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ABSTRACT 
Time averaged estimates of the generation of atmospheric zonal and eddy available 
potential energy by infrared radiation are obtained from 198 radiometersonde flights 
made at thirteen stations located in the eastern half of the United States and Caribbean 
Sea area. From the temperature and net radiation data the vertical profiles of tempera- 
ture and atmospheric cooling are individually estimated by “least squares” approxi- 
mating polynomials. A polynomial integration technique is developed to obtain the 
time averaged covariance of the cooling and temperature profiles for each of seven 
atmospheric layers. The time averaged estimates for each of the seven atmospheric 
layers are divided into transient, stationary eddy, and stationary zonal components. 
The results indicate that all are sinks of available potential energy with the estimates 
for the transient component being - 0.13 watts/m*, the stationary eddy being - 0.08 
watts/m*, and the Stationary zonal being - 1.92 wattslmz. An analysis of the daily 
values indicates that the transient generation varies considerably from day to day and 
at times attains large positive or negative values. The range of the transient generation 
sstimates is slightly larger than the range of frictional dissipation estimates within 
the planetary boundary layer for light and moderate winds. There are pronounced 
vertical variations in the generation estimates with the extreme values, both positive 
and negative, occurring in the lower troposphere. This is undoubtedly the result of the 
varying distribution of cloudinesa and water vapor. Because of the large daily variations 
as well as vertical variations, it appears that additional intensive studies of the genera- 
tion for local disturbances should be undertaken. The implication of a positive infrared 
generation by the net heating component on a pressure surface is discussed. 

1. Introduction 
In 1955 Lorenz produced a mathematical 

model for the general circulation energetics by 
expanding Margules’ (1903) concept of the 
separation of total potential energy into a por- 
tion not available for conversion into kinetic 
energy and a portion available for conversion. 
Lorenz (195th) defines available potential 
energy as the difference between the total po- 
tential energy of an arbitrary atmosphere and 
that which would exist after adiabatic redistri- 
bution of the mass to a state of stable, horizontal 
density stratification. The available potential 
energy, which he partitions into zonal and eddy 
portions, is created by the differential heating 
or cooling of the atmosphere. From Lorenz’s 
definition, the zonal portion is determined by 
the strength of the north-south thermal variance 
of the zonal mean temperature and is princi- 
pally produced by the latitudinal covariance of 
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zonal means of diabatic heating and tempera- 
ture on a pressure surface. The eddy portion is 
a measure of the east-west thermal variance 
and is principally produced either indirectly by 
the action of the eddies on thezonalavailable 
potential energy or directly by the east-west 
covariance of diabatic heating and temperature 
on a pressure surface. 

An implication of modern theory is that dif- 
ferential cooling may be equally as important aa 
differential heating in the generation of available 
potential energy. Hence, the differential cooling 
of the atmosphere by long wave radiation, 
although always a sink of total potential energy, 
may be either a source or sink of available 
potential energy depending on the correlation 
between differential infrared cooling and the 
temperature field. Within the smaller scales cf 
the secondary circulation the infrared cooling 
may generate eddy available potential energy. 
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For example, the warm cloudy regions of some 
cyclones lose less heat than cool clear regions 
of anticyclones, generating eddy available poten- 
tial energy a t  this scale. Therefore, it seems im- 
portant to consider the role that organized 
heating and temperature fields of the secondary 
circulation play in the generation of eddy 
available potential energy for the atmosphere’s 
circulation. 

In  this paper the contribution of infrared 
cooling in the generation of zonal and eddy 
available potential energy is examined. Both 
the vertical and horizontal variations of cooling 
by infrared radiation are studied. Emphasis is 
placed on the role of the vertical variation of 
infrared cooling in the generation of eddy 
available potential energy and the design of a 
diagnostic model with sufficient resolution and 
reliability to estimate this quantity. Data from 
radiometersonde flights are used to obtain con- 
tinuous profiles of temperature and net radia- 
tion. A polynomial technique is developed which 
permits the vertical integration of continuous 
profiles of infrared cooling and temperature. 
These integrals of the covariance of temperature 
and heating fields are used to estimate the height 
variation of the generation of eddy available 
potential energy within the atmosphere’s se- 
condary circulation. 

Apart from scientific inquiry “to know,” 
there is an economic justification for the deter- 
mination of the contribution of infrared cooling 
in the generation of available potential energy. 
This need is primarily the result of recent scien- 
tific and engineering advances. One advance, 
the satellite, provides a means of determining 
the global coverage of heat sources and sinks 
within the atmosphere (Sabatini & Suomi, 1962; 
Smith, Horn & Johnson, 1966) while the other, 
the giant digital computer, provides the means 
of utilizing the satellite observations in ex- 
panded numerical weather prediction models 
which incorporate atmospheric heat sources 
and sinks. Thus, the immediate justification of 
this study is to determine if observations of 
infrared cooling are an item of information in an 
energetically consistent numerical model where 
the heat sources and sinks of potential energy 
balance the frictional dissipation of kinetic 
energy. From energy considerations it seems 
that infrared cooling information would be 
essential if the magnitude or the range of the 
generation of available potential energy is 

nearly equal to or greater than the magnitude 
or range of the frictional dissipation of kinetic 
energy. 

2. Development and discussion of the  
physical model 

The set of energy equations developed by 
Lorenz ( 1 9 5 5 ~ )  for the exposition of the theory 
of available potential energy and the general 
circulation in pressure coordinates provides the 
framework upon which the physical model used 
in this study is based. To derive these equations 
from his expression for available potential 
energy in isentropic coordinates, Lorenz used 
two approximations-a binomial expansion and 
a horizontally fixed static stability. In another 
paper (1955b), he derives another set of equa- 
tions for the time rate of change of available 
potential energy in isentropic coordinates in- 
cluding expressions for the generation and con- 
version without the introduction of these ap- 
proximations. To my knowledge, estimates of 
the available potential energy in all diagnostic 
studies, including this paper, have been made 
using the approximate expressions in pressure 
coordinates with one exception (Dutton & 
Johnson, 1967). Subsequent to the completion 
of the research reported in this paper, Professor 
Dutton of Pennsylvania State University and 
the writer, using the generation expression in 
isentropic coordinates, determined a zonal 
generation estimate from heat budget data 
which, with respect to infrared processes, is 
noticeably different from the one presented in 
this paper. The divergence of the results is 
primarily due to a different scheme to determine 
by scales the importance of the processes of heat 
addition and is discussed in the results section, 
However, to reconcile the difference between 
the generation estimates in pressure and in isen- 
tropic coordinates, it is necessary and important 
to emphasize the relation between the two gene- 
ration expressions that Lorenz presented. In  
this paper only the equations directly relating 
to the generation integral are presented and 
their physical significance discussed. 

According to Lorenz (1955b), the generation 
of available potential energy, GO, for the mass 
of the atmosphere, M ,  is 
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THE ROLE OF TERRESTRIAL RADIATION 519 

where p is pressure, R is the specific gas constant 
for dry air, c p  is the specific heat at  constant 
pressure, and Q is the rate of heat addition per 
unit mass. The 0 subscript for Q denotes Lorenz's 
generation integral determined from the use of 
isentropic coordinates while B without the 
subscript is the approximate expression in pre- 
sure coordinates. The operator ( - ) represents 
an average over an isentropic surface with 
respect to  its horizontal projection. In this 
expression, the generation is positive (negative) 
when the heat is added to an element of mass at 
a pressure greater (less) than the average pres- 
sure on the isentropic surface. It is also positive 
(negative) when the element of mass cools at  a 
pressure less (greater) than its isentropic ave- 
rage pressure. 

Using isobaric averages Lorenz represented 
(1) by 

( 2 )  

where N is a weighting function of the integrand 
of (1) given by the square brackets. The operator 
(=') represents an average over a pressure surface 
taken with respect to its horizontal projection, 
while (") represents a deviation from the average. 
Lorenz justified the approximation that 

(3) 

where T is temperature, rd is the dry adiabatic 
lapse rate and T is the mean lapse rate of the 
horizontally averaged temperature field. He 
then stated that good estimates of the genera- 
tion should be provided by the second term of 
the integrand of (2) which is approximately 
equal to the generation expression of his 1955a 
paper. However, he also noted that generation 
estimates from the approximate expression 
might suffer from the neglect of the first term 
of the integrand of (2) which represents a 
generation from net heating at high pressure 
and cooling at low pressure. In our study (Dut- 
ton t Johnson, 1967) the importance of this 
term is now apparent and its implication is 
discussed in the results section. In the int,er- 
vening sections the emphasis is on (1) the role of 
infrared cooling in the generation of zonal and 
eddy available potential energy using Lorenz's 
approximate expression in pressure coordinates 
and (2) the development of numerical and sta- 
tistical diagnostic techniques. The generation 
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integral from the 1955a study must be regarded 
as that portion of the generation due to the 
covariance of temperature and heating on a 
pressure surface. The generation due to a net 
heating at  high pressure and a net cooling a t  
low pressure is not considered. 

