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ABSTRACT:

This report summarizes the work done on Air Force
Contract AF19(122)-461 which covers studies of the heat
and energy budget of the lower atmosphere., The first
sectlon covers measurements obtained from a consideration
of' energy balance at the earth air interface. From measure-
ments of net radiation, heat conduction into the solil and
moisture and temperature differences over a small height
interval, evaporation and heat added to the air are obtained
via The Bowen ratio. The controvery relative to the valid-
ity of the Bowen ratio method, since it implies equal eddy
transfer coefficients for heat and molsture, is reviewed.
Indirect evidence is presented to show provided that the
temperature and moisture gradient measurements are made near
the surface and provided that the principal sources of heat
and molsture are not widely separated compared to the scales
of the turbulent motion, the terms of the heat budget which
result from application of the Bowen ratio technique are in
good agreement with direct measurements of heat added to the
atmosphere as determined from bi hourly airplane and radio
sonde soundings and are also consistent with the time honor-
ed assumption that the eddy fluxes of heat and moisture are
constant with height in the surface layer. Evidence 1s pre-
sented to show when sources of heat and moisture are separated

on a scale comparable to the turbulent motion, the Bowen



ratlo technique 1s not applicable. It is suggested that

the conflicting experimental results, which have appeared

in the literature, as to whether or not KH = KV may have
resulted due to differences in the experimental surfaées

in regards to the points on surface uniformity just mention-
ed. In the discussion of the instrumentation used for the
heat budget studies, special emphasis is placed on the re-
quirement that the apparatus used for obtaining hourly moist-
ure and temperature gradients be recorded in a manher that
obeys Shannon's sampling law. This can be done by using
sensors which have slow speed of response and by sampling at
least twlice as often as the highest frequency component the
sensor will reproduce., Details on the instruments for the
measurement of soil heat flow and a net radiation integrating
recorder are also glven,

The second section describes the theory and constructional
details of a sonic anemometer, whose development was completed
under the contract. The anemometer measures the space aver-
age component of the wind along the axis of the acoustic
array. Its output 1s linear on each side of zero with an
error less than 2% when-the total wind i1s less than 50 MPH.
The record obtained is a variable area 39 (or 16) mm film
similar to a motlon plcture variable area sound track. A

sonic thermometer unit which will obtain a temperature similar



to the virtual temperature is also described. However,
due to second order terms, fluctuations of temperature
obtained with this instrument are reliable only when the
total wind fluctuation is less than 5 m/sec.

Finally methods of power spectrum analysis from
the variable area record film are described. The most
satisfactory method according to our experience is obtain-
ed from an analog computation of the auto correlation function
or cross correlation function and a digital evaluation of
the Fourler Cosine transform into variance or co-variance
spectrum,

In an Appendix, circult and construction details of

the sonic anemometer and thermometer are given.
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FOREWORD

This report summarizes the work done on Alr Force
Contract AF19(122)-461 which covers studies on the heat
and energy budget of the lower atmosphere., A conslder-
able fraction of the work is concerned with instrumentation
and measuring techniques. Included in this report are
those sets of observations and analysis which have not
been published elsewhere. Observations such as those obtain-
ed during the great Plains Project at O'Neill, Nebraska,
not yet published, have not been included since they will
be published as part of the O'Neill Project Summary,

It 4s a pleasure to acknowledge the contributions
of all of the personnel participating in the project. While
it is impossible to cite indlvidual contributions, the
following individuals, who were at the University of Wis-
consin part of the time, deserve specilal mention. Dr, Mattil
Franssila, Director, Finnish Weather Bureau, Helsinkl, Fin-
land; Dr, Eiichi Inoue, Institute of Agricultural Scilences,
Tokyo, Japan; Dr. Arnold Glaser, Texas A & M College, Bryan,
Texas, and our former students, Mr. Norman Islitzer, Idaho
Falls, Idaho; Mr, Jack Schuetz, Illinois State Water Survey,
Urbana, Illinois; Mr. Lee Sims, Instltute of Atmospheric
Physics, Tucson, Arizona, and Mr, William P. Lowry, State
Conservation Department, Salem, Oregon. We also wish to
eredit Mr. Cho-Ching Lee; Mr, Den J. Li and Mr, Gerald
Peterson as those who also aided in the labor of the data
analysis and Mr. Ernest Romare, Machinist, who constructed

some of the apparatus.



HEAT AND ENERGY BUDGET OF THE LOWER ATMOSPHERE

Introduction:

The kinetlc energy of the atmosphere i1s derived from
solar energy and is ultimately dissipated via turbulence
and viscosity as friction. A major fraction of these energy
transformations occurs at the earth's surface with the atmos-
phere and the surface acting together as the boiler of a
heat engine whose working substance is moist air. Research
in this field has proceeded along four main directions.,
(1) Energy budget studies where each term comprising energy
balance at the earth's surface is measured independently or
as nearly Independently as possible, (2) Mass, energy, and
momentum transfer studies based on mean vertical profiles
of wind, temperature, molsture or other air properties in
a manner analogue to, but not identical with molecular trans-
fer of these same properties, (3) Intimate structure studies
where fine scale fiuctuations of alr properties measured with
rapld response sensing elements are multiplied by the appropri-
ate component of the instantaneous wind and (4) Studies which
include the effects of friction on the equations of motion.
The measurements reported on in this report can be classified
under ltem (l) The energy balance of the surfacé layer and
under (3) The structure of the vertical wind.

The energy balance of a volume one face of which is the

earth's surface is shown in figure 1.



SENSIBLE WATER
NET HEAT VAPOR
RADIATION TRANSFER TRANSFER

. WATER
VAPO | STORAGE TERMS IN VOLUME D)
o | L.TEMP CHANGE OF CROP b

SENSIBLE —— [6Z | 2.TEMP CHANGE OF MOIST AIR e N 7
| 3. WATER VAPOR CHANGE

gffounope Weod ai: .0 1 3 R

SOIL HEAT
CONDUCTION

Fig., 1
1. The various terms can be arranged into three groups.
(a) Vertical heat budget terms. There are

R; + GyorAy il =0 (1)

(b) Storage terms. These represent the energy
required to change

//Z;‘ 2 dzdt /Z/;,,f T s e

the temperature or moisture concentration within
the volume.




(¢) Divergence terms. These represent heat and
moisture flux through
Z

Cp 4 4
i—/m-updz 5 LE [V, ug dz
(4]

the vertical faces of the volume.

As z»othe term in (b) and in (c) approaches zero and we have
Ro+qo+Eo+A°=O (1)

This i1s the energy balance for a thin surface layer first
given by Albrecht (1943). The only term in equation (1)
that can be measured directly is G, the heat conduction into
the soil.

Ro, the net radiation cannot be measured at the soil
surface because the shadow cast by the instrument will inter-
fere with the measurement. The radiation instrument used
in these experiments was mounted 3 meters above the surface.
When there is a strong temperature lapse or a shart inver-
sion near the surface,'there will be a dilvergence of radiation
between the surface and the instrument. A radiation chart
calculation shows that the divergence is about .5% of the
net radiation on a cleaf day. This same absolute error may
be up to 5% of the net radiation measured during a clear
night, Except for the small error due to divergence, the
net radlation can be measured with very good accuracy. This
is indeed fortunate, since 1t is the largest term of the

heat budget.



There 1s no way to evaluate the terms Ao and E0
directly at the surface. The evaporation term Eo can be
evaluated by measuring the mass change due to the water
loss in a fixed volume of the soil below the surface. This
1s not a convenient measurement but 1t can be done by i1so-
lating a volume of the soill so it can be welghed. The heat
added to (or subtracted from) the air then remains as a
resldue from measurements of R, G, and E . The data present-
ed for September 2, 3, 4, 5 of 1952 has a complete set of
these measurements. A much more convenient, but not as
fundamental method of separating AO and EO makes use of

the Bowen ratio. When K., is assumed to be equal to KH

v
the ratio of A to E is proportional to the gradlents of
temperature and molsture. It is then possible to solve

the heat budget ignoring storage and divergence terms from
measurements of net radiation, heat conduction into the
soll and temperature and vapor pressure gradients.

Pasquill (1949) obtained the heat budget from measure-
ments of Ro, GO and Eo' He did not, however, measure the
net radiation term directly but obtalned it from measure-

" ments of net shor%wave radiation and calculations of long
wave balance. From measurements of the temperature and
moisture gradient in addition to RO, GO and Eo’ he obtain-
ed the eddy diffusion coefficient by KV and eddy conduction

coefficient K

H essentially as follows:
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He found that K Kv under unstable condltions contrary

H
to what 1s assumed for the Bowen ratio., The assumption
that K for heat, KH’ equals K for momentum, KM’ has been
challenged on theoretical grounds by Ertel (1942) and
Priestly and Swinbank (1947). This also implies that

KH does not equal KV‘ Swinbank (1955) states that he

has proved this inequality experimentally., He used a
different technique than that used by Pasquill. He
measured the fluctuations of vertical wind, temperature,
and vapor pressure. Mean products of the wind and temper-

ature, and wind and vapor pressure yleld the heat and

molsture transport.
A = 8 6uit’ T (2)

- VIR
£ =fFL w'y (3)
Since a mean product can be written in terms of the
root mean square values and thelr correlation coefficlent,
we can write (2) and (3) as

A= e e (4)

wT

_/L:___)a/____u_j__zr (5)



where the bar under the term indicates the RMS value.

When /‘;7.= {‘,} we have the equivalence of KH = KV Swinbank
found that {;T was posltive and systematically greater

than;*;“_¢ during unstable conditions and negative but system-
atically greater than/;i_ during stable conditions. In
opposition to this view Businger (1954) mentions a discussion
by v.d. Held (1947) which contains an argument in favor of

K, = K,;« Experimental data obtained by Rider and Robinson

H v
(1951) show that K, = K,. Actually, they compare measure-

H v
ments which when evaluated assume that KV = KM as suggested
by Pasquill's measurements. They also have evaluated the
heat budget via the Bowen ratio method which, of course,
assumes K.H = KV. Since the two methods give essentlally
the same results, they argue that the two coefficients are
equal,

Thus, there is considerable difference of opinion on
the validity of the assumption that KH = KV. The data present-
ed 1n this report in one case contalns direct measurements
of net radiation RO, heat conduction into the ground Go’
and evaporation Eo‘with the sensible heat Ao, being the
residue, Evaporation amounts obtained by direct measure-
ment and evaporation obtained by application of the heat
budget using the Bowen ratio assumption are in good agree-.
ment in most instances. In another set of measurements taken

at O'Neill, Nebraska the heat added to the air obtained by

measurement of net radiation RO, heat conducted into the ground

1
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G0 and Bowen ratio separation of the residue into sensible
and latent heat can be compared to that obtalned from vapor
pressure and wind gradients.

