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CHAPTER I
INTRODUCTION

The kinetic energy cf the atmosvhere i3 derived from sol:
energy and 1s ultimately dissipated via turbulence and viscosity
as fricticn., A major fraction of these energy transformation oc-
cuf at the earth's surface with the atmosphere and the surface
acting together as a heat engine whose workine substance is air
containing water vapor. Ever since W. Schmidtl introduced the
"Austausch Theory" as a means of fealing with the problem of
turbulent transfer of heat, moisture, mcmentum, and other air
properties in the surface laver, a considerable amount cf work
has been done by others tc Aevelop the theorr further and to
apply it to practical problems in micrometeérclosy. Perhans the
most important prchlem to be answered by any turtulence theory,
meteorclogically sreakinz, i1s that of the heat tudeet of the
lower atmosphere, that 1s, "What bavrrvens to the sunlieht?" How-
ever, the heat flux turns cut to be the most elusive part cof the
theory because the fileld of flow is stronely affected by the
heat transfer process. Research in this field has proceeded
along three main Airecticns: (1) enerey budret studies where

each term comprising enerer halance is measured indevendently

X naustauch in freiesr Iuft un’ Verwandte

:
“W. Schmidt, =
osm. Phvsik, Vol, VII (Hambure: H.

Erscheinuncen,” Prob.
Grand, 1925).
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or as nearly indcpendently as possitle; (2) mass, enerey, and
momentum transfer studies based on ths mean vroflles of wind,
temperature, moisture, or cther air nrcperties in a manner
analogous to, but not identical with, molecular transfer of
these same air prcperties; and (%) intimate structure studies
where fine scale fluctuations of air properties measured with
rapld resvcnse sensing elements are multiplied by the instantane-
ous component of the wind, the flux beinez glven by the time inte-
gral of the product. The measurements repcrted in this paper
can be classified under item (1), thte energy talance of the sur-
face layer.

Most of the Aifficultv that arises when one attempts to
apply normal aercdynamical methods for the solution of bheat flux
problems at the earth's surface is traceable tc the effect of

the variable density gradient.l

Y have, in a manner of speak-
ing, a combination of mechanical and éonvective turbulence. In
crder to aid the study of turbulence 1n the bcuncary layer in
the presence of a variable density esradient 1t is very heloful
tc have an independent measure of the sensible and latent heat
flux. The purvose of this maver is to determine whether or not
sufficiently precise values of these fluxes can be ocbtained from
energy balance measurements.

In the energvy balance method, the swnéible and Jatent

heat fluxes are obtained as a resisdue of a number of other

measurements. Since this residue iz the Aifference of several

0.G. Sutton, Compendium cf leteorclogr (Rcston: Ameri-
can Netecrcloeical Society, 1951), »n. 507,
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large numbers,

each must be measured with eco@d vrecision; there-

fore, in the secticns which follow, considerable emphasis ig

given to estimates of error for each narameter measured,
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CHAPTER 11

DETERMINATION OF THR HEAT F1UX RY THE ENERGY
BAIANCE AT THE EARTH'S SURFACE

I. Notation

The fcllowing convention cf symbols will be used in the

main bedy of the text., A1l terms in the heat balance are ex-

pressed 1n equivalent energy flux through a unit surface. One

(1) Iangley (Ly) = 1 eram calorie per square centimeter,

e —

= Net radiation at heicht z, vositive away from the surface,

= True heat cocnduction into the scll, vositive away from the
surface,

= Sensible heat flux at helght z, vositive away from the sur-
face,

= Iatent heat flux at height z, vositive away from the surface,
= Temperature in decrees Centicrade at heipght =z,

= Vavor vpressure in millibars at heicht z.

= Alr density,

= Water vavor densityv.

= Joule's cconstant,

= Austauch coefficient for heat,

= Austauchk coefficient for water vavor,

= Bowen Ratio,

= Time,

= Height in centimeters, positive urwara.




= Period,

= Pressure in millibars,

Heat of vaporization.

= Specific heat of air at ccnstant vressure.
= Specific heat of the soil per unit vclume,

= EAdy Aissimation per unit volume.

= m O T:’o }* g Y
]

= Vertical component of the ﬁind.

u, = Wind speed at height z.

II. Energy Balance at the Earth's Surface
Albrecht1 has given the energy balance for a thin surface

layer as
Ro + Bo + Io + Eg =0 . (1)

Direct caloric measurements of R, and B, were taken by methods %o
be described presently. The remsinder 1s sevarated into I, and
Eg by makineg use of the Bowen ratio.2 The expression for the

Bowen ratio given by Sverdrup 197

- 0.6 ar/az 5
B = 0.64 P/1000 e (2)

4

Equation (1) applies only to the vanishinzly thin surface layer

but in order to cbtain the Bowen ratio it 13 necessary to measure

5, Albrecht, "Der 7Jesenwarties Stand und der Warmbaus-
haltsforschune," Meteor, Zeifschrift, 60 (1942), o, U4,

21,

(o]
D
by Evavoration from any Water Surface,
27 (1925), vp. 779-727

—— b

Bowen, "Phe Ratic of Heat Josses bty Conduction and
" Phvsical Review, Ser. 2,

Sverdrur, Qczancaravhy for leteoroclogists (New
10527, p. 63.
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York: Prentice Hall,




temperature and varor pressure gradients ahove the surface, Rider
1 ) .
and Robinson™ show fthat three correction terms are necessary for

this procedure. The Adifference between Eo, and E, is ziven by

E, - %, = -Ijaﬁ./;t dz (3)

which is the rate latent heat 13 added to the layer. Similarly,

Zz 2
L, = I = ={B, = R} = j,ocn AT/3t Az + J/é dz (%)
o (4

is the rate sensible heat 1s adéeﬁ to the layer. The fourth term
representine the eddy dissivation in the column has been added for
the sake of ccmpleteness. The terms contalning the time changes
of e an@ T will usually be less than 1 per cent of I,. The radi-
aticn term cannct be measured readily because when the radiometer
is close to the surface its own shadcw will interfere with the
measurement, Rider and Robinson2 use a radiation chart to show
that the sensible heat added bty radiaticn is usually small but

may be up to 10 per cent of LO.

The exact vposition of the surface for which equation (1)
is written becomes somewhat obscure when the surface is covered
with vegetation. Then B, also contains the heat stored in the
vegetation, The correction, however, is small, It is only 1.0
ver cent fcr 7-foot corn whose yield a3 oreen silage was seventeen
tons per acre.

