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1. Introduction

This research under contract No, Cwb-38666 has bean
directed toward the determination and prognosis of changes
in the amount ¢f sensible and latent heat added to columns
of air in the lower atwmosphere. Such changes can oceur Ffrom
advection or loecal heating. The differences in the vertical
heat budget are caused by differences in terrain., soil proper-
ties, and s0ll cover,

This investigation was designed to atudy three related
problems. These embraced the establishment of relations

between tornade ceceurrence and individual parvameters in

the heat budget, the analysis of differentlial heating of

aixr columnsg, and the feaslbility of prognoses of differential

Low-level heatlng,

It requires not only the use of avallables data but
tlso instrumentation to secure currently unaveillable data.
During the rlrst year heavy stress has been laid upon
instrument development. High on the priority list for
data accumulation was the develcepment of a simple radiomefer
to ohtain the essentlzlly unavailable net raiistion coverage
Almost equally was the development of the beam veflector for
alrborne albedo measurements.

The analysis of the differe &l heating of an air
column was pursued with the date accumulated during Project
Prazirie Grass and from data obtained during the Great Plains

Project.



£, CLIMATOLOGY:

Consldering only sengsible heat sddition tc air columms
at this state it has been shown by Suttorn (1) ard others

that the heat budget at the surface of an alr column is

ziven vy
Yo = o = Ipng = 3, = Gy - E (1)

where Lo 1s the sensible heat

Io is the insulation

I - is the surface albedo
Bg is the surface black body radiation
G- is the subsoil heat transfer

Eg 1s the interface evaporation.
combining Io - Ir - Bb into the single net radiation term

R, (1) becomes

Ly =By . G, - & (2)
The heat added to an alr column .is-given by,
L= X, ~1I, ~B, -6 - E {3)

whera the subseript "c" refers to the top of the column, 1t
is clear that

L, = LO + Vt’?a {(4)
whare €7E; is the divergence of radiation besween the air-
ground interface and the top of the heated column. Thus thece
four equations serve as the theoretical basis for tihls reaearch.
Much of the data used came from measuwrements made at 0'Neill,
Hebraslka, during the July and August of 1956. A report of this

data wlll be forwarded at a later time.
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(1) TEMPORAL RELATIONS OF MAXIMUM HEATING TO TORNADO ENVIRONMENT.

iff there 1s a relation between the amount of heat added
and the likelihood of tornado oceurrence, one would oxpect
that on a typical day suitable for the development of tornadoves,
the maximum heating both sensible and latent would occur Just
before net radiation sunset. Figure 1 is a plot of the frequency
distribution of the occwuraxe of tornadoes in hours before (-)
and after (+) solar sunset. Since time of sunset can vary by
a3 much as an hour for the same latlitude and the date, all
times were corrected to solar time. This is a six state summary
for 1951 through 1955 for Illinois, Kansas, Miesouri, Iowa,
Nebraska, and Oklahoma for periocd April 1 through July 31,

The maximum ccowrrence of tornadoes at radiation sun-
set indlicates that either the time of tornado occurrence
is related to the heat added to the air column or to some
unknown phenomenon, such as the abrupt changes in stability
that were observed to cccur between radiation sunset and one
to twe hours after local sunset during the Great Plains Project
at O'Nelll, Nebraska, in 1953. This posaiblilify is being invest-
igated further., Of intereat 1z the evident favt that 82% of
all tornadoes occur; effectively in the period four hours be-
fore and three hours followlng local sunset, It should be
noted that the proximity to radiation sunset for peak tinme of
oceurrence of tornadoes that is reported on herein, is quite

similar to the peak time of occurrence of all tornadoes reported

- 3



(Corrsction tvo analysis of Figure 2a)

Isolines are depariures in awexinum temperature from the maximum
occurring at the tomado location on the afternoon of the day of
tornado occurrence/ Maximum temperatures are entered for all
UeSeWeBe Climatological Stations. Data is based upon the thermal
conditions preceding occurrence of all IOWA-NiBRASKA tornadoes
for period 1953«1955.
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Izolines are depariures in maximum
temperature from that occurring
at Lornade loecatien on aftermoon
mrior to cccurrence of toramdoss,

Haxinum temper-turas entered for

all U,8,W,B, Clinatologleal Stations,

Data basad upen all tornadoss recorded
by U.S.¥.B, for April, May, snd Jums,
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Hote tornado ocewrrence slightly to left of "hot spot”
and dovrnatream, Hote also the cool tongue towards
tornade and potential therma) lows on either side.