The underlying basis for the argument that the co-
efficient of conductivity KH should be greater in unstable
conditions, equal to in neutral conditions and less than Kv
or KM in stable conditions 1is that the positive or negative
buoyance exhibited by heated or cooled parcels tends to order
a selection to otherwise random motion of the air parcels,
(Swinbank 1955). Theories have been developed from the
assumption that the total turbulent acceleration is equal to
a frictionally derived acceleration and a buoyant acceleration.
Beginning from this model Lettau (1949), and Businger (1954),
have developed theories which explain the curvature of a log
z plot of the vertical wind profile as a function of heat
flow. The evidence presented 1s quite convinclng that bouy-
ant accelerations do order a selection to otherwise random
motlons, particularly at some distance from the boundary.
This effect shows up as a departure from the log law.

It 1s easy to visualize how when momemtum, molsture
and temperature fluctuations are not highly correlated, the
bouyant accelerations could act as a "Maxwell's Demon" to
separate the transport of sensible heat from the transport

of water vapor or momentum. On the other hand, when the
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fluctuations of the air properties are highly correlated
iInitially, the basis of the separation is not as easy to
plcture. 1In any case there 1s conslderable experimental
data which shows quite clearly that these effects are
progressively less important the nearer one gets to the
surface. Near the surface the wind profiles show little
curvature. Swinbank's measurements show that KH and KV
are less different at 1.5 meters than they are at 29 met ers,
Pasquill states that the numerical value of the Richardson's
number, the well known parameter that indicates stability,
decreases rapldly as the ground 1s approcached. Thus, there
is good evlidence that as one approaches the surface, the
Influence of moderate range of stability and hence separa-
tion 1s reduced.

We now suggest a surface model where the warm (or
cool) air parcel is the same as the moist alr parcel.
Consider a typical earthls surface completely covered with
succulent green vegetation. Since there is a more or less
random orientation of the leaves, there will be small differ-
ences in leaf temperature and vapor pressure from leaf to
leaf depending on the angle each leaf makes with the sun and
mean wind direction. In the case of full sunlight with little
or no wind the leaves which are sources of heat due to absorption
of solar radiation are also sources of moslfture, We can say
with confidence that at the leaf surface the fluctuations in

temperature will have a hligh positive correlation with fluctu-
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ations in moisture. Conversely in the case of zero net
radiation but with ventilation due to wind, each leaf
which 1s a moisture source must be a heat sink due to

wet bulb action. This will result in a high Qgggglzg
correlation between moisture and temperature fluctuations.
The intermediate case 1s also possible. Some leaves might
be in the shade of another leaf but exposed to the wind and

visa versa. Now, if the scale of the wind eddy is large

compared to the leaf size, the moisture added to the air
parcel from the shaded and unshaded leaves will increase
or decrease simultaneously. Some of the heat supplied to
the air parcel from the unshaded leaves will be absérbed
by the shaded leaves, The presence of closely interspaced
heat sinks amongst the heat sources, reduces the amplitude

of the temperature fluctuation, but does not destroy the

high correlation between moisture and temperature fluctuations,

The situation is somewhat analogous to the addition of two
alternating currents of opposite phase, The amplitude is
decreased but the phase relationship is either maintained or
reversed depending on the respective amplitudes, but not
shifted to any angle in ﬁetween.

Now, consider a field covered with a row crop or a
series of beds in a more or less checker board fashion., Ordi-

narily in daytime conditions the evaporation from the bare soil

1s very much less than transpiration from the plants. The



15

plant areas can be considered primarily as moisture sources
and they can be elther heat sources or sinks, depending on
the wind velocity. The uncropped areas will be primarily
heat sources. Now, 1f the scale of the wind eddy is of the
same order of magnlitude or less than the scale of the cropped
spaces, slgnificant amounts of heat will be added at differ-
ent times than when moisture 1s added., A high correlation
between molsture fluctuation and temperature is therefore
unlikely. Under these conditlons we would expect the equiva-
lent KH and KV applied to the area as a whole to be signifi-
cantly different.

Whether or not this line of reasoning 1s valid can be
tested experimentally. The cospectrum of temperature and
molsture variations should show a minimum at the frequency
equivalent to the crop pattern scale of the field. Similar-
ly the quadrature spectrum should show a peak at this same
frequency. It 1s proposed to test thils assumption in the
near future. A high speed infra red absorption hygrometer
and a sonlc thermometer will be used,

We now descrlbe an indirect test of this model, The
constance of the Bowen ratio with height has been used as
a test for KH = KV. The baslis for this contention is the
assumption that 1n the surface layer, heat and moisture

transport 1s constant with helght. A constant Bowen ratio



16

~ with helght implies a constant KH/KV with height., Figure 2
shows the Bowen ratios measured between 10 c¢m and 33 em and
between 33 ecm and 100 cm above a field of young corn (maize).
The plants were 10 cm in height and space 20 ecm from each

other 1in rows spread 100 cm apart,

| MAY 28, 1952 \
CST e

: % 8
10
8r
B F
4l *\\"_( ® Bio.33

i MAY 29,1952 { Bas.i00
-4

Figure 2
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May 28, 1s a case just after a heavy rain where the
soll surface (black peat) was thoroughly wetted. Here,
both the soil and the plants are molsture sources. Part
(b) of Figure 2 for the next day is the same field after
the soll surface had dried out., Here only the plants can
be conslidered a moisture source.

The Bowen ratio 1s not very reliable near sunrise and
sunset since the temperature and moisture gradients from
which 1t 1s calculated are generally qulte small at that
time. At other hours the Bowen ratio on the first day with
the soil and plants acting as moisture source is fairly
constant with height, the departure tending to increase
as the day and the drying out of the soill surface progresses.
On the next day when the soil surface is primarily a heat
source the departure is more striking., The Bowen ratio for
the lower level 1s greater than the Bowen ratio for the
upper level. This is entirely consistent with the argument
that the departure increases with the elevation as the
effects of buoyancy have been shown to increase with distance
from the surface. On the other hand when the entire surface
is moist KH/KV= constant. Here the scale of heat and moisture
sources is small compared to the effective eddy size.

One could argue that Pasquill made his measurements
near the surface where buoyancy does not have a great effect

and still obtained KH> Ky. Pasquill describes the surface
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over which he conducted his experiment, "Bare soll was
visible over a considerable proportion of the pasture and
the patehy grass was mainly 2 cem long with occasional wither-
ed tufts up to 5 to 7 em and showed no appreclable change
in length over the whole period of observations." Rider
and Robinson describe theilr surface as "™ - - - - - - - or
surface of level grass which was kept mown to an average
length of 1 to 2 em,"; and, for Ridert!s 1954 observations,
"A circular area of approximately 250 m dlameter was kept
mown to a grass length of 2 to 3 em, ----." It would be
presumptious tQ claim at this stage that the differences in
the results of Messrs, Rider and Robinson and of Pasquill
are caused mainly by the differences in the surfaces, par-
ticularly since the descriptions of each are so brief. We
should like, however, to state that in future expériments
of thls type great care should be given to the selection

of a surface. Either a uniform one or a "checker board"
one should be chosen éb’that this aspect of the problem can
be considered in more detail.

Swinbank nof only describes the surface carefully but
Includes photos as well. -His photos show the grass surface
to be rather dry and patchy, at least as far as grass helght
1s concerned. It is not possible to tell from the photos

whether or not patches of bare ground existed, Possibly,



19

part of Swinbank's results which show that near the

surface (1.5 and 1,9m) that K, 1s greater than K may

v
be explained on the basis of the effects of a heter-
ogenous surface. On the other hand, some of it may
also be explained in terms of measurement error. The
author 1is very hesitant to criticize the accuracy of

Mr. Swinbank's measurements, since he has a very keen
appreclation of how difficult this type of measurement
1s to make and he 1s particularly hesitant, since he

has not himself successfully made measurements of this
type to date. Moreover, we are not in disagreement with
the general implication of Mr. Swinbank's work, namely,

that buoyancy does order a selection on otherwise random

motions. We are in disagreement over 1ts magnitude near

the surface, particularly its importance over a truly
uniform surface,

Table 1 has been extracted from Swinbank's paper
for all data at 1.5 or 1.9 meters elevation for which
molsture data are also availlable, that he took since March
3, 1952, when he installed a net radiometer. Data taken
before that date have not been included since there is a
possibllity the net radiation (the largest term in the
heat budget) obtained prior to that time may not be as

reliable as that taken after. We have changed the volume
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indicating mass of moisture loss into equivalent lateht
heat units to facilitate a heat balance comparison,

The measured values of Ro, Go, Ao and EO should add
up to zero providiﬁg no steady vertical motions exist.
Swinbank discusses and estimates the errors which might
be present due to any steady vertical motions in the last
section of his paper. If the four terms do not add to
zero the error which results may be caused by not account-
ing for any steady vertical motions (which last the 5
minutes observation time) or from deficiencies in the
measurement technique itself. Measurement of Ro and Go
should be fairly reliable (easily better than 10%). Ao

and Eo can be expressed as the fraction of RO + Go‘ Ly

no errors are present this ratio should be unity 1.e.

Ro+go=_/
A ey

1t can also be expressed as the

percentage error

Ry + 8s + Aut £,
R,+ S,

« 100 = % error

Column 8 of Table 1 shows this error.
Swinbank uses o™ Qq,as an indicator of the failure of
Ky = Ky 1.oe. if

l‘w_,_—"w} >O KH> KV

21
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Figure 3(a) i1s a plot of the percentage error mentioned
earlier, against Q”'—c7f Taking all the data of Table 1
into account therelis only a slight indication that the
magnitude of the difference,ar—c¢is related to the magni -
tude of the error. On the other hand, 1f we select all
the daytime cases where the radiation and all the other
terms of the heat budget are large and presumably easier
to measure, these data should be the most reliable of the
group., Figure 3(b) is a plot of these selected values
(all values where R  is greater than 10 mw/bme/sec). Now
a relation between(h;ca and the slze of the error is much

more evident. It appears, therefore, that a significant

portion of the data which has been used to show that KH>> KV

near the earth's surface has an error which 1s proportion-
al to the degree of 1nequality.

Part of the error could be due to the steady vertical
motion term, All of the errors in Table 1 are on the short
side, that 1s Swinbank's eddy motion transfer never is as
great as the residue from Ro 4+ G, One would think that
some steady (5 minute Quration) motion would be positive
and some negative, thus causing the error to have both
signs.,

Measurements of the type accomplished by Swinbank

are very difficult to make. He has shown that as one
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approaches the surface the effect of buoyancy tends to'
be reduced, He has also shown that the length of the
observation period required for an adequate sample is
conslderably less than that required at higher elevation,
It would appear that in the interest of securling accurate
results, measurements should be made as near the sur'face
as possible. Yet, near the surface the frequencies of
-Temperature and wind fluctuation are higher than at upper
levels, thus raising the requirement for high fidelity

at high frequency in the measuring apparatus. The two
effects are antagonistic,

Divergence effects:

If one investigates the spectrum of eddy motions
there 1s ample evidence to show that the scale of turbulent
motion covers a vast range from millimeters to kilometers,
Expressed as frequency, the fluctuations can vary from
many cycles per second to only a few per hour or perhaps
even a few per day. These slow, large eddies effect one
of the fundamental assumptions in all of the theories that
explain turbulent transfer of alr properties, namely, the
requirement that ﬁo mean vertical mass transfer exlistg,

that is

_)5__—=0
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This assumption 1s valid at the earth's surface. It
1s also met if the horizontal surface 1s a pressure
surface provided the system under investigation has
material vertical walls, a situation not true in the
open atmosphere,

The assumption is not met if the surface is not flat
or does not have uniform thermal properties on a scale
‘comparable with the largest eddies. In fact, we might
go as far as to say that the departures of the actual
experimental surface from a mathematically uniform sur-
face, may be the cause of the larger eddies. In this
regard, the O'Nelll, Nebraska site was ideal in that not
only was the surface quite flat, but it also had a very
uniform surface cover, soll thermal properties and albedo
on a very large scale., On the other hand, the University
of Wisconsin Marsh Farm site used in the 1952 experiments,
while exceptionally flat and uniform for a 80-100 acre
site, (even the plants’ were remarkably uniform) was differ-
ent from the surrounding area. The water table was only
18-20" below the surface of the field, so that the plant
always had an ample moilsture supply. The heavy evaporation
would tend to make the field cooler than the surrounding

area., Thus, it is entirely possible that a sea breeze type

cilrculation was super-imposed on the mean flow.