Imrlicit in the use cf %the RBowen ratlioc concept as the cther

N.E. Rider and G.D. Rotinscn, "A Study of the Transfer
cf Heat and Water Vavcr," Muart. Jour. Rcv. Met, C., 77 (1851),

321
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eaquation relating L and E  1s the assumntion *hat Ah = A_. Also,
we assume that ttere are no steady circulations, that is, W= C.
Ietcaul suggests that the Austauch coefficient has a dAdynamic and
a thermal component. If the moisture and temperature fluctuations
in the eddying air volumes are not highly correlated, the bucyant
acceleration can act as a "Maxwell's Demon" to serarate the alr
volumes' transport of sensible and latent heat, thus Ah will not
equal Av. An analvsis of temperature and moisture fluctuation
data given by Swinbank2 and temperature refractive indeX data
given ty Gerhardt and Crain3 shows a high positive correlation
hetween fluctuations of temverature and vapor pressure when the
measurements are made 0.75 to 1.5 meters from the surface, The
correlation is lower when the measurements are made 5.0 meters
from.the surface. Evidently, in the recion near the surface,
strcng buoyant acceleratlons will not have had time tc accumulate
any significant velocity ﬂifferenéa ratween air parcels carrving
sensible heat and those transvorting latent heat, I_ettauu has

stated that bucvant accelerations near the surface have very

1 3
“Heinz Iettau, Iso*"orlv and Mon-isotrovic Turbulence in
the Atmospheric Surface Iaver, ' Geophviical Res. Paper Mo, 1
(Cambridge: Air Force qu'r*ﬂfc Research Iahs., Dec., 1%42),
QW.C. Swinban'~, "The Measurement of Vertical Transfer of
. " Jour. leteor,,

[¢

1

Yeat and "ater Vavpor by Eddles in fthe A*mosvhere,
[ -
(10—\_), . 11;1’ £, 7.

s 7 -

3 "

“J.R. Gerhard* and C.ll. Crain, "Tte Direc’ llcasurement
of the Variaticns in ‘Hh Index of Refracticn cf Atmospherlc Alr
at IMicrowave Fregusncies," Elee., Wnc, Res. Iab, Rni. No. 38,
{Austin: Universitr of Texas, 1850), fies 10-14,

it " .

Heinz Iettau, "Thecry cf 3Surface Temrerature and Heat

{1lations near a Ievo1 Ground Surface," Trans. Amer.

32 (1549), ». 190.
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11ttle effect on “he intensitr of mixinc., This facth bas heen veri-
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fiad by Pasquill.l TIn the light cf this evidence 1t 1
0 understand whr Ah should not "e very nearly equal to A in the

(2]
surface laver. Vet, Pasquill's® dAlirect measurements cf the com-

2
ponents of the heat budget show A rs Ah' Could Pasquill's evalua-

tion of 1, have had a svsteratic error? Apparently Rider and

f Robinson3 think so, for thkey do no* accept bis measurements which
show A, and Ay %o be unequal. If, ther, we ccnfine “he measure-

ments to beichts near the surface Ah/A" will e verv nearly unity.

IITI. Observatlons

, Site.--The measurements were taken cn the University

NSy

of Wiseconsin larsh Farm at Madison., This 120 acre field is ex-

centionallw level, taving heich* varlations of onlv 20 +tc 40 cm.
. 2 2 v

over most of its area. A particular feature of this lccation 1is
ite uniform soil characteristics toth with respect to composition
and molsture content., The water *able 13 beld at a constant level

40 to 50 ~m. below the surface by means of a tile svstem and alec-

o

tpic pump. The peat soll vrovides an ample sunply of mcoisture

4

rcm below *hroush capillarr action. The cohstructicns tc the

&

]
(@]

wind were a 1900 foct high dine cne mile the southwest,

40 fcot trees three-fourths of a mile tc the south, and 50 fcot
el = i e e
q
lp, Pasouill, "EAdr Diffusicn of Water Vapor and Heat
= " i ’ X . Q ANl A~ -7
near the Ground,  Proc. Ror. 3ca., Ser,. A, 18T (1;”;), . 150,
Ihiqa.
=z .
vy o . 2 - * Z 484
ider and Robinscn, co. 2it., D. JCZ.
= ’»3..“. I( 'r""’"}" ”ma“:l-'ﬂ”‘" Tyra *ners 4;:\9(‘_\;_’:'1 (vv,,,‘.ﬁ, :?«Hq,1
: Sklzen, Javpillary Drainace =1 3 Unpu
llaster's Trhesils Civril Znglineerine Tniversity cf Wise nn""\,
1 ar's Thesis, C 1 =Zngln ine, University cf Visconsin
=
June, 7;:‘).
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trees one-half mile to the west and northwest, cne-fourth mile
to the north, and 1000 feet toc the eass., A schematic diazram of

the Installation is shown in ficure i L

B. Net radiation, Ré.-—Tho net short wave and lcng wave
radiation was measured with a newly Aeveloped net radiation in-
strument. A complete déscrivtion of +his instrument, method of
zero set, calibration, and accuracvy kas been given in a paper by
Suomi, Franssila, and Isletzer.l The net radiation term measured
with this Instrument was accurate to avout 2 ner cent. This 1is
indeed fortunate, since radiatiocn is usually the larsest term of
the heat budget.

C. Soll s%orage, B,.--The flow of heat in%o or out of

the earth's surface 1s given by the vroduct of the thermal con-
ductivity and the temverature rradient in *ke boundary scil lavers.
This 3imple relaticnship I3 not usable hecause the therwnl con-
ductivity of the soill is not a cons*ant., T+ depends on the soil
composition, comraction, and molsture content. This is not the
only difficulty., Cne is forced to ob*ain the *emmerature of a
two-dimensional surface with a three-dimensicnal thermometer,

2 - 3 ‘s
llartinell:, et al.” and Deaccn” have described heat meers hazed

V.7, Suoeml, I, Franssila, and N, Isletzer, "An Improved
Net Radiatlion Instrument,"” Scientific Report No. 1, Contract AF
19(122)-451, Demartment cf Fetecoroleey, University of Wisconsin,
Aoril, 1953,

°R.C. lartinelll, ©.H, Lorrin, and L..K. Boelter, "An
Investigation of Aircraft Heaters, V. Theory and Use of Heat
lleters for the lMeasurement of Ratic of Yeat Transfers which are
Indevendent of Time," National Advisory Committee for Aeronautics
Advance Research Revort UH0Q, Aucust, 1944,

EE.I. Deacon, "The Keasurement and Reccrdine of the Heat
. . " o ~ i
Flux into the Soil," Quar. Jour. Roy. Met. S., 75 (1940), o, 470,

N = 1 a——— e S— e ——— —~—— x ——— o —r—
- e — s— B ———— T —— ] bt it ——————
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11
on this conduction relationship where the temperature gradlent

existing across a thin sheet of bakellte cr glass cf ccnstant

~eonducticn characteristics is measured with alternate junctions

of a thin' thermopile. A number of heat conducticn plates fol-

lowing tre construction described by Deacon1 were made and em-
bedded at various devptks and lgcatlcns in the soil. Results,
however, were not satisfactory. ¥hen the plates were mounted
near the soil surface as was necessary to account for most of
the soil heat flow, they interfered with the flow of molsture
through the surface and, therefore, with the heat capacity,
conductivity, and equilibrium temperature of the soil., On the

other hand, if they were set deep enough not to affect the

moisture flow, most of the heat transfer occurred above them,

thus making 1t necessary to do calorimetry for that soill layer.

Verhrencamp2 has used the heat meter method to measure the heat

budget of a dry lake bed. Here evavoration end soil moisture

changes were negligible. He mcunted his heat meters only 2 mm.

below the smooth surface and used a soil and water paste to

cement them in vosition.

The calcrimetric methcd cf obtaining BO requires a meas-

urement of the soil temperature profile and the soil heat capacity.