Figmwe 2b



by S. D. Flora,, "Tornadces.”

(2) HOT SPOT SPATIAL RELATIONS TO TORNADO ENVIRONMENT

Following the temporal link and clesely tizd in with the
heat required to break the plains inversion camne the analysls
of the thermal field in the tornado environment for the 371
tornado ccecurrences in the six previousiy mentioned mldwestern
states. The analysis covered the period from 1 March thrcugh
1 October, 1951 - 1955,

Locations of all tornadoes wére plotted and the associated
maximum temperature fleld was analyzed from available U, S,
Weather Bureau c¢limatological stations. Since the maximum
shelter temperature, occurring about 2 hours before net radiation
sunset, is certainly a function of L, in (1) a composite pre-
tornado thermel environmental chart was analyzed. The echart
shown in Fig. 2 indlicates the link between loc2l heating and
downstream tornado occcurrence. This analysls was simllar to
that of Beebe's (3) but on a much more detalled mesoscale and
appears to eastablish the "hot spot -~ tornado” 1link. These
data are being assembled into a short paper.

(3) NEGATIVE TEMPERATURE SPATIAL RELATIONS TO TORNADO ENVIRONMENT

Assuming local heating to be important in the heat budget

of the pre-tornado environment, evidently a large daytlme value
of'Eo, the evaporation, in (1), (2), and (3), should suppress

surface heating and subsequent tornado development. This

-4 -



assumption is valid only when we ignore latent heat and
consider only the sensible heat additicn to the air column.

Since evaporation is the most difficult term to evaluate,
let alone prognosticate, we used the available climatological
network records of occurrence of rainfall in the preceding
twenty~four hours to 7:00 AM LST of the day of tornedo cccurrence.
O'Neill heat budget data indicate a gradusl dally decrease in
the percent of the total heat budget used in evaporation to 0%
by the 15th non-rain day after a soil saturating rain.

An initial study of 371 tornado occurrences in seven states
showed that 67% of the tornadoes were first reported at locations
having had no precipitation on the preceding day, 85% of the
tornedoes occurred at locations with less than .25" precipitation
or within 25 miles downstream from such an area.

To determine whether tornadoes were showing & selectivity
for dry areas it was necessary to determine the ratio of dry
to wet areas in cases in which the tornadc could indlcate
selectivity, "Dry areas" were defined as areas reporting .25"
or less precipitation for the previocus day.

Planimeter measurements were made on 139 cases containing
15% or more "wet area” within a 50 mile radius of the tornado
location. In all of this phase of the research, U. S. Weather

Bureau cl}maﬁclogical stations maximum temperature record: :22re

employed: 58% of these tornadoes occurred in "dry" areas

-5 -



representing approximately 50% of the total area. This
apparently gives inconclusive evidence of selectivity for
dry areas.

To determine whether the arez moisture patterns in the
immediate vieinity of the tornado differed from those further
renoved from the tornado location but under the same general
synoptic conditions, Tfurther planimeter measurements were
made. The areas within a 25, 50, and 100 mile radius of 150
tornadoes were planimetered. The 25 milzs radius averaged
20% "wet;" the 50 mile radius, 20% "wet} and the 100 mile
circle averaged 18% "wet.” Histograms of the distribution of
tornadoc occurrence with respect to pereent of total area "wet”
for the three cirecles appear in figure (3). The tornadoes
have been classified as either "dry" or "wet,” a dry tornado
being one first reported at a point of less than .25" preecipitation
for the previous twenty-four hcurs ending at 0700 hours LST
on the day of tornado occcurrence.

