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ABSTRACT

The available potential and kinetic energy budgets are
evaluated for a developing cyclone over the East China Sea
during the 1975 Air Mass Transformation Experiment. The com-
putations are made in a quasi-Lagrangian frame for areas of

approximately 6 x 106 km2

at l2-hour intervals starting at
0000 GMT 13 February and ending at 1200 GMT 15 February 1975.
The relationship between the cyclone development and the a-
mount of energy supplied from the ocean during air mass modi-
fication is also examined.

Three components of the diabatic processes are consider-
ed. Both the stable and convective latent heat release are
estimated; the latter is accomplished using Kuc's cumulus
parameterization scheme. The sensible heat transferred from
the ocean is computed by employing the bulk aerodynamic method.
The radiational heating is estimated considering modeled cloud
distributions. The magnitudes of the individual diabatic heat-
ing rates are comparable to those in other studies. It is
shown that the generation of storm's available potential energy
by diabatic processes is small compared to the internal source

resulting from the temperature advection, suggesting that the

energy supplied from the ocean during air mass modification is

iv



not very iﬁportant in the immediate cyclone development. How-
ever, at a time scale different from that of cyclone develop-
ment, the continuous heating of the atmosphere by the ocean
creates a situation where an invasion of cold, continental air
gives rise to strong baroclinicity, which in turn is favorable
for the development of extratropical cyclones.

Part of the storm's available potential energy is con-
verted through large scale vertical motion and part of it is
transferred to the subgrid scale processes; of the available
potential energy converted, some is used to produce kinetic
energy within the storm system and some is used as expansion
work along the boundaries. In the mean, the kinetic energy
is obtained from both the cross-contour flow and the subgrid
scale motion, and is exported out of the storm system. The
subgrid scale processes and the interaction between the storm
system and its environment are demonstrated to be important

in this case study.
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CHAPTER T
INTRODUCTION

Extratropical disturbances form most readily in the
strong baroclinic region near the jet stream (Palmen and New-
ton, 1969). BAccording to Petterssen (1950), two major cyclone
tracks exist in the northern hemisphere during winter season,
from the southwestern to the northeastern parts of the Pacific
and Atlantic oceans. The regions where these cyclones origi-
nate are coincident with the areas where observations indicate
that a considerable amount of sensible heat and moisture are
transferred from the ocean to the atmosphere during winter
(e.9., Ninomiya, 1972). With the development cf baroclinic
instability theory, the current viewpoint is that extratropi-
cal cyclones are manifestations of the adiabatic release of
the zonal available potential energy (Johnson, 1970). Obser-
vational studies, such as those by Oort (1964) and Dutton and
Johnson (1967), also show that the energy cycle of the general
circulation (Fig. 48) proceeds on the average from zonal avail-
able potential energy via eddy available potential energy and
eddy kinetic energy to, finally, the zonal kinetic energy.

These eddies can be identified as cyclones and/or anticyclones.



Petterssen's statistical evidence showing that cyclogenetic
areas are usually regions where sources of either sensible
heat or moisture exist has not been satisfactorily explained.

Many of the past studies on the available potential en-
ergy budget of cyclones have emphasized the generation effect
of the diabatic processes. Several such studies were accom-
plished at the University of Wisconsin. Some of the results
are included in Table 1. An cobjective at the University of
Wisconsin has been to test the hypothesis that the generation
of available potential energy by diabatic processes in large
scale disturbances is a significant source of energy for the
development and maintenance of cyclones. Their strategy was
to compare the magnitudes of the in situ generation and the
frictional dissipation in the planetary boundary layer. As
summarized by Johnson (1970), all of the results support the
hypothesis that the in situ generation of available potential
energy at the storm* scale is sufficient 1) to offset a signi-
ficant portion of the storm's kinetic energy dissipation in
the planetary boundary layer, 2) to imply that, at least dur-
ing the mature stage, the storm may be energetically self-
sufficient, and 3) to suggest that diabatic heating is an
important factor in determining the storm's transient behav-
ior during its growth, maturation and decay.

These conclusions are questionable since not all the

*The terms storm and cyclone will be used interchangeably.



sources and sinks of the available poteﬁtial and kinetic ener-
gy are considered. A comparison between the generation of
available potential energy by diabatic processes and the fric-
tional dissipation in the planetary boundary layer is not suf-
ficient to assess the importance of diabatic processes in
cyclone development. An evaluation of the budget of avail-
able potential energy, which includes various sources and
sinks is required if any conclusion on the role of diabatic
processes is to be drawn.

The Air Mass Transformation Experiment (AMTEX), a sub-
program of the Global Atmospheric Research Program (GARP),
was carried out over the East China Sea during 14-28 February
1974 and 1975. One of the scientific objectives was to de-
termine the relationship between the development of both meso-
scale and synoptic scale disturbances and the amount of energy
supplied from the sea surface during air mass modification
(GARP Publication Series No. 13, 1973). The goal of the pre-
sent research is to examine this relationship using an energe-
tics a2pproach. The cyclone, which developed over the East
China Sea on 13 February 1975 and subsequently moved in a
northeastward direction, will be used as a case study. Here-
after it will be referred to as the AMTEX storm.

The specific objective of this study is to evaluate the
sources and sinks of the AMTEX storm's available potential

and kinetic energy in a quasi-Lagrangian frame for areas of



approximately 6 x lO6 km?. Two formulations of the available

potential energy budget are utilized, one by Vincent and Chang
(1973) and the other by Edmon (1978). Since the resolution is
limited by the size of the grid mesh, all of the subgrid scale
processes are evaluated as a residual. The importance of di-
abatic processes in the cyclone development will be judged by
the magnitude of the generation of the storm's available po-
tential energy. If the magnitude is relatively small, it will
be concluded that the diabatic heating or cooling is not as
important as other processes in the immediate development of
the AMTEX storm.

The concept of available potential energy and the energy
budget equations will be discussed in the next chapter. In
Chapter III, the data source and the synoptic background of
the AMTEX storm are described. The methodology and the esti-
mated diabatic heating rates are given in Chapter IV. A de-
tailed discussion of the results is presented in Chapter V,
and Chapter VI contains the summary and concluding remarks.
The notations and abbreviations are explained in the List of
Symbols. Those symbols which are often used in the meteoro-
logical literature will not be redefined in the following

discussion.



CHAPTER IXI

THE ENERGY BUDGET EQUATIONS

1. The Concept of Available Potential Energy

The forms of energy which play a significant role in
atmospheric energetics are kinetic energy (XE), potential
energy (PE), and internal energy (IE). If a distinction is
made between the thermal and latent forms of IE, the processes
of evaporation and melting and the reverse processes of conden-
sation and freezing convert thermal IE into latent IE, and
vice versa. In particular, evaporation from the ocean surface
removes thermal IE from the ocean and adds latent IE to the
atmosphere. It is possible, however, not to include latent
IE as a form of atmospheric energy, provided that the release
of latent heat is treated as a form of diabatic heating, ra-
ther than an internal quasi-adiabatic processes. If this con-
vention is adopted, the atmosphere will be assumed to gain IE
not when water evaporates from the ocean, but when the water
subsequently condenses within the atmosphere. This allows the
energetics of the atmosphere to be treated separately from the
ocean (Lorenz, 1967).

The atmospheric KE, PE and IE per unit mass are %’W‘W,

gz and c,Ts respectively. Under hydrostatic equilibrium, the



ratio PE/IE for a column of air extending from the surface to
the top of the atmosphere is constant and equal to R/cv(~2/5),
and therefore, PE and IE increase or decrease together. The
sum of the two is referred to as the total potential energy

(TPE) . ILet 7 denote TPE, thus,

-] ] o] = )
fpgzdz+fpchdz= —zdp+fpxzdz-t[ pc,Tdz
o o ps o o
= -]
prsz+fpchdz+ p xzdz
(o) o o]
o]

pcPsz +fpxzdz ’ (1)
o)

where (=g +% %‘E—) is the deviation from the hydrostatic bal-

A
I

ance, and the boundary conditions P=p  at z =0 and p=0 at

= are applied in the integration by parts. Since the com-
putations in this study are for the synoptic scale, hydrosta-
tic balance will be assumed. Therefore, the last integral in
(1) vanishes. Note that it is meaningless to speak of TPE at
a particular point, but within a vertical column the average
amount of TPE per unit mass is given by the average value of
cpT, which is simply the sensible heat per unit mass.

The pressure p, density p and potential temperature §
of any natural state of the atmosphere are assumed to be dif-
ferentiable (and hence continuous) functions of x, y, 2z and t.
In addition, %g- is assumed to be continuous and positive above

the ground. Therefore 3 is a continuous, one-to-one function



of height z. Approaching the top of the atmosphere, the den-
sity and pressure are assumed to decrease at a much faster
rate than the rate at which temperature increases. If eT de-
notes the potential temperature at the top of the atmosphere,
then §;, = = and p(6q) = p(8y) = 0.

Lorenz (1955) introduced an ingenious convention which
avoids the necessity of determining the equation of the earth's
surface in isentropic coordinates. This is accomplished by
defining the pressure on an isentrope which intersects the

earth and goes "underground" as the pressure at the surface.

Therefore, %%-can be defined to be zero (i.e., %% = =) over

the underground portion of any isentrope.

The concept of available potential energy (APE) is
based on the principle of conservation of mass and on the
idealization that flows which conserve specific entropy may
exist. Under these conditions, the sum of the internal, po-
tential and kinetic energies is a constant. Therefore, a
state of the atmosphere which possesses a minimum of total
potential energy will likewise have a maximum of kinetic
energy.

The available potential energy is defined to be the
difference between the TPE of the natural state and that of
the reference state; the reference state being a horizontally
invariant and statically stable density distribution achieved
by isentropically redistributing the mass in the natural state

without any boundary work done to or advection into the system.



The TPE of this reference state is a minimum (Appendix 3).
Hence the kinetic energy of the isentropic flow leading
to the reference state assumes a2 maximum value. The differ-
ence between this maximum amount of KE and the KE of the nat-
ural state is equivalent to the available potential energy.

Conceptually the reference state can be attained by
imposing a vertical motion field which moves the originally
undulating isentropic surfaces into coincidence with the
earth's geopotential surfaces. Thus, all thermodynamic vari-
ables will be constant on the geopotential surfaces. The re-
distribution process preserves the distribution of mass with
respect to potential temperature. The surface potential tem-
perature in the reference atmosphere, i.e. 8, at HE=0, will be
the lowest potential temperature 6o of the natural state, and
the potential temperature eT at the top of the reference at-
mosphere will be the highest found in the natural state.

The mass per unit area contained between the isentropic

surfaces with values ) and 8 in the reference state is,

"(8) 2
o (2)dz = p_ S—I;- ay , (2)

o 6o

and in the natural state it is
g g8
1 dh oh

;ffp'gzgdcd\}:= (pg—w)dﬁ!: (3)

5 84

where H and h represent the height in the reference state and

the natural state, respectively, ¥ is a dummy variable,



subscript s denotes surface, ¢ is the horizontal area of the
system of interest, and the careted brackets defined by

)y =2] )8,

denote the ratio of an integral over an isentropic surface to
6. The assumption that %%-vanishes on underground isentropes
is used in (3), which ensures that the portion of the integral

from 2. to es makes no contribution. The definition of the

¥0
reference state requires (2) and (3) to be equal;
g8 e
3" 3h
f Pr 3y 3 = (o 3y d¥ - (4)
eo eo

Differentiation of (4) with respect to 8§ gives,

SH d3h
Pr 35 = P 33 - (5)

Eqg. (5), combined with the hydrostatic equation for the refer-

ence state,

3p
r__, o2&
‘I Pr9 36 ' (6)
gives, 3 8
T T
dh op
p.(8) = 9:[ (o 3y) ¢ = - . Gy 9% - (7)
o}

Having determined the pressure and potential temperature of
the reference atmosphere, all other thermodynamic variables
may be derived. Therefore, the structure of the reference

state can be uniquely and explicitly determined from the

natural state of the atmosphere (Dutton and Johnson, 1967).
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Computationally, the reference pressure in (7) is the
average pressure on an isentropic surface in the natural state.
When an isentrope intersects the ground, the convention that

ég-vanishes allows the surface pressure to be used in the

-]

averaging procedure and guarantees the conservation of mass.
Therefore, at the surface (H=0) of the reference atmosphere
the pressure is the average of the surface pressure in the

natural state, denoted by p_, and at the top (H==) the pres-

sure is zero.

2. The Amount of Available Potential Energy

To evaluate its energetics, the system of interest must
extend from the earth's surface to the top of the atmosphere
and its lateral boundaries must be vertical. The dimensional
constraints are implied by the definition of TPE and the hydro-
static specification of the reference atmosphere. The TPE per

unit area, 7, of such a system is,

c Ps c ®
= R = -2
T 55 T dpde cﬂ ¢ Tddedo , (8)
o g
o
in p and § coordinates, respectively. J, equal to %%3 is the

transformation Jacobian between the height and isentropic co-
ordinates. Since the structure of the reference atmosphere

can be explicitly determined, the TPE per unit area, s is,

c Ps ®
= = =
- 5 Tr dpr cP Py TrJr der . (9)
© 8
o
where Jr = ég. Van Mieghem (1956) used a variational approach
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to show that T, in (9) is indeed a relative minimum (Appendix
A) and is the part of TPE which is unavailable for conversion

to KE. The available potential energy per unit area therefore

is,
A=m-T . (10)
Substituting for Tr in (9) from Poisson's equation
gives,
R s SRS i: S (11)
Ty P r*1000 Pr aer r '’
g

o
where y is R/cp. Since €. is a dummy variable, it may be re-

placed by 5. Therefore,
-~}

mome | sk o 2E 4 (12)
r P *17000° Pr 3@ :
%
Substitution of (5) into (12) gives,

P % c P A
_ Pr* ahy o % Pr *am o
eO eO
Sff . 2" %p A
=3 pe(lO_OO—) dz dg = 59 c(TO—OB) dpdec . (13)
o o]

Note that the physical meaning of T has changed from (9) to
(13). Having redistributed the mass, . in (9) is expressed

in the frame of the reference atmosphere. The reference pres-
sure is only a function of the potential temperature. For each
particle in the natural state, the pressure value in the refer-
ence state is known if & is known. Therefore, the contribution

P %
. . . r
to T from each particle in the natural state is cpe(iﬁﬁﬁ) .
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Summing up all the contributions in the frame of the natural
state gives the expression in (13). This formulation allows

T - T in (10) to be combined and A expressed in one term.