The heat conduction throcueh the surface can then Y¢ obtained from

the expression

3
-Ibid.
“J.E. Verhrercamp, &xmerimen*al Investigatior of Heat
a ) ™ 1 ~ ! - -
Transfer at an Air-tTarth Interface," Trans. Amer. Geovhys. Unicn,
34-{1953), p. 22,

Lo oSOl AR e NN L (L S IR TS SRR RS ]
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B, = 1/,( -E‘z—:/os Cq AT (5)
i =0

where Cs is the specific heat per unlt mass and/os is the soil
denaity., A T is the temperature change of each layer for the
period in question. Elght thermccouples at various depths were
set out froma main support similaxr to the arms of a serles of
stacked letter E's so as not to distur®t the structure of the soil,
The soil conduction terms for lay 22.2C and June 26-27 were ob-
tained with this apparatus, It was found necessary to adjust

the specific beat of the soil from .74 to .20 to keep from getting
inconsistent results in thke remainder of the h=it budget. Apmar-
ently hand cultivation in the immediate'vicinity of the temperature
probe did nct quite duplicgte what was dcne by the farm machinery
elsewhere.

Referring to equaticn (5) one sees that there ls not much
point in getting a profile of the temperature without at the same
time having a profile of the scil heat capacity. It 1is difficult
to sample thin layers of soil so the mean heat cavacity for 0-7 cm,

7-20 cm, and 20-30 cm layers were htaken. Tre heat capaclity ver

D
Q
cr
=
e
e}
Q
o)
=
(@]
i

unit volume for each sample was obtained with an el
rimeter.

Since the final use of the soil temverature profile is
tc obtain the average temperature change 1ICT the entire laver, It
i3 muech simpler to do the actual averacing with a lonz resistance
thermoneter element, Better samolinz was also cbtalned by using
resistance thermomefers 20 em lonz connected in series

ten nickel
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with avppropriase comvensation ]oar?s.1 These elements were 3et
across ten rows, each element renresenting a different part of the
row. The temperature change was obtained from resistance changes
which were measured on a “heatstone bridee. This method of ob-
taining B, was the best of the three methods tried. Koreover,
the equipment was easy to build, calibrate, and use. The advan=-
tage gained in having a better gtatistical sample outweighs the
error introduced by using the vproduct of the mean temperature and
mean soil heat capacity instead of the mean of their voproduct.

After a series of tests in which all three methods of
measuring the soll heat conduction term were comvared, the scil
temperature prollle and heat meter methods wefeabandoned. The
data for August 27-28 and Septembder 2-5 were obtained with the ten
resistance thermometers., Hourly measurements of heat capacity
were also taken. This method gave an error of 5 per cent of the
soil ccnduction term, thus only 1 to 2 per cent of the total.

D. Tempverature and moisture zradient,--Ordinarily, tem-

perature and vapor vressure profiles near the earth's surface are
obtained by measuring the difference in temperature of thermo-
counles set into two or more psychrometers. The use of instru-
rents of similar constructicn and exXxposure together with the dif-
ferencas measurement tends toc eliminate host of the errcrs in abso-

lute magnitude. However, Pasqu1112 states that, in spite of care

j‘-Ieinz Iettau (vrivate ccpmunication) has called the
writer's attention to a paper O man. The paver 1s entitled
"oin Integrator fur Yarme Umss ressungen in Boden, " Breichte d.
Duetschen Wetterdlenstes 7one, 35 (1952), ». 304,

Iehman uses only cre resi ermcme ter,

n N . . .. :
P, Pasquill, 'A Portable I1dicatinz Apmaratus for the
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in construc~tion and exposure, enough errors remaln to warrant fre-
quent zero checks, Presumably these rasidual errors are due to
differences in wet bulb feeding, imperfect wet bulb performance,
dirt accumulation, and spurious thermal e.m.f.'s,

The temperature and vapor pressure gradients for this ex-
periment were obtained with a single paychrometer similar to the
one described by Pa.squill1 mounted on an automatic electric 1lift.
The psychrometer's position was changed from 10 cr tc 23 cm to
100 cm, back to 10 cm, and sc on every 80 seconds. The 80-second
interval gave 14 observations per hour of dry bulb temperature
and wet bulb depression for each height, The remaining 60 seconds
of the sequencing interval were used to record zero's and the other
parameters., It was found heloful to include a reference mark to
indicate when the 1ift was a% the bottom vpcsition. With this
scheme each measurement had the same wet and dry bulbs, same
thermojunctions, same soldered connections, same wlres, same relay
contacts, same potentiometer recorder, seme ven, same chart, same
zero checlk, and appfoached tre reading from the same directicn,
thus giving the same dead zone error. Unlle this last statement
seems to be overemphasizing details, every one of these points
could be a source of systematic error which would cause concern
when dealing with small gradients.,

In addition to the precautions menticned above, the

thermal mass of the dry bulbt was adjusted until it had the same

-~ . . N 1"
S+udy of Temperature and Humidity Profiles near the Ground,

Proc., Roy. lieteor. 3., 75 (1942), o. 241,

“Ibid.,

40,

n

i)
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time constant as the wet bulb. Snilhausl has shown that unequal
time consténts will introduce an error during unsteady conditions.

Arart from the strictly instrumental sources of error,
there remains the effect cof the fluctuations of temperature and
vapor pressure on the accuracy of the hourly means. The large
thermal mass of the psychrometer bulbs removed fluctuations whose
periods were shorter than 10 seconds., However, large fluctua-
tions of a much longer period remained. Shannon,2 in his develop-
ment of communication thecry, has shown that in order to revroduce
completely a signal whose highest frequency has a period T: 1t is
necessary to take samples at twice the highest frequency or every
77? seconds. This requirement was certainly not met in our
equipment, nor can it ever be as long 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 invironment. This in turn would in-
crease the band width and would raise the bighest frequency of
the signal, The two properties are antaconistic, Of course, one
can sample rapidly first and integrate later, but the two cannot
be combined in one instrument.

An errcr analysis of 3T/az and 3e/dz for eight hours of
data for May 28, 1952 under unstable conditions and four hours of

data under stable conditions was carried out by Mr, Norman Islitzer

_lA.F. Spilhaus, Trans, Roy. Soc. South Africa, Cape Town,
24 (1936), p. 185,
2

Claude E. Shanncn, "Communication in the Prezence of
Noise," Proceedings of the Institute of Radio Englneers, 37

(15493}, po. 10-21. ot

5 weRE s COILE SRS L AN T
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and lr. Chi-Ling Iee, If the obtservaticns at each level are con-
sldered independent of each other, the standard error of the rmean
1s about 15 toc 20 per cent of the gradient reing measured, This
represents the maxXimum error, If the fluctuations at the two
levels are related, the errcr is much less., When the correlation
coefficient between psychrometer readings at one level and another
equivalent psychrcmeter of identical characteristics at another
level is .9, the standard error of the mean is only 4 to 6 per
cent of the gradient being measured., This reoresents the lower
limit of the error. If the correlation is .2, the standard error
of the mean is 8 to 10 per cent. It was not possible to establish
Tlu’ T33 and T100 because of

having only a single psychrometer. Data presented by Geiger,l

3

the correlation coefficient between
Gerhardt and Gor‘don,2 and Rider and Robinson” indicate that r = .8
is a reasonable value,

)28
ja

. Evapcrimeter,--The evaporimeter was used to cbtain di-

rect measurerients of the latent heat flux, It consisted of a tank
20 inches deep and 60 inches in diameter floating in another tank
5 inches in diameter, The inrer tank was filled with earth which
held full sized corn vplants arraneed in rcws tc simulate the sur-
rounding area. These plants were transplanted about three weeks
before the measurements were talken. Whole hlecks of earth were

moved %o vprevent disturbing the root system, Rain which macked

lﬁuﬂolf Gelger, CI
vard University Press, 1950), no.
2 .
J. Gerhardt an T, ( on, NI
. " v . )
tions,  Jou Meteor,, 5 of) I o %
T 4
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the earth cccurred several times in the three week interval.
There was no wilting cr other qnnarent damaze tce the plants., On
the whole the evaporimeter was an excellent sample of the sur-
roundings. It was not possible to Adistinguish 1t from the sur-
roundings when viewed from above on a 100-foot tower 100 feet
away.

