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ABSTRACT

- Across the air-sea interface there is a transfer of momentum, heat
and moisture. Knowledge of these is essential to the understanding of
oceanic and atmospheric circulations.

This study is an investigation of the vertical turbulent transfers of
momentum, heat and moisture in the Boundary layer of the atmosphere using an
instrumented light aircraft. The data were collected at several altitudes
between 18 m and 500 m in the Atlantic trade wind zone east.of the island of
Barbados. Since the tropical dcean is the primary source of heat input to
the atmospheric heat engine, good estimates, in this region, of the transfers
of heat and moisture and their vertical variations are essential to any global
numerical atmospheric prediction schéme.'

The fluctuations of the velocity components, temperature and humidity
and the transfers of momentum, heat and moisture were investigated, primarily
by means of tuieir spectra and céspectra. It was found that: ninety percent
of the heat input to'the atmpsphere was in the form of 1ateﬁt heat; the
sensible heat flux was positive (upward) at the small scales generated near
the surface and negative at the large scales due to subsiding air; ﬁhe
- latent heat flux was positive at all scales and similar in spectral distri-
'Bution to the momentum flux; the flow appeared to be anisotropic even at

scales one hundred times smaller than the distance from the boundary; the
drag coefficient, from direct measurements of the momentum flux ( or stress ),
was (1.45%0.08) x 10_3; shear generated turbulence was not entirely

dissipated locally.
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CHAPTER 1

INTRODUCTION

1.1 Airborne turbulerice measurements

The ailrplane is an eminently suitable platform for the investi-
gation of atmospheric turbuleﬁce primarily because of its mobility.
Paradoxically enough, it is just this mobility which poses the most
serioqs problems in the interpretation of airborne turBulence
measurements. That is, the data must be corrected for the motion of
the platforﬁ. The central problem, however, is the measurement of
vertical velocity; a task which has been tackied ih several different
ways over the past fifteen years.

1.2 Previous work

Buﬁker (1955, 1957, 1960) used an 'airplane acceleration'
technique to estiﬁate the vertical velocity. In this method the
airplane itzelf is the sensor‘and the relative vertical alr velocity
is related to the vertical acceleration of the aircraft through the
lift equation (von Mises, 1945). Of course this method is severely
bapd limited by the aircraft's phugoidal oscillations at low
frequencies and its inertia at high frequencies. In terms of
measurable gust sizes,\Bunker (1957) estimated a range of 20 m to
2000 m for the Woods Hold Oceanographic Institution's.PBY—6A (Catalina)
aircraft.

Lappe et al (1959), Telford and Warner (1962), Dutton and
Lenschow (1962) and Myrup (1965) all used either a vane or pitot tube

array angle of attack sensor to estimate the vertical velocity

components down to much smaller scale sizes.



The development of the sonic anemometer proyided another method of

~getting at the cross-stréam velocity components (Kuprov and Tsvang, 1965;

Miyake et al 1970b), and, since the instrument'é calibration is uniquely
reiated to the speed of sound in air»and the.acoustic path length, this
method is particularly well suited to tﬁe delicate study of isotropic
turbulence.

The queétion of correction of-the measured velocity components for the
aircraft's motion has been handled by the previous investigators cited in
much the same mamner: the details of each method and the differenceé among
them can be found in many of the references listed. 1In general the inte-
grated outputs of éccelerometers furnish the aircraft's velocity components
and a gyroscope senses the variations of attitude angle. In this way the air

velocity components are deduced within an accuracy of a few percent; however,

corrections at frequencies lower than 0.005 Hz are rather uncertain due to

gyroscopic drift. Today these problems are being eliminated by the use of

inertial platforms on turbulent flux measuring aircraft.

‘1.3 Objectives of this study

In 1967 a programme of developmént of turbuience sensors for use on light
aircraft was launched at the Institute of Oceanography of the Universit& of
British Columbia. The programme culminated in April 1969 with the sensor‘
system described by Miyake et al (1970b) and used in this investigation.

At that time it was considered that the developmental programme had achieved
its objective, which was the capability of measurement of the vertical .
turbulent fluxes of momentﬁm, heat and moisture over scale sizes from 2 m to
20 km.‘ A subsequent comparison against other flux measurements (see Appendik
C)iindicated that this was indeed the case. The use of hdt—wire anemometry

extended the measurement of the horizontal velocity fluctuations to scales as



small as 5 mmf

The completion of the developmental programﬁe coincided with the
comméncement of a large meteorological and oceanographic field egperiment
near the island of Barbados. The central purpose of ﬁhe Barbados
Oceanographic and Meteorological Experiment {BOMEX' (Davidson, 1968) was
the measuremenf.of the interchange of mass, momentum and energy across the
éir—sea interface. Thus this experiment provided an excellent opportunity
to directly measure the turbulent transfers in a reglon where the upward
flux of héat is the primary driving force fof the atmospheric heat engine.
In addition, thé Bomex organization handled many of the logistical field
problems iqherent in any large experimental programme, and facilitated the
exchange of information between the various participants.

This study is an experimental investigation into the structure of the
‘atmospﬁeric boundary layer in the Atlantic tradg wind zone, using data
gathered during Bomex., Measurements were made at several altitudes between
18 m and 500 m. Ground based measurements indicate that a flight altitude
of 18 m is sufficiently low to obtain good estimates of the transports in
“the surface boundary layer. Data were collected at higher altitudes to
investigate the variability'wiﬁh height of the turbulent fluxes and of the
mechaniSm§ responsible for their variability. The data are analysed through
the cospectra of the fluxes of heat, moisture and momen tum and the spectra
of the four turbulent parameters required to compute these fluxes. Both the
total integral under the spectra and cospectra and the distribution of the
energy among scale sizes are examined for the data gathered auring flights
in the wind direction. Several crosswind traverses were also made to

explore the possibility of convective organization.



CHAPTER 2

OBSERVATIONAL SCHEME AND ANALYSIS METHODS

© 2.1 'The Experiment

In May 1969, some 1500 scientists and technicians converged on the
island of Barbados to participate in the Bgrbadosloceanographic and
Meteorological EXperimen£ (BOMEX) .

The oxgénization and objectives of Bomex are described by Davidson
(1968) and Kuettner and Holland (1969), but the aspects which pertain
directly to this work are summarized briefly hére. Bomex's primary
objective was a thorough investigation 6f the_air-sea interaction
problem over an area of 500 km x 500 km (see Figure 1). Various well
instrumented research platforms including 25 aircraft probed the atmos-—
phere to an altitude of 20 km and the ocean to:a depth of 500 m. Several
of the platforms were equipped to measure vertical turbulent transports
beneath cloud base. Of these only a few were capable of simultaneous
direct measurement of the fluxés of momentum, sénsible heat and moisture:
NCAR'S aircraft, Beechraft Queen Air 304D (see Figure 2) instrumented
as described in Miyake et al (1970b) and Appendix A; 'FLIP' (see Figure 3)
the mgnned spar buoy of Scripps Oceanographic Institution (Rudnick, 1964),
instrumented with turbulence sensors simiiar to those on the Queen Air;
and avDC—6 of the Research Flight Facility of the U.S. Environmental
Science Services Administrationm.

2.2 Flight Patterns

The experiment was designed to investigate the vertical structure
of the boundary layer. Therefore each flight was divided into sections

of level flight (henceforth called 'levels') at three or four different



FIGURE 1.
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FIGURE 2. THE RESEARCH AIRCRAFT, BEECHCRAFT QUEEN AIR 304D
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altitudes. And, becauée it was believed that the turbulence structure
changes less rapidly with.height the greéter the distance from the
' bduﬁdary, the altitude of successive levels~wéé.chosén to.increése
in equai.logarithmic steps from the léwestrlevel of about 18 m. To
avoid the possibility of confusing.témporal variafion with systematic
height dependencé, the patterns were not flown at steadily ingreasing
or decreasing altitude. Generally the first level flown was at an
altitude of approximately 50 m because it was at this level that the
ﬁilot and observer estimated the wind direction. This was done in the
following fashion., As the aircraft approached the surface craft, over
which the pattern was.to be flown, the altitude was held at about 50 m
and the pilot altered the heading to coincide with the direction of the
windrows. The Doépler radar drift anglé was then amplified and monitored
on the chart recorder in the cabin. TFollowing the observer's
instructions the pilot made fine adjugtments to the heading until the
trace of the drift angle averaged zero over a period of about 30 seconds.
At thisvpoint the aircraft had always just passed over the vessel, and its
heading was taken to be representative of the wiﬁd direction at that
levellin the vicinity. As the aircraft made a standard 180 degree turn
to Begin the first downwind leg, the observer hastened to make adjustments
to the instruments.

Tﬁe pilot then guided the aircraft in one of the flight pattérns of
Figure 4 by changing the heading in 90 degree standara turns to port.
At the completion of a turn the aircraft autopilot was set to the
'altitude hold' mode except along the leg 'A' in which the pilot altered
= the altitude to'enfer the pattern at a new level, Each level was

completed with legs either parallel with or perpendicular to the previously
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determined wind direction at 50 m. To compensate for the difference in
gréund speed between the upwind and downwind legs, the latter occupied a
shorter time interval than the former.

| Each flight was in the vicinity of either Flip or the ship, 'Mt.

Mitchell" (see Figﬁre 1). Throughout the month of May aboard Flip a teamv
of investigators from this Institute collected turbul;;ce data; therefore
the flights over Flip were designed to pfoVide direct comparisons of
statistics of the turbulence near the surféce (see Appendix C) as well as
to obtain data at higher levels. Since the fiights to Flip severely

taxed the Queen Air's range capabilities, the ship "Mt. Mitchell" was
selected as an alternate 'ground truth' station.

One of the important considerations in the design of the flight
patterns is thé choice of a suitable length for both the aloné wind and
cross wind legs.‘ Very long legs are desirable to be able to consider the
larger turbulent scales. On the other hand, since‘temporal variations are
not being considered, the shorter the interval between levels the better.
The duration of flights over Flip was limited by the range of.the Queen
Air; heavily loaded as she was‘it was just possible to fly to Flip, spend
an hour there gathering data and reéurn to Barbados. The choice of 20 km
for the along wind legs was selected as a balance between these consider-
ations and because gyroscopic limitations make for uncertainty in the
computation of the velocity comﬁonents over longer distances; also it is
known from grbund based measurements that sampling intervals corresponding
to a scale size of 10 km are adequate to estimate the fluxes near the

surface. A somewhat shorter distance was traversed across the wind
Figure 4) so that the flight duration of each level was limited to fifteen
minutes or the-complete flight to one hour, and so that neither the uﬁwind

nor the downwind legs would be far from the surface vessel.

N
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2.3 Data gathering procedure

The data were recorded on magnetic tape in both digital and anaiogue
~ form on two separéte tape recorders. Thirty two channels of infofmation
were digitized at 32 Hz per channel (with é tape transport speed of

7 1/2 i.p.s.) and recorded on NCAR;S‘ARIS I digital data logging system
(Dascher, 1966). The analogue tape recorder accepfed 14 voltage signals
and recordéd them in frequency modulated form withan upper frequency cut-
off of 2.5 kHz (at 7 1/2 i.p.s. also).

The signals recorded in analogue form were 'pre-conditioned' in
' tﬁe following way: each signal was, when necessary, added to an adjustable
DC voltage, so as to remove its mean valué, then amplified by a second
operational amplifier using one of two gain settings in order to use as much
of the tape recorder's dynamic range (+ 1.5 volts) as possible.

The digital data logging system was used to record tﬁe outputs from
the mean value sensors directly in addition to signals from the turbulencev
sensors pre-conditioned as described above. This redundancy provided
" both avsafeguard against outright loss of the recorded information, andl

also permitted recorder calibration checks on many of the channels.

In view of the hectic pace of air-borne data collection, it is
important for the observer to be able to quiékly determine the status of
any of the fecorded signals. ?his facility was provided by several types

- of monitoring equipment. All cf the tufbulence signal levels could;be
viewed at a glance on a panel of voltmeters, and any of the digitally
recorded channels could be selected for display on a digital voltmeter.
In addition a two—chanﬁel chart recordef was usgd tolmonitor either the

iiinput to or playback from the analogue recorder. Largely as a trouble

shooting aid a small dual beam oscilloscope was also used.
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In the course of a flight the degree of DC bias had to be éltered
frequently on some channels, the gain settings less.frequently, to
achiéve the best possible signal to noise ratio without satufating the
tape recorder. To keep track of these changes and to record visual
synoptic observations, the observer kept a careful flight log on paper and
a similar voiée log on an edge ﬁrack of the analogue recorder. The voice
log was kept as an emergency measﬁre only, as this observer regards the
after~the~fact sépération of occasional cryptic comments from the constant
drone of an aifcraft as among the most tedious of tasks. Fortunately,
the w;itten log proved adequate;‘ The logs were tied to the recorded data
by means of a digitaily recorded clock which also provided a visual output.

2.4 Data Processing

'The digital data tapes were made available to us in two forms by the
National Centre fof Atmospheric Research: 1) Copies of the original tapes
in an acceptable I B M format; 2) Smoothed time series of each signal on
microfilm in which each frame covered 10 minutes; The‘microfilﬁ was
useful in locating each run on the analbgue'tape by comparison of the roll
angle signals, and in obtaining the mean value of various parameters fér
each run. The digital tape was used to compute several spectra merely to.
‘check the calibration of the analogue tape recorder'and subsqueﬁt
conversion tb'digital format.