Ps
c p % p. %
A= cgﬂ 8(1555) - ®(1555) 9P do
o]

c Ps P, % SB Ps
2 1 -(—) 17 dpdo = dpdo , 4
og o t (P) _yT p ac og A eT P ac (l)

where ¢ is often called the efficiency factor, which specifies

how efficiently diabatic processes generate or destrcy APE on

an isentropic surface. Areas where the pressure is higher

than the isentropic average will yield a positive efficiency

factor; on the other hand, where the pressure is lower than

the isentropic average, the efficiency factor will be negative.
The use of isentropic coordinates in the theory of avail-

able potential energy is conceptually simple since isentropic

redistribution of mass is called for in the definition of the

reference state. However, isobaric coordinates are chosen for

this research since the data available are in isobaric coor-

dinates.

3. The Time Rate of Change of APE and KE

for an Open Quasi-Lagrangian Svstem

For an energetics study, the choice of the horizontal
extent of a system varies depending on the objective of the
research. In general circulation studies, the entire atmos-

phere can be considered approximately as a closed system. For
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a large scale cyclone, the system may be cne that includes
most of the important synoptic and dynamic features. The
system should be considered open because of the fluxes and
work occurring at the boundaries. Johnson (1970) illustrated
that the same diabatic process might generate or destroy a
storm's APE and global APE by different amounts, and sometimes
even have opposite effects. Therefore, it is difficult to in-
fer the role of the diabatic processes in the energetics of a
storm if the global system is used. Since the major concern
of this research is on the energetics of a developing storm,
rather than the contribution of the storm to the global ener-
getics, an open system is chosen and will be referred to as
the "storm volume." Since the AMTEX storm moved rapidly, it
is desirable to let the storm volume follow the storm instead
of being fixed in space. The details used to specify the mov-
ing storm volumes will be described in Chapter III.

Any meteorological variable ¢ can be decomposed into
two parts, ¥ and §'. The overbared guantity is a spatial

average defined by x + &% y _.__X :,_,._E

2
¥ (x,¥.p) = A% AYAPf [ L __jg ¢ dx dydp ,

where Ax, Ay and Ap are the grid spacing in the X, y and p
directions, respectively. The primed guantity is the devia-
tion of y from . It is easily seen that §' = 0. Due to
discrete sampling, atmospheric information is not available

in a continuous form. The value at each grid point is often
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assumed to be representative of a spatial average. The atmos-
pheric motion, therefore, can be divided into two parts. The
part defined by grid point numbers will be called the grid
scale, and the part which may occur in nature but cannot be
resolved by the grid will be called the subgrid scale.

Two formulations of the APE budget and one of the KE
budget will be discussed below. The derivation of the budget
equations and the decomposition of the grid and subgrid scale
processes are included in Appendix B. Since the subgrid scale
processes cannot be directly computed, they are grouped to-
gether and evaluated as the "residual" of the grid scale terms.
The overbars will be omitted in the following discussion for
convenience. Therefore, all the variables represent the grid
scale unless otherwise stated.

Following Vincent and Chang (1973), the time rate of
change of the grid scale APE for a moving storm volume, here-

after referred to as APE budget I, is,

< 5P
A _ _Agss 1 3 < v - 2L g
5L = 6t+0'9' eQdv +cg cwdVv 59 PV- X v
c c ap?
R Iy @) contay =R X —F v -=L {g.rep(v - a
T P%(w W) v p,dav T pu“’ap v o9 v-[eT(V - W) Jav
c c 5P
- Rja_ 2 —S
o ap(eTw)dV-l-cg €g TS 5T do + RAI ’ (15)
where %E-is the quasi-Lagrangian time rate of change,'% () av

is the mass integration within the storm volume, and W and W
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are, respectively, the horizontal and vertical velocity at
which the storm volume moves. Symbolically, (15) may be

written as

DADT = DAREAA + GA + AW + DPRDT + HAPR + VAPR + HFA

+ VFA + DPSA + RA; , | (16)

where DADT is the quasi-Lagrangian time rate of change of A,
DAREAA is the change in A due to the change in the horizontal
area of the storm volume, GA is the generation of A due to
non-frictional diabatic heating Q, AW is the conversion of A
due to the vertical re-distribution cf mass, DPRDT is the
effect of the time rate of change of pi, HAPR and VAPR are,
respectively, the effects of the horizontal and vertical ad-
vection of p;, HFA and VFA are, respectively, the horizontal
and vertical fluxes of A, DPSA is the change in A due to
changes in the surface pressure, and finally RAI is the re-
sidual of (15). Notice that the signs of symbolic terms are
positive when the effects on the budget are to increase A, and
vice versa.

The generation of APE (GA) by non-frictional diabatic
heating may be further divided into contributions from latent
heat release (GAL), from sensible heat addition (GAS), and from

radiational heating (GAR).,
GA = GAL + GAS + GAR . (17)

The methods used to estimate the individual heating rates are

discussed in Chapter IV. The net effect of vertical motion in
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air with different densities is revealed by the term AW, which
is the integration of gy throudghout the mass in the storm
volume. ©Negative AW indicates warmer air rising or colder
air sinking, and therefore the release of APE. The APE is
stored when AW is positive. Recall that A is a quantity de-
fined for a system with certain constraints, and ¢ and p,. are
assigned values only within the system. The physical meaning
of the flux of APE and advection of pg is vague. The flux of
APE represents a transfer of enerqgy between the storm volume
and its environment by boundary processes. The terms HAPR
and VAPR represent the effect of advection in altering the

mass-potential temperature distribution. The sum of DPRDT,

HAPR and VAPR will be referred to as DPR, where

Sp [T dpy
DPR=—cg ;;de . (18)

The computed RA_ consists of all the subgrid scale processes

I
and the errors on the grid scale, accumulated through observa-
tion, objective analyses, finite differencing, etc.

Edmon (1978) argued that AW and VAPR were nearly equal
in magnitude and opposite in sign, and that the magnitudes
were usually much larger than those of the other terms in (16).
He contends that the generation of APE (GA) is an important
term in the budget equation, but is small compared to AW or
VAPR. Therefore, he proposed a new formulation in which the

terms would be of similar magnitude and the magnitudes would

be comparable to those in the KE budget egquation. His
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formulation, hereafter referred to as APE budget II, is

8A as0 1 1 ‘o

A . _&28 , = = av - s (W - W) -

ot 05t+cg stV+c,g ceawdVv 5q g(V- W)-vTav
c - c c 8P
- =R oT =) Se 2l. —S
55 gwap dV-l-cg Tat dV-i-cg "sTsﬁ*t do'-l-RAII , (19)

or symbolically,
DADT = DAREAA + GA + EAW + EHAT + EVAT + DEDT

+ DPSA + RAI (20)

1’
where DADT, DAREAA, GA and DPSA are the same as those in (16),
EAW is the change in A due to the thermal circulations, EHAT
and EVAT are, respectively, the effects of the horizontal and
vertical thermal advection, weighted by the efficiency factor,
DEDT is the change in A due to changes in the g¢-field, weighted
by the temperature, and RA - is the residual of (19).

Along an isentrope, a region with a positive efficiency
factor is warmer than a region with a negative efficiency £fac-
tor. The function ¢ aw represents the distribution of direct
and indirect thermal circulations. = ¢ is negative for direct
thermal circulation, i.e., warmer air rising (¢ >0 , w < 0) or
colder air sinking (¢ < 0 , w > 0), and vice versa. APE is re-
leased when EAW is negative and generated when EAW is positive.

Since the efficiency factor is usually of the order of 107t or

-2

10 ¥, EAW is generally one to two orders of magnitude smaller

than AW. The advection within the storm volume, which alters
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the thermal distribution, has a2 definite influence on the APE,
as illustrated by EHAT ané EVAT. The term DEDT is ecquivalent
to the term DPRDT in APE budget I (Aprendix B). It is the
eiffect of the time rzt2 of change in the mass-potential temper-
ature distribution within the whole system.

The analyticzl fcrms of dudgets I and II, i.e., the

continuous functions which describe zll scales of motion, are

shown to ke egquivalent in Appendix B. Since the physical pro-

e}
f=2

cesses are grouped tcocgecher differently, there is no reason to

assume ecuivalence for the grid scale and subgrid sczle count-

erparts. In other words, RAI ané R‘II are not necessarily
equzl.
Let X represant the amount of KE within the storm

volume divided by the horizental area,

X = kc
N cq xeacv o,
1
where k = 3 Ve The guasi-Lagrangian time rate cf change of
X 1is,
1 4 1
~ v A { - -
B R = hicmav- = [ 9Tk - W) ] &v
oy g 2T ac | og=1 - -
s J
3D
1l 2 1. °Ss .
- =1 =={ky) AV + === c + RX . 2
35| (ks v o | s 3T éo RX (21)

when written in sympclic Zorm, it is

DKDT = DAREAX + GX + IFX + VFX + DPSK + RX , (22)

where DKDT is the guasi-iacgrangian time rate of change of K,
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DAREAX is the change in K due to the change in the horizontal
area of the storm volumes, GK is the production of K by cross-
contour flow, HFK and VFK are, respectively, the horizontal and
vertical fluxes of X, DPSK is the change in K due to chances
in the surfzce pressure, and RK is the residual of (21).
Besides the subgricé scale processes and errors accumulated in
other terms, RX zalso includes the £rictional dissipation of
becth grid and subgrié flow.

For an open system the producticn of KE is not neces-
sarily realizeé from the store of APE within the system, and
the release of APE is not necessarily ccnverted to KE within

the system. For all scales of motion,

l = l e S — _1; v AV :
af“‘”“"?f“’vmv- gf e+

The term on the richt-hand side is the negative of the pres-

mlo}

(wo)av . (23)

]

sure work which a system exerts on its enviromment. It is
zero for a closed svsiem. For an open system, it is negative

the system contracts.

Ih

if the system expands ané positive i
Due to the subgrid scale processes, actual computation of the
Juantizies in (23) mav not vield an eguality relationship.
2lzhough the EAW term in (19) is related to the conversion of
ASE, there is no explicit expression for connection with the
XE »udget.

An energyv diagram for the grid and subgrié scale APE

ind X= can be constructed in a2 fashion similar to the energy
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diagram for the zoral and eddy APE and XE (Fig. 48) which is
often seen in association with the energetics of the general
circulation. This diagram (Fig. 2) summarizes the APE budget
I and the KE budget. All of the grid scale processes can be
directly computed. The dashed line between the conversion of
APE (AW) and the generation of XE (GK) symbolizes the boundary
work which often exists in open systems. The residuals, RAI
and RX, represent the energv transfer between the grid and
subgrid scale APE and KE, respectively.

The results of the two APE and one XE budgets for the

AMTEX storm are presented in Chapter V.



CHAPTER III
DATA AND SYNOPTIC REVIEW

The gridded fields of various parameters used in this
research were prepared and analyzed by Soliz (1977). They
include surface pressure, height, temperature, dewpoint de-
pression, sea-surface temperature and three dimensional wind
velocities. They are available from 0000 GMT 13 February to
1200 GMT 15 February 1975 at 1l2-hour intervals. Horizontal-
ly, the analyses cover a 31 X 41 grid mesh (Fig. 3) which is
a subset of the octagonal grid (polar stereographic map pro-
jection true at 60°N) used by the Air Force Global Weather
Central (AFGWC). A grid spacing of 190.5 km is used. Ver-
tically, the analyses are available at the following levels:
surface, 850, 700, 500, 400, 300, 250, 200, 150 and 100 mb.
Marked in Fig. 3 are the positions of the upper air and some
of the surface cbservations utilized in the objective analy-
ses. The upper air data include radiosonde observations and
reports from military aircraft. The surface data consist of
observations from land stations and transient ships. Most
of the data are obtained from the AFGWC data base. Portions

are provided by the AMTEX.
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Soliz used a variational approach (Sasaki, 1970) to do
the objective analyses. Several constraints were applied.
One of these was the pattern conservation technigque describ-
ed by Baxter (1975). This technique simulates some of the
thought processes of a good human analyst. Given a first
guess field which may be a forecast or a recent analysis, an
analyst will usually evaluate the quality of the data and try
to fit the reasonable ones to the first guess fields while
attempting to preserve the maximum and minimum, shapes of
the contours, and magnitudes of the gradients. Besides the
pattern conservation constraint, variational algorithms in-
sured hydrostatic balance, mass continuity and the inertial
stability.

There are always limitations in objective analyses im-
posed by the density, resolution and accuracy of the data,
as well as the ability of the data assimilation procedure.
The comparison made by Soliz among the wvertical motion
fields from different sources and the synoptic features
indicates that the major features are realistic.