The surface of the water in the "moat" was covered with
01l to prevent water loss from evavoration. A Hooke rauge and
st1lling well enabled the change in mass to be measured from the
use of Archimedes' principle. Chanees in the water level could
te read to .001 ft. (.3 mm) and were estimated to .0001 ft. (.03
mm). The resolution of the evavorimeter was not gcod enough to
obtain bourly values of evaporation. However, slnce the water
loss was cunulative, the percentage errcr was only abcut 3-%4
per cent for pericds of several hours,

The accuracy of the Adirect evarcraticn measurement was
not limited by the accuracy of the water level measurement but
by the area the evavorimeter was set tc revresent, This area
was not the surface area of the inner tank. Instead, the area
was chosen to eaual that revresented by an equivalent length of
plant row held by the evavorimeter as shcwn in figure 2.

These Aetalls have been given because the data ziven by

this instrument are an important rart of the discussion.
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Fig, 2,--Method of obtaining effective area for evapori-

meter.
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CHAPTER III

DISCUSSION

I. Accuracy of Neasurements

A. Rediation and scil conduction terms.,--The values of

energy tabulated for net radiation and soil conduction in the
tables and dlagrams that follow can te considered quite reliable.
This is especially true of the August and Septemter data where a
superior model of the net radiation Instrument was used, These
data have been corrected for a small error due to the variability
of *he absorption ccefficient with wavelencth of the radiation
recel-er. Trte scil term for this vperiod was also under finer
control because of the method of samplinz and the frequent heat

capacity determinations.

B. Bowen ratio.--The least precise varts cf the measure-

ments were the temperature and vanor opressure gradients, especially
at night when they were small, The gradients were measured at twc
heights to test whether or not the Bowen ratio was ccnstant with
height., There 1is fair evidence thrat this was true for the Kay
data, but in Juns the corn plants tad grown high encugh to effect
the lowest gradiert. By late Auveust fthe ccrn was full-grovmn, and

a new 1ift with stops at 237 cm, =42 cm, and 4Ch cm above the soil

-

was necessary to get the measurements atove the ccrn crop. During

the day the lowest level gradients could nct te used since it was
found that a measurement macde slichtly abcve, rut between vegeta-

a0

4 S
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tion rows, was still not out of the feteh of the roughness ele-
1
ments., Apparently it is necessary to take both time and smace

averages when working near an inhomcegeneous surface, During the
> (=)

“time that the net radiation was positive, that is, at night, the

lowest gradients were used [or the Bowen ratio. During this time,
the upper level gradients were toc small to allow the Bowen ratio
to te obtained with any accuracy., Tbe switch from upper to lower
gradient is warked in the tables by the horizontal bar,

It would seem reasonable, on purely vphysical grcunds, to
expect smooth curves for the hourly values of sensitle and latent
heat transfer on days with clear sky and uniform wind., If this
assumption is valid, the difference tetwecen the smooth curve and
the actual otservation can be exXxpressed as a percentage error of
the gradient being measured. A btand revresenting the t 5 per cent
error limit of latent heat flux bas te-n added to the chart for
Septemter 5, figure 7. Only the 0%00 value lies outside the band.
This large demarture must have been caused by faulty operation of
the 1lift, wet bulb, or recorder rather than representinz a typicaly
error of measurement. The noon otservation for each clear day in
August and September, figures 5,6,7 and 9, also have significant
devartures from a swoocth curve, During twenty minutes of this
hour the rcws of corn were in line with the sun, Fach vlant was

ect" was

Fal
' &

then shading its neightor %o the north., This "row ef

aliso evident in the individual sammnle gcradients cf temrerature

rivate comrunication) has treated this
f a Svmrcsium on Atmos-
Cembridge

b . =

3
2 .
Heinz Iettau (
protlem thecretically i
pheric Turbulence, Air Force Cambridse Research Center
Mass.,, E. Wendell Hewson Editor (in rress), 1953.

™
n the Prcceedinms ©
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and moisture Aduring the twenty minute verlod. The effect i3 also
apmrent In the wind data. "Some of the indicated changes 1n the
heat budget at ncon are undoubtedlv real, but there 1s nc way to
assess 1t quantitatively from the vresent set of cbservations
IT. Comparison of Direct and Bowen Ratio
Measurements of 3ensible and Iatent Heat

A. Iatent heat.--A test of the accuracy of the Bowen

ratlo method is given by commarine its values of the latent heat
flux with those obtailned by direct measurement. This is shown in
Table 1. The difference in the two results contains the net er-
ror of all of the measurements as well as anv error introduced by
the lack of realistic assumptions in the Bowen ratio concept,
However, the errors in measurement will tend to be random where-

as the error attributed to the use of the Bowen ratio will be

systematic, There 1is rather good agreement between direct and
Indirect measurements except for September 4, This day's cdata
will be treated separately in a later paragraph,

It is of Interes% to recall that the theoretical objecticns
toc the assumption that A,, = Ap as used in the derivation of the .

Bowen ratio, are such as tc lead one to cverestimate the evapcra-

tion. Tabhle 1 shows this same tendencyv. One 1s tempted to state
that fkese results confirm Pasquill's measurements.1 Unfortunate-
1y in both his and our exveriments the absolute magnitude of the
evaporation term devends con the surface area assigned to the
evavorimeter, VWhile this is strai-zhtfocrward enoush for the
evapcrimeter container, the area renresented by the vegetation

1s quite ancther matter. It could bte in error by 5-10 ver cent,

i N
1squial, o

) G?unni;" Proe. Rcr., Son Ser. A, 198 (1S49), pv. 136 f.

oy v L

"Ny o . o . . ~ 1
cdar Diffusicn ~f Water Vapor an® Heat

near +
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COMPARISON OF DIRECT
MEASUREMENTS OF
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W
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1 i =1
1 \ [l
te i = ) Error ¥ { Error
Pake | e | MAlrect “Bowen R smooth |
] \ |
- R o 1
- - 72
Sept., 2 ] 1000-1700 G2 &8 o% -—- %

) 0700-1700 144
]
\
30700-1700 - 193

151

n
D
ke
ot
\N

157 -12%

105 111 + 2%

w
D
'3
ct
S ) B

1 0700-1200 | © 109
f

!