All the spectra and time series presented herein were computéd from-
the original analogue recorded data, which containéd infofmation up to
frequencies in excess of 2 kﬂz, whereas tﬁé maximum digitization rate

used was 128 Hz. The digitization and subsequent processing of the

analogue recorded data is described in Appendix B,
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CHAPTER 3

EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Introduction:

3.1.1 ' The Data

The data analysed henawéregathered during six flights on five
consecutive days (May 25th to May.29th) and the night of thg fifth day.
The flights are numbered 1 to 6 in chronological order‘and Table 1
summayizes . the flight patterns (Figure 4) used and provides details of the
runs within flights 1 and 3, whiéh are to be discussed in detail. The
term 'run' refers to a sipgle continuous data segment at constant
altitude. 1In the text and figures a particular run will be denoted by
x/y, where x is the flight number and y the run number.

3.1.2 Synoptic conditions

During thet'A' legs of the flight plans of Figure 4 the mean value
Sensors (Miyake et al 1970b) yieided sectioﬁs of the profiles of
'temperature and humidity of Figure 5. The sections were then pieced
together and the profiles combined to give the viftual potential'temp—
erature profile., The mean wind speed profiles were derived from Dﬁppier
radar measurements averaged over all the runs at any level. fhey are
displayed in Figure 6, and the deviation of the wind direction
from the orientation of the flight plan is indicated at each level
in the table of Figure 6. However, such short term averages of
Doppler radar measurements are quite likely to vary by 3% of the ground
speed; which in this case‘is én accuracy of ta m/sec. Thus, although
the detailed behaviour'éf the profiles camnot be regarded as real, they

provide a rough estimate of the mean wind speed.

In addition to these profiles, the daily satellite photographs (Figure 7)



FLIGHT

DATE
1. 25/6/'69
2 26/5/'69
3 27/5/'69
4 28/5/'69

5 29/5/'69
6 29/5/'69

START

LOCAL TIME
END

10.50 12.00

10.15 11.20

14.40 15.50

15.15 16.20

17.15 18.30

22.00 23.10

LOCATION WIND DIRECTION

PATTERN

FLIGHT
AT 50 m
Mt. Mitchell 100° 1
Mt. Mitchell = 108° 1
FLIP 100° 1
FLIP 2950 1
Mt. Mitchell 90° 2

Mt. Mitchell 88° 2

" "TABLE 1. ' FLIGHT SUMMARY

RUN

el

et

N oo~ UWWN

N =Yoo LN

LEVEL
in metres

43
43
20
20

150

150

500
500

18, 46
150, 460

49
49
18
18

150

150

500
500

- 18, 52
150, 460

26, 49
88, 140

29, 98, 480

*

coooaocoaoacaon

cocdacoacon

*

DURATION

" in

(@l w o]

secs.

80
270
60
320
190
60
75
210

75
210
55
280
60
240
45
165

Upwind
Downwind

Crosswind

t
~
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in metres

Z

16

600,
400
2004
[eX —— 1
-2 1o
TLIGHT 1 2 3
APPROXY
ALTITUDE \
18 m 12 11 2
27 m
50 m 9 13 1
90 m
150 m 9 12 3
500 m 6 -3

The numbers shown are the wind directions in degrees relative

to the orientation of the flight pattern.

FIGURE 6. WIND PROFILES FROM THE AIRBORNE DOPPLER RADAR

Clockwise is positive.
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These photographs were taken soon after local noon.
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The Bomex array is shown

in the last photograph; in each of the others an 'x' marks the location of

the flight pattern on that day.
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indicate the prevailling synoptic conditions in the area. Figure 7
consists of 6 enlargements of the Bomex area during the five days of
flights 1 to 6 and the following day. These photographs were made from
computer composed panoramas of visual range satellite phétographs taken
by ESSA 9, a satellite of the Epvironmental Science Services Administration,
U.5.A. ESSA 9 passed over the Bomex array in the early afternoon,

From Figures 5 to 7 it is evident that conditions during the six
flights were quite similar except with regard to mean win& speed. During
ail_of the flights the potential virtual temperature was nearly constant
with height, and meteorological conditions were similar except during
flight #6 which was made at night.

Thus the mean surface wind speed is taken as the basis for grouping
these flights. It is seen that they fall quite napurally into two groups:
(a) flights 1 and 2, having wind speeds lower than 7 m/sec, are called
the 'low wind speed group'; (b) flights 3, 4, 5, and 6, having wind

speeds in excess of 8 m/sec,are labelled the 'high wind speed' group.

3.1.3 Methods of presentation

In the folléwing sections of this Chapter, flights 1 and 3 are used,
as examples of the low and high wind speed groups, in the presentation of
time domain and spectral representations of the fluctuations of the vertical
" and horizontal velocity components, temperature, humidity and the fluxes
of momentum, heat and moisture. ‘
Spectra are presented in terms of the product of frequency with the
spectral estimates nSXX(n) versus the logari£hm of frquency. In such
plots equal area increments represent equal increments of the variance of
the data. Since it is the product nSXX(n) rather than spectrum itself

which is used exclusively in the subSequeﬁt chapters, it is convenient and
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unambiguous to refer to.nSXX(n) as the 'n-spectrum'. The corresponding
wave number spectrum times wave number kax(k):will be called the 'k-spectrum'.

Normalized k-spectra are présented versus the wave number k = 2%?1
¥adians/m; where V in the true air speed éf the aircraft éveréged over each
run. The ordinate. is normalized by the indicated parameter evaluated at
‘the lowest upwind run in that flight; éee Table 2 for the values of the
normalizers. Bi-logarithmic éxes are usefﬁl, especially in'illustrating
the high wave number power law depéndence and in showing detail in the less
energetic spectra on a composite plot. These are used for the k-spectra

" (for example as in Figure 8), and to avoid confusion the ordinate values
are separéted by a decade for each successive flight level. On the other
hand, logilinear ksxy(k) (see Figure 25) are used for the k—éospectra, |

.because cospectral estimates méy be either positive or negative and because
it is extremely important to be able to assess the relative importance to
thevtopai flux of various scale sizes. In these spectral representations
the levels 18 m, SO.m, 150 m, 500 m are identified by the symbols L, C, V,
T respectively for flight # 1 and 4,2 , A ,.L for flight # 3.

From each flight é single run in the wind direction at each levél is
selected. Because of their greater length, the upwind runs are chosen in
all but one case: run #1/7 which is a downwind run (Table 1). Run # 1/7
replaced run # 1/9 (upwind) because the iatter suffered ffom radio pick-up
in the thermistor circuit. Thus, in this case only, the.sign of the.
horizontal velocity component in the time domain plots is opposite-to the
mean wind direction, and as a result the'corresponding instantaneous
momentum is shown as positive (Figure 24). Due, again, to thermistor
pick-up on both upwind and downwind ruus, no temperature spectra or heat

fluxes appear for run # 3/12. The time series of run # 3/12 have been

truncated to exclude the noisy section.
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Crosswind runs at each.level are also presented to illustrate differ-
ences between the data thus obtained and the data collected during flights

in the wind direction.

The widespread practice of computing the turbulent fluxes from the
averages, over 'some' period, of the instantaneous values of the
meteorological variables is rather like walking on thin ice - you do not
know a priori how far to go. It is considerably more enlightening to
compute the spectra and cross-spectra of the variables concerned; on
the basis of their behaviour and from a thorough determination of the
limitations of the instrumentation and its operation, the measurements
can be properly evaluated.. -. - .-

There are two factors which are most easily dealt with by careful

_inspection of the relevant spectra and cross-spectra. The first,

general to all turbulent flux.compuﬁations by the eddy correlation method.
is the question of just what is a suitable time interval or what scale
sizes‘should be included in the flux computation. The second, peculiar to
'observation platforms which are not fixed to terra firma, is the question
of whether the effect of ﬁlatform motion can be removed from the data. It
is priﬁarily the second factor which prompts investigators, seeking fo establish
the validity of their method, to compare results from their moving platform
with those obtained from another type of platform; If the results agree,

a reasonable conclusion may be that they are both correct. Such a
comparison, between data gathered from the aircraft used in this study and
those obtained simultaneously by a manned spar buoy, is p?esented in
Appendix C.

The decision as to what range of scale sizes should be included in the
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computation of fluxes hinges on the existence éf the so-called 'spectral
gap', separating turbulent from mesoscale. effects. However; in the
atmoépheric boundary layer the spectra of several meteorological variables
sometimes display a 'plateau' at lafge scales rather than a distinct gap.
Under these conditiops the choice of aﬁ ﬁpper iimit of the turbulent scale
éizes greatly affects the computed‘statistical quantities at low frequencies.
For tgis reason the author chose to define the upper limit to the
turbulent flux scale sizes in terms of the vertical Vélocity. The vertical
velocity is, of course, common to the three vertical fluxes (momen tum,
heat and moisture) being considered and its spectrum timeg frequency nSww(n)
contains a distinct peak in the turbulént region. The upper scale size

limit in terms of measured frequency n. is taken to be that frequency below

L
AﬁhichAnSww(n) is less than one tenth of its value at thevpeak. If the value
of nSWW(n) increases as rapidly as is frequently found at sub~peak frequencies
(Lumley and Panofsky, 1964), then very little of the variance of vertical
velocity is lost and the estimates of other meteorological variables, in

particular the vertical fluxes, are defined in a consistent manner among

themselves and between runs.
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3.2 Measurements along the wind

3.2.1 Vertical velocity
Figure 8 displays the k—~spectral behaviour of the vertical wvelocity
for flights 1 and 3. The k-spectral estimates are normalized by the

. s . . 2
square of the friction velocity u, at the lowest level, designated [u, ]

L

It is clear that at the lower two levels the high wave number values are
very nearly equal; whereas at the 150 m level flight # 1 is much larger
than flight # 3. This difference is.evidént also in the traces of Figure 9,
in which it appears that the extra energy in kSw%(k> of flight # 1 is
associated with a series of rather evenly spaced updrafts. The close
correspondence of the normalized k-spectra at large k between the two
flights and below 100 m is a consequence of the relation between the energy
at small scales and the rate of dissipation, which in furn is related to

, the friction velocity near the surface.

--Al1l the—k—speétra.of vertical velocity analysed displayed a -2/3
- power law dependence.én k above the peak of the k—spectré. This"—2/3
region' is discussed in thé next section (3.2.2).
" In Figure 10 the standard deviafion of the vértical velocity fluctuations

Cw is plotted against logloz . There seems to be no systematic heigﬁt
dependence. The ratio Ow/ugis shown in Table 3 for each level of flights
1 and 3;‘the other flights are tabuléted in Appendix D. It is seen that
(va/u;doesAincrease with height, but the scatter is considerable above

the 50 m levei.

Figure 11 illustrates the depenéence of the wave length at the k-spectral

peak LM on height. 1In spite of the scatter it is gﬁident that in this study
the wave lengtﬁ of the peak of the k-spectrum of vertical velocity varies

approximately as 20'75 and extrapolated to a height'of 10 metres the peak wave
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R Tt - -
RUN ~ ** B u Z/Ly, w'Q Z/L, Z/L
m  (m/s) (m/s)C <) (Lkgm,
1/6 U 20 L0497 .0059 .14 .0318 .14 .28
1/3 U 43 .0237 .0058 .89 .0293 .83 1.72
1/7 D 150 L0448 -.00083 -.17 .0483 1.9 1.73
1/12 U 500 .0061 -.0094  -130. 0605 150. 20.
3/6 U 18 114 ~.00042 ~.025 0529 .059 034
3/3 U 49 .0712 .0049 .16 0237 .15 .31
-3/9 U 150 .061 .0039 .51 025 .61 1.12
3/12 .U 500 .0391 -— - 0286 4.4 4ob
RUN T Tu TI '. e sz FH FQ
‘em/s  cm/s - c° gm/kgm "déggs mW/cm2 mW/cm2
1/6 30.8 52.2 .105 2291 643 .77 10.30
1/3 31.0 37.8 .071 .188 .306 .75 9.49
1/7 - 47.3 38.5 .063 223 .579 =11 15.65
1/12 33.8 42.9 .155 .499 .079. -1.22 19.60
3/6 40.2  74.6 .117 302 1.47 -.05 17.14
3/3 41.5 59.5 093 252 .921 .64 7.68
3/9 31.5 56.6 066 <184 .789 .51 8.10
3/12 42.0 b4 4 527 .198 .504 _— 9.27
RUN u, T, -Q, T/, Yutu, -Oy/r, - Ta/q,
" em/s c° gm/kgm
1/6 22.3  .066 .357 1.38 2.34 ~1.59 .82
1/3 "15.4 094 - 476 2.01 2.45 .76 .39
1/7 21.2 -.010 .570 2.33 1.82 -6.30 .39
1/12 7.8 -.301 1.939 4,33 5.50 -.51 .26
3/6 33.8 -.003. .391 1.19 2.21 -39.0 .77
3/3 26.7  .046 222 1.55 2.23 2.02 1.14
3/9 24.7  .039 .253 1.28 2.29 1.69 .73
3/12 19.8 - .361 2.12 2.24 — .55

*% U = Upwind, D = Downwind

TABLE 3 — STATISTICS OF FLIGHTS 1 and 3
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length is roughly 55 metres;

0.75 metreS3'whiCh;represents the line shown in Figure 11.