September 3, 4, and 5, were three clear days in
sequence with almost identical amounts of net radiation.

The evaporation obtained from heat budget calculations

for September 3, and 4, were almost identical yet the
measured evaporation obtalned from the lysimeter showed

a 30% increase on September 4, over that measured for

September 3. September 4, was a hot windy day with consider-

‘able warm alr advection.
The reader will recall that the temperature and
vapor pressure gradients were measured about one meter
above the corn whose average helght was about three meters.
Evidently, in this case the divergence terms shown in
Figuré 1l could be an important additional heat source,
Richardsorls number for the midday hours on Sept-
ember 4, 1s significantly less than for the same hours
on September 3, indicating a greater bouyant instability
on September 3, One is tempted to conclude that the under-
estimation of evaporation on September 4, arises from the
fact that sensible heat was over estimated because the

K
ratio Tc‘% was really less on September 4, than on Sept-

ember 3, rather than equal as assumed in the calculations
of the heat budget., We find that on September 5, the
Richardson's number for 11-12 o'clock observations indicates

even less convective instabllity yet the agreement between
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lysimeter measured evaporation and heat budget calcu-
lated evaporation 1s again as good as on September 3,
two days earlier. In Figure 13 a chart showing the
hourly changes 1n mean soil temperature, we see that‘
at OOlh on September 4, the solil was the coldest of the
three days shown, yet at 2400" of the same day 1t was the
warmest., Clearly on the day with the greatest soll heat-
.ing, the greatest measured evaporation, and the maximum
change in ailr temperature, more energy than avallable from
net radiation is required to balance the budget.*

Thus 1t appears that the problem of whether or not
KH = KV is stlll not settled. The precision of measure-
ment required has not yet been reached 1n those measure-
ment techniques making use of energy balance, nor those
using instantaneous values of W, T, and Q, Perhaps the
concern over KH and KV is from applied micrometeorology
standpoint, like kicking a dead horse. A large error 1in
KH does not give rise to as large an error in evapo-
E@tion since in the calculation E is proportional to the
quantity (1 + “H ). Horizontal divergence is likely to

give much larg§¥ errors.

¥*In another experiment (to be reported on in detaill else-
where) conducted at Hancock, Wisconsin, in 1955, over
irrigated alfalfa but where gradlents were measured only
10 e¢m from the crop surface, no divergence effect was ob-
tained. Moreover, the ratio __ E(heat budget) remains
E(lysimeter)
essentlally constant over a wilde range of Richardson's
numbers including both positive and negative Bowen ratios.
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The Heat Budget Experiments:

Heat budget measurements were obtalned at two
different sites} The University of Wisconsin Marsh
farm dugiing the summer of 1952 and the 0'Neill, Neb-
braska site during the summer of 1953. The heat budget
measurements were complete during the 1952 experiments
in that independent measurements of moisture loss via
an evaporimeter were avallable. On the other hand much
more data from other participants is available, from
the Nebraska experiments. Unhappily, no direct moilsture
measurements were possible during this experiment. What
follows now is a detailed description of the instrument-
ation used for the 1952 measurements. The 1953 measure-
ments at O'Neill were for the most part similar to
those taken in 1952 except for some improvements in samp-
ling frequency. Details concerning the methods of measure-
ments, accuracy, etec., will be dealt with quite thoroughly
in the forth%oming publication from GRD, summarizing the
results of the experiment. Figure 4 shows shematiec layout
of the instruments used in the 1952 series.

(1) Site. The measurements were taken on the University
of Wisconsin Marsh Farm. This 120 acre fileld is exception-
ally level, having height variations of only 15 to 30 cm

over most of its area. A particular feature of this location
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1s its uniform soil characteristics both with respect

to composition and moilsture content. The water

table 1s held at a constant level 40 to 30 cm over most
of its area. The peat solil provides an ample supply of
moisture from below through capillary action, Lokken
(1950). Obstructions to wind were one mile to the south-
west, three-fourths mile to the south, one-half mile

to the west and northwest, one-fourth mile north, and
1,000 feet to the east.

(2) Net Radiation, R(z) The net shortwave and

longwave radiation was measured with a net radiation
instrument, mounted horizontally at the same height as

the Assman psychrometer mast, A complete description of
the 1nstrument, method of zero set, calibration method,
and accuracy has been given in a paper by Suomi, Fransilla

and Islitzer (1953).

(3) Soil Storage, B, --- The flow of heat into or out
of the earth's surface.is given by the product of the thermal
conductivity and the temperature gradient in the soil bounda-
ry soll layers., This simple relationship is not usable be-
cause the thermalabonductivity of the soll is not a constant.
It depends on the soil composition, compaction, and moisture
content, This is not the only difficulty. One is foreed

to obtain the temperature of a two-dimensional surface with
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a three dimensional thermometer. Martinelli, et al, (1949)
and Deacon (1949) have described heat meters based on
this conduction relationship where the temperature gradi-
ent exlsting across a thin sheet of bakelite or glass of
constant conduction characteristics 1s measured with alter-
"nate Jjunctlons of a thin thermopile., A number of heat
conduction plates following the construction described
by Deacon were made and embedded at various depths and
locations in the soll. Results, however, were not satis-
factory. When the plates were mounted near the soil sur-
face as was necessary to account for most of the soil heat
flow, they interfered with flow of moisture through the
surface and, therefore, with the heat capacity, conduc-
tivity, and equilibrium temperature of the soil. On the
other hand, 1f they were set deep enough not to affect
the molsture flow, most of the heat transfer occurred
above them, thus making it necessary to do calorimetry
for that soil layer. Vehrencamp (1953) has used the heat
meter method to measure the heat budget of a dry lake bed.
Here evaporation and soil molsture changes were negligible.
He mounted his last meters only 2 mm below the smooth sur-
face and used a soll and water paste to cement them in po-
sltion.

The calorimetric method of obtaining BO requires a

measurement of the soll temperature profile and the soil



heat capacity. The heat conduction through the surface

can then be obtained from the expression:

g = %{ysc,AToz (6)

o

where ¢

s 1s the specific heat per unit mass and _ﬁ

.is the soll density. 4 T is the temperature change of
each léyer for the period in question. Eight thermo-
‘couples at varilous depths were set out for a main support
similar to the arms of a series of stacked 1ettef E's so
as not to disturb the structure of the soil. The soil.
conduction terms for May 28 - 29 and June 26 - 27 were
-obtained with this apparatus. It was found necessary to
adjust the specific heat of the soil from .74 to .80 to

keep from getting inconsistent results in the remainder of

the heat budget. Apparently hand cultivation in the 1mmed-.

late vicinity of the temperature probe did not quite dupli-
cate what was done by the farm machinery elsewhere,

| Referring to equation (6) one sees that there is not
much point in getting a profile of the temperature with-
out at the same t;me having a profile of the soil heat
capacity., It is difficult to sample thin layers of soil

so the mean heat capaclty for O to 7 em, 7 to 20 cm, and
20- to 30 cm layers were taken., The heat capacity per unit
volume for each sample was obtained with an electric calo-

rimeter,

33



Since the filnal use of the soll temperature profile
1s to obtaln the average temperature change for the entire
layer, 1t is much simpler to do the actual averaging with
a long resistance thermometer element, Better sampling
was also obtalned by using ten nickel resistance thermome-
ters 30 em long connected 1n series with appropriate compen=-
sation leads. These elements were set across ten rows,
.each element representing a different part of the row.

The temperature change was obtained from resistance changes
which was measured on a Wheatstone bridge. This method

of obtaining B0 was the best of three methods tried. More-
over, the equlipment was easy to bulld, callbrate and use,
The advantage gained 1in having a better statistical sample
outwelghs the error introduced by using the product of the
mean temperature and mean soil heat capacity instead of the
mean of their product.

After a serles of tests in which all three methods of
measuring the soll heat conduction term were compared, the
soll temperature profile and heat meter methods were aban-
doned. The data for August 27 - 28 and September 2 - 5
were obtalned with the ten resistance thermometers, Hour-
ly measurements of heat capacity were also taken, This
method gave an error of 5% of the soil conduction term, thus

only 1 to 2% of the total,

34
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Temperature and Molsture Gradient:

Ordinarily, temperature and vapor pressure profiles
near the earth's surface are obtained by measuring the
difference in temperature of thermocouples set into two
or more psychrometers. The use of instruments of similar
.construction and exposure, together with the difference
measurement, tends to eliminate most of the errors in
absolute magnitude. However, Pasquill (1949) statés that,
in spite of care in construction and exposure, enough
errors remaln to warrant frequent zero checks. Presumably
these residual errors are due to differences in wet bulb
feeding, imperfect wet bulb performance, dirt accumulatilon,
and spurlous thermal e.m.f,'s.

The temperature and vapor pressure gradients for this
experiment were obtained with a single psychrometer similar
to the one described by Pasquill (1949) mounted on an auto-
matic electric 1lift. The psychrometer's position was changed
from 10 em to 33 em to 100 e¢m, back to 10 cm, and so on
every 80 seconds. The 80-second interval gave 14 obser-
vations per hour of dry bulb temperature and wet bulb de-
pression for each-height. The remaining 60 seconds of the
sequencing interval were used to record zero's and the
other parameters. It was found helpful to include a refer-

ence mark to indicate when the 1ift was at the bottom positilon.
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- With this scheme each measurement had the same wet and

dry bulbs, same thermojunctions, same soldered connections,
same wires, same relay contacts, same potentlometer record-
er, same pen, same chart, same zero check, and approached
the reading from the same direction, thus giving the same
dead zone error, While this last statement seems to be over-
emphasizing.details, every one of these polnts could be a
source of systematic error which would cause concern when
dealing with small gradients.

In addltion to the precautlions mentloned above, the
thermal mass of the dry bulb was adjusted until 1t had the
same time constant as the wet bulb, Spilhaus (1936) has
shown that unequal time constants will. Introduce an error
during unsteady conditions.

