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INTRODUCTION

The research presented in this annual report consists of continuing
studies involving the large scale energetics of the atmosphere and the
development of a statistical model to infer cloud distribution from satel-
lite information. Because of a delay in the publication of this report,
two of the papers, '"The Available Potential Energy of Storms' and '""The
Generation of Available Potential Energy by Latent Heat Release in a
Mid-Latitude Cyclone' that appear in this report have already been pub-
lished in the journals. They are reprinted here with the permission of
Journal of Atmospheric Sciences and Monthly Weather Review, respectively.

The studies were initiated under WBG Grant-52 and have been com-
pleted with the partial support of ESSA Grant E-8-69(G) and NSF Grant
10997 from the Atmospheric Sciences Section, National Science Admin-
istration. Nearly all of the studies were also partially supported by the
Wisconsin Alumni Research Foundation and National Science Foundation
through the Wisconsin Research Committee in the form of a grant for
computational funds and use of computer facilities.

Lyle H. Horn
Donald R. Johnson
Joint Principal Investigators

Madison, Wisconsin
December, 1969
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The Available Potential Energy of Storms!

DonaLp R. JoHNsoN

Dept. of Meteorology, University of Wisconsin, Madison
(Manuscript received 28 November 1969)

The storm’s available potential energy and its rate of change are derived for a vertically walled volume
encircling the storm and extending from the surface to the top of the atmosphere. The rate of change in-
cludes explicit expressions for the generation of the storm’s available potential energy, for its conversion
to kinetic energy, and for its change through boundary work and energy flux. The theoretical results in
isentropic coordinates show that it is not desirable to conduct available potential studies in a quasi-hydro-
static atmosphere for regions of limited vertical extent. The results also show the difficulty of inferring
kinetic energy change from a total potential energy budget of a limited atmospheric domain. Opposite
time rates of change for the storm’s total and available potential energy are allowed through boundary
processes for frictionless isentropic flows within mechanically open regimes. The relation of the available
potential energy of storms to the available potential energy of the atmosphere is also established.

Several recent diagnostic studies of the generation of the storm’s available potential energy by individual
diabatic components are summarized for the hurricane and extratropical cyclone. The amount of available
potential energy generated within the storm is a significant fraction of the rate of its kinetic energy

production.

1. Introduction

In his classic paper, “On the Energy of Storms,”
Margules (1903) developed the concept of available
potential energy in a search for the source of kinetic
energy within storms. Margules confined his attention
to the smaller quasi-horizontal scales of atmospheric
motion and concluded that the storm’s kinetic energy is
derived from the release of internal and gravitational
potential energy within the disturbance and the region
surrounding the maximum storm winds. In the same
paper he admitted bewilderment over the question of
why a store of available potential energy rises without
being immediately released by virtue of its existence in
an atmosphere in motion. However, he avoided this
question in seeking the source of the storm’s kinetic
energy by assuming an initial stage generalized from
observations within a fixed volume surrounding the
disturbance.

Lorenz (1955) applied Margules’ concept in his
development of zonal and eddy components of available
potential energy to explain the maintenance of the
general circulation. Within this framework, the genera-
tion of zonal available potential energy by diabatic
processes, its conversion into eddy available potential
energy by the action of the waves in the westerlies, and
the realization of the kinetic energy at the eddy scale by
the sinking of colder air and rising of warmer air at the
same latitude are emphasized. The kinetic energy
continually being created is used to offset the ever-
present frictional dissipation.

In many diagnostic studies the eddy scale within this
framework is often identified with the storms that

! This paper was partially completed while the author was a

visiting associate professor with the Department of Meteorology,
P9ennsy]vania State University, during the academic year 1968~
69.

Margules studied. However, since the horizontally
invariant, statically stable density stratification of the
reference atmosphere used in the definition of available
potential energy is based upon an adiabatic redistribu-
tion of the entire atmosphere, investigators, including
the author, have found it impossible to rigorously
define and study the changes of available potential
energy of any particular storm, scale and/or region.
Since reliable global data are still unavailable, all
diagnostic studies of available potential energy involving
limited regions of the atmosphere are studies of the
““contributions to the global budget” whether it is the
generation, conversion or amount of available potential
energy. Furthermore, in global studies the energy
processes within the smaller scales are subjected to
severe averaging because of their small horizontal
extent. Thus, there are diagnostic limitations associated
with the global concepts in studying the available
potential energy within the storm. In a comparative
sense it is within storms that not only is the genesis and
frictional dissipation of kinetic energy a maximum, but
both the horizontal and vertical differential heating
attain extreme values. The probability also exists that
the generation of energy available for conversion to
kinetic energy within the storm is also a relative
extremum.

Following the development of Dutton and Johnson
(1967), the concept of available potential energy of the
storm and/or limited regions of the atmosphere is
developed in this paper. The energetics of the domain of
interest, an open system, will be explicitly separated
from the global domain. The interactions with the
larger domain occur through energy advection by mass
transport and pressure work at the lateral boundaries.
In so doing, the available potential energy of the storm
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can now be defined and studied within the framework of
Margules’ original concept.

After the theory of open systems and diagnostics
results for several storms are presented, the relationship
between the available potential of the storm and the
global concept is developed. This relationship shows
that the available potential energy of the global concept
is the sum of the storm concept of available potential
energy from all the open regions that together comprise
the entire atmosphere plus a component that is due to
thermodynamic contrasts between regions. From one
viewpoint, this represents a scale decomposition of the
global available potential energy. Diagnostic results
from such an approach may be useful for the study of
energy processes of various scales as well as scale inter-
actions if the kinetic energy of the atmosphere is corre-
spondingly partitioned. However, the basic development
for the available potential and kinetic energy of the
open system presented in this study is based on funda-
mental energy principles which are independent of
scale decomposition. Thus, the theoretical and diag-
nostic results are valid for open systems and are inde-
pendent of the global concept.

The necessity of another derivation of available
potential energy with some modifications from that of
Dutton and Johnson (1967) is to rigorously prove that
the available potential energy theory of an open system
can be developed from Margules’ definition and to
provide a firm basis for several diagnostic studies already
completed at the University of Wisconsin. Smith (1969)
formulated the energy budget equations of the con-
tribution of available potential energy from a fixed
volume to the global amount. However, since he
developed the equations in pressure coordinates he was
not able to isolate the time dependency of a local
reference state and was forced to use estimates of the
global reference state from other time periods. The
problems with the translation of the storms through the
budget volume, with boundary fluxes, and the genera-
tion estimates that were encountered in the interpreta-
tion of the time series of the energy statistics (Smith
and Horn, 1969), revealed that the optimum approach
would be to isolate the storm as a separate entity.
Generation estimates already completed by Anthes and
Johnson (1968) for a hurricane and by Bullock and
Johnson (1970), and Gall and Johnson (1969) for an
extratropical cyclone using the concept of the storm’s
available potential energy have been revealing. Their
estimates show that the in silu generation for the
storm’s available potential energy is sufficient to offset
a significant portion of the frictional dissipation within
the storm. In addition, Hahn and Horn (1969) have
completed a study of the evolution of the storm’s
efficiency factor distribution which suggests that, due to
the changing mass potential temperature distribution,
the effects of the various diabatic components will
change with the growth, maturation and decay of the

storm.
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2. The concept of the available potential energy
of a storm

Following Margules, the storm’s available potential
energy is defined to be the difference between the sum of
the internal and potential energies within a volume
encircling the storm and the sum of these energies which
would exist after an isentropic redistribution to a
horizontally invariant, statically stable density strati-
fication in the absence of lateral boundary work and
advection. The volume encircling the storm must extend
from the earth’s surface to the top of the atmosphere
and its lateral boundaries must be vertical. The dimen-
sional constraints of the vertical boundaries are required
implicitly from the hydrostatic specification of the
mass distribution of the hypothetical stratified atmo-
sphere. The stratified state will be called the reference
state. No restrictions are imposed on the cross-sectional
area of the region. For the conceptual development in
this paper the cross-sectional area may be assumed to be
a circular area surrounding and moving with the center
of the storm. The theory for the open system allows
relative mass transport through the lateral boundaries.
However, as Margules notes, thermal and mechanical
insulation for the open system, and isentropic motion
within the volume, must be assumed in order to define
a unique amount of energy in the reference state. The
absence of lateral boundary work and advection satisfies
the constraints of mechanical and thermal insulation.

All of the assumptions used to define the reference
state energy pose difficult conceptual ideas if one
imagines that kinetic energy is realized only when the
atmosphere tends toward the reference state when these
conditions are satisfied. However, as Dutton and
Johnson (1967) note, there is no reason to expect that
the atmosphere on a rotating earth in the presence of
heating tries to reach a hypothetical flat reference state,
and the theory is useful for studying the processes which
maintain the available potential and kinetic energy
supply against the ever-present frictional destruction
of organized motion.

The mathematical theory for the concept of the
available potential energy of a storm follows the
development of Dutton and Johnson hereafter referred
toas D & J. In this paper, identical assumptions, funda-
mental relations and properties of the reference state
are employed (see Sections 2.2and 2.30f D & J). D & J’s
development is based on the condition that the mass-
potential temperature distribution is preserved in the
hypothetical flow toward the reference state. This
relation is expressed by

ﬁ=m(07‘10) =mr(oT:6)} (]-)

where the mass distribution function for the storm
region is defined by

or
17(02,0) = f o7, @
[
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or
me(0r,6) = f ool 8, @)
[

where 6 is potential temperature, p density, and J the
transformation Jacobian, //d6, between the height 4
of the isentropic surface and potential temperature.
The subscript 7 denotes variables of the hypothetical
reference state. The overbar denotes the ratio of the
value of an integral over an isentropic surface within the
region of interest to its projected horizontal cross-
sectional area. From (2) and (3) the conservation con-
straint of the mass potential temperature distribution
also requires, on each isentropic surface, that

ord r=pJ. (€]

By definition, the available potential energy of the
storm is

®

where the total potential energy, internal plus gravita-

tional, for the natural and reference states of the region
of interest are, respectively,

A=nr—m,,

1r=/ (e+¢)pJdV, (6)
Ve

1r,=/ (es+¢.)p,J,dVs. (7
Ve

The specific internal and gravitational potential energies
are ¢ and ¢, and Vy is the volume of integration in
isentropic coordinates encircling the storm and extending
vertically from the lowest observed potential temper-
ature 6, to 07 equal to infinity. The incremental volume
dVy is dxdydf. Through the definition of hydrostatic
balance for the reference state and the mass-potential
temperature relation (1), D & J have shown that the
variables of the reference state are

Pr=2gB,
T,= (g'/p(m) KﬁB‘)

®)
©

0 661(
¢,=—c,(g/poa)‘/ 6—-de, (10)
" 90

where « is the ratio of R, the gas constant to ¢,, the
specific heat at constant pressure, g is the acceleration of
gravity and pgo is 1000 mb.

These relations and (4) are sufficient to completely
specify the reference state total potential energy (7)
from the mass-potential temperature distribution of
the actual atmosphere. In (2.48) of their monograph,
D & J have shown that

mr=c5(8/ poo)* / 08*0Jd V. (11)
Ve

From an equivalent expression for the total potential
energy [Eq. (2.11) in D & J], and Eqs. (5) and (11), the

JOHNSON

storm’s available potential energy is

4

00"

Cp X
/ 0(p*— p,*)pJdVo+ / ~¢pJdVe, (12)
Ve ve §

where X is the hydrostatic defect defined in D & J by
(13)

Under the assumption of local hydrostatic balance, D
& J show that (12) becomes

A=[ep/gpo(142)] / ] (P —p+e)dods,  (14)

which is the equivalent to Lorenz’ expression for the
available potential energy. The horizontal surface area
of Vgiso.

3. The rate of change of the storm’s total potential
energy

The total potential energy change of the moving
volume is determined through a generalization of
Leibnitz’s rule for the differentation of integrals. In
general, let the integral over the volume be defined by

F(t)= / foTdV, (15)
Ve

where f is a specific quantity, for example, energy per
unit mass. The time rate of change of F(¢) is

i 9
l—F(t)= / —(fpI)+ V- (foJW)
dt v Olp

a (103
+—<fp]—)(1Vg, (16)
a0 dt
where W is the velocity of the lateral boundary of the
moving volume and dfs/d! represents the movement of
the vertical boundary with respect to the vertical
coordinate §. The first term represents changes inside
the region while the last two terms are associated with
the divergence of the region of interest. Use of the
equation of continuity,

i} a do
_,,]+V,.(,,J.,)+_(,,J_> —0, )
dly a0 dt

allows the alternate form for (16),

d af

“ry= ] 0T A-Vo- [foT (W—u)]

dt ve dl

+ al:f ]<d05 d0> o 18)
"\ a ] A
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The moving volume considered in this study is bounded
by vertical walls and includes the entire vertical extent
of the atmosphere. The condition that the lower bound-
ary becomes a material surface is insured by equating
(d8g/dt) to (d6/dt) (x,y,05, T), where 6, is the observed
surface potential temperature. At the upper boundary,
pJ — 0 and dfp/dt is equated to dfrp/dt. From these
conditions the storm volume is closed vertically.
Changes in F(f) are due to individual changes within the
volume and relative advection through the lateral
boundary.

From (6) and (18), the equation for the change of
total potential energy is
dmr d
e N G A G UE T

Ve

Now combination with the first law of thermodynamics
and a rearrangement yields

- / (I Qnt-J(u-Vp-+og) — T V- (pu)
Ve

+V5-[(e4)pJ (W —u)1}dVs.

Use of the hydrostatic defect, the definition for the
Montgomery streamfunction ¢, and transformation of
the last two terms to surface integrals yields

(20)

=/ pJQm+pJ[u- Vey+X(w—u-Vok)JdVs
%

or
—/ pr[RTu+(e+¢)(u—W)]-nde0, (21)
6o

where n is the outer unit normal vector to the lateral
boundary. In the transformation of the pressure work
boundary integral, the third right-hand term of (20),
the boundary conditions that p=0 at 67 and v,=0 at
the earth’s surface were used.

The change of total potential energy, for a volume
defined in isentropic coordinates, (21), is due to energy
production by diabatic processes, its transformation to
and from kinetic energy, pressure work, and relative
advection of internal and gravitational potential energy
through the lateral boundaries. The pressure-work term
does not include the velocity of the boundary because
there is no expansion of the fluid associated with the
mathematical aspect of the moving boundary.

4, The rate of change of the storm’s reference state
internal and gravitational potential energies

In the derivation of the rate of change, the total
potential energy of the reference state is divided into the
basic forms. Even though the ratio between the internal
and gravitational potential energy is always unique due
to the hydrostatic condition defined for the reference
state, this separation will later provide insight into the

vertical propagation of energy in an atmosphere con-
tinually adjusting to restore hydrostatic balance. From
(7), the reference state total potential energy is

=B+, (22)

where the reference state internal and gravitational
potential energies are

E,=/ Brp,j,dVo=/ e,p]dVQ,
Ve Ve

=/ ¢,.p,],-dV6=/ @.pJdVy.
Ve Ve

(23)

(24

The alternate expressions are obtained from use of
(4) and deletion of the averaging operator after sub-
stitution. Now the latter forms of (23) and (24) are
identical to (15). Thus, employing (18) for the direct
differentiation, the rate of change of the storm’s
reference state internal energy is

dE,
= / ”
dt Ve

where the boundary conditions are identical to those
employed for (19) and by which the volume is closed
vertically and includes the entire vertical extent of the
atmosphere. By using Leibnitz’s rule for the differentia-
tion of the specific internal energy, e, (6, £), the equation
of continuity, the divergence theorem and a rearrange-
ment, (25) becomes

Tdo ¢, A,
co(g/ poo)* / [ﬂ‘ﬁj‘ — / v, pJudv]dVo
p» 00 Jo

o J(W—u)-ndLdo, (26
A fw( w)-ndLds, (26)

de,

J & +Vo‘[€,-p](w—ll)](1Vo,

(25)

where » is the variable of integration representing 6.
From an integration by parts and use of the divergence
theorem, the rate of change of the storm’s reference state
internal energy is

dE, pr
—;=c,,'[ ( )p]—dVe——f fd) pJu-ndLdo
dt Poo dt
—/ fe,pl(u—-W)-ndeﬁ. (27)
fo

Through the definitions for the reference state variables,
(8) thru (10), (27) is completely specified by variables
in the natural state of the atmosphere. The three terms
represent the change of the reference state internal
energy by heating and by relative mass flux weighted by
the gravitational and internal reference state energy
distributions. The second term will combine with a
similar term in the equation for the gravitational
potential energy change to define changes of total
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potential energy due to pressure work and an ex-
change between the gravitational, potential and internal
energies.

In like manner from (18) and (24), the rate of change
of the storm’s reference state gravitational potential
energy is

a®
dat

‘= / pfdi’+Vo-[¢er(W—“)]dVa~ (28)
ve di

By using Leibnitz’s rule for the differentation of the
specific gravitational potential energy, ¢,(6,!), and the
equation of continuity, (28) becomes

E——R(g/i’on) / pJ‘j;o ail: "i/;h md”]

e
+ﬂ"'ﬂ-’Ed‘P] +-[ép (W—u)JdVs, (29)

where ¢ is a variable of integration representing 6. After
an integration by parts and a rearrangement, we find
that

a®, r < do
=R/ ( ) pJ—dVo—[ fp]
dt ve \Poo

x[(RT,—%,)uﬂs,(u—W)]-ndee. (30)
Cp

Combining (27) and (30), the rate of change of the
reference state total potential energy becomes

dm,

=/ c,,( ) J—dVo—/ fRT,p]u ndLdo
dt ve \oo o

or
ax /, 1 }( (e;+¢-)pJ(W—u)-ndLds. (31)

A more detailed derivation of the time rate of change of
the refeience state energies is presented by Johnson
(1969).

In a comparison of the equations for the change of the
storm’s actual and reference state total potential
energies, (21) and (31), corresponding terms exist in
both equations except for the expression for the con-
version of total potential energy to kinetic energy.
Interestingly, (21) reduces to (31) in hydrostatic and
flat barotropic regimes of the atmosphere.

The nonconservative processes, diabatic heating,
boundary work and relative advection, that produce
changes in the storm’s actual total potential energy will
generally produce changes in the reference state total
potential energy. If the lateral boundaries are extended
to include the entire atmosphere, the boundary terms
vanish, and (31) corresponds to Eq. (2.75) of D & J in
which diabatic heating is the sole process changing the

*Derivation is presented in Appendix A,
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reference state total potential energy. Because the
boundary terms are usually nonzero, the result em-
phasizes that boundary processes must be considered in
the definition of an available potential energy budget of
an open system.

5. The rate of change of the storm’s available
potential and kinetic energies

The rate of change of the storm’s kinetic energy,
defined by

K= / pJkdVs, (32)

is

dK dk o7

—=f pJ—dVe+ fp]k(W—u)-ndeﬂ, (33)
dt ve di 0o

where % is the specific kinetic energy, (u-u/2). From the
definition of the available potential energy by (5), its
time rate of change is the difference between (21) and
(31), which, when combined with (33), produces the
budget equations for the storm’s available potential and
kinetic energy:

=G(4)—C(4,K)+B(A)+W(4), (349
—=C(4,K)+B(K)—D(K). (35)
The generation is
P' x
= et Vo, 3
G(4) J [1 (P) ]pJQ Ve (36)

and the conversion of available potential energy to
kinetic energy is

C(A,K)=— / [u- Vep-+X(w—u- Vo) JpJdVe. (37)

The three new boundary terms are the relative advection
of energy into the moving volume

B(A)=—/0:T f[(e—er)+(¢—¢r)]

XpJ (u—W)-ndLdo, (38)

the boundary pressure work

W(d)=— /, £ f [;(G—er)]ﬂJWndeﬂ, (39)

pp. 16 to 20.
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Fic. 1. A meridional distribution of potential temperature along 75W for 27 February 1958 portraying the zero isopleths
of the efficiency factor for the global (eg) and storm (e,) concept of available potential energy. The zero isopleths for the storm
(heavy lines) and the global (dashed lines) efficiency factors separate the positive and negative regions. The vertical lines
delineate the boundary of the storm volume. Areas on the cross section are proportional to the global distribution of mass.

and the relative advection of kinetic energy
or
B(K)=—/ fkpl(u—W)-ndeo. (40)
0o
The total dissipation of kinetic energy is

D(K)=—/ pJu-FdV,, (41)
Ve

where the vector F denotes the specific frictional force.

Eqgs. (34)-(41) along with (8)-(10) define the rate
of change of available potential energy and the kinetic
energy from the atmospheric structure and processes
occurring in the storm’s volume. The expressions are
valid for nonhydrostatic atmospheres but not valid for
atmospheres with local static instabilities. The more
general relation for an atmosphere with local static
instabilities is developed in Section 2.6 of D & J. While
the proof will not be repeated, this development applies
and the storm’s available potential energy and its rate of
change may be defined even in the presence of local
static instabilities.

In the generation integral G, the factor

[1—=@./p)1=¢

commonly called the efficiency factor, weighs the heat
addition to determine the local contribution to the
generation of available potential energy. Its physical
basis is founded in the condition that diabatic heating
may change the total potential energy and the reference
states by different amounts. For example, infrared cool-
ing may generate available potential energy by decreas-
ing the total potential energy of the actual atmosphere
less than that of the reference atmosphere. A positive
generation of available potential energy within the
storm results from net heating at higher pressures and

cooling at lower pressures with respect to the storm’s
reference pressure on an isentropic surface, a result
which is consistent with Sandstrém’s theorem (Godske
el al., 1957).

The generation for the storm becomes equivalent to
the global expression when the lateral boundaries are
extended to include the entire atmosphere. In general,
however, the reference pressure of the open system is
different from its global distribution. An important
facet of this result is that there will be heating distribu-
tions which generate storm available potential energy,
but destroy global available potential energy. In Fig. 1
an idealized meridional potential temperature dis-
tribution is portrayed. The vertical lines denote
boundaries for the open system. The heavy isopleths
represent the zero efficiencies, the one for the storm, the
other for the entire atmosphere. For heat addition in
the lower right portion of the storm volume, a region
with positive storm and negative global efficiencies,
the storm’s available potential energy is increased but
the global available potential energy is decreased.
Cooling in the same region decreases the storm’s avail-
able potential energy and increases the global available
potential energy. A general relationship between genera-
tion for the storm and for the global scale will be derived
after the relationship of the storm and the global
definition of available potential energy is later estab-
lished, and general conclusions should not be made from
this idealized situation. However, the illustration reveals
that localized heat addition within the open system in
conjunction with the larger scale baroclinic structure
of the circumpolar vortex of the global scale may
generate and concentrate the energy available for con-
version to the kinetic energy of storms.