Ly ¥ 55 (2/10)
Or in terms of the measured frequency n

0.75 y,

0y % 0.018 vV (Z/10) .
Far from the boundary where most of the mechanical turbulence is
generated, the influenqe of con&eétive effects is evident in the vértical

velocity spectra (Figure 8). The speétra become narrower, both because
the buoyant input tends to have a narrow bandwidth and becéuse the
boundary is no longer effective in restricting the large scale size gener-
ation near the buoyant input peak. In this and subsequent sections the
natural logarithmic bandwidth B is defined as the ratio of the variance to
the k-spectral peak es;imate. The bandwidth variations of the spectra are
summarized in Figure 12, in which it is seemn that the béndwidth decreases

up to the 150 m level; at greater heights any change is less definitely

observed.
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3.2,.2 'Horizontal Velocity

Figure 13 and the k-spectra of Figure 14 provide a clear desCriﬁtion of

- the evolution of the horizontal velocity~¢omponen£ with height: In general
there is an overall decrease in the energy of all scale sizes, but the rate

of decrease of the small scgles is fasfer‘than that of the larger scales. This
gives the impression in the time series (Figure 13) that the energy at large
scales increases with height. 1In ﬁigure 14 it is seen that the high wave
number estimates for fligﬁts 1 and 3 agreé well except in the case of the runs
at 150 metres. However, the difference heré is much smaller than in the
veftical velocity spectra and appears only above k = 0.01 m-l, whereas the
difference in the vertical velocity speétra was largest near this wave
uﬁumber. If the difference is due to the frequency of updrafts, then it is
reasonable to expect the vertical velocity spectra to exhibit a larger.
difference especially in the energy of. scale sizes at which the effects.of

- buoyancy are most pronounced.

The k-spectra of Figufe 14, and all others.computed, display a —2/3
slope at high wave numbers. This slope also obtains at wave numbers corres-
ponding to scale sizes which are three or four times larger than the distgnce
from the boundary, and which transport momentum (Section 3.2.5) and hence are
anisotropic. Thus the -2/3 slope of the downwind velocit& component's
k-spectra is not s;fficient evidence for the existence of an 'inertial sub-
range', which depends on the flow being locally isotropic (Kolmogoroff, 1941).
But at sufficiently high wave numbers, where the k-spectra of both vertical
and horizontal velocity components display a -2/3 slope and where the momentum
pransfer islnegligible, isotropy may exist.

V> If can be shown (for example Hinze, 1959) that if the flow is isotropic

the ratio of Sww(k) to Suu(k), where k is the wave number component in the
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direétion of the u component, is 4:3. This ratio is shown in Figure 15, in
which it.cén be seen that, although‘there is scatter, all of the points
correspond to a ratio smaller than 4/3. There is a tendency for the ratio to
increase‘slightly with height, reflecting a reduction in énisotropy as the
local shear weakens. However there appeérs to be no locaily isotropic region
in the range of scales investigatéd 0< k<1l m—l, corresponding.to a
maximum value of kZ of 500. Weiler and Burling (1967) obtained similar values
of the ratio of spectral densities using X - wires near the surface over
water. Payne and Lumley (1965) used a single hot wire mounted on the wing tip
of an aircraft to make measurements both élong‘and perpendicular to the wind
direction. Their Figure 1 indicates that the ratid va(kv) to Suu(k),
where kv is the wave qumbervcomponent in the directiQn of the v component, is
about 1.4; the condition of isotropy requires that Suu(k) = va(kv) = Sww(kw).
However, since the measurements of the two horizontal components were separated
both in space énd'time, this result rejects the possibility of local isotropy
only if the turbulent field was both stationary and homogeneous over the
relevant intervals of time and space. ' Sheih (1969) using airborne‘x ~ wires
obtained values of [Sww(k)]/[Suu(k)] ranging from 0.8 to 2.4 for various wave

l. Although this range of values of

numbers between 1 and 4000 m
[Sww<k)]/[sﬁu(k)] includes the value (4/3) indicativé‘of isbtropy, the scatter
is too large to allow the conqlusion that the flow was locally isotropic.
Apparently, conclusive evidence for the existence of isotropy in atmospheric
turbuience is still lacking.
However, since the separate velocity components alwags exhibit a -5/3
power law in their spectra, the spectral density in this region can be used

to estimate the dissipation using the technique first suggested by Obukhov

(1951) and the ideas formulated by Kolmogoroff (1941) but related to spectra
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rather than structure functions:

@ =1 €23 53 (3.2.1.)
or
o =3/2 3/2
€ = ZI%E K [ns ()] (3.2.2.)

where K' is the Kolmogoroff one dimensional wave number constant.

In the past the published values of K' were in the neighbourhood of
0.48 (Grant et al, 1962; Pond et al, 1963). More recent measurements
indicate that it may be somewhat higher: perhaps as high as 0.57. However,
| as there is yet no agreement as to what the revised value should be, the

value (K' = 0.48) will be used here.

If it is assumed that production (u2 l% ) and dissipation € of turbulent
klnetlc energy are -nearly equal near the surface and that du . Uk
37 < (1 + 52),

. . ’ L
" (Lumley and Panofsky, 1964, p.107), where X = 0.4, von Karman's '

constant, then the friction velocity u, and hence the drag coefficient

CDV= uz*/U2 may be estimated from n-spectrum of the downwind component
nSuu(n):
ul = 3.85 (“z)z/3 s (@) (1+5 21”23 (3.2.3.)

Table 4 shows u, and (C )20 computed from (3.2.3.) and from direct

measurements of u'w' (Section 3.2.5) for the lowest level of flights 1 to 6.

With the exception of flight # 1, the values of (CD)ZO computed by the eddy

correlation technique (u'w') lie between 1.4 x 10—3 and 1.6 x 10—3. To

determine the approximate values of C_ at Z ¥ 5 m the wind profile is

D
assumed to be logarithmic and the surface roughness length is taken to be

0.05 mm or equivalently (C 1.2 x 10—3. Thus the values of (CD)5 for

D)S



from -u'w'

RUN - Z U

20 -uw

DOPPLER

RADAR

m m/s (Cm/S)2

1/6 20 4.0 497
2/9 18 6.0 500
3/6 18 8.6 1140
4/5 18 8.3 990
5/2 26 8.0 1040
6/2 29 9.4 1150

Uy

cm/s

22.3
22.4
34.0
31.0
32.0

34.0

[CD]ZO Z/L
xlO3

3.1 -0.28

1.4 - =0.30
1.5 20.034
1.4 ~0.10
1.6  ~0.094
1.3 ~0.093

DRAG COEFFICIENTS

TABLE 4

from nSuu(n)

2
1.1* u* [ CD] 20
xlO3
2

(cm/s) cm/s
1240 35.3 1.7
2140 46.3 3.2
2600 51.0 4.1
1520 39.0 1.7

LE
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flights 1 to 6 lie between 1.7 x 10_3 and 2.0 x 10_3. Since these values
depend on the accufacy of the wind speed estimates, which are obtained with
the airborne Doppler radar, they may be in error by 50% of the values quoted.
However they are within the raﬁge of values of (CD)5 obtained over the water
by several investigators and summarized by Smith (1967).

Thg values of (CD)20 from (3.2.3.) are, on average, 85% larger than
those computed by the eddy correlation technique. Weiler and Burling (1967)
and Miyake et al (1970a) obtained similarvresuits from near surface over
wéter measurements: in the case of the former an over estimate of 407 was
obtained while in the latter the over estimate was 25%. Both Weiler and
Burling (1967) and Miyake et al (1970) suggest possible reasons for this
discrepancy. However, it appears that in these data the aséumption that
shear prbduction equals dissipation may be the pfimary reason for the over
estimates (see Section 3.4).

Maﬁy workers (see, for example, Lumléy and Panofsky, 1964) have found
that the standard deviation 9y of the fluctuations of the longitudinal
velocity component is proportionai to the friction velocity; the ratio CK»/u*
is usually found to be about 2.5. .

In theée data the k-spectra of the fluctuations of the longitudinal
velocity component are quite flat at large scales; therefore the value of
Ty is very sensitive to the choice of the low wave number limit. In this
study a low wave number limit is selected for each run such that more than
90% of the variance of the fluctuations of the vertical velocity component is
at larger wave numberé; this limit is used for all the spectra and cospectra

of that run. Figure 16 displays the ratiocru/u ; with a few exceptions the

%2

points- lie between 1.8 and 2.8 and appear not to be height dependent. The

values of tyu/u* are also listed in Table 3 and Appendix D.
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3.2.3 Temperature

Measurements of temperature fluctuations over water often reveal
speétral distributions not unlike those of the longitudinal velocity com-
ponent (e.g. Miyake et al, 1970C). But the temperature k-spectra of
Figure 17 are quite unlike the longitudinal veloﬁity k-spectra of Figure
14, There are two diétinpt peaks in almost all the temperature k-spectra
analysed and, as will be shown in Section 3.5, these peaks are different in
origin. The behaviour of thé high freqﬁency peak is much the clearer,
which is not surprising in view of the low reliability of the spectral
estimates at.large scales. The wavelength of the high wave number peak
showé a steady increase with heiéht, but the amplitude decreases at first
up to 150 m; it then appears to increase between 150 m and 500 m (Figure 17
and 18), but with only. two useful runs at 500 m no definite pattern can
be established. 1In éeneralvthe behaviour of the low frequency peak is
er;atic both with regard to its amplitude and wave iength. However the
importapce of its contribution to the total variance increases steadily
with height (Figure 17). ' .

Although there are no previous comparable temperature measurements,
it is interesting and useful to search for a con&enient description of the

height dependence of these k-spectra. Figure 19 shows a clear dependence

M

20‘75 is the same as that of the vertical velocity peak. This is not

of L, of the high frequency hump on height. 1In fact the dependence as

surprising, since, in a convective situation temperature fluctuationé are

maintained by the action of the vertical veiocity on the temperaturé gradi-
ent, it is reasonable to suppose that temperature should scale with height
.in much the same way as vértical velocity does. For convenience in further

discussion, it is of use to state ekplicitly the dependence of LM on Z:
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0.75 ' . . .
metres wiich represents the line shown in Figure 19.

: Z
=1
Ly =13 C/49)
The standard deviation CYT(Figure 18) decreases by about 40% from 18 m
to 150 m, then increases at much the same rate. Thus there is a minimum of
temperature variance at about 150 metres. This conclusion.depends on flights

1 and 6 (Figure 18) only, and thereforé,must be regarded as tentative. How-

ever the time series of Figure 20 support this idea to some extent.
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3.2.4. Humidity

.'The k-spectra of Figure 21, corrected by the intake tube transfer func-
'tion, displéy'a ~2/3 power law at high frequencies. They are much more like
the longitudinal velocity k-spectra, than are the temperature k-spectra,
even to fhe extent of 'obeying% the -2/3 law at anomalously low wave numbers.
Alike as they are in spectral shape, humidity and the longitudinal wvelocity
vcomponent are quite differeﬁt in thé dependence of their variances on height.
A\ I decreases continuously with increasing height, whereas Ua decreases and
then increases again (Figure 22) in the same manner as U4, although here too
-the argument rests on only three points. The greater scatter of the points
of Figure 22, compared to Figure 18,.reflects the relatively strong depend-
ence of U}Lon the sampling length. However, the minimum of the Qériances of
both temperature and humidity between 50 m and 500 m is very interestiﬁg and
bears further investigation. This matter will be discussed further in the
' Section(B.é)dealing with the temperature-humidity correlation.

The humidity traces at 18 m, 150 m and 500 m are displayed in Figure 23
for flights 1 and 3. It is eVident that the traées at lSO'm are the least
venergetic; thisvobservation is also reflected in the k-spectra of Figure 21.

Unlike the temperature k—vspectrum,.sték) (Figure 21) appears to retgin
lt

its shape at all levels, at least in the wave number range k = .002 m— o}
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3.2.5. Momentum Flux

The momentum flux can be separated into two parts: the component in

the direction of the surface wind (x direétion)’t%= —/Ou'w' and the

component in the y direction’t§= -pv'w' . Here, as throughout this thesis,
the figures are presented in kinematic terms, i.e. the density /2, which is
assumed constant, is omitted. Since there waé no evidence of rotation of
the mean wind vector with height (Figure 6){ only the momentum component in
the direction of the surfage wind will be cansidered.

In Figure 24 fhg inéténtaneous préduct u;ﬁ' is displayed. 1In all
cases but oﬁe (fun #1/7) the trace has the correct sign;.i.e. a negative
value means positive momentum difected downwards. Run # 1/7 was. a downwind
run, and so the measured u velocity invthevcoqrdinate syéfem fixed to the
aircraft was anti—parallei with the wind direction.

Figure 25 shows the height dependencetof the momentumvflux k-cospectra
forlflight #3, and the integral under these curves (-u'w' = ui ) is displayed
for all six flights on linear axes in Figure 26. It must be remembered that
in the analysis trends are removed from béth velocity cdmponents and the lower °
cut-off of these éospectra is décided by the éhape of the vertical velocity
k-spectra and justified on the basis of its well established shape near the
éurche. .However, it may be that away ffém the boundary the vertical
velocity contains energy at scales larger than those considered here, and that
an éppreciable amount of the momentum flux is carried‘by these large scales.
Whether this is so or not cannot be fully examined with the data presented
here, but the rapid decfease of the stress (Figures 25 and 26) is consistent
with the relative constancy of wind direéti;n and speed with height (see -

Figure 6) only if other terms in the mean equations of motion were

comparable to the vertical stress gradient. For instance, to
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baiance the stressvgradient at say, 50 m: the mean wind speed would have
to decrease at thg raﬁé of.2 m/ééc/hour or increase ggwards the east by
4 cm/éec/km ;‘on éhe other hand, either a zonal préssufe gradient of 10 a
bars/km or temperaturevgradient of 0.2C°/km would alone be adequate to
counter balance the observed stress gradient at 50 m. Although it is
possible that .in any one.cése fhese terms were 6f the correct size and
‘sign to bglance the stress gradient t = 10—2>dynes/cm2/m), it is extremely
unlikely that this pnusual coincidence occurred during the five'daytime
flights and the single flight at niéht. Hence, it ;eems likely that at 50 m
and aﬁove.some of the ﬁomentum_flux was carried by scales larger than 20 km.
Both .the momentum k-cospectra and_thé assoqiated spectral correlation
coefficients ruw‘(k).= Suw(k)" [Suu(k) . Sww(k) ] -1/2 are displayed

"in semi-logarithmic coordinates against the wave number k in Figure 25. and

the overall cor;elation coefficient -ruw=—u'w'. '[G:r G&]_l is plétted
“against Z for all the flights in Figure 27. -

The k—cospectra (Figure 25) at 18 m are like those obtained under
'_ similar conditions in the surface layer, and the value (0.4) of the average
of the correlaﬁion coefficients “T at fhis level (figuré 27) is also
typical of the surface iayer. However, with increasing height T deqreases
rapidly, especiéliy its'contfibution froﬁ the smaller eddies (see Figure 25).
In other words, as successively larger eddies become less anisotropic (see
Figures 8 and 14) theyllose their ability fo transport momentum.