Apart from the strictly instrumental sources of error,
there remains the effect of the fluctuations of temperature
and vapor pressure on the accuracy of the hourly means. The
large thermal mass of the psychrometer bulbs removed fluctu-
ations whose periods were shorter than ten seconds. However,
large fluctuations of a much longer period remained. Shannon (1949)
in his development of eoﬁmunication theory, has shown that 1n
order to reproduce completely a signal whose highest frequency
has a period 7 , it 1s necessary to take samples at twlce the
highest frequency or every‘t/e seconds, This requirement was

certainly not met in our equipment, nor can it ever be as long
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as measurements are made in three places with the same
instrument. In order to gather more samples, the time
constant must be shortened to allow more rapid adjustment
to the new environment, This in turn would increase the
band width and would raise the highest frequency of the
‘signal. The two properties are antagonistic, Of course,
one can sample rapidly first and integrate later, but the
two cannot be combined in one instrument,¥

An error analysis of AT/aAz and Ae/Az for eight hours
of data for May 28, 1952 under unstable conditions and four
hours of data under stable conditions were carried out by
Mr., Norman Islitzer and Mr. Chi-Ling Lee. If the obser-
vations at each level are considered independent of each
other, the standard error of the mean is about 15 to 20%
of the gradlent being measured. This represents the maximum
error, If the fluctuatlons at the two levels are related;
the error 1s much less. When the correlation coefficient
between psychrometer readings at one level and another equiva-
lent psychrometer of il1dentical characteristics at another
level 1s .9, the standard error of the mean 1s only 4 to 6%
of the gradient béing measured. This represents the lower
limit of the error, If the correlation is .8, the standard
error of the mean is 8 to 10%. .It was not possible to establish

the correlation coefficlent between TlO’ and T33, and TlOO

*¥In the O'Nelll experiment this difficulty was eliminated by
using two psychrometers mounted on a double 1lift.
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because of having only a single psychrometer, Data
presented by Geiger (1950), Gerhardt and Gordon (1948),
and Rider and Robinson (1951), indicate that r = .8

is a reasonable value, ‘

Evaporimeter:

The evaporimeter was used to obtain direct measure-
ments of the latent heat flux, It consisted of a tank
20" deep and 60" in diameter, floating in another tank
66" in diameter. The inner tank was filled with earth
which held full sized corn plants arranged in rows to
simulate the surrounding area. These plants were trans-
planted about three weeks before the measurements were
taken, Whole blocks of earth were moved to prevent dis-
turbing the root system. Raln which packed the earth ooqur—
red several times 1n the three week interval. There was
no wilting or other apparent damage to the plants. On
the whole the evapérimeter was an excellent sample of the
surroundings. It was not possible to distinguish it from
the surroundings when viewed from above on a 100-foot tower
100 feet away. 3

The surface of the water in the "moat" was covered
with oll to prevent water loss from evaporation. A Hooke

gauge and stilling well enabled the change 1n mass to be

measured from the use of Archimedes! principle., Changes in



39

the water level could be read to ,001 ft. (.3mm) and
were estimated to .0001 ft. (.03mm). The resolution
of the evaporimeter was not good enough to obtain hour-
ly values of evaporation. However, since the water loss
was cummulative, the percentage error was less than 10%
Afor the periods of several hours,
The accuracy of the direct evaporation measurement
was not limited by the accuracy of the water level measure-
ment but by the area the evaporimeter was set to represent.
This area was not the surface area of the inner tank. In-
stead, the area was chosen to equal that represented by
an equivalent length of plant row held by the evaporimeter,
The data for the 1952 heat budget series is tabulated
in tables 2 - 5. The headings of the columns are self ex-
planatory. Another summary of the data 1s shown in figures
5 to 13. Note that negative values of GO, AO and Eo have
been plotted in order to save space, The values of ener-
gy tabulated for net radiation exchange and soll storage
in the tables and diagrams that follow can be considered
quite relliable. This 1s especlally true of the August
and September data where a superior model of the net
radiation instrument was used. These data have been
corrected for a small error due to variability of the

absorption coefficlient with wave length. The soll term
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for these data was also under finer control because of
the method of sampling and the frequent heat capacity
determination, The least precise part of the measure-
ments was the determination of the gradlients of temper-
ature and vapor pressure especlally at night when they
were small,

Measurements 1n every case were made at two heights
.In order to test whether or not the Bowen Ratios were
constant with height. During the May observations the
plants were 8 - 11 em high, spaced 20 cm apart, in north
south rows, 1 meter apart. On July 19, the plants were
30 em high,

By late August the corn was full grown, and a new
1ift and psychrometer with stops at 237 cm, 342 cm, and
484 cm, above the soil was necessary to get the measure-
ments above the corn crop. At this time very little sun-
light reached the soil (except for 20 minutes during local
noon) so that a rough .but uniform surface was present, The
lowest psychrometer level 237 cm above the soil, was about
the same helght as the corn tassels and was effected by
the presence of nearby plants. In some cases the lower
gradient actually reversed sign. Apparently, it 1is neces-
sary to take both space and time means when working near

an inhomogeneous surface, At night i.e., during the time
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that the net radiation was negative, the lowest gradient
measured at 237 to 342 em was used for the Bowen Ratio,

since the uppermost one was generally very small, Dur-

ing the day the gradient measured from 342 to 484 cm

was used. Thls change 1s indicated in the table by the

horizontal bar.



TaBLE IX

HUAT BUDGST OVid UNIVAGWITY OF +/1SBOKSIN
VARSH FARL CORNFIZLD

| R ———— oo ey — o ]
Time ; 1 B, E S e SR
wepte 2 \
1000-1105 405 38 .78 206 161 16.4 14.3
1105-1200 334 ab s 2 26 16,8 142
©+ 1200-1300 © 340 -4 68 205 139 16,8 1.6
1300-1400 203 =l W53 W2 75 16.6 146
L400-1500 205 . =20 6L 137 S8 1612 1.2
1500-1600 144 -2 65 103 67 16.0 13.7
1600-1700 112 =38 .16 129 21 15,8 13,0
SC:ito 3
0200-0300 '=64 °~ =26 1,04 =18 -20 14.1 11,9
0300=0400  -€0 =26 .52 =35 =19 4.7 12.0
04L00=C500 - =91 =32 W77 =33 =26 147 12,0
0500-0600 ~110 =40 51 =46 =24  1i.6 124
0600=-0700 60 -20 .28 62 18 1k.9 13.5
0700-0800 263 U W74 143 106 15.5 1443
CuC=0900 452 LYy W61 252 256  15.9 14.5
Q9CC=-1000 610 80 .99 266 264 16.0 14.8
10C0=-1100 695 106 81 324 268 16,7 Vsiehs
1100-1200 721 W8 .53 374 199  19.8 1546
1200-1300 684 O, .76 334 256 20.6 1649
13001400 . 598 30 .69 336 232 19.0 17.6
1400-1500 62 6 1.05 222 234 2044 18,0
1500=2600 2¢ -20° L,57 191 116 18.9 16,5
1600-1700 102 =32 .57 8BS % 17 1845
1700=1800 = 54 . -48 .8 L =10 16,2 i
1600-1900 =121 =72 2.6 -13 =36 15, 13,6
1500=-2000 =107 -110 1.9 i 2 12.5
2000=-2100 =106 -2 2,2 =10 =24  1h.1 2.7
210U=2200 =106 - L8 2,8 =15 =43 143 12,9
2200=-2300 =100 - 40 1.8 -21 =39 14, 1246
38 1.5 =26 =40 14.3 12.4

2300-2400 =104 - 38




TABLE II Continued

mb T o nb u M/sec, u }/sec, ut—..uqOI’I' dd Cloud
10.5 -028 . =0.23 3.05 602 1.97 M 8 Se
7046 -U,31°  =0.44 277 5.25 1.90 W 9 Se
10.6" -Ue220 ~0e19 3.02 6.00 199 WL 9 Se
10,7 -0,.10 -0,12 2.78 5.63 2,02 WIS 10 Se
10.5 ~Uel12 -Ce12 3622 6469 207 Wil 10 Se
l’\;os “"&)106 ¥ "0006 3-25 6.50 ’3001 :I-u‘ 10 -‘.50
16.7 -U,01 -0.04 347 G.08 1.98 wlii 10 Se.
1106 o13 08 1073 3-32 2.26 W/ 9 Se
12,6 T IR Lokl k15 2485 W 3 S
1363 22 28 1.18 4432 2.82 I : Ci
13.8 «13 «30 1.36 3420 234 Nl 1 Cu
13o7 “-ls "'13 10(15 3.5 2.16 I:” 1 Cu
12,8 -o 17 -,18 1.62 Je25 2,01 i 0 -
1.2 -37 -2l 1.63 3463 l.62 Wl 0 -
9-8 "'-‘-7 -045 1052 Zlal 1.8 :ﬂy 0 wen
Ge9 - sy ~-.35 1.55 204 1.95 8] 0 m
10.1 =0 ~34 2.0 " 4518 2,05 N 0 -
10.4 =10 -2 .29 287 2.2 Ny 0 -_—
lCo5 "'t33 "020 1-71 fit'is 1.62 N O ———
1C.9 -e32 -.36 1.16 Ze53 2,20 N 0 ——
11.0 -.06 = =,09 1.48 2,71 © 1,60 ot 0 -
11' 5 . 05 . Ol} ki - o 2 . 10 Vs iy "J 0 L]
13.1 W73 .18 - 1e54 —— W 0 ==
1201& 10513 ' 062 s o lol}l{- bt W 0 o
1200 1.60 05 s 2-09 Srueneine ” O -
11,9 .78 .18 e 2.85 ———— o 0 ——




Tﬂlﬂjﬁ II

-=———Cont lnued

Time B, By i S AR e
SOI’t . l}
24L,00-0100 <104 -36 2.5 -21 =7 4.8 12,2
0100=-0200 =104 -30 1.8 -23 -4l ‘1462 12.3
0200-0300 =102 =30 1.5 =29 -43 158 122
0300-0400 =100 -32 1.3 -2 -38 142 12.0
OLCO=-0500 =102 -4 1.6 -23 -38 142 11,8
L 0500-0600 - 95 -32 1l -26 -37 14.1 12.4
0600-0700 36 16 56 13 4 1he2 13.8
O700-0800 254 I 2% 35N L5 15.0 16,0
C800=-0900 443 80 .70 “218 152 15,8 1158
0UCu~=1000 578 118 61 286 174 16,1 1.5
1000=1100 666 142 54 340 184 16.7 19.6
1100-1200 709 140 1.23 255 314 2064 2C,5
1200-1300 691 yiA 63 379 238 22,5 2148
13C0-1400 596 IXe) 49 373 1£3 19,8 22.2
1400-~1500 4506 1 o175 252 190 214 22,8
1500-1600 QC i l& o»‘.’- 230 63 B (" Je 9 23 .0
1600-1700 110 -2, O 5 2 112 17.9 22+7
1700-1.600 =60 41 =1,06 2% -39 16.8 21.5
1800-1900 120 =46 . 7.27T =9 -65 158 12,9
1G00=-2000 =116 -0 T 5,3 -12 -5l 1543 1748
2000=-2100 =119 -38 8,3 -26 -55 153 17.8
2100-2200 =118 =32 0,0 — 1748
2200=-2300 =121 ~30 3.7 -8 -2 ———— 1549
2300-2400 =119 -0 T2 -0 ~51 —— 15,8
Seit ) 5 2
BAQO—uIOO —116 —hh lo55 -90 '34 P 1507
QLCU=-0200 =118 =30 1.28 -36 ~50 —— 1569
0200-G300 -1 -3l 1,05 =39 -2 —— 1542
0300~0400 -*07 -1,0 O1 =35 -32 —— 1445
OLUC=0500 =105 -32 1 =4 -31 —— el
U5UC=0600 = 75 -12 55 =33 -30 — 3.8
0600+0700 83 (20 98 83 - O s SO
Q700-0800 28 40 W16 004 37 ——— 17.3
0800-0900 470 50 26 33 66 ——— 1946
090L~1000 609 76 o7l 312 219 ——— 21.9
1000-1100 687 116 33 428 143 —— 234
1100-1200 717 130 27 463 124, — 247