From Lorenz (1955a), the average generation 
of available potential energy per unit area of 
the earth's surface from the correlation of tem- 
perature and heating on a pressure surface is 

where g is the acceleration of gravity. Pressure 
is the independent variable serving as the ver- 
tical coordinate with boundary values p = 0 at 
the top of the atmosphere and p = p ,  at the 
earth's surface. In this representation the 
generation, Q, of available potential energy is 
positive when, relative to  horizontal averages 
on a pressure surface, the warmer air is heated 
and the colder air is cooled either increasing the 
horizontal variance of temperature and the store 
of available potential energy or immediately 
producing horizontal kinetic energy. The exact 
relationship of the generation of available 
potential energy and the average frictional dis- 
sipation, D, to the time rate of change of avail- 
able potential energy, A,  and the horizontal 
kinetic energy, K, is 

a 
- ( A  + K )  =Go - D 
at (5) 

The frictional dissipation integral, D, is regarded 
by Lorenz as the unique sink for kinetic energy; 
however, it is evident that the sum of the time 
rate of change of the available potential energy 
and kinetic energy is equal to the sources and 
sinks of both forms of energy. Thus in an open 
system differential heating may serve as a source 
or sink of horizontal kinetic energy, while the 
available potential energy for the atmosphere is 
a constant. Furthermore by disregarding fric- 
tion, it is clear from equation ( 5 )  that positive 
(negative) generation causes an increase (de- 
crease) in the sum of the two forms af energy. 

Within the troposphere and lower stratos- 
phere the generation of availabb potential 
energy can be attributed to five physical pro- 
cesses causing differential heating: 1 )  direct 
absorption by solar radiation, 2)  emission of 
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long wave radiation, 3) release of latent heat, 
4)  sensible heat transfer through the earth- 
atmosphere interface, and 5 )  frictional dissipa- 
tion. Thus, the generation integral can be 
divided into five linear components corre- 
sponding to each physical process. 

where the index, i, represents a physical process, 
and Q; is the deviation of the rate of heat addi- 
tion by the ith component from its horizontal 
mean, 0,. Furthermore, to separate the contri- 
bution of the systematic zonal heating field 
from the organized heating fields of other scales 
of at,mospheric disturbances, following Lorenz 
the generation integral is divided into a zonal 
component and an eddy component. The zonal 
and eddy generation are further divided into a 
stationary and transient contribution by expres- 
sing the areal deviations as 

and 

where the brackets represent a zonal mean on a 
pressure surface and the asterisk a departure 
from R zonal mean. The operator ( - )  represents 
a time average and a single prime (') the devia- 
tion from a time average. The first and second 
terms on the right hand side of (7) and (8) are the 
time averaged stationary deviations while the 
third is the transient deviation. This partition- 
ing is identical to that used by Murakami (1960) 
and discussed by Oort (1964). The substitution 
of equations (7) and (8) into (6) yields the fol- 
lowing expression for the total time average 
generat ion 

where the order of integration for space and 
time are interchanged. Thus the time averaged 
generation, 8, is divided into three scales and 
five components of diabatic heating. The scales 
of atmospheric circulation are defined as fol- 
lows: 

where G, is the generation at the stationary 
zonal scale. 

where GEs is the generation at the stationary or 
standing eddy scale. It is associated with both 
the long planetary waves and continents or 
oceans, when the time interval of averaging is a 
few days. For longer time intervals, this term 
must be identified with stationary features due 
to the continents and oceans since even the 
long planetary waves are quasi-transient fes- 
tures of the atmospheric circulation. 

where GT is the generation by the transient 
zonal scale associated with an expansion or con- 
traction of the westerlies and the transient 
eddies primarily associated with surface cy- 
clones, anti-cyclones or upper air traveling 
waves. 

The total contributions to the generation by 
the five diabatic components a t  the various 
scales is still an unresolved problem. With 
regard to the overall generation at the eddy 
scale, Lorenz (1955a) states that "presumably 
it is negative, in view of the probable warming 
of cold air masses and cooling of warm air 
masses in middle latitudes, but the possible 
preference of warm longitudes for the release of 
latent heat may suppress this negative value". 
Although this postulate may be true, it is 
exceedingly difficult to verify or reject. 

From diagnostics based on a quasi-geostro- 
phic theory, Wiin-Nielsen & Brown (1962) esti- 
mated that the eddy generation by all physical 
processes is - 3.5 watts/ma apparently confinn- 
ing Lorenz's postulate. 

Later Brown (1964), using the same model, 
obtained the following mean seasonal generation 
estimates; - 2.4 watts/ma for January, - 0.83 
watts/me for April, 1.25 watts/ma for July and 
-0.69 watts/me for October. On the other 

hand, Clapp (1961) obtained an estimate of 
+ 0.26 watts/mz for the time averaged semiper- 

manent circulation in winter. 
In studies of the individual components, the 

positive generation by latent heat seems to have 
been well established by Palmen (1960), Clapp & 
Winninghoff (1963), and Murakami (1960). 
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THE ROLE OF TERRESTRIAL RADIATION 52 1 

Palmh estimated that an average of 53 watts/ 
m* of kinetic energy was created for 1/35 of the 
polar cap north of latitude 30”N by the latent 
heat released in an intense extratropical cyclone 
(Hazel). From this estimate he stated that three 
extratropical disturbances of the same intensity 
as “Hazel” would suffice to produce the neces- 
sary kinetic energy to offset a frictional dissipa- 
tion estimate of 5 watts/m’ for the polar cap. 
Using data from one station (Washington, 
D.C.) Clapp (1963) estimated an eddy genera- 
tion of 1.8 watts/mB, the principal eddy genera- 
tion component being the differential heating 
by the release of latent heat by thunderstorms. 
Since the summer thunderstorms at Washing- 
ton, D.C. are usually identified with transient 
disturbances, Clapp’s estimate does not contra- 
dict Murakami’s (1960) estimate of 0.47 watts/ 
m* for the eddy generation by the latent heat 
release in the stationary disturbances. One 
would expect transient disturbances to be more 
efficient than the stationary features in genera- 
ting available potential energy, since the largest 
positive vertical velocities and greatest amounts 
of water vapor are found within the warm air of 
the transient scales. Tfius, the large positive 
contribution due to the latent heat component 
provides support to Lorenz’s qualifying state- 
ment that the release of latent heat might 
suppress the negative generation. 

Another diabatic component that may gene- 
rate a small amount of eddy available potential 
energy is the direct absorption of solar energy. 
Korb & Moller (1962) found that the direct solar 
absorption in warm, moist air may be twice as 
great aa in clear, dry air. The presence of 
clouds in the warm, moist air increases the 
solar absorption. Since the greater heating 
occurs in the warm air, a positive generation 
results. 

Merely from physical considerations, the 
component of differential heating by frictional 
dissipation can be dismissed as a negligible con- 
tribution. The total heating by frictional dissi- 
pation within the planetary boundary layer 
may reach several degrees per day; however, 
there does not appear to be any systematic 
effect leading to greater frictional heating in 
the warm air than in the cold air or vice versa. 

Generation estimates of the remaining diaba- 
tic component, the cooling by infrared radiation 
have been established by the use of satellite 
measurements. Suomi & Shen (1963) obtained a 

Tellus XIX (1967). 4 

mean generation of +0.583 watts/m* for 12 
selected days of Explorer V I I  data. Inalater  
analysis of 30 days of Explorer VII data, Shen’s 
mean estimate (1963) was 0.260 watts/m*. In  a 
study of the generation associated with 500 mb 
waves using Tiros I1 data, Corcoran8EHorn 
(1964) obtained a mean estimate of 0.055 watts/ 
ma. Although the latter two generation estima- 
tes are small, both studies indicated that at  the 
smaller scale eddies the generation is approxi- 
mately 0.2 watts/m*, while the largest scales 
destroy available potential energy, approxi- 
mately - 0.1 watts/m*. Thus, two tentative 
conclusions are: 1) cooling by radiation is not a 
large sink of eddy available potential energy 
and 2) generation of available potentialenergy by 
the infrared component is a function of scale size. 

The positive generation within these smaller 
scale transient disturbances is undoubtedly the 
result of the distribution of clouds. Extensive 
cloudiness in the warm air, including the broad 
expanse of cirrus in the high troposphere ahead 
of the approaching wave, appreciably reduces 
the cooling by the infrared component. Within 
the cold, clear descending air of the disturbance 
the infrared radiation stream to space is a 
maximum. Thus, beneath the clouds, the warm 
air will cool less than will the cold air at cor- 
responding heights. The result is an infrared 
contribution toward the positive generation of 
eddy available potential energy. Above the 
level of the clouds the horizontal differential 
heating fields are reversed (i.e., the warm air 
above the level of the clouds cools more than 
the cold air at  equivalent heights). At these grea- 
ter heights the eddy generation is then negative. 
Consequently, the vertical variation of the eddy 
generation of available potential energy by the 
infrared component may be an important ele- 
ment within a transient disturbance. In  the 
next two sections, two polynomial techniques 
are developed and applied to radiometersonde 
data so that the vertical variation of the co- 
variance of temperature and infrared cooling 
may be investigated and the generation by the 
infrared component estimated. 

