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ABSTRACT

The energetics of January 1959 are assessed through a set
of spectral energy equations developed for an open atmospheric
system. The investigation considers two sets of data: a mid-January
five-day set with a high vertical resolution of 10 levels (100 to 10 mb)
and the full month's data at three levels {500, 100 and 25 mb).

The diagnostic omega-equation is solved in Fourier spectral

form and diabatic radiative effects are included for the stratosphere.

Strong dynamical interactions between the troposphere and the
stratosphere are found in wave numbers 1, 2 and 4; this is associated
with geopotential flux, whose convergence is mainly responsible for
increases in stratospheric activity. The major 25-mb eddy changes
are related to wave one and two oscillations in the 500-mb block.
Non-linear wave interactions also yield significant modifications in

the eddy energies.

The daily spectral energetics are discussed systematically to

explain the observed energy fluctuations.

xxi



CHAPTER 1
INTRODUCTION

1.1 Brief Historical Summary and Methods

Perverse weather has been one of man's chief irritants,
creating a vast array of problems, from the simple need for
shelter to the migration of races following climatic change. At
the same time it has stimulated his curiosity and great attempts

have been mounted to unravel the atmospheric puzzle.

In 1903, Margules provided a dynamical key when he showed
that rearranging air masses of different temperatures lowers their
centre of gravity and releases potential energy: the gross hydro-
static nature of the fluid binding internal and potential energy
together as a temperature function (cv( + 32)4{’ = ( C_,PT ).

With the advent of world-wide observational networks it became
meaningful to.treat the atmosphere as a complete (closed) system
and the diagnostic techniques of spectral analysis in terms of
available energy were set forth by Van Mieghem (1952} and Lorenz
(1955).

In his analysis Lorenz showed that most of the atmosphere's
potential energy is tied up in its mean state and only the small part
associated with temperature variance on pressure surfaces is
"available'' for adiabatic redistribution and-conversion into kinetic
energy so that this rather complex heat engine can continue to run

[ 4

against friction.

In this study the tool of spectral analysis will be applied to
hemispheric data to consider, in particular, the vertical structure
and coupling of the heat engine from troposphere to stratosphere
and the consequences of boundary fluxes in thermodynamically opén

systems.

The potential energy which is available to be converted into



the kinetic energy of motion will be called available energy hence-
forth and will be designated by A. K will stand for the kinetic
energy. Then following Lorenz (1955), A and K are partitioned
into their zonal mean values, AZ and KZ, respectively, while

the departures, of each zonal f1e1d from its corre sponding A and

K, is called AE and KE, respectwely Each of the four equations,
resulting from the time derivatives of the four above-mentioned
quantities, share common terms with opposite signs between each
other, marking the existence of transfers from one mode of energy
into another. The resulting four equations are represented

symbolically by:

;a?TAL-CA—C?AGZ' | (1.1.1)

Q)
>
m

- CA-CE+GE (1.1.2)

5

(&7
Vol

2. C# -CK-DZ | (1.1.3)

- CE +CK-DE (1.1.4)

% 9

The definition of the terms in Egns. (1.1.1) to (1.1.4) will be given

in the text below.

Define a (/\ﬂs, 4;: )-coordingte system and let u, v and w
be the three components of motion, T the temperature, YV the
wind vector, J?Lthe diabatic heating and [F the frictional force per
unit thickness. Also we define the longitudinal averaging operator

o ' L ,
__Q_J . (1.1.5)
TrO

as.



while the deviation from this aver'age is:

()= Y- () (1.1.6)

The latitudinal averaging operator is given by:

¢, |
[0} = sy N Jeos$dg - e

where 4)2 and 9‘. are the northern and southern latitude
circles bounding the region. For the presént purpose ¢z and
¢' stand for the north and south pole, respectively. The deviation

from the latitudinal average is given by:

(1.1.8)

Y =)= |l )14’

The superscripts A and ¢ associated with the ""bar" and the
curly brackets will be omitted when they are not required for clarity.
With this in mind the C's, D's and G's can be shown to be proportional
to the following quantities: '
A Y

, — —=M\1$
Cae-[TW 2T} Cloa- (DT
©

cEa-{ T ) Gra (AT
GEd { ?

T

DEA {W%}‘&

CKot- { cos m_% (5&)}¢

cos ¢

DT {V%-TI':X] ¢



Since the C's appear alternately with different signs in two equations,
they are called conversion or transfer terms. CA represents the
conversion of zonal to eddy available potential energy. It is
proportional to the covariance of the eddy heat transport and the
meridional gradient of the mean zonal temperature. Physically,

when heat is tranéported northward by eddy motions, (_n;-'_ﬁ >0 ,
cold northerly winds and warm southerly winds) where —_r- decreases
with latitude (the normal state in the troposphere) the energy in AZ is

transformed into that of AE.

CK represents the positive conversion from the zonal
mode to the eddy mode of kinetic energy. Physically, the mean
zonal kinetic energy (averaged over the area of interest), will tend
to increase when relative eastward momentum is transported north-
ward by the eddy meridional flow in a field of increasing mean zonal
eastward momentum with latitude. Synoptically, southwest to north-
east tilts of troughs and ridges imbedded in a mean zonal flow whose
strength increases northward indicate visually a conversion of eddy

to zonal kinetic energy, i.e., a negative CK.

CE measures the rate at which AE is transformed into KE by
the action of the rising warm air and subsiding colder air in zonal
planes, while CZ indicates the conversion from AZ to KZ, when the
vertical motion versus temperature correlation is limited to

circulation in meridional planes.

The G's represent the influence of exterior diabatic sources
on the existing thermal field, tending to change the available
potential energy reservoir. Heating the warmer areas and/or
cooling the cooler regions tends to increase the temperature variance,

hence also the available potential energy.

The D's represent the dissipation of kinetic energy in either
mode by friction. Velocity profiles are usually flattened by the
action of small scale eddy viscosity thus reducing the kinetic energy.
On larger scales such a formulation is not generally possible as it

may require negative diffusion coefficients (Gilman, 1964).



The energy flow diagram proposed by Phillips (1956} has
found acceptance in the literature and a similar format will be
used in this study. In Fig. 1.1.1, the direction of the flow
represents positive transfer (C's), generation (G's) or dissipation
{D's).
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Fig. 1.1.1 Energy flow diagram showing positive direction
in conversions, generation or dissipation

Phillips' original diagram represented energy studies for
the whole atmosphere, but recently modifications have been added
to study the energetics of a truncated volume, by computing the

boundary effects.

The numerous studies that followed Lorenz's important
paper dealt mainly with tropospheric data as upper level obser-.
vations were sparse. Qort (1964) and Muench (1965) have listed
various energy computa.tiéns pertaining to the troposphere considered
as a closed system. Muench's values for tropospheric average mid-

winter conditions are reproduced in Fig. 1.1. 2.
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Fig. 1.1.2. Tropospheric energy diagram for mid-wintexr
- conditions after I\guench (1965).
Units: Ergs/cm® sec mb.

This shows that the normal tropospheric energy flow
provides a zonal temperature field, created and maintained by
- solar input at a rate of 4.5 ergs/cm2 sec mb. Portions of this
field are transformed into an eddy temperature field by the action
of the atmospheric eddies at an equivalent rate of 4.5 units. This
eddy field loses energy by radiative and turbulent heat transfer
between the earth's surface and the overlying air at a rate of 1.7
ergs/cm2 sec mb. The eddy available potential energy is trans-
formed into eddy kinetic energy as circulation is established in
zonal planes with warm air rising and cold air subsiding. The
average rate of transfer is given as 2.8 ergs/c:mZ mb sec. The
balance of the eddy kinetic energy is achieved mostly through
frictional dissipation. The troposﬁhere rides on a relatively
rough surface and suffers large dissipation through a relatively
shallow boundary layer. This sink of energy almost cancels the
baroclinic CE-transfer, being 2.4 ergs/o:;m2 sec mb. The KE
balance for the steady case is attained throﬁgh a barotropic wave
to zonal flow interaction at a relatively low rate of 0. 4 units.
Practically all of the energy transformed into the zonal form is lost

in zonal energy dissipation.



Many people have contributed to the diagnostic tools
required to compute tropospheric energetics. To name a few, .
White and Saltzman (1956) computed 2 CE> 0 and obtained eddy
dissipation of about 5 er'gs/cmz mb sec. Saltzman (1957) derived
the energy equation in the Fourier spectral domain for the closed
system. Saltzman alone and conjointly with others produced a
series of papers between 1958 to 1964 dealing with the 'statistics
resulting from the spectral method. (Saltzman 1958, 1959;
‘Saltzman and Teweles, 1964). Wiin-Nielsen and his group (Wiin-
Nielsen, 1959, 1964, Wiin-Nielsen and Brown,1960, Wiin-Nielsen
and Drake,1963) amplified the diagnostic tools in studies of the
tropospheric interchanges in spectral, annual and seasonal parti-
tions. Systématic effects of trdp08pheric diabatic heating are
also introduced by the group. Murakami has also studied the long
term (yearly) spectral statistics of the troposphere (500 mb in

particular) {(Murakami and Tomatsu, 1964; Murakami, 1963).

Next endeavours were directed at the stratosphere, as
observations reached higher altitudes more frequently. The
efforts in this new domain were generally two~fold; the study of
seasonal and annual statistics, and the search for the causes
explaining the surprising stratospheric behaviour during a sudden
warming epoch. Boville (1961), Oort (1963) belong to the first
category, while Craig and Hering (1959), Reed and his school (Reed,
Wolfe and Nishimoto, 1963; Muench 1965; Perry 1966), Miyakoda
(1963), Lateef (1964), Julian and Labitzke (1965), Murakami (1965)
belong to the latter. ‘ |

1.2 Purpose

The present paper is a logical extension of Miyakoda {1963),
Muench (1965), Julian and Labitzke {1965) and Perry {1966). It
stems out of some of their common suggestions, as their work in

turn was more or less suggested by the work of Saltzman (1957) and



Teweles {(1963). Some further refinements to the diagnostic

methods have been added by Perry (1966). Muench patterned

his derivation along Lorenz (1955) but as applied to an open system,
(the stratosphere) being careful to preserve all the boundary flux
terms. Perry used the spectral a.pp'roach of Saltzman (1957),

Reed et al (1963) and extended it to include the boundary fluxes, as

in Muench's case. Perry separated the atmosphere into three layers,

two of which overlapped in the stratosphere.

This study considers in detail the spectral and total atmo-
spheric energetics over a short period (5 days) where data are
dense (ten levels from 1000 mb to 10 mb) and a longer period (daily,
one month) but where data are sparsely distributed in the vertical
(three levels: 500 mb, 100 mb and 25 mb). The purpose of the
study is to clarify the processes occurring in a more or less normal
winter in contrast to previous studies of anomalous winters character-

ized by major warmings in the upper levels.

Although the general approach and methodology follows
previous studies, some original methods were used in the details.
A spectral solution of the diagnostic omega-equation has been per-
formed using the 10 levels of information. Radiative transfer in
the long-wave terrestrial spectrum and the short-wave solar
spectrum has been computed in the stratosphere using a mixture
of empirical and fully physical approaches. The diabatic output
was inserted into the diagnostic omega-equation and also used to

compute eddy and zonal generation processes.



CHAPTER 2

DATA PROCESSING AND MODELLING

2.1 Compilation and Manipulation of Data

Various types of data have been accumulated at McGill
through the years. Daily synoptic maps have been analysed and
the grid point values at the latitude-longitude intersections extracted.
A three-year series of maps, analysed every five days at 500, 100
and 25 mb has been completed but was not used in this study. A
second series exists for the same levels but with daily frequency for
January 1959. A third set of a shorter time sequence, but for
many levels, has been completed for this study. It spans the
period from January 12, 1959 to January 16, 1959. It contains
ten levels (1000, 850, 700, 500, 300, 200, 100, 50, 25 and 10 mb)
of height and temperature fields, excluding only the 1000 mb
temperature. Of importance, the 50 mb and 10 mb data were
read from the Berlin map series (1962). The hydrostatic test
between the McGill 25 mb and the Berlin 10 mb data did not prove
consistent over Asia. The maps at 10 mb were reanalyzed and
drawn to be more consistent with the sparsely distributed temperature

data.

This study uses the 31 daily maps for January 1959 at three
levels, and the 12 to 16 January 1959 data for ten levels. The
latitude-longitude grid has an interval of 10 degrees in the eastward
direction and 5 degrees in the meridional direction, and extends from
80°N to 30°N. Each set of 36 longitudinal grid values was trans-
formed into equivalent Fourier coefficients spanning 15 wave numbers,
the computed coefficients were stored on magnetic tapes for further

use.

An error check on the data was performed by assigning an
upper limit to the Fourier coefficients of wave number higher than 9.

The values above the limits were checked against the original maps



and corrected when necessary.

of the two data sets with time and pressure.

10

Table 2.1.1 shows the distribution

study.

pressure fields.

Table 2.1.1. Height (Z) and Temperature (T) fields in this
P stands for the mean sea-level

P(mb)

MSL

850 | 700 | 500

300

200

100

50

25

10

| Date
Jan/59

1

2
to
11

12°
to

16
17

18
to
31

I

l

‘The defects in the data and the map analyses have been discussed by

~Boville (1961).
the data were taken, was given as about + 3 mb for the barograph and

+ 0. 5°C for the thermograph.

The accuracy of radiosonde instruments, at the time

The geopotential height is obtained as

the dependent variable through the integrated hydrostatic approximation

of the form:

z-sg?_frm,p

(2.1.1)

The height accuracy is given in Table 2. 1, 2 taken from Boville (1961)
and Orvig (1962). | |
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Table 2.1.2. Standard error of the computed geopotential
height from radiosonde instruments in 1959.

Standard pressure level (mb)|[500 | 300 100| s0| 25| 10
Standard error (ft) 150 +115f +125 | +200 1300 | +500

The error due to direct solar heating on the instruments at 25 mb
has been discussed by Boville (1961) and will not be repeated here.
Suffice to say that the sunlit areas averaged about 3°K warmer than
the areas in the dark. Both types of errors have been reduced.
Some variations about this mean is due to systematically different
instrument characteristics. The mean temperature error has been
corrected while the variable instrument characteristic has been
reduced from given instrumented corrections, but the corrections

were not always sufficient.

2.2 Methodology in the 5-day Data Set

The study uses Fourier coefficients of the geopotential height,
Z, and the temperature, T, as the independent variables. A vertical
motion (GJ ) model has been developed in the Fourier spectral domain
using the diagnostic omega-equation approach. The model is fully
described in Appendix A. It has nine layers and used the ten levels

of data available from January 12 to 16, 1959.

The geostrophic spectral wind components u and v were
computed directly from the height field Fourier components. Since
the zonal mean of the meridional wind, - , is identically equal to
zero in such a scheme, its value has been computed by solving for
Txusing a computed mean zonal 30_}‘ and the zonally-averaged contin-
uity equation, as shown in Appendix A. Using a mixture of empirical
and complete radiation formulae, monthly zonally averaged ozone
data and given temperature fields, the field of radiative heating, h,
was computed in the stratosphere during January 12 to 16, 1959. |
Full details on the method are given in Appendix B. All the results

were stored in Fourier-coefficient form.
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The 5-day energy conversions were based on the input
fields of Z and T, on the derived fields of motion (u, v, w ) and

on stratospheric heating (/ev ). The vertical motion was computed
adiabatically in the troposphere and diabatically in the stratosphere.
The frictional dissipative forces, [F, are inferred from a.budget

approach in the kinetic energy results.

2,3 Methodology in the 29-day Data Set

The height and temperature fields at 500, 100 and 25 mb
from January 2 to 30, 1959 formed the input data in the one-month
study. Because of the poor vertical resolution, the adiabatic-
thermodynamic method was used to cgmpute vertical motion. After

retaine time-debendent form,
the thermodynamic equation is daf—ferent—tat—ed with respeet to time,

the resulting equation, when solved for W , leads to the relation:

" - T/ 3t + VT - /&/C, | (2.3.1)

-

wher e the stability ' "is given by:

—or= RT_23T - (2.3.2)
P4 OF

v is the heating rate,
,o?is the specific heat of dry air at constant pressure,
\\/%VT is the temperature advection on constant pressure surfaces

by the horizontal geostrophic wind \\/%

In the adiabatic case:/?v = 0. Using geostrophy, the temper-

ature advection is given by:

ARE % J(ZT) (2.3.3)
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where f is the Coriolis parameter and J is the Jacobian operator
applied to the (x, y)-plane at constant pressure. Eqn. (2.3.1) may

be rewritten as:

w .-.- __%Efr*; (%)I(Z’T) . . (2. 3. 4)

Eqgn. (2.3. 4) has been transformed into the complex Fourier domain
using a method developed in Appendix A. The results when (= a(4)

only are:

_Qw.. _&_4;) _ai_é_l _%__c_ﬁ(Z kmfcm)a;%(m-ma

M- (2.3.5)

-am -?(”M .a't’a(r;\—rm\ ) ‘

o :
where Q(m\ ) 't (m) 5 ‘6(#\/) are the spectral functions corresponding
to the w, T, Z fields, @ is the latitude, a, the earth's radius, m

and n are wave numbers.

The 48-hour centered time-difference when applied to the
o
temperature spectral function t (n), explains the lack of com-

putations for January lst and 31lst.

The low vertical resolution constrains us to accept the
stability ' q= ' as a function of pressure only. Then the vertical
motion may be computed at any level, given a good set of temperature
data in time.. The stability had been computed for the 9-layer
diagnostic model described in Appendix A, for the five days from
January 12 to 16, 1959. The 5-day mean values of this stability at
500, 100 and 25 mb were accepted as representative for the whole

month of January 1959. Comparison with stability computations for
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January by other investigators supports this approximation (Gates,
1961).

2.4 Comparison between Vertical Motion Models

In view of the conflicting results among statistics using
different types of vertical motion, it is necessary to discuss the

basic assumptions inherent in each method.

Inspection of the results of both methods when integrated
over wave number shows good agreement on the whole, the resem-
blance being better at 25 mb than at 100 mb. At 500 mb the
horizontal maps of the vertical motion are similar but the adiahatic-
thermodynamic method shows larger magnitudes than the diagnostic
(also adiabatic at 500 mb) method. This difference also exists at
25 mb and 100 mb, but is much smaller than at 500 mb. The
difference in magnitude is not unique to this study, but seems to be
intrinsic to the two different methods. More specifically, it is
due to the different numerical procedures and the physical simplifi-
cation made in each case. Miyakoda (1963), in a similar study
using both types {not spectrally, but on a numerical grid), found
that the magnitude of stratospheric W 's resulting from an adiabatic-
thermodynamic omega method is larger than the diagnostic w's by
a factor of 1.5, when both computations are performed without a
heating field. When heating is introduced in the diagnostic omega
equation only, the computed vertical motion fields showed better,
agreement. Inspection of Miyakoda's graph reveals a reduced
factor from 1.5 to about 1. 2. The latter factor is found in the
present study at 25 mb. When adiabatic computations at 500 mb
are compared, both Miyakoda (1963) and this study arrive at large
magnitudes in the adiabatic-thermodynamic case, the factor being
about 2, but rising occasionally to 3. The larger factor is usually

found in the vertical motion maxima.

The anomalous difference between the two methods may be

assigned numerically to the analogs for derivatives and physically,
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to the systematically varying influence imposed by the atmospheric

scale changes with height.

The effective grid from which the spectrally independent
variables '&(n) and to(n) were obtained remained fixed at all
pressure levels. The diagnostic method contains up to the 4th
order derivative while the other method requires only first order
differentiation. Because of the decreasing significance of the
shorter waves (in the synoptic scale) with height, the 25-mb level
will be smoothed the least while the 500 mb will be grossly smoothed.
The diagnostic model will be more faithfull in the large scale while
. the adiabatic-thermodynamic method will preserve the shorter scale
more effectively. To remedy this, a smaller scale grid would be
necessary in the troposphere to preserve the significant synoptic
scale effect there, but no change would be necessary in the strato-

sphere, as far as the grid size is concerned.

The physical assumptions required by the adiabatic-thermo-
dynamic method will lead to some trouble in computing energy
statistics. This will be dealt with later when this type of computed

vertical motion is applied to the problem of the energetics.
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. ' CHAPTER 3
THE ENERGY BUDGET IN THE FOURIER SPECTRAL DOMAIN

3.1 The Spectral Energy Equations for an Opeh System

_ This paper adopts the general methodology of Saltzman (1957),
Reed et al (1963), Muench (1965) as combined by Perry (1966). The
spectral equations are fully derived in Perry's doctoral thesis (Perry,
1966). An abridged form of the derivation is given here so that the

physical concepts implied may be clearly underlined.

The ()\, fi’, /PJ )-coordinate system is adopted with © , the
potential temperature as our basic parameter. Following Liorenz
(1955) the available potential energy of a closed system is defined as
the difference between the total potential energy (potential plus
internal} and that which would exist if the mass were redistributed
to a horizontally stratified state under adiabatic frictionless conditions.
Lorenz (1955) has shown that following this definition and conditions,
the available potential energy A of the system depends on the variance
of potential temperature on isobaric surfaces. In spherical co-

ordinates, the equation becomes

2 Th
gA dm = gg /\ _9:_2 ol cosd J)\d?‘i/_ﬁ; (3.1.1)
M R 2 ‘} -

A=- (/T%)F:/% (%{‘5} )‘1 (3.1. 2)

In a similar manner the atmosphere kinetic energy is defined as



/b T 2

KKAM_=§ y f l\_/_za%COSy‘ J)chgSc_/:%E (3.1.3)
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The integrand A of Eqn. (3.1.1) represents the contribution
of one unit of mass to the available potential energy of the whole
atmosphere. In particular the concept of available energy may be
applied to any finite air volume when the normal components of the
air velocity across the boundaries vanish everywhere since any
interaction or contribution to the exterior by any mass elements is
nil. As a first approximation, since the interaction between the
two hemispheres is rather small, each hemisphere may be practically
taken as a closed system. Van Meighem (1961) in deriving the
equation for A, obtains the same results as Lorentz except for a
small added term due to the atmospheric compressibility which he
evaluated to be two orders of magnitude smaller than the main term
shown above. As is specifically stressed by Muench and Perry the
available energy computed in a truncated open atmospheric volume
may be justified by considering it as a contribution to the whole
atmosphere, or at least to.the whole northern hemisphere. Muench
(1965) has computed the relative temperature variance difference
between a horizontally truncated volume exteﬁding from North Pole
to 15°N and the pole-to-pole value. He obtained a difference of
8 percent which lies within the uncertainties inherent in the com-
putational methods. Since our lateral truncations coincide with the
30°N and 80°N latitude circles, larger differences are to be expected.
Rough computations indicate stratospheric differences of less than
15 percent, which can be tolerated in the light of other errors. The
stratosphere-troposphere demarcation was arbitrarily assigned to
the 150 mb pressure surface. Thus P, and Py the pressures of the
upper and lower boundaries, respectively, become 150 mb and 1000
mb for the troposphere and 0 mb and 150 mb for the stratosphere.
Letting Ap = P, - P, the above two layers are 850 mb and 150 mb
thick.
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To conform with general usages, the C.G.S. unit per mb
has been adopted. In this system, energy exchanges will appear
in erg/cmz mb sec while the energies will carry the erg/crriz mb

unit. The longitude )\ varies as:

_4)\[2“' ~ (3.

and the latitude ¢ ',

¢ L L

where 4’, and %_ are fixed to 30N and 80N, respectively. The

kinetic energy averaged over this latitude-longitude grid becomes:

K - {I?X}’b | -.