Present evaluation of the results of these inltlal studies
of" moisture~-tornade relationships based on climatological net-
worlk data show no conclusive evidence of tornado selectivity
either for "dry" or "wet" areas. The problem of the realization
of the latent heat of evaporation has been purposely ocmitted
pending further evaluation of data on hand.

In any direct evaluation of the Evaporation Term of
equation (1), it is necessary to know the amount of moisture

et the alr-ground interfacse availeble rfor entry into the

=)

evaporation proeess. It is reeslized that an arbitrarily selected

-6 -
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lue of the previous days?! preclopitation is, &Y bepl,
a very crude measure of the aveilable moulslrre. Ay execetlng

study of tornado-surface meisture relationghips must be bas

(94

-

on considerstions of 8011 types and covers as uyall oz ornbecelon’
rainfall fiom one to four weelks previcus.

It was feit that the value of the previcus dora’ painfall
of ,25" without regard for soll type and cover mipgnt be
sufficiently representative of available moisture to permlt
its use in these 1nlitial pilot studies. Investigabion cf the
30 day antecedent rainfall with comsideraticn for the scil
type is in progress. It is believed that a falrly slmple
emplrical formula can be found from with waleh it will be
possgible to readily estimate the amcunt of suriacoe molsture
available for evaporation., With the added information 1¥ ls
astrongly felt that a marked affinity of tcrnadoecs for dry o
can be demonstrated.

(&) MAXIMUM HRATING AND TEMPERATURE FORECAST

i b — A

Final testing 1s belng completed and & manuscript is 2aing
prepared on a forecast technique to progrnostleate the diffarent .o’
acidition of sengible heat to air celuims over Tarious terralin
Thls technique was :ugges‘ced by Drs. Vexler and Pepper and 1o
a follow through on vresearch Mr., Kuhn initlsted while at Tuae
Central Office. This "model” of local heating redquired extenslve
testing but shows great promlse. Its use will Qe experimentally
" garried through during the coming Tornado Season.

- T =
¢



B, MEASUREMENT

{1) ECONCMICAL NET RADICHMETER

Equations (1) end (2) agein direct stiention to a lsck of
data required not only for aralysis but also for prognosis.
Since net radiatlon, Rn’ is a key tera: in the heat budget its
measurenent 1z of prime importance in cbteining the addition
¢f sensible heat to ailr columns and 21s¢ in an estimate of
Eveporation (4). However, there is no data of such nature
available in the United States on anything apprcaching even
the symoptic seale. An insirument to actumulate net radiation
data was required that would be inexpensive and easily serviced.
Appendix A 1s a copy of the manuscript on this instrument as
forwvarded to the publication TELIUS. A grestly augumented
net rediation measurement prozram l1s planned for the coming
tornado season.

A simple ballcon-borne model of thlis net radiometer
partlcipated in an important flight from dreen Bay, Wig-
congin, recently. Such a flight points the way to our
continued research in evaluationg of the dlverzenze of
radiation through thg tropopause 2 part of th2 differentisl
heating of alr columns,

{2) Airborne Besm Reflector

Since we may assume a foracast of the isoclation, over
at least state slze ereas, 1t was concluded that true surface
albedo measurements, seascnal in nature and in the form of
= B8 =
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seletion. Appendlx B is & ¢ ueCrint on this
instrument s forwarded to the publizher.

The varying natureof albedo aercess the couniyry e well
as temporally in passing from fallow to eron to havvesy

lustrates again the necessity for seasonal glhads neagures

fRS
ot

mente 8z part of the pre-tornado thermal environnent.
3. COHCLUSION

The develepment and testing of the econcmicali rediometer
ard the bean reflector was completed under point 1 nd 2 of
the original stabement of work., HMore wldespread net radiation
and albedo measwrements will be undertaken in the continuation
of the investigation.

In the maln, fubtuvre work as outlined in the Froposal for
Continuation of the study cof differential heating of air
¢olumns, 29 Januwary 1957. embracss a continuation of tests
of the feaslbility of calculating and prognosticasting the
heat added to gir ¢clumns differentially, and teants of tha
feaslbllity of radistion divergenca measurenents, To this
must of course be added the plans for gathering date through
field use of the Esonomical Net Radlometer, both 2% the surfaca
and aloft.