Previous'ﬁorkers have remarked on the intermittency of the instantaneous
momentum transfer, and have Qoncluded that most of the ﬁomentum transfer
near the surface takes place'in short intense bursts separated by long quiet
areas. Figure 24 does not agree with this observation at low levels;
although there are areas of unusually high intensity, they cannot be said to

dominate the overall transfer. Higher up, however, the product does become
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spotty (see run # 1/7 of Figufé‘24); It seems feasoﬁable that this

effect could be due to the action of c&nvection; in ;hich case the momentum
flux»and density flux should become more similar iﬁ.appearance with
increasing height. The two compsnents of the density flux w'T' and w'Q' are
plotted i£ Figures 30 and 33 on scales such that equal ordinate steps of

both w'T' and w'Q' contribute about equally to w?p' ; positive values of
w'T' imply downward flux of air moleculés, but positive values of w'Q'

imply upward flux éf-water molecules. From these figures (see, for example,
runs 1/7 and 1/12) it seems that the momentum f}uxjis.cafried by fhe

larger scales associated with thevmoistufe flux‘rafher than by those res;
vponsible for the transport of sensible héat.’

Figure 28 indicatés that the ﬁomentum carrying eddies tend to be
larger with‘heighk at least up to a height of about 150 m. The initial
increase of LM reflects the tendeﬁ;y~for the energy peak of kSWW(k) to shift
to larger scales with.height;'the possibly less rapid increése of LMat great-
.er height may be indicative'of the effects of buoyancy. That is to say:
lighter éir rising in a velocity shear prqbably contributes more to the
momentum flux than‘heavier fising air since it will on éve;age rise higher
~and faster; with the result that the momentum flux is enhanced at scales
Wthe buoyancy is important. These scales tend not to be height dependent.
The natural logarithmic bandwidth B (Figure 29) does not appear to

. be particularly height dependent.
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3.2.6 Heat Flux

Here the discussion is handled in terms of w’T, = FH?oé
uhere FH is the heat flux, Cp the specific heat at constant pressure
of the air and,%9iits density.

The most striking feature of these traces (Figure 30) is the pre-
ponderence of small scale euefgy at the lowest levels; which is not
surprising in view of the character of the temperature-traee (Figure 20).
Like momentum, there is a general decrease of intemsity with height,
and a tendency towards spottiness. Like temperature, the heat flux
~acquires renewed strength at the highest level in the large scale sizes,
- but the heat flux at these scales is generally directed downwards; It
seems, then, that the higher altitude source of large scale temperature
fluctuations is often associated with a negative heat flux.

Some peahs of Figure 30 have been designated 'U' or 'D' depending
on whether the vertical velocity was upward or downward; it appears
that, although the updrafts carry positive heat flux, the downdrafts may
be associated with flux of either sign. Lumley and Panofsky (1964)
reported that inspection of some temperature records of E.K. Webb's -
(unpubiished) revealed that rising air tended to coincide with energetic
temperature fluctuations aud subsiding air with a smooth temperature
trace - the small scale vertical velocity being equally energetic
throughout. This phenomenon'is frequently observed under convective
conditions; for example Katz (1970), in which it is shown that the
humidity ttaee behaves in a similar fashion. Close ;nspection of
Figures 9, 20 and 23, however, indicates that.large scale updrafte and :
downdrafts are about equally endoued with smaller scale fluctuatiohs

of temperature and humidity. The fact that the updrafts are associated
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with asmore energetic W'Tf'producf (Figure 30). indicates that the small scales’
of vertical vélbcity.tend to be coherent with small scale temperature fluct-
uations in the updrafts but not iﬁ fhe downdrafts.

The k-~cospectra and correlation coefficients of Figure 31 reveal some
interesting features of the héat flux and its height dependence during the
experiment. It apbears that the -total sensible heat flux is comprised‘of a

' balance between the 1arge scale negative flux and a comparable‘positive
portion carried by much smaller eddies. The transition eddy size between'"
.the fluxes of opposite sign does not seem to be very height dependent but
appears at smaller scales in the higher wind speed case. Cospectfa of temp-
eréture and vertical veipcity have been computéd in the past; éften in the
surface la&er over land and water (e.g. Panofsky and Mares, 1968; Miyake et al
1970c¢ ; Miyake and McBean, 1970); énd infrequently in the planetary boundafy'
layer over land (Kukharets and Tsvang, 1969). Gurvich and Tsvang (reported
by Monin, 1962) and Robinson (1959) presentea data which suggested that the
heat flux near the surface is associated with slightly larger eddies than is
the momentum flux; whereas those of Panofsky and Mares (1968) and Miyake,
Stewart and Burling (1970) show no difference while data described by Miyake
and McBean (1970) indicate the reverse. Generally, it is found that thé

" cospectra of the heat and momentum fluxes are quite similar. Thus, the out-
standing dissimilarity of the k-cospectra of Figures 25 and 31 suggests an-
important difference in the'structu;e of the atmospheric boundary layer from
that previously observed. However, tﬁe airborne,measﬁrements of Kukharets
and Tsvang (1969) provide an interesting comparison. In their Figure 3 the
.non—normalized heat flux n-cospectra are displayed in tﬁe same fashion as
Figure 31; their k-cospectra have a single peak near k = 0.008mv_l and extend

over the wave number range 0.001 < k < 0.1 m_l. The Bomex k—cospectra have
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two distinct peaks of opposite sign. Both the Russian k-cospectra and the
positive hump.of the Bomei k—cospectra show a tendency to decrease in
amplitude with increasing height. Furthermore, Kukharets and Tsvang remark
that at altitudes > 500 m the k—cospectra often develop a negative hump at
lérge scales. They speculate that this may be caused by a mechanism proposed
by Vul'fson (1961), in which the downward heat flux at large scales is due
to displaced colder air masses which descend slowly around the smaller blobs
of rising warm air. This mechanism requires the presence of a layer of air
abové‘ih which the potential temperature gradient is negative. |

The height dependence of the sensible heat flux is displayed in Figure 32,
It is seen that tﬁere is a general tendency for the flux to decrease with
increasing altitude. The average value of the heat flux near the surface is
about 1.0 mW/cm2 (see Figure 32 and Table 3).

In summary: the tétal sensible heat flux, during these aircraft observ-
- ations in Bomex, is due to a large scale negative contribution and a smaller
scale positive contribution. At the surface the heat flux is about.l.O mW/cm2
on averége, but with increasing altitude the negative contribution due to
large scales increases in importance and consequently the heat flux is reduced.

The systematic appearance of the negative 'hump' in the k-cospectra has

not previously been noticed'aﬁ such low altitudes. Both the wave number
‘and the amplitude of the positive k-cospectral peak decrease with inéreasing
height. The effect of increasing wind speed appears to be simply to shift
the k-cospectra bodily to higher ﬁave numbers, and the cospectral transition

from negative to positive does hot seem to be verv sensitive to altitude.
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"3.2.7 Moisture Flux

w'Q', which when multiplied by © L yields the flﬁx of latent heét, is
now considered, ,(L is the latent heat of vapourization of water).

The similarity of these traces (Figure 33) with those of momentum flux
(Figure 24) is striking, as is the contrast with the ﬁeat flux traces
(Figure 30). W'T' and W'Q' become spotty with increasing height; bﬁt, while
the heat flux changes sign frequently, the moisture flux is positive nearly
everywhere. Here again the direction of the vertical velocity at some peaks
of W'Q' is indicated, and it is seen that the updrafts tend to producé
slightlf more intense moisture fluxes than the downdrafts, although, as in
'the case of temperature, the moiéture fluctuations are no more energetic
in tﬁe gpdrafts than in the subsidence areas.

A comparison of Figures 25 and 34 réveals thé similaritybof the fluxes
of momentum and moisture at low levels, the main difference being the
‘relatively larger energy in the moisture flux at wave numbers in excess of
0.1 m_l. Both k-cospectra become narrower and shift to lower frequencies
with Héight, but while the momentum transfer diminishes rapidly the moisture
flux does not.

As mentioned before, it has often been noticed that under weakly
convective conditions, the momentum and sensible heat flux are very similar.
However,-in such cases the boundary layer convective process is dominated by
temperature variations; whereas over the tropical ocean the moisture
fluctuations contribute at least as much to the buoyancy as do those of
temperafure. It seems that the humidity~fluctuations‘éfé more closely
correlated with the vertical velocity and retain their correlation at larger
heights than the temperature fluctuations. Nonetheless, since the boundary

layer between heights of 50 m and 500 m during this experiment was character-
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dzed by a very small gradient of potential viftuél temperature (see Figure 5),
most large scale updrafts were both warm and wet'(Eigures'9;”éO and 23). It
is therefore appropriate to adopt Ball's (1960) coinage, and to refer to such
updrafts as warm 'moistals'. The large scale subsidence zones, on the other
ﬁand, are generally drier but not necessarily colder than the average. Since
the density fluctuations due to temperature are about as large as those due
to moisture, the similarity of moisture and momentum fluxes and the dissiﬁilé
érity of heat gnd momentum fluxes must bé~attributed to the more efficient
momentum transfer properties of the large scales assogiated with the fluctu-
ations of humidity relative to those associated with temperature variations.
. From this it can be inferred that under unstable conditions the similarity
of the mass and momeﬁtum transfer depends on the spectral distribution of
buoyancy variations. That is, if the most energetic scale sizes of the
buoyancy variations are those capable of the most efficient transfer of
momentum the fluxes of mass and momentum will have similar spectral distrib-
' utions; otherwise the peak of the k-cospectrum of the momentum flux will be
shifted, relative to that of the mass flux, toﬁards the sqale sizes which
transport momentum most efficiéntly.

The correlation coefficients er(k) énd —ruw(k) (Figures 25 and 34)‘
are quite similar at low levels, and thei; overall values (Figures 27 and 36)
"diminish with increasing altitude: =T L. Very rapidly at first and then_more
slowly; r . decreases quite slowly frbm a surface value of about 0.4 to

wQ
about 0.3 on high. The reduction of r . with height, even though the effects

wQ
of convection become more pronounced, as the mechanical turbulence diminishes,
is prdbably due to the counter effects of temperature fluctuations and those

of humidity to control the buoyancy (see Section 3.5).

The height dependence of the latent heat flux is displayed in Figure 37.
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The fiux deéreaSeS'frém an.average value near the surface of abdut 12 mW/cm2
to a miniﬁum of about 8 mW/cmz,at'an.altitude of about 150 m; above this

- level there appears to be a genefal increase in the latent heét'flux; but this
‘tendency @ay have been more clearly revealed had there béen data from at

least one more level between 150 m and 500 m.
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3.3.1 Introduction

One pf the impoftant features of these airborne turbulence
measurements is the difference obtained from flight paths along aﬁd
perpendicular to the wind. The flights (1, 2, 3 and 4) which were
flown in a rectangular pattern (flight pattern 1; see Figure 4) were
designed to investigate‘this difference. However, in order that the
aircraft remain in the vicinity of thé surface platform, which would
later act as a 'ground truth' station, the crosswind flights were much
shorter than the upwind cases discussed; This limitation proved to
be not very serious because the largest scale sizes were somewhat smaller
across than along the wind.

In this section many of Fhe results of measurements in the wind
diréction (éectiop>3.2) are compéred and contrasted with their cross-—
wind counterparts and various inferences are drawn from their similarities

and differences.
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3.3.2 Vertical Velocity -

The traces of vertical'velpcitYwmeaSured'in flights aléng (Figure 9) and
perpendicular to (Figure 38) the wind present some interesting contrasts, the
most striking of which is the increased regularity and sharpness of the larée.
scale updrafts sampled at 150 m and 500 m in crosswind flight over fhose
discussed previously.

Radar photographs of low level élear—air convection, in which the
convective cells are aligned in rows analogous to cloud sfreets but an order
of magnitude smaller in horizontal scale, indicate that the convective areas
are generélly circular in horizontal cross-section and vary in.diameter by
; about a factor 3 between the smallest and largest (Konrad, 1970). A cross-
wind traverse through such a buoyant field would encounter updrafté of
vérious durations. Crosswind runs #1/8 at 150 m and # 1/11 at 500 m provide
estimates-of the average crosswind width and separation of the updrafts as
approximately 500 m and 800 m respectively. Windwise traverses on the.other
“hand, may encounter many, few or no updrafts, according as the flight path is
directly through, on the edge of, or far from an aligned convective strip.
The character of # 1/7 (Figure 9) suggests that it may have been directly
through a convective strip. Assuming, for.the moment; that thié is the case,
it is a simple matter to deduce from run # 1/7 that the widfh and separation
of these updrafts in the wind direction are approxihately 500 m and 800 m
respectively. There is a pronounced aiffetence between the apﬁearance of
the updrafts of run # 1/7 and those of #'l/ll} the difference implies that
the transition between aﬁd updraft and subsidence is sharper on the crosswind
sidgs of an updraft than on its aownwind.or upwind sides.

