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CHAPTER I
INTRODUCTION

The kinetic energy cf tte atmosvhere is derived from sol
eneregy and 1s ultimately dissivated via turbulence and viscosity
as friction. A major fraction of these energy transformation oc
cur at the earth's surface with the atmosphere and the surface
acting together as a heat engine whose workine suhstance is air
containing water vapor. Ever since W. Schmidtl intrcduced the
"Austausch Theory" as a means of cealing with the problem of
turbulent transfer of heat, moisture, mcmentum, and other air
properties in the surface laver, a considerahle amount cf work
has been done by others tc develop the theory further and to
apprly it to practical vroblems in micrometeérclosy. Perhans the
most important prchlem tc be answered by any *turtulence theory,
meteorcloeically sreakinz, 1s that of the heat budeet cof the
lower atmosphere, that 13, "What tanrvens to the sunliecht?" How-
ever, the heat flux turns cut to be the most elusive part cf the
theory because the field of flow is stronelyv affected by the
heat transfer process. Research in this field has precceeded
along three main Airecticns: (1) enerey budret studies where

each term comprising enerer ralance is measured indevendently

“W. Schmidt, "Lasse r
Zrscheinuncen,” Prob, A, ¥cem. Phvsilk, Vol, VvIT (Yambure: Y.

Grand, 1925),

‘nausz*tauch in freisr Iuft un’d Verwandte
9
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or as nearly indczpendentlv as pcssitle; (2) mass, enercy, and
mementum transfer studies based on th= mean vrofiles of wind,
temverature, moisture, or cther air prcprerties in a manner
analogous to, but not identical with, molecular transfer of
these same air prcrerties; and (%) intimate structure studies
where fine scale fluctuations of air proverties measured with
rapld resvcnse sensing elements are maltiplied by the instantane-
ous comronent of the wind, the flux beine given by the time inte-
gral of the product, The measurements repcrted in thls paper
can be classified under item (1), tte energy talance of the sur-
face layer.

Kost of the Aifficultv that arises when one attempts to
aprly normal aercdynamical methods for the solution of beat flux
oroblems at the earth's surface is *traceable tc the effect of
the variable density qradient.] “e have, in a manner of speak-
ing, a combination of mechanical and éonvective turbulence. In
crder to aid the study of turbulence 1In the bcuncary layer in
the presence of a variable Aensity eradient 1t is very heloful
tc have an indevpendent 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 cbtained from
energy balance measurements.

In the enerevy halance method, the sensitle and latent
heat fluxes are ohbtained as a residue of a numbter of other

measurements. Since this residue iz the Aifference cof several

0.G. Sutton, Compendium cf lNetecrclozr (Bc

can Netecrcloesical Society, 1951), ». 507,
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larce numbers,

each must be measured with eno@ vrecisicn; there-

fore, in the secticns which follow, considerable emphasis isg

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

DETERMINATION OF THS HEAT FIGX RY THE ENERGY
BAIANCE AT THE EARTY'S SURFACE

I. Notation
The fcllowing convention cof symbols will be used in the
main bedy of the text., A1l terms in the heat balance are ex-
pressed 1n equivalent energyv flux through a unit surface. One

(1) Langley (Ly) = 1 eram calorie per square centimeter.

R, = Net radiation at heigcht 2z, vositive away from the surface,

B, = True heat confuction into the soll, vpositive away from the

© surface.
I, = Sensible heat flux at height z, vositive away from the sur-
face,

E, = Iatent heat flux at height z, positive awvay frcm the surface,

z
Tz = Temperature in desrees Centicrade at heipght =z,
e, = Vavor vressure in millitars at height 2z,

/2 = Alr density,

/Ah = Water vavor densityv,.

J = Joule's ccnstant,

A, = Austauch coefficient for heat,

A = Austauch coefficient “or water vavor,
/9 = Bowen Ratio.

t

= Time,

N
I

Hoight 1in centimeters, positive unwarsd.
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= Period.

= Pressure in millikars,

Heat of vavporization,

= Specific heat of air at ccnstant voressure.
= Specific heat of the s0il per unit vclume,

= Eddy dissipation per unit volume.

= m Q.UO }* g 2
1

= Vertical ccmponent of the ﬁinq.

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 + Iy + Eg = 0 . (1)

Direct caloric measurements of R, and B, were taken by methods %o
be described presently. The remainder 1s semarated into L, and
Eo by makineg use of the Bowen ratio.2 The expression for the

Becwen ratio given by Sverdrup 187

B = 0.64 P/1000 g_gg_’: (2)

1

Zquation (1) applies only to the vanishinzly thin surface layver

but in order to chbtain the Bowen ratio it 13 necessarv to measure

1?. Albrecht, "Der 7esenwartie Stand und der Warmhaus-
. 2
haltsforschune,"”" Metecr. Zeifschrift, 60 (1C432), o, U4,

. Bowen, "The Ratic of Heat Josses by Conduction and
cn from any Yater Surface,"”" Phvsical Review, Ser, 2,
op. 779-787.

tv Evavpor
27 1c"v“)
2 1CC %
R
Y,U, Sverdrur, Qcsanceravhrv for Meteorclosists (New
York: Prentice Hall, 19827}, p. 63.
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temperature and varor vressure cradients ahove the surface, Rilder
1 2 :

and Robinson™ show that three ccorrection terms are necessary for

is ziven by

this prcocedure, The Aifference hetween Eo, and E,

t 3
E, - B = -Ij%/at dz (3)

which 1s the rate latent heat is added to the layer. Similarly,

z 2
L, - L, = -(R, - Ry) - j,ocn 3T/3t Az + J]’é dz (%)
L

is the rate sensible heat 1s adéea 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 cannot be measured readily because when the radiometer
is close to the surface its own shedcw will interfere with the

2 use a radiation chart to show

measurement., Rifer and Rchinson
that the sensible heat added bty radliation i1s usually small but
may be up to 10 per cent of Lb.

The exact pesition of the surface for which equation (1)
is written becomes somewhat obscure when the surface 13 covered
with vegetation. Then BO 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 coreen gsilage was seventeen
tons per acre.

Imrlicit in the use cf the RBowen ratlio concept as the cther

U

N.E. Rider and G.D. Rotinson, "A S%

ucx ) e
cf Heat and Water Vavor," Ouart. Jour. Rey. Met. C., 77 (1S51).

