321 0.258 0.251
o• 0.100 0.081 (A) 0.118 0.159 0.115 0.131

u_ -0.3288 0.0559 (m) -0.3410 -0.31A98 -0.2181 -0.1930
IT 0.0561 -0.0237 (m) 0.1582 0.2165 0.0425 0.0784
;T -0.1787 0.0696 (m) -0.0978 -0.04165 -0.0248 010488
;iv -0.0115 0.0796 (m) -0.7613 -0:7385 0.0715 0.3189v• 0.2803 -0.0'191 (M) 0.0}098 -0.0995 0.02P7 -0.09)30
uw -0.5971 -0.1564 (M) -0.3271 -0.7z12- -0.3185 -0.6116

R (UT) -0.30 0.16 Cm) -0.47 -0.48 -0.59 -0.49
R (NT) 0.15 -0.12 (i) b.46 0.47 0.27 0.40
R (VT') -0.19 0.22 (a) -0.10 -0.05 -0.07 0.13
R CuO) 0 0.13 (M) -0.24 -0.20 0.03 0.i1
R Cvvw) 0.17 -0.06 (M) 0.01 -0.04 0.03 -0.06
R (uw) -0.39 -0.43 (m) -0.30 -0.40 -0.31 -0.39
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Run No. 40016m) 40(4QV) 4l(16m) 41(4Qn) 42(16me) 42(40m)

U3.67 '.48 5.03 6.61 4.21 5.80

0 0.404 0.495 0.896 0.820 (M) (M)u
0 v - 0.303 0.335 0.616 0.697 (M) (M)
0V 0.210 0.223 0.414 0.464 (0) (M)

'IT 0.140 0.173 0.190 0.182 (M) (M)

Ou - 0.110 0.090 0.178 0.124 (M) (M)
c•.-u 0.083 0.061 0.122 0.105 (M) (M)
0/5 0.057 0.041 0.082 0.070 (M) (M)
W/U

uT 0.0322 0.0407 0.1219 0.0908 0.0404 0.0473

UT -0.0097 -0.0113 -0.0218 -0.0307 -0.0260 -0.0284

vT 0.0028 0.0033 -0.0148 -0.0167 0.0070 0.0110
UV 0.0183 0.0252 -0.0394 0.0104 -0.0407 0.0025

V! -0.0095 -0.0074 -0.0177 -0.0543 -0.0330 -0.0232

ul -0.0249 -0.0415 -0.1042 -0.1295 -0.1090 -0.1415

R (uT) 0.57 0.48 0.72 0.61 (M) (M)
R (wT) -0.33 -0.29 -0.29 -0.36 (m) (M)
R (vT) 0.07 0.06 -0.13 -0.13 (M) (M)

R (NO) 0.15 0.15 -0.16 0.02 (m) (M)
R (vw) -0.15 -0.10 -0.07 -0.17 (m) (i)

R (uw) -0.29 -0.38 -0.28 -0.34 (m) (i)
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Table A6. Normalized estimates of the cospectral COS and quadrature
QUAD contributions to the coherence of uw, VT, and uT for selected
field experiments. The sum of COS and QUAD at each frequency n
(cycles sec-1 ) is plotted in Figures 10 through 23b.