Similarly the contribution A of the arbitrarily thick atmospheric layer
centered at pressure ''p'' to the available potential energy of the

whole atmosphere is given as:

A= A {"912

The integration in the vertical of both K and A when normalized to a
stratospheric or tropospheric column of 1 cm2 cross-section yields

the two relationships

and

(3.

}¢ (3.

Jﬁ_{%oz fz i s 3.

ﬁ&eg_b LT gkvdg N

1.4) .

1.5)

1. 6)

1.7)

1.8)

1.9)
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The main development consisfs in taking the local rates of changes
of K and A and expanding the right-hand-side terms by the use of
the equations of motion, the thermodynamic equation, the continuity
equation and the equation of state for dry air. Formally, it

consists in performing the following operations:

— N ¢
KL 2 &3\_/_ } (3.1.10)
2t 2t (2

| —N\
?A - /\ lg © e . }¢ ' (3 1.11)
ot ot 2 | o

Supplementary application of complex Fourier zonal harmonics is
included in Appendix C. Use will be made of i) the equations of

motion in spherical and p-coordinates:

Dueet D _ p2m-wds 4 fa + aune Tan d

2t acwsp PN 0P oo
- Bf_ X . (3.1.12)
a_c05¢ ON
2 =—_.é_w'b_az-/_v:2m_w§ﬂ:_¥w-ﬁftm¢_iﬁ_y (3.1.13)
2t Qcesg N A g op ov o op

ii) the hydrostatic equation:

2P _ | | . (3.1.14)
=z = /p‘a‘ :

iii) the continuity equation:

w1 [ 2a, 2(ncos ] (3.1.15)
P  acosf { aat '3¢( ¢) '

iv) the thermodynamic equation:

_ L w2 _a20_wde , 2h (3.1.16)
s acos@ PN QA Y o Cy
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and v) the equation of state for dry air:

p = /P/-RT ‘ (3.1.17)

Since we will be working in the complex Fourier domain it will be
useful to list at this point the notation for the Fourier transform
pairs that will be used explicitly in the energy equations. These
are listed in Table (3.1, 1).

Table (3.1.1) Fourier transform pairs used in the energy equations

Variable A ) 7|0 X\. X y
Spectral function U V n 3 Q % -Px -R/

Following Lorenz (1955) the average kinetic energy is partitioned

into its zonal and eddy modes

K = \v + S KEW 51 is)

h=1

KE(’"\ = {)U(M)IZ*IV(’R))Z ¢ : (3.1.19)

Following Lorenz's notation:

K=KZ+KE , K2={—\-\7xz}¢ and K[« Z:KE('") (3.1. 20)

Noting that KE(n) is the areal average of the kinetic energy of wave
number n, we introduce a component of this average, i.e., K(n), the
zonal average kinetic energy of wave number n at some latitude P
This yields the relationship:
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K E(m) = {/R(m)}¢ | (3.1.21)

and

Kimd = [Utm)]" | Vi)

(3.1.22)
~ rl —- )
Ko) = 1)l +| Vio)* = somev o2 K3

Noting that, for complex arguments like J(n),

%[Ij(m)] ]_ 2 [3 (m)I(-m)] T 2 Tem + Tem) 2 [J(m)] (3.1.23)

the rates of change of ﬁ(n) are obtained by applying the above rule
to U(n) and V(n) once the equations of motion (3.1.12) and (3.1.13)
have been expanded and trénsformed into their complex Fourier
spectral forms. Similarly, the equation of continuity (3. 1.15) is
transformed into its spectral specﬁlcatwn The last result is then

used in the expansion of H U(m J/a-t and ’3 ,V(M), /Z't

yielding the expression:

%“ K(em) H-. ~L [%[UM%MRJ*V('"‘)Y’"BM] __ 2 [cosgﬂ [U(M)WmmNV(m)Ym,mﬂ]

! ,:.L-."»{VW)Lés \Ka"fﬂ} * é\ym) * \yu(:"ﬁf)_ ‘t—%}‘ \,ﬁm M)J (3.1. 24)

Vinl Al 2 ¥ Vi +tond Voo

[y - IV B



22

where %;""") represents wave interaction of f on g, and (,?)

represents a correlation between f and g at wave number n (see
Appendix A and C). Eqn. (3. 1. 24) relates the time rate of change
of the zonal kinetic energy in wave number "n'' to four different
mechanisms. The first one, given by the first summation over
wave number m'", is the boundary contribution to the rate of change
in the kinetic energy of wave number '"'n'. This is achieved by
vertical ( 3/2”‘") and horizontal (?/3¢ )} convergence in the .
energy fluxes across those boundaries. This mechanism couples
the chosen volume not only with the neighoring activities at wave
number 'n'" but also interacts with energy fluxes at all scales
originating in the exterior region. The second summation on "m"
‘exists "in situ'' and represents the non-linear wave interaction of
all other waves éontributing to the kinetic energy of wave number
'""n"". The third term stands for the work done by the ageostrophic
part of the wind when acting against the pressure force. This is
referred to synoptically as the cross-isobaric flow on a constant
height surface, or cross-contour flow on a constant pressure
surface. This mechanism will be elaborated later. Finally, the
fourth and last mechanism influencing the time rate of change in

7\
K(n) is the sink in frictional dissipation.

The interaction of wave number ''n'' zonal harmonics with
those of wave number m = 0 are separated out from the two first
summations on "m'' in Eqn. (3.1.24). The resulting expansion,
upon afplica.tion of the continuity equation, yields the interactioq

between the mean zonal (m = 0) kinetic energy and the kinetic energy

\

at the scale of wave number ''n'';

Powa@m ey lng |
.1.25

%W ?-Zf\" §<M‘ __iﬁ*] J



23

It is to be noted that in most other studies, the first term of Eqn.

(3.1.25) is retained, while the others are usually neglected; the

reasons being that they are usually smaller and that the vertical

motion ") ! may not be available. This first term is proportional

to the barotropic exchange between wave number "n'' and the zonal kinetic
energy by the "u-v'" correlation, implying northward eddy transport

~ of relative westerly momentum in the zonal flow.

~The component of the work term inside the volume, described
as the cross-isobaric or cross-contour flow in Eqn. (3.1. 24), is
transformed using the equation of continuity, the equation of state
and the hydrostatic equation,. and is thereby related to correlations
between vertical velocity and temperature within the volume and to
horizontal and vertical convergences of the geopotential at the
boundaries. Forn # 0, the work term which converts'potential to
kinetic energy, either 'in situ' or from the outside, in wave number

"n", is given by:

@&“ﬁ]a— 1 [ %(m)cosﬂ/\?_j)%ﬁ@&% (3.1. 26)

Similarly, for n = 0, the '"work" term is given by:
—N )t
[ ¢ W Z ] ——7 [&3 e cosy‘] 3/\3& } " (3.1.27)

Separating the cases: n ¥ 0 from n = 0, using the expansion of

U o
Eqn. (3.1. 24), the budget equations for K(n) and K(0) result:



24

%a_t[ (m] "5 {2 [U‘"“)\K""»M)Jf\/(mwcm,m]]

oo ¢’a¢ Me=t0

a3 EMZ [U(M)YM,M) +V(m)\Vtm m))]

[%(m) ¢os c&¢ %V“\ B @(ﬂ'\) ? @(m’\ D

(3.1.28)

Y(m,m) _____? “[m\,m) ] V(M)[ P \y(rm,M)

+ 17+/(rm,m) + ]{lm\,m) + 'lfnmfb \]‘f(m‘\m‘\)]] A’bi_l¢§(m)

3leke ! gl [ + 3]

Since K(O) \\/ and KZ" \\/ /?. , we will write the’

following equation as the balance for ﬂo)/a , equivalent to
KZ, as shown by Egn. (3.1.22).



.
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Eqgn. (3.1.28) and (3. 1. 29) are the two basic equations dealing with
the kinetic energy budget.

[@

[l

[mélzu-\(m L) +§[u)’§(m)+ﬂr>‘§‘m ﬂ

Mf?r ‘?:"' %(cos ¢)+

1 é(m) 'aru- + j‘i(m

__x_z_
¥y

The next step will lead to equivalent

equations but related to the budget of the available energy.

Egn. (3,1.11) is first partitioned into its zonal and eddy

(3.1.29)

g cos ¢ TF\?“ -J + /\ Bja_@; %‘)“5)- [,T)I} —X-iﬁrxyx:)

(3.1.30)

(3.1.31)

(3.1.32)

(3.1.33)
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The spectral equivalent to the thermodynamic equation (3. 1. 6)
takes the form:

3[Qu)-- § | &2y Qoo Ut & Qi Ve

Ms=c0

(3.1.34)

+Q(~n)ﬂ(m-m)] + 2 Hlom
» °1o. ’

Using the same algebraic method as for the kinetic energy equation’,
making use of the continuity equation, separating the wave inter-
actions tom = 0 from the case where m # 0, yields the budget for
the variance of the complex component Q(n) of the eddy potential

temperature:

D Q(«\)‘ ] ==2 [ ZQ(MB\Y(M\,M\] 1.7 l;,usﬁz Q(«n)\y(rm,m)]

M-t CLCOS¢ 7 rinz=d

o)

(3.1. 35)

Lgte g Jofae -

+\|{mém\] {7 ¢ §(n3 + o Sim
we . o W 4 Lo

v
The balance of the zonal temperature variance is obtained by letting

n = 0, and substituting the zonally averaged continuity‘equation in
Eqn. (3.1.35), yielding:

gt(;ze_.,,?_] [ 58" 2 (m\:] =y [cosq([nf\e 4“"2@,..)]]

(3.1.36)

@ ¢ —A
+Z[4 26 §(m) + 35 §(m)] a_s_.é_)}@_é“*'i‘.ﬂ\-é-”
mei ?* C.?

'31» wo
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According to Eqns. (3.1.1), (3.1.32) and (3. 1. 33) the balance for
both eddy and zonal available energies may be approximated by
multiplying Eqns. (3.1.35) and (3.1.36) by A

3.2 Formal Description of the Energy Terms

The energy equations for A and K once integrated over the
chosen volume are averaged over a unit volume of one square
centimeter in horizontal area and one millibar thick. The results

can be formalized as follows:

a) The balance for the zonal kinetic energy:

b

v ag_%—i 4 - B2 PEBKZFI-XCKn +RGEPIBGZFI+CE-DE (321
%

b) The balance for the eddy kinetic energy:

K m - m m m
ﬁf‘?‘g( )d_%h_ BKEPtm) + BKEFTtm) +LKim) +C Kiem)

(3.2.2)
+BGEP(m+BGE FItm) +CE(m)-DE(m)
c) The balance for the zonal available potential energy:
ﬁ : @ :
4 [2AZds —BAZP+BAZFI- YChm-CIs6E (23
A,f) ‘h? % mzi .

d) The eddy available potential energy:

N
L J; 3%%@ cl%k _ BAEP( +BAE FLtm)+LAW) +CAw)~CElm)*GElm) (3. 2. 4)
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The mathematical expansion and physical description of
the formal terms on the right-hand side of Eqns. (3. 2.1) to (3.2.4)
will be given next. The physical interpretations of many of the
terms have been given earlier and will only be summarized. The
first group will be the transfers or conversion terms, i.e., the

rates at which energy shuttles between its various modes,
a) The conversion CK(n) from the zonal kinetic energy to the
eddy kinetic energy of wave number n;

ml= — m) Co%S . m iTie
CKim) Z.\."L @nq_j}z(mﬁ)a,§()_s._'a

o ~iv o,
* (3. 2.5)

tamd }(m\ ) ¢ §(m1311'."‘ §(m) o }q‘cl/b

“oo ap‘“'azp%

The CK(n)-term measures the barotropic process in which momentum
transport of wave number-n interacts with the corresponding horizontal
and vertical shears of the zonally averaged zonal and meridional flow

» N

components 4" and¥V

| b) The conversion CE(n) from eddy available energy of wave

number n to eddy kinetic energy of the same wave number n:

4
2 —X¢ . ¢
CEm) = B%l-’ /\3%_}_ {@&)ﬂé)} c_la_jf’ _ .(3.2.6)

In a relatively stable normal atmosphere, the rising of the warm air
and subsidence of the cold air in zonal planes relax the horizontal
zonal temperature contrasts and wave number -n kinetic energy is
produced by the ensuing eddy motion of the air. In other words, the

mass redistribution has decreased the part of the potential plus
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internal energy which was available at wave number n, and
increased the flow at this scale. An inverse correlation between

w and © would produce the reverse transfer.

c). The conversion of zonal available énergy to zonai kinetic

energy:

A/\bj_é_)j .{-G)'"_e—”fstd:b | O (3e2.)

This conversion is similar to the preceding case, but the circulation

takes place in a meridional plane.

d) The conversion from zonal to eddy available energy of wave

number n:

CAtm=- d4 (3. 2. 8)

1
E"

CA(n) measures the exchanges from zonal to wave-n available
energy reservoirs. A positive transfer is obtained when wave
number-n flow interacts with the zonally average temperature field
so that heat at this scale flows northwards relaxing the existing
northward zonal temperature gradient. The well known synoptic
pattern leading to this positive transfer occurs when the stream

function wave leads the temperature wave.

The conversion-termé rr;ay be characterized by their
appearance with opposite signs, in two of the energy equations. On
the other hand, other terms appear only once. They are the energy
sink and source terms, called generations or dissipations when they

apply to the available or kinetic ‘energy modes, respectively.
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e) The generation of eddy available potential energy at wave

number n:

b 'R/c ¢ ‘
GEm = ...A_i%Li% (_j%_) b {ﬁfg} c%p | (3.2.9)

A positive correlation between a heafing spectral cémponent and

the temperature field at the same scale will lead to an increase

in the temperature amplitude at that wave number, and hence of

the associated spectral available energy. Becéuse of the lack of
radiative data, this term has usually been inferred as the residual

in balancing the AE(n)~-budget. Lately, however, it has been obtained
approximately from inconsistencies in adiabatic vertical motion
computations as shown by Wiin-Nielsen (1964b) and applied by Brown
(1965), Muench (1965), Julian and Labitzke (1965) and Perry (1966).
One part of the present study will attempt to find generation-terms

from radiative computations as explained in Appendix B.

f) The generation of zonal available potential energy:

¢ —)) =)
GiZ-= _'LJ 2 (;_h,_f/‘t {JA e §¢d___’b (3.2.10)
A4 A Cy g : ‘3’

’

Similarly, a positive correlation between the mean zonal diabatic
heating and the mean zonal potential temperature contributes to a
rise in the zonal temperature variance, indicating a corresponding
variation in the zonal available energy. The same considerations

as listed in the GE(n)-term description apply to the GZ -term.

g) The dissipation of wave kinetic energy into the smaller scales
of motion in the part of the spectrum beyond the resolution of this

study:
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ﬁi ' .
DEm = _Q-_.J {.@(M\' + §(Q) }95 C_Ife ' (3.2.11)

h) The dissipation of the zonal kinetic energy to the same smaller

scales of motion mentioned above:

i - —.—)~'¢ - '
A {u. X.+lnr _%f‘k (3.2.12)

D%

The second grouping consists of the terms describing the
effects of the cross-contour flow, i.e., '.\/s\/ gZz" acting on the
boundaries of an open system. It is to be noted that when simple
geostrophy is used, this term becomes identically zero. The
effect of this term inside the volume has been shown to generate
the CE and CZ-terms. The term "—\\/'VQZ.", when applied to
the boundaries of our volume, contributes to the local rate of change
of the volume kinetic energy by performing work on those boundaries.
Since the effects of the pressure force which is transmitted inside
the \'rolume is lost integrally from outside the volume, the phenomenon
may be called a flux of energy in the form of geopotential. The con-
vergence of this flux across the volume will be a measure of the
energy transferred in unit time into the volume at the expense of the
neighbouring region. The phenomenon has been partitioned into a
zonal and eddy form, and also into a vertical or horizontal character
depending on whether the affected boundaries were horizontal or
vertical. Following Nitta (1967), these terms may be called inter-

volume redistribution terms.
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i) The vertical convergence of the flux of geopotential at

wave number n across the horizontal boundaries:

_ "
BGEPm = 53,.5 {§ w?."")} ' (3.2.13)

h

j)  The vertical convergence of the zonal flux of ‘geopotential

across the horizontal boundaries:

e § {1 4!
BGLIP = 4 {'GS‘"Z }¢l (3.2.14)
A4 A, :

k) The horizontal convergence of eddy flux of geopotential at

wave number n across the lateral boundaries:

BG‘E ()= 3= l é ‘ d l
M i OS ( . .
| F ‘ m . i 'C- ¢' %m) ‘b (3.2.15)

1) The horizontal convergence of zonal flux of geopotential

across the lateral boundaries:

a (s P -ung)

) R |
BGZFI:E’LTPJz o A L] :-d,f» L (3.2.16)

The next group of terms is the set of kinetic energy horizontal
and vertical flux convergences affecting the KE(n) and KZ reservoirs

in the volume:
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m)
BKEP(m = { [U(m)\’i)&mﬂ +V<,m)\k; A}_m.m)]} $(3.2.17)
_ % m=- 0 ~ »,
n)
BKZEP = ____{—-k(JUL +,,,.>")+ Z[ﬂ, é (M)+Nx§ (=) ]} (3.2.18)
for the flux conv'ergence'a.cross the pressure surfaces, and
o)
BKEFLtm= _2,_‘( ___Cgs_é____ Z [Ulm)\y(m)-l-\/(m)v ("‘5"0] ‘“’ (3. 2. 19)

atswP -siné .) mz-co
¥0

A

p)

A 14
BKZF’I:_L{ cos $ [*(wmmZ[w ‘&"ﬂ?i}p’]“dj (3. 2. 20)

Ab|  alswb-swd) mal %
A

for the flux convergence of kinetic energy across the lateral

boundaries.

The following set of terms is composed of the correspondmg

flux convergence associated with the available energy:

q)

(3.2.21)

%A mz=~00

N
BAEPm = _1_ {2 Qum)‘V ""’""F
h
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r)
- —=)) e ')ﬂ. | -
mep- L Ale g 520 (5.2.22
%'A'b 2 4,
8) B
A ¢

BAE FI(m)'= i cos -\ ZQ('m)\V {rmym) '__;i’ (3.2.23)
A4 a(sm¢ O ¢ %
. 2

A

t)
%,

. = osf« A '—)\_-“ -“ } (m) ) . 2.
BAZFI .&_}9 :(:w Sm”[ ..Z:. ] (3. 2. 24)
h

- The next group of terms is related to the spectral partitioning
of the energy budgets. The terms représent the interaction of all
scales (except m = 0) with wave number n to produce available or
kinetic energy. Theoretically, the integration of the terms over
the whole spectrum and over a closed system would balance
identically to zero. In an open system, the terms need not balance
when integrated over ''n'" since the waves outside the volume may
interact with those inside. Logically the result of the int:egratio'n
over wave number, if not zero, may be considered as a boundary
flux. The homogeneity of this last group is subdivided into two
sub-classes depending on whether it affects the kinetic or available :

spectrum:

u) The non-linear redistribution of kinetic energy to the kinetic

energy of wave number n from all other wave numbers:
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e {2 Ui 2 b 4, g o

(3. 2. 25)

. \ ' P
sl sl Yoo

v) The non-linear redistribution of spectral available potential

energy to wave number n from all other wave numbers:

LAm= 4 ZQ(M)[K.}?\P‘"“W) + & \Vfb'(e";’m)+\" (m, m)]}¢c_i_)e (3. 2. 26)

Al {rm--o
» ‘P ¢

As can be seen in the expansions of LK(n) and LA(n), a
triple correlation of Fourier components is involved. This means
that because of the atmospheric variability and/or the quality of
the data, the results could be fairly noisy, as has been noted by
Saltzman and Fleisher (1960b). However, this will be taken into
account in the results, and the confidence in the values will only
be ascertained by the longer of tﬁe two (5 days versus 30 days) time

series associated with this report.
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CHAPTER 4

ENERGETICS IN THE PERIOD OF JANUARY
12th TO 16th, 1959

4.1 General Remarks Pertaining to the 5-day Study

Since our thermodynamic system cannot be closed in either
a geometric or computational sense, it is necessary to carry
boundary fluxes and balance terms in the energy cycles. The
balance terms, in so far as they rise above the inherent errors,

also represent specific.processes not formally computed.

In the kinetic energy modes, the balances, BALKE and BALKZ,
are identified with frictional dissipation by all eddies from wave 13
down to molecular scale. How much of this will reappear as thermal
energy is not known, but some clarification of the vertical frictional

selectivity will be presented later in this chapter.

The balance terms BALAZ and B‘ALAE will measure processes
which differ from stratosphere to troposphere. In the stratosphere,
they will represent the accuracy of the computed available energy
generations, GZ and GE, since the computed diabatic heating can

only approximate the real heating because of the unavoidable simpli-
fications in the radiative transfer solutions. In the troposphere,
because of the missing generation terms GZ and GE, BALAZ and

BAL may be taken as their respective inferred magnitudes.