The expression C(4,K), designated to be the con-
version of available potential energy to kinetic energy,
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is the precise definition for the volume integral of the
local production of specific kinetic energy. The physical
basis for this distinction lies in the equation of motion
itself, in that kinetic energy changes in frictionless
regions occur when the velocity and the net absolute
specific force, i.e., the sum of the pressure gradient and
gravity forces, have common components. The local
production of kinetic energy is not necessarily realized
from the store of available potential energy within the
volume, but in an open system may be associated with
both boundary processes and in situ generation. Even
within a closed system the diabatic processes and the
production of kinetic energy may be linked in a manner
that preserves the mass-potential temperature dis-
tribution and thus the available potential energy. In
general, the implication that a positive C(4,K) implies
conversion of in situ available potential energy must be
erroneous and the source of the kinetic energy may only
be determined in the mean by solving integrals (34) and
(35). Apart from this classic problem of the conversion
between internal and kinetic energies in open systems,
the integral C(4,K) must be positive to offset the kinetic
energy dissipation unless the storm’s kinetic energy
increase from the relative advection of kinetic energy
into the volume is equal to or larger than the integral
D(K). There seems little doubt from the general circula-
tion studies summarized by Starr (1958) and Palmén
and Newton (1969) that the conversion to and dissipa-
tion of kinetic energy are maximized within the storm.

The three boundary terms (38), (39) and (40) involve
the exchange of energy by relative advection or by
boundary work. For energy studies of the entire atmo-
sphere, the terms vanish and the energy equations
reduce to those derived by D & J. Changes in the storm’s
available potential energy associated with the boundary
terms B(A) and W(A) are from the condition that, in
general, the rate of change of the actual and reference
state total potential energy by boundary effects will
differ. For simplicity assume the storm center is
stationary (W=0) and let us consider several hypothe-
tical examples.

In the first example assume that the density stratifica-
tion is horizontally invariant and that the region
expands, i.e., Fu-ndL>0. By (21) the total potential
energy decreases. However, from the relative advection
of energy (38) and the boundary pressure work (39),
no change of available potential energy occurs because
the changes of total potential energies of the actual and
reference atmosphere are identical. In general, it is clear
that changes in the storm’s available potential energy
are not uniquely related to changes of its total potential
energy.

In the second example, an expansion process by
divergence is contrasted with contraction by local mass
convergence. Let the expansion be due to velocity
divergence just inside the boundary. After a finite time,
the actual atmosphere just inside the boundary will
contract vertically in its attempt to restore hydrostatic

balance and depart from a flat horizontal state. Thus,
available potential energy within the volume increases
while the total potential energy decreases. In contrast,
let the total potential energy increase by velocity con-
vergence just inside the boundary. The actual atmo-
sphere near the boundary expands vertically to restore
hydrostatic balance and again departs from the flat
reference state. Both the total and available potential
energy increase. Thus, within the region, available
potential energy is produced by both boundary effects,
even though total potential energy changes were
opposite. This hypothetical illustration is analogous to
Lorenz’s (1955) example of how local cooling or heating
in an initally flat hydrostatic atmosphere will create
energy available for conversion to kinetic energy, but
produce opposite changes of total potential energy. Both
examples illustrate the virtue of the theory of available
potential energy in attempting to isolate the processes
which lead to the production of the storm’s kinetic
energy within open systems. However, available poten-
tial energy theory neither negates nor, in general,
replaces the theory of total potential energy. In general,
both budgets of the two forms of energy must be
satisfied.

Boundary pressure work W(A4) and the relative
advection of available potential energy B(4) must be
important. The baroclinic mechanism of the release
of existing available potential energy at the eddy scale
is now well established (Starr, 1958), particularly during
cyclogenesis when the temperature wave lags the pres-
sure wave in the middle latitudes. If the storm were
self-sustaining during its entire history, in that in situ
generation exactly balanced frictional dissipation,
boundary effects should be negligible. However, for the
kinetic energy dissipation to be offset by the existing
available potential energy of the global scale or eddies
with wavelengths larger than the diameter of the region,
the large-scale energy must be transferred into the
region of the storm by boundary processes, since the
existing available potential energy of the storm is
insufficient to sustain the high frictional dissipation
rate for any substantial period of the storm. Thus, the
boundary terms B(A4) and W(A) are measures of the
source of the available potential energy of the open
system from its environment.

Computationally, the boundary integrals B(4) and
W(4) enjoy a significant advantage over corresponding
boundary integrals B(E+®) and W(E) in the total
potential energy budget. Because the characteristic
magnitude of (e+¢) is approximately 10% times the
magnitude of £ and the relative error of the boundary
mass transports is approximately 109, the error in
estimating B(E+®) is larger than either B(K) or
C(4,K). Thus, reliable balance of the integral relations
cannot be obtained for any one storm. However, for the
storm energy budget |(e—e,)+(¢—¢,)|~ |k|. Thus,
the relative error of B(4) and W (4) should be the same
order as the error of B(K) and C(4,K) and reliable
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balance between the integrals for the storm energy may
possibly be obtained. However, a detailed analysis will
show that the reliability of the statistics will depend on
the thermodynamic and momentum structure for each
storm due to the nonlinearity in the energy equations.

The other boundary term B(K) is identified with the
transfer of existing kinetic energy into or from the

volume. The importance of this transfer in cyclogenesis _

isindicated in theoretical and diagnostic results. Eliasen
(1960) studied the combined baroclinic and barotropic
instability of frontal waves and concluded that in one
particular case two-thirds of the wave energy was
supplied by the potential energy and one-third by the
kinetic energy of the mean state. Recently in a diag-
nostic study Sechrist (1968) has verified the importance
of the advection of existing kinetic energy of the mean
flow into the region of cyclogenesis. Simultaneously, the
kinetic energy is converted to available potential energy
within the region of the storm by an indirect circulation
in the rear of the developing wave which increases the
baroclinity of the upper troposphere front.

Sechrist’s results within the framework of energetics
agree with the earlier work of Newton (1954), Sanders
(1955), Reed (1955) and Danielsen (1966). With respect
to frontogenesis, Reed concluded that the increase in
horizontal temperature gradient was due to the steepen-
ing of the slope of the isentropic surface as a result of
the indirect solenoidal circulation.

Besides its obvious importance in frontogenesis and
cyclogenesis, the condition of the steepening of the
isentropic surfaces and the intensification of the hori-
zontal temperature gradient serves two purposes within
the energetics framework. The first is to increase the
amount of kinetic energy which may be stored in quasi-
geostrophic balance within the confines of the storm
volume. Through the thermal wind relation the geo-
stiophic wind is

u,=ug+ (42)

e
/ kX Vof'do,
fpoo* Ja

and the geostrophic kinetic energy of the storm vol-
ume is

£ [ etz fiocn{ [ )]
e[ )

where u,, is the surface geostrophic velocity. The com-
ponent of geostrophic kinetic energy of the storm volume
coupled with the sloping isentropes will be primarily
represented by the last term of (43), and steeping of the
isentropic surfaces by frontogenesis would make this
term more positive. In addition, an observed character-
istic of the aging of storms is for the axis of the baro-
clinic zone of the entire storm to be tilted from the

:Izl Vs, (43)

horizontal into the vertical. Thus, through changes of its
large-scale baroclinic distribution, the storm has -the
potential of bringing into quasi-geostrophic balance
large amounts of kinetic energy created within the
system from either adiabatic, diabatic or boundary
processes.

The second effect of the indirect circulation in the
developing stage is to create a more favorable efficiency
factor distribution for the generation of storm available
potential energy by increasing the magnitudes of both
the positive and negative efficiencies within the storm
volume. In a flat barotropic region there is no generation
for either heating or cooling. In contrast, the more
baroclinic a region becomes, the larger the magnitude of
the generation of storm available potential energy for a
given distribution of heating. The frontogenesis caused
by the indirect circulation of the incoming jet implies
that the generation by a diabatic process may become a
relative extremum, being positive (negative) for heating
(cooling) at high pressure and cooling (heating) at low
pressure. Thus, for the quasi-geostrophic regions one
may conclude that the storm generation of available
potential energy is coupled strongly with the presence
of the meandering baroclinic zone of the polar front and
jet streams.

Sechrist (1968) also found that the trajectories of the
low troposphere subtropical air ahead of the wave dis-
played large accelerations into and upward in the
developing vortex—a kinetic energy generating process
from the conversion of available potential energy. The
likelihood that a portion of the kinetic energy produced
within the ascending subtropical trajectories is from an
in situ diabatic energy source may be inferred, noting
that if the heating distribution and efficiency dis-
tribution are in phase the relative generation extremum
will be positive. Bullock and Johnson’s (1970) results,
although for another storm, confirm the importance of
the in situ generation by the latent heat component for
the mature and early occluded stages. One may specu-
late that as the system occludes and as the latent heat
released in the cold vortex exceeds that in the warm
sector, the generation should decrease and possibly
become negative.

The implication of the various results are that
baroclinic and barotropic development as well as
diabatic processes are all important because of their
simultaneous occurrence in the life cycle of the storm. A
diagnostic study using the framework developed in this
paper holds the promise of studying these components of
the storm’s energy exchange and providing insight into
the processes of fronto- and cyclogenesis and fronto-
and cyclolysis.

6. Diagnostic results

In D & J the emphasis on the importance of the
various diabatic components in eddy generation, al-
though speculative, was supported primarily from
physical considerations of the organization of the
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TasLE 1. Total and component generation estimates of the available potential energy of storms (W m™?).
Bracketed values are estimates using the isobaric approximations.

Boundary
Latent Sensible frictional
heat heat Infrared Shortwave Total dissipation
Hurricane Hilda!
Anthes and Johnson (1968)
Mature, 1200 GMT, 1/10/64 2.5 0.6 0.2 33 —
Extratropical cyclone?
Bullock and Johnson (1970)
Incipient, 1200 GMT, 25/3/64 0.9 0.9 (0.0) — 1.8 3.1
Mature, 0000 GMT, 26/3/64 8.0 — 1.2 (0.0) — 9.2 5.1
Occluded, 1200 GMT, 26/3/64 6.0 1.1 (0.0) — 74 9.1
Extratropical cyclone?
Gall and Johnson (1969)
Mature, 1200 GMT, 14/2/68
Upper estimate 6.1 (—7.6) 7.1
Lower estimate 3.1

1 Radius of storm area 1000 km.
2 Radius of storm area 1700 km.

diabatic heating at the secondary scale. In their sum-
mary of eddy generation, they suggest that under
suitable configurations all of the diabatic components
can serve to generate available potential energy in a
disturbance. At other stages the diabatic heating fields
may destroy available potential energy.

The example of the storm generation and global
destruction of available potential energy serves to
illustrate the danger of attempting to infer the import-
ance of diabatic processes in the thermodynamics of the
storm scale if the global concept is utilized. However,
the presence of the baroclinicity of the circumpolar
vortex in the middle latitudes means that a favorable
efficiency factor distribution within the storm volume is
frequently found and if a localized heat source is
favorably located, a source of storm available potential
energy appears.

In the diagnostic work at the University of Wisconsin
our objective has been to test the hypothesis that the
generation at the secondary scale embedded within the
long-wave regime of the circumpolar vortex is a signifi-
cant source of energy for the development and mainte-
nance of the storm’s kinetic energy. Final conclusions
concerning the importance of diabatic processes in the
thermodynamics and mechanics of the secondary scale
must be based on a complete solution of the mass,
momentum and energy relations. However, the results
to date, which are now summarized, provide support
for the hypothesis and more extensive diagnostic
studies are in progress.

For our first diagnostic study of storm generation,
the hurricane was selected. Anthes and Johnson’s (1968)
generation results for the four primary diabatic com-
ponents are presented in Table 1. Of the average genera-
tion of 3.3 W m for a 1000 km radial volume, 77%, was
generated by latent heating, 179, by IR cooling and 6%,
by direct solar absorption. Although the direct genera-
tion by sensible heating at the earth’s interface was a
negligible positive quantity, this diabatic process plays

a very important role in the maintainance of the deep
cumulus convection through which the latent heat is
released. The total generation of 10.3)X10 W for the
storm compares favorably with Hawkins and Rubsam’s
(1968) estimate of 8.6X102 W for the kinetic energy
production, a result supporting the concept of the local
storm generation.

In Bullock and Johnson’s (1970) study of a moder-
ately intense extratropical cyclone only the generation
by latent heat and IR emission were estimated for three
different stages. In addition, the frictional dissipation of
the planetary boundary layer for a 1700-km radial
volume was estimated for comparison. Although all
generation estimates are positive in Table 1, they vary
significantly during the cyclogenetic, mature and early
occluded stages. In the cyclogenetic stage the average
boundary layer frictional dissipation of 3.1 W m2
exceeds the combined generation of 1.8 W m~2 that is
equally divided between the IR and latent heat com-
ponents. However, within the succeeding 12-hr period of
development the latent heat component increases to
8.0 W m™?, the infrared becomes 1.2 W m~2 and their
combined generation is 9.2 W m~2. The structure of the
storm’s efficiency factors indicates that the generation
by solar absorption and sensible heating at the earth’s
interface is also- positive. However, magnitude con-
siderations indicate that the generation by these two
components is probably less than that by the IR com-
ponent. In the occluded stage the latent and IR genera-
tion are 6.0 and 1.1 W m™2, respectively, and the total
generation of 7.1 W m~2 is now less than the boundary
dissipation of 9.1 W m=2.

The increase of the generation from 1.8 W m~2 for the
incipient to 9.2 W m~2 for the mature stage and the
excess of the generation over the frictional dissipation of
5.1 W m™? in the mature stage strongly suggest that
diabatic processes are important in cyclone develop-
ment. The in situ generation is an additional source of
energy to that realized through wave instability. In the
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occluded stage the sink of kinetic energy by frictional
dissipation exceeds the storm generation, and the
cyclone will die unless boundary processes provide a
source of available potential or kinetic energy for the
storm.

In a study of the evolution of the efficiency factor
distribution for a cyclone situated over the United States
between 10 and 12 March 1962, Hahn and Horn’s (1969)
results indicate that the relative importance of the four
generation components varies with the age of the storm.
In the cyclogenetic stage, the magnitude of the positive
and negative efficiency factors of the low and high
troposphere, respectively, are at their maximum. Thus,
in the incipient stage sensible heat addition near the
surface and cooling aloft, a static stability decreasing
process, are more effective in generating the storm’s
available potential energy than later in the storm
development. As the storm matures, the magnitudes of
the low and high tropospheric efficiencies are reduced
somewhat. The isopleths of the efficiencies become more
vertically orientated due to the vertical development of
the vortex with its baroclinic support and generation
by horizontal differential heating becomes more im-
portant. Such an efficiency structure enhances the
generation by the latent heat release in the cyclone’s
warm sector. Later in the cyclone’s life, the decrease of
baroclinity by the occlusion process and the establish-
ment of a cold core vortex leads to a reduction of the
magnitude of the efficiency factors for the storm and a
general disorganization of their distribution. Thus, in
the occlusion process the effect that heating or cooling
becomes less effective in the generation, and the condi-
tion that the advection of latent energy into the storm
volume is cut off, mean that the in situ source of storm
energy by diabatic processes decreases after the storm
matures. The generation may even become negative if
the primary iegion of latent heat release shifts from the
anticyclonic side of the upper tropospheric jet core, a
region of positive efficiencies, to the cold core vortex
center of the cyclone, a region of negative efficiencies.

In D & J’s review of the theory of available potential
energy, sensible heating at the earth’s surface was
identified as a likely mechanism of the generation of
available potential energy in the cyclogenetic regions
over the oceans just east of the Asian and North
American continents. Synoptic experience indicates that
explosive cyclogenesis in these situations is associated
with optimum distributions of baroclinicity and vor-
ticity and with strong sensible heating of the cold polar
air flowing offshore from the continents over the warm
ocean surface. Gall and Johnson (1969) confirmed that
sensible heating of the cold polar air in the mature stage
of a cyclone in the North Atlantic generates available
potential energy. Due to our lack of knowledge con-
cerning the vertical redistribution of the sensible heat
flux, a lower bound estimate of 3.1 W m~ was made
using a uniform heating distribution within the adiabatic
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layer of several hundred millibars vertical extent and
an upper bound estimate of 6.14 W m—2 was made by
adding the sensible heat to the surface layer. While the
average frictional dissipation of 7.09 W m~2 exceeds the
sensible heat generation, at this stage it is likely that
the total generation, which would include the latent
heat component, exceeds the boundary layer dissipation.

Additional indirect evidence of the importance of
diabatic effects is the recent success in predicting the
birth of second and third generation cyclones by the
GFDL general circulation model (Miyakoda et al.,
1967). This model includes the processes of radiative
transfer, latent heat release, and turbulent exchange of
sensible and latent heat with the lower boundary. The
accurate prediction of East Coast cyclogenesis reported
by Miyakoda ef al. must be associated with the improved
modeling of the diabatic processes which generate
available potential energy within the storm scale.

Included in Table 1 are several estimates of the IR
and sensible heat generation (in brackets) using
Lorenz’s (1955) approximate expression based on the
isobaric covariance of temperature and heating. From
his approximate form he suggested that the eddy genera-
tion is negative in view of the probable warming of cold
air masses and cooling of warm air masses in middle
latitudes. Recently, by inference from the approximate
expression, Palmén and Newton (1969) in their dis-
cussion of the role of latent and sensible heating within
the extratropical cyclone argue that in the East Coast
cyclogenetic regions the latent heat component creates
and sensible heat destroys eddy available potential
energy. In Table 1, the approximate estimates for the
sensible heat component are consistent with the
inference that the heating of cold air masses destroys
available potential energy. However, the exact genera-
tion estimates show that both sensible heat and infrared
emission generate available potential energy. The con-
trast in the results, exact and approximate, illustrates
the danger of using expressions for either inference or
diagnostic computations in situations where the assump-
tions utilized in deriving the approximations are
violated. Approximate generation estimates for the
components of sensible heating and infrared emission, as
emphasized by D & J and also Johnson (1967), will be
erroneous. Such results have lead many investigators to
erroneous conclusions concerning the importance of the
eddy generation within the storm scale.

All of the results from the exact expression support
the hypothesis that the in situ generation at the storm
scale is sufficient 1) to offset a significant portion of the
storm’s kinetic energy dissipation, 2) to imply that
during certain stages the storm may be energetically
self-sufficient, and 3) to suggest that diabatic heating is
an important factor in determining the storm’s transient
behavior during its growth, maturation and decay.

Although the comparative significance of diabatic,
adiabatic and boundary energy sources for the extra-
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F16. 2. The time distribution of the kinetic and available potential energy budgets with the components
of their rate of change from an isentropic model of the hurricane (from Anthes, 1970). The conversion
of available potential energy is C(4,K), the generation is G(4), the boundary advection of available
potential and kinetic energy are B(4) plus W (4) and B (K), and the dissipation is D (K). The dissipation
of kinetic energy is divided into two components, boundary layer drag and internal mixing.

tropical cyclone’s budget has not been ascertained by
this diagnostic model, some insight is provided by the
results from Anthes’ (1970) numerical model of the
hurricane in isentropic coordinates. Fig. 2 portrays the
time variation of the generation, the conversion of
available potential to kinetic energy, the boundary
fluxes of both the available potential and kinetic
energies, and the frictional dissipation due to drag and
internal mixing as the mass, momentum and energy
come into steady state for the given thermal forcing.
For the steady state, both G(4) and B(4) plus W (4)
are sources of available potential energy to offset the
frictional sink and advection of kinetic energy from the
storm volume of 500-km radial extent. The conversion
of available potential to kinetic energy is equal to both
the sources and sinks. When the radius of the storm
volume was increased to 1000 km, and the source and
sink of internal energy within the volume were nearly
equal, the steady-state profiles of the energy terms
showed that the generation of available potential energy
within the volume was sufficient to balance the sinks
of energy by frictional dissipation and outward advection
of kinetic energy. Although mass was allowed to flow
through the lateral boundaries, the boundary advection
of available potential energy B(A4) decreased to near
zero. Thus, the thermodynamic source of energy within
the large volume was sufficient to sustain the hurricane,
a result consistent with Anthes and Johnson’s (1968)
conclusions for hurricane Hilda. The contrast in the

estimates of B(A4) plus W(4) and G(A4) for the two
volumes suggests that for a volume of sufficient size the
inward flux of energy available for conversion to kinetic
energy may vanish. A disadvantage of this condition is
that the generation and the boundary integrals become
functions of the size of the volume. However, this
apparent problem is actually an advantage because by
varying the radial extent of the volume, the interaction
of the storm with its environment as a function of scale
may be studied. Thus, the thermodynamic and me-
chanical spheres of influence of the environment on the
storm may be determined.

7. The relationship of the storm’s available potential
energy to global available potential energy

In the energy equations for the storm, the three
boundary terms represent the interaction between the
open system and the atmospheric region exterior to the
storm’s volume. From the principles of energy con-
servation, it is important to establish the relation of the
storm’s available potential energy with energy of the
exterior region and to show that the storm’s available
potential energy is an integral part.

The global available potential energy given by the
difference of the total potential energy of the actual and
global reference states is

- / [le—eo)+@—da)loTdVs,  (44)
Ve
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where the subscript G denotes properties or quantities
of the global reference state. Now V, is the entire
atmospheric volume. The global available potential
energy is divided into contributions from » different
regions, i.e.,

Ag=3 Ay

=1

(45)
where

Ai=|  [(e—ec)+(p—¢c)IoTdVs.

Vog

(46)

Of the n regions, (n—1) contain storms while the nth
region is the portion of the atmosphere exterior to the
(n—1) storms.

