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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 flighta
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 watts/m2 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
astimates 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 cloudiness 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 (1955a) 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 the zonal available
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 as
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 of
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 at 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 (1955a) 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, G4, for the mass
of the atmosphere, M, is

Gy = fM[l - (p/p)**1QdM (1)
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where p is pressure, R is the specific gas constant
for dry air, c, is the specific heat at constant
pressure, and @ is the rate of heat addition per
unit mass. The 6 subscript for G denotes Lorenz’s
generation integral determined from the use of
isentropic coordinates while G 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

G- | WQ+N@raM @)
M

where N is a weighting function of the integrand
of (1) given by the square brackets. The operator
(7) 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

N =T'TuT,-T)T (3)

where T is temperature, I'; 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 & Johnson, 1967) the importance of this
term is now apparent and its implication is
discussed in the results section. In the inter-
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 at
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

1 ;I I‘d ==
G=‘ ;7711” " d 4
gﬁ (Ta- TIT Q" dp (4)

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, G, 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 increaging 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)=G0—D (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 Kkinetic energy is equal to the sources andi
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 of energy.
Within the troposphere and lower stratos-
phere the generation of available 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.

G=Z5G=§lfp' T Qidp (6)
S Al @eemr

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, ;. Furthermore, to separate the contri-
bution of the systematic zonal heating field
from the organized heating fields of other scales
of atmospheric 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

T v =[TYwny+ T*a v+ (T @ty (T)

and

Q”(Ly.p,t)=[G]:u,n)+aa.y.p)+(Q'):r.y.p.t) (8)

where the brackets represent a zonal mean on a
pressure surface and the asterisk a departure
from a 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
generation

E} 5
a- 12 Z (Gzs;+ Ggs; + Gr) (9)
=1 =

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

lows:

(T O do 0
f oo I‘)T[T] [@rdp  (10)

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

_“f (Ty- P)TT @dap

where Gy 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 fea-
tures of the atmospheric circulation.

1 (e 1, =———
Gr——f (Tae I‘)T(T)(Q)dp (12)

[

where G 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 at 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/m? apparently confirm-
ing Lorenz’s postulate.

Later Brown (1964}, using the same model,

obtained the following mean seasonal generation
estimates; —2.4 watts/m? for January, —0.83
watts/m? for April, 1.25 watts/m? for July and
—0.69 watts/m? for October. On the other
hand, Clapp (1961) obtained an estimate of
+0.26 watts/m? 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 Palmén (1960), Clapp &
Winninghoff (1963), and Murakami ({1960).

Tellus XIX (1967), 4

36UB017 SUOWILLOD BAIIR1D) 3|qedi|dde ay) Ag paunob s sapiie YO ‘88N Jo 3|l 10j A%iq1T3UlUQ A3IAA UO (SLONIPUOD-pUR-SLLIBIALID" A8 |1 A1q 1BUIUO//SANY) SUORIPUOD PUe SWB 1 3U1 39S *[9202/¢0/80] U0 AReiqiT auljuo 3|1 ‘S0UB|BOXT 858D pue YIeaH o} ain}iisu| euoieN ‘IOIN AQ X'90ST0GY 296T 06E-€STZ [/TTTT OT/10pw0d /3| 1M AReiq 1 puljuo//Sdny Wwouy papeojumoq ‘v ‘296T ‘06VEESTZ



THE ROLE OF TERRESTRIAL RADIATION 521

Palmén 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/m?, 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. Thus, 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 as 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
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mean generation of +0.583 watts/m? for 12
gelected days of Explorer VII data. In a later
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 II data, Corcoran & Horn
(1964) obtained a mean estimate of 0.055 watts/
m?. 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/m3?, while the largest scales
destroy available potential energy, approxi-
mately —0.1 watts/m3. 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

Zone I (38.5°-51.5° N)

72405 Washington, D.C. 38°-51" N—77°-02" W
72532 Peoria, Illinois 40°-40” N—89°-41" W
72641 Madison, Wisconsin 43°-08” N-—-89°-24" W
72645 Green Bay, Wisconsin 44°-29” N—88°-08" W
72747 International Falls, Minnesota 48°-34” N-—93°-26" W