4, PERSONNEL

Dr, V. E. Sucmi, Chairman, Department of Meteoroclogy,

Project Direetor, University of Wisconsin
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AN ECCNOMICAL NET RADIOMETER
V. E. Suomil and P.M, Kuhn®>

ABSTRACT
A net radiometer cof moderate accuracy but of
simple construction and very low cost is de-
scribed, The value of net radiation is obtained
from the difference of fourth power temperatures
of the upper and lower radiating surfaces. Con-
duction losses are held to a low value by em-
ploying & good insulating material and ventilation
losses above and below are kept to a low value by
two layers of thin polyethylene film. Fleld tests,

calibration data, and applications are described,

1. introduction
The net radlation normal to the earth's surface is
the difference between the total upward radiation flux
and the total downward radiation flux, Net radiation
is important to many meteorological problems because it
is a measure of the energy avallable at the earth-atmozghere

interface, The energy exchange at the earth’s surface

ﬁﬁepﬁftment of Meteorology, The University of Wisconsin.
S0ffice of Meteorclogical Research, U, &, Weather Bureau,
“T1e research performed prior to preparction of this article
was supported by the Cffice of Meteorological Research,
U.35. Weather Bureau and by the Geophysics Research Direct-
oratz, Alir Force Cambridge Research Center.



oresente the major input to the glant heat engine il
circulates we atmosphere.,

A mampe of inatruments which measure nedt radiztion
ava siready . vailavle {ALBRECHT, 1937%: GYER 2nd DUNKLE,
1951 ; SUOMI, FRAWSILIA, and ISLITZER; 1994 ). HMost of ihax
however, ard failrly sxpensive, As a result there sre only

o Tew atations overy Uhe entlre earth which malke net radiatlosn

aobaervatio s, It 1o not posslble to study the effsocc

(3

# wvariable heet input on subssguent wesather from thege iszclat:d

measuremen e, There are far too few to give anything sven
approaching a revresentative sample. The purpose 20 this
papar is to degiribe a net radiometer of moderale accuracy
but very iow cogt. The low cost and simple construction
will maks it posaible to obtaln many more observations of
net padiation over land and ocean. The errors due teo the
performance ¢f the instrument can be more than offset by
far better sumpling.
2. Simplif ed'theory cf the instrument.

The following symbols will be employed:

R Lv¢rtica1 component of sun and sky insclation
‘short wave),

Rs' vertical component of insclation reflected
from the-ground.

L fractional loes in transmission through the
polyethylene films due to absorption, scattser-
ing, and reflection for short wave radiation

3. |downward flux of long wave radiation

o

Rafupward flux of long wave radlation

b7
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L, frectienzl loss in Ctransmisaisn inrough the
palye.nivliens £ilms dve to sbacrption, scattar-
ing, 1l reflesxti.g for long wave radlation

long vive ealssivity of polyethyiene £ ln
T_ Abscly mperatirea of pol ~ilhiylens ©ilm
2 8080 Livlity ! blackened aluminam o
B Therra condueclivity of iasular

N 1. ¢fPecrive asnvest: ve at rransiar &

U filaz, top and bottuwm

T, Abvwlule vemperature of top blackened aluminwg
£ !

Tb Aaslute Lemperature of bottom blacksned

. P - ‘s P )
Gl um 7oll

Pip, 1 stows an "

axploded” view of the instrument,
The blackened aluminum foli gensging slement s supported
Ly a bloek of lght rigid wsterial of jow neat canagity
ard thermal corductivity such as fiberglass insulation.
Two snests of 0,350 or 0,75 mil thiek polyethylens f1lm,
an insuiating grard, and s wooden box framewsrk form a
wind screen. e upper and lowar surfaces ars asaenbled
in reverse ordey,

When the §astrument is orisnted avovs and horizonta:
t¢ the earth's jurface, and aguilibriuvm 13 reached, tha

energy balasnce of the upper surfsce in sunlignt is

alkd (-1 +Re b (L)t ea T ] =
ook + & (h-T)rk(T-T) )