The observations on the original weather maps may help
the synoptic discussion more than a display of the objective
analyses. Therefore, the analyses of 500-mb heicght at 1200
GMT and the analyses of surface pressure at 0000 and 1200
GMT for February 13-15, analyzed by the Japan Meteorological
Agency, are presented in Figs. 4-12.

Prior to the development of the AMTEX storm there was
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an intense 500-mb trough centered over the extreme western
section of the Sea of Okhotsk (50°N, 145°E). This upper
level low persisted through the intensifying and mature
stages of the surface cyclone. At 1200 GMT 11 February,
there was a short wave embedded in the westerly flow to the
south of the Tibetan Plateau (not shown). It was around
90°E and extended from 20°N to 30°N, and was traveling east-
ward at roughly 10° per day. At 1200 GMT 13 February, the
axis was situated from 20°N, 108°E to 30°N, 110°E {(Fig. 4).
At the same time, a weak surface low (Fig. 8) emerged on a
weak, diffuse stationary front undergoing frontolvsis. Its
position was approximately at 24°N and 123°E, just to the
east of Taiwan. Its central pressure was 1012 mb. This
trough system had a westward tilt toward the colder air from
the surface to 500 mb. The tilt between the surface and 850
mb was a lot more than that between 850 mb and 500 mb.

The low center at the surface first moved northeast-
ward to an area northwest of Okinawa at 0000 GMT 14 February
(Fig. 9), with a central pressure drop of 10 mb in 12 hours. It
then curved east-northeastward to30°N, 135°E at 1200 GMT 14 Feb-~
ruary (Fig. 10), deepening to 996 mb. A widespread area of
precipitation was observed in the two northern quadrants of
the storm. Convective activity was also observed along the
cold front as it moved across the southwest Japanese islands.
Strong cold air advection behind the cold front extended up
to 700 mb. The 500-mb short wave was already off the China

coast.
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During the next 24 hours, the storm moved toward the
northeast again and assumed a faster speed (Figs. 1l and 12),
deepening rapidly. The central pressure decreased to 980 mb

1

at 0000 GMT 15 February (an average rate of 1.3 mb hr ), and

to 956 mb at 1200 GMT 15 February (an average rate of 2 mb
hr-l). Surface winds were around 50 knots near the storm
center. The 500-mb short wave seemed to be in phase with
the long wave trouch, and the trough axis was around 142°E.

As the surface cyclone continued its northeastward
path, the central pressure attained a minimum of 952 mb at
0000 GMT 16 February and started filling at 1200 GMT. The
storm reached a point south of the Aleutian Islands at 0000
GMT 17 February (not shown). The change in the surface cen-
tral pressure shown in Fig. 13 attests to the intensity of
the storm. Only the period from 0000 GMT 13 February to
1200 GMT 15 February is studied here, covering the incipient
and intensifying stages of the AMTEX storm.

The selection of the storm volumes is somewhat subjec-
tive. It is desirable to include the entire storm at all
levels, but the horizontal coverage of the analyses limits
the size of the volume. The selection must be a compromise
between these considerations. Fig. 14 outlines the storm
volumes chosen for this study. The positions of the low
centers and fronts at the surface are also indicated for
reference. Each storm volume consists of 17 X 17 grid

points, covering a sguare area with about 3000-km map
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distance along each side. The same number of grid points
are chosen at each time for the convenience of handling the
horizontal movement of the storm volume. For most of the
times, these storm volumes enclose the cyclonic circulation
at the surface, the 500 mb vorticity maximum (Fig. 15), and
the couplet of upward and downward vertical motion (Fig. 16).
The relative pbsitions of the storm volumes and the 300 mb
jet streaks as indicated by the objective analysis are also

shown in Fig. 17.



CEAPTER IV
DIABATIC PROCESSES

The total diabatic heating rate (QT) consists of the
latent nheat release (QL)’ sensible heat addition f£rom the
underlying surface (QS), radiational heating (QR), and

frictional heating (QF)° Thus,

Qn = Q +Qg +Qp +Q - (24)

The frictional heating is believed to affect mostly that
part of TPE which is unavailable to be converted to XE, and
to affect the APE much less (Lorenz, 1967). Therefore only
QL' QS and QR are considered here.

Each dizbatic pdrocess individually deserves much study.
Not only are some of the micro-physical mechanisms not well
uﬁderstood, but alsc the adaptation for large scale mo-=ion
is somewhat vague. Therefore parameterization and modeling
technigques are often used as zn alternative. The assumptions
made in modeling and the density and cuality of data prsclude
any claim of precision. The intention here is to estimate
the sign and rough magnitude of these processes, and t©o in-
fer their role in the generation or destruction of the

storm's APE. The methodology and the calculation of the

26
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heating rates will be discussed in this chapter. The impli-
cations of these heating rates for the available potential

energy budget will be discussed in Chapter V.

1. Latent Heat Release

The latent heat release is often partitioned into two

components,

9 = %s * Yc - (25)
where QLS is the stable and QLc is the convective component.
The stable component results from the condensation caused by
large scale lifting, and the convective component represents
the effect of subgrid scale cumulus convection on the grid
scale motion. The convective component cannot be computed
directly, and must be parameterized.

If all the diagnosed condensation is allowed to fall

instantly to the ground, the corresponding precipitation

rates are,

P = PS + PC ’ (26)
where, o)
N
P = oL 9, ép . (27)

s
and L, is the latent heat of condensation. Similar relation-

ships may be written for P_. and P,. One way to evaluate the

S C
schemes used for estimating the latent heat release is to

compare P with what is actually observed.

Pwo methods of estimating P, were tested. One is by

S
Krishnamurti et al. (1973) and the other by Haltiner (1971).
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Rrishnamurti's method diagnoses condensation when moist air
being advected upward achieves a relative humidity higher
than a critical value. The heating rate due to this mav ke

written as,
da da

.Lwde, when <0, #>0 and%?_m

Qs = S 28
LS 0 , otherwise, (28)

where y is vertical velocity, g is specific humidity and the
subscript s denotes saturation. The critical relative humid-
ity RE, is chosen to be 75% in this study.

The precipitation rate given by Haltiner is,

Pg da Pe
= _ S §Fw
P = 3 : dp = - dp , (29)
~0 o]
where,
IR-¢c R.T
F = g T(——3"—3) - (30)
chVT -rqsL

R and R, a2re gas constants for dry air and water vapcor, re-
spectively. 3§ is defined as follows:

1, when 9w < 0 and q/qs > RH, .,

5 = ! (31)
0 , otherwise .

These formulae are derived from the fixst law c¢i thermody-
namics, Clapeyron's equation and the law ci ccnservation oI
water vapor. Although they are used here tc 2stimate the
precipitation frem stratiform clouds, the original formula-
tion contains no such constraint. However, Zaltiner did

point out that the precipitation ecuation (29) gives



reasonably good results with synoptic scale pressure systems
in the middle latitudes, but has been found to be inadequate
in areas of convection and especially in tropical systems.

Several dissimilar cumulus parameterization procedures
have been developed in the past. Some are related to the
moisture convergence at the boundary layer top, some use the
convective adjustment teéchnique, and some involve the con-
cept of mass continuity on the cumulus scale. The second
group are mostly used in general circulation studies. The
third is known as Arakawa's scheme. Edmon and Vincent (1976)
applied the schemes of Krishnamurti et al. (1973) and Kuo
(1974), from the first group, with some modifications for a
case when a tropical storm interacts with an extratropical
baroclinic frontal system. Their results showed that Xrish-
namurti's scheme did not produce reliable patterns of the
horizontal coverage of precipitation. Kuo's scheme showed
better agreement with observed precipitation rates, although
discrepancies still existed in both the magnitude and the
horizontal coverage.

Edmon and Vincent's version of Kuo's scheme is selected
for this research. Convective condensation occurs when there
is both moisture convergence and a deep conditionally un-
stable layer in the low levels. The net moisture converg-

into a column of air of unit area is given by,
Pg

=1 . -1 -
M= -5 (V@R - Sledy + e Cpleg - €U, . (32)
o]

ence, M.,
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where the first two terms on the right hand side represent
production by the large scale flow and the last term repre-~
sents production by evaporation from the underlying surface.
The estimation of the evaporation will be discussed in the
next section of this chapter. The cloud base Py is assumed
to be the base of the first conditionally or absolutely ;n-
stable layer. It is not allowed to be higher than 500 mb.
The temperature along the moist adiabat from the cloud base
is the cloud temperature T.» which is generally larger than
the temperature T of the environment. Where T is egqual to
T, that level is defined to be the cloud top, Py- Note that
this definition may not be realistic due to the "overshooting"
often observed. The heating rate QLc due to convective con-

densation is,

g(l —b)LMtp T, -T
, when Mt >0

_ -pt (T -T)
Q. = "o c (33)

0 , when M, < 0,

%
where | is (;%gg) , and b is a parameter indicating the frac-

tion of M, which is not condensed, but instead, stored in the
air to increase the relative humidity. Kuo suggested that
the value of b is probably small compared to 1. In the pre-
sent study it is assumed to be zero. (Tc-T) is the average
of Tc-T over the cloud depth.

The AMTEX storm traveled mostly over ocean where not

many observations are available. Therefore it is not feasible
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to compare the areal coverage of the estimated and observed

precipitation. Instead, the observations at eight stations

(Fig. 18) scattered over Japan and the southwest islands are
compared with the estimates at the nearest grid points.

The so-called observed precipitation rates were ob-
tained by dividing the total amount of pfecipitaticn received
within a 12-hour period by 12 hours. The 1l2-hour period was
centered at the time of interest, which is either 0000 or
1200 GMT. The precipitation totals were obtained from 3, 6,
12 and 24 hour precipitation reports. Due to the assembling
procedure and the fact that the stations and the grid points
do not represent the same points on earth, the observed and
estimated precipitation rates are not expected to correspond
exactly. A general gquantitative agreement is considered
adequate.

The results are shown in Tables 2-9. The sky coverage,
cloud descriptions and present weather are also recorded for
reference. BAlthough the philosophies of Krishnamurti's and
Haltiner's methods of estimating the stable latent heat re-
lease are very different, it is encouraging to find that the
resulting precipitation rates are very similar. Only the
ones resulting from Krishnamurti's method are included in
the total precipitation rates.

In most cases, when no precipitation is reported and/or
when the cloud cover is small, either both the stable and

convective precipitation rates are zero, or the stable
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-
-
-

component is very small, being a few hundredth of a mm hr -,
and the convective component is zero. For the majority of
cases when rain cccurred, Xrishnamurti's and Kuo's schemes
are able to diagnose total precipitation rates of similar
magnitudes to those observed. When the cbserved precipita-
tion rates are fairly high, the convective contribution is
usually larger than the stable one. However, the observed
precipitation rates can scmetimes be misleading. One such
example occurs at station 47909 at 1200 GMT 13 February (Ta-
ble 6). Rain was actually reported after this hour. Due to
the assembling procedure, the observed precipitaticn rate

at this hour is 1.33 mm hr T, instead of zerc.

Disagreement between the cbserved ané calculated pre-
cipitation rates can also be seen. 2t station 47673 {Tzble
2), the calculated oprecipitation rates at 1200 GMT 14 Febru-
ary and 0000 GMT 15 February are much lower than the cbhb-
served. At station 47909 (Tabls 6), shower activity was
indicated through most of the 14th ané& 15th, but, the grid-
ded analyses and the parametasrization schemes are nct able
to procduce any latent heat releszse. Thev also fail to re-
spond to the brief shower aczzvity recorded at 1200 GMT 15
February at stations 47927 {Table 8) ané 47913 (Table 9).

Overall, KRrishnamurti's, Haltiner's and Xuo's methcds
of estimating the latent neat relezse aprear to be satis-
factory in terms of the vertically integrated sffects. ITigs.

19-21 show the zreal extent cf the calculazted pracipitation
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rates (PS and PC) and the sum of the two (P) for the six moving
storm volumes. The precipitation is diagnosed mostly in the
vicinity of the surface storm center and along the fronts,
with larger amounts occurring at 0000 and 1200 GMT 14 Feb-
ruary and 0000 GMT 15 February. The horizontal coverage of
the stable component is broader than that of the convective,
but the latter has a larger magnitude.

There are a lot of variations in the vertical profiles
of the latent heat release (Fig. 22). The convective com-
ponent is sometimes diagnosed only at one level; the stable
latent heat release may occur in a layer deeper than the
layer of the convective latent heat release. The maximum of
the total latent heat release often occurs at 700 or 500 mb.
A similar statement was also made by Vincent, Pant and Edmon
(1977). This may be a special feature of the schemes used,
and may not be representative of reality.

The vertical distribution of the latent heat release
is of special importance to energetics studies. While the
total amount of heating may be correct, an incorrect verti-
cal distribution can have an adverse effect on the genera-
tion of APE. Unfortunately the vertical distribution of
heating in cumulus parameterization schemes is still very
uncertain.

The moisture convergence has two sources, one caused
by the large scale flow and the other by evaporation from

the ocean. For the area covered by the storm volumes, these
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two parts have similar orders of magnitude, but the large
scale moisture convergence is generally a few times larger
than the moisture flux from the ocean. At those grid points
where latent heat release occurs, the amount of heating is

1

of the order of 5 X day'l for Q4 and 30 K day — for Q-

2. Sensible Heat and Moisture Fluxes From the Ocean

Due to the temperature and moisture differences between
the atmosphere and the ocean, turbulent fluxes can transfer
heat and water vapor from one to the other, and therefore
contribute to air mass modification. The sensible heat addi-
tion has a direct effect on the APE budget. The added mois-
ture produces heating only when it condenses.