(a) uw

7B-16M 8-16m 9-160! lO-16m 12-16m1COS QUAD COS QUAD COS QUAD COS QUAD COS QUAD

.0017 -.35 .14 .I1 .00 .28 .00 .14 .21 .43 .01

.0033 .36 .16 .07 .00 .32 .00 .06 .o8 .33 0o0

.005P .43 .10 .07 .03 .25 .01 .06 .01 .30 .0o

.0083 .30 .03 .14 01 .18 .00 .09 .00 .30 .00

.017 .15 .04 .18 .01 .19 .00 .27 .00 .30 .00

.025 .12 .05 .28 .01 .15 .05 .36 .00 .29 .01

.033 .13 .07 .#41 .00 .09 .04 .36 .01 .32 .01

.042 .04 .06 .40 .00 ,12 .03 .32 .00 .29 .01

.052 .04 .08 .27 ,00 .16 .03 .32 .00 .19 .00

.062 .1C .03 .20 .03 .10 .03 .18 .00 .15 .01

.083 .07 .00 .27 .00 ,08 .01 .06 .00 .16 .02

.11 .04 .01 .15 .00 .03 .03 .06 o00 .15 .00

.15 .01 .00 .16 ,00 .00 .02 .06 .00 .09 .00

.20 .01 .00 .10 ,01 .01 .01 .05 .00 135 .01

.25 .00 .00 .37 .00 .01 ,00 .05 .00 o)2 .00

.30 .00 .02 .04 o00 .01 .00 .04 .00 .01 100

.40 .IJ .01 .02 .Jf .00 .00 .00 .01 .00 ,00

.50 ,03 .00 .01 .CC .00 .30 .01 .00 .00 .00

14-1611 15-1614 16-16m 20-16ii 20-4014
COS QUAD COS QUAD COS QUAD COS QUAD COS QUAD

.•0017 .00 .01 .08 .09 .29 .03 .29 .00 .09 .09

.0033 .01 .01 .12 .12 ,31 .02 .31 .00 .13 .10

.0050 .05 .02 .26 .o5 .35 .00 .24 .00 .24 .01

.0083 .03 .01 .19 ,02 .28 .00 .30 .00 .19 .00

.017 .02 .00 .18 .06 .23 .01 .32 .01 .29 0oo

.025 .00 .01 .14 .07 .2o .04 ,33 .01 .24 .00

.033 .00 .07 .09 ,05 .19 .06 ,35 .00 .16 .00

.042 .00 .13 .02 .08 .19 .09 .35 .00 .17 .00.050 .02 0•4 .05 .07 .19 °06 ,23 .00 .16 .00 -

.062 .02 .02 .03 .05 .14 .06 .16 .00 .16 o00

.083 .03 .00 .02 .01 .18 .07 .25 .00 .24 .00

.11 .00 .00 ,02 .00 .08 .04 .15 .00 .22 .00

.15 .00 .00 t00 .00 .07 .06 .19 .00 Il l.01

.20 .01 .00 o04 .01 .04 .02 .14 .01 oi1 .01
.25 .00 .01 .00 .01 .02 .00 .12 .00 .07 .00
.30 .01 o01 .00 .01 .01 .00 .06 .00 .04 o00
.40 .00 000 .00 .00 ,00 .00 .03 .00 .03 .00
.50 .01 .00 .00 .00 .00 .00 .04 .00 .02 .00
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(a) uw

n 38-1614 38-4011 39-16m 39-40M 40-16M
COS QUAD COS QUAD COS QUAD COS QUAD COS QUAD

.0014 .10 .02 .35 .05 .21 .02 .45 .00 .02 .05
.0028 .12 .00 .39 .02 .42 .04 .47 .04 .00 .15
.0042 .34 .02 .53 .04 .42 o00 .5) .15 .00 all
.0069 .15 .00 .31 .01 .27 .00 .40 .01 .08 .02
.014 .13 .02 .16 .02 .25 .03 .27 .00 .1? .01
.021 .05 .04 .08 o02 .12 .05 .23 .03 .14 .00-
.028 .02 .07 .08 .01 .15 .01 .23 .00 .15 .00
.036 .05 .12 .10 .02 .25 .01 .15 .00 .22 .00
.042 .10 .13 .12 .01 .22 ,03 .03 .01 .23 .02
.049 .05 .1.0 .03 .00 .17 .08 .09 .00 .20 01
.069 .03 .06 .02 .02 .15 .05 .05 .01 .2) .00
.094 .01 .03 .01 .01 .04 .00 .01 .02 .10 .01
.12 .01 .01 ,02 .02 o06 .00 .01 100 .09 .02
.17 ,02 .00 100 100 ,C3 .02 °02 .00 .03 .01
.21 o02 .00 .00 o00 .03 .01 .01 .00 000 .01
.25 .02 .00 .01 .00 °04 .00 .00 100 .00 .00
.33 .00 .01 .% ,0Oc', .02 .00 .00 .00 .00 .00
.42 .01 .o .100 .00 .01 .00 ,.02 .00 .01 00