Within the ith region, the contribution to global
available potential energy can now be partitioned into a
baroclinic and a barotropic component of available
potential energy. The baroclinic contribution of the ith
region (or the storm’s available potential energy) is

Agi= [(G—ers)+(¢_¢rs)]P]dVa, (47)
Vo;
and the barotropic contribution
Ap,= [(eri—ea)+(dri—¢c) JpJdVs,  (48)

Vo;

both of which transform [after (12)] to

c X
As=—— [ 6(pr—ppJaVet | —dpTdVe, (49)
Poo* Jve; Ve §
Cp
Ap=—> |  0(pr—pa*pJdV. (50)
Poo* Jve;

From these definitions for the partitioning of the global
available potential energy into barotropic and baroclinic
components from each of the regions, the time rate of
change of the contributions are defined using the prior
results.

The rate of change of the ith baroclinic contribution,
i.e., the available potential energy of the storm, is

d
ZA 5:=G(A5)—C(45,K)+B(4s5)+W(4s), (51)

where the right-hand terms are, respectively, identical
to the right-hand terms of (34) and defined in (36)-(39).
The rate of change of the ith barotropic contribution is

d
;;AB.-=G(AB.-)+B(AB.')+W(AB.'): (52)
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where the barotropic generation contribution of the ith
region can be expressed as

G(4n) = / [pri— 069/ 01T QudVs.  (53)
V“

The barotropic interaction associated with the mass
advection of reference energies for the ith region is

or
B(45)=— f f (erct6)pT u—W)-ndLds, (54)
(1)

and that of the barotropic interaction associated with
pressure work for the 7th region as

R [
W(Ap)=—— / fe,p]u -ndLdf. (55)
co Joo

The interpretation of these two terms is difficult if one
insists from the concept of available potential energy
that the atmosphere tends to the horizontally stratified
state within each storm region and then eventually to a
flat global state. Zero-order discontinuities would be
introduced. Such a condition is never realized by the
nature of the continuum of the fluid. As D & ]J state,
the concept that by virtue of the existence of available
potential energy the atmosphere tends to the flat
reference state is misleading. The atmosphere first of
all tends to quasi-hydrostatic balance and in extra-
tropical latitudes also tends to the geostrophic state.
The existence of these two states of balance requires
baroclinicity to provide the support through the thermal
wind to maintain a geostrophic component of the
momentum. Thus, both available potential and kinetic
energy must be present at all times. The flat reference
state of each region as well as the global state is a
hypothetical state and in all probability is not a
dynamically realizable state for a rotating atmosphere
responding internally to thermal forcing, friction and
boundary processes.

The form of (48) shows that the energy of the baro-
tropic state is given by a weighted mass distribution in
the volume where the weighting factor in the square
brackets of the integrand is a function of potential
temperature. The density distribution remains con-
tinuous within each region and across boundaries, while
the weight function changes only at each boundary and
remains constant within each region. Thus, for isen-
tropic flow, changes in the barotropic component of
available energy in each region are determined by
boundary processes. An extremely interesting facet of
this concept is the condition that the barotropic com-
ponent is unavailable for conversion to kinetic energy
for any scale within each open region. In contrast, the
concept of the global available potential energy states
that both the sum of the baroclinic and barotropic con-
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tribution from all regions are available for conversion
to kinetic energy. Mathematically, the fact that from
the global concept more energy is available for con-
version to kinetic energy than from the sum of the
baroclinic components is due to the condition that
additional constraints are introduced in the mass
potential temperature distribution by the definition of
local states. Thus, in the absence of boundary processes
there is less storm than global energy available for
conversion to kinetic energy unless p,; of all the regions
is equal to pg. /

In the physical sense, the barotropic component of
each region becomes available only by an interaction
with an adjacent region through boundary processes in
association with the scale-wise exchange of energy, e.g.,
the potential energy exchange between the storm and
scales larger than the storm volume, but within which
the storm is embedded. In the situation where the areal
extent of the important energy transformations and the
kinetic energy production is by scales of motion larger
than the area of an open system, the mass redistribution
associated with the large-scale release of available
potential energy will be through changes in the baro-
tropic component of adjacent regions and boundary
fluxes. In this sense the barotropic component due to
the contrast between regions is the available potential
energy of scales larger than the open region, and the
baroclinic component due to contrast within regions is
the available potential energy of all scales equal to or
smaller than the region. As the energy leaves one region
either by advection by or pressure work, the factor
which determines the energy available for conversion
to kinetic energy and the unavailable portion is the
weighting of the mass advection in the integrands of
Eqgs. (38), (39), (54) and (55). Only when the refer-
ence states of adjacent regions are equal will the ratio
of the baroclinic to the barotropic portion be preserved
through interaction at the common boundary. Vertical
cross sections of the weighting factors in the square
brackets of (38) and (39) along the boundary of the
storm should reveal the portion of the total potential
energy that becomes available for conversion to kinetic
energy through boundary processes and reveal the
influence of larger scales. In the same manner cross
sections of the efficiency factors reveal the portion of the
total heating that generates available potential energy.

8. Vertical energy exchange through hydrostatic
adjustment

Recently, Wiin-Nielsen (1968) has emphasized the
difference in principle between the energetics of non-
hydrostatic and hydrostatic atmospheres. Because the
hypothetical reference state is hydrostatic by definition,
the equations for the change of the reference state
internal and gravitational energies elucidate why the
available potential energy of a region of the atmosphere
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with limited vertical extent cannot be defined and how
changes in internal energy and gravitational potential
energy propagate vertically in a quasi-hydrostatic
medium as hydrostatic balance is maintained.

The equations were developed for any arbitrary
vertically walled region. Thus, let us consider a hydro-
static and horizontally stratified region of the atmo-
sphere defined in a hypothetical moving volume with
incremental horizontal area 4 and assume that the
motion is isentropic with boundary velocity W (x, v,6, £,)
=U(x, v, 6, 1)) 0. The condition from W=W (§) that
the lateral walls at 7y will not remain vertical is unim-
portant in considering the underlying process of the
internal-gravitational potential energy adjustment
associated with boundary work. Under the simplified
conditions the change of internal energy from (27) is
representative for a thin vertical column of the real
atmosphere and reduces to

dE G 2
—=———/ ¢f pJu-ndLdb
dt ¢pJay 54

¢ [T
=— / ¢f Ve- (pJu)dAds.  (56)
Cp Joy 84

Within the column the internal energy change associated
with lateral pressure work is equal to the product of the
gravitational potential energy and the divergence of the
mass transport or alternatively momentum. Momentum
divergence near the earth’s boundary does not con-
tribute significantly to internal energy changes through
pressure work because ¢ is near zero and p(f) on all
surfaces above the region of divergence is preserved in
the hydrostatic adjustment. In contrast, for a region
high in the atmosphere where ¢ is large, momentum
divergence reduces p(6) on all underlying isentropic
surfaces and causes a decrease in the internal energy in
the column below the level of divergence. As 7(6)
decreases, the hypothetical atmosphere contracts to
maintain hydrostatic balance and a change in its
gravitational potential energy occurs. The rate of change
of gravitational potential energy from (30) is

i—j: —/’:T [(ge—%ﬁ)fp]wndL]dﬂ,
dh /o :T [(ge—z—::b> /: ] v,-(pju)dA]do. 7

The last term of (57) is equal and opposite to the
internal energy change in (56). Their sum yields

‘Z_’:= 5 /e :T [g-e A ] v,-(pfu)dA:ldo, (s8)
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which is the result for total potential energy change by
pressure work in a barotropic region. Within the basic
energy equations, the pressure work associated with
expansion or contraction only produces an internal
energy change. However, in an atmosphere which
adjusts to maintain hydrostatic balance, changes must
oceur for both internal and gravitational potential
energy to maintain this characteristic ratio and a read-
justment occurs through the entire column. It is only
because the time scale of the hydrostatic adjustment is
minute compared to the time scale of the large organized
scales that the energetics of the quasi-hydrostatic
atmosphere are effectively equivalent to the energetics
of a hypothetical hydrostatic atmosphere. The atmo-
sphere is never in exact hydrostatic balance and an
assumption of balance does not alter the mode of energy
exchange for the real atmosphere. However, these
equations illustrate the changes between internal and
gravitational potential energy in a quasi-hydrostatic
and compressible atmosphere that are forced by momen-
tum divergence through pressure work.

In view of this mode of energy propagation in the
vertical direction, not only is it impossible to define
available potential energy for regions of the atmosphere
with limited vertical extent (Van Mieghem, 1967), but
it is also impossible to determine its rate of change. For
example, significant changes of geopotential energy in
the stratosphere will be forced by momentum conver-
gence in the lower troposphere. The tropospheric
momentum convergence (or divergence) changes the
gravitational potential energy and the reference state
gravitational potential energies of the stratosphere by
differing amounts. Thus, in the physical sense, changes
of the stratospheric component of available potential
energy will be coupled and likely strongly forced by
tropospheric events, a conclusion which agrees with the
diagnostic results of Oort (1964). Whether the com-
ponent of the available potential of the upper strato-
spheric and mesospheric regions is strongly coupled with
tropospheric changes depends on whether or not the
vertical energy exchange associated with a form of Dines
compensation is restricted to the region below 25 km.
It is certain, in the mathematical sense, that it is
impossible to formulate a kinetic-available potential
energy conservation principle for frictionless isentropic
motion for any region of the atmosphere limited in its
vertical extent. Thus, the presence or lack of coupling
must depend on the nature of the momentum distribu-
tion within the atmosphere, a problem which Charney
and Drazin (1961) considered for the quasi-geostrophic
component of the planetary disturbances. Since Egs.
(32)-(34) show that the energy exchange occurs pri-
marily through the irrotational component of the mo-
mentum distribution, their conclusions concerning the
lack of the escape of tropospheric energy into the up-
per atmosphere rest primarily on the conditions of
quasi-horizontal orientation for isentropic surfaces,

horizonally invariant static stability, hydrostatic
balance, and geostrophy of the medium (Charney,
1948)

9. Conclusions

The question whether or not in situ diabatic pro-
cesses are important in the thermodynamics of the
storm has remained unresolved since Espy (1841)
emphasized the importance of latent heat release in the
cyclone. With the introduction of baroclinic instability
theory, the pendulum of thought has been swayed to the
viewpoint that the storms of the extratropics are
manifestations of the adiabatic release of available
potential energy generated by diabatic processes at the
zonal scale. However, the statistical evidence of
Petterssen (1950) showing that cyclogenetic areas are
usually geographical regions where either sources of
sensible or latent heat exist has not been satisfactorily
explained. Within the vorticity framework, Petterssen
(1956) has emphasized the effects of heat sources and
sinks intensifying either cyclonic or anticyclonic circula-
tions. Within the energy framework, Palmén (1958),
Danard (1964, 1966) and Palmén and Newton (1969)
among others have emphasized the internal production
of kinetic energy due primarily to the latent heat release
in cyclones. The diagnostic results for the generation of
available potential energy summarized in this study
support the argument that the in situ source of energy
by diabatic processes is important in explaining the
maintenance of the storm’s kinetic energy. Still a
complete theory of the birth, the maturation and the
decay of a storm must involve the simultaneous solution
of the mass, momentum and energy relations.

Possibly the two important facets of this study are the
development of the theory of available potential energy
for open systems and from it the concept of a storm
efficiency structure connected with the meandering
baroclinic zone embedded in the long waves. In general,
the storm generation is positive, by heating at high
pressure and cooling at low pressure, only in the pre-
sence of a favorable baroclinic distribution. A favorable
distribution of baroclinity and of heating and cooling
will tend to increase the number of solenoids in the
plane transverse to the major axis of the core of mo-
mentum. Thus, for any initially balanced distribution
of mass and momentum on a rotating sphere, through
the solenoidal form of Bjerknes’ circulation” theorem
(Godske et al., 1957), we see that the baroclinity and
pattern of heating and cooling of the secondary circula-
tion that generates available potential energy will also
force a transverse circulation that increases the kinetic
energy of the basic current. Diagnostic evidence had
already established that strong small-scale vorticity
advection associated with a polar jet and its thermal
support is important in cyclogenesis. The theory of
storm available potential energy points out that an in
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situ source of available potential energy by diabatic
processes can only be realized in the presence of the
local baroclinity, a local condition created by the
propagating polar jet core in its adjustment to quasi-
geostrophic balance. Preliminary diagnostic results
show that the generation is positive and significant at
the secondary scale. When these results within the
framework of energetics are coupled with the effects of
thermodynamic processes in the mass and momentum
relations, a theory for the extratropical cyclone that
emphasizes the joint importance of adiabatic and
diabatic processes will likely be established.
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APPENDIX A: A derivation of the time rate of change of reference state
energies

In this appendix an extended derivation of the energies of the refer-
ence state is presented for the interested researcher.

The rate of change of the specific internal energy of the reference
state from its definition and (9) is

de
r

=£ kdo gpel(28 ,d6 28, (A-1)

9 «
Sl T ey (B 4t st " dt 00
where the condition that p = p(0,t) is used. From (1), (2), the equation
of continuity and an integration the time rate of change of p is
Op
B _ -f v .p]’gd{).{-p]d—e (A-2)
at6 5 U dt

where o is a variable of integration representing 6 and the condition

that pJ g?e is zero at 0., is applied. The combination of (A-1) and (A-2)

T
with (25) yields

0
dE T NP,
b e kde oL S de  de 8p
ol CV(Poo) {pl{ﬁ dt+K9ﬁ [ { VO p]gd0+pldt+dt ae]}dve
0
(A-3)
+ [ V- [e pI(W-wldv
0 r [¢]
\
0
From the relations
9B _ _ =3 1)
50 pJ (A-4)
— k-l QQK 1 Poo Ka(pr
<0PTPT " = 059 = "5 (g ) T i
P

and an area averaging within the storm volume (A-3) reduces to
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0

dEr " K_Te =} a:pr T o el
dt :cvf(poom PTat ~% (e [ Iy pTuaavy
\Y 0
0
+ [ Vg le oW -wldv, (A-6)

Ve
An integration by parts and use of the definition of P, from (8) yields

dE 8
r

—L=-c f(pL)" rde . 2 fTv- Judd) + ¢ V_+ pJuldV
at %y ‘peo’ Pt "% loe rd Vo Pl Vg pIUIAV,
0

+ [V le pIW - wlav, (A-7)

The second right-hand term integrates to the vertical boundaries and van-
1shes from the condition that ¢ is zero at 6 and

f *pJudd is zero at o Finally, from the divergence theorem, the

T"

time rate of change of the internal energy of the reference state becomes

=L = 5 f<—)p1 f gSpI[—¢u+e<u—W)] n dLde
V

8 (A-8)

The rate of change of specific gravitational potential energy using
Leibnitz's rule to differentiate ¢r(e, t) from (10) is

6

dé
L g _.B_ _ ap" de .0 r
FTR . Tt = {{ p00t 99 70 59 at ]eo} (5=

The use of (A-2) and (A-4) yields
r g K o 9 k-1 eT — 9 , k-1
- = R(E;) fe 0 55{6 { Vﬁ- pludy » - 6 20 B PTg)de
0

+ epK‘lﬁgtg]go } (A-10)
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From an integration by parts of the second right-hand term, the time rate
of change of specific internal energy becomes

de 0 eT ey
r g « 9 k-1 — k-1 de
— = R(— < 5 3 =2
m (5o) {oeae (B { Vye pTudd) + 8" pJi - do
-1 —de de.e
-0 [p7 gt~ Pl g ]9 (A-11)

The velocity of the lower boundary of the reference atmosphere is de-
fined by

L -[prd2 P75, (A-12)

i.e., it is determined by area averaged vertical mass transport through
0o in the actual atmosphere. From the use of the lower boundary condi-
tion, (A-11) reduces to

0 ——

C] T
g K 9 k-1
e R P 1) —
R‘poo’[goeae‘ﬁ { vy« pluad) + g 7 pr St

—op ! pr 98 98y (a-13)

The substitution of (A-13) into the time rate of change of gravitational
potential energy of the reference state, from (28), yields

da_ 07
9, k-1 de
3 R(-—) S f[:p > (B f Vg pludd) + pIdt]d«’ av,
\' 0o
0

+ [ Y [o, pTW - wlav,
\'

o (A-14)

where both ¢ and U are variables of integration representing 6. The
last two terms of (A-13) summed to zero by area averaging within the storm

volume.,

Through the use of (A-4) and an integration by parts, we find that
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de 0 Op ST
ki SRS S 3 1 B k-l i
a = RED fae ‘3f["’a<p(‘3 S Vy pludd) +8° "ol o de
A 8o 0
= 0
{6 122 4 op 2 “’lfTv - pJudob+ [V - ¢pT(u - WydV
B PTgy * 0P 5o (P . g P2 VefbrPE__)e
0
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The first right-hand term integrates to the vertical boundaries and vanishes
from the conditions that B(eT) is zero and the indefinite integral with
respect to ¢ is zero when evaluated at 6, . The differentiation of the
third right-hand term and use of (8), (9) and (A-5) yields

0
de = c 1% T
r Pr « _de = v X: e
— = R(—— - _ . - — .
= J (- Plge ~RTV, - elu -0 (5 J Vyr pludd)
0 P

+ Y+ Lo pTW - wlav,  (a-16)

Again through an integration by parts, (A-16) becomes

0
de p. —— c T
r r « _de v 9
_T _ el de _ ; A (i : 3
at VfR(poo) Plgy ~RTNVg " Plu o, 86[¢r£ Vy © plud
0

o,V r plup + Y ¢ o pJW - wav (A-17)

Through vertical integration and an application of boundary conditions, the
third right-hand term is zero. Finally, from a rearrangement and use of the
divergence theorem, the rate of change of the specific gravitational poten-
tial energy becomes

0

de P T c

o Ly 40 B =X

o =RS GO ergrav - [ Bellicre - —Co)u
Ve B0 v p

+¢w-W)]* ndLde (A-18)
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THE GENERATION OF AVAILABLE POTENTIAL ENERGY
BY LATENT HEAT RELEASE IN A MID-LATITUDE CYCLONE
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ABSTRACT

The theory of available potential energy applied to a “translating” atmospheric volume is used to estimate the
generation of available potential energy for the cyclogenetic, mature, and occluding stages of a mid-latitude eyclone.
Primary attention is focused upon the importance of the diabatic process of latent heat release in generating the storm’s
available potential energy. In addition, preliminary estimates for the process of infrared cooling are presented.

Total latent heat release is determined from observed precipitation rates. Three different models for the vertical
distribution of latent heat release together with the storm’s structure provided by isentropic analyses are utilized to
estimate the contribution by latent heat release to the available potential energy of the disturbance. For each stage
of the storm, variations in the generation estimates between models were extremely small. For the cyclogenetic, mature,
and occluding stages, generation estimates of approximately 1, 8, and 6 W m™2, respectively, reflected changes in
the horizontal distribution of precipitation about the storm.

Two simplified cooling distrik were d to evaluate the importance of infrared cooling in the gencration.
The first was one of uniform cooling at the rate of 1.4°C day —! thoughout the volume, and the second was one in
which the clear air was cooled at a greater rate than the cloudy air. Positive generation estimates on the order of 1
to 2 W m™2 resulted from these calculations.

The results of this study indicate that the diabatic process of latent heat release is very likely an important
factor in the subsequent behavior of the system. It is speculated that an energy supply of this magnitude, available for
immediate conversion to kinetic energy, is sufficient to offset a major portion of the storm’s frictional dissipation.
Generation estimates for the process of infrared cooling, while less reliable than those for latent heat release, indicate

that this process also contributes to the storm’s available potential energy supply.

1. INTRODUCTION

In contrast to earlier theories of the general circulation
envisioning one or more meridional cells, atmospheric
scientists have rejected this simplified view and empha-
sized the importance of the atmosphere’s quasi-horizontal
motion in satisfying the required heat and momentum
transport for the global scale. The general circulation
theory formulated during the last two decades and sum-
marized by Lorenz (1967) is based upon evidence that the
“nonzonal inequalities” are the principal site of the
conversion of atmospheric potential energy to kinetic
energy (Starr 1958). According to this theory, the east-
west thermal contrast within the migratory systems
represents available potential energy that is converted
to kinetic energy through the process of rising warm air
and sinking cold air.

! Now affiliated with the Department of Earth Science, Edinboro State College,
Edinboro, Pa.
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The importance of the adiabatic conversion of available
potential energy to kinetic energy within the cyclones
and anticyclones is a central feature of this theory.
Recently, however, the importance of diabatic effects, in
particular latent heat release, within the cyclonic circula-
tions is being realized. Investigations by Aubert (1957),
Eliassen (1962), Rao (1966), and others have emphasized
the contribution of released latent heat to the vertical
motion field, while Danard (1964, 1966) has shown that
this process contributes to available potential energy
production and an increased rate of energy conversion
during the mature stage of a cyclone. These results
support Petterssen’s (1960) belief that it is not reasonable
to treat the mobile weather systems as manifestations of
adiabatic processes while simultaneously searching for
energy sources and sinks to account for the general circu-
lation of which these systems are an integral part.
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To provide a better understanding of the importance of
diabatic processes within the energetics of cyclones, this
study focuses primary attention on the distribution of
released latent heat in producing energy available for
conversion to kinetic energy within the scale of these
systems. Brief consideration is also given to its production
by the process of infrared emission.

The generation of available potential energy by the
release of latent heat is studied using models approximat-
ing the vertical heating distribution. The total latent heat
release in the vertical is determined from the surface
precipitation rate, while the distribution of heating is
specified by relating variations in the condensation rate to
models of vertical motion. These heating models and the
atmospheric structure provided by isentropic analyses
are used to estimate the generation of available potential
energy for the developing, mature, and early occluding
stages of a mid-latitude cyclone. The generation by in-
frared radiative processes is obtained from assumed
infrared cooling distributions. This approach provides an
estimate of the in situ generation of the storm’s available
potential energy. The boundary layer frictional dissipa-
tion is also estimated to contrast the relative importance
of the storm’s energy source by diabatic processes with
its sink by frictional effects.

2. BASIC ENERGY EQUATIONS

Following Margules (1903), Lorenz (1955) defined
available potential energy as the sum of the internal and
gravitational potential energy in the actual atmosphere
minus the sum of these energies after an adiabatic mass
redistribution of the global atmosphere to a horizontal,
statically stable density stratification. The atmospheric
configuration achieved by this hypothetical redistribution
is commonly called the reference state.