AE
In view of their complexity the shorthand notation for the

energy cycles is employed and for convenience is specified below:

DKz/Dt = BKZ - CK+BGZ + CZ + BALy, (4.1.1)
QOKE/?2t = BKE + CK + BGE + CE + BALyp (4.1.2)
9AZ/dt = BAZ - CA -CZ+GZ+BAL,, (4.1.3)
‘OAE/Dt = BAE + CA -CE+GE + BAL, (4.1.4)

where
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BKZ = BKZP + BKZFI, (4.1.5)
BGZ = BGZP + BGZFI, B : (4. 1. 6)
BKE = BKEP + BKEFI + LK, | (4.1.7)
BGE = BGEP + BGEFI (% 0.0), (4.1.8)
BAZ = BAZP + BAZFI (< 0.0), (4.1.9)
BAE = BAEP + BAEFI ( £0.0), (4.1.10)

and the previous BALXY are the values needed to balance the

various budgets.

4.2 Energetics During the 12-16 January 1959 Period

Here we look specifically into the eventvs in the chosen 5-day
period; a fuller description of the month's events are in Chapter 5.
This diagnostic study with high density data in a rather normal
warming period should lead to a better understanding of the dynamical
interactions involved. Also when compared with results computed
for the major warming periods, it should shed more light on the

underlying processes or causes,

A. Stratosphere

Synoptics

January 1959 was a more or less normal month with vacillations
in the temperature and height fields (Labitzke, 1965). Three large-
scale and large-amplitude oscillations were observed and the ore in
the 12-16 January period is classified as a "minor" warming following
the terminology advanced by Julian (1967): that is, a case where the
stratospheric polar vortex is displaced significantly by a strong anti-
cyclonic circulation appearing at northern latitudes, but the effects
do not reach such catastrophic proportions that the stratospheric flow

collapses and the meridional temperature gradient reverses.

The 1959 winter stratosphere featured a series of warm waves
which moved rapidly eastward around an oscillating cold polar vortex.

From the main source region in the Siberian-Aleutian area, the
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waves travelled eastward to die out over eastern Canada and
Greenland (Godson and Wilson, 1963). The striking differences
between a mild warming winter (58-59) and a spectacular one
(57-58) are shown by the North Pole 10-mb temperatures on
Fig. 4. 2.1 (after Finger, Mason and Corzine, 1963). The wave
in question appears on their figure as the relative maximum on
January 15-20, 1959. Boville, Wilson and Hare (1961) studied
wave propagation at 25 mb from the 8th to 18th of January and '
postulated baroclinic instability with a conversion from available

to kinetic energy.

However, it will be shown that the energetics will follow a
more complex pattern than the one which may be visualized from

weather maps,

Energies

The daily fluctuations of the stratospheric energies in their
zonal and eddy modes are presented in Fig. 4.2. 2 where the sub-
scripts '"s'" and ‘'t" attached to the energy reservoirs indicate the
stratospheric or tropospheric cases, respectively. In the following
paragraphs, any unqualified reference to energy will automatically

designate the stratospheric case.

Both zonal energies AZS and'KZs suffer a net decreasé
during the period, the decrease is marked from the 12th to the 13th,
when the eddy modes AES and KES are increasing rapidly. The
sharp rise of AEs in response to the AZs fall is borne out by the
large CA-exchange process computed on those days. The sharp
increase of KEs is of short duration and then KES falls steadily back
to near the initial level. The zonal kinetic energy KZS is negatively
correlated to the changes in KES until the 14th, then it goes into a
larger decline than its eddy counterpart on the 14th. Of special
interest is that the strong KEs increase on thg 12th-13th period is
well correlated with maximum eddy pressure interaction on the 12th,
and also, as will be shown later, KE8 is found to be negatively

correlated to the corresponding tropospheric KEt’ presumably
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indicating a flux of energy from below.

Energetics

The daily energy flow diagrams arrived at for both
stratosphere and troposphere are given as Fig. 4.2.3 to 4.2.7,
while the 5-day averaged energy flow diagram is depicted in Fig.
"4.2.8. The equivalent information has been listed in a tabular
form based on the formalism given by Eqns. 4.1.1 through 4.1. 1.0,
and identified as Tables 4.2.1 and 4. 2. 2. Throughout this treatise
the units of the conversions, rates of energy change, are ergs/cm
mb sec and the energy unit is 104 ergs/cmz mb. The number in
the energy boxes, under the energy mode identification, is the time
rate of change of this energy, computed as the 48-hour centered
time difference, except on the first and last day where forward and
backward 24-hour time difference schemes have been applied,

reducing the reliability of the time derivatives for those days.

. Before comparing the results with other studies, especially
those of Muench (1965), Miyakoda (1963), Julian and Labitzke (1965)
and Perry (1966), a few words of caution are necessary. Most of
the above investigators had data extending to the 20°N latitude circle
whereas the present study, like Miyakoda's stops at 30°N, so that
the cross-boundary fluxes will tend to be more intense in our case.
Although Julian and Labitzke (1965) and Miyakoda (1963) solved the .
diagnostic equation, they did not use'the Fourier spectral approach.
Muench (1965) used the so-called adiabatic-thermodynamic omega
method but added the mean monthly heating as a diabatic correction.
Perry (1966) integrated the vorticity equation in the vertical to arrive
at a vertical motion profile; this method has the advantage of com-
pletenesé in the sense that no diabatic heating had to be computed.
Further, the study of a minor stratospheric warming is somewhat
more difficult since it uses the same diagnostic tools, with all their

inherent errors, to resolve weaker signals.

The results of this study are compared first with computations
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Table 4.2.1. Daily and time averaged energy conversions for
January 12 to 16, 1959, | l
Units: Ergs/cm<“ mb sec.
Layer | Date %@ BKZ| -CK | BGz |. cz BAL
Jan/59 .
12 -1.16 2.62} 2.23 |-3.60 ~1,15 -1. 26
13 . 0.06 1.041 1,18 |-2.80 -0. 49 1.13
Strat. 14 -0.98 3.95| 1.44 |-3.75 -1.42 -1.20
15 -1.97 0.80| 4.29 [-4.58%% | -1,19%% | -1, 29
16 - .69 1.09| 4.84 |-5.40 -0.95° - .27
Mean | - .96% ] 1.90} 2.80 |-3.65 -1.04 - .58
12 2. 89 3.38)|-.87 .74 - .34 - .02
13 .93 3.48 |- .99 .04 - .37 -1.23
Trop. | 14 |-.64 [3.96[-1.03 | .16 |- .03 |-3.70
15 1.39 3.83 1-1.27 < 48%%k | - L 26%% | 1,49
16 . 81 4.781-2.13 .79 - .49 -2.14
Mean .85% | 3,89 |-1.26 . 44 - .30 -1.72
* Net rate during period
*% Interpolated from results on 14th and 16th
Layer | Date %ﬁ BKE| CK| BGE | CE BAL
Jan/59
12 3.59 1.08 { -2. 23 5.77 -1. 49 . 46
13 .81 .77 1 -1.18 3.29 -1, 28 - .79
Strat. | 14 | -1.16 | .62|-1.44| 3.26 |- .71 |-2.89
15 - .41 .29 | -4, 29 4. 41 -2.61 1.79
16 - .46 1.20 | -4.84 2.86 -3.76 4, 08.
Mean . 42% .79 | -2.80 3.92 -1.97 .53
12 -1, 27 1. 29 .87 -1.02 1.40 -3.81
13 - .35 1.79 .99 - .58 1.11 -3.66
Trop. 14 . 81 1.15 1.03 ] - .58 1.51 -2.30
15 - .89 . 20 1.27 ] - .78 1.84 -3.42
16 69 |1.03 | 213 - .51 | 1.81 |-3.77
Mean .32% 11,09 1.26 { - .69 1.53 -3. 39
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Daily and time averaged energy conversmns for

.Table 4. 2. 2.
January 12 to 16,_1959,
Units: Ergs/cm mb sec.

Layer | Date %-‘?—Zj BAz | -cA | -cz Gz | BAL
Jan/59

12 -1.97 0.02 | -7.76 1.15 0.19 4.43

13 -1.04 0.01 | -4.01 .49 0.08 2.39

Strat. 14 - .17 - .07 | -4.50 1.42 - .00 2.98

15 - .12 - .05 | -3.81 1.19%% | = .00 2.55

16 0.00 - .15 ]-2.38 0.95 - .06 1.64

Mean | - .51%| - ,03 |-4.49 1.04 0.04 2.80

12 .23 .08 | -5.06 .34 4. 89

13 1.91 .08 | ~-3.68 . 37 5.14

Trop. 14 1.33 .06 | -6.75 . .03 7.97

15 -1.85 .08 |-9.92 26%% 7.73

16 -2.78 .15 | -8.71 .49 5.29

Mean . 03% .09 }-6.82 .30 6. 20

* Net rate during period
*% Interpolated from results on 14th and 16th

Layer | Date ’%% BAE | ca -CE GE | BAL
Jan/59

12 1.39 .04 7.76 1.49 - .82 {-7.08

13 .75 .34 4,01 1.28 - .89 |-3.99

Strat. 14 . 46 .04 4.50 « 71 - .91 |-3,88

15 .75 . 24 3.81 2.61 -~ .91 |-5.00

16 . 69 .73 | 2.38 | 3.76 ~ .92 [-5.26

Mean . T6% .28 4. 49 1.97 - .89 |-5.04

12 .93 - .68 5.06 [-1.40 -2.05

13 . 17 .55 3.68 [-1.11 -2.95

Trop. 14 .23 - .26 6.75 |-1.51 -4.75

15 .23 - .06 9.92 |-1.84 -7.79

16 - .58 - .61 8.71 |-1.81 -6. 87

Mean $23% | - 21 6.82 [-1.53 -4, 88




Table 4. 2.3. Comparison with other stratospheric studies after Muench (1965) and Perry (1966).

Units: ergs/cm2 mb sec.

Source L(‘fg’,:)r CE | ¢z | cK |ca | BGE|BGz| GE | az Period
Paulin 150-0 | -1.97 |- .49 - 2.80}4.49( 3.92]-3.02|- .89] .04}|12-16 Jan/59
Perry (1966) el R Y EE R B B R R
Julian and Labitzke(1965) |- 100-10] 3.49 -5.02| - 3.9513.95] 7.56[-2.37| - .36|-1.59] 2-27 Jan/63
Kennedy (1964) Zgg:ig . ': 2? Jan (mean)
Muench (1965) 100-10| 1.58|-2.34] -1.14l2.02| 1.15] 1.76 .36| Jan 1958
Miyakoda (1963) 189-.9} -.381-1.03] 1.29]1.22] 1.62 Jan 1958
Reed et al (1963) 50 0 2.201-3.20] -5.15/1.30]16.80{-9.20 Jan 1957
Oort (1963) 100-30| -.08 - .26 -.21 -.45| Oct-Dec/57
Teweles (1963) 100-50 - .19 Jan 1958
Boville (1961) 25 .42 .27]| .88 Jan 1959
Jensen (1960) 100-50| -.83 |- .10 2.95 Jan 1958
Sekiguchi (1963)%x 50 3.0 -.6 |40 15-25 Jan/58
Perry (1966) 40-0 |-3.79[-1.93| -3.79| .37| 5.86]|-3.81 |-11. 28] 2. 16] 23-29 Jan/63
Paulin 25 -1.92|-1.96{ -3.74 - .74|0.29([12-16 Jan/59

*# Taken from Julian and Labitzke (1965)

(44
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tabulated by Muench (1965) and Perry (1966).

It is clear from Table 4, 2. 3 that most of our tefms agree
in relative magnitude and sign with previous studies. CZ seems
to be smaller than most others, but it is close to Jensen's {1961)
value. Oort (1963) computed the only negative value for the CA-
conversion between zonalto eddy available energy. His statistics
for the 30-100 mb layer may be even more biased towards the
lower stratosphere. Also Oort's study period is a less active oné
in which the stratosphere tends to be forced by the more energetic
troposphere. As pointed out by Boville (1961) and Perry (1966),
this is probably the state of the stratosphere for most of the year
when the meridional temperature gradient is reversed. The CE-
term differs in sign from those of Perry (1966), Julian and Labitzke
(1965) and Muench (1965), but agrees with the values computed by
Miyakoda (1963), Oort (1963) and Jensen (1960). Of interest are
the relatively large values of the BGE and BGZ terms. The vertical
convergence of the eddy geopotential flux seems to check with other
results having comparable vertical resolution. On the other hand,
BGZ contains two terms: BGZP, or the vertical convergence of
the zonal flux of geopotential, and BGZFI, the horizontal convergence
of the same parameter. The latter term is the largest in absolute
value but stands negatiire. This term would likely be more negative
than Perry's or Muench's since the vertical wall along the 30°N
latitude circle is the seat of more activity than is the case further
south. If the energy transfers due to the BGE and BGZ processes
were used to heat the stratosphere, temperature changes of 0. 48 and

-0.36°C per day would follow, respectively.

The 5-day averaged energy flow in the strat. sphere will be
described next with reference to Fig. 4.2.8. A significant amount
of energy from the troposphere is found to enter the stratosphere by
the eddy pressure interaction-term BGE averaging 3.92 ergs/cm
mb sec. In contrast to BGE, the positive cross-boundary transport

of eddy kinetic energy, BKE, contributes only 0.79 erg/c:m2 mb sec
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to the eddy kinetic energy budget. Part of the energy gain is
converted by the CE-process at a rate of 1.97 units to the eddy
available energy reservoir through the action of the overtupmgs

in zonal pla.nes. Eddy kinetic energy is transformed into the

zonal mode at a rate of 2. 80 units. On the average, 0.53 units

are needed to balance the eddy kinetic energy budget; this balance
implies a negative eddy frictional dissipation, which is at first sight
anomalous. Jensen (1961), Kung (1967) have computed negative
frictional dissipation above the jet stream region in January 1958.
As pointed out by Muench (1965), since the stratosphere is character-
ized on the whole by small vertical wind shear and large static
stability, small dissipation values may be acceptable in reference
to the vertical integration of this phenomenon over the stratospheric
layer. He goes on to assume possible neg'ative dissipation values
for the winter stratospheric layer included between both tropospheric
jet stream level and polar night jet level. A vertical profile of the

| eddy frictional dissipation will be given in a later section of this
chapter. Some rather large imbalances in the KE-budget are found
to mark the 14th and the 16th. The rather large observed negative
rate of change of KE on the 14th (-1.16 unit) is not very well
balanced because small absolute values of both the CE and CK pro-
cesses are inadequate to explain this drop against the positive
influences of the BGE and BKE processes. The opposite occurs on
the 16th where the CE and CK mechanisms are large, and a large
imbalance, of opposite sign, prevails. Inspection of some of the
CE magmtudes at data levels reveals that on the 14th, the relatively
small CE- -conversions at the 100 and 50 mb levels offset those at

25 and 10 mb when the integration in the vertical is performed, while
on the 16th the abnormally large magnitudes of the CE transfers at
50 and 100 mb require a large residual of opposite sign. Similarly,
CK has a small negative magnitude on the 14th mainly due to its
large positive value (2.0 units) at 100 mb while it is negative and
large above. The positive sign in CK at 100 mb will be interpreted
later when the tropospheric energetics are dealt with, On the other
hand, on the 16th, CK is negative, and eddy kinetic energy is trans-

formed into the zonal mode at a relatively large rate contributing
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further to a large imbalance in the budget, but in a direction
opposite to that of the 16th. Both imbalances of the eddy kinetic
energy budget could be reduced by 30 to 50% by assigning different
weights to the various stratospheric layers, as Muench (1965) did,

for example.

The daily variations in the eddy kinetic energy budget are
shown in the time-amplitude graph of Fig. 4. 2.9 and the exchanges
in and out of KE will be summarized. On the 12th, under the strong
forcing action of the eddy flux of geopotential emanating from the
troposphere when the import across the boundaries cancels the
transfer to the eddy available energy mode, the eddy kinetic reservoir
increases at a large rate, even when CK is moderately negative.
There is little change on the 13th, except that the reduced eddy
pressure interaction is accompanied by a reduced rate of increase
in KE. The sharp negative changes in CE and CK after the 14th
force the residual term BAL to change sign and to become large on
the 16th. BGE remains large throughout the period due to the

contribution of its vertical component BGEP only.

‘Let us now consider the daily spectral distribution of this

component as shown on Table 4. 2. 4.

We see that wave numbers 2 and 4 dominate the flux con-
vergence with a noticeable exception on the 15th, when the pressure
interaction at wave number 7 appears to be significant. This latter
anomaly has been traced to the computation scheme; the geopotential
flux at 150 mb was interpolated from the 200 and 100 mb computed
values and the upward flux of geopotential is very significant at 200

mb, but it is practically non-existent at 100 mb.

A daily spectral distribution of the CE-transfer in the

stratosphere is given in Table 4. 2. 5.



the troposphere during the period January 12 to 16, 1959,
Units: Ergs/cm® mb sec

STRATOSPHERE " TROPOSPHERE
Date (Jan/59) | 12 13 14 15 .16  Mean 1213 14 5 16 Mean
BGZP -1.76 -.51 -.80 -1.72¢ _2.64 -1.a8 3109 14 30x g7 .26
IEZIBGEP(n) 77 3.29 326 441 2.8 3.92 [.1.02 . 58 -.58 -.78 .51 .49
n= ) L _
BGEP(1) | 1.14 .53 .78 .56 3T .68 20 209 12 10 —or o
BGEP(2) | 1.08 .20 2.05 . 3; ‘88 130 19 04 36 -1 _q5 L 23
BGEP(3) 2% e15 =31 —09 43 03 || -.10 - o3 06 .02 .08 .q1
»
BGEP(4) | 2.12 1.45 .14 55 73 L0037 _.26 -.02 -.10 =13 -.18| &
BGEP(5) -49 .06 -.07 -, 26 AT W14 .09 01 L0l .05 -.08 -.0;
BGEP(6) 12 .17 .51 15 33039 ) .02 w14 —10 -03 -.06 -.o7
BGEP(7) 22 .05 .19 1.10 (4l .40 —04 -0l - 03 19 g7 -.o7
BGEP(8) 01 .03 -.11 oz (08 .01 00 -.01 .02 -.00 .01 -.00
BGEP(9) 03 .08 .01 .06 000 .04 01 -0 -.00 .01 -.00 -.0
BGEP(10) | .01 -.05 -.00 g $03 .00} -00 o1 .00 -.00 .01 -.o00
BGEP() -} .00 .02 .02 .01 .o .o =00 -.00 -.00 -.00 -.00 -.o00
BGEP(12) | .00 .01 .00 g 00 .00 00 -.00 -.00 .00 -.00 -.00

* Interpolated between 14th and 16th due to data trouble

m
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Table 4. 2.5 Daily stratospheric .variations of the CE(n)
transfer for the first five wave numbers for
January 12 to 16, 1959

Units: Ergs/cmz mb sec

Date Wave Number

Jan/59 1 2 3 4 5
12 -1.26 | -.27 .50 | 0,47 -.76
13 - .01 -. 41 -.64 | 0.74 | -.59
14 - .22 | -.25 -.67 | 0.69 | 0.03
15 - .50 -. 583 -.58 -.38 { 0.02
16 -1.75 -. 68 -.38 -. 11 -.09

Mean -0.75 -. 43 -. 35 0.30 -, 38

Table 4. 2.5 reveals that CE(1), at least on the average, transfers
more eddy kinetic energy to eddy available energy than CE(n) for
the other waves and that CE(4) acts in reverse by feeding into
KE(4) at the expense of AE(4).

A comparison with the spectral barotropic CK(n) term shows
that CK(2) dominates in a more definitive manner than CE(1) does.
This is clearly shown by Table 4. 2. 6.

Table 4. 2.6 Spectral decomposition of CK in the stratosphere
for January 12 to 16, 1959

Units: Ergs/cm2 mb sec

Date Wave Number

Jan/59 1 2 3 4
12 < .04 -2.07 .06 |-.01
13 e 29 -1-89 . 19 019
14 ‘ -0. 29 -1.80 .21 .17
15 -1.00 -2.48 -, 24 -. 21
16 e 89 "'2- 09 - 81 -, 44

Mean -. 49 -2.07 -. 19 -.06
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The zonal kinetic budget is shown graphically in Fig. 4.2.10
where the 5-day mean values may be seen at the extreme right of
the graph. On the average, the stratospheric zonal energy of motion
is maintained by a significant barotropic transfer at a rate of 2. 80
’ ergs/cmZ mb sec and by a cross boundary flux of zonal energy at a
rate of 1.90 units while it loses to the exterior volume through
zonal pressure interactions at a rate of 3. 65 units and by a transfer
to the zonal available form at a rate of 1.04 units. When the net
balance is used to represent the frictional dissipation, the missing
link in the budget, a residual of -0.58 erg\s/cm2 mb sec is obtained.
To overcome an unsolved computational error in the mean zonal
vertical wind for January 15th, BGZ and CZ have been approximated
from the values computed the day before and after. A numerical
model elaborated by Smagorinsky, Manabe and Halloway (1965) has
yielded zonal wind patterns and magnitudes of the order of those
found in this study. Cross-sections of the actual mean zonal winds
computed geostrophically on January 12 to 16, 1959 are presented
on Fig. 4.2.11.and 4.2.12. In the numerical model, the dissipation
‘was computed as being proportional to the square of the velocity.
They obtained dissipation of 1.2 erg/cmZ mb sec in the vicinity of
the tropospheric mean zonal jet. Taking the mean stratospheric
zonal winds to be on the average slightly more than half the mean
tropospheric zonal winds in the jet stream layers, the stratospheric
zonal dissipation may be approximated as 30 to 40 percent of the
computed one, i.e., in the order of 0.4 to 0.5 erg/cmZ mb sec.

The choices of Muench (1965) and Perry (1966) of 0.4 and 0.7 (Perry
had stronger zonal winds to contend with) ergs/cm2 mb sec,
respectively, seem reasonable. The daily energy flows about KZ
are fairly well approximated by the 5-day mean description. Of im-
portance isthe increase in magnitude with time of both the barotropic
transfer (-CK) and the zonal pressure interaction to the exterior
(BGZ). The daily and 5-day mean magnitudes of the vertical com-
ponent of BGZ, i.e., BGZP, are also listed in Table 4.2.4. BGZP
amounts to about 40 percent of the stratospheric zonal pressure

interaction so that 60 percent is lost through the lateral boundaries.



49

In the troposphere, the proportions are reversed as the lateral
boundaries contribute 40 percent of the zonal pressure interactions '
on our lower volume. It has been shown earlier that most of the
barotropic transfer -CK is explained by the conversion of the

energy from wave number 2 flow to the zonal flow.