40-401M1 41-1614 41-4011 42-1611 42-401-1
COS QUAD COS QUAD COS QUAD COS QUAD COS QUAD

.0014 .24 .01 .01 .16 .07 .01 .10 o00 .36 .12

.0028 617 .02 .05 .06 .14 .00 ,21 .00 .24 o06

.0042 .19 .00 .14 .02 .39 .06 .14 .12 .14 .00

.0069 o24 .00 .13 .02 /24 o00 .24 .02 .24 .00

.014 .30 .00 o29 .02 .25 .00 .39 .00 .27 .00
.021 .26 .00 o28 .00 .28 .00 o43 .01 030 000
.028 .18 .01 .17 .00 .31 .00 .28 .02 .33 .00
.036 ,29 .00 .17 .02 .26 .00 ,19 .00 .30 .00
.042 .36 .00 .22 .02 .17 .00 o25 .00 .25 .01
.049 .22 .00 .19 .00 .14 .o1 .32 .00 .18 .00
.069 .15 .00 .17 .00 .19 .01 .23 .00 .09 °0G
.094 .I1 .00 .10 .06 .06.01 .12 .01 .16 .00
.12 s06 .00 -. 12 .01 .07 .01 .03 .00 005 .00
.17 .08 .01 -. 05 .02 s04 °00 .06 .02 .04 .00
.21 .09 .00 .01 100 .01 .00 .05 .00 .03 .00
.25 .11 .01 .00 100 001 100 I02 .00 .02 .00
.33 .08 100 .00 .00 .01 .00 .01 .00 .00 .00
.42 .08 .00 °00 .00 .01 100 ,03 .00 100 100
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.(b) wZ

7B-16m u-16m 9-1614 10-1611 12-16m
COS QJAD COS QUAD COS QUAD COS QUAD COS QUAD

.0017 .58 .00 .02 .00 .00 .03 .07 .02 .21 .03
.0033 .64 QO .01 .02 .04 .03 .00 .01 .29 .00
.0050 .52 .00 .00 .08 .12 .00 .13 .00 .18 .00.0083 .44 .00 .06 .01 .03 .03 o06 .03 .16 .02.017 .32 .05 .11 .22 .05 .11 .1l' .01 .26 o0o.025 .34 .03 .13 .04 .05 .14 .24 .01 .36 .00
.033 .26 .01 .23 .04 .03 .12 .32 .02 .31 .02
.042 .13 .00 .22 .04 .02 .06 6q2 .02 .20 .05
.050 .15 .00 .16 .05 .01 .05 .27 .01 o14 .08
.062 .18 .00 .21 .02 .02 .07 .16 .00 .18 .06
.083 .15 .00 .09 ý05 .01 .08 .23 .04 .26 .o4
.11 .12 .00 11 .05 .02 .10 I11 .03 .18 ,01
.15 .Il .00 .11 .05 .02 .03 .07 .02 .13 .02
.20 .11 #00 .08 .02 .01 .02 .10 .00 .07 .01
.25 Ill .90 .07 .01 .02 .02 .01 .01 .07 .01
.30 .10 .00 .01 .00 .00 .03 .00 .00 .04 .00
.40 .07 .01 .00 .I1 .00 .02 .00 .00 .03 .01
.50 .02 .10 .00 .00 .00 .00 .00 .00 .00 .00