The k-spectra of the vertical velocity component are displayed in

Figure 39 (crosswind traverses) and in Figure 8 (along wind traverses).
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FICURE 39. VERTILCAL VELOCITY SPECTRA (CROSSWIND)
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Evidently the shape of the k-spectra are quite similar; the main difference
being that the k-spectra of thé'élqng wind measurements (Figure 8) are
slightly broader than those measured across the wind. The k-spectral peak
occurs at about the same wave length LM in both along wind (Figure 8) and
crosswind (Figure 39) measurements, and LM increases with increasing
altitude in much the same manner iﬁ both cases;

Priestly (1959) has found that in convective situations over land the
scale of vertical velocity fluctuations is smaller acrosslthan along the
wind., He attributes this effect to the stretching of plumes' in thé direction
of the ﬁind shear and to the merging of the stretched plumes in that
direction. Perhaps the reason for the absence of this effect here is that
6ver water with such uniform surface temperatures the conVecﬁive areas are
not tied to thé surface, whereas over land they frequently are. The appear-
ance of the time tracés (Figures 9 and 38) suggests that thé plumes do not
develop until heights of 50 m or mofe, where the wind shear is far too weak
to prbduce any appreciable plume elongation.

One of the striking features of Figure 8 was thé enormous disparity of
the normalized k-spectra at 150 m between flights 1 and 3 when the k-spectra
at other levels weré’quite comparable. The effect is not nearl& so pronounced
.in Figure 39 and this suggests that the turbulent field either contains
important inhomogeneities of several kilometers in extent or is sufficiently
well organized that the measured statistics depend on the choice of flight
path. The latter possibility is the more palatable since it is difficult to
imagine a mechanism capable Of'proéucing important vertical velocity

differences of such large extent at these altitudes.
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3.3.3 Horizontal Velocity

Measurements over land (Lumley and Panofsky, 1964) reveal a great
deal of low frequency energy iﬁ the spectrum of lateral veloéity under
unstable conditions; while the inshore over water measurements of
Miyake, Stewart and Burling (1970) reveal a lateral velocity spectrum
having considerébly mofe low frequency energy than that of the
Vértical velocity but slightly less than the longitudinal velocity
spectrum., A comparison of Figures'S, 14 and 40 indicates that the
lateral velocity fluctuations contain less large scale energy than
those of the longitudinal velocity component and more than those of the
vertical; lying, in fact, close to the median of these two. This is

‘what one would expect as, having to extract its energy from the mean
flow, the lateral velocity component is likely to be less energetic

~at large scales than the component in the direction of'the mean flow
itself; on the other hand, not being directly restricted by the presence
of Boundary,‘the lateral velocity component's large scale fluctuations
develop more easily than those of the vertical velocity. Perhaps
topographic-features were instrumental in increasing the largé scaie
lateral velocity fluctuations in the inshore and ovef land measurements.
Certainly the constahcy of direcfion of the tréde winds off Barbados
would not obtain over or near a land mass.

It is interesting to note that the wave length of the k—spectrél
peak (Figure 40) does not vary abpreciably with height. This underlines
the unimportance of the boundary in limiting the scale sizes of the

lateral velocity component.
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3.3.4 Temperaturé and Humidigy
\‘ ./’

The sﬁandard deviations of the temperature fluctuations U
and those of humidity U’ are élotted versus loglOZ in Figures 41 and
42 respectively. Hére, as in the corresponding figufes in the section
on measurements in the wind direction (Figures 18 and 22), it seems that
both the temperéture and humidity fluctuations are least energetic at
some altitude between 50 m and 500 m.

In the data gathered along the wind (Section 3.2) the peak of
kSTT(k) (Figure 19) displayed a systematic shift to lower wave numbers
.with inéreasing altitude: the peak of kSQQ(k) did not. in contrast the
crosswind measurements show no systematic height dependence of the wave

length of the peak of kSTT(k), but they do indicate (Figure 43) that

there is a definite shift of the wave length LM of the peak of kS__(k)

QQ

to larger scales with increasing altitude.
. Z 0.45 '
LMAT 185 ( /10) metres

representing the line shown in Figure 43.

3.3.5 Heat Flux -

- One of the striking features of the k-cospectra of théAheat flux
measured along.the,wind (Figure 31) was their double peak: upward flux
at small scales and downward flux at large écales. In the k-cospectra
measured écross the wind (Figure 44) this duality is evident in the runs
at 150 m, but the negative peak_is absent or much reduced in amplitude:

at the other levels.
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3.3;6 Moisture Flux

The traces ovaigures 33 and 45 are quite similar in general
character; except that the bursts of positive moisture flux have éharper
sides in the crosswind sample. The same pattern was noticed in the
vertical velocity traces (Figures 9 and 38), and it is not difficult to
see that the effect of a mechanism téndiﬁg to align convective cells
in one direction,.while imposing ﬁo restrictions on their spacings in
the other, would be to sharpen the transition from updfaft to downdraft
across the alignment direction.

A comparison of Figures 35 and 46 reveals that the wa&e length of
the peak of kSWQ(k) is cbnsiderably more height dependent in the
measurements across the wind (Figure 46) than in those obtained from
traversés in the wind direction (Figure 35). The line drawn on
Figure 46, as a convenienf representatién of the behaviour of LM versus
. height, can be expressed as:

LM + 80 (Z/lo)o'7 metres
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a

3.4 The Turbulent Kinetic Energy Budget :

'3.4.1 Introduction:
'AThé turbulent kinetic energy budget of horizontally Homogeneous .turbu-
lence with a mean wind shear in the vertical (from Lumley and Panofsky, 1964,

p. 120) modified for the effect of moist convection can be given by:

o~

e

= + € = - 4w’ 57 viw! . S7 + (g/f) w'T!
‘ . e Tt
+0.61 g TG - ‘ovgg —/% 3_‘b£_§_ (3.4.1)

The measurements made during this egperiment do not provide estimates of
every ferm in the kinetic energy budget. Some of the terms are measured
directly; others are inferred ffom the data coupled with certain previously
obtained reiations; yet others, which are generally believed to be small,
are ignored.

‘ fhe secogd term on the left hand side of Equaﬁion 3.4.1 is'the rate of
,dissipatién»of the kinetic energy ¢ . It is estimated frem the spectfal
density of the longitudinal velocity component at high wave numbers as
\discussed in Section 3.2.2. |

Since the mean wind gradient cannot be accurately determined from the
'airéraft's Doppler radér measurements, the firét two terms on the right hand
v

side of 3.%4.1 are not directly accessible. The second of these - v'w' =

)

is neglected on the grounds that at low levels where there may be an

appreciable wind gradient v'w' is negligible. The first production term

- u'w' igiis'estimated by u*BAQZ, a relation which, strictly speaking, is

only valid under neutral conditions.:

The term_(g/T) w'T' is the buoyant production due to the sensible heat
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flux, while Q.61 g ;TET'iS the moisture flux's contribution to the
buoyant production. Both of these are directly measured.

"The term - 1 ° QSESEiNAhas,recently:been’carefully measured over water -’
(Elliott, 1970) gZd gZuid to be about 10% of the shear pfoduction term at
1evelé’between 1 mand 4 m. Elliott-also measured the energy divergence
term + ajizé_. His results indicate that at those levels the divergence and
\Apressure-ieims have about fhe same magnitudes anid opposite signs. At the
levels being considered here it is probable that these terms are more
important éither jointly or singly. However, as the aircraft measurements
_cannot‘provide any direct estimate of them it is cénvenient to tfeat them,
together with anyvotherkterms omitted fhrqugh.the initial assumptions, as a
coiléctive'residual term, D.. |

At some distance from land with a steady wind blowing over effectively
' infinité fetch, if the turbulent field is'reasonably horizontally homogeneous,
the local rate of cﬁange of energy may be neglected. Geﬁerally under these
conditions it is two orders of magnitude less than the production and
dissipation terms (Lumley and Panofsky, 1964).

| In this section the turbulent kinetic energy budget is.inveStigated in
two ways: .1) The height dependence of each term for all the flights analysed

(Seétion 3.4.2); 2) The budget for flights 1 and 3 taken separately (Section

2 3.4.3).
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3.4.2 Heiglit dependence of terms ‘in Kinetic Energy Budget’
o oy 3
: S L .
'3.4.2.1 Mechanical production estimated by Rz

-Figure 47 illustrates the rapid decrease of shear production with
increasing altitude. This arises from two factors: the measured stress
(Section 3.2.5) degreases.with height; and the wind gradient, inferrgd from
thé ratio.of friction velocity to‘altitude, rapidly decreases. Evidently
" the iﬁportance of mechanical production is restricted to the first 100 metres
only. The various terms of equation (3.4.1) are tabulated in Appendix D,

’(g/T)

3.4.2.2 Buoyancy Production w'T' and 0.61 g w'Q'

The buoyancy production terms are summarized for all thé flights in
"~ Figures 32 and 37, in which the third scale on the abscissa is in kinematic
units of energy production (cm2 sec—3).

At thé lowest level these terms are, in most cases, én order of
‘magni£ude smaller than the shear production term, but while the latter
decreases rapidly with height the buoyaﬁcy production terms changé little.
Thus at higher levels (above 100 ﬁ) most of the kinetic‘energy ié produced
by the action of buoyancy. ‘At intermeaiate and higher levels the overall
heat flux may be negative, but in these cases the buoyancy production due to
the moisture flux exceeds the negative contribution due to the heat.flux. |
‘Thus the total buoyancy production was everywhere positive between 18 m and

500 m during this experiment.

3.4.2.3 Dissipation

Figure 48 illustrates the dependence of the rate of aiésipation on
height. Apﬁaréntly the rate of decrease of € is very much more rapid at
low levels than at the higher levels., Figure 48 also indicates that the
reduction of € between the 18 m level and the 50 m level is less pronounced

in the 'low' wind speed flights than it is in the others. This behaviour at
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low levels reflects that of the shear production term (Eigure-ﬁﬁ; i;e.
where kinetic energy is being produced by shear turbulence it is also being
dissipéted. The question of whether or not all the shear produced energy is
dissipatéd locally will be approached through the magnitﬁde and height
‘dependence of the residual term D, |

-

3.4.2.4 The residual term: D = - 32 (w'e + 14° w'p")

o

There is some conceptual difficulty in discussing this term without
' Yyw'e
0 2

the working of the pressure forces. It is evident-hoﬁgver (Figure 49) that

knowing whether it is dominated by the divergence of energy (+ ) or by
it is considerably larger at 1OW‘1e§els than at high, and it is generally‘
positive below the 150 m level. This means either that energy is being
exported upwards to be dissipated at levels above the layer of intense shear
. production or that thg rate of working of the pressure forces decreases
rapidly with height. 1In any case it appeérs that shear production is not

balanced locally by viscous dissipation.
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3.4¢3 The budget for flights 1 and 3

The five terms discussed in the previous section are plotted versus
héight in Figure 50 (flight # 1) and Figure 51 (flight # 3). The height
dependénce of the separate terms having just been treated at some length,
the relevaﬁée of these figures lies in their illustration of the
- relative importance of the five terms for a particular flight. At low
levels the balance is essentially‘between shear production .
dissipation and the residual term; at higher levels the shéar
production term is negligible and the four other terms are comparéble in
 magnitude. | |

It seems then that the surface layer shear generated turbulence is
not completely dissipated locally, but some of iﬁ?is exported to higher
levels and dissipated with reduced intensity until, at abéut 200 m in
these data, the process is virtually complete. If the value of the
Koimogoroff conétant'is 0.55 rather than the value used (K = 0.48),
then the dissipation estimates obtained here are 18% too -large. A
reduction of 187 in € will decrease but no£ remove_thg difference
befween dissipation and shear produétion.

It appears that the over estimate.of the drag coefficient obtained
from the estiméted dissipation (Section 3.2.2 and Table 4) may be due, in
part, to the assumption that ehergy_is produced and dissipated at the

same rate.
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3.5 The Temperature-Humidity Correspondence

One of the most stfiking aspects—of the data presented was the
dissimiiarity of the cospectral shapes of the’fluges'of heat and water-
vapour. It may be that the correspondence between fluctuations of temp-
erature and humidity will throw some light on the matter.

The instantaneous product of the fluctuations of temperature gnd
humidity is displayed in Figures 52 and 53. From an energetic and positive
(at all but the largest scales) value near the éurface, the T'Q' product

'decreaseé to a small and intermittent value at intermediate levels. When it
reappears strongly again it does so at relative large scale sizes, and it
.may be either positive or negative., It is of interest, here, to examine the
sign of the correlation in the different areas depicﬁed in Figures 52 and 53.
For this purpose the more pronounced updrafts and downdr;fts have been, as
before, designated 'U' and 'D'. 1In general it seems that the updrafts are

associated with a positive temperature-humidity correlation r,, ., while the

TQ

-

correlation is usually negative in the downdrafts.