A practical method for estimating the sensible heat

flux Fg and moisture flux E is the bulk aerodynamic method
given by

Fg = 0 € Cp(2) [T (0) ~ T, (2)]0,(2) (34)
and

E = pCp (2)[a (0) - q (2)1u (2) (35)

where CD and U, are, respectively, the drag coefficient and
wind speed at height 2z, T is the temperature, g is the speci-
fic humidity, and subscripts "s" and "a" represent sea and
air, respectively. If L represents the latent heat of con-~
densation, the quantity, LE, is also a measure of the mois-~

ture flux. LE will be used in the following discussion in-

stead of E.
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The choice of height z for the air temperafure, speci-~
fic humidity and wind speed is not very critical since the
drag coefficient is adjusted for the appropriate height. 2
commonly selected height of 10 meters is used. If the quan-
tities in the brackets in (34) and (35) are negative, zero

values are assumed for F_ and LE, respectively. Since the

S
percentages of land in the storm volumes are small, 2ero F

S
and LE are also assumed for thcocse grid points which are over
land.

Observational results for neutral atmospheric condi-

tions indicate that the functional dependence of the drag

coefficient is of the form,

c(z) = (a+buy(2) x 1074, (36)

where U_(z) is inm sec™), 2 and b are 11.0 and 0.7, respec-
tively, as suggested by Deacon and Webb (1962). The 10 m
wind is estimated from the surface geostrophic wind Ug by

a model proposed by Rossby and Montgomery (1935),

3 0.06250 Z + zo
U (2) =3 —-—k—-‘-’t sin gln (T) s (37)

where k is the von Karmen constant (0.4), and @ is the angle
between the geostrophic wind vector and the surface shear
stress, chosen to be 20° in this studv. The roughness para-
meter Z, is determined from an approximate relation (Roll,
1965),

zy ~ z exp(-kAC) - (38)
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A first guess of one-half of the geostrophic wind is
used for the 10 m wind speed to estimate the drag coefficient
by (36), then from (38) and (37), the 10 m wind estimate can
be revised by using this drag coefficient. Three or four
such iterations are sufficient to achieve a stable estimate
of the 10 m wind speed. Thus, the heat and moisture fluxes
can be calculated.

One assumption made in the method described above is
that the sensible heat and moisture transfer coefficients
are equal to the momentum transfer coefficient (i.e., the
drag coefficient) in a neutral atmospheric surface layer.
Some studies in the past indicated that the heat and moisture
transfer coefficients are larger than the momentum transfer
coefficient, and those under unstable conditions tend to be
larger than those in neutral conditions (e.g., Deardorff,
1968). Although factors such as stability, wave height and
roughness parameter may be important in estimating the drag
coefficient (Wildman, 1977), no attempt is made here to in-
corporate these factors because of the limited vertical reso-
lution of synoptic data. BAs a result, the flux estimates in
this study may be conservative.

Shown in Table 10 are4estimates of the drag coefficient,
sensible and latent heat fluxes and the Bowen ratio, averaged
over a small 5 x 7 grid mesh (Fig. 23) containing the Japa-
nese southwest islands, for comparison with other flux com-

putations. A distinct increase in FS and LE occurred at
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1200 GMT 14 February, with the passage of the cold front.

The bulk transfer coefficients calculated by Mitsuta,
Mongi and Tsukomoto (1977) using the AMTEX flux measurements
are given in Table 1l. The authors noted that the scatter
about these values was very large, particularly for the heat
and moisture fluxes. The drag coefficients computed in this
study are in the proximity of those values computed by Mitsu-
ta, Mongi and Tsukomota, larger than their momentum values
but smaller than their heat and moisture values.

Several groups of flux estimates made over the AMTEX
area are listed in Table 12 for comparison. The AMTEX'75
turbulent flux data (AMTEX'75 Data Report, vol.4, 1975) at
two island sites, Miyakojima and Taramajima, were determined
hourly by the eddy correlation technique during onshore
winds. Shown are those averaged from February 14 to 28.
Ninomiya's (1972) estimates are those averaged over a 20 day
period in February of 1968. Both Agee and Howley (1977) and
Amburn (1976) used the data collected during AMTEX'74 and
the bulk aerodynamic method with different drag coefficients.
The functional form of the drag coefficient used by Agee and
Howley and in Amburn's Method 2 was the same as that used in
this study, Eg. (36), but in Amburn's computation, a and b
were respectively 8 and 1.14 (Sheppard, 1958). In Amburn's
Method 3, the drag coefficient was stability dependent (Roll,
1965). Although there is a lot of variation among these es-

timates, they all have the same order of magnitude except
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Amburn's Method 2.
The flux estimates in this study are closest to the
measurements at the two island sites. The maximum measure-

ment was around 500 ly day-l for F_. and 1600 ly day_1 for LE.

S
The maximum estimates made by (34) and (35) are 1% to 2 times
as large. At some grid points the calculated fluxes seem to
vary too rapidly with time, but they are usable for a rough
estimate. The averages of the non-zero flux estimates for
the moving storm volumes are shown in Table 13.

The heating rate resulting at a particular location is
given by the divergence of the sensible heat flux. For hori-

zontal homogeneity and hydrostatic conditions, the heat addi-

tion per unit mass is given by

(39)

Because of the presence of low-level cold air over the warm
ocean, a well-mixed boundary layer develops, capped by an
inversion. In this mixed layer, the lapse rate is approxi-
mately adiabatic and the heating rate due to the sensible
heat flux is nearly uniform with height. Therefore, a con-
stant flux divergence will be assumed for the mixed layer.

There is not much choice about the top of the mixed
layer because of the cocarse vertical resclution of the analy-
ses. The level of 850 mb is chosen for all storm volumes.
This is not unreasonable since the upper boundary of the

mixed layer on cold air outbreak days during AMTEX'75 was
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found approximately at 850 mb (Stephens, 1978).
For a typical value of the sensible heat flux, say,
-1 . .
200 ly day ~, the amount of heating produced in the layer

between the surface and 850 mb is around 5.4 K day‘l.

3. Radiational Heating

Radiative budgets of the troposphere are highly depen-
dent upon the cloud conditions present. Data from climato-
logical studies may not be applicable to a specific case of
cyclone development.

Chaplin (1976) performed an objective cloud analysis and
calculated the radiation budget of the troposphere over a
region enclosing the observational network during AMTEX'74.
Clouds were divided into three layers: low (Sc), middle (Ac)
and high (Ci). Results indicated that the mean daily total,
low, middle and high cloud cover increased on a cold air out-
break day, when compared with those on a warm day. The net
radiative loss by an atmospheric column was larger during
warm days than cold days. It suggested that the net radia-
tive contribution to air mass modification is a reduction in
cooling, or possibly even warming in some instances.

A detailed radiation budget calculation is not within
the scope of this research. 1Instead, a subjective approach
is taken. This is by no means precise, but may allow an
estimate of the contribution of radiative processes to the

develooment of the AMTEX storm.



Following Chaplin (1976), three cloud layers are as-
sumed. The low clouds extend from 950 to 850 mb, the middle
clouds from 700 to 550 mb, and the high clouds f£from 350 to
300 mb. The cloud distributions for zall six storm volumes,
shown in Fig. 24, are subjectively analyzed based on the
surface observations, satellite photos, dewpoint depression
analyses, surface maps from JMA and U.S. Air Force Air Wea-
ther Service, and synoptic considerations. The coverage is
assumed to be about 75% and uniform.

Based on the computations from Chaplin (1976) and
Chaplin and Kimpel (1978), the radiative heating (positive)
and/or cooling (negative) rates are estimated from the
surface to 100 mb at 50 mb intervals for eight different
cloud combinations (Fig. 25). Meximum cooling is assumed to
occur in the upper portion of a cloud layer and immediately
above. Minimum cooling or even some warming occurs in the
lower portion of a cloud layer and immediately below. The
region near and above the tropopause is assumed to be ap-
proximately in radiative equilibrium if there are no high
clouds present (Dopplick, 1972). No adjustment is made for
precipitating clouds.

To obtain the heating or cooling rates at the levels
used in this study (50 to 200 mb apart), the estimates at
50 mb increments are averaged in appropriate layers in an
attempt to capture the extreme features. For example, the

cooling rate at 700 mb is (C750+C700+C650+C600/2)/3.5.
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These new vertical profiles are depicted by the dashed lines
in Fig. 25. The average cooling rates for the air column ex-
tending from the surface to 100 mb and the layer between the
surface and 850 mb are included in Table 14. The magnitude of
the average cooling rate from surface to 100 mb is largest for
the combination of Sc and Ac, followed successively by Sc, Ac,
Sc +Ac +Ci, Sc +Ci, Ac +Ci, clear and Ci.

In summary, the latent heat release has the largest
magnitude of the diazbatic processes, zbout 35 K day_l. At
those grid points where only sensible heating and radiative

cooling apply, the former is the larger of the two, about SKday-l.

Radiative cooling is comparatively small, adout 1 K day~l.
Note that radiative heating and cooling apply to all the grid
points within the storm volumes, while the sensible heating
only extends up to 850 mb at ocean grid points, and latent

heating occurs mostly near the storm center and in the lower

and middle troposphere.



CEAPTER V
RESULTS

The available potential energy and kinetic energy bud-
gets are evaluated for the AMTEX storm in an open guasi-
Lagrangian frame at 1l2-hour intervals starting at 0000 GMT
13 rebruary and ending at 1200 GMT 15 February 1975. The
storm vclumes cover horizontal areas of approximately 6;{106
kmz. Two formulations of the APE budget are used: one by
Vincent and Chang (1973) and the other by Edmon (1978), re-
ferred to as APE budget I and II, respectively. The results

are presented in five sections: the amocunt of APE and KE,

generation of APE, APE budget I, APE budget II and KE budget.

1. The Amount of APE and XE

Shown in Fig. 26 are the total potential energy of the
atmosphere within the storm volumes znd their respective ref-
erence states. The difference between the two, i.e., the APE,
is shown in Fig. 27. The amount of APE changed little between
0000 and 1200 GMT 13 February. This is consistent with the
fact that the surface low center and closed isobars were not
analyzed by JMA until 1200 GMT 13 February. The APE increased

significantly at 0000 GMT on the l4th and decreased rapidly

42
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afterwards. There are many factors which can affect A. The
temporal variation can be better explained after examining
the APE budgets.

Also shown in Fig. 27 is the amount of KE within the
storm volumes. The variation in XK with time is not as large
as that in A. XK decreased initially, increased at 1200 GMT
14 February, and then decreased again. The amount of kinetic
energy is generally expected to increase as a storm system
intensifies. The decrease in K of the AMTEX storm can be
partially explained by examining the wind-speed distribution
in the upper troposphere, e.g., the isotachs a2t 300 mb (Fig.
17). The position of the jet stream relative to the storm
volume is an important factor in the KE budget. More de-
tailed discussions are included in section 4 of this chapter.

The ratios of APE to TPE and KE to APE are also calcu-
lated for comparison with those of the general circulation.
As shown in Table 15, the ratios of APE to TPE of the AMTEX
storm are similar in magnitude to the global value. However,
the ratics of KE to APE are significantly larger than the
global one, suggesting that the efficiency of the atmosphere
as a heat engine is maximized in the vicinity of a developing

cyclone.

2. Generation of APE

Before discussing the generation of APE, it is helpful

to first examine the distribution of the efficiency factor.
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Shown in Fig. 28 are typical cross-sections of the efficiency
factor and the potential temperature. The efficiency factor
is dependent upon the pressure distribution on an isentropic
surface. As the isentropic surface slopes upward toward the
cold air in the troposphere, the warmer region usually has a
positive efficiency factor and the colder region a negative
efficiency factor. The sign is often reversed in the strato-
sphere. Sometimes the two negative regions are connected and
the lower zero isopleth assumes an "s" shape. Recall that the
generation of APE due to non~-frictional diabatic heating Q is

defined (see Egs. (15) and (16)) as,
GA = — cQdv .

Heating in a region with a positive efficiency factor and
cooling in a region with a negative efficiency factor will
generate APE; conversely, heating in a region with a negative
efficiency factor and cocling in a region with a positive ef-
ficiency factor will destroy APE.

The diabatic heating rates discussed in Chapter IV are
used in the calculation of generation of APE. The contribu-
tions from latent heat release (GAL), sensible heat addition
(GAS), and radiational heating (GAR), as well as the total
generation (G2) are depicted in Fig. 29. The orders of mag-
nitude are comparable with those obtazined in other studies
(e.g., Gall and Johnson, 1971; vVincent, Pant and Edmon, 1977:

Edmon and Vincent, 1977). GA is positive for the entire sﬁudy



period from 0000 GMT 13 February to 1200 GMT 15 February.

The net effect of the diabatic processes on the AMTEX storm,

therefore, is to generate APE. The total generation is domi-
nated by the contribution from the latent heat release. The

contribution from radiation is very small.

The dominant component generation, GAL, is the sum of
the generations by stable and convective latent heat release,
denoted by GALS and GALC, respectively. Recall that the sta-
ble and convective latent heat release result from the con-
densation due to large scale lifting and subgrid-scale cumulus
convection, respectively. As shown in Fig. 30, GALS and GALC
are of similar order of magnitude. GALS increases slowly at
0000 and 1200 GMT 13 February, reaching a maximum at 0000 GMT
15 rFebruary, gradually decreases afterwards and is slightly
negative at 1200 GMT on the 15th. GALC has an increasing trend
from 0000 GMT 13 February to 0000 GMT 15 February, oscillating
between 0000 GMT (0900 LST) and 1200 GMT (2100 LST). The os-
cillation may be a diurnal effect; no firm explanation can be
offered at present. There are sharp decreases in GALC and
GALS at 1200 GMT 15 February. This is observed in spite of
the fact that the central pressure of the surface low did not
increase until 1200 GMT 16 February (Fig. 13). These decreases
may be attributed in part to the decrease in the amount of la-
tent heat released, and also in part to the fact that some of
the condensation occurred in the cold sector, which contributes

to the destruction of APE. The energy source provided by



condensation at the end of the intensifying stage is much less
than at earlier times.