TABLE II

~-==Continued

TSI
mb 7°C, mb  u }/sec, u li/scc, 230, dd  Clowd
/ / 1 1,

1102 .58 015 '87 3-‘&5 3-9’+ S 1 Ci
1l.1 »60 22 73 3.2 422 SW 5 Ci
11,1 +52 22 o Th 3421 L35 SW 0 -—
1101 065 432 065 3-10 4.75 SW 1 Ac
1106 039 .17 086 3.16 3.65 Sh 0 -
1;3.3 005 ""007 |99 2.76 2079 SW O ——e
13,0 -»03 -,07 v93 2455 2.73 S 0 —
12..8 "02-'44 -eR2 1-63 3'86 2-38 Si 0 —
1301 "020 "’021 1.81 3-26 1081 S 0 -
13.1& ""031 "'037 2035 3'90 1.66 SS‘” O b
1301-} "‘019 ~.10 2.50 4.06 1.62 st 0 =ik
l.’+-l "039 -.1;0 1.92 3.28 ].071 S 0 —
12.6 -, ~26 2.45 3.78 1.72 SW 0} —-—
].2.7 "013 "oll 2.28 3.81 ].068 S” O ——
1208 "'.ll "026 20M 3061 1-69 S 0 y -
12.3 ~-+01 - 17 —— -—— 1.81 S 0 ==
Uik 26 -405" —— — 2470 S 0 -
lh.l; .80 007 076 3086 5:03 3 0 -
11-}02 091 .11 071 ;).160 3057 S O -
13.8 .05 012 2,10 Ly 4Ol 1.92 5] 0 —
1301& 032 026 2-2 -}-1-006 lqt)h S 0 "o
13.1 .29 005 1073 3.1].7 2000 3 0 —
1300 038 .21 1.86 3062 1994 s 0 b
1207 012 .05 2.05 3032 10815 S 0 i
12.6 -314- 017 vy i b g S 0 -
12.8 036 0y 2,19 395 1.80 S 0 -
12.5 oy W31 1,28 3.08 2.10 S 0 ——
12.4 039 34 1,60 3.32 2.07 ] 0 —
12-1} 1107 032 1032 2.86 2.17 s 0 ——e
12.5 u‘&e 033 2.37 3‘92 1066 S 0 e o
1209 "'002 "008 2'91 hoBO 1065 s 0 .
1!440 "'CO‘&. -.10 b 5 0 ——
1500 "011 ""lo 3030 5.08 1-5“— S 0 laand
16.3 "‘013 "025 3'58 ‘)165 1.58 s 0 ——
17.0 -17 -l 3.04 G405 1,67 SW 0 s




TABLE III

HEAT BUDGET OVi: UNIVLRSITY OF ulIaCOHSDX
VARSH FARI CORNFIGLD

Time R, By E L T Ce TOC,
Aupgust 27 A
1500-1600 431 -17 -0,05 472 2l 29.8 29.2
1200-1700 214 -19 -0,08 248 -8 28,6 28,6
1700-1800 30 =36 -0,23 g8  -22 26,9 27.3
1800-1900 =63 71 ~0439 13 -5 25.9 254
1900"2000 "'73 '1&8 -1.,10 ~12 "13 25 «0 214- ol
2000=2100 «~67 =48 -54.60 L =23 245 23.3
2100-2200 =65 -8 -1.93 18 =35 24,2 22.5
2200-2300 =68 =36 —— — —— 23.9 21.5
2300~2400 =74 =31 cm—— m— ——— 23.8 22,3
August 28 :
2400-0100 =74 =33 — m— - 23.7 22,1
0100-0200 «40 -28 —— —— — 23.6 ——
0200=0300 =47 -28 ——— m— o 23.6 20,2
0300-0400 =33 -42 ——— — e 23.3 20.2
0L00~0500 =38 -42 23.3 20,8
0700-0600 154 50 0.11 oL, 10 23.7 21.8

800=-0900 20 %g 0.00 145 0 2442 23.4
0900-1000 21 0,04 140 5 2.3 24,0
1000-1100 527 167 0,17 309 51 2545 2545
1100-1200 669 167 0.35 373 129 2644, 2645
1200-1300 567 8l 1.28 212 271 28,9 27.8




'l‘ABIJ.". III —===Continued

mb T%. mb  uMsec, u M/sec, g%)%_ ad Cloud
2045 0,02 =0.24 3.39 515 1.52 S 1l Ci
21.0 0,01 =-0.20 2,61 L53 1,62 S 0 Ci
22.7 0,08 =0,13 1.03 3.17 2.2 3 1 Ci
22.8 0.2, =0.14 1.01 8.33 3.19 SSE 1l Ci
2106 0.35 "0001{, 1‘1-}8 5050 3.72 SSE 0 -
21.!& 0030 -0.10 02h 2027 9.&2 SSE 0 s
21 [ 2 bt it Sp_—— . hl 2 . l&l 5 . 91 SSE 0 il
19 . O ot AN < cse o 10 9 3 . 81 l . 93 SSE 0 e ud
17.3 1.00 3.68 1l.51 SCE 0 ——
88 2.73 3.08 SS8B 0 —
17 . 5 kg~ il . 58 2 . 2’-} 14-0 80 SSE 0 Lo
l7o6 e T 050 2.29 l&-()l SSE 5 AC,SG
1746 wmee ———— o4l 2.23 5.0 858 9 Ac,Sc
17.5 .85 2,87 3.32  SSW 6 Ac,Sc,Ci
7.6 0312 -0.12 .39 2,02 5,10 SSW 9 Ac,Sc,Ci
18.4 -0,03 =~0,18 63 2,08 3,28 SW 9 Ac,Se¢,Ci
19.3 =0,00 =0,09 .79 3.06 3.0 SSW 9 Ci
2044 =0,02 =0,29 —— —— ———=  SOW 9 Ci,Ac,Ad
21l.1 -0,12 "'Ocl{l} o b 1087 SW 6 Ci,Ac,Sc
21.8 =~0.33 -0.60 1.21 2,03 1.62 W 6 Ci
214,. 8 "O . 08 "‘O . Ol} Lt b Toonnen: S” 7 Ci ,Ac F} Cu
CTOC QR 0T S (E— s wwin. B 7 Ci,Ac,Cu




TABLE IV

HEAT BUDGAT OVIR UNIVEISITY CF WISCONSIN
IARSH FAILL COIFIELD

Tine Ro Bo B L 1.5, e

June 18

1000-1100 0,886 03076 0.753 0.462 0.348 41 20,24
"1100-1200 0,976 0.074 0.698 0,531 0.370 L6.5 21.48
13C0-14L00 0,587 0.075 0.819 0,282 0.230 49.8 22,11
1400-1500 0,499 0.065 04954 0,221 0,212 41,1 22,32
1500-1600 0,418 0,039 0,783 0.212 0,166 4O,T 22,12
1600-1700 0,281 -0,0004 0,930 0,146 0,135 39.6 21.87
1700-1800 0,076 ~0.053 0,716 0,075 0.054 313 2138
1800=1900 =0,060 =0,058 04522 wmmmm ———— 2440 20,44
1900-2000 =0,134 =0,076 =1,67¢ 0,086 =0.144 184 16,04
2000-2100 -0,129 =0,066 =3,556 0,022 -0,085 a7 Lhobh
2100=-2200 =0,125 =0,065 =14.838 0.004 ~0.004 13.1 1399
2200-2300 -0,112 -0,053 =~2,6¢7 0,031 -0,090 12,0 12.43
2300=2400 -0,076 -0.051 =2.0 0,025 -0.050 121 e

June 19

0000~0100 =0,074 =0.074 =1.067 0,065 =0.65 13.5 14.03
0100-0200 =0,084 -0,063 =1.251 0,084 =0,105 13,6 13,69
0200~0300 =0,102 =0,057 «6.378 0,008 =0,053 11.8 11.79
0300-0400 ~0,059 ~0,028 =4,909 0,008 -0,039 11.4 12,01




TABLE IV <=w=Continued

b - - mb u 1/sec. u M/scc. “‘lOI'}. dd Cloud
11,93 20424 -1.27
1l.42 22.32 ~1.78 W 4 Ci,Cu
11.24 22.1) ~1.30 34 Nd 5 Ci
11.07 22.32 -0 74 5.7 NV 8 Ci
10063 22012 "'0086 611 )I‘)‘Air 6 Ci
10,99 21,38 -0, 78 10.1 2 Ci
11077 20.’{1} "0032 ll-l{- 0
13426 16.04 -0.18 1.3 0
12039 lll-ollrl& "0017 1'6 0
1L.76 13.99 -0.05 145 0
11.46 12,43 0,30 1.8 0

— 1.1 L
]42'31 M.OB “0.33 007 b
11,63 11.79 0.06 1.1 : § i}
11,92 12.01 -0,07 0.6 N 9 Ao




TABLG V

HUEAT BUDGET OViR UNIVOUSITY OF WISCULSIN
HARSH FAR. CORIFIILD

May 28
0430-0530
0530~0630
0630~-0730
0730-0830
0830-0930
0930-1030
1030-1130
1130-1230
1230-1330
1320~1430
1430-1530
1530-1630
1015-1£30
1630-1930
1930-2030
2030~-2130
2150-2230
220,0-2335
2341-~0030

May 29

0030-0130
0130-0230
02350-0330
0330-0430
0430-0530
0530=-0630
0630=-0730
Q730~0530
0830~0930
0930-1050
1030~1130
1130-2200
1200-1300
1300=-1400
1400-1500
1500=1600
1600-1700
1700-1800
1800-1900
1900-2000