Unfortunately, available potential energy theory based
upon a global reference state does not provide a firm basis
for energy studies of smaller scales of atmospheric motion.
Because the most intense conversion of available poten-
tial energy to kinetic energy occurs in the migratory
cyclones and anticyclones of middle latitudes, budget
studies of this scale of motion are necessary for a proper
understanding of their role in the general circulation. The
theoretical basis for such studies has been provided
recently by Johnson (1970), who has developed budget
equations for the available potential energy of a storm by
defining a reference state for a volume surrounding and
moving with the disturbance. Within this volume, the
storm’s available potential energy is

A=7—7, 1
where = and =, are respectively the total potential
energy (internal plus gravitational) in the existing atmos-
phere and the reference state. The overbar represents the

area average of a quantity, and the subscript » represents
the value of a quantity in the reference state.
The time rate of change of the storm’s available potential

energy is

dA_dr_dr,

didt T di @
that shows the dependence on the changes of the actual
and reference state energies in the translating volume.

From Johnson (1970), the rate of change of the storm’s
available potential energy is

: =G—C(A, K)+B (3)

al &

where @ is the generation of available potential energy
by diabatic processes, ('(4, K) is the rate of conversion
of available potential energy to kinetic energy, and B
is the change of available potential energy produced by
pressure work on and relative advection through the
boundary of the translating volume. The major differences
between the available potential energy expressions for
a global or storm budget are the boundary term and the
redefined reference state. If the volume is extended to
include the entire atmosphere, the boundary term vanishes,
and the generation and conversion correspond to the
global expressions derived by Dutton and Johnson (1967).
In this study, only the generation of the storm’s available
potential energy is determined.

In isentropic coordinates, the generation of the storm’s
available potential energy is

G= f. :’ epdsQ,d0 (4)

where p is density, @, is the rate of specific heat addition,
0, and 6, are the atmosphere’s minimum and maximum
potential temperatures, respectively. .J, is the transfor-
mation Jacobian |dz/08|. The efficiency factor in eq (4) is

ri-(8)

where « is the ratio of the gas constant R to the specific
heat at constant pressure ¢, and p, is the reference pressure
of an isentropic surface. Under the hydrostatic assump-
tion, the reference pressure p, may be evaluated by area-
averaging the atmospheric pressure on an isentropic sur-
face (Dutton and Johnson 1967).

In diagnostic energy studies of the effects of diabatic
heating, the efficiency factor is an important element. It
is a measure of the condition that for diabatic processes
the change of total potential energy in the actual atmos-
phere may differ from that in the reference atmosphere.
Examination of eq (2) shows that available potential
energy is produced when the change of atmospheric total

(%)
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potential energy exceeds the change of the reference
atmosphere’s total potential energy. A positive (negative)
generation results when heating (cooling) occurs at
pressures higher and cooling (heating) at pressures lower
than the reference pressure.

In this study, the spatial distribution of efficiency
factors is obtained from isentropic analyses of a mid-
latitude cyclone, while observed surface precipitation
rates are used to establish total latent heat release.
Models developed in the next section, which approximate
the vertical distribution of latent heat release, are then
used in estimating the generation.

3. MODELS OF LATENT HEAT RELEASE

Latent heat release by the condensation process repre-
sents the sink of water vapor within the storm, while
sources of water vapor are primarily from low-level
advection of warm moist air from oceanic areas into the
storm. The relation between the storm’s water vapor
sources, sinks, and storage is first developed in a water
vapor budget equation before modeling the latent heat
release.

THE WATER VAPOR BUDGET EQUATION

The development of a water vapor budget equation for
a volume moving with the storm is based on the generali-
zation of the Leibnitz rule for the differentiation of
integrals. In general, the total water vapor mass in an
arbitrary volume defined in pressure coordinates is

- a,av, ®

where ¢ is the specific humidity, o, is the transformation
Jacobian [32/dp| and V, is the volume of integration
bounded by vertical walls and lower and upper pressure
surfaces p; and ,. The differential dV/, is equal to dpdady.
From the generalization of the Leibnitz rule to three
dimensions, the time rate of change of the storm’s water
Vapor mass is

@[, [& @) +v, @i Wl @re v, o

where again W is the lateral boundary velocity and wp is
the velocity of the vertical boundary with respect to the
vertical pressure coordinate.

By substituting the continuity equation in pressure
coordinates

& (w0l (% U+52)=0 ®
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into eq (7), the budget equation becomes

R {07, 849, o, W)
’ )
+ a5 0T wn—a)] } AV, (9)

where  is the fluid vertical velocity in pressure coordinates.
From use of the divergence theorem, the budget equa-
tion for the storm’s water vapor mass is

dQ_[ (", dg " e
& f f,, oJ, A dpid— f : L 40 (U—W) « ndLdp
+ . {1gpT o—wn)lpi~lap T (o—n), JdS.  (10)

The lower vertical boundary of the volume will be the
surface of the earth. This condition is maintained by
equating p, to po and ws(2,y,po,t) to w(z,y,po,t). Thus the
fluid always remains in contact with the earth’s surface.
Now, by defining the relative velocity of the fluid, U,, to
be the difference between U and W and letting the upper
surface of the volume be a fixed pressure surface [so that
wp(p,) vanishes], the storm’s water vapor budget equation

becomes
B[ I o9, Fapaa
7 [n- (@er01dLdp+ [ (a0 .
From the hydrostatic assumption and the expression
(11)

the final budget equation for the storm’s water vapor mass
is

S s 2
ot yA"wdpdpdAg i an, 4

+5 [ s, 2)

The first term in eq (12) represents sources and sinks by
evaporation and condensation of water vapor within the
moving volume and will be denoted by S(Q). The last two
terms measure the flux of water vapor through the lateral
boundary by the relative velocity of the fluid and by verti-
cal advection through the volume’s upper surface. If the
volume is extended to the top of the atmosphere, the last
term also vanishes under the condition that w(0) is zero.

In this study, the generation of available potential
energy by the release of latent heat is emphasized. Thus,
only the sink of water vapor by the process of condensation



24

is considered. In a mature storm, the water vapor storage
tends to be constant, such that the sink by condensation is
primarily balanced by lateral inflow in the low tropo-
sphere. Vertical advection through the upper surface must
be small for budget volumes extending into the strato-
sphere or high troposphere.

In all three models employed in this study, it is assumed
that condensation occurs for upward vertical motion
when ¢ is equal to g,. Thus, the change of water vapor
mass in the subregion of the source integral where these
conditions are satisfied is

_1 e dg, g
s@=y [, [eGinia, (e=g;e<0) (9

where the subseript s denotes the condition of saturation
and the pressures p;, and p., denote the lower and upper
boundary pressures for the precipitating portion of the
volume.

Under the assumption that all the condensed water
vapor precipitates immediately, the relation between
S(Q.) and the precipitation rate is

S(Q, =—fA puPdA, (14)

where P is the rate of precipitation (ecm hr'), p, is the
density of water, and A, is the area of the precipitating
region.

By combining eq (13) and (14) and using the knowledge
that the precipitation rate is a measure of the rate of
latent heat release, the total heating in the region defined
for S(Q,) is

Hy(S)= [ Lupubid=—2[ [™Luflapia, as)
A5 9Ja, Jry dp

where L, is the latent heat of condensation. Note the
integrand of eq (15), a function of the vertical motion
distribution and the individual change of specific humidity
with pressure, is equal to the latent heating component
of Q.. In the next section, three models of latent heat
release are developed to estimate the spatial distril ution
of latent heat release in the cyclone.

PHYSICAL MODELING

Models for the vertical distribution of latent heat release
are obtained by assuming different profiles of the vertical
motion and the individual change of specific humidity with
pressure that satisfy the integral constraint of eq (15).
Each model utilizes the observed surface precipitation
rate to establish the total latent heat release in the
atmospheric column.
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In the models, heat is distributed between the lifting
condensation level p,, and an assumed cloud top level
corresponding to the upper boundary of the precipitating
volume p,,. Examination of soundings at stations reporting
steady precipitation showed close agreement between the
lifting condensation level and the observed cloud bases.
However, because cloud tops are not easily determined from
soundings, several different cloud top levels are selected to
study the influence of various heating profiles in the
estimates for the generation of available potential energy.

First model of latent heat release. Bradbury (1957) and
others have shown that the major flux of moisture into
extratropical cyclones occurs below 800 mb. Because the
equivalent potential temperature of air below 800 mb
tends to be constant due to mixing in the boundary layer,
Bradbury’s result supports the assumption of a constant
equivalent potential temperature for the first model.
Thus, the moist adiabat through the lifting condensation
level (LCL) defines the profile of the individual change of
specific humidity. It is also assumed in the first model that
the vertical velocity from the LCL to the cloud top is
constant. The observed precipitation rate at the surface
and the assumed cloud top uniquely determine the value
of the vertical motion necessary to satisfy eq (15).

Typical profiles of vertical motion and latent heat
release from this model are shown in figure 1A. The small
heating maximum in the middle troposphere is associated
with the maximum value of dg,/dp on the pseudoadiabat.

Second model of latent heat release. The assumption of
constant vertical motion made in the first model, though
not unreasonable for shallow saturated layers, is not
representative of large-scale vertical velocities over any
substantial vertical extent of the atmosphere. In the
second model, the vertical motion profile is assumed to be
quadratic between the earth’s surface and the cloud top,
while the assumption of constant equivalent potential
temperature for the ascending air is retained. A quadratic
form for the vertical motion is

w=wn(1—X?) (16)
where w, is the maximum upward vertical velocity at X
equal to zero. The scaled pressure variable is

_p—4% (putp) P2 P2Pa
= aw) —15X<H1 a7
where p, and p,, are the surface and the cloud top pressures,
respectively.

Figure 1B presents the profiles of vertical motion and
latent heat release from the second model for the same
initial data used in the first model. Note that the heating
maximum in the middle troposphere for the second
model is substantially greater than the first model.
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Fiaure 1.—Profiles of vertical motion and latent heat release for
(A) model 1 and (B) model 2. Parameters for both models are
indicated in the lower left corner of (A).

Third model of latent heat release. The assumption of con-
stant equivalent potential temperature made in the pre-
vious two models implies that the lapse rate in the satura-
ted portion of the column is moist adiabatic. Examination
of soundings with deep saturated layers producing precipi-
tation shows departures from this condition. In the third
model, vertical variations in the equivalent potential
temperature are allowed, while using the quadratic model-
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ing of the vertical motion. The assumption of saturation
on isentropic surfaces above the LCL but below the cloud
top level together with pressure analyses of these surfaces
determines the spatial distribution of equivalent potential
temperature.

The vertical distribution of heating from the second and
third models is quite similar. However, in the stable atmos-
phere, the third model releases more heat in the upper por-
tion of the atmosphere than the second model because the
equivalent potential temperature is assumed to increase
with height.

4, COMPUTATIONAL PROCEDURES

PRECIPITATION RATE AND LATENT HEAT ADDITION

Precipitation rates used to establish the latent heating
distribution were obtained from hourly amounts recorded
at several hundred stations throughout the United States.
At each location, an average precipitation rate for a 4-hr
period was determined. The area distribution of precipi-
tation for a 1° grid was obtained by averaging the station
data lying within a 0.6° latitude radius of each grid point.
The objectively analyzed field using this scheme com-
pared favorably with a subjective analysis.

Obviously, some error is made when using rainfall
amounts to estimate latent heat release, since condensa-
tion can occur without precipitation. Wexler and Atlas
(1958) state, however, that cloud storage of liquid water is
small, especially in stratiform clouds producing precipita-
tion and need not be considered in the calculation of rain-
fall rates. This indicates that errors in latent heat estimates
induced by condensation without precipitation are mini-
mal and the vertical profile of heating may be determined
by using the total latent heat release based on the
precipitation rate. The finite estimate of the latent
heating per unit mass corresponding to the condensation
rate at the ith grid point on the kth isentropic surface is

QM=—L,.w¢(%)“- 18)

EFFICIENCY FACTOR

The efficiency factors were obtained from 10 isentropic
surfaces equally spaced at 5°K intervals from 280° to
325°K. In computing the efficiency factor, the reference
pressure p,(6;) was obtained for a circular volume with a
1700-km radius centered about the storm; and on under-
ground portions of isentropic surfaces (Lorenz 1955), the
pressure was set equal to the surface pressure. The grid-
point estimate of the efficiency factor is

¢a=1—(1’;-:)‘- (19)
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Under the hydrostatic assumption, the finite approxi-
mation of the generation of available potential energy is

12

G=§ é g GuApu

where n is the number of grid points and Apy is one-half
the difference between p,—, and p.y. The generation
estimate at each tkth point is

Qu=€uQn,.

(20)

(21)

FRICTIONAL DISSIPATION

Frictional dissipation estimates for the planetary bound-
ary layer are obtained using Lettau’s (1961) formulation.
The dissipation at the ith grid point is

D=p,C;, U3, cosa (22)
where U, is the geostrophic wind and « is the angular
departure of the geostrophic wind vector from the surface
shear stress. The geostrophic drag coefficient (Kung 1963)
18

C, =k [In(U, /20 f1)—1.865]" (23)
where k is the von Karmén constant equal to 0.4, z, is the
roughness parameter, and f is the Coriolis parameter. In
this study, z, was assumed to be 50 cm, a representative
value for the geographical region of the storm (Kung 1963),
and « was assumed to be 20°.

5. THE CASE STUDY

SYNOPTIC DESCRIPTION

The cyclone selected for study developed rapidly on
Mar. 25-26, 1964. The surface and 300°K isentropic
analyses for three successive stages of the storm are pre-
sented in figure 2. At 1200 amT on the 25th, the cyclone
was located in northern Arkansas and southern Missouri
along a frontal zone associated with strong low-level
northward advection of warm, moist subtropical air (m7)
from the Gulf of Mexico and southward advection of
continental polar air (¢P) from the northern Plains States.

The region of lowest pressure on the 300°K isentropic
surface at 1200 aMT on the 25th shows that the coldest air
was situated over Colorado and Wyoming. A strong
baroclinic zone, indicated by the large gradient of pressure,
was located to the rear of the developing depression. Above
the baroclinic zone, 500-mb winds attained speeds of 80
kt in a portion of the jet core extending from northern
Texas to Iowa.

By 0000 emT on the 26th (fig. 2C), the cyclone was well
developed and was moving northeastward at about 30
kt while deepening at the rate of approximately 1 mb hr='.
The vertical axis of the system still sloped to the west, with
the 500-mb trough extending from the Dakotas to western
Texas. The baroclinic zone (fig. 2D) that was located west
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of the surface position of the cyclone had intensified. The
500-mb winds in excess of 90 kt extended from Oklahoma
to northern Illinois.

By 1200 Mt on the 26th (fig. 2E), the system had just
begun to occlude after reaching southern Ontario. A
closed Low on the 500-mb surface centered over Lake
Michigan indicated that the axis of the system was now
nearly vertical. The 300°K isentropic analysis (fig. 2F)
shows the baroclinic zone extending from directly over
the surface system to the southwest. This is to be con-
trasted with its location well to the west of the Low
during the cyclogenetic (March 25 1200 aMT) and mature
(March 26 0000 cmT) stages. Again, the maximum 500-
mb wind region extending from Tennessee to southern
Ontario was situated above the 300°K baroclinic zone.

VERTICAL AND HORIZONTAL DISTRIBUTION
OF EFFICIENCY FACTORS

The generation of the storm’s available potential
energy is a function of the diabatic heating field and
thermodynamic structure. The latter is implicitly mani-
fested in the efficiency factor distribution. The pressure
analysis on 10 isentropic surfaces was utilized to provide
the efficiency factor distribution because isobars are also
isolines of efficiency factors. In figures 2B, 2D, and 2F,
efficiency factors for the 1700-km radial area correspond-
ing to the isobars are presented in parentheses. The
pressure analysis, primarily indicating the vertical dis-
placement of the isentrope from low-tropospheric sub-
tropical air to high-tropospheric polar air illustrates the
relationship between thermal structure, efficiency factors,
and regions where net heating and cooling generate avail-
able potential energy.

The reference pressure, also the area-averaged pressure
for the storm, is presented in figure 3. As the storm
evolved and moved northeastward, the reference pressure
for all the isentropic surfaces decreased due to the relative
inward flux of ¢P air and outward flux of mT air at the
lateral boundary. Note in figures 2B, 2D, and 2F the
decrease in reference pressure with time for the 300°K
surface resulted in increasing the positive efficiency
factors at high pressures in the subtropical air but de-
creasing the magnitude of the negative efficiencies at low
pressures in the polar air.

Cross sections of potential temperature and efficiency
factors along latitude circles were also prepared to study
the time and vertical variation of efficiency factors within
all stages of the storm. However, only three cross sections
through the mature stage are presented in figure 4. For
their position with respect to the storm center, refer to
figure 2C. The cross sections show that the largest posi-
tive values occur at about 750 mb southeast of the surface
low-pressure center, while the largest negative values
occur at the 300-mb level in the polar troposphere north-
west of the surface frontal zone. The three cross sections
portray the contraction of the positive efficiency area
and expansion of the negative area as one moves north-
ward
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Fraure 2.—Surface analyses for the cyclogenetic, mature, and luded stages are pi d in (A), (C), and (E). The dashed circular
line outlines the region of the storm for which the generation was estimated. Pressure analyses (in mb) on the 300°K surface for the
three stages are presented in (B), (D), and (F). The values of the efficiency factor isopleth for the 1700-km area that corresponds
to the isobars are indicated in parentheses.
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Figure 3.—Vertical profile of the reference pressure for the three
stages of the storm.

While the same general features prevailed in the cross
sections for both the developing and occluding stages,
there were some differences. During the 24-hr period, the
positive values in the subtropical air increased, and the
absolute values of the efficiency factors in the polar air
decreased. This tendency was related to the decrease in
reference pressures as the storm evolved (fig. 3).

The cross sections and the 300°K isentropic analyses for
all stages of the storm show that the zero efficiency factor
isoline approximately coincides with the location of a
major precipitation area commonly located north of the
Low center. Released latent heat in these regions would
therefore contribute to very small or even negative gen-
eration. In contrast, the peripheral areas of the cyclone
where efficiency factors attain their largest absolute values
are the regions where diabatic processes assume greater
importance in the generation of available potential energy
for the storm.

Another interesting feature noted in the evolution of the
efficiency structure is the tendency for the zero efficiency
isopleth to be more horizontal in the early stage and more
vertical in the mature and occluded stage. In considering
the effects of total heating, the efficiency structure indi-
cates that low tropospheric heating and high tropospheric
cooling are more efficient mechanisms in generating avail-
able potential energy in the cyclogenetic stage and that
horizontal differential heating will become more efficient
in the subsequent stages. A similar evolution was noted by
Hahn and Horn (1969).

EFFICIENCY FACTORS.
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Ficure 4.—East-west cross sections of efficiency factors (solid line,
values times 107%) and potential temperature (dotted line, °K)
for the mature stage.

PRECIPITATION DISTRIBUTION

Precipitation rates used to establish total latent heat
release are presented in figures 5A, 5C, and 5E. During the
cyclogenetic stage, precipitation occurred in both the sub-
tropical and polar air. Snow showers in the Western States
resulted from upslope motion and low-level instability in
the cold air. The region of maximum warm frontal precipi-
tation extending from northeastern Missouri to western
New York just north of the warm front resulted from
thunderstorm activity and convective instability in the
subtropical air. In some cases, snow was observed with
these convective cells. The region of heaviest precipitation
in northern Georgia, Alabama, and eastern Tennessee
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Fraurr 5. —Rate of precipitation (mm hr—1) and generation estimates (10? ergs g~! em™ s™1) on the 300°K surface for the cyclogenetie,
mature, and occluded stages.

resulted from thunderstorms substantially ahead of the
storm center in the maritime air.

During the mature stage of the storm (March 26 at 0000
amr, fig. 5C), precipitation in the cold air north and east of
the Low resulted primarily from the large-scale vertical
motion field, while the areas of maximum precipitation in

the warm sector of the cyclone (fig. 2C) resulted mainly
from convective activity.

By March 26 at 1200 v, in the beginning of the oc-
cluded stage (fig. 5E), lower precipitation rates were ob-
served in the northern portions of the system, probably
resulting from the fact that the low-level moisture source
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TaBLE 1.—Estimates of the generation [watts (W) m™?] of available
potential energy by latent heat release and of the frictional dissipa-
tion (W m~?) in the boundary layer

Model of latent heat release 1 2 3 Frictional
dissipation
Assumed cloud top (mb) 300 300 200 300 400
Mar. 25, 1964, 12 (GMT) L0 Lo 0.7 0.9 L1 31
Mar. 26, 1964, 00 7.9 8.0 7.8 80 8.3 51
Mar. 26, 1964, 12 6.0 6.0 59 6.0 6.2 9.1

was being cut off in the occlusion process. Convective
activity along the cold front produced the largest precipi-
tation amounts in the southeastern United States.

Using all three models described in section 3, the rate of
release of latent heat was computed for isentropic surfaces
between the lifting condensation level and the assumed
cloud top, and analyses were prepared for the 300°K sur-
face. The distribution of latent heat release on this surface
closely resembled that of the surface precipitation rates,
and the analyses are not presented.

THE GENERATION AND FRICTIONAL DISSIPATION

Generation estimates using the three models described
in section 3 were computed for the storm. A cloud top of
300 mb was assumed for the computations with models 1
and 2, while cloud tops of 200, 300, and 400 mb were used
with model 3 to study the importance of vertical variations
of latent heat release in generating available potential
energy. The results of the computations (table 1) indicate
positive generation for each stage of the storm. How-
ever, the generation during the mature and early occluded
stage is nearly an order of magnitude greater than that
in the cyclogenetic stage.

The small generation values for the cyclogenetic stage
resulted from the conditions that precipitation tended to
be slight and evenly distributed in the warm and cold air.
This is evident on a comparison of the positive and nega-
tive generation areas presented in figures 5B, 5D, and 5F
that illustrate the variations of the generation contribu-
tion for the three stages. Notice that the negative genera-
tion area is largest during the cyclogenetic stage and that
the zone of maximum latent heat release in the northern
portion of the precipitating region of the cyclogenetic
stage (fig. 5B) caused little generation by virtue of its
coincidence with the zero efficiency isoline. The maximum
generation during the mature stage resulted from the
large precipitation amounts in the cyclone’s warm sector,
while the slightly smaller generation in the occluded stage
was associated with reduced precipitation amounts in
the same region.