¥The snoothhe ‘n Table 1 congiste of linear interpolation
for one large, easily detected devarture on Sept. 4 and 5 and two
departures of cpposite sign on Sept. 3. No smoothing of the
Sept. 2 data was atsempted because cof the variatle radiation. The
units of Table 1 are Iangleys.

B. Senz’®le hea*,--The values of sensible heat cbtained

frcm the Bowan ratio and as the residue cf the direct measure-

ments are given in Table 2,

TABI® 2

COI{PARISON OF RESIDU= AND BOW=N RATIO
MEASUREMENTS OF SENSIBILA HEZAT

e e R e e e e S
! | N | |
\ f 1 \
Date Time 1 L i L i Error |- W, i Error
S i ! "residue ' Bowen |  Smooth
} s SO T e B0 Wy oy W CR SRS R (SO SN S el W L T
b ‘--( - l ' Al 1 \
] \ ) = \ 1 —
Sept. 2 ' 1000-1700 ! 4y : 28 | =133 e | =138
- 1 | \ \ ! \ \
' ‘ | U ” 1 - \ —
Sent. 3 | 0700-1700 | 120 ! 119 1.~ 1% | 115 \ - S
{ i ! ) ' \
' r \ —_" ‘ | ' ~) ]
Secpt. 4 . 0700-1700 | 50 \ 99 1.f s== g4 4 ---
: \ \ i | \ 1
! Y - ' - " \ o N -~ 1 )
Sept. 5 ' 0700-1200 52 ' v 4119 30 .-
} ! LS S 0 _ Bl n = T R e s Mt
i e orver P S S P e —

g il =
Lz sl o SRR SR ASTENS



- energy added through its vertical faces.

23
Tre values of the sensible beat 1liste® in Table 2 are
easily accurate enough %0 meet the needs of a tes:t of the ef-
fects of a variable density gradien® cn turbulence near the ground,

outlined in the introduction to this maper.

III. The Lffect of Advection

In this sectlion we will attempt tc acccunt for the large
discrepancy between the direct and indirect latent heat loss
measurements of Sephtember 4.

Equation (1) was written as the heat budgzeb of a horizon-
tal surface, each term revresenting heat transrort in the vertical
direction only. If we write the heat tudget “or a vclume whose
bottom surface is in contact with the ground, we must account for

Squation (1) then

becomes

Ryay + Bo + Zy3y + Iyzy = A (5)

if we neglect certain terms we have alreadr shcwm %o be small,

The subscript used refers to the heizh% of the instruments, The

-
tr

irst three terms are the direct measurements. It is clear that

cr

he residue is more than just the sensible ‘teat, If we assume

that B, = Aygy as was done in (6), and also assume that we can

use the averags measured Bowen ratic, weighted for the total

heat added *o the atmosphere durinc esach hour, we can obtain

=
1+ 1 YY), -~ Y . - i

Lyqy from P thu . The total senzible teat flux Tor the verlod

T S X0

0700-1700 on September % 1is 114 Ianglevys. Whken *his figure and

‘e HrEhan ~aa 311ed vra Tl s o e 31 ‘v”*“?‘-‘v"pr’ In*; /'—\ T >bh: "r~

L8 DOLhner reasureda va'ues are substltuice insd (<), ¥ copicain

A =50 Ly, If this estimate cof tte advection it reasonable,

e e — e — — = =T T T o ™ s O I 2

il
{
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t is c2lear that during conditlcns with advectlcn, the Bowen
ratic method of btalancing the heat dbudget will have large er-
rors.

A question now arises. Is there scme measurable marameter
other than direct water lcss trat would allow an estimate of the
advected energy? An approximate solution to this guestion is
found in the soil cocnduction term. If we ignore the seasonal
sransmission of heat into the ground, and also assume an equal
ratic of heat alded to the soil to that added to the atmosphere
for successive clear days, the total heat flux into the soil
averazed cver a 24 hcour vericd will be Zero. An inspection of
the soll temperature curve of September 4 in figure 3 shows an
accumulation of 9,8 Ly. from mecrning to midnight. We assume
this to be due to advection,

In crder to obtain an estimate of A, it 1s now necessary
to mke use of a plausible but unverified assumption, namely, that
the ratio of soil conduction due to advection to the total change
in soll conduction 1s equal to the ratic of the advected energy

to the total radiant energy change, thus

(Bolaqy _ A (7)

- —

1%l [Ruau

The tctal change for soil and radiation was taken as the area

-

under each curve frcm the equilibrium value exlsting beflore sun-

. - . ~ . Y -
rise tc the cne obtained after sunseht. See figure ©, Thls was
done to overcome the difficulsy due to the phase difference 2X-

1gting between the n=%t radiaticn wave and the scil conduction
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wave, When %hese walues are substituted intc (7) we have A = 54
Iangleys,

This value of A and the weisghted mean measured Bowen ratio
allow equatiocn (6) to be solved for Tyqy. We obtain 191 Ly. as
the estimated value of the latent heat term which commares favor-
ably with 193 Ly., the value of E . obtained by direct measurement,
The excellent agreement is tc scme extent good luck; however, 1t
does appear that a fair estimate of the advected energy can be

obtained from the soil conduction term, A summary of the latent

heat data is given in figure 8,

IV. Conclusiocn
We set out to answer the question, "What happens to the

" and ob*tained some measurements by applying the prin-

sunlight?,
ciple of the conservation of energy to a surface in the form of

a cornfield., Some of the data, that for May, June, and August,
however accurate, merely shcw that the various terms fluctuate

in a manner to be expected. Aside from some descriptive value

and certain azricultural applications, they cannot te used in

any test., In September we were fortunate in bhaving semi-labtora-
tory conditions and were able to show, within the limitaticns of
our exXperiment, that values of sensible and latent heat flux ac-
curate to better than 10 per cent can be obtalned from heat budget
measurements., It would be presumntu>us to state that the above
results 11lustrate conclusively that total evavcration can be ob-

tained frcm heat budget measurements alone, The results do indl-

cate that the energy balance dors give useful values during veri-
ods of 1little or nc advecticn, If *he scll Serwm is measured with

e —— T Y e T W T ST, S P g R A T, S S T YT W

RS | RS o, S S T - " & " = . -t A POV RO B TR
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sufficient accuracy, a reasonable estimate of the advected
energy is possible. This method of estimating the advection
term should be tested further because of 1its application to
certaln agricultural problems.