I
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eaquation relating Ib and Ej 1s the assumntion *hat Ah = A_. Also,
we assume that trere are no steady circulations, that 1is, o0,
Ietcaul suggests that the Austauch ccefflcient has a drnamic and
a thermal comronent, If the moisture and temperature fluctuations
in the eddying air volumes are not highly correlated, the bucyant
acceleration can act as a "Faxwell's Teron" to semarate the air
volumes' transvort of sensible and latent beat, thus Ah will not
equal Av. An analvsis of temperature and moisture fluctuation
data given by Swinbank2 and temperature refractive index data
given bty Gerhardt and Crain3 shows a hiech positive correlation
between fluctuations of tempverature and vapor vressure when the
measurements are made 0.75 %o 1.5 meters from the surface, The
correlation is louer when the measurements are made 5.0 meters
fpom'the surface. Evidently, in the recion near the surface,
strcng buoyant accelerations will not have had time to accumulate
any sfgnificant velocity ﬂif?erenée atween air marcels carrving
sensible heat and those transvortine latent heat, Iettauu has

stated that bucvant accelerations near the surface have very

h

“Heinz Iettau, "Iso*ropio and Non-isotrevic Turbulence in
the Atmospheric Surface Iarer,' Gecphvzical Res. Paper No. 1
(Cambridge: Ailr Force Cambridge Research Iabs., Dec., 1942),

2

w.C. Swinban'. "The Measurement of Vertical Transfer of

Heat and "ater Vapor bv Eddles in the Atmocsvhere," Jour, leteor.,
2 (1951), ». 1M1, fie. 7.

“JT.R. Gerhard* and C.ll. Crain, "Thke Direc* lleasurement

of the Variaticns in the Index of Refraction cf A*tmeosvheric Alr
v
i

4 - na " " ] Y -~ AT =z

at lfcrowave Freauencies,” Elee, ©Wnc., Res. Iat., Rvi, No. 0C,

4 . 4 —

{Austin: Universisv of Mexas, 1050), fies, 10-14,
u " .o AV - % -
Heinz Iettau, "Thecory of Surface Teurerature and Heat

- PRI I . > e ~ o " m "

Transfer Cscillatlcns near a Iev21 Ground 3urface, 'rans. Amer.

~ o e T 2N ~Ahe ) N

reconhvs, nicn, °S< (17!?;‘. ), n, 190,

I ————————e eSS
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11ttle effect on *he intensity of mixinc, This fact has heen veri-
fiad bv Pasquill.l In the 1ight of this evidence 1
0 understand why Ah should not ne wvery nearly eaual to A in the
surface laver. Vet, Pasquill's? Alrect measurenents cf the com-
ponents of the heat budget show A s Ah' Could Pasaulll's evalua-
ticn of 1, have had a svsteratic error? Apmarently Rider and
Robinson3 think so, for tkey do no* accept bis measurements which
show A, and Ay to be unequal. If, ther, we ccnfine “he measure-

ments to beights near the surface Ah/hw will »e verv nearly unityv.

TIT. Observatlons

4. Site.--The measurements were taken on the University
of Wisconsin liarsh Farm at Madison. This 120 acre field 1is ex-
centionally level, taving heigh* warlations of onlv 20 tc 40 cm.
over most of i*s area. A particular feature of this leocation 1s
1te uniform soil characteristics roth with regpect %o composition
an? moisture content. The water *able 13 beld at a constant lewel
40 to 50 ~m. below she surface by means of a *%1lle srstem and elec-
tpic pump. The peat soll vrcvides an amvle sunply of meoisture
frcm below *hrousk capillarr actian.h The ohstructicns tc the

.

win® were a 100 foct high »ulldins cne nile *o the southwest,

L

B0 fcot trees three-fourths cf a mile tc the south, and 50 fcot

— e - P, ———m g
1 .
1p, Pasouill, "EAAr Niffusicn of Water Vapcr and Heat
" Q - ~ -
i n - < Q- o, " (@] [P 1N+ -
near the Ground," Proc. Ror. Soe., Ser. A, 10 (12:¢), »n. 136.
2 rt
IhiA.
S
z o
nider and Robinscn, co. cit., »n. 3¢5,
s 20 SO
- 'f“)"n. Il",r|'f“|}ﬁ ¢ ’:a*\-’ 17 1 Trainare "‘“r*"“"‘\:" (t?f‘_“~ q;.:!aﬂf'
Iasten's Tresis, Civil 3Inglineerine, University cof Wisconsin,
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trees one-half mile Yo the west and northwest, cne-{ourth mile
to the north, and 1000 feet tc the eas:., A schematic diazram of

the installation is shown in filcure 1.

B. Net radia*ion, RL.--Tho ne* short wave and lcnz wave
radiation was measured with a newlr Aeveloped net radfation in-
strument. A complete déscrivtion of +lLis ingtrument, method of
zerc set, calibration, and accuracvy has been given in a paper by
Suomi, Franssila, and Isletzer.l fThe net radiation term measured
with thls instrument was accurate to about 2 ner cent, This is
indeed fortunate, since radiaticn 1s usuallv the largest term of
the heat budget.

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

the earth's surface 13 gis by the vproduct of the thermal con-
ductivity and the temvmerature cradient in *re boundary scil lavers.
This 3imple relaticnship I3 not usahle hecause the theruzl con-
ductivity of the soil fs not a cons*ant., T+ depends on the soil
composition, commactlion, and molsture content. This is no* the
only difficulty, Cne is forced to ob*ain the temrerature of a

two-dimensiocnal surface with a three-dimensional thermometer.