To summarize, the gradual decrease of KZ is due in a
large part to the loss of energy by zonal pressure interaction with
the exterior volume accompanied by a small transfer to the AZ-
reservoir, while an incréasing barotropic transfer from the eddy
flow and additional cross-boundary flux of zonal kinetic energy does
not quite bring the budget out of the red. Frictional dissipation is

identified with the net loss.

The budget of the zonal available energy is exhibited
graphically on Fig. 4.2.13. The most striking feature of this
budget is the rate at which zonal available energy is transformed
into the eddy mode at the beginning of the period. A strong pulse
of northward eddy heat transport must have affected the whole
stratosphere on the 12th. This pulse diminishes rapidly to reach
one third of its initial value on the 16th. The imbalance is found
to be large on the 12th, decreasing with time, paralleling the
behaviour of CA. The imbalance on the 12th may be partially due
to errors in the rate of change of AZ resulting from the forward
time-difference scheme. Also, the large values of CA are due to
the large values computed at 10 and 50 mb, while those at 25 mb and
especially at 100 mb are smaller. There may be some inhomogeneity
betwcen the two data analyses employed, i.e., Berlin Free Uniirersity
maps for the first set and McGill's for the second set. When the
CA-terms at 25 mb and 100 mli are used to obtain the stratospheric

Z mb sec as the 5-day

value, the computation yields 1.98 ergs/cm
average. This has the effect of reducing both imbalances in the AZ
and AE budget significantly. A third possibility is larger zonal
generation (GZ) values for the whole stratosphere. This could be
possible on a given day but would not likely last very long, since

most studies report small negative values on the average (refer to
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Table 4. 2. 3), for a similar layer. As mentioned earlier, most
other studies extended further south to about 20°N to 15°N, adding
about 50 percent to our area. The net effect on the zonal generation
of available energy wduld be negative since the stronger solar
heating at those latitudes and altitudes would coincide with colder

temperatures.

The zonal generations of available energy at the four strato-

spheric levels are given on Table 4. 2.7 below.

Table 4.2.7. Daily and 5-day mean generation of zonal
‘ available energy at stratospheric levels
for January 12 to 16, 1959,

Units: Ergs,‘/cm’2 mb sec

Level (mb) 10 25 50 100

12 Jan/59 1.90 | .29 . 41 -. 35
13 Jan/59 1.74 | .35 L1641
14 Jan/59 1.53 | .30 | -.07 ~. 40
15 Jan/59 1.55 | .24 | -.09 | -.16
16 Jan/59 1.53 | .29 | ~.16 | -.47

Mean 1,65 . 29 . 05 ~, 40

~ When the 100, 50, and 25-mb results in Table 4. 2. 7 are given the
weights 3:2:1, respectively, the mean GZ becomes -0. 15 (—:rg/cm'2
mb sec which is directly comparable to Oort's (1963) results of

-0.95 erg/cmz mb sec for the 100-30 mb layer. Since this result’
applies to the whole hemisphere and uses the mean monthly heating
rates of Davis (1963), the larger negative value is not surprising.
This comparison points to the significant differences in the generations
between the lower and the middle stratosphere. The daily changes in
GZ at 50 mb are interesting, for Table 4. 2,7 shows that G2 changes
sign from positive to negative on the 14th. Inspection of the daily
zonal vertical temperature profiles reveals a gradual and systematic

change in the curvature of those profiles near 50 mb at the lower
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latitudes (from 45°N to 30°N).' The change in curvature with time

is shown schematically in Fig. 4. 2.14.

25f
Pressure
(mb) sof
100
>

Temperature

Fig. 4.2.14. Schematic change of the vertical temperature
profile from day 1 {curve AA') to day 2 (curve BB').

This change of curvature favours a decrease in the cooling action

of the 15-micron band of carbon dioxide. This reduced cooling
occurs in a relatively colder region (40°N to 30°N), and contributes
to a decrease of GZ in time. The stratosphere zonal heating rates

due to carbon dioxide are shown in Table 4. 2. 8.

Table 4.2.8. The 50 mb zonal heating rates due to radiative
: transfers in the carbon dioxide 15-micron
absorption band. January 12 to 16, 1959,

Units: Degrees centigrade per day

Latitude (°N) | 30 35 40 45 50

Date

(Jan. 1959)
12 72 | =72 | =13 | -.76 | -.77
13 .69 | -.69 | -.70 | -.72 | -.72
14 -e66 | .69 | -.75 | -.79 | -.79
15 -.63 | -.65 | -.68 | -.74 | -.77
16 - 60 | -.66 | -3 | -.771 | -.77
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In summary, AZ assumes a net loss during the chosen period
as CA transfers available energy into the eddy mode, while the gain
from the meridional overturnings and radiative interactions does

not compensate for this drain.

The daily budget of the eddy available energy reservoir is
fully depicted in Fig. 4.2.15. AE is characterized by being the
terminal for the energies transferred from AZ and KE. Under the
impact AE rises continuously and some of its energy is lost due to
the effects of the radiation-temperature covariances. The Cross-
boundary fluxes of eddy available energy are rather small throughout
the period. Most of the small cross-boundary fluxes of available
energy are due to the non-linear transfer of énergy from the temper-
ature waves outside our volume. A large imbalance is found with
magnitudes in the order of the CA-term. Sources of this imbalance
may lie in the inhomogeneous data and possibly in the systematic
underestimation of the carbon dioxide cooling, due to the smoothed
vertical temperature field,. During the period preceding the strato-
spheric vortex collapse and major warming in January 1963, Perry
(1966) computed net eddy generation in the order of -3 erg13/<:m2
mb sec. In order to clarify the processes in action, the eddy
generation results at each stratospheric level are presented in
Table 4. 2.9,

‘Table 4.2.9° Vertical distribution of the generation of eddy
available energy in the stratosphere for
January-i2 to 16, 1959,

Units: ergs/cm2 mb sec

Level (mb) 10 25 50 100

12 Jan. 1959 -1.49 | ~.61 | -1.43 | -,41
13 Jan. 1959 -1.68 | -.77 | -1.44 | -,47
14 Jan. 1959 -1.86 | -.75 | -1.55 | -.40
15 Jan. 1959 -2.19 | -.86 | -1,26 | -.45
16 Jan. 1959 -1.67 | -.70 | -1.43 | -,55
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It has been shown earlier that the significant eddy generation process
" is not due to ozone (notwithstanding the minor eddy effect of the
absorption of terrestrial radiation in the 9. 6-micron band), but is
mainly due to the effect of carbon dioxide 15-micron band radiative
transfer. A striking result emerges from Table 4. 2.9 in that the
negative gener‘ations at 50 mb and 25 mb appear to be out of step
every day when compared to values above and below. Further, this
apparent anomaly is explained mostly by wave number 1 spatial
generation. Since this is systematic, it is pertinent to determine
the causes. To do that, the mean zonal vertical temperature
profiles from 30°N to 80°N on the 12th of January 1959 have been
drafted on Fig. 4.2.16. The warm belt is centered near 50°N and
extends. in depth from 200 to about 20 mb. North of 50°N, the
coldest temperature is shown to be near 25 mb, while further south
the minimum temperature is found between 100 and 200 mb. Re-

writing and simplifying the GE-term for level 'p' yields:
1 ¢
GElm) of - | —E—, (m) (4.2.1)
4 21678 éhe
Cai

=\
The areal stability parameter 8{6 !7319 is listed in Table 4. 2.10.

Table 4. 2,10. Vertical derivative of the area mean potential
temperature ?{5’}93/% , on January 12, 1959

Units: Degrees Kelvin pexr mb.

Level (mb) 10 25 | 50 | 100

(°K/mb) | -15.1 |-10.7 | -1.9| -1.0

Tables 4.2.9 and 4. 2. 10 are used to evaluate the ratio:

GE(m)as mbﬁ 0. 35 j;f (m) /? §bé ) (4.2.2)
GE(m) tsmb Somb

50 mb
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Hence, stability contributes partially to decrease the 25 mb '"h-©6 "
correlation relative to the one at 50 mb. When the same argument
is applied between 50 and 100 mb, the coefficient of the covai:iance
ratio increases to about unity. Hence, the stability does not affect
the generations in a different manner between those two levels.

The next step will show how wave 1 causes the anomalous generations
at 50 mb. First, the potential temperature-total heating rate co-
variances are listed in relative units in Table 4. 2. 11, valid for
January 12, 1959.

Table 4. 2.11 Potential temperature-heating rate covariances
at various latitudes and eddy generation of
" available energy for wave numbers 1 and 2, at
25 mb and 50 mb, on 12 January, 1959.

Units: relative, except ergs/cmz mb sec for
the GE(n)-term

Wave Number 1 ' 2
Level (mb) 25 50 25 50

Lat. (°N)
80 ~ .19 -~ 6.54 - .05 - .57
75 -1.29 -9.27 -0. 28 -1. 07
70 -2.73 ~11.3 - .44 -1.49
65 -3.78 -12.0 -1.74 -1. 06
60 , -3.93 -7.52 ~2.70 -1.32
55 -2.41 -3,03 -4.76 - .95
50 - .72 -1.15 -5.90 - .44
45 - .35 - .50 -5.55 - .41
40 - .48 - .35 -3.51 - .91
35 - .14 - .44 -2.81 - .33
30 - .18 - .26 -1.72 - .29

GE(n) - .18 -1.01 - .34 - .19

Table 4. 2. 11 reveals that the latitudinal covariances of wave number
1 are fairly similar at 50 mb and 25 mb from 30°N to 55°N, but
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farther north the 50-mb values clearly predominate. The
difference is accentuated when the stability ratio of 0. 35" is
applied at 25 mb. Further analysis shows that the anomaly results
from the difference in heating rates rather than temperature (see
Figs. B-2 and B-3 in Appendix B).

The anomaly in the vertical profile of the generation of eddy
available energy has been analysed and explained diagnostically, on
the one hand by a stability effect, and on the other hand by the
predominance of the heating rate field at wave number 1. Now,
the 15-micron carbon dioxide radiative transfer may be subdivided
into two components: i) the Newtonian cooling, or cooling to space,
which is a direct functipn of the temperature of the emitter, and
ii) the radiative transfer between nearby atmospheric layers. The
first case may be rejected right away, since both 25 and 50 mb have
similar wave number 1 temperature amplitudes; Case ii) must then
explain the anomaly. This is explained qualitatively with reference
to Fig. 4.2.16. It is noted that colder temperatures at 25 mb cause
a kink in the vertical profile, while a weaker kink in the other
direction is apparent at 50 mb. According to the well-known
tendency of the radiative transfer to smooth any vertical temperature
irregularities, less cooling will be found at 25 mb while a tendency
for enhanced cooling will exist at 50 mb. A well-known example of

this phenomenon is found at the tropopause (Paulin, 1966).

Hence, it has been shown that a significant sink of eddy
available energy is due to both horizontal and vertical temperature
structure leading to a negative generation of available energy at
wave number 1 at 50 mb, and that indirectly, some of this energy
is trapped by the 25 mb level, causing interesting interactions, insofar
as these changes in curvature in the vertical correspond to the real
atmosphere. It is presumed that given a marked eccentric circulation
at 25 and 50 mb, this radiative effect would be a persistent phenomenon
accentuating the sink of eddy available energy at 50 mb while dimi-
nishing the one at 25 mb, and thus causing some radiative inter-level

couplings.
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The tropospheric-stratospheric interaction via the
absorption of terrestrial radiation in the 9, 6-micron band of
ozone is now considered. The particulars of the process and
numerical methods are given in Appendix B. The lower boundary,
it is recalled, was chosen as the 850-mb level for clear skies and
the 500-mb level for cloudy conditions. This lower boundary, by
its characteristic temperature, has a strong influence on the
ensuing heating rates in the 50-mb region. Because of latitudinal
characteristics of both the temperature and the ozone vertical
profiles, the influence of the lower emitter becomes insignificant
north of 50°N, in winter. The cloud patterns have then been read
only at, and south of, 50°N. A latitudinal phase diagram pairing
both temperature and heating rate components due to the 9. 6-micron
absorption band for wave numbers 1 and 2, at 50 mb and 25 mb, on
January 12, 1959 has been drawn as Fig. 4.2.17. A common
characteristic emerges from the pairing: all correlations at all
latitudes for both 25 mb and 50 mb and for both waves 1 and 2 are
negative leading to an overall sink of eddy available energy. Negative
heating rates prevail north of 35°N and at 25 mb, since the maximum
in the ozone density profile usually lies at or below this level and
Newtonian cooling of the ozone at this level would contribute to a net
negative generation. Wave number 2 emerges as the largest spectral
contributor of the negative eddy generation of available energy at 25
mb. The radiative problem of the 50 mb level is quite different.
Lying below the level of the maximum in the ozone vertical profile,
positive heating rates would be encountered modulated by the temper-
atures of the lower boundary. This heating leads again to a negative
generation process, as shown by the negative correlation of the pairs
at 50 mb on Fig. 4.2.17. The correlations at wave number 2 yield
larger negative values than those of wave number 1. Inspection of
the heating rates at thve scales of wave numbers 3 and 4 yields values
in the order of those in wave numbers 1 and 2, but the temperature
vectors are much smaller than those in the first two wave numbers,
and further, their phase differences are much more randomly distri-

buted, leading to an insignificant contribution to the generation of
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eddy available energy. The radiative signals at 50 mb engendered
by the lower boundary via the 9. 6-micron band of ozone contribute
about 15 percent to the negative generation of eddy available energy
in wave number 1 and about 20 percent in wave number 2. These
two waves, it is recalled, explain most of the eddy generation
process. The synoptic patterns leading to the above results are
now given. The strong warm Aleutian high pressure area, and to
some extent the weaker Atlantic anticyclone, are found above the
highly perturbed and cyclonically active regions in the troposphere,
The extensive cloud area formed by the upward vertical motion
(especially over the northern Pacific ocean) are counteracted by
the Dines compensation effect yielding downward vertical motion
aloft. The locally cold cloud tops reduce the heating influence of
the net radiative (9. 6-micron) flux convergence in the horizontally
warmer regions of the 50-mb level. On the other hand, larger
heating is found in the clear sky areas, corresponding to the hori-
zontally colder 50-mb regions; the net effect being the destruction
of existing eddy available energy. In a similar fashion, since the
Aleutian high is a wave number 1 or eccentric phenomenon, re-
inforced by wave number 2, the heating rate signals originating in
the large-scale lower boundary temperature variations systematically

destroy the existing available eddy energy at 50 mb.

Summary of the stratospheric energetics

The energy flow during this 5-day period shows that significant
eddy kinetic energy is transmitted from below through the eddy
pPressure interaction process. This eddy kinetic energy is trans-
formed by barotropic processes into the energy of the zonal flow,
while a smaller part is converted into eddy available energy. In
opposition to the net increase in the eddy kinetic energy KE, the zonal
kinetic energy KZ suffers a net decrease; as it receives energy from
KE and from the boundary fluxes, it loses by the zonal pressure inter-
action to the outside volume, by conversion to the zonal available
energy and by frictional dissipation. The zonal available energy AZ
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also decreases due to the exchanges into the eddy available mode
and to an insufficient contribution from the zonal radiative generative
processes and the meridional overturnings. The eddy available
' energy is found to be the main terminal for the dynamical processes
(CA, CE); the expected increases are counteracted partially by the .
radiative-temperature correlations. The computed magnitudes of
the negative generation of eddy available energy have been found
insufficient to explain all the loss. Inspection of vertical eddy
generation processes reveals some anomalous values at 50 mb and
25 mb, i.e., the 50 mb eddy generations are more of the order of
those at 10 mb while the 25-mb generations approach those at 100
mb. This anomaly exists in the scales of wave number 1 only and
is due to the 15-micron carbon dioxide inter-level radiative transfers.
The transfers are particularly effective between the 25-mb and the
50-mb levels. It is found that large-scale dynamical features
(cyclonic activity and clouds in the troposphere and anticyclone in
the stratosphere) tend to be radiatively coupled through the 9. 6~
micron absorption band of ozone leading to a systematic destruction

of eddy available energy in wave numbers 1 and 2, at or near 50 mb.

B. Troposphere

Synoptics

A synoptic description of the tropospheric events during the
period of January 12th to 16th, 1959 has been given by Hill (1963),
and will be reviewed here briefly. The period was characterized
by a high degree of mid-latitude cyclonic activity., Relatively
moderate and decaying cyclones marked the 12th of January, leaving
the 13th as the most quiescent day of the series. The mid-latitude
synoptics for the last three days of the series, that is, the 14th, 15th
and the 16th, are marked by the development of a number of cyclones
over the eastern and western Pacific, and also over the western
Atlantic. The time series of the tropospheric eddy kinetic energy

KE, as shown earlier on Fig. 4.2, 2, reveals a minimum on the 13th
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with a steadying rise thereafter agreeing with the local synoptics.
The locus of the minimum at individual data levels appears to

propagate upwards at a rate of about 4.5 km/day. This locus of
the minimum eddy kinetic energy coincides with a minimum in the
northward heat transport found by Hill (1963). A st.udy of actual

vertical energy propagation will be made later in this chapter.

In order to anticipate the study covering the whole of January
1959, the mean 500 mb zonal winds are described in Fig. 4.2.18.
Some periodic variations in the zonal wind intensities at the latitudes
south of 60°N appear with 8 to 10-day cycles. The minima in the
fluctuations are shown near the 9th, the 17th to 19th and about the
29th. The cyclic pulsations in the zonal flow are associated with
blocking action, and the strongest case falls in the chosen 5-~day
period. FEach block, and especially the one in mid-Januar y, is
associated with a characteristic southward shift of the mean zonal
jet stream. On the 13th, the jet was moving northeastward across
Japan in the established trough-ridge complex. On the 14th, it
broke through the ridge with a more easterly course off the Asiatic

continent, becoming isolated from the trough-ridge system.

The tropospheric temperature patterns are investigated on
Fig. 4.2.19 and 4. 2, 20, where the -40°C and the -25°C isotherms
are mapped for a few days in January 1959. The eccentricity (wave
number 1) of the temperature field is clearly indicated by the distri-
bution of the -40°C isotherm. A wave number 2 pattern can be seen
on Fig. 4.2.20 but is somewhat masked by other harmonics. Super-
position of the two isotherm patterns reveals very large temper.atu-re
gradients over the Pacific Ocean sector which are not duplicated over
the Atlantic counterpart, indicating a high storage of available energy
at the scale of wave number 1. The timing of the maximum in the
temperature oscillation agrees well with the occurrence of a minimum
in mid-latitude zonal winds, i.e. 18th-vs.-19th, and pronounced
large scale bloc;king circulation in the troposphere. The study of
blocks is particularly interesting because of the added possibility of

interaction with the stratospheric circulation.
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The interfelationehip between tropospheric blocks and
stratospheric warmings has been demonstrated by the early work
of Teweles (1958, 1963a), Craig and Hering (1959), and lately by
Miyakoda (1963), Labitzke (1965) and Perry (1966}. As early as
1958, Teweles advanced the possibility of interaction between both
jet streams and polar night jets resulting in a stratospheric warming.
Miyakoda has related the January 1958 tropospheric blocking and
stratospheric warming in a causaj one-to-one correspondence. He
stressed especially the almost simultaneous occurrence of the 1958
stratospheric warming and tropospheric cold air southward intrusion

in a blocking situation.

The sti‘ength of a blocking circulation may be inferred from
the persistence of its meridional flow. Strong blocks may persist
from 10 to 30 days. The moderate blocking effect of mid-January
1959 lasted from about the 13th to the 21st over both the Atlantic and

Pacific,

Energies

The daily changes in the various energy modes in the tropo-
sphere may be recovered from Fig. 4.2.2. The tropospheric eddy
available energy mode shows an increasing trend, while its zonal
counterpart exhibits a sharp maximum on the 14th. It was commented
earlier that the eddy kinetic energy had one minimum on the 13th; its
zonal equivalent suffers a net decrease after being a maximum on the
14th. Abnormal barotropic transfers from KZ to KE are indicated
by their negative time correlations after the 14th. The total available
energies As and At' and the total kinetic energies KS and Kt for the
stratosphere and troposphere, respectively, appear on Fig. 4. 2, 21
for our chosen 5-day period. As noted also by others, the normal
pPredominance of the available energy At over the kinetic energy Kt in
the troposphere reverses in the stratosphere, where Ks is found to be
more than twice AS. At and Kt are found negatively correlated after
the 13th, indicating possible transfers between the two energy modes.
A weaker correlation is found between the stratosphere energy modes
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but is lasts for the whole 5-day period.

Energetics

The results pertaining to the troposphere will be considered
next. First, the energy conversions of this study will be compared
to those listed by Perry (1966). Table 4. 2.12 exhibits the various
results. '

Inspection of the above table reveals that all the terms
computed in the present report are of the same order of magnitude
as those of other tropospheric investigations. An abnormally
positive CK-term, i.e., transfer from zonal to eddy kinetic energy,
is found during the chosen 5-day period. Most other studies have
obtained a negative value. January 1963 yielded positive values, as
computed by Wiin-Nielsen, Brown and Drake (1964), Julian and
Labitzke (1965) and Perry (1966), but they were about 60 percent of
the magnitudes of the present study. Recently, Brown (1967) has
recomputed the January 1963 CK-term using the National Meteoro-
logical Center and Air Force analyses, and reaffirmed the previous
results of Wiin-Nielsen "et al''. Let us diagnose the special situation

culminating in the abnormal exchange of zonal to eddy kinetic energy.

It is recalled fg-:mally that:
A
LI, ) e
CK el - nr 34»/355 (4.2.3)

- A
Hence the sign of CK depends on both 2z and A%n* . The latter is

positive when troughs and ridges have a northeast to southwest - .
orientation. The vertical profiles of the CK-term appear on Fig. 4. 2. 22
while cross-sections of the mean zonal winds on the 12th and the 16th of
January 1959 were presented earlier as Figs. 4. 2.1l and 4. 2.12,
respectively. The 500-100 mb layer coincides with large p ositive
CK-transfers, the maximum being situated in the vicinity of the jet
stream level. 3:&,)79;5 is negative north of 30°N and positive south

of this latitude as the maximum westerlies coincide with this

latitude in the zonal wind cross-sections. The inclusion of more

southern latitudes will lead to a decrease in the positive areal



Table 4. 2,12.
Units:

(After Perry, 1966)

Tropospheric energy conversion computations.
erg/cm® mb sec.