The energy balance for the lower surfai? is
alet (1-1s) +Bet (- Le) + €T =
50‘7:’ + & (E'TP)"K(TE . TL/\ (2)

In each equation the terms on the left represent the
most important heat gains by the blackened surface.
The terms on the right are, in order, the losses due to
radiation, convection and conduction. When our inches
of insulation such as OWENS-CORNING type PP-612, two and
one-half pound density, rigid fiberglass 1s usel, the
conduction terms comprise only about 1 per cent of the
energy exchange, and are therefore ignored. It is possible
to evaluate the magnitude of the convectlon term using
the dimensionless numbers of NUSSELT, GRASHOF, and PRANDTL.
This was done following the method of de GRAAF and VAN der
HELD, 1953. The value of this term should be greatest
when the ailr film is heated from below as the upper black-
ened surface is in the presence of sunlight. The value
varies between 10 and 20 per cent of the total energy
exchange., Thus the remalining radlation term is the most
important mode of heat losa from the sensor surface.

Fig. 2 shows the per cent transmission of 1.0 mil
polyethylene film in the range of from 2 to 15 miecrons.
The polyethylene absorption bands asre located in the

same region of the spectrum as the water vapor bands, but

W



are much narrower. Polyethylene films of this thilckness
absorb only about 1 per cent of the ineident sclar radiation
but the scatter due to the milky color of the film is
several times this value. The combined effects of fraction-
al transmission of short wave energy, absorption of long
wave energy and re-radiation from the polyethylene film
was determined experimentally by holding two large sheets
of polyethylene film above a ventilated net radiometer
(SUOMI, FRANSILLA, and ISLITZER, 1954) and noting the
change in observed net radiation. This loss is about 10
per cent of the incident radiation.

The loss due to Incomplete transmission is about
10 per cent of the left hand side of (1) and (2), while
the convection term ls about 10 per cent of the right hand
slde of these equations. Since these two terms are pro-
portional to the incident radiation they tend to cancel
each other. We can rewrite equations (1) and (2), taking
these approximations into account, and obtain

&['Zslf-?,d]=ao—7;4 + ervor -
3

4
a[‘e‘f.;'r.?z‘r ].—;aU‘Tb +evvroy -

If (4) 1s subtracted from (3) the difference in errors

-5 =



is probably smaller than either, since they are likely
to have the same sign, and we obtain

Rnet % O'(T;*'qu’) (5)

Figs. 3 and 4 show a comparison between a ventilated
radiometer (SUOMI, FRANSILLA, and ISLITZER, 1954) of
good accuracy and the radiometer just described when the
temperature of the upper and lower blackened surfaces,
measured with mercury thermometers or thermocouples and
averaged for one hour are substituted in (5). If 2 eali-
bration constant were inciuded the agreement between the
two sets of observations would be even better,

At low sun angles the flat, milky polyethylene film
will cause the cosine response of the instrument to be
pocor, For examnple, at zenith angles of 250, the ratic
of the net radlation measured with the ventilated radio-
meter over that measured with the economical net radiometer
is 1.1 whereas at 65° the value is 1.2 and at 80° it averages
1.37. However, at most latltudes the error in the total
dally radiation will be small. During the night with
diffuse radiatioq, the cosine error 1s not as important.

3. Discussion

Equations (3) and (4) contain four unknown radiation
currents but the two equations only allow the evaluation

of the total downward and total upward radiation flux, and,

-6 -



of course, thelr sum and difference. If a second radio-
meter whose sensors are palnted white is used in additicn
to the black surfaced radiometer, z2nd the ratic of the
black and white paints’ short wave absorptivities and
ratio of the black and white paints®' long wave absorptivities
are known, two more equations with no additional unknowns
can be written., This is enough additionsl information to
separate R l, R, !, R.f, ana Rgf- his application and
tests of its validity‘will be glven in another paper.