Displaved in Figs. 31-33 are the vertical profiles of
horizontally averaged GAL, GAS and GAR. The generation by
latent heat release (Fig. 31) maximizes in the middle tropo-
sphere, and is zero above 300 mb. The effect of the sensible
heat transferred from the ocean is confined within the lowest
two layers (Fig. 32), since the top of the mixed planetary
boundary layer is chosen at 850 mb. Generation is indicated
for most of the layers except at 1200 GMT 14 and 15 February,
when small destruction is seen in the layer between 850 and
700 mb. The radiational cooling generally results in genera-
tion of APE in the middle and upper troposphere and destruc-
tion of APE in the lcwer troposphere (Fig. 33). The reason
for the destruction in the lower tréposphere is that the ef-
ficiency factors near the surface are mostly positive (Fig. 28).

The horizontal distributions of vertically averaged GAL,
GAS and GAR are shown in Figs. 34-36. The condensation near
the storm center accounts for most of the generation by la-
tent heat release (Fig. 34). The sensible heat transferred
from the ocean generates APE to the south-~southeast (warmexr
side) of the surface low center, but destroys APE to the
north-northwest (colder side) (Fig. 35). The reverse is true
for the radiational cooling (Fig. 36). This can be explained
by the fact that the efficiency factor in the tropopause is

generally positive in the warmer region and negative in the
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colder region.
A major point made 2bove is that the diabatic processes
are a source of the AMTEX storm's APE. The magnitude of the

2 (Table 16). The

generation ranges from 1.5 to 14.0 Wm
relative importance of the diabatic processes in the cyclone
development will be examined in the following sections where

the APE budgets will be discussed.

3. APE Budget I

The APE budget I, as defined by Eg. (15) and described
symbolically by Eg. (16), is shown in Table l16. The genera-
tion of APE by diabatic processes (GR), the vertical flux of
APE (VFA), as well as the change in A due to the changes in
the horizontal area (DAREAA) and the surface pressure (DPSA)
are more than one order of magnitude smaller than the other
terms. Therefore, only DADT, AW, HFA, DPRDT, HAPR, VAPR and

RA. are plotted as functions of time in Fig. 37.

I
An outstanding feature in Fig. 37 is the strong negative

correlation between the horizontal flux of APE (HFA) ané the
term related to the horizontal advection of pi (#APR) . Ex-

panding the del operator in HFA yields

[ C
= - ._R - - {7 - _E Y -t -
HFA = og efv-T(V-w)]dv cng("' W) ¢ ¢dV . (40)

As shown by Eg. (B.23), the second term on the right hand side
is the same as HAPR except for the opposite sign. The indi-

vidual mechanisms described by these two terms do not add



insight to the discussion of the APE budget I. The sum of

HFA and HAPR, however,
cD
HFA + HAPR = - =& e[v-T(W-W)lav , (41)

is the effect of the horizontal divergence of the temperature
flux within the storm system. As shown in Table 16 and Fig.
37, it is continually a source of the AMTEX storm's APE for the
incipient and intensifying stages, ranging in magnitude from
41.3 to 207.1 W m 2.

Aside from the horizontal divergence of the temperature

flux described above, term VAPR,

c ap
S Tw r -
VAPR = EE ;;-35— av ,

which is related to the vertical advection of pg, is also an
internal source of the storm's APE for the entire study period.
Since P, depends upon the entire mass-potential temperature
distribution within the storm volumes, it is difficult to
explicitly state the physical meaning of VAPR. Nevertheless,
this term represents the effect of the change in the mass-
potential temperature distribution due to the vertical motion.
The magnitude of this internal source ranées from 67.7 to
319.4 W m 2.

From Eg. (B.18), the conversion of APE (AW) may be

written as
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The only differences between VAPR and AW are the sign and the
differential term within the integral. Since P, is the aver-
age pressure on an isentropic surface, the difference between
Py and p probably is not more than 10%. Therefore, VAPR and
AW should have similar magnitude and opposite signs (Edmon,
1978). This is indeed true in this case study.

The APE of the AMTEX storm is converted at a rate rang-
ing from -171.8 to -370.6 W m 2, which is much larger than the
conversion rates of the zonal and eddy available potential
energy estimated for the general circulation (Fig. 48). As
shown in Eg. (23), the APE converted in an open system can be
used for either the generation of KE or the pressure work done
at the boundaries. The KE of the AMTEX storm is generated at
a rate of the order of 10 W mfz (Section 5). Therefore, a
large portion of the converted APE is used for the boundary
work. The horizontal distribution of vertically averaged AW
(Fig. 38) shows positive-negative couplets in the vicinity of
the storm, which resembles the pattern of the vertical motion
field. The vertical profiles (Fig. 39) show negative values
throughout the atmosphere with one or two minima occurring in
the middle or upper troposphere.

Another important sink term in the APE budget I is the
residual. The grid scale APE is transferred to the subgrid
scale at a rate ranging from -50.8 to -197.8 W mfz. If the

observational error and the errors accumulated through data

manipulation are not significant, the residual in this study
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suggests the important role played by the subgrid scale in
the energetics of large scale cyclones.

The major sources and sinks of the grid scale APE of
the AMTEX storm have been discussed. For the 3-day period
from 0000 GMT 13 February to 1200 GMT 15 February, the hori-
zontal divergence of the temperature flux contributes to the
generation of APE within the storm system at an a\}erage rate

2

of 157.5 Wm “, and the change in the mass-potential tempera-

ture distribution due to vertical motion contributes at an
average rate of 203.9 W m_z. Although the generation of APE
by diabatic processes is suspected to be an important energy
source for the cyclone development, the present study does
not support this hypothesis since it is small compared with
the internal sources. The storm's APE is converted to KE and
boundary work through large-scale vertical motion at an aver-

2, and is transferred to the subgri

scale at an average rate of -143.7 W m 2.

age rate of -289.2 Wm

Following are the comparisons made between the APE budget
of the AMTEX storm and that of a continental U.S. cyclone (Pant,
1976) .. The generation of APE by diabatic processes in the lat-

2 for the developing and for the mature

ter is 11, 21and 10 Wn_
and occluded stages, respectively. As in the AMTEX storm, it is
very small compared to the leading order terms (Fig. 40).
There are other similarities. Term DPR, which is the sum of

DPRDT, HAPR and VAPR (Eg. (18)), correlated negatively with

term HFA. The sum of the two is positive for all three stages,
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indicating the internal source of APE discussed earlier. The
large scale vertical motion is a sink of the cyclone's APE.
The average rate of the APE conversion of the continental U.S.
cyclone is much larger than that of the AMTEX storm. Part of
the reason is that the horizontal area of the storm volumes in
Pant (1976) is approximately 1/3 of that in this study; there-
fore, the intense cyclone activity is more concentrated in the
former than in the latter. 2And, of course, the accuracy of
the vertical motion field is also an important factor. The
main difference between the two APE budgets is the sign of

the residual. The subgrid scale processes are a sink for the

AMTEX storm, but a source for the continental U.S. cyclone.

4., APE Budget II

The second formulation of the APE budget, as described
by Egs. (19) and (20), will be discussed in this section. The
values of the terms are listed in Table 17 and plotted in Fig.
41. The terms DADT, GA, DAREAA and DPSA are the same as those
in budget I. Note that the terms in APE budget II all have
similar order of magnitude and that their magnitudes are
smaller than the leading order terms in APE budget I.

Unlike APE budget I where the time rate of change of A
(DADT) appears to be the small difference between large values,
the magnitude of DADT is relatively large in the budget II.

A close examination reveals that DADT, DEDT and RA are in

Iz
approximate balance for the entire period from 0000 GMT
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13 Pebruary to 1200 GMT 15 February, with larger discrepancies
occurring on the 15th.

Term DEDT is negative at 1200 GMT 14 rFebruary and 0000
GMT 15 February and positive the rest of the time. The change
in the efficiency factor is a result of the change in the mass-
potential temperature distribution within the storm system.
Although it is desirable to have a more specific physical ex-
planation, none can be offered at present.

As in the APE budget I, the subgrid scale processes are
a sink of the grid scale APE. The average value of RAII for
the 3-day period is -60.1 W m 2, which is smaller than the

average value of RA The trend from one time to the next is

I‘
the same for RAI and RAII. Moreover, there are notable simi-
larities between the horizontal distributions and vertical pro-

files of RA_ and RA The conclusion that the subgrid scale

I Ir’
motion playvs arn important role in the energetics of large scale
cyclone is well supported.

The generation of APE by diabatic processes (GA) and the ’
effect of the horizontal and vertical advection of temperature,
denoted by EHAT and EVAT, respectively, are sources of the
AMTEX storm's APE for the entire study period except at 1200
GMT 15 February, when EHAT is a sink. The average rate of the

internal generation resulting from the temperature advection

2 2

is 23.2 W m “, which is larger than the average of G&, 5.5Wm °.
If "advection" is used in a broad sense referring to the ad-

vective property of the flow, the divergence of the temperature
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flux discussed in the last section is, in effect, the tempera-
ture advection. The results from both of the APE budgets sug-
gest that the temperature advection within the AMTEX storm
system is a more important source of APE than the generation
by diabatic processes.

The thermal circulation described by term EAW is a sink
of the stcrm's APE. The average rate of conversion is -20.6

Wom 2

, which is one order of magnitude smaller than the AW
term in APE budget I. Although the physical processes des-
cribed by EAW and AW are similar, there is not a good temporal
correlation between the two. The vertical profiles of the
horizontally integrated EAW are shown in Fig. 42. Direct cir-
culations exist in the troposphere and indirect ones exist in
the stratosphere. The minima occur in the middle troposphere.
Followiﬁg Edmon and Vincent (1977), the negative correla-

tion between EVAT ané EAW can be explained by comparing the

expressions of the two terms:

°p 3T
EVAT=—0.g swﬁdv ’
and
) o
EAW=cg ewcp av .

The function, c,cp , represents the dry adiabatic lapse rate
in the pressure coordinates. The lapse rate of the real at-

mosphere, %%, usually has the same sign, but smaller magnitude

in comparison with c;cp—l. Eence, the terms EVAT and EAW are
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similar in magnitude and cpposite in sign, with EAW being the
larger of the two.

Since the image scale factor of the polar stereographic
map projection varies with latitude, the horizontal area of
the storm volume at 1200 GMT 15 February is approximately 120%
of that of the storm volumes at the first three times. This
increase in the horizontal area contribute negatively to the
time rate of change in A. The decrease in the surface pres-
sure also contribute negatively to the change in A.

Shown in Fig. 43 is the APE budget of hurricane Carmen
(Edmon and Vincent, 1277). The formulation is the same as the
APE budget II except that the storm volumes are fixed in space.
Edmon and Vincent remarked that the quasi-Lagrangian budget is
essentially the same. The most notable differences in the APE
budget of Carmen are the quasi-balance between DADT and DEDT,
and the relatively small magnitude of the residuzl. The latter
point is especially interesting since the tropical storms gen-
erally are more cumulus-oriented than the extratropical storms.
No apparent explanation can be offered at this time. The fol-
lowing three aspects are the same as for the AMTEX storm: 1)
the temperature advection is an internal source of APE, 2) the
generation by diabatic processes is relatively small, and 3)

EAW is a sink term.

5. XE Budget

The KE budget of the AMTEX storm will be discussed in
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this section. The values of all the terms in Eg. (21) are in-
cluded in 7Table 18. All, but the vertical flux of K (VFK) and
the effect in K due to the surface pressure changes (DPSXK),
are also plotted as functions of time in Fig. 44. The major
sources and sinks are the horizontal flux of XK (HFK), the
local production of K by cross—contour flow (GK), and the
residual (RK).

The horizontal flux of X has values of -100.6 W m"2 at

0000 GMT 13 February and 26.0 W n?

at 1200 GMT 15 February,
increasing almost linearly with time. Since the upper tropo-
sphere has a significant influence on the KE budget due to its
higher wind speed, it is helpful toc examine the relative posi-
tions of the analyzed jet streaks and the storm volumes (Fig.
17). &EBarly in the study period, the storm volume is situated
to the southwest of the long wave trough. The jet streak at
the base of this trough leads out of the storm volume, result-
ing in an export of kinetic energy. As the short wave which is
associated with the AMTEX storm travels eastward, the corres-
ponding jet streak appears at the inflow side of the storm
volume, and the export of kinetic energy starts decreasing.
The storm volume mo&es in the northeast direction after 1200
GMT 14 February. At 1200 GMT 15 February the major jet leads
into the storm volume; therefore, HFK assumes a positive
value. The export of kinetic energyv during the early intensi-

fying stage is also found in other studies of the extratropical

cyclones {(e.g., Vincent and Chang, 1975).