The theory of the boundary layer has been develope~ to
the point where its demands for observatiocnal material far ex-
ceeds what is available, The real value of an experiment such
as we have done will be in repeating it under similar conditions
together with careful measurements of wind profile, roughness,
and the other measureable parameters the theories purport to
relate. Such a test will indicate whether or not the present
"Austauch" approach to the problems of the boundary layer, which
assumes no net vertical motions, will be fruitful toward a bet-
ter und=rstandinz of vart cf the complex phencmena we call

weather,

V. Deta
The hourly mean values of the four terms In the heat
budget as well as other pertinent data are listed in the fcl-
lowing charts and tables., et radiation is pletted positive

downward in order to conserve space on the charts,
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TABIE 3

HEAT BUDGET OVER UNIVERSITY OF WISCONSIN
MARSH FARM CORNFIELID

(o]
Time Rygy | B, R |y | Lygy | 1 %,
Sept, 2
1000-1105 4os 38 .78 206 161 16,4 14,3
1105-1200 33 25 s 212 06 16,8 14,2
1200-13%00 340 - 4 .68 205 139 16,8 14,6
1300-1400 203 - 14 53 142 75 16,6 14.6
1400-1500 205 - 20 .64 137 88 16,2 14,2
1500-1600 14y - 26 .65 103 67 16.0 13.7
1500-1700 112 - 38 .1 129 21 15,8 13.0
Sept, 3

0200-0300 - 64 - 26 1.0% - 18 - 20 14,1
0300-0400 ! - 8o - 26 .52 - 35 - 19 14,7
0400-0500 | - 91 - 32 oTT - 33 - 26 14,7
0500-0600 | -110 - 40 51 - 46 - 24 14,6
0600-0700 60 - 20 .28 62 18 14,0
0700-0800 263 14 74 143 104 15.5
0800-02900 452 4y .61 252 254 15.9
0900-1000 610 80 .99 266 264 16,0
1000-1100 595 106 LB1 z2Y 265 15,7
1100-1200 721 148 DD 374 1092 12.8
1200-1300 684 oYy .76 23Y 256 20.6
1300-1400 598 30 .69 336 232 12,0
1400-1500 442 6 1.05 222 23Y 20,4
1500-1600 287 - 20 5T 191 116 18.9
1600-1700 102 - 32 .57 85 52 17.4
1700-1800 | - 54 - 48 .8 Y - 10 16,2
1800-1900 =121 - 70 2.6 - 13 - 35 15.1
1900-2000 | -107 =110 1.9 1 2 14,4
2000-2100 | =105 - 170 5 9 - 10 - oY 14,1
2100-2200 -106 - 48 2.8 - 15 - 4z 14,3
2200-2300 | -100 - 40 1.8 - 37 - 30 14,3
2300-2400 -104 - 38 1.5 - 26 - 40 14,3




TABIE Z--Continved

1

l- Pt U7O
eTEO P484-T3u2 6484'e342 uBM/sec. u3om/sec. ué g. dd Cloud
10.5 -0,28 -0,23 3,05 6,02 1.97 | Nw 8 Sc
10,6 -0,31 -0, 4Y 2. 77 5025 1.90 NW ° Sc
10,6 -0.,20 -0,19 3,02 6,00 1.299 | WwNW 9 Sc
10,7 { =0.10 -0,12 2,78 5.63 2,02 | WwNw {10 Sc
10,5} -0,12 -0,12 3,22 6,69 2,07 | wNw | 10 Sc
10,5 -0,06 -0, 06 3,25 £.50 2,01 | wnw |10 Sc
10,7 -0,01 -0,04 3,07 6,08 1.28 { wnw |10 Sc
11.6 o .08 1.73 3,32 2,261 nw | ¢ Sc
121 .30 .37 1.37 3,02 2,641 nw i 9 Sc
12,6 L1 .34 1. 46 4,15 2,81 nw | 3 Sc
1.3 .22 .28 1,18 J.32 2.82 | nw| 1 3
13.8 w13 « 50 1.36 3.20 2,34 NW 1 Cu
1307 - 015 - u13 1. 65 3055 20 16 ]\TW 1 Cu
12, - W17 - .18 1,62 3.25 2,01 { Nw { O --
11.2 - 37 - .24 1.83 3.83 1.82 | nw | o -
908 == -57 = ous 1.52 2.31 1. 81‘,’ I\IW 0 S
909 - -29 = 035 1.55 3.0“ 1‘95 NW O Cetad
10.1 e .40 . '34 20014 u.18 2.05 NI'I 0 B
10,4 ¢ -~ .40 - .37 1.29 2.87 2.2} nw | o -
10-5 - 033 - 020 1.71 2.78 1.62 ]\J'W O "
10,9 1 - .32 ~ 230 1.16 2,53 2,201 MWW | O -
11,0} - ,08 - .09 1.48 2.71 1.80| nw | o --
11,5 | .05 el i 2.10 -—— wlo -
15,39 15 .18 - 1.54 --- wlo -
14 1,83 .62 - 1,44 o wlo -
12,0 1,68 .50 ——- 2,00 p— wlo --
LIdosdin - 78 1 .18 .- 2.85 --- W0 --
115 | ST | .20 .85 3,75 - w3 C1
11,4} .57 .2k 81 | 3.22 --- | SW | 3 c1

J U e S e f R _ ke iat




1 o s i e s bt 1.4 B s

=== =S .‘_‘:‘_‘_‘-‘::2:7::-‘ ————or= __-—_:_':*:‘?_.r—-":“: o= 1?£F‘3- e
! o g 9
Time Rugy | B | /9 Tway | TImay | TC. ! T g5
i 4 _— Lo -
Sepvt, 4
2400-0100 | -104 - 36 2.5 - 21 - 47 14,2 12,2
0100-0200 | -104 - 30 1.8 - 2% -1 14,2 12,3
0200-0300 | -102 - 30 1.5 - 29 - 43 14,2 12,2
0300-0400 | -100 - 32 1.3 - 20 - 38 14,2 12,0
0400-0500 | -102 - 1 1.6 - 23 - 38 14,2 11.8
0500-0500 | - Q5 - 32 1.4 - 26 - 37 14,1 12,4
0600-0700 36 16 | <55 13 7 14,2 13.8
0700-0800 25Y 4y .27 165 45 15.0 16,
0800-09200 uy3 80 .70 218 152 | 15,8 17.1
0900-1000 578 118 .61 286 174 0.1 18.5
1000-1100 666 142 .5k 340 184 16.7 19.6
1100-1200 709 140 1.23 255 314 20,4 20,5
1200-1300 691 74 .63 379 238 22,1 231.9
1300-1400 596 40 A9 1 373 183 10,8 22,2
1%00-1500 456 14 .75 | 252 190 21.4 22,8
1500-1600 289 - 4 27 | 230 63 19.9 23,0
1600-1700 110 -2y | .oy | 12, 112 17.9 22.7
| ! !
} ! T’
1700-1800 | - 60 - 41 | -1.86 | 21! - 39 16.8 21.5
1800-1200 | -120 -4 1727 | - 9 { - 55 15.8 18,9
1900-2000 | -116 -4 1 53 ) -212 | -6 15.3 { 17.2
2000-2100 | -119 | -38 | 2,1 | -26 ! - 55 15.3 17,8
21002200 | -118 | -32 | 00 | --- | -I2 cam 14U D
o et ol S GRS BT S 0 SR ST | -T2 --- | 15.9
2300-2400 | -119 - 28 i 1.2 | -4 | - 51 -—= 1 15,8
| ! 1
Sept, & | i i i |
2400-0100 E -116 j - 44 ! 1.55 ‘ - D8 } - ZY e 15.7
0100-0200 | -118 , - 30 | 1,28 | - 238 | _ 5g --- | 15.9
0200-0300 ; -115 | - 34 | 1,05 | -390 ! _ §p -—= | 152
0300-0%00 | -107 | - %0 ' 91 } -35 | _ 3 --- 14,5
0%00-0300 | -105 | -32 | .71 | - %2 | _-37 | __ 14,4
0500-0500 | - 75 | - 32 | 95 | -33 | -30 | --- 13.8
ol ST B, T LA TSR o T i, 1
0600-0700 { 83 | 26 53 | 33! 30 ! ... 15.5
0700-0800 | 281 ! Yo { |15 1 20h | ALY R i 4
0800-0900 | %70 | s0 | .25 5zh 86} .=='17306
0900-1000 | 609 | 76 1 .71 | 212 | 219 | - 21.9
1000-1100 | 687 | 115 .32 1 428 ) 145 ° L = 23,1
1100-1200 { 717 | 130 { .27 {7 P T [ i 24,7
—— L ! 3 = ~1 ! s —_—
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TA T?:Iﬁ 3--Q£;rlg_inued
; s orr | i
- - m T Z
eT;O T48M T3M2 eygy~e3yn| Usll/sec, UBO“/SGC' uQOg:, ad Cloud
]
T
112 .58 .15 .87 3,45 3,940 sw | 1 (o3 4
11,1 .60 soR « T3 3.312 h,22| sw | 1 ci
1101 052 022 o?u 3-21 ,"'.35 SwW 0 =l
1101 065 032 065 3- 10 uo75 S‘&Y 1 Ac
11.2 05,"’ -21 059 2.97 5. 00 SW 0 b =
1106 039 017 086 3. 16 3. 65 SwW 0 L
12.3 u05 - .0'7 099 2-76 2.79 Stq O bl
15.0 - .03 - .C7 w95 2.55 2.7 Sw 0 =
12.8 - .2} - 22 1.63 .86 2,381 swlo -
15,2 - .20 - .21 1.81 3,26 1.81| svw 0 ==
13,4 - .31 - .37 2.35 2,90 | 1,650 ssw | O --
13.4 - .12 - .10 2,50 4,06 1.62)1 88w | O -
14,1 - .39 - ko 1.92 3.28 1.71] sw | O --
12,64 - ,20 - .26 2,45 3,78 1.72 sw | O -
32,1 - .13 - .11 2,28 2,81 1.68] sw 0 ok
12.8) - .11 - .20 2,14 3.61 1.69 s i o s
1%.3 - .01 - .17 -— -— 1,814 8.1 0 -
|