Conversion Oort Miyakoda Brown | Julian and Labitzke | Perry Paulin
term (range) | (range)| (mean) (1964) (5-day mean)
-1.48 ~1.60 -.3 0.71 0.72 1.26
CK to .08| to0.30
1.88]| 4.40 to 6.0 7.4 6.80 6.82
CA to 4.08| 8.00
1.10 0.10 1.0 6. 25 0.93 1.53
CE to 3.47| to 1.60 ‘
.-.79 .13 -2.00 -. 14 -.30
cz to 0. 35 ' |
1.07 5.0 4.70 4.00 6. 20
Gz to 3. 30 (from balance) (from balance)
-1.57 -4, 6 -.91 -4,33 -4.88
GE to 0.58 {from balance) (from balance)
BGZ 0. 24 -.03 .44
BGE -.76 -.33 -. 69

Results apply to:

Oort - whole atmosphere, various years

Miyakoda - 189 to 811 mb, January 1958
Brown - 200 to 1000 mb, January 1959

.Julian and Labitzke - 100 to 1000 mb, January 1963

Perry - 200 to 1000 mb, January 1963
Paulin - 150 to 1000 mb, 12to 16 January 1959

29
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—N

integrated CK-term as u'n- is likely positive over most of the
. , région. The effect of this addition may be approximated by considering
kthe transport of zonal kinetic energy across the vertical boundaries, as

given by the computed BKZFI-term in Table 4,2.13.

Table 4.2,13, Horizontal convergence of the flux of zonal kinetic
| energy BKZFI and CK-transfer in the troposphere
on January 12 to 16, 1959, '
Unit : erg/cmzmb sec.

DATE 12 13 14 15 16

(Jan. 1959) '

BKZFI 3,05 3,45 4.10 3.84 4,17
CK 0.87 0.99 1.03 1.27 2.13

Referring to Eqn. 3,2.20, the meridional convergence ofmz brig §.«£n~r‘)
emerges as being the main contributor to BKZFI. The changes in

CK when the southern boundary is shifted to about 20°N may be
approximated from Table 4.2.13. Both G'and wxvould likely suffer

a 50 to 80 percent decrease, and BKZFI could easily be reduced by

50 percent: the lost flux coﬂvergence appearing as an integral part of
the CK-process. Hence according to this rough analysis, the barotropic
transfer CK may become normally negative each day except perhaps

on the 16th, '

The spectral distribution of the interaction between the eddy
and the zonal flow at the levels where the anomaly originates, i.e.
200 and 300 mb, are now investigated. This special distribution of
CK (n) is found in Table 4.2,14,

The results in Table 4,2, 14 are transformed to a pictorial
form in Fig, 4.2.23. It is seen that contrary to Wiin-Nielsen (1964, a)
and Perry (1966), the predominating conversion from the kinetic energy
of zonal flow to wave number 3 flow which they found has not materialized
here, The zonal to eddy transfer is shared by most other spectral
transfers but predominantly by wave numbers 2, 5 and 6 at 200 mb and
@ 2,5, 6 and 7 at 300 mb, this effect being more striking on the last day

of the series,
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Table 4.2.14, Daily and spectral distribution of the CK (n) - term at
200 and 300 mb, on January 12th to 16th, 1959,
Unit: erg/cmz mb sec, |
Date |[Pressure Wave Number
Jan, Level | 1 2 3 4 5 6 7 8
1959 _(mb)
12 200 .30 .83 -.62 1.73 .69 .18 .10 .01
300 -.61 .51 -,02 1,56 1.48 .36 .50 | -.40
13 200 13 ] 1.24) -,06 .80 621 1,07 .49 | -.14
. 300 .79 .56 .01 .20 .45 .78 -,00 | -.11
14 200 .23 .44 .53 ;.41 -.09 .21 .13 | -.05
300 .53 .66 .33 . 56 -.23 .28 .81 .01
15 200 .01 1,131 -,11 -.38 .63 .43 .21 .40
300 | .38 1.19] .68 .19 .08} .49]| .82 |1.00
16 200 | .52 | 3.10|-1.12 | -.82 ] 2.23| 2.56{-1.19 | .10
300 | .65 1,56 .89 ] -.16{ 2.30f ,95| 1.30 | 1.48

All in all, it has been shown that the positive tropos*pheri.c'
CK-conversions were mainly due to the jet stream layer interactions
between the zonal and eddy flow, that this anomalous transfer may be
somewhat artificial, considering the location of the chosen vertical
boundaries at 30°N, and that this effect could not be pinned down to a
single wave number as was ' the case in January 1963, but was shared
by most wave numbers, especially wave numbers 2, 5 and 6 for the

combined 200 mb - 300 mb layers,

The computed CA-transfers obtained in this study agree almost
exactly with the other investigations, although Oort's (1963) values
were taken from various previous studies and are either valid for the
whole of winter, or for the whole year, and as such should be lower

than the corresponding January (1958, 1959 and 1963) results,

Similarities and differences in the CE and CZ processes are all
shown on Table 4.2.12, This will shed light on the validity of one
of the most important and also the most difficult parameters to obtain:
the vertical motion. This study, as well as those of Perry and

Miyakoda found CE and CZ magnitudes significantly smaller than those
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of Julian and Labitzke. It is felt that our vertical motion model gives
highly smoothed results, affecting the synoptic scale through the use of
a grid which is effectively almost twice as large as the standard
1977-NationafMeteorologica.l Centre grid used by Julian and Labitzke,
A stucll,y“:b-'f O'Neil (1964) has shown that by shortening the grid size by a
fa_ctéf of 2, the vertical motion resulting from the solution of the
.‘ﬁiagnostic omega-equation in the troposphere increases by a factor
between 2 and 3. Perry's vertical motion although computed from the
vorticity equation, used the same basic grid as in the present study.
In fact, he commented on the effect of the numerical smoothing of the
model and concludes that the vertical motion is more reliable in the
long waves., The agreement in magnitudes between Perry's CE and
CZ computations and those of this study are not too surprising. Another
smoothing influence in the diagnostic omega-equation consists in the
existence of high order deriva.tive~s (3rd and 4th order). At 500 mb, the
adiabatic (thermodynamic) method involving first order derivatives only,
yields vertical velocities two or three times larger than the velocities

from the higher order analog.

The generation terms GE and GZ agree in magnitude and sign.
The most recent computation of generation of zonal available energy
was done by Vernekar (1967). His results were about 50 percent of those
computed by Brown (1964) for January 1963, but when the vertical
integrations are made comparable, Vernekar's values become about
70 percent of Brown's results, For the 1000-200 mb layer, Vernekar
(1967) computed a mean January 1962 generation of zonal available
energy of 3.8 erg/cmzmb sec. Assuming that the January 1959 values
from Brown (1964) were 30 percent too large, then our balance-inferred
GZ is too large by a factor of 2, which is rather good, considering the

crudeness and the errors in its computation.

The boundary pressure interaction terms BGZ and BGE-generally
agree in magnitude and s‘igri"Wi’th those of the other investigation and
their magnitudes are characteristically small.

The daily and 5-day mean tropospheric energy flow has been

presented earlier conjointly with its stratospheric counterpart as Fig.

4. 2.3 to 4. 2. 8, while the equivalent information was tabulated in
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Tables 4.2.1 and 4. 2. 2. With reference to Fig. 4. 2.8, the 5-day
mean tropospheric flow will be described next. From balance
requirements, zonal available energy is produced at a rate of 6.2
ergs/cmz“mb' sec, due to the correlation of temperature with solar
zonal heat input, zonal latent heat released and zonally averaged
turbulent heat transfer. 'T‘hé zonal available energy thus produced
will interact with the tropospheric motion system and be deformed
into eddies, the rate of deformation showing as a transfer to the eddy
available energy at a rate of 6.82 ergs/cm2 mb sec. The boundary
fluxes are rather negligible when compared to the‘processes affecting
both AZ and AE. The eddy available mode transfers some of its
energy baroclinically to the eddy kinetic energy counterpart at a rate
of 1.53 ergs/cmz mb sec. AE shows 2 net gain throughout the
period which is approximately 0. 23 ergs/cm2 mb sec in the rate
units used. The generation of eddy available energy is inferred
from the residual of the AE-budget. Radiative and earth surface-
air exchanges would then degenerate eddy available energy at a rate
of 4.88 ergs/cm2 mb sec. The reality of this value is vouched for
by the dynamically inferred studies of Brown (1964) and Perry (1966).
Brown's result is the mean for January 1959, and as such seems to
verify ours. Since the GE-value depends critically on the CE-term,
it is important to recall some of the assumptions used in deriving it.
It has been shown earlier tha}t the vertical motion is smo,o‘thed on the
synoptic scale due to some numerical considerations. The adiabatic
computation of the vertical motion in the troposphere neglects two
opposing phenomena: the weakening effect of the long wave radiative
cooling due to clouds in the mid-troposphere (Katayama, 1967) and
the strengthening influence of the latent heat released, which is
probably larger in absoluté magnitude than the first process (Danard,
1963). It is thought that because of thesé'various'_physical omissions
and numerical characteristics, the baroclinic transfers may be
slightly larger and the generation of eddy available potential energy

might be somewhat less.

Following the energy flow, the eddy kinetic energy reservoir
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stands at the intersection of an active energy cycle. Not only does
it receive energy baroclinically at a rate of 1.53 units and baro-
tropically at 1. 26 units, it also receives a net influx of this energy
mode by cross-boundary processes. Notwithstanding the small

net rise in eddy kinetic energy during the period and the small loss
to the outside by pressure interaction, the budget is balanced by
assuming frictional dissipation at a rate of 3.39 ergs/cm” mb sec.
This balance-inferred frictional dissipation DE is fairly well rep-
resentative of the values used by various investigators although it is
a bit larger than the most recent results. One of the earlier esti-
mates of dissipation is that of Brunt (1941) who computed an average
loss of 5 ergs/cm2 mb sec for the whole atmosphere. Jensen (1961)

Z mb sec for January 1958. White and Saltzman

reported 4.5 ergs/cm
{1956) inferred a value of 5 ergs/cm2 mb sec. Very recently, Kung
(1966, 1967) made a systematic study of the total (eddy and zonal)
dissipation of the kinetic energy by computing it as the residual between
the generation of kinetic energy within the volume (cross-isobaric flow),
the outflow of kinetic energy across the volume boundaries and the local
rate of change of kinetic energy. The volume comprised North America
only, and the latest of the two studies {1967) used 5 year winter data
twice daily (0000 and 1200 G. M. T.) in order to make the mean statistics
applicable to the hemisphere. Realv winds were used and the dissipation
is obtained as a residual '"'without employing specific theories' in the
author's words. Kung's (1967) 5-year mean free atmosphere frictional
dissipation study yields a value of 3,36 ergs/cm2 mb sec, which in
passing is very close to our computed dissipation of 3. 39 ergs/.c:m2 mb
sec. In the domain of atmospheric general circulation models,
Smagorinskca, Manabe and Holloway (1965) computed zonal and eddy
frictional dissipation of kinetic energy at rates of 0. 6 and 2.2 ergs/cmZ
mb sec, respectively. Smagorinskia et al (1965) and Kung (1967) have
published their computed vertical profiles of the frictional dissipation.
The dissipation of the eddy kinetic energy at the data levels of this

study have been gathered from the residuals in the following expansion

of the eddy kinetic energy budget at level "p'";
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DE, =C E,P+CK1D+'BGER+BKEFI,\; + BKER, - 3.%%. N (4. 2. 4)

All the terms of Eqn. (4. 2.4) have been computed except.
BKEP_, since tflis divergence was computed for the whole strato-
sphere and troposphere only. Over the troposphere it averaged
only 0. 24 erg/cm2 mb sec while a negative value with larger
magnitude (~0.79 unit) was computed for the stratosphere. The
results of Eqn. 4.2.4 are given in Fig. 4. 2. 24 where the equivalent
computations of Smagorinskia et al (1965) and Kung (1967) were
added for easy reference. The three curves show the characteristic
maximum dissipation at jet stream levels. Very striking negative
values are noticed above and below the jet stream level in Kung (1967).
The negative signs are probably quite real, considering the long time
period used in the statistics. It is interesting to note that a small
negative value is also computed in this report at 700 mb. The eddy
frictional dissipation of this report is found to decrease with height
above 300 mb and to be negative at 25 mb. This decrease with height
is shared by Smagorinskiaet al (1965) although he does not compute
negative values. In Kung (1967), negative values are found between
200 and 100 mb. The rapid increase in the dissipation above 100 mb
is somewhat surprising. Notwithstanding errors, the larger amplitude
of the dissipation forces at jet stream levels may indicate that on the
chosen 5-day period, the atmoéphere was more active than a winter
mean case, and as such was losing more energy to the frictional
influences. A return to higher dissipation is felt at 850 mb, anti-'
cipating the large sink of eddy kinetic energy by friction in the

boundary layer.

The zonal kinetic energy mode empties itself anomalously
towards the eddy kinetic energy reservoir at a rate of 1.26 erg/cm2
mb sec and towards the zonal available energy by the action of the
overturnings in meridional planes at the small rate of 0.30 erg/cm2

mb sec. On the other hand, its net increase in time (0.85 erg/cm
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mb sec) is mainly explained by the strong influx of this energy
across the boundary at a rate of 3. 89 erge:/cm2 mb sec. It has

been shown above that this large import is due to the location of

the southern boundary and explains partially the anomalous exchange
to the eddy kinetic energy mode. The production of zonal kinetic
energy by the action of the pressure forces at the boundaries, energy
which has originated mainly in the stratosphere, is of little significance
to the bulky lower layer (0. 44 erg/cm2 mb sec), but it was a rather
heavy loss in the stratosphere (3. 65 ergs/cm2 mb sec). When the
zonal frictional dissipation is inferred from the balance, it becomes
a rate of 1.72 ergs/cm mb sec, or about 1/3 of the latést total (zonal
plus eddy) dissipation values, as originally advocated by Kuo (1951)
from the early work of Brunt (1941) and White (1950). Our zonal
frictional dissipation rate is larger .than the latest approximations

2

which range from 0.5 to 1.0 erg/cm“ mb sec.

Although the period included between January 12 and 16,
1959 was a fairly homogeneous one, the essential characteristics of
the daily budgets will be given in the next few paragraphs. The
daily fluctuations of the tropospheric components of each of the four
energy modes will be given in appropriate time diagrams while some
added time-wave number diagrams will describe the daily spectral

distribution of the significant transfers.

The daily budget of the tropospheric zonal available energy
is depicted on Fig. 4.2.25. The changes of AZ are found to be
fairly well correlated to the magnitudes of the rate of transfer to AE
by the CA-process. The other computed processes are rather small,
i.e., CZ and BAZ. As mentioned earlier, the GZ -process may be
approximated by the residual in the balance. Its magnitude is some-
what larger on the 14th and 15th, but on the whole not unreasonable.
The spectral and daily CA-conversion is shown on Fig. 4.2.26. The
eddy deformation of the temperature field by the tropospheric flow is
produced in a fairly selective manner by wave number 2, 4, 7 and 8.

Even then, the effects of the various scales are not felt simultaneously.
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The post-13th period (the cyclonic é.ctivity was minimum on the 13th)
had wave number 2 scale predominant first (13th to 16th), then waves
4 and 7 follow suit on the 15th and 16th, while wave 8 had some
significance on the 14th and 15th. CA(n) decreased on the 16th in
all of these significant scales, as can also be seen in the total CA-
process. The establishment of blocking circulation during this
period is clearly indicated by the CA(2) transfer magnitude over the
period with the added contribution of CA(4), CA(7) and CA(8) on and
after the 14th.

The daily budget of the eddy available en’er gy is shown on
Fig. 4.2.27. A relatively large destruction of eddy available energy
by the GE-process is required to balance the large input from the
CA-process and the smaller (although possibly underrated) CE-
transfer to KE. The balance-inferred dissipation of eddy available
energy is found to vary from 2 to 8 ergs/cm2 mb sec, with a mean
of 4.6 ergs/cm2 mb sec. Krueger, Winston and Haines (1965) have
computed a mean January eddy generation term of about -1.8 erg/cmZ
mb sec from a balancing approach, similar to that used in this report.
Brown (1964), from an interplay between the vorticity and thermo-
dynamic equation, obtained generations values near -5 ergs/cm‘2 mb
sec. Lately, Perry (1966), in a somewhat similar manner, com-
puted eddy generation values ranging from -1.71 to -7. 23 ergs/cm2
mb sec during January 1963. It is felt that our magnitudes, even
when they are large, approximate the generation of eddy available

energy within tolerable limits.

The baroclinic transfer of eddy available to eddy kinetic
energy has been partitioned into its spectral elements on Fig. 4. 2. 28.
Some similarities and differences appear between the CE(n) and the
CA(n) distributions. The overturnings in zonal planes are spectrally
less significant than the corresponding wave 2 heat transport, although
their times of maximum magnitude coincide. CE(4) has about the
same significance CA(4) had. The relative significance of CE(7)

duplicates the role of CA(7), as shown earlier.
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The daily budget of the eddy kinetic energy in the troposphere
is presented in Fig. 4.2.29. The residual is characterized by being
larger than any given transfer during the period, all conversions and
local rate of change being less than 2 units while the residual varies
from more than 2 units to less than 4. The influx of eddy kinetic
energy BKE is shown to oscillate but has a decreasing trend in time.
The eddy kinetic energy rate also oscillates and is the only term
changing sign during the period. CE and BGE have opposite sign
throughout the period as shown by Fig. 4. 2. 30 and 4. 2. 28. Both
processes, it is recalled, are due to the cross-isobaric flow at
constant level, or equivalently, the cross-contour flow on a constant
pressure surface. The BGE-process was produced when we arbi-
trarily lifnited the volume, and the CE-process for the whole atmo-
sphere became artificially truncated. The BGE-process then refers
to the eddy energy in the lower layer which appears as eddy kinetic
energy in the other layer. In this sense, as pointed out by Muench
(1965), the stratosphere becomes a sink for some of the tropospheric
energy. An important difference resides in the significance of the
scales in the CE and BGE processes. While both processes have
about the same significance at the scale of wave number 4, the pre-
dominance of wave number 7 over wave number 2 in CE has reversed
in the BGE-process. Further, it was shown earlier that vertical
flux of geopotential of the smaller scales was rapidly absorbed between
200 mb and 100 mb.

It seems to be appropriate here to test some of the theoretical
results against real data computations. According to Charney‘and
Drazin (1961), Charney and Pedloski (1963), Murakami (1967), baro-
clinically unstable wave disturbances do not propagate energy upwards
significantly, they are exponentially absorbed or reflected by the
strong westerlies in the jet stream layer. A test is set up using the
synoptic scale of wave number 7. The daily profiles of flux of geo-
potential at wave number 7, BGE (7), have been plotted on Fig. 4.2.31.
The rapid absorption of this flux is evident in the 100-200 mb layer.

The daily variation in the profile is noteworthy. The flux of geopotential
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is generally upwards on the 12th, and maximum at 300 mb. On

the 13th, the flux is directed downward, except maybe near 300 mb.

A tremendous surge in the flux appears on the 14th, and reaches the
highest strength on the 15th, while it decays on the 16th. As shown
by these results, the theories of the above-mentioned authors are

verified at this time.

The barotropic transfer is anomalously positive as it feeds °
the eddy kinetic energy mode at the expense of its zonal counterpart,
this being due to the strength of this transfer at jet stream level.

The magnitude of this process increases monotonically with time.

" The spectral barotroplc transfers are fa1r1y similar to those des-
cribed for the whole troposphere and duplicate closely those descrlbed
earlier for 200 and 300 mb.

The dissipation of eddy kinetic energy by the free atmosphere
frictional stresses is fairly similar to the 5-day mean case which has

been discussed in detail earlier.

The zonal kinetic energy remains the last budget to balance.
The daily components of this budget appear on Fig. 4,2.32. All the
components are fairly steady in time except the local rate of change
of the zonal kinetic energy itself, so that the balance residual fluctuates
in unison with 0O KZ/a‘l' . Little can be added to what was given

earlier when the 5-day mean case was dealt with.

Summary of tropospheric energetics

The results obtained in dealing with the tropospheric energ).r

cycle during the period January 12 to 16, 1959 will now be summarized.

Synoptically, a minor stratospheric warming is in progress at
the same time as a tropospheric blocking circulation which is largely

defined by wave numbers 1 and 2.

The following energy cycle persists throughout the period:

AZ —> AE —> KE &— KZ - - DAZ
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This cycle is the normal baroclinic energy cycle, except that the
transfer KZ to KE is somewhat anomalous, most likely because of

the southern boundary.

The dissipation of eddy kinetic energy by the free atmosphere
frictional stresses has been computed at each data level as the
residual in the balance of the eddy kinetic energy mode. The resulting
vertical profile had a very realistic shape, although the dissipations at

the jet stream level were on the large side.

The spectral decomposition of the troposphéric CA and CE
processes led to the dominance of the scales corresponding to waves
2, 4and 7, and also 8. The BGE-process was shown to be negatively
correlated te the CE barotropic transfer, even’in the spectral domain.
The absorption and/or reflection of synoptic scale baroclinically
unstable wave distrubances was demonstrated in the study of the daily
vertical profiles of the geopotential flux of wave number 7, hence

verifying some theoretical results.