"'00057
0.058
0.2L3
0.4958
0,701
0,041
04803
0.751
0,601
0.583
0.321
0.318

-0,011

"(.)0032

~0.047

"‘0.039

~0.127

-0.121

~0.12
~0,127
"O . 123
-0,118
"'O L] OC’I{-
0.119
04344
040633
0,819
Us941
0,017
1.053
1,025
0+993
Oe594
04354
0.200
O . 1148
""O . 032
-0,054

o e preeet sou w0

0.012
0.079
0.093
0.097
0,080
C.039
0,020
“00001
~0.029
-0.050
~02008
“0.075
~0,062
“‘O- 058
-0,088
~O.102

-0.073
-00067
"00063
"'O . 025
0.046
0.077
0,130
0.18
Oe2ldy
0227
0,197
0,142
0,086
—O-OU&
~0.066
~0.002
-Oa 1()1
"OolM‘.
"O-O(JS

“1093
0.09
O.ll-é
0,20
0.27
0.23
Ce22
0429
0.23
0.22
0.19
0.2,

"0018

=0.27

~0435
=052
=05

"'O. 2

"'1.82

"3030
-2 105
"3 020
5404
0426
0,40
Q37
0440
0.61
0.65
UI80
C.73
0.60
Ue60
0.56
0.56
-U,01
~-0.73

4.00
“'0.1&6
0.33
00215
0025
023
C.31
0.25
0.30
ol..8
Ue35
0.22
0021
~-0.50
~0.78
=049
-0.25
"2050
“'5000

“'5 03()
5436
11.32
24
Q.JO
~0.27
0.61
0,66
0.58
CaTh
0.90
Q77
0,93
0,88
1.04
'J.?S
0.76
3.87
"0009
“'O¢23

"'O. 039
0.041
0 0078
0.121
0,105
0.195
0,146
0.139
0.134
C.096
0,070
0,009

-O . Ol{‘B

~0.053

-0,018

"O . 015

"O . 065

-0.024

“"O . 037
"O L] 01&5
~0,033
“O . Ol}l
-0,027
~0,027
0.101
04199
0.233
0.297
0374
0.372
U425
Coli2Ly
0.309
0,184
0.121

8.60
9.85
10.53
11.56
12.22
12.60
13.76
13.64
13.37
13.23
12.26
10.92
979
)065
/'cll
0086
€451
Tek2
6419

5.18
5440
"-lr-ll-7
3.05
L.88
7.68
9453
12.75
14012
15.19
17.08
17.67
18.22
15.09
1%.14
18,63
1E.45
18445
16.46
15.15
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- POWER SPECTRUM OF SONIC ANEMOMETER WIND AND SONIC
TEMPERATURE MEASUREMENTS

I. Introduction:

In a number of problems concerning turbulent motion

in the boundary layer near the earth'!s surface, 1t 1s
especially helpful to be able to resolve the wind V, in-

to its three components., Ordinarily u is taken in the
direction of the mean wind, v and w are taken normal to
the mean wind, the former belng horizontal and the latter
vertical, In such a co-ordinate system it is clear the

v and w opmponents'can take on either sign. A sultable
anemometer must, therefore, be able to measure the wind
component through zero to negative values,

Of particular interest to studies of turbulent
motion 1s the distribution of eddying energy with respect
to the scale of the motion. If we assume that the time
a turbulent element takes to pass the point of observation
1s much shorter than its lifetime, then the scale is related

to the mean wind by the expression

3 Sl

ot ”
where lf is the mean wind and n is the frequency of the

wind fluctuation. Insight into the problem of determin-
ing where in the scale range the eddyling energy is gener-
ated and where 1t is dissipated 1s conslderably enhanced
by presenting the wind data in the form of i1ts power spectrum.

The first purpose of this paper is to describe a sonic



anemometer-thermometer which can resolve the wind into
components with high accuracy. The anemometer makes use

of the fact that sound traveling with the wind goes faster
than sound traveling against the wind. The sonic anemometer's
output is linear with wind velocity over a wide range on each
side of zero, The sonic thermometer makes use of the

fact that the éverage velocity of sound with and against

the wind is proportional to the square root of the absolute
temperature. A second purpose 1s to describe a means for
obtaining a record of the wind component from the ane-
mometer in a form that lends itself to analog methods of
power spectrum analysis. Finally, the details of several
analog methods of power spectrum analysis and some sample
analyses are given.

II. Sonic Anemometer Theory:

T Te
O — ._.!2__.—4:
B e fies T8 WSS T et winy
Re h Ri
5 d "
- fig.|

Consider the array shown 1in Figure 1, where Tl and T2

are sound pulse generators and Rl and R2 are the respective
detectors, separated a distance d, from the transmitters.

Recelver Rl recelves the sound pulse from Tl and so on.



It is easy to show that the difference in transit time
for the sound pulses traveling in opposite directions 1s

glven by the expression
vl_cb

where d. 1s the distance between transmitter and receiver,

A fess

Va is the line average component of wind parallel to the
direction d, of the array, C 1is thé line average velocity
of sound along the path in the medium and V is the total
wind. In obtalning this expression, Blochinzev (1946),

we use the same relations that apply in geometrical optics,
i1.e., that the inhomogenities in the médium are larger than
the wave 'length of sound. In addition we assume that ?he
sound tréveling in each directlon follows the same path,
this point will be elaborated upon later,

Ordinarily 022>V2 so we may write with good accuracy

2d V. (2)
CL
At ordinary temperatures 1f the total wind 1is less than

at,

50 mph the error resulting by dropping the V2 term 1s less

than .5%. An elementary physics text book will show that

I is the ratio of specific heats of air, R 1s the specific



gas constant and the other terms have their usual mean-
ings.

It is easy to show that in atmosphere near the surface

H: § 5n9pT ! 5 LS_P: L3R ano(.g_'f:‘_ /o~
g ' i

s

where § T, {p and § p are the short time fluctuations of

- temperature, density and pressure respectively, Pressure
fluctuations are two orders of magnitude less than density
fluctuatlions., We can substitute (3) into (2) and assume

p constant with an error of less than 1% and obtain

JEBE
/ Y P
Thus the difference in transit time is equal to the mass
transport accurate to better than 1%,

III., Sonic Anemometer

Credit for the first sonic anemometer should go to
Carrler and Carlson (1944) who described a true air speed
Indicator for use on a blimp., Their instrument only part-
lally completed, measured the difference in transit time
in terms of phase differehce between signals received
at two microphones, one located up wind and another down

wind from a continuous sound source, . They also described



.a servo controlled computer which would convert the
phase difference to a wind velocity (air speed in

their case) but they did not have the opportunity to
complete the instrument. Suomi (1946) described a
pulse type sonic anemometer where small spark dis-
charges were used to generage the sound pulses. This
instrument was simply two sonic thermometers (Suomi and
Barrett (1949, placed in opposition,

The transit time difference can be obtained with a
number of instrument arrangements. Corby (1950) has
described an anemometer using a single sound source.

Four microphones were placed equidistant at the four
cardinal points of the compass. Schotland (1955) describes
the theory and circult of an almost identical instrument.

In order to obtalin an instrument useful for studies
of turbulent motion, it 1s essential that the sound gener-
ating and sensing heads be as small as possible, other-
wlse the turbulent wakes from these objects will generate
enough turbulence to obscure the phenomenon under study.
Also, the theory developed in the previous section assumes
that the sound waves travel over the same path., Those
sonlc anemometers which have a single sound Source and
sensors up and downwind from it do not meet thilis re-
quirements.

When the two sound paths are not identical we must



account for errors in the wind velocity caused by
differences in the velocity of sound C, in the seperate
paths. These differences in sound velocity are due to
inhomogeneltles in the temperature field. Gerhardt and
Crain (1950) have measurements of the temperature differ-
ence observed between two rapld response thermistors

as a function of distance separating them. The RMS

. temperature differences extracted from Gerhardt and Crain's

paper are given in Figure 2,
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Those sonlic anemometers which have a single sound source
and microphones upwind and downwind will be subject to

a slzable error due to temperature inhomogenity, If

the two sound paths are 1 meter apart the RMS wind
veloclity error using Gerhardt and Crain's data.will be

0.4 meters/sec. Such an error is intolerable when making



heat flux measurements since there will be a hidden

correlation between temperature and vertical wind.

Figure 3

Figure 3 shows the acoustic array for a 1 meter
path length pulse type sonic anemometer. The trans-
mitting and receiving heads are located 1.5 e¢m from
each other. Since the sound paths cross, the effective

spacing is only .75 cm., The RMS temperature error using



Gerhardt and Crain's data is only 0.03 degree. This
1s equivalent to 0.02 M/sec wind error.

IV. Delay type sonic anemometer:

The output data from the sonic anemometer 1s basic-
ally a time difference measurement. It 1s possible to
measure this time difference as a phase angle change,

a frequency difference or a distance change. There are
no doubt other methods, The author has tried several

of these methods with some success. In most cases an
attempt is made to convert the time difference, frequency
difference, or phaée difference into an equivalent electri-
cal current which can drive a recorder., Unfortunately

- the errors introduced by the converting and recording
systems are greater than the errors 1n the original time
difference measurement, This 1s particularly true near
zero wind. In fact, the difficulties assoclated with
obtaining a good record in the vicinity of zero wind

were so vexing that the whole sonic anemometer develop-
ment was almost abandoned. Fortunately, the solution to
thls difficulty turns out to be extremely simple., The
problem of obtailning good accuracy and stabil;ty arises
from the fact that the difference in transit time at low
velocities 1s very small. Therefore, in addition to sens-

ing which sound pulse arrives first, the electronic cirecults



must turn on and off very rapidly. In order to detect
a wind change of .1 m/sec it is necessary to measure
the time difference to l/a'sec. This 1is easy to do at
radar frequencies and even radio frequencies, but it is
difficult to do at ordinary audio frequencies. There can
be an apparent change in arrival time due to changes in
the signal'to noise ratio of the received signal., The
problem of which sound pulse arrives first 1s easily solved
.by sending one pulse first then the other a short time
later. The timing accuracy of the receilved pulse is im-
proved by using super sonic frequencies. We now use short
bursts Qf 80 kilocycle sound energy. T1 is fired lOO—éOQ/a
sec before T2 depending on the range of wind velocities
being measured.

Figure 4 shows a block diagram of the delay sonic
anemometer system. The timé delay leis chosen so that
the signals will always arrive at Rl first for the range
of wind velocities expected.

Since R1 is always received first this signal can be
used to trigger the (X axis) sweep on a timing device

such as a synschroscope., The reception of R2 can be used
to displace the sweep (Y axls) or to blank it (Z axis).
If the duration of the sweep 1s Jjust twice the delay

time the "pip" or blanking will occur in the middle of
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the screen. The true zero wind point 1is easily establish-
ed by simply measuring the duration of the delay Dl’ direct-

ly.
V. Method of Recording:

Evidently, 1t is possible to convert the transit
time difference and fixed delay into a current suitable
for recording. However, all of the problems attendant
to DC amplification will be raised. The wind information
presented on the synchroscope is a line of light whose
length changes depending on the direction and magnitude
of the wind., If the wind has a high positive value it
is long, 1f 1t has a high negative value, 1t is short.

If the wind is zero it is 1/2 full scale.