3. Procedures for estimating temperature 
and cooling profiles from radiometersonde 
data 

As the result of instrumental developments 
during the last decade, measurements of the 
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Table 1. Radiometersonde stations 

Index 
No. Station Location 

Z o n e  I (38.5'-51.5' N )  
72405 Washington, D.C. 
72532 Peoria, Illinois 
72641 Madison, Wisconsin 
72645 Green Bay, Wisconsin 
72747 International Falls, Minnesota 

Z o n e  I I  (25.5"-38.5" N) 
72202 Miami, Florida 
72226 Montgomery, Alabama 
72363 Amarillo, Texas 

Zone I I I  (12.5"-25.5" N) 
78383 Grand Cayman, Cayman Islands 
78525 San Juan, Puerto Rico 
78866 Phillipsburg, St. Martin 
78967 Chagmaramus Bay, Trinidad 
78988 Willemstad, Curacao 

38"-51" N-77"-02" W 
40"-40" N-89"-41" W 

44"-29" N- 88"-08" W 
43"-08" N-89"-24" W 

4S0-34"N-93"-26"W 

25"-49" N-80"-17" W 
32"-18" N-86"-24" W 
35"-14" N-101'-42" W 

19"-15" N-85"-25" W 
18"-28" N-66"-07" W 
18"-02" N-63"-06" W 
10"-11" N-61"-37" W 
12"-11" N-68"-59" W 

vertical distribution of the flux of infrared 
radiation have become feasible. Concurrently 
with the radiation measurements by Brewer & 
Houghton (1956) and Gergen (1956), the Suomi- 
Kuhn ( 1958) balloon-borne net radiometersonde 
was developed a t  the University of Wisconsin 
to provide measurements of the upward, down- 
ward, and net flux of infrared radiation. Radio- 
metersonde flights conducted during the last 
nine years have provided data for research into 
the nature of the infrared cooling of t,he atmos- 
phere. 

From this nine year period, the only data 
sample providing adequate coverage to study 
the generation of available potential energy 
consists of the 198 individual night time flights 
made during December, 1960 and January, 
1961. These flights were conducted by thirteen 
radiometersonde stations over the eastern half 
of the United States and the Caribbean. The 
radiometersonde flights provided discrete ob- 
servations of temperature, net radiation, and 
pressure at  approximately 600-800 foot inter- 
vals of height. Only nocturnal flights were made 
in order to avoid direct solar heating of the 
radiometersonde's infrared sensors. In Table 1, 
the stations, their locations and an identifying 
zonal ring are given, while Table 2 presents the 
date of each flight. Although there are missing 
observations in the time series for each station, 

this is not a serious defect since only time avera- 
ged estimates will be considered in this study. 

To apply the radiometersonde data to the 
problem a t  hand, several statistical techniques 
were developed. Because some of the techniques 
require lengthy proofs, they were developed as 
five separate appendices in the original thesis 
(Johnson, 1965). The first was to obtain accu- 
rate profiles of temperature and cooling. The 
second was to develop a method of integration 
using a polynomial description for the tempera- 
ture and cooling profiles. Previous generation 
studies employed satellite infrared radiation 
measurements. As a result, the generation 
integral was evaluated by assuming that a ver- 
tical mean value for the temperature and the 
cooling profiles was representative of their ver- 
tical distribution within an entire atmospheric 
unit column, thus ignoring the height depen- 
dency of both variables. Since a systematic 
height deFendency exists for both the tempera- 
ture and the heating fields, it  is quite probable 
that the correlation between temperature and 
atmospheric cooling is not a constant in the 
vertical but will also vary as a function of 
height (Clapp & Winninghoff, 1963). To avoid 
the use of mean values, a diagnostic model was 
designed in which the generation of available 
potential energy is evaluated by dividing the 
atmosphere into seven levels. Within these 
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THE ROLE OF TERRESTRIAL RADIATION 523 

Table 2. Obaervatwnal d a t a  of radiornetereonde flights (00002) 
~~ 

December 1960 January 1961 
c 

Station 20 21 22 23 24 25 26 27 28 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 Tbtal 

Z o n e  1 
405 x x x x x  x x x  x x x x x x x x x  x x  19 
532 x x x x x  x x x x x x x x x  x x  16 
641 X X X x x  6 
645 x x x x x x x x x  9 
747 x x x x x x  X x x x x x x x x x x x x  19 

Z o n e  I I  
202 X x x x  x x x x  X 9 
226 x x x  X x x x x x x x  x x x x x x  17 
363 x x x x x  x x x x x  x x x x x x  16 

Z o n e  I I l  
383 x x x x x x x x x  x x x x x x x x x x x  20 
525 x x x x x x x  x x x x x  x x x x x x x  19 
866 x x x x x x x x  >: x x x x x x x x 17 

11  967 x x x  x x x  x x  
988 x x x x x x x x x  x x x x x x x x x x x  20 

x x x  

seven levels, the temperature and infrared 
cooling profiles are described by approximating 
polynomials and the correlation between the 
two fields is then integrated. 

As previously noted, the data used are air 
temperature and net radiation observations, 
which are the dependent variables, and the 
pressure observation, which is the independent 
variable. Since these measurements involve 
several sources of error, one must regard each 
observation as being composed of a true func- 
tion on which is superimposed an instrumental 
error component. Thus let 

Yl = rli + E l  (13) 

radiation is obtained from second differences. 
The air temperature and pressure observations 
are used directly and do not present any com- 
putational difficulties. Since pressure is used 
as an independent variable, it is regarded as an 
exact measurement, allowing cooling rates to be 
efficiently estimated. The effect of this assump- 
tion is discussed a t  the end of this chapter. Be- 
cause the estimation of temperature profiles 
follows directly from the techniques and criteria 
developed in solving the infrared cooling pro- 
blem, the method of estimating temperature 
profiles is discussed after the procedure for 
estimating vertical profiles of cooling is deve- 
loped. 

The observations of net radiation are a com- 

a top and a bottom sensor of the radiometer 
(Suomi, Staley, and Kuhn, 1958). In  a study 
of the effects of temperature errors on radiation 

where Y l  is the ith observation Of the true bination of two temperature measurements by 
function, qI ,  and ei is the instrumental error 
component. If the observations are biased, then 
tho expected value of the instrumental error is 

E(E1) = 1, (14) 

and Y l =  rll +I1 +&Rc (15) 

where t ,  is the bias component and FR' is the 
random error component with expectation zero. 
It is the random error component of the observa- 
tions of net radiation which causes the com- 
putational problem, since the estimation of 
atmospheric cooling from the observation of net 

Tellus XIX (1967), 4 

estimates (Johnson, 1966), the validity of 
regarding the net radiation observation as being 
a meaeurement of a smooth true function with 
a superimposed random error component is 
established. Thus the net radiative flux is 

= yn +A, + EnR (16) 

where y, is a linear combination of the two true 
temperature functions, I, is a linear combination 
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524 DONALD R. JOHNSON 

of all bias error terms, EnE is a linear combina- 
tion of the random error components and the 
subscript n denotes net radiation variables. 

The local cooling or warming of an atmos- 
pheric layer due to the divergence of infrared 
radiation is given by 

where Q is the rate of addition of heat per unit 
mass. Substitution of (16) into (17) yields 

While one wishes to estimate the vertical deri- 
vative, +,lap, but is possibly forced to estimat? 
a/ap(y, +An), a biased estimate, the optimum 
estimates of either derivative will be provided 
by filtering the random component before any 
form of differentiation is attempted (Hilde- 
brand, 1956). 

Since the data contain a random error com- 
ponent, “least squares” approximating poly- 
nomials rat.her than an exact polynomial 
description were selected for the filtering. With 
an approximating polynomial the estimating 
function is free to determine a new point a t  each 
level of the independent variable, thus avoiding 
consequences of an exact polynomial f i t  (i.e., 
the determination of an estimating function 
which passes through each observation but 
oscillates about the true function). Further- 
more, any attempt to differentiate an exact 
polynomial description of net radiation to deter- 
mine cooling by equation (18) would only 
amplify the oscillations due to the random error 
component and would prevent any form of 
convergence to the true profile ay,/ap. 

The approximating polynomial estimat,e for 
the ith observation of net radiation is 

The scaled independent variable of pressure, x i ,  
within each atmospheric layer is 

1 l < z <  + 1  

where c,, is the mean value and cts is one-half 
the range of the pressure interval, p ,  top,,,. The 
independent variable was scaled to range 
between - 1 and + 1 for the atmospheric layer 
(Plackett, 1960). In  matrix notation 

R , = X B  (21) 

where R, is the n x 1 vector of predicted values 
of net radiation for the n observations of net 
radiation within each atmospheric layer, X 
is the n x (k -t 1 )  design matrix of the indepen- 
dent variable, and B is the (k + 1) x 1 vector of 
polynomial coefficients. The solution to the 
polynomial coefficients is 

B = [XTX]-’XTR, (22) 

where R, is the n x 1 vector of observations for 
each atmospheric layer. The relation of the 
predicted values to the observed values is given 
by substituting equation (22) into (21) yielding 

8, = X[XTX]-’XTRn (23) 

Thus, the predicted values for the net radiation 
are a linear transformation of the observations. 