2 : 3 g
llartinell!, et al.” and Deaccn” have described heat meters haszed

V.E. Suom!, I, Franssila, and 1, Isletzer, "An Improved
Vet Radlation Instrument," Scientific Report Wo, 1, Ccntract AF
19(122)-451, Derartment cf Fetecroloey, University of Wisconsin,

Aoril, 1953,

? " P . . "

R.C, lMartinelll, E.H, licrrin, and L,l.K. Becelter, A

Investigation of Alrcraft Heaters, V., Teorr and Use of Heat
lleters for the leasurement of Ratic of Yeat Transfers wh
(=]

ich are
Indevendent of Time," National Advigory Committee for Aer
Advance Research Revort 4H0O, Ausust, 1944,

EE.I. Deacon, "The Keasurement and Recordine of the Heat
o . e " " B ey 479 oOh
Flux into the Scil,” Cuar. Jour. Roy. Met., S., 7S (1949), ». 479,
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on thls conduction relaticnshiv where the temperature gradlent

exlsting across a thin sheet of hakelite cr zlass cf ccnstant

“eonducticn characteristics is measured with alternate junctions

of a thin' thermoplle. A number of heat conducticn plates fol-
lowing the cons$ruction described br Deacon1 were made and em-
bedded at varicus depths and lscaticns in the scil., Results,
however, were not satisfactory. Uhen the plates were mounted
near the soll surface as was necessary to account for most of
the scil heat flow, they interfered with the flow of moisture
through the surface and, therefore, with the heat campacity,
conductivity, and equilibrium temperature of the soil. On the
other hand, if they were set Adeep enough not to affect the
moisture flow, most of the heat transfer occurred above them,
thus making 1t necessary to do calorimetry for that soil 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 smcoth surface and used a soil and water paste to
cement them in vosition.

The calorimetric methcd of obtaining BO requires a meas-
urement of the soill temperature vrofile and the soil heat capacity.

The heat conduction throcueh the sur”ace can then Yc obtained from

the expression

1Ibi4,
2 r Moy . - - . P o
J.E. Verhrercamp, iXverimen al Investigation of Heat
Transfer at an Air-Sarth Interface,” Trans. Amer. Geovnhys. Union,
34 (195%), p. 22
. 1252), p. ee,
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B, = 1/t .Zz:/as Cq AT (5)
T=0

where CS is the specific heat per unit mass and/os is the soil
density. A T is the temperature change of each layer for the
period in question. Eight thermccouplas at various depths were
set out froma main supprort similar tc the arms of a serles of
stacked letter E's so as not to disturt the structure of the soil.
The soil conduction terms for Nay 28.2C and June 26-27 were ob-
tained with this apvaratus, 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 h-at budget. Aprar-
ently hand cultivation in the immediate'vicinity of the temperature
probe did nct quite dunplicate what was dcne by the farm machinery
elsewhere.

Referring to equaticn (5) one sees that there 1s not much
point in getting a profile of the temrerature without at the same
time having a profile of the scil heat cavacity. It is difficult
to sample thin layers of soil so the mean heat cavaclity for 0-7 cm,
7-20 cm, and 20-30 cm layers were btaken. The heat capaclity ver
unit volume for each sample was ob*ained with an electric calo-
rimeter.

3ince the final use of the soil temperature profile 1is

tc obtain the average tempverature chanze for the entire layer, It
is puch simpler to dc the actual averacing witk a long reslstance
thermoneter elsment, Better samonline was alsc chbtained by using

+ton
G

] - ~ S ~- S =z ~ Tanc . ~1 Jorgi o8 2 z ]
nickel resistance thermcuefers 2V ~t1 1long connected in series
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with avpropriase ccmvensation ]03&3.1 These elements were 3=t
across ten rows, each element renresentinz a different mart of the
row., Tre temperature change was obtained from resistance changes
which were measured on a 'heatstone bridege. This method of ob-
taining B, was the best of the three methods tried. Ioreover,
the equipment was easy to build, calibrate, and use. The advan-
tage gained in having a better statistical sample outweighs the
error introduced by using the vproduct of the mean temperature and
mean soil heat capacity instead of the mean of their oroduct.

After a series of tests in which all three methods of
measuring the soil heat conduction term were compared, the soil
temperature pro’ile and heat meter methods wefeabandoned. The
data for August 27-28 and September 2-5 were obtained with the ten
resistance thermometers. Hourly measurements of heat capacity
were also taken. This method gave an errcr of 5 per cent of the
soil conduction term, thus only 1 to 2 ver cent of the total.

D. Temverature and noisture rradient,--Ordinarily, tem-

verature 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 psychrcmeters. The use of instru-
rents of similar constructicn and eXpoesure tozether with the 4if-
ference measurement tends tc elimlnate ﬁost of the errcrs in abso-

lute magnitude, However, Pasqui].l2 states that, in spite of care

j%einz Ilettau (vrivate scmmunication) has called the
writer's attention to a paper by P. Iebman. The paver is entitled
"oin Integrator fur arme Umsatz lMessungen In Boden," Breichte d.
Dustsohen Wetterdienstes i,4. 1.3, Zone, 35 (1952), p. 304,
Iehman uses only one resistance wire thermcneter,

Por+table Taidicatinz Apmaratus for the

",
n I’'.q o O

-

. Pasquill,
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in construction and exposure, enough errors remaln to warrant fre-
quent zero checks, Presumably these residual errors are due to
differences in wet bulb feeding, imperfect wet bulb performance,
dirt accumulation, and spurlous 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 Pasquill1 mounted on an automatic electric 1lift.
The psychrometer's position was changed from 10 cm to 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 btulb 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 helvoful 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
thermo junctions, same soldered connections, same wires, same relay
contacts, same potentiometer recorder, seme ven, same chart, same
zero check, and appfoached tre reading from the same directicn,
thus giving the same dead zone error. wnile 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 vrecautlions menticned above, the

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

3 5 1143 1 "
Studv cf Temverature and Humidity Profiles near the Ground,
Proc. Rov. Meteor. 3., 75 (194C), v. 241,

j P
Ibid.

. 240,

3
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time constant as the wet bulb, Snilhausl has shown that unegual
time consténts 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 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 1n order to revroduce
completely a signal whose highest frequency has a period 1: 1t is
necessary to take samples at twice the highest frequency or every
TV? seccends, This requirement was certainly net met in our
equipment, nor can it ever be as long as measurements are made
in three places with the same instrument. 1In 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 antagonistic, Of course, one
can sample rapidly first and integrate later, but the two cannot
be combined in one instrument,

An errcr analysis of 3T7/az and 3e/dz for eight hours of
data for May 28, 12952 under unstable conditicns and four hours of

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

_1A.F. Spilkaus, Trans., Roy. Scc. South Africa, Cape Town,
24 (1936), »p. 185,

Claude E, Shannon, "Communication in the Presence of
Noise," Proceedings of the Institute of Radio Engineers, 37