C. Tropospheric-stratospheric interactions

The dynamical processes linking the troposphere and the
stratosphere have been computed and here we consider their character-
istics in time, totally and spectrally. The fluxes of eddy geopotential
and their convergences are shown in Figs. 4. 2.33 and 4. 2.34. For
easy comparison of the magnitudes of the dynamical exchanges and
radiative exchanges, a second scale'(OC /day) has been added to Fig.
4.2.33. The daily profiles in the first figure suggest the existence
of vertical oscillations with wavelengths from 10 to 18 km, whose
amplitudes are more noticeable in the lighter stratosphere. The
tropospheric and lower stratospheric vertical profiles agree well with
a comparable study by Nitta (1967) and with a numerical experiment
by Smagorinskia et al (1965). Since these investigators had a crude
stratospheric model, little can be deduced from their results in the
stratosphere. Sma.gorinski*et al (1965) computed a maximum vertical

divergence of the eddy geopotential flux at 500 mb of about 4 ergs/cmz‘
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mb sec, which is comparable to our 500 mb maximum divergence

of 2-3 e::gs/cm2 mb sec, and they also found zero geopotential flux
convergence near 300 mb. Flux convergence and upward energy
propagation characterize the stratosphere for the period except on
the 16th at the highest levels when the geopotenotial flux is downward
and divergent. Vertical coherence in the flux convergence is maxi-
mum on the 12th and this coherence weakens gradually after the 14th
as a maximum in this field appears to propagate downward. On the
16th, divergence in the geopotential flux originates above 25 mb and
indicates a gain of energy at levels at and below 25 mb at the expense
of the layer above. Coinciding with the exchanges between the middle
and upper stratosphere, a very large flux of geopotential takes place
across the 200 mb level creating a large gain of energy in the 200-25
mb layer on the l'ast day. The spectral height-time diagrams in
Figs. 4. 2.35 and 4. 2. 36 describe the scales in which the geopotential
fluxes and their convergences take place. The vertical coherence in
the geopotential flux convergence on the 12th seems to be associated
mostly with wave numbers 4 and 1. Flux divergence at wave number
3 in the stratosphere on and after the 14th is associated with downward
flux propagation at the same scale permeating the whole atmosphere.
The downward energy propagation appearing at high levels on the 16th
can best be explained by the geopotential fluxes of wave number 1 and
also wave number 3. Wave number Z geopotential flux remains
directed upwards during the period with maximum strength on the
14th and 15th. The convergence associated with this flux in the
stratosphere is also persistent with maximum magnitudes on the 14th
“and 15th. The maximum temperatures found at 10 mb on the 14th in
the stratospheric Aleutian anticyclone seemed to have progressed
downward and reached the 50 mb level by the 18th. The downward
progression of a warm core from the stratopause to 30 km following
increased planetary-scale activity has been duplicated by Byron-Scott
(1967) in his recently published comprehensive numerical model on
stratospheric photo-chemical processes and their interactions with

large-scale dynamics.

The processes which lead to a sustained warming will be
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categorized next. In face of a continuous energy transfer to the
stratosphere from the troposphere, by the pressure interaction
process in the eddy mode, stratospheric eddy kinetic energy is
transferred into eddy available energy in the same layer via the
zonal modes and the negative CE-transfer. At times of maximum
transfer, the dissipative action of the radiative processes cannot
keep up with the temperature increase, and temperatures above
normal values may persist. This characteristic of the mid-January
warming period may have been enhanced by the particular behaviour
of wave number 1, (and partly wave number 3) which is found to feed
energy to the 25-100 mb layer at the expense of the 0-25 mb layer.
The vertical motion associated with this scale may be responsible for
the warmer temperatures in the Aleutian anticyclone. It is postulated
that the weakening of this scale of vertical motion as indicated by the
decline of KE(1) at 25 mb (to be shown in next chapter) will bring

about the end of this minor warming,

To summarize the stratosphéric-tropospheric pressure inter-

.actions, it is noted that:

1) The stratosphere acts as a sink of planetary scale kinetic
energy as it transforms it into a form that can be radiatively

dissipated to space.

2) The energy seems to be carried by pulses in the geopotential
flux creating intermittent signals which have reasonable

vertical coherence.

3) Some significant energy propagates downward at wave number
1 and also at wave number 3, at a lesser rate but in a more
persistent manner. It is suggested that wave number 1
vertical motion involved in the transfers may be the link in
explaining the warmer temperature in the Aleutian high pressure

area.

4) Wave numbers 2 and 4 together contribute the largest part of

the transfer from the troposphere to the stratosphere.
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5) Occasionally, the pressure interaction in wave number 3
is such that it connects the upper layers to the surface
boundary layers which become a sink for stratospheric energy.

This process is rather weak, though.

D. The stratospheric and tropospheric budget in the spectral

domain
The mean 5-day spectral energy budget for wave numbers 1

to 7 will be analyzed next.

The results pertaining to the mean spectral kinetic energy
budget are given in Fig. 4.2.37. In the stratosphere, the kinetic
energy at wave number 1 is being drained off through the exchanges
to the other waves, to the zonal flow and through a conversion into
the available energy of wave 1. It gains by the pressure interaction
with the tr oposphere and possibly also from the upper stratosphere
as shown earlier. Extra additive effects result from advection of
kinetic energy at scale of wave number 1 through the horizontal and
vertical boundaries, as given by the BK-term, after this term has

been redefined formally as applicable to each wave number scale:
BK(n) = BKEFI(n) + BKEP(n) (4. 2. 6)

The net balance is not very good as the actual kinetic energy at wave
number 1 shows a net increase during the 5 days, requiring a negative
frictional dissipation for balance. The LK(n) daily variations for.
wave number 1 are quite large and not necessarily in phase with the
variations of the other terms, contributing significantly to the poor
budget at this scale. In the troposphere wave 1 loses kinetic energy
through both pressure interaction to the stfatosphere and to other
waves. The loss is compensated for mostly by the boundary transport
and also in a rather small part by the exchange from the zonal flow and

the available energy of wave 1.

A strong stratoépheric-tropospheric link is achieved through

both the upward progression of the flux of geopotential and the flux of
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kinetic energy across the vertical and horizontal boundaries at

wave 2 scale. The ensuing stratospheric kinetic energy is re-
channelled through the dispersive barotropic processes (CK, LK)
~and through the baroclinic process (CE) into available energy of
wave 2. In the troposphere the exported energy is resupplied from
the dispersive processes CK and LK, from the baroclinic process
CE and from the flux of kinetic energy at the boundaries. The above
energy reservoir receives a net gain, which in balancing the budget
must imply a loss of about 1 erg/cmz mb sec in frictional dissipation
from wave number 2 to the scales smaller than those investigated in

this study.

In the stratosphere, wave number 3 kinetic energy sits at
the receiving end of the non-linear wave interaction process gaining
significantly while suffering a net loss through the other three transfers:
CK, CE and BGE, the BK-process being nil. In the troposphere,
making exceptions for the negative CK(3)-tra.nsfef, the three other
processes yield transfers in the opposite direction.to the corresponding
ones in the stratosphere. Of importance is the relatively large loss
into the energy of other waves compensating for the additive effect of
the boundary BK-process. The pressure interaction is interesting
at this scale since the stratospheric energy is transferred directly
into the friction layer where it is dissipated. The same process
occurred in January 1963 as shown by Perry (1966), but the rates of

exchanges were remarkably larger.

The large computed influx of geopotential from the troposphere
into the stratosphere characterized wave number 4 stra.tospher:m
energy flow, while the other processes were rather small. Slight
KE(4) gains through CE(4) and LLK(4) are somewhat balanced by the
loss through CK(4) and BK(4). In the troposphere, the kinetic energy
of wave number 4 behaves in a normal fashion by being more active
in its transfers. The significant sink of wave number 4 kinetic energy
resides in the loss of geopotential to the layer above and dispersion
into the other waves. It is partially compensated for by the exchanges

between the zonal flow, the available energy of wave 4 and boundary
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imports. A decrease in wave 4 kinetic energy is indicated and is

verified by the net 5-day change of this component.

The kinetic energy of waves 5 to 7 gains through the LK-
process, wave 5 leading. A negative CE-transfer affects those
scales, and again wave 5 leads in this domain. The CK-transfers:
are small and of little importance, except perhaps at wave number 5
which shows a rate of about -. 25 erg/cm2 mb sec. The relatively
larger transfers in the positive BGE-terms at wave numbers 6 and 7
are somewhat paradoxical. This effect was shown to result from
the vertical integration schemes and remains compatible with the
theoretical results of Charney and Drazin (1961) and/or Charney and
Pedloski (1963). The tropospheric kinetic energy at waves 5, 6 and
7 are found to be involved in a relatively active cycle of fairly uniform
characteristics. They all lose energy by the pressure interaction
term at a relatively small rate, and as shown above, this energy is
rapidly trapped in the lower stratosphéric layers. As a group, they
gain energy through interaction with waves 1, 3 and 4. This seems
contrary to the findings of Saltzman and Fleisher (1960, a,b), Teweles
(1963) and Perry (1966). Our results are more along the lines of
Murakami and Tomatsu (1964). The first group of investigators found
that for long time averages (seasonally and yearly) the middle synoptic
waves (n = 5 to 9) contribute their energy fo both sides of the spectrum.
Murakami and Tomatsu, in a 5005mb study of the year 1962 found that
waves 2 to 6 send their energy to the rest of the spectrum. One must
add that the present 5-day results do not carry the weight of thoselong
averages and are extracted from very noisy triple correlation com-

putations.

A similar description of the mean 5-day energy exchanges, but
related to the eddy available energy, is shown on Fig. 4. 2. 38. In
the stratosphere, remarkably large conversions of zonal available
energy to that of waves 1 and 2 were computed. On the other hand,
waves 4, 2 and 7 led, in the order given, for the corresponding transfers
in the troposphere. It has been shown that the CA-process is pro-
portional to the "ar] " correlation. It has been shown also by Charney
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and Drazin (1961), Van Mieghem (1963) that the upward flux of
geopotentiél is proportional to the same LF¥ T correlation. . It

is of little surprise to find qualitatively from the CA(n)-distribution
what has been noted earlier in this study, i.e., the upward propa-
gation of waves 1 and 2 flux of geopotential across the whole atmo-
sphere. Waves 4 and 7 propagate upwards but wave 7 shows little
progression above the tropopause. Wave 4 propagates upward on

the 12th of January but the effect weakens very significantly after this
date. Kinetic energy is being transformed into available energy at
all the wave scales present in the stratosphere, the transfer decreasing
with wave number‘. In the troposphere, this baroclinic exchange is
distributed differently, being fairly small at the low wave number side
of the spectrum and yielding maximum intensity at wave number 7
followed by wave number 4. The transfer is of course in the opposite
direction to that in the stratosphere. Even in the stratosphere, the
negatively computed CE-process may not be valid for the whole layer,
but more of this will be analysed later in Zhapter 5. Very little has
been done about the non-linear exMwéen the components of
available energy spectrum. Murakami (1963,b), in a theoretical
study, has derived some possible non-linear exchanges between the
planetary scale (n =1, 2 and 3) and the long wave scale (n = 6) and
postulated that probably the long waves feed their available energy
into the planetary scale. Yang (1967a), in a 12-month study (February
1963 to January 1964) computed a general downscale cascading of
available energy in the troposphere, and seas‘onally the effect became

more vigorous in winter.

This short time study reveals that in the stratosphere wave
number 2 feeds some of its available energy to waves 1 and 6, while
the other scales showed little interaction. In the troposphere waves
2 and 4 feed their energy to the other waves, but only to waves 3 and
5 in a significant fashion. Of interest, in the troposphere, it appears
that the neighbouring scales are related by the non-linear interaction

in the domain of available energy: wave 2 feeds wave 3 and possibly

+ wave 1, wave 4 interacts with waves 3 and 5 by sharing some of its
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energy in the available mode, and also probably extending its

action to the lower scales.

The spectral generation of available energy is also depicted
in Fig. 4.2.38. The stratospheric results arose from the solution
of the equations of radiative transfer. The stratospheric dissipatian
decreases with wave number, being a strong function of temperature.
Wave 1 and 2 scales appear to be the major dissipators. Since the
boundary flux of spectral available energy appears to be very small
(BA-shafts in Fig. 4.2.38), the budget of each wave may be approxi-
mated. It is assumed that the necessary balance,' after the net
change in AE(n) is included, approximates the full GE-term, since
our own radiative solution used a simple climatological absorber
distribution. Larger negative radiative generation for the wave
numbers 1 and 2 is necessary for the balance. It has been demon-
strated earlier that the radiatively computed GE-term was significantly
smaller than other dynamically-inferred values, and this discrepancy

seems to be concentrated in the scales of wave numbers 1 and 2.

The budgets of waves 3, 4 and 5 are apparently good, while
the transfers associated with the budgets of waves 6 and 7 are in-

significantly small and little can be said definitely.

The tropospheric eddy generation term GE(n) has been inferred
from the spectral balance of the terms, once the net 5-day change of
AE(n) has been included (not shown on the graph). It is instructive
to comment on the relative size of the results. All the GE(n)-terms
are negative, indicating stronger radiative cooling over warmer
" regions, and vice-versa. It is expected that the radiative and turbulent
surface-air heat exchanges would cause a negative generation at all
wave lengths, especially in the longer wave end of the spectrum. It
would also be expected that on the synoptic scale, the GE(n)-values
would be somewhat less negative than shown since the effects of the
latent heat released in the warm air regime would tend to increase the

CE(n)-terms.

The last item of this 5-day spectral study has been incorporated

in Fig. 4.2.39 describing the Whole atmospheric spectral flow set-up.
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Note that in Fig. 4.2.39 K(n) and A(n) are identical to KE(n) and
AE(n), respectively. The diagram will have a two-fold purpose:
it will permit a ''vue d'ensemble' of the major processes in action
during the period while it will also conveniently summarize the

essential findings of this chapter.

Troposphere

The solar energy absorbed by the ground sets up a fiéld of
zonal available energy in the troposphere after it has been redistri-
buted through convection, radiative and turbulent heat transfers,
latent heat release, etc. The action of the air in motion is to
perturb the zonal temperature field, mainly into the scales of wave
number higher than 5, but also in a significant fashion into the scales
of wave:' numbers 2 and 4, due to the air motion eddies associated
with the topographic, frictional and heat influences originating at the
earth surface. The temperature eddy fields interact with each other,
in such a way as to increase the 'long' and synoptic scale portion of
the spectrum at the expense of the more or less stationary temper-
ature field of waves 2 especially, and also 4. Some of the non-linear
interactions feed the available energy spectrum outside our volume of
interest, presumably accumulating mostly south of 30°N, but this
export is found to be small. Destruction of available energy occurs
at all wave lengths, the wave number group larger than 5 losing most

followed by wave number 2.

A higher degree of baroclinicity is shown by the ''long'" and
synoptic waves, while a relatively small exchange into the eddy kinetic
energy is found in the waves 1 to 4. In all probability, the transfer
from available to kinetic energy for the waves 5 to 12 could be larger

for reasons mentioned earlier.

Except for wave number 3, zonal kinetic energy transfers its
excess in a somewhat anomalous manner to all the other waves, the
effect being larger for the group of wave numbers larger than 5. The
eddy kinetic energy reservoir, at most scales, resides at the end of

the energy flow, and notwithstanding the relatively large frictional
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dissipation, this coincides with a ﬁet increase in the activity of
synoptic disturbances in the troposphere. The loss to the strato-
sphere through the pressure interaction term is a relatively small
item for the bottom heavy troposphere, but the effect is more marked

" at the scales of wave number 2 followed by 4 while wave 3 actually
gains energy from the layer above. The dispersive activity between
the waves by non-linear interaction is somewhat anomalous for the
period. The rather large daily variation makes the mean 5-day results
of little statistical significance; besides, any three-parameter
correlation would naturally be very noisy. Because of formal simi-
larities between the CK(n) and the LK(n) terms, the cause of the
anomaly in the former conversion, i.e., the southern boundary,may
also partially explain the anomaly in the latter. In any case, the
scales of wave numbers 1, 3 and 4 seem to feed energy into the
remainder of the spectrum. Simultaneously, a significant export of
energy across the boundaries characterizes the non-linear wave inter -
action process for the period. This loss is counteracted by the
positive effect of the boundary BKE-effect which is mostly effective

across the 30°N vertical wall.

The zonal kinetic energy reservoir is being drained off by the
barotropic exchanges to the waves as shown above, and also by a
weak transfer of kinetic energy to zonal available energy. The zonal
kinetic energy is maintained by large transport of the same quantity
through the vertical wall along 30°N, and by a smaller but still
significant import from the stratosphere through the zonal pressure :

interaction process BGZ.

Stratosphere

In the stratosphere, the maintenance of wave numbers 1 and 2
kinetic energy is fairly similar but KE(2) is associated with more
vigorous processes. Both spectral energy reservoirs lose energy
by dispersing it into the other waves and the zonal flow, and by con-
verting it into the eddy available mode (in this process, wave 1 dominates

in magnitude). Both KE(1) and KE(2) receive significant energy from
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the pressure interaction with the ti'oposphere. ! KE(3), KE(4)
and KE(5 to 12) have fairly dissimilar exchanges. The kinetic
energy of waves 5 to 12 reflects similar characteristics to those
" found for waves 1 and 2, except maybe that it sits at the receiving
end of the non-linear wave interaction mechanism. The only
property common between the kinetic energy of waves 3 and 4 and
the above mentioned smaller scale group is a similar gain through
the non-linear wave interactions, but all resemblance ends there.
- Wave 4 is unique in presenting an active tropospheric-like energy

cycle, i.e., of the form:

AZ —> AE(4) — KE(4) — Kz

KE(4) is also gaining significantly from its pressure interaction with
tropospheric upward flux of geopotential at the same scale. The
energy cycle attached to the wave group 5 to 12 duplicates the com-
putation of Oort (1963) for the total yearly indirectly driven strato-
sphere. The eddy kinetic energy>in this group, after being enhanced
by tropospheric influences through the BGE-term, is then converted
to eddy available energy which in turn is being destroyed by counter-
gradient heat transport, while in the barotropic branch of the circuit,
the kinetic energy of this wave group is transformed into the zonal
mode by the net horizontal convergence of the northward transport of
relative westerly momentum. KE(3) is characterized by a loss in
all transfers except one: the gain through the non-linear wave inter-
action. The rate of energy input by the above process coupled with
the net lowering of KE(3) magnitudes are sufficient to give a gobd :
balance for the budget at this scale. Of interest for our period, the
downward transfer of energy at this scale reaches occasionally the
tropospheric boundary layer. The similarity of this result with

Perry's (1966) has been noted.

It is instructive to note that the mean 5-day non-linear wave
interaction in the stratosphere approaches the results of Perry (1966)
observed during January 1963. Wave 3 kinetic energy is maintained

at the expense of both waves 1 and 2. Waves 5 and 7 energies were
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also registering a net gain. Althbugh the excess input into wave 3
approximated that found by Perry by this process, the energy inter-
changes from waves 1 and 2 into waves 4, 5, 6 and 7 were larger

than Perry's.

The effects of the boundaries lead to.a moderate gain by the
flux of eddy kinetic energy, and a small loss to the waves outside
the volume by the dispersive non-linear procesé. The interaction
with scales of wave numbers larger than 12, referred to already as
the frictional dissipation, is obtained from a residual of the total eddy
kinetic energy budget. It is not unreasonable to have negative dissi-
pation for the stratosphere, as shown before, but the magnitude obtained

remains too large at -0.53 erg/c:m2 mb sec.

The increase in the eddy available energy as a whole during the
period at almost the sole expense of the zonal available energy, has
been noted before. This net 5-day increase is shared by each of our
wave partitions except wave number 4. AE(l) sustains the largest
increase in time, being also the largest eddy. This increase may be
qualitativély inferred from the flow diagram, as it accepts at moderate
to high rates energy from the zonal available mode, from the other
waves of the available reservoir and from the transfer from the
kinetic energy of the wave number 1 flow (noting that this last transfer
could in all actuality be less, for reasons given before). AE(l)'s
unique loss occurs in the radiatively dissipative effect of the GE(1)-
process, which acts at moderate rates and represents the largest loss
of available energy when compared to the other equivalent spectral
radiative dissipators. The net small increase of AE(2) may be thought
of as the result of a near balance between input from both the CA(2)
and the CE(2) processes on the one hand, and the output from the LA(2)
and the GE(2) mechanisms on the other hand. The increase in AE(3)
is again due to a near balance between the small input by the CE(3)
transfer which stands large enough to siightly overcompensate the
energy drain through the other processes. The counter-gradient
transport of heat is noticeable at this scale. AE(4) has been shown

to reside in the circuit of an active tropospheric-like energy cycle.
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I3

It is the only spectral available energy reservoir which decreases
in time, and this net loss is due to the spectral baroclinic CE(4)-
process which stands about five times larger (although overrated)
'~ than any other process at this scale. This can be verified from
Fig. 4.2.38.

Non-linearity of the eddy available waves produces a small
increase across the boundaries, while internally wave 2 and 3 feed
the rest of the spectrum as the spectral quantity AE(2) loses most
and AE(l) gains most. Presumably the remarkable increase of
AE(1) during the period is due in no small part to the transfer from
the available energy concentrated in the variance of the temperature

field at wave number 2 scale.

The stratospheric zonal available energy feeds on the zonal
radiative influences to maintain itself, this effect increasing with
height within the layer. The mean meridional circulation, indirect
in character, transfers a small amount of energy from the zonal
kinetic to the zonal available energy reservoir. A large net eddy
transfer of heat northward down the zonal temperature gradient
contributes to a moderate depletion of the zonal available reservoir

during the 5-day period.

Comparisons

The spectral energy flow diagram given in Fig. 4. 2.39 has
been patterned on one given by Perry (1966) which covers the whole
month of January 1963, for quick visual comparisons. Little difference
in flow direction can be found in the troposphere. One notes the rather
small transfer computed for waves above number 3, possibly due to the
rather large smoothing introduced by Perry into his data. Both
studies arrive at a more or less normal tropospheric energy flow
except for the anomalous KZ-» KE transfer which is explained
differently in each study. The January 1963 anomalous barotropic
exchange is due solely to the large transfer of zonal kinetic energy to

that of wave number 3 flow, this effect surpassing that of other waves
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and acting in a normal direction. This report finds that on the
contrary KE(3) feeds the zonal flow KZ while the other waves are
responsible for the anomalous transfer. It has been shown earlier
that this result may be artificial as the volume lateral truncation at
30°N could be responsible for the abnormal transfer. The non-
linear wave interaction transfer shows limited similarities, centered
mostly on the planetary scale. KE(1), KE(2) interactions with the
remaining spectrum are similar in both studies, while the individual
waves larger than 2 are found to share energy non-linearly in an
opposite fashion to that found in Perry's. This tropospheric non-
linear wave interaction distribution has been shown to be closer to

the one computed by Murakami (1964).

In the stratosphere, one of the main differences resides in
the direction of tﬁe CE-term. The present report obtains the case:
KE —> AE. Both sudden warmings of 1957 and of 1963, studied
by Reed et al (1963) and by Perry (1966), respectively, had this
process flowing in the reverse direction leading to baroclinic in-
stability. The study of the 1958 sudden warming by Miyakoda (1963)
and Murakami (1965) did compute baroclinic transfer in the same
direction as in our study. As pointed out by Murakami (1965) since
the 1957 warming (and also the 1963 warming) was characterized by
amplification and eventual stratospheric breakdown at wave number
2, it is likely that warmings (sudden or not) subjected to the develop-
ment of an eccentric polar vortex such as in 1958 (and also mid-
January 1959) can be caused by different partitioning of the spectral
energy interactions. The minor warming of mid-January 1959 has
been shown earlier to be accorﬁpanied by an increase in the kinetic.:
energy of wave number 1 flow while the other eddies were actually
decreasing during the period. The actual stratospheric energy in
the wave number 1 flow increased until January 18th while the
corresponding kinetic energy in wave 2 flow decreased until this

date then levelled off for a while.