14-1611 15-161- 16-1611 20-16m 20-4011
COS 41KD COS QUAD COS QUAD COS QUAD COS QUAD

.0017 .07 .34 .02 .12 .29 .02 .19 .02 .08 .06

.0033 .15 .14 .2.001 .31 '00 .19 .02 910 .02

.0050 .62 .01 .28 .00 .38 .00 .12 .00 .06 o00

.0083 .27 .00 .11 .00 .25 .00 .24 .00 .09 100

.017 .31 .01 .08 o00 .17 .03 .28 .01 .16 .00

.025 .32 .00 .04 .00 .16 .03 .26 .03 .17 .00.033 .33 .00 V03 .03 020 .01 .25 o04 .15 .00

.042 .30 .00 .02 .02 .26 .02 .22 .05 .20 .01.050 .24 o00 .03 .01 .28 .05 .15 .05 .24 .01

.062 .16 .02 .02 .01 .22 .03 .14 .03 .18 .00

.083 .17 .02 .00 .00 .19 .01 .16 .02 .28 .00
.Ii .04 .o0 .00 .00 .08 '00 .22 .03 .12 .00.15 o06 o00 .00 100 .12 .00 .15 .02 .12 100
.20 .07 .00 .00 .00 .09 .00 .15 .00 .19 '01
.25 .07 .01 .00 .40 .05 .00 .14 .01 .12 .01
.30 .05 102 000 .00 .03 .00 .12 .02 106 o00
.40 ,02 .01 .00 .00 .02 000 .05 .02 .05 .00
.50 .03 .00 .01. 00 .01 .00 .08 .00 .01 .00
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(b)wr

n 38-161 38-4011 39-161i 39-401! h0-16M
COS QUAD COS QUAD COS QUAD COS QUAD COS QUAD

.0014 .68 .O0 .55 .01 .31 06 . 1o .1 o .o6 .16

.0028 .53 .00 .35 .02 .37 .06 .34 .14 .00 .21
.0042 .48 .00 .39 .01 .23 .11 .28 .26 .03 .15
.0069 .41 .00 .36 oo0 .22 .03 .31 .03 o06 .05
.014 .13 .00 .21 .00 .20 .02 .23 .03 .18 *02
.021 .12 .01 .14 .01 .17 .00 .23 .00 .19 .00
.028 .23 .01 .14 .01 ,20 .00 .17 .02 .18 ,02
:036 .21 .00 .20 .01 .23 .02 .16 .05 .22 .09
.042 .23 ,CO ,22 .o0 .17 .01 .10 ,03 ,23 .06
.049 .22 .00 .19 .00 .17 .01 .11 .00 .22 .05
.069 .16 .00 .20 .00 .13 .00 .01 .01 .16 o05
.094 .11 .01 ,02 .00 o04 .00 .09 .00 .16 ,00
.12 .15 .00 .01 .00 .01 ,02 .04 .00 I11 00
.17 .13 .00 .09 100 .08 100 .02 ,o0 .12 .00
.21 .07 .0C .07 .02 .04 .00 .o0..oo o06 .00
.25 .05 .01 .05 .01 .02 .00 .01 .00 ,04 .01
.33 .04 .co .02 .00 .01 .00 101. .00 .06 .00
.42 .03 .(0 .02 .00 .00 .00 .01 .00 .04 .00