(1c49), oo, 10-21,
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and lMr. Chi-Ling Iee, If the cobservaticns at each level are con-
sidered independent of each other, the standard error of the mean
i1s atout 15 tc 20 per cent of the eradient reing measured, This
represents the maximum error, If the fluctuations at the two
levels are related, the errcr is much less. When the correlaticn
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 % to 6 per
cent of the gradient being measured. This revoresents the lower

limit of the error. 1If the correlation is .8, the standard error

of the mean is 8 to 10 per cent, It was not possible to establish

i tetween 7 T .
the correlation coefficient between 10° T33 and TlOO because of
having only a single psychrometer. Data presented by Geiger,l
3

Gerhardt and Gordon,2 and Rider and Robinson”’ indicate that r = .8
is a reasonable value,

E. Evapcrimeter,--The evavorimeter was used to cbtain di-

rect measurenents of the latent heat flux, It ccnsisted of a tank
20 inches deep and 60 inches in dilameter floating in another tank
65 inches in diameter, The inrer tank was filled with earth which
held full sized corn plants arranced in rcws tc simulate the sur-
rounding area. These plants were transplanted abcut, three weeks
before the measurements were talen, Whole blecks of earth were

moved to vrevent disturbing the rcot system, Rain which macked

1

. . ) |
vard University Press, 1950), »o. 55

? 1) -~ "

"J.R., Gerhardt and

Rudolf Geicer, Climate near the Grcurd (Camtridge: Har-

lMicrotemperature Fluctua-

-
- »

" 100 £ It

-~ 7 L ¢

I,
tions," Jour, Meteor,, 5 (104¢
1

- L _‘i‘. 2 & ( £ .
Rider and Robtinscon, ovn, cit, p. 3¢1, fiz, 5.

s
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the earth cccurred several times in the three week interval.
There was no wilting or other qnnaront Adamaze tc the plants, On
the whole the evaporimeter was an excellent sample of the sur-
roundings. It was not possible to Alstinguish 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
0oil to prevent water loss from evavoration. A Yooke gcauge and
st11ling well enabled the change in mass to be measured from the
use of Archimedes' principle, Chances 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, since the water
loss was cumulative, the percentage errcr was only abcut 3-4
per cent for pericds of several hours,

The accuracy of the Adirect evavoraticn measurement was
not limited by the accuracy cf the water level measurement but
by the area the evavorimeter was set to 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 tvhe evavorimeter as shown in figure 2.

These details have been given because the data ziven by

this inatrument are an important rart of the discussion.



— —
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corn rows

——tank

— —

meter.

Fig, 2,--Method of obtaining effective area for evapori-
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CHAPTER III

DISCUSSICON

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 Auzust and Sevtemter data where a
superior mcdel of the net radiatiocn instrument was used. These
data have been corrected for a small error due to the variability
of *“he absorption ccefficient with wavelenzth of the radiation
recel-er. Tre scil term for this period 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 bpressure gradients, especially
at night when they were small, The gradients were measured at twc
heights to test whether or nct the Bowen ratio was ccnstant with
height. There is fair evidence that this was true for the HKay
data, but in June the corn plants tad grown hizh encugh to effect
the lowest gradiert. By late Auveust the ccrn was full-grovn, and

a new 1ift with stops at 237 cm, 242 cm, and 4Chk cm atove the soll
was necessary to get the measurements above the ccrn crop. During

the day the lowest level gradients could nct te used since

found that a measurenment made slichtly abcve, rTut between vegetca-



2
o

D

0
tion rows, was still not out of the fetech of the roughness ele-
ments.1 Apmarently 1t is necessary to take hoth time and gmace
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 be obtained with any accuracv., Tbe switch fronm upper to lower
gradient is warked@ in the tables by the horizcntal bar,

It would seem reascnable, on purely ohysical grounds, to
expect smooth curves for the hourly values of sensible and latent
heat transfer on days with clear sky and uniform wind, If this
assumption is valid, the difference tetween the smooth curve and
the actual observation can be exXxpressed as a percentage error of
the gradient being measured, A band reoresenting the t 5 per cent
error limit of latent heat flux btas te~-n added to the chart for
Septemter 5, figure 7. Only the O0C0C valwe lies outside the band.
This large devarture must bave been causzed by faulty operation of
the 1ift, wet bulb, or recorder rather than representinz a typical'
error of measurement. The nocn otservation for each clear day in
August and September, figures 5,5,7 and 9, also have significant

ne twenty minutes of this

o

demartures from a smocth curve, Dur

hour the rcws of corn wers in line with the sun, TZach vlant was

then shading its neightor %o the north, This "row effect" was

~Q

also evident in the individual samnle gradients c temrerature

o
Meinz Ie+tau (vrivate comrunication) has trested this
nprotlenm thecreticallw I osd
he A3

e
n the Prcceedines of a
b

Mass.,, E. Wendell Hewson Editor (in rress

1
ric Turbtulence, Air Force Cambridse Research
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1
and moisture during the twenty minute veriod. The effect is also
apmrent in the wind data, "Some of the indicated changes in the
heat budget at ncon are uncoubtedlv real, but there is nc way to
assess 1t quantitatively from the vresent set of cbservations

IT. Comparison of Direct and Bowen Ratio

Measurements of Sensible and latent Heat

A. Iatent heat,--A tast of the accuracy of the Bowen

ratio method is given by commarine its values of the latent heat
flux with those cbhtained 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 any error introduced by
the lack of realistic assumptions in the Bowen ratio concept,
Hewever, the erfors in measurement will tend to be random where-

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

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

It is of interes* to recall that the theoretical objections
tc the assumption that A, = Ap as used in the derivation of the »

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

tion. Tahle 1 shows this same tendency., Cne 1is tempted to state
that fhese results confirm Pasquill's measurements.l Unfortunate-
lv in beth kis and our exveriments the abtsolute maenitude of the
evaporation term devends on the surface area assigned to the
evavorimeter, UVhile this is strai~htfcrwarad enouzh for the
evapcrimeter container, the area renrezented bty the vegetation

1

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

"IdAv Diffusicn ~f Water VTapor an? Heat

Proc. Rer. So~., Ser. A, 198 (1S49), pp. 136 1.

o INUL 1 o .y .