Estimates of the area-averaged frictional dissipation of
the planetary boundary layer computed from eq (22) are
presented in the last column of table 1. In the cyclogenetic
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and early occluded stages, the boundary layer dissipation
exceeded the generation by the latent heat component.
In the mature stage, generation exceeds dissipation. The
increase of the generation by the latent heat component
from approximately 1.0 W m~? in the cyclogenetic stage
to 8.0 W m~? in the mature stage and the excess of the
generation over the frictional dissipation of 5.1 W m~? in
the mature stage strongly suggests that an in situ source
of energy exists within the storm that aids in its develop-
ment. All of the estimates suggest that the generation by
the latent heat component at the secondary scale is a
significant fraction of the rate of kinetic energy dissipation
within the storm.

VERTICAL DISTRIBUTION OF HEATING AND GENERATION

The latent heat component of the generation on an
isentropic surface is largely due to the covariance between
heating and the efficiency factor. The efficiency cross
sections showed that the largest positive factors occur at
high pressure in the subtropical air and the largest nega-
tive values occur at low pressure in the polar air. The
decrease of efficiency factors with height in both polar and
subtropical air indicates that the vertical variation of the
heating is also important in the generation process.
Vertical profiles were computed from the mass-weighted
integral defined by

F6)= S pJ, fdA. (29)

For f equal to @, and eQn, eq (24) provides profiles of
latent heat release and the generation contribution as a
function of potential temperature.

The physical interpretation of these profiles is difficult
if one attempts to associate the heating or generation on an
isentropic surface with geometric height. However, the
profiles explain the relationship between isentropic
structure, distribution of latent heat release, and
generation.

In figure 6A, profiles of latent heat release for three
stages of the cyclone are presented. These profiles were
computed using the third model of latent heat release
and a constant cloud top of 300 mb. The most interesting
feature is the time variation of the relative maximum
within the 300°-310°K layer associated with the latent
heat release in the subtropical air. In the cyclogenetic
stage, the maximum is somewhat lower than in the latter
two stages. This difference is due to the distribution of
precipitation about the storm. In the cyclogenetic stage,
approximately equal amounts of precipitation fell within
the warm and cold sectors. In the mature and occluded
stages, a larger percentage of the total rainfall occurred
in the warm sector, which contributed to latent heat
release at higher potential temperatures. While profiles
of heating with respect to pressure or geometric height
would display a similar quadratic variation, it is doubtful
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F1eure 6.—Profiles of latent heat release and generation for the
three stages from model 3 are presented in (A) and (B). Profiles of
latent heat release and generation for the mature stage incorporat-
ing a variable cloud top in model 3 are presented in (C) and (D).

that the upward displacement of the relative maximum
with respect to time would be detected.

The generation profiles in figure 6B c~nfirm the import-
ance of the vertical variation of precipitation with respect
to potential temperature. While approximately the same
amount of total heating occurred in the cyclogenetic and
occluded stages (7.3 102 ergs s™! vs. 7.4 X 10% ergs s™%),
the much smaller generation for the cyclogenetic stage
resulted from the condition that more precipitation oc-
curred in the negative efficiency region of the polar air.
See the negative and positive generation areas on the
300°K isentropic surface for the two time periods in
figures 5B and 5D. The maximum generation for the
mature stage is due not only to a more favorable horizontal
distribution of precipitation but also to the condition
that the maximum latent heat release of 13.1X10%
ergs s~! occurred for this stage.

In figure 6C, the effect of varying the cloud top pa-
rameter is shown for the mature stage. Lowering the cloud
top increases the heating at lower levels but decreases
it at higher levels. A similar effect is evident in the genera-
tion profiles in figure 6D. The results in table 1 show that
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the total generation increases slightly with a lower cloud
top height. The assumption of a constant cloud top for a
cyclone is, of course, an oversimplification. In reality,
the cloud tops vary, and the latent heat release is dis-
tributed within different layers of the atmosphere in
various positions of the storm. However, the rather
slight dependency of the generation estimates to cloud
top variations indicates that the generation is not critically
dependent upon this parameter in this study.

This conclusion is reinforced by the rather close agree-
ment in generation estimates between the three models
of heat release for a 300-mb cloud top. Because the profiles
of latent heat release for model 1 showed a very uniform
distribution with potential temperature while those of
models 2 and 3 were of a quadratic nature, the agreement
in generation estimates must be due to the special nature
of the vertical distribution of the efficiencies. Note in
figure 1A that @, tends to be a constant value; and in
figure 1B, @, tends to be quadratic. If in the precipitating
subregion the product of e and dp/d6 tends to be linear,
the integrated product of @,, constant or quadratic func-
tion, with e(dp/06), a linear function, will tend toward
the same value for all three models.

While one may conclude for the diagnostic modeling
that the differences in this study between models and
within models are relatively unimportant for esti-
mates of the generation of available potential energy,
the same conclusion is not valid for a prognostic model
in isentropic coordinates. For an isentropic model, the
heating function is the ‘“‘vertical motion” with respect
to that coordinate system. Thus, since heating determines
the vertical exchange of mass, momentum, and energy in
an isentropic model, the prognostic heating profile must
converge to its corresponding profile in the atmosphere for
accurate numerical weather prediction.

TOTAL GENERATION AND FRICTIONAL DISSIPATION
AS A FUNCTION OF AREA

In the results presented thus far, a circular area with a
1700-km radius about the storm center was selected for
computing the reference pressure. One naturally questions
whether or not changes in area will cause significant varia-
tions in estimates of the storm’s generation of available
potential energy. To answer this question, table 2 presents
a comparison of the generation by the latent heat compo-
nent in the mature stage from the third model for smaller
circular areas centered about the storm. A cloud top of
400 mb was arbitrarily selected for the comparison.

The results in table 2 show that the total generation
estimates for the volume decreased 18 percent when the
radius of the circular area was decreased from 1700 to
1100 km. In contrast, the total boundary layer frictional
dissipation decreased about 38 percent for the same change
in area. The 38-percent decrease in total dissipation is due
to the reduced areal extent of the boundary layer. Two
factors account for the decrease in total generation. First,
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TaBLE 2.—Generation (G), frictional dissipation (D), total generation
(GA), and total b dary frictional dissipation (DA) for various
circular areas, A, about the mature stage of the storm. The cloud
top is assumed to be 400 mb.

Radius 14 (104 m3) GWm2) DWm? GAW) Da w)
(108 km)
17 9.0 8.3 51 7 45.9
14 6.2 1.3 58 70.0 36.0
L1 3.8 16.0 7.5 60.8 2.5

TasLe 3.—Total heating (104 W) and average generation (W m™?)
of available potential energy by latent heat release and infrared
emission for the storm volume with a 1700-km radius. Estimates
from latent heat release are by the third model with a cloud top of
200 mb. Infrared estimates are: test 1, uniform (—1.4°C day™);
test 2, clear (—1.6°C day™) versus cloudy (—1.2°C day™); test 3
clear (—1.8°C day™) versus cloudy (—1.0°C day™).

Total heating Generation
March ~ [Lime Inrared
(OMT)  latent  Infrared  Latent
model3 test1  model3 Test1 Test2 Test3
2 12 7.3 0.9 07 0.9 11 13
2 00 13.1 —10.4 7.8 12 16 2.0
2 12 7.4 ~10.9 5.9 11 L7 2.3

the increased reference pressures for the smaller areas
tended to increase the region of negative efficiency factors;
and second, the reduced areas contained less total precipi-
tation. Fortunately, the rather small variation in total
generation estimates shows that selection of the area for
computing the total generation by the storm is not critical.

One extremely interesting implication of these results is
evident in the estimates of mean generation. Note in
table 2 that the average generation increased from 8.3 to
16.0 W m™2, a result which indicates that the energy
generated is primarily available within the region where
development and intensity of the storm is a maximum.
Very likely at this time, the generation rate by this com-
ponent exceeds the total kinetic energy dissipation within
the 1100-km volume.

6. ESTIMATES OF THE GENERATION
BY INFRARED EMISSION

While the diabatic process of latent heat release is of
primary interest in this study, two simplified distributions
for the divergence of infrared irradiance were also assumed
to assess the possible importance of this process in generat-
ing the storm’s available potential energy. For the first
test, uniform heating throughout the volume of —1.4°C
day~! was assumed. The rate of specific heat addition was

computed by
_ (@
Qn=c, (—ai ’1 (25)
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where (3T/dt); is the instantaneous temperature change
due to infrared emission. Average generation estimates
for the storm volume with a 1700-km radius are presented
under test 1 in table 3. Note that the average generation
increased from the cyclogenetic to the mature stage and
then decreased by a very small amount from the mature
to the occluding stage. This trend in the estimates paral-
lels those for latent heat release, although the magnitudes
of the generation estimates by this model of infrared
emission are substantially lower than those for latent heat
release.

The importance of the covariant nature between a
given heating distribution and the efficiency factors in
generating available potential energy is evident in com-
paring the total heating and generation in table 3.

The order of magnitude of the total heating by the in-
frared and the latent heat components is the same for all
stages. In the cyclogenetic stage, approximately the same
generation resulted from these two processes. However,
in the mature and occluding stages, the generation by
latent heat release was substantially higher because the
major areas of precipitation occurred in the subtropical
air. The enhanced generation by latent heat release in the
latter two stages is due primarily to the increase of the
covariance of the efficiency and heating. For the case of
uniform infrared cooling, the covariance of @, and ¢(dp/36)
is zero, and the positive generation results because the
m veraged efficiency on an isentropic surface is nega-
tive. If Lorenz’ (1955) isobaric approximation had been
utilized, the estimate of generation from the uniform cool-
ing would be identically zero in contrast to the isentropic
estimate of approximately 1 W m=2

Because extensive middle and upper level stratoform
clouds substantially reduce the infrared cooling, two addi-
tional tests incorporating this effect were conducted.
Within the volume about the storm, the clear and cloudy
areas were determined from the synoptic data. Two dif-
ferent infrared cooling rates were then assumed to be rep-
resentative. The heating rates for clear and cloudy re-
gions for test 2 were —1.6°C day~! versus —1.2°C day™;
and for test 3, they were —1.8°C day™' versus 1.0°C
day™!, respectively. Admittedly, this approach is crude,
since the strong cooling at cloud tops was not incorporated
in the model. Results of the generation computations are
presented in table 3. The generation estimates from tests 2
and 3 are slightly greater than test 1. This increase is due
to the covariance between @, and ¢(dp/d6) because the
average of the heating remained —1.4°C day~'. However,
from a comparison of the results, the generation by the
latent heat component is the primary diabatic component
that provides an in situ source of energy to partially offset
the kinetic energy dissipation within this extratropical
cyclone.

7. SUMMARY AND CONCLUSIONS
In this study, the generation of storm available poten-
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tial energy (Johnson 1970) due to the process of latent
heat release has been estimated for the cyclogenetic, a
mature, and an early occluding stage of a mid-latitude
cyclone. Preliminary results for the process of infrared
cooling have also been presented. Three different models
for the vertical distribution of latent heat release produced
[ositive generation estimates for all stages of the storm.

Results from the third model, physically the most
realistic, show that the generation is primarily dependent
upon the distribution of precipitation about the cyclone.
The largest generation by the latent heat component, 6-8
W m~2, occurred in the latter two stages when the maxi-
mum latent heat release occurred in the cyclone’s warm
sector. In the cyclogenetic stage, the generation was about
1.0 W m™2, Because efficiency factors for the storm tend
to decrease with height, maximum condensation in the
lower' levels generates more available potential energy
than when condensation is a maximum at higher levels.

Two simplified infrared cooling distributions produced
generation estimates ranging from 1 to 2 W m~2. While
these results are tentative, they indicate that the process
of infrared cooling contributes a smaller portion of the
total generation for well-organized disturbances than for
developing systems.

The fact that latent heat release produced positive
generation values for all stages of the storm is significant.
However, from the small generation in the developing
stage, we conclude as Danard (1964) did that latent heat
release alone cannot initiate the development of a storm
but can provide an important source of energy for its
maintenance after its circulation is established.

Of the estimates for the three stages, the generation
by the latent heat component for the cyclogenetic stage
is probably the most questionable. In the modeling, it
was assumed that all condensed water vapor immediately
precipitated. However, in a developing cyclone, it is
possible that a significant percentage of the latent heat
was released in the formation of the extensive cloud
cover present in later stages of the cyclone. The diagnostic
model of this study is incapable of estimating this contri-
bution. Thus, one cannot conclusively state that the
energy generated by the latent heat release in the incipient
stage is not a factor in its early development.

The percentage error in the generation estimates in the
mature and occluding stages of 8 and 6 W m™? is likely
less susceptible to errors from net condensation not
precipitated. The magnitude of both estimates demon-
strates the importance of latent heat release in well-
organized synoptic systems. The time variations from 1
to 8 to 6 W m™2 for the three stages indicate that the in
situ source of energy available for conversion to kinetic
energy by the latent heat release is an important factor
in the transient behavior of the storm. The estimates of
boundary layer frictional dissipation by Lettau’s (1961)
model from the surface pressure gradient shows that
dissipation increases from 3 to 5 to 9 W m™2 during the
three stages. In contrast, the generation by the latent
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heat release and infrared emission reached its maximum
intensity during the mature stage, being nearly twice the
dissipation. It decreased by 2 W m~? from the mature to
the early occluding stage. From the condition #hat the
storm’s low-level moisture supply will continue to be
reduced in the occluding process and more latent heat
will be released in the cold core vortex of the occluded
system, very likely the generation will continue to de-
crease. The results of this study indicate that the decrease
in the generation precedes and likely exceeds the decrease
of kinetic energy dissipation in the storm. Thus, the
implication that the in situ energy generated by the
latent heat release to offset kinetic energy dissipation may
be an important factor in the transient behavior of the
disturbance is extremely interesting.

The results of this study compare favorably with those
obtained by Danard (1966). Using Lorenz’ approximate
equation, involving the covariance of isobaric deviations
of temperature and heating, Danard obtained a genera-
tion of approximately 11 W m™ for a region containing
a rapidly developing extratropical cyclone. Because a
large portion of the precipitation occurred in the warm
sector of the cyclones used for both this and Danard’s
study, the agreement between results re-emphasizes the
importance of the distribution of precipitation in generat-
ing available potential energy at the storm scale. The
distribution of precipitation about the storm studied here
is not typical of all extratropical cyclones. Many have
relatively dry warm sectors with major precipitation
areas north of the warm front. The generation by latent
heat release within these systems is probably less. Further
studies are needed to clarify the role of diabatic processes
within extratropical cyclones.

The interaction energetically of the middle-latitude
cyclone with the circumpolar vortex during the growth,
maturation, and decay of the storm is an unsolved prob-
lem. The results of this investigation that the in situ
generation of the storm is transient, at times being large
and being sufficient to offset a major portion of the local
frictional dissipation of the system, represents another
step in the search for the energy sources of the extra-
tropical cyclone.
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THE GENERATION OF AVAILABLE POTENTIAL ENERGY

BY SENSIBLE HEATING: A CASE STUDY

Robert L. Gall
and
Donald R. Johnson

Abstract:

The importance of the sensible heat transfer from the ocean to
the atmosphere within an east coast cyclone is studied using the
concept of available potential energy. Both the generation of the
storm's available potential energy by this diabatic component and
the boundary layer frictional dissipation are estimated.

The sensible heat transfer through the interface is calculated
by employing the bulk aerodynamic method. The ten meter wind
speed is estimated from the surface geostrophic wind models of
Rossby and Montgomery (1935) and Lettau (1961). For each model,
both a variable wind dependent and a fixed roughness parameter
are utilized. The sensible heat flux from the four different compu-
tations varied by 50 percent showing the sensitivity of the flux
estimates to the modeling of the boundary layer winds.

From the flux calculations both upper and lower bound esti-
mates of the storm generation by the sensible heating are deter-
mined. The upper bound estimate is made by adding all the thermal
energy to the superadiabatic surface layer, a few millibars in
vertical extent, while the lower bound is determined by distribut-
ing the energy uniformly within the dry adiabatic mixing layer
extending from a few to several hundred millibars vertically. These
bounds reflect the uncertainty in the nature of the energy transfer
between the turbulent scale of the boundary layer and the quasi-
horizontal scale of the storm. It is postulated that the true gen-
eration is bounded by these upper and lower estimates. For the
small area of 5.4 X 10% mZ, the lower bound generation estimates
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range from 0. 7 to 1. 9 watts m-z at 00Z and 1. 3 to 3.1 watts m-2
at 12Z while the upper bound ranges from 1. 5 to 3.9 at 00Z and
2.6 to 6.1 at 12Z for the four different estimates of sensible heat
transfer. The boundary layer frictional dissipation increases from
2.7 at 00Z to 7.1 watts m~2 at 12Z. The results indicate that
sensible heat generation is significant in the creation of the
cyclone's available potential energy, particularly during the early
cyclogenetic stage.

List of Symbols

A

available potential energy of the storm volume
total potential energy of the storm volume

pre ssure

temperature

density

potential temperature

potential temperature at the top of the atmosphere

volume of the region encircling the storm and extending from the
earth's surface to the top of the atmosphere

Jacobian of the transformation from Cartesian to isentropic
coordinates

efficiency factor

rate of heat addition per unit mass
sensible heat flux

upward sensible heat flux from the ocean
surface geostrophic wind speed

wind speed at anemometer height z

potential temperature of the air at anemometer height z
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OS(O) sea surface potential temperature

Ca(z) aerodynamic drag coefficient at anemometer height =z

Cg geostrophic drag coefficient

k von Karman's constant

Zg surface roughness parameter

a angle between the geostrophic wind vector and the surface shear
stress

D dissipation of kinetic energy

P, pressure at top of the mixing layer

cp specific heat at constant pressure

e specific heat at constant volume

Rd gas constant for dry air

K R d/ cp

g gravity

f Coriolis parameter

r subscript to denote variable of the reference atmosphere

—

. INTRODUCTION

In the wintertime, frequent and intense cyclogenesis occurs along
the east coasts of the Asian and North American continents. In these
regions large amounts of sensible heat are transferred to the atmosphere
when very cold air, originating over the continents, moves eastward over
warm oceanic currents., Although this energy transfer is thought to be a
major factor in the cyclogenesis, its relative importance to the produc-
tion of kinetic energy within the storm is an unsolved problem.

Studies of the last decade indicate that the inclusion of sensible
heating at the earth's interface is important in predicting storm develop-
ment. Reed (1958), using a graphical prediction model, found that the
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addition of this diabatic component in the lower layers of the atmosphere
improved forecasts of cyclogenesis in the Gulf of Alaska. Winston (1955)
showed that although horizontal advection of absolute vorticity could par-
tially account for the cyclogenesis in the Gulf of Alaska, substantial
errors were present in adiabatic models. Petterssen, Bradbury, and
Pedersen (1962) found that inclusion of sensible and latent heat transfer
from the ocean was necessary to explain the thickness tendency fields in
developing storms that formed off the east coast of the United States.
Manabe (1958), Pyke (1964), Laevastu (1965), and others showed that
sensible heating attained maximum values during and just preceding the
rapid cyclogenesis in these regions.

These investigations, however, were not able to answer unequivocally
the question of whether the energy that is supplied to the atmosphere from
the ocean is an in situ energy source for the cyclogenetic process. The
total potential energy of the atmosphere (gravitational plus internal) is
increased by the heating, but there is no assurance that this process is
important in increasing the kinetic energy in the cyclogenetic region.
Some insight is provided by noting that the differential heating between
the land and ocean causes a strong temperature gradient to develop along
the coast. Within the framework of the theory of baroclinic instability
(Charney (1947), Eady (1949), and others), the increasing horizontal
temperature gradient and decreasing static stability by surface heating are
important factors in the instability mechanism by which the conversion of
potential to kinetic energy is insured.

An alternative approach based on energy principles is to investigate
how the inclusion of sensible heating changes the total potential and
kinetic energy of the cyclone. However, a diagnostic limitation of this
method is that total potential energy changes calculated from data cannot
be equated to kinetic energy changes. Errors in the estimates of the
time derivatives of the potential energy are of the same order as the
actual time derivatives of kinetic energy and equality for the changes of
energy is not realized in empirical studies. In order to avoid this prob-
lem and others, Lorenz (1955) formulated the theory of available potential
energy to explain and study the general circulation. Because the magni-
tude of available potential energy is closer to that of kinetic energy,
errors in the estimates of the temporal derivatives are less than the
actual kinetic energy derivatives. Thus the effects of measurement
errors are reduced.

The equations that have been primarily used in available potential
energy studies were only approximate. Dutton and Johnson (1967) pointed
out that for some processes these approximations led to erroneous con-
clusions, For instance, the approximate expression for the generation
of available energy depends on the covariance of heating and the
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temperature deviation on an isobaric surface. With sensible heating to
cold air at the earth's interface, a destruction of available energy is
inferred. Dutton and Johnson (1967), however, emphasize that by using
the precise expression, which depends on the product of the heating and
the deviation of pressure from its average on an isentropic surface, the
generation of available energy by sensible heating to cold air will usually
be positive.

The equations of both Lorenz (1955) and Dutton and Johnson (1967)
were developed for estimating changes of available potential energy of
the entire atmosphere. Recently, Johnson (1970) derived the available
potential energy of an open system and its rate of change for a limited
domain encircling the storm center and extending over the entire vertical
extent of the atmosphere. In this study, this framework for the open
system is used to estimate the generation of available potential energy
by sensible heating for an extratropical cyclone along the east coast.
Because the cyclone is the central feature of the open system, the avail-
able potential energy and kinetic energy of the open system as well as
their rate of change will be identified with those of the storm. The bound-
ary layer frictional dissipation is also estimated in order to compare the
energy source by sensible heating with the energy sink.