The varliable length line of light is photographed
with a 35 mm camera whose film is advanced at a constant
rate normal to the image of the line of light. The shutter
remalns open for the entire length of a run. The film
need be advanced only fast enough to prevent overlap of
individual scope sweeps. Film speeds of only 3 - &"
per minute give a very satisfactory record., The record
appears much the same as the variable area sound track
used for motion picture recording. A sample record is

shown in Figure 5,

Mg. 5




The time scale calibration on each record is obtain-
ed with 'a fixed frequency oscillator which places timing
marks on the Z axis of the synchroscope. Proper choice
of osclllator frequency as a function of acoustic array
length ylelds a calibration directly in mass transport
units, or 1f a mean density is assumed, in velocity units.
The zero position 1s established by a direct measure of
.the delay D;.

VI. Combination Sonic Thermometer-Anemometer:

In Section II it was mentioned that the difference
in transit time A t, was proportional to the wind., In
like manner the roundtrip time or average transit time

is proportional to the inverse of the veloelty of sound.

z_‘-f-f A s i}

/ 2 CL—VZ ()
since Cl >> \/L p
= Kk

Z‘,+z‘&-- ¢ (5)

recalling that (*= JRT we have
i, % tL = Congt, —— : (6)

Suomil and Barrett (1949, discuss the assumptions under-

lying equation (5).
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They show that the sonic temperature TS is

T, =T (rso3y4) (7)

where T 1s the alr temper-
ature, ¢. the vapor pressure and p the atmospheric pres-
sure. Thils expression 1s very similar to the meteor-
ological quantity, the virtual temperature, which (see
‘Holmboe (1949)) can be defined as

T =T (r+0379%) (8)

At a true air temperature of 30° and a 30% relative
humidity the sonic temperature is approximately 31o (4%
- Since in turbulent studles we are mainly interested in

temperature fluctuations, we can say
! R

T aiﬁz T sonie

It 1s important to note that the temperature is averaged
over the same path as .the wind, therefore, for all practical
purposes, wind and temperature are obtained from the same
alr sample at the same time,

VII, Scheme for Obtaining Temperature and Wind:

If the oscillator in Figure 3 were triggefed by the
reception of the Rl, we have a simple basls for measur-

ing the total roundtrip time as illustrated in the time



diagram shown in Figure 6.

R B oo i R
™ : e
I“DF"; to 4 J ;
| Rty B Re
: START SWEEP :.'D'-‘" 3 : )
: _—? ' E¥ Tz A Ri Rg
; BLANK SWEEP Dt 1. ;
| WIND —y - . | i
| T
START SWEEP——% mBLANK SWEEP : :
TEMPERATUR E v %——— | |
' |
Timing Sequence
Figure 6

The total time to the reception of a signal at R

alternate pulses is

If a very long delay D2 1s triggered at the time of T
and the scope sweep is~triggeredAat the end of the long

D

/

i_D,+ t + ¢

o of

or

delay, the synchroscope wlll indicate the difference be-

tween D2 and the roundtrip time, or

300 ofppr SRR Yo B 2
* e ‘w)here D=2, -2D,

t +t

but , 3

_%z zd()'RT)-

&
2

(9)
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} /
Expressing 7 as 7, + / and expanding (9) into 2 terms
of the binomial series and subtracting D from each side,

we have

al~

{,+%, - D = 2.0((3'7()— (7;-{“‘;‘,7%4) - D

Since the value of D the total net fixed time delay is

‘arbitrary, we set 1t equal to

zd(ﬂﬂz)-

ool

fhe scope trace 4 fL is

8 s el e 4 e 1
L+t =D (v Bl

’ .
Since 7, »7  and, in addition, is very nearly constant,

we can write to good accuracy

A Z‘L = Constant. 7—

VIII. Variance Spectrum Analysis:

The large amount of temperature or wind information
avallable from the.sonic anemometér on the variable area
record f1lm,wlll be much more useful if it is summarized
into a more convenient form. The wilnd or temperature
record represents a time seriles characterized by large

numbers of small osclllations with a quasi-continuous
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distribution of periods. While this time series

can be summarized 1nto well known statistical para-
meters, such as the mean, the variance, the frequency
distribution and sd on, the data 1s considerably more
revealing if the variance 1s avallable as a function

of frequency. In the case of a single variable this
variance spectrum 1s often called the power spectrum.
vIn other cases we are Interested in a time series which
results from the product of two variables. In the case
of vertical heat flux thils product would involve the
vertical wind component and‘the temperature, Here we
are interested 1nrthe cospectrum which 1s the variance
of the product as a function of frequency. In still
other cases where two variables are nearly independent
the cospectrum may be low or zero over a wlde range of
frequencies, Under these cohditions it is helpful to
obtain the variance of the product when one of the vari-
ables 1s shifted in time corresponding to a 90o phase

shift for that frequency. Thils product as a function

of frequency 1s called ?he quadrature spectrum, In order
to obtain any of these spectra one must have a means of

separating from the total for all frequencies the energy
(or product) that lies in the band from n to n+an, where

n has values covering the whole range of frequencies. This
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can be done using the mathematical filter developed
by Wiener and outlined by Tukey (1949) i1f individual
observations are available, or it can be done with an
electrical or mechanical filter 1f electrical analogs
of the original data are available. j

The mathematical filter method is based on the the-
orem that the Fourier cosine transform of the auto corre-
‘lation function (or cross correlation function) 1s essen-
tially equal to the spectrum of the original series. Three
calculations must be performed in order to obtain the
spectrum.

1. Obtaln the auto or cross correlation function.
Obtain mean lagged products g;;{ﬂ)f7£+T) formed from
the variable f?t)and the same varilable at time T later
for a number of values of 7’; The number of lags m, wlll
correspond to the number of data points in the fixed spec-
frum however, if m 1is large the numerical work is enor-

mous. When the lagged products are from the same vari-

able, we obtain the auto correlation
T , ,
TLP AN -li/// (¢) £(t+T) dt '
¢z/’m e L 1L i
0

When the lagged products are formed from two variables,



wé obtain the cross correlation funetion
7— .
' 7]

2. Obtaln Fourler cosine transform of (10) for the
power spectrum and (11) for the cospectrum,

3. Making a moving average correction to the results
of step 2, This amounts to "sharpening" the filter. The
‘mathematical filter has the advantage that the spectrum
obtalned 1s smooth and thanks to Tukey, the reliability
of the results is known., Panofsky and McCormick (1954),
Griffith (1955), Cramer (1954) and others have used this
technique to wind and temperature observations.

If the power spectrum 1s to be obtained with an elec-
trical or mechanical filter it is first necessary to raise
the frequency of the raw daté to a much higher value with
some scheme for time multiplication. Frequencies in the
range from a few cycleg per hour up to a few cycles per
second are conveniently raised to the audio frequency
range (10 eps-20KC) by splicing the record (magnetic tape,
film ete.) into a loop éo that i1t can be played back at
high speed. Deacon (1949) used a fixed frequency mechani-
cal filter in the form of a vibration galvanometer and
changed the speed of the play back equipment to obtain

the power spectrum of ocean waves. Plerson (1952)

18
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obtained the power spectrum of ocean waves 1n a simllar
manner. Staake (1955) used a magnetic tape play back

at a fixed speed and obtained the power spectrum using

a commercially availlable Hewlett Packard audio frequency
harmonlc analyser. The output of the analyser 1is simply
the sum of the frequenciles passed by the filter, If this
signal 1s squared and averaged over one tape loop as a
~function of frequency, one obtalns the power spectrum,

IX., Band Saw Film Recorder:

In our case a sturdy, well balanced, band saw was
used as the basic mechanical unit for the play back
recorder, The film loop was used in place of the band
saw blade. The reading head consisted of an illuminated
narrow light slit (.001 in.) backed up by a photo multi-
plier and amplifier. The wind data was then avallable
as the voltage output of the photo multiplier amplifier,
Linearity of the slip and amplifier was checked with a
play back of a pure sine wave record of large amplitude,
Distortion introduced by nonlinearity in illﬁmination
of the slit, photo multiplier responée, and amplifier
was less than 1% éf the signal. The amplifier frequency
response was compensated to be flat from 10 cps to 100 KC,
Filgure 7 shows a block diagram for a method obtaining the power

spectrum using a Hewlett Packard Harmonic frequency analyser,
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This instrument consists of an adjustable band width
fixed frequency filter whose center frequency is about
20 KC. The Instrument also contains an audio oscilllator
and balanced modulator arranged so that the desired
signal can be heterodyned for insertion into the narrow
band constant frequency 20 KC filter. Staake (1955)

has described the use and limitations of the HewlettA
Packard instrument in a similar application. The in-
strument, as it comes from the manufacturer has a linear
detector which ylelds the amplitude spectrum. Since we
are interested in the variance spectrum of the wind which
1s the signal bower as a function of frequency, it was
necessary to replace the linear detector with a squaring

device, wide range linear detector and integrator.

SONVIC ANEMOMETER
FILM READER

| R o

|

| :

' )

: photo-multiplier

| ZD tube and -
| amplifier

| !

|

K

motor

frequency Squarin 9 detecior and
analyser 1 amplifier integrator

Flgure 7



X, Cospectrum and Quadrature Spectrum Analyses:

It is possible to otbtain the cospectrum and the
quadrature spectrum in a similar manner with the use.
of two frequency analysers,

The oscillator of frequency analyser 2 is disabled
and its signal is replaced by the corresponding oscillator
signal from analyser 1. The phase shift element between
.the two analysers 1s used to obtain the quadrature spectrum,

XI. Analog Variance and Covariance Speétrum Analyses Using
Auto and Cross Correlation:

If one has available a high quality analog multiplier,
a time delay device, and an integrator, one can obtain the
auto correlation function or cross correlation function
using analog methods. A high speed correlator of this
type has been developed by Bell and Rideout (1954). The
correlator will do the calculations of Step 1, of the
mathematical filter computatlion procedure outlined earlier,
The remaining steps involving a much smaller number of
data can then be carried out with a desk calculator or
automatic digital computor,

When this system is employed, one has then taken the
advantage of the analog system (its high speed) and also
the advantage of the mathematical filter (its smooth spectrum
and a knowledge of the errors) without the labor of long

conmputation, A comparison of the power spectrum of the

2§
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vertical wind obtained with the frequency analyser
and the analog autocorrelation technique is shown in
Figure 8,

The author had the good fertune of having avall-
able the high speed analog correlator developed by
Bell and Rideout (1954) at the University of Wisconsin.
The correlator uses a lumped constant délay line to
provide a time delay in 41 steps up to a maxlimum of
2080 micro seconds. A block diagram of the correlator
1s shown in Figure 9. The 2080 micro second maximum
time delay 1s equivalent to an actual time delay of
20,8 seconds at a play back speed 10,000 times as fast
as the Qriginal film speed. The time required to obtain
the. complete auto correlation function is less than a
minute! The 41 values of mean lagged products given
by the correlator are placed on IBM punch cards. A IBM
650 electronic calculator, programmed to compute the Fourier
cosine transform and filter function corrections has
the complete variance or cospectrum calculated in about
5 minutes! The power spectrum shown in Figure 8 was ob-
tained this way.