56

The ageostropnic component of the wind field generates
kinetic energy at an average rate of 23.3 W m.z. Term GK
increases from 0000 to 1200 GMT 13 February, reaching a maxi-

mum of 33.0 W m"2

at 0000 GMT 14 February and gradually de-
creases afterwards. This temporal variation can be explained
by the characteristics in the upper level flow (Soliz, 1977).
While the short wave was entering the storm volume at 1200 GMT
13 rFebruary and 0000 GMT 14 February, an area of strong con-
fluence developed just ghead of it. A temporary imbalance be-
tween the pressure gradient force and the Coriolis force caus-
ed the wind to blow across height contours toward the low
center. Therefore, there is an increase in GK. Toward the
end of the study period, less confluence can be seen in the
storm volume and there is a decrease in GK. The maxima in the
horizontal distributions of vertically integrated GK (Fig. 45)
appear mostly along or to the east of the short wave. Ver-
tically, the maxima occcur in the upper troposphere or lower
stratosphere (Fig. 46).

Note that term GK is an order of magnitude smaller than
the term AW. As discussed in section 3, a large portion of
the converted APE is used as boundary work for expansion. GK
is of the same order of magnitude as the EAW term in APE bud-
get II. However, no good correlation can be found among GK,
AW and EAW.

To aid the discussion of the residual of the KE budget,

the frictional dissipation in the planetary boundary layer is



estimated using Lettau's (1961) formulation given by
2.3
D =pC_U_cos .
0 CqlUqg 8

where Cg, the geostrophic drag coefficient, is

1.-1

_ - -1
—k[ln(ngo £ 7) - 1.865] .

g

U,, 8, k and z_ are the same as those used in section 2 of

gl
Chapter IV, and f is the Coriolis parameter. As shown in

Table 18, the boundary frictional dissipation of the AMTEX

storm is of the order of 1 W m 2. It had a minimum of 0.5

2

Wm © at 1200 GMT 13 February and gradually increased up to

2

9.0 Wm © at 1200 GMT 15 February. The average dissipation

-

rate near the tropopause has been shown to be just over 1wa
(Kung, 1966; Trcut and Panofsky, 1969). Therefore, the total
dissipation of KE of the AMTEX storm is probably of the order
of 1 W m 2 and not much larger than 10 W m 2,

If the residual of the KE budget represented only dissi-
vation, RK would always be negative and the magnitude would be

of the order of 1 W m_'2 and not much larger than 10 W m-z.

2

The residual, RK, of the AMTEX storm is 73.2 Wm ° at 0000 GMT

13 February and -57.1 W m—2 at 1200 GMT 15 February, decreas-
ing almost linearly with time. On the 13th and 14th, there
appears to be a mechanism at work which can not only overcome
the frictional dissipation, but also leads to a transfer of KE

from the subgrid scale to the grid scale. This would suggest

that there is a net generation or positive advection of KE
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at the subgrid scale. However, on the 15th, there is a net
transfer of RE from the grid scale to the subgrid scale.

Soliz (1977) postulated that these subgrid scale pro-
cesses may be associated with the cumulus activity, and/or
may also be related to the turbulent wake which is often ob-
served downstream from an obstructive object when the Reynolds
number of the flow is larger than 2.4 x 104 (Landau and Lif-
shitz, 1959). In this case, the obstructive object is the
Tibetan Plateau. The Reynolds number is estimated by Soliz
to be around 1.5 x 106, which is larger than the critical
Reynolds number.

It is difficult to explicitly identify any.active mecha-
nisms at the subgrid scale with the data resolution available.
However, the importance of the subgrid scale processes cannot

be ignored for either the APE or the KE budget.



CEAPTER VI
SUMMARY AND CONCLUSIONS

This research was directed at examining the energetics
and the relationship between the diabatic processes and the
immediate development of a cyclone over the East China Sea
during the 1975 AMTEX. The available potential energy bud-
gets, one formulated by Vincent and Chang (1973) and the
other by Edmon (1978), and the kinetic energy budget are
evaluated in a quasi-Lagrangian frame for areas of approxi-
mately 6 x 10° km? at 0000 and 1200 GMT 13-15 February 1975,
which covers the incipient and intensifying stages.

Three components of the diabatic processes are con-
sidered. Both the stable and convective latent heat release
are estimated; the latter is accomplished using Kuo's cumu-
lus parameterization scheme. The sensible heat transferred
from the ocean is computed by employing the bulk aerodynamic
method. The radiational heating is estimated considering
modeled cloud distributions. The net effect of the diabatic
processes on the AMTEX storm is to generate the storm's APE.
The average of the total generation during the period of study

is 5.5vvm“2. The contribution from the latent heat release is
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the largest and that f£from the radiational cooling is rela-
tively small. The accuracy of the estimated diabatic heating
rates may be improved with better parameterization methods.
The generation of APE, however, probably will not increase by
one or two orders of magnitude.

The APE budget I (Vincent and Chang, 1973) and the KE
budget can best be summarized through the use of the energy
diagram depicted in Fig. 2. With the exception of the hori-
zontal flux and the residual in the KE budget, most of the
larger terms do not change sign during the period of study.
Therefore, the budgets are averaged in time and the resulting
energy diagram is shown in Fig. 47.

In disagreement with past speculations, the diabatic
heating is not an important energy source for the AMTEX storm.
The in situ generation of APE by diabatic processes is small
compared to the internal sources resulting f£rom the tempera-
ture advection. In APE budget I, these internal sources are
related to the horizontal divergence of the temperature flux
(EF2 + HAPR) and the change in the mass-potential temperature
distribution due to vertical motion (VAPR). The average
values of HFA + HAPR and VAPR are 157.5 and 203.9 Wm 2, re-
spectively. The major sinks in APE budget I are the conver-
sion of APE (AW) and the residual (RAI). The AMTEX storm's
APE is converted to kinetic energy and boundary work through

2

large scale vertical motion at an average rate of -289.2Wm “.

If the observational errors and the errors accumulated through



data manipulation are not significant, the grid scale APE is
transferred to the subgrid scale at an average rate of -143.7
Woml.

One important factor in the KE budget is the relative
position of the analyzed jet stream and the storm volume.
Rinetic energy is advected out of the storm volumes from 0000
GMT 13 February to 0000 GMT 15 February and into the storm
volume at 1200 GMT 15 February, with the mean flux being -37.7

w m-z. The ageostrophic ccmponent of the wind serves to con-

stantly produce kinetic energy at an average rate of 23.3 W‘m—z.

The residual has an average value of 11.5 W mfz. Kinetic en-
ergy is transferred from the subgrid scale to the grid scale
on the 13th and 14th, and the direction is reversed cn the 15th.
In the mean for the AMTEX storm, available potential en-
ergy is converted to kinetic energy. This conversion process
is accomplished through both grid and subgrid scale motions.
The mean transfer of APE from the grid to the subgrid scale
and the mean transfer of KE from the subgrid to the grid scale
suggest that there is a net conversion of APE to KE at the sub-
grid scale. Although it is difficult to identify any active
mechanisms at the subgrid scale, it is shown in this study that
they are extremely important in describing the energetics of
the extratropical cyclones. A significant portion of the con-
verted APE through large-scale vertical motion is used as

boundary work for expansion. This and the export of XKE dem-

onstrate that the interaction between the storm system and its
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environment is also very important.

The APE budget II (Edmon, 1978) is essentially the same
as APE budget I. Two weak points of APE budget II are the
lack of an explicit relationship between the conversion of
APE (EAW) and the generation of KE (GK), as well as the dif-
ficulty in the physical interpretation of term DEDT which is
one of the larger terms. However, the important findings from
APE budget I are also supported by the budget II.

Shown in Fig. 48 is the energy cycle of the general cir-
culation as estimated by Oort (1964) and Dutton and Johnson
(1967) . The present study is comparable with the lower half
of the diagram, indicated by the subscript "E" meaning eddies.
Since the reference state of a limited region is most likely
different from the global one, it is difficult to compare the
magnitude and the generation of APE. However, the amount and
the local generation of KE of the AMTEX storm are several
times larger than the global values. This illustrates the
important role played by the atmospheric disturbances in the
global energy balance.

This case study has demonstrated that the AMTEX storm
derives a significant portion of its available potential en-
ergy from the baroclinicity in the atmosphere within the storm
system. Comparatively speaking, the energy supplied £from the
ocean during air mass modification is not important in the
immediate cyclone development. However, at a time scale long-

er than that of cyclone development, the continuous heating
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of the atmosphere by the ocean creates a situation where an
invasion of cold, continental air gives rise to strong baro-
clinicity, which in turn is favorable for the development of
extratropical cyclones. The results of this study suggest
that numerical simulations of east-coast cyclogenesis may
benefit more from improvement in the observational network
and the representation of subgrid scale processes than from

better modeling of the air-sea interactiom.
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APPENDIX A
THE TOTAL POTENTIAL ENERGY OF THE REFERENCE STATE

In Chépter II, the reference state has been defined as
a horizontally invariant and hydrostatically stable density
distribution achieved by isentropically redistributing the
mass in the natural state without any boundary work docne to
or advection into the system. The purpose of this appendix
is to show that the total potential energy of this reference
state is a minimum and its kinetic energy is a maximum. Fol-
lowing Van Mieghem (1956), the first and second derivatives
of the total potential energy with respect to time will be
shown to be zero and negative, respectively. The height co-
ordinates will be used in this appendix instead of the pres-
sure coordinates. Therefore,

VoML AT AR
and

vt -§Y—T* fg—l{.

Let ¢ and e represent the potential and internal energy

per unit mass, respectively. The total potential energy of a

£luid system is

z-+E =j F(¢+e) c\z’ (A.1)
T
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where dr is a differential volume. The individual time rate

of change of the total potential energy is given by

£ED-] r(T-o9-4D) &2, 3.2)
where .
p% = PV-vd = pIw, (2.3)

and w(=v§%) is the vertical component of V. Substitution of
the first law of thermodynamics
pas Ae = -bPVV - VW (A.4)
and the identity
-— — -—
Pv-V= V- (pPV)-V-¥vP (A.5)
into (A.2) yields,

c\t‘— D+E) = J(f’vd«**—vp\ VAT f(w,\,*pv‘v):tr, (A.6)
g

where the subscript N represents the outward normal to the
complete boundary of the fluid system, and WN and VN are the
corresponding normal components of the heat flux W and the
velocity V.

The volume and surface integrals on the right hand side

of (A.6) are both functions of time t only. Taking into

account the well known relation

,{{T‘(z = dg 7'7 (A.7)
and the eguation of continuity

‘\ ) = | dF -7 _

G (Fa = par(F4g+v-V]=c (3.8)

)
the second derivative of the total potential energy with

respect to time is
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§+§)=J {v (Prog+vvp)V -er“. +(v-V)vp]- v
z
+(pvé-vp)- ‘“’}dt —i} (Wy*rpVpd e (B.9)
At 3t [

For a thermally and mechanically insulated system, the

net flux of heat and mechanical energy is zero. Thus,

f (We+PWa) &g =0 (3.10)
-
and

a [ . =

;Ejr(WN*PVN) AT =0, (.11)

If the hydrostatic equilibrium is realized at time t = tor

th
en )oev¢+vPe,=o- (A.11)

By virtue of (A.10) and (A.12), the first derivative of & + E

with respect to time satisfies the extremum condition, i.e.,

A(‘a-»:)} -

{dt*-— = E‘._o' (A-l3)
Consequently, when a thermally and mechanically insulated and
frictionless fluid reaches a state of hydrostatic equilbrium,
the total potential energy assumes an extremum value.

Applying the del operator ¢ to (A.1l2) produces

Vi VP+fa v+ IVE =0 (A.14)
Substitution of (A.1ll), (A.1l2), (A.1l4) and the identity
VevEh) = v (VD) -2 vV (a.15)
into (A.9) yields
i it’—(c E)} J‘C {— (-\72-‘719,2)(—\7&~V¢)+ Vve{vé VP~ (g%)e]} e

e
' (Vo32), 4w (A.16)
Jeg
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In order to prove that the total potential energy of
the reference state is a minimum, it is necessary to impose
a constraint which is more strict than (A.10). The redistri-
bution cf mass leading toward a horizontal stratification of
the f£luid will be assumed to occur under adiabatic flow, i.e.,

v-W=e. (A.17)
If the fluid is dry air only, for any dry adiabatic processes,
the following holds true:

_Pde _ AP 1 4P _ (A.18)

6 4T At ¢t a4t ’
where 5§ is the potential temperature and c¢ is the speed of

sound. Substitution of the equation of continuity into (A.18)

renders

é—E.-;-—-‘.V +Czr‘ ._-)_—.
SE TV P fvv=o, (A.19)

From Poisson's equation, it is easy to obtain

—E— L = - PR
5 vE vE = vp (a.20)
Elimination of g%»between (A.19) and (A.16) and substitution

of (A.20) leads to

§£(§*§)}e=j{(_\7€- e)(Ve vE)+ = (ce7 Ve-Ver9E) }PedtT

j ( Nét e. (A°21)

The volume ané surface integrals in (A.21) can be
simplified. From (A.1l2) it is clear that the pressure Pa
density Ce and potential temperature 8 are functions of
height only when the hydrostatic equilibrium is realized.