14,4 .26 - .05 _— s 2,70{ s o e
14,4 .80 .07 .76 3 86 5,03 s 10 e
14,2 .21 .11 .71 2,60 3.57T! S | 0. ==
13,8 .05 .12 2.10 4, ol 1.92: 8 !0 -
13,4 .32 .26 2.9 4,06 1.84) 3! 0 S
13.1 .29 .05 .75 3.47 2,001 S 0 -
13.0 .38 .21 1.86 3,62 1.4 s {0 -
12,7 .12 .05 2,05 3,20 1.84 310 -
12,56 34 - A -— -— -— S 0 =
12,8 .36 .22 2.19 .85 1,80 5340  --
12.5 Juu .31 1.28 3,08 2.40 S 0 =
12,4 1o .34 1.60 e I 1. 2,07 3 o) --
12,4 47 L3232 1.3%2 2,95 2.17 s | o 2
— . LY  SSSCERI——— g
12,5 A48 > 2.37 3.92 1,66 S 0 -
12,9 - ,02 .08 2.91 L 20 1.65 S 0 --
14,0} - ,0b - .10 -—-- --- -—- S| O --
15,0 - .11 { - ,10 3,30 5,08 1.54 g |0 e
26051 . ~S 13 |7 = BB 5.58 | 5.65 1.58] s | o -
17.0f - .17 ; - .4 3,6k 6, 05 1. 67 sw 0 -
‘ | 2 ey N T P TONE o T
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TABIE 4

HEAT BUDGET OVER UNIVERSITY OF WISCONSIN
MARSH FARNM CORNFIEID

Time  |-R B z Ly e r °c. | T2C.
484 o | B Zyay | Twes | To O | 150

August 27

1500-1600 433 - 17 | -0,05 y72 - 24 29,8 29,2
1600-1700 214 - 19 { -0,08 248 - 8 28,6 28,6
1700-1800 20 - 26 | -0,23 88 -~ 22 26,9 27.3
1800-1900 | - 63 - 71 -0,39 13 - 5 25,9 25,4
1900-2000 | - 73 - 48 i -1,10 - 12 - 13 £5.0 24,1
2000-2100 | - 67 - 48 | -5,60 Y = 23 24,5 23,3
2100-2200 | - 65 - 48 | -1,93 18 - 35 24,2 22.5
2200-2300 | - 68 - 356 - -— -—— 23.9 21.5
2300-2400 | - 74 - 31 - -——- -——- 23,8 22,3
August 28

2400-0100 | - T4 - 33 ——— —— — 23,7 22.1
0100-0200 | - 40 - 28 —_— PR ——— 23,6 ——-
0200-0300 | - 47 - 28 -——- - S 23,6 20.2
0300-0400 | - 33 - 42 - - -——— 23,3 20,2
0400-0500 %8 - 42 ——- ——— —— 23,3 20.8
0500-0500 | - 48 - 28 ——— . ——- 23,3 20,0
0600-0700 54 42 -0,64 5 - 23 23,1 23:1
0700-08200 154 50 0.11 oY 10 25.7 21.8
0800-0200 204 59 0.00 145 0 2y,2 23,4
0900-1000 218 2 0,04 140 5 2.7 24,0
1C00-1100 Bey 167 0. i7 509 51 25.5 25:5
1100-1200 569 1€7 035 373 129 26,4 26,5
1200-1300 567 1 1.28 212 g7y 28,9 27.8
1300-1400 4217 28 0,09 261 32 29,6 27.3
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TABIE 4--Cc

e = r;,.:—-—:.--r-a ;r?:r-—a—.—.-x.s-z.' 2w sde eeT 3 e T I|eT s T IS T BT T e THE T WL T I TAT I W oS

emb }'T'
150

tinued

/sec. lu_ M/sec.i 301, | ad| Cloud
20 uB M.

(SN S P, S N e | e o

33y Tau2 [P u8y C3u2 N3

0.02 -0.24
0,01 -0.20
0.07 -0,19
0008 -Oc 13
22,8 0.24 -0.14
21,5 0.35 -0,04 1.48
21.4 0.30 -0.10 24
21.2 -—- -—- 1
19.9 - --- 1.97
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17.3 P ——= 1 1,00 | 3.68 | 1,511sszlo ---

F e --—- ) --- | .88 | 2,73 | 3,08]8SEl0 ---
17.5 -—— ) -—— .58 2,24 b 4,800 83410 ---
17.5 Snatt —— | Is0 | 220 | u.51] SSE ({5 Ac,Sc
17.6 oA -——- ! .k | 2,23 | 5,40| SSE{Q Ac,3c
L --- | .85 | 2,87 | 3,32} SSW 6 Ac,Sc,Ci
17,50 012 | 0,12 | 132 ¢ 2.2 | 5.0 53w 19 Ac,Se,cC1
18,%! -0,03 | -0,18 | .63 | 2,08 | 3.28{ 31719 Ac,Se,Cl
19.3| -0.00 | -0,09 1} .79 | 3,05 | 3.90; SSw|9 Ci
20.4J -0,02 | =0,29 | _—— - Ve ssw:Q Ci,Ac,Ad
21,1, =-0,12 | -o,4% | --- | --- | 1,87! sSwW!6 Ci,Ac,Sc
21,8¢ -0,33 ! -0,60 { 1,21 ! 2,03 | 1,82) s3W|6 Ci
24,81 -0,08 | -0,04 | --=  --- | ---1 84,7 Ci,Ac,Cu
25,3, =0,10 i -0,72 % =l T { ---| SW,7T Ci,Ac,Cu
it M n T | P = 5 S = ot S s LM, ET W, "+ S I