The time series of Figure 52 and the correlation coefficients r., of

TQ

Figure 54 are very similar to the corresponding W'T' time series (Figure 30)

and correlation coefficients (Figure 31). 1In Figure 54 it is seen that
VM?;H‘w””Eéaﬁérature and humidity are positively correlated at the small scale sizes
and negatively correlated at the large scale sizes. This observation is
consistent Qith the observation that the updrafts carry a positive value of
rTQ and,the downdrafts, a négative value; i.e.>the updrafts, containing air
from close to the surface,'ére well endowed with the small scale fluctuations
_ geﬁerated by.shear turbulence; the downdrafts, on the other hand, consist of

air whose velocity fluctuations are characteristic of the larger-scales

associated with buoyancy. Flights 1 and 3 (Eigure 54) show no definite height
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.4

depeﬁdencé,bf the wavé.léngth;L+ associated'with‘the change of sign of rTQ(k).
from negative to positive values. Whereas the corresponding L+ Va}ues'from
crosswind traverses (Figure 55) indicate that L, decreases with increasing
‘altitude. To clarify.this point the wvalues of L+ for all the flights are
plotted versus height in Figure 56 (upwind) and Figure 57 (croéswind). In
the upwind case'L_+ shows no definite height dependence (the value indicated
by 'F' was obtained from Flip during flight 4). The crosswind case, on the
other hand, behaves in fhe same way above 150 m but is both éltitude and wind
speed dependent below that heighﬁ. In general the low wind speed case is the
more height dependent; in both cases L+ decreases with height.

Tempexaturelprofiles obtained from Flip showed that the near surface
layer was unstable with regard to the temperature gfadient; and the humidity
gradient is,.of course, negative. Therefore blobs of rising air near the
surface are warmer and moister than their surroundings. Af higher levels
(500 m) the time domain traces élearly reveal a large séale negative

temperature-humidity correlation, which, as we have seen, is due to

descending air which is relatively warm (rw

(

T is negative, Figure 31) and dry

er is posiﬁive, Figure 34). As the warm, dry air descends it miies with
ascending warm moist air. Somewhere bétween the surface and 500 m this
‘mixing process is most complete and the instantaneous T'Q' product is a
minimum (see the 150 m level in Figures 52 and 53). There is no correspondihg
minimum.iﬂ the correlation coefficient rTQ(k) at the 150 m level. This

implies that the amplitudes'of the fluctuations of temperature or humidity or

both are smallest at this level. Such minima in QrT(Z) and O .(Z) have

Q
already been noticed (Sections 3.2.3 and 3.2.4) but, due to the paucity of
data points at the 500 m level, the evidence was not overwhélming,a The

product of temperature and humidity is, of course, doubly sensitive to such
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minima in the’amplitudes éf tﬁe’fluctuatipné_of both T' and Q'; the traces of
‘Figures 52 and 53 e%hibit this clearly {(see also Figure'SS);

The minimum in the amplitude of the T'Qt product but not in the value of
riQ(k) at the 150 m 1eve1 suggests that? duriné the miking process, parcels
of air retéin their moisture and temperature signatures. This, of course, is
the expected result, since the opposi?e result would imply that the molecular

diffusivity of either water-vapour or heat is comparable to its eddy

diffusivity.
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In the last section it was shown that a‘nuﬁber of curious.reshlts; such.
as the minima of QT'T(Z) and (TQ(Z); were clarified somewhat by an ekamin—
ation of the temperature-humidity éorrespondénce. However some of the
results of the measurements alQng thé wind (Section 3.2) and of the compari-
son of them with meésurements across the wind (Section 3.3) indicated that
there were differences between the measurements made in the wind direction
and those made in the crosswind direction. This implies that the turbulent
field was organized to some degree.
| In order to tig together the observations which have no ready ekplanation
a particular pattern of convective Qrganization is suggested. Before
"describing the pattern it may be useful to sﬁmmariée the observations
discussed before, which pertaih directly to the question of convective organ-
ization:

a) At every level and in both flight directions the products W'T'and T'Q'

- are much alike, One particulariy important aspect of their behaviour is the
occurrence of a large scale negative k-cospectral peak in all cases along the
wind, but not in runs at 18 m across the wind.

b)» Although the wave length at which r first becomes positive L+ is

IQ
insensitive to height along the wind, it is not across ihe wind, éxcept abo§e
150 m. Across the wind the low wind speed cases afe associated with L+ values
larger andbmore height dependent than the high wind speed cases in suéh a way
that the L, values decrease and converge to a common value at and above 150 m.
c) The wave length of the k-spectral peak of humidity fluctuations and the

moisturelflux display no definite height depenaence in ghe wind direction, but

do so across the wind: the wave length of the k-spectral peak of the moisture

flux increases with height like that of the vertical velocity, but more
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quickly than that of the humidity fluctuations.

If it is‘assumed'that abovg SOQ.m;.but.still some distance beneath cloud
base; the air is quite dry and the temperature gradient is very slightly stable.
(Ro11, 1965, p.292§, then a warm moistal rising to this level will displace
dry air, which descending will be slighily warmer than its surroundings. If it
is further supposed that the subsidence is not evenly distributed around the
updraft but tends to be more pronounced on its upwind and downwind sides,
then, using the estimated updraft dimensions obtained from the‘traces of
vertical velocity (Section 3.3.2), a possible pattern of convective organ-
izatién emerges, Figure 59 depicts this pattern by means of isotachs of
Verticél veloéity. The directions of the lafge scale fluxes of sensible heat
"and moisture are indicated in the'updrafts and subéidence zones, as is the
sign of temperature-humidity correlation at large scales..

In the along wind subsidence areas the downdrafts ére strong enough to
impress on tﬁe fully turbulent region below the negative temperature-humidity
: corfelation; however, iq the crosswind subsidence.areas the downdrafts are
frequently too weak to influence the turbulence much below the convective ’
layer. As a result; along wind runs alternately encounter regions of

positive heat and moisture fluxes and r (updrafts) and regions of positive

Q

moisture flux and negative heat flux and r (downdrafts). The crosswind

TQ

" runs, on the other hand, show basically the same pattern in the convective

layer, but often fail to encounter regions of negative heat flux and r

IQ
in the turbulent layer.
In the wind direction the fact that the wave length of sign change of

-

1q is invariant suggests that the descending warm, dry air always succeeds
in seeping down. into the turbulent surface layer. Whereas in the crosswind

direction the success of the weaker downdrafts in affecting the turbulent
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layer is less frequent, and, of course; the fewer the penetrations the
longer the measured wave length of rTQ

may be tentatively concluded that increasing the wind speed increases the -

sign change. Thus, from Figure 57, it

effectiveness of the downdrafts in imp?essing a negative rTQ value on the
turbulenf layer. Although this is a paradoxical result, as increased
turbulence would be expected to reduce the effects of convection on the
thrbulence, it can be eiplained in terms of the observed increase of
organization of the convection with wind speed (e.g. Woodcock, 1942) .

The height dependénce of the wave length of the k-spectral peak of the
thmidity fluctuations and the moisture flux is quite pronounced across thé
wind but not in the wind direction. This caﬁ be attributed to the relative
‘intensity of the moisture fluxes in the various downdrafﬁs; i.e. in the
downdrafts between successive updrafts along thé wind thé mﬁisture flux is as
strong as it is in the updrafts, whereas in the downdrafts separating updrafts
" across the wind direction it is not. Thus, in runs along the wind, the
k-cospectrum of moisture flux and the humidity k-spectrum are quite flat,
‘Amaking'the determination of a peak wave length rather uncertain. Whereas the
weaker flux encountered in crosswind.downdrafts serves to reduce the spectral
values at large scales and hence produce a k-spectral peak whose wave 1ength
is reléted to the size and spacing of the large updgafts.

The convective pattern postulated above was used to explain a number of
"curious features of the data presented. It is not suggested this pattern is
typical of the trade wind zone or even that it did occur during this experi-
ment; but it is suggested that some similar pattern could have been

associated with a.turbulent field of the kind described herein.
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CHAPTER 4

SUMMARY OF CONCLUSIONS

The purpose of this study waé fhe experimental investigation of the
turbulent atmosphefic boundary layer in the atlantic trade wiﬁd zone.

The data were collected on five consecutive days using a light aircraft
which was iﬁstrumented to measure the fluctuations of temperature, humidity
and two components of air Velocity; the verti&al.component and the component
in the direction of the aircraft's velocity relative to the air. During
each of the six flights data were collected at several altitudes between
18 m and 500 m. Spectra of and cross—spectrazbetwéen ihe fluctuations of the
~ four measured parameters (w', u', T' and Q') were éomputed.‘ The following .is

a summary of the results obtained.

The fluxes of momentum, heat and moisture

\

The fluxes of?moisture and momentum have similar single-peaked
k~cospectral distriﬁutions below 50 m and the most predominant of the
scales»responsible for the transfers have about the same wave length in
fboth fluxes at all altitudes. These wave lengths seem to show a general
“increase with.height in both cases, buf there is a great deal of scatter.
~ The similariﬁy of these fluxes is ;iso evident from the time domain traces
“of their instanfaﬁeous values.

By contrast, the k-cospectra of the sensible heat flux often contain
two ﬁeaks of 6pposite sign. The poéitive peak is at smaller scales than

are the peaks of the other fluxes, while the negative peak occurs at
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larger scales,
Apparently buoyancy influences the cospectral distribution of
the momentum flux, but, although fluctuations of temperature and
humidity produce density variations which are comparable, the momentum
‘flux_appears to have a greater affinity for the felatively large scales
of the humidity variations compared to those of temperature. It is
suggested that the momentum flux seeks the 'path of least‘resistance';
i.e. if the density fluctuations are associated with the scales which
transport momentum most efficiently, then the fluxes of mass and
momentum will have similar cospectral distributions; otherﬁise the
peak of the k-cospectrum of the momentum flux will be shifted, relative
to that of the mass flux, towards the scale sizes which transport.
momentum most efficiently.

The latent heat flux measured at 18 m was 12 mW/cm? on average,
while the average sensible heat flux at that level was only 1;0 mW/cmz,
i.e. less than 10% of the total turbulent heat transfer. Both fluxes
decreased with height between 18 m and 100 m, but, while the sensible
heat flux showed a weak eendency to continue this trend, the moisture
flux increased slightly again‘about 150 m. Ih some cases the heat flux was

. ZeYo or even negative (downward flux) above 100 m; whereas the minimum

moisture flux, averaged at any level, was about 8 mW/cm2 (at the 150 m level).

The fluctuhtions of temperature, humidity and the vertical and longitudinal

velocity components
The spectra of temperature, humidity and each of the velocity components

inﬁariablyfdisplayed a —5/3 slope at high wave numbers. However, consideration
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of the.available.evidenCe‘indicated.that the fiow was not locally iéotropic.

The value of the drag”coefficient estimated from nSuu(n) was
(2;68 + 1;03) Q 10—3; the limits given are one standard deviation on either
side of the mean. This method overestimatedtthe drag coefficient computed by
the 'eddy correlation technique' (l.45~f 0.08) x lO_3 by about 85%., The drag
coefficients given Qere estimated for 4 runs of mean wind speed between
-7 m/sec and 10 m/sec.

There appeared to be no definite height dependence of the variance of
vertical velocity; on the other hand, the variance of the longitudinal velocity
component showed a general decrease with height, but the ratio of thé
standard deviation of this component to the friction velocity was more or less
‘independent of height; with some scatter the mean ﬁalue of this ratio waé
" about 2.3. The variances of the fluctuations of both femperature gnd humidity
decreased by about 407 with height up to about 100 m and increased by
roughly the same amount between 100 m-ana 500 m.

The wave lengths of the scales containing the most energy showed a
different height dependence for each parameter; those of the vertical velocity
component increased as 20'75 approximately, and there was no essential
differenée between»measurements across and along the wind; those of the
horizontal velocity component were nét height dépendent for either the along
wind or ﬁhe crosswind component; those of the temperature fluctuationé
inqreased as 20'75 in the wind direction, but were not consistently héight
dependent across the wind; those of the fluctuations of humidity were not.
height dependent along the wind, but increased about as Z'45 across the wind.

Throughout the layer between 18 m and 500 m theISPéctra of the fluct-
uations of humidity aﬁd those of the horizontal velccity component were

very similar in shape in the measurements made along the wind. The spectra
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of the lateral velOcity.comﬁonent cbntainedﬂmofe low frequency energy than
those of the vertical velocity component but less than those of the longit-
udinél velocity component. The spectra of the temperature fluctuations

were unique: at low levels the small scales (those having wave numbers
largér than that of the peak of the vergical velocity k-spectrum) contained.
most of the energy; higher up a low frequency peak appeared and, in general,
© grew with Height, so that at intermediate levels (about 50 m to 150 m) the
two peaks were about équal and at the top level (500 m) the low frequency
peak was the larger.

The kinetic energy budget

The buoyancy prodﬁction terms were direétly measured; the dissipation
‘was inferred from the spectral energy density in the "-2/3 region' of the
k-spectrum of the longitudinal velocity componenf; shear production &as
estimated using the measured friction velocity and an assumed logarithmic
wind profile; the other terﬁs of the energy budget were lumped together as
a 'residual' term.

At the lower levels (18 m and.SO m) the balance was between shear
-production, dissipation and the residual term; at higher levels the shear
proauction term was negligible and the buoyancy terms were comparable to the
dissipétion and residual terms.

It was cdncluded that the kinetic energy generated by the velocity shear
near the surface is probably not all dissipated locally.:

Convective organization

Measurements made during flights in the wind direction of the fluct-
uations of temperature and humidity at all levels yielded a positive
correlation between them at small scales and a negative one at large (in

excess of 100 m) scales. It was suggested that this is due to a positive
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gradient of potential temperature and a negative specific Humidity gradient
above the highest (500 m) level. Measurements made acrOSS'the’wind; on the
other haﬁd, indicated a similar pattern ekcept at the lowest level, where a
negative temperature-humidity correlatipn coéfficient occurred only at the

largest scales investigated. The correlation coefficient between vertical

velocity and -temperature behaved in a similar fashion.