N
N

TABIF 1

700-1200 111

MEASURELENTS OF IATSNT HEAT
':'.—3-3'.‘:33_1}:::_‘.:A=.=_-.:=;= :::-—.—:.::: :.:‘;:::T_‘. T I== == :r‘:—'—‘-‘:’: ‘:_zr'z__._."’ ; = ==
\ n { = : Y oy . Tk : T
i ! o Patrect  “Bowen | “TTYT | “smooth | SEEor
o 7 (] T T
Sept. 2 |1000-1700 G2 | 68 i +9 | --- 1 +9%
| i
Sept. 3 10700-1700 sy ! 145 ! + 1% | 151 + 5%
) l |
Sevot. 0700-1700 193 | 152 1 -21% ; 157 -12%
0 ? { :
| t !

- -

t

*¥The sncuthhz in Table 1 congistse
for one large, easily detected devarture on Sept.
departures of cpposite sign on Sevt. 3. No smoothing of

Sept. 2 data was atsempted because cof the variatle radiation.

units of Table 1 are Iangleys.

B. --The values of sensible

Senzatble keat,

frcm the Bcwz2n ratio and as

ments are given in Table 2,

TABIE 2

COKPARISON OF RESIDU= AND BOWEN RATIO
MEASUREMENTS OF SENSIBIA HEAT

—:—.—“=;-::-:‘-:-.-_z :‘::“::“:.-::“"_—_"2 T=I = :_"::‘:A?: ==z ‘.;“r‘-:,: T === ‘:._2::: === ==
Pats 71 | g, D1 Lo LT
Dats ! Pime ! : i Trrer i T
a | ‘ “residue ' ~Bowen ! . Smooth
s e e e i e i i i L 5 i i it ot it e
- N i \ ' 1
\ ' ' ' {
Sept. 2 ' 1000-1700 i 4y : 28 | -13% -—-
! \ \ )
H { ! ! v’ ' -
Sent. 3 | 0700-1700 | 120 ! 119 | -1 | 115
\ \ \ ] ]
‘ - s | -0 ' \ ~
Secpt. 4 . 0700-1700 ; 53 : 00 | == ! oy
' i 1 \ 3
Sept. 5 ! 0700-1200 i 32 136 1 +11%. 4 30
' i i

\ ' \

of linear interpolation
4 and 5 and two

the
The

heat cbtained

the residue cf the direct measure-

e i i A )
\
)
{
H
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Tre values of the sensible heat 1listed in Tabhle 2 are
easily accurate enough %0 meet the needs of a tes®: of the ef-
fects of a varlable density gradien cn turbulence near %he ground,

outlined in the introduction to this maver,

IITI. The TEffect of Advection

In this sectlion we will attemnt tc acccun® for the large
discrepancy btetween the direct and indirect latent heat loss
measurements of September U4,

Equation (1) was written as the heat budget of a horizon-
tal surface, each term revresenting heat transvort in the vertical
direction only. If we write the heat tudget “cr a velume whose
bottom surface is in contact with ke ground, we must account for
- energy added through its vertical faces, E=quaticn (1) then

=

becomes

if we neglect certain terms we have alreadr shcwn %o be small.
The subscript used refers to the helzh% of the instruments. The

first three terms are the direct measurewments. It is clear that

cr

he residue is more thran just the sensible ‘eat. If we assume

that E, = HAyg)y as was done in (6), and also assume that we can

~0o
use the averags measured Bowen ratic, weighted for the total
heat added *o the atmosvhere durinc each hour, we can obtain
Lyay ”Pcu;;i %Hﬂl . The to%tal senzidble Feat flux Tor the vericd
0700-1700 on September % is 114 Ianglevs., Wkan 1s figure and
e other measured values are substituted inic (&), we obtain
A =55 Ly, 1If this estimate cf tte advection it veasonable,
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1t i3 clear that during conditlcns with advectlon, the Bowen
ratic method of balancing the heat dudget will have large er-
rors,

A question now arises. Is there scme measurable parameter
other than direct water lcss that would allow an estimate of the
advected energy? An avpproximate solution to this guestion 1is
found in the soil conduction term. If we ignore the seasonal
transmission of heat into the ground, and also assume an equal
ratic of heat added %o the soill to that added to the atmosphere
for successive clear days, the total heat flux into the soll
averazed cver a 24 hcur vericd will be Zero. An inspection of
the soil temperature curve of September 4 in figure 3 shows an
accumulation of 9,8 Ly. from morning 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 assumpticn, namely, that
the ratio of soil conduction due to advection to the total change
in 'scil conduction 1s equal to %he ratic of the advected energy

to the total radiant energy change, thus

(Bo)aq, A (7)

Tre tctal change for soil and radiatlion was taken as the area

under each curve from the equilibrium value exlsting telore sun-

rise tc the cne obtained after sunset, See figure 6., This was
b

done %o overcome the difficulsy due to the vphase difference =2X-

1stine between the n=zt radiaticn wave and the scil conduction

e e A —— T T R S T e S A T e S S T T S S Ty
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wave, When %hese walues are substituted intoc (7) we have A = 54
Iangleys.

This value of A and the welghted mean measured Bowen ratio
allow equaticn (€) to be solved for Tyqye We obtain 191 Ly, as
the estimated value of the latent heat term which commares faver-
ably with 193 Ly., the value of Eg obtained bty direct measurement,
The eXxcellent agreement is tc scme extent good luck; however, it
does apprear that a fair estimate of the advected energy can be
obtained from the soil conductlion term. A summary of the latent

heat data is given in figure 8,

IV. Conclusicn

We set out to answer the questlion, "What hapvens to the
sunlight?," and ob*ained scme measurements by applying the prin-
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 variocus terms fluctuate
in a manner to be expected. Aside from some descriptive value
and certaln agzricultural applicaticns, they cannot be used in
any test, In September we were fortunate in bhaving semi-latora-
tory conditions and were able to show, within tbhe limitaticns of
our eXxperiment, that values of sensible and latent heat flux ac-
curate to better than 10 per cent can be obtained from heat budget
measurements, It would be vresumntu-us to state that the above

results i1llustrate conclusively that total evavcration can be ob-

tained frcm heat budget measurements alone, The results Ao indi-
cate that the energy balance dors give useful values during veri-
ods of 1little ¢r nc advecticn, If *%e soll sterwm is measured with
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sufficient accuracy, a reasonatle 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 laver hkas been develope~ to
the point where its demands for observational 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 vroblems of the toundary layer, which
assumes no net vertical motions, will be fruitful toward a bet-
ter undsrstandinz 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 plottei positive

docwnward in order to conserve space on the charts.
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TABIE 3