40-401.1 I-16m 41-4011 42-16M 42-401
COS QUAD COS QUAD COS QUAD COS QUAD COS QUADl

.0014 .10 .09 .08 .00 .23 .01 .Il .00 .25 .12

.0028 .08 .08 .17 .02 .31 .03 .18 400 .21 .I0

.0042 .18 .03 114 .09 .51 .07 .15 .10 .I1 .03

.0069 .16 .00 .12 .05 .27 .00 .21 .03 .24 .00

.014 .19 .00 .18 .09 .26 .01 .34 .03 .35 .00

.021 .29 .01 .17 o06 .35 .01 .38 .01 .36 .01

.028 .38 .00 .1i o06 .40 .00 .26 .00 .26 .02

.036 .41 .00 .18 .04 .31 .00 .24 .00 .20 ,00

.042 .38 .01 .24 ,02 .23 .00 ,26 .02 .26 .01
.049 .26 0oo .12 .04 .30 ,01- ,25 .03 .29 .02
.069 .21 .00 .25 .04 .27 .00 .26 .01 .16 .02
.094 .15 100 .17 .06 .22 .01 .16 .00 .19 .01
.12 .19 .00 .12 .02 .15 .01 -08,-03 .17 oOl
.17 .12 .00 11 .00 o06 .01 009 .00 .14 o02
.21 .10 .00 110 .00 .05 .00 .07 .00 I11 100
.25 o06 .00 .10 100 .05 .00 .08 100 .10 .00
.33 .02 .00 .09 .00 .03 .00 .08 .00 .08 100
.42 .04 .00 .06 .00 .01 .00 .08 .00 .05 .00
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(a) uT

n ?B-16N 8-16N 9-16H 10-16M 12-16m
COS QUAD COS QUAD COS QUAD COS QUAD ,OS QUAD

.0017 .59 .25 .27 ,07 .37 .02 .34 .o0 ,25 ,11.0033 .57 .24 .17 .06 ,19 .O0 .50 ,00 .35 .02.0050 .46 .25 .4o o4 .04 .05 ,54 ,oo .40 .o5.o083 ,46,#01 .36 ol0 1 1,I .01 ,42 o01 .5o o01
.017 .34 .15 .4O .04 .00 .01 .45 .02 .53 .01.025 .27 .04 .39 .06 .00 .02 .42 .02 .50 w00.033 ,13 .03 .48 .05 .00 .03 .36 .04 .49 .00.042 .09 .00 ,53 o06 .00 .00 .32 ,02 .40 .01.052 .14 .05 ,4 ,IO $1 01 ,O1 #,;7 ,00 ,31 .01
.062 .21 .02 .30 .12 .01 .01 .24 .00 .30 .02.083 .20 ,00 .26 ,08 .00 ,O0 -16 o01 ,31 .00.11 :13 .00 .15 .1) .00 .01 ,07 .02 119 ,00.15 .041 .00 .17 .04 .1, o00 .14 .OC .09 .02.20 .10 .# .11 .03 .00 .00 .08 .00 .04 .01.25 .04 .r1 .08 ,03 .00 )00 .12 .00 .01 .00.30 .01 .3 .05 .02 .O0 .00 .16 .00 .00 .00: 02 . .02 _21 t00 .00 023 .o0 .00 .00S50 .' .o0 .03 . t o.0 .00 .03 .00 .00 .00

14-1614 15-16i- 16-16m 20-1&61 20-14011
COS QUAD COS QUAD C00 QJAD CO QUAD COS QUAD

.0017 -03 -33 .30 .07 .66 -07 .71 .00 .78 .00.0033 .05 .32 .23 .08 .62 .08 .85 .00 .62 .02.0050 11 .20 .2F .12 .70 .03 ,83 .00 445 .01.0083 .05 06 .24 o06 #5p .01 .?1 o00 .64 .00.017 .05 .07 .17 .14 ,38 .03 .61 .02 .51 .01.025 ,02 .00 .13 .08 .26 .05 .51 *03 .44 .00,n33 .01 .03 ,05 .05 .22 ,08 .I6 .04 #40 .oo.042 .02 .05 .02 ,02 .15 .13 .40 ,07 *tv' ,00
.050 .05 .07 .o0 .00 .17 .13 .35 .09 .41 ,oo.062 .14 ,02 .03 .00 .17 .03 ,33 .06 .24 .00.083 o06 o00 .01 .00 008 001 .)1 .05 .24 0oo.11 .01 .00 .01 .02 .07 .01 .15 0OO '18 .01.15 .00 .00 .03 .00 .01 .01 .09 .01 .09 .03.20 .00 .01 .01 .33 .02 .00 .08 .01 .15 .01.25 .01 .00 .00 .00 .01 .00 .05 .o1 .07 .01.30 o06 .00 .00 .00 .00 .00 .02 .01 .02 ,o1.40 .22 .00 .00 .00 .00 00 .01 .00 .01 .00.50 .25 .00 .01 .00 .00 .00 .00 .00 .00 .00
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(c) uT