It was speculated that there may have been a certain amount of organ-—
ization of the convective elements. The available evidence suggested that
the convective cells tended to line up in the direction of the mean wind,
which, as far as could be determined from the Doppler radar measurements,

did not change direction appreciably between 18 m and 500 m,
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APPENDIX A

THE INSTRUMENTS

A.1 Introduction

The instrumentation and method of correction for the aircraft;s
motioﬁ are described by Miyake et al (1970b). However, their concern
was largely with thg determination of the velocity components and the
momentum flux. Inasmuch as several of the results of £his thesis hinge
on the measurement of thé fluxes of sensible and latent heat, it is
advisable to attempt to assess the accuracy, resolution and frequency
response of the temperature and humidity sensors.

""A.2 The temperature sensor

This device, constructed in this laboratory, consisted of a
thermistor bead in.a DC Wheatstone bridge. The primary basis for choice
of bead was its smallbthefmal lag; Victory Engineering Company's thermi-
stor model 41 A 401C was found to be quite suitable. It has a nominal
diameter of 127 4 and resistance and resiséance change per c® at 25
vdegrees centigrade of 10 K+ and 360.n.respeétively.

The probe current of 5 4 amps Qas selected by wind tunnel testing
to ensure a&equate sensitivity to Eemperature and insignificént response
to velocity fluctuations (the'anemometer effect').

' The current was provided by an alkaline battery (9.7 volts) and
limited by fixed bfidge arms of 2.2 M so that for temperature fluctu;
ations of 64CO the probe current varied less than 0.01%. Mean temper-
ature offset wés achieved by means of a ten turn potentiometer in the
fourth bridge arm. The bridge output was buffered by a high impedence

unity gain stage (voltage follower) and then amplified in two stages,
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the second of which was adjustable to give an overall sensitivity of
either 1.4 or 3.2 Co/volt approximately. The noise level was about
0.5 mv, which is equivalent to a signal level of about 0.001 c®.

The thérmistor was calibrated in'theilaboratory; also the ‘'in
situ' resistance versus temperature?fesponse was determined by
comparing the traces of the thermistor and a standard airborne therm—
ometerlduriﬁg a sounding; both'calibrations produced essentially the
same result. Although the mean'response is non linear, the device
is essentially linear for small ( < 3 Co) fluctuations.

The respoﬁse of the instrument was measured directly in three
ways: two in the wind tunnel énd one in the field. The first wind
tunnel method was to superimpose a step voltage deérease on the bridge
voitage and record the cooling response on ;hart paper; ﬁhe time 
constant was deduced from the exponential decay trace. In the second
method the thermistor and a thin wire-resistance‘therméméter (response
flat to 20 kHz) were placed in the wake of a heated soldering iron; the
‘cut-off of a_low pass RC filter in the output of the resistance
thermometer was adjusted until thé outputs of both instruments produced
the most similar chart records. Both tests indicated a'cut—off
frequency (-3 db point) ﬁear 30 Hz.

-The field test reliés on a comparison of a measured temperature
spectrum with its well established form in the inertial sub-range
(Figure 60) which is kqown to extend well beyond 30 Hz. If the
frequency response inferred from the windltunnel tests is used to
correct the measured spectrum, the result, shown in Figure 60, lends
“¢redence to thebrepresentation of the thermistor's response as similar

to that of a simple low pass filter with a frequency cut-off of 30 Hz.
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There are two further problems associated with the use on aircraft
of an exposed, slightly heated sensor for the heasqrement of temperature:
oﬁe is frictional-compressional heating and the other is the 'anemometer
effect'. Fortunately thése act in opposition; an increase in air speed
- increases the frictional-compressional heating and atvthe same time
reduces the self heatiné by improving the ventilation; thus this circum-
stance can be employed in the design to make an exposed bead thermometer
quite indifferent to velocify fluctuatiohs. ‘However in this case the
approach taken was a cautious oné: the anemometer effect was made negli-
gible‘with the intention of‘correcting for the frictional-compressional
heating in the analysis if this proved necessary.. It is of interest to
examine the importance of these two effects.

The widely used hot-wire anemometer equétions (Hinze, 1959, p. 78)
provide an estimate of 6.6 x 10_4.CO for the self heating at the aircraft's
speed (70 m/sec), and indicate that the apparent temperature sensitivity

6

to velocity changes is only -4.5 x 107" ¢° (m/sec)_l and is proportional

to the square of the probe current. Evidently the latter effect is
negligible, aﬁd the in—flight excess temperature is therefore due to-
frictional—compressional heating.
.'At light aircraft speeds, as a rough approximation, the actual
sensor overheat Tf, due to frictional-compressional heating, is assumed
to be proportional to the square of the air speed. Since Tf was observed

to be 1.9 c® at 70 m/sec, the constant of proportionality is

4

3.9 x 10t ¢° (m/sec)—z. Thus the temperature sensitivity to velocity

changes is 5.4 x 1072

-1 )
c® (m/sec) at the same aircraft speed.
Obviously the velocity contamination due to frictional-compressional

heating is not megligible, and, with typical maximum velocity changes of
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2m/sec occurring with temperature fluctuations of about lCo, it reduces
the equivalent signal to noise ratio to ten (20 db).

Although it is a relatively simple matter to remove the effect of
" frictional-compressional heating in the digital analysis, it was regarded
as unnecessary. It is interesting to note that, merely by increasing
the probe current one hundred-fold, the two velocity effects would counter-
balance each other and, of course, the bridge sensitivity would increase
with the-probe current. Such an increase of the probe current would
produ;e an overheat of 6.6 C°.- |

A.3 The humidiometer

The Lyman-Alpha humidiometer used in this experiment is described
by Miyake et al (1970b). As stated by them the primary factor which
limited the response to small scale humidity fluctuations was the mixing
of air in the inlet tubing and instrument housing. Because of the 'S'
bend in the tygon inlet tube, it is difficult to determine theoretically
the exact transfer function of the air passage. -However Taylor (1954)
has shown that in turbulent flow in a straight pipe the impulse response
of the pipe is gaussiaﬁ. In terms of the spectral amplitude transfer

2 .
e—(Bn) , where B was estimated to be about 0.01.

function H =
(n)
However, this transfer function produces a cut-off which is far sharper than
that observed. It is presumed that the many sharp bends in the tube
are the cause of this.
It was found, by comparison of the measured spectra with the expected

-2/3 slope, that the transfer function of the tube cquld be reasonably well

represented by:
{1-An] s

) AL 1
HT(n)' - [ o] » An > 1
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Where the value of A represents the degree of turbulent diffusion over
the length of the tube and depends on the flow rate through it, Turbu-
lent diffusion, therefore, acts to smooth rapid changes in moisture

- content symmetrically in both directions along the axis of the tube with
respect to the frame of reference mbving with the mean flow. Thus,
there is ideally no phase shift associated with the amplitude reduction.

In Figure 61 a measured humidity spectrum nS_.(n) and a corrected

_ QQ
spectrum are displayed. The value of A (0.023) was selected from all the
spectra so that the transfer function would be significantly different
from unity at the point where the measured spectrum_falls beneath the

:—2/3 line. It is seen that the corrected spectrum follows the commonly .
observed -2/3 law in the same region as the downwind velociﬁy compoﬁent
(Figure 14) lending credence to the postﬁlated approximate inlet tube
transfer function.

As with the other turbulence sensors. the practice of ”iﬁ situ'
calibration was obsérved whenever possible. In this case the standard of
‘comparison was the spectrum obtained from a 1aboratofy calibrated Bendix
Dew Point Hygrometer. Neither the calibrations of thése two instruments

- nor thé relation between them is linear, but for small excursions about

a mean value the effect of noﬁ—linearity is unimportant. Dr. S. Pond
of qgregon State University has computed spectra, from a récord obtained

by the Lyman Alpha Humidiometer, using first a calibration constant and
then the actual logarithmic dependence of the detector currenf on the

mois ture content: he reports (personal communication) that there is no

significant difference for fluctuations of one or tw6 gm/Kgm about a

‘mean value ten times as great. Consequently no attempt has been made to

‘linearize the humidiometer records used herein. The non-linearity of the
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dew point hygrometer arises in its thermistor detection circuit; however,
from the calibration curve‘it_is evident that the non-linearity ié not
iﬁ excess of 2% for 107 deviations from the mean value. Hence the
appropriate slope of the calibration curvé was used to calibrate the
spectrum of Figure 61, but the cufvé.itéelf was used in the computation
of the soundings of Figure 5.

The spectral comparison yields the humidiometer calibration in terms
of dew point fluctuations. From the Clausius-Clapeyron equation the
following approximate relations between fhe average (overbar) and
fluctuating (primed) parts of the dew point and the specific humidity are

obtained (see McBean, 1970):

In QP s ‘1.81+19.9.(__"fd _)
07622 " \7273 + Td
Q' 3 9.9 . {_3 ) T4

- 273 + 1d

Where P is the atmospheric pressure in millibars.
Q is the specific humidity in Kgm/Kgm.

Td is the dew point in OC;"

1The humidiometer was mounted in the cabin and vented by means of an
impactAtube on the topbof the fuselage (see Miyake et al, 1970 b),
In the digital analysis the time aelay due to the longitudinal sepafation
of the humidiometer from the other turbulence sensors was removed by

advancing the humidiometer record by the appropriate number of samples.
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APPENDIX B

. DATA PROCESSING

B.1 Introduction.

All the spectra and time series presented herein were computed from
the original analogue regOrdéd data. Spectra for a few runs were
computed from the data recorded digitally merely to check the calibration
of the analogue taﬁe recorder and subsequent conversion to digital
format. In the following seqtibns of this Appendix the method of
seiection of data segments is described, and the digitizétion and subfn
sequént machine processing is outlined.

B.2 ‘Selection of data segments

First the channels to be digitized were reproduced on a six pen chart
recorder and examined for noise, dropout and changes of zero bias. Each
data-segment, or run, was selected between successive turns (roll angle)
and/or to avoid-éll of these discontiﬁuities in the data. In some cases,
when bursts of noise in the temperature record were the énly blots on an .
otherwise excellent run, the run was used anyway and the results involvipg
temperature fluctuations wefe rejected. If the température record is
aﬁplied to_the input of an audio amplifier>with speaker, the bursts of
noise are recognised as radio pick-up ffom ;he‘Queen:Air's UHF trans-
mitter (lé30 M Hz). 'In fact the pilot's voicé is about as clear as it
would be from a cheap portable radio. Evidently the thermistor probe
and supports acted as an antenna, and the‘non—iinearity of the thermisfor
itself partially rectified the carrier, thereby demodulating it.

The pitch.:angle record also played an important part in the selection

of the start of each run. During the 90 degree turns the centrifugal
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forée on the gyroscope's bail rings iﬁtroducéd a spurious pitch angle
deviation of about 1.5 degree;. Oﬁce level flight was resumed the
'ngoscope erected itself at a rate proportional to g sin Glb(see Miyake
et al, 1970b). Thus a spuriéus exponentiai decay wés imposed on the
recorded pitch angle at the beginning of every run. Since in the
analysis linear trends are rejected, the‘procedure used was to omit that
part of the firét half of each run in which.the pitch angle's trace
deviated appreciably from a straight line dréwn through its trace in the
second half.

B.3 Machine processing

Once the runs were éelected the analogue data was quantized and
written on digital tape. Figure 62 illustrates this in block diagram
form and also outlines the subsequent processing steps.

ihe analogue to digital convertor (designed and built in this
laboratory) accepts signal levels bétﬁeen ¥ 5.12 volts and quantizes tﬁem
. in 10 millivolts steps. To reduce the quantization noise effect some
 channels were pre—amplified. All the chaﬂnels were 10& pass filtered
with matched linear phase shift filters having a high frequency roll-off
of 40‘db/decade above the 3.db point at 160 Hz and phase éhift of
0.45°/Hz up to 240 Hz. A linear phase shift is equivalent to a time delay,
and so the wave forms are distorted only in regard to the amélitudes
of the high frequency components, which are restored later in the pfogram,
'SIMPLOT'.

The purpose of the filters is, of course, to reduce aliasing,and
the'sampiing frequency of the A-D convertor was set»ét 320 Hz i.e. at
: twice the Nyquist frequency. Although this méans an attenuation of only

3 db at the Nyquist frequency (160 Hz), it is adequate because the
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spectra of turbulence fall.off rapidly wifh increasing frequency in this
region. Thus, 320 times per second the convertor cdmpleted one 'cross
cﬁannel sweep' of .all ten channels, waitipg only 45 micro—seconds between
aajacent channels or‘405 micro-seconds béfween first and last cﬁannels.
All the data was‘digitized with the énalogue tape recérderAplaying back
at eight times the recording speed, and some of it was digitized a
second time at real playback speed; i;e. the real tiﬁé sampling
frequencies were 40 Hz and 320 Hz respectiveiy. Thus, the longest real
time interval between sampling two channels is 3.3 milliseconds corfés—
'ponding to a space lag of 23 cm.

A careful calibration of the tape recorder, amplifiers, filters
and A-D convertor was performed both before and after each digitiziqn
session. | o

A Control Data Corporation Computer (CDC 8902, see Figure 62) writes
the sequentially sampled data oﬁ digital tépe, which can then be handied
by the IBM 360 system at U.B.C. ‘Before proceeding with the processing
of a digital tape it was prudent to aécertain whether or not the digit-
ization process was success ful. Tﬁis was done by tﬁe’program, 'TAPE
VERIFY', written by R, Wilson of this Institute, in the fofm of voltage
distri?utions for each channel énd their first, second, third and
fourth méﬁents;

The lowest frequency estimate cbtainable from a.section-of data of
léngth NAt seconds is at 1/NAt Hz. Thué, if thé dat; contains an
appreciable trend the energy associated with the trend will appear in
the low frequency eétimates (see Blackman and Tukey, 1959).