HEAT BUDGEZT OVER UNIVERSITY OF WISCONSIN

MARSH FARM CORNFIEID

1["
o) 7°c,
Time “Rygy Bo /3 EyRy Lygy To C. 150
Sept., 2
1000-1105 4os 383 .78 206 161 16,4 14,3
1105-1200 33Y 25 is5 212 15 16.8 14,2
1200-13%00 340 - ) .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 144 - 26 .65 103 67 16.0 I T
1500-1700 112 - 38 .1 129 21 15.8 13,0
Sept., 3
0200-0%00 | - 64 - 26 1.0% - 18 - 20 14,1 11.9
0300-0400 | - 8o - 26 .52 - 35 - 19 18.7 12.0
0400-0500 | - 91 - 32 77 - 33 - 26 15.7 12,0
0500-0600 | -110 - 40 .51 - 46 - 24 14.6 12.6
0600-0700 60 - 20 .28 62 18 14,0 13.5
0700-0800 2563 14 : TH 143 105 15.5 14,3
0800-0900 452 4y A1 252 254 15.9 14.5
0900-1000 610 80 .99 266 264 16,0 14,8
1000-1100 595 106 .81 2z 265 15.7 14,4
1100-1200 727 148 .53 37Y 192 12,8 15,6
1200-1300 684 oy .76 Z3Y 256 20.6 16,9
1300-1400 52 30 .69 36 2 12,0 7.6
1400-1500 462 6 1.05 222 234 20,4 18,0
1500-1600 287 - 20 .57 191 116 18,9 18,5
1600-1700 102 - 32 57 85 52 17.4% 18.5
1700-1800 - 54 - 48 .3 Y 10 16,2 17T
1800-1900 -121 - 72 2.6 - 13 - 34 15.1 13.6
1200-2000 -107 -110 1.9 1 2 14,4 12,5
2000-2100 -104 - T2 53 - 10 - ON 14,1 12,7
2100-2200 | -106 - 48 2.8 - 15 - 4z 14,3 12,0
2200-23200 -100 - 40 1.2 - 21 - 30 14,3 12,6
2300-2400 ' -104 - 33 1.5 -5 - 40 4.3 12,4



TABIE Z--Continved

1

l - - :
e?go P484-T3h2 e484-e342 uBM/éec. uBOh/sec. UEO$. dd Cloud
10,5| -0,28 -0,23 3,05 6,02 1.27| nw | 8 Sc
1006 -0031 -Oo ll’u 2- 77 5.25 1. 90 NW 9 Sc
10,6 -0,.20 -0,19 3,02 6,00 1.29 JwNw | 9 Sc
10,7 =0.10 -0,12 2,78 5.63 2,02 | wNW {10 Se
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 1.298 { wnw |10 Sc
11,6 .13 .08 1.3 3,32 2,26 nw | ¢ Sc
12,1 «30 « 57 1.37 3,02 2.6 nw | 9 Sec
12,0 L1 .34 1. 46 4, 15 2,851 nw | 3 Sc
13,3 .22 .28 1,18 3,32 2,82 N 1 ci
13.8 . <30 1.36 3,20 2,34 | nw | 1 Cu
1307 ! - 015 = 013 1. 65 3055 2. 16 NW 1 Cu
12,8 - ,17 - .18 1,62 3.25 2.0l 0 -
1102 - .37 - -2)4 1. 83 3. 83 1082 N‘V 0 -

9.8 - 57 - .45 1.52 2.81 1.8 | nww | o -
909 - 029 - 035 1.55 3. OL" 1.95 NW O o

1001 > ol"'o - 034 20014 1&.18 2005 NI'I 0 -,
10,4 | - 40 - .37 1.29 2,87 2,24y nw | o -
10.5 = 033 - 020 1.71 2.78 1.'52 NW o -
1009 - 032 - 036 1. 16 2053 2020 T‘TW 0 -
11.0 - ,08 - .09 1.48 2.1 1.80 { nw | o --
11.5 .05 .ol —— 2.10 ——- wlo -
13.1 i T3 .18 —_— 1.5% - wlo --
12,4 1,83 .62 --- 1. 54 ---{ wijo --
12,0 } 1,68 50 - 2,00 - W C --
11,9 | .78 | .18 -——- 2,35 - W|o --
11.5 | .57 .20 | .85 3,75 - wvo| 2 c1
11.%) .57 .24 .81 3,22 == ] SW | 3 55

{




ABIEZ 3--Continuea
zontinued

—_— = == ——— e T T YT -—;.__T_ ———— ‘“:.-—.‘.__??_T*—‘z—'_*;‘_:"':—?:r _— === == — =
! o e
- ™ o
Time Rusy | B | f? "yey | Tymy | T °c. T E

S 1 s N SR BRI

Sept., 4
2400-0100 | -j04 - 36 2.5 - 21 - 47 14,2 12,2
0100-0200 | -104 - 30 1.8 - 2% -4 14,2 12,3
0200-0300 | -102 - 30 1.5 - 29 - 43 14,2 12,2
0300-0%00 | -100 - 32 1.3 - 29 - 38 14,2 12,0
0400-0500 | -3p2 - 1.6 - 23 -3 14,2 11.8
0500-0500 | - o5 - 32 1.4 - 26 - 37 14,1 12,4
0600-0700 36 16 } .56 13 7 14,2 13.8
0700-0800 254 Yy 1 27 165 45 15.0 16,0
0800-0900 443 80 .70 218 152 1 15,8 17.1
0200-1000 578 118 .61 286 174 16,1 18,5
1000-1100 666 142 .54 340 184 16,7 19,6
1100-1200 709 140 1.23 255 314 20.% 20.5
1200-1300 691 74 .63 370 238 22,1 21.5
1300-1%00 596 40 Ao 1 373 183 19,8 22,2
1400-1500 456 14 .75 | 252 190 21.4 22,8
1500-1600 289 - 4 27 | 230 63 19.0 23,0
1600-1700 110 -24 | o4 | 72 Po112 17.9 22,7

— * 3 %
1700-1800 ! - &0 - ! -1.86 | 21 ! _ 39 16.8 21.5
1800-1900 | -120 | - a7 | 7.27 | - 9! -5 | 158 | 18°9
1900-2000 | -116 -4 1 53 | .12 ] . gk s 4T SO R T
2000-2100 ! -119 | - 38 2.1 , - 26 i =55 15.3. 1 17.2
£300-2200 | -118 1 - 32 | olo | ___ R R 0
2200-2300 | -121 | -39 | 37 ! _"ig |- T2 --- | 15.0
2300-2400 | -119 | . 28 ; 1.2 | -4 | - 57 --- | 15,8
] | } |