Therefore,
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N é
r Ve vP = gz We = J e
{ Ve VPe= g3 We=—gfe iz (2.22)
AB,
L Ve'vee— d% }¢€‘

Substituting (A.22) in the first half of the volume integral

of (A.2l1) yields,

42

de o
= o fe 4Te (A.23)

{ fo (Vo v8e) (V- veE) 470 =
&, )
“Te e

Utilizing (A.12) and (A.19), the second half of the volume

g
-
€

~

N"""‘“‘\

integral becomes,

— — 2 -99 —— -
f—i(C: Ve = Ve wP) AT, = ( "—;:-(C: 7.\_’;"1— Vo vPe) 4%
e - Js C Ie
e

7ot e

“Te
The surface integral in (A.21) remains to be simplified. It
is reasonable to assume that the fluid system is bounded by
solid walls Og where Vg = 0 and by free surfaces Og where
%% = 0. When the hydrostatic equilibrium is attained at

time te' the following two relations exist along the free

surface of the fluid:

_ (SP Y . (vey - SP ~ Afe

(ﬁ_)e —9fNL = (A.25)
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and —

The reason for (A.26) is that the free surface, being neces-
sarily an isobaric surface, coincides with a geopotential sur-
face. Utilizing (A.25) and (A.26), the surface integral in

(a.21) is,

{ )
9 (Vy==), d7: ==f \\/N St ) ATe = ] dfey\,p dr (A.26)
Jre St ‘e ¢t T, +ree , % tret
Combining (2.23), (2.24) and (A.27), {$- (2 +E)}_ reduces to
at

2 =3
i{.c\ (Q*E)}e =J {i‘;%e‘c"'( , S_P)e}faé ATe

at2 €

s gt ATy (A.27)

~/ .
%, +rec
v

Now, consider the lower limit of the atmosphere as =z
solid boundary and the upper limit as a free surface where e

vanishes. Applying (A.28) to the earth's atmosphere gives

s _ 9 48 2
{"*t‘ =7 j J-‘-,,.[E’e az}e <*c 34_ Je]/a'\(,e (a.28)
Hence, when
d6e
a2 7 ° A.30
AR > , ( )
then
2
{#eE-B)} >o —
At e ,

the extremum value (& +E)e is a minimum of & +E and thus the
reference state is in a stable condition. The ineguality

dee
dz
mum of & +E.

> 0 is a sufficient condition for (& +E) to be a mini-
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Since the sum of the potential, internal and kinetic
energy is conservative, a state of the atmosphere which pos-
sesses a minimum of total potentizl energy will likewise have

a maximum of kinetic energy.



APPENDIX B
THE ENERGY BUDGET EQUATIONS

The equations for the quasi-Lagrangian time rate of change of
APE and KE of a limited region will be derived. Let ¥ rep-

resent any meteorological variable. The relationships be-

tween the quasi-Lagrangian time rate of change -g—‘!‘{__- and the

. . a1 .
Bulerian time rate of change %%, as well as the Lagrangian

time rate of change =2 are,

dt
SY _ 3 S ¢ _ dVY > ~
——— D . — = — - 7 A { - - —— -t
<t 5T + 7 WW 35 %) T V- Y {v=-1w) 9,?'\;)(40 Lu)" (B.1)
. _ 8% e 5v = ~ 3] . - .
where W St i+ 3t 5 and St which represent the hori

zontal and vertical velocities at which the storm volume

moves.

The amount of APE for a limited region, as expressed
o

in (14), i N y
in (14), is - Uc €T 4p 4o (B.2)
K
where € =1~ (;:L) , (B.3)
© ]
and ‘Fr_=o+ je -a—i Ad Ag, (B.4)

The quasi-Lagrangian time rate of change of A is,

SA_ S (% (%, T Ast. % s (%
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Using Leibnitz's rule and the divergence theorem, (B.5) be-

e — &{{Ps_e_ LT (ETIW 2 (T A
2= - +°'§)Jo et(é’l’) -7 (€T W)+ = (ETw) dp AT, (B.6)

Since _é_w_ = d? \V———’\VL\)

(B.6) can be written as

é’i:_é__L Jj A (eD-v[eT(v- \w)]——[eT(w W3] ApdT. (B.7)

Expanding the derivative of the first integrand and utilizing
the first law of thermodynamics (Q = cp %% - a w) give,

d - £Q X T dFK'
— (& = -~ - E B.8
(eT) Cp Cp pre At - ( )

Substitution of (B.8) into (B.7) yields,
A L\ ér ﬂs €@ ,xw _ T 4B

5T st

—

G T pT 4t

I'd

- v-(eTw-w]- 5 (eT(w-W)] dpdr (3.9)

This formulation was derived by Vincent and Chang (1973).
Since the pressure coordinate is used in this study, w is
zero everywhere except at the surface due to changes in the

surface pressure. The following two expressions will be used

interchangeably:
ifj = (eTXd)A a\r=£"_J T 3k 4
=7 3pleTwlep 75 ) ST 5t 4T (B.10)
Following Edmon (1978), (B.5) may be written as
SA A ST, s'e
= =2y TS + =2 (¢Tw) A AT B.11
pre ey rgj é T3 F( 3) p ( )
where ’

SN % + AW (8.12)
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X0 3T
+ "(‘V"‘W)'VT‘“SS , (B.13)

< 1P z
é_A=__‘é{_2£+_€&.j s 34 e w

—_— - &=t ¢ (0~
st T8t w3, S \ptv‘)Te—yp
S’ 4 _CE_[ + Sk
+T2= ag + €T AT B.14
Tse P FRALI T (814
To show that (B.9) and (B.1l4) are equivalent, first ex-
dpi
pand T and rewrite (B.9):
=) 4
A__AST. G J"éﬁ% Xt __T_if___ w). vp©
=T i), 6 TG st TRl MR
B (2) (3) 4) {5) &)
SRE " S LS (- 25
bKLO——;—V ;63(\\/- \)] —F( Tw) APAG__'—:T_;.jés P é'C 2\ (B.15)
7 8) &) {10)
By the properties of derivatives,
“ k-1
28 - ks (B.16)
A s
therefore,
K
! I oPpP
-;— iy R S5 . (B.17)

Applying the equation of state and (B.17), term (4) in (B.15)

may be written as

tem (1) = & [ wap e &UnwF

Y dp 4T,  (B.18)

The sum of terms (4) and (7), therefore, i

term (4) + term (7) = _f% JIFQj_P(P.&_ BEY Ap do
K
% ({2 _ G ((Tw  SPT. ox3¢E
- = U I G (epdpar = 2 [T e35+7"55) Apar

=q_§%jfl¢f&f¢p F‘%)dpdr:éﬁfje;‘o-ﬁw%é dpdo-,  (B.19)
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Since « c
P

ve =v(I- P';)=—v(§’;) (B.20)
and Je < F’K

2 - =2 r .21

st~ T (pE ), (B-21)
terms (5) and (6) are respectively,

term (5) = Té—;c&— (B.22)

and term (6) = T(\v—\w)ové. (B.23)

Substituting (B.19), (B.22) and (B.23) into (B.1l5) and ex-

panding the derivatives in terms (8) and (9) lead to,

E N2 p
$A _ A 3 é& Cuw LT o 'r__éé.;. 1wl g¢
- e, TS TR TR T
— (V=) 9T — € T v+ (W=1W)— T(W=W)-7 & - f-wé—-;
_ o2& dbdr + Sk 24
éT P - TW3E af j&sTﬁ pes Ao, (B.24)

Use of the continuity equation and the cancellation of similar

terms with opposite signs give,

éA__ﬁ_é_@rés-;ﬂ"sgg.éLw_ ) v cwT
Se 3 — Sk

which is the same as (B.1l4).

Since w is zero everywhere except at the surface, -%%
will be assumed to be equal to gf‘é {B.14) becomes,

SA Aéc"Co{‘Séa TN ,

'é'—t' Fé"‘ 0‘2/ Clc +_C—P— -E(W \V\.) vT- éLU P

C
+T-§% ap A¢ + =% jés s éPS AT, (B-25)
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and this is the original formulation derived by Edmon.
The amount of KE per unit area for a limited region is,

K = #H:’h ap Aq- (B.26)

where k = %»w-w, which is the horizontal KE per unit mass

relative to the earth. The quasi-Lagrangian time rate of

change of K is,

St T st T3 St /i,
o]
= —-Eg—i:‘-uqf—j [J{'s% - v (R (v-1)] —j—P[&(w-Zz)] Apde (B.27)
[}

If © denotes the geopotential and F is the horizontal fric-
tional force, the following may be cbtained from the hori-

zontal equations of motion:

5%% = ~W-veg + WV IF (B.28)
Substitution of (B.28) into (B.27) yields,
2
SK _ _ K sT oI .l Ve 2 (k)
T = ckpc'\cr-s--'—'{& §_Ps,\_1_ (B.29)
+ \V-| ng S <t TR .
2
: 1% 2 (k3 Aba a L lr
Note that ijjo 3 (k&)YApdo  an -rgj&s s AT

are equivalent.
Any meteorological variable ¢ can be decomposed into
two parts, § and ¢'. The overbared gquantity is a spatial

average defined by

,‘ T 3
A (X, Y. P) = ——— NV AX Ay d
/\V( YP) AXAYAPJAX A\/JA l Y F,"
=T 3T PT
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where Ax, Ay and Ap are the grid spacing in the x, y and p

directions, respectively. The primed quantity is the devia-
tion of ¢ from y. It is easily seen that ¥' = 0. Due to
discrete sampling, atmospheric information is not in a con-
tinuous form. The value at each grid point is often assumed
to be representative of a spatial average. The atmospheric
motion, therefore, can be divided into two parts. The part
defined by grid point numbers will be called the grid scale,
and the part which may occur in nature but cannot be resolved
by the grid will be called the subgrid scale.

The amount of APE can be expressed in the following

form (Lorenz, 1955),

-l o
C 10cC +;
A= _c:o s /’{/:( ( i P:-IC) AS Ac (B.31)
J °

Let A represent the amocunt of APE which would exist if the

field of mass only contained the grid scale motion, and A'

the excess of A over A. Then,

7 - C zooc—'cj{x (-;-l*' _PH’K.) A6 A (B.32)
o g (i+Kk) J F r ) ?
A = Co toco < JJ (P!.;K_ ;+~c) 4e dr (B.33)
G(H )
Meanwhile,
T J {{Ps ' W% o 4 34
«= 7 B e (-39
= 1 LW W7 Ap A, .3
K = /} W dp (B.35)

Decomposition of (B.2), (B.25) and (B.29) gives,
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S Z So ! - — - G T S
20 =~ 82T 1 aV + — X dV - - /
St Twst ey ) SN ey e Ay e 4
_8 (T gemy vt av- 2 [T 5 av- 2 [o. 25 - ay
w5 )P D A T Rl R ’
% s trmyav 2 & lzs SR
$A P N S (T, o 4
= -5 + E}e& cLV+5_§-/euco ckv—q_—gfé(\\,—\w)-v‘r v
G (23T 4u. & [=5€ 4y, & [z=3K .
—ng[éwg:: 4L+V_—31{T ét C‘\V 9:3 3 lsé—t-AQ—* \Al_ . (B-37)
- = s . L
%{-= —-Tﬁ—g —cr—'?(- WV-véav —é]v-[fz(\v—\w)]dv
L (s ey et (7 8B o o

where AV = dx-dy-dp,

kK BF . prpkt
A Pr+ « P ,

_ N A, [T, T® . TR ieaae
Rer St o st «F {C?+CP ?c'g-;:c"(‘*'Pr J

' l 3. __-""_' =
_-;-—Z[(\V—\W).v()cpr B - (\\Ds\:\)'iTIV(KP,- 5% )]

- -{:—”( T/ (W-w)] - v R - ?"Z (T -w)- T (KB :5r:-|)]

- _K-, w"éé'P'(K-PrlErn-‘) - ‘.J_:_K' T":—F'(K-Plfﬁ_&-')

— ___l__ ’ /__'3_ rom K=
Pl Sp Tw é:o(K'Fr P )

"-’K.,

- v TWW) - T eW- W) - &7 /(W= )= €T/ (W=-w)]

— (e T R -TEwW =B~ T -B) - €T=E1) | 4, (8.39)
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SA'_Asm G ’{ € eawy, Xew, wen

Rapp = & -2 +
1T t T3St vf S S &Y =
Tt e —
+ Exo z‘o"“ - E(WowW) oT =W =W)- €'vT = € w'—w) 7T
Ry ATV YA T _ ,QT’_—,,‘E‘»}_’_’_ L 3T
CTW-wW)-@T ew b WESE &w >
{
PYINES Y G | 7= 35K
Cw i+ T2 +Q_3J T 5 4o, (3.40)
RK = - sk _ Ko, f'( —Wewd' =Tl RI(W=w)]
S G T A T SN "
— —— 3
- S (R@=E0) + W+ W Fav, (B.41)

Egs. (B.36), (B.37) and (B.38) are referred to in the main
text as APE budget I, APE budget II and KE budget, respec-

tively. In symbolic form, the three budget equations are,

DADT = DAREAA + GA + AW + DPRDT + HAPR + VAPR + HEA

+ VFA + DPSA + RAI (B.42)
DADT = DAREAA + GA + EAW + EHAT + EVAT + DEDT

+ DPSA + RAp. (B.43)
DKDT = DAREAK + GK + HFK + VFK + DPSK + RK . (B.44)



Table 1. Estimates of total and component generation of available potential energy
(W m™“) obtained at the University of Wisconsin for several storms (Johnson, 1970).

Boundary
L,atent Sensible Short- frictional
heat heat Infrared wave Total dissipation
Hurricane Hildal
Anthes and Johnson (1968)
Mature, 1200 eMT, 1/10/64 2.5 0.6 0.2 3.3 -
Extratropical cyclone
Bullock and Johnson (1971)
Incipient 1200 GMT, 25/3/64 0.9 - 0.9 - 1.8 3.1
Mature, 0000 GMT, 26/3/64 8.0 - 1.2 - 9.2 5.1
Occluded, 1200 cMT, 26/3/64 6.0 - 1.1 - 7.1 9.1
Extratropical cyclone?
Gall and Johnson (1971)
Mature, 1200 GMT, 14/2/68
Upper estimate 6.1 7.1
Lower estimate 3.1

lRadius of storm area 1000 km.

2Radius of storm area 1700 km.