The stratospheric non-linear wave interaction process agrees
generally with Perry's: the larger scales of motion waves 1 and 2

exchange their energy with the smaller scales. Murakami (1965)
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computed a similar spectral distribution during January 1958 as

his larger waves 1 and 2 did feed the remainder of the spectrum,

this being especially significant' at the early stage of the warming.

| Thus it seems that a tendency exists such that the non-linear wave
interaction acts in such a way as to relax any large amplitude
difference between the waves. Murakami (1965) has also computed
the non-linear wave interaction of available energy for the period of
December 1957 to February 1958, inclusive. It resulted that before
and at the initial stage of the warming, waves 1, 2 and 3 were
supplied with available energy from the other waves, while the roles
reversed during the final stage of the warming. During the 12-month
period from January 1963 to January 1964, Yang (1967a) computed as
a predominant lower stratospheric mode, the available energy ex-
change from the smaller to the larger scales (and the reverse was
computed in the troposphere), the exchanges being more vigorous in
the winter season. It seems, therefore, that the pre-warming non-
linear available wave interaction, i.e., the transfer to the very large
scales from the smaller scales, is a characteristic of the winter
season and the yearly average. The present report approaches
Murakami's final warming stage characteristics in that a net exchange
from waves 1, 2 and 3 is increasing the available energy of the waves

of smaller scales.

In a further effort to rationalize the processes leading to this
minor warming,' it is postulated that since the eccentric elongation
of the flow observed with the warming is not likely barotropic (since
CK < 0), nor baroclinic (CE < 0, or at least very small if positive),
it must be forced from the exterior. Actual str ong fluxes of geo-
potential at the planetary scale have been‘computed and shown capable
of perturbing the stratospheric flow significantly. It is then concluded
that the pressure interaction due to the baroclinicity of the troposphere
is the cause of the perturbed stratospheric flow: this has been termed
by Boville (1965, 1966) as the non-linear baroclinic interaction process.
Further, the planetary geometry in the troposphere responsible for

the pressure interaction may be said to be associated with the blocking
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circulation observed during the period and ultimately to be caused
by the stationary influences of the topographical and diabatic heat

sources of the northern hemisphere surface.

4.3 Diagnosis from Spherical Specification

A. The method of spherical harmonics

In order to study the meridional as well as the longitudinal
scale effects, the height and temperature fields at the nine levels of
data were transformed into a set of spherical harmonic coefficients.
- The hei'éht or temperature fields F-(e, >\) may be represented

by the following double summation:

Fle,A) = Z z. [A cosm)wB suumX]Pm (4.3.1)

meC mam

where Ar: and Br: are the real Fourier coefficients for the longitudinal
wave number m (also called rank); n is called the degree of the
harmonic, which, when associated with the rank m, i.e., '"n-m'',"’

is similar to a wave number in the meridional extent (""n-m'" is equal
to the number of nodes found between the two poles); © is the co-
latitude, A represents the l'ong'itude and Pr: is the normalized

associated Legendre function:

EY m  miom m' '
Pa = 2 — (2m+1) E:-:nz)l! 2(1_/“)2 'j":?'m(f‘?-j) .(4.3. 2)

/U.

where

/J. = C0oS5©

The missing data from 30°N to the equator were added

artificially by using computed mean monthly zonal height and temper-~
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atures for January. The Fourier coefficients were obtained by
extrapolating linearly to zero the 30°N coefficients. Similarly,
those at 85°N have been set to be half those at 80°N, while the 85°N

- mean zonal value was interpolated from the 80°N and the north pole
values. The odd "n-m' values were used, so that only the northern
hemisphere Fourier coefficients were required, as they implied
those over the southern hemisphere by the anti-symmetry rule.

This is mathematically necessary but physically without consequence,
as advanced by Deland (1965a) and demonstrated by Merilees (1966).
The latter investigator had the use of global data and computed co-
efficients based either on the giof)al description or the hemisphere
(north or south) coupled with the anti-symmetric rule. The amplitude
and phase components associated with the global data showed little (if
any) coherence in time, but the amplitude and phase components
associated with either hemisphere (north or south) data were very
coherent as each hemisphere showed quite different behaviour.

This effect was shown indirectly in the results using the global

description.

The Fourier latitudinal set (A e (m), Be (m)) and the
spherical harmonic set (Ar:, Br:) are related through the orthogonality
in degree between the Legendre functions. The formal relations

between the two sets follow:

, W .
rm
A,.. =J Ae(mn) P:smede
(

(4.3.3)
.‘f
m ()
B, =J Btm) P, cosede
0
while the amplitude of the harmonics becomes:

5/ .

m ™ o © ) 2
Z = (Am % Bm (4. 3.4)
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Nineteen sets of (A 6 (m), Be (m)) are available to compute the
integral (4. 3. 3).

B. YVertical structure

The vertical structure for the longitudinal wave 1 to 3 has
been analysed for various meridional degrees, more specifically
for "m - n'" equal to 1, 3 and 5. The 5-day mean phases and ampli-
tudes (hereby defined as stationary) of the height spherical harmonics
ZI: were computed for the following (m, n) sets: (1,2), (1,4), (1,6),
(2,3), (2,5), (2,7), (3,4), (3,6) and (3,8). The results are plotted
on Fig. 4.3.1. T.he 2111 and Zi height amplitudes are about 5 times
the Zi amplitudes. Z}l and ZIZ1 show a westward tilt with height
indicating northward heat transport and associated upward flux of
geopotential as indicated in the previous section. Of the three Z;'s,
2}

1
Zy

in the troposphere. Zfl) may be characterized as having the least of

shows the largest westward tilt with height in the stratosphere;

presents the largest stratosphéric amplitudes while Z; dominates

all. The general location of the wave number 1 ridge would be about

90°W at 300 mb and tilting to about 170°W at 10 mb. The dominance
1

of Z

4
explains the more northern location of the stratospheric high pressure

over Zé in the stratosphere, and the reverse in the troposphere

area at wave number 1 when compared with the tropospheric high

(wave 1) location.:

The longitudinal wave number 2 harmonics have similar
characteristics to wave 1, but have somewhat lesser ma gnitudes.
Zg and Zg show significant westward tilt with height, but 232’ leads
in this field. Their magnitudes are about equal in both stratosphere
and troposphere. The magnitudes of Z.? are sign}ficant at and above
100 mb only. This harmonic has a negligible tilt with height above
100 mb. Here again, upward flux of geopotential may be inferred
from the two harmonics Zg and Z;, so that the large flux measured
at longitudinal wave number 2 is mainly explained by the two largest

meridional wave numbers.
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The Z3 harmonics present quite different characteristics.
One striking feature is the general eastward stratospheric tilt found
in all three harmonics: Zi, 26 and Zg Note the change in scale in
Fig. 4.3.1 for m = 3. Except for Z3 which is plagued with erratic
and insignificantly small tropospher1c amplitudes, both 26 and Zg
show near neutral tilt below the tropopause. The eastward tilt with
height in the stratosphere at longitudinal wave number 3 fits the
earlier results of downward geopotential flux and counter-gradient
eddy heat transport at this wave number. This phenomenon seems
to be shared by all three Zz harmonics except maybe for ZZ in the
25-10 mb layer. An item of significance is the decrease in the
amplitudes of Zz and Zg above 300 mb, although ZZ recuperates
at and above 50 mb. This is related to the low kinetic energy of the

flow associated with those harmonics. This will be shown later.

C. The kinetic energy spectral distribution for the lowest

harmonics

Merilees (1966) has expanded the mean horizontal kinetic

energy E for harmonic of degree n:

T:—-e,?\: %(z.g.w)z ‘i; (m-n)( ...) (|+S'§‘)' (4.3.5)

m=l

where \\”:: is the amplitude of the stream function associated with
the (m, n)-pair, §5=4 ifm =0, and §e = 0 otherwise. €L is
the rate of rotation of the earth and "a'", its radius. Not having com-
puted the stream function harmonic amplitudes, we define a pseudo-

~m
mean kinetic energy indicator KE = n°

RVE’: = n(nt)) (292 - (4.3. 6)

Before going into kinetic energy computations, it may be
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convenient to assess the error involved in the data and its implication
for the results. The instrumental errors a_,ccepte‘d in the height |
data were listed earlier in Chapter 2, Table 2.1.2. The calculation
of the effects of these errors on the spherical harmonic coefficients

will follow.

Let Ar:: and £ r: stand for the errors in the pseudo-kinetic
nJ
energy KEr:!1 and the height component Zr:, respectively. From
Eqn. (4. 3.6), it follows that:

k\t: + A: = m (mat) (2:\'? E.: -)?_

and after simplification:

1

A,

2 m (m+l) Z’: 8:'

The relative error becomes then:

3

m

De o 2 Em (4.3.7)
nJ_m mh
KE m £ m

Hence, grossly, the relative error in the pseudo-kinetic energy is

twice the corresponding error in the spectral height field.

The next problem is to assume or infer some distribution of
the error field in the spectral height components. In order to assess
the portion of the spectral components due to instrument (or other)
errors, some of Merilees (1966) results are used. He transposed
into the spherical harmonic domain a result that Godson (1959) has
shown to be valid in the Fourier analysis of data, namely that the
variance may be equally distributed into all independent wave com-
ponents, after it has been divided b'y the number of degrees of freedom
in the system. As far as the variance is concerned, it may be pro-
duced by 17 waves (from 36 longitudes), at each of 11 latitudes used
for the field specification. Adding to this 18 independent means of
each latitude, there result 17 x 11 + 18 = 205 degrees of freedom.

The standard error of each Zr:l‘ component may be given by the relation-
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m o
E = standard error of instrument (4. 3. 8)
m

'205)72

Table 4. 3.1 gives the accepted standard error of the height field

with the associated £ r;x as a function of pressure.

Table 4.3.1 Accepted radiosonde errors in the height with the
corresponding standard errors in the spherical
harmonic components.

Unit: meter

Level (mb) 500 300 100 25 10

Instrument error +15 +35 | +38 +91 | +150
S.H. component error EI:: +1.09) +2.43 +2.64( +6.3 + 11

It is of interest to find the range of the relative errors of the
height components at stratospheric levels, using the mean 5-day data.
This is shown in Table 4. 3. 2.

Table 4. 3.2 Five-day average relative error (%) in the stratospheric
spherical harmonic component er’;l

m 1 1 (.1 2 2 2 3 3 3

zy Z; |24 |24 23 | 25 |25 23 | Z¢ |24
Level{(mb

100 1.912.9 5.9 f 2.1 2.3|8.8 | 9.1 4.4 6.0

25 2.5(12.314.2 1 3.3 3.1]7.0 12 | 17 | 24

10 3.312.7]14.8 || 3,31 3.9 (9.2 14 | 18 | 37

It is then inferred that components associated with zonal wave numbers
larger than 3 would have a rather large portion of their amplitudes
within the error domain. This is more so for the pseudo-kinetic
energy since its relative error is twice that of the height components.
Further, for this last parameter, the results for degree 3 and rank 8

or above may be mostly included in the error spectrum.
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© ~J
Time~vertical cross-sections of KE(m) and KE!rln are given

in Figs. 4.3.2to 4.3.4 for m = 1 to 3, respectively.

The spectral partition at longitudinal wave number 1 will be
tackled first. The daily variation and vertfifjall cohe/z;grice of KE(1)
are shown to be closely related to those of KE6 and KE4 in the strato-
sphere. Because the kinetic energy is proportioned to the product
"n(n+1)", the relative magnitudes of the kinetic energy component
are not the same as the height amplitudes z™. The magnitudes of

~1 . . =1 21 1.
the KE decrease in the following order: KE,, KEb and KE2 in the
n o RS | ~] . .
stratosphere, and KE6’ KE4 and KEZ in the troposphere, notwith-

standing the amplification of the error portion by the n(nt+1}-factor.

The relative distribution of the components and of total
kinetic energy of wave 2 are illustrated in Fig. 4.3.3. We find
the following relationships upon igpectior:\c’)f the graphs. KE(2)
is moerJa.ppropriately related to KEg and KE.‘;‘ in tl:gstratosphere,
while KE: e:;:glains it better in the troposph,e\ie. KE% is slightly
larger than KE.‘;‘ in the stratosphere, while KE? is at least twice as

large as any of the two other spectral energies in the troposphere.

. 3 53
Fig. 4.3.4 reveals that changes in KE, and KEg closely
~S

approximate the changes in KE(3). KEi seems to be divorced from
KE(3) except possibly at 25 and 10 mb near the end of the 5-day
period. In the stratosphere, the spectral kinetic energy dominance

. . ~3 23 7.3 I
follows in the given order: KE/, KEg and KE4, while in the tropo-
sphere the order changes to : 1%3, KEZ and ﬁiﬁi, notwithstanding

the n(ntl) error amplification factor.

D. Transient waves in the atmosphere

Following a method of analysis introduced by Deland (1964),
the planetary scale spherical harmonics of January 12 to 16, 1959,
have been separated into a stationary (5-day mean amplitude and
phase) and a transient wave (the deviation of the daily from the 5-day
mean vector). Although the mean was computed from only 5 days

of data, it may be used to approximate the '"forced" mode of Bradley
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(1967) while the time deviation should approach his "free'' mode.

It was found rather quickly that our 5-day averaging period
was not to be recommended for most waves in the planetary scale.
Bradley (1967) did verify from tropdspheric data that an averaging
time of 5.5 days was satisfactory for zonal wave numbers 3 and
larger, while 10.5 days proved necessary for zonal wave numbers

0, 1 and 2 because of their longer period of rotation.

Boville (1966) has computed the transient waves of January
1959 at 500, 100 and 25 mb, taking the whole month as averaging
period. He found that the largest component, Z;, sh.owed excellent
vertical coherence, as the transient waves were closely correlated
in their rotation at the three levels of analysis. Boville (1966} also
analysed the behaviour of Zg and ZZ yielding vertical coherence
similar to that of Z;, but their horizontal motions,contrary to Z;
(which was retrogressive or moving westward) were progressive,
Deland (1967, b) also reported good vertical phase coherence between
travelling planetary-scale waves in both troposphere and stratosphere,.
The behaviours of the harmonics Zé, Zg and Zz are reproduced from
Boville (1966) in Figs. 4,3.5, 4.3.6 and 4.3.7, respectively. The
phase-amplitude relationship of the three above mentioned harmonics,
but computed from our data, are depicted in the harmonic dials of
Fig. 4.3.8, 4.3.9 and 4.3.10, respectively. They are associated
with the 500, 100 and 25 mb levels. The progressive phase motion
of Z;_ at 25 and 100 mb seems at first sight to contradict the results
of Boville (1966). Similarly, at the same levels, during the first
half of the period, Zg moves retrogressively, also contradictin‘g
Boville. This anomaly may be traced back to the time span over
which the 5-day mean is applied. With reference to daily computations
during January 1959 by Boville (unpublished), it is found that the actual
stationary waves were in the process of reforming and/or moving to
2 new location, so that the actual concept of a stationary wave proved
to be meaningless when applied to the wrong time scale. 22 is
shown to be progressive (Fig. 4.3.10) as in Boville (1966). It

possesses good vertical coherence between the three levels. Of
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interest, the eastward tilt with height of the Zz harmonic between
25 and 100 mb on the 15th and 16th coincides with the downward

flux of geopotential and associated southward eddy heat transport

noted earlier for longitudinal wave number 3.

Some of the results cited above may be discussed in the light

of the recent finding of Bradley (1967). Using the diagnostic
method of characteristic patterns (set of three orthogonal modes:

zonal, meridional and vertical), he succeeded in isolating signi-

ficant tropospheric modes from the data. Amongst some of his

findings, a few are reproduced here.. They may have some direct

or indirect bearing on our results.

1)

2)

3)

4)

5)

6)

7)

"Vertical mode 2 (associated with the atmospheric

divergence) of any zonal wave number moves predominantly

eastward unless a time filter is applied'.

""Vertical modes 1 and 3 of zonal wave number (m) 1 through
5 moves predominantly westward with much vacillation

unless a time filter is applied".

"The 5.5-day mean of the waves shows no mean significantly

different from the zero relative to the earth'.

""The deviation from the 5.5-day mean has characteristics
that all vertical modes of zonal wave numbers greater than
3 move east. For zonal wave number 1, 2 and 3, vertical
modes 1 and 3 move west with much vacillation, and vertical

mode 2 moves east with much vacillation''.

""Vertical modes 1 and 3 have phase speeds close to non-
divergent Rossby-Haurwitz values assuming a meridional
wave number (n-m) of 2, 3 or 4, which is an approximation

to the dominant meridional mode"'.

""The divergent modes (vertical mode 2) have zonal speeds
absolutely smaller than the relevant Rossby-Haurwitz values,

and independent of meridional wave number'.

"The vertical mean wave has the same characteristic as
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vertical modes 1 and 3, but the meridional wave numbers

are less closely coupled'.

8) '""The zonal phase velocities of the total transient, 5.5- -day
average, and fast moving modes are all independent of the-
amphtudes of the corresponding waves . L

The periods of the surface harmonics have been approximated,
when possible, by measuring their partial rotation during the 5-day
span. The harmonics of zonal wave numbers 1 through 3 and meri-
dional wave number 1 exhibited periods of 6 to 7 days, while waves
with higher meridional wave number (3 and 5) had rotations taking

7 to 11 days, the longer periods being somewhat associated with

lower zonal wave number m at higher levels. Item (4) is especially

significant here. Since the mean time average in the above case is

fairly close to ours (5. 5-days versus 5-days), the implications of

this item may be compared with our results. The atmosphere as a

whole, during our period, is highly baroclinic (recalling that the

geopotent1a1 flux transport is a baroclinic process at its source).

It has been shown that the baroclinic process is closely related to

cross-igobaric flow on a constant height surface or cross-contour

flow on a constant pressure surface, a phenomenon often associated

with the atmospheric divergence index. Thus, due to this atmospheric
baroclinic-divergence relationship, the vertical mode 2 would amplify
and tend to decrease the mean atmospheric westward ‘motion of the
planetary waves, although following items (5) and (7), it would still

be westward moving in the troposphere.

Deland (1967, a) has indicated a corrective change to the .
theoretical wave speed resulting from the Rossby-Haurwitz non-
divergent barotropic model. He computed a so-called divergence .
coefficient X » which when multiplied by the local rate of geopotential
height change in the vorticity equation, approximates the effect of

divergence at the level of interest. The coefficient has been given as:

X = m{msi) (w}“- U%as) W (4.3.9)
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where uR-—H and W OBS 2F® the Rossby-Haurwitz and observed

phase speeds, respectively, of degree ''n'", interpreted in the units

of angular velocity. The inclusion of the divergence coefficients

reduces the wave speeds from those given by the Rossby-Haurwitz

model. Eqn. 4.3.9 admits only @) 's of the same sign. Thus any

sign difference in the (J's may be explained by the remainder process

of the spectral vorticity equation: i.e., the non-linear wave inter-

actions, but this becomes a study of its own.

In order to test items (2), (4) and (7), at least in the tropo-

sphere, Table 4. 3.3 has been constructed to indicate this particular

observed horizontal motion of the various planetary scale harmonic

vectors.

Table 4.3.3 Horizontal motion of the transient spherical harmonics

at various levels during the period of January 12 to 16,
1959. Legent: ~ P: progressive, R: retrogressive,

V: variable, R->P or P-»R: when the direction of
motion changes significantly during the period,

X: unknown, due to relocation of stationary component.

m 1 2 ‘ 3

n-m I i
1 | 3| 5 1 3 5 1.3 s

Level (mb ' ‘
10 X |R |V R v R—P R. P P
25 X | x| x R | R—P | R—P R P . P
50 X | X | X Vv | .P v P, P P
100 X | x| x v P P Vivip
200 P|v|v | R| P P R VP
200 R |V |vV R| P v R| V! P
500 R |R |V v v v Rfvfp
700 R | P|R P P v Rivfp
850 R|P |V v = \ R VIP

General retrogressive motion is shown to exist at the largest scales,

notwithstanding the stratospheric 2111 whose rotations are uncertain

due to the 5-day computation, but they were shown to be retrogressive
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in Boville (1966). Zi" is retrogressive at the lowest degree (n-m-1)
but tends to become progressive as the meridional scale decreases.

It must be noted that Zg remains progressive for most of the month

as shown by Boville (1966).

The 2131 harmonics change from retrogressive (24) to pro-

gressive (Zg, Zg) as the meridional scale decreases also.

Item (8) has been verified by plotting amplitudes against phase
speed of the various harmonics (not shown here) yielding no significant

correlations.

" The variation of the total (transient + mean mode) kinetic
energy density analogue (ZZ) in time and altitude has been inve stigated
on Fig. 4,.3.11.

It may be worth noting that except on the 12th, the atmospheric’
energy densities have cémparable magnitudes in the vertical. Also
the large decrease in density near 300 mb from.the 12th to the 13th
and the 14th to the 15th are in large part due to non-linear wave inter- .
action, as revealed by some of our computations (not given here) for
the 300 mb level.

E. Summary of the spherical harmonics study

The essentials of this section will be summarized next.

a) The 5-day mean spherical harmonic height coefficients of longi-
tudinal wave number 1 and 2 are about five times larger than those

of wave 3 when compared to those of same latitudinal wave number,

b) In association with the minor stratospheric warming occurring
during the period, longitudinal wave number 1 predominates in the
height field. The meridional profile shows latitudinal wave number
(n-m) 3 to dominate in the stratosphere while the amplitude of the
latitudinal wave number 1 leads in the troposphere, or synoptically,
this implies that the stratospheric high pressure centre of the middle
latitudes (and in the Pacific) is shifted further north (and also further
west) than the corresponding entity in the troposphere. Longitudinal

wave number 2 has slightly smaller magnitudes than wave 1, with
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meridional wave numbers 1 and 3 sharing in about equal parts

the geopotential field description. The components of zonal wave
3 have very different char‘acteristics from the above mentioned
zonal spectra. Zonal waves 1 and 2 show sighificant westward tilt
with height, while zonal wave 3 exhibits occasional eastward tilts
corroborating the finding of downward progression of geopotential
flux for this mode. Significant decreases in amplitude were found
above the tropopause associated with meridional waves 3 and 5 of

zonal wave 3.