Sept, B ! ; i ‘J i ;
2400-0100 f -116 | -4y | 955 | - 28 g " NUERN P
J300-0200 | -138 1 -30 | 1128 | 238 | 2, ==~ { .35.9
0200-0300 \ -115 | - 34 [ 305 | - 30 i _ is --- | 15,2
0300-7%00 | -107 : - ko | o3 | =25 1 -3 | - | 145
0400- 0500 P =105 | -32 | 71 | - ] 31 | --= | 1%
0500-.300 | - 75 | - 32 | 5 | -33 | -30 | _.. | 13.8
—_— ] * SR TR SN N
ofﬁﬁ-ﬂ“ﬁﬂ | 33 {20 .3 | 33 | 30 | ~=- f 15,5
0700-0300 | 281 : 40 | (37 Po20% | 37 ! --- | 17.3
0800- 02aG0 ’ )¥7O } 50 28 i 32U | 15 ! --=- 1 19,6
0200-1000 | 602 | 7¢ ! 77 | 27s v 212 1 —-o | 21,0
1000-1100 587 | 116 S-SR 45 N N P B 234
1100-1200 | 717 | 130 .27 463 | 12k | -l | 2k.7

e L ! - ' 3 —_—
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TABIZ 3-=Continued

.lt - - | ¢ v { ,
9250 T48h Ty (e 42y Cayn u3h/sec. uBOm/sec. Yo, ! dd | cloud
ug 1.}
T
11.2 .
111 gg o%g 087 3.)"’5 /c/u S“, 1 Ci
11:1 .52 .?2 .73 3612 y 22 Sw 1 ci
11.1 065 03-2 ogg 3-21 u.35 S‘I’ O -
11 2 051; 02 °» D 3- 10 l‘o 75 Shf 1 AC
116 039 1 c59 2.97 5.00 S'f, 0 Ll
& « X7 .86 3.16 .65 8w 10 -
230 05 - .07 .99 2.76 2.7 sw | o  --
1? 8 _ .211 - .55 .?3 ?.:‘: 2.73 SW 0 -
15'1 .2 - 1.63 3,86 2.38 Sw 0 -
A . .32 - .21 1.81 3.26 | 1.81 sw 0 --
" - .19 - . . .06 1.62 ssw 0 -
%3.% - .gg - .ug 1.92 2.28 1.71) sw i o s
1207 -o 3 oli ‘éogg ;.Zl %.Z}—’; S!‘] 0 -
- - .11 c 2.2 . 6T SW 0 -
%% § - .%i - .26 2,14 3,061 1.69 S |0 -
. - .17 -—- -— 1.81¢ S ;0 -
14,4 26 - .05 ! |
. . . e i 2,70 s!o e
%gog 082 .107 o7j 3.;‘\) 5.03 S ! 0 -
1'&.é .6L" -:,—f:!,- 0;11 2 ©0 3.57 S | 0 e
1;.& . .12 :.10 4,0 1.92, S0 -—
13.1 .;,:c_) ,c_'_) c_.?_' 4 O(_; 1.‘?4] s ) 0 -
1200 .‘—5 005 1;7:: 3.47 Q.Of)‘ S O -
) 03"' 021 1.96 /9\12 1.94 S 0 -
%g.z .gi .?2 2,05 3.82 1.24 3 0 -
N N e R S - R R
. * e & ~ e - /.,5 i | QO 3 -
12,5 i .31 1,27 3.03 2! =12 '
. : 3 2 3. e g ( x
;o' 03 ./:u 1-'-"0 12.3,’) ? q7 3 C e
12,4 47 .32 1.32 2,853 2,171 slo -
12. 54 48 DD 2,37 3,02 1,66
12.80 - .02 | .08 2101 k.29 1és] 516 o
14,0; - o4 | 10 e - 2l s o
15.00 - .11 | - .10 3.30 5,08 1.54 3 £5
11 ’gi _ .!_’: l _ .‘\r :-:F; ;.‘,’* _L.,Tzi [®] O ——
17:0) - 117 | C i | 2R | 3-?;i sl s
] H { o ‘ . X i
i B < e B | AR __l‘A o
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TABIE &

HEAT BUDGET CVER UNIVERSITY OF WISCONSIN
MARSH FARM CORNFIEID

Time |-R B D % 7 °c. |TC.
48y o | P "oy | Muoy | To O+ | 150
August 27
1500-1600 433 - 17 | -0,05 472 - 24 29.8 29,2
1600-1700 214 - 19 { -0,08 248 - 8 28,6 28,6
1700-1800 30 - 26 | -0,23 88 - 22 26,9 7.3
1800-1900 | - 63 - 71} -0.39 13 - 5 25.9 25,4
1900-2000 | - 73 - 48 | -1,10 - 12 - 13 25,0 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
2200-23%00 | - 68 - 36 -——- --- -—- 23,9 21.5
2300-2400 | - 74 - 31 -——- ——- -—- 23,8 22,3
August 28
2400-0100 | - T4 -3 ——- ——- e 23,7 22.1
0100-0200 | - 40 - 28 —- ——— -——- 23,6 ——
0200-03%00 | - 47 - 28 - - - 23,6 20.2
0300-0400 | - 33 - 42 —— —— ——- 23,3 20.2
0400-0500 | - 38 - 42 — - ——- 23,3 20,8
0500-0500 | - 48 - 28 S, i ——- 23,3 20,0
0600-0700 54 42 -0,64 35 - 23 23,1 21.1
0700-0200 154 50 0.11 oy 10 23,7 248
0800-0200 204 59 0.00 145 0 24,2 23,4
0900-1000 218 b 0,04 140 5 28,7 24,0
1000-1100 527 167 0,17 309 5 25:5 eh:5
1100-120C 669 167 0.35 373 129 26,4 26,5
1200-1300 567 W 1,28 212 271 22,0 27.8
1300-1400 421 28 0,09 361 32 20,6 27.3
S, S-S T s
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TABIE 5