I f  the approximating polynomial is unbiased, 
the relation between the true function (y, +A,) 
and the expected value of the polynomial coeffi- 
cient is 

(Yn + A n )  = XE(B) (24) 

From equations (21), (22) and (24), the expected 
value of R, is 

E($n) = (Yn +An) (25)  

From this equation it is evident that even 
though the approximating polynomial is an  
unbiased estimate of the ith observation, Rnlt  
the predicted values, R n , ,  are really estimating 
the function (yni  +Ani) .  Thus, if the approximat- 
ing polynomial is unbiased, and since i t  is a 
linear transformation of the observations, one 
may use Gauss’ Theorem (Kendall & Stuart, 
1961) to state “of all the possible linear trans- 
formations, the estimates of R, are minimum 
variance estimates for net radiative flux 
(Yni+)Ln<).” (Johnson, 1965). It is logical to 
extend the argument, primarily because of this 
theorem, and state that a net radiative flux 
estimate by an unbiased approximating poly- 
nomial is the best linear estimate of the true 
continuous function (y ,  +A,). 

Tellus XIX (1967), 4 
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THE ROLE OF TERRESTRIAL RADIATION 625 

Before proceeding further, let us distinguish 
between the two bias errors in order to establish 
their effect on the estimation of the cooling 
profiles. The first, the bias error of measurement 
A, of equation (16) is a combination of the bias 
errors in the temperature measurements and 
the neglect of high order terms in defining a set 
of equations for the radiometersonde (Suomi, 
Staley and Kuhn, 1958). The second, the bias 
error due to “lack of fit” of the approximating 
polynomials to the observations within the 
atmospheric layer, is from either the improper 
selection of an rth degree polynomial for the 
unbiased kth degree polynomial, or from the 
choice of an atmospheric layer so large that the 
functional form of R, cannot be adequately 
represented by an approximating polynomial. 
Since the approximating polynomial attempts 
to f i t  (y, +An), the expected value of R, with 
a bias term due to lack of fit is 

~ ( f i n )  = (Yn + 1,) + 1, (26) 

where AB is the systematic bias error from the 
lack of fit. Defining the relation between the 
true function of cooling, x, and the vertical 
distribution of the true net radiative flux to be 

the substitution of the expected values of Rn 
from (26) for R, of (17) in the equation for 
cooling yields 

Thus, it  is clear that both bias errors will 
cause errors in the estimation of cooling rates. 
In considering the effect of the first bias error, 
the experimental work of Bushnell (1962) indi- 
cates that instrumental bias errors are negligible 
at pressures greater than 30 mb. It is important 
to  note that any bias error in the telemetry 
system of the radiometersonde will have a 
negligible influence on estimates of net radiation 
since the bias errors in the top and bottom tem- 
perature measurements cancel each other (John- 
son, 1966). For a constant bias error of either 
sensor, cooling estimates are unbiased since 
the derivative, aA,/ap, is zero. Furthermore, if a 
systematic bias error exists which is a function 

Tellus XIX (1967), 4 

of pressure only, the generation estimates will 
not be influenced, for when subtracting to 
determine the field of heating deviations the 
bias errors of both the mean profile and arbitrary 
profiles cancel each other. Therefore, the possi- 
bility of any bias error in the measurements 
affecting the estimates of the generation of the 
available potential energy is dismissed. 

The possibility of the second bias error, the 
lack of fit, is minimized by satisfying several 
criteria (Johnson, 1965). Briefly, these criteria 
are: 1) the selection of a “region of immediate 
interest” from the entire function, y,. so that 
within this region R, may be described by a low 
order unbiased kth degree polynomial, 2)  the 
RMS error estimate from the residual sums of 
squares of the unbiased kth degree polynomial 
is nearly equal to the RMS error estimate deter- 
mined from a laboratory or a replicated experi- 
ment, and 3) the number of observations within 
the “region of immediate interest” is large com- 
pared to the degree, k. 

The first criterion is partially satisfied by 
dividing the atmosphere into seven layers. This 
division is both meteorologically and statis- 
tically sound since the generation may be studied 
as a function of height and the entire span of 
pressure is reduced to several “regions of imme- 
diate interest”. Within each “region of imme- 
diate interest” the appropriate unbiased kth 
order polynomial is selected by comparing the 
estimates of error variance, &, of the 0th 
through the 4th degree polynomials. 

Here, n in the denominator is the number of 
observations and T the appropriate degree. In 
the first test, each estimate of the error variance 
by the rth degree polynomial was compared with 
the (T + 1)th degree for polynomial orders zero 
through four. If the estimate r was less than the 
estimate (T + l) ,  the rth degree was selected as 
the optimum kth degree, provided it satisfied 
appropriate tests for criteria two and three. The 
specific criteria chosen were that the estimate 
of the error variance for the kth degree poly- 
nomial would not exceed 4.00 x 10-4 ly’/min* 
(aR =0.020 ly/min) and that the number of 
observations within the layer would exceed 
4(r + 1). The upper limit of &, allowing for 
sampling variations, is based on Bushnell’s 
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526 DONALD R. JOHNSON 

estimate (1962) of 0.36 x lo-& ly2/mine (8E = 

0.006) for the random error variance. In  these 
results the lowest order rth degree polynomial 
satisfying these tests is selected as the optimum 
kth degree polynomial. If no local minimum 
for 8; occurs, the 4th degree is selected provided 
criteria two and three are satisfied; otherwise, 
the layer is rejected. However, in 86 per cent 
of the layers, an optimum degree was selected 
by the test for a local minimum. The local 
minimum for 8; as a function of r in (29) occurs 
when the rate of the monotonically decreasing 
numerator is insufficient to offset the influence 
of the denominator for each higher (T + 1)th 
degree. In this study the unbiased estimate of 
the error variance, 8\, served as an excellent 
discriminator for the selection of the appropriate 
kth degree unbiased approximating polynomial. 
It should also be noted that all layers contained 
more than ten points since the three observa- 
tions outside of the layer but adjacent to the 
upper and lower boundaries were included. This 
was necessary to achieve continuity for the esti- 
mate of cooling across the boundaries. Further- 
more, the highest layer used in each flight was 
required to have at least three observations 
above its boundary. 

After the selection of the kth degree polyno- 
mial as the best estimat,e of R,  over the “region 
of immediate interest,” the polynomial is differ- 
entiated. 

In matrix notation the n x 1 vector of deriva- 
tives of the net radiative flux is 

ah, 
-- = c,’XCB 
aP 

where C is a (k + 1 )  diagonal matrix with diago- 
nal elements, ii, given by ( i  -Z)/z for i = 1, ..., 
(k -t 1). The n x 1 vector of cooling estimates 
from equation (17 )  is 

ah, 
Q = g -  

a p  

where Q is a n x 1 vector of the estimate of 
infrared cooling (i.e., rate of addition of heat 
per unit mass). Substitution of equation (en), 
and (31) into (34) yields 

Q = gc,’ XC[XTX]-’ XTR, (33) 

Since the infrared cooling estimates are line- 
arly related to the observations of net radiation, 
one may again us0 Gauss’ Theorem to state, 
“of all the possible linear transformations for 
the ‘immediate region of interest,’ the estimates 
of Q by the unbiased kth degree polynomial are 
minimum variance estimates for infrared coo- 
ling.” (Johnson, 1965). From Johnson (1965), 
an important property of derivative estimates by 
a differentiated unbiased approximating poly- 
nomial is that the derivative estimates are also 
unbiased. Thus the expected value of equation 
(31) for an unbiased approximating polynomial 
is 

(34) 

and the expected value of the infrared cooling 
estimates by equations (32) and (33) is 

(35) 

Thus, the infrared cooling estimates from 
unbiased approximating polynomials and un- 
biased observations are also unbiased. 

The criteria for the estimation of infrared 
cooling were developed by analyzing atmospheric 
cross-sections from International Falls to Cura- 
cao, Venezuela, for January 7 and 9, 1961. In 
the analysis, using estimates by this method, the 
tests leading to the three criteria provided con- 
sistent profiles of atmospheric cooling. The 
critical factors necessary to provide consistent 
estimates were: 1 )  an estimate of error variance 
nearly equal to the estimate by Bushnell (19621, 
and 2) a greater number of observations within 
each atmospheric layer as the order, k, of the 
unbiased approximating polynomial increased. 

Estimates of the random error variance of 
atmospheric cooling estimates were determined 
by comparing individual estimates from the net 
radiation observations from a “doubleheader” 
radiometersonde flight conducted on 1 February 
1962 a t  Madison, Wisconsin in which the tele- 
metry system alternately transmitted observa- 
tions from the two radiometers mounted on the 
same radiosonde. From this method one can 
determine not only an estimate for the variance 
but more important, whether the technique de- 
veloped in this chapter and applied separately to 
data from each radiometer provides consistent 
estimates for the true profiles of atmospheric 
cooling. 