' - If one uses thermistors to measure the temperature
of the upper and lower blackened swrfaces of such a
radicmeter 1t i1s pessible {0 telemeter this information in
a manner similar to that used to trensmit air temperature
in the ordinary radicsonde. By employing very light weight
materlial for insulation and framework, the net radio-
meter can be made light enough to be carried aloft by a
radicsonde ballcon. Fig. 5 shows such an instrument
which weighs only 125 grams. In order to telemeter air
temperature, humidity, and upper and lower surface temper-
atures 1t 1s necessary to add a sequencing switch, The -
filgure 1llustrates the instrument with such s wind driven
switch, This instrument makes it possible to obtain
measured values of the vertical profile of net radlation.
Tests of this instrument are under way.

It is possible to compute minimum surface temperatures

-7 -



given the net radiation &t sunset and the s0il thermal
properties, Therefore, the economical net radiometer car
be useful in frost forecasting.

PENMAN, 1948, and others have shown that evapo-
ration from & growing fleld crop is highly correlated
to net radiation. Irrigation control from net radiation
data 1s thus feasible.

4, Conclusion

We have described a very low cost net radiomcter
of moderate accuracy. This accuracy is, however, quite

sufficient for many meteorclogical applicaticns,
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Legends for Figures

Exploded view of the Net Radiometer.

Per cent transmission of 1.0 mil polyethylene
after U. S. DEPARTMENT OF COMMERCE blication

111438, 1955.

Hourly net radiation comparison between
Economical Net Radlometer and Ventilated
Net Radiometer.

Scattergram of net radiation measurements
using economical net radiometer and ventilated
net radiometer.

Ballecon-borne economical net radiometer.
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BOTTOM HALF (Reverse order of top half)

bloch styrafoumn or fiberglass

W 0
GE o0 :
§5 i : POLYETHYLENE RESIN DYG
i | UL L]
ol.ﬂ 50 40 60 60 70 80 o 0.0 no 1o 130 140 150
WAVELENGTH IN MICRONS
NOCTURNAL RADIATION
VENTILATED NET RADIOMETER
Vs.
" NET ECONOMICAL RADIOMETER
090 o
(o) 0 o
o o o . ()Q) o 1
E 070 @ oe : @
g ’ © ‘ﬂo
S By e .
& § oso 2 $-o
Q \) o 1]|© o
N 040 0--0
:I‘ o
§ 0301 @ O CLEAR
I L © SCATTERED
o BROKEN
010 ® OVERCAST
¢ 010 020 030 040 050 060 070 080 090 100

ECONOMICAL RADIOMETER
Ly/min

LANGLEYS PER MINUTE

VENTILATED RADIOMETER

ECONOMICAL RADIOMETER
Ly/min

( o Tl T g )
| SR 0 " 3 x ECONOMICAL RADIOMETER
| | \ AND
| | | \r VENTILATED RADIOMETER
U= =0 ECONOMICAL RaviomeTER | | 25 JULY, 1956
&———® VENTILATED RADIOMETER - ', -
|
!
g
I
|
[
P.
I
|
|
|
A
I~
|
]
|
|
U
I
J
[
|
|
j |
CLEAR i (lf/llf: . Pl CLoy
L Ll
o 2 4 [ 8 10 12 14 16 8 20 22 24
HOUR IN LOCAL CIvIL TIME
DAYTIME RADIATION
VENTILATED NET "RADIOMETL IR
VS
NET ECONOMICAL RADIOMETLI?
100 U ' A ‘ 1 ‘ 1
| |
. R
90 oo Lo v
| aqo |
80 . ' | or | |
I | | ] e o [
w1 o b
| | l | O q i |
60 | | | , ; P | ‘ !
S I | | ob | i ‘
£ 50 ! i \ {
} 1 a l 08 0 | i
| o | |
~ Ll o | l | ‘
o [ |
30 % | | o CLEAR
s | . | o SCATTERED
20 ..‘é?o‘ . o BROKEN
90 (f] ] S l ® OVERCAST
® 20 30 40 50 60 70 80 90

100



éw\\

ARhy  pasonpg

1//0‘._-.!‘0-"\&.\
= b-aoati

/

Z9QWOTPRY SUIO-UCOTTSY
3