TABIE 5

HEAT BUDGET OVER UNIVERSITY OF WISCONSIN
MARSH FARM CORNFIEID

| o
v o) T Cr
Time ! -Rjpo By A Ei00 | Lioo | To C-| 100
June 18

1000-1100 0,886 0,076 0.753{ 0.462 0.348 | 41 20,24
1100-1200 0.976| o0.074 0.698! 0,531 0.370 46,5 | 21,48
1200-1300 0,897 0,062 0,761 0.476 0,359 50,0 | 22,32
1300-1400 0.587 C.075 0,819 0.2%22 0,230 40,8 (22,11
1400-1500 0. 499 0,065 0.954| 0,221 0,212 41,1 |22,32
1500-1600 0,418 0,039 0.783| 0.212 0,166 bo,7 } 22,12
1600-1700 0.2921 | -0,0004 0,930( 0,146 0,135 30,6 |21,87
1700-1800 0,076 | -0,053 0.7161 2.075 0.05% 31.3 21,38
1800-19200 | -0, 060 | -0, 058 0,522 —— - 24,0 |20.44
1900-2000 { -0, 134 { -0,076 |- 1.678{ 0.086 -0,144 18,4 16,04
2000-2100 | -0,129 | -0,066 - 3,886} 0,022 -0,085 14,7 14,4y
2100-2200 | -0,125 | -0.065 -14,838| 0,004 -0.064 13,1 1%.99
2200-2300 { -0,112 | -0,053 - 2,287 0,031 -0, 090 12.0 12.43

2300-2400 | -0,076 | -0,051 |- 2,0 0,025 -0,050 12,1 oo

June 19
0000-0100 | -=0,074 | -0, 074 } 1,057 | 0,065 -0.65 15.5 14,03
0100-0200 { -0, 084 { =0,063 |- 1.251| 2,024 -0,105 13.6 13,69
0200-0300 | -0,102 | -0,057 6,372 0,008 -0, 053 11,9 11.79
0300-0%00 | -0,0592 | -0,028 - 4,909 0,002 -0, 039 11,4 12,01
_] i . -
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TABIE 6

HEAT BUDGET OVER UNIVERSITY OF WISCONSIN
MARSH FARM CORNFIEID

| ! 1 (o)
. i T Cs
Time R100 By /23—100 /%1-33 “100 | Moo | 100
May 28
0430-0530 { -0,057 | --- -1,93 4,00 | --- -—- 8.60
0530-0630{ 0,058 0,012 0,09 | -0,461 0,085 | -0,035| 9.85
0630-0730 | 0,243 ; 0,079 0.4 ¢ 0,33! 0,123 0,041|10.53
0730-0830{ 0,498 ! 0,003 0.20 0.24 | 0,327 | 0.078/11.56
03830-0930 | 0,701 0,097 0.27 0.25| 0.483 1 o0,121]12,.22
0930-1030 ; 0,641 { 0,080 0.23 0.23 ' 0,456 | 0,105{12.60
1030-1130 | 0,863 | 0,039 0,22 0,31 0,629 ! 0,195,13.76
1130-1230{ 0,751 ! 0,020 0.29 0.251 0,584 | 0.146!13.64
1230-1330 | 0,601 | -0,001 0,23 0,301 0,463 | 0,139]1%,37
1330-1430 | 0,583 | -0, 029 0,22 0.28 | 0,478 | o0,134]1%.25
1430-1530 | 0,321 ! -0, 050 0.19 0.35{ 0.27% ; 0.096|3i2.26
1530-1630 | 0,318 | -0, 068 0.24 0.22 | 0.316| 0,070]10,92
1815-1830 | -0,011 { -0.065 -0,18 0.21, 0,045 | 0,009{ 9,79
1830-1930 | 0,032 | -0]075 | -0.27 | -0.50 | o 022 | -0.043| 9.65
1930-2030 | -0, 047 | -0, 062 -0.35 + -0.78 1 0,068 | -0,0531 9.11
2030-2130 { -0, 039 | -0, 058 -0.52 | -0.49 ! 0,027 | -0.018] 8.86
2130-2230 | -0,048 | -0, 086 -0.,45 1 -0,65 | 0,022 ! -0,015{ 8,51
2240-2335 | -0,127 | -0, 088 -0.82 | -2,50 | 0,026 | -C.065| 7.42
2341-0030 { -0,121 { -0, 102 -1.%2 -5.00 1 0,005 | -0,02%4] 6,19
| | | ]
| )
¥ay 29 ! ¥
0030-0130 | -0.126 | -0,096 | -3,30 | -5.35| 0,007 | -0,037! s.18
0130-0230 | -0,127 | -0, 073 -2.05 [ 5,36 -0,009 | -0,045| 5.4o
0230-0330 | -0,123 | -0, 087 -2.20 ( 11,32 | -0,003 | -0.033' F.u
0330-0420 | -0,118 | -0, 058 5.04 4,24 | -0,009 , =0.041| 3,05
0430-0520 | -0,064 | -0, 025 -——- 2,30 1 -0,012 | -0,027, k.88
0520-0630 | 0,119 | 0,045 | 0.26 | -0.27 | o.100 -0.027| 7.68
0620-0730 | 0,34} 0,077 ! 0.40 0,61 0,166 ! 0.101} 9.53
0730-0830 | 0,533 | 0,130 0.37 | 0.66! 0.304 | 0.199(12.75
0830-0930 | 0,819 | 0,186 0.%0 | 0,52 ! o,400 ! 0.233!14. 12
0930-1020 { 0,941 | 0.24Y S 0.74 | 0,400 | 0.297/315.19
1030-1130 | 0,017 | 0,227 0.61 0,90 ' 0,415 0,374i17.08
1130-1200 | 1,053 { 0,197 0.65 0.77 | 0.483 { 0,372)17.67
1200-1300 | 1,025 | 0,142 0,80 | 0,93 ! 0,457 | 0,425]18.22
1300-1400 ; 0,993 | 0,085 ! 0.73 | 0,831 0,482 { 0,42%4)19,00
1400-1500 | 0,504 | -0.014 { 0,60 { 1,04 0,208 | 0,%209!19.1%
1500-1600 | 0.354 | -0,066 | 0,60 | 0.73 | 0,235 0.184118, 62
1500-1700 | 0,200 ! -0, 082 0.56 ¢ 0,76 0,160 ! 0,121{18.45
1700-1800 ; 0,148 -0,101 { 0.58 | 3.87 | 0,051 ¢ 0,197{18.45
1800-1900 | -0,032 | -0, 144 ! -0,01 ! -0,00 0.12% | -0,011!116,46
190C-2000 | -0,054 | -0,085 | -0,73 | -0.2° 0,040 | -C,00915, 15
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TABIS G6--Continued
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