HEAT BUDGET OVER UNIVERSITY OF WISCONSIN
MARSH FARM CCORNFIEID

| o
o J il -9
Time ' -Rj00 By A Fr00 | T100 | To €| 100
June 18

1000-1100{ 0,885| 0,076| 0.753| 0,462 0.348 | 41 20,24
1100-1200 { 0,976 | O0.074| 0.6298! 0,531 0.370 | 46,5 |21,48
1200-1300 | 0.897 | 0,082 0.7611 0.476 0.359 | 50,0 |22,.32
1300-1400 | 0,587 | c¢.075! 0,819 0,222 0.230 | 40,8 {22,121
1400-1500 | 0,499 | 0,065| 0.954| 0.223 0,212 41,1 | 22,32
1500-1600 | 0,418} 0,039 | 0.733| 0.212 0,166 | 40,7 |22,12
1600-1700 0,221 | -0,0004 0,930( 0,144 0.135 30,6 (21,87
1700-1800 { 0,076 { -0,053 { 0,716| 0,075 0.05% | 31.3 {21,338
1800-1200 | -0,060 | -0,058 | 0,522 e - 24,0 |20.44
1900-2000 { -0,134 { -0,076 |- 1.578{ 0,086 -0,142 18,4 16,04
2000-2300 | -0,129 | -0,066 - 3,885} 0,022 -0,085 1.7 118,434
2100-2200 | -0,125 | -0,065 [-14,238| 0,904 -0,064% | 13.1 13.99
2200-2300 { -0,112 { -0,053 |- 2,287 | 0.031 ~0,000:1 12.0 |12 .53

2300-2400 | -0,076 | -0,051 |- 2,0 0,025 =0:080 | 12.1 -o-

June 19
0000-0100 { -0,074 | -0,074 - 1,067} 0,065 | -0,65 2.9 11%. 05
0100-0200 { -0, 084 { =0,063 - 1,251 2.0%% -0,105 13.6 | 13.69
0200-0300 { 0,102 | -0,057 - 65,3721 0,008 | -0,053 11.8 111.79
0300-0400 | -0,059 | -0,028 4,202 | 0,002 -0, 039 11.4. 112.0%
|
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TABIE 6

HEAT BUDGET OVER UNIVERSITY OF WISCONSIN
MARSH FARM CORNFIEID

] ]
! 0
_ - 0,
b 00 | % |B5.100 R133] 100 | Taoo 100
May 28
0430-0530 { -0,057 | --= -1,03 4,00 ~-- -— 8.€0
0530-0630{ 0,058 0,012 0.02 | -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 | 0,4%98 ! 0,093 0.20 0.24 ! 0,327 ! 0,078 11.56
0830-0930 0.701 0,097 0.27 0.25 ] 0. 483 0.121] 12,22
0930-1030 ; 0,641 { 0.0R0 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 0,58% | 0,146!13 64
1230-1330 | 0,601 { -0, 001 0.2% 0.30 | 0,463 | 0,139]3%.37
1330-1430 | 0,583 | -0,029 0.22 0.28 | 0,478 | 0,134!1%3.25
1430-1530 | 0,321 ! -0.050 0.19 0.35 | 0,274 ;| 0,096 3i2.26
1530-1630 | 0,318 { -0, 088 0.2% 0,22 0.316{ 0,070;10,92
1815-1830 | -0,011 | -0. 065 -0.18 0.21, 0,045 | 0,009 9.79
1830-1920 | -0, 0%2 -0, 075 -0.27 -0,50! 0,0%6 i-0.0u3 9.65
1920-2030 | -0,047 | -0. 0682 -0.35 | -0.78 1 0,068 | -0,053] 9.11
2030-2130 | -0,039 ; -0,058 | -0.52 | -0.43 . 0,037 | -0.018! 8.86
2130-2230 | -0,048 | -0.055 -0.45 ¢ -0,65 | 0,022 ! -0,015{ 8,51
2240-2335 | 0,127 { -0. 083 -0.82 | -2,50 | 0,026 | -0, 065| 7.1
2341-0030 { -0,121 { -0.102 -1,82 -5.00 ; 0.005 | -0,02%] 6,19
| | ]
i !
0030-0130 | -0,126 | 0,096 | -3.30 | -5,36 | 0.007 | -0,037! 5.18
0130-0230 | -0,127 | -0, 073 -2.05 1 5,36 -0,009 | -C,045| 5.40
0230-0230 | -0,123 | -0.087 =2.20 | 11.32 | -0,003 { -0.033! k.4
0330-0430 | -0,118 | -0, 058 5.04 | 4,25 ' -0,009 , =0.041) 3 05
0430-0520 | -0,064 | -0, 025 o 2,30 { -0,012 | -0,027: k.88
0520-0620 | 0,119 | 0.04% 0.26 | -0.27 | o0.100 -0.027| 7.68
0520-0730 | 0,344 | o_ 077 0,40 | 0,61 0,166 0.101; 9.53
0730-0830 | 0,533 | 0.1%0 0.37 | 6.65 ! 0.304 | 0.19912.75
0830-0930 | 0,819 | o0.186 0.40 | 0,52 ! 0,400 0.233}14,12
0930-1020 { 0,941 | 0.2k === | 0.74 | 0,400 | 0.207/15 19
1020-1130 | 0,017 | 0,227 0,61 | 0,29 0,415 i 0,37417.08
1130-1200 | 1,053 | 0.197 0.65 | 0.77 | 0.483 | o0.572/17.67
1200-1300 | 1,025 ; 0,142 0.80 | 0,93 ! 0,457 | 0,425]18.22
1300-1%00 | ©0,99% { 0,085 0.73 | 0,831 0,482 { o0,425{19.00
1%00-1500 | 0,50k { -0,014 | 0760 | 1.04, 0,203 | 0300113 1k
1500-1600 | 0,354 | =0.066 | 0,60 | 0,78 | 0,225 0.18 118,63
1500-1700 | 0,200 ' -0,082 | 0.56 { 0.76| 0,160 ! 0,121{18.45
1700-1800 i 0,148 | -0,101 { 0.5 ! =3.37 | 0,051 ¢ 0,197{18,45
1500-1900 | -0,032 | -0, 14 ( -0.01 | -0,00, 0,123 ! -0,011|16_45
1900-2000 | -0, 054 | -0,085 | -0,73 | -0.23{ o0.oko -0,009{15, 15

|
1}
!
}
)
[
|

)
)
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