Tellus XIX (1967), 4 
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THE ROLE OF TERRESTRIAL RADIATION 

The kth degree polynomial for each layer was 
determined from the data for each radiometer 
and was used to individually estimate the true 
continuous cooling profiles. In  Figure 1, an 
example of the technique for estimating the 
approximating polynomial profiles of net radia- 
tion for the 100-50 mb layer of the double- 
header flight is presented. The left-hand ordi- 
nate is the scaled variable of pressure. The 
curves are different kth degree polynomial repre- 
sentations of the two series of discrete observa- 
tional estimates from each radiometer and are 
determined independently. This layer was se- 
lected for the example to show the consistency 
of the net radiation estimates between radio- 
meter I and radiometer I1 even though the 
technique of determining the appropriate kth 
degree for each observational series selected 
two different degrees. Identical degrees were 
selected for four of seven layers of the double- 
header flight. 

In  Figure 2, the cooling estimates by the 
differentiated polynomials are presented. After 
differentiation of the net radiation polynomials, 
the estimates of infrared cooling are given by a 
third degree polynomial from radiometer I and 
by a first degree polynomial from radiometer 11. 
Note the close agreement of the profiles when 
one considers that the infrared cooling esti- 
mates range from -1O"C/day to +5"C/day. 
The discrete values of infrared cooling estimated 
from adjacent values of net radiation by a 
finite approximation are presented to demon- 
strate the dominating effects of observational 
noise. Realistic profiles can only be obtained by 
computing average values of cooling for larger 
pressure intervals or by the differentiated poly- 
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Pig. 1. Net radiative flux polynomial and finite 
estimates from the doubleheader radiometer flight. 

Tellus XIX (1967), 4 

t 

X 

_ I  

I i 
-4.0 - 3 0  - 2 0  -10 0 0  tl 

(OCIday) 

627 

50 

60 

TO 

P(mb) 

80 

90 

100 

Pig. 2. Differentiated polynomial and finite deriva- 
tive estimates of atmospheric cooling from the 
doubleheader radiometer flight. 

nomial technique. A description of the poly- 
nomial filtering technique presently used for 
the routine data processing of radiometersonde 
flights and developed from these results is 
described by Kuhn and Johnson (1966). 

In the doubleheader radiometer flight, the 
maximum estimate of cooling was - 3.2"C/day 
a t  310 mb and the minimum estimate + 0.6"C/ 
day a t  470 mb. The averaged RMS estimate of 
the error obtained by the differences between 
the two cooling curves a t  25 mb intervals at 
pressures greater than 100 mb and a t  10 mb 
intervals a t  pressures less than 100 mb is 
+0.22"C/day. This RMS estimate by thie 

method can be compared with Kuhn's RMS 
estimate (1961) of 0.34"C/day for the mean 
cooling of a 100 mb layer. Thus, the polynomial 
technique provides continuous estimates of the 
vertical profile of atmospheric cooling with 
greater reliability and avoids the overly smooth 
mean estimates by 100 mb finite differences. 
This improvement in estimation of atmospheric 
cooling rates is due to the utilization of all the 
information from the observations within the 
"region of immediate interest" and the ability 
of the "least squares" method to redistribute 
the random error component of each observs- 
tion over a predicted function in a manner 
similar to its superposition on the measure- 
ments of the true function. 

The estimates of the temperature profiles 
were also determined by approximating poly- 
nomials; however, the criteria determining the 
kth degree unbiased polynomials were not as 
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528 DONALD R. JOHNSON 

x 

stringent. Only polynomial orders through the 
second degree were compared to determine if a 
local minimum for the estimate of the random 
error variance occurred before the second degree, 
since the description by a second order poly- 
nomial was sufficient to describe the vertical 
variation of temperature within each atmos- 
pheric layer. If a local minimum occurred, the 
0th or 1st degree became the kth degree poly- 
nomial, however, if not, the second degree was 
used as the kth order unbiased estimate 
provided that the RMS error estimate was less 
than 4°C. The latter test was necessary to 
determine errors resulting from faulty data pro- 
cessing. The nearly perfect description of the 
temperature profile is indicated by the value of 
the RMS error estimate from the residual sums 
of squares. This estimate was usually between 
k0.3 to +0.4"C, a value close to the random 

instrumental error component of air tempera- 
ture (AWS TR-105-133, 1955). The polynomial 
profile and the discrete observations of tem- 
perature for the same 100-50 mb layer of the 
doubleheader in radiometersonde flight are 
presented in Figure 3 to illustrate a representa- 
tive result. Although in this study pressure is 
regarded as an exact measurement, in reality 
there exists a small error component in the 
observation. Consequently, this effect reduces 
the magnitude of the regression coefficients 
(Kendall & Stuart, 1961) of both the approxi- 
mating polynomials for net radiation and tem- 
perature, causing the variation in the profiles 
to be slightly underestimated. However, since 
the RMS error is approximately k0.3 mb 

while the range of atmospheric pressure for each 
layer is at least 25 mb, this effect can be dis- 
regarded as negligible. 

4. Generation estimates by approximating 
polynomial integrals 

In the previous section it was shown that  
approximating polynomials can be used to pro- 
vide consistent estimates of temperature and 
cooling profiles. Since the polynomial coeffi- 
cients may be averaged to provide the space 
and time means from which the deviations of 
temperature and infrared cooling are deter- 
mined, estimates of Lorenz's generation integral 
as a function of height can be obtained for the 
generation a t  the various scales of atmospheric 
circulation. To realize this advantage, a diag- 
nostic model is designed which incorporates the 
polynomial coefficients into a method of inte- 
gration. Integration over each of the seven 
layers describes the vertical distribution of the 
generation of available potential energy. The 
diagnostic model is based on the technique of 
integrating two polynomial functions. General 
development of this technique is presented in 
Appendix V of the original thesis (Johnson 
1965). 

The predicted polynomial functions for tem- 
perature (T) and the rate of heat addition (Q) 
for an arbitrary atmospheric layer may be 
expressed as 

? = x , A  (36) 

ax 
Q = g- x,CB 

aP 
(37) 

where A and B are (k 3- 1)  x 1 and (q + 1) x 1 
vectors of unbiased polynomial coefficients, 
x, and x2 are the corresponding 1 x (k + 1) and 
1 x (q + 1 )  vectors of the powers of the indepen- 
dent variables [l, 2, x2, ..., zk]. The space averaged 
profiles of (36) and (37) are 

r= XI A (38) 

Q = x a B  (39) 

where the vector x, is equal to the vector 
[g(ax/ap)x2C] of equation (37), and the space 
deviations are 

T " = x , ( A - A )  = x , A  (40) 

&" = x,(B -B) = x,B" (41) 

Tellus XIX (1967), 4 
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THE ROLE OF TERRESTRIAL RADIATION 529 

Substitution of (40) and (41) into the genera- 
tion integral (4) yields 

where the atmosphere is divided into seven 
layers (a  = 1, ..., 7). For an atmosphere in local 
hydrostatic equilibrium and possessing a linear 
lapse rate, the horizontally averaged tempera- 
ture profile within an arbitrary layer, 8, is 

(43) 

where To, and pos are the lower boundary values 
of temperatures and pressures and r, is the 
lapse rate. Substituting (43) into (42) gives 

l 7  (p0,)RFdO G - - 2  = 
9 (1  - rs/rd)FOs 

Since the polynomial coefficients are constants 
with respect to each layer, the diagnostic model 
may be expressed as 

7 - . 
G =  2 C,AiTXsB;  

s=1 
(45) 

where the constant C, for an atmospheric layer 
is  

R6.b 

(1 - r, /rdFO8 c2, 

Pas c, = (46) 

and the elements x i ,  of the (k + 1)  x (q + 1) 
matrix, X,, are 

Xll = 

The integral solution of (45) may be time- 
averaged to yield the generation due to the 
infrared component of heating. The resulting 
expression may be partitioned among the three 

Tellus XIX (1967), 4 

scales of atmospheric circulation by substituting 
the time-averaged form of (45) into equation (9). 

8 - 1  

The advantages of expressing the generation in 
this form are: (1) the vertical description of both 
temperature and heating allow the generation 
to be estimated aa a function of pressure, (2) a 
variable static ability can be used in the integra- 
tion model, and (3) the diagnostic model pro- 
vides unbiased estimates of the zonal and eddy 
generation (Appendix V, Johnson, 1965). 

The most serious limitation of this study is 
the small data sample. The thirteen radiometer- 
sonde stations represent a limited area, the 
eastern half of the United States and the Carib- 
bean. Thus, the estimates based on these thir- 
teen stations represent only a contribution to 
the global generation integral. On the other 
hand, studies involving only data from limited 
areas have advantages. For example, if one 
wishes to study the contribution of the smaller 
scales which might be contained within the data 
region, many of the physical processes expressed 
by the covariant terms in Lorenz’s equations 
will attain their maximum values. When only 
two or three of these features are averaged with 
other comparatively quiescent features of the 
atmosphere, one underestimates the importance 
of the small scale features. 

Furthermore, when working with a limited 
data sample, it is important that a diagnostic 
model be used which maximizes the information 
which can be extracted from two observational 
series. As is shown in Appendix V of the original 
thesis, unbiased polynomial estimates of the 
temperature and heating provide an unbiased 
estimate of the generation integral. Thus, with 
the increased resolution of this model it is pos- 
sible to investigate the contributions of the 
smaller scale features of the atmosphere in 
which the spatial variability of the meteoro- 
logical variables is great. 