From a chosen set of longitudinal wave numbers portraying
the planetary waves, the following tentative relationships were

found to hold in the mean:

c) For any given atmospheric zonal wave number m, the largest
latitudinal scales (n-m = 1) were shown to contribute least to the
eddy kinetic energy, excepting perhaps the eddy kinetic energy at

2. . .
m = 2, where KE3 is gecond in magnitude.

d) At any given zonal wave number m, the largest contribution

comes from the middie meridional scale (n-m = 3) in the stratosphere,

while the smallest meridional scale (n-m = 5) prevailed in the tropo-
sphere (excepting possibly the case for m = 2 where a complete
I ~ ~ 5.
reversal occurs: i.e., KEg is the largest and KE,? the least).

The characteristics of the ''free' waves may be summarized

now.

e) The largest scales were found to retrogress in agreement with
theory, with a tendency for zonal wave numbers 2 and 3 to have their

shorter meridional scales to be progressive.

f} Irrespective of their longitudinal scales (m), the transient modes
associated with meridional wave number (n-m) 1 have been tentatively
associated with a period of 6 to 7 days, while the shorter latitudinal
scales exhibit 7 to 11 day periods, the latter periods being better

correlated with the lowest longitudinal wave numbers at higher levels.

g) No significant correlation could be found between the various

harmonic amplitudes and their phase speeds.
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Fig. 4.3.1. Five-day mean vertical structure of planetary

harmonics,
Units: Delrameters.
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Harmonic dial of the separated moving components of
planetary wave Z, taken from daily values of the geopotential
height at 500, 100" and 25 mb during January 1959. Enclosed
numbers are central dates for 3-day running means showing
relative amplitude and position. The waves at the three level:

appear to move closely in phase and are retrogressive.
(After Boville (1966) ).
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Harmonic dial of separated moving components of
planetary wave 72 for January 1959. There is
general phase correspondence over the two week
period and waves are progressive.(After Boville 19¢66)
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Fig. 4.3.7.

Harmonic dial of separated moving components of
planetary wave Z7 for January 1959. There is still a
general correspondence in phase of this progressive
wave. (After Boville (1966)).
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GHAPTER 5

MONTHLY MEAN AND DAILY ENERGETICS
S OF JANUARY 1959

5.1 Synoptic Description of Events in January 1959

Tropospheric synoptics

January 1959 showed a very stable and persistent weather
pattern. It was very similar to the December 1958 pattern and had
the lowest January zonal index of the decade (Stark, 1959). A
pulsating blocking regime persisted through the mouth in the tropo-
sphere. This pulse had a period of about 10 to 12 days. |

Three maxima in the 500-mb block are found in mid-latitude
during this month. The maxima in the blocking circulation, as
inferred from Fig. 4. 2.18 which depicts the daily and latitudinal
distribution of the 500-mb mean zonal winds, may be localized in
mid latitudes in the periods: T7th to 9th, 16th to 19th, and near the
end of the month. The daily height variance at 50°N and 500 mb,
as portrayed on Fig. 5.1.1, yields results which are in phase with
the zonal winds variations: the maxima of this variance occur on
the 9th, the 18th to 20th and the 27th.

v The peaks in the 500-mb temperature variance coincide fairly
well with those of the heights fields. A significant difference is
found in that the trend of the height variance is to increase throughout
the month whereas the temperature variance shows the reverse trend,
indicating a gradual decrease in the total available energy in the

troposphere during this month.

Stratospheric synoptics

The sequence of events in the stratosphere in January 1959 will
be depicted with reference to the 25-mb height and temperature maps.

The déscription given by Boville, Wilson and Hare (1961), Steiner (1961)
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and Godson and Wilson (1963) is summarized here. The end of
December 1958 presented a circumpolar vortex with temperatures
below -80°C and a contrasting maximum température of -45°C

near Japan. By the 3rd of January, local deepening was in progress
with three large troughs over North America, western Europe and
eastern Asia. A widespread high covered the whole north Pacific
as the -45°C isotherm spread from the area north of Japan to the
whole of Kamchatka. The progress of a warm wave and its
associated trough across North America from the 8th to the 18th
has been described by Godson and Wilson (1963) and Boville "et al"
(1961). During this period, the eccentricity of the flow increased
as the centre of the polar vortex shifted towards Europe. From
the 18th to the end of the month, the polar vortex retrogressed over
the Canadian Archipellago with a very specific reorganization in the
contour structure. The strong warm high which had covered the
north Pacific and western Canada on the 18th collapsed as the North
American trough retrogressed to a central Canada-midwestern U. S.
line near the end of the month, The western European trough
collapsed while the eastern Siberian trough strengthened somewhat.
Visually, the 25-mb flow pattern near the end of the month was

remarkably bipolar and symmetric about the pole.

5.2. Behaviour of the Various Energy Modes during January 1959

The activity occuf’ring in the troposphere, lower stratosphere
and middle stratosphere is interpreted through the computed energetics

of the 500-mb, 100-mb and 25-mb pressure levels, respectively.

A gross description of the events in the three layers is presented
by the daily variations in the zonal and eddy modes of available and
kinetic energy in Figs. 5.2.1, 5.2.2 and 5.2.3. Associated with the
warmings of January 1959, the atmosphere shows three main changes
in the energies which are more or less coherent in the vertical. Fig.
5. 2.1 shows that early in the month, at 500-mb, a sharp decrease in
AZ coincides with a large increase in AE. The AZ curves flattens

from the 4th to the 5th, while AE reaches a maximum on the 4th. As
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AE decreases rapidly from the 4th to the 7th, KE reaches a maximum
op the 7th. The variation in AZ is somewhat incoherent, except that
as KE decreases monotonically to a minimum on the 13th-14th, AZ
reaches a relative maximum on those dates, while a net maximum in
KZ is shown on the 16th. To re-start the cycle, AZ, after being at
its lowest value on the 10th, increased gradually to a maximum on
the 17th and 19th, while AE, a minimum on the 12th, increases more
or less with AZ to reach a general maximum on the 18th and 20th.
There is a difference in KE in this cycle, since it shows a maximum
simultanveously with AE on the 18th. As KE decreases rapidly
afterwards until the 22nd, KZ goes in the reverse direction to reach
“a maximum on the same day. From the 22nd on, KZ does not show a
trend, but oscillates about a mean value. AZ reaches a local
minimum on the 21st and increases more or less monotonically to a
plateau on the 26th and 27th, falling rapidly thereafter. AE decreases
at a fair rate in the 20-25th period, in opposition to the rates shown in
AZ, but reaches a maximum one to two days later than AZ, i.e., on
the 28th. Hence to summarize the series of events during January
1959, we present the following approximate cycle, noting dates on
which the maxima in the various modes coincide:
AZ (about 1 January)—> AE(5 January)—KE(7th) —>KZ(13th-14th and 16th)->
AZ (17th)—> AE(18th and 20th)<—>KE(18th)—->KZ(22nd)—>AZ(26th-27th)—>
AE(28th)<—> KE(28th). The 500-mb level shows a more or less normal
tropospheric cycle between the ‘various energy modes. A period of
about 11 days appears in the energy cycle. Winston and Krufger (1961)
have noted similar energy pulses in the exchanges for the period of
mid-December 195% to mid-January 1959. The so-called normal
tropospheric cycle of AZ—>AE—>KE—>KZ has been found by most
studies in winter. It may be noted that the pulses in the eddy kinetic
energy coincide with the pulses in the 500 mb blocking patterns
described earlier. The existence of another energy cycle of about
twice the frequenc.y but of lower amplitude will be presented later in
this chapter. For the purpose of later comparisons with upper events,
the 500-mb data show maxima in the eddy kinetic energy on the 7th,
18th and 28th.



152

Fig. 5. 2.2 depicts the daily variations in the various
energy modes at 100 mb during the month. The zonal available
eriergy, AZ, is flat most of the month with higher values towards
the end of the period. The eddy available énergy shows a mono-
tonic climb after the 8th, a flat maximum from the 17th to the 19th,
and then subsides steadily to its lowest value on the 26th. AE and
KE show rather low negative correlation for the month; during the
14th-17th period a significant increase in AE occurs at the same
time as a large decrease in KE, suggesting dominance of the
negative baroclinic process KE—»AE as shown earlier in the 5-day
mid-January study. The KE reservoir seems to be affected by
two oscillations superposed over each other. During the first
half of the month, the eddy kinetic energy is slightly larger than
during the second half. A second cycle, having a 5-day period,
emerges in a striking manner; peaks are found on the 3rd, 8th,
13th, 18tﬁ-l9fh, 23rd and 28th of January 1959. The zonal kinetic
energy variatipns do not seem to be too well organized with respect

to the KE variations.

Fig. 5. 2.3 depicts the daily fluctuations in the energy
reservoirs at 25 mb during the month in question. The available
energies AE and AZ show a good negative correlation with one
period of about three weeks. From the 10th to the 15th, we have
the energy flow AZ—»AE in progress, while it reverses its direction
in the next part of the period. The eddy kinetic energy fluctuations
have remarkably large amplitudes throughout the month. Many
different time scales are involved. The main maxima are found
on the 3rd, 9th, 17th and 28th. Of significance to the previous 5-day
study is the large increase in eddy kinetic energy which starts on the
10th and reaches its maximum value on the 17th. It has been shown
earlier that wave number 1 was the largest contributor to the eddy
kinetic energy in the stratosphere. It is instructive to compare the
scales involved in the large fluctuations during January 1959. Fig.

- 5. 2. 4 depicts the spectral behaviour in the eddy kinetic energy for
waves 1, 2, and 3. It is interesting to note that whereas the eddy
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kinetic energy at wave number 1 was dominant during the 15th-18th
period, wave 2 piayed the main role in the peaks on the 9th and 28th.
Wave 3 explains a minor fluctuation on the 5th and is shadowed in
the total case on the 25th by the rapid drop of KE(1). All in all, the
net changes in the total eddy kinetic energy seem to be composed of
three main time fluctuations with periods of about 20 days. It is

of course difficult to give any weight to these large time scale
processes because of our limited time series, but it is thought that
they may be referenced and tested with subsequent data. In any
case, had the kinetic energy at wave number 2 been in phase with
wave 1, the eddy kinetic enérgy would have been within 50 x 104
ergs/cmZ mb of the eddy kinetic energy computed by Perry (1966)

on January 25, 1963 for the 30 mb to 10 mb layer, coinciding with
the January 1963 major sudden warming in the stratosphere. Not-
withstanding non-linear interactions, assuming a) a 20-day period

in all the waves fluctuations, b) taking the three large scales, i.e.
n =1, 2 and 3, as the only significant ones, c) accepting a tolerance
of + w/6 of a cycle, i.e., accepting only 6 in/out phase positions, and
d) assuming that the waves are randomly distributed with respect to
each other in time, then the probability for the waves to become in

phase simultaneously over the six winter months is:
(1x 1/§ x1/6) (6x 30)4_0 = 1/4,

or once every 4 years. The observed frequency of a major warming
once every 4 years seems to support this crude statistical computation,
and may serve to show that major warmings need strong wave phasings,

whether they are random or interrelated.

5.3. Total, Eddy and Spectral Correlations in January 1959

The 30-day data do not possess the high vertical resolution of
the earlier 5-day study. In order to get the most of the available
information in the vertical, Boville (1961) has correlated spectral

kinetic energies between 500 mb and 25 mb. A relatively high
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correlation coefficient of 0. 68 was found for the kinetic energy
values (5 days apart) of wave number two. Teweles (1963) also
used the correlation method in an effort to find significant inter-
level, interwave and interlatitude relationships, Perry (1966)

has investigated the spectral and interlevel relationships of the
height and temérerature fields. Following his notation, the average
correlation coefficient of two arbitrary fields '"f" and ''g'" may be

written as:
‘F? = % (5.3.1)
where the average variance G'E?' or a“{“ on a spherical grid

between latitudes ¢| and ¢7_ is given by:

¢1. 20

1 3 .
&= 2n(sIN@g-siNg) f cosf‘ c»\clg! . (52 Z)A

and the covariance o?? of the two given fields ''f" and '"g'" is:

g o

= i 'F**cos d)‘d 3,
o;%— 2M(sINB-sing) | %’ ¢ ¢ (5.3.3)

%

1

Expanding "f'" and ''g" into their area mean, latitudinal and zonal

deviations, the following two relationships emerge:

%Ms

U;= {T §¢4 | i_.s(m\i (5.3.4)

{
%, = {f %’“}9&+2{ (,,,)} (5.3.5)

ne)
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We partition the correlation coefficient defihed in Eqn. (5.3.1) as:

s
r.o= X () (5.3.6)
.(:c& &} * m:l-RF%M

The first term on the right-hand side of Eqn. (5.3.6) is the part of

the areal correlation due to the zonal means, i.e.:

_r;; = X o {f';{'}" | A ' (5.3.7)

£

The second term of Eqn. (5. 3. 6) is the portion of the correlation due

to various scales, i.e.,

O N N O
R, %(m) o q'%?_-)‘/z { e (m)l (5. 3. 8)
'I%e total correlation lq:%, , the eddy contribution to total correlation

Z -RF%(M) and the individual spectral contributions -R{_\‘(rﬂ ,

for n=1, 2 and 3 are depicted in Figs. 5.3.1, 5.3.2 and 5.3.3, as

applied to the three possible interlevel combinations of the height data

at 500, 100 and 25 mb, when taken two at a time. The total corre-

lation of the 25-500 mb heights on Fig. 5.3.3 appears to be least

of the three sets of correlation coefficients, as might have been

expected. It is also the most variable during the month and averages
about 0,6, Both 100-500 mb and 25-100 mb total correlation co-
efficients oscillate about the 0. 85 mark, but the former set shows

larger daily amplitude oscillations during the month. The comparison

of the total correlation against the portion explained by the eddies,

yields an overall dominance of the latitudinal means in interlevel

correlations. This total positive correlation shows that the atmosphere
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is regulated by a general cold polar vortex at this period of the
year. Between January 17th to 20th, the mean zonal correlation
part is least between the three pairs, reflecting the least symmetry
. between the mean zonal heights of the latitudes. This coincides
with the strongest tropospheric block and stratospheric warming

during the month.

The troposphere (500 mb) and lower stratosphere (100 mb)
relationship during January may be seen on Fig. 5.3.1. Maxima
in the eddy contribution to the total correlation are shown to occur
on the 4th, 10th, 20th and 28th-29th. These maxima may be ex-
plained in order of magnitude mostly by wave 3 for the first
maximum, then by waves 2, 3 and 1 for the second peak, then by
waves 1 and 2 for the third maximum and by waves 2 and 1 in the

last case.

The‘lower stratosphere (100 mb) and the middle stratosphere
(25 mb) height correlations are exhibited in Fig. 5.3.2. The total
eddy correlation coefficients show two regions of rising values: the
first one between the 2nd and the 20th of January, and the second
from the 25th to the 30th. They differ from the 500-100 mb
coefficients in that the early January maximum is non-existent in
the stratosphere. The breakdown inio the wave number domain
is diagnostically rewarding. The month can be partitioned into
four regimes. In early Jafmary, the wave number 1 contribution
to the 25-100 mb set decreases rapidly so that wave 3 explains
about 50 percent of the total eddy portion. By the.ZOth, when the
total eddy contribution hé,s attained its peak (0. 27), 80 percent is
explained by wave 1. The decreasing role of wave 2 in the post-
14th period reverses again after the 26th in such a way that it
contributes about 2/3 of the eddy portion by the 30th of January.
In order to inspect a possible vertical structure, Table 5.3.1 has
‘been constructed showing the date of various maxima in the spectral
contribution to the eddy correlation coefficients of the three chosen

interlevel sets.
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Table 5.3.1. Spectral contribution given as a percentage of the
eddy contribution to the total interlevel height
correlation coefficients at time of maximum
relationship during January 1959.

Layer :
(mb) Wave No. 1 2 3
100-25 | Date 2X 20 30 219 14 22 30 5 X 26

% contribution | 51 X 80% 24 | 40 59 40 26 65%* | 50 X 16

500-100| Date 211 21 29 31014 20 27 419 26
% contribution | 25 23 32 37 | 36 28 37 30 43 54 33 23

500-25 }Date X X 2128] 41014 2030 5 X 26
' % contribution | X X 55 28 | 44 50 45 47 71 81 X 23

* The largest single wave contribution: 0.3 out of a total
correlation coefficient of 0. 86.

*%* The second largest single wave contribution: 0.18 out of
a total correlation coeff1c1ent of 0.88.

Table 5.3.1 shows good vertical coherence in wave 1 scales about the
21st, in wave 2 on the 2nd, 10th to 14th, 20th to 22nd and 30th, and
lastly in wave 3 about the 4th and 5th and also 26th. Referring to the
20-day cycle in eddy kinetic energy of all wave 1, 2 and 3 flows, a
variation in time of similar frequency is found to exist in the spectral
correlations at the same large scales for the 25-100 mb inter-
relationship of the height field. The spectral correlation associated
with wave 1, 2 and 3 shows a higher harmonic behaviour in time,
where the 3 waves appear to have periods near 10 days but with
lesser amplitudes. It appears then that in the vertical, periodic
time oscillations of the largest space scal.es have some vertical co-
herence in time scales of about 20 days, while a superposed period
of about 10 days is attached to the spectral correlations between the

same scales but to the two lower levels of 500 mb and 100 mb.

The spectral contributions of waves 1, 2 and 3 to the correlation
between the 500 and 25-mb levels in the geopotential height field may

be seen in Fig. 5.3.3. As mentioned before, the total correlation is
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smaller than the other two-level combinations, and a large daily

variébility is found. The eddy contribution is rather small

during the first half of the month, contributing less than 0.1 to

the total correlation coefficient of 0. 6. Some steady rise follows

. on after the 17th and a first maximum is reached on the 21st
(0.12). The highest monthly value of 0.19 is attained on the 30th.

The spectral contribution to the correlation exhibits some similarities

with the other two cases, but also shows differences. The 20-day

cycle is still apparent in all three wave numbers (1, 2 and 3). A

superposed cycle of twice this frequency is also present. Referring

to Fig. 5.2.4 of the previous section and Fig. 5.3.3 here, it is

concluded that the relatively large positive correlations in waves

1, 2 and 3 occur in periods of high kinetic energy activity in those

scales at 25 mb.

The daily fluctuations in the spectral correlation will be
described next. On the 5th, wave number 3 explains 81 percent
of the whole eddy contribution, being the dominant scale during the
first week. From the 10th to the 14th, wave 2 leads the spectral
25-500 mb geopotential interrelationship. The gradual take-over
by wave number 1 kinetic energy at 25 mb during the third week of
the month is reflected in the maximum wave 1 correlation on the 21st.
The bi-polarity of the 25 mb flow dominates by the 25th, as shown by
both the kinetic energy and the 25-500 mb correlation at this scale.

The gross temperature interlevel correlation has also been
computed but has not been reproduced graphically. The temperature
covariances between the 500-25 mb and the 100-25 mb layers are
positive throughout the month, but the 500-100 mb temperature co-
variance is on the other hand uniformly negative. The signs of the
covariances are vouched for by the mean monthly zonal temperature
profiles in the meridional direction. At 25 mb, the warm belt is at
about 40°N while it is displaced further north to 50°N at 100 mb.

At 500 mb the meridional temperature gradient is uniformly positive.

The negative meridional temperature gradient at 100 mb covers a
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large enough area to make its areal covariance with the 500 mb
temperature negative, while it is not large enough to yield a
similar negative value for the covariance between the 25 mb and
the 100 mb temperatures. On the other hand, the smaller negative
temperature gradients south of 40°N at 25 mb do not succeed in
reversing the sign of the areal covariance between this level and

the 500 mb temperature field.

Ve

From the preceding discussion, some vertical and time co-
herence in wave numbers 1, 2 and 3 has been shown, although the
results are not conclusive on their own. A further detailed study
must be performed in order to assess the indefinite conclusions of
the above correlation approach. The needed particulars will be

included in the following sections of this chapter.

5.4 Introductory Remarks about the Daily Computed Energetics

during January 1959.

The energetics of January 1959 will be described in this
section using an approach similar to that of the previous chapter
wherein the chosen 5-day period was treated in detail. The present
study, in contrast to the 5-day study which had vertical detail but a
relatively short time duration, has a crude vertical resolution but a

longer duration in time.

Some simplifications have been made in the energy budget
equations given in Chapter 3. In general, all terms associated with
the vertical motion correlation other than the CE and CZ terms
have been omitted. This follows the usual procedure of most earlier
studies which either lacked vertical motion or decided not to use it
because of the relatively small values yielded by the correlation in
question. The results computed for the 5-day period have been

used to estimate the order of magnitude of the deleted terms.

The transfer between the zonal to eddy kinetic energy is re-

written here for easy reference:
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Ew + §<~a a»\; @(m\ ’an‘r-"}"d
o @* @y o

Y

It is found that the terms (D) and (E) in Eqn. (3. 2.5) above are, on
the average, 2 or 3 orders of magnitude smaller than the .smallest
of (A)? (B), and (C). It is recalled that‘;)'was obtained from known
vertical motion zonal values through the equation of continuity.

The vertical resolution in the present chapter prohibits the use of
this method, hence it has been necessary to reject terms (B) and

(C) of Eqn. (3.2.5). This deletion is not as fortunate as the
previous simplification.. Although VXand 27/ 99 are small with
respect to uand ’aTI‘/’aﬁ respectively, by 1 to 2 orders of
magnitude, @M‘w‘(n) may be of the order of bw,u.(n) or even
larger, which could make the (C)-term occasionally not significantly
smaller than the (A)-term. On occasions, the (C)-term may be
numerically larger than a below average (A)-term. This phenomenon

appears on the 14th of January 1959, at 100 mb.

The non-linear kinetic wave interaction LK(n)-term has been

found to be:

LK(M)‘ J{z U(m)[ i \V(m\)m)q.i V(’"‘:"‘)-&W('lsm) J%m,m)]
ar Y Ay

€S

(A) ® © O
"'V(rm)[ \)[(MM)“'AV (M m)+\y(”"‘4"‘)+ tomd V(M.M)]}%

(3. 2. 25)
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A frequency test based on the occurrence of magnitudés above an
arbitrarily assigned value was made on the eight terms of Eqn.
(3.2.25), at different data levels. Terms (A) and (