In view of the gyroscope's limitations and the fact that the

acceleration signals have to be integrated, it is hardly reasonable to
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expect the corrected velocities to bé‘devoid of trend even if the actual
velocity components were.‘ Furthérmore, Aue to aircraft range limitations,
long flights at any level had to be sacrificed in favour of multi-level
sampling; with the result that the short crosswind flights, at high
altitudes in pattipular, reflect the preseﬁqe of energy at scales larger
than the total sample length. It was therefore decided thaf the most
consistent approach would be to remove the averages and tfends from all
the channels both before computing the corrected velbcity components
and before determining the fourier coefficients of these componenté. Thus,
- the author undertook to write a program, 'FLINOP' which could be controlled
to compute and‘remove averages and linear trends (in successive passes),
perform all of the 6perations required for correction of aircraft
motion, multiply time series together.point by point and delay or advance
vany sigﬁal with reépect to the otheré. These last two were reqﬁired to
produce time seriés of instantaneous flﬁxes and to advance the humidio~
meter signal by d/VAt samples respectively, where d is‘the downs tream
distaﬁce of the humidiometer from the nose, At is the interval between
samples and V is fhe average air speed of thé airéraft; The intef
- gration was done in staircase’fashion and the differentiation by finite
differences after first computing an equally weighted running mean over
a selectable number of samples.

The tape written by the second pass through 'FLINO?‘ is‘reérodﬁced.
-on a Calcomp digital plotter.in the form of tiﬁe seriés using the érogram
'Dﬁk‘PLOTI, written by R. Wilson. These time series are displayed in |
many of the‘figures in this thesis. ’ |

The frequency domain is entered by means of the programme,.{FTOR'

using the fast fourier transform algorithm, PK FORT 5DA 3465. The tape
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of fourier coefficients thch it produces is accepted by the programme,
'SCOR' which produces spectral and cross-spectral estimates;’coherence
and phases. Both of these prégrammes were written by‘J. Garrett of

. this Institute andkére descriéed in his Ph.D thesis (Garrett, 1970).
However, because there is some divergénce of nomenclature in the
literature, the forms for the fSpectrum', 'coherence' and 'correlation

coefficient', which are used here are explained:

Spectrum: S%X(n) is defined so that: J{. (n)dn vIA (n)d(ln n)
s? @+ @\ 172
Coherence: coh# (n) = Xy
B Y )
. s (n)
Correlation coefficient: r (n) =. Xy c
- xy (s (n).S (n)}l/2

- XX vy

Where SX&(n) and Qxy(n) are the co-spectrum and quad-spectrum respect-.
ively.-

The average correlation coefficient: r_ = x'y'

Ox.Ty

In 'FTOR' éach run was divided into four or more blocks, and the
coefficients computed for each block. This allowed the prbgramme;'SCOR'
to compute the mean épectral estimate ;t each frequency, its standard
devi;tion O (n) among the blocks and its trendvth¥oughout the run. The
latter two provide an indication of the stationarity of the process. The
block length was generally 1024 samples, but was reduéed to 512 for a
few of the very short runs. |

Since the sequence of block ayerages of x(t) is itself a time
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series in which the original data‘has been bdx—car averaged and sampled
at intervals of'(Nzkt)/K seconds (K is the number of blocks), a few
spectral estimates (g inbnumbér) can be obtained using the fast fourier
.transform algorithm. G. McBean of this In;titute has extended 'SCOR'
to_do‘this (McBean, 1970). These ilpw frequency' estimates also
~appear on the speétra, but, since there is only one estimate available,
at each frequency, no obéervatiops of their variances are available.

It is worth noting that these low frequency estimates_contain so few
degreesbof freedom that only consistency in their values should be tqken
as a possible indication of the spectral shape. )

The final stagé of machine processing is the programme 'SIMPLOT'
wfitten by G. McBean of this Institute. 'SIMPLOT' accepts the spectral
estimates from 'SCOR',corrects for the attenuation of the filters used
-in- the digitization process and the path aQeraging of the sonic
anemometer, obtains the cumulative intégral under the spectra as a
function of decreasing frequency, and plots (on a calcomﬁ plotter) spectra

and co-spectra on selectable axes.
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. APPENDIX C

COMPARISON OF SIMULTANEOUS MEASUREMENTS
FROM FLIP AND THE AIRCRAFT

C.1 Introduction

During BOMEX the Queen Air made several flights around the special-
ized Research shib '"FLIP' (floating instrument platform, Rudnick, 1964),
from which instrumentation similar to that on the aircraft was used to
measure the vertical turbulent fluxes. One of these flights is preseﬁted
here in an attempt to establish the validity of the airborne flux
measurements. Inasmuch as FLIP is subject to wind and wave induced
motidn'ahd since if is known to distort the mean flow, results from its
use are aléo subject to doubt. However, since the likelihood of these
two very different platforms yielding the same but erroneous result is
small, agreement of the results will be taken as showing that measure-
ments from both platforms are essentially correct.

C.2 Data outline

Table 5 provides a brief outline of the data sections to be compared.

- The duration of the data run from FLIP was 45 minutes, during which the
‘mean wind was about 8.5 m/sec; while the upwind and doﬁnwind runs each
yielded 4 mihutes of usablé data. Therefore, at the same height the up-
wind and downwind flights covered about the same scale sizes as the

FLIP data. Fufthermore, the data gathered from FLIP straddles the éir—
craft data in time. Hence, within the range of validity of Taylor's
hypothesis, this comparison is oﬁer épproximately the same scales; - -
provided,'qf course, thét conditions are hHomogeneous within about 50 km

of FLIP.
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C.3 Spectra and cospectra

The analysis of the FLIP data presented some interesting problems,
tﬁe-solutiéh of which are due in the main to the efforts of G. McBean
of this Institute, who processed the FLIP:data discussed herein.

The abscissa of Figures 63, 64.énd 65 is the natural frequengy f
(=nZ/¥). This similarity coordinate was used in order to be able to
compare the spectra by direct superimposition. The values of V were
70.m/sec in the case of the aircraft and 8.5 m/sec in the case of FLIP;
andvthe instruments were mounted 30 m above the surface on FLIP when
the Queen Air flew by at an altitude of 18 m.

The instruments on the two platformslwere\independently calibrated,
and so the ordinates of Figures 63; 64 and 65 are not normaliéed.' It
is seen that the n-spectra of vertical (Figure 63),-horizsntal

.(Figure 64) velocity fluctﬁations and-the momentum1n—cospectra (Figure 65)
are very similar in amplitude and shape in all three cases presented:
two.airborne measurements in the vicinity of Flip and the concurrent Flip
measurements. | |

In all three figures the Flip n:spectra-display a 'bump' at
f = 0;2, which is not in the airqraft nrspecfra. This 'bump' coincides
with the peak of the measured water wave spectrum, aﬁd is due tq'wéve
induced motion of Flip.

It seems that, apart from the wave induced bump in the Flip spectra
and some scatter of the low frequency points, thé agreement is excellent
between the‘measurémenté made from Flip and those made from the aircraft.
Thué, in view of the excellent cofrespondence of results from these two

g0 diffefent platforms, there cannot be much doubt of the validity of the

conclusion that the Queen Air, equipped as it was, is an acceptable
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platform for the measurement of turbulence near the surface.
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APPENDIX D

STATISTICS



RUN

1/6
1/3
1/7
1/12

2/8
2/7
2/4
2/10

3/6
3/3
3/9
3/12

4/5
4/2
4/8
4/9

5/2
5/4
5/6
5/8

6/2
6/4
6/6

“em/s

30.8
31.0
47.3
33.8

33.5
30.3
33.5
34.2

37.7
31.5
37.8
24.3

37.0
37.8
34.9
34.9

cm/s

£~ W W n
N o~
O UM

56.9
43.8
46.0
68.5

73.5
74.8

42.2 .
- 45.9

76.6
66.3
42.1
36.7

° . ) dynes
C ~gm/kgn )
.105 .291 643
.071 .188 .306
.063 .223 .579
.155 .499 .079
.128 225 ° .985
.096 . 246 .347
.074 171 .212
411 .508 1.09
J117 - .302 1.47
.093 .252 .921
.066 .184 .789
.527 .198 504
.105 .255 1.28
.073 .192 478
.069 .152 401
©.230 .226 .297
.092 277 1.34
.093 .288 .905
.071 .190 .375
.072 .152 .556
.091 245 1.49
.102 .251 272
.221 .649 .014

TABLE 6 - VARIANCES

FH

mW/ cm?

7
.75
-.11
-1.22

2.47

.34
-.21
1.13

-.05
.64
.51

.85
31
~.48
.13

.18
.04
~.07
.52

.10
-.12

.39

mW/cm2

10.
.49
15.
.60

19

15.
42
11.

30

65

.19

.97
.10
.61

.14
.68
.10
.27

.31
.80
.54
.56

93
.99
.78
42

55

34
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RUN

1/6
1/3
1/7
1/12

2/8
2/7
2/4
2/10

. 3/6
3/3
3/9
3/12

4/5

42
4/8 .

4/9

5/2

5/4
5/6
5/8

6/2
6/4
6/6

, \ 1
3 L Ly
/° u,
AR Z ul w'T!
2 o
m (m/s) (m/s)C
U 20 L0467 .0059
U 43 .0237 .0058
"D 150 L0448  -.00083
U 500 .0061 -.0094
D 18 .0762-  .019
U 46 .0268 .0026
U - 150 .0164- -.0016
D 460 .0842  .0087
U 18 L114 -.00042
U 49 .0712 .0049
U 150 .061 .0039
U 500 .0391 -
U- 18 .099 .0065
U 52 .037 .0024
.U 150 .031 -.0037
D 490 .023 .001
U 26 .104 .0014
U 49 .070 .00034
U 88 .029 -.00052
U 140 043 .0040
U 29 .115 .00077
U 98 .021 ~.0009
U 480 .0011 .0030

*% U = Upwind, D = Downwind

—Z/LT

-130.

144

_ ~ZNgw'T' - 2X0.61 g w'qQ'

3 A 3

T Y= U,
w'Q' —Z/LQ -7/L
my gm
@ ED |

.14 .0318 .14 .28
.89 .0293 .83 1.72
.17 .0483 1.9 1.73

.0605 150. 20.
.21 L0407 .085 .30
.35 .0277 .69 1.04
.5 .0219 3.8 2.3
.1 .0667 3.0 5.1
.025 ,0529 .059 .034
.16 . .0237 .15 .31
.51 .0250 61 1.12
- .0286 4.4 4.4
.048 .038 .053 .10
.23 021 .37 .60
.3 .014 .94 -.36
.8 .011 3.7 5.5
014 .043 .08 .094
.011  .037 .23 .24
.12 .024 1.0 .88
.81 .026 .98 1.79
.007 .048 .086 .093
.38 .026 2.00 1.62

.035 1100. 1620.

520.

_TABLE 7 - STABILITY




RUN

1/6
1/3
1/7
1/12

2/8

2/7

2/4
2/10

3/6
3/3
3/9
3/12

cm/s

N =N
~N RN

27.6
16.4
12.8

29.0

33.8

26.7
24,7

©19.8

31.5
19.2
17.6

-15.2-

.« . «
o N P~ W

T* == T’
X u*
~Ty —Qy
c° gm/kgm
.066 .357
084 476
.010 .570
.301 - 1.939
.172 .369
040 422
.031 428
075 575
.003 .391
046 222
.039 .253
- .361
.052 . 302
.031 273
.053 .199
016 = .191
011 .334
.003 . 349
.008 .353
048 . .313
006 .354
.016 448

.227 2.65

.38
.01
.33
.33

Mo

.21
.85
.62
.18

N

.19
.55
.28
.12

N

.20
.64
.15
.60

o SR

.15
.43
.05

0O p= |

1.68

1.17
2.31
12.18

2.06
2.67
3.59
2.36

2.21
2.23

2.29-

2.24

2.33
3.90
2.40
3.02

2.37
2.50
2.48
1.76

1.96
2.63
11.88

TABLE 8 - SIMILARITY RATIOS

1.59
.76

-.51

74
2.40
-2.39
5.48

2.02
2.35
-1.30
14.38

31.00

-8.88

15.17
-6.38
.97
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.82
.39
.39
.26

.61
.58
.40
.88

77

.73
.55

.84
.70
.76
1.18

.83
<83
.54
.49

.69
.56
.24



RUN

1/6
1/3
1/7
1/12

2/8
2/7
2/4
2/10

3/6
3/3
3/9
3/12

4/5
4/2
4/8
4/9

5/2
5/4
5/6
5/8

6/2
6/4
6/6

20
43
150
500

18
46
150
460

18
49
150

500d

18

52

1150

490

26

49

88
140

29
98
480

'TABLE.9 — THE KINETIC ENERGY BUDGET

O NO W

== O N OO WwWwwWw

OO w

.86
.12
.59
.02

.20
.40
.35
.33

.63

.71
.51
.39

41
.40
.91
.18

.10
.49
.40
.61 -

.58
.78
.00

-0.27

-3.07

.21
.85
.52
.84

NO OO

-0.14
1.60
1.28

2.13
0.78
-1.21

. 46
.11
.17
.31

=HOOO

-0.29
0.98

cCOoORN

.90
.75
.89
.62

W N

A
.66
31
.99

wWHE =N

.17
.42
.50
.71

W

.27
.26
.84
.66

.57
.21
L4
.56

NN

.81
.78
.81
.86

.23
41
.54
.86

.58
.30
.66
.95

.39
.73
.87
.30

.02
.96
.97
.69

.76
.25
.56

1
o
o]

-7.
.20
-0.

.88
.01
.40
.29

.62
.50
.40
.30

.08
.57
.63
.85

.58
.29
.33
.13

.89
.25
.30
.21

94

51