In  evaluating the above equations, C, and 
the integrated matrix, X,, are constants for a 
given layer. The necessary constants to deter- 
mine C, and X, are presented in Table 3. In  
these computations the static stability of the 
US Standard Atmosphere was used. For this 
reaaon the upper surface of level four was placed 
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630 DONALD R. JOHNSON 

Table 3. Constant8 for C,  

~ 

~ 

p s  -ps+l  rs cls c2s 

Layer (mb) (mb) ("K) ("C/km) (mb) (mb) 

1 1000-800 1000 288 6.5 900 100 

3 600-400 600 261 6.5 500 100 
4 400-234 400 241 6.5 317 83 
6 234-100 234 218 0 167 67 
6 100- 50 100 218 0 75 25 
7 50- 25 50 218 0 37.5 12.5 

2 800-600 800 275 6.5 700 100 

r, = 9.8"C/km. g = 980 cm/seca. R = 2.87 x loE 
ergslgm-deg. 

a t  234 mb, which is the tropopause of the US 
Standard Atmosphere. 

Since the atmosphere was divided into seven 
layers, the seven C's and X's of equation (48) are 
determined for each level and stored in the 
computer, thus facilitating the integrations. 

To determine the stationary zonal generation, 
it was necessary to determine zonal mean 
profiles of temperature and cooling. This was 
done by dividing the thirteen stations into 
three zonal rings surrounding their latitude. 
This division by ring numbers is presented in 
Table 1. The stationary zonal component was 
computed for each ring and the ring averages 
used to obtain an average zonal generation. The 
transient and stationary eddy components were 
computed for each station and the station 
averages were used to obtain averages for each 
zonal ring and also for the entire area. A total 
generation was obtained from the sum of all 
three components. 

5. Results 

Estimates of the transient, stationary eddy 
and stationary zonal generation of available 
potential energy obtained by the polynomial 
integration method are presented in this section. 
As noted before, these estimates are from a li- 
mited area and must be regarded as only a 
contribution to the global value of the genera- 
tion of available potential energy. The estima- 
tes, which represent the contribution from a 
continental region within the westerlies (Zones I 
and 11) and from a maritime area of the sub- 
tropics (Zone 111), are presented in Tables 4-8. 

For convenience of discussion, the estimates 

for the seven layers of integration are combined 
to form three layers. The first layer extends 
from the 1000 to the 600 mb surface, thus 
representing the lower half of the troposphere. 
The second layer, 600 to 234 mb, represents the 
upper troposphere, and the third layer, 234 to 
25 mb, the stratosphere. Hereafter, the layers 
will be simply noted as the lower tropospheric, 
upper tropospheric, and stratospheric layers. 

Table 4 gives the estimates of the transient 
generation. A comparison of the three layers 
reveals that the mean transient estimate of 
Zones I, I1 and I11 is negative for the lower 
troposphere ( -0.47 x watts/m*-mb), while 
it is a small positive quantity for the other two 
layers ( + 0.14 watts/mz -mb for the upper tro- 
posphere and +0.10 watts/m2-mb for the 
stratosphere). The results indicate that during 
this limited period the phase of the temperature 
and infrared heating field reversed between 
the lower troposphere and the upper two layers. 
This variation of the generation with height will 
be further discussed after the generation at 
individual stations is considered. 

An examination of the total transient gene- 
ration in a unit column for each station (Table 4) 
indicated that contributions are predominantly 
negative. However, considerable variation in 
the estimates exists between stations. For 
example, large positive values are found at 
Miami ( +0.70 watts/mz) and Curacao ( +0.41 
watts/m2), Zone I1 and I11 stations, while 
large negative values are found at Madison 
( - 1.09 watts/m2) and Peoria ( - 0.95 watts/mz), 
both Zone I stations. The difference between 
the generation estimates of the higher latitude 
stations and the low latitude stations is very 
likely related to the persistence of certain 
synoptic events during the data period. 

Since these data involve time averages, they 
do not describe time variations of the generation 
by individual transient disturbances. Thus, one 
of the perplexing questions which the study 
cannot entirely resolve is how the generation 
varies during the life cycle of a transient disturb- 
ance. From certain physical arguments based 
on the distribution of clouds (see Section 2), it 
appears that the contribution is positive during 
the incipient, developing and mature stage of 
the disturbance and negative during its dis- 
sipating stage. Although exact estimates cannot 
be made, some information concerning this. 
postulate can be obtained by inspecting the 

Tellus XIX (1967), 4- 
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THE ROLE OF TERRESTRIAL RADIATION 53 1 

Table 4. Tranaient generation 
Unda: Layers-lo-* watts/m* mb. Total-watts/m* 

Zone I 
Station ... 405 
Layer (mb) 

100(&600 - 2.67 
60CL234 .84 
234- 25 .02 

Total - .77 

Zone 11 
Station ... 202 
Layer (mb) 

1OOCL600 1.30 
600-234 .36 
234- 25 .14 

Total .70 

Zone I I I 
Station ... 383 
Layer (mb) 

1000-600 - .59 
60(&234 .56 
234- 25 '30 

Total .04 

Grand average-Zones I, 11, III 
Layer (mb) 

1000-600 - .47 
60&234 .14 
234- 25 .10 

Total - .13 

532 

- 1.91 
- .39 
- .12 

- .95 

226 

- .33 
.45 

- .21 

- .11 

525 

- .14 
- .72 
- 1.66 

- .68 

64 1 

- 1.39 
- 1.29 
- .17 

- 1.09 

363 

- 1.65 
.93 
.64 

- .17 

866 

- 1.00 
- .09 

.52 

- .33 

645 747 Average 

1.00 - .01 - .99 
- .23 - .40 - .30 

.18 1.13 .21 

.36 .09 - .47 

Average 

- .23 
.58 
.19 

967 988 

.27 - .05 
- .34 .89 
- .08 .56 

- .03 .41 

Average 

- .30 
.06 

- .06 

-.12 

daily contribution of each station to the time 
averaged transient generation (see Table 5). One 
notes that there is considerable variation in the 
daily estimates, which confirms that the time 
averaged estimate of the generation is not the 
result of the sum of relatively uniform contribu- 
tions. The best indication that the covariance 
of temperature and infrared cooling reverses sign 
is given by the period of 13 January through 
17 January. The sums of the estimates for the 
U.S. stations for each day clearly indicate that 
during this period the estimates were consis- 
tently positive. At this time the eastern conti- 
nental United States was under the influence 
of a well developed middle tropospheric trough 
and two surface lows, one of which moved 
eastward along the U.S.-Canadian border and 
the other eastward along the Gulf Coast. 
Evidently, within these traveling disturbances, 
the cloud distribution and thermal structure 
were such that the contribution by the eight 

Tellus XIX (1967), 4 

U.S. stations was predominantly positive. It 
appears, as suggested in Section Two, that the 
extensive cloudiness in the warm air reduces 
the cooling by the infrared component while the 
cooling within the clear cold air is a maximum, 
thus producing a positive contribution to the 
generation of available potential energy. 

It was also noted in Section 2 that above the 
level of the clouds a negative contribution is 
likely to occur. An inspection of the daily 
contribution by each of the seven layers revealed 
that in many cases the sign of the individual 
layers reverses one or more times. "he result 
is probably due to the horizontally stratified 
nature of clouds and water vapor. In  the pre- 
sence of several layers of clouds, the relative 
cooling changes sign a t  the top of each cloud 
layer. Since within individual airmasses the 
lapse rate of temperature is nearly constant 
throughout the tropopshere, the relative tem- 
perature deviation is constrained to be either 
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532 DONALD R. JOHNSON 

Table 5. Daily contributions 
Units: 

December 
h $ 7  

Station 20 21 22 23 24 25 26 27 28 7 8 

202 
226 - 3 2  -2.88 3.26 
405 .02 1.74 .31 -.11 -7.78 
363 - .48 - 3 4  
532 - .82 -6.31 -4.45 - 1.83 
64 1 - 1.95 
645 
747 1.34 -.04 -3.96 .13 .61 - 

Daily sub-zone I & I1 
Total .28 .29 -2.66 -2.62 -2.46 

-.70 1.17 .32 
1.27 1.33 .05 .79 

-.41 1.66 -.95 -4.45 -3.21 
.5 1 .27 -.24 -.31 
.81 -4.28 1.16 

.15 

1.08 3.53 - 1.53 3.77 

.08 .38 1.66 .67 - 1.55 .42 

383 .23 .73 .45 1.66 -1.06 -3.62 3.55 -7.46 1.03 .78 .56 
525 .55 4.92 -3.21 1.75 -2.30 -2.94 -3.00 .45 - 1.99 
866 - .92 .23 -2.27 - 1.70 -2.00 -3.58 6.42 - 1.15 .34 
967 .76 - 1.40 - 2 6  - 3.08 .72 1.65 
988 - .93 .70 1.68 -.87 -.89 -1.87 -1.60 4.60 .45 .47 