n 38-1611 38-4011 39-1614 39-401f 40-16m
COS QUAD COS QUAD COS QUAD COS QUAD COS QUAD

.0014 .31 .17 .31 .33 .58 .11 .60 .06 .52 .00

.0028 .36 .i0 .26 .28 .65 .10 .72 .05 ,64 o00

.0042 .50 .03 .42 .08 .63 .07 .69 .05 .46 .02

.0069 .34 .02 .36 .04 .54 .04 ,56 .03 .51 .00

.014 .26 .06 .40 .08 .42 ,12 .,44 11 .50 .00
.021 .11 .03 ,28 .03 .29 .07 .41 .011- .40 .01
.028 .05 .07 .22 .01 .23 .09 o31 .03 )34 .07
.036 .0 .&4 .18 .03 .21 ,09 '09 '00 ,42 o04
.042 .17 .05 .22 .02 .19 .07 .15 .00 .41 .01
.049 12 .06 .1.3 -O0 .17 ,02 .18 .00 .36 .00
•(.9 :03 .07 .03 .02 .19 .00 .14 .02 .33 .02
.0914 .01 .02 .01 .01 .13 .02 .23 .00 .24 .00
.12 .02-."" .03 .00 .07 .01 .13 .00 .20 .00.17 .O1 .Co .02 .00 .08 s02 .09 .02 .08 .0
.21 .03 "2 .02 .00 .o6 .00 .05 .00 .05 .00
.25 J02 .'"l .03 .00 .05 .00 .03 .00 .04 .00
.3o . () 01 *0 .P2 .01 .01 .00 .02 .00
.42 .V0 .0 o .00 aL .00 .00 .05 .03 .00 .00

40-4011 41-16,M 41-40M, 42-161! 42-4011
COS QUAD 005 QUAD COS QUAD COS QUAD COS QUAD

.0`14 .31 .03 .54 .05 .74 .09 .82 .01 .68 ,00.0028 .45 .01 .67 .02 .82 .02 .83 ,01 .79 ,00

.0L42 .69 .oo .73 .01 .88 .00 .71 .00 .78 .00

.0069 .48 .00 .57 .0 .74 ,00 ,58 .03 .67 .01
.X14 50 001 .52 .05 .60 .01 .46 o09 .61 .03
.021 .46 .04 .46 .05 .49 .04 .42 .03 .52 .03
.028 614 .05 .32 .O9 ,50 .01 ,23 ,04 .8 .02
.036 .45 .02 ,22 .10 .42 .00 .24 .05 .32 .01.042 ,47 .00 .20 .09 .32 .00 .35 .01 .41 .00
.049 ,43 .01 ,20 .05 ,25 ,00 .37 .05 ,35 .02
.069 .32 .02 .28 .00 .20 ,00 ,16 o01 .24 .01
.094 .26 o01 .23 .00 .09 .01 912 .00 .20 .01
.12 1.3 .01 all lO0 .14 l00 .07 oOl .06 .00.17 .II *02 s07 .00 .10 .00 .05 .01 .02 .01.21 ,10 .00 .04 .00 .12 .00 904 .00 .01 l00.25 .07 .00 .03 .00 X17 .00 .03 .00 .01 l00
.33 .01 .00 4 .00 .17 .00 .01 .00 .00 .00
.42 .02 .00 .01 .00 914 .00 000 .00 .00 .00
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