II. ENERGY EQUATIONS FOR THE AVAILABLE POTENTIAL ENERGY OF A
STORM

A. The definition

The available potential energy after the definition of Margules (1903)
is

A= g- L. (1)
where w is the total potential energy of a region encircling the storm and
mr 1is the total potential energy of the same region after an adiabatic re-
distribution to a hydrostatically stable horizontal stratification (called the
reference state) in the absence of lateral boundary work and advection.
From Johnson (1970), the time rate of change of the available potential
energy of a volume surrounding the storm in symbolic form is

g% = - C(A,K) + B(A) + W(A) + G(A) (2)
where C(A,K) is the conversion of the available potential energy to kin-
etic energy, B(A) is the relative advection of energy into the storm's
moving volume, W(A) is the change of available potential energy from
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boundary work and G(A) is the generation of available energy within the
storm volume. The expression for the generation is

G = { (1 -(p/p)“)pIQm av, (3)
0

where the reference pressure defined by the mass distribution in the ac-
tual atmosphere is
0
T-—
p, =9/ plde (4)
0
The overbar denotes a horizontal average over that portion of the potential
temperature surface contained in the limited region. Without any approxi-
mations an alternate generation expression is

G = J[eQ dm (5)
m

where m is the total mass of the open system and the efficiency factor is
defined to be

¢ = (1-(p/P") (6)

The physical basis for the efficiency factor lies in the definition of the
available potential energy of the open system. Normally, heating or
cooling changes the total potential energy of both the natural and the
reference atmospheres differently. The efficiency factor provides the
weighting of the heating field to determine this difference, i.e., the
generation of available potential energy. Heating (cooling) at pressures
higher and cooling (heating) at pressures lower than the isentropic mean
will result in generation (destruction) of the storm's available potential
energy.

III. SENSIBLE HEATING

In theory, the generation of available potential energy expressed

by (3) is valid for all scales of the continuum including those with hydro-
static imbalances and static instabilities (Dutton and Johnson, 1967). In
application, however, the data density, the necessary employment of the
hydrostatic assumption, and the approximate model of sensible heating
preclude any claim for precision. Attention will be focused on assump-
tions which may invalidate conclusions, while approximations that may
introduce 20 to 30 percent estimation errors are accepted as inevitable.
The goal is to establish from the viewpoint of available potential energy
whether sensible heating is an important process in the frequent cyclo-
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genesis of these oceanic regions and not the precise magnitude of the
generation which undoubtedly varies with each synoptic event.

The form of the generation shows that the diagnostics may be sep-
arated into two distinct aspects—the efficiency distribution and the sen-
sible heat addition. The efficiency distribution, which is determined by
the quasi-hydrostatic large scale structure of the storm, is presented
later. The modeling of the sensible heat addition is presented in this
section,

A. Sensible heat flux

For the turbulent sensible heat flux within the time and space scale
of the cyclone, the ocean behaves as a strong and continuous heat source
in comparison with energy added to the boundary layer over continental
regions. Thus, only the sensible heat flux through the ocean's interface
need be considered.

Figure 1 portrays a schematic showing three layers of the boundary
region: the surface layer, the adiabatic layer, and the free troposphere.
The surface layer, at most a few millibars in depth, is characterized by
superadiabatic lapse rates. The adiabatic or mixing layer with its con-

FREE ATMOSPHERE
TOP_OF MIXING LAYER

ADIABATIC LAYER

PRESSURE

VARIABLE STRESS

SURFACE LAYER

{ SURFACE CONSTANT STRESS

POTENTIAL TEMPERATURE

Fig. 1. Schematic distribution of potential temperature through the bound-
ary layer.
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stant potential temperature extends from a few to several hundred milli-
bars in depth. Ideally, the top of the mixing layer is the lowest level
for which the vertical sensible heat flux becomes negligible in compari-
son with its surface value. Deardorf (1966) emphasized that significant
sensible heat flux in stable air only occurs if the lapse rate is nearly
adiabatic. Consequently, the top of the mixing layer should coincide
with the level where the stability increases. In general the top of the
mixing layer does not coincide with the level for which the wind ap-
proaches geostrophic balance, i.e., the upper level normally defined for
the planetary boundary layer.

A practical method for estimating the sensible heat flux is the bulk
aerodynamic method given by

Fs = 0p Ca(Z)[GS(O) - ea(Z)]Ua(Z) (7)
Its utility and limitations are thoroughly discussed in several excellent
summaries (e.g., Deacon and Webb, 1962; Roll, 1965). The choice of
a height for the air temperature and wind speed is not extremely critical
since the drag coefficient, C4(z), is adjusted for the appropriate height.
In this study a commonly selected height of 10 meters is used.

The use of air temperature ordinarily observed from a ship's bridge
height of less than 10 meters (from 6 to 9 meters, Roll (1965)) will pro-
duce a conservative estimate of the sea-air temperature difference for
the model. Within the surface layer of constant stress where the upward
sensible heat flux is large, potential temperature decreases rapidly with
height. See the schematic distribution in Figure 1. An air temperature
measurement taken in the region of six to nine meters produces an under-
estimate of the idealized 10 meter temperature difference and thus also
the sensible heat flux.

In the derivation of the bulk aerodynamic method it is assumed that
the sensible heat transfer coefficient is equal to the momentum transfer
coefficient, i.e., the drag coefficient, in a neutral atmospheric surface
layer (Deacon and Webb, 1962). Observational results for neutral con-
ditions indicate that the functional dependence of the drag coefficient is
of the form

C_(10m) = (a+bU_(10 m)10 % 1 <U_ <20 m/sec . (8)

Sheppard (1958) suggests that the empirical constants a and b are 8.0
and 1. 14 while Deacon and Webb (1962) suggest 11. 0 and 0. 7. However,
Manier's (1962) empirical result from a least squares fit to the data of 9
different investigators that a is 7.9 and b is 0.96 was utilized pri-
marily because of his interest in the heat balance for the North Atlantic
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region (Manier and Mbdller, 1961). For the same region, Petterssen,
Bradbury and Pedersen (1962) set a equal to 26. 0 and b equal to zero.
In this study, the maximum 10 meter wind speed was 27 m sec™1 while

the predominate speeds were 12 m sec™l, Asa result, the magnitudes of
the transfer coefficients were usually 10 to 20 percent less than the values
suggested by Sheppard (1958) and Deacon and Webb (1962), and approxi-
mately equal to Petterssen et al. (1962). From (7), the flux estimates are
similarly conservative by the same proportionality since the sensible heat
transfer is directly proportional to the transfer coefficient's magnitude.

No attempt is made to incorporate the dependence of the sensible heat
transfer coefficient upon bulk stability because of the limited vertical
resolution of synoptic data. Garstang's (1967) analysis for low latitude
sensible heat transfer within synoptic scale systems indicates that the
effective transfer coefficient is double the neutral coefficient for the large
negative lower limit of his bulk Richardson number equal to -0. 325.
Deardorff's (1968) recent theoretical analysis of the ratio of the diabatic
transfer coefficient to its neutral value also provides support for an argu-
ment that the estimated transfer coefficients based on neutral theory are
only 50 to 75 percent of their effective values in the regions of extreme
free convection, Thus these factors indicate that the sensible heat flux
estimates of this study will tend to be conservative.

In the bulk aerodynamic calculations, the ten meter wind speed was
estimated from the surface geostrophic wind field by two methods, one
from the model proposed by Rossby and Montgomery (1935), the other by
Lettau (1961). In Rossby and Montgomery's formulation, hereafter called
Model 1, the wind speed for the constant stress layer is

Ua(z) = %[(0. 065 Ug)k sin a In((z + 24)/20)] (9)

where o« is the angle between the geostrophic wind vector and the surface
shear stress. In this study a constant o of 20° was used. In Lettau's
(1961) formulation, hereafter denoted Model II, the wind speed for the
constant stress layer is

U, (z) = Ug(Cg/k) In ((z + 20)/2) (10)

where Cq, the geostrophic drag coefficient from Kung's (1963) empirical
regression relation, is

G, = 401 [In(U_/zo1) - 18657 . (11)
At this point the only undetermined parameter is the surface roughness.

Over the land, a constant value of 100 cm was assumed. Over the ocean,
the state of the sea, i.e., its roughness, depends strongly on the wind
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speed. Empirical data indicate that z, varies from 104 cm for light
winds to 50 cm for winds in excess of 30 m/sec. For the oceanic regions,
two calculations were made for each model, one with a constant z,, the
other with a variable z, . For the constant z, calculations, a value of
1 cm was selected as it applies to moderate wind speeds of 10 - 15 m
sec™l . For the variable z, calculations, the surface roughness over
the ocean was determined from the approximate relation for adiabatic
theory (Manier, 1962; Roll, 1965) that

3 _-k/NCp

zo = 10 e (12)
A first guess of one-half the geostrophic wind was used for the ten meter
wind speed to estimate the drag coefficient by (8), then from (12) and
either (10) or (11), the 10 meter wind estimate was revised using this
estimate of the drag coefficient. Three such iterations were sufficient

to achieve a stable estimate for the 10 meter wind speed.

B. Vertical distribution of sensible heat addition

After the sensible heat enters the atmosphere through the earth-air
interface, it diffuses vertically. If this vertical transfer within the at-
mosphere were solely by molecular conduction and the motion were quasi-
hydrostatic, this transfer would be confined to the surface layer. The
generation equation (5) could be applied directly because the efficiency
factor is essentially constant within this layer. However, the extreme
heating of this layer produces large hydrostatic instabilities and free
convection. This in combination with the mechanically forced turbulence
within the boundary layer results in a continued upward vertical transfer
of sensible heat throughout the boundary layer. The theoretical aspects
of this scalewise heat transfer have been discussed by Priestley (1967).

From the aspect of the generation of available potential energy,
distribution of all the thermal energy throughout the surface layer is justi-
fied if the frictional dissipation of the vertical kinetic energy in the bound-
ary layer is negligible or small. A portion of the available potential
energy generated within the surface layer manifests itself through hydro-
static instability as the vertical kinetic energy of free convection. If
this convective kinetic energy is adiabatically converted back into po-
tential energy by the negative buoyancy forces, an entropy conserving
process, the entire amount of available potential energy generated within
the surface layer must be realized at the hydrostatic synoptic scale.
However, if the convective kinetic energy is frictionally dissipated into
thermal energy, a local entropy increasing process that serves to diffuse
the thermal energy within the mixed layer, not all the available potential
energy generated can be realized at the synoptic scale.
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Because the exact nature of the energy exchange between the micro-,
meso- and macro-scales is not known, the generation estimates are
computed for two distributions of heating. One generation estimate rep-
resenting the upper bound is computed by confining the thermal energy to
the surface layer; a lower bound is computed by assuming that the heat
addition per unit mass is uniform within the mixing layer, For horizontal
homogeneity and the hydrostatic approximation, the heat addition per unit
mass is

i

9

Q. = Y9p (14)
where F is the turbulent heat flux. Thus for constant flux divergence,
Qm 1is independent of pressure. This distribution, possibly the most
realistic, is consistent with the view that the turbulent redistribution
serves to diffuse the internal energy and maintain the condition of
0 # 6(p) in the mixing layer. For a uniform translating mixing layer, the
substantial derivative de/dt must remain independent of pressure, im-
plying that Qp, is a constant except for its pressure dependency with
de/dt. However, this dependency remains slight due to the restricted
vertical extent of the mixing layer with respect to pressure.

Iv. THE CASE STUDY

In February, 1968, an intense upper tropospheric vortex existed over
Eastern Canada for a duration of several weeks. In the lower troposphere
a series of polar outbreaks occurred with cold air flowing southward from
Canada over the Gulf Stream. South of Newfoundland several cyclones
developed rapidly in the lower troposphere along the poleward boundary
of the Gulf Stream. The strong sea surface temperature gradient in this
region is shown in the North Atlantic portion of a hemispheric analysis
obtained from the Naval Fleet Weather Central of Monterey (Figure 2).

Of these cyclones, the storm that formed on February 14, 1968 intensified

at a rate much faster than is usually observed, and since the sensible heat
flux from the ocean to the atmosphere was extremely large, this storm was

selected for this study.

A. The synoptic description

In Figures 3a through f the surface and 500 mb analyses portray the
sequence of synoptic events for the 24 hour period from 0000Z on the 14th
through 0000Z on the 15th of February. On February 13 at 0000Z (not
shown) the upper tropospheric vortex was centered just northwest of
Maine. A short wave with a strong vorticity maximum was embedded in
the vortex just north of Lake Huron. Within the next 24 hours, the center
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Sea surface temperature ( ° C) for the North Atlantic Ocean,

February 14, 1968.

of the vortex moved slowly southeast to the position over Maine shown in
Figure 3b, while the vorticity maximum moved counterclockwise about the
vortex to a position southeast of the vortex center. In the low troposphere,
the short wave was accompanied by a surge of cold air whose leading edge
at 1800Z, February 13 (not shown) was marked at the surface by a weak
trough extending south-southwestward along the east coast of the United
States, For the succeeding six hours, this trough advanced rapidly east-
ward and reinforced the cold front lying well offshore that was associated
with the previous cold outbreak.

At 0000Z on the 14th and at a point just in advance of the 500 mb
short wave trough the first evidence of cyclogenesis appeared along the
old cold front about 100 nautical miles south of Sable Island. See Figure
3a. Ships in the vicinity reported pressure falls of 6 mb in three hours.
The low's central pressure decreased at a rate of almost 2 mb per hour
throughout the following 24 hours. By 1200Z (Figure 3c and d) the center
was located 200 nautical miles south of Newfoundland, the central pres-



Fig. 3. The 500 mb height analysis (geopotential decameters) and surface
analysis (millibars) for 0000Z, February 14 (A and B), 1200Z,
February 14 (C and D), and 0000Z February 15 (E and F), 1968.
The dashed rectangles in B and D delineate the large and small
regions used to compute the generation of storm available poten-
tial energy.
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sure had reached 967 mb and winds near the center exceeded 50 knots.
The surface low attained its greatest intensity shortly after 0000Z Febru-
ary 15. The pressure and wind profiles for St. Johns, Newfoundland, in
Figure 4b attest to the remarkable intensity of this storm.
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Fig. 4. The central pressure of the east coast cyclone of February 14-15,
1968 (A) and the pressure and wind speed at St. Johns, Newfound-
land during its passage (B).

In the ESSA composite picture for February 14 shown in Figure 5, the
cyclone already appears to be strongly occluded. The time of the picture
corresponds to local noon which is midway between synoptic time of
Figures 3c and e.

For the diagnostic computations the synoptic times, 0000Z and 1200Z,
February 14, were selected. Figure 4a shows that the earlier time is near
the beginning of cyclogenesis while the latter time is in the period of the
most rapid storm development.

B. The analysis

The existence of a dry adiabatic lapse rate in the mixing layer means
that potential temperature is no longer a single-valued function of height
and the isentropic representation fails., Constant height or pressure an-
alysis must be utilized in this layer. Above the mixing layer, the isen-
tropic portrayal of atmospheric structure no longer fails. The depth of the
mixing layer must be known for matching of the two representations.
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Fig. 5. Composite mosaic of satellite pictures from ESSA 3 for the North
Atlantic Ocean for February 14, 1968.

Above the mixing layer isentropic pressure analyses for every five
degrees from 250° to 320° were prepared, The potential temperature dis-
tribution of the mixing layer was specified by surface analyses of poten-
tial temperature. For the specification of the upper pressure of the mix-
ing layer, approximate soundings were constructed for the oceanic regions
from the isentropic analysis of the stable troposphere. The lapse rate of
the lowest stable portion of these soundings was extended downward
until it intersected the dry adiabat of the surface potential temperature.
The intersection defined the upper pressure of the mixing layer.

This interpolation-extrapolation technique was first conducted for re-
gions in close proximity to actual data and was extended laterally to sparse
data regions. The pressure distribution of the upper boundary of the mixing
layer that is presented in Figures 6b and d shows that its depth sometimes
exceeds 200 mb, When these analyses are combined with the surface
pressure (Figures 3a and c) and potential temperature analysis (Figure 6a
and c) the mass-potential temperature distribution of the mixing layer is
specified. Although this procedure is approximate, it is probably the
best possible with the limited data.
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Fig, 6. Surface potential temperature (° K) distribution (A and C) and
the pressure (mb) of the top of the mixing layer (B and D). Upper
figures—0000Z and lower figures—1200Z, February 14, 1968.

C. The isentropic topography

Only six isentropic surfaces are presented in Figures 7a through f
to portray the three-dimensional structure. The most striking feature
at 1200Z on the 14th is the extremely cold air which appears as a mound
from the earth's surface to the stratosphere. Near the surface, the center
of the cold air is located northwest of Maine, Its axis tilts southeast-
ward with height to a position just east of Maine on the 295° K surface.
On the 275° K and 285° K surfaces, a ridge of cold air extends from the
main center of cold air southeastward toward the surface pressure center
located south of Newfoundland. The isentropic surfaces along this ridge
slope from relatively high levels over the cold air, and descend steeply
towards the ocean with the 275° K and 285° K surfaces becoming vertical
in the mixing layer. The very steep gradient of pressure is evidence of
the vortex's strong baroclinic zone associated with the short wave jet
core that was important in initiating cyclogenesis.
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February 14, 1968.
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Over the Great Lakes modification due to sensible heating is evident
on the 265° K surface (Figure 7b). The intersection of this surface with
the ground partially circumscribes this region because the water is warmer
than 265° K. To the west and south, the cold air has subsided and spread
laterally into a thin sheet to cover most of the eastern United States.

D. The efficiency factor analysis

The efficiency factor distribution on an isentropic surface is deter-
mined solely by the pressure because the reference pressure is a single-
valued function of the potential temperature, This is still true for adia-
batic regions since even there the original definition, that the reference
atmosphere is realized by preserving the mass-potential temperature
distribution, is utilized. The analytics of available energy in atmospheres
with local static instabilities is presented in Section 2. 6 of Dutton and
Johnson (1967).

For computational purposes the reference pressure after (4) is

N M
pij(ek)A1j

[

MZTM

i= 1

p(68) = i (15)
Aij

i

1]
—

j=1

where @) is the k"'h isentropic surface, pj; is the pressure at the 1jth
grid point of the N X M latitude-longitude grid, and Aij is the area of the
grid mesh at the ijth point, The grid interval was two degrees. The re-
striction that the surface air potential temperature at a grid point is not
equal to the potential temperature of a kth isentropic surface is used. On
the underground portion of the isentropic surface, the surface pressure is
assigned (Lorenz, 1955).

Figure 8 presents the 12Z reference pressure profiles for the small
and large regions delineated in Figure 3. The large area includes the
500 mb vortex; the small area includes the extratropical cyclone of the
lower troposphere. The similarity of the profiles is evidence that the
selection of the lateral extent of the volume is not a critical factor in this
study.

Two cross sections of the efficiency distribution for 12Z, February 14,
are presented to illustrate the regions where diabatic heating is important,
The first cross section, Figure 9a, is orientated north-south along 56° W,
transects the atmosphere just west of the storm and parallels the cold
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Fig. 8. Reference pressure distribution for the large and small areas.

front. The second cross section, Figure 9b, runs east-west through a
point just south of the storm center.

The efficiency pattern is similar to Hahn and Horn's (1969) distribu-
tion for maturing cyclones. A nearly vertical zero efficiency isopleth
exists in the middle troposphere. Southeast of the storm center, the ef-
ficiencies are positive up to relatively high altitude s, with a maximum
near 700 mb. In the vicinity of the baroclinic zone, the zero line assumes
an ''S'" shape with a positive region extending over the negative region of

the colder air.

The 00Z and 12Z surface analyses presented in Figures 10a and c
show that efficiencies are positive with one exception. In eastern Canada
the cold air and lower-than-average surface pressures combine to give a
limited region of small negative values. Along the east coast of the U. S. 3
the efficiencies were small. The large positive efficiencies encountered
in the southern Atlantic illustrate that for a given amount of sensible
heating, the generation is largest when the energy is added to warmer air.
Still, the maximum sensible heating occurs further north in colder air and
regions of reduced efficiencies. Thus, maximum generation occurs where
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the turbulent transfer of energy is large and the efficiency is still signifi-
cantly positive.

E. The sensible heat flux

The surface sensible heat fluxes determined from the bulk aerodynamic
method and Model I with 2z, variable are presented in Figures 10b and d.
Positive upward flux exists over the entire low pressure area. Even ahead
of the cold front the flux to the relatively cold polar air from previous out-
breaks is still positive. At 00Z, the greatest upward flux occurs along the
U.S. coast, As the system develops, the area of maximum values trans-
lates with the storm center and a secondary maximum moves southward
along the U. S. coast.

Exceptions to upward sensible heat flux occurs approximately 1000
kilometers in advance of the cold front (Figure 10b and d), and at 00Z in
a region surrounding the northern cyclone. The modified polar air in
these regions is caught in the return circulation of the developing vortex.
In general, downward flux extrema are an order of magnitude less than
upward flux maxima.

In the computations of the ten meters wind speed, estimates by
Models I and II differed by two meters per second in areas of light geo-
strophic winds and by 4 meters per second for winds of 10 - 15 meters
per second. In a comparison of predicted and reported ship winds
Model I with z, variable consistently produced the best results in this
study.

In the aerodynamic method with a variable drag coefficient, the de-
pendence between sensible heat flux and wind speed is quadratic. Thus
the differences between Model I and II wind speed predictions is ampli-
fied in estimating sensible heat flux. In Tables 1 and 2 the average heat
transfer predicted by Model I with z, variable is at least twice that of
Model II with z, fixed. The variations of the maximum flux in Table 3
are similar. The results illustrate the sensitivity of flux estimates to
differences in modeling.