€8



Table 2. The observed and estimated precipitation rates (x 1072 m hr—l) at station
47678, The subscripts S and C represent stable and convective, respectively. The
total precipitation rate P is the sum of the stable component estimated by Krishna-
murti's method and the convective component. N represents the total cloud coverage,
N}, is the cloud coverage for the low and/or middle clouds, Cr,» Cm and Cy indicate
the low, middle and high cloud types, respectively, and ww represent the present
weather, A dash indicates missing data.

Observed Krish., Haltiner Kuo Total

Date/Time P N N, C;, Cy Cy wWw Pg Pg P, P=Pg+ Pa

13/00 0 6 6 A o 0 0 0 0 0

13/06 1 1 & o 0

13/12 - 0 O 0 0 0 O 0 0 0 0

13/18 0o o0 0 0 0 O

14/00 46 6 1 O w 0 @) 23 26 0 23

14/06 8 2 --- £ - @)

14/12 174 8 8 A - - v 23 37 0 23

14/18 8 8 A - - v

15/00 206 8 8 A - - v 17 27 0 17

15/06 5 5 A o 0 @)

15/12 - 1 1o 0 Q 0 0 0 0

15/18 2 2 A o o O

78



Table 3, Same as Table 2 except for station 47778.
Observed Krish. Haltiner Kuo Total
Date/Time P N N C, ©Cy Cy wv Pq Pg Pn P=Pg+P,
13/00 - 1 1 08 o 0 0 0 0 0
13/06 1 1. 68 0o o |
13/12 0 1 0 0 0 — O 0 0 0 0
13/18 0 o0 0 0 0 O
14/00 17 8 1 a <« - 0O 0 0 0 0
14/06 8 2 - £ - o
14/12 75 8 3 - Z - oo 23 45 0 23
14/18 8 2 A & - J
15/00 75 2 2 A o0 - O 0 0 0 0
15/06 5 5 A o0 0 @)
15/12 - 11 O o 0 O 0 0 0 0
15/18 1 1 a o 0 Q

S8



Table 4. Same as Table 2 except for station 47827.

Observed Krish. Haltiner Kuo Total

Date/Time P N Ny, ¢ Cy Gy Ww Pg Pg P, P= Py + Pq

13/00 0 0 o 0 0 0 0 0 0 0

13/06 2 1 0 w

13/12 0 3 3 0 w o O 18 25 0 18

13/18 8 3 A & - O

14,/00 75 8 6 -—— Z - 19 30 . 0 19

14/06 8 8 A - - v

14/12 - 8 2 = Z - o 0 0 0 0

14/18 0 O 0 0 0 Q

15/00 - 6 6 A o0 0 O 0 0 0 0

15/06 1 1 & o 0 @)

15/12 - 0 o0 0 0 0 O 0 0 0 0

15/18 1 1. O o o O

o8




Table 5.

Same asg Table 2 except for station 47945,

Observed Krish. Haltiner Kuo Total

Date/Time P N N, C  Cy ww Pq P P P =Py +P,

13/00 39 8 4 A & 2 1 0 2

13/06 8 5 —-- &Z

13/12 - 8 4 —-- L o 38 44 0 38

13/18 7 17 A - V)

14/00 - 7 4 A & O 78 73 0 78

14/06 7 6 A & O

14/12 - 8 6 XX & v 92 98 0 92

14/18 7 17 A - O

15/00 - 6 6 A - O 5 4 0 5

15/06 6 6 M o -

15/12 - 7 1 A - O 3 2 0 3

15/18 6 6 A o O

L8



Table 6.

Same as Table 2 except for station 47909,

Observed Krish, Haltiner Kuo Total
Date/Time P N N o C ww P P Po P=Pg +P,

13/00 0 6 6 A 0 0 0 0
13/06 7 4 A

13/12 133 8 8 A ®) 2 2 0 2
13/18 8 8 A v

14,/00 408 8 8 A v 16l 176 405 566
14/06 8 8 O J

14/12 - 7 7 A v 0 0 0 0
14/18 g8 8 A v

15/00 - 7 1 A V) 0 0 0 0
15/06 2 2 A Q

15/12 - 7 17 A 7) 0 0 0 0
15/18 7 7 A V)

88



Table 7.

Same as Table 2 except for station 47936.

Observed Krish. Haltiner Kuo Total

Date/Time P N N, C  Cy ww Pq Pg P, P=Pg+P,

13/00 0 7 717 A 0 0 0 0

13/06 5 2 A w

13/12 22 7 3 A w O 50 54 0 50

13/18 8 71 A & v

14/00 361 7 1 A & O 136 126 279 415

14/06 g8 7 R & v

14/12 - 6 6 A o QO 30 33 0 30

14/18 2 2 A o O

15/00 - 6 6 A o O 0 0 0 0

15/06 6 6 ~ 0 O

15/12 - 7 7 A - O 5 5 0 5

15/18 6 6 A o O

68



Table 8. Same as Table 2 except for station 47927.

Observed Krish. Haltiner KXuo Total

Date/Time P N N, C Cy Cp ww Pg Pq Po P=Pg+P,

13/00 0 7 6 O W - 3 2 0 3

13/06 7 17 A - -

13/12 11 8 6 A & - v 74 73 0 74

13/18 8 6 A & - V]

14,/00 447 8 6 A & _ v 139 136 428 567

14/06 8 6 A & - v

14/12 0 6 6 A o 0 O 7 6 0 7

14/18 6 5 A & o O

15/00 0 7 7 A o 0 O 0 0 0 0

15/06 7 017 A - - O

15/12 - 8 8 A - - v 0 0 0 0

15/18 7 07 A - - O

06




Table 9. Same as Table 2 except for station 47918.

Observed Krish. Haltiner Kuo Total
Date/Time P N Ny Cy, Cy CH ww PS PS Pq p = PS + P

13/00 13 7 4 A «w 90 10 9 0 10
13/06 6 6 & o 0
13/12 4 5 2 A w 0 7] 73 67 129 202
13/18 7 17 A - - O
14/00 142 7 4 X - v 78 83 0 78
14,/06 7 2 ~ & - O

b W o
14/12 0 6 6 O o 0 O 7 6 0 7
14/18 7 7 A - - O
15/00 0 7 7 © 0 0 O 0 0 0 0
15/06 6 6 O 0 0 O

\r &
15/12 - 7 17 A& - - V) 0 0 0 0
15/18 7 017 A& - - O

16




Table 10. The estimates of the drag coefficient, sensible
and latent heat fiuxes (ly day~i) and the Bowen ratio, aver-
aced over the 5 X 7 grié mesh shown in Fig. 23,

Date/Time cD E'S LE E’s +1LE B
13/00 1.71 x 1073 220 712 932 0.33
13/12 1.71 x 1073 178 588 766 0.28
14,/00 1.88 x 1073 177 540 717 0.23
14/12 1.8 x 1073 343 265 1308 0.32
15,00 1.88 x 1073 436 1247 1683 0.35
15/12 1.82 x 1075 357 1013 1370 0.34

Average  1.83 x 107 285 g4z 1129 0.31

Table 11, The bulk transfer cceIficients estimated by Mitsuta,

Mengi ané Tsukomoto (1977) usinc z2ll of the AMTEX flux measure-
" ments except the on-landéd tower measurements when the wind was
frcm inland.

Non-neutral Stzbility Neutral Stability

Cy (mcmentum) 1.52 x 1073 1.33 x 1073

3 3

C.. (heat) 2.63 x 10~ 2.18 x 10~

i

C.. (moisture) 2.15 x 1073 1.97 x 1073

12
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Table 12. Estimates of the sensible znd latent heat fluxes
(ly dayv—l) made over the AMTEX region.

FS LE FS +LE B

AMTEX'75 flux measurements

Miyakojima 279 1433 1712 0.19

Taramajima 201 964 1165 0.21
Ninomiya (1972)

budget calculation 340 640 980 0.53

aerodynamic method 270 660 930 0.39
Agee and Howley (1277)

warm period 49 182 231 0.27

cold period 485 1099 1584 0.44

l4-day period 174 472 646 0.37
Amburn (1976), Method 2

warm period 1° 80 29 0.24

cold period 281 367 648 0.77

l4-day period 111 182 293 0.61
Amburn (1976), Method 3 .

warm period 73 286 359 0.26

cold period 1040 1491 2531 0.70

l4-day period 418 717 1135 0.58




Table 13.
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The estimates of the_drag coefficient, sensible

and latent heat fluxes (ly day“l) and the Bowen ratio, aver-
aged within the storm volumes.

Date/Time CD FS LE Fs-+LE B
13/00 1.65 x 10‘3 138 518 656 0.32
13/12 1.55 x 107> 104 404 508 0.29
14/00 1.68 x 107> 113 421 534 0.27
14/12 1.83 x 10-'3 188 615 803 0.28
15/00 1.96 x 10'3 246 628 874 0.55
15/12 2.06 x 107> 230 553 783 0.49

Table 14. Net radiational cooling rates (K day_l) from sur-

face to 100 mb and from surface to 850 mb for eight different

cloud combinations.

Cloud Type Cooling rate]igg Cooling ratejggg
So + B, 1.56 2.10

S 1.40 2.30
Al 1.25 0.45

Se T A, +Cy 1.06 1.50
S. +Cy 0.95 1.58
A, +Cy 0.84 0.60

Clear 0.80 1.26
Cc 0.44 0.55
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Table 15. The ratios (%) of APE to TPE and XE to APE for the
AMTEX storm in comparison with those for the general circula-
tion (Holton, 1972).

Date/Time 13/00 13/12 14/00 14/12 15/00 15/12 Global

APE

TR 0.52 0.52 0.71 0.41 0.32 0.12 0.5
XE

ADE 44 40 29 57 74 155 20

Table 16. The available potential energy budget I (W m 2

the AMTEX storm.

} of

Date/Time 13/00 13/12 14/00 14/12 15/00 15/12 Average

DADT 1.5 53.6 -30.0 -111.6 -81.9 -106.4 -45.8
DAREAA 0.0 0.0 -1.7 -15.5 -15.0 -3.8 -6.0
GA 3.0 2.4 7.4 4.9 i2.0 1.5 5.5
AW -171.8 -330.9 -370.6 =-254.3 -347.5 -260.1 -289.2
DPRDT 76.1 65.4 30.7 -25.3 =-11.7 -43.8 29.8
HAPR 137.4 -559.8 -391.9 975.2 836.3 -304.2 115.5
VAPR 67.7 319.4 307.8 163.7 229.7 135.3 203.9
HFA 35.2 601.2 512.8 -768.1 -630.4 501.1 42.90
VFA 18.6 9.8 11.4 5.5 ~0.0 0.0 7.6
DPSA -1.9 -3.0 -5.2 =12.7 =-22.2 -22.3 ~-11.2
RAI -162.8 -50.8 -130.5 -185.0 -135.3 -197.8 -143.7

HFA +HAPR 172.6 41.3 120.9 207.1 205.9 196.9 157.5




Table 17.

The available potential energy budget IT (W m
of the AMTEX storm.
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2

Date/Time 13/00 13/12 14/00 14/12 15/00 15/12 Average
DADT 1.5 53.6 =-30.0 -111.6 -81.9 -106.4  -45.8
DAREAA 0.0 0.0 -1.7 -15.5 =-15.0 -3.8 -6.0
GA 3.0 2.4 7.4 4.9 14.0 1.5 5.5
EAW -23.0 -2.2 -18.6 -35.5 -23.9 -20.1  -20.6
EHAT 7.4 9.8 13.6 45.9 6.2 -11.2 12.0
EVAT 12.7 1.4 10.6 19.4 12.9 10.4 11.2
DEDT 73.1 62.8 26.8 -34.2 -22.6 34.1 23.3
DPSA -1.9 -3.0 -5.2 -12.7 =-22.2 -22.3  -11.2
RA__ -70.0 -17.6 -62.8 -84.0 -31.4 -95.0  -60.1
Table 18. The kinetic energy budget (¥ m 2) of the AMTEX
storm.

Date/Time  13/00 13/12 14/00 14/12 15/00 15/12 Average
DKDT -10.9 -6.4 7.3 6.5 -14.8 -26.3 -7.4
DAREAK 0.0 0.0 =-0.5 -8.9 -11.1 -5.9 -4.4
GK 16.8 32.2 33.0 27.5 19.2 10.9 23.3
HFK -100.6 -70.9 -51.7 =-21.5 =-7.2 26.0  -37.7
VEK -0.3 -0.2 -0.0 0.1 0.0 0.0 -0.1
DPSK -0.0 -0.0 -0.0 -0.1 -0.2 =0.2 -0.1
RK 73.2  32.5 26.5 9.4 -15.6 -57.1 11.5
Boundary

Prictional -1.1 -0.5 -1.2 -3.1 -4.7 =9.0 -3.3

Dissipation
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23]

ig. 1. 2xis of mean maximum wind (heavy line)
ané simplified axes of meximum freguency of
cccurrence of cvclones (short arrows) and anti-
cyclcnes (Gouble-shazfted arrows) based on the
maps by Petterssen (1950) for the winter season.
Rectangles show mean sea-level pressures in
principal semipermanent iow and high centers,

and ellipses show regions of maximum upper winds.
(from Palmen ané Newton, 1969)
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FPig. 2. The energy diagram for an open moving
system. The overbar and prime represent the ¢grid
and subgrid scales, respectively. The zbbrevia-
tions for the grid-scale terms arzs defined in the
text of Chapter II. The unlabled arrows within
the dashed boxes symbolically represent the indi-
vidual terms in the eguations for RAI ané RK which
are defined in Appendix B.
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