With only a little more trouble and considerably less
expense, one can obtain the time delays required for the

auto correlation and cross calculation with the time
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delay unit in the Bell and Rideout correlator. The
time delay can be obtained directly from the variable
area record film by employlng two reading slits and
photo multiplier pick-ub units. The different time
delays required for the auto or cross correlator compu-
tatlon can easlily be obtained by displacing the read-

ing heads from one another along the £ilm.

f,(n

. T
9 UL Gts) Sm) 14-T) dt
MULTIPLIER INTEGRATOR AMPLIFIER
P © o——rtd———Yp—to ° et L o
1o i |
\
DEL AY o
e q -0 G ?Sw)f.(t-r,)m.__
; )

Block diagram of an auto-correlator.

Figure 9
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XII. Conculslon:

We have described a sonic anemometer and thermometer
of good accuracy and high speed. The instrument is not
an experimental model, but has been used in the fileld
under many operating conditions. Its physical character-
istiecs are known very well i,e., 1t measures the line
average component of mass transfer and the line average
value of the virtual temperature., Its output can be
avallable as a variable area film record, which lends
itself to high speed playback and analog computation.
Methods of power spectrum, cospectrum, and quadrature
spectrum analysis using purely analog methods and a combl-
nation analog and digital methods are given. It would
appear that measurements made and recorded with the equlp-
ment described will yleld useful information on the struc-

ture of turbulence near the ground.
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Appendix:

CIRCUIT AND CONSTRUCTION DETAILS FOR SONIC
ANEMOMETER THERMOMETER

by

V. E. Suomi, R. J. Parent and H. Miller
For purposes of discussion 1t is convenient to
separate the sonic anemometer thermometer into the follow-

ing maln units:

(1) Transducer, Preamplifier and Pulse Generator Unit;

Two of these units or sound heads are needed to make
up one axls of the acoustic array., There are two 80 KC
ADP 450 Z cut plezo-electric crystals which act as a sound
source and as a recelver for the opposite channel in each
sound head. The preamplifier for the receiving cr&stal |
containg a voltage amplifier and a cathode follower ampli-
fier so that the device wlll operate satisfactorily at
the end of 500 ft. of cable. The pulse generator is a
thyratron and pulse transformer circuit which when trigger-

ed from the main control chassils shocks the transmitting

ADP crystal into oscillation at its resonant frequency.

These unlts are shown in Figure 1 - 4, 7 and 8.

(2) Master Multivibrator:

This cilrcult 1s the main source of timing signals for
the whole instrument. When the device 1s used only for wind

measurements the multivibrator can be free running at a



frequency which on the low end is determined by the
number of wind measurements per second that one wishes

to make., The frequency is limited on the upper end by
recovery time of the delay and sweep'circuits. When

the instrument 1s used as a combination anemometer-thermo-
meter the master multivibrator must be operated at a
frequency that will permit it to be synchronized from

the signal from receiver No, 1,

(3) Short Time Delay Circuits:

Each delay circult is a one shot multivibrator
variable time delay unit, One circult is used to obtain
D1 the wind delay mentioned in the previous section. An-
other similar circuit but of different time delay 1s used
for what we have termed a "noise delay," or more properly,
an interference eliminating delay. The purpose of the noise
delay wlll be discussed further in a later paragraph, Each
of these short time delay circuits must be variable and
must have a relative timing stability, once set, to better

than 1% of their pre-set values,

(4) Long Time Delay Circuilt:

This circult 1s used to obtain D, the "temperature

2
delay," necessary for temperature information., It is
not needed 1f only wind measurements are desired. The

information needed for temperature measurements 1s the



difference of the roundtrip time tl + t2 and the long
delay, D2. This difference measurement requires a much
better timing stability than 1s possible from one shot
multivibrators, phantastrons, or similar time delay circuits.
The timing stability required is 1 part in 104, a value
easlly obtained in an oscillator. The circuilt used is a
pulsed oscillator and counting down circuit which makes
use of Berkley preset counters. The time delay is varied
by changing the integer of the divisor. Interpolation be-
tween each Integer is obtained by changing the oscillator
frequency over a 10% range.

(5) 80 KC Band Pass Amplifier, Detector and Level Selecting
Channel:

Two ldentical channels are required. These together
with a regulated power supply and the short time delay
circults make up the maln anemometer chassis., Figure 5
1s a block diagram of the complete sonic anemomefer—thermo-
meter showing the maln circuits.

The clrcult enclosed in the dotted box is the equip-
ment that can be omitted 1f only an anemometer is desired.
The circuit of Flgure 5 presents both the temperature data
and wind data on the same synchroscope. Two lines appear
on the synchroscope screen, one for temperature, the other

for wind. It is clear that two separate synchroscopes



can be used for wind and temperature data, This may
offer an advantage in certain clrcumstances.

The block diagram of Figure 5 shows a noise delay
cilrcuit, This fixed deiay was purposely left out of the
earlier discussion of the sonic anemometer-thermometer
theory to prevent confusion. This"delay merely assures
that each sound signal is received from the transmitter
on the opposite end of the array before the adjacent trans-
mitter is fired. It is clear that receiver No; 2 can-
not distinguish the signal from transmitter No. 2, 1 meter
or more away, from the signal from transmitter No. 15 only
1 centimeter away, despite any directional characteristics
of the transducers 1f sound i1s received from each trans-
mitter at the same time,

An understanding of the operation of the sonlc anemo-
meter-thermometer will be alded by a study of the oscillo-
grams showlng wave forms at varilous points in the circuit.
We begin with the waveform on the plate of the master multi-
vibrator shown as waveform 1 in Figure 6, After differ-
entiation, polarity reversal and power amplification 1n
Y

5)
impedance level to trigger transmitter No. 1 at the end

a splke shown in waveform 2 1s available at a low

of a 500 ft. cable., Meanwhile, the same signal (waveform 1)

triggers a one shot delay multivibrator composed of the



tubes V,, and Vn to form the adjustable wind delay D

3A 1,

shown 1n waveform 3. The delayed signal 1s differenti-
ated, polarity reversed and power amplified in V2 to

form another spike waveform 4, which triggers transmitter
No. 2 at the end of the cable. Careful study of the

timing marks will show that transmitter No. 2 1s fired

about 200‘/zsec after transmitter No. 1. Up to this point
no circuit operation depeﬁds on any received sound signals.
A free running master multivibrator 1is satisfactory if only
wind measurements are desired. Before discussing how the
master multivibrator must be synchronized for temperature
signals, 1t will be helpful to consider the circult operation
in the recelvers. Waveforms 5 and 6 are the 80 KC ampli-
fied signals from Rl before and after the detector diode
1N34. The smooth envelope signal is from T, on the opposite
end of the array. The second larger and more varliable signal
is "noise" from Ty located right next to R;. Waveform 5
shows that a small amount of noise occurs at the same time
as the spike for T2. This probably represents acoustilc
coupling through t@e mount, since the veloecity of sound

in metals is much higher than that in alir. Most of the
nolse, however, occurs a short time later via alr coupling.

Transit time t, 1s given by the dlistance separating the

1
splke for transmitter 1 (waveform 2) and the smooth re-

ceived pulse in waveforms 5 and 6,



Waveforms 7 and 8 are corresponding signals from
receiver 2, Note that the smooth sound pulses from R1
and R2 in waveforms 5 and 7 are separated about the
same distance as the wiﬁd delay D2 shown in waveform 3.

Actually the wind information is derived from the differ-

ence 1n these two times.

The rise times of the detected sound signals, wave-
forms 6 and 8, are far too slow for any accurate timing
to be accomplished. The rise time 1s reduced in each
case by amplification in a 6AK5 amplifier, V1l and V15,
one for each channel, and then fed to a level selecting
Schmitt circult. The level selecting feature insures
that the same portion of the waveform will be used in
each slgnal, Since the level selector circuilt is ampli-
tude sensitive, provision for keyed automatic gain qontrol
V33, 34 and 35, for receiver 1 and 2, which can be used
to hold the amplitude of the received pulses very nearly
constant, can be accentuated by switch.

Wind data presented on a synchroscope will be avail-
able 1f the negative going portion of the waveform from
the Schmitt circuit of recelver 1, i1s shaped as shown in
waveform 10 and used to trigger the synchroscobe sweep,
and the corresponding signal from channel 2 1s used to
initiate waveform 11 for blanking (Z axis) of the swéep

or to displace (Y axis) it.



A gated clamp on the grids of V11l and V15, eliminates
any difficulty arising from noise signals 1f the noilse sig-
nals occur after the desired sound signal. This will al-
ways be true for the received pulse from transmitter num-
ber' 1, since the signal 1s always sent first. If the repe-
tition period of the master multivibrator 1is somewhat long-
er than the sonic transit time, it wlll be true for the
second channel also since the sound is recelved before
any new noise 1s generated., However, for temperature measure-
ment 1t is necessary to snychronize Tl with the received
signal from Rl. The time necessary for the nolse from T1
to die down to a level below that necessary for the level

selecting circuit of R, to be able to detect the signal

2
from T2 (instead of the noise from Tl)’ is conslderable
longer than Dl’ the wind delay. This difficulty is removed
by adding an additional delay called the noise delay S0
both sound pulses can be received before any new noise
is generated. The noise delay circuit 1s composed of
tubes V7 and V6B, The noise delay signal is shown as
waveform 9., Note ?hat the negative golng portion of the
master multivibrator (waveform 1) is synchronized by the
end of the nolse delay.

The theory shows that the wind information is avall-

able as the difference in the sonic transit time, The



temperature information on the other hand is contained

in the total roundtrip time and is available; therefore,
only on alternate cycles operation. . The alternate pulse
selection is accomplished by a gate signal generated by
a delay multivibrator circuit comprising tube V28 and
associated components. The slgnal from thils circuit is
shown as waveform 18, The gate circuit, V25B controlled
by waveform 18, serves to select alternate sweep triggers
of waveform 17 which are derived from receiver 1 level
selecting Schmitt circuit V12, These alternate wind triggers
are combined with the temperature triggers of waveform 15
in cathode foilower V29 to provide a composite trigger
waveform 19 for the scope, thereby causing the scope to
be triggered alternately by the wind trigger and temper-
ature trigger. Waveform 12 is also fed to the vertical
amplifier of the scope to cause the temperature trace to
be displaced vertically from the wind trace.

Signals from the pulsed oscillator and decimal divid-
er counters which make up the precision long time delay
are shown as waveforms 13, 14, 15, and 16. Waveform'l3
1s the putput of the pulsed oscillator, Note that it is
started at the same time that Tl is fired. Waveform 14
shows the shaped pulses from the oscillator and waveform
15 represents the output from the two Berkeley counters.
In this waveform the number of pulses that appear will de-

pend on the preset position of the counters. Waveform 15



is the output of the long delay which is used to trigger
the synchroscope temperature sweep as discussed in the
last paragraph. As previously mentioned waveform i1y 3
provides the signai which displaces the Y axis position
of the temperature signal to separate it from the wind
signal. If separate synchroscopes. (and cameras for re-
cording) are used this signal is unnecessary.

Photos of the three basiec units are shown in Figures

1 -4, 7 and 8.
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Figure 7
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