In a comparison of maximum fluxes (Table 4), our results compare
favorably with Petterssen's et al, (1962) and Manabe's (1958) estimates.
The difference between our estimate of 25.8 X 10™3 cal cm~2 sec™! and
Petterssen's et al., estimate of 16.7 cal cm™2 sec~! is due to the quad-
ratic dependence on wind speed in this study in contrast to the linear
dependence utilized by Petterssen's et al. (1962). At a ten meter wind
speed of 18 m sec™! and an equal sea-air temperature difference, the
flux predicted in both studies is nearly equal.
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Table 1. Average sensible heat flux (cal cm_2 sec_l X 10_3) for large area
14 February 1968

Hour of Observation 0000Z 12002

Model I I II I II
Variable z, 1.5 0.8 2.6 1.5
Constant z, 0.9 0.6 1.7 1.1

Table 2. Average sensible heat flux (cal cm_2 sec_1 X 10-3) for small area
14 February 1968

Hour of Observation 00002 12002
Model IT
Variable z, 2.9 1.6 5.0 2.8
Constant z, 1.8 1.2 3.5 2.1

Table 3. Maximum sensible heat flux (cal cm_2 sec_1 X 10_3) 14 February

1968
Hour of Observation 00002 12002
Model . I I I II
Variable z, 18.5 10.2 25,8 15,1
Constant z, 12.0 7.6 23.4 13.0

Table 4. Maximum sensible heat flux (cal cm_2 sec_1 X 10_3) found by

other investigators

Investigator Sensible heat flux
Petterssen, et al. (1962) 16. 7
Pyke (1964) 2.5
Manabe (1958) 11.9

Gall and Johnson (1970) 25,8
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Manabe's estimate of 11.9 X 10_3 cal cm & sec_l is the maximum
average sensible heat flux during a cold outbreak computed for a budget
volume encompassing the entire Sea of Japan. Very likely the heating
along the Siberian and Korean coasts just as the coldest air commences
its over-water trajectory exceeded the average value by a factor of two
or three, Pyke's (1964) estimate of 2.5 X 10~3 cal em~2 sec™! for
weather ship P in the Gulf of Alaska during a period of strong northerly
flow is for a region far south of the maximum heating over the Japanese
current,

F. The generation

In the discussion of the vertical distribution of sensible heating it
was argued that generation for the synoptic scale should be some inter-
mediate value between upper and lower bounds. The maximum generation
for the large and small areas (Tables 5 and 6) is from Model I with z,
variable., In the large area upper bound estimates are 1.9 watts m~2
at 00Z and 2.8 watts m~2 at 12Z and the lower bound estimates are 1.0
and 1. 6 watts m~2 respectively. The minimum lower bound estimates
from Model II with z, constant are 0.7 watts m~2 at 00Z and 1.2 watts
m~2 at 12Z. The variation between lower and upper bound estimates is
only slightly larger than the variation between the various model estimates.
Thus the uncertainty of the generation due to our lack of knowledge of the
vertical exchange of energy is compounded by the uncertainty in the model-
ing of sensible heat flux.

The estimates for the small area (Table 6) are roughly double the
estimates for the larger area (Table 5), and indicate the concentration of
the diabatic effects within the storm circulation. At 12Z all the estimates
for the small area are significantly positive. If the wind model with the
most realistic predictions (Model I - z, variable) provides the most
realistic sensible heat flux estimates, then the generation should be within
the range of 1.9 and 3.9 watts m~2 for 00Z and 3.1 and 6. 1 watts m~2 for
12Z.

The results of a test to determine if the depth of the mixing layer criti-
cally affects the computed generation are presented in Table 7. In this
test the generation was estimated by assigning a uniform pressure of
900 mb for the top of the mixing layer., The comparison of the test and
former results shows that in the large area generation estimates with a
constant pt are slightly lower. For the small area, this result is reversed.
The use of a constant pt of 900 mb in the small area effectively lowers
the top of the mixing layer with the result that the energy is added at
higher pressures.
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Table 5. Average generation (watts m_z) for the large area with a variable
mixing layer depth. Upper and lower bounds are from uniform
heating of the surface and mixing layers, respectively.

Time of Observation 00Z 12Z
Model I II I II
Upper bound
Variable z, 1.9 1.0 2.8 1.5
Constant z, 1.1 0.7 1.8 1.2
Lower bound
Variable z, 1.0 0.6 1,6 0.9
Constant z, 0.6 0.4 1.0 0.6

Table 6. Average generation (watts m—z) for the small area with a variable
mixing layer depth.

Time of Observation 00Z 12Z

Model I II I II
Upper bound

Variable z, 3.9 2.1 6.1 3.4

Constant z, 2.4 1.5 4,2 2.6
Lower bound

Variable z, 1.9 1.0 3.1 1.7

Constant 1.1 0.7 2.0 1,3

The spatial distribution of the generation estimates from uniform heat-
ing within the surface and mixing layers are presented in Figures 1la
through d. While these patterns are for the large volume, they are nearly
identical to distributions based on the small volume because of their
similar reference pressure distributions. An important feature when the
energy is added to the surface layer is that nearly all the estimates are
positive since the reference pressure is almost always less than the pres-
sure of the top of the surface layer. In contrast, when the heat is added
to the mixing layer there is a region of negative values west of the storm
center (Figure 11d). Here the reference pressure is greater than the mean
pressure of the mixing layer, thus, the local generation becomes negative.



60

Fig. 11, Distribution of generation (watts m-z) within the large area for
uniform heating of the surface layer (A and C) and the mixing
layer (B and D). Upper figures—0000Z and lower figures—
1200Z, February 14, 1968.

Further from the dome of cold air, the reference pressure decreases until
it is less than the mean pressure of the mixing layer and the generation
becomes positive. This factor causes the maximum generation in Figures
11b and d to be displaced further southward than the corresponding
maximum in Figures 1la and c.

If the approximate generation expression (Lorenz, 1955) which depends
on the covariance of the isobaric temperature and heating deviation is
utilized, the estimates, shown in Table 8, are negative. The standard
atmosphere's static stability of y equal to 6. 5° C/km was used in these
computations, Negative estimates such as these have led to the conclu-
sion that sensible heating destroys eddy available potential energy by
reducing the temperature contrast between air masses. Thus, the role
of sensible heating in eddy generation has been erroneously interpreted
by some investigators.
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Table 7. Average generation (watts m ) with the top of the mixing layer
assumed to be 900 mb, Variable z, was used in both models.

Time of Observation 00Z 12Z

Model I II I II
Large area 0.9 0.5 1.2 0.7
Small area 1.9 1.0 3.2

Table 8. Comparison between the approximate and exact generations esti-
mates (watts m2) by sensible heating for 12Z, February 14, 1968.

Area Large Small
Approximate -1.1 -7.6
Exact/upper bound 2.8 6.1
Exact/lower bound 1.6 3,1

Fig. 12. Frictional dissipation of kinetic energy (watts m_z) in the bound-
ary layer for 0000Z (A) and 1200Z (B), February 14, 1968,
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G. The comparison of dissipation and generation

The frictional dissipation of kinetic energy in the boundary layer was
estimated using Lettau's (1961) formulation given by

2
D = pC U3005a
g g

The departure angle between the geostrophic wind vector and the surface
shear stress, a, was assumed to be 20°.

Table 9 presents the frictional dissipation using the land ocean dis-
tribution of the roughness parameter from Model I, variable z,. Generation
estimates are included for comparison. The results show that the storm
generation by sensible heating constitutes a significant fraction of the
frictional dissipation. At 00Z the average frictional dissipation for the
large area exceeds the upper bound generation estimate. For the small
area, the lower bound estimate is approximately equal to the dissipation
while the upper bound is nearly double the dissipation. By 12Z the dis-
sipation exceeds the upper bound estimate by the sensible heat component.
The results indicate that in situ generation by sensible heating is important
in maintaining the kinetic energy of the storm against frictional dissipa-
tion. In the relative sense, the generation by sensible heating is more
important for the smaller intense storm scale than for the larger scale.

In the bulk aerodynamic computations the enhancement of sensible
heat transfer in the super adiabatic surface layer was disregarded by not
including a drag coefficient dependence on the bulk Richardson number,
Thus, the upper and lower generation bounds are very likely conservative.
Just how important the sensible heating is can only be determined with
more precise modeling.,

Table 9. Boundary layer frictional dissipation and generation estimates
(watts m~2) from Model I, variable z,.

Time of Observation 00Z 127

Area Large Small Large Small
Dissipation 2.1 2.2 4,17 Tl
Generation/upper 1.9 3.9 2.8 6.1

bounds /lower 1.0 1.9 1.6 3.1
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Table 10. Total sensible heat flux, dissipation, and generation estimates
1013 watts) by Model I with variable z,. Large and small areas
are 1.67 x 1013 and 0. 54 x 1013 m2

Time of Observation 002 12Z

Area Large Small Large Small
Sensible heat flux 124.0 79.0 184.0 113.0
Dissipation 4.0 1.4 7.6 3.8
Generation/upper 3.6 2.5 4,7 3.3
bounds /lower 2,0 1.2 2l T 1.7

The spatial distribution of the frictional dissipation is presented in
Figures 12a and b. The most striking feature is the large dissipation of
70 watts/m2 associated with the maximum winds located just to the rear
of the vortex center (Figure 12b). This is higher than the dissipation
reported by Petterssen et al. (1962). Their values for a composite cyclone
which are effectively averages did not exceed 40 watts/mz. However, be-
cause dissipation is proportional to the cube of the surface geostrophic
wind, the wind speed associated with 70 watts/m2 need be only slightly
greater than one corresponding to 40 watts/mz.

Elsewhere the dissipation did not exceed 10 watts/m‘2 except near the
Northern storm and over land. The higher dissipation over land is due to
the greater roughness. Kung's (1963) average zonal values for the Northern
American continent indicate that the value for z, of 100 cm over land is
possibly too large and that the dissipation may be overestimated.

In Table 10 total sensible heat flux, generation and frictional dissipa-
tion are summarized. The generation appears to remain relatively constant
during the cyclogenetic period. This behavior is accounted for by two
off-setting factors. Figures 10a and c show that efficiency factors along
the coast decrease with time as the center of the cold air mass moves
toward the coast, a factor leading to decreased generation. During the
same period sensible heating increases and tends to increase the genera-
tion. Eventually the translation of the polar air over the ocean will lead
to its modification and the sensible heating and generation will decrease.
Thus, the effect of sensible heating must be more important early in the
storm's development than in later stages.
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VI, REMARKS AND CONCLUSIONS

Although precise estimates of the generation by sensible heating can-
not be stated from this study, the condition that sensible heat flux gen-
erates a significant amount of available potential energy during cyclone
development is established. Evidence is provided that energy added to
the atmosphere by molecular transfer across the earth's interface is ac-
tually a direct energy source to the quasi-horizontal scales of atmospheric
motion. The extended horizontal domain of the molecular process primarily
determined by large scale conditions was undoubtedly an important element
in the forcing of the large scale cyclogenesis.

Estimation of generation is crucially dependent on the nature of the
turbulent exchange of energy within the boundary layer. The upper bound
estimates given by confining the thermal energy within the surface layer
are nearly twice the lower bound estimates given by distributing the
heating throughout the mixing layer. Fromthe thermodynamic viewpoint
and the exact energy equations, the upper bound estimate would be true
if the buoyant mass element retained its identity and entropy in seeking
its equilibrium level. Thus its turbulent vertical kinetic energy would
be transformed back into available potential energy of the synoptic
scale by negative buoyancy. However, because the mass element loses
its identity through diffusion within the boundary layer the entropy must
increase and the generation of available potential energy at the synoptic
scale will tend toward the lower bound estimate.

From the upper and lower bounds estimated in this study, the compu-
tations indicate that the in situ generation by sensible heating is some-
where between 34 to 177 percent of the boundary layer frictional dissipa-
tion during the cyclogenic stage and from 18 to 86 percent during the
mature stage.

Some importance for other diabatic processes in development may be
inferred from Bullock and Johnson's (1971) results for the mature stage
of a mid-latitude cyclone. For an area of 0. 62 X 1013 m2 over the con-
tinental U.S. Bullock and Johnson found that the storm generation by
latent heating and infrared emission was 7. 0 X 1013 watts and 0. 7
x 1013 watts, respectively, a total of 7.7 X 1013 watts, If these esti-
mates are adjusted to the small area of this study and added to the gen-
eration by sensible heating at 12Z, the total generation would be 8.5
% 1013 watts for the lower bound and 10. 1 X 1013 watts for the upper
bound. Both estimates exceed the boundary layer frictional dissipation
by at least a factor of two. These results provide support for the hy-
pothesis that the in situ generation within the storm scale is sufficient
to offset its frictional dissipation in the formative and mature stages,
and is important in the development process.
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A complete theory for cyclogenesis along the east coast or for that
matter anywhere, awaits a better understanding of the thermodynamic
and mechanical interaction between all scales of the motion. The solution
will involve mass and angular momentum as well as energy. It is undoubted-
ly the interaction of several processes that result in the complex sequence
of events we call cyclogenesis.
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AN INVESTIGATION OF CLOUD DISTRIBUTION FROM

SATELLITE INFRARED RADIATION DATA

Robert C. Lo
and
Donald R, Johnson

Abstract:

A physical-statistical model using NIMBUS II MRIR Channel 2
(10-11 microns) data is formed to estimate cloud cover. In the
model, cloud cover is estimated from the distribution of DV2
values defined to be the differences between the earth surface
temperatures and the corresponding Channel 2 observed equivalent
black body temperatures. A preliminary test for four separate areas
comparing model and corresponding estimates by four experienced
meteorologists from HRIR photo-strip was conducted. The results
from the model and the estimates by the meteorologists are in
excellent agreement forregions in which there was a distinct
temperature difference between the earth surface and the cloud top.

For cloud type estimation, Channel 1 (6.4 - 6.9 microns), and
Channel 2 data are used simultaneously in a joint distribution model.
Bivariate CV1 and DV2 frequency distributions portray distinct fea-
tures associated with different cloud patterns from which it was
possible to estimate the cloud coverage for different levels in the
troposphere. No significant improvement in the estimation of cloud
cover is attained by forming empirical bivariate frequency distribu-
tions from Channel 3 (14 - 16 microns) and either Channel 1 or
Channel 2 data. The major limiting factor in estimating cloud cover-
age in this study was the marginal resolution of the MRIR radiometer.
With higher resolution radiometers combined with irradiance informa-
tion from other spectral intervals, the results indicate that a reliable
global climatology may be found.
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1. INTRODUCTION

One of the major problems in atmospheric heat budget studies is the
specification of the global cloud distribution and the release of latent
heat. Not only is heat realized by the condensation through convection,
but the cloud distribution also strongly influences reflection and direct
absorption of solar energy as well as the flux of infrared radiation. One
major limitation of the energy budget studies conducted prior to the satel-
lite era that was fully recognized by authors was the limited data avail-
able for oceanic areas, e.g., Houghton (1954), London (1957).

Beginning with the satellite era, irradiance data and cloud pictures
are now available for oceanic areas and the opportunity exists for the de-
velopment of a comprehensive global climatology of cloud distribution.
For maximum utility, the global cloud climatology must include informa-
tion concerning the vertical as well as the horizontal distribution of cloud
cover and types. Such information would aid in the specification of the
release of latent heat and the influence of clouds on radiative transfer
(Manabe and Mbller, 1961; Davis, 1963 and Katayama, 1966). Rasool
(1964), Arking (1964), Winston and Taylor (1967) and others have together
initiated such studies. However, several problems concerning the infer-
ence of cloud distribution from irradiance information remain, Among the
problems are areal and spectral resolution of the instrument, variable at-
mospheric emissivity, and the reduction of the information to manageable
and meaningful statistics.

The aim of this paper is to develop a model using satellite radiation
data and statistical considerations to estimate the areal distribution of
the cloud cover and to study techniques to infer cloud type and height.
Channel 1 (6.4 - 6.9u), 2 (10 - 11p) and 3 (14 - 16u) MRIR data from the
NIMBUS II satellite are used in the estimation model to form bivariate and
marginal frequency distributions from which the cloud distributions are
inferred,

II. CONCEPTS, TECHNIQUES AND PROCEDURES

Of the infrared radiation emitted by the earth's surface, a significant
portion of the energy is absorbed by the atmospheric constituents, water
vapor, carbon dioxide and ozone. The absorption by these constituents
is primarily confined to the region of the infrared spectrum with wave-
lengths less than 8 and greater than 12 microns. In the 8 to 12 micron
region of the infrared spectrum, the window region, the atmosphere tends
to be nearly transparent to the flux of the black-body radiation emitted
by the earth's surface. Because of the selective absorption, the satellite
observations of infrared radiation flux within different regions of the
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infrared spectrum can be indicative of the content and distribution of the
absorbing constituents.

The intensity of absorption and re-emission within the atmosphere
depends on the absorptivity of the selective absorbing constituents. In
spectral regions of strong absorption, the infrared energy emitted by the
earth's surface is almost completely absorbed and re-emitted in the
lower atmosphere. Very little energy passes directly into space. Since
the absorption and re-emission process may effectively occur many times
before the energy escapes to space, a troposphere with decreasing tem-
peratures will give mean temperatures of re-emission that will be signifi-
cantly less than the surface temperature. Thus the stronger the absorp-
tion, the lower will be the characteristic temperature of re-emitted energy
sensed by the satellite. In spectral regions of strong absorption, the
satellite observation will be indicative of the distribution of absorbing
constituents within the upper tropospheric and stratospheric layers.
However, in spectral regions of weak absorption, only a small fraction
of the outgoing energy is absorbed and re-emitted. Most of the energy is
transmitted through the atmosphere directly into space, and the satellite
observations are indicative of the earth's surface temperature.

The MRIR radiometer on NIMBUS II was designed with four channels
to measure the infrared flux in different spectral regions: Channel 1—
the water vapor band from 6.4 - 6.9 microns, Channel 2—the window re-
gion from 10 - 11 microns, Channel 3—the carbon dioxide absorption band
from 14 - 16 microns, and Channel 4—the broad band infrared region from
5 - 30 microns. Because of the strong selective absorption by water vapor
in the 6.4 to 6.9 microns region, clear atmosphere Channel 1 observa-
tions are indicative of the water vapor content of the upper troposphere.
In contrast, the Channel 2 observations provided good estimates of the
surface temperature since a clear atmosphere is nearly transparent in the
infrared region of the window channel.

In an atmosphere with liquid and solid forms of water, the atmosphere
tends to be uniformly opaque to the entire infrared spectrum. Thus the
energy received in the window channel is a measure of the energy emitted
from cloud tops. When the clouds have extensive vertical development
and are dense, the infrared radiative characteristics of the cloud top are
nearly those of a black-body and the equivalent black-body temperature
is an excellent estimate of the cloud top temperature, provided that the
resolution of the satellite sensor is perfect. Since it is primarily only
clouds that interfere with the infrared transfer through the atmosphere,
Channel 2 data are either estimates of the surface temperatures under
clear skies or cloud top temperatures under overcast conditions. In the
following a model based on selective absorption within different spectral
regions is developed to estimate cloud coverage in a finite area.
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In the formation of an idealized model for a partly cloudy region, it
is assumed: 1) that the clouds are of one type with a characteristic cloud
top temperature, 2) that the atmosphere is perfectly transparent within the
window region, 3) that the satellite sensor has perfect resolution,
4) that the tropospheric temperature decreases with height, 5) that the
surface temperature is constant, and 6) that the clouds are effectively
black with respect to the infrared flux. Under these assumptions, a histo-
gram of Channel 2 equivalent black-body temperature from a partial cloud
covered region would be described by two discrete lines. One line would
represent the sample of observations of the irradiance emitted within the
window region from the earth's surface; the other, the irradiance emitted
from the upper surface of the clouds. See Figure 1 which portrays a hypo-
thetical sample composed of an equal number of observations from a
cloudy region with a cloud top temperature of 255° K and from a clear region
with a surface temperature of 295° K. The existence of the temperature
difference depends on the condition that the tropospheric temperature de-
creases with height since the intercepted irradiance from the earth or cloud
top surface is proportional to the fourth power of temperature.

Under the additional assumptions that the observations are evenly
distributed in the region of interest and that each observation is repre-
sentative of the cloudiness in each small subregion, the ratio of the num-
ber of points for each peak to the total number of points becomes an esti-
mate of the fractional area of either the cloudy or clear region. In the
example portrayed in Figure 1, the fractional cloud cover for the area is
the ratio 260 to 520, i.e., one-half.

In actuality, some of the assumptions made for the idealized cloud
cover model are not satisfied. For certain conditions, the cloud thickness
and its top height, thus its top temperature, will vary. Even in the win-
dow region the atmosphere is not perfectly transparent, and the outgoing
infrared energy is affected, however slightly, by the variable absorbing
constituents in the atmosphere. Thus in the model's application to real
situations the Channel 2 histogram will not be represented by the two
discrete lines when the assumptions are not true. Some insight into its
expected form is given by a modified form of Central Limit Theorem
(Cramer, 1945). The dominant physical process being measured is the ir-
radiance received from the emitting surface. However, since the viola-
tion of the assumptions influence the observations of the physical process
in a variety of ways, according to the Central Limit Theorem, the observa-
tions will tend to be normally distributed, and centered about a representa-
tive equivalent black-body temperature for the irradiance emitted by either
the cloud top temperature or the earth's surface. The application of the
Central Limit Theorem is valid, insofar as there is no single dominating
effect from the violation of any assumption, combination or assumptions,
or if the effects violating the assumptions are independent.
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Fig. 1. Frequency histogram of equivalent black body temperatures for
an idealized model.

Thus a more realistic model to estimate cloud cover in a given region
is developed by noting that the assumptions stated for the idealized model
need not be vigorously satisfied to obtain meaningful results. A more
realistic histogram corresponding to Channel 2 observations of the same
physical process portrayed in Figure 1 is constructed in Figure 2, Instead
of two discrete lines, there are now two separate modes, more or less
normally distributed, indicating the cloudy and the clear subregions. The

fractional area of each subregion is given by the ratio of the area under
each mode to the total area.
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Fig. 2. Frequency histogram of equivalent black body temperatures for a
realistic model.
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In the idealized model it was assumed that the surface temperature
was constant. In the realistic model the violation of this assumption in
an area of interest tends to increase the variance of the distribution. This
component of variance may be reduced by rescaling the abscissa from
equivalent black-body temperature to a DV scale defined as the difference
between the surface temperature and the observed equivalent black-body
temperature (Shenk, 1963; Panofsky, et al., 1965). Thus a model formed
in DV as the abscissa is more applicable to areas with differing surface
temperature distributions. The new DV scale for the abscissa is presented
in Figure 2 for which the surface temperature is assumed to be 303° K.

In situations in which more than two types of sky conditions exist in
region of interest, more than two modes will be found in the actual dis-
tribution of Channel 2 observations. If the heights of the cloud tops tend
to be distinct for the different layers of clouds, then separate modes for
each cloud type will also tend to be distinct, i.e., if the resolution of
the instrument is sufficient. In this situation the definition used in defin-
ing the fractional area covered by a single cloud layer can be extended
to the fractional area covered by the ith cloud layer by

Creh 77 (1)

th
where Cj is the cloud coverage of i layer in percent, Nj is the number
of observations under the ith mode and N is the total number of observa-
tions in the region of interest.