Total - .54 .55 1.95 -1.10 -.49 -2.59 -1.51 .25 .49 .61 -.15 
Daily sub-zone I11 

a positive or negative quantity while the sign 
of the heating deviation changes a t  the top of 
each cloud layer. Thus, the generation contribu- 
tion also reverses sign a t  the top of each cloud 
layer. For example, at  Miami on January 14, 
1960, the following generation values were ob- 
tained for the seven layers: 

Layer (mb) 
1000-800 
800-600 
600-400 
400-234 
23k-100 
100- 50 
50- 25 

Transient generation 
( lo-$ watts/m* mb) 

.82 
- .22 

3.41 
- .25 

.17 
- .48 
- 1.38 

Evidently tops of cloud layers were found a t  
approximately 800 mb, 400 mb and 100mb. The 
radiosonde data for that day verifies the exist- 
ence of moist layers, possibly clouds, at the 
lower two heights. The humidity observations 
are missing at  the upper level. Large vertical 
variations of generation such as these indicate 
that studies using mean values of cooling for 
atmospheric columns (such as those required 
when satellite data are employed) may be 
appreciably constrained. An alternative method 

which has been presented by Smith, Horn& 
Johnson (1966) uses satellite data to estimate 
the cooling within different atmospheric layers. 
Such a method may be a valuable technique in 
estimating the infrared generation on a global 
scale. There are cloud distributions, however, 
where the generation will be positive throughout 
the entire atmospheric column. Consider, for 
example, a case in which the top of the cirrus 
shield reaches a height equal to the height of the 
intersection of the polar and tropical soundings. 
Although the differential heating field is rever- 
sed above this level the temperature field of 
horizontal deviations also reverses sign, causing 
a positive generation throughout the column. 
Such an example occurred on 23 December, 
1960, at Montgomery where all levels were posi- 
tive except the 100-50 mb level. The total 
estimate for the column was 3.26 watts/m*. 

Large positive contributions can also be ob- 
tained from cloudless regions. These situations 
occur when there is large infrared cooling from 
the cold, dry tropospheric air associated with a 
recent polar outbreak. Under such conditions 
the generation may be positive throughout the 
atmospheric column, for the polar stratosphere 
may be experiencing relative warming with 
respect to the colder subtropical stratosphere. 

Tellus XIX (1967), 4 
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THE ROLE O F  TERRESTRIAL RADIATION 533 

to tramient generation 
Watts/mz 

January 
7 

9 10 11 12 13 14 15 16 17 18 19 20 

.71 

.20 

.08 
- .10 
- .46 
- .34 

- .53 

- .06 

- .88 
- .96 
- 3.68 

- 1.84 

.56 
- 4.29 .43 
- 6.52 1.40 
- 1.82 -.63 

.38 1.97 
- .58 

3.92 -2.55 

- 1.66 .09 

- . 7 8  - .88  
- 1.16 -.58 

3.27 1.81 
1.72 

- .99 5.75 

.09 1.36 

- 1.48 
- 1.55 
- 2.44 

- 1.65 
- 3.06 

- 1.43 

- 1.93 

1.19 

.17 

.96 

.55 

.72 

.45 .74 
.88 

- .22 .15 
2.43 

-2.66 -.SO 

- .72 1.11 
- 2.31 .ll  

.72 

- .79 .6$J 

1.02 .54 
- 2.24 

1.43 -2.44 
.02 
.75 

.81 -1.38 

3.03 
4.87 
- .24 
2.36 

- .91 
.55 

1.53 

.56 
- 1.19 
- .03 

.20 

- .14 

2.02 
.34 

1.17 

4.85 
.69 

1.29 

1.22 
.98 
.52 

1.27 
- .27 

.24 

- .60 
.19 

- .98 
.21 

.40 
3.20 

.39 

- .34 
- 1.62 

- .07 
.29 

- .49 

- 1.38 
1.32 

- 2.03 
1.60 

.99 
-5.16 

- .78 

.57 

- . lo 

.24 

- .05 

1.46 

-1.36 -.06 

-.02 -.06 

.30 -1.98 

.30 -1.98 

The relative warming in the polar stratosphere 
is produced by direct absorption of the upward 
radiative flux from the troposphere. At the tropo- 
pause the value of the upward radiative flus 
from the cold clear polar troposphere is signi- 
ficantly greater than the upward radiative flus 
emitted from regions with high clouds (or 
moisture layers). Thus, a positive contribution 
to the generation of eddy available potential 
energy may again occur throughout the atmos- 
pheric column. 

An example which illustrates the large gene- 
ration that can be achieved in fresh polar air 
and the rapid changes in generation which occur 
as the air mass is modified is given by the 
data for International Falls. On 10 January 
1961, International Falls experienced a large 
positive generation (3.92 watts/m*) while under 
the influence of an anticyclone associated with 
a recent outbreak of polar air. On the following 
three days, the generation became negative 
( - 2.55, - 1.43, - 2.31 watts/ma, respectively). 
An examination of synoptic charts for this 
period revealed that the cold polar air stagnated 
over the eastern United States and warmer more 
moist air was advected above it. The higher 
clouds, which resulted, greatly reduced the 
infrared cooling; and as a consequence, the 

Tellus XIX (1967), 4 

35 - 672891 

generation became negative. Although the mean 
transient generation for the entire area was 
- 0.13 watts/m2 the spatial and time variations 

of the generation noted above indicate that this 
term may be either a significant source or sink 
of available potential energy in specific cases. 
The range of the transient generation estimates 
in Table 5 is slightly larger than the range of 
frictional dissipation within the planetary 
boundary layer for light and moderate winds 
over the forested region of Northern Wisconsin 
(W. B. Johnson, 1965). It appears that in an 
energetically consistent numerical model where 
frictional dissipation is included, infrared cooling 
a t  the scale of the secondary circulation should 
also be incorporated. Consequently, the time 
and space variations of the transient generation 
should be further investigated for individual 
synoptic events. 

The estimates of contributions to the statio- 
nary eddy generation are presented in Table 6. 
The total contribution from the entire area is 
- 0.08 watts/mP, thus indicating that the sta- 

tionary eddy component is not a large sink of 
available potential energy. The mean estimate 
for the stratospheric layer is considerably more 
negative than the mean estimate for the tropos- 
pheric layers. This indicates that a t  this scale 
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534 DONALD R. JOHNSON 

Table 6. Stationary eddy generation 
Units: La~ers- lO-~  watts/m2 mb. Total-watts/mZ 

Zone I 
Station ... 
Layer (mb) 

600-234 
234- 25 

1000-600 

Total 

Zone II 
Station ... 
Layer (mb) 

1000-600 
600-234 
234- 25 

Total 

Zone III 
Station ... 
Layer (mb) 

1000-600 
600-234 
234- 25 

Total 

Qrand average 
Layer (mb) 

1000-600 
600-234 
234- 25 

Total 

405 

- .39 
- .21 

.21 

- .10 

202 

8.74 
.91 
.84 

3.06 

383 

- .32 
.OO 

- .55 

- .25 

.19 
- .20 
- .41 

- .08 

532 

- .03 
- .25 

.oo 
- . l l  

226 

- 7.79 
.31 

- .58 

- 3.21 

525 

- .13 
.26 

- .29 

- .02 

64 1 

.32 
- .02 
- .06 

.I1 

363 

2.56 
- 1.46 
- .30 

.44 

866 

.06 

.12 

.19 

. l l  

645 747 Average 

- .62 - 1.97 - .54 
- .48 .00 - .19 
- .68 .50 .oo 
- .58 - .70 - .29 

Average 

1.16 
- .69 
- .57 

.10 

967 988 

.03 - .36 

.21 .61 
- 2.21 .03 

- .38 .09 

Average 

- . I4  
.24 

- .56 

- .09 

the stratospheric cooling by infrared radiation 
is proportional to the stratospheric temperature 
and is not significantly influenced by factors 
such as clouds, water vapor and dust. On the 
other hand, the positive estimate (0.10 watts/m2 
mb) of the transient generation for the strato- 
spheric layer indicates that there are variations 
in absorbing constituents in the stratosphere as- 
sociated with transient disturbances. 

Further examination of Table 6 reveals that 
a large positive generation (1.16 watts/mz-mb) 
exists for the lower troposphere of Zone 11. This 
estimate can be misleading because it is in 
part the result of the difference in the latitude 
of Miami and the other two stations in the zone. 
Since computation of the stationary eddy gene- 
ration involves the product of deviations of the 
time averaged temperature and cooling profiles 
from their respective zonal means, the tempera- 
ture deviation of Miami was unusually large 

because of the mean north-south temperatiire 
gradient. Combincd with the large positive de- 
viation was an appreciable relative heating 
term due to extensive cloudiness in this area. 
On the other hand, Montgomery had a large 
ncgative temperature deviat,ion and a positive 
heating deviation, thus a large negative est,imate. 
It, is interesting to note that although these 
large temperature deviations are due to tho 
t,hirteen degree latitudinal extent of the zonal 
ring, the deviations of the stationary eddy 
temperature field within a unit zonal ring have 
the same magnitude as the deviations within 
Zone 11. In view of this fact, i t  is probable that 
t,he range of the contributions (both positive 
and ncgative) from different stationary features 
(continents and oceans) within any unit zonal 
ring is as great as the difference between Miami 
and Montgomery. This should be particularly 
true in the latitudinal belt of 20" to 30" N, where 

Tellus XIX ( I  967), 4 
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TH% ROLE OF TERRESTRIAL RADIATION 535 

the subtropical highs are most pronounced and 
in which the temperature field and cloud and 
water vapor tend to have a systematic distribu- 
tion. 

Although from this study it is not possible 
to estimate the global averaged stationary gene- 
ration, the implications of the large positive and 
negative values for the stationary generation 
of Zone I1 are interesting in view of Murakami’s 
(1960) results. Murakami postulates that, if the 
stationary disturbances transfer available po- 
tential energy to the transient disturbances, 
“the available potential energy of the stationary 
disturbances should be supplied by the nonadia- 
batic process of warming of warm air and cooling 
of cold air”. He also notes that the two most 
probable diabatic components which might 
generate the available potential energy were 
infrared heating and sensible heat transfer, 
since his generation estimate for the latent 
heat component was an order of magnitude less 
than the required generation at this scale. The 
results obtained here tend to indicate that the 
infrared generation, either positive or negative, 
by the stationary disturbances may be im- 
portant. 

In  Table 7 the estimate of the stationary 
zonal generation is - 1.92 watts/m*, a large 
negative value. Shen’s (1963) zonal generation 
estimate for the infrared component from the 
use of satellite data was -1.75 watts/m2 for 
portions of the period of December, 1959, 
through February, 1960. Thus the two estimates 
of zonal generation for the winter hemisphere 
are nearly equal. One notes that the principal 
sink of zonal available potential energy occurs 
within the lower tropospheric layer, -4.13 
watts/ma-mb. Within the upper tropospheric 
and stratospheric layers, the negative generation 
estimate is an order of magnitude less, -0.41 
and - 0.35 watts/m*-mb, respectively. This 
difference between the lower and higher por- 
tions of the atmosphere is due to the strong 
meridional temperature gradient which exists 
in the lower troposphere during this period. 
Since the Caribbean tends to be less cloudy than 
the higher latitudes during this season, the war- 
mer subtropics experienced greater infrared 
cooling than the polar air over the U.S. 

The zonal generation estimate in pressure 
coordinates of -1.92 watts/m* is in striking 
contrast with the zonal generation estimate in 
isentropic coordinates of 1.61 watts/ma based 

Tellus XIX (1967), 4 

Table 7. Stationary zonal generation 
Units: Layers-lo-’ watts/mz mb. Total-watts/m’ 

Zone I I1 I11 Average 

Layers (mb) 
1000-600 - 12.47 - 2.40 .53 -4.13 
600-234 - .64 .13 -.74 - .41 
234-25 - .43 .21 -.so - .35 

Total -5.44 -.89 -.24 -1.93 

on equation (1) by Dutton & Johnson (1967). 
The difference in the two results is that the 
effect of net heating at  high pressure and net 
cooling a t  low pressure is retained in the isen- 
tropic coordinate expression but not in the 
approximate zonal generation expression in 
pressure coordinates. The two results can be 
compared by considering the neglected term of 
equation (2) involving the effect of net heating 
on a pressure surface. Lorenz’s Figure 2 (1960) 
presents a meridional distribution of N which 
shows that the pressure average value, N, will 
be negative a t  nearly all levels in the atmos- 
phere. In equation (2), the generation due to net 
heating is proportional to the product of N and 
8. Since the infrared component of is also 
negative a t  all pressure levels, the product of m 
and is greater than zero a t  nearly all levels. 
Thus the infrared component of net heating 
generation is undoubtedly positive. If the result 
presented in this paper is to be compatible with 
the result of Dutton & Johnson (1967), it ie 
quite likely that the infrared contribution of 
this term will more than offset the negative 
zonal generation estimate of this study and that 
in studies which include the net heating, zonal 
and eddy components the generation due to 
infrared processes will be approximately + 1.0 
to 2.0 watts/mP. In  the future the neglected 
net heating term should be incorporated in 
generation studies using pressure coordinates: 
or the studies should be conducted in isentropic 
coordinates which retain the effect of net heat- 
ing. This and other advantages of conducting 
available potential energy studies in isentropic 
coordinates are presented by Dutton & Johnson: 
(1967). 

The results of Table P 7  are summarized in  
Table 8. One notes that there is a reversal 06 
sign between the lower tropospheric layer. and 
the two higher layers in both the tlvtnsiient and 
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536 DONALD R. JOHNSON 

Table 8. Transient, stationary eddy, stationary 
zonal, and average infrared generation 

Tran- 
Statio- sient Statio- 
nary +st&. nary 

Transient eddy eddy zonal Total 

Layers (mb) 
1000-600 -.47 .19 - .28  -4.13 -4.41 
600-234 .14 - .20 - .06 -.41 -.47 
244- 25 .10 -.41 -.31 -.35 - .66 

Total - .13 -.08 -.21 -1.92 -2.13 

stationary eddy estimates. However, one cannot 
nccessarily conclude that this is a representative 
feature of globally averaged generation estima- 
tes for these two scales. Within a different time 
period the results may be quite different for this 
area, because of different cloud distributions 
within these two scales. 

A subtotal of the transient and stationary 
eddy contribution is given in the third column. 
Within the limitations of the study the subtotal 
is the best approximation to the time averaged 
infrared eddy generation. The stationary zonal 
subtotal may be considered as an approximation 
of the zonal infrared generation. Although the 
mean generation due to infrared radiation is 
negative, the large differences between the 
stationary zonal and transient eddy subtotal 
stand out, as expected. As noted previously, the 
small negative values found in the subtotal are 
the result of the inclusion of a number of signi- 
ficantly positive and negative estimates a t  these 
scales. 

Another feature presented in the total genera- 
tion estimate in the fifth column of Table 8 is 
the pronounced differences in the higher layers. 
These results indicate that large vertical varia- 
tions of the infrared generation exist and may 
be an important feature in different scales of the 
atmosphere’s circulation. 

6. Conclusions and suggestions for future 
research 

In this study estimates of the generation of 
zonal and eddy available potential energy have 
been obtained for a limited area, thus they 
represent a contribution to  the average global 
generation. To obtain these estimates, a diag- 

nostic mode1 with increased resolution and relia- 
bility was developed in which the temperature 
and heating profiles were described by individual 
approximating polynomials. A technique for 
integrating the product of the approximating 
polynomials was devised. As a consequence it 
was possible to describe the vertical variation of 
the generation within the scale of the secondary 
circulation. 

The following conclrisions may be made con- 
cerning the generation of available potential 
energy: 

1) The zonal and eddy generation during the 
data period for the limited area was negative. 
Future studies of the generation of available 
potential energy should incorporate the effect of 
net heating on a pressure surface to establish 
its magnitude. 

2) While the stationary zonal generation 
was a large negative value, tho transient and 
stationary eddy values were only slightly nega- 
tive. 

3) An analysis of the daily values indicates 
that the transient and stationary eddy genera- 
tions vary considerably from day to day and at  
times may attain either significantly positive or 
negative values. 

4) There are pronounced vertical variations 
in the generation of available potential energy. 
In general, the extreme values-both positive 
and negative-occur in the lower troposphere. 
This is undoubtedly the result of varying distri- 
butions of cloudiness and water vapor. In  in- 
dividual cases the sign of the generation reverses 
between different atmospheric layers depending 
on the distribution of clouds. 

5 )  Because of the large daily variations as well 
as vertical variations, it appears that additional 
intensive studies of the generation for local 
disturbances should be undertaken. In  the life 
cycle of a disturbance, the infrared generation, 
both positive and negative, is very likely an 
important consideration. 

6) The range of the transient generation esti- 
mates was slightly larger than the range of fric- 
tional dissipation estimates within the plane- 
tary boundary layer for light and moderate 
winds. Consequently, the estimates of infrared 
cooling should be considered as necessary infor- 
mation for any future numerical model which 
includes boundary layer frictional dissipation. 

Although the goal of the thesis was a study 
of the generation of available potential energy 

Tellus XIX (1967), 4 
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and, in particular, its vertical variation, a num- 
ber of serendipitous results were attained. The 
referenced appendixes are available in the ori- 
ginal thesis filed with the Memorial Library, 
University of Wisconsin. They include: 

7)  The variance of the downward, upward, 
and net radiative flux measured by the radio- 
metersonde was firmly established for the first 
time (Johnson, 1966 and Appendix I). 

8) Approximating polynomials were applied 
to radiometersonde data to obtain continuous 
cooling profiles which possess a RMS error of 
only +0.22"C/day, as opposed to the previous 
RMS error of *0.34"C/day for a 100 mb atmo- 
spheric layer. The success achieved by approxi- 
mating polynomials suggests that they may be 
more widely used in diagnostic studies to deter- 
mine vertical derivatives of other meteorologicul 
variables, such as wind, temperature, etc. 

9) A technique which permits the integration 

of two approximating polynomials was deve- 
loped. It was shown that this method provides 
unbiased integral estimates when the two 
approximating polynomials are unbiased and 
the observational error components are inde- 
pendent (see Appendix V). 
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