Zone II (25.5°-38.5° N}

72202 Miami, Florida
72226 Montgomery, Alabama
72363 Amarillo, Texas

Zone IIT (12.5°-25.5° N)

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

78383 Grand Cayman, Cayman Islands 19°-15" N—85°-25" W
78525 San Juan, Puerto Rico 18°--28” N—66°-07" W
78866 Phillipsburg, St. Martin 18°-02” N—63°-06" W
78967 Chagmaramus Bay, Trinidad 10°-11" N—61°-37" W
78988 Willemstad, Curacao 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 at 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 the 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 at 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 derendency 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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Table 2. Observational dates of radiometersonde flights (0000Z)

December 1960

January 1961

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

10 11 12 13 14 15 16 17 18 19 20 21 - Total

Zone T

405 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 16
641 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 19
Zone I

202 X x X X X X x 9
226 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 16
Zome II1

383 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 19
866 X X X X X X X X > X X X X X X X 17
967 X X X X X X X X X X X 11
988 X X X X X X X X X x X X X X X X X X X 20

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

Yi=1n; e (13)

where y, is the ith observation of the true
function, 7,;, and ¢; is the instrumental error
component. If the observations are biased, then
the expected value of the instrumental error is

E(ey) =4 (14)
and Y=+ A +er (15)

where 1, is the bias component and ¢g, 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
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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 at 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-
bination of two temperature measurements by
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
estimates (Johnson, 1966), the wvalidity of
regarding the net radiation observation as being
a measurement of a smooth true function with
a superimposed random error component is
established. Thus the net radiative flux is

R, =y +2, teng (16)

where y, is a linear combination of the two true
temperature functions, 4, is alinear combination
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524 DONALD R. JOHNSON

of all bias error terms, £ny 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

oR,
Q=9— (17)
op

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

)
=g (yn+A,+en 18
Q@ gap(y +An+éEng) (18)

While one wishes to estimate the vertical deri-
vative, &y, /2p, but is possibly forced to estimat>
8lep(y, +4,), 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 date contain a random error com-
ponent, ‘least squares’” approximating poly-
nomials rather than an exact polynomial
description were selected for the filtering. With
an approximating polynomial the estimating
function is free to determine a new point at each
level of the independent variable, thus avoiding
consequences of an exact polynomial fit (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 2y,/ép.

The approximating polynomial estimate for
the ith observation of net radiation is

Ryp=B,+ B+ Byxf. (19)

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

Di— %(Psn + Ps)

=7 — — Ps2P=ZPss1
%(Psﬂ—Ps)
(20)
i—C
x¢=pz——1—s —1<ax< +1
Cys

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

a

R,-XB (21)

where R, is the » 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 +1) design matrix of the indepen-
dent variable, and B is the (k + 1) x 1 vector of
polynomial coefficients. The solution to the
pelynomial coefficients is

B = [X"X]:X"R, (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

R, = X[X"X]-'X"R,, (23)

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

If the approximating polynomial is unbiased,
the relation between the true function (y, +1,)
and the expected value of the polynomial coeffi-
cient is

(Yo +2;) = XE(B) (24)

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

ER,) = (v, +2,) (25)

From this equation it is evident that even
though the approximating polynomial is an
unbiased estimate of the ith observation, E,,,
the predicted values, By, are really estimating
the function (yn; +4n;). Thus, if the approximat-
ing polynomial is unbiased, and since it 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 mnet radiative flux
(yn: +4n).” (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, +4,).

Tellus XIX (1967), 4
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THE ROLE OF TERRESTRIAL RADIATION 5256

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
2, 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 fit (y, +4,), the expected value of R, with
a bias term due to lack of fit is

ER,) = (v +1,) + 15 (26)

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

o
192 (27)
aop

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

n A
E(Q)=x+g(% + a;:) (28)

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, &1,/dp, 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, 6%, of the Oth
through the 4th degree polynomials.

I .
‘%3 - (B'n - Rn) (Rn - Rn) (29)
n—(r+1)

Here, n in the denominator is the number of
observations and r the appropriate degree. In
the first test, each estimate of the error variance
by the rth degree polynomial was compared with
the (r +1)th degree for polynomial orders zero
through four. If the estimate r was less than the
estimate (r +1), the rth degree was selected as
the optimum %4th 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-¢ly?/min?®
(6 =0.020 ly/min) and that the number of
observations within the layer would exceed
4(r +1). The upper limit of 6%, allowing for
sampling variations, is based on Bushnell’s
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526 DONALD R. JOHNSON

estimate (1962) of 0.36 x10-% ly?/min? (6=
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 6% 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 é% as a function of 7 in (29) occurs
when the rate of the monotonically decreasing
numerator is insufficient to offset the influence
of the denominator for each higher (r+1)th
degree. In this study the unbiased estimate of
the error variance, 6%, 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 estimate of R, over the “‘region
of immediate interest,” the polynomial is differ-
entiated.

61?,, ar

— e = (B,+2B,x+ - kB,a*™") (30)
op op

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

" = ¢; XCB (31)
op

where C is a (k +1) diagonal matrix with diago-
nal elements, 42, given by (¢ —I)/x for ¢ =1,...,
(k+1). The n x1 vector of cooling estimates
from equation (17) is
Q=g A (32)
op

where Q is a n x1 vector of the estimate of
infrared cooling (i.e., rate of addition of heat
per unit mass). Substitution of equation (22),
and (31) into (34) yields

Q=ges XCO[XTX1 ' XTR,, (33)

Since the infrared cooling estimates are line-
arly related to the observations of net radiation,
one may again use Gauss’ Theorem to state,
“of all the possible linear transformations for
the ‘immediate region of interest,” the estimates
of @ 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

18
o (6&) _ 34)
aop ap

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

EQ) =y (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 thismethod, 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 (1962),
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 at 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 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
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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 II 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 II.
Note the close agreement of the profiles when
one considers that the infrared cooling esti-
mates range from -10°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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Fig. 1. Net radiative flux polynomial and finite
estimates from the doubleheader radiometer flight.
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T
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Fig. 2. Differentiated polynemial 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
at 310 mb and the minimum estimate + 0.6°C/
day at 470 mb. The averaged RMS estimate of
the error obtained by the differences between
the two cooling curves at 25 mb intervals at
pressures greater than 100 mb and at 10 mb
intervals at pressures less than 100 mb is
+0.22°C/day. This RMS estimate by this
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 observa-
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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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
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Fig. 3. Polynomial estimate and observed values of
the free air temperature from the doubleheader
radiometer flight.

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
Oth 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
+0.3 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 +0.3 mb

temperature and infrared cooling are deter-
mined, estimates of Lorenz’s generation integral
as a function of height can be obtained for the
generation at 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 (7') and the rate of heat addition (@)
for an arbitrary atmospheric layer may be
expressed as

T-xA (36)
A ox
@=-9—x, (B (37)
op

where A and B are (k+1)x1 and (¢ +1)x1
vectors of unbiased polynomial coefficients,
X, and X, are the corresponding 1 x{k +1) and
1 x (g +1) vectors of the powers of the indepen-
dent variables [1, z, 2%, ...,2%]. The space averaged
profiles of (36) and (37) are

T-x,A (38)

Q-x,B (39)

where the vector x; is equal to the vector

[g(ex/op)x,C] of equation (37), and the space
deviations are

T" = x,(A —A) =x,A” (40)

Q" = x,(B—B) =x,B” (41)

Tellus XIX (1967), 4
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Substitution of (40) and (41) into the genera-
tion integral (4) yields

1 7 fp' Td ——’T—_T—v:?
Q=- = A, Xy X, Bdp (42)
g;gx 2y (Tg—T'9T $ e

where the atmosphere is divided into seven
layers (s =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, s, is

— P Rf‘,/ g
T, = Tos (ﬁ) (43)
Pos

where T'q; and p, are the lower boundary values
of temperatures and pressures and T, is the
lapse rate. Substituting (43) into (42) gives

1 é (Pos)RL'sl8

G-- L e
gs1(1-T5/Ty)Tos

- Ps =
x AST p RldixTx dpt By  (44)
Psiq

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

7 ———arie——
G=> C,A;" X, B, (45)

where the constant C, for an atmospheric layer
is

Rf‘./o

0s

(46)

s

(1- fs /Pd)iioa Cas
and the elements x;; of the (k+1)x(g+1)
matrix, X, are

Ty =

‘ HZAS) (+7-3)1(~1) (Cas)” ™ (- €)'

1S U@ +5-3 -1 +]) - (2+1+(RT,/g))]

x[pm»—(%t+(nI‘:.in»]g§+l (47)

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).

7 e ey — _— - 4
G= 2 C,{[A X [BY+A7 X, B +(A): X(B)s}
8=1
(48)

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 as 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-
gible 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, U; 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
reason the upper surface of level four was placed
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Table 3. Constants for C,

Ps—Ps+1  Pos ?os T C1s Cas
Layer (mb) (mb) (°K)(°C/km) (mb) (mb)

1 1000-800 1000 288 6.5 900 100
2 800-600 800 275 6.5 700 100
3 600-400 600 261 6.5 500 100
4 400-234 400 241 6.5 317 83
5 234-100 234 218 0 167 67
6 100- 50 100 218 0 75 25
7 0

50— 25 50 218 37.5 12.5

I;=9.8°C/km. g=980 cm/sec?. R =2.87 x 108
ergs/gm-deg.

at 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 II) and from a maritime area of the sub-
tropics (Zone III), 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, II and III is negative for the lower
troposphere ( —0.47 x 10-% watts/m?-mb), while
it is a small positive quantity for the other two
layers (+0.14 watts/m?—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/m?) and Curacao (+0.41
watts/m?), Zone II and IIT stations, while
large negative values are found at Madison
( —1.09 watts/m?) and Peoria ( —0.95 watts/m?),
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
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THE ROLE OF TERRESTRIAL RADIATION 531

Table 4. Transient generation

Units: Layers—10-3 watts/m? mb. Total—watts/m?

Zone 1
Station ... 405 532
Layer (mb)

1000-600 —2.87 - 1.91
600-234 .84 - .39
234- 25 .02 - .12

Total - .71 - 95
Zone I1

Station ... 202 226
Layer (mb)

1000-600 1.30 -~ .33
600-234 .36 .45
234- 25 14 —~ .21

Total .70 —~ .11
Zone 111

Station ... 383 525
Layer (mb)

1000-600 — .59 - 14
600-234 .56 - .72
234 25 .36 —1.66

Total .04 —~ .68
Grand average-Zones I, 11, II11
Layer (mb)

1000-600 —.47
600234 .14
234- 25 .10

Total -.13

641 645 747 Average
-1.39 1.00 - .01 —-.99
-1.29 - .23 - .40 -.30
- .17 18 113 .21
—1.09 .36 .09 — .47

363 Average
—-1.65 —.23

.93 .58
.64 .19
- .17

866 967 988 Average
-1.00 .27 - .05 -.30
- .09 - .34 .89 .06

.52 — .08 .56 —.08
- .33 - .03 41 —.12

daily contribution of each station to the time
averaged transient generation (see Table §). 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. The 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 at 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
Unaits:
December
Station 20 21 22 23 24 25 26 27 28 7 8
202 —~.70 1.17 .32
226 -.82 -2.88 3.26 1.27 1.33 .06 .79
405 .02 1.74 .31 -.11 -7.18 —.41 1.66 -.95 —-445 -3.21
363 —.48 —.84 51 .27 —.24 -.31
532 —.82 -6.31 -445 -—1.83 .81 —4.28 1.16
641 - 1.95 15
645
747 1.34 —.04 —3.96 .13 .61 —1.08 3.53 -1.53 3.77
Daily sub-zone I & II
Total .28 29 —-266 —2.62 —246 .08 .38 1.66 .67 ~1.55 42
383 .23 .73 .45 1.66 —-1.06 -3.62 3.55 —T7.46 1.03 .78 .56
525 .55 492 -3.21 1.7 -230 -2.94 -3.00 45 -1.99
866 —.92 23 —-2.27 ~-L70 -—-2.00 —-3.58 642 -—1.15 .34
967 .76 —1.40 -.26 -3.08 72 1.65
988 -.93 .70 1.68 - .87 -.89 187 -1.60 4.60 45 47
Daily sub-zone III
Total —.54 .55 1.95 -1.10 -49 -259 -1.51 .25 .49 .61 —-.15

a positive or negative quantity while the sign
of the heating deviation changes at the top of
each cloud layer. Thus, the generation contribu-
tion also reverses sign at 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:

Transient generation

Layer (mb) (10™* watts/m? mb)

1000-800 .82
800-600 - .22
600400 3.41
400-234 - .25
234-100 17
160- 50 - 48
50~ 25 —1.38

Evidently tops of cloud layers were found at
approximately 800 mb, 400 mb and 100 mb. 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?2.
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 OF TERRESTRIAL RADIATION 533
to transient generation
Watts/m?
January
9 10 11 12 13 14 15 16 17 18 19 20
71 .56 —1.48 45 .74 2.02
.20 —4.29 43 —-1.55 .88 3.03 .34 —.60 —1.38 —.05
.08 —6.52 1.40 —2.44 —.22 .15 4.87 .19 1.32
-.10 —~1.82 —.63 2.43 -.24 -1.17 —-.98 —-2.03 1.46
- .46 .38 1.97 —1.65 —2.66 —.60 2.36 .21 1.60
—.34 — .58 —3.06 72
—.72 1.11 ~.91 4.85 40 99 -1.36 -~.06
-.53 3.92 —2.55 —~1.43 -2.31 11 .55 .69 3.20 -5.16
-~ .06 —1.66 .09 —1.83 —~.79 .69 1.53 1.29 .39 —.78 ~.02 —.06
—.88 —.78 —.88 1.19 1.02 .54 .56 1.22 —.34
—.96 —1.16 —.58 -2.24 -1.19 .98  —-1.62 .57 .30 -1.98
—-3.68 3.27 1.81 A7 1.43 —2.44 ~.03 .52
1.72 .96 .02 —1.27 —.07
—-.99 5.75 .55 .75 .20 -.27 .29 —-.10
~1.84 .09 1.36 72 .81 —1.38 —-.14 .24 —.49 24 .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 flux
from the cold clear polar troposphere is signi-
ficantly greater than the upward radiative flux
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/m?, 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
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generation became negative. Although the mean
transient generation for the entire area was
—0.13 watts/m? 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 isincluded, infrared cooling
at 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/m?, 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 at this scale
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534 DONALD R. JOHNSON

Table 6. Stationary eddy generation

Units: Layers—10~% watts/m? mb. Total—watts/m?

Zone 1
Station ... 405 532
Layer (mb)

1000-600 - .39 - .03
600-234 - .21 - .25
234 25 .21 .00

Total - .10 — .11
Zone 11

Station ... 202 226
Layer (mb)

1000-600 8.74 —-7.79
600-234 .91 .31
234- 25 .84 .58

Total 3.06 -3.21
Zone II1

Station ... 383 525
Layer (mb}

1000-600 - .32 - .13
600-234 .00 .26
234- 25 - .bb - .29

Total - .25 — .02
Grand average
Layer (mb)

1000-600 .19
600-234 - .20
234- 25 - 41

Total — .08

641 645 747 Average
.32 - .62 —-1.97 - .54
- .02 — .48 .00 - .19
— .06 — .68 .50 .00
11 - .58 - .70 - .29
363 Average
2.56 1.16
—1.46 - .69
— .30 - .57
44 .10
866 967 988 Average
.06 .03 - .36 - .14
12 .21 .61 24
.19 —-2.21 .03 - .56
11 - .38 .09 - .09

the stratospheric cooling by infrared radiation
is proportional to the stratospheric temperature
and 1s not significantly influenced by factors
such as clouds, water vapor and dust. On the
other hand, the positive estimate (0.10 watts/m?
mb) of the transient generation for the strato-
spheric layer indicates that there are variations
in absorbing constituents in the stratosphere as-
gociated with transient disturbances.

Further examination of Table 6 reveals that
a large positive generation (1.16 watts/m?-mb)
exists for the lower troposphere of Zone II. 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 temperature
gradient. Combined 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
negative temperature deviation and a positive
heating deviation, thus a large negative estimate.
It is interesting to note that although these
large temperature deviations are due to the
thirteen 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 1I. In view of this fact, it is probable that
the range of the contributions (both positive
and negative) 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
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THE 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 II 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/m? 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/m?-mb. Within the upper tropospheric
and stratospheric layers, the negative generation
estimate is an order of magnitude less, —0.41
and -—0.35 watts/m2-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/m? based
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Table 7. Stationary zonal generation

Units: Layers—10-2 watts/m? mb. Total —watts/m?

Zone I II III Average

Layers (mb)

1000-600 —12.47 -2.40 53 —-4.13
600-234 —.64 13 -.7¢ - 41
234-25 —.43 21 -.80 - .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 at 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 at nearly all levels in the atmos-
phere. In equation (2), the generation due to net
heating is proportional to the product of N and
(T—J. Since the infrared component of a is also
negative at all pressure levels, the product of N
and @ is greater than zero at 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 is
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/m?. 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 4-7 are summarized im
Table 8. One notes that there is a reversal of
sign between the lower tropospheric layer and
the two higher layers in both the transient 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 +sta. nary
Transient eddy eddy zonal Total

Layers (mb)

1000-600  — .47 19 —.28 —4.13 —4.41
600-234 Ja —-20 —-.06 —.41 —.47
244 25 Jd0 —.41 -—-.31 —-.35 —.66

Total -.13 —-.08 —-.21 -192 -—-213

stationary eddy estimates. However, one cannot
necessarily 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 at 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 model 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
cireulation.

The following conclusions 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, the 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—oceur 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 eati-
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

36UB017 SUOWILLOD BAIIR1D) 3|qedi|dde ay) Ag paunob s sapiie YO ‘88N Jo 3|l 10j A%iq1T3UlUQ A3IAA UO (SLONIPUOD-pUR-SLLIBIALID" A8 |1 A1q 1BUIUO//SANY) SUORIPUOD PUe SWB 1 3U1 39S *[9202/¢0/80] U0 AReiqiT auljuo 3|1 ‘S0UB|BOXT 858D pue YIeaH o} ain}iisu| euoieN ‘IOIN AQ X'90ST0GY 296T 06E-€STZ [/TTTT OT/10pw0d /3| 1M AReiq 1 puljuo//Sdny Wwouy papeojumoq ‘v ‘296T ‘06VEESTZ



THE ROLE OF TERRESTRIAL RADIATION 537

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 meteorological
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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POJIb TEILJIOBOTO U3JIYYEHUA 3EMJU B FTEHEPAIIMU 30HAJBHON U
TYPBYVJEHTHON JOCTYNHON NOTEHIIUAJILHON SHEPTUU

N3 198 noneroB pafinoMeTPUYECKNX BOHMOB,
NpoBeJeHHbIX Ha TPMHAAUATU CTAHUHMAX, pac-
M0J10eHHBIX B BOCTOYHON nonoBuHe CIIA u
6accefine KapuGckoro Mopsa, HMOJdyYeHH OCpef-
HEHHbIE 110 BpEMEeHHM OLleHKHM TeHepaluu B arT-
Mocdepe 30HAJNbLHOW M TypOyJeHTHoW HOCTYyH-
HOIl MOTeHUUAJBbHON HSHEPruM MHPPAKPACHBIM
usnyyenuem. Ilo momn remMnepatypsl ¥ JaHHBIM
0 TNpUTOKe paAMallU¥W BEPTUKAIBHEE NpodHIN
TEMIIePATYPH U OXJaxAeHud armocdepsr mo or-
AeNbHOCTH OIIeHEeHH C TOMOINbI0 TOJUHOMOB,
ANNPOKCUMUPYIOUKX B CMBICIE METOAA ¢HAM-
MeHbWMX KBaApaToB». C Hedbl0 MOAYYUTH
OCpeJHeHHBbIEe 0 BpPeMeHH KOppeJAnun npou-
Jeit OXJaMIEeHUA U TEMIEPATYpPHL AJA KAKIOTO
M3 CeMH paccMaTPMBAEMBIX CJ0eB aTMocgeps
Obl1a pasBMTAa MeTONMKA MHTErPUPOBAHUA MO-

JMHoMOB. OCpelHeHHBIE N0 BpeMeHy OLeHKN JJIHA
KaKJaro u3 cemMu CJjoeB arMocdeps pasge-
JIAITCA HA NepeXOoJHY, CTAlMOHAPDHYI Typ-
OyJeHTHYI0 U CTALMOHAPHYIO 30HAJBHYI KOM-
IIOHEHTHL. Pe3yibTaTe yKAa3HBAKT, UTO BCE OHU
AIBIAIOTCA CTOKAMM JIJIA  AOCTYNHON IOTeH-
LHAJIbHOWK BHEPrUU CO CIACAYIOMMMU OLleHKAMU:
IJA nepexofgHoit KommoHentn — 0,13 BarT/M%,
AJOs  crauuoHapHoit TypOynentHoctn — 0,08
BATT/M?, M XIS CTAUMOHAPHON 3oHaNbHO —1,92
BaTT/M%, AHAJIM3 CYTOYHBIX BeJWYMH NOKa3LI-
BaeT, YTO reHepalyd NMepexoNHOl KOMIOHEHTH
3HAYNTEIbHO M3MEHAETCA NeHb OTO JHA U Bpe-
MeHAaMN [OCTHraeT OGOJbIINX MOJOMUTEIBHEIX
HJIM OTpUUATeIbHEIX BenuuuH. VHTepBan usme-
HEHMIA OLIEHOK TeHepaluM INepeXoxHoll KoMIo-
HEHTH HEMHOro (oJbllle, 4eM MHTEPBAJ M3MeHe-

Tellus XIX (1967), 4

25017 SUOLLOD SATESID 3[ceol[dce L) A PoLBAOB 312 SOIE YO B8N J0 S3NI 10} ARIGIT SUIIUO 31 U0 (SUONIPUGD-PUB-SWIBYALIGDA8] 1 AR 1[pu|U0//'ScNL) SUONIPUGO L SULS | 841 385 *[9202/70/80] UO ARIGI T 8UIIUQ AB]IAA ‘S0UB|pOXS B0 PUE L1IEH 10} 3IMIISU| [EUOTEN ‘30N AT X90ST0N 96T 0BVE-ESTZ TTTT OT/I0pAG0™Aa] 1 ARiq 1pU1|U0//'SIY WO1j POpeojuMoq *p *296T ‘06VEESTZ



THE ROLE OF TERRESTRIAL RADIATION 539

HHUt OMEHOK BeJMHYUH JUCCUIIANUHA 3a CYET Tpe-
HUA B IJAHETAPDHOM IIOTPAHMYHOM Clloe JJdA
cnabuiX M yMepeHHBIX BerpoB. lmelorca 3a-
MeTHbIé BepTHKaJIbHble BADHALUN B OIIEHKAX re-
HepalMM C TpefelbHHIMM 3HAYEHMAMH, KaK
MOJIOMUTEIbHBIMY, TAaK U OTPMIATEJbHBIMM,
BCTpeYamuMucA B HMHe# Tpomnocdepe. 3ro,
HECOMHEHHO, ABIAETCA CJEeJCTBUEM MeHAoLIe-
roca pacnpefe;ieHnA oGIAYHOCTH M BOJHHOIO

Tellus XIX (1967), 4

napa. ITockonbky umewTca GoJibline CyTOYHHE
BapMALMU, TAK Ke KAK M BepTUKAJbHEE Ba-
pHALMK, TO OYEBHUIHO, YTO MOJMKHO GHITE Mpo-
BeJeHO [OMOJIHUTENbHHE INKPOKOE H3ydYeHHe
reHepallMM IJIA JOKAJbHBIX BoamymeHuit. OG-
Cy#IaeTCA BIMAHMe reHepanuu uHPparpacHoh
pagvalud, BO3HMKAaNlel BcleacTBue Harpe-
BaHMA, HA M306apUYECKYIO TOBEPXHOCTD,
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