Besides the cloud coverage information, the histograms also reveal
information concerning the cloud types. For example, the mode charac-
terized by very high DV2's are observations from clouds with cold equiva-
lent black-body temperatures, while the mode with the lowest DV2's will
be observations from clear regions with high equivalent black-body
temperatures. Since clouds with the lowest equivalent black-body tem-
peratures will have large vertical extent and high water content in a
liquid or frozen state, the mode probably indicates a region of cumulo-
nimbus activity or deep large scale convection. Intermediate sky condi-
tions will be indicated by modes with typical values ranging between
the extreme DV2's for the two examples. In some cases, however, no
definite information about their types or heights can be derived directly
from the histograms due to the condition that cloud effective emissivities
of the middle and upper troposphere vary with extremes from 0,16 to 1.0
(Kuhn, 1963). Because of the resulting uncertainty of the emissivity
variation, the upward irradiance value from a region with thick warm
clouds of the middle troposphere may be identical to that from a region
with the thin cold clouds of the upper troposphere. In the thin cloud case,
the infrared irradiance observed is partly contributed by flux from cold
clouds and partly by the irradiance from the lower warmer regions. If one
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assumed an effective emissivity of one, the cloud would seem to be from
a region lower than its actual height in the troposphere. Thus in an area
which has both low-emissivity valued clouds of the upper troposphere

and thick high-emissivity valued clouds of the middle troposphere,
Channel 2 histograms will not provide any discriminating information con-
cerning either the type or the height of its upper surface. However, the
histograms will still provide total cloud coverage information.

In the situation in which the cloud model using only Channel 2 ob-
servation fails to discriminate between middle and upper troposphere
clouds, the most feasible alternative is to extend the modelling to single
distribution histograms of Channel 1 and to joint distribution histograms
of Channels 1 and 2. Channel 1, the 6 micron water vapor channel, is
more sensitive to cloudiness and the water vapor in the upper troposphere
(Raschke, 1966). Fritz and Rao (1967) have shown that the fractional
transmission of the radiation through cirrus clouds is much larger for 10
micron radiation (Channel 2) than for 6 micron radiation (Channel 1). In
one of the examples for an upper cloud temperature of 235° K, 60 percent
of the upward irradiance was transmitted in the 10 micron region while in
the 6 micron region the cloud was opaque. Thus, in histograms of Chan-
nel 1 observations, one would expect to find separate distinct modes
associated with cirrus and middle level cloudiness so that in the situation
where Channel 2 fails both cloud type and cloud top heights could be in-
ferred. The single distribution model for Channel 1 observations is formed
in the same manner as for Channel 2 model. Large DV1's indicate cirrus
cloudiness while low valued DV1's indicate a dry middle and upper tropo-
sphere. Because of the strong absorption in the 6 micron region, only a
negligible portion of the upward irradiance on the water vapor region that
the satellite intercepts actually is emitted from the earth's surface. Again
one expects that the actual distribution of Channel 1 observations will
contain modes that according to the Central Limit Theorem will tend to be
approximately normally distributed instead of discrete lines because of
the many factors influencing the 6 micron irradiance.

Since both Channel 1 and Channel 2 histograms provide information
of cloud type and Channel 1 is to be used in situations when Channel 2
fails, it is important to examine their joint distribution. In the actual
construction of the two-dimensional arrays, the isopleths for local fre-
quency maxima will delineate the models of the specific sky conditions.
From statistical considerations, i.e., the Central Limit Theorem, these
modes should be in the form of a bivariate joint normal distribution func-
tion. From physical considerations the center with the lowest DV1 and
DV2 values should indicate clear sky conditions, while the center with
the highest DV1 and DV2 values indicate regions of cumulonimbus activity
or deep large scale convection., As for those centers with DV1 and DV2
values in between the two extremes, the sky conditions they indicate
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may be quite complicated. However, it is reasonable to assume tentatively
that in situations where two centers have approximately the same DV2
values but different DV1 values, according to the results of Fritz and Rao
(1967), the mode with higher DV1 should indicate cirrus clouds while the
mode with a lower DV1 should indicate lower clouds.

In the next section actual results from NIMBUS II MRIR data using
both single and joint distribution models are presented.

III. RESULTS FROM CHANNELS 1 AND 2

Because the purpose of this paper is to develop a technique to esti-
mate cloud distributions from radiation data, a preliminary study was con-
ducted using only Channel 2 data to test the cloud cover model. For the
preliminary work, four separate areas were selected. These four areas are
designated in Table 1, and outlined inthe HRIR photo-strip shown in Figure
4, Only the detailed results for the region B2 covering the area of the
South Pacific from 105° W to 108° W and from 14° S and 23° S are presented
to illustrate the preliminary tests. The MRIR Channel 2 data were taken
from NIMBUS II orbit 213 of May 31, 1966. Sea surface temperature for
the DV2 values were estimated from the May and June monthly mean tem-
perature for the Southern Pacific (U.S. Navy Marine Climatic Atlas of the
World, 1959).

60-
404

204

4.0 10.0 20.0 300
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Fig. 3. Frequency histogram of DV2 data for block B2.
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Table 1. Location, population, model and visual estimates of cloud cover
for blocks Bl to B4.

Channel 2 Individual Averaged
Model Visual Visual

Block Latitudinal Longitudinal Estimates Estimates Estimates
No. Extent Extent (%) (%) (%)
Bl 1S to 128 102W to 105W 5.0 25 20 20 20 21.2
B2 14S to 23S 105W to 108W 69,5 40 80 75 175 67.4
B3 26S to 34S 109W to 113W 82.4 75 90 85 65 78.7
B4 40S to 43S 113W to 118W 67.2 55 75 80 55 66.3

Fig. 4. HRIR photo-strip for South Pacific. NIMBUS II data orbit 212,
May 31, 1966.
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In Figure 3 the histogram of Channel 2 radiation data is presented.
Two modes are found, one is peaked at DV equal to 7 and the other is
peaked at 15, For the region with DV2's greater than 20, the minor peaks
that exist are not well defined due to the limited frequency of occurrence.

To estimate cloud coverage, the number of observations from the first
three data intervals which corresponds to observations from clear regions
were assigned to the lowest mode. Thus the fractional area of the clear
region is 73/240 which is a percentage of 30. 4% for clear conditions and
69. 4% for cloudy conditions. In an independent check, the HRIR photo-
strip was given to four experienced meteorologists who were asked to esti-
mate the cloud coverage of the area. They were not aware of the estimates
from the MRIR data. Their individual estimates for the region B2 are pre-
sented in Table 1. It is interesting to note that while their estimates
range from 40 to80 percent, the mean estimate of 67.4% agrees remarkably
well with the estimate of 69. 5% from the model.

The cloud estimation results for the other three areas are summarized
on Table 1 which presents the number of observations contained in each
area as well as the results of visual and model estimates of percentage
cloud cover. In comparing these results, the agreement between the cloud
coverage estimates from the model and by the four meteorologists are ex-
cellent for Blocks 2, 3 and 4, while the poor results for Bl are likely due
to the condition that the mode associated with the clear area dominates
the mode associated with the low clouds. The two modes are not distinct,
since the temperature difference between the ocean surface and the top of
the low clouds is small. However, Young (1967) has noted a tendency for
observers to overestimate cloud cover from satellite pictures for scattered
conditions. Note in the HRIR photo shown in Figure 4 that the contrast
between the clouds and ocean surface is slight. Because the HRIR con-
trast is a direct measure of the difference of the irradiance emitted from
the two surfaces, it is clear that the clouds, regardless of their coverage,
are warm low clouds. In these situations where there is little contrast in
the upward irradiance from the earth's surface and warm low clouds, this
technique will fail because of the low resolution of the MRIR radiometer.

The failure of this technique is due to the condition that the instru-
mental field of view is receiving the combined irradiance from both warm
low cloud tops and the ocean surface. The field of view of the MRIR radio-
meter on NIMBUS II is a circle with a diameter of approximately 68 kms at
the earth's surface. Thus the observed value is the average of the
irradiance from a circular area that is much larger than the characteristic
scale of small scale convective clouds, In the poor results for Bl, the
resolution of the MRIR radiometer is undoubtedly the primary reason for
failure since in regions of variable low cloud cover, the observations due
to averaging will completely smear the histogram of what should be two
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distinct modes, i.e., if the resolution were perfect. If the cloud model
were used with HRIR observations, the modes associated with various
cloud features should be more distinct since the HRIR field of view, which
spans a circular area with an 8 kms diameter, would provide much greater
resolution. Also the reliability of the modes would be increased from the
higher rate of sampling.

Although the preliminary study indicated certain limitations of the dir-
ect inference of the cloud distribution, the results indicated that large
scale area cloud coverage could be inferred from the MRIR radiation data.
Thus, the bivariate model using both Channel 1 and Channel 2 data was
used for the same four regions of the preliminary tests. The first result
to be discussed corresponds to the B2 case of the preliminary study just
presented. In Figure 5 the empirical joint distribution of DV1 and DV2
data for the region B2 is portrayed. The isopleths indicate the number of
observations. Also indicated on the figures are the marginal probability
densities for each channel. Two relative maxima are found. One is
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Fig. 5. Bivariate frequency and marginal probability density distributions
of DV1 and DV2 data for region B2.
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located at a DVI1 equal to 43 and DV2 equal to 6, and the other at DVl equal
to 48 and DV2 equal to 14. The location of the upper left-hand maxima has
the lowest possible DV2 and DV1 values of all centers from the scatter
diagrams for the four regions. Thus it indicates not only a clear but also

a dry atmosphere, It is interesting to note that the relative range of DV1
values is considerably less than for the DV2 data. This is due to the con-
dition that even in a relatively dry troposphere, there is still sufficient
water vapor for the irradiance in the 6 micron emitted at the earth's surface
to be completely absorbed and re-emitted at a low temperature. Thus the
black-body temperatures of Channel 1 are confined to a smaller range of
tropospheric temperature than for Channel 2.

The mode in Figure 5 located at DV values of 48 and 14 indicates the
distinct cloudy region that was estimated in the preliminary study to con-
stitute 69. 5% of the total B2 area. Note the DV2 marginal probability
distribution along the right-hand edge of the figure portrays the two modes
that, except for scaling, are identical to Figure 3. In the DV1 marginal
distribution shown in the lower portion of the figure, there are no distinct
modes. However, when both distributions are considered simultaneously,
it is clear that the low value DV1's were primarily observed over the clear
region while the DV1's greater than 49 were all observed over the cloudy
region. In this study, no quantitative assessment of the amount of water
vapor in the upper troposphere using Raschke's technique (1966) was made.
Still, it is possible to infer from Raschke and Bandeen's (1967) statement,
""that contributions (to satellite observation) from irradiance in the 6. 3
micron region below 600 mb are small, " and that the region of the tropo-
sphere above the low level clouds contained higher water vapor content
than the clear regions. Furthermore, since the subregion about the cloudy
maxima in the bivariate distribution is literally extended to the left indi-
cating a great variation of DV1 values above the clouds, it is clear that
variance of water vapor content above the clouds was greater than in the
clear drier subregion.

The DV2 histogram also indicates a few higher valued observations
which along with the high valued DV1 observations indicate a trace of
clouds higher in the troposphere than the relative uniform layer covering
69% of the area. From the photo-strip, Figure 4, this condition appears
to be true. The B2 area is partly clear, partly covered with warm low
clouds, and in the middle of the region there is a trace of brighter clouds.

The bivariate frequency distribution for Block 1 showing only one mode
is presented in Figure 6. Note that the one maxima in this Figure is
centered at the same DV1 and DV2 values of the relative maxima indicating
the clear condition in Figure 5. It also isthe example in the preliminary
study in which it was difficult to assess the area covered by low scattered
clouds. Very likely the highest valued DV1 and DV2 data are indicative
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Fig. 6. Bivariate frequency and marginal probability density distribution
of DV1 and DV2 data for region Bl,

of the 10 to 20 percent low cloud cover indicated in the HRIR photo-strip.
However, as discussed previously, there is no distinct mode associated
with the clouds because of the limited resolution of the MRIR instrument,
and it is difficult to estimate the cloud cover in this situation.,

The bivariate frequency distribution of Channel 1 and 2 for B3 is
presented in Figure 7. The elongated region containing nearly all the
observations portrays a general correlation between DV1 and DV2 which is
primarily due to the presence or absence of clouds. The relative modes
II, III and VI deviate from the linear relation indicated in the diagram.
Because the emissivity of cirrus clouds in the spectral region of Channel
1 is greater than Channel 2 (Fritz and Rao, 1967), relative modes indica-
tive of these cirrus clouds should be displaced to the right of the general
linear relation. Mode VI belongs in this category. The low DV2 values
for Mode II indicates a clear region but one with higher water vapor content
than for Mode 1,

The results for Block 4 are presented in Figure 8 in which the three
relative maxima are identified I, IT and III. The DVI1 density distribution
indicates an upper troposphere with a uniformly higher water vapor con-
tent over the entire B4 area while the DV2 data indicates the three modes.
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In the preliminary study the estimate of cloud cover was 67%. However,
in a comparison of the DV2 values in this figure with the DV2 values for
the clear regions of the previous three figures, one might conclude that
the entire region was overcast. However, from the HRIR photo-strip there
are darker areas which from a preliminary visual examination appear to

be cloud-free areas.

There are at least two possibilities for this contradiction: 1) the
contrast between the brightness of the highest clouds and the darker area
is so great that the dark blotches appear to be cloud-free even though they
are not or 2) the lack of resolution in the MRIR data does not allow for
representative irradiance sampling from the dark areas. The latter possi-
bility is indicated in the HRIR photo, Since the dark areas are of such
limited horizontal extent (maximum = 1, 5 degree of latitude), it is likely
that the averaging of the irradiance from the limited MRIR resolution is the
best explanation for the high DV values associated with Mode I. Regard-
less whether the dark blotches are cloud-free or not, one can conclude
that the cloudiness of the highest layer is 67%.

Figure 9 is a composite bivariate frequency distribution for all four
regions. Seven relative maxima are identified by roman numerals I through
VII. One of the most interesting aspects of the combined figure is the
definite organization of the field, Distinct maxima stand out in the two
dimensional portrayal while the local maxima of the medium to high valued
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portion of the marginal DV1 and DV2 distributions are much less pronounced.
Thus, if one considers only the distributions separately, one loses infor-
mation concerning the cloud and water vapor structure of the atmosphere.
For example, consider that the observations associated with modes III, IV,
V and VI were combined. Their marginal DV1 distribution would not be
significantly different from the relative uniform DVI1 distribution in the
interval from 51 to 66 indicated in Figure 8, However, when the two dimen-
sional array is considered, it is clear that distinct cloud layers were pres-
ent. Thus, it is important to form a cloud or irradiance model which
preserves this important information in any extended general circulation
climatology.

The most distinct maximum, I, is associated with the clear conditions.
Note that local maxima are also present in both marginal distributions.
Thus, one can conclude that clear regions are associated with lower values
of middle and upper tropospheric water vapor content than cloudy areas.

The highest DV valued maximum, VII, is undoubtedly associated with
the most intense convection in the cloudy regions. This mode is from re-
gion B3 data and is associated with the highest clouds in the extreme
upper right-hand corner (see Figure 4). Other relative maxima can be
identified with cloud features in the various blocks and indicate that
various synoptic systems have identifiable irradiance fields which are
distinct from each other. Another interesting feature of Figure 9 is the in-
dication of a strong positive correlation between the data of the two chan-
nels. However, for many purposes it would be misleading to attempt to
infer one from the other by correlation techniques. For example, if a cer-
tain portion of the earth yielded a subsample similar to the subsample
about modes IV and V, the hypothetical results would indicate a negative
correlation while the complete sample indicates a positive correlation,

The percentage area coverage of distinct cloud patterns associated
with each mode is presented in Table 2. The division of the distribution
according to mode is not difficult except for the separation of modes I
and II, Since most of the variance about strongly peaked mode I is likely
associated with scattered low level cloudiness, the region of the dis-
tribution for DV1 greater than 46 and DV2 greater than 10 was combined
with mode II. While it would be possible to speculate as to the type and
height of cloud for all modes, there is no verifying information available.
Hence, it seems advisable to attempt cloud identification in a later study
when more complete data is available, The data indicate in the bivariate
frequency distributions that distinct modes are present which allow
quantitative estimates of percentage cloud coverage and that the possi-
bility of the quantitative identification of cloud type and cloud top height
to form a global cloud climatology deserves additional study.
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Table 2. Percentage area coverage by relative mode

Observational Percentage
Relative Mode Frequency Coverage (%)

I 377 46,7

II 183 22,7

III 33 4.1

v 25 3.1

v 99 12.3

VI 63 7.8
VII 27 3.3
Total 807 100. 0

Iv. ADDITIONAL RESULTS FROM CHANNELS 3 and 4

The additional channels in the MRIR experiment provide the opportun-
ity to construct multidimensional distributions. However, due to the pre-
liminary nature of this study only two-dimensional histograms were studied.

Channel 4 measurements which are indicative of the total infrared ir-
radiance emitted by the earth atmospheric system are highly correlated
with Channel 2, Because Channel 2 is more sensitive to clear versus
overcast conditions, it does not seem worthwhile to attempt bivariate
distributions utilizing Channel 4.

Due to the nearly constant distribution of CO, in the atmosphere,
Channel 3 measurements of the irradiance emitted in the CO, region are an
indication of the effective mean temperature of the atmosphere from around
700 mb to one mb (Raschke, 1966). Because of the strong absorption in
the 14 to 16 micron band, however, the observations primarily measure the
temperature of the lower stratosphere and are not directly related to the
detection of clouds.

Single mode distributions of DV3 were determined for the same areas
utilized in the DV1 and DV2 histograms. No additional information con-
cerning the cloud distributions were found. In the four histograms, the
center of the modes shifted towards lower values with the increasing lati-
tude of the region due to the condition that the decrease of stratospheric
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temperatures with latitude is less than the decrease of the surface tempera-
ture. The scaled DV values did not adequately compensate for this effect
because they are only adjusted for surface temperature.

Bivariate frequency distributions of DV1 and DV3 and also DV2 and
DV3 were constructed, The DV1 - DV3 distribution showed that the two
channels tended to be linearly correlated. In the distributions for Bl,
B2 and B4, only one mode was found and the diagrams are not presented.
The distribution for region B3 portrayed in Figure 10 displays two modes,
The left one indicates a dry upper troposphere and warm stratosphere while
the right one indicates a moist upper troposphere and cold stratosphere.
Very likely at this time the polar-subtropical break in the tropopause is
located in B3,

The DV2 - DV3 bivariate distribution was similar to the DV1 - DV2
histogram, only the latter revealed more information about cloud types.
Figure 11 shows the DV2 - DV3 distribution for B3, In a comparison with
Figure 9, the first four modes along the DVl scale are distinct but are not
indicated by the DV3 scale. Thus for cloud type information, Channel 1
data seems preferable to Channel 3 information.

V., CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

The cloud cover estimation model developed and tested in this study
shows considerable value in being able to quantitatively estimate cloud
cover from satellite irradiance data. It will fail for situations in which
the temperature difference between the earth's surface and the equivalent
black-body temperature of the cloud top surface is not significantly large.
However, these situations are normally only associated with low clouds,
thin cirrus or for clouds over the extremely cold ice and snow covered polar
regions., Over most regions in which there is considerable contrast in the
upward irradiance from the earth's surface and the clouds, the technique
using MRIR data shows considerable promise, With a higher resolution
instrument, the relative modes in the bivariate distributions should be
more pronounced with less variance, making the estimation more precise.

In future research for the development of a global cloud climatology,
it is important to estimate the cloud type and heights, This should be
possible with a higher resolution instrument since the variance of the
relative modes would provide information on the uniformity of the irradi-
ance from the upper cloud surface. Such information should identify
whether the cloud is stratiform or cumuloform.
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Another improvement in this technique could be obtained through in-
strumental design. Because it is the variation of the effective emissivity
of clouds within different spectral regions that leads to the multi-modal
frequency distributions, the spectral interval of the channels should be
selected such that the difference in effective emissivities is maximized.
By emphasizing this difference, peaks of the various modes will be
more pronounced and discrimination will be enhanced. Eventually as
techniques and instruments are improved, refinements will lead not only
to estimates of areal cloud coverage but also possibly to estimates of
type, cloud type heights and vertical extent.
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THE USE OF APPROXIMATING POLYNOMIALS TO ESTIMATE PROFILES

OF WIND, DIVERGENCE AND VERTICAL MOTION

Phillip J. Schmidt
and
Donald R, Johnson

Abstract:

""Least squares'' approximating polynomials are used to suppress
bias and random errors in estimating vertical profiles of winds, di-
vergence and vertical motion. A quadratic polynomial is used to
filter each wind profile, Profiles of divergence and vertical motion
computed from a linear, a cross-product and a quadratic two-
dimensional (horizontal) approximating polynomial model and from
the Bellamy technique are compared. The random error variance
component of the wind observations is estimated from the filtering
polynomial prediction errors. In turn, the random-error variance
component of the filtered wind, divergence and vertical motion is
determined from the wind observational error variance for the various
models.

In the presence of nonlinear variation in the horizontal wind field
the Bellamy modeling assumption of linear wind variation introduces
biased divergence errors. The divergence bias errors will persist
through a considerable portion of the troposphere through the thermal
wind relation and in the vertical integration cause large ''spurious"
vertical motion estimates of w at the top of the profile, Divergence
estimates from both the cross-product and the quadratic approximat-
ing polynomial models of the horizontal wind field tend to be less
biased in this situation and normally produce superior vertical
motion profiles.
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I. INTRODUCTION

In the past two decades many attempts have been made to evaluate the
large-scale fields of divergence and vertical motion. The methods most
widely used have been the adiabatic method, the kinematic method and
several methods employing vorticity. Previous studies (Palmén (1956),
Endlich and Clark (1963), and Eddy (1964)) indicated that reliability of the
kinematic technique was sufficient for it to be used in diagnostic studies
if some added means were employed to reduce the influence of observa-
tional errors and small-scale effects, The intent of our study is to devel-
op improved diagnostic techniques for atmospheric energy studies by
using filtering polynomials. This is accomplished by incorporating
vertically-filtered profiles of wind at each station to estimate a horizontal-
ly-filtered profile of divergence. Then vertical motion is computed from
the divergence by ''least squares'' polynomial integration. Through these
techniques the effects of random errors are suppressed and only the varia-
tions associated with the scale of the primary and secondary circulation
are retained,

II, THE FILTERING POLYNOMIAL TECHNIQUE

The diagnostic model is